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CHAPTER - 1 : GENERAL INTRODUCTION




GENERAL INTRODUCTION

1.1 INTRODUCTION

A distinct trend of semiconductor research in the
past few years 13 that i1t has become a quantitative sclience
with a close coordination between theory and experiment.
Much of the semiconductor research in the world during the
past several years has been on germanium, silicon and
gallium arsenide. Nf great importance to study of these
semiconductors is the ability to make exceptionally perfect
single crystals and to control the impurities present to
a high degree. These materials have therefore served and
are continuing to serve as a splendid testing ground for

theoretical developments.

The most fundamental of all properties of semicon-
ductors 1s their band structure. Although many semicondu-
ctors have been used In a practical way without detailled
knnwledge of their band structure, no one c¢an deny that
many of the more interesting and subtle developments with
Ge and 31 have come about since we knew the form of the
energy bands. Our knowledge of the band structure of all
but a very few semiconductors is very rudimentary and one
of the most needed developments in the subject lies in
finding more powerful methods, both theoretical and

experimental, for determining the form of the energy bands



in some detalls. Many ternary compounds have not yet
received attention for the calculation of thelr band

structure.

From an experimental point of view the most
extensively studled characteristics of semiconductors are
their transport properties. Another field of research
which has contributed greatly to our understanding of
semiconductors has been a study of their optical properties.
Use of strong magnetic fields in ceonjunction with the
latter has added greatly to the power of technique.
These two subjects, transport and opticsl properties of
semiconductors, are perhaps the most important features

of semiconductor physics.

The marked success of semiconductor research in
the past decade has largely been due to the avallability
in pure form and as single crystals of the materials for
investigations. Much of the early work in semiconductors
was bedevilled by non-reproducibility and uncertainty
owing to the presence of uncontrolled impurities and to
the effects of boundaries between microcrystals in the

polycrystalline samples which were generally used.

In recent years the preparation of single crystsals*

of reasonable size and purity has proved to be necessary



for the study of almost all bulk and surface properties

of semiconductors as well as for most practical applications.

One may, however, exaggerate the present situation
by saying that the p-n junctions and the diversity of
phenomena discovered on pure Ge, 31 and Gais etc. cover
the whole fleld of semiconductors. Though several pheno-
mena in these semiconductors have been studied extensively,
there still remains mach to be done for other semlconductors.
Apparently researchers' interest will be shifted to
different materials to unexpected phenomena to a different
kind of properties thus enriching our knowledge of

semiconductors.

1.2 Y3EFUL 3LMICONDTCTORS

A wlde variety of crystalline elements and inorganic
and organic compounds show some degree of semiconductivity,
and there are even a few vitreous or amorphous semicondu-
ctors. Apart from their use in transistors, they have a
number of other important applications (Table-1l). 35ilicon
and germanium are the most extensively used elemental
semiconductors and a great deal of the advanced electronics
is dependent on them. 3Some important uses have also been
found for GaAs and other compound semiconductors utiliziné
optical, thermal and electrical properties which silicon

dnes not possess. There are still other areas where



TiBLE - 1
5emiconductnr Uses
Ge Transistors, Diodes
s Diodes, Transistors,

Fleld effect transistors,
Controlled rectifiers,
Integrated circuits,

Jolar batteries,

Photocells,

Nuclear radiation detectors,
Staln gauges etc.

C (Diamond) Gamma-ray detectors.
31C g
GaP % Light emitting diodes.
GaAsy _ P ]
Gaas Microwave oscillators,
IR light emitting diodes,
Semiconductor lasers.
Cds - Photoconductive light meters,
Gamma~ray detectors.
3e Fhotovoltalie light meters,
Rectifiers.
Insb § Hall effect magnetometers,
| IR detectors.
Inais §
rbs %
PbSe % IR detectors.
PbTe |
BiyTeg ) Thermoelectric generators,
’ b Thermoelectric refrigerators.



semiconductors have already been or will be applied and
which will require a rational selectlion of materials
with the optimum combination of properties for each
individual area of technical application. such a select-
ion of materials can not be achieved in any way other
than by the miltiple investigation of large groups of
substances which have semicnnductor character. Germanium
which belongs to the IV(A) group of the periodic table of
elements crystallizes with a diamond lattice, a kind of
cubic structure in which atnms have four valence electrons
that form sp® hybridized tetrahedral bonds with four
adjacent atoms making the erystal a covalently bonded
macromolecule. 31licon has the same crystal structure
but a large bend gap, enabling devices made from it to

opcrate at a higher temperature.

A rar reaching similarity exists between these
elements and the chemicual compounds formed by their nelgh-
bouring elements. Many binary compounds of elements of
group ITI(A) and V(4A) (e.g. Gaiss, In3b) represented by
the chemical formila AITIBV have been found to be, in many
respects (such as structure and electrical properties),
similar to the elements of group IV(A4). s5imilarly binary

I VI
compounds such as AI B formed by glements equidistant



from group IV(4) of the perlodic table are found to have
similar structural and other properties as that of
diamond group. The striking common feature of these
compound semlconductors is that the cations form the
tetrahedral (sp3) covalent bonding with anions similar
to that in dlamond. Thus the family of these compound

semiconductors i3 classified as diamond-like semiconductors.

After establishing the principal properties of

I1
AIIIBV and A BVI semiconductors(l)

y as well as the proper-
ties of solid solutions based on these compounds, it became
clear that the next stage of the search for new seunicondu-
ctors gshould be directed towards heterovalent ternary
compounds. Ternary diamond-like compounds are very close
electron-nuclear analogs of AIIIBV, AIIBVI and AIBVII
compounds, In respect of their cnmposition, crystal
structure and nature of chemical bonds. One of the most
important properties of the structure of ternary compounds
is the possibllity of an additional ordering compared with
the binary diamond-like compounds. In the binary compounds
cations are ordered relative to aninns while in ternary
there are two different cations (or anions) and therefore
it has an additional ordering of cations (or anions)

relative to one another. Ternary compounds have many

advantages over binary ones particularly in respect of



their mach lower melting points, which eventually reduces
contamination during synthesls and crystal growth.

Most binary diamond-like semlconductors were
predicted and synthesized by employing the suggestion of
Grimm and Sommerfeld(g) that for the formation of tetra-
hedral diamond-like binary compounds, the constituent
elements mist satisfy the following two conditions:

(1) The components of a cnmpound should belong to zroup
equidistant from th: fourth group and (2) the average
number of valence electrons per atom in the eompound
should be four. However, this suggestlon did not help in
predicting new ternary diamond-like compound semiconductors.
Goodman(a) showed that the ternary diamond-like compounds
can be predicted by employing what he called as "cross
substitution" according to which elements from groups
different from that to which the substituted atom belongs
are chogen as the substituents, the condition being that
the valence electron : atom ratio remains constant e.g. Ge
gives rise to GaAs and n3e. In a compound cross-substi-
tution can occur in two ways. It can be confined to one
sub-lattice usually cationic in terms of the ionic repre-
sentation e.g. in CdTe, Cd can be replaced by Ag and In to
give AgInTeos. Alternatively, cross-substitution can
affect both sublattices simultaneously e.g. Mgo3n gives



rise to ternary Li¥g3b. Thus III-V compounds give rise
to ternary tetrghedral structures represented by II-IV-V2
whereas II-VI give rise to I-III-VIQ. Other ternary
compounds that can be obtalned by cross-substitution ére
AgBIVC3 ’ A3BVCXI and AIB;VCX. Many of these ternary
compounds crystallize in the tetragonal structure of

chalcopyrite.

In addition to the ternary compounds having
dlamond-like structure, in which the number of cations
and anions in the compound are equal and the average
number of valence electrons per atom 1s four, there are
many non-equiatomic compounds having diamond-like structure.

11 II II1 IT Iv VI
These compounds include aénIIci ’ Bo CXI, Ao B Cg ,

IIIBVCXI, AIIRVCXI and A‘IBIVVXI. They are crystallo-
graphically similar to (diamnnd~group) zinc blende but
have an excess or a deficiency of some component. These
are therefore termed as defect ternary compounds. The
average number of electrons per atom in these compounds
i3 not equal to four but varies froam 4.57 to 6,.00.

(4) the upper limit for the existence

According to Goryunova
of tetraghedral structures is gix electrons per atom.

In spite of the fact that an ennrmous number of defect
ternary compounds may exist theoretically, the majority

of them have not yet been found and those which are already

known are not studied in detaill.



semiconducting ternary compounds and mixed crystals
have currently gained a particular interest due to the
possibility of having a series of materials where the
forbidden gap varies with varying of the chemical compo-
sition in a rather broad way. Farthermore, these compounds
display properties such as photoconductivity and electro-
luminescence similar to those of the traditional binary
semiconductors as far as thelr applied physics 1s concerned.
The ternary compounds A'B''lchl ana al’BIVcY wnich nave
chalcopyrite structure have been studied thoroughly.
However, majority of compounds of the series AIIBéIICXI

which crystsllize in defect chglcopyrite structure of
thiogallate have received very little attention.

Interest in these materials (with thiogallate
structure) 1s generated by thelr defect chalcopyrite
structures which 1s non-centrosymmetric (1 4) which

could make them useful for second harmonic generation
(5,6,10)
4

e.8. CdGaDSe4(7). However literature describing their

e.g. CdGa3 and photocnnducting applications
gtructure and importance as photoconductors 1s very scanty.
There are no systematic studies of their solid solutilons,
electrical and optical properties which would provide
direct information on their band structure. Theoretical

calculations on their band structure have not yet been made.
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In order to fill this gap up in the literaturs,
at least partly, studies of structural, optical and
electrical properties of these two compounds and their
solid solutions are presented In this thesis. 3tudies
on their solid solution are expected to help in understand-
ing these properties better than 1t is possible by the
examination of individual compound.

A review on the background literature on these
two compounds 1s presented in the sections 1.4 and 1.95.
The various physical properties of semiconductors are
described in section 1.3. The section 1.6 desaribes the
problems in crystal growth of the ternary semiconductors
and the importance of the chemical transport reaction

method.

1.3 PHYSICAL PROPERTILES NF SEMICONDUCTORS

Pecause the atoms of the crystals are in close
proximity, the electron orbits around different atoms
overlap to some extent and the electrons interact with
each other. This interaction alters theilr esnergy and, in
fact, broadens the sharp energy levels in the atous out
into a range of posslble energy levels called & band.

One would expect the process of band formation to be well
advanced for the outer, or valence, electrons at the

observed Interatomic distances in solids.
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At absolute zero temperature, the electrons occupy
the lowest possible energy levels with the restriction
that at most two electrons may be in the same energy
level. In semiconductors snd insulators, there are just
enough electrons to fill completely a number of energy
bands, leaving the rest of the energy bands empty. The
highest filled energy band 13 called the valence band.

The next higher band, which is empty at absolute zero
temperature, 1s called the conduction band. The conduction
band is separated from the valence band by an energy gap
which 1s an important characteristic of the semiconductor.
In metals, highest energy band that 1s occupied by the
electrons is only partially filled. This condition

exists either because the number of electrons is not just
right to fill an Integral number of energy bands or because
the highest occupled energy band overlaps the next higher
band without an intervening energy gap. The electrons in

g partially filled band may acquire a small amount of
energy from sn applied electric field by going to the
higher levels In the same band. The electrons are accele-
rated In a direction opposite the fleld and thereby
constitute an electric current. In semiconductors and
insulators, the electrons are found only in completely
filled bands, at low temperatures. A4t sufficiently high

temperature, depending on the magnitude of the energy gap,
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a significant number of valence electrons gain enough
energy thermally to be raised to the conduction band.
These electrons in an unfilled band can easily participate
in conduction. Farthermore, there 1s now a corresponding
number of vacancies in the electron population of the
valence band. These vacancies, or holes as they are
called, have the effect of carrisrs of positive charge,

by means of which the valence band makes a contribution

to the conduction of the crystal. Such a semiennductor

is called an intrinsic semiconductor. Certain impurities,
known as 'donnrs', can ionize readily to produce electrons
in the conduction band and the material then shows

'N' (negative) type conduction. 3imilarly an 'acceptor'
impurity is one which ionizes to remove electrons from
valence band so that the material shows 'P' (positive) type
conduction. 3Such semiconductors are called as extrinsiec
semiconductor. The number and type of charge carriers

can he determined by measuring the Hall coefficient and
the mobility of the charge carriers In an electric field
can be determined from the conductivity and number of
carriers. High mobllities are always useful but the
ortimum band gap depends on the use for which the device

is required.

As In case for any quantum mechanical system the
energy levels of electrons in crystals are determined by
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fhe solution of the Schrodinger wave equation. The
eigen value function En(ﬁ) 1s designated as the band
structure of the semiconductor. For a given n the En(k)
energy as a function of wave vector k covers a certain
energy interval which 13 called a 'Band' or a Brillouin
zone (Fig. 1).

The general structure of the energy bands of a
erystal can be investigated further by a group-theoretical
analysis of all its symmetry properties, i.e. the space
group of the crystal. To every vector k there belong
a number of symmetry operations of the point group of
the crystal which leave this vector invarient. They form
the group G of the vector k. The group G is either a
gub-group of the full point group or is identical with
it; 1t has a finite number of irreducible representations.
The En(ﬁ) for the given % can be clagsified according to
these representations. Therefore there are only a limited
number of symmetry properties of the wave functions corres-
ponding to an energy value En(E). The degeneracy of an
energy term is given by the dimensionality of the corres-
ponding irreducible representation. an investigation of
these questions for different k especially at points or
lines of high sy mmetry in the Brillouin zone, results in
statements abnut the degeneracy of different energy bands

at certain points, the splitting of these degeneracles,
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and the compatibilities of the different symmetry chara-

cter: of the wave functions at neighbouring k's.

Fig. ? shows as an example the Brillouin zone of
the zinc blende lattice, with characteristic points and
lines of high symmetry. Fig. 2 also shows the qualitative
structure of energy bands for the Ge lattice along the 4
and A axes of the Brillouin zone i.e. the poasible
connections of the energy terms of a given symmetry for

different k.

The variation of electrical conductivity (; ) with

temperature in the intrinsic range 1s given by

o = o, exp. ('Eg/ZKBT)

where 4, 1s a constant, Xy the Boltzmann constant.

The thermoelectric oower (4.) of N-type and (Sh)

of P-type semiconductnrs «re given by

¥ E
ae=--z§ (g-s)-;—f—:l
gT
and

K - B E

B
e}‘z-—-— (%‘O')*‘E—"’_L

e KpT KBT

respectively, where S and S' are constants and Ep 1s the
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Ferml energy.

When both types of carriers are present 1l.e, for
intrinsic semiconductors the thermnelectric power is given

by

6; A e + Kh Bh

Ke+6h

where ;7 and gy are contribution to conductivity due to

electrons and hnles respectively.

All semiconductors in pure state show that at a
certain wavelength, generally in the near or intermediate
infra-red, the absorption coefficient increases rapidly
and the material becomes falrly opaque at gshorter wave-
length. This marked increase in absorption is called the
fundamental absorption.

In an Interband transition an electron is raised
usually from the valence band to the conduction band by
the absorption of a photon. These transitions may take
place in two ways: One in which only a photon is involved

iMm agdifion \& phrttus,
and the other in which energ);/\is either supplied by the
erystal lattice or given up to 1t 1.e. one or mnre phonons
are emitted or sbgsorbed. The former are referred to as

"direct" or vertical transitions and the latter as

"indirect" transitions.
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The nomenclature relevant to the energy band
dlagram is i1llustrated in Fig. (3). The energy E has
been plotted in terms of the crystal momentum of wave-
vector k. In case of direct transitions an electron can
make a transition by absorption of a photon from the
valence band at X = o to the conduction band at k = o.
This energy gap 18 direct energy gap. In case of indirect
transition, an electron can make a transition from the
valence band at X = o to the lowest conduction-band
minimum with k # o by absorption of a photon followed by
an absorption of a phonon (=) or emission of a phonon
(<1 ) (Fig. 3). This energy gap 1s an indirect energy
gap.

The absorption coefficlent for direct transitions
as a functinn of energy (hw) as calculated theoretically
is given by

1/2
constant ( hw - Eg )

dqg = v

2
Hence the plots of ( A4gh w) vs Hw should give straight
lines which on extrapolation to Agq = O give the energy

gap for the direct transitions.

The minimum energy for which an indirect transition

may take place is given by
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fhw = & - E,, for absorption of a phonon ... (A)

Aw

E, *+ Ep, for emission of a phonon oo (B)

The lowest value of hw for this type of transition 1s
given by the equation (.i) which defines the edge of the
fundamental absorption band. 3ince Ep, the phonon energy,
is generally very small compared with Eg, both types of
transition affect the form of the absorption curve for
values of hw near the fundamental absorption edge. The
absorption coefficient for the indirect transition 1is

the sum of absorption coefficients Xq4g and 4, due to
the indirect transitions involving phonon absorption and

phonon emission respectively. These may be expressed as

2

const. (hw + Ep - E )
: - g
GLia ) Aw
where Xqg = 0 for hw < Eg - Ep
t. (hw - E, - B )2
const. w 9 g

and X =
ie Ay

where (g4 = 0 for hw < Eg + Bp-

Thus it may be seen that the absorptions start at

hw = B, t Ep and are quadratic functions of the excess

energy of the incident quanta over these starting values.
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The plots of (aii h w )l/2 would therefore give
rise to two straight lines with different slopes and when
these lines are extrapolated to &« § = 0, the intercepts
on the energy axis (hw) give the values of Eg(Ind)-Ep and

Eg(Ind) + I Mean of these two values would glve the

p*
indirect band gap.

Since free carricrs can be created in every semi-
eonductor by some optical absorption, every semiconductor
exhibits a photoeconductivity. There 1s usually a maximm
in response of photoconductivity near the absorption edge,
fagter gsurface recombination decreasing the response for
"higher photon" energies and reduced absorption decreasing

the response for "low photon" energles.

1.4 BACXGROUND LITERATIURE ON CdGaoSg4

Crystal Structure of CdGan3S4

Hahn and his colleaguea(g)

first prepared this
compound from g mixture of binary compounds CdS and Ga?S3
taken in the required proportion. The product was yellowish
and they investigated it by X-ray powder diffraction and
reported that the enmpound crystallizes with space group Sz
and the lattice parameters a=95.577 3, c = 10,08 3,

c/a = 1.808. antonov et al. ¥ , however, obtained higher
values of the lattice parameters of the single crystals,

o o (10)
a8 a = 7.78 4, ¢ = 10.434 A. Hobden analysed crushed



-19-

powder of single crystals grown by slow cooling method
.. o]
and reported the lattice parameters as a = 0.94 (6) A

o}
and ¢ = 10.16 A, Mamedov(ll)

recently prepared this
compound by fusing respective components under vacuuwn
(1 x 107% torr) and reported that the compound had

. o o
a= 5.57 A and ¢ = 1Nn,01 A.

Crystal Growth or CdiGagSyg

1.(12,13) _ore the first to obtain the

Nitache et a
single crystals of this compound by the chemical transport
reaction method using 1odine as transport agent. The
size of the colourless columnar crystals was approximately
6 x 2 x 2 mmS. The hot zone was malntained at a tempera-
ture 50°C higher than that of the cold zone ( 600°C).
Using the Informatinn made avaliable by these workers

Hobden(lo) grev crystals by slow cooling of the melt.

)
Shand(l4’

applied the stockbarger technique for

the crystal growth of CdGasS4. Jpeeds of less than ".6 mm
per hour only gave 3atisfactory results. At higher rates,
crystals Invariably cracked. However, all of thelr
attempts to obtain colourless crystals were unsuccessful.
They obtained only yellow cryatals and attributed the
cause of this colour to the non-stolchiometry which proved

dirficult to rectify.



Chedzey et al.(lb)

examined, employing various
methods, the possibility of growing large crystals for the
non-linear optical applicatinns. Their attempts to zone
refining the fused material failed principally because

the cracking of the silica tubes used to hnld the material
could not be eliminated. Other crucible materials e.g.

Cy Pt, were attacked by the molten sulphide. Jecond
process Involved the slow solidification of a molten

charge in a manner analogous to that used by {yropolus(lﬁ)

(17
and Cockayve et al. ’ and the loss of sulphur was

prevented by a layer of molten 3903(18). But no single
crystals were obtalned owing to the very slow growth
rates required. They also tried growth of the CdGuao34 by
the CTR technique using I, as the transport agent (200 mg.
in 200 x 20 mm®) with hot end and cold ends at 1000°C

and 450-550"C respectively. This method, however, yielde@
them only about 3 g. of the transported material. rinally,
they succeeded in growing big but yellow crystals by
employing the 3tockbarger technique which was similar to
that used by Shand(l4) and 3temple and Suehow(lg). They
also studied the NTA of the thlogallates at an average
heating and cooling rate of 15°C/min. DTA showed that a
slow decomposition of the melt took place in an open

system by the loss of volatile components. In a sealed

system, the first melting point peak was a little higher



than the subsequent peaks but there was no evidence of
decomposition on continued cycling through the melting
point. The melting point was found to be 980°C * 4’c
which 1s lower than that noted by Hobden‘®) (u.p. 1050°C
t 5°C). The origin of tube breakage in CdGagSy was attri-
buted tn the result of strains introduced during the phase
change. On the other hand, origin of tube breakage in
case of AgGaSy was attributed to an anisotropic thermal
expansion which was originally observed by austin et alSZO)

in case of CuInSe2 and AgInTez.
/

Absorption Spectra of CdGanSy

Baeun et al.(la)

measured the optical transmission
of the single crystals of CdGanoS4 grown by the CTR method
using lodine as the transport agent. They reported the
values of wavelength at which ) = (absorption coefficient) :
500 em™! as %edge = 0.358 ( u ). The dependence of o{ on
the photon energy (hw) was compared with various theore-
tical formulae. This comparison did not give convincing
evidence for indirect transitions. However, value of
Eg(Ind) = 3.40 eV obtained from the plots of (. )1/2 vs
hw was obtained tentatively. HFurther, supposing that the
fundamental absorption 18 a direct tranasition not forbidden
at kX = o, value of Lg(D1r) = 3.44 eV was obtained from the

plot of dza vs hw. An appreciable absorption at the long



wavelength side was attributed to absorption due to impuri-

ties such as lodine,

Reflection 3Spectra of CdGasn34

Abdullaev et al.(Zl)

studied the optical double
reflection spectra of the CdGagSy (and CdGagSe,) in the
200-600 mm  reglon. 3ingle crystals were prepared by the
CTR method using iodine as the transporting agent. The
peaks were observed at 3.58, 4.76 and 5.15 eV. The peak
at 3.58 eV was attributed to the fundamental absorption
arising from valence to conduction band transitions. The
additional peaks were interpreted by assuming band

structure of this compound similar to that of arseno-

chalcopyrite e.g. ZnGeAsg.

Photoconductivity of CdGanS4

The most interesting property of these ternary
chalcogenide materials is their photosensitivity. Beun

et al.(la)

were first to study the spectral response and
other related properties of these compounds in the form

of single crystals., The following data were listed for
CdGag3,. Dark resistivity ( fq ) = 8 x 10132 em.,

light resistivity (/) = 2.5 x 10% .1 ca. Fa/ fy = 38x 10°
and the product of mobility and life time 4T = 3.2 x 1079

en® vl and ay = 60 em” v1 sec'l, response time -+ 1 sec.,



photosensitivity 3 ~ 9 x 10-7 a1 cm? watt'l. The

maximum phortocurrent was obgerved at =) = 358 m R with
an additional peak at = 410 mu. The former peak was
correlated to the Mundamental absorption edge whereas the
latter was attributed to photnconductivity due to impurity
such as iodine which was estimated to be N.N1% by welght.
CdGayiy has a dependence on {l1lumination which 1s close

to the square root law. The vnltage dependence of photo-

conductivity was lineasr.

Antonov et al.(g)

observed two maxima in the photo-
conductivity spectral distribution curve located at
370 mu and 470 m n. The maximum at 370 m 1 was supposed

to be due to self-absorption (Zg v 3.3 eV).

1.5 BACXGROUND LITERATTRE ON CdGaoseq

Crystal 3tructure of CdGasSey

Hahn et al.(s)

were the first to prepare this
compound and thils compound was found to crystallize with
(Sz) space group 32 having tetragonal unit cell similar
to that of cdGaos3,. Lattice parameters as determined by
X-ray prwder diffrzction were a = 5.742 z and ¢ = 10,73 Z
with ¢/a = 1.87. Lstimated density was 5.3%6 gm./cm>
whereas the calculated density was 6.28 gm./cms. Subse-
quently this compound was studled by several workers and

various values of lattice parameters obtained are as

0 0o
follows : a = 5.73 * 0.006 4, ¢ = 10.72 * 0.006 A,



]

o
density = 5.34 gm./cm a= 5747 1y ¢ = 10.746 A

Crystal Growth of CdGaoSey

Nitsche et al.(l?’la)

obtalned orange~red single
erystal columns (4 x 1 x 1 mm) of this compound by using
CTR with indine as the transport agent. They uvsed a hot
zone of 900°C and cnld zone of 750°C. These temperatures
are mich higher than those which were used by .gaev

(24)

et al. (Thot = 780°C and Tcold = 680°C). However

Agaeve et al.(g4) used concentration of iodine (8 mg/cma)
higher than that of Nitsche et al. %13 (5 ng/en®).
Though bigger crystals are feasible by method of Agaev

et al., these crystals are likely to contain high concen-
tration of iodine as impurity. It was found that band
gaps for both direct 2and indirect transitions in CdGaos3e,
prepared by such methods differed considerably from the

(12,13) | jtrel'tsov

values obtalned by Nitsche et al.
ot a1.®) attributed this differsnce to the ract that
crystal growth by CTR produced crystals which were not
of the composition CdGa25e4 but were a solid solution

(?6) confirmed

based on this compound. pAbdullaev et al.
that the conditions observed 1In Ref. 24 for crystal
growth of CdGao3eyq were optimum for the stoichiometric

crystal growth and showed that the crystals obtained by

these conditions had N.01% wt. accurscy in the composition

o( 24)



~ ?5 -
) (27)
Gilevich et al. studied the effect of impurities
such as Cu, Ni, ™ and Ge on the CIR and on the properties
of crystals. (rystals doped with Au were also synthesized

by the CTR using iodine zs the transport agent(zl).

Nptical Absorption Spectra of CdGao3eyq

13
Beun et al.( ) reported that for CdGaQSe4 the )%d

which 1s the value of wavelength at which o = 500 cm'l,

ge’
was 915 m a. The dependence of < on photon energy was
compared with various theoretical formulage. As this
comparison di1d not yleld convincing evidence for indirect

transitions, the tentative value of Lg (Ind) ~ 2.25 eV
1/2

was obtalined from approximate plots of vs h>. Plot
of o0 2 vs hy ylelded Eg(Dir).g 2.43 eV, 3Strel'tsov

et al.(zs) reported mich lower values viz, Eg(Ind)fv 1.9 eV
and Eg(Dir) = 2.1 eV for the CdGanSe, grown by same CTR
method but by employing different conditions. Abdullaev

et al.(gs)

, however, studled the optical absorption

spectrun in more detall and obtained from the plots orf

i/g vs hy and o(/? vs hy , the values of Eg( Ind) x 2.27 eV
and Eg(Dir) = 2,41 oV, The phonon energy Epy = ".04 eV

was obtained from the two slopes in the plot of (x}/z vs hy.

The = N,5056 A as the value of the wavelength at

3

edge

which o = 10° em™l,
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Optlczl absorptlon stu’ies macde on thin filns of
Cdda?Se4(?3\ Indicated that tha ﬁg(Dir) = 2,15 eV and
Eg(Ind) = 1.93 eV. It should be noted that the thin fllms
do not contzin Impuritles such as iodlne as these were

developed by the ordinary vacuum evaporation technique.

(28)
measured the absorpti-

Recently Radautsan et al.
vity values (.x ) of p-type CdGa,Se, (single crystal size
5 x 10 x 1.5 mm) with natural edge (112) at 80", 178°,
218° and 300°X and were found to lie between 2.2 and 2.6 eV.
The exponential dependence of the absorption edge with the
slope depending on temperature, the stabllity of the
reflection maximim and phnhtoconductivity in the near
gpectral region and the high values of absorptivity (rvlo4
em 1) revealed an exciton character of the absorption.
For ¢¢53103 cm.l the dependence of the absorption on the
photon energy was weaker. The photoconductivity and
reflection spectrs for X ~ 4 x 103 em™l had a fine structure.
A strong excliton-phonon Interaction and a high degree of

exciton localization were observed.

Reflectance Spectira of CdGaciey

Abdullaev et al.'Z®

studled the spectral varistion
of the specular reflection and observed two peaks at 2.43 eV
and 2,52 eV, The first peak was assumed to come from the

band gap and the second peak was left without interpretation
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as the band structure of this compound was not known.

(29)

Their study of the diffuse reflection revealed that

Eg = 2.43 aV.

Recently Abdullaev et al.(gl) measured the reflect-
ion spectrum of CdGaoSeq and found that its spectrum had
a weak maximim at 2.55 eV which is close to its forbidden
band width. Additional peaks at 3.87, 4.19 and 4.95 eV
were Interpreted by assuming the band structure similar

to that of nnn-defect arseno-chalcopyrites.

Photoconductivity of cdGaoSey

(12,13 have indicated that

Studies by Peun et al.
the CdGanSeq 13 a promising photoconductor for technical
applications. They observed the highest photosensitivity
(~ 3x10°% ohm™! em” watt™l ) among all the ternary
chalcogenides (space group I 4 ) with the decay time
constant 1~ 0.002 sec., AT = T.7 x 1074 (cm” V™ )
/glark = 4 x 1011 .0 cm., PL = 1.1 x 10%1 cm. , Pd/ﬂL =
4 x 106. It was also observed that the phontocurrent
varied linearly with light intensity and the electric

field applied even up to break-down voltage.

(30

Radautsan et al. " presented results of spectral
dependence of photoconductivity at 300°K in the photon

energy range 1.7 - 3.3 eV, with the crystal axis along the



incident light. Ohmic aluminium electrodes were deposited

on the mirror smooth naturally grown surface which ylelded

13

n-type conduction with f4 = 1077 cm and a relative

photogensitivity /3/H = 5 x 10 (for 1llumination with

102 lux). The photoresnpinse was a linear function of the
{1lumination intensity in the range 10T - 1012

en”™” sec™l, for all wavelengths. The photoconductivity

photons

spectrum exhibited two well res»nlved maxima in the range
0.46-0.70/n. short wavelength maximum was narrow and long
wavelength maximim was broader and weaker. These were
attributed to indirect and direct optical transitions from
valence band to conduction band. The minimum widths of

the forbidden bands Eg (A ,,5) were 2.20 and 2.50 eV
respectively. Beyond the direct transition edge additional
peaks at photon energles hw = 2.81, 2.94 and 3.09 eV were
observed. These were shown to arise from the electron

transitions from the valence sub-bands to conduction band.

Abdullaev et al.(al)

performed more systematic

and detalled study of the photoconductivity and trapping
and recombination processes in n-type CdGaoSe4q crystals.
They observed f4 (at 293°%) = 2 x 10% o cm, and relative
photosensitivity /g // (at 293°0 = 3 x 10% uhich changed
to 7 106 at 200°X for 103 lux. Analysis of the lux-ampere

characteristics and the phntoconductivity relaxation curves



revealed three types of local centers, 'r' and 's' recombi-
nation centers and 't! trgpping ievels, in the forbidden
band of CdGanSes. The following values were obtained for
the principal parameters of the r slow-recombination

centers : tnergy gar from the top of the valence hand,

Egp = 0.47 (thermal value) and IJ. = N.77 eV (optical

- O
value) ; electron-canture cross-section Spe = 1.7 x 10 18 cm’,
hole-capture cross s=ctilon Spr = 1.3 x 10'14 cmg. Some of
the parameters of s the fast —recombination centers (s)

0716 on? ) and of the trapping levels (concen-

-3

(Spp = 2x1
tration ny = 2.9 x 1012 cm and energy gap from the bottom
of the conduction band E,y = 0.33 eV) were determined. The
photoconductivity spectra were recorded at 106°K and 293°x.
at 293°K there was a maximum at ) 1° 500 m u due to the
fundamental absorption and s maximum at X\z = 566 m u due
to impurity photoconductivity and a weak structure at

Ag = 420 m u (the corresponding wavelengths at 108°% yere
A = 485, N\ = 530 and > 3= 405 man ). The forbidden
width, which was deduced from the wavelength at which the
amplitude of the principal maximum fell to half its maximamn
value was 2.27 eV at 293°K. The impurity photoconductivity
was attributed to the radiative capture of electrons by

the r-centers which were singly charged acceptors. Since

Spr & ¢ Spps the r centers are the sensitizers, they capture



holes rapidly and electrons slowly. The small value of
Spe and the considerable difference between the values of
3,p and Spr lead to strongly unipolar conditions and

high values of the photocurrent.

2
Recently Abdullaev et al.(a ) investigated the

effect of doping on photoconducting properties of CdGas3egq
grown by the CTR method. Thelr measurements revealed

that Au produces n-type CdYaySe, and changed the fy» for
pure CdGacieq, from 1013 5 en to 4 x 1017 cn, the
relative photosensitivity being /é//L = 6 X 105 at 29301(
and ~ 10 at 200°% (L = 103 lux). The phntoresponse time
was practically unaffected by doping ( 7 = 0.003 sec. )

and pp = 17 en” vl gec™l (at -293°¥). Photoconductivity
spectra of apu-dojed CdGagleq crystals (6 x 2 x 0.0 ma)

were Tecorded at 793 X and 105”%, A maximm at ;= 500 m p
(at 203°K) was attributed to fundamental absorption. Two
maxima at A g = 96" mau and N\ = 035 m a due to impurlty
photoconductivity were observed alongwith a fine structure
near M4 = 420 mpu (at 106°K the corresponding wavclengths
vere /\1=485,/\ o = 600, X\ 5 = 940 and /\4=405m/u).
The forbidden band width of 2.°7 eV was derived from the
mid point of the principal photoconductivity maximum. The
/\2 maximim was related to s impurity which was intentional-
ly doped. The density of trapping levels and their energy

separation from conduction band were, ng = 6.7 x 101:3 en”S
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and E ¢ = 0.26 eV respectively. The following parameter
values were obtalned for Au-coped Cddase,: Ky, = 0.51 eV,
Spp/3pp = 2.3 x 10%, KL = 0.91 eV at 106°K. By sssuming
that the impurity photoconductivity maxima >\2 and N 5 were
due to the ionization of the r and 's’recombination centers,
their energy gaps separating these caqters irom eonduction
band were dnduced from the long wavelength edges of the
impurity photoconduetivity at points where the sensitivity

fell to 0.1 of the maximam value. 3Such calculation lead

0
to B2 = 1.53 eV, EOP = 1.17 oV at 105°% and conse-
(1) _ o(1) _ 0
quently to Byp = 0.82 eV and Evs = 1.18 eV at 105 X,

The behaviour of the Au-doped CdGasSe, was mich similar to
undoped CdGasSeyq and that the Au enhanced the photosensiti-~
vity. It was concluded that in Au-doped CdGa23e4, the
r-centers were in the form of a group of acceptor levels
formed by the Au-impurity atoms and by the deviations from
the stoichiometric amounts of selenium which occurred

during growth.

Thin #1lans of CdGa23e4

Tyrzin and Tyrzin( 24)

studied the photoconductivity
spectrum of thin f1lms of CdGa,3e, prepared by ordinary
vacuum evaporation of a massive specimen. These films
displayed photoconductivity immediately after preparation

and before any additional treatment. After annealing in
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alr for 20 ninutes at 150°C the photoconductivity increased
by two orders of mugnitude. The spectral dependence of
the photoconductivity was an unsymmetrical curve with a
flatter edge on the long wave slde. The photnhconductivity
maximum was at 560 m u. The temperature dependence of the
electrical conductivity in alr and vacuum gave activation
energy 2.18 eV which was higher than that of direct

(2.15 eV) and indirect (1.93 eV) band gaps.

1.6 PROBLEMS IN CRYSTaL GROWIH Or TwBMARY
SEMICONDUCTORS ANl THE IMPORTANCE OF
TH, CHIITCAL TRANSPORT RiACTION

The most critical step in preparing solid state
devices 18 the structural and chemical control during
crystal growth, Control of crystal growth and the under-
standing of growth processes requires consideration of the
liquidus curve and the equilibrium pressures of the various
vapour species aglong the liquidus curve. Wwhen the informa-
tion on the phase dlagrams 1s avallable, crystal growth
may be accomplished from the melt by employing one of the
three basic methods viz. (1) floating zone(as),

(2) horizontal Bridgman and (3) the Czochralski technique.
These methods have been successfully used for the large
area crystal growth of elemental as well as many binary

compound semliconducto rs( 34)
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Phase diagrams of most of the ternary systems, in
which ternary semiconducting compounds with the tetrshedral
coordination are formed, have not yet been investigated.
Luzhnaya et al.(as) pointed out that the nature of the
phase diagram of a ternary system must be taken into
account in the sel:ction of synthesis method because the
available publigshed data suggest that ternary compounds
frequently melt incongruently. This has highly ilmpeded
the crystal growth of ternary compounds by applying the
traditional melt growth methods. Fuarthermore, crystal
growth from the melt becomes exceedingly difficult it
applied to materials having high melting points. Additional
difficulties arise if compounds are to be grown which show
appreclable dissoclation (e.g. Gasas 1 atom. pressure at
1230°C, GaP 36 atom. pressure at 1550°C) at their melting
or which melt only under elevated pressure (es.g. Cd3).

It has been shown that in order to prevent the dissoclation
of a compound it 1s necessary to establish a vapour pres-
sure ol the vnlatile element equual to the dissoclation
vapour pressure of the compound at its melting point(aﬁ).
When the vapour pressure of the volatlile components in
total system exceeds the dissnclatlon pressure, the
compound melts congruently but the melt obtained contains

an excess of the volatlle component and is not stoichlo-

aetric. When the vapour pressure of the volatile component
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is too low the compound melts incongruently, l.e. it
decomposes into a liquid enriched with non-volatile compo-
nent and a vapour of the volatile component. Aany devia-
tion of the cnmposition of a ternary compound from the
stoichiometric ratio may affect very considerably its
semiconductor properties e.g. CdInoS,4 prepared under vacuum
had resistivity of 1 .+ cm whereas the one prepared under

5 atm. pressure of sulphur had resistivity 107 {1 Ct.

Another factor which complicates the direct synthesis
of snme ternary compounds 1s their polymorphism. It has
been establigshed that, e.g. the compounds CdSnAsQ and
ZnGeAsy, which have the chalcopyrite structure ai low
temperatures, undergo a polymorphic transition to the
zinc-blende structure near the melting point(37). In this
case thermograms show an additional thermal effect and the
zinc-blende lattice parameter assumes an intermediate
value between the parameters a and ¢/?2 of the chaloopyrite
structure. It may be assumed that the large number of
cracks in ingots of CdSnasy, prepared by direct synthesis
from elements 1s not only due to a difference between the

thermal coefficlients along a and c directions of the chalco-

pyrite structure but also due to a polymorphic transition.

To obtain single crystals of materials, which have
high melting points and are susceptible to dissociation,

usually vapour phase methods are used. The polycrystalline



starting material is sublimed either in vacuo or in a
stream of a carrier gas or the vapours of its constituents
are reacted in a crystallization chamber. The temperature
required for these processes are high in the vicinity of
the sublimation point - and they have to be closely
controlled, in order to avoid polynucleation by surpassing
the usually small supersaturation range. If the process
i3 carried out in a closed gystem because oxygen has to
be excluded, the limiting temperature is usually given by
the softening point of quartz. If inert carrier gases are
used the control of their flow and the geometry of the

arrangement pose additional problem.

Nitsche ot al.(lz) devised a method for erystal
growth from the vapour phase which works well below the
sublimation point of the material involved. They named
the method as chemical transport reaction . In this
method the solid, of which crystals are t» be grown, is
sealed into a suitable avacuated container together with
a certain amount of a sn-called "transporting" agent
(mostly a halogen or a hydrogen halide). The container
is then brought into a temperature gradient and hence
the solid is led into a chemical reaction with the gaseous
agent., The gaseous products of the reaction flow as a
result of the concentration gradient established with

thelir formation and thus arrive in a region where the



temperature is lower (amchigher). Owing to the change in
tenperature, the original reaction is driven in the oppo-
site direction and hence the solid 1s precipitated out

and crystallizes In the latter region. This technique
involves therefore always at least two temperature regions,
a "hot" zone (at temperature Ty ) and a cold zone {(at
temperature T ) and makes use of a gaseous "solvent”
which 13 responsible for the transport of solid frou one

zone to the other.

Nitsche st al.(lg) discussed thls method at length

and established the following requirements to be observed
if the transport recactions are to be used for the crystal

growth :

1. The rate of transport should not be higher than
the rate of growth of crystals which act as seeds.

2. The phenomenon of polymorphism should be taken
into account in the selection of the crystalliza-

tion temperature.

3. The crystallization zone should not be too small in
order to prevent the formations of polyerystalline

aggregates.

4, The temperature distribution in the crystallization

zone should be uniformn.



5. In those cases when the transport tales place by
convection, crystals with well developed faces

are obtained.

6. A smaller temperature difference is sufficient when

ampules of large diameter are used.

CTR method has been used successfully in the prepara-

tion of crystals oi many ternary chalcogenldes of the

AIIB;IICXI type. 3y using this method, mixed crystals of

P (38) ternary chalcopyrites

solid solutions of GaAsl,x x

(39) and CuGaS.:,-XSey(q'o) have been grown.

€8 ZnsiAsxP.,_x
We have therefore employed this method for the crystal
growth of the series of compositions CdGaZS4(1-x)s°4x

(x = 0.0, 0.25, 0,50, 0,75 and 1.0).

A EL L



CHAPTER - 2 ¢ ZEXPLRIMENTAL TECHNIQUES




EXPERIMLNTA AL TECHNIGUES3

In this chapter the detalls of the preparation,
crystal growth and the experimental techniques used for
the measurement: of various propaerties of the series of
compounds CdGap3s(]-4)3e4y (x = 0.0, 0,25, N.50, 0.75

and 1.0) are given.

2,1 PROPARATIONS

Spectroscopically pure samples of 3, Se, Cd, Ga,
In etc. were taken for the preparation of all ocompounds
under investigation. The simplest method of preparing
the compound semiconductors is by direct aynthesis from
the elements. The elements were all weighed correctly to
the fifth decimsal place using a Mettler balance. In order
to avold dissociation at their melting points, excess of
volatile component (usually 0.1 mol. %) was used. For
carrying out the reactions in oxygen free or vacuunm,
transparent silica tubes were used. A piece of transpa-
rent silica tube of 6" in length and dlameter 12 mm ID
and 16 mm 9D was fused to a B-14 M~-joint and closed at
another end. For each reaction fresh transparent silica

tubes were used.



Before intrnducing the weighed quantities of the
constituent elements, the silica tube was cleaned using
the following steps : (1) washing initially with hot water,
(11) heating for one hour with a mixture 5015" (concentrated)
HNO, and 40% HF , (111) the removal of acids by washing
in boiling water, and (iv) removal of adsorbed gases by
heating in vacuum, (v) pyrnlitic deposition of graphite
inside walls of the ampoule. <T{he welghed quantities were
transferred into the ampoulc through the B-14 M-joint and
then a narrow constriction was made at the top portion of
the ampoule 3o that it could be sealed off easily. During
the process of making the constriction the naterials
containing end of the amuoule was kept in the mixture of
ice and salt. This cooling was necessary in order that
materials inside should not get oxidised. The ampoule
was then attached to the vacuum system via a B-14 F~joint
and evacuated, The evacuation was carried out for 5-6

]

hours and when a vacuum of 10- to 10-6 mn of Hg was

reached the tube was sealed off at the constriction.

A conventional vacuum unit that was used for evacua-
tion of the ampoule is shown In the Fig. 4. Aall the
traps were maintained at the liquid air temperature.

The sealed ampoule was then enclosed in another

empty quartz ampoule and was sealed after evacuation to
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1075 t0 10™ mm of Hg. This enclosing container wvas
necessary because while cooling, (after the melting was
carried out) gradually to room temperature the quartz
ampoule containing the charge was found to crack frequently
at temperatures of about 500°C. This cracking is thought
to occur due to different coefficients of expansion of

the solidified charge and the quartz tube. The outer
quartz container saved the hot ingot from exposure to

atmospheric oxygen.

After evacuation and sealing, the ampoule was
heated in a tube-type furnace which can attain a maximum
temperature of 1200°C and the control was £ 10°C. For
melting of all the compounds of the series the following
heating cycle was used :

2 hrs 4 hrs 24 nhrs
Room Temperature 25000 600°C
o 16 hrs o 12 hrs o 24 hrs
600 C 1080 C rocking 1100 C R.T.

The ingots, which were polyerystalline, were then
removed and crushed to powder with an agate mortar and
pestle. The finely powdered mass was then analysed by
X-ray powder diffraction at room temperature, using a
14 cm Debye-Scherrer camera and Cu-K, radiation filtered
through Ni-foil. The patterns were carefully checked for
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the formation of homngeneous single phase solid solution
and that there were no extra lines duse to unreacted

materlals,

2,2 CRYSTAL GROWTH

The crystals of the series CdGa234(1_x)So4x were
grown by employing the chemical transport reaction
method. The principles of this method have been described
earlier. Iodine was used as the transporting agent. The
compounds (polyerystalline) which were preparaed by using
the procedure described in the previous section were used
as the starting materials instead of the elements
directly. Previous workers have used the elements as
the starting material. A charge of 10 gm was introduced
into the quartz tube (of inner diameter 12 mm and length
15 cms.) (Fig. 5) which was fused to a B-14 M-joint. Dry
pure lodine crystals, approximately o mg./cc., were
introduced in the side tube through the constriction 'Cl'
and Iimmedlately the constriction 'C

, ) 1l
cennmected
trap was kypb between the vacuum unit and the ampoule,

' was sealed. (A P205

not shown in the diagram) Then the iodine containing
tube was kept dipped in liquid air and the whole assembly
was evacuated for 4-5 hurs till the vacuum of 10~ 2 to 1079
mm of Vg was reached. Then the constriction at 'Cy' was

sealed and the quartz assembly was separated from the



- 42 -

vacuuim unit. Then the flask contalning liquid air was
removed from the lodine containing tube (Tl) to the

charge contalning tube (T?) and by occasional warming of
the lodine containing tube, (T,), the lodine was distilled
into the charge containing tube (T;). After all the
fodine was transferred to the T, end, the constriction
'C3' was sealed off and the ampoule was separated irom

the rest of the assembly.

Thus evacuated and sealed ampoule containing the
polycerystalline charge and iodine was then slowly inserted
in a tube-type furnace (iig. 5) where a desired tempera-
ture gradient was already set up. The tube furnace was
made out of a quartz tube of inner diameter 13-14 ma and
consigted of three windings. By adjusting the electrical
power through these windings the desired temperature
gradient was obtalned. The end temperatures were maintain-
ed constant using variacs and stabilized power supply.
Various end temperatures and gradients were tried till we
obtalned homogeneous, good quality and uniformly coloured
crystals in every batch. Generally, the transport of the
whole charge took place in 3 duration of 4-5 days. After
this duration, the emi from the hot end was cooled rapidly
to room temperature whereas the end containing the crystals
was 8slowly cooled (SOOC/hour) to room temperature. Then

the crystals which were grown on the wall were removed from
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the tube and were washed in dry aleohol by using ultrasonic
cleaner. This was necessary to remove any free iodine
deposited on the crystals. Then the crystals were dried

in vacuaum and stored in a completely blackened dessicator
under vacuun. The various parameters that were optimized
for the crystal growth of the compounds of the series
CdGaQS4(1_X)SeQIVare given in Table-1l in the next chapter.

A few crystzls of each batch were crushed to powder
with an agate mortor and pestle. X-ray powder diffraction
patterns were taken to check their approximate composition.
Laue-back reflection photographs were taken for tha large
well developed faces by using the 14 cm UNICAM camera and
Ca-K radiation.

2.3 X-RAY DIFFRACTION

The various methods of X~ray diffraction used to
study the various crystallographic parameters are described
in the following:

The Debye-3cherrer method

This method was used to identify the formation of
the single phase composition. 4 14 cm. Debye-3cherrer
camera was used where the film was kept fixed and the
gample in the form of a powder coating on glass fiber
was allowed to rotate in the CuK radiation filtered
through Ni-filter. The values of Bragg angle 8 for



various diffracted beams were determined by measuring the
maximum diameter of the Debye rings. If 23 1s the maximum
diameter of a ring and R 1s the radial distance from
specimen to film, then the angle 3 in radians 18 3/2R and -
in degrees the angle 57.30 times this. The d-values of the
interplanar spacings were obtained from the "Tables for
conversion of X-ray diffraction angles to interplanar

spacings™ NBJ Applied Mathematics series, 10 (1920).

The Lasue~back reflection method

This method was used to 1identify the well developed
morphological faces of the cerystals. The single crystal
was held stationary in a beam of Cu unfiltered radiation
coming through the pinhole placed at the center of the film.
The face of the crystal was every time maintained perpendi-
cular to the beam. The back-reflected beams were recorded
on the film. Laue patterns reflect the symmetry of corystal
when a particular symmetry element 1s allowed to coincide
with the beam e.g. when the X-ray beam is directed parallel
to a four-fold axis of symmetry the pattern will have
four-fold symmetry about the central point.

The Rotating Crystal Method

This method was used to determine the identity or
unit lengths along the edges of the crystal. For this
purpose, the selected edge of the crystal was allowed to






coinclide with the rotution axis. The CuX, radlation
filtcred through N1 toll was used. The orilentation ol

the crystal was adjusted till the rcflections were arrunged
in parallel layers symmetrically placed about the central
line. A unit length along the rotation axis, say l Fi )
was then obtained from the relation

- 2

e

i

cos Ly,

where n is an integer, X n is the angle of diffractinn,
A 13 the wavelength.  , was determined by cosq&l= in/ R,
R belng the radius of camera, s, being the distance

of ths n-th layer from the central line.

2.4 PREPARATION OF THIN FIIM3

Thin fi1lus of the compoundoCdGazs4 and CdGa2594
were prepared by using a glass vacuum evaporation unit
as shown 1n Flg. 6. About 200 mg. of the compound was
placed In a conlcally wound tungsten filament which was
introduced through M-f joint B-34. Thoroughly cleaned
substrates mailnly sodium chloride (100), quartz and
glass (optically flat) were tightly held in a substrate
holder (54). In general substrates were placed approxi-
mately 8 em. above the evaporation source. The substrate

holder containing substrates and substrate heater was
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introduced in the vacuum unit through M-F joint B-40. The
system was evacuated through the 8-14 joint fused at the
top. In the beginning substrates were heated to desired

5 t0 107°

temperatures and then when the vacuum reached 10
mm of Hg the fllament was heated slowly till the chara-
cteristic colour of the material on the substrates
appeared. For both the materials, the evaporation took
place just 50°C below the melting point of the compounds.
Thickness of the fl1lms was measured by weight method.
Several temperatures of the substrate as well as those

of filament were tried.

2.5 ELLCTRON DIFFRACTION

Most applications of electron diffractinon involve
the identification of specimens in thin film form. hen
a stream of elcctrons strikes a crystal it behaves as 1f
it were a train of waves and produce the patterns
analogous to X-ray diffraction. These patterns provide
the same kind of inrormation that X-ray diffraction
provides for thicker layers viz. the identification of
the phase In the layer, the crystal structure of the
material In the layer, the approximate grain size in the
layer and the orientation present.



..47-

In the present study electron diffraction canera
used was of c¢nld cathode type(4l). All specimens were
examined by transmission technioue after removing deposited
films from the NaCl faces. In order to find out the
d-values of different reflections the graphite ring
(1120 which has d-value = 1.230 2 ) was used as standard.
The reflections on the pattern are given by the approxi-

mz=te relation
21‘(7 = zL /\ 3

whare 2r 1is the distance between the symmetrically plzced
reflections (or dlarieters of the rings in case of poly-
crystalline sample), 4 is the interplanar spacing, L 1s
the distance from specimen to phntographic plate, X is
the wavelength. The value of LN was obtained for the
every pattern from the standard graphite llne (1120).

2.6 OPTTCAL ABSO3IPTION

3pecimen Preparation and Measurements

3ingle crvstal 3pecimans for optical asbsorption
wera prepared by waxing the crystal with its naturally
grown face with holder plate and grinding the rest of the
part by using 3iC-abrasive papers of various grades

ranging from 300, 400, 600, Finally the ground face was



polished by rubbing slowly on a teflon sheet in presence
of a drop of 5% solution of conc. HNOazHF(4P%)::50:5O

and then washed clean in an ultrasonic cleasner. In general
the crystals were ground to thickness betwsen 50/n to
ZOO‘p. Thickness was measurad by weight method.

Optical absorption measurements were made by using
Unicam SP5M0 Spectrophontometer and Perkin-Elmer 300 which
permitted use of wavelength range from 200 mnillimicron
to 1000 millimicron and optical density only upto 3. This
allows the absorption measurements by normal incidence.

If o 1s the abgsorption coefficient, R the reflectance
and I, the transmitted intensity, then for a given sample
thickness 'd', the absorption may be determined from

I, = (1-m2a "¢

Then . can be found simply from the transmission through
two samples of different thickness without the knowledge

of reflectance (R), provided the reflectivity of both

samples 18 the same 1.e.

? -"
I, (1-R e xdy

4 2 -da
o I, (1 -R) e 2

and It
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I ,
tz - % (d‘l- d?)
1 - ¢ '
*

or,

log 3 — =

2,7 TwO PROBL M.iTHOD FOR D.C.
ELECTRICAL CONDUCTIVITY
MEASUREMENTS

The major problem to be overcome in measuring bulk
resistivity using applied metallic contacts 1s the result-
ing contact resistance which may be mich larger than the
bulk resistance of the sample. The 4-point probe method
is most commonly used to avoid these barrier effects.
However, when the crystals are too small to satisfactorily
attach leads for 4-terminal measurements, an alternative
(method) for electrical reslstance measurements 1s to use
two-terminal method based upon the characteristics of
readlly avallable electrode materials such as Ag-paste,
plated Ni, In-Hg, In-Ga, Sn-Ga eutecties. Properties of
metal-gsemiconductor contacts have been studied by many

40~ 5
1nvestigators( 45) and reviewed by Heniah(4°). Herman

and Higier' 4"

studied in detail the resistivity measure-
ments by a two-terminal method and found that In-Ga and
sn-Ga (liquid) alloys are suitable for most of the

semiconductor materials. In~Ga and Sn-Ga electrodes have
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Q
very low work functions(Q")

and hence show very slight
barrier (essentially Nhmie¢). ONeccasinnally, however, on
the first temperature cyele the In-Ga or Sn-Ga cease to
wet one or more small portions of the semiconductor
crystals. Such a problem can be solved by heating the
sample to the peak desired temperature on a quick preli-
minary run. The contact then becomes stable for actual

measuremants,

Before applying the c¢ontacts, the crystals were
lapred to provide two parallel surfaces by waxing the
naturally grown face with the holder plate. Crystals were
then ultrasonically cleaned in pure benzene and were

etched in a 1:1 mixture of 19 v, and 404 H in water.

3
Finally the crystals were washed in distilled water and
dried in vacuum. In-Ga eutectic eontacts were applied
on both ground surfaces by rubbing an In stick together
with a very small drop of Ga. The crystals were than
annealed in vacuum (10 * mm of Hg) at 300°C for 10-20

minutes.

Sample holder used for the measurement of resistance
at various temperatures was enclosed in a quartz tube
with B-34 M-F joints (Fig. 7). Two terminals (1,2) of
the metallic electrodes and two terminals (3,4) of the

chromel-~alumel thermocouple were taken out through the
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side tubes fused to the female joint and were made vacuum
tight by filling epoxy resin in the gaps. The evacuaation
of the quartz tube was achieved by connceting the B-14
M-joint to the conventional vacuum unit (Fig. 4). Tempe-
rature of the sample was varied by heating the quartz
tube-part eontaining the sample honlder in the furnace (F).
3tainless steel enclosure was provided for shielding the
sample from external noise sources during the measurement
of the resistance. In order to avoild the shorting of the
metallic electrodes saé@ire base was used as shown in Fig. 7.
The graphite slices (spacers) were used to protect dete-
rioration of the gallium contactc due to reactions with
the metallic electrodes at high temperatures.

The temperature of the sample was measured by
measuring the thermocouple voltage by means of a precision
portable potentiometer and was maintained constant for
10-15 minutes by using a vaeriac and a stabilized A.C. power
supply for the tube furnace. Resistance was then read

as described belovw.

The dark resistance of the crystals was of the
order of 10°° to 10130 . 4 high sensitivity Philips
PPO0N4, D.C. 'iicrovoltmeter was used to measure the
resistances. The apparatus and circult used to measure
the resistance is shown in Fig. 7. The Philips PP9CC4

D+Ce Microvoltmeter 18 a versatile transistorized
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vibrating reed electrometer amplifier. It can be used
for making direct voltage mecasurements from 10/uv to

1000 V., The ponlarity of the measured voltage is shown
automatically by a moving coil indicator. The input
resistance (10641.) of PP90C4 13 very accurately known.

It can therefore be used for measuring very small currents
(10'11 amp. upwards) and insulating resistances (using
external voltage source). An internal calibration voltage
is connected to the instrument in one of the positions

of the range selector switch.

The unknown resistance is connected in serles with
an external stabilized voltage source of known value and

the current through it is measured by PP9N0N4, Let,

Vl = @xternal applied voltage,
1 = current in the circuit,
Ry = Input resistance of PP90C4 (= 1 M.- ),
Vo = Voltage measured on PP0oC4,
R' = oanmple resistance.
Then
v v
Ri + Hs i
therefore,
Vl 'p
Ri + Rs Ri

6
or R. = V1° V?/ V2 * 10 Ohm.
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For resistances in the range 10 1 to 1013-47,,

Vl was kept equal to 100 volts which was obtained by
using a stabilized D.C. power supply and for range 10° to

1011 o, V. vas kept at 10 voltas.

1

2.3 TH.RMOZLACTRIC POWER MEASUREMLNII

The t.e.n.fs measurements were impeded mainly due
to the high resigtivities of the crystals. “owever,
Burr-Brown electrometer (operational 1.C.) amplifiers
model 3431 J/X, which are designed for meaau}"e'&rbr
submillivolt signals from very high source impedance
(1014-5L ), allowed the measurements without any error
upto 10%41. . The circuit used to measure the t.e.m.f.

is shown in Fig. 8.
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Because of the high impedance levels at which these
amplifiers operate, extreue care was taken by using proper
shlelding arrangement to reduce the noise pick-up. Jince
changes in capacitance between input wiring and other
objects causes extraneous voltages at the input, the wiring
was made as rigid and as short as possalble and spaced as
far as poasible from other objects. A good insulation of
the c¢nomponents and wiring assoclated with the input signal
terminals was obtained by using teflon standoffs.

By shorting the input terminals the zero off-set
wes made by varying the potentiometer Ri::Z;d then the
signal to be meuasured was fed to the Input terminal through
a cnaxial connector. Gain of the BR 3431 J/X was adjusted
to 100 and the output voltage was measured on the D.C.

microvoltmeter.

The gample-holder used for the measurements of
t.e.m.f, 1s shown in Fig. 9. Two chromel-alumel thermo-
couples were fused to the electrodes and were used to
measure the temperatures at both ends of the sample.
T.e.m.f. was mgasured scross terminals 1 and 2. 3ince
the In-Ga ocontacots ware deposited on the two plane faces
of the crystal, graphite spacers were used to protect the
deterioration of the contacts. The temperature of the

sample was varied by using a conventional tube type
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reslistance heated furnace and the temperature difference
of the order of 10° was introduced by energizing the
microheater situastad at one end. The thermoelectric power
is the ratio thermoelectric voltage and temperature
difference snd presented in units of /nV/deg. All the

measurements wers made in vacuun.

2.9 SPECTRAL RESPONSE MIASUREMENT3

For spectral response measurements the apparatus
shown in rFig. 1N was used. A tungsten lamp (300 watt)
was used as the sourcse oi light. Temperature of the
tungsten filament was measured by optical pyromseter and
its emissivity values for various wavelengths were obtained
from "Hand 2ook ol Physics and Cheulstry". Next to the
lamp was placed a convex lens and 1ts dlstance from the
lamp was so adjusted thut a parallel beam of light was
obtained. The heat radiations were absorbed in the distil-
led water contained in a perspex flat (wall) box. To
obtain radliation of different wavelengths, optical filters
ol known trangmittance made by Carl Zeiss, Germany
in the steps 35" m My 375 m a1, 40 L TR tn 1000 m A
were used by placing one at a time and next to the water
trap. This filtered monochromatic radistion was then
condensed by using 2 convex lens at L, and was allowed to

fall on the crystal placed at the focus of L,. Photocurrent
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for each wavelength was measured as described earlier in
the electrical conductivity measurements with the help of
the PP9004 D.C. microvoltmeter and a stabilized D.C. power
supply of 10 volts. The photocurrent was then normalized
by miltiplying by the factor ‘1'6,.,0/'1‘x where Tsoo is the
transmittance of the filter of wavelength 600 m A and T,

is the transmittance of the {ilters of other wavelengths.
Since the emissivity of the tungsten lamp varies linearly
but negligibly small from its value N.46 for 3850 = 1 to 1its
value 0.42 for 1000 m a at 1600°C, its correction in the

photocurrent was neglected.

3ample holder for holding the crystal (the same
which was used in sleetrical eonductivity measurements)
was enclosed In a metallic box which shielded the crystal

from other light sources and the electrical nnise sources.

In-Ga contacis were made as described earliecr.
However, the contacts which were znnealed at 35000 in
vacuum could only produce photoeonductivity. This
indicates that the Tn-Ga contacts become ohmic only after

annealing at 350°¢c.

L LR 2
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RESULTS AND DI3CU3 310N

3.1 RESULTS OF X-RAY DIFFRACTION

Polyecrystalline Materials Data

As Indicated earlier the polycrystalline samples
of compounds CdGaogiy, CdGaQSSSe, CdGag3gieg, CdGag3,Seg
and CdGasleyq were analysed by the Debye-3cherrer X-ray
diffraction method. The Debye-3cherrer patterns of these
enmpounds are presented in Fig. 1l1.

The compound CdGa,3, was first prepared by 'ahn
et al.(g) and found to have a tetragonal structure very
similar to chalcopyrite (I142d) and a space group 1%

(or Sz) . The typlical structure of this compound which
was named as thiogallate may formally be derived from the
chalcopyrite structure by omitting the copper atoms at
1/4 and 3/4 helghts. The atomic positinns for CdGagsy

then may be written with origin at 4, as

(0,0,0 and 1/2, 1/2, 1/2) +
2Cd at 2a position : (0, 0, 0O)
2Ga at 2b pnsition 3 (ny, 0, 1/2)
2Ga at 24 position : (0, /2, 1/4)
8 3 at 8g position : (x, y, 2), (X, ¥, 2)

(y’ ;’ ._Z)’ (;’ Xy ;)
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The general condition limiting possible reflections is
h+ k+ 1= 2n. The ideal values of X, y and z for the
chalcopyrite structure are 1/4, 1/4 and 1/8 respectively.
For thiogallate (CdGa,54)structure the values of x, ¥
and z were éggpced by Hahn et a1.(%) as 0.26, 0.27 and
0.14 respectively. The tetragnnal unit cell of CdGa254,
thiogallate structure, is illustrated in Fig. 12. The

unit cell contains two molecules of CdGa254.

Though the lattice parameters were obtained for

CdGasSe, by ‘ahn et al.(g)

sy the detall analysis for x, y
and z parameters for seleniun was not made. We have

therefore presented the same in the followiny section.

The Debye=-Scherrer patterns of the compounds
CdGansgse, CdGapioleg, CdGaniy3e3 and CdGapieq show a
marked resemblance of the structure of the solid solutions
with those of the end members. The composition Cdﬁags3se
displays a pattern isomorphous with that of CdGa234 whereas
the patterns of CdGa292382 and CdGa231333 are 1somorphous
with that of CdGa?Se4. The d-values for these compounds
as calculated from the measurements of the X-ray diffraction
patterns are set out in the Tables 2,3,4,5 and 6. In each
pattern the reflection intensities were estimated visually
as V3, 3, M3, M, MW, W, VW, VVW etc. In case of CdGajse,,
the intensity measurements were made on LIRLPHO-2 (Carl

Zeiss) photomicrograph recorder.
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POLYCRYSTALLINi DIFFRACTION DATA ON CdGagiy

- D AR TR g e T Dy RV D D D S R NS e WD W e WS > WS R BD G W W WD W W S SR W D WY G W TP U e Gn W S A gy W

hkl Iobs. ddﬁg) 1/d§bs. 1'/dgal.
co2 VB 5.0348 0.0394 0.0337
101 Mw 4.3701 0.0422 0.0497
110 Aw 3.9104 0.0654 C.0650
112 vs 3.1036 0.1038 0.1036
103 Mw 2.88% 0.1201 0.1196
200 Mw 2.7875 0.1306 0.1300
004 Vw 2.5432 0.1546 0,1547
202 3 2.4364 0.1645 0.1687
211 S 2.4086 0.1724 0.1720
114 MW 2.1290 0.2206 0.2198
213 | J 2,0010 0,.2498 0.24095
220 4 1.9624 0.2697 0.2598
106 w 1.9064 0.27562 0,2741
204 3 1.8746 0.284b6 0.2847
222 VwB 1.82863 0.3001 0.2986
310 | J 1.7562 0.3246 0,3260
006 W 1.6931 0,3489 0.3481

continued ® e 0000
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TABLE = 2 (SHONTINULD)

DD N D e D e e e WR EREE D R R R S R RGP G T WDy B e D W GS Ae wlam T TR WP W e e e G W WS S 4 Ghwn e

hkl Iobs. duiA) l/dgbs. l/d:al.
312 Vs 1.6609 0.3625 0.3041
303 AL 1.6289 0.3768 0,3778
2156 vw 1.5734 0.4039 0.4041
116 M 1.5578 0.4123 0.4130
321 W 1.5217 N0.4320 0.4317
26  J 1.4467 0,4779 N.4783
323 VW 1.4M18 0.5088 0.5087
400 | : 1.3893 0,5181 0.6198

R e e Wl W W D G D M W e G T S D T A W WS S WD Gy R AR W G WD WS G D W W AD WD G W wn @R D G D D D AR G NG D WY W O D A e

VS - very strong

S - strong

M3 = medium strong

M - medium

Mw - medium weak

W - weak

VW - very weak

VVW - very very weak
B -~ Dbroad
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oc2
101
110
112
103
200
nC4
202
211
114
213
220
105
204
222
310
0Ce
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TAPLE - 3

POLYCRY 3TALLINE DI#rRACTION DATA ON CdGa25§39

M

VVuB
M3B

5.05619
4.83%6
3.9172
3.1170
2.9006
2.7809
2, 5488
2.4428
2.4161
2,1493
©.0145
1.9746
1.9286
1.8900
1.,8356
1.7634
1.7131

0.03918
0.04771
0.06520
0.10330
0.11890
0.12930
0.15390
0.16760
0.17130
0.21650
0 .24640
€. 25680
0.”26890
0.27990
0.29690
0,.32160
N.34080

0.0379
0.04l6
0.0643
0.1022
0.1174
0.1286
0.1516
0.16656
0.1702
0.2150
0.2460
n,2672
0.2690
0.2802
0.7961
0.3215
0.3411

mntinued. e s 000
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TiBLL - 3 (CONTINULD)

W Gy - P R ot B g D N B TR S e A P G AR Ay NS age SN W M NG W D NS ED G W P Gy R SS W W N O S WD W R S O - -

hkl Iobs. a &3 ) a2, V2N
312 Vs 1.6603 0.36290 n.3594
303 vy 1.6466 0.36990 0.3746
215 VW 1.5933 0.39410 0.3976
116 M3 1.5724 0.40450 0.4054
a1 Vv 1.5326 0.42580 0.4274
206 1.4662 0.46530 0.4697
323 1.4120 0.50160 0.5032
400 1.3981 0.51170 0.5144

\ £ - very strong

3 - strong

M3 - medium strong
M -  medium

MW - mediun weak

w - weak

VW -  very weak

VVW -  very very weak
B -  broad |
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ne2
101
110
112
103

nc4

211
114
213
220
105
204
222
310
006

TABLE - 4

POLYCRYSTALLINE DIFFRACTION DAT4 ON CdGaoSoSeq

5.0348
4.8543
3.9172
3.1335
2.9246

2.4609
2.4325
2.1681
2.0307
1.9827
1.9467
1.9072
1,.8461
1.7768
1.7299

0.03944
0.04244
0.06540
0.10180
0.11690

0.165610
0.16900
0.21330
0.24260
0,25440
0.36400
0.27800
0.29350
0.31700
0.33410

0.0372
0.04107
0.0635
0.1008
0.1155

0.1643
0.1682
0.2122
0.2426
0.2542
0.2644
0.27568
0.2914
0.3177
0.3349

continted......
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TABLn - 4 (CONTINUED)

el ek e R R A A R T R R R R T R R R P T R R R R R R R ey

nk1 S a,ps. A vas, . vl
312 Vs 1.682?2 €.35340 0.354¢
303 - - - -
215 vV 1.5998 0.39180 0.,3913
116 S 1.56878 0.39700 0.3984
321 vV 1.5414 0.42090 0.4224
314 | 1.4691 0.46340 0.46064
206 - - - -
323 W 1.4223 0.49430 0.4968
400 1.4078 0. 50440 0.5084
¥8S - very strong
8§ - strong
M5 -~ medium strong
N - mediun
MW - medium weak
W - weak
VW - very weak
Vvw - very very weak
B - broad
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T o oy e S D D D R D D TR MR D g W U D D W P N S WD SID WP G D D ST A Ge e ek TR OE e WP DD D R S e WS RPN WD R G TR W D W

002
101
110
112
103

004
202
211
114
213
220
105
204
222
310
006
312

TABLE - 5

POLYCRYSTALLINE DIFFRACTION DATA ON CdGagsjes

a

5.1683
4.9238
3.9691
3.1750
2,9760

2.4872
2,45883
2.20256
2,05644
2.0035
1.9363
1.8595
1.7937
1.7634
1.7007

0.03743
0.04124
0.06380
N0.09920
0.11280

0.16170
0.16550
0.20610
0.23690
0.249°20
0.26670
0.28930
0.31080
0.32150
C.34570

0.0361
0.0401
0.0622
0.0983
0.1123

0.1605
0.1645
0.7065
0.2366
0.2488
0.2687
0.2849
0.3111
0.3247
N.3472

continuedsssec..



TABLE = 5 (CONTINUED)

hicl Iobs . dobss . l/dibs . 1/d‘cz ol
3303 VVW 1.6659 0.36030 N.3611
215 - - - -
116 S 1.6184 0.38190 n.3869
321 VW 1.5608 0.410850 0.4133
206 1.4882 " .45150 N.4491
323 1.4403 C.48210 0.4855
400 Mw 1.421%6 0.49490 0.4976
V8§ - very strong
3 - strong
N8 - medium strong
M - medium
MW - medium weak
W - weak .
\4 ~ very weak
VW = very very weak

brrad
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110
112
103
200
004
02
211
114
213
220
108
204
222
310

5.0€32
4,N513
3.2360
3.03%4
2.8678
2,5297
2.4973
2. 7348
2.0832
2.0266
1.9600
1.8312
1.8097
1.7931

N.03901
N.06094
0.09550
n.10860
0.12160
0.15630
0.16040
0.20020
n.”23080
0,24360
0.26030
n.28260
0.30520
n.31110

0.0347
0.039C
0.06M7
0.0954
0.1084
0.12148
0.1387
0.1562
0.1600
0.1994
0.2299
0.74296
0.2472
06,2602
0.2776
0.3037
0.3121

cmntimiede..o.s
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A G WS W WP D T YRGS WS ER WD D D B Gy Ah R W WP e G AN W AT B e e W s MR B BB WY T WS D A SR SR WA D W WD T e G W D W We an b D W BB WP S

o 2 o

hkl Iobs. dobs. A l/dobs. /4
312 -] 1.7190 0.33840 0.3384
3N3 - - - 0.35i3
215 - - - 0.3686
116 M 1.6391 n,37230 0.3728
321 W 1.5764 0.40260 0.3980
206 - - - 0.4335
314 w 1.5038 0.44210 0.4424
323 W 1.4539 C.47300 00,4728
400 M 1.4367 0.48440 0.4359

V3 = vary strong

3 - strong
M5 - mediun strong
M - med Iuxg
MW - mediun weak
W - weak
AA - very wsak
A\ AL ~ very vary weak
B - broad |
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The various lines were indexed with the help of
the standard c/a vs log 4 chart for tetragonal symmetry.
All the three new compogitions, CdGaopsiz3e , CdGag3gdes and
CdGa_‘a‘l‘Se3 were found to satisfy the conditions
h+k+1= 2n, leading to the space group I4 as that of

the thiogallate structure.

The intensity of the strongest line 204 was taken
a8 100. The observed intensities relative to line (204)
of reflections 002, 004, 105, 206 etc. were found to
decrease with increasing selenium content. These refle-
xions were present with appreciasble intensities in case
of the compound CdGanS,, whereas the intensities decreased
with increasing content of selenium in the solid solution
and were absent when selenium content was more than

50 mol. %.

The lattice parameters were calculated by using the

formla,
? 2
1l h2 + k . 1
SnsRERE—— =
a2 a® 2

The values of lattice parameters as obtained from
polycrystalline data are set out in the Table-7. The
dependence of lattice parameters, ¢/a ratio and the tetra-
gonality factor 2-c/a on composition are plotted iIn
rigs. 13, 14 and 15. The ¢/a ratio is found to increase
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CRYSTALLOGRAPHIC DaTA OF THE 3Y3TEM

27°4(1-x)" "4x
Composition s e c/a 2=c/a
o o
( A) ( A)
CdGa284 5.548 1n.170 1.832 0,168
CdGagt’isSe 5,577 10.278 1.842 0.158
CdGa23893 5.670 10,530 1.857 0.143

CdGanie, 5.738 10.738 1.872 0.128
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Thege various vilues of lattlce parameters reported
by different workers indicate s non-stoichiometry of the
compound. The lower values indicate the deficiency of
the sulplur and the higher valuss may be thought to come

from excess of sulphr.,

On the other hand, there is only one report by
2}
Hahn et al.( ) on CdGa?Se4 where the lattice parameters

were found to have values
o "
a= 5,742 4, c¢ = 10.73 A with ¢/a = 1.87.

The values of lattice parameters as obtained from poly-

crystalline data of the present study are

o o
a= 5738 4, c=10.738 A, c¢/a = 1,872

(8)
which are in close agreement with those of the Hahn et al.

Our X-ray powder diffraction measurements of
CdGay,3e, revealed absence of reflections (002), (004),
(108), (206) ete. 3such absance of reflections may be
ocorrelated to two factors‘viz. (1) increase in mass
absorption coefficient in going from sulpmr to selenium
and (2) change in values of parameters x, y and z from
sulphur to selenium (Hahn et al. deduced the values 0.26,
N.27 and N.14 for sulpmr). Assuming these values of

Xy, ¥y and z for selenium and changing mass absorption
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coefficient alone did nnt give satisfactory explanation
for the absence of the reflections. We have therefore
calculated the intensitifes of several reflections by giving

a set of new values to x, vy and z.

The following procedure was adopted for the calcu-
lations. The intensitiea of the observed reflections
were assumed to be proportional to the height of the peaks
in the photomicrograph and then assuming the intensity of
204 reflection to be 100, apparent intensity (Iapp(hkl))

was obtained by using equation (1)

Peak height (hkl)

- x 100 eeees (1)
app(hkl) Peak height (2nN4)

¢

These Ianp values were then converted to true intensities

by multiplying by the absorption correction A*(8)
" equation (2)

Y x A
app(hkl) (Shk1)

= es v o0 (2)
true(hkl) 4% (9o0g)

I

Then the squares of the structure factors F2 ware obtained
by dividing the Iin.,, values by lLorentz, polarizatlon and
miltiplicity factors as in equation (3)

1 . Lona P J
F‘r? - true( hkl) x 204 ¥ON4 YON4 (3)

true(hkl) Ihk1Phildnkl



-74-

These obaserved squares of the relative structure factors
were then compared with those calculated theoretically.

Theorstical values were obtained from the equation (4) for

- (49)
space group (I4)

) 2 2 2
o (A * A1 * B * Bpra)

Fclal(hkl) = sso e (4)

2
Foal(204)

where

, cosWl + cosg- (Mk)‘mag(h-k) cosIlJ

4 = 2f£ .+ 2f
L 2

cda Ga

- 81‘3e cosW [(h-'k)x + (h+k)yj cos™W [(h-rk)x- (h-k)yA]

. cog ( 2Wlz)

sesne (5)

(h+k) (h-k) w
2

B = 2f; Isin W sin T sin -é-lj- SfSe[sinw(p)

’

~4

8inW(q) sin (2Ti'lz)J

eeese (6)

where p = (h-kKix + (h+k)y and ¢ = (Mk)x -~ (h-K)y .
fcd’ rGa, fSe are the scattering powers of Cd, Ga and 3e

respectively.

B = 0 if h=k=9 or 1=0.
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Since for the reflections N02, 004, 006, 008 etc.
the values of A and R depend only on z parameter, the
calculations for the absence of 002, 004 etc. indicated
that the best value for z = 0.15.

Next for the reflections 200, 400, 110, 220, 600,
310, 800 depend only x and y. The reflections 200, 400,
220, 312, 103 were found to be sengitive to variation in
values of x and y. Various values of x and y e.g. 0.200,
0.225, n,260, 0.276, 0.300 were substituted in equations ()
and (6) for each reflection. The best match was observed
for x = y = 0,28C with }IR = 4,0 and z = 0,15. The

observed and calculated values of Fz are coapared in

Table-8. The values of F2 were normalizod fUrther by
maltiplying by a normalisation ractorﬁ—{ °§l—A .
- 2
L ,Ftruel

2 -
p ’Fcal Ftrue,nor.

.2
T |Fea1 |

i

The faector ]

was found to be 12% when the absent reflections were
included. If the absent reflections were omitted, the R

reduces to 104%.

The various Inter-atomlc distances that were

calculated for CdGa?Se4 are :
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Cd-3e = 2.50 1
0

Ga~Se = 2.5 A
0

Ga-Cd = 4.058 A

o] o o
33"38 = 4.058 A’ 3.93 A ar‘d 4.058 i'\-

Single Crystal nata of CdGan34

(14,16)
The literature shows that the conventional methods

of growing single crystals of CdGa34 have failed to glve
colourless crystals. The yellowish colour of the crystals
has been attributed to the non-stoichlometric composition

(12) obtalned colourless

of the erystal. Nitsche et al.
single crystals by the method of CTR. They have used hot
zone 50° higher than the cold zone (600” ). we tried the
same conditions, but our trials falled to give colourless
crystals when the temperature difference of 50°C was used.
We therefore tried lower gradients and found that difference

of 20 -26° with cold end at 600o gives colourless crystals.

™n the other hand, the CdGa?Se4 cerystals were grown

(12)

by Nitsche et al. and obtalned orange-red single

crystals with colummar shape using hot zone at 90000 and

en1d zone at 700°C. igaev at al.(24) nsed higher concentra-
tion of iodine (8 mg./cc.) (than that of Nitsche et al.

(5 mg./cc.)) and hot zone of 780°C and eold zone of 680°cC.
Though bigger crystals wers feasible by method of aigaev et sl.

these crystals are likely to coantain high enncentration of
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indine as Impurity which is %nown to affect the forbidden
gap. 3everzal hot end temperatures differing by 40 to 50°¢C
were tried. Temperatures above 775”8 gave very small
erystals of poor aquality. Big crystals of minimum size

5 x?2x1 mm were obtzined in the form of triangular
prisms with dark brown colours when hot end temperature

of 776°C and cold end temperature of 73000 were used.

For the crystal growth of the solid solutions viz.
CdGazssse, Cdgag3o3es and CdUaniiSegz the hot end tempera-
tures more than 700, 750 and 776°¢C respectively did not
Yield homngeneously coloured crystals. Generally mixed
crystals with yellow and red colours were obtained. The
hot end teanperatures of 675, 725 and 767°C respectively
differing by approximately 40°C from cold end yielded
homngeneously coloured crystals.

The colour of the erystals of the solid solutions
changed with increasing selenium conteant. CdGazsasel was
dark yellow (amber colour) whereas the compositions
Cd63232392 and CdGa23393 were brown and dark brown.respe-
ctively. The continuous change of colour from colourless
for CdGaosS,; to that of dark brown for CdGasieg is an
indication of the fact that the crystals of single phase

solid solutions have been formed.



The shape of the crystals of the solid solutions
was of two types. The composition CdGanoSgie crystallized
with the shape of a polyhedral crystals as that of
CdGanS4y whereas the compositions CdGa,S,3e, and CdGagiSey
erystallized with triangular prism shape as that of
CdGagSey.

For the crystal growth of the solid solutions,
increasing temperatures of the hot end were required with
the increasing content of selenium. The reason for this
may be the lower vapour pressure of selenium iodide than

that of sulphur iodide.

The rate of crystal growth was higher fer CdGazs4
than thet of the Cd6323e4. The 10 gm. of CdGay3, were
transported in 3 days, whereas othesr compositions required
more than Y to 7 days depending on the selenium concentra-
tion. The reason for this is that we have selected
temperzture differences between hot znd ocold end approxi-
mately 40°C, and that the vapour pressure of selenium

iodide 18 lower than that of sulphur iodide.

The composition of the crystals was deteramined by
taking their powder X-ray diffraction phnhtographs and
measuring thelr lattice psrameters. The plots of lattice
parsmeters (Figs. 13, 14 and 15), as obtained from initial
polycrystalline data,vs chmposition were then compared to

obtain the composition. Table-9 gives the comparison of
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the lattice parameters obtained from crushed single
crystals and initial polyerystalline data. It is rather
an approximate method of deducing the compositinsn of the
crystalgs but may be taken as the indicative of the fact
that the composition of the crystals 1s nearly the same
as 1s expected in the chemical formulae viz. Cd63234,
CdGagsBSa, CdGaZSQSez, CdGaQSSe3 and Cd632394.

The chemical analysls was mnade for the volatile _
component, mainly selenium, which indicated deficiancy
of selenium of apgroxiuately 1 4 by welght. The expected
and observed welight percentages of 3e In these compositions

containing Se and of 5 in CdGao34 are liasted in Table-10.

TABLE - 10

CHEMICAL ANALY313 OF THE VOLATILE
COMPONENT SELENIUM

e S e E ER R Uy U TS IR S G, YR AN EE g TR G G D B YD SR W TR W W G W W S R R T Uh G S R SR gy SR TR U TS W WD R W, W W T W

Apparent uxpected welght Observed weight
composition per cent of Je/s per cent of Je/3
CdGagig 33.74 of S 33.0
CdGagigse 18.49 of 36 lo.3
CdGagigiey 33.32 of 3e 33.0
CdGaQSSes 45.48 of 3e 44.5

CdGaySe, 56.63 of Se 54.5
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The obaserved values of selenium content scem to be lower
than the one expectaed. 3uch deficiency of selenium mgy

be attributed to the following reasons:

(1) Vapour pressure of selenium is lower than the
sulphide.

(2) Loss of sulphur and selenium in chemical analysis
during their reactions with bolling HNO3.

(3) loss of sulphur and selcnium in maintaining the

dissocilation pressure at the ecrystal growth.

The first two seem to be more likely. The last
reason 13 a little hard to accept as the 1lodine concen-
tration of 6 mg./cc. in the ampoule waintains a preasure

of~10 atmosphere on the material.

Laue~-back-reflection photograph from the well
developed faces (5 ms x 3 mm) of CdGanS4 18 presented in
Fig. 16. This clearly illustrates a 4-fold symmetry in
the distribution of the spots in the photograph. 3Such a
symmetry may be linked with the 4 axias of the crystal
space group which must be along the c-axls of the tetra-
gonal unit cell. Ience the well-developed i1ace 1is the
(0Q1) face. This was turther confirmed by measuring
the rotation -ray diffraction phntngraph tuken with the
rotation axis perpencdicular to the face. The value of
the axis obtained was 10.°21 3 which 1s in close agreement
with that of 10.16 3 of the c-axis.



CdGazsase gave similar 4-fold symmetry and confirmed
that the crystal growth habits of this composition are

mich similar to that of CdGa?Sé.

The Laue-back-reflection photograph from one of
the faces of the triangular prisms of the compound
CdGaosioSen 1s presented in the rig. 17. The arrangement
of spots in this photngraph seems to have a mirror refle-
ction symmetry on both sides of the vertical line ai-4
passing through the center of the phntograph. The spots
on the left hand side have their images on right hand
side,

Out of the other two faces of the triangular prism
yielded exactly same type of Lane-back-reflection photo-
graph. The third face, however, was not as smooth and
optically flat as the first two faces and could not yield
a symmetric Laue-back-reflection photograph.

A rotation photograph of the triangular prism
with the rotation axis coinciding with the prism edge
yielded the value of the unit length along the rotation
axis as 8.00 % which is in close agreement with the
7.95 1, obtained by calculations of 110> unit axial
length. This indicates that the triangular prism grows
along the <110> direction. Next the <110> axis is
also a zone axis for the above two faces for which the

same Laue-back-reflection photographs were taken.
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The angle between the two faces at <110> direction was
measured by keeping the crystal on a rotating stage of a
spectrometer. This angle was 71°. These planes or faces
were therefore thought to coincide with the (112) planes
as shown in Fig. 18. The calculated angle for CdGaZSZSez

was "74°.

Other compositions CdGag3Se, and CdGasSe, displayed
Laue-back-reflection photographs similar to CdGapSo3es.
Thus the ocompogitions tjcllGazSzSe2 and CdGay35e, may be
assumed to have crystal habits similar to the another
end member CdGa2$e4.

The properties and crystal growth conditions for
all the compositions are gset out in Table-1l.
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3.2 RESULTS Oy LLECYTRON D IFFRACTION

Thin ilms

In this section results on preparation and structure
of thin films of the compounds CdGas3e4 and CdGagsy are
presented. Thin films were prepared by ordinary vacuum
evaporation and flash evaporation. The apparatus used
for the ordinary vacuum evaporation has been discussed in
earlier section. The films were deposited on (100) face
of NaCl single crystals for the purpose of structural
studles, and on thin glass plates or thin quartz plates
for the optical absorption measurements. For both the
compounds the evaporation took place just about 50°C below
the melting point. In case of Cduag3, occasionally spurt-
ing of the material was observed. CdGaQ?e4 gave deep
brown uniforan films whereas CdGa234 films were highly
transparent and colourless or some times with greenish

tint.

Flash evaporation was achieved in the same vacuunm
evaporation unit where powder was allowed to fall slowly
on the previously heated tungaten foil. The rate of
powder flow was adjusted by using a vibrator (not shown
in Fig. 6). The temperature of the foil heater was
approximately 900°C and 1000°C for CdGa,Se, and CdGasSy
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respectively. CdGa,S4 gave transparent and colourless
with bluish tint thin films whereas Cd0a2304 films were

brown.

Thus it may be seen that the colour appearance of
the thin films of both the comprunds is the same as that
in the bulk or single crystal form,

Structure of CdGagSeq Thin Films

The deposits made on substrates at room temperature
did not give any distinct electron diffraction patterns.
This shows that the filma were either amorphous or had a
fine grain structure. At higher substrate temperature of
150°C the deposits were crystalline having a tetragonal
structure with a = 5.73 A, ¢ = 10.745 % in agreement with
the X-rgy results of the bulk discussed in the first
section of this chapter. The d-values as calculated
from the measurements of the electron diffraction pattern
are given in Table-12. The electron diffraction pattern
of CdGaySe, deposited on substrate (100) NaCl at 150 C is
given in Fig. 19. Table-1l2 also ahows the comparison of
the d-values obtalned from electron diffraction by bulk
sample. Some reflections are found to overlap 1n case
of electron diffraction patterns. 3uch behaviour is

commonly observed with several other substances.



TABLE - 12

COMPARISON 0F THE d-VALUES OBTAINED FROM
ELECTRON DIFFRACTION AND X~-RAY DIFFRACTION

D A S G P N TP W S M WP R D W TP WD WL WP SR D GE G WS S W WD S T R TR AR D R A D G R GD G R WS G G YR W AR WP W S .

d valyes d values Intensity Intensity

hkl bulk thin o obgerved obsgerved
film A bulk thin film

112 3.236 3.24 Vs ]
200 2,868 2.856 w v
202 2.630 2,585 W \4’]
211 2.490 } i

4 2.33 ] \4’]
114 2.24 1} w |
213 2,08 2.110 A 4] Vi
290 2,026 § M ]

i 1.984 } 8
204 1.96 1§ S 8 |
310 1.81 1.83 ™ VW
312 1.72 1.70 (] W
116 1.64 1.65 M Vw
314 1.51 1.53 v VW
400 1.43 1.41 1]
402 1.34 1.345 | W
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When the substrate temperature was increased to
200-250°C a new cublc phase with a = 5.60 & was formed
(rig. 20) and was isomorphous with the sphalerite
structure. Such a behaviour of phase transition has been
obaerved In the past In case of several chalcogenide
binary and ternary compounds. Chalcopyrite ternary
compounds such as ZnSan have shown phase changes from
tetragonal to cubilc depending on the conditions of prepara-

tion even in the bulk form(so).

At s3till higher substrate temperatures of about
300-35000 the deposits gave electron diffraction patterns
indicating that they were mixture of a cubic form
(a, = 6.06 K) isomorphous with the aphalerite structure
and a hexagonal form (a = 4.3 ﬁ, c= 7.02 %) isomorphous
with the wurtzite structure. sSuch a behaviour is likely
to arise from the dissociation of the films at the higher
substrate temperatures. The values of the lattice
parameters of these two phases are close to those of Cd3e.
This gave a doubt as to whether 1t is a Cdse deposit and
not a ternary chaQSe4. However, a qualitative micro-
analysis by using quartz spectrometer showed strong lines
due to the gallium suggesting the presence of a reasonable
amount of gallium in the deposit. Hence the deposit may
still be the ternary compound which has undergone a change
of phase having lattice parameters similar to Cd3e. This
18 in conformity with the optical absorption data which
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.
showed that absorption edge occurred at wavelength corres-
prnding to the bulk CdGan3e4. These results are presented
in the next section.

Structure of CdGaQS4 Thin rilms

The deposits made on NaCl (100) substrate at room
temperature were amnorphous or had & fine grain structure.
Deposits made at 300°C consisted of hexagonal wurtzite
phage (a = 4,13 Z, c = 6,71 i ) and a cubic phase with
a= 5.8 2. At substrate temperatures of 4000C, the
deposits were mailnly hexagonal with a = 4.13 3, ¢ = 6.713 3,
resembling CdS. 3uch a result may not ruls out the
possibility of dissociation of the compound or thin films
at 400°c., A quantitative spectral analysis with the help
of quartz spectrometer was made which showed presence of
a reasonable amount of gallium in the thin fili. Since
the electron diffraction photograph (Fig. 21) did not show
any phase corresponding to 63253 or other gallium sulphide,
the deposits may be assumed to undergo a posaible phase
transition from tetragonal to hexagonal. ( In case of
CdGasS4y, when 50% of the gallium was replaced by indium,

a hexagonal phase was obaerved(sl)in the bulk.) This is
in conformity with the optical absorption data which
showed the absorption edge occurred at the wavelength
corresponding to the bulk CdGa234. These results are

presented in the next section.



3.3 R.3ULT3 Oi OPTICAL AB30RPTION

Single Crystal Samples

As indicated in the historical introduction a
congiderable varlation has been observed in reported
values of band gaps of CdGag34 and CdGagses. such a
variation has been attributed to the non-gstoichiometric
compositions of the crystals. It is also known from the
literature that the band gap varies with the direction in
crystals along which the absorption or reflection
spectrum 1s studied. towever, previous workers have
not identified the faces for which they studied optical
absorption or reflecticn spectrum. This may be an
additional reason for the observed scatter in the values
of energy band gaps of these two compounds. In our
present investigation, we have identified, by the Lsue-
back-reflection photograph, the faces for which we have
studied the optical absorption. The compositions CdGags4
and CdGazsase gave polyhedral crystals with the biggest
face parallel to (00l), whereas CdGaZSZSez, CdGa28893
and CdGas3e, gave triangular prisms with edge £ 110 > and
a face parallel to (112) plane.

(13)
Buen et al. reported for CdGa?S4 the values
of wavelength at which . (optical absorption coefficient)
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was 6500 cn™! as fundamental absorption edge, ) edge = 368 P
(1.8, 3.4D5 oV) and did not give the further analysis of

the absorption spectrum.

Spectral dependence of the absorption coefficient
as calculated from our measurecments of transmission through
single crystals of CdGa.ZS4 with (001) face normal to the
incident 1light beam is shown in Fig. 22. The edge of the
absorption band of CdGan34 occurs at a wavelength 400 m P
which corresponds to energy of 3.1 eV and o/ = 200 em”L,
Further analysis of this spectrum was made by assuming
that the absorption spectrum beyond the abgorption edge 1s
due to the direct transitions of electrons between valence
band maximm (at k = o) and conduction band minimum
(at k = 0). The spectrum then may be theoretically consi-
dered to obey the relation,

1/2
constant -Yﬁw - Eg(Dir)]

Ay =
Hw

vhich 18 true only for fiw > E (Dir) and 4 = O when

hw LEK(Dir). The minimum energy gap for the direct tran-
sitions then magy be obtained by extrapolating the straight
line plots of (x4 fw) ” vs fw to oL , = 0. In case of
CdGa234 (Fig. 23) the energy gap Es(Dir) obtained 1is

3.2 eV.
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Farther, assuming that the abasorption spectrum before
and near the absorption edge 18 due to the indirect transi-
tions of electrons between valence band maximum at (k = o)
and conduction band minimum at (k # o), the spectrum was

considered to obey the relation,

A1 = dhie*h1a

where (f 4, 13 the absorption coefficlent due to phonon

emission and 1a is due to the phonon absorption and
2

constant * | A + Zp - Egl Ind)]

Ly, -

Ry

for phonon emission, which is true for hw > Eg( Ind) - Ey,

and (g = O for fiw < Eg- Ep .

constant * [fiw = L; - kg ( Ind)]

Oé =
ia ¥y

for phonon absorption, which is true for hw > Ez + B

and d’ia = 0 when Aw < Eg + Ep'

Since the strong absorption due to the direct transi-
tions overlaps the weak absorption due to the indirect
transitions near the fundamental absorption edge, the
deduction of indirect band gaps needs careful and accurate
analysis of the spectrum. e plotted the (X 1hw)l/2 vs hw
for values of (4 before (the direct transition) 3.25 eV
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for CdGa254. However, the plot did not yleld convineing
support for the presence of indirect transitions which

is not in agreement with that of Beun et al.(la).

Our
data receives & support from the reflectivity study of
CiGay3, 1n reference (21) that no peaks corresponding to

the indirect transition were observed.
L 4

On the other hznd, Radautsan et al.(sn) analysed

the absorption spectrum of CdGa2884. They supported data

of Beun et al.(la)

and obtalned Eg(Dir) = 2,43 eV and

Eg( Ind) = 2,27 eV. Yowever the analysis of indirect
transition given by Radautsan et al. 13 rather misleading
as energy ranges of the absorption spectrum for the
indirect and direct transitlions were not congidered
separately and hence the‘;(,l/2 is most likely to contain
absorption values due to direct transitions. 3eun et alsla)
have Indicated the lnadequacy of their data for the

support of indirect transitions in this compound also.

We have therefore carefully anslysed our data of absorp-
tion spectrum of CdGasSe, (Fig. 24). The plots of (% A’hw)g
vs hw (Fig. 244A) gave Eg(Dir) to be 2.25 eV whereas plots
of (<xihw)l/9 vs hw for Niv € 2.25 eV did not give convine-
ing support for the indirect transitions. This is also

in agreement with the reflectivity data in reference (2l)

as there was no peak due to the indirect transitions.
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e have, however, observed values of direet band

gaps lower than those of Buen et al.(la) and Radautson
et al.(ao). The reasons for such an observation are not
clear.

The spectral dependence of the absorption coeffi-
cient for the single crystal specimens of CdGaag Se (for
(001) face), Cd0a282302 (for (112) face) and Cduagsieg
(for (112) face) are presented in Figs. 25, 26 and 27.
There is a slow rise in absorption in the long wave region
followed by a steep rise in the short wave region. The
spectra are isomorphous with those of the parent compounds
(Figs. 22,24). The absorption edge was taken at the
start of the steep rise and has values 2.8, 2,656 and

2.45 eV for these compounds respectively.

The variation of (Q{;ﬁ“’z as a function of hw for
these new compositions has been plotted in Figs. 28, 29
and 30. The values of direct energy gaps obtained from
these plots are 2.80, 2,67 and 2,37 eV for CdGazsase,
CdGazs?sez and CdGa23303 respectively. The plots of
(cbiﬁw)l/? vs Tiw did not support presence of indirect

transition convincingly.

Our results receive support {rom the theoretical
analysis of the band structure. Band structure of the

thiogallate semiconductors (i.e. 0603284 and CdGa2804) is
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not known. The thiogallate structure (I4) and the chalco-
pyrite (1424) are similar except that the unit cell in

the thiogallate structure contains 14 atoms and two cation
vacancies., Therefore, optical properties of the substances
with thiogallate structure and chalcopyrite structure
should be similar. For this reason, much of the quali-
tative interpretation of the optical properties may be
obtained by assuming the same band scheme as that of

chalcopyrite.

Semiconductor materials II-IV-v2 erystallizing
with the chalcopyrite structure have physical properties
similar to those of familiar III-v zinc-blende type semi-
conductors. Although two crystal structures are quite
similar, the anlsotropy of chalcopyrite crystals gives
rise to many interesting properties not possible in
zinc-blende crystals. The triple degeneracy orY'15 in
zinc blende 13 removed in chalcopyrite by the combined
effects of the non-cubic crystalline field and the spin-
orbit interaction. By regarding the vglence bands of
chalcopyrite as equivalent to those which would occur in
a strained version of its binary analog, the observed
valence band splittings and the amplitudes of the polari-
zation dependences in E.R. spectra of several chalco-

pyrite semiconductors have been explained quantitatively.

The doubling of the unit cell in the z-direction

in chalcopyrite relative to zinec blende csuses the
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appearance of the pseudo-direct energy band gaps. The
pseudo-direct energy gaps, which are direct gaps in chslco-
pyrite corresponding to indirect gaps in zinc blende,

occur due to the mspping of the zine blende Brillouin zone

into the smaller chaloopyrite Brillouin zones(bz).

The compounds II-I1I-V, may be divided into two

groups(sa) : (a) annpz, CdSnPg, ZnGeAag, CdGeAsQ, ZnSnAaz,

CdGeP2 and CdSiAsz. (b) MgSiPz, ZnSiPz, ZnGePg, nSiAs

'and CdSiP?. Crystals of the first group of II-IV-V2

2

compounds are characterized by direct optical transitions
in the region of the fundamental absorption edge, whereas
crystals belonging to the second group may exhibit indirect
transitions(53).

Though for the second group compounds, the band
structure calculations show two minima, one in the | point
(representationi‘s) and another in the point T (represen-
tation T1+T2), they are approximately on the same energy
coordinate. In such a situation, the direct transitions
will overlap with the indirect transitions, and the optical

data would revegl the result only as direct transition.

The compounds CdGas,34 and CdGasSe, in the present
study may be assumed to be 1soelectronic with CdGeP2 and
CdGeAsz when compared with the electronic structure of Ga

and Ge and that of 3 and P, and of Se and As. S3ince the
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compounds CdGeP2 and CdGeas, are characterized by direct
band gap; 1t may be possible that the compound.under
present study 1i.e. CdGa234 and CdGa2304 are also direct

band gap material; which i1s in agreement with our results.

The variation of band gap values obtained from
optical absorption, photoconductivity and thermal varia-
tion of electrical conductiy;t{ ?a a function of coxnposi-
tion 1s plotted in rig. 4&)* T;: plot reveals that the
band gap varies in a rather broad way with composition.
The band gap increases with increasing sulphur contents.
This is also In agreement with the following theoretical

qualitagtive analysis.

A group theoretical analysis has demonstrated

qualitatively that the band structure of these compounds

is fairly complex(ao) (rig. 444A). The valence sub-bands

are formed from the 4p states of the anions such as
Selenium in case of CdGaQSe4. The spin-orbit interaction
splita the upper valence band into three sub-bands. The
sub-band T’é =\, +7 g (the irreducible representations
of the I4 group are labelled in the same way as Helne's

(54)

book ) originates from the 4p, states in CdGazse4 and

it 1s gplit off from the 4px y states by the crystal fleld.
?

' N -
The remaining two sub-bands ) 5 and ) 5 = 's5* [ 6 e
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formed from the 4p states which are split by the spin-

Xy Y
orbit Interaction. If the crystal field and the spin-orbit
interactions are of the same order of magnitude, the

splittings become more complex.

An sllowance for the presence of two molecules in g
unit cell and for the chemical formula of the compound shows
that 4p states of the selenium give rise to 24 doubly
degenerate sub-bands(an). Moreover, in the presence of
some covalence in the chemiesl bonding, the 58 shells of
Cd as well as the 43 and 4p shells of Ga may contribute
to the valence bands.

The conduction subbands are forued from the 4s
subband (V) and the 4p (2 ; , [ 5 ) shells of galltum
and from the 5s (T”é) shells of Cd. The lowest conduction
subband most probably has the \” ;3 gymmetry. The symmetry

of the uppermost valence subband can be determined without
' —_
6~ &
direct optical transition 1s unpolarized, whereas the
— L Q. |

-\ . i .
) 5 6 \ b) is polarized
It may thus be seen that the increase in the direct band

ambiguity from optical measurements because |
~ 1 g transition (as well as!|’

gap with increasing sulphur is most llkely and agrees with
the group theoreticul analysis as the conduc;ion subbands
remain fixed in all the compositions and the only changes
that take place are in valence subbands where the 4p states

T LG4
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of selenium are replaced by 3p states of sulphur derres-
sing the valence subband lower than that of CdGa23e4.

Optical Absorption through
Thin Film Specimens

For semiconductors in the region of the fundamental
absorption edge, the gbsorption coefficlient varies over
several orders of magnitude. When the absorption coeffi-
cient rises to values of the order of 10° cm™l, the
penetration depth of radlation is at most a few mindred
Angstroms (i.e. less than 0.1 micron) and the surface
damage that can be tolerated must extend to a depth
considerably less than this. Also the microscopic surface
roughness mst be less thsn the wavelength of the radia-
tion being used, otherwise scattering effects will be
introduced. If crystals sre big, one can obtaln good
surfaces by cleaving the crystals. when cleavage 1s not
possible crystals can be ground parsllel to some naturally
grown large area surface by mechanical grinding and polish-
ing by hand or machine in several stages using progres-
sively finer abrasives. For absorption measurements, the
minimum thickness obtained by mechanical polishing depends

on the materisl.
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A different approach to sample preparation, parti-
cularly when extremely thin specimens are required, is to
evaporate material, 1f possible epitaxially, on to a
substrate. Extremely good results may be obtained when a
transparent substrate with the same symmetry and lattice
parameters ( £ 5%) as that of ths material to be evaporat-
ed 1s used. In some cases, however, good polyerystalline
films may be obtained even 1f these match-conditions are
not fulfilled(55). This technique has been applied
suceessfully to various solid solutions of the alkall

(56) .nd in case of single compounds to the lead

halides
5 68
salts Pb3, Ph3e, PbTe( 7) and to BioTea( ). Recently

similar method was employed to study the optical absorption
(59)

spectrum of polycrystalline films of CdCr254

Crystals of the serles of compounds CdGansSq(]-y)394,
were, speclally those containing selenium, brittle and it
was not pogsible to grind them to very thin slices of
thickness less than 100 microns. Again the area of the
ground crystal plates was very small approximately between
l1.5mm x Smme to 1.5 mm x 10 mm, Large area and very thin
but polyecrystalline films were thought to be advantageous
in studying more precisely the optical properties by trans-
mission measurements. There has been only one note(23}

on thin film preparation of cdGa,se However, no detall

4.
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studies such as structure and optical transitions have
been made. Next advantage 18 that the chemical compnsi-
tion in single crystals of these compounds are likely

to have small deviations from stoichiometry and that there
is also some inclusion of lodine as impurity in the
crystal which may affect the absorption edge considerably.
Nn the other hand thin films prepared by vacuum evupora-
tion would be free from lodine impurities and can be

made stoichiometric and crystalline by selecting suitable
conditions. For these reasons a study of optical absorpt-
ion through thin films of CdGa,S5e, and CdGaosS, are reported

here.

The spectral dependence of log I,/I as a function
of hw as obtalned from the measurements of transmission
through thin films of CdGazs4 (on quartz) and CdGazse4
(on glass) deposited at the substrate temperature of 200°C
i3 shown in Fig. 31. The values of fundamental absorption
odge may be taken to be 2.5 eV and 3.5 eV for CdGaSe,

and CdGa2334 respectively.

The electronic transitions near the fundamental
absorption edge may be analysed by congidering the plots of
o2 vs hw for direct transitions (Fig. 32) and (ot'ﬁw)l/2 Vs
1w for indirect transitions. Extrapolation of the linear
portions of the plots ofbig vs fiw to zero absorption gave
a value of 2.51 eV for direct transitions in CdGaoeq
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whereas 3.50 eV in CdGas3yg. These are the values of
direct band gaps for the thermally evaporated films. The
values of the direct band gaps obtained from the flash
evaporated thin films are 2.64 eV and 3.63 eV respectively.
These values are in reasonable agreement with those 2.55 eV
and 3.58 eV for CdGasSe, and CdGaoS4 respectively obtained
from reflectivity measurements on single crystals(21) but
are slightly higher than the band gap values obtalned

from transmission data on single crystal slices.

The large mamber of defects present in the evapora-
ted and annealed films will generally tend to decrcase the

(60). Hence the transmission gap in bulk

energy gap
material should occour at slightly higher energy than in
the thin films, ¥owever, our results are in contradiction
to these expectations. The values of direct band gap
obtained from transmission measurements on single crystals

(13,724,299
grown by CTR method vary from 2.0 to 2.4 eV for Cd(}a.ZSe4

and from 3.2 to 3.45 ev( 13,21)

for CdGanS,. These lower
values possibly indicate the defects in the bulk material
such as the non-stoichiometry of the composition and the
inclusion of the transport agent such as iodine in the

erystals.

. 2
The plots of (d;hw)l/ vs hw did not give a convine-
ing support to the indirect transitions in these thin
films, which is also in agreement with bulk material.
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3.4 RUISULT3 OF 3PLCTRAL RE3PONSE
OF PHOTOCONDUCTIVITY

All the compositions exhibited very high dark
resistivity (at 26°C) of the order of 10°°— 1013 ohn. ecm.
Photoconductivity was observed only when the In-Ga
contacts were annealed at 300°C. The photoconductivity
response was found to vary linearly with light intensity
which was tested by varying the power supply to the

tungsten lamp.

The spectral response of photoconductivity of
CdGag3, (F1g. 33) had a narrow peak at 3.35 eV which
corresponds to the optical band gap (viz. 3.25 eV¥). On
the other hand photoconductivity spectrum of CdGagse4
(Fig. 34) exhibited peaks at 3.3 eV, 2.92 eV and £.58 eV,
The last peak may be attributed to the optical band gap
(viz. 2.25 eV) whereas the peaks at 2.92 and 3.3 eV may
be thought to arise fron electronic transitions between
the valence sub-bands and conduction band. Though the
nature of the plots 1s iIn ggreement with those of the
Abdullgev et al.(ao) the energy values observed by us

are higher than thelirs.

Photoeonductivity spectra of the new compositions
CdGaQSSSe, CdGas3o3en and Cd6325533 are shown in figs. 35,

36 and 37. In case of each spectrum there are two peaks
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at higher energy side in addition to the one correspond-
ing to the intrinsic minimum band gap. The values of

the positions of these peaks are noted in Table-13. The
appearance of higher energy peaks beyond the optical band
gap Indicates sub-band astructure of the valence band of

these compounds.

All samples exhibited a diffuse peak in photo-
conductivity spectrum from long wave side increasing from
1050 mp to 850 m 3 and remains overall constant upto
650 m n and then decreasing to 550 mA . Such a bshaviour
i1s characteristic of localized energy levels in the
forbidden gap. 3Such energy states generally come from
variety of defects. In the present case, they could
arise from a small departure from stoichiometry or from
position disorder arising from exchange of atoms between

Cd and Ga sites.

TABLE - 13

Energy band gaps obtained from
photoeonductivity curves

Peak corresponding Peak II Peak III
to E; (optical)

CdGanSy 3.35 ~—-- -
CdGagSj5e 3.03 -—~-- 2.53
CdGas3,de, 2.85 3.27 2,48
CdGagysSe, 2,70 3.18 2.07

CdG&2394 2.58 3.30 2.82



b 3 L EL o o 0 - =
o o T
¥ 3 3
£ : IE
5
y 3 » =
3 3 ; : :
o =
’ it ) e =% %
< LTIy
L
: CLISONONOD TW.8403 11 2 BN 14307 I
e ot L0
s i, Lt N 04
- - o of
- P=NOMs, i o
|
1 |
1
fo
{ |
|
o ! i
| |
i
i ‘
Y ! <1
T ; | %
|~ ' ~
| \ %,
b . 3 )
‘ . e —— .
1 i T
= > | IESY
= 2 |y —— i
E i b
o NEIRIEES: = 3
{ -
| QE
q I 2
| Pt NN 4
= ‘ - o) b ¥
y , N
+. 8 3 - =
= Fulukiin 2 ; -
2a : TR s o - >
B W T BN
268554 :j,’f ] " ~ q
23 ~ - ' .t L
4 - * -~ B
i ggeii 3 I
= " > N
P - \\
. - S
18 i i ‘b‘ oo =, K b
= R * L — 15
e .
=1 r- .
e A
T3
2, 5
o = ; P »
Pal -t
il < ) e 9
v B : 2%
# . sPene
“yd 3 -
& S
i 2 P 4 g
e : s
5w e e~
¥ X
r . ¥
2
3 <
4 : :
T 2 =]
Lot :




- 107 -

The long wave tail in the absorption spectrum magy
be attributed to this diffuse broad peak in photoconducti-
vity apectra. The extrinsic defects which give rise to
the diffuse absorption and the tail in the photoconducti-
vity is probably responsible for the temperature indepen-
dent part in the conductivity graph at low temperature
( Ceno’).

3.5 RESULTS OF LLECTRICAL CONDJCTIVITY
MEASUREMINTS

The plots of log R vs 1/T for all these compositions
are shown in figs. 39-43. The electrical conductivity
showed no change in the temperature range 25° to 260°C,

It increased with temperature upto 300°C and more faster
above 300° to 350°C. After cooling the sample to room
temperature a set of readings was again recorded for the
second run of heating from 26° tn 360°C. The activation
energy as calculated from the slope of log R vs 1/T plots
matched with the half of the optical band gap for the

. firat run, but was found to increase in the second run.
Further increase in activation was also found when the
set of readings was recorded third time while heating from
25° to 35000. The various values of activation energy
are recorded in Table-14 and plotted in Fig. 44.
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TABLE - 14

Activation energy values (eV)

L R ey et e L L LA B L L L E L DX L Y 1 2 ¥ T T T T T % X 13

Compound Run I Run II Ran III
CdGagS, 1.508 1.648 1.738
CdGagSsSe 1.390 1.528 1.662
CdGa S Se, 1.270 1.385 1.656
CdGaySSey 1.200 1.290 1.360
CdGa,Se, 1.166 1.240 1.360

The most interesting feature of the electrical
oconductivity data is that the compounds in spite of their
large band gaps exhibit intrinsic conduction in the
temperature range 250-350°C. This shows that the extrinsic

defects are indeed very small in these crystals.

3.6 RE3SULTS OF TuMP.RATURE DEPENDENCE
OF THERMOELECTRIC POWER

Similtaneously we studied the variation of thermo-
electric power with temperature in the same temperature
range. All the compositions exhibited n-type conduction.
In the first run of heating cycle the thermoelectrie
power was found to decrease from approx. 400/uV/deg. to
300 )ﬂ/dog. In the seocond and third run of heating cycles
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the thermoelectric power shows a marked 1lncrease with
temperature (rigs. 45-49). The small values of thermo-
electric power indicate that the samples are intrinsic
in the first cycle of hsating whereas the negative sign
probably may be attributed to the higher values of
mobility of electrons than those of holes.

The variation of activation and thermoelectric power
mgy be attributed to two factors: (1) loss of 3 or Se
making the crystals to have excess electrons and
(?) dirfusion of In or Ga making the crystals excess of
metal. Both these would increase with the temperature
and time. The first run of heating cycle then may be
assumed to give the effects of the intrinsic conduction,
whereas the second and third runs give the effects in
addition to the intrinsiec of the loss of S and Se and
diffusion of In and Ga.

The thermoelectric power vs temperature plots have
positive intercepts and negative slopes. This 1s intere-
sting and can be explained if we realize that we are
dealing with intrinsic sample in this temperature range.

Hence the thermoelectric coefficient 8 is given

by

e % * Tn ®n
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where A = ES/Z and U'(‘s EF-EQ/Z. Hence the intercept
13 governed by the values of $ and 3', whereas the slope
mainly by ( . This can be illustrated by writing the

above equations in a simplified form for a special case

where 5 = 'qa, as
r\
8, + X — 2
9 = ..?_._..._?P- = . L(St-s) + . ]
2 e ;

Smell slope ias indication of small { 1.e. the Fermi level 1is
close to the center of the gap which is consistent with

the intrinsic conduction.

*EEEQ
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SUMMARY AND CONCLUSIONS

The compounds Cd(}azs4 and CdGazse4 belong to
the defect chalcopyrite (apace group I4 ) family. We
have prepared a series of compounds CdGa234(l_x)Se4x
and grown thelr single crystals by chemical transport

reaction method.

A complete s0lid solubility was observed between
these two compounds. The s-axis values varied linearly
with composition while c-axis values initially showed
a slower rise for x ( 0.5 and then marked rapid rise

with increasing selenium contunt.

Optimum conditions required for the growth of
the crystals have been established. The crystals of
CdGagS, and CdGazssse had the biggest face parallel
to (001) plane whereas crystals of compounds CdGagy3gse,,
CdGaZSSe3 and CdGag;ie4 were triangular prisms with a
face parallel to (112) plane and £ 110 > as its growth

axis.

The parameters x, y and z for selenium position in
CdGa.zSe4 were obtained by comparing the calculated values
of F? factors with those obtained from observed intensi-
ties. The best match was found for x = y = 0.20 and

z = 0,185,
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The optical absorption spectra revealed that the
fundamental absorption edge varies with the composition
from 2.2 eV to 3.25 eV. The plots 61~hw)2 vs hw
revealed that these compounds are direct band gap
materials. The values of energy gaps were also deduced
from spectral response (/\\max ) measurements and found
to be in agreement wit" those deduced from optical
absorption measurementgs. D.C. resistivity vs temperature
studies revealed that, in spite of their large band gaps,
these crmpounds exhibit intrinsic semiconduction above
the temperature of 250°C, The energy gap values matched
with those obtained from other measurements. All the
samples were n-~type and had thermoelectric power
approximately congtant ~ 300/uV/deg. in the temperature
range 250°-350°C. However, the thermal dependence of
electrical conductivity and thermoelectric power indicated
strong irreversibility with thermal heating and cooling
cycles. 3uch behaviour has been attributed to the

diffusion of contact materials such as Ga and In.

Thin f1lms of the compounds CdGa.z,Se4 and CdGa234
were prepared by vacuum evaporation and flash evapora-
tion methods. Optical absorption spectra were studied
in the visible range of radiation. aAnalysis of the

abasorption curve indicated close agreement with that of
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the bulk material. The plots of .(° vs Nw ylelded 2.51 eV
and 3.850 eV as values of the energy gaps for direct transi-
tions for the thin films of CdGa2334 and CdGagS,

respectively.
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