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ABSTRACT

Various :ﬁal:npyrit- alloy systams of the type
I-IT1-vI 2 $1-I1I-VI, , I-III-VIps2¢11-VI), I-I11-VI>:12(MnTe)
and I-III-VI 2:2(£I—VI):2(HnT.) have been investigated and
the alloying of 1I-vi compounds with I—III-VI2 chalcopyrite
compounds 4% well as the introduction of’ paramagnetic
manganese ionf into these 'I-III-VIZ has been studied.
Cryst;lloqraphic. optical and maqnctiﬁ‘prnp.rti-s of these
matnrials.hav- been investigated.

X~ray powder photographs were taken for thelflloys

"to indicate .qdilibrium conditions and values of lattice
parameters determined for each case. These were plotted as a
function of composition apd the range of singli phase solid
solution thus obtained. In the case of thi systimf involving
manganese, ordering ~ lines were observed in the X-ray
photographs and these l:i:ne indicate that the manganese 10ns
are crdereé on the cationm sublattice giving a bnd; centered

Cubic symmetry with a Jattice parameter twice that for the

Tincblende structure (84W1).

~

Optical absorption measurements were made on single
phase polycrystallinel samples of these alloys and values of
energy gap, E;, determined. In the case of th# chalcopyrite
alloy system CuIn(S:<SeyTﬁ:)2, absorption me;surements were
made at 300K and 70K. For eéch temperature, the variation of
Eoc was fitted to a Power series in.x and z (x+y+z=1l) and
hence contours of constant E, plotted. In the case bf the

manganese alloys, the variation of the fundamental energy

g
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gap E, with composition _shous an interesting behavior as

compared with that of other ﬁanqannsl alloys. It appnirl in
the present alloys that the values of E, extrapolate at
z=1.0 to a value different +From that of the pseudobinary

section Cdl Hn, Te. It is suggested that the difference in

-z

these results i1s due to the ordering of the Mn on the cation

sublattice.

Single crystal specimens of the alloy system
t.‘.uE;a(Sl_.v ch )2 ucrul prepared 95169 the iodine vapour
transport technique. Measurements of wavelength modulated-
reflectance (WMR) were made‘on th.se samples, and vilues/pf

the  energy gaps E E: and EC between the three valence

Al B ;

bands and the conduction band were detcrminéd. Valu.sAof the
spin-orbit and crystal field splittinqs were calculated for
each temperature using the Hopfield model (&0H1), and these
were Aanalyzed in terms of p—d linear hybridization between
the p-like valence band and the noﬁle metal d-levelw. It was
found that thé Hopfield model does not apply in the present
case, since this analysis gives a negative value for the
temperature coefficient 3 of the ratio c/a, in disagresement
with the known positive vaiuos from X-ray analysis (79Y1)
(8CB1). Further analysis of the expe;iméntal results was
made using a model i,#eloped by Yocdee et. al. (84Y1). The
resulting variation of the ratio E/M, which detdrmines the
fractional d character in the_valbnce band, with eémposition
was explained in taFms of atomic snergy level differences

between anion p states and Cu d levels. ;t appears that the

value of E/M is constant with tempirature for alloys with
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low values of vy. However, for samples with high values of y
(CuGaSnz ) there is a small variation of E/M with

temperature. It was found rthat ;S; cosfficients dE/dT and
dM/dT both have negative values.

Low—field measurements of magnetic susceptibility x
have been made as a Function of tnmpcraturg in the range
4-100K on samples of the alloy systems involving manganese.
Values of thl spin—glass transition tcmpcraturo.'% » have
been obtained frgm the cusp in the x vs. T curves, and these
values are analyzed - in. terms of an empirical equaticﬁ
prbposid by Escorne et. al. invelving an exchange
interacticn of the Form J(Rij I=J, -xp(—uRij) (81E1). The
results .suqqost ‘thaf below the nearest neighbour (n.nm)
percolation limit of 0.18, other interactions than the n.n
interaction should be considered. It dppears thatl the
exponent - oOf the Escorne et. al. eguation is indlpenéent of
crystal structure, of Mn concentration, of distribuction of
thg' Mn, of the configuration of the non—magnetic cations and
of anion ':omposit1on. For the random alloys, i.e. sampins
where the manganése ions are i1n a random configuration, the
exchange parameter Jo sesms to depend on the configuration
of the ‘non—mignctic cati&ns. -In the case of tho,ordlred'
alloys, for low values of z, Jo appears to depend on the Hn.
éonfiguration. and for the highest Mn concentrations it is
cbssrved that the value of J, is Jary closa to that given by

the random alloys.
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CHAPTER I

' GENERAL INTRODUCTION AND ARRANGEMENT

I-1 GENERAL INTRODUCTION

éemzconductor research was started in the 1940°s
on group of IV elements such as 'Si° and Ge. ‘These
crystallize in  the diamond structure which is one of the
simplest and most symmetrical aéranggments of atoms known
in crvstallograph;- In the early 1930’s., investigations
(S2W13 indicated that the III-V compounds are also
semiconductors with properties close to the grogn v
materials. . These blnafv compnunds which may be obtained by
substituting 110 the diamond structure the cations into one
sublattice. énd the anions 1nto another suslattzce
resulting i1n two ordered interpenetratﬁng face centered
cubic sublattigces with tetrahedral coordination apd
covalent 503 h}brzd bonds. This 15 known as the zincblende
structure. Many of the II-VI mater:als also have the same

ordered structure.

Further 1nvestigation in the field of
semiconductors was made by preparing alloy semiconductors

such as those of +he 1I-VI and of the III-V compounds.
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These allovys semiconductors are of considerable interest

for technological uses, since they are essentially
designable materials in which the semiconducting
Py

properties can be adjusted faf'a particular appliqatfqn by
controlliﬁg the alloy compc;ition. \

Also. an extension in. the search for new
semiconductor compounds aﬁd alloys was to examine ternary
materials exhibiting diamond-like structure, in which
there are equal number of.cétions and anions. and in which
the electron to atom ratio 1s marntained at fcﬁr. Examples

of such materials are the I—III—V12 and II-IV-V_ compounds

2

wh2ch crystallice 1n the chalcopyrite structure (74S1).

These semiconductors can be regarded as the ternary
analeogs of the II-Vvi and III-V binary compounds
respectively,. 1.e. CuSaSe2 is the ternarvy analog of ZnSe

and ZnGgPé 1s the ternary analog of GaP.

The I*III-VI2 materials are of both academic and
technological interest. In the former case, the
eﬁ;er1menta1 data méy be analyzed using the theoretical
mogdels proposed i1n the literature., and information abouf
the physical properties of the materials may be aobtained.
In the. latter case. the interest lies in increasing the
ran@e‘cof applicatlons of opto—-electronic and non—liﬁear

devices. For example. visible and infrared detectors,
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light emitting diodes, solar cells., etc. can be made from
these compounds, and by use of alloys. devices may be

designed to operate in specified wavelength ranges.

Recently., there has been considerable interest in
alloy semiconductors‘ which also show»magnetic behavior.
These semimagnetic semiconductor alloys (SMSA)Y can be
cbtained by the replacement of nonmagnetic ions in a
semiconductor material by a magnetic ion such as Mn. Fe,
Cr. etc. Most of the work on this tépe of materials has
beén carried ‘out on the II-VI co@pound semiconductors with
manganese as the magnetic ion-  In  this case group II
elements are replaced substitutionally by thg_paramagnetic
Mn ions. As a result. an alloy semiconductor with
interesting optical and magnetic properties is obtained.
The magnetic properties of these SMSA are related to the
d-levels occurring im the manganese icns. The random
distribution of these manganesé spiné gives rise to the

formation of clusters and spin—glass . behavior at low

température (8061).

o
With regard to the I—III-—VL‘2 chalcopyrite alloys.
some 1i1nvestigations héve been made on these materials
involving trivalent Fe as the magnetic ion. However
studies (84Q1) showed that the range of single phase.

behavior in these alloys is very small. As a consequence

-
—-
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. .
these materials are limited to. at most. several percent

of magnetic Fe ions. At the present time. no studies are

reported in the literature on I-III-VI_ materials with Mn

2
- — -
as the magnetic substitutional ion.
In view of the  importance of new alloy

semiconductors., indicated above. in the . present work a
number of semiconductor alloy systems such as

I—III—VI2 :I—III—V12 and I—III—VE t2(II-VI)::Z2(MnTe) were

prepared. and some physical properties were measured as a

function of composition and temperature.

I-2 ARRANGEMENT Dg THE MATERIAL OF THIS THESIS

’

h

The work carried out is qart of a group program of
researcH into alloy éemiconductcrs, particularly the
chalceopyrite materials'ipd semimagnetic alloys. At various
places 1in the thesis. results obtained by other workers in

the research group must be guoted where they are relevant

to the problems considerég here. In every: case, the

corresponding reference is indicated.
A

- -
.

P The “material of the present: thesis is arranged as

"4£5llows:

Chapter II deals with the crystal and energy band
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structixxes of =zincblende and chalcopyrite materials. A

descriptijpon of %he +two structures will be presented. The
.
2

-
energy band structure at the T -—-point of these I-II_I—VI2

chalcopyrite crystals as derived from the band structure

'

of the II-VI analogs willg be illustrated. The Hopfield
model (&0H1) and the, linear p-d hybridization of these

I-IiI—VI2 materials will be discussed. '

S

The method o%_preparaticn of the specimeﬁs used 1in

this work will be given in Chapter III. Section III-1 is
concerned with the production of polycrystalline samples.

In Secti the experimental details of the

preparation of single crystal specimens obtained by using

-

the method of .chemical vapor deposition (CVD) will be

considered. o

/

-y
//#// In  Chapter IV. the x-ray and optical experimental

‘

/// measurements made in this work are described. The main

#,JB features in the calculation of accurate latticelparameter
_59 values by x-ray Fowder Paotograph are indicated. Optical
absorptio; measurements as well as wavelength maddl ated
re%lect;n:e measurements (WMR) are descr;bed-_
It was indicated previously that these I-III—VI2
- alloys are of academic and technological.importance. In
. particular the pseudobinary alloys systems C‘uIn(Sl Se )

rﬁ:) ] =y y2

(—/’ -
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and Cubal(S

/
l—ysey X are of 1ﬁterest as possible materials

for solar cell production and improvements in performance
can be obtained by addition of some tellurium. Thus
Knowledge of the crystallography and eneégy gap wvalues of

~

the systems Culn(S Se Te and CuGa(S Se Te ) with
T x ¥ z Xy z

2 2"
MAy+z=1, is reguired. ,Thése systems are dealt with in
Cﬁapter V. where +the range of single phase behavior?
lafzzce parameter values and optical energy gap values at
300 and 70 K for these chalcopyrite alloys are diztussed.
The experimental energy gap data obtained are compared

with predictions of an interpolation equation suggested by

Williams et.-al. (78W1).

In Chapter VI, the reéults of WMR measurements as
a function of temperature on the pseudcbinary system

CuBa(%- Se )2 will be' presented. The variaticn of the
-— y v

o«

three energy gap - values EA - EB - %: as a function of
;<temperature 1is described. Fro@ these.experimental data.
values of spin-orbit and crystal field splittinés of the
valence bands for these materials are calculated. These
values ére analyced 1n terms of p—d hybridization. As an
extension of the investigation of the wvalence band of

these I-111-VI, chalcopyrite materials, an eguation very

‘recently developed by Yoodee K. et. al. (84Y1) is given and |

used in the analysis of the experimental results.
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Tﬁé alloying of II-V1 combounds_ with I-.III--VI2
compounds as well as the introduction of the paramagnetic
Mn i1ons in  these I-III—VI:2 compounds are dealt with in
Chapter VII. Samples of the systems Cdzx (CuIn)y anz Te2

and Cdzx(AgIn)yanzTe2 &ere prepared, and ranges of single
phase s0lid solution were determined. The variation of the
lattice parameter values as a function of alloy
compositiocn 1is .preSented. Optical energy gap values at
room temperature, in the sihgle phase field, were measured
by optical absorption for each of the systems invgstigated
here. X-ray powder photograph and the energy gap results
show that there 1s a partially ordered field in each of
these alloy systems. the X—réy powder photographs showing
the presence of ordering lines. The energy gap results
shﬁw aﬁ interesting‘ behav@gr as cémpared with the usual
SMSA such as CdenyMn:Te (83B1). It 1is sgggested that the
difference 1n these results 1s due to the ordering of the
Mn on the cation sublattice showing body centered cubic

symmetry (84W1).

Finally as described in Chapter VIII. some low
field measurements of magnetic susceptibility were made as
‘a function of temperature in the range 4 to 100 K on these

Cd (Culn) M Te and Cd  (AgIn) Mn Te SM5A. Values of
2x v 2z 2 2x v 2z 2

o

T and 8. the spin-glass temperature and Cur:e-Weiss

constant are presented. The values of Tg are-analyzed in
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terms of an equation prdposed by Escorne et. -al. (81E1l).



CHAPTER II

CRYSTAL AND BAND STRUCTURES OF ZINCBLENDE AND EHALCDRYRITE

MATERIALS
II-1 INTRODUCTION
in this chapter, the crystal structures of
zincblende and chalcepyrite materials are discussed.

Analysis of tﬁe band structure; at the '-peint of the
Brillouvin zone of these materials are 'p;esgnted. The
valence band of thé I—III—V12 semiconductors is discussed
in- terms of the Hopfield . model and linear p—d

q
hybridization of span-orbit as well as crystal field

<

splittings.
I1-2 CRYSTAL STRUCTURES OF ZINCBLENDE AND CHALCOPYRITE

MATERIALS

It was 1indicated above that the II-VI materials
are the clcosest analogs of the I—III—V%E semiconductors.
Hence tbe crystal structures - of these materials are
exzpected to be very similar. The crystal structure of the
II-VI compounds 1is derived from the tetrahedrally bonaed:

diamond structure i1n such a way that one of the fcc
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sublattices 1is occgp;ed by the cations (II), while the
other sublattice by the anions (VI) with an average of
four valence electrons per site. Figure II-1 shows a
perspective drawing of the =sincblende structure. The
‘tapered arrows indicate the tetrahedral bonding to the
four nearest neiéhbors. The shaded circles represent atoms
of the group (I1Iy, and the open ci?cles which are
displaced by a ve;tor a(?+?¥ﬁ)/4 represent Ehe (VI) atoms.
If all the atoms in Fig. II-1 were identical, then the
diamond structure would be obtained. Hence the symmetry
would be higher -and an inversion center between nearest
neighbors would appear. Consequently the maiﬁ difference
between these two structures is that the zincblende is
cgmpoged 04_ two different kind of atoms., and the ordering
of the atoms reduces the symmetry with the loss of the
inversion center. The point éfoup of these mater:zals will

be indicated latter.

In the case of the I—III—IVé compounds and
alloys. the structure 1s also adamantine. However because
of the ordering of the constituent cations, the uﬁit cell
symmetry 1is no longer cubic as in the above cases. These
materials have a body centered tetragonal structure with
c/a ratios egual to or a little less than 2. The structure
involved 1is identical with that of CuFeSz. commonly known

as chalcopyrite. The unit cell of this structure contains
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Fig. II-1 Perspective drawing of

zincblende structure.
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si}teen atoms as | compared -to eight atoms for the
~incblende structure discussed above. Examples of such
materials are CuInS?_ . CuGaSz - DuInTez » and F\gIn'l'eZ . etc..,

which are of direct concern in this thes:is.

In the chalcopyrzte structure there are two cation
sub—-lattices, each occupied by one type of cation., and one
anion sub-lattice. Figure II-Z shows the planar maps of
the lattice s:ites projected on the c and b faces. The
shaded and ocpen czrcleé represent the two cation
sub-lattices and the crosses the anion sub-lattice. In
this structure each of the (I and (III) ateoms 115
tetrahedrally coordinated by <our (VI) atoms. ;hzle each
(vis atom 115 tetrahedrally coordinated by two I and two
III atoms :n an ordered manner as 1s shown in fig. II-3 by

the tapered arrows.

Pue +to the teﬁraqcnal compression along the - axis
(c42a) and the difference in bond strengths. which shifts
the anion sites away from the ideal (1/4.1/74.1/4) and
symmetrically related positions towards ong of the pairs
of cations. there is a noncubic crystalline field of
tetragonal symmetry in these chalcopyrite materials
(7451). This noncubic field may affect the band structure
of these materials. as compared with their cincblende
analogs. -

<

/
\
)
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Fig. II-2 Chalcopyr:fe structu}e: a) projection of atomic

positions on c face. b) projection of atomic pasitions on b
face.



14~

Fig. I1I-3 Perspective drawing of chalcopyrite structure.
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I1I-3 ENERGY BAND STRUCTURES oF ZINCBLENDE AND

CHALCOPYRITE SEMICONDUCTORS

Band structure calculat:ion is aT 1mportant subject
in the field of semiconductor research. Since the full
dévelopment of this \is beyond +the scope of the‘preéent
work, because this thesis is mainly experimental., only
some general i1deas are presented here. The approach by
symmetry con;iderat:ons of the crystal structure using
group theory can 1ve a qualitative idea of the band
structure. such ag the degeneracy of various energy bands
in the wvicinity of some symmetry points or along certain
symmetry directions in the Brillouin ~one. These symmetry
considerations will be used in the present section in
crder to obtain a gualitative understanding of the
splitting of the bands and of the selections rules for
Zincblende and chalcopyrite structures at the T—point.

As was mentioned previously., the I—-III—VI2
chalcopyrite semiconductors are +he simplest structural
anaiogs of II-VI zincblende materials. It is therefore to
" be expected that the energy band structure of a

chalcopyrite sample is related to that of its binary

analog. The concept of a binary-ternary analogy of
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electronic properties has been proved to be very useful in
understanding the physical properties of these I-III-VI2

materials.

The simplest approximation to the energy band
structﬁre of a chalcopyrite crystal is obtained from the’
band ’structure ot the =zZincblende binary analeog by
‘comparing the chélcopyrite Brillouin zone with that of the
zinchlende Brillouin cone. In Fig.'(II—&J a comparison of

the Brillouin zones for the two structures 1s shown.

The carrespondencé between some symmetry points
of these Brillouin zones of the two structures can be
established by mapping the chalcopyrite Brillouin cone

intc that of zincblende. This is seen on the sections of

the +two (embedded) zones on the ky—kz plane and on the kz

-

_kwv pl‘he as -1s shown in figure {(II-5). IF can be seen
from that figure that the correspondence between the

boints of high symmetry is:

Y
Zincblende. Chalcopyrite. .
. } 27 27 2w -
1(0,0,9), X(0,0, =), W(0,.— ’— . r0,0,0)
™ b kit T T
L (E:- E r = g ) N(;:,-a'ao)
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~_-
Fig. I1-4 Comparison of the Brillouin zones of the-‘-l
zincblende ° (thin line) and chalcopyrite (thick line)
lattices. -
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Fig. II-5 Sections of the first Brillouin zones of the
chalcopyrite (solid 1line) 3nd Zincblende (dashed line)
lattices.
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There are two main approaches o the study of the

- 4

energy band.égrructure of a solid by Qsing group theorvy.
s the empty iattice_model. which consist of a

One of them
fictitiogs lattice +that has- the translatléﬁal periodicity
of the actual crystal*but in which the periodic pcteniial
is vanighingly small. The other one is to follow how the
crystal energy levels <Faorm a%ﬁ*he lattice is constructed

by bringing a collection. of isclated atoms together taking

into account the crystal potential. In the former case
inforﬁétion about the band structure along several
symmetry directions 1is obtained, and by knowing the

original atomic states the degenerancies and shépes of the
empty lattice bards are obtained. In ' the later case,
information about the band structure.is obtained mainly at
the T pbint in the Briilouiﬁ‘:one. As the present work is

coﬁcerned with the center of the Brillouin zone .of the

-

‘materials under 1nvestigation the second approach will be

indicated here.

When a specific crystal structure is formed from

the original atomic states. such as s. p or d levels, the

group of full rotaticns of Fhe free atoms is restricted to

-

the symmetry operations of the gyroup of the crystal.

structure concerned. This means that +the atoms or ions

which build p the material ai#F::;er the acticn of the

u
™ \
crvstal - Ffield and spin—orbit interactions in  the
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structure. Thus, the splittings of the energy bands due to
the crystal field " and spin—orbit interact:ions near to a
point of high symmetry in the Brillouin zone of a material

can be obtained.

With regard to the materials under investigation,
it was indlcatéd above that these crystallize in thé
zincblende and chalcopyrite structgres. The bands of'most
sincblende materials are composed of s and p-like orbitals
(Sp3 Bybrid1:ation); Th;‘band structure at the T—point of
& chalcopyrite material may be derived from the -incblende
binary analog. ItY can be shown that 1n absence of
spin—orbit 1interaction, in a =zincblende material, the s
and p states have‘ Tlts) and Tﬁgp) symmétries whzcﬁ form
the conduction and wvalence bands respéctzvely of these
mater:ials. The rl(s) band 1s singly degenerate and

the Tls(p) band 1s triply degenerate. When the tetragonal
Crystal‘ freld of chalcopyrite 15 applied to the triply
degenerate T

15

a non;degenerate band of T, (&) symmetry and a doubly
I3}
\ &

-}
{ ®. ‘
degenerate band of % Glay) symmetaj; The 1inclusion of

(p) valence band of cincblende. the result 1S

.

spin-orbit e%#ects changes the symmetry of the ?A band %o
cne of_?7 and.lifts the degeneracy of the.TS. resulting in
baﬁds of T6 and ?7 syﬁmetry. The ?6 conduction band of
chalcopyrite corresponds to the q band of z:incblende. Th:is

is 1llustrated i1n fi1g.(II-46) where the select:i:on rules for

"
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dipole transitions are alsc indicated.

The wvalues of the the three transitions EA. EB and
EC aobserved i1n these noncubic materials. such as I-I1I-VI

and 1I-IVv-Vsy ‘compounds, have been analysed using

Hopfield’s guasi—cubic ,model for a p-like valence

band (60H1) . T

.

The Qquas:-cubic model was originally proposed by

Hopfield to explain the observed splitting of the valence

band in compounds such as Zn0.- CdS and ZnS. The model
suggests that the splitting 15 due to two contributicns-J

-

The first is a small amount of spin—orbit coupling (such
that the ssln—crbit- splitting is sﬁall compared u@th Eg) -
which 'mlges the p wvalence bands. The seceond is ; small
strain occurring 'in the crystal in the :—direction. this
being the largest: contr:b;tion to the erystal field
splitting of the valence band and the result is a shift in
the energy of the pz 'states from that of the E: and p

states. The eigenvalues of the resultihg Hamiltonian vield

values of spin—-orbit and crystél freld splittings

which are represented by the following equations,

L - 2 3
B50="1/2(E; + Ep ) + 1/20(E + B ) - 66E 17 (II-1)

and .
2 %
Acf=_1/2(El + E2 ) - 1/2[(E1 + gz ) - 6E,E 1= (II-2)

< . £



.

where Ag 1S the I:‘ to I‘s spacing due to crystal field effects
16 the absence of spin—orbit interaction, +ig.(II—6),'

and Aso is the corresponding splitting éf the val.ﬁt- band
due to spin—orbi& interaction in the  absence of crystal
field -f*écfs. For materials having wurtzite structure E,
and E2 are the energies of thll} valence band relative to
the Ib valence band. In the case of CdS very Qood agresment
was founa bl£;een the experimental data ana the predictions

of the model. L However, the modél was cnly qualitatively
successful in the case of ZnO.
e

Rowe and Shay (7iR1) extended the quasi-cubic model
to ternary chalcopyrite materials. In\this case, E1 and E2
of the above equations are the energies of the g.valence
bands relative to thelb valence band. The model gives an
adequate description of , the ' valence bands of the II-IV-v,
~compounds, which are simply related to the corresponding
bands ;n their III-V analogs. However. in the case of the
TjIII-VIé .the contributions <from the d-levels Hava to be

considered.

Two effects of the hybridization of anion p-levels
and noble metal d-levels have been observeq. The direct
energy gaps measured in I—III—VI2 materials are smaller

than the energy gaps in their II-VI analogs by abowt 1.0

$ X
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Fig. I1I-7. Band 'structure of a chalcopyrite crystal derived from
the T15(p) andTli5(d) bands of a zincblende material., the

Ty (d) band having been neglected. In a), the crystal field
1nteraction due . to the chalcopyrite crystal is applied first
followed by the spin-orbit effect. In b)), the spin—-orbit effect
is applied +<first and the crystal field effect isg applied
afterwards.
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eV (in the case of CuGaSez). and the spin—orbit splittings
are considerably smaller than those p{: eir II-V1 analogs
(74S1). Also. X-ray photoemission studies (73L1) «A74K1)
have‘ shown strong p—d :;?Fidi:ation of the valence bands,
with stronqér .p—d interaction in the case of Cu-1I1I-VI,
than in the Ag compounds. -
The effects from d-levels bhave been taken into
account -by using the concept of linear p-d hybridization
in these materials (77Y{) (82L.1). Thus as has been
indicated previously (82L1), if © is the fractional p
character in the valence band and (1-¢ )} the fractional d
character, it has been assumed that the values of 4. ,and Ac;

-

can be written as a linear sum of p andd contributions in
Y

the form

- . AP d -
= b= -
Aéo a Asc + (l-a ) Aso (I1-3)
A _ e d
oF -aacf + (l-e¢ ) Acf . (11I-4>
1
D d ol a . e
where A7 , A7 , AT _, and A" . are +the spin-orbit and crystal
50 so cs fabs . ‘

field splittings of the p and d 1e§éis respec;ively. These
parémeters are illustrated in <ig. (II-7a.b). where in
fig. (II-7a) the crystal field interaction has been turned
on before the ¢&rystal Ffield interaction. while in fig.

(II-7b) the spin-orbit interact:on has been appiied first.

-



I+ has been indicated (82L1) that the.crystal

field Azf and Agf are related to the lattice parameter ratio

c/a in the form

AP = 3b (2-cra)/2 (I11-5)
cf o]
2% = 35 (2—crars2 L(II-6)
et d

e

where bp and bd are the deformation potentials associated
with the p and d orbitals respectively, and (2-c/a) 1is the
tetragonal distort:on.

The above results will be used to analvze the
energy gap data as a function of temperature ;n chapter
vI. T™h&s. wvalues of +the spin-orbit and crystal field
spliftings ocbtained using the guasi-cubic Hopfield’s model
are analyzed i1n terms of contribut:ions from d-orbitals of

-

+the noble metal *o the valence band.

With regard to recent theoretical calculat:ons of
the wvalence baﬁd of these I-III-VI materials. K. Yocdee,
J. C. Woolley and V. Sa-yakanit (84Y1) have proposed a
model which includes the effects of the p—d hybradization
im the Hamiltonian of the system. They have applied the
model to a large number of I-—_III--VI2 compounds and 1t was

found that a dimensionless parameter E/M is a measurement

of +he fractional d character in the valence band of these

Mt
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materials. This recently proposed model will be discussed
and used to analy-ce the experimental results in chapter

VI.
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CHAPTER III

BROWTH OF SAMPLES

IM -
-III-1 PREPARATION OF POLYCRYSTALLINE SAMPLES

The method of preparation of the polycrystalline

samples used n this +thesis was the same that used by

Woolley et. a (66W1). The components of 1 gram samples

were sealed 1 small segments of quartzc tubing under

vaCuum,. Care wa

taken to ‘minimize the length of the

sealed ampule in order\ to eliminate losses up the sides of

the tube. The ampules

-

heated to 1150 °C a

re placed 1n a melting furnace and
an average rate of about 200°C per
hour. They were left iﬁ that temperature for 1 to 2 hours,
during which time the tubes were shaken periodically in
order to ensure good mixing ot the components. The
furnace was then turned off and the samples left to cool
+oc room temperature 1n  approximately 5 hours. This rate
was sufficiently slow to avoid breakage of the quart: upon
solidificatipn of the alloys. Then, the samples were
placed in an annealing furnace. The choice of annealing
remperature was guided by the melting point of the
compounds 1nvoived in +the several systeés 1nves£1qated.
The annealing temperatures used in this work will be given

for each of the alloy éystem prepared.



2

For ~ samples includiﬁg manganese., it was found
necessary to carbonize the quartz tubes in order to prevent
the manganese attacking the quart: at high temperature. This
was accomplished by using the following process. A piece of

absorbent paper was impregnated with acetone and inserted

into the open end of a quartz tube whose other end had been

previously sealed. -Then. the sealed end was heated over an
open flame. When the concen%ration of acetone vapor was high
enougﬁ, a layer of Fed hot carbon would begin to accumul ate
at the hot end of the tube. This process was repeated until

the carbon layer was sufficiently thick that the tube became

cpaque under a strong light.

Debye-Scherrer x-ray powder phétographs were used to
check the homogeneity condition c# each sample and to
dé%ermine Phether single'phase solid solution was obtained.
The films so obtained were used *o caleulate lattice
parameter lvalues for the alloys. Thié will be disé&ésed in

chapter 1IV.
III-2. CRYSTAL GROWTH

In the present work, it was decided to prepare some

single crystal specimens of the pseudobinary section
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CuGa(Si Se . 5 . for which 1t 1s well known that a
—y y -

chalcopyrite single phase occurs at all compositions
(79R1). The method of preparation of these crystalline
samples was chemical vapor déposition (CVD) wifh iodine as

transport agent (64S1)

in its sta£1c form. the method involves a
solid—gas reaction witﬁ a proper tran;pdrting agent such
as 1odine. This reaction will give risF:to the formation
of a gaseous phase of limited stability; By applying an
adequéte temperature gradient in a clo;ed tube these

phases can travel from one zone to the other. The form of

such a reaction i1s

Reaction
2 Y + 21_(g) ===2 ML (g) + 2X_ (g)
nxz (s 2(9 = _ ) (g ) g
Growth

2MI_ (g + 2X_(a) g==2 MI (@) + nx;csn X, ()

where ™ may be Culn, Cuba, AgIn, etc., and X 1s S, S5e, Te,

etc.. The consumption of solid material from the source

zone "end and the formation of crystalline material in the

growth tone :1s the result of this process.

Ampules were prepared for the .vapor transport

experiments from standard guartz tubing. The length of the
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P
ampule was 20 cm and the bore was 2cm with a wall

thickness of 0.2cm. In order to reduce impurities and
active sites on the wall of the tube. careful cleaning and
guartsz treatment were' required. The quartz tubes were
vigorously washed w:th deiﬁni:ed water zad acetone, and
‘then we}e left 22n a mixture of HCi—HND3 (3:1) in some
cases. and in HF-HND (i: 1) in others, for six hours.

After being washed and dried, a sgétematic f1lame polishing
was applied along the ampulgs.\ The importance of tH;s
tlame polishing 1s that it helps to close microporeslor
striations on the surface of the quaric, which can act as
-nucleation sites. The ampules were washed again- with
deionised water. dried and held for 8 hours at 900°C under

a vacuum of 10TS Torr +to remove any traces of acids or

water.

For each composition., 3 gms o©of polycrystalline
sample annealed for 10 days were used as starting
.material. The starting sample was i1nserted together with

S5-10mg/cc of 1odine into a tube with a constriction

C .

-

Another source of undesirable nucleation sites is

preQ1ou51y prepared at 20cm from the, bottom.

the charge material itself. In the process of charging the
ampule, the walls usually come 1n contact with the powder

of the starting material which can act as polvycrystalline

44
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P

seeds. This'difficulty could be avoided almost completely
by taking the following precautions. The first was to use
a funnel whep loading the starting materi#l. The second
was to placé ‘the ampﬁ}e after sealing and Se+ore growth
- :
iﬁ reverse—-transport. This reverse-transport consists in
the inver%icn\ of- the dirgction -of. the temperatUﬁe
gradiéng sg that trénsport of material takes place in the
oppasite direction, i.e. from the deﬁosition zoné tq tﬁe

growth zone. This temperatqre inversion gives a-final

cleaning on_the quartz walls in the depositicn zone.

As ghe "iodine is volatile, the end of the tube

containing #he reactants was cooled to liquid nitrogen

temperature during‘evacugyf;n. The tubes were sealed when
the vacuum was better \than ldfsTorr. After sealing the
ampule at the cbnstricticn, the deposition zone Qas again
vigorously flame polished for several minﬁtes. The. sealed
tubes were then placed in a uindberg furnace, which was
initia%ly set up +or. reverse—transport conditions. The
drcwing conditions were. set up 72f hours after +the

reverse—transport, and in fig. (III-1) a typical furnace
-

profile used to grow these chalcopyritE'sample; is shown.

Y 2

\

\
The growth times ‘were in the range rém 7 to 30

days. The ampules were then <furnace cooled +to room

temperature. In each case, needle~like single crystal
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Fig. III-1 Typical temperature profile used the CVD

experiments. Dashed line, reversed transport conditicdns.
Solid linme, growth conditions.



—34—

specimens were obtained at .the deposition zTone. The
camples were washed 1n warm alcohol. Those resulting
specimens which were surtable for optical experiments,

Y
were _of dimensions of about 10X4X2 mm and presented good

matural surfaces.
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CHAPTER IV

EXPERIMENTAL MEASUREMENTS

%

INTRODUCTICN -

. 1
ot The X-ray and optical experimental techniques used
in the present - 1nvestigation are presented in  this

chapter. The methods used to correct for absorption effect
the Bragg angle i1n the X-ray work are indicated. DOptical
absorption and wavelength modul ated reflectance

measuremehts are discussed. =

© -

IV-1 X-RAY MEASUREMENTS '

Debve-Scherrer x=-ray powcer ;hotographs were used
to check :tHe homogenerty condition of each sample and to
detery:ne whether single phase solid soluticn "was
obta:ned. The +iims that 1ndicated good equilibrium
cond:tions for the sgﬁgles were used to calculate lattice

carameter values for the allovs.

i . b

With regard to the x-ray measurements. there are
several effects such as absorption that cause the lines %o

Be <displaced -from the:r true pos:tions, so that the

measured angles w:ill - not be the true Bragg angles. Two
v

-3

b J
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methods were used to correct for absorpt:on effects., these

being the Nelsqn—Riley extrapolation (45N1), and the

I

internal .calibration technigue. . ”////,

In the case ‘of samples with c/a;E. the
Nelscn—ﬁiley lmethod was used to obtain acgurate ﬁarameters
values. The Nelson-Riley technlaue involves a plot of the
lattice p#fqméter' & against a Ffunction af the measgred
Bragg angle given by

2 ' 2
F(8) = (Cosé/2%in% + Sin3/29)

¢

The best straight line :1s drawn through the poznts.‘énd

the valﬁe of a 1s gbtained by extrapolating to #(E)=O-

-

For. specimeéns - with  craf2. the Nelson-R:iley

technigque becomes a methoﬁ of cont:inuous approvimat:on
whereby the a .and ¢ parameters are plbttea aga:nst the
above error function and -adjusted tntil  the resulting
r>q$; are parallel. Th:s method haslproved to be ted:o0us,
thus thé(mlnternal calnbration 'methcc was chosen Sere as
, .

the method to determine accurate parameter values for

samples with c/af2.

7/ . .
The internal calibratzon method - 1nveclves

intimately mixing an :nternal standar? of accurately known
. ™ 3

..

.

5
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lattice parameter with the.sample Bezng x—-rayed. Then the
- i née
Bragg angles for the two substance® are determinéd and
effects due to absorption are calculated for the standard
- . 2 2
sample. from' these a correction curve of Asin & Vs sin &
may be -plotted. Hence, corrected values of sins for the
wor king substance are " obtained allowing an accurate

determinat:on of %the lattice parameter a to be mace for

-

these alloys with c/a#2. .-
IV-2 ANALYSIS OF X-RAY POWDER RESULTS

In *the case of cubic =:ncblende materials,
analys:s was approached using the well known Bragg

cond:tion for cubic crysials, givenm by

as the zinechblende :s face centered cubic, the i1ndices h, k

’

and 1 sat:sfy-the conditions

-

h+ k +1 = 4n + 2
R+ Kk + 1 = 2n + 12

T N integer

»
3

for reflecticn tc occur. These concitions give strong

lines for N = h + k o+ 1 = 2, 11, lé. 19, 24, 27. 2. etc.

—t e e
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and weak for N= 4, 12, 20, etc.. Thus. these values of N
- were used to obtain the lattice parameter values for the

cubic samples.

In addition to the 1lines eupected from the
zincblende structure., for sdme'o+ the cubic alloys._extra
\lines were observed -1n thgsé .phﬁtoqraphs but at lower
1nténszty. These lines are due to the presence of an
ordered cub;c structure which 1S shown by some of the

materials investigated 1in the present work. This will be

difcussed in chapters VII and VIII.

For +tetragonal materials. the Bragg condition :is

grven by

Sin & =:«E(h2+>h2)/az + 1%/¢% 178 0 v-Dy .

P

Since the atomic sites 1n chalcopyrite have the same

_—.positions as in the =:incblende structure.  all the
z:ncblende diffract:eon lines must ocour in the
chalcopyr:te ‘dr1ffraction pattern. These chalcopyrite

diffraction lines may be indexed By doubling the Miller
=
inde: 1 of —:ncblence, 1.e. the reflect:on N=11

-7 -
i ~g
corresponding to, the 211 é:ffractzon line in :1ncblende§

. " will correspond to the I12 and 116 ciffraction lines in

the chalcopyrite case. and for materials with c/a=2 these
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reflection will occur at exactly the same angle. However,
for samples with cra<? tge 312 and 116 lines will‘split
inte two diffract:ion {1ne. ‘P055151e combinations of the
values of h., k and 1 are fisted in table IV-1. In the case
of chalcopyrite alloys, 1n addit:on to these c-incblende
deriwved dzf*ract1on lines. weak exntra 1lines due to the
crdering af the cat;cné also occur.‘Thesé ordering lines
were used. 1n some cases, to estimate the limit of
chalcopyrite szngle‘ phase behav;or fo? tetraqonal samples

with ratio cr/a=2.

To deférmzne lattice parameter wvalues for alloys
with c/ai2, once the effetts of absorption were determined
‘and the Bragg angles corrected. values of s:nzg were
calculated, and the Miller indices of the d:f%raétzon lines
were determined. It was found %hat the indexing of the
lines for low angle reflection was/clea;. thus uszn@ these
lines of low angle, wvalues of a and c were calcﬁlated
using & least squares fi:t to eguation IV-2. These values
of a and c were used to determine the indices of the
hzghgr angle reflections. A%ter all the lines were
indexed. wvalues for a ancd c wére F:nélly calculated using

all of the limes ob%tarned by a least sguares fi1t to eq.

vI-2.

(

-4

4
4
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TABLE IV-1 - Possible combinations . of h,k,l for
,Zincblende and chalcopyrite materials.

N zincblends chalcopyrite
(hkl) thkl)
3 111 112
4 200 200
004
8 220 T220
: 204
11 311 312
116
12 222 ; 224
16 400 400
. - 008
19 331 . .v
316
20 420 420
404
208
24 ' 422 . . 8424
228
27 511 =12
' I3 I36
1110
32 ] 340 440
408
I : 531 =32
516
, _ 3110
356 6500 ' ] &00
: . 0012
80 &20 &20
- &04
2012
4% S 533 ; 5356.
3310
44 ’ 622 624
. ; 2212
48 444 4414
=1 551 552
711 712
5110
1114
56 642 } &84
&28
4212
59 553 555 .
731 732
5310 ¥
716 . -
3114
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Iv-2 ORIENTATION OF SAMPLES

In the .s:ngle crystal work, spme of the samples
were orientec, by  back reflect:ion Laue X-ray photograph
(56C1>. | The  angular coordinates Y and § of each .

diffraction spot on the film, corresponding %o each plane

normal, were measured by wusing a Greninger chart for a
specimen—to—f1lm distance of 3Icm. these, parameters being

illustrated 1in £¢8- (IV=1). Then., the angle between the

]

plane normals was calculated using the eguation.

Cosg = Cos(y,—v,2Cos(%,=-¢)

The '‘planes were 1dent:i:fied by comparison with a l:st of

calculated interplanar angles for these samples g:ve by

. 5

Cost = hlh?._‘ k1k2+ 11.12(3/(‘.)
2eiden? 2y 2.2, 12 2

{(hl*kl‘ll (a/c) ) (h2+ y{z.a.lz (a/c) )} |

2 . -

The results obtained - from the back refiection analysis
shoyed' that the surface of these samples corresponds to
the (112) plane. This result is 1n agreement with earlier

data (7481) ., which showed that these chalcopyrite crystals

have this growth habit.
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Fig. IV=-1 lLocation of back reflection Laue spot S of an
(hkl) plane. - '
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Iv-4. DOPTICAL MEASUREMENTS
IVv-4a OPTICAL ABSORFPTION

) The determination of the optical constants af a
semiccnducgcr can provide a wealth of. information about
their band structure. The most common methods tﬁ.
determine cptical properties are reflectipn and
3absorption, which can be greatly ‘enhanced by means of
modulation or derivative fechniques. At  short
uavelquths. the photons can excite electrons from the
valénce. band to tﬁe conduction band giving origin to the
so—called interband transitions. In this optical region,
the process takes place at a wavelength corresponding to-
the fundamental energy?s gap of the semiconductor. The
results are the observation of a weak maximum in the
reflectivity spectrum and of an absorption edge in the
absorption spectrum corresponding to a rise in the value
of the absorpﬁicn coefficient above the Background as the

energy of the incident radiation increases.

Two possible cases must be considered <for
interband absorption. If transition occurs between band
extrema situated at the same point in the Brillouin zone,

the process ig called a direct transition. The
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absorpqson in this case is :haractefized by a steep rise
in thJ value of the absorption coefficient over saeveral
tens of milli electron-volts iﬁ the value of hy. The
7 second case arises when the transition is between band

extrema situated at different points in the zone, then

phonons mustr_be involved to provide the needed change of.
‘momentum. This phonon assi;ted transition is referred to
‘as an indirect transition. The absorption curQe in this
case 1is shallew and épread*bver a range of hr of several
hundred  milli  electron-volts and the K reflectivity
structure corréspcnding to this type of interband

‘transition is practically not detectable.

o

- ./
The problem of interband transitions has to be

appreached +from quantum mechanical considerations. The
absorption coefficient associated with this process
depends on the probability per unit time of an electron
being promoted from the valence band to the conduction
band. Thus, the absorption coefficient is given by the
number of quanta absorbed per unit time per unit -wvolume
dividéd by the flux density. For simple parébclic bands,

the absorpﬁion coefficient « due to direct allowed
N )
transitions haé?been shown to be given By (&67J1)

v .

(ch:)2 = Athv— Eg) (IV-3)
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where A 1s a slowly varying function of the emnergy and Eo

ey
is the energy gap of the material.

Y

-

Allowed transitions take place., for example, if
-~ '
the valence band wavefunction are derived from p-states of
the individual atoms, and the conduction band wavefunctsﬁQL

from s—-states. If the former were derived. for exaég}ér{il

from d-states, Ehen since d——-—?s is a forbidden atqmic
transition the traﬁsztion would be called forbidden or
non-allowed for a semiconductor material. In this case it
Hméy be shown (67J1) that +the absorption coefficient is‘
give by |

Y3 . ' :
(ehv) "= Bthv= E ) (IV-4)

The absorpiion curve given by this tvype of transition i1s -
shallow and spread over severai hundred of milli
- Id

electron-volts as in %the case of an indirect transition

indicated above.

When the trans;fion 15 inaireétt the matrix
elements between the valence band to lconduction .band
through 'a:ivirtual state as well as the absorption and
emission of phonons have té be considered. In this case,

-

the absorption coefficient is given by (67J1)

ar?
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3

(@hv)* = C(hv— E,> (IV-5)

- .

The above equations will be used to analyce the

ntal data obtained from the’ absorption

measurements.

$

IV-4b. F
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REFARATION OF SAMPLES FOR OPTICAL nééqﬁpTIDN

The sample preﬁarat1on was undertaken immediately
he x—réy analysis was completed. If was found that

the polycrystalline alloys were brittle and in
ses tiny voids Were distributed at random through
ots. These tiny voids were probably due to the
ce- oé. small pockets of unreacted sulfur or

or £ellur1um gases as the alloys froze at high.

ure.

All samples were sliced into ‘thin discs with
ses between 0.5Smm and 1.0mm. The slices were

in thickness as much as. possible by lapping on a

late covered with a slurry of methanol or water and

powder from S to 1 micron mesh sizes. The .samples

7

react with water., methanol or acetone.:

The samples were mounted o©on a brass rod using
»

paraffin wax and polished on a pelishing machine

-



down to thjcknesses of about 100um™NnNn most’cases._IhB/next

step was to mount the sample on a sm copper plate

_gwith an aperture ~in the center which was ‘nQvered by the

. A\
- prepared sample.
N~ - ’ -
In the case of the CuIn(Sx Se Te 5'system the
< ¥y oz
plates were mounted in QI‘CTI—quogenics model. 21Sc
’
Crvodyne Cryostat with a Lake Shore cryotronics model
— drc—80c Digital temperature control., so o that optidal
measurements could be .recorded at low temperature also.
IV-4c. OPTICAL ABSORFTION MEASUREMENTS
. . \\
» " The optical system “used for the transmission
\' .

measurements was the same as the one used by earl:er
workeri (82G1) ., with +he exception of an aluminum mirror

that was placed near the exit slit of the spectrometer as

is shown 1n fig™ (IV-2). Thesadvantage of this mirror,

o

draven by a mptor. 1s that besi@és +he fundamental optical

-

measurements one can have easy access to the very useful

wavelength modulatzon technigues such as mecdulated

-~
-

absorptzon (WMA), mocdulated reflectance (WMR), modul ated

ohotoconductivity (WMPC), ebkc. The WMR technique‘QiII be

T, ‘
bt

discussed 1n the next section.

Due to the mechanical properties of th%;v

X -\\/f’—'-
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Fig. ‘IV—E Block diagram of the optical experimental set-up
used in the abserption experiments. -
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polycrystalline sampless~ discussed above. and as no
contacts are required, transmission measurements were

chosen as a methad which was applicable for all of the
polycrystalline ‘mater:als 1nvestigated here. This method

has been. long. used +to study thq_fundamental absorétion

edge of semiconductor materials (6731) (884A1).

For energies near +he absorption edge and if the
sample 15 sufficiently thick that no intertference fringes
are  observed. it can be shown that the transmitted

intensity for a material can be taken as (68G1)

- & M

2
I=‘Io(1-R“) exp (—=d) . (IV=5)

where a 15 the abscrption coefficient. d the thickness of-
the sample and R is the reflectivity which is a slowly
varying function of phofon energy and has a maximum
possible wvalue of one. Thus the (1—58) term ﬁay be
treated to a good approximation as a constant. Taking éhe

natural logarithm of both sides of eqg. (IV-6) one obtains
Ln (I/% Yy = —ad — Ln K (IV=-7)

In order to determine & from the above egquation,

it is necessary to find a value for Ln K. Thus 1/7diln K

form part of a "background" that must be subtracted from
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the value_,cf (1/d)Ln(Io /;) before proceeding with any
fﬁrther analysis. In f:1g. (IV-3) the absorption coefficient
values are shown as a f:nctzon of phctcn'energy for a
typical  sample of thé system ICuIn(SxSeng;Elgith §=0.5

z=0.4 at JOO0K. That graph shows <that a straight l:ne

extrapolaticn df the background absorption can be
RN

subtracted Ffrom the measured value of (1/d)Lnié)/I) to

g:ve the required values of o . It was found that the

linear wvar:ation of the background was followed for most
Y .

of fhe samples. Thus. i1n the calculation of ¢ . a straight

line ztrapolation of " the background absorption was

subtracted from the measured value of (1/d)Ln(I /I). -
4 : o

.~
-

With regarc to ﬁhe I-III-VI, compounds. since
reflectance and absorption _meésurements hawe previously
shown ‘(7481) that +the transitzon :é direct. equatién
(IV=-3) was used for the analys:s of :he absorp+ion data in
the next ﬁhapter. and a&a graph of ( chv)2 Vs hy is also
shown 1n +:g:(IV=4) at 300K ancd 70K. The valge of the
enérgy gap was then given by the intercept on the Ev ax:s

as 15 1llustrated 1n that fiqure.

n

—_—
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Fig. Iv-3 CuIn(Sy Se Tez) - Absorption coefficient ¢ ws. hv
for the sample x=0.1 ¥=O.5% A straight line extrapolation of
the background, dashed line. was subtracted @ from
experimental values to giv sarption coefficient 4.
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IV-4d WAVELENGTH MODULATICN REFLECTANCE

The common feature of all modulation spectroscopy
techniques 1s the measurement of the‘derivatlve ot somé
cptical property such as absorption or reflectance with
respect to some parametérl Hence the optical structures
associated with c¢ritical ppints are greatly enhanced, and
by using phase sensitive detection techniques the
sensitivity 1in the peasurement of‘?his derivative can be

made very large (&9C1).

.~

<

The various methods that have been used can be
divided into %wo general classes. according to “the choice
of the parameter of differentiation: the energy gap of the
sample or the wavelength of the incident light. In the
former case the variable of differentiation 15 an external
perturbation applied to the sample such as electric field,

. ¢
temperature, stress, etc. In the latter case the
wavelength 1s modulated by vibrating either the sl?&, or
the grat:ng. or a m1FrDr in the monochromator or anofher

suitable arrangement. Thus, the modulated transmission or

reflectivity 1s measured. \Z\

In reflectance experiments, the reflected light

LA
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intensity :s given by (&69C1)

where Ig 15 the i1ntensity of the i1nc:ident light, and R is

"+he sample reflectivity. Then the measured deriva*:ve in

wavelength modulat:on reflectance 1s
dI/dA = I (dR/d*) + R(dI /d)
o] - o]

The frrst term of the above equation contains ihe
derivat:ve of +the sample reflectiviiy and 1s +he quantity
that g:ives <the reguired :i1nformation. The second term
contains' the der:vative of -+he i1ncident light i1ntensity
which can make unaészrable contr:but:on to the wavelength
modulat:ion signal. Sgch spurﬁou; peaks 1i1n dl/dA can he
eliminated by using !the double beam detect:ion systeé.,In
that canfygﬁratibn the ;alues of I_%dI/ak) anq Ef‘(dﬁ)/dk)
can be S:multanecusly measured anc J electronically
subtracted. giving as a result the Sormalzzed derivat:ive

of the sample reflectivity.
FRXdR/dn = IMdIszgr) - I;]tdlo /d 0

In the present ‘esxperimental work., most of the

single crystal samples showed sufficient WMR signal to be

| \)b-
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detected 1n most regions of the spectrum without either
normalizaticn or subtraction. except in and around certain

strong unidentified peaks. It was found, after ad;ustment

-
Y

‘of the different opt:cal componentg‘(sources. detectors.
gratings, polarizers, etc), that most of these peaks ;ere
due to_ either gratings or light sources wused in the
optical system. However, in two cases the peaks were found
to be probably due 'tg a mirror inside the spectrometer
which could not be replaced. -Fhus to. avoid these
wavelength, a grat:ng was calibrated using a mercury lamp
in the regon corresp;nding“to the second order harmonics
of tﬁe cptical spectrum of interest. The wavelength was
obtained using a calibration curve of wavelength of
mercury lines Vs wavelength of the lines in the second

harmonic region.

IV=,e WMR MEASUREMENTS

The WMR measurements were made using the
experimental arrangement depicted 1in +fi1g. (IV-5). The
mirror M1 placed near the ex1t slitrwas vibrated by a
motor at about 20 Hr 1in order to produce adeguate
modulation. With the modulation mirror held stationary the
system ;was Ldused for the normal absorption measurements
described above. fhe slit width was set to 1lmm which gives

a reciprocal linear dispersion of the monochromator in the

’
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Fig. IV-5 Optical experimental set—-up used in'the wavelength
odulated reflectance measurements. M1 is a mirror driven by

* a motor. P.S. power supply. 0 wave generator. Sz sample and
cryostat. ’
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region c# interest of 10.5 &/mm with a grating of 1200 -.
gr/mm, so- that the ' estimated depth. of modulation was
’
appreoximately 10‘ 3 for an ahgular rotation of the mirror
of labout_ one degree when the mirror to exit slit distance
was 20cm._ The reflected modulated Iight from the sample
was measured with a 1P28 photomultiplier. The output from
the -phptomultlplier was applied to a P.A.R 186 lock—in
amplifier locked to the reference signal (20Hz) from the
oscillator which-' drives the motor. The output from the
lock-1n was registered by an Electronik Model 19 strip
chart recorder. Thus a 'NHR specfrum of the reflected
crystal signal as a -rfunction o% wavelength could be

cbtained at each temperature.
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CHAPTER WV
RANGES OF SOLID SOLUBILITY AND OPTICAL ENERGY GAF VALUES

IN Culn(S Se Te Y AND Cuba(S Se Te )} .
! x y .z2 x ¥y 2

-

V-1, THE CuIn(SxSeyTezh SYSTEM.

V-1la INTRODUCTION

Most of the previous work on the I-III-IV, alloys

-

\has-been carried out on pseudo-binary systems of the type

. . - .
CLL_L_:{ Agx t3..=.S¢=.=2 and CuIn(Sl_ySey)z etc. (735R1). with little

work being done on materials involwving tellur:um. More
redently Chapman et al. (79C1) have determined the lattice

parameter and energy gap values of the (Cu Ag YIn(S

Se )
-x X y 2

Y
alloys and Avon et. al. have studied the

(Cu Ag Y (Ba In ¥(Se_ Te alloys., determining the
1-x =x 1-v ¥ 1-z z

-

[ g%

ranges of single phase solid solution and lattice
parameters values over the complete composition range
(84A1) and finding optical enerqy gap vaiqes over certain
sections of the alloy sysfem (83A1).

The pseudo—-binary alloys Culn(S Se % are of
— y )o 2
interest as possible materials for solar cell production

and irmprovements in performance may be obtained by

addition of some tellurium. Thus. knowledge of the

»
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crystallography _and optical energy gap values of the
system CuIn(S_\cSevTez )2 « wWith u+y+c-=1, i required.

The main aim of the work described in this
chapter was to determine the range of single phase
behavic?. lattice parameters and optical energy gap values.

of these alloys at 300K and 70K.

v-1b X-RAY RESULTS AND ANALYSIS . s -

Samples Eepresenting &0 alloy compositions were
investigated énd all showed either single phase or two
phase chalcopyrite structure. In all cases. 1t was found
that c/a=2.0, an& hence the value of a was determined for
each phase as described 3n chapter IV. Figure V-1 shows
for all single phase samples the ;arlation of a as a
function of = for wvarious lines of constant y. It 1s seed
+hat over the whole range available, within the limits of

Y
euperimental error the lattice parameter a var:ies linearly

with = <for lines of constant y. I+ the v

plotted against other composition variables i1n a ilar

way, a similar variation 1i1s found; 2.g.. fig. V-2 shgws

the wvariation of a with vy for liﬁgs of constant x. The

l1imits of single phase solid solution can be determined by

+

considering the lattice parameter values obtained for the

+wo phase samples. This is illustrated in fig. V-3. which
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again shows values of a plotted against = for lines of
constant Ve In the case of y=0. this line is in the
bounding sectiocn Culn{(S Te E which is pseudo—S}nary and

1l-z =z

the +tie lines in the two phase region lie in the section.

-

This means that the lattice parameter values of the two

-

phases are constant and independent of Z. as :1s seen in

fig. V-3, and the 1limits of solid sclution are easily

determined. For the other values of y, these lines of

constant vy are in general sections which need not contain

the tie 1lines and. as is seen from fig. V-3, in.these

cases the latglc; parameter values .1n the two phase field

vary. with oo Assuming that to a good approximation

straight lines can qé drawn +through these points. the
4

. w
limits of ‘'solid sclu*tion are taken as the intersectiocn of

these lines with the line through the single phase poznt;.
These values can then be used to draw the limits of solid
solubll;ty'shown in faig. ?—4.

The wvariation of any physical paramete} of an
alloy s?mzconductor with CGmposition; temperature, etc is
of interest from both the academic “and Jtechnological
viewpoinits, and- muéh work have been g:;ied out +o

determine the experimental variations of parameters such

as lattice ﬁérameter?\ energy gap. resistivity. etc with

-

temperature or composition. . When values for these’

-

parameters have been determined they are fitted to some

« - o - .

Bi
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Z - P - Z y P

CulnSe,

P - "
0.580 0585 0590 0.595 0.600 0605 0.610 0.615

Fig. V-4 Culn(s, Sey Te, );. Isothermal section for samples
annealed at 600 °C "and quenched to room temperature. The
dash—dotted gives +the miscibility 1limit. The dashed lines
are contours of constant a, value indicated inm nm. The full
lines are tie lines in the two phase field. °

CuInTe2
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convenient = equation, sﬁch as those discussed below. The
reasod%ﬂffor these fits is that 1t may be.of jqterest to
£ind gg mathematical Jform to represent the éizlemental
data so cthat interpolation or some other computation can

be carried out. In this case the physical significance of

" the parameters :s5 of no interest and one merely reguires

the ‘best and simplest fit to the experimental data. In a
more fundamental inves‘ltit.;;atj.on_.~ the o©bjective may be to
obtain. an understanding of the relevant theory or o§.the
prdpert:és of the material concerned. and in this c;se the
significance of the parameter wvalues are the important

.

factors.

In the- rest of this analysis. as well as in the

. R .
ne:xt section, a mathematical form to represent the present
experimental results will be given. In all cases the aim

is to provide a relation suitable for interpolation of the

data.

Since, as is seen from _figs.- v-1 and 2, the
lattice parameter a . varies iinearly with x at constant vy’
and linearly with ; at constant z, a generél expression
fo} a in‘the‘single phase Eegion can be writéln as

.

L0 a=A+Bx+Cy . _‘ (v-1)
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El
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Values of a for 39 compositions 1in the single
phase field were obtained and these were fitted to Eg. 1.

The resulting relaticn was found to be
a=0.46201~-0.0687:x—0.0420y nm v=-2)
and the s+tandard deviation of the fitted points was

¢ =0.0006nm.  The lines shown in fig. Y-1 and 2 are the

fitted wvalues from eqg. V-2. Using eq. V-2, contours of

- constant a were caltulated and these are shown in fig.

-

V—-4. led from eq. V-2 it was possible to determine the
values bf a along the miscibility boundary and hence., from
the- two phase lattice parameter values giveﬁ in fig-. V-3,
the positions of the tie lines were détermined. and

-

representative tie lines are shown 1n fig. V-4,
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V-1c ENERGY GAP RESULTS AND ANALYSIS

Optical absorption measurements were made at 3I00K
and 7OK gn most. of the single phase samples and v#lues of .
Eo deterwiﬁed as indicat;a above. The kesulting
variations at 300K of Eg with y at constant x and w;th =

at constant v are ashown in +i§s. V-5 and 6. Because of

the range of the miscibility gap. it is seen that for some

lines of constant : or of constant y very few valueg of ED

are available. However, for those cases where a number of

points can be obtained over an extended range of

1

composition. it is found that the variation of EB with the

appropriate composition parameter u can be expressed

within the 1limits of experimental error by a parabolic
4

forms B
Eo = a+3 u +1’u2 ’ ’ V=)

In particular, the variation along the Culn(Sy Sehxb

edge (i.e., z=0) and that along the CuIn(Sel Te )2 section
-z z.

(i.e., %=0) can be written, respectively, as

.. \
> : . - o’ . -
. E, §+ex + 0 - o : (v—4)

& - . 2’ . C N

. Ep =n+8z +«z

(V-5)
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Again, for interpolation purposes, different
mathematical relations will be discussed below. Firstly,
.the experimental data will be fitted to an empirical
power‘ series equation, and secondly comparison o% the
present energy -gap' .data with %éédictions of an
interpolation equaéion proposed by Williams et. al. (78W1)

will be made.

Thus, to cover the general composition rangé, it

is convenient to use the series equation

= A + Bx + Cz + Dx®+ Ez2+ Fxz + Gx2z +

E
N+ Hxz?+ Jx222 ‘ (V—-6)

since eq. V-6 reduces to eq. V-4 for the case z=0 and to

( -
eg. V-3 when x=0. Very little data can be ocbtained along

the third edge (y=0) because of the m1sc1b111ty gap. anﬁi

SO no ccnd1t1ons are imposed in that case.

Values of Ep at room témperature for 33 different
compositions were .fitted +to eq. V-4 by a standard least
squares fit and the coeff::zents A to Jd determzned. The

resu1t1ng fitted equation is

Eo = 0.957 + 0.549x — 0.420z - 0.020x2+0. 40322~

- 0.528xz ~ 1.516x2z - o. 205x22+ 4. 701x 22 (V=-7)

- /

c.
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\
and the standard deviation of the experimental pdints from
this quation was found to be © =0.0698ev. The ¥ittéd
curves from eqg. Y-7 are shéwn in_Fig. V-5 and & and the

sresulting contours of constant Eo are shown in fig. V-7. ™~

Similar measurements and analysis were carried oubt
at 70K For 25 different samples. The experimental values

. of E wvs y for lines of constant :: are shown in fig. Y-B.
)

The fitted equation in this case is

o 2

E = 1.009 + 0.457:% — 0:828z + 0.023x% + 0.422= +
- Q \
.. ] 2 2 2 2 N
- 1.379xz + 1.217: z -+ 0.899uz +_1.22x z (V-8

with a standard deviation in this case of;c=0.00839v. The
resultant Ffitted cqurves are shown 1i1n fig. V-8 and the
calculated contours of constant EO in fig. V-9.

\{ ‘ . "

if a linear:temperature variation i;iassumed for %)
. in the range 70-Z00K. i.e., E = E;p'l-pT), values of the
.température coefficient o of tpe band ‘gap can be
determined for ~the variopus samples. However, tge
experimental scatter in Eo is not neqligible compared with

the change _iﬁ‘,Eo between 70 and Z00K and hence there is
appreciablé scatégé‘ in the. values of p.so_depermined;
these 1lving -.in the range 2x10_io Z.leO_LV/K.. The mean
value p¥ p over all allaoy compositions investiézted'was

R

-

.- _S +
found to be 1.6x10 eV/K. . , .

LY

J
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eV. Dash-dot line, miscibility limit.
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v-1d COMPARISON OF " EXPERIMENTAL VALUES WITH PREDICTIONS

OF AN INTERPOLATION EQUATION

-

4 For alloys of this ¢type. Williams et al. (78W1) .

have proposed that parameter wvalues for compositions

¢ inside the triangle may be predicted if the values for.the

fhree edges are known. This anSlysis was propésed for the
case of complgte s0lid solution in the diagram, bﬁt ié 15
of interest to compare such predicted results with the
present data for a system in which a large miscibility gap

oCccurs.

Using the nomenclature of Williams et al., let a

parameter O have values of B1 « B . and 83 for the

compounds at +the corners of the triangle and then the

values along each edge may be written as T (s) where
2]

T (s) = sB + (1-5)B - s(1-s)C (V=99
> 1 13

Williams et al. then propose that the value of @ at any
general point (xyZ) is given by

Binyz) = [xyTu;u)+y:t (v)+xztr(u)§/(xy+y:+x:) (V=-10)
- Py

3
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where

u =(1-x+y) /2, v =(1-y+2) /2
and w =(1-2+x)/2
For the case of the lattice parameter a, a linear
variatioﬁ is observed along the edges so that all %; -
are C"ero. Under this condition eq. V-10 reduces to the

linear farm of eq- V-1 and thus the‘equation of willﬁams

et al. will clearly give the experimental wvalues.
e 1

-

In the case of the energy gap Ed data. the room
temperature experimental values show that E, can be fitted
to eq. V-?ifor the S-Se edge ézQO) and for the Se-Te edge
(x=0), but no result is possible for the S-Te edge‘ty=0)
because of the very limited range of égiid solubility in
this case. Thus, eq. '0—10 cannot be used directly to
predict values ‘.of E, at general compositions. - For
comparison pufboses. eq. V-10 has been fitted to all of
the experimental data - using the present experimental
wvalues of Bl(CUInSZ) =1.490eV, Bz(CuInSF2)= 0.954eV,

B3 (?uInTe2)=0-928eV. CETI.QZ 10 eV, and C23=-0.381ev while
treating C las an adjustable parameter inm the fitting

31 .
process. The value of C31 s0 optained is -1.184eV and the

standard deviation ‘for the fit is ¢ =0.020eV. The values’

for the individual points show good agreement with the
expe?imental values over most of the composition range but

differ by up to 0.04eV for points close to the S-Te edge

(%Y



-77-

(y=0) of the triangle, this being reflected in the larger
value of ¢ in this case than in :ﬁé case of the power law

-

fit.

V-1e DISCUSSION

The) results show that a mzscib&lity gap occurs

over an appreciable composition range in this alloy
system. . Such a gap i1s to be expected on the CuIn(Sl__:['e'z)2

edge since the .lattice parameters of the two compounds
differ by over 12%, but th? extension of the miscibility
3ap up to y=0.45 is perhaps larger than might be expected
in. terms.of lattice mismatch. The linear var:ation of the
lattice parameter a is to be coqpared with the parabolic
variation found in a considerable range of the

(Cuy_, Ag, )(Gal__v Iny ) (Sel_zTe-z ) alloys (84A1). 1I¥f is to be
noted that in that system. linear behavipr occurs for
alloys which are pseudocubic “(i.e., c/a=2), while the

deviat:ons from linearly are seen in the cases where

c/a{l.

The parabol:ic variation of the energy gap Eo with
any chosen composition variable is typical of alloys of
this type (75R1) (79C1) (84A1) and the use of a power‘serzes
of the form in eq. V-& was found to be very convenient for
fitting the EB values in the various sections of the

(Cul-x sC‘u;;“Y R (Gal v Iny ) (Sel-zTez )2 sy;stem. The application of
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. sets of parameters given in eqs. V-7 and B are not unique,

~
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i

such a series in the present case is different in that the

<hosen wvariables x and =z are not on orthogonal axes and

“also because of the presence of a large miscibility gap.

It is thus of interest that a good fit to the experimental
‘data  was obtained. However, it is to be noted that the
since #pr the coefficients of the higher poder terms,
variations in one coefficient could be compensated with

variations in others  without making any appreciable

~..-difference to the +fit or to forms of the calculated

contours of constant & .. Since the fitted f£quat:on :1s
- - O

needed . only for calculating E values at intermediate
. o

compos:tions and drawing the contours of constant Ege

etc.. eg. 'y—7 and 8 are quite satisfactory for these

purposes.

When the 1nterpolatzon equation of Williams et al.

t

is considered. it 1s seen that this reqﬁires a parabolic

variation along the complete range of the Culn(S Te_)

.edge. In eq. V-4, this implies that J must be zero and

H=0G. When these conditions were imposed on eq. V—& and

~

the power law fit maae to all of the points., a much poorer

-

fit was obtained as 1i1ndicated by the increase in the

standard deviation. This perhaps is to be expected. since

with the wvery 1limited range of solid solution on the y=0
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edge, there is less reason to expect a parabolic variation
to apply. Thus, as indicated above, ~the wesquations of
Williams et al. fit the data where a large area of the
6iagr§m shows single phase behavior, but give poorer values
in the narrow single phase regions of the diagram with low

values of y.

V-2 THE CuGa(S,Se,Te,), SYSTEM

Polycrystalline samples of 70 different composition
were prepared as was described above. Inittally all alloys

ware annealed at 700°C, However after a period of}six month
- 1
. !

of annealing, the powder photographs given by most of the
samples showed blurred X-ray lines, indicating that the
specimens were in nonequilibrium condition for the annealing
temperature and time indicated above. Thereafter the allovs
were annealed in compressed powder form at a annealing
temperature in the range 600 to 800°C for a period of 3 to 4
month at each tempirature. Again the samples gave blurred
X-ray lines, showing them to be in nonequilibrium cdndition.
so that no gquantitative results could be obtained for this
alloy system. ; e

A qualitative analysis of;_:the X—ray powder

photographs on some of the samples showed a chalcopyrite
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CuGaSe, | CuGale,

Fig. WV-10 Cuba(s,, Sey Te, J- . Isotermal section for
samples annealed at ‘800 °C° and guenched , to room
temperature. Open circles indicate the samples that
showed bBlurred X-ray lines. Dark circles indicate two
phase samples. Dashed line. é&stimated miscibility
limit.
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structure with c/a # 2.0, and a miscibility gap composed
of two chalcopyrite phases larger- than in the case of

Culn(S Se Te )
x y z 2

« which could go beyonﬁ the line y= 0.4 as
is shown 1n fig.(V-10) which represent the estimated phase
boundary for this alloy system. The dark circles represent
the samples that were ¥ound to be composed of these two
chalcopyrite phases. The open circles indicate thé samples

that althouqﬁ found to be single phase showed blurred

X-ray lines and were 1n nonequil:ibrium conditions.

Some of the samples were prepared for optical
transmission measurements, but these samples were found to
be very braittle and shcwea a large number of pin holes. As
a consequence of this. breakage of the specimen occurred

when polishing down to a suitable thickness for absorption

measurements, and it was apparent that single crystal work

was necessary. As a first step. 1t was decided to grow
si1ngle crystal samples of the pseudobinary section

CuGa(S‘_L Se % - This work will be discussed in chapter VI.
—v y < P

Py

-

Fy
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CHAPTER VI
INVESTIGATION OF THE VALENCE BAND STRUCTURE OF

THE SYSTEM CuGa(S,_Se ), -
=y y'2

VI-1 INTRODUCTION

It was previously indicated in chapter II that the
combined effects of the crystalline field and the
spin-orbit interaction remove the triple degeneracy of the
p-like valence. This- gives rise to three wvalence o

B

conduction band transitions EA s E and EC which are

present in the chalcopyrite alloys.

As +ar aé measurements of enérgy gap EA‘ EB and Ec
are concerned, in the present work these have been limited
to the system CuGa(Sl_}_Sev ), s for which it is well known
that a chalcopyrite single, phase occurs at all
coﬁpcsitions. Referring to previous work done on this
pseudo—-binary edge, earlier (80G2) normal reflectance
measurements carried out on single crystal samples gave
;nformation about- the position of the peaks A and B, but
the position of the higher energy peak C could not be

determined_ with any great accuracy. It was then not

possible to find wvalues opf the spin—-orbit and crystal
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field splittings as a- function of composition and
temperature using the Hopfield model (&0H1). A sat of
experimental values for these transitions as a functton of—— -
alloy composition and temperature on this section are
required. Thﬁ;, for the measuremnents described in this
chapter, crystalline specimens of the pseudo—-binary section

CuGa(S Se )

1-y y 2 were grown by iodine vapor transport

technique.

In this chapter, the results of wavelength modul ated
reflactanéé‘ measurements fhat ha;e besn made on these single
crystal samples, to determine the variation of these three
transitions .uith ccmpcsitian and temperatﬁre are presented.
?rcm these value; of EA. EB and EC’ values of the crystal
field and spin-orbit splittings have been determined using .
the prfield relation.’ 'Thus the behavior ofasoand;%ﬂas a
function of temperature has been determined. Alsoc, the
exper:menta{ ~data as a function of composition and
temperature have been analyzed using an equation develcped

by K. Yoodee et. al.(B4Y1).
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VI-2 PREPARATION OF SAMPLES AND EXPERIMENTAL MEASUREMENTS

Initially .samples of compositions y = O, 0.25, 0.5
and 0.75 were groua' by Prf. Jesus Gbn:ales at U.L.A
(Vzla.?), and given to the author for the present purposes.
| £
The samples y = O.75 and 0.25 were found to have
damaged sgrféces,' praobably due to the fact that the
specimens were not fresh, and they may oxide in contact
with air. As a result, the WMR signals were not clear and
no reliable results could be obtained from these samples.
However, the samples with y=0 and 0.5 presentée very gqood
WMR s;gnals_ Thus, in the present work specimens of
'composition\\y=1. 0.65, ©0.75, ‘0.4 and 0.25 were gran by
the method pf static iodine vapor transport, details of
the method having been given in chapter III. The surfaces
of the crystals were very good and no polishing was
necessary. .

Small pieces of the final specimens were powdered

’

and lattice parameter data obtained from X-ray powder

photograph. fhese data showed that the required

compbsition values were obtained to within + 0.01 in vy.

The sample y=0.95 was oriented by a back reflection
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Laue X-ray phctogréph as was descriﬁéd in chaptéf IV. The
résults obtained from the back Feflection showed that the
surface of the sample correspofgs to the (112) pléne, and.
the calculations indicated that the c-axis was ;nclined at
35.8% 0.1? Other samples were oriented and s;milar results
‘were .obtained. These results are in agreement with earlier
data (74S1>, which showed that these chalcopyrite
materials have this growth—habit when they.are prepared by
the £VD method. 7

-

VI-3 ENERGY GAP RESULTS AND ANALYSIS

WMR measurements were made on most of the single
crystal samples in the tempé?ature range 10 — 300 K as Qas
described in chapter IV. Figs. (VI-1) to (VI-4) show WMR
curves as a fﬁnctidn_ of wavelength ¥or the samples y=1,
0.65, 0.5 and 0.25 at various temperatures. From such

-

curves, the wvalues of EA’ E_ and EE were taken to be af
the peaks. For each value of yv. the energy value of each
peak was plotted as a function of temperature and the
resulting wvariations of EA - EB and Et arg shown in

figs. (VI-S) to (VI-B). The variation of these transitions

as a function of 1-y at 20 K is shown in fig. (VI-9).

As was done by earlier workers (8261), the present

experimental data were fitted as a fﬁnction of temperature
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Fig. VI-1 CuBalS,_, Sey Yo . VMariation of dR/d) with photon
{he sample v=1 at the temperatures

indicated. Values of temperature indicated in K. E;, Ep and

Ec are T —point valence band to conduction band transitions.
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wavelength ) , for “the sample vy=0.465 at the temperatures
indicated, values given in K. EA’ E and EC are T —-peoint
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Fig. WVI-3 CuBé(Si_VSey ) - MWVariation of dR/d.l with photon
wavelength A, for the sample y=0.5 "at the temperatures‘
indicated, values given in K.° Eas E3 and Ep are I —point
valenge band to cpnduction band transitions.
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Fig. WVI-4 CuGa(S_y_,V Sey o . Variation of dR/d)\ with photon .
wavelength 3, for “the sample y=0.25 at the temperatures
indicated. values given in K. EA ~ Ep and E~ indicate
point valence band to conduction band transitions.
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Fig. 'VI-S CUGa(Sl_yS9y)2. Variation of T —point band gaps E .
Exz and E(; with temperature, for the sample vy=1.0. The solid
lines are the fitted curves.
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- CuGa(S s Ses),

-

Fig. VI1-6 CuGa(S,_Se ), . Variation of I —point band gaps Ej»
Epy and E_. with “temperature, for the sample y=0.455. The
solid lines are the fitted curves.
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Fig. VI-7 CuGa(SbySEy)Q. Variation of T —point band gaps E;.
Eg and Ec with temperature, for the sample y=0.3. The solid
lines are the fitted curves.



246
- 244

242

Fig. vI-B CuGa(Sl_vSe )5 . Variation of I'-point band gaps g,
Ep and Eq- with temperature., for the sample v=0.25. The solid
lines are the fitted curves.
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Fig. WVI-9 CuGa(Si_.ﬁey)z. Variation of T -point transitions E,
v ‘EB and EC with composition 1-y at 20K.
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to a simple Manocogian-Leclerc equation of the form
E - E(T) = UT®+ v 8lcothe/2T - 1) (VI-1)

where U, V, s and 8 are constants independent 54 T. As has
been shoﬁn previously (806G2), the méin;contributian to the
change in the energy gap values is from the V& dynamic
term, -the UTS static term contributing only a small
fraction .over most of the temperature range. An empirical
relat;on between 6§ any” thé molecular weight of the
compounds (84M1) showed that the wvalues of & for these
alloys could be taken to vary linearly between 360K for
y=0 to 290% for y=1.0. Thus, the set of curves for each
valué ‘0f y were fitted to. give values of U and V, and

these values are summarized in table VI-1, and resulting

curves are shown as solid lines in figs. VI-T to VI-8.

The use of the two polarization orientations can
give useful information sincét as is shown in fig. (I1l-6)
for ' these noncubic materials. the three valence to
conduction band transitions are polariiation dependent.

f .
Thus it is necessary to determined the vglence band
symmetry arrangement before Eelations 1I-1. and II-2 of

chapter 11 can be applied.

In the case of the sample y = 0.5, which was
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TABLE VI-1. Values of Uy, VvV and 8 for varioﬁs samples

obtained using eqQ.(VI-1). A, B and C indicate the valence

band to conduction band transitions.

y=1.0 8 =290K s=2/3
A B c -

U cevsk 23 ~1.28 106°% -9.39 16° -7.75 1075
View/K)y - 1.25 10¢ 1.71 15% 1.70 107%
¥y=0.75 §=312K s=2/3

A B c
uevsk 23 2,21 1670 -7.43 16°  4.62 167
V (eV/K) 1.0 10°% 1.13 1064 1.13 16%
 y=0.65 & =314k s=2/3
| A B c
utevsk 2/3  —1.22 1674 -6.21 165  9.17 105
"V (eV/K) 1.25 167 1.17 164 8.36 1075
y=0.5 6 =324K s=2/3
A B c
uevsk 23 785 165 2.37 164 -1.85 1070
V(eV/K) 1.14 107*  1.38 164 1.25 107%
y=0.25 =340K s=2/3
A B c
ucavsk 23 -1.01 10> 1.77 164 -2.59 10-%
V(eV/K) 1.58 1074  1.86 10~% 2.32 10-4
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oriented as indicated above, én H.R. polarizerwas placed
in the beam between the monochromator and the sample so
that the WMR spectrum could be determined for dif#erént
peolarizations of the incident light. Fig. (VI-10) displays
the WMR results obtained with E'z . and E[z for the sample
y=0.5 at 20K. It reveals that EA is strongenlfor parallel
than Ffor perpendicular polarization, E; and Ec are ye;y
strong for E L= and Qeak for E“:. Comparing the above
results with those of fig. (II-6) (chapter II), it 1s seen
that the I7 s 77 walence band ordering gives the closer
resemblance to the experimental data. However due to the
(112 .orientation discussed earlier, the parallel
configuration 1is onl? nominal and in this case cne~third
of the incident intensity is in fact polarized ! to the
z—axis. This accounts for the appearance of a small peak B
for E[lz‘ even thoughig———=->Tg transitions are allowed only
for E i z- This valence band ordering has‘been found in
most of the I-III-VI; including the case of CubaSe, which
is of .direct sconcern here. Hence it is concluded that in
the alloys investigated in the present chapter the valence

band ordering is T7F6%,

Using the above result for the wvalence band
.ordering, equations II-1 and I1-2 and the values of EA’ EB
and EC cbtained from the Manoogian fit, wvalues of Aso and

Acf were calculated. The results so obtained for the
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Fig. VI-10 CuGa(Si_ Sey J» . Variation of dR/dA with photeon
wavelength A at é%K for light polarized parallel and
perpendicular to the c axis of the sample y=0.5. E, . EB and

— E, are T-point valence band to conduction band tranZitions.
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samples vy = 1.0 and 0.5 are presented in figs. (VI-11) and
(VI-12) respe:tzvely. and in f:g.(VI 13) the var:atlonéxbf

spin-orbit and crystal field splzttan with 1-y at 20K are
shown.
IS

In order to apply eqs. {(II-3) to (II-56) to the
d b and b, are

so? T p 4
temperature independent, and that te

present results, it is assumed that Ai&a

G Ga S Se

p - _-D- Cu k] - -
<Cfs° e (8,3 +12 Q) &) +y o ) (VI-2)

where A:u etc. are the atomic p spin-orbit splittings of
the elements and Gp 1s an enhancement factor for the
solid. For both =zincblende(49C1) and chalcopyrite(71P1)
struﬁtures, Gb has been taken to be 29/20. It is assumed
also that the d contribution in Agois due to the copper
atoms only, the other d levels being too deep to

contribute. Under these conditions, we can write(&67S1)

2 € =(29/200,9 (Cuy = -0.224 ev. (VI-3)
S0 s0 ,
D d .
With these values of a and A used with the experimental
50 =79)

values of 4 , values of ¢ as a function of temperature can
- S0

-

be calculated from eq. II-3. In fig.(VI-14) the values of

(1-2) as a function of composition at 20 K are shown.
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Fig. VI-11 CuGa(Slvse )}, . Variation of spin-orbit splittingdgg
(solid circles) and  crystal field splitting 4, <(open
circles) as a Ffunction of egmperature T, for the sample

squares and the dash line indicate the values of

crystal Field splitting obtained wusing values ofg from
X-ray diffraction work.
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Fig. VI-fﬁ CuGa(S Se, ) Variation of spin—orbit splitting
(solid circles) ang crystal field splitting A (open
circles) as a function of temperature, for the samp?e v=0.5.
The squares and the dashed line indicate the values of
crystal +field splitting obtained using values of g from
X—ray diffraction.
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Fig. VI—14..CuGa(81 ,SeV)Q - Variation of d-like character 1-—-q«
with composition 1-¥ at 20K.
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Now, assuming that the variation of the tetragonal
distortion (2-c/a) . may be taken as linear with
temperature, the crystal field splitting may be

represented, using eqs. II-5S to II-&. by the form

beg = Ladr (-a) by} {3 (2+c/a) 305+ B(T-300)} (VI-4)
where 8 is related to the temperature coefficient.g of
the ratio csa. Values of 5 for CuGaS, and CubaSe, have
been reported in the literature (79Y15 (BOB1l) from X-ray
analysis, and it 1is assumed <that the variation of B is -
linear with composition between 2. 2x166/K for CubaS, and
2.32 x10° /K for CuGaSe,. A least squares fit to eq.(VI-4),
with values of bpin the range -0.8 to 0. was made in order
to give the value for bd from the experimental values

of A . It was found that, in.all cases, eq. (VI-4) gave a

of

poocr fit to the values of Accas a function of temperature,
as 1is illustrated in figs.(VI-11) and (VI-12). When the
value of g was treated as an additional unknown parameter.
it was found that, in practically all cases, a reasonable
fit could be obtained bu£ this fit‘gave a negative value
for g , in disagreement with the known positive values
from X-?ay analysis given above.

'In  view of these results, the present experimental

data were analyced using a model proposed very recently by
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K. Yoodee, J. C. Woolley and V. Sa—yakanit.(YNS) (84K1).
The. model analyzés'the effect of p—d hybridization on the
uppermost . valence band at the T onint of I-III-VI»
chalcopyrite compounds. They consider thé interaction
between the p T)5(p) and the d T;5 (d) bands. There are two
important parameters inr that model viz., the energy
separation E between p- an d- levels befaore hybr}di:ation
and the interaction ma{rix element M which contains the
p—d hybridization interactiﬁn potential between these
levels. Thus the valence-band splitting within the context

of that model are given by

, 2 AP .
E(Tg) = X + v Tcf+ (1-y ) “cf
o °o ‘o3 o’ 3 (VI-5)
J D P
I (r-) = L Scs ; _ef
Hi,? =) = 5 {J\l+>‘2 - 3—')f|— (1-‘(:) 5— } ha (VI-6)
AP a 2
o

where EO(Ig) and Ep2(T7) arq\és indicated in fig. (VI-135),

after ref. (84K1). and where

? d ' D a 9%
Az o= 2 (S0 _ 2 :ASO[ 1 Aso ]Asol /2
TP TE T R e [T e T e
L 20 L 2,2 1L 02 '
AT (- AP =2 1 - 2,0 - 2 d 2 2, 1/2
2 2 3 Tso 3 IASO!} *3 q} 3 ASO+ =3 Iaﬁoﬂ + LMT)
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The YWS model was applied to a large number of
I—III-VI_2 compounds (84Y1), and it was found that for all
of the I—'III—VI2 compounds and al}oys, appropriate values
for the deformation potentials are %}=.—0.8:O.2 eV and bd=
—4.3+1.5 eV. Also, it was found that the dimensionless
ratio E/M determines the fractional q characier in the
valence band of _these I—III—VI2 compounds (B4Y1l). Thus,
for a decrease in the value of E/M there 1is a

-~

corresponding increase in the d character of the valence

band.

The analysis of the present experimental dJdata

using the YWS model was carried out in collaboration with
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'Kajornyod Yoodee, who dealt with most of_the computation

work and participated in all of the discussions.

In the analysis of the present experimental data
using the YWS model of p—d hybridization valence band, the

d
values of Ap . A
50 so

the variation of P and Agf, from eqs. (II-5) and (II-&)

» 45 given by eq. (VI-2) and (VI-3), and

wereg the same as used in the Hopfield analysis case. The

d

original work of K. Yoodee et. al..

values of bp and b used here, were taken from the

.

From equations (VI-5), (VI-&) and (Vi-7),
equations for El -E° {= EB— EA) and %3 —E2(= ;B— EC) as a
function of the two unknown M and E may be obtained. Thus,
with the above parameters, values for E/M as a function
of composition and temperature can be calculated from eqs.

(WI-5), (VI-6) and (VI-7).

When the above calculations were made, for a given

'sample at a given temperature, using the values of bp=—0.8
eV and"bd=—4.3 eV and using the range of valges for E and
M obtained for the compounds in the original reference

(84K1), it was found that in some instances solutions for

El —Eo and E_ —Ezcohld not be found. Thus to continue the

analysis further, it was decided to introduce in the

calculations a range of error for % of 0.2 eV and for b
) d
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of *+ 1.5 eV, as well as a range of experimental error in

the energy gap values which was estimated to be of about

+4 @meV. “Fhe value of b was varied between 0.6 and 1.0 eV

in steps of G.OSeV. and bd was varied between 2.8 and 5.8
eV in steps of 0.7SeV, while thé energy gap values were
varied in steps of 2meV. When this was done, the minimum
and maximum values of the ratio E/M at each temperature
were obtained, and in fig. (VI-16), the variation of E/M
as a function of temperature for CuGaSez,y=0,65 and CuGaS2
respectively are shown. The values of E/M as a function of

composition at 20K are presented in fig. (VI-17).

It is seen in fig. (VI-14a) that the value of E/M
for the samﬁle CuGaS2 is constant with temperature.
However for the other end of this pseudobinary section,
i.e. _CuBaSe2 -« 1t can be seen from fig.(VI-16c) that,
within the scatter of the data., the values of E/M increase
as the temgerature increases and the variation may be
taken as linear. Thus, it appears from these results that
thefe is a. smail variation with composition of the slope

given by these curves of E/M as a function of temperature.

Referring to the variatien of E/M with
compasition, it _can ‘be seen in figure (VI-17) that the
behavior of E/M Vs v is linear, and the same result was

observed at all temperatures.
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'VI-4 DISCUSSICON

With regard to the Hopfield analysis, it was
indicated above that a poor fit to the experimental wvalue
of Acfwas obtained when‘the rgported values of§ +for these
samples were used in the analysis. When bd and B were
treated as adjustable parameters, it was found that for
the coefficient ) .a negative value was obtained whereas
the experimental value of 8 from X—ray work was positive.
It seems therefore +hat some part of this analysis is
invalid.  Hopfield’s equations (II}l) and (II-2) was
developed +for a p-like valence band and may not be
applicable when the vafence band has a high percentage of
d character. Eguations (II-3) to (II-&) assume that the
total spin-orbit and crystal field splittings can be
written' as a linear sum of the p and d contributions and
' this is an assumption which may‘not be Eorrect-

In the YWS model. the p—d ingeraction has been
included 1in ~the calculations from the beginning. If was
indicated above that. in this model, the r;tio E/M
determines +the fractional d character in the valence band.
With regard to the variation of E/M in the present work,

it can be seen that the value of E/M at 20K for CuGa82 is

smaller than that of Cu5a892 by an amount of about 1. It
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has been suggested (85Y1) from the atomic energy level
values +or éu d-states, S p-states and Se p—states, that
the energy separation E between P and d levels for sulphur
rich materials 'is smaller than that of sélenium rich
samples. Thus., in the case of sulphur rich materials the
p-d‘ interaction will be strong and hence the ratio E/M
will be small in this case. Thus the fractional d
character in the wvalence band will  be greater for the
sulfide rich than for the selenium rich méferials. This
explains the, variatiom of the ratio E/M with composition
for the present alloys shown in fig. (VI-17>,

Referring to the variation _ of E/M with
temperature, it was indicated that witﬁin the scatter of
' the present results. the slope of the E/M curves shows a
small variation with composition, being O and C.0011/K for
CuGéEE énd CuGa892 respectively. The value of the slope
for y=0 indicates that dE/dT and dM/dT have the same sign,
and the wvalue of‘ the slope for y=1‘indicates that thes?
values of dE/dT and dM/dT are negative. A negative ;;lue
for these’ parameters will correspond to a decrease in
either M or E as the temperature is increased. The
. decrease in M, when +he temperature is increased, is in
agreement\‘hith earlier ekperimental studies (79Y1) which
showed that in these I-ITI-vI, materials the anions

gradually move away from the I cation and come relatively
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nearer to the III cation as the temperature is increased.
This indicates that the overlap between anions p states
and copper d orbital will decrease as the temperature is

.

increased. thus ‘the matrix interaction M between p and d

-
~

levels decreases as the temperature is increased.

VIi-5 SuMMARY AND CONCLUSIONS

The preparation of these CuGa(%}ySey) alloys by .,
the iodine vapor trénsport method does not present
problems. In all the caées, it was found that the surface
of the samples was parallel to the (112) crystallographit

plane.

The wvariations of the three tranmsitions gA' EB and
%Z with composition and temperature are typical of these
alloys. The energy gap values of these transitions with

" temperature were very well fitted by a simple

Manoogian-Leclerc equation.

The present experimental data were analvyzed using
two model viz.. the Hopfield p-like valence band Qsdel
(60H1Y and. the YWS model of p-d hybridization in the

valence band (84Y1).

With the values of the crystal field and

L
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" spin—-orbit interactions obtained using the Hopfield model,

-~ . - . )

it was not possible to find a good fit to the values of Ac
for most of the samples investigated. here. When B was
taken as an adjustable parémgter, a négative value was

found for this coefficient, in contradiction to the value

from X-ray work. 3 T

.

The wvariation of E/M with tomposition cbtained
g .

-~
from the ‘YWS analysis was explained_in terms of atomic
\‘. g ~

enérgy differences betﬁéen‘ anions p states‘ and Cu d
levels. The wvalue of E/M with temperature agpeared to be
constant for alloys w;th low wvalues of y. However, for
samples ® with high wvalues of y there is a small ﬁa;;ation

of E/M with temperature. It was found from these results

;that' the coefficients dE/ET and dM/dT have negative

values. The wvariation of M with temperature i1s attributed
w
to the decrease of the overlap between anmions p crbitals

and copper d levels as the temperature is increased.

£
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CHAPTER VIT :

-
.

LATTICE PARAMETER AND OPTICAL-ENERGY GAP VALUES FOR
THE Cd,, (Culndy Mny; Tep and  Cdyy (AgIn)yMnj:Te, SYSTEMS

.

VII-1 INTRODUCTION

' .

The name diluted magnetic semiconductor (DMS) or
simply semi-magnetic. semiconductor alloys (SMSA)\has been
app}ied to materials obtained by substituting, gg random,
a paramagnetic 1on on the cation sub-lattice, e.g. for

atoms that belong to group II, of the IIWI compounds.

These semi—magnetic alloys have been the subject of

Fl
v

attention because the presence Qiﬁ;his paramagnetic ibn
causes considerable differences ‘in the semiconducting
behavior in .a magnetic field +from that of normal
semiconductors and 3159 introduces interesting magnetic

behavior.

One of the ;most interesting aspects -of these
semimagnetic 'allgyé is. the presence of the partlyffi led
3d. levels. e.g. half—filled-in the cése of the mahganese
tons. It has been‘gene?ally assumed that the 3d5 electrons
a}e localized™ and that their mabnetic moments interact

via exchangd, interaction (7962) (8201). These concepts of

iocalization and exchadge interaction have been applied in

N
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order to explain most of the experimental data available
for these materials, for example, assignment of some
. &,

optical structures, other than those due to valence and

conduction bands, observed in different types of optical

_ experiments, formation of spin correlated clusters,

spin—glass phase at low temperatures, as well as other
.magnetic effects (7861) (B2F1) (8201). Studies of some

magnetic properties on the materials under investigation

S

.

will be described in the next chapter.

Most of the work on these (II-VI)—(Mn—-VI) alloys
has been carried out on pseudo-binary systems of the type
Cdl~z"“i Te, ZanHn,Te, etc.. Recently (83B1) the work done
on such pseudobinary alloys has been extended +to the

pseudoternary alloy CdenyMn,Te (s+y+z=1).

Anéther possible extension of these SMSA would be
to include the cha1c09yri£e compcun&s derived {from tﬁé
IT-vi cgmpounds. Some work has been done on the
pseudobinary systems involving a II-VI compouna. and a
I—III-—VI2 chalcopyrite compound. Robbins et. al. (7SRi1) has
made crystallographic studies on pseudo-binary systems
such as Cd?drnyUIn)ySZ‘ etc.. Woolley and Williams (56W1)
determined the e;tent'of solid sclution, lattice parameter

and optical ene?gy gap values in the Cd,)a_,,)(ngln)__Te2 and

Cdzaﬂ§CuGa)”Tez. but little infaormation is available on the
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Cg (Culn) T22 pseudobinary system. For -this system
2(1-y) y
Chernyavsky (62C1) reported complete salid solution, but
no lattice parameter and energy gap values are available
in the 1literature. However. with regard to SMSA involving
)
chalcopyrite compounds  and Mn as the paramagnetic ion, no
work has as vyet béen reported “on Such materials. One

possible type of pseudobinary chalcopyrite alloy involving

manganese would be systems such as (CuIn% Hn2 Te_ and
z

-

(AgInﬁr: anzTe2 discussed here. Thus systematic studies of
the crystallographic, optical and magnetic properties of
these alloys are of interest. Also these (Mn—VI)—(I-IiI—V%)
" pseudobinary systems can be extended to pseudoternary form
by alloying with II-VI compounds to give such alloys as

Cdox(CuIn)"Mn?,Teq and Cdzx(AgIn)anz_Te2 .« etc.

Jhe objective of the present chapter is go study
the introduction of the paramagnetic ion Mn into some
pseudo—pinary systemsr of the type (II—VI)—(I—III—VIO) to
-4orm pseudotérnary alloys such as Cdzx(CuIn)VHnQ:Te2 and »

Cd2 (AgIn? Mn Te.. Ranges of solid solution in both the
b3 ¥

2z 2

cubic ~“and chalcopyrite phase have been determined. Optical
-

absorption measurements were made on samples in the single
phase range at room temperature. The energy gap results
show an interesting _ behavior as comﬁared with those for
the I1I-V! derived SMSA éucﬁ as CdenyHn:Ie(SSBl). It is
suggested that this difference in the results is due to

ordering of the Mn on the cation sub-lattice with a body

centered cubic (b.c.¢.) arrangement (84W1).

E



~118-

VII-2 THE Cd oy (Culndy Mny-Te,SYSTEM

" The allny- system Cd2x(CuIn%,Hn2:Te2'(x+y+2f1) can
bel convenient}y represented by a triangle as shoﬁn in
£ig. (VIT-1) with the' ternary compound at one vertex and.
the CdTe and MnTe -at the other corners of the triangle.
The pseudcbinary section CdsznZTe already reported (83B1)
forms one edge., and the pseudobingry systems
-Cdza-ﬁ(CUInEr Te, and (Culn), . Mn, Te, ; for which no
informations are available. form the other two edges of
thisg triangle. The . raﬁge of sample composition’
investigated’ in  this work is ‘also shown in fig. (VII-1),
the compositions being chosen so that parameter values
élong lines of,coﬁétant = anq of constant x:;‘ratio could

be compared.

VII-2a SAMPLE PREPARATION AND EXPERIMENTAL MEASUREMENTS
Polycrystalline samples of the alloys were
produced by  the same techniﬁue .és déscr{bed in chapter
III. Bdt. in the case of the semimagnetic alloys
investigated in this chapter. it was found necessary to
carbﬁni:e the quartz tubes 1in ‘order to prevent the
manganese attacking the quartz at high témperatures. After

melting. the samples were annealed at &00°C. It was found
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that an annealing period of between twenty to thirty days
gave good equilibrium conditions. The Debye-Scherrer
powder x-ray technique was used to check the equilibrium
' condition of each sample and to deterﬁine whether a
single phase . solid éoldtion was cbtained. In the ease of
high values of the composftion parameter vy, i.e.
compositions close to QuInTez. & chalcopyrite structure
with c/a=2 was found. For the rest of the composition
diagram, . the alloys were found to have a cubie structure
with some ordering lines being observed. This Qork will
be discussed later. Again the Nelson-Riley (45N1)
extrapolation method was used to obtain accurate lattice

parameter values. .

Alloys 5how16§ .single | phase of either
chalcopyrite or cubic Qtructure were sliced and polished
down ta thickness in the range 30lto 150um to provide
samples for optical absorption measurements. The method
of preparation of thelsamples for this optical work was
‘the same as described in chapter 1IV. After the
transmision measurement was carried cut, the absorption
coefficient was calculated and corrected aé described in

chapter IV.
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VII-25 X-RAY RESULTS AND ANALYSIS

Figures (VII-2) and (VII-3) show the variation of
the 1lattice parameter values for this system, fig.(VII-2)

giving the wvariation of a with y *for constant z and

o~
.

fig. (VII-3) the variation of a . with = for several

differen; X:y ratios. It can be seen from these figures
that egcept in the composition range of high vy, the
parameter a varies linearly with the composition variable.
In the latter composition ;ange, the variation of a with A%
and 2z deviates from the linear behavior shown for the rest
of the alloys. In this region of high- values of vy,
chalcopyrite structure with c/a=2 was ogtainea. From the
form of the non—-linear behavior shown in figs.(VII-2) and
(VII-3) and from the analysis of the crdéring lines
present 1n these Ffilms, thelrange of chalcopyrite phase
was determined and the_ estiﬁated region of chalcopyrite
phase boundary is shown in fig. (VII-5).

Turning to the alloys inside the composition
triangle, i.e. outside the chalcopyr;té field, these were
found to have a cubic structure., the main X-ray lines of
which ana}y:ed 45 Tincblende. However as was indic#ted in
section vil-2a, . these alloys showed Some degree of
ordering. From the intensity of the ordering . lines

observed in these samples, it was found that the degree of
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ordering varied appreciably with composition. Thus no
ordering lines were observed in thé Cc!lz(,_y)(CuIn)yTe2 and

Cd1_7nnz Te pseudo-binary edges. Also, it was observed that

thé degree of ordering reaches a maximum at =-0.2 and then
decreaées as the concentration of manganese ions is
further increased. In the 1initial work on these alloys
£B4w1} the ordering behavior wag investigated in'the line
v=0.53 of the present system and a}so of the systems

Cd2x (AgIngl anzTeband Cdzx(AgEa)yMn2zTeb. Analysis of the
data for those lines indicates the 6rdering is due to the
manganese and that the manganese atoms order on the cation
sublattice to give a body centered cubic structure with
lattice parameter 2a where a is the parameter 5¥ the
original zincblende structure (84W1). Because of the
variation 1n the degree of ordering Qith composition.it
was not possible tc determine the limits of the ordered

range from the -present X—ray data. However. as will be

~

shown 1in the next section.  -energy gap values for this
alioy system are found to give a good indication of the

limits of the ordered range.

In +fig. (VII-2), cutside the chalcopyrite phase

field. the 1lines of a Vs v at constant ¢ are parallel to

each  other. while in <$ig.(VII-3Z) +%he 1linet for six

Pl

c¢ifferent x:y ratios (values of a for the line y=0 taken

form ref.(83B1)) all extrapolated at ==1 %0 a single.value
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a=0.633nm  which repre;ents the lattice parameter that MnTe
would have in this cubic phase. - -The limits of single-—-phase
solid solution can be seen Ffor several lines in
fig. (VII-3) and the approxiﬁéfed form of the single-phase
boundary is illustrated in fig-(vi1—4). Further analysis
aof the present X-ray results for the ordered alloys will
be given below.-

™

VII-2c ENERGY GAP RESULTS AND ANALYSIS

Optical absorption measurements were carried out
at room temperature on most of the single—-phase samples,
and absorption edgés were determined as_ _indicated above.
Initially, curves of ( chu)2 were blotted as a function of
the photon energy for most of the samples investigated. In
the case of CdTe the (ahv)ZVs hv curve was found %o be
linear indicating that the optical transition involved in

this sample is direct allowed. Bdt. +or the rest of the
2

alloys. it was observed that these graphs of ( ahv) Vs hv

did not give the good 1linear wvariation expected for a

material in which the energ& gap involved- is direct

allowed..

Hence curves of (chv)'Vs hv for n=2, 1.6, 1.3, 1,
273 and 1/2 were plotted for some of the alloys, and in

figs. (VII-5) to (VII-7) +the results for T on=2, 2/3 and
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1/2 for several samples of this system are éhown,
compositions being labeled  on the graphs. With reference
to these Ffigures, it wasl.found that as the parameter n
dec}eases thé experi@enfél data tend to be better
described by a linear variation. and the values n=2/3 and
1/2 giving the best linear fit to the aEsorptiDn data. As
was indicated in chapter Iv,. n=1/2 corresponds to an
indirect allowed transition at the band edge,'while n=2/3
is for a direct forbidden transition. This analysig of the-
present experimental data would seem to indicaté that one

or the other applies in the present materials.

Cﬁnsider first the possibility +that the n=1/2
results indicate ah indirect‘gap for these materials. In
previous work on photovoltagé-measurements on réctifying
Au—CuInTe2 contacts (73P1), it was suggested that since the
results correspond ‘to tﬁe (o h§ )j'/2 Vs hv Fform the
fundamental band gap is apparently indirect. However,
investigations on AgGaS, . CubGaSe, and other I-ITI-VI,
ternary compounds (74S1) léad to the conclusion that these
materigls "have a direct band gap at the I'—point of the
chalcopyrite Brillouin =zone. This can be il]{t};—.trated
simﬁly from embedding the chalcopyrite Brillogin zone into
the zoné of the an;logous zihcblegde as is illustrated in

figs. (II-4) and (II-S5). In the case of the ordered alloys,

the body center cubic Brillouin zone was embedded into‘a
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reciprocal =cone of a zincblende sample indicating that for
these alloys also the transition ‘involved 1is prabébly

direct at the [ —point.

‘Turnrng. to the case n=2;3. ‘*his would indicate
- that theftransition.is direct but forbidden. Such a result
appears feasible when the d character of the valence band
‘is *;bnsidered. As was shown in chapter VI for the I-;II—VB .
compounds and alloys, the noble metal d levels are close
in energy to the valence band ;o that hybridization occurs
P
and the valence band can have up to 354 d character. In
the ca%g cf the alloxs containing manganese a similar
effect may occur (8202). The 3d states of Mn acqufre some
dEQreg of p character and become delocalized, while the
valence bands acguire some degree of d chéracter.‘nlthough
no estimates have. as‘yet. hbeen madé of the-percentage'd
o2 character 1in the valence bands. it ié likely to be similar
to the values for the chalcopyrite compounds.

Since g—=>s reprgsents a forbidden atomic
transition., %the d character of the valence band would
Eause the —band gap transition .+to be forbidden to some
extent. However. a study of the analysis of the value of
the absorpt:ion coefficient = in £;e general case shows
that i; bath p ;nd d characﬁer are present in the valence

bancg the total » w:ll! be the sum of the p and d

e
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«
contributions. Since close to theT —point the value of o
for p character is much greater fhan that:of the d. it
appears that even. with a large fraction of d;characfer
being present, the variation ofg should nevertﬁeless'show
square law“ behaQior. On tﬁis bas?s. it appéars unlikely
that the .results repreéent a forbidden transition. One
point to be remembered i; that in the alloys band tailing
can occur and "this could result in the observed form‘of
the (ahjnngr;phs. Thus it is not possible with the preéght
results to come to a;y definite conclusion about the form
of .the absorption -edge, for that analysis wvery thin
samples would be required.
[

Hence in the present work graphs with n=2 have

-
=

been used to ‘give the energy gap values for’ ;11 of the
alloys investigated. In any ‘g;Qen case, the value of Eg
determined from the lines with n=2/3 were consistently 20
to 30 meV lower than for the n=2 line so that the qum and
variation of the present Fesults will be practically not

affected by the criterion used to obtain the enérgy.gap

data.

A}
The resulting wvariation of Eo with x, determined
as indicated above, for various constant values of z., and

B, Vs = for the several x:y ratios {(values of E, for the

.

pseudobinary edge vy=0 were taken from ref. (83B1), except
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the samples x=1, O0.3. 0.4 which were gnalvzed by cptical
¢
absorption in the present work) are shown in fig. (VII-8)

and (VII-9). It is seen +from these figures that the

variation of E, with a composition variable for the

pseudobinary edge Cd Mn Te (line y=0) is linear and

-
L - -
- -

extrapolate at ==1 ¢to a vélue of 2.8 evluhich represents

'the value -of EJ that M™MnTe would have in the zincbleﬁde

-

form, in agreement with- previous results on the
pseudoternary system Cd, Zn, Mn. Te(83Bly. However the

specimens inside thé composition triangle and outside the
chalcopyrite field, i.e. samples that aré ordered, shéu a
different +form with all the lines for different x:y ratios
aiming at a single value of 1.9 eV at ==1 which repfesents
the energy gap value that MnTe would have in the orqu;;
phase field. The chalcopyrite samples of the pseudobinary
edge ¥=O extrapo}ate to ==1 ;n a thir® point.2:;6 eV which
represents 1in this case the value of E, that MnTe would
have in the chalcopyrite phase. The limits of the ordered
range :can now be easily determined by consideri;g the
intersection .betueen the 1lines with aiming point 2.8 eV
with those 1lines with aiming point 1.9 eV. This ig
illustrated in figs. (VII-8) and EVII—?). .aﬁd the

approximate form of the ordered phase boundary so cbtained

is shown in ¥igs. (VII-4) and }VII—B).

]

With regaerd to the lattice parameter wvalues in the
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ordering phase field, an empirical equatioﬁ describing the
variation of a with composition may be developed. Since as
is seen from figs.(VII-2) and (VIi—S)._all the lines of a
Vs. a composition variable are straight‘and the lines for
‘different constant values of =z are parallel, a general
expression 'for a in the ordered phase field can be uritten

as
a=A+Bx+Cy. (VII-1)

Values of a for 29 compositions .in the ordered range were
fitted to the above equation. The resulting relaiion was

found to be:

a=0.6333+0.01416x-0.01281y (VII-2)

and ghe standard deviation of the fitted points was

¢ =0.0002nm. From equation (VII-2) 1lines of constant a

can be determined and these are shown in {ig.SVII—é)
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VII-3 THE Cd,, (AglIn).. Mn,. Te ALLDOY SYSTEM »

The range .04 composition used to investigate this
alloy system is shown in .fig.(VII;Ib), adain the
compositions were chosen in the. same way as before by
reasqn of comparison with the‘ pseudo—ternary systems
already ihvestigated. viz. Cdzx(CuInE,anzTez,

Cd, Zn. Mh_Te (83B1).

X

V-3a SAMPLE PREPARATRION AND EXPERIMENTAL MEASUREMENTS

/

.

The ' method used toc produce pclycr&stalline sa&ples
of this alloy system was the same as that described in
chapter_ II1. The samples were annealed at &00°C with
periods of twenty to thirty days of.annealing giving—good
equilibrium conditicn;. Again the Debye-Scherrer powder
X—ray technique was gsed to determine the equilibrium
condition of the alloys and to. check whether a
'sipglg—pﬁase solid solution was obtained. In the region of
‘high wvalues of the composition para@eter Y. the alleoys
were found to have a chalcopyrite structure with c/a<2.
For this region éi c/a<2, the method of internal
calibration with silicon, chapter IV, was -used to

determine accurate lattice parameter values. For the rest

of the semimagnetic alloys, a cubic structure was found
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and again the presence of some degree of ordering was
observed in the X—ra? poadef films. The Nelson—Riley
extrapolation method was used to obtain accurate lattice

parameter values for these cubic samples.

The optical absorption work iévolved in these
alloys was the same as in section VII-2a. &gain, each
specimen was polished down to a thickness between 30 and
150 um. The absorption coefficient was determined and
corrected for background effects as described in chaptér

Iv.
VII-3b X-RAY RESULTS AND ANALYSIS

In the case of thé present semimagnetic system

Cdox (AgIn) Hn2~ Téo » samples with high values aof the
¥ . .

< - <

composition parametér Ya AgInTeB » were found to have a
chalcopyrite structure with c/a<2-‘Hence values of a and ¢
were calculated for each specimen- The method of internal
ﬁalibration, with silicon as sfandard, was used to obtain
accurate lattice parameter values for these samples with
c/a<é. For the rest of +the composition diagram a cubic
structure was obtained. Figure (VII-11) shows for all
single phase samples the variation of a as a function of
y for wvarious lines of constant z. Figufe (VII-12) shows

the wvariation of a with z for five different Xty ratios.
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< As ‘'in the case of the Cdz((CuIn)yHanTez system, it is

seen that ;he 'variation of a with a compoéition variable

is linear up to the liaits'df the chalcopyrite.phase where

the vaéiation appears tec be qon—lineér- The limits of

chalcopyrite éiﬁgle_pha§e can be determined by considering

o the c/a values obtained for the chalcop?rite sﬁﬁqles. This

:is illustrated in Féés.(VII—lSa), (VII-13b) anégiVII—13c);

(VII-13a) . and (VII-13b) show the variation of c/a with =

. for the two lines x=0 and xX=x respectively.'and (VII-13c)
T~

the variation of c/a with x for the line 2=0.1. Drawing a
—

curve through these point®, the 1limits of chalcopyrite

phase are taken :at the intersection of these lines with

the horizontal 1line through an effective c/a=2 line

representing the samples of the cubic phase. These values

are then used - to draw the limits of chalcopyrite single'

phase shown in fig. (VII-14).

With regard to the pseudo-binary edge =0, viz,.
Cd2&§SAgIn)y TeQ, from y=0 to 0.74?,the ﬁlloy; were single
phé;e with zincblende struct;re. However the-y=0.75 and
0.8' “alloys were two phase, oné Zzincblende and. one
chalcopyrite, while the vy=0.9 sample was- ch&?z;p;rite
single phase. In spite of the longer annealing time given
to these two-phase samples (&0 dfys), théy showed blurred

. » :
X-ray 1lines, and were difficult to analyze. This two phase

"4ield on the :line .z=0 is indicated approximately in the
i .
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composition triangle, fig.(VII-14).

As 1n the case of the Cdzx(CuIn)v HhZ:Tez. some
dégree of- ordering was observed for samples inside the
composition diaéram, the intensit;?of the ordering lines
decreases as thé T increases. Again, the range of ordered
alloys could’ not 'be determined accurately from the X—ray
results presented here. but could be found from the

optical absorbtion measurements. This uiil be discussed in

the next section.

-
It can be seen in fig.(VII-12) that the lines for

five different x:y rat:os\\igy/ extrapolate at z=1 to0 a
single value a=0.633 nm as in the case of +he

Co.. . (Culnd)  M™Mn__ Te. system. representing the latt:ice

L pas -

parameter that MnTe would have in the ordered cubic phase.
The limits of single phase solid solution, can be
determined in the wusual way and +the values taken from

¥1g.(VII-12) are used to draw the limits of solid solution

shown in fig. (VII-14).
VII-3c ENERGY GAP RESULTS AND ANALYSIS

Energy gap wvalues were determined as described
above for most of the samples. Curves of (;hv3¢Vs e were

drawn as with the Cu alloys. In f1g9.(VII-15) to (VII-17),
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the absorbticn results +for some typical gamples 6& this
system‘ are shown, compositions being labeled on these
graphs.

Figures (VI1I-18) aéd (VII-19) show the variation
of +the fundamental energy gap of this alloy system. Fig.
(VII-18) "giving the variation of E, with x for constant =
and fig.(VII-19) the variation of E, with == for five
different x:y ratios. It is seen in these figures that
the .lines for four x:vy rgtios. viz., x=0, y=3x, x=y. and
®x=3y intersect 1n a single point l,é-ev at z=1:bwhi1e the
line y=0 extrapolates +to a value of 2.8 eV at =z=1. Also,
it is seen in fi1g.(VII-19) that the chalcopyrite valuesfo4
the 1linme x=0 aim at a value of 1.35eV at z=1. As was done
in the Cd2x(CuIn)y Mn,.Te, case, the limits of the ordeted
phase ¥ie1d- can be determined by considgring the
inte;section between the 1lines that aim at 2.8 eV with
those that‘ aim at 1.9 eV. This is shown in figs. (VII-18)
and (VII-19) and the aaproximate‘form of the ordered ph;se

boundary is shown in fiés.(VII—14) and (VII-18).

L
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VII-4 DISCUSSION

Refterring &to the behavior of the variation of EO
vse composition for both systems, it can be seen in
fig. (VII-B), (VII-9), (VII-18) ana ‘(Vii~19) that the
alloys inside the composition diagrams have a different
aiming point ¥rop that of the pseudobinary edgé C%,~Hn~TE
and the pseudoterﬁéry system Cdx Zny Mn,Te(BSBI). It is
considered unlikely that this difference of 0.9 eV between
these two values is due to the presence of the noble metal
d levels 1in. these materials. This 1i1s 1llustrated in
figs. (VII-9) énd (VII-19), where it 1is seen that the
energy difference between the values o% Eo for Cd, Mn_Te
edge and the lines for several x:y ratios increases as the
amount of Cu and/or Ag decreases. The contribution from
the Mn d states to the valence b‘jand can not be the origin

of that behavior, since the paramagnetic Mn ion is already

involved in the pseudobinary edge y=0k

ﬂ\,_\,

A\

N
It has been shown in these Cdo (Culn) Hq}iTq)and
2% Y :

- oL

qu (AgIn) Hno Tej-that the paramagnetic Mn ion orders in
2% ¥ 2z 2

»
the cation sublattice giving b.c.c symmetry with a lattice

parameter twice that +for a zinc-blende structure (84W1),
this 1is discussed Ffurther below, see f+igs. (VIII-13) and

(VIXII-14) of chapter VIII. Hence, the volume of the first

AN
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Brillouin =cone of this ordered b.c.c structure will be
four times smaller thaﬁ fhat,of the Brillouin zone cof the?
zinc-blende <f.c.c. structure. These changes. i1n structure
_and :n size of the érilloufn ~one of the Drdéked alloys as
. compai;ﬁ_5\:iif the Cdi-:”n: Te a;lnys' which have the
.:1ncb1ende structure, could affect the band-structure,
. these -chénges being the origin of this observed reduction
in the fundamental eneréy gap.

.WII-d SUMMARY AND CONCLUSION

The variation 'of the lattice parameter with
composition 15 typical of alloys of this type (83Bl)Y. The
curved form - of the pseudobinary edges =0 and ==0 as well
as tﬁe scattéring of the data for the Ag system in the
high vy region probably has its origin in deviaticn; from
the 1ideal stoichiometric. The limits of single phase solid
solution and of chalcopyrite phase were detérmined by
X-ray ¢i++racticn. These powder X-ray_ results show that in
each of the r-alloy systems investigated here, fhere is.a
phase field of ordered samples (b.c.c.). However, for both
systems, tge var:ration of the lattice parameter with
composiglon gives a smooth curve across the complete
composition range and hence the limit of the ordered field
could not ‘be determined from the‘variation of-the lattice

parameter wvalues.
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- The form of the <fundamental absorption ‘edge of
these semimagnetic alloys needé more investigation. To
carry out the analysis of the type 5% transition occurring
in ;hese alloys further, thinner samplec are required, so
that ‘higher values of the absorption coefgi:ient can be
op}ained. The probable error in Eo’ dué #o‘the lack of
th}nne? specimens, is estimated to be around SOmeV, thus
the variation of £he eneréy gaﬁ values with composition
for these alloy systems ;ili not be appreciably different

from that presented here.

The range of +the oFdered field was well shown by
the variation of the energy gép E, with.compssition- This
field occﬁrs because in.these alloys éhe paramagnetic Mn
i1on orders on the cation sublattice to give rise to a
b.c.c. strﬁcturé. It is to be noted that the ordered field
extends to near the Cd1_7hnz Te edge so that more
éxperimental work 1s regquired near this pseudobinary edge
to determine the[ exﬁct position of the Bqundéry of the
field. By Dbserv;ng the‘ lines that extrapolate to‘the
Eifferent aiming points at z=1.0, more information on this
ordered phase range for these pseudoternary semimagnetic

»

semiconductor alloys would be obtained.

The general composition diagram for the alloys

N
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involved in this work is shown in fig. (VII-20). The

dash—dotted 1line represents the phase boundaries and the

dashed line represents the ordered phase field. To

complete the work on this general composition diagram,

the triangular system CuxngyInx+ynn22Tez-and as well as

vafious sections such as the section

2(Cdng2x —(CuAgIn2 Te4 ’y —2(!‘*1:-:TE)2Z insi@e of the diagram.
need to be investigated. This work_willibe carried out as'
a joint pfogram between members of the department of

physics of U.L.A (Merida) and the research group of U.D.

(Dttawa).

.\_gﬂ . : | ij
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CHAPTER VIII

MAGNETIC PROR?RTIES IN CdZX(CUI?)VanzTEZ -

. AND Cdzx(QgIn)yMnZZTe2

o~ ’

VIII-1. INTRODUCTION

During thé past two decades there has been 3
great deal of ‘activity, both thecretical and experimental

in regard to the magnetic properties of alloy

¢ .

semiconductors in which ﬁhramagnetic atoms are introduced
into the lmgterial. Experimental studies on these
materials shoredr the alloys to have typical spin-glass
behaviour. éo that at low temperatures the spins become
lecked in aj random configuraticn. One exéerimentai

consequenge- ¥ this is the gbservation of a sharp cusp in

the low—field susceptibiljéy at a temperature Té. but no

corresponding discontinuity in +the magnetic specific

heat.

) -
’ oy
Earlier measurements (B0G1) (84D1)-\showed this
type . of behaviour for the pseudobinary'EQQe y=0. Similar
maggetic results have been found Ffor a number of SMSA
. A
alremdy investigated. Examples -0of such materials are
. . ) . ’
vaiﬂnzTe, HgFTanTe, Cd?iHnZSe, ZnFQHnZSEH _
Cdy, M, S, gIn,, “Mn, S, etc.. '~ For . the

.

@

o
%
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(II-VI%;(Hn—VI%r(I-IIIvVIz ) alloys investigated here, at
the present time, there a;e no published results on their

physical properties. .These materials are expected to ‘have

magnetic properties similar =~ to  those of  the
(II-VI)=(Mn—VI) alloys with respect to the
characteristics - of the cusp observed in the

susceptibility /data described above. Thus . it is oaf
interest to make magnetization measurements on‘ these
SMSA, so that data will be available and some insight

into the type of éxchange interaction between the Mn ions

can be obtained. a

<
}n the present chapter, low field measurements of
susceptibility » that have been tmade as a function of
tempersture in the range 4 ?n 100K are reported. Values
of -jé and § . the spim—glass transiticn tgmperature and
‘Curie—weiss constant rgépéctively, have been obtainﬁd,

and the val%s? of'Té are analyzed in terms of an equation

-proposed by Estorne et. al. (81E1).

-

ot

+8

D

N
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VIII-2 EXPERIMENTAL MEASUREMENTS AND RESULTS |

~N -
The experimental measurements of magnetic
susceptibility were - made- in the laborafory of “Low

Temperature physics™ of the department of physics. The
cryostat and experimental system used in these

measurements was designed and ‘built by Dr. BGilles

. Lamarche. In the present work, a small contribution to

this system was made by improving the method of handling

the data.
The susceptibglity x was measured with a
superconducting - gquantum interference device (SQUID)

. -

magnetometer. at a steady magnetic field in the range of 1
to 2.5 mT when the temperature was varied between 4 and

100K, The value of ° ‘the magnetifation at a given
s

temperature was measured by passing the sampie pla#ed in a

-

Y

'cylindri:al copper container several times through a pair

of oppositely wound coils and taking the -apprnpriate
average. ) </

Measurements wePﬁ made on the same polycrystalline
samples as were used in chapter VII. A well defined ‘cusp
in the susceptibility measurements as a function of the

temperature was observed for specimens having z>0.2. For

e

\

BT
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samples  with =< 0.2; '%o cusp was observed in the
temperature range 'invest;gatéd‘ here, thus no transition
temperature could fe observed for these low manganese
X .

c?mposition rsamples. In figs.(VIII-1), (VIII-2), (VIII-3),
aﬁu\ (VIII-4), typical resulté of magnetic suscaptibi}ity
of \some of the samples 1lying on the lines x=0 and y=3x
respectively for both systems are presented. From these
figures, if can be seen that the magnetic susceptibility
shows | a discontinuity at a well defined temperature T

uhi;h increasesy with increasing Mn concentration and that
at _the higher values of ; the va;iation of the magnetic
éusceptibility in a temperature range of £ 10K around the

-

peak 1is very small, being about 2%. In general, most of

the samples showed. differences bétweeﬁ the susceptibility
¥

measurements for the =zero field cooled samples (ZFC) and

those of cooled in a3 magnetic field (FC). For samples of

compositinn 220.5 these hysteresis effects were present

both above and below Té'extending up to about 2Tg‘ but for

samples with z=<0.5 the temperature hQsteresis was observed

~

only befow T, . This is illustrated in figs. (VIII-S) and

e

-
S~

(VIII-&).

- »

The wvariation .of Té with the composition variable
y for lines of constmnt z is plotted in Figs-(VIII—?i and

(V¥II—8) -for the l;d2x(CuInJ}}an22Te2 and qux 22T22

(AgIn) Mn
i 2y
systems respectively. It 1is seen that Té varies. slightly-



~-165-

h
.f
o198 — ‘
s .
\ C o17—
1 =
o]
T
&
Oli5—
\
=~
0.13: T : .
T | | | |
- O 10 20 30 40 50
8 T ) ) . : _
- Fig. VIII-S €d ,., ((.‘,t.:Iﬁ)y Mn : Te>. Variation of magnetic
. ’ ‘/‘sqsceptibilityx}'with tedperatire T for a typical sample -
) . ¥Y=0.45 2z=0.40." "The zero field' cooled and field cooled
e effects are shown. ‘ : -
/.\ " . . /
. : " ‘ . '

‘. . . - . - .
. ) . . _ . /



¢

. —166-

024

LuUnijt

_ .OS)’/
N
N

»

X (arb
o)
N
o]

% . L
0o 20 40

1 [ [

60 80 100 - 120
Fig.. VIII-6 Cd, (AgIn), Mn,, Te, .
suscetibility y with temperature

¥=0.25 2z=0.50.\‘wThe zero field
effects are shown.

Variation of magneﬁic
T for a +typical  sample
cooled and +Field cooled.



-167-

\
~
] T 1
60 ‘ 22 —
N o 0.
%\ A 03
‘\R\\\ © 0'4
\\\\\\ e 05
‘l\ \ \\\\ 0.6 1.
aoft \ '\ v 07 -
~._ v
1.0

Fig. VIII-7 cad,, (CuIn)y Mn,, Te,. Variation of the transition

temperature Tg W

h y f0r various constant values pf -

-_ -

D



-168-

I [ 1 |
. £
60 . .00.2 .
%\\ - & 03
‘\‘\\_\\\ | o 04
\\ \\\\ - e 0.5
\ N
_‘L‘\\\ \\\ . B 06 —
- 40F N v 07
K; Y v 0.25
To®Q_ || ~ N
20k v
ol s b e XU
N .. 0 -02 04 08 08 10

Fig. VIII-8 Cdox (AgIn)yMn,, Tes. Variation of the transition
temperature Tg with y for various constant values of =z.
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as’ y is wvaried at constant 'z, this va;iatiqn iﬁismall and is
almost masked bx,.experimenfal :fluctuatioﬁs in'T .prnbably

due - to annealingd conditions _and small deviation +from

stoichiometry which are present in these materials.. However

LAY

in these figgreé, it is 'seen that straight lines drawn

through . the -composition \‘Esi:tf\\ corresponding to the

. i r f
pseudo~binary lines x=0, 3Ix=vy, x=9‘and\x=3y intercept the vy

axis- at a value of z(=1-x-y) of about 0.18 0.01, hence
2 '

sugdesting this value is the nearest neighbour percolation
limit for. both of the systems. This percoclation limit can

also be observed in figs. (VIII-9) and (VIII-10) where Té is

ko

plotted against =z  for all of the specimens of each system,

the extrapolation of Té to zero giwves the value z=0.18. This

result is 1in agreement with that of Donofrio et. al . (85D1)

cbtained on 'Cd, Zny, Mn, Te, and in general with those for a
series of semimagnetic semiconductor allo of the type
referred to above, i.e. Hg CdyHnZTe, (C‘h an)(SgtyTey?,

etc., ., which at the present time are being investigated in

this laboratory. -

In’ figs. (VIII-11) and (VIII-12), the variation of,

. 7 - .
the inverse of the susceptibility 1/; is shown as a function

of .temperature for typical samples of these'systems. The
Curie Weiss cf the equation x=C/(%—e) was obtained for

the wvarious alloys by extrapolating the higher temperature

part back to zero 1/¢, hence the

.

<y
13



&

-170-

60f | ' o
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. Fig. WVII1I-% Cdzx(CUI”)y””2:T92' Variation of the transition
temperature T. . with ™ & . for various x:y ratios. The
dash-dotted 1line 1s obtained by Ffitting the data in the
range 0.25<z<0.6 with eq.(VIII-&).
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. .
intersection of this extrapolated line with the
temperature éxis gave values for g . For Soth systems, 1/y
was found to intersect the negative ~axis, i.e. 0 is
negative, indicating that the dsminant interattion is
antiferromagnetic over. all the cdmpositions measured. The
values o{.a for various y at constant T so fquna showed
larger scatter than was the case for Tg. so that any
systematic wvariation of O with y was éomplétely maséed. It
should be poted that the accuracy of these 1long
extré%olatibns in temperature is not 'top high,
'particularly since déviations from Curie-Weiss linear form
occur at temperatures well above'% ; It has been suggestéd
+hat this deviation. is due to superparamagnetic behavior
of . magnetic clusters which begin £o élign ‘aé the
temperature is lowered +from higher ‘values(84D1). To
facilitate future Cmmparissn with new experimental resulté
- and thecret:cal_developments. the observed wvalues o+_é are
listed in tables 1 and 2 together with the valueé of Tg

"for both systems.

LB ]
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Table VIII-1. Values of the transition temperature Tg

and the Curie—Weiss @ for various alloys.

Cde (Culn)y "nZz T-z

v/z : ' Tg (K) . 0 (K) -
0.80/0.20 10.50
0.75/0.25 15.60
0.70/.030 12.50
0.60/0. 40 18.50 200.00
0.50/0.50 25.00 379.00
0.60/0.20 5.05 B8.50
0.525/0.30 10.20 32.36
0.45/0.40 16.30 130.99
0.375/0.50 22.50 185.13
0.40/0.20 <4.20
0.35/0.30 10.30 113.50
0.25/0.50 24.10
. 0.20/0.60 31.30 sx%.70
0.17%/0.30 8.75 71.00
0.15/0.40 15.50 170.30
i:ﬁ\\ 0.125/0.%0 - 21.50 294.74
| 0.05/0.40 31.30

0.10/0.20 &.20 26.73

~
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TABLE V1I]-2. Values of the temperature transition Tg

and the Curie-Weiss o for various alloys.

2 2z

&

| T
Cd,, AgIn) Mn, Te,

‘y/z T, () | 0 (K)
0.75/0.25 20.00 '
0.70/0.30 28.80
0.50/0.50 20.00 347.17
0.40/0.60 27.70
0.525/0.30 7.50 82.48
0.45/0.40 15,00 114.34
0.375/0.50 _ ' 20.0%
0.30/0.&0 27.10

. 0.40/0.20 ' <4.00 .
’ o:ss/o.so 8.00 73.30
. 0.25/0.50 © 20.90 370.5
0.20/0.60 27.50
0.175/0.30 7.45 61.90
0.15/0.40 13.50
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VIII-3 DISCUSSION

The nature of the exchange interaction between
Mn-Mn ions in these SMSA is not well known. It may be seen
that the direct exchange interaction via Mn—-Mn is unlikely

becauseof the large distances involved between manganese

ions. Superexchange interaction using atomic wave

functions of anion wvalence electrons can be ruled out

- becausecf the total delocalization of the p electrons of
anion atoms which form the valence bands of these
matEfiéls. With regard to the SMSA under conéﬁderatiqn.
several descriptions of the exchange interaction via

conduction electrons have been made in t;rmsA of band

ﬁheory and corresponding one—electron Bloch function

(79B1>. On this basis, when there is a large number of
free carriers, as in the case of narrow gap
‘semiconguctors. the exchange interaction is described by
the well known oscillating RKKQ function (54R1) (79B1),
but these conditions do ”not apply here. In the case of
open gap semiconductors, which aredof direct co;cern in
this discussion, the expérimental results\\Pave been-
analyzed by using an empirical éq;atioﬁ proposed by
Escorne- ef, al. (81E1) which will be the main subject of

this discussion.

m



-178-

)'-

The values of _Té ahd tﬁe lattice parameter found -
in chapter VII can bg used to study the type of exchange
interaction between Mn ions in these SMSA. Escorne et. al.
(81E1) bhave suggested that the exchange interaction may be
written in the form,

JIR,.)Y = J exp(—aR..) (VIII-1»
i3 o ij

Also they congider that the spin system will be frozen at

temperature Tg such that J(RB)——>KBT§ where RO is the mean

distance between Mn ions. In the case of materials im™ 7

—

-

which the M™Mn 1ons are in random configuration, the mean
volume occupied by a manganese ion can be written as,

4/3 cR°/2)3= (V/nz) (VIII-2)

where V is the volume of the unit cell and n is the number

of caticns. in a unit cell. .In the case of face centred
3

cubic materials such as zincblende V/n=a /4, where a is

LY

the lattice parameter and hence
T2/37(R /2= a%/az (VIII-3)
as indicated by Escorne et. al.. thus

1 -
R = (372 %az * (VIII-4)
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In general, the mean distance R, between a'pair of
cations in a structure may be written as

= ~=1/3
Ro qa,z

(VIII-S)

‘ 3 . . .
where V/n=ae/4 and q is a geometrical factor which depends
on the confiquration of .the cations in the crystal, and a,
is the effective lattice parameter of the concerned

structure this leads +o the general relation,

-1/3
Ln Tg = - agQaz + Ln(JO/KS) (VIII-&)

/3

1 - L -
where q=(3/2m or zincblende materials.

1

_—

In the case of the present ordered alloys, at low
values of = the Mn ions occupy a cation sublattice whicé
contains six cation sites out of a tctai number of 32 in
the unit cell. This is illustrated in fig. (VIII-13) and
(VIII-14, 1in uhiFh a- perspective drawing as well as a
planar map of the b.c;c. structure in which these samples
crystgllize are shown. This structure is formed by four
sublattices; threé of these are occupied By cations,‘ﬁ. B
and C. and one is occupied by anions which are not shown,

in these figures. For low values of =, i.e. =<6/32 the

manganese ions will occupy. at random, sites on the B
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sublattice only, and for the composition z=5/32 the Mn
ions will .ideally £ill and occupy all of the positions on
the B cation szlattice. For Mn concentrations higher than
z2=6/32 the manganese ‘ions start to.'raﬁdomly occupy
positions on_ the A énd C cation sublattices’shown_in
fig.(VIII-13). This proposed arrangement of the manganese
ions is consistent with the ;ariation of the intensity of
the ordering lines with compaosition described in chapter
VII. In the case of the ardered structure at z=6/32, the
next nearest neighbour distance R, between Mn ions wi11~bel
equal a. With this information, the value of p for low
values of z may be found using egq. (VIII-D), i.e.,
' -1/3

R, =qaz = a at z=6/32

the value of g in this ordered condition is then given by
a=(6s32) /3 (VITI-7)

and the mean distance Ro forr low concentrations of
manganese (i.e. z<&6/32) is

’Ro = 6r32yt/ %78 (VIII-8)

¢
-3

The wvalues of Ln Té as a function of aiqj3a

re
plotted in fig.(VIII-15) where the values of the ordered
alloys and chalcopyrite samples for both of the systems

investigated in this work as well as an effective line
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(dash dotted line) which represents the values for the
section y=0 aﬁaa*alsof for a number of =incblende and
hexagonal materials in® which the Mn’s have random

configuration (8551) (85M1) are shown. -

It can be seen in fig.(VIII-15) that for high Mn
concentra;ion‘ the 'Qalues of Ln Tg in the ordered range
tend to coincide with those of the liﬁe given by the
section y¥0,' while that for 10@ Mn concentration the
values of Ln Tg given by the ordered alloys are slightly
higher than those of +the line representing the section

. .
y=0. These results indicate that as the Mn concentration
inqreases thel degree of ordering }n the ordered field

decreases. Hence the factor q is slowly changing and in

the region of high Mn concentration is approacﬁing more

closely the value-(3/2n)1ﬂ%iven by the section y=0.

The fact that the Ln T v az %5 a straight 1line
'

shows tﬁat the exponent 3y is independent of composition

for these random alloys. Also the line for fhe section y=0

is found to have the same slope g a large number of

similér systems su?h a;erxZnyanTe. ngZn&anTe.

Ca, Zn Mn_Se. (Cdl_xﬁnx)(égl_yTey),fetc-- This shows that a

is independent of anion composition being constant for all

of these allaoys.

b
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with- regard _to the chalcopyrite samples, due to

the limitations of the present experimental system ﬁo
‘méésurements could be made on-. samples with v?lhéé of
2<0.2. However it is seen iﬁ.f;g.(vrzr-ls) that straight
lines can be drawn through the two sets of v#lues given by

the chalcopyrite samples of each system and that within

the\ experimental error theséustraight lines are parallel

to the effective line y=0. )

In the case of the present alloys a value of'qa
can be calculated using the value .of ‘given by the section
"y=0. The resulting ;traiqﬁt line so obtained is found to
be’ consistent » with the experimental data for low
conqéntration of Mn. 'This is illustrated in/fingG;;i—IS)
by the so;id line drawn iﬁ the ribgion 0.3$z>0. For z>0:3
it is seen that the slaope of this straighé line is slowly
changing and that for higher values of z the experimentaf
poiﬁts tend to coincide with that of the random alloys for
these concentrations. Thus it abpears probable that the
value n; obtained for the random alloys applies also for

those partially ordered alloys.

Sinée as shown™above the value of ¢ is independent
of crystal structure, Mn concentration, configufation of
the Mn, configuration of- the non—-magnetic cations and

anion type, it will 'thus be independent of any other

é
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parameter which is composition dependent such as energy
gap a&d effective mass. One mechanism which has been
sugqgested to explain eq. (VIII-1) is that of
Bloembergen—Rowland -(SSBl). Houever in that case the
aﬁalysis 'wbuld indicate a shogld be a function of energy
gap %} and the effective mass. Hence this mechan{sm does
- not appear to be the one involved here.
: w
The ordinate intersection of these straight lines
in £ig.(VIII-15) can give information about the magnitude
of the barameter %} from eq.(VIiI—b). It can be seen in
»'fig.(VIII—‘J.S) " that  the extrapola:tion of the line
representing the ordergd alloys for low values of - gives
an intercept on the Ln Té axis of J of 0.22eV. The lines
corresponding to the chalcopyrite samples give intercepts
of J, of 1.7éev and 2.27eV for the Culn and AgIn systems
respectively, while the pseudobinary sectioﬁ y=0 gives a

value of 0.5eV for ST

With regard .£o the variaticn of the parameter JO,
it appears that +Ffor materials in which the configuration
of the Mn is at random the par#meter Jo may depend on the
configuration of the non—maénetic catiohsi In.the case of
the chalcopyrite samplés,a the non—magnetic cations order
on two cation sublattices as indicated in chapter I1I, and

the manganese ions are distributed at random‘on these
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. . Wy

subiattices. Tﬁis configuration of the non—-magnetic
cations could be the origin of fhe highest J, obsérved in
4these ga@ples. The high values of Té given by these
chalcopyr?¥e samples are 1in agreement with recently
experimental measuremepts made on some samples of the
lsection (Agsaﬁﬁ: HnE:Te2 for low values of =z (84L1). It is
to be noted that the saméles =0 z=0.3 and x=0 z=0.35 of-
the Culn':' system have slightly higher wvalues than those of
the ordered samples. This may indicate that in these
samples there still exist some degree of ordering of the
-non—magnetic cations which was not observed in the X-ray
powder photographs for fhese specimens, i.e. there is a

small degree of chalcopyrite ordering.

Also it is of interest to note that the lattice

parameter values of the pseudobinary section x=0 of the

062 (AgIn)yHn Te2 are higher than thaﬁ’ﬁf the
x =

2

Cd ACuIn) Mn Te
2x% Yy 2z 2

by the section x=0 for the chalcopyrite samples of the

system. However the wvalues of T given

Agln system are the highest. Hence, it appears that there

is not a simple correlation between the lattice parameter

.

and the magnitude of the exchange interaction between the

“

Mn ions for these samples.

Turning to the case of the ordered alloys, for low

concentratioﬁ of Mn the value of Jo given by these samples
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is the 1lowest as described above. For the region of high
Mn concentration the value of Jo is verylélnse to the one
given by the section y=0. This indicates that for samples
where the non—-magnetic cations are in a random P

-

configuration, the value of J° depends on the

confiquration of the Mn ions.

It is of interest to compare the effective line
giJén « by a least—squ;res fit to the section y=0,
dash~dotted 1line gn fig. (VIII-15), with that shown in
figs. (VIII-9) and (VIII-10), where the variation of T
with = was taken as linear. It is observed that in the
compamsition range of the present results it is not
Possible within the experimental error to establish which
straight line gives the best representation of the
experimental data, both fitting equally well. However, the
two forms muét diverge at low values of z, the 1n E; Vs .7;1:_1’/3
line can be extrapolated ¢to very low values of z;'below
the nearest neighbor percolation 1limit for which no
present data ‘are avaiiable. However, this relation
predicts for'the-pseudobinary section y=0 a value of Tg of
approximately SOmK for z=0.05 which is in reasonably good
agreement with the vélue reported by Novak et. al. (81N1)
for that :cncentration. Also experimental measurements

made on samples z=0.15, 0.10 and 0.05 of the pseudobinary

section Cd, _Mn_ Se (B8IN2), showed these samples to have



values of E; in the range 750 to 78 mK. Hence, this relation

could be the case for very low values- of z and fhe resulting
*

form could be as illustrated in figs. (VIII-9) and

(VIII-10). To con#irm thess values, measurements would have

to be performed below 4K and again this is not possible with

the present experimental set-—up.

The above results suggest that below the nearest
neighbor (n.n) percolation 1limit 0.18,‘other inttractionﬁ
than the n.n. interaction should be considered. Calculation
{66D1) (796G) for F.c.c. lattice have shown th;t for second
nearest neighbors the percolation concentration .limit
becomes O©0.13 while for third nearest neighbors it is 0.06.
For wvalues in the range =z>0.2 nearest neighbor exchange
interaction will dominate, the effects of next nearest
neighbors and others being much smaller. Thus the linear
extrapolation effectively represents thé effect of n.n.. For
the .composition range =<0.2, neighbors further than nearest
neighﬁors-rbecome relatively more important, thus in this
region of low Mn concentration the samples should show at
low temperatures a spin—glass behaviour in agreement with
the experimental results- of Novak et.- al. (B81IN1) (81IN2) on
sample of the pseudobinary systemslcq_zﬂnzTe, and Cq_zMnZSe.
This explains the form of the 1§ Vg 2z curve for these

concentrations in figs. (VIII-9) and (VIII-10).
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. VIiII-4 SUHHA;) AND CONCLUSION

The wvariation of Tg with a composition variable is.
typicalA of these SMSA. The value of the nearest neighbor
percolation 1limit _for the present systems is in agreement
ﬁith earlier studies (&&D1). Houever,‘contributions ffbm
next -nearest neighbors and others become important in the

A — :
region of low Mn concentration, i.e. z<0.2.

The exponentc can be-consiqered characteristic of
this type éf materials and thus it is independen£ of
composition. The slépe of the graﬁg Ln E: Vs aEI/ias +ound
to depend on the.Hd configuration in the unit cell of the

specific material.

For the random alloys, i.e. samples where the Mn
ions are distributed aJ random, the parameter Jo seems to
depend on the configuration of the‘non—maqngtic cations.
In the case of %Lhe pfesent cubic ailoys. for low values of
Zs Jo wou;d depend on the Mn configuration, and for the
highest Mn concentrations it appears that the value of Js
is véry .close to that of the pseudobinary section y=0
reflecting the disappearance .of partial order-of the Mn
for these regions of high concentration of the Mn ions,

this is in agreement with the intensities of ‘the\ordering
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lines present in the X-ray results.-However it would be of
interest to make further experimental measurements on the
section x=0 at lower temperature, and also to investigate
others S8SMSA such as Cd';’x (AgGa)y HnZZTez, Zt'an(Cluln)y l'lngz Te2
Zn2x (AgIn)y Hn2” Tez, etc so that experimental data may be

compared.
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