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ABSTRACT , .

.

The thesis gives details of part of 3 joict gezmeral program of research to determine equilibrium

. »

conditions in and to izvestigate the properties of the ::Ilgy system {Cuy—;Ag;)(Gar—pIn, ) (Ser = Te, )2

~ -

Polyerystalline samples were prepared, Debye-Scherrer x-rzy powder photographs were used to investigate

-

the equilibrium conditions and miseibility gaps were determined. Values of lattice parameters & and ¢

were determined for all samples showing single phase condition and for each of the sbove sections, the
’ F
-

vasiations of a 2&d ¢ with ecompesition were Stted to appropriate power secies and contours of co:@t-
- '

a and constant ¢ were detegmined.
The theory of the consexvztion of tetrabedral bonds (CTB) {8411} was used to prediet the lattice

parameter a and the tetragozal deformation g (=¢/2a) aad thea to compare these with the experimental

values. The observed values of tetrazozal distortion r {=2-¢/a) were 2lso fitted to the parabolic equation
) ~
ia the rlcctrodegati{";ry values defzed in terms of the hybridized atomic orbital (HAO) radii of the

clemezntal atoms using the nonempirical deasity functional orbital redi o!. Zuager [SO;'II}

Optical eacrzy gap values (Z,) were determined for the alloys of the Cu- and In-sectiozns by eptical *
absor;ﬁt‘ion measurements. Photoacougic (PA) measurements also were used to give zpproximate values
of carryy pap of powdesed samiples. £, were Stted to appropriate pewer series and coziouss of constans
E, determized.

A mode! was developed for I-IT-VI; chalcopyrite materials by adding the efects of p—d kybridization

and the crystal £cld to the Kaae model. Two important parameters are the enereqy separation E between
and d levels 2nd the izteraction matrix elemezs, M, botween these lovels. It was showz thas three

previous models are specinl cases of the present model. The model was used to analyze the available

-



v

band-gap data on some 13 I-III-\'I; compouzds. It was Jognd that the dimcnsiﬁnl’ca parameters Af/E and
Aé, /E, where AE; is the band gzp ano.maly. show a smooth variation wi:l:; the appropriate fractional 'd-
characser of the x-alcn;??g;l_ aad appear to be characteristic of the structure. Valnes of the deformation
pot.cntialsr b, and by of p— 2nd d'—bands, respectively, averaged over all the compou;;,d: were dc_terminéd

and found to be b, = (~0.83£0.2) eV and by = (-39 = 1.5) eV.

These values of b, and by were used iz the anclysis of the data for the temperature variation of

, .
the valence-bands splittings of the CaGa(S;_-Se;); system and of some chalcopyrite compounds. These
data were explained in terms of temperatire depeadence of the p — d bybridization eSect and of the

crystal-feld interaction, the latter being due to the temperature vasiation of the tetragonal distortion.

»

The results obtained were consistent with those fom x-rzy measnrements of tetragonal distortion as a

function of temperature. The variation of Mf/E and fractional d character with both temperature and
' Vo

¢ composition were considered in some detail,

o~
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STATEMENT OF ORIGINALITY S

-

v

The author is responsible for the following work which, to the best of the anthor's knowledge, has .

pot previously been carried out :

1) Measurements of lattice parameters a and ¢ for the copper section (x=0).

2) Analysis of lattice parameter data of the Cu-section from 1} and the data of the o;hc: sections
dc;cmﬁned by J.E. Avon [84Al] in terms of power series containing 9 parameters.

2) ,Cnn:ou:'; of constant a and c for the alloys of the faces dctcr;mined from 2)

4) Geaeral cxpression of a and ¢ in terms of power series containing 26 parameters for the gener#l alloy
system.

5} Predicting the values of the lattice parameter a and the tetragonal deformation g for all of the alloys
asizg ‘the CTB theory (84711

v

61 lCor:clatin:_the vheerved values of tetragonal distortion r for all of the alloys with the differences in
bond rlectronepntivities (A Xcy ) using the method proposed by .Shauk:;t and Hussian }SSSIKI.

7) COptical ahsorption measurements made on the alloys of the Cu-section.

8) Anaiysis of the energy gaps values £, in terms of power series containing O parameters for the ailoys
of the Cu-section from 7) and of the In-section from Ref [84Al].

9) Coatours of constaats £, for the alloys of the Cu-section and In-section.

10) Photoacoustic measurements made on some of the alloys of the faces.

11} Developing the theoretical model of the effects of p~d kybridization on the uppermost valence bands

3
of the I-I-V1, chalcopyrite semicoadactors and applying the modelto the available data of some

13 chalcopyrite compounds.



-

Vil

12) Analysis of the data of the temperature dependence of the valence-band splittings for the system _
CuGa(S;-:Se.)q, obtained by M. Quintero [85Q1], and the compound for AgGaSe; and AgGaTe,

from Ref. [7551] and CuGaSnSe, from Ref. [32L1].

‘_,T .
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Chapter 1

Introduction

1.1 General Introduction

The I-III—#I: and O-IV-V, compounds are ternary semiconductors which normally erystallize in
a chalcopyrite (CH) structare. It is a superla:tice' of the cubic zincblende {ZB) structure. Th‘e CH
structure may be obtained from the ZB structure by ordering ic two cations on the cation sublattice.
Asa rcsu.lt. the symmetry of the structure is lowered and ,it is no longer cubic but tetragonal with the
Iattice parameters mtio' c/a equal to, or for most cases. slightly less than 2. Thus the I-OI-VI, and
H-I\'-\'-.: compounds are ternary analogs of the well-understood ZB O-VI and M-V binary compounds.
respectively.

The work-on ternary CH compounds was earlier directed towards the production of thermoelectric
devices, Presently, these compounds are of technological interest because they show promise for appli-
cation in the areas of Iig.h: emit:ing'diodcs. optical detectors, photovoltaic solar cell, etc. Because of the
noncubic crystal ';;tructurt‘. these compound are optically birefringent, and therefore thvey are applicable
for noalinear npfical devices.

Siace the CH compouznd is the simplest ternary analog of the ZB binary .co;npound. their encrgy -

hand structures are similar but that of the terpary compound differs from that of the binary compound

in several nontrivial ways becanse of the noncubic structure of the former. The uppermost valence bands
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are split a.nd forbidden electronic tramsitions become allowed, etc. The method of folding the energy
band of the binary analog into a zome center in order to allow for the reduced size of the Brillouin z0ne
Las %roved successful in identifying the main features of the encrg?‘ba.nd of the tcn.na.r}' CH compournd.
In addition however, whereas the uppermost salexce bands of most ZB compounds are composed of -
and p- orhitals only. the noble-metal d levels in the I-OI-V1; compounds hybridize with these s- and p-

orbitals, and lead to several anomalous effects in the energy band structure.

]

It is found that the 36 known ternary compounds exkibit diverse physical and chemical properties.
Tlese have been discussed in a sumber of review articles [7552, T9P1, 81M1] a~nd conference proceedings
[75C1, T7HL, SQCI. 82C1, 84Cl1|. The compounds offer a wide range of tﬁg energy gap values throughout
the infrared and visible spectrum . However in device application, e.g.. hetcrojunctién photovoltaic solar
cell [T4W 1. 80T1| spr;ciﬁc coergy gap values are required with a good lattice and crystallographic match
between any epilayer and 2 substrate. These arc often nzobtainable from the co;;lpounds. In the case
of work with II-V compounds, a similar problem was overcome by producing alloy systems such as

{flny-:Ga:){P1_gAs,) [e.g.. [TAML], [TGCL], [TSN1]}, i.e., alloy systems in which there is more than onme

conr:position variable.

The problem of achieving a lattice para:n;:tcr match at the same time as allowing a tailoring of the
band gap to a required \nlu? in;iicatcs the need for studics of alloy systems of these tcn{n’_\ cormpounds *
involving at least two composition variables. Previously information regarding the phase relationship
in several mixed I-m-\'lz with one composition variable had been reported by Robbins et al {TSR1,
TSR'.Z]‘. Single phase solid solution was found throughout the composition range in the Cuy_ Ar.InS,

and Cu;-:Ag.InSe; systems and in the AB(S;_.Se; ). systems, where A=Cu or Ag, and B=Al, Ga or
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In. Howcvcr,\agly limited solid solubility was found for the Cu,_;Ag.BC; systems, where B=Al or Ga.
and C=S or Se, with miscibility gaps occuring at interior compositions. Yamamoto and Miyaachi {72Y]]

also showed that single phase solid solution exists in the CuGa;—yin, S, systers. Until recently very

_little work has been carried out on alloys with two composition variables {or these compounds. Chapman °

.

et al [TOC1] bave stndied in some detail the crystallographic properties and energy gap values of the

-

(Cuy-:Ag:)Ia(S,~;Se; )2 alloys. Investigations in this areca were made as an initial part of the present

~

program for (Cu,_;Ag:){Ga;-,In, ) Te; alloys [8LA1[ and just recedtly by Quintero and Woolley [84Q1]

-

for Culn(S:Se,Te.): alloys, where z +y+:z=1.

1.2 System Investigated in this Program ‘ f

s

The work described here is ﬁart a group program axnd it is necessary at times to describe the results

.

of nther members of the group to give a proper picture of the work. At each point in the thesis where
. -

t 4 ’ ' .

this is done, reference will be made to the other workers,

“

.

The geaeral alloy system (Cuy_:Ag;)(Gay—yln,)(Sey—-Te. )s was studied in collaboration with Julie
E. Avon at the University of Ottawa._ Polyerystalline alloys were used to 1ovestigated the range of solid
soluting and to determine lattice parameter values for the alloys. Room temperature energy gap value
[L;) for all single phase samples of the Cnssectian {x=0) and of the In-section (y=1) were measured
using the optical absorption and photoacoustic methods. The author obtained the experimental data for
the alloys of the Cu-section (x=0), the photoacoustic energy gaps for the allovs of the faces, and carried |

out all of the frting analysis to the lattice parameter and energy gap data.

A more detziled fnvestization of the valence band structure of the pseudobinary section
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CuGa(S,-:Se.)2 gd of other CH compounds by members of the Ottawa research group and other
workers showed that a theoretical study of the efects of p-d bybridization oz‘: the uppermost valence

bands of I-II-VI; compounds was zeeded. A model was proposed and developed and was used by the

author to :;.nalyse the available data for some 13 ternary CH compounds.

The work on the allovs of the system CuGaiS,_;Se;)g was carried out in collaboration with Mizuel
éuinrrrn. Single erystals nf‘thcsc alloys were grown by Miguel Quintero and Jesus Gonzales. Measure-
ments of the three energy gaps (E4.Eg.E¢) :m-a. function of alloy composition and temperature were
performed by Miguel Qu'ulltcro. 'I'he‘ ana]ys‘is of the.se data using tl;e p-d bybridization mode! was then

made by the author.

This thesis can be divided into two parts : (1) experimental part, (2) theoretical development and

analysis. An iatroduction with review of relevant work, a description of the present work and a summary

/—/ are given in ecach chapter.

’

_
\
)

The frst part is dealt with is Chapter 2 and 3 which present the preparation of the samples,

/

determination of their lattics parameters, and measurements of their energy gaps. Contours of constant

Iattice parameter and energygap are also given. Chapter 4 and 5 form the second part of the thesis. The

model giving the cfects of p-d bybridization on the valence bands of I.0I-V1, compounds is proposed
and developed and is then nsed to analyse the available data for some 13 compounds in Chapter 4. The
aazlysis of the three transition energies between the valence bands and conduction band as a function of

temperature and composition for the CuGa(S,_-Se: )2 alloy system is made in the last chapter,

The model gives a clear picture of bow the p-d hybridization affects the uppermost valence bands

-

of 1-II-V1. eompounds. It has two important parameters, the energy separation E between the p- and



S

d- levels and the interaction M between these levels. The analysis also enabies the mean valnes of the
deformation potentalls b, and by of the p- aad d- bands, i'apectively. to be determined over the range
of the compounds considered. The values of b, and b, so obtained are very useful and are needed in the

-

analysis of the variation of energy gap with both composition and temperature for CuGa(S,_.Se.)s.
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Chapter 2

Sample Preparation and Crystallograi)hic Work ' .

2.1 Overview

In this chapter, the crystallographic properties of alloys of the systeml .
(Cu,_,Ag,)(Ga;_yln,,)(Se,_:Te_..); are discussed. The CH structure will be described and compared
with the isoelectronic ZB strueture, in terms of the CH crystal structure parameters, i.e., lattice param-
eters a and ¢, tetragozal distortion r = ‘.’_—c/a or tetragonal deformation 7 =-e/2a. and anion position
parameter u. The study of these parameters also will be bricfly reviewed in the next scction.

™ Tbe melt and annecal :L-}\Qiquqs which were used to prepare the alloy samples will be presented in
Section 2.3. The Debye « Scherrer x’ray powder method was used to determine the equilibsium condition
of the alloys and pr;vidod X-ray photng.-nphs. allowing the lattice parameter a and ¢ 10 be determived in
Section 2.4. In Seetion 2.5 results and analysis will be given and contours of constant a and ¢ obtained
from the power series r‘qua[inu:% in Section 2.6. A groeral serics cxp;cssion for a and ¢ will be discussed
in Section 2.0,

Tle last two sections will consider the predictions of & and n using the conservation of :c:rahcd.'a.i
bonds (CTD) theory proposed by Juffe and Zunger [84 J1] aad _:hc ‘corrclation between r and the difference

iz eletrenegativiry hetween the 4 = € and B — € boznds ia a CH crvstal [AX e~y ). The latter is similar

to that of the ternary compound study proposed by Shaukat and Hussain [8551].°

/)
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2.2 Crystal Structure of 4! B ¢} Chalcopyrite Semiconductors
The I-II-V1; ternary compohnds are tetrahedrally coordinated semiconductors which erystallize in
the naiaxial CH structure. They are the simplest structural analogs of I-V1 ZB compound. Therefore
the crystal structure of these two types of materials.can be expected to be very similar.

The ZB strueture, which has the space group symmetry T7 {or Fi3m) containing 24 symmetry

operations, consists of two interpenetrating {ace centered cubic lattices. The two sublattices are displaced

-

by one quarter of a body diagozal and each consists entirely of one type of atom and these may be
cotsidered as a cation a.nda.n anion sublattice. Hence, each atom i3 :e?mhcdra.ll}' surrounded by four
atoms of the other type {see Fig. 2.1(a)).

In each I-OI-VI, compound..:he anion sublattice i3 occupied by the VI-atoms, =¥k the cation
sublattice is shared by the I- and [l-atoms. If the I- and OI-atoms are randomly distributed,in the
sublattice, the stn:('hu'c of the compound remains ZB. However, if they are ordered as shown in Fig.
2.1{L). the structure of the compound is CH. It shows the space grou;.) symmetry Dz (or I42d) containing
$ symmetry nperatiops. The symmetry is decreased from T to D3, D13 gcing a subgroup of T7.

9

Hence each eation I and I in the I-II-V1; compound kas four VI apions as nearest neighbours, and

3
~

cach apion has two I and two II cations as pearest zeighbours. It is also appareat [7552] that although the
atomic site positions are virtually the same a:%'or the ID structure, there are three additional noncubic
aspects of CH straeture, Le.,
1) a doubling of the unit cell in the z-dirrctioz.: resulting from an ordve'ring of the two cations (a cationic
a.c.;;'mmvtr}').

2) a compression of the crysta] lartice alopg the z-axis which is indicated by a tetragonal distortion



Fig. 2.1 Crystal structure of {a} zinchlende and {b) ehaleaparite lattices [s431].

»w

AglnTe

z
CuGaTe, T - CuinTe,
l .
l
AgGaTe, i
|
l
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id CulnSe,

/7

AgGasSe AginSe,

X

Fig. 2.2 The representation cube for the (Cu,_;. g:1{Gay-yIn,){Se; .. Te. )y system.



r = 2 — cfa oratetragunal deformation n = ¢/2a (a tetragonal compression},

2) distortion of the anion sites away from the cubic (1, %, §) to the tetragonal (u, }, }) pesition

4

and symmetrically related positions (an anionic displacement) which is caused by the unequal bond
Inngth?'_\-l and Ryp—v; between I & VI and OT & VT ions, respectively.

These nearest-neighour anioc-cation bond lengths are related to the other parameters by [S471]

271 . '
Ri_vi = [u’ + (—ITG—’,)-] a (2=-1)

and

e,

1
Rpp-vi = [(u—;)’ + 1

The tetragonal distortion parameters seem to have been the interesting subj;c_t over the past ten
yrars for CH compounds. There have been many ;L:temps to relate the observed tetragonal distortion to
parameters characteristic of the constituent elements or bonds, such as covalent radii and electronegativity
\':;!uca: The tetragenal distortions bave also been analysed in terms of the interactions present in the
cry-aml‘ Iaztice,

Phillips [74P1] has shown that the tetragonal di,:.tortion of I-IV-V, comﬁounds is determined by .
charge redistribution and it can be linearly expressed 'u‘1 terms of the ckctroncgmivities- X, Xpv, and

X\' as
r = 000X + 0.25X;v + 0.15Xy + 001 . (2—3)
This equation gives good qualitative agreement between the observed values of - £0.05, but for larger

~
values of 7 it nopder-estimates the ohserved distortions.

Noolandi [T4N1] developed the valezee-foree-Eeld model for the tetragonal distortion of both
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I-01-VI; and O-IV-V; compounds {ABC;). It has been found that for a given A atom, the.tetragonal

distortion obeys the relation '
Ve

T x (X, Xs)?. . (2-4)

rather accurately [75W1]. To produce a good fit to observed values of tetragonal distortion Noolandi's

formula is expressed as

r =a RIRZ (X4 - Xg)° . (2-5)
. :

whrre R4 and Re are tc:rahc:dra.l radii. The different values of J and ¥ obtained for the I-III-\..'IQ and
O-IV-V, families suggested that this part of the formula may not be meaningful.

Chelikowsky and Phiilips [78C1] later dextloPed the correlation betwe;n the observed values of - and
a suitable function of the bond orbital radii of the conpstituent atoms. The orbital radii were dc&nca. as
the crossing point of the Pauli-force model potential by St. John and Bloch [74S1]. A good £t could be
established for all of the I-IV-V; compounds (except Cd Sn Py .a.nd Cd Sa Asy) but vat for the I-IT-V1,
componnds, | -

~

A similar approach was nade by Shaukat and Singh [7851] in the ¢ase of I-II-V1; compounds. They,

however, bad to define a different set of orbital radii using the same model poten:ial- as developed byp ,

*Simon apd Blach [73S1]. They separately expressed r for Ca- compounds and Ag- compounds as parabolic
fuaction of the differece in bond electronegativities (AXcey ) defned through these bond orbital radii.
Jaffe and Zunger [8411], bowever, suggested that these correlations, both for I-II-VI; and H-IV-V,

compouads, can be improved using instead nonempirical density functional orbital radii [SOZ1]. ‘Thc}-

were defined as the crossing points of the ground-state screened atomic pseudopotentials, ie., 1t (r}=0. *

etf

Recently, using the same method as Shaukat and Singh [78S1| and the deasity functional orbital

—

-
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radii, Shaukat and Hussian [S551] showed that the observed values of » could be well expressed iz a
parabolic funr:'tion of AXey scpa.ra.:c-i'}' for Cu- compounds, Ag- compounads and II-IV-V, compourds.
H(‘fu’m‘cr. there bas been much less study of the anion position parameters u and the [attice parameter

a. The first investigation of the anion parameter was made by .-\bmham; aad Berstein [TLAL]. They
discovered fr;)m X-ray analysis that despite the nonzero value of g for the O-1v.v, cbmpounds.. the C

atoms form a nearly tetrabedron around each B atom in these chalcopyrites. Under this condition,u and

n are related by

- Jlar-alh (2-6)

e
I
(TR

They then used the experimental values of 7 to predict u. It was fouad that the equation gave good
agreement for the O-IV-V,; compounds, except for cases of II-Sn-V,, but not for most of the [-O-V1,
compoauds [73 Al]. The relation was improved by fitting the deviation from the experimental values to
. 5

a linear combination of cletrozegativities of the constituent atoms similar to those of Eq.{2-2). The Stted
nunietical coefiicients obtained were different for the [-11-VI; and for the O-IV-V, compounds [T3AL,
T4l

De Gil [82D1] dezived an intertelation between all of the structural parameters of the ABC; semi-
conductors with CH strnctnre, On the basis of this. the existence of the CH structure was predicted and
the limits of existence related to the values of Rpe [ Rac and c¢/a.

Bbar and Samazta [S2B1] analyzed the temperature variation of the tetragonal distortion » which
had bern propased by Weaire ‘and Noolandi ]75“’1[ and by Brihl et al {S0B1]. They sugpested the

relation

dr
dT

A0, 2-1)
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where A is a constant. They also showed that the temperature coefficients of the two noncubic parameters

r.and u of the CH compounds were lineasly related. :

More teeeatly, Jafe and Zanger {8471} applied the ideas of the semiclassical model of conservation of
, - R
tetrahedral bonds (CTB) [20B1] to derive the equations for determining the values of lattice parameter

a, tetragonal dcfurma‘tion n and anion position parameter u in termary .4.‘B‘C2 CH semiconductors. These
paramcters ean be predicted solely from elemental tetrabedral radii without the use of the data from the
ternarics by assweming that the cation-anjon distance.R..,‘ is equal to'the sum of elemental radii v, + r,.
Thus the structural parameters a, 7 and u will freely adjust their values so as to minimize simul::\neou:;ly
for each of the 4 — C and B —C bonds, the difference between the actual anion-cation bond leagth (Rac

-

or Rpc) and the sum of the e!ele-cn:a.l radii ([ra + rc ot rg + e, i.e.,

I
o

Rac{a.nu) - (ra'+ rc)
{2-8)

Rpc{a.n.u) - (rg + rc) 0

Using Equ.’('.!-l) and ('.‘-2)‘fnr Rc and Rpe and Eq.(2-G) for u, the solutions of Eq.(2-8) will provide .-
expressions for a.9, acd u in terms of the elemental radit £, rp and o only. The resulting correlating
_hetween the observed and calenlated values of a and u is very good. However, the expressior for g
is not well suited for predicting experimental values, which are probably determined by longer-range
electrnstatic forees. The correlation Letween the observed and calenlated vﬁues for n would be improved
by using the efective clectronegativity seales of Shankat and Hussiaa [8551] discussed above,

The CTD theory has also been used by Jafe and Zuager [83J1] in an attempt to corrclate the
caleulated and experimeatal values of the lartice parnmeters a of the CuIn(S,_;Sc;)? alloys [79C1) and

by Chatraphorn et al {S5CI] to compare the theoretical prediction with the observed values 2,7 and u
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of the AgGr(Se;_:Te;}s alloys. In these applications the effective radii of the anions were taken as the
weighted mean of the elemental values, It was found that in the former case the variation in a4 (2} was
within < 0.1% of the observed variation. For the latter case, the values predicted for 2 and u using the

Phillips radil were in good agreement with the observed valunes bat for  the correlation was not as good

as those for a and u,

, . -

The same method will be applied to the alloy system (Cu;_;Ag:)(Gay—yIn, }(Se;. Te.)n in Section

2.7. Thbe method proposed by Binima et al will be also msed to correlate the observed values of = with

the differences in bond clectronegativities (AXoy) in Section 2.8,
2.3 Sample Preparation

All of the allovs used were prepared from the elemenss by the standard melt and anpeal technique.
Appropriate amounts of the elements were wcightﬂ‘:’; out and sealed in an evacuated quartz ampoule at a
p';r:ssurr- of approximate 107° torr. All the elements used were at least 99.99% pure. The composeats of
cach l-gram sample were slowly heated {30 — 50° ¢ per kour) up to 1100 ®¢ acd left at that temperature
for 4-6 bours, They were then slowly cooled (10 — 20°¢ per bour) down to approxdimately 600 — 800%c
and aszealed at these temperatures. The choice of anzealing temperature was gni.dcd by the melting
print values of teruary eomponads [7552), X-ray powder photographs weze used to determine whether
cquilibriumn bad been obtained and to indicate the equilibriam condition of the nlloys, the criterion -
br'ingArcsolution of the Aa;.Aay doublet. If the x-ray difraction patterss revealed the presence of

nonequilibrinm state, the samples were annealed further. It was found that for most 2llews, annealing

timies of 2-3 mogths were necessary for reasozable equilibrium conditions to be obtained.
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2.4 X-ray Diffraction Determination of Lattice Parameters

Whes the samples were in equilibrium, 3 final powder photograpk was takez using the Debye-Scherrer

method. The 114.6 mm diameter cameras were used with Cu — Ko radiation. Each specimen to be

measured was ground into fine powder and applied oz a g‘las fibre sample holder using, as an adhesive, a
grease known to give little absorption. The 'intemal calibration method for corttc_ting the efect of k-m}';_
absorption was used by intimately mixing with the sample a 8ze powder <.>f silicon for which the lattice
paramcter is accurately knowa. After the exposare, the position of the difiracted lizes on the Slm were
measured usi:.ng a travelling microscope which has an accuracy of 0.01 mm and the corresponding Bragy
angles, 6. were dc:e;mincd. They were corrected using the values of Asin? § from the graph plotted
between the values of Asin®0s, against the measured values of sin®0s,, Asin?s, being the diference

between the calculated and measnred values of sin®8g, of the silicon lines.

.
.

The Bragg azgles of the diffiracted lines of the samples having been corrected. the Miller indices
iovolved for each line had to be determined . The indexing of the lines was clear for low argle reflections.
The data of these lines only were used o determined Instice paramesers a and ¢ by a least squares fttiag

to the Bragy equaticar for CH structure,

., AT [RT4ET 12
sin 0 = — ( — + —C_{—’) . {(2-9)
. 4 a® c*

wliere A Deing the xernys wavelength, A, k and Iy Miller indices. The values of 2 and e determined
in this mazner were thea used to establish the indices of the bigher angle of reflecticas which are more
sensitive to the values of & and e. Once all diffraction lines were indexed, 2 and ¢ in Eq.(2-9) were

recaleulated using all of the difraction lines.

This agalysis of the x-ray photographs was approacked by directly relating the CH strueture of the
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alloys to the well understood, cubic ZB structure. As can be seen from Figs. 2.1(a) and 2.1(b), the same
:z:r;mic sites are occupied in both structures, but due to ordering of the cations along the z-axis, the

lattice parameter e is doubled in the CH case, This in turn doubles the Miller index Izg and the Bragg

equation is no longer given by —

2 (21820)

sin?d = 2
4 a

(2 - 10)

as in the ZB case, but by Eq.(2-9) for the tetragonal lattice. In addition, it is known from the structure
factor equation for the ZB case that only reflections satisfying the conditicns A+ k +lz5 = 4n,4n + 2,

-

2n+1,n being integers. will occur. These conditions give strong lines for ¥V = A2 + 42 +I§B =2,8,11.16,

19,24.ctc and weak lines for .V = 4 12 20.etc. Thus. ;hese reflections will also occur in the CH case,
with Icyy = 2lzp. Possible éombigations of the values of i, k,I are listed in Table 2.1 for the ZB and
CH structures. Counsider now, for example, reflections for which N=8. If c=2a, the CH 220 aad 204
difraction lines will occur at exactly the same angle, 6. However, if there is comprcssion- of the lattice,
i.e. ¢ < 2a, :hr’- 220 and 204 lines will split skowing two diffraction lines rather than ouly ome as in the
case ¢ = 2a.

It would be possihle with care to determine the position of the center of a difracted line to 0.1

mm (aceuracy of a travellizg microscopdng 0.01mm). This cortesponds to an angular accuraey of 0.1°

or a Izactional change in d-spacizg of 0.0602 ad Bragy angle 8 = 85°. Tkhe good resclution obtained in
L)

the high-angle region of a pewder photograph enables very acenrate values of lattice parameters to be

vbtaized. When the alloy sample reached a condition very close to equilibrium the difitacted limes on

the film were so clear and sharp that the Koy Ka= doublet could be easily seen. The observed distances

between the Lines of the doublet, which has the diference in wavelengzth of about 0.0038 4°. are



Table 2.1 Possiblé combination o?(,k,l for zinc blende and chalcopyrite structures.
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approximately 1 mm at § =~ 70°. Preliminary photographs indicated that annealing time of 2-3 months
) F
were necessary for reasonable equilibrium conditions-to be obtained. In. some cases, however, anpealing
\ -

time of up to 5 months were required before equilibrium condition were attained.

-

-d

2.5 Results and Discussion

The alloy system (Cuy.:Ag, ) (Gai—yIn,)(Sey—:Te. )z can be conveniently represented by a represen-

tation cube as shown in Fig.f2.2 {see page 8] fi/tb‘)a ternary compound at each corner of the representation

N

cube. The crystallographic properties of the alloys:of the {Cu 1-:A8:}(Gai_yIn, ) Tey section or z=1 face,

were studied previously and the contours of coastant lattice parameter a and ¢ as a function of composi-
tion obtained [SLAL]. The five other faces of the cube represent convenient sections for investigation and

these can be labelled the copper face (x=0), the indium face {y=1), etc. This work was a group project

and the anthor Lad the resporsibility for the experimental data for the Cu face. The other experimental
resalts quoted bere was obtained by other members of the grogsp, e.g., Julie Avon, etc. However, the

majority of the analysis of the data was carried out by the author. Samples were prepared with values

of x.y and z of 0, 0.25,0.50, 0.75 and 1.0 giving a total of 125 diferent alloy ¢compositions W

these being on the surface of the. cube. In all cases, chaleopyrite structure was obtained and lattice

L
)

parameters determined. The values 6f 2 and ¢ for each composition are summarized iz Table 22. 256

\ -

Lach composition is conveniently identified by a six-digit number, the frst two digits represent X, the -

aext two ¥, aad the last two z. as an atomic percentage. For the case of 10057, the digit 10 are used since
' :
£o compusition involvieg 10% was investigated in the present work.

)
7

In order to present the data graphically, various section of the cube need to be considered and it is
p gap ¥ .

N

i Ny



Table 2.2;11;-,.&33)(Ga;_ylny)(Sel_:Te:]g Lattice parameter values for alloys with z = 0.

Sample a(zm)} | c(am)
| 000000 | 0.5619 | 1.1026
| 000025 | 05715 | 11232
000050 | 0.5813 .| 1.1483
000075 | 0.5923 | 1.1709
000010 | 0.6025 | 1.1935
002500 | 0.5057 | 11181 !
002525 | 0.5759 | 1.1395
002550 | 0.5862 | L.1626 |
002575 | 0.5957 | 1.1842
002510 | 0.6058 | 1.2068 |
005000 | 0.5697 | 1.1354 !
005025 | 0.5790 | 1.1595
005050 | 0.5000 | 1.1806
005075 | 0.5999 | 1.1584
—— 005010 | 0.6098 | 1.2196-
007500 | 0.5741 | 1.1483
_ | 007525 | 0.5841 | 1.1680
007550 | 0.5947 | 1.1893
_ 007575 | 0.6052 | 1.2110
| 007510 | 0.6147 ' 12295
- 001000 % 0.5794 | 11572
: 001025 | 0.5886 | 1.1767
001050 | 0.5964 | 1.1936
N 001075 | 0.6095 | 1.2186
| 001010 | 0.6201 & 1.2379
i |
.
NG

18
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Table 2.3 (Cuo;_Ag:)(Gay~yIny }(Se - Te )3 Lattice parameter values and maltipbase samples {m) for alloys
with 2 = 0.25 lying on the face of the representaiton cube. ' ;

Sample a(am) c{nm)
250000 | 0.5695 | 1.1039
250025 | 0.577 1.1218
250050 | 0.5865 | 1.1470
250075 | 0.5955 | 1.1705
250010 | 0.081 | 1.1977
252500  0.5719 | 1.1187
252510 | 0.6119 | 1.2078
255000 m m
255010° | 0.6169 | 1.2252
257500 m m
257510 | 0.6196 | 1.2392
| 1251000 | 0.5844 | 11690
| 251025 1 0.5018 | 1.1848
| 251050 | 0.6040 . 1.2082
, 251075 | 0.6145 | 1.2202
251010 0.6241 1.2468
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Table 2.4 (Cu;_,.-\g;)(GalT.,.In,,)(Sc,_,Te,)g Lattice parameter valaes and mu!tip.ha.sc samples {m) for alloys

with £ = 0.50 lying on the face of the representation cube.

—

i Sample a{am) | - ¢(om)
| | |
i 300000 m m
| 500025 m m |
| 500050 | m m |
| 500075 | 0.5955 | L1667 |
| 500010 i 0.6143 | 1.1996
| 502500 | m m
. 502510 .. 0.6177 | 12129
. 505000 m m
| 505010 | 0.6223- ; 12309 |
I S075Q0 . m m
) | 507510 | 0.6268 | 1.2440 |
. 501000 : 0.5919 | 1.1740 |
| 501025 : 0.6025 | 11935 |
! 501050 - 0.6087 | 1.2143 |
© 501075 © 0.6202  1.2402 °
. 501010 © 0.6309 | L257C |
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Table 2.5 {Cu;—:Ag-}{Gaj—yIn, }{Sey_.Te: )2 Lattice parameter values and multiphase samples {m) for alloy's
with z =0.75 lying on the face of the representation cube. -

— -

Szunpic ‘a(nm) c{om)

750000 | 0.5880 | 1.6970 .
750025 m m : !
| 750050 | 0.6021 | 1.1470 ° '
750075 | 0.6127 | 1.17%6
750010 | 0.6218 | 11995 |
| 752500 | 0.5002 | L1143 |

752510 0.6265 | 1.2160 |
§ 755000 | 0.5035 | 1.1356 1
"1 755010 | -0.6206 | 1.2336 ‘

|

|

|

| 757500 | 0.5973 | 1.1545

i 757510 | 0.6335 | 1.2497

751000 | 0.6000 | 1.1745

751025 | 0.6100 | 1.1961]

751050 | 0.6152 | 1.2124 |

. 751075 | 0.6250 | 1.2392
.| 751010 | 0.6369 i L2641
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Table 2.6 (Cuy_;Ag;){Gar—yIn, )(Se;—:Te:}; Lattice parameter mlue;gl multiphase sampla' {m) for alloys

with z = 1.0
Sample a{nm) c(zam)
100000 | 0.5971 | 1.0952
100025 | 0.6054 | 1.1083
100050 | 0.6135 | 1.1400
100075 | 0.6221 | 1.1GSS
) L2 | 100010 | 0.6325 L10aL
. 102500 | 0.6017 | L1061 !
]‘ 102525 m | T m i
¢ 102550 m | m |
- | 102575 | 06201 ‘I\_Hs’m |
| 102510 | 0.6349 | 12157 |
| 105000 | 0.6042 ‘ 11"34 \
105025 | m |- p
| 105050 | 0.6186 | 11734 |
: 105075 0.6255 J 11900 |
| 105010 . 0.6388 . 1.2338
| 107500 | 0.60T2 i 1.1500 |
. 107525 | 0.6145 ' 11GGT |
. 107550 ' 0.6220 | 1.1074
' 107575 : 06288 | 1.2185
. 107510 | 0.0415 . 12477
| 101000 | 06103 = 11713 |
& -1 101025 | 0.6161 ! 1.1878 |
. 101050 | 00220 | 12111 |

- . 101075 ° 0.6388 12239
é |
i 101010 | 0.6452 1.2635
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il
coavezient to deal frstly with the fices of the cube. Fig. 2.3 - 2.14 show the vadation of a and ¢ as a

function of composition for each of the six faces. For each face. it is possible to plot the lattice parameters

®r ' . '
as a fuaction of rither of two compositions and so in cach case the varziable giving the clearer set of curves -

has been ysed. In geoerall it can be seen that the variation of a and ¢ with either compoesition variable is

appreciably different foom lizear but can be resonably ftted within the expected limits of expesimental

error to a pamaboelic form. Such a variation was obtained for the {Cuy_-Ag:iIn(S:_.5¢.)a alloys by

*
-

Chapmad et al |75CL1.7951] and has already been showz for the alloys of the tellurium face [S0ALL I

is apparent {rom the graphs that there is some scatter of the experimental poiats i certain compos

ranges, This is attn

teributed m
e ./\
oy e 3
Un after anpeali

jtion
mainly o the fact that for some samples complete equilibsia

1m was ot astaiped
ne

re B

~ 4 - - .
iz prriodh of up to 5 months, and that for those cases the hich angle lines ig the
paotngTaph were blurm

lurred sufficiently that the Rla; A eg doublet was barely resolved.

-

~
P

-~ ' . :

However, on the silver

; - - . -~ .
rallinm, and selecium faces, it was found that some photographs shewing

zes zave valnes of & and ¢ very difereat fom those expected from the curves shown

. Thewn reclts were taken to be indicative of two phase behavior and study of the

.
appropointe phetographs showed the presezee of azother weaker, chalcopysite phase. The ohservatinz
of these extrn phoses was eemplicats] by varions facters, Firstly, all of the CH simctures show weak
ardening lines

ud snee these were not gerded o the determ

ination of a an.d ¢, they wrre not measieed

h|
zad wleztiSed i that analvsis, Thus, lines due to weak secozd phase cotld be confused with ord
Seevndly, o these m

sderiny iizes,
: multiceminonent allovs, muitiphase rather than two phase hehavior eould ey, T
LY
TTe jzrial enit

Lus
Vesitenion Doz olee 7 two piase or multiphase bebavior wa

P

.

the ohsemmtion of sy=temint
arge Jdesintious in laities

ctars OB the expected vnilues, The en

.. P
mpestinns for which

!‘.\‘n-:‘\h e



-

or multiphase bekavior is cozsidered to occur are showa in the Tables indjcated by a letter m. + -

It is zot possible with the preseut number of alloy samples to give any more accurate estimate of the

limits of the miscibility gnp oa the faces mentioned above since with a multicomponest system no simple

ticlize exirapolation can be vsed as world be the case iz a binary system. Qaly estimates can be made
P A ) .

'Y

at this si2ge of the bonadaries of the miscibility zap and these are shown @ Fig. 2.5 - 2.5 and Fig, 2.11

. ) .
- 2.12. The rrsults oa the gallinm and selenium faces are consistent with these of Robbias et al (TSR]

~
for the {Cuy_;Ag;}GaSe; Hze, indicating a miseibility gap in the range 0.45 < r < 065

From a study of various {Ca,_.Ag; )OI VI, alloy systems [7SR1] where MI=A! Ga. or Ia. and VI=S

or Se. it was shown that for a pseudobinary alley formed from a Cu and she equivalest Ag ternamy
2 .

compouzd, a miuscihility gap oceurs i the dierence 1o 7 between the two compouads is lar~ev than or
- L W [=]

. > . R .
appreximarzely eqial to 082 Lo Ar S (12, Io the preseas work it s found thaz the faces which shaw thé

miseihiy gap bave greater v2lues of » and also a greater mét:\o—f r valuzes, Also, similar apalysis can

iy

. . - . L.
- he made lop alleys of rack fnce by conddering a GiSeceoce between the maximam azd minimuam alues

hadanas

of ¢ for the comprnzds ot the corbiers of that face: the miseibility gap ceenrs whea A= X 0111,

arniig to the alleve in the interior of e cube, the cesults can he presented in terme of <ections
.

b add

-

with sy er 2 oequal 1o 0.25, 0500 azd 0.75. Azziz a zumber of alloy samples appeared 1o he multiphase,

imdicnting thar the misell

. - .- T
¥ 2ap extends over a cozsiderable range of Compositioz, These vnlues are

Berance of this ranee of miscihiliny gap. graphks of lastics parameter verus eamposition

aze showa Ior ozly two plazes, fe ¥=

o

2in Fig, 2.15- 215, The curves are obained fom

the guerage vnlnes of the enetlicient iz Tables 2.8 and 2.9 determined 10 the next seeting, The estimated

1S e

4

-

regioz of the i

s I
Tap of the cube is aleo shaws i Tig, 2.20.
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Table 2.7 Values of a and ¢ from experiment and values predicted from Eq.{2-13) using the averaged param-

eters in Table 2.10 for some alloys lying inside the represention cube. Multiphase samples are also

indicated.
Sample '~ Experiment Values Predicted Values
a{am} ¢{om}) a(nm) c[om)
252525 . m o o o
252550 m -, m m m
. 252575 0.5973, oL LATse 0.6011 . 1.188%
255025 m ) m m m -t
255050 0.5928 1.1780 0.5957 1.1825
255075 0.6084 1.2144 0.6056 1.2044
257525 0.58290 1.1716 0.5%01 1.1748
% 257550 0.6002 1.1965 0.5999 1.1966
257575 0.6129 1.2146 0.6009 1.2178
502525 m m m m
502550 m m m m
502575 0.6055 1.1857 3 0.6074 1.1897
S05025 m m m m
505050 m m m m
505075 0.6112 1.2040 0.6119 1.2068 -
507525 0.5941 1.1760 0.5971 . L1771
507550 0.6054 1.1560 - . 0.60G4 1.1959
507575 0.6157 1.219&) . 0.6161 1.2224
752525 m m m m
T52500 m ‘m . m m
752575 0.6153 1.1820 0.6154 11886
750025 ‘m m m m
755050 06019 1.1674 " 0.6099 1.1811
725075 0.6159 1.2036 .. 0.6152 1.2065
757525 m m- m m
757550 0.6089 4.1009 0.6135 1.1589
T575TS 0.6204 1.2202 6.6230 1.2231
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2.6 Lattice Constant Contour Magps

In-erder to c..... out further anzalysis of the data, it 1s ‘convenient to express a and ¢ 25 a function of

+

-

the campasition parameters. In previous studies, Lzear interpolation along the fonr edges has beea nsed

to estimate the conteur map of cach face and the lattice cozstant behavior kas beea desesibed by

a{z.y) = ap+a;r+aay+asry (2 -11)

as used by Mooz et al {T4M1] and Nahory et al'[TSN1].

However. this analysis is ot sufficieat for the presest data. since the vaciation, alo g cach edge of 2

-

face may be paraboelic. As was shownreviously [T0S1. T5C1. 80A1l, it is possible to express parameters a
T

aad ¢ as a two dimeasicaal Taylor’s series expansion or as a power series in the two compositicn variables

N

appropriate to the face concerned. It has been assumed that zeither voriable wiil occur at a greater

-

power :h:m 2 hecause of 3 parabolie variation of the lattice parameter along each edge. Then the valnes

of & 2ad ¢ are expressed as

, . . - B N L2 2. 4,2.2

piu.r) = a+du+r+fu v’ + sur <+ pute 4+ Gur® + Autet {(2-12)
whpeen o lg .ri - - are tY iti iabl :
where pois the latties parnmicter roneeraed and u and v are the compesition variables appronriate to

.- .- . s - . .
the partienlar fnce. The zice cocflicients will be treared as adjustable parameters when a €t is made

the datn Lor & nnd e It is ween that the Stted squations will give convenient mathematical {ornis for

represeating experimental dam and the coefcients involved iz these equation do zot nmeeessarily have
azy physical sizuifcazee. Iz each case, 3 least sguares £oting methnd was used to give v'ﬂ:.cs of the oine
ove AT 0

feients io £q.{2-12). The values ohtaioed, the gumber of points used iz each case, and the <tapdazd

Cdevintinn o of

re

from the S1ted ensves are skows 1o Table 2.82.9. The standard
.
7!
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Table 2.8 Coefficients corr»sbonding to Eq. [2-12) for each of tle six faces. The number of points used in the
lrast squares ft and the standard deviation, ¢, is also Iisted In each case.

{ace . Cu Ag Ga
aumber of points 25 T ool
~zriable composi:iqz'z N (v.z) {v.z) : (xz)
p:-.:amcl:c.—s {u.v) N
™,
oo 0.5620 0.5974 0.5617
: 3, 0.0128 0.0173 0.023
2 . 0.0375 . 00288 0.0304
5 0.0047 -0.0050 0.0016
£ 0.0031 0.0062 0.0018
alam) $o 0.02223 -0.0326 =0.0246
Mo . -0.0250 0.0288 0:0866
T 6, -0.0247 0.0235 0.0740 ‘
2o 08299 00171 -B.0720
o 0.0005 ~ 0.0013 - 0.0015
ol 1.1013 1.0530 " 110m
3 0.0787 0.0637 0.0050
-t 0.0895 0.0704 0.0855
5! T 00223 ¢ 0.0144 -0.0149
< 0.0030 0.0367 0.0062
elnm) : ot 0.0159 0.0340 -0.0174
_ ' n, -0.0246 -0.0294 ©0.0099
) o -0.035G -0.0328 0.0254
A 0.0464 0.0236 -0.0020

T 0.G015 0.0020 0.0622
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Table 2.9 Coefficients corresponding to Eq. {2-12) for each of the six faces. The number of points used ip the i

- -
least squares fit and the staadard deviation, ¢, is also Iisted in each case.

[

3

face In . Se Te
number of points 25 19 25
variable composition (x.z) (x.¥) (x;}'}
parameters (u.v)

a, 0.5700 0.5018 0.c027

3o .0.0207 0.0299 0.0164

~a 0.022 0.0137 0.0120

0, 0.0103 0.0058 0.0131

o 0.0084 0.0037 0.0052

a{nm) s 0.0112 -0.0201 0.0209
Mo -0.0222 0.0219 -0.0214

8 -0.0192 0.0092 -0.0209 i

A 0.0251 -0.0158 0.0171

o’ 0.0014 - 0.0003 0.0004

ol 1.1572 1.1026 1.1933

3 0.0516 0.0005 0.0156

%o 0.0726 0.0723 0.0585

& -0.0375 -0,00901 -0.0099

g < 0.0079 -0.01GS -0.0145
clum} ¢ T 0.0424 -0.0003 0.0150 |
7 -0.0544 -0.0204 -0.0019

> 0, -0.0386 0.0413 0.0249
Al 0.0631 -0.0081 -1.0166

o 0.0016 0.0010 - 0.0012
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Jevintions obrained is about what would expected from the crror Limirs of the lattice measurements, The

rei2ltios Seted curves Wre also shows in Figs, 2.3 - 2.14.

-

3
ts of constant a and c can be produced for earh face and thece

Trom these coefficieats, conld

¥ 2.15. Since these faces form a cube. cach edge

imeluding the estimated miscibility gaps are shown INEjZ.

e

i« common to two faces. It is <een that the ‘agreement between the ft3 to the various {aces is reasonably

cond. However, the cacficients listed in Table 2.5-2.9 do 2ot copstitute a uzique set, for iz is fonnd that

the corficients of the Lixher-order terms (Le., 7. 8, A} can vary to some extent, with a variation in ope

-

eneScient eompeasariag for the vamation in another. This occurs without aay significant change in the

wmlue of the ssandard deviation fonm the Stzed curves asd makes zo signifcant difereace in the cozstan:

a 2l ¢ rontonss,

If a sinzie St is 1o be made o 2 of the daza to give a single set of coeSBeirnts, a similar muation of

\
- - . ! - - - -
oG terns s sequized if tezme coztainizg cubed or bigler onder are peqlected. No attempt has been made
« form. hnt it as possible o use it to relate the varions coelicients of ke Lrred
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Table 2.10 Values of coefficients in Eq.(2-12) = .

CoefZcient a{cm) ¢fzm})
A 0.562 1102
B 0.032 0.003
c 0.013 0.077
D 0.028 0.088
E 0.004 -0.012
F- 0.004 -0.021 &
G 0.003 - 0.004
H -0.020 0.005
I 0.023 0.016
J -0.095 -0.017
K 0.022 0.0%0
L 0.009 0.041 - .
3 0.028 003 . ’
N -0.025 0.040
0 0.087 0.010'
P 0.074 0.025
Q 0.05§ 0.059
R -0.016 -0.008
s 0.030 0.046
T -0.072 -0.002
U -0.143 -0.041
v 0.020 0.001 ;
W -0.045 -0.054 -
X 0.035 0.012
Y 0048 0.017
z 9.007 0.064

-

-
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of the silver, gallium and seleaijum faces used only whea cecessary. The resulting average values of all

1

of the coeficients obtaiaed are showh in Table 2.10. It was fouad that use of these average valuss made

ealy small diferezce to the Stted curves. the cverall standard deviation for all of the experimental dara

. RN

being 0.002 om for & and 0.637 am for ¢. This equation has beex used to predict the values of & and ¢

.

fur allovs of enmposizioas inside the eabe showa in Fig. 2.15 - 2.18. For these interior poiots {16 data)

Le rtaggarnd deviation from the predicted values are 0.003 om for a and 0.016 zm for ¢. These salues are

cirmifrantly hizher than the values for the points on the faces of the mprc?ntation cube. This is partially

dur to the experinieninl sentter o the psizts as indicated above, bur it can be seen also that there is

otnie Jemmep O F Quctpontie imiet
filer rleerT K

suntic vnriativa, with the experimental points iz some cases falling systematically

DelW oF anave (De pleainitd hies,

2.7 Predictions of the Lattice Parameter a and Tetragonal Deformation g

.
bl -
) . . - . . —— . ’ . . -
As was <hows iz Zestioz 220 the CTD theory 8471 ena be used to predict the larsice pamamerer

pesiticn parameter u of toroury CH compounds and some of CH

vy
. tetramoannt
IO RIS L AR VA Y

e
-

2lov ersteme

waa

inothis alla system, e mulll of the azicos and catiozs wers taken as the weizhted menn of t

&

approprinte elemezial radin fel =, - .



Three diferent sets of eleme

ra = {I-zlrce +

tg = [1-ylrgu .+

rc = [l=:)rse +

-

j2-14)

radii. viz. those of Pauling [67P1]. Phillips [70P1}, and Spancoz-Brewitt

:8151]. were used in the analysis to prediet values of the structural parameters and the resulting values

compared. The CTD theory

- .

where the heod mivmatch p

La.2-15) then mives values o a1 and u withous the uee of azy experimenral datnl It wne fonzed thn

Phillips radii gave the bes

.
-

ves the expressions for a. 7 and u as [S431]

-
12a*

23+aj- (2340}
Ei'_i—o)

P
~a*

Ik ol - (r,
Ll —&ipe = ITy+Tr

o
2
il

bt that*the best predicted tetmamozal Qpformation g was

devy

*

ing (10120 The predicsed values .’nru/l‘:’.'-"‘ 2ot heen

2 - 18a%:

SR S T l“:
u 5 - ;-.“? ~-d,- .
weers o, and J are defzed as

repurted sizee Do expenmental das

Iicted lattice parametes a with stazndasd deviating

[2-13)
. 4
, .

{2 -1¢;

e
-v

1005 am 1197 data)
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are avatlable for u.

The correlation between the observed values aad the calenlated oaes for these two parameters are

shown in Figs. 2.21 - 2.23. It isvscea that this analysis using Phillips radii gives reasozable asreement

with the oheerved data for a. The predicted values of a using Pauling radit (Fig. 2.72) [¢ = 0.007 om)

- ——

are larzes than those for the Phillips radii {Fig., 2.21) azd also thaz the ohsesved values: the Skanzoa-

- -

Prewitt calii give the wonst predicted values. The correlation between observed vnlues and caleulated

wmates wsing Panling radii for g skowa ia Fig. 223 is similar to those for ternary compounds [84J31]. Jage

alla.

azd Zunger '$1J1) suzzested that the CTB theom (Eq. 2-15) is zot well suited for determining p the
. ; s > 1 Tn

cheerved g walues eay be bhetter prelicted usins the methods of Shankat and Hussian 18551 discus<ed

easlier, This will be doze io the zext section.

An attempt was male [S4A10 to correlate ¢ with electronegativities of the coastituent atoms using

aaa’

an empimically modifed Weaize and Noolandi of the form :
7= H{X4-Xg+qXe) (2-17)

to dt all of the experimental data, The parameter o and the proporziozal factor & seein to be Jdependent

T oseme exent ea composition, but by assumiag ropstant vnlnes for theee quazrities, a leastesquares

anmysiy applied ool of sizgle phase resalts available zave mean values of g=0I1052z] X = 1.13.

.

2.8 Tetragonal Distortion of Alloys Using Electronegativity Values

Defined through the density funetional orbz..wﬂ\r-n)'dii.

.

The correlaticn between tetrazopal distortion = and the difference in elortropezativity ANy b

tweea the A —=C aad D~ bonds were reported by Shankat aad Hussian 188811 The tetzacoral distorrion

- -
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aceurs as a resull of the difference in interactions parallel to the e-axis and those pormal to the c-axis,

i.e. Jiference between the 4 - C —~ B interactions and the meap of the 1 —C — .4 and 5 =~ C — 3 intes-

actions. This differezce caa be approximated by the diference hetweea.. 4 = € and B - C interactions

- 1 .. . . .S . ..
7oAl 81DLE. The electrozegativity vnlves were deSred through the density functidnal orbital radii of
’ —~

the elemental atony [80Z1]. They were derived from the gronnd-state serrened atomic pyeudopotential

.: » w1 ] ) :
‘c[_'zf{r) = 1;:‘)(") + (T'_ +I“‘En] + 1:[n] + "cr[n] [2- IS]
‘at Its erossizg pelot. e, =
Vil =0 B . : {2 - 15]
P AL - )

Tie values of r; for the I-OI-VI. compounds are listed in Table 2.11.

.



Table 2.11 Orbital radii »; in azomic uzits for atoms taken from Ref.[SOZ]]

atom

s s re
Cu ~ 088 116 0.185
Ag 1.045 1.33 0.285
Ga 0.76 - 0.933 0.17
In 0.54 111 © 036
Se 0.615 0.67 0.15
Te 0.79 0.58 0.325

o6
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c
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The hybridized atomic orbital (HAO) radi are defned for a o-hybrid on the atom A by

-

rs{d) = r;.(.-i] +r,(4) . - (2-20)
and for a s-hyboid on the atom A by : -

: !'7{-'1) =r;[.4) —r,{.—l) . . (2_21)

Mintnres of HAO radil for atons A and B will form boad orbital {BO) radii :

rold. B} = ro(d) - 5, (B) . (2 - 22
and
re{A.3) = rs(4) + r=(B} . o {2 - 23

Takinzz caly s- and p-orbital contributions into consideration, the bord electronegativity ¥{4. 8] and

bvbridization b4, D) for a binary compound AN B~ are proportional to | rp{A. 2] | and r.{.4. B).

eespectiveiy, They were successfully used as the coordizates of St. Joba and Block diagzam (7451 to
, :

separate componuds of different coordinating. Philii;{s 7TP1]. however, has poizted out that even in the

case of acarransition elemmental solids, these HAO radil ean be used to separate the hinary componads

tuto various structure groups oaly after d-orbital corrections. Now' the definitions of the HAO radii can

he extended for .highf‘r nrhit:‘:I corrections to
Vr;(.-'t] =r5-!.-1].+a‘r_n{.-1.]+... . . ’ {2—‘.’4).
rrrld) =re () +drg (A + ... (2 - 25)
:ﬂ;vrr d rrp':r'sr‘ur%‘rhr\‘mnr:ihu:inn of the d-arhital ry."The bond clectronegativiey may be written as

)

Y4 B)=r{d)=r{B3) . {2 =12G)
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In ternary 48C. compounds the definition of Y(A. B) becomes less trivial because of the presence
t

of the two differeat tpes of bond. In order to defne dimensionless bond electronegativity values X(A. C})

“and X(H.C). Shaukar and Singh {7851} have redefined the HAO radii for atoms A. B and C as

o (A) = rg( ) + drg(4) + o _ (2 - 27)
. \\ )
r;(B):r,[B::]-i-dr.;[B}-é-... . _ (2 —28)
:md ij" * ‘ < “_ -
21(C) = re(C) = 282{C) + o : (2—2;)

in which the radins of the central Catom has been corrected in the opposite direction Dy deubie the

amount of that nsed for the 4 and B atoms. Thus, the dimeasionless bond electronegativity values for

the 4 — € and B - € heoods in CH are written as

rr{d} = r{C).

X(A.C) = 2-20
.01 = (2 - 20)
and l
' v (B} = r1{C)
X(B.CO)m ———— 2-31
. (B.C) - =10 { }
The diference in ~lectronegativity between 4 = C and B = C bord\is then
AXey = X(4.C) - X{B.C)
(2-3Z

_ o) —r(B) T
rC .

Thus, AXeyr is the parameter which deseribes the differeat between A —C.and B — € bonds in ternary
CH compounds.

Using Dys. (2-27) to (2-34) and the values of r listed in Table 2-11. AXe g for ternary compounds
at each coraer of the representation eube can be caleulated. The d- orbizal correction was takee "from

5
4
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the values of (1 — &) in Table 4.6 for the ternary’ compounds as suggested in (85S1]. In order to apply

this result to the present alloy data for 7, AX oy for the alloys were defined as the weighted mean of the

compouznd valees, e.g., on the [a- section (Cuj--Ag:) Iz {Se;-: Te.),
AXcw =(1-:){{1 - 2)AXcg{CulnSe;) + 2AXcu{AginSez)]
+ (1 - 2})AXcn(CulnTes) + xAXc;;_(.-igInTeg)]
In the work of Shaukat and Hussian 18551, frting was made separately to the Cu- and Ag- compounds
with the implication that variation in the II- or VI- atams had less effect than that of Cu- and Ag- atoms.

However, the present results in Figs. 2.24 and 2.25, the plots of the observed of agaipst AXey show

* N

—

that-there is 25 much spread in the results ¢f In- 20d Ga- sections, as there is for the Cu- and Ag-secctions.
Thus there is o justifcation for the equations presented separatelr for Cu- and Ag- sections. If a geaeral

equation, ' )
Ef’ . N - 2 Lo
r=n+naXem+ n{AXen)? . (2-234)

is of use it must be applied to all poiats iz the system. The best £t obtained for the alloys of all the
sectings is ' -

7= =0.Q01 + 0.039(AX ey ) +0.530(AXen ) (2 ~ 35)

with a staadard deviation-of 0.015.

S s .
The observed walues of r and caleulated values of AXepy are plotted and the &tzed curmve is also

-

shewn in Fig. 2.26. From inspecrion of graphs Fizs. 2.23 and 2.26. it appears that this method gives a

better correlation thar that of the CTB theory but the analysis gives the samevalue of standard deviation
a_w

e L L .

: b) . .

<$”

0

T,
S

ic botk cases.

5

Y
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of the difereace in bozd elecrrobezativities AX ey calenalted from the methad proposed by Shankat

and Hussinn., The eurve is a parabolic 82 for 5o as a fpaction of AXeyy.
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2.9 Summary
.
The alloy system (Cnyo Az ){Garo,Ing )(Sey—rTr. )2 was iovestigated and equilibrivm conditions.
‘ .
wemn etermined shronchent the camplete raage of compasition. Pelyerystalline samples of 125 diSncent
o “itiens with oy, and =000 '15. 0,50, 0,75 and 1.0 weze prepared by a melt 2nd anneal teckzique.

%

the rnoge CNN=800° ¢ were gsed depeadimg upon the alloy composition

- -
- .

es of up to 5 muozths oeeded to attaia equilibrivm cvaditions. Debye-

Iin veme coNes guone

i2)

clerrer xerny powiler phitesTaphs were used to invest izate rm- equilibrinm r‘n"dmu:s It wag fonand that

<gmele phase chalenpyrite stracture wis ohtained for all m'npnq ioas of the capper {x=0). izdinm [y=1}

nud eellzrimm {2=1) ~tr"u,.;:~ Lut that miscibility gaps oceursed in the silver (x=1). gailium (y=0) and

el )
seleninm (7=0) sections, and these miscibilioy gaps axtended through the general alloy system inside the

cube, Values of lattice paranicters a aod ¢ were determined for all samples sBowi iz sizgle phase cone

328

and for each of the .‘g]"‘\‘c-j\f‘(‘:itinﬁ' the viriaitons of a;:-.ud ¢ with composition were £t to power <ezies

containiog O paramerers in the appropriate cn"’]p(\:x ing ennnlinates. Heaee, contours of conetant fa

and eoustant e were Jetermined, Frgm the parameters for each section, goneral sertex '\“)'vu'v us fur o
. - . : . :

and ¢ in XY amd 7 were developed and the pecessary parameters were ohtained by averaging over the

»

correspaading nnLeters nf all of the seczinzs. The values determined foom the gezesal expression were

. then compared with the experimental values for the general alloys,
I ) < -

The CTB theory Eq. {2-10) was used to predict the lattice parameter a and the tetragooal defor

mation 7. The radii of the aniens aad cations were raken as 'hc weizhted meaa of the elemroral walues,

The Lest corpelation was obtained for lattice parameter & and tetragoral deformatien n by ueing for the

A v

. B x:
g . " A Y
ips values azd the Panlisg valwes, respectively.

eletiental sadil the PL
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Q?’. It was fonnd that there was a good correlatica berween the \m tetragonal distortion r azd the
o~

. :’ - . -
¥ “lectmuegnnivity differsnees hetween the 4 = € and B = C bonds (AXesr ). The electronegativiry values

werwidefned io trems of the HAO radii of the elemestal azoms using the deasity fnnetional orbizal radi

v
+

of Zuager (8021 The d-orbita] corrections to AXep were taken from {1 = @), fractional d-rhasacter

fom the p = d Lvbridization model in Chapter 4. These correlations for = are better thun those of the
[ - .

CTB theory. : =~

——



. ) Chapter 3 -~

Scme Cptical Properties of tke (Cu;-_.,"g_.)(Ga;_.,In,)(Se;__-'l‘e_.)-,- System,

3.1 Overview .

This chapter will be concrrned with some optical properties of the alloy system. Optical absorption

measnrements baye been need todetermine alues of optical enerzy gap at room temperature, This was

dour enly fnr the Cu- azd Iz- sections. Becanse of the problems of preparation of very thin samples {or

tragvmission messurement, it was not possible to obtain these snergy gap values for some compostions
even thongh the equilibrinni eonditions of those compositions kad been obtained. Thus photoaconsrice

..... surements i which powder samples can be used. were employed to give approximate optienl eaerzyv .

-

=ap valies,

Consinnt ) coutenrs will be givea in the last section. these being obtained by the same method as

s
s

. )

those fur the Jeties parameters in Sectiopsl, ’

L pl *
o, .

5.2 Optical Absorption Determination of Energy Gap;

. . =
3.2.1 Introduction
* « I’
I . . .\
The Mudameneal shsorprion edge of semiceuduetors rorrecpond to the threcheld for olecizon transi-

.

tions between the valenee and cowduction band. The rz!-w‘.'ptiun is very «mall for photon eoerdes ek



€6

less than that of the coerzy gap and inereases signifeantly for bigher photon energies. The study of the

-

fusdamesntal absorpticn provides izformation about the clectron states near the band extrema as well as

. <

a salue for the eaery gap.

In a I-EI-VIZ CH cumpound, the ezergy baad strieture is rclated to that of its I-VI ZB binary

analog lsee details in Chapter 4). The triple degeneracy of the p-like valence Bands which are derived

~

fzom the Ty level in the cubie structure is completely removed due to the simultazeous efects of the

zonenhic eryetal-Geld and spin-orbit interactions. I addition to these efects, the uppermast valeace

bauds of FII-VI, compeuzds ace infuezced by the admixture of the noble-metal d levels [7582) aad as

)
.

a re~nlt the saiones Lands are pot simply.related to those of I-V1 bizary analog. This problem will be

¥
[}
ansndind fu Clinpter 4.

-’

In the absence of spin-ochit interaction, the eryvsial-Seld izteraction will split the triply degrnerate

. p .
- .’ .
[s valezee band inte a zon-degezaerate Ty and a doubly degenerate I's valenee bands. The izclusion of

. - the epin-rrhit effeers chianges the svmmetey of the Ty conduction band to ene of Ty the T valencr band
to one of Te, nad 1i0ts ke degrnesaey of the Ty vnleace hazd by splitting it into the snlepee bands of T,
J ' .

aud Ty syvunuetry.

The valineecto-roaduerion baed rrazsitions are conveativnally Iahelled E4Eq 2nd Er in temins of

inereasing rnezoy, and these rransition together with the nsnal valenee hand ardering and the palazizating

ey

o selection rules are indicated in Flzo 4.3 (see page 1161 Thus the fundamental absorption ta this case
> . - .

. . é ’ »
A wonld Be oxpected to'he the transitiou from the Ty npper valence band to the Ty conduction band,

1

uh theory of eptieal absorption, agd the traneniicdion measirement will he briefy snmmmarized in

the rext two sections. The expesimental methad will he appeared iz Seetion 3.2.4. The last sertion of



R this part will present the results and discussion of the experimental results,

2.2.2 Theory of Optical Aksorption

1

A good review of the subject ¢can be found in Volume 3 of Semiconductors and Semii  ~is {GTJI[.

Orly aftmmary will be preseated here. -
;AJ :
& absorption coefficient determine the ezergy absorprion in solid through whkich the lizht wave
is ravelling. It can he expressed as the eaergy absorbed per unit volume per unit time divided by the

energy Hux. From the quantum niechanical point of view it depezds on the probability of an electroa

being promoted from the valeace band to the conduction band. The ‘shape of the absorption edge is

determined by the nawire of the optical transitions berween the upper edge of the valeace bacd acd the

. ¢

- L 2 ]
lower edge of the conduction band, If both band extrema lie at the same point in the Brillouin zone.

direct transitions (with the approxdmate conservation of the electron wave vector] are possible. These

can be separated into “allowed” 2nd “forbidden” traasitiops depeading on whether the dipole gptical

. ‘matrix elemient which determices the tramsition probability exists or vanishes iz the frst approximation.

At the T point of CH exystal | however, the transitions ¢an be very weak if they are pseudo-direet {7552

.

Wrgsc the oprical marrix element is very small. When the band extrema lie at different & values.

. only indizewt {rnasiticas with phonoa participation are possible between ghem.

For simple parabolic bazds, the abserption coefficicnt due toki-c: “allowed”™ trznsition has heen

\ . . > -

shown {GTJ1] to satisfy the equation



. CS
( I')_”.Ch 2n :!.'-7 | ]"-’(;,,,_r' )f .
any : 7 }17:‘ == re 0] Ly .
or )
~ B
. {ahe)? = Alhv - £ . ’ {a- 1.)

where oy \‘Ev reduesd electron-hole mass, H., the optical matrix element between the vzlence hand and

]

conduction band states, A the photon emergy. and E; the fundamental gap. The enrrespondiag re<ult

for direetr "lorbidden” trapsition is .
ook 72N | 9 "
tor) = 22 () | Dzl -2
n h® ok =0 ’
- —
or
(3=12)

F
3

{ahw)r = A'(hv - E;) .

. -
» However, for the’iprdirect transition, the absorption coefficient is composed of two terms which
o .

eseribe the two passible processes, direct transition of the electroz combined with absarption or emission

. d
.\1
s
. .
' of a plhiegon.
The abengption caefliclent far indirect transition is expressed [7852] as
- - - . . )
a, = [(i’i-_E_Jl’_.'*‘_’)_ - _”_'f/_:E’_.i'."L)__ . (3-.2
ferptha,fkpT) =1 " 1=erpl=hu fkpT) . :
P4y . N !
whete b is the plonon energy.
- .
'y - \ . N
’ 14 In addition, the Dgulamegeal absorption ¢conlidibe affecred by processes which depend upon deparinres
frem perfeet periodieity that ean aecur ia a real ervstal at a &aite U:mpf)::uu:v. .
¥ - .



- 3.2.3 Transmission Measurement

The fundamental edge m

* be determined from ::anmx\gion measurement

Lt
~— A

69

s by cbserviag the change

- in absorption as a function of incidest photon ezergy. In Zeavral measurements ace made at zear normal

incidenes with hoth the reansmitted and re8ected iaten<ities being recorded. However, as will he <hown

presently, the refected portion of the incidezt radiation need oot be considered beze,

Cousider a dieleceric medivin with 2 complex index of refraction given by NV = n +ix, where n is

the re{ractive index nnd s the extiaction coefficieat. At normal incidence radiation of iateasity J,. the

transmitted and reflected intensities Iy and I,

. I

¢

zre given b;\'ﬁ Greeaway and Harbeke [GSG1j =3

<

_ Ll - RyFe~=d(1 + &% /n7)

acd

I, =

- REe3ad ' -

_ L.R{l ~e"™9)
- RPe-2ed

where the sefectivizy 2 aud abserption cocllicient o are expressed respectively oy

R

xud

A being the wavelength in vacuuni. For eaergies negf the ahsorption edge. & is very much less tha . If

a=

_ (n=1)%+&*

TR TEp

17

A

{3-4)

{3=35)

in addition the sample thickness d is large enough to ensure that R%e~%°¢ is much less than 1, Eq.[3-4)

reditees to the simple form

—

—

L =q{1- RFemet L
3 .
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Geaerally, the releetivioy varies slowly with photon energy, and the speetral variation of the trapsmission

Iv dne to the variation of the sbsorprion cocffeienz. Thus the (1 - R)® term may be teeated

as constazt, flence
1, I, i
¢ ==lIn{=") = a +constant ) 3-19
d I ) — { }

As ean he secn ftom Eq. {2-D). the calealating of a from I, /1, mtio which pecleets the te8ection term
1 , o o

will give values which are too large by a constant amousnt for a given sample.
Ia the experimental work the value of ; was derermined a5 a function of phoron eaertgy he. In
order to determize the abhserption coefiicient @ due to interband traasitiuzs. an appropriate backeround

absarption must be subtracted {zam the measired values of ¢ hefuze proceeding with ary further analwsis,

This will be discussed in Section 3.2.5.

3.2.4 Experimental Method

.
'

The transmission measurements were made using the experimental set up showa ia Fiz. 2.1. The
U ) -

N
-

Lizht from a 30W tupgsten flament lighebull was collected by a mifror and focused at the entranee <lit of &
I N

Crerner-Turner scanning spectrometer. The light heam was chopped by a Rofin model 7500 light ekopper

positiecaed before the entrazee slic. The mozochzomatic light from the ‘exic slit of the speetromerer was

- .

refoensand By o wirror on to the sample which wos mounted dirertly on a sample Lolder in front of 4

- N . ..-
detector. The toaasmitted light was detected by either 2 Dumont-6911 phoromultiplier or a hiased PLS

-

<, . . . . . . .
eell depeading upon the.energy tange concerned. The signal frof the detector was ampliSed by a PAR-
M i P - ey ~ - . [ -

213 premplibier, the cuiput of which was applied to a PAR-219 Inck-in angplifer with a reference tigual

from the lzbt ckoppers The wavflensth of the fncideat lizht was contizuously vasied and the ounrpie feom
. . .
. .

. <



7l

the lock-in amiplifer traced on a strip chast recorder. In order to minimize the error in reading data from
these charts, the sensitivities of the lock-in and the chart recorder were adinsted to maintain as close to

full eenle deBecrirn as possible on the chart. This speetrum represents the transmitted J; speetrum. The
p p P + SD

reference , spectrum was similarly obtained by remevisg the sample from the sample holder.

. < . . . .
. The <ampler was sliced from the ingor prepared in Secrinn 2.3 to a thickaess of 0.5 mm o I mm on

A
a mungeten, wire saw which used a mixture of oif and silicon carbide grit as the eutriag shurry, The sliced
sample was further polished usiog a polizking wheel. The sample was monated oo the rod of 2 brass

rod usizg moltro pazaffin wax. The rod was thea beld so that the sample™as in contact with a rotarting

solishing dise. A slurry of water and\ L am mesh alumina powder was uvsed as the polishinz arent.
o - p o 2

After a nniferm smooth surface had heeg obrained. the sample was turned over and further prlished

down to.a thickuess of the order of 2008 im. or less if possible, to give samples for optical absorption

measuremeats. When the sample had reached the desired thickness, the brass rod was immer<ed in warm
acetene to remave the sample from the rod and the wax from the sample. However, sizee the samples were
i

polyerystalline, they tended to erumble while heiog removed from the rod and hence very thin samples

L]
were not pessible for A pumber of the allays produerd. As a result, in some eases, the backgronzd:

ahserpticn was o bigh that vo absorption edge could be observed and therefore for some compositiegs,

:alrh'{l’mh goned lafties parameter data were obtained, po enerdy gap valne c;m!d ‘be determized.

The samnple was nest mounted-oa a blackezed hrass dise, the cr-mvrr' of which had heea drilled ont 1o
2 1.1:';» an ap--rr:xr; as conld be covered by the ';Srvpa:od slice, a;xd placed in'front of the detector. After
the rrnnsimission measmrements were made, the sample was romaved aad i;w thickness was measnred uainyg

Aeroseter capable of reading to within ege micron.
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Fig. 2.1 Block diagram of optical absorption experimental arragement,
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3.2.5 Results and Discussion .

Fig 3.2 - 3.4 show the trpical resuliing curves of ¢ = I‘:Ia[—ff) as a funetion of by, the photen
) . €

encrgy. for alloys of compositions 0G0GTS. 002520 and 005075 with s:uﬁplo thickuesses of 40.44 and 130

gen, respectively, The trazsmitted intensity was measured dowa to lower photon energies <o as to easure

-
o

acenrate determination of the background absorption. For the fisst two samples, <traicht lne extrapiation

of the backgronnd gheerption was made and is showa as the dashed lines iz Fiss. 3.2 and 3.2, But the

hackground absorption {or the alloy composition 005075 in Fig. 3.4 can be better Stted to a power law

reiation of the form ¢ = ¢ (Aw)™™ where ¢j is the value of ¢ at 1 ¢V which was found to be 396 em—!.

and m is oqual to L4, This indicates the effect of free carrier scattering [$2G1

- ~

These values of backerouand absorption which includrd imperfeetion, free carrior #8cers, frel, were

subtracted from the wmeasuzed values of ¢ 1o urder to give the ahsorptioz coefeient o due o inerhband

ahsorptions, These are shown in Figs. 3.5 - 3.7, The absarptinn edges of these allove aze charaetorizad by

IS

3 steep variation of the abserpiion corficient at kizh energies and a shallower portioz at lowes enerdies.
. S

The steep absorption coefficients extead to zbout 1500, 1160, and 500 mE"lfn: the alley compositieas
75, 002550, azd #0005, respectively. The magnitude of these a walues are enmparable with those
observed in CH semiconductors (T3YIL 0H1L The highest values of a quoted ia the Heerature are for

CulaSey [T8IILL Thot sample was a 011 pm thin Blm which had a direct band gap with o values,

<arusated ahove the band ﬁp. of 2.5 x 1073 em ™}, This saruratioa regioz of a kas zot heen observed
! .

11 the present work hecause very thin samples were oot possible from polyverystalline erverals, The tail on

the zhenrption edge at low ah<orpting levels s similar to those ohserved ia the fuzdamental abserption

edie of CITe [ SODIE {hinary anulog of AzlaTea) which kas band extzema nt the Tepoint.
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ple 005075, {d = 130pum). Full lineexperimental values. Dashed line extrapolation of background
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Table 2.1 Larrgy gap wliues of the Ca{Gayo Ia, }{Sey_.Te. )y section. E, denntes an abmrption 0TIy P

and I, a photoaconstic energy gap. -
- Sample E,;[eV) E (eV)
0BONGCH - 1,52
0on025 1.295 1.42
- 000050 - 133
nonass 1.204 1.20
Gono1o 1.3215 1.54 .

0n2500 1.254 1.37
‘ 002525 1.220 1.26
nnN2s50 1.178 1.18
0n257 .- 1.20
No3G00 1.23% 1.21
GN5025  1.08S 1.09
0nsnsn’ 1.044 1.0G
NsnTs 1.040 1.08
OnTa00 1.106G 1.00
. . OnTs2% 0.977 0.96
nnz7aon 0.926 0.96
(HI7575 0.057 0.97

SR 0.954 0.94 o
OnL625 0.8504 -
nnLnNso - 0.845 -
nuiaTs 0.875 -
0nn1oIn 0.945 01.50

~r

Al
rd
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Table 2.2 Caermy gap 1values of the (Cujez;Ag:)In(Se;_.Te. )z section. £, denotes an absorption ezergy ap
azd Z, a photoacoustic earrzy gap.

-,
/

Sample E {eV) £, {eV)

251600 0.606 -

251025 0.859 -
251050 - 0.51
25107, 0.870 -
251010 0.527 -
501000 1.032 -
501025 0.858 -
501650 0.845 -
501075 0.839 -
$01010 0.016 -
751025 0.012 -
751050 0.823 -
731075 0.872 .-
751010 0.520 -
L0100 1.1100 -
101025 1.040 -
101050 0.533 -
101010 0.038 0.91

I
-
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This tail has also been observed in InSh [55R1]._ Originally it was belicved that in addition: to

the direet trapsition as the T-point, there were indiect transitiops.at energies a fow hundreths of an

electron volt lower [CGD 1, GSL1|. However, Dumbke (5TD1| and Johnsoa [G731] bave analvsed this type of
absorptivz enrve in tefms of direct tradsitions oaly zad have attributed the tail in the ahsorption curve

to transitions involviag the :_fhsnrption of an optical phonnn with momentum q very closh tn zero, This
‘: : . -
will afect the absorption curve ozly at lower portion energics below the direct energy gap. However, if

[ »

N . ' . :
such a phnrjn is\c\r‘llit!f‘tl in an absorption, it will take place oz the higher energies <ide of the direct

r-nr:g‘y;:a;{ and will eertainly be obscured by the much stronger abserption due to the direct transitions.

/

f\/ln- an alloy sample one might also expect some baad railing due to the random arrangement of the

sithstituted atoms i the lattice, although this may be small,

[n 2 I-II-V1z CH <rmicondnctor which kas band extrema at T' poiat [7582. 83J2]. the opzical dipole

matrix element does pot smnish. Thus dizeet trapsitions .would be expected. o previons wark. the

absorption coeflicient data for CH compounds azd alleys bave been Srted using the square law appropriate
tn a direct energy gap [TTH2, TSN2. 82G1, SSM1i. Thns in the present work, the same form was nend
and graphs of (h1v)? versus Ar were plorted and are showa in Figs. 3.8 - 3.10 for three tepical alloy

comperitions, These grapbswere fonnd to give good straight lines-and the intercepts were taken as the

‘.,

energy gap vaines, The dizeet coergy gap snlues so ahtaiced for the alloy compositinns CODNTS, (02550,

and 063073 were 1,204, 1178, and 1.040 eV, respectively.

Thie optical ahsorption measurements were used to give values of optical energy gap £, of alloys

ia the copper {x=0) and izdizm {y=1) sections. These epergy gap values are reported in Tahle 3.1-2.2

it vnines7E some compesitions are got miveng bheegnee very thin samples conld not he obeained, ac
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-

meutioned carlier. However. in some eases. the two-thirds law scemed to give a berzer St and the ecaergy
r

zap-values in those cases wore lower than those of the corresponding direct gap analvsis by as mmeh as

»
20 meV. This is snpported by Smirtk [7552 that in some cases for which diteet tragcitinge have heeg

cheerved the varintion of « follows more gearly the two-thirds Jaw. [see Eq.(3-2)]. ratler than the wquare
law, [see Eq.{2-1)]. indieated fir dizeet allowed transitions. »

For sanples in other sectinms, optical ezergy-gaps have not beea detesnived as ver.

3.3 Photoacoustic Determination of Enpergzy Gaps

~
»

3.2.3_Introduction . .

As showa in Section 3.2, optical absorption measurements have heen nsed to determine the energy

N
gaps of the alleys. However, in seme cases. very thin samples could mor be produced azd hemee zo .

absorption edge conld heobserved. To overcome these difficulties, the photoacoystie spretroscopy (PAS!)
technigie has also heen need to meaeure eaersy gap wnlues of these allovs, The prizeipal advmnrage
- .

of PAS s that it enables cue.to obtain spectra similar to optical absorptior spectra oo awy tvpe of

solid even when the material is Lighly apiqne. The PAS tachnique can thus be need to sewudy jnenlarnr,

seamirmdneton, or even mesals that dazaot be readily studied by enoventional absorprion or refiection

-

techinignes, This inetipdes Qxf/_'ecmw that are in the form of powdess, or are for some reasod difidenlr o
] v

prepare for refeetion sondies (TR 1.

In PAS of <olids. the sample to be studied is plared incide a cloged eell enntatnizg a gas eneh as

air. and 4 seusitive micenphone, The sample ds then illumisated with chopped monechromazie lizhe.

The nundog siguad from e mieropbone i ampliied and recanded as a funetiog of the wavelpnel

=th of the
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incident light ard the PA spectrum is obtaiped. The resulting spectrum must thea be normalized to the

nove the structure of the light source. A typical resalt is <hown in Fig.

e

powes speettum of the lamp to rog

3.15.

Tle PAS treehinigue Las previonsdy bees used to measure the direet ezermy gup of ~ome I1-VT semi-
- 1 )

conduetor compennds 'I3R1 such as CdSe, CAS. and ZzS. They were all in powder form. The band

ureasuced by the positiops of the kaees in the zorma fur these componzds aze

edae, as

1.75. 240, and .00 eV, respectively. They agrees very well with the values reconded in Ref. [SOML].

In the present stady it was found that an empiriead eriterion of 30 .between the kare and hase

s J
vulues of Yhe spectoum eould be used to give 2 PA earrgy mp in reasozable acreement with that from

i
b
optical absorption. However, {or some alloys, the PA eaeroy gap was higher thae the optical ah<orption

egerzy gap while for others it was lower, It is considezed that the optical absorptivn walues are more

accurate and the PA ezermy gap <bhould be nsed only to give appeoxdmate values of the sgergy oap when

~

1 zhserntion valnes eam zot be ghinined,
i

np!i.‘:
S

3.3.2 Theé:ry of Photoacoustic Eect

o

s
:

The theory ¢fTA cdert in a solid was formulared by Rocenewaiz and Gessho (TCRL (RG theonv). ]

minny

mives o sdmple phvsieal deseription of the process and will be brie8y deseribed helow. There were

e . - . . . .
worgers relining the theory by treatiug more exactly the transport of the aconstic distuzbanes in the gas

[76B1. 77A1] azd by fncluding the contribution to the PA sizzal die o the thermally induced vibrations
Dibe RG theom for

of the solid [T8MIL These refzenients, bowever, did oot change the basic reanlts o

most experimental sesnlts ($CRLL
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Fig.*3.12 Schematic representation of the special cases for the RG theory. g,. iy, 2nd py p thermal difusion
length of sample, gas, and backing. [ and 1, ; length of sample and optical absorption length. o

absorption coefcient.
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The RG theory is a one dimeasiogal analysis of the production of a PA sigpal ia a simple PA cell

shown in Fiz. 3110 It sliows that the primary source of the acoustic signal in the photoacoustic coll

arises {rom the periadic heat fow from the solid to the surrounding gas as the solid is evelically keated

by the ch;:ppod lizht. Ocly a relative thin layer of air Itpy ~ 1 mm at 100 Hz) in the froat of the

-

suriace of the solid respozds thermally to the perindic heat Sow from the solid. This houndary layer of

air can thez be regnnded as a vibrating piston ereating the acoustic signal detected in the erll. Sines
. o g P =] el

the maguitnde of the sizeal is proportional to the amount of heat coming oug from the solid absorber,

there is a close correspondences between the magaitude of the acoustic signal and the amount of light
absorbed by the solid. The azalysis indicares that the magnittde and phase of the accustic signal also -

I

depead on the thermal properties of the sample and the gas in the cell and the chopping frequency ().

In <pite of a rather complicated dependeace, the PA spectrum turas out to correspoad closely to the

eptical ahsorption spectrum of the sample provided that nonradiative recombination processes dominate

ia the dissipation of the absorhed light eaergy

The pressure variation ia the simple PA cell bas been determined [TeR1! to be
sP(1) = Qe'l=t= 1) | _ {3 - 10)

wheze 2 is-a pressnee ampliznds Yaearly related 1o the temperature oo the surface of the sample. The
-

expression fur-Q is fairly complicated involviaz ot only the optical parameters of the sample but also
~)

thermal and geometrical paranieters of sample, gas. and backing material. However, in the cace of an

optical absorprion leagth [, muck less thaa the thickaess ! of the safaple jie. /o =1, < . a heing the

eptieal aborpting eorleicat of the sample), there aze three usefyl approximations.



0
Caxe_A Thermally thin solids, p, > Iy, > I,
C {1 =1} I . '
le-( ) p.}(ﬁ)} M N (3-11)

where 17 is 3 parameter Jdependins on the ambicnt temperature and pressure, ete.. and is proportional |

to the intensity of the incidear light 7,{A). Ite. 4, and uy are the thermal difusion leagth of the sample,
sas, and backing. respeetively, azd Ao thermal coaductivity of the hackiag,

Case B Thermally thick solids, p, < L, > 1,

o

=l (2)y o (3-12)

ky |

Case C Thermally thick solids, By €y, <y

The schematic :rp:rson:.“;:ir)ns of these special cases u.mm Fig. 3.12

In .Caw A. the PA siznal is quite strong and independent of o, byt linmrl}'\pmpnrrin-nal to I (A).
The oaly term dependent on A is the inteasity I,{A). The PA spectrum ip this case is simply the speectrum
of the lirht <onree, This would be the case for a very black absorber such as carben black. This is verifed
by the existeace of a oae-to-car correspondence hegween the PA spectrum of the same light sonree. as
seex by the PA cell, and that taken with :;silimn diode power meter [TIRZ] which bas a fag wm'clc:;::h-

tespouse in the waveleagth region of A > 400 nm.
!

Eq.{3-12) of Case B is analogous to Eq.{3-11}. but $he thermal parameters of the Barking are naw
replaced by those of the solid.

Case C is very interestiag and important. Even though a solid is optical apaque, it is not necessarily

opaque photoaconstically and oaly the lizht absorbed within the Srst thepmal diffusion length 1, will
. .

O —



91

contribute to the acoustic signal. As long as ey, < 1, the PA signal is proportional to a althnugh_thc
.-p:i.r:;l thickpess al of the s::_.n_{ple- may be much ;,;':eatr-r than unity.

According o Eqs (S-11) (2-12) the PA spectrum of, the sarr;plo is divided by the PA spectrum of
ca.rbc".n black in order 1o rcmovck the structure of the spectrim of the lizht source, thea the so-called
normalized PA <pectrin is oltained. As eag be see in Figs. 3.14 and 3.15. this spectrum corresponds

closely to the optieal absorption spectrum of the solid ahserber.

2.3.3 Experimental Mcthod

The experimental setup is shown ig Fig. 343, The sample was crushed into fiee powder and placed
inside the PA cell shewn in Fig. 2.13. The thickness of the sample was ~ 1 mm thick and the gas column
in the cell was approximately ~ 5 mm long. The light source used was a ¢50 W quartziodine lamp and
the light beam was focussed on to the entragce slit and chopped at a fxed frequency of 170 Hz at the exit
slit of 0 CARL ZEISS spectrometer. The mozochromatie light was refocussed on to the s:xm.plr through
the quartz window of the cell, The body of the enll was copstructedof brushed stainless steal. The cell,
acoustically resunant sectiou, and the mictophone were put into the acoustically isolated bax. The DA
simal was deteeted by a 1751 PA sensitive microphoar via the resonance tabe which was conpected to
the cell. ‘ Le analeg <imal from the micrapkone was amplified by a PAR-213 preamplifer, A PAR-2I0
selective ampliSier which was tuned to the chopping feequency was used to reduce anise sizmals ag other
thaa the chopping frequeney. The sigaal from the <elective amplifier was detected by a PAR-219 lack-ia

amplifier with a reference siznal from the light chopper. Theg the ontput from the lock-ia amplificr was

reconded by addigital nnltimeter as a funetion of wavelength of the incident light. and the PA spectrum

L
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Fig. 3.13 Block dizgram of PA method experimental arrangement,
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obtained. This spectrum theo had to be normalized by dividieg it by the PA spectrum of a carbon black

sample to remove the structure of the light source.

2.3.4 Results and Discussion

Tig. 3.14 aad Fig. 3.15 show the typical normalized PA spectrum of samples of compositions 005075,
: ' ]

~

002550, 000075, 101010, 107510, and 102575. From section 3.G. these spectra were found to correspond,

qualititatively at least, to the optical absorption spectra of the samples. The slopes cf these spectra are
-»

comparable with those for I-V1 compounds {T5R?] but they are very broad when compared with those

of optical abserption (Figs. 3.5 - 3.7). So far there has pot.been a satisfactory theory to allow the energy

-

gap to be determined from suchk a speetrum. The only experimental PA measurements are those of the
. i ‘ -\
O-VI semivonductor compounds mentioned eatlier. In that case it was fourd that the band gap would

he givea hy the eaergy of the koee of the normalized PA spoc:ra.‘

‘In this work. from eheervation of such spectra for alloys with euergy gap values “%koown from Section
325 an ompiricnl.rrirorinn of 50%% between the knee and base value was found to be nerded to give PA
carrgy gaps of these alloys in reasonable agreement with those of optical absorption. The PA ezergy
gaps of the alloys of compositions 005075, 602550, 000075, and 101010 would thea be 1.08, 1.18, 1.20,
and 0.91 oV, rt‘cpoctiwl}'.‘ cempared to the corresponding n]l;‘irn.l absorption eaergy gap values of 1.040,
1.173. 1.2C4. 0.938 ¢V, respectively. For sotiie alloys the PA. encr'..;)' gap is highcr;_th:m the energy gap

from the optical absarption while for others it is lower. They, however, agree resonably well within the

experimental error which is estimated to be £50 meV for the PA measurement.

-
~

According to Egs. (3-11) and {313) in Section 3.3.2. the relative PA signal for the sample is given

e



Relative PA Signal

(@) 00 50 75
~ (b) 00 25 50
() 00 00 75

Fig. 3.14 Variation of relative PA signal with photen energy Ar [pormalized Pa spectrum) for samples
(a)005075, (b)002550. aad (c}0O00TS.
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Fig. 3.15 Variation of relative PA signal with photen energy hv (pormalized PA spectrum) for samples
(2)101010, (b)107500, (€)102575, and (d)101010+ A1, 04 (L:1).
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Table 3.3 Eperzy map values of the (Cul_,.&g,](Qa,_yln,)(Sq_:Te;); system. E, denotes a photoacoustic
caergy Zap.

, . Sample | E,(eV)
g ) : ‘

250000 155
. . 250025 135
' 250050 125
‘ 250075 1.20
250010 1.18
252500 1.27
B™5010 0 - L12
257510 1.00
500075 . | 120
. 500010 ° 121
tosge500 1.09
750000 1.60
150050 1.35
750075 1.20
750010 LIS
752500 1.42
755010 .10 ,
757500~ 106 .
100000 . 178 -
100025 1.55
100075 1.25
100010 - 116
+ 102510 . 113
107510 - 1.24

ot
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2= = (22 ) e (3-14)

This indicates thas the signal depends oo the thermal properties of the sariplc and as longas a < (1/u,)
the sigmal is proportiozal to ap,. At high photon frequencies i)clow valhwg = E,) there should be no
intrrhand absarptinn except from the b;'xckground absorption and the condition o~ < (1/,) skould be
satisfed very v;-cll because of small value of a. At photon frequencies very gear to the t-'u::da.mcntal.cdge
the value of & is gettiag so high that the condition a < (1/s,) would not be satisied. In this case the

conditioa given in Case B skould be applied to the PA signal of the sample. The relative PA sigzal would

be expressed as

wo (BB ‘ 3~

which gives 2 Sat region of the spectrum a.bm}c the fundamental edge. This.interpretation implies that

:f:e position of the absarptinn edge should be very close to the knee of the absorption. However, for the
teraary compouzd of this alloy system. the 70 criterion gave the better values for the PA encrgy gap
compared to those of nptical absorption but for the alloys the 50 was better. =\

/

It is found that the PA rfect is very dependent op the nature of the surface involved. It works rather
hadly on bulk samples wi:h-higbl thermal conduetivity because the surface layer loses heat readily to the
bulk. The ideal sample cozsists of fne powder with poor thermal conductivity. Thus the surface is easily
- -beated up and does zot lese keat to its own bulk. Aztempts were made to dilute the sample with Al, Q5.

a white powder, so as to efectively decrease the thermal conductivity of the sample and thereby decrease

its thermal difusion leagrh g1, It did oot improve the form of the spectrum but the position of the P4

.
enerTy ';ft‘;m@g::he same empirieal eriterion remaized the same. This is shown in Fig. 3.13{d} for the
\/
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compound of composition 101018,

Another problem with the PA method was that several of the normalized PA spectra were relatively

£ar and did not peak near the energy correspon;iing to the expected energy gap as shown in Fig. 3.15(¢).

It can be seea clearly that in this case. it is impossible to determine the energy sap value using the criterion.

dizcussed above since the spectrum pever distincly peaks. This may be caused by inhomogeneity of the

-
="

sample.

The available encrgy gap values are also listed in Tables 3.1-3.2 for the alleys being measured by the
PA method. It is coneluded that PAS is a fast method to obtain the value of an energy gap and does

- .

zot need a special method of preparation of the surface of the sample. It is suitable for material which

is very brictle such as these alloys. However, the optical absorption energy gap values are more accurate

and the PA techrnique should be used only to give approximate values of energy gap .

3.4 Contours of Constant Energy Gap

It was fonad that the curves showing the variation of optical energy gap as a function of a composition
variable for both the copper azd indinm sections are not linear. These are shown in Figs. 3.16 and 3.17.

Within the Hmits of experimental error, they ean be Stted to a parabolic form. This was dozne in the

same {ashion as for the lattice parameters values.

To produce constant exergy gap contours, an equation similar to Eq.(2-12) was used to express .'E'g
as a functioa of the compositien varinbles appropriate to the section concerned. A least-.quares method

was used to give values of the aine coefficients for cach section. These values are listed.in Table 3.4, The

resulting Stted cnrves of 2 as a fnaction of z for constast ¥ {Cu-face) and as a function of x for constant

-
- TN

",
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z {In-face) are also shown in Figs. 3.16 and 3.17.

Using the data in Table 3.4, the constant E; contours for the Cu- and the In- sections can be
produced and they are shown in Figs. .18 and 2.19. On the Cu-section, the In-edge (y=1 on the Cu-
face} kas the lower eaergy gap values and reaches 3 minimum value at approximately 2=0.30. On this
face the maximum energy gap occurs at CuGaSes. On the In-section, there is a minimum energy gap at
the compostion x= 0.20 and z= 0.55, and the maximum ecaergy gap is for .-\..gInSe-g. In this section, the
energy gap does pot vary as mpidl)" with compo:;,i'tion as those of the Cu-section.

It was suggested [SLAL| in the case of the tellurium section that over most of the section the values of
a and ¢ could be used to determine the composition of any sample belongiag to that face. For the copper
and indium section, the a apd ¢ contours fsec Tig. 2.19), intersect at much smaller anéies and beance
the values of a and e give only 'limi:cd indication of cvomposition. However, the a 2nd E‘T'cnnt;urs (sce
Figs. 3.15-3.107':-_.1:0 snfficiently diffcrent that values of & and E; could be nsed to dcrem:in.e composition
values,

As indicated in Scetion 3.3. the photoacoustic technique was used to give approximate values of

roergy gap. These values are ftted in the same way as the above, but the resulting contours are to some

extent different {rom thosc obtained from optical absorption.
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Table 3.4 Coeflicients corrrsponding to Eq. {2-12) for the Cu- and In-section. The pumber of points used in

the lrast squares fit and the standard deviation, ¢, is also listed in each case.

- {ace Cu In
number of points e 19 22
variable composition (.2) (x.z)

parameters {u,v)

a 1.538 0.943

3 -0.608 0.104
~ -0.715 -0.386¢
5 0.023 0.071 )
g 0.487 0.275
E eV ¢ -0.253 -0.709
' - n 0.519 n.504
i 0.533 0.569

\ : _ A 0.008 0.013

o 0.N0& 0.013
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Fig. 3.18 Cu(Ca,_._,Inl,)(Sc,..:Tc_-}g Contours of constaat optical absorption eaergy gap £, and lattice pa-

rameter . ——F,; {eV), - --af{om)
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Fig. 3.19 (Cuj_;Ag.)In{Se;_.Te.); Contours of constant optical absorption emergy gap Z, and lattice pa-

rameter a. —E, {eV), - - - a{nm)
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3.5 Summary

Optical enermy gap values have been obtaine.d_ for the ailoys of the Cu- and Iz- sectivns, For some
compositions, the absorption edges could not be observed because very thin samples {or transmission mea-
suremeat could zot be produced and hence the background :.Llfsorption was very high. When absorption
cnrves weee ohtaiged in these alloys sections, they were characterized by a stl:u'p variation of absorption
cocfficient at higher energles and a shallower portion at lower energies. The tail of the absorpting edge
cerresponding to the shallower portion of the absorption curve has been att.ribu:cd to phonon hoardening
ar lower photon energies similar to that observed in the binary analog CdTe [COD1]. But the effect is
smaller than ia the bizary agaloss. The cncr‘;&' zaps for all of the termary allovs were taken to be dizeer.

PA measnremeuts also were used to give approxdmate values of enersy gap. The criterion which was
used to imdicate the P\ ezergy gap from the cormalized PA spectrum was to take an energy at which the
germaiized <imal was balf way between the base and kzee values, These vzlues gave reasonable agreement _
with those fram optical ahsorption measurements. This criterion was used hocanse az present there is oo
<.‘ui\..f:'.c:nrj.' theory to allow the roergy gap to e determined from the cormalized PA spectenm.

Tl'w ('r;utn'llr‘i of constawt £, were determined apd these contours together with the constant a

coatonss in botl the Cu- and the In- sections conld be used to determine the compasition of any sample

belonring to that pastienlar section,



Chapter 4 '

. _ i

Effects of p-d Hybridization on the Valence Band of I.III- VI,

Chalcopyrite Semiconductors

4.1 Overview ' :

-

This chapter is coacerned with the ezergy band structure of [-MI-VI; CH semiconductors, the sim-
plest termarr azalogs of O-VI 2B compouads. The esergy baad structure of a I-OI-VI, compound is
zelated to that of jts ZB repe binary analog in such a way that the p—like valence band derived from the

[ (ZB) in ZB structure is split into a I’y and Ty level and interacted. with that of T- symmetty derived

from the T7{ZB} by the eTect of the aoncubie crystal-Seld izteraction in CH strueture. In additio
uppermost valenes bands of IV, componads are infuenced by the admixture of the poble-m

d levels and as a result there is a larze reduction in the energy gap aad in the spin-orbit splitting of the

) I
nppermast valenee hand as eampared with the binary analogs. The presence of the noble-mietal o lovels
-
12 the valeuee hand hagbeen ronSrmed directly by the obsrrvation of clretrorefectance struezure die to
transitions {rom the o bvel} themaelves to the lowest conduction baed mininimm [T0S2). Tle enersy haad

caleulations which bave got tiken the zoble-metal d Ievels ioto aceount have 2ot provided an adrquate
‘ Y

.. . . >
desesiption of the energy bazd structyre of I-[1I-V1, CH semiconductors.
P 5

Iz this chapeer, the studies of the caergy band structure of LIV, componnds will he reviewed

L
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;o to7
in the gext s‘cctinn.ln Section 4.3, 2 model is developed by adding the-effiects of p — d hybridization :x.nc:l
crvstal-feld to the Hamiltoniaa of the Kaze model [57ix1]. The model is then applied to the observed
valenee baad splitting data of I-TI-VI; comporads and the fractional d character in the valence baads
can be determined. This also allows the de'forma:ion potextials of the p and d bands averaged over all
of the compouznds r‘o hr}dorr-rmincd. These two quaantities are very useful to the analysis of the variation

of ezergy gaps with both eompesition and temperature for CuGa{S;_.Se.)s allovs. This will be dnze iz

the pext chapter,

4.2 Energy Band Structare of I-ITI-V1, Compounds

L
As was <hown eaclier, the CH structure is superlattice of the cubic ZB structure and their cryatal

striretnzes are closely relared (see Clapter 2). Tle Drillonin zone (BZ) of the ZB structure is the weil-
knowz truzcated octahedron skown ia Fig. 4.1. The crystal structure of terzary CH compouads belongs
to the space group D)3 The primitive translation vectors are the translations of the body-centered

tetragonal lartice which can he written as

2

1 .
'-;:;(-—-a.a.c] . (4—1]
- i
ay = ;(ﬂ. -ﬂ..c) .

a and ¢ heing the lattice parameters. The primitive vectors in its reciprocal lattice are found to be



Fig. 4.1 Comparision of the Brillonin zones (BZs) of the zincblende (dashed line) and chalcopyrite lattices

(solid line) with ideal ¢/a = 2. The zincblende points and lices are labeled with parcn-thcses‘



Fig. 4.2 Sections of two embeded BZs on (a) the k. - k, pla.ne.:md {a) the k. — k., plane. The zincblende

points and lices are labeled with parentheses.
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Sl =2:(E.£0} " s
a a
~ 11
2 =2=(0,=,=) . (4-2)
a2 C
1

Thus, the reciproeal tragslation vectors are expressed as
) p

oy

:hg]"“'k :+f5';

2=
a

(5 + 1) (h-i-k].g(k-e-lj] .

where k. Kk, and [ are integers. Hence. the BZ can be cogstructed and is shown in Fig. 4.1 in comparision

with the BZ of the ZB structure, The notation of Ref. |GOC1] is used to label the CH symzmetry points :

-

e z) NV(I.2.0), P(I.Z.2), and the symmetry line : A(0.0.k.), A0, ky . 0).

e

T{0.0.0). T{0.0.%). C(
B(0. k. 2T, ete.

With the approximation ¢ = 2a, the uzit cell of CH lattice is four times larger thaa that of ZB lattice.
.nnd the BZ of CH lactice is four times smaller. There will be a correspondence between symmetTy potats
of thie BZs of two structuzes. Tlhis cag be scen in the sections of the two embedded BZs on the ky=k,

place and the k&, — k:y plage as showrn in Fig. 4.2, Some typical examples of the correspondence are

(COCL. G3C1. CCKY| :

ZB - CH

[{0.0.0},.X(0.0.57).8" (0.3, 2).0">(.0.I) — T(0.0.0)

L(Z.2.2).5(2.5.0) C o — N(L,10)
X{%7.0.0).X{0.32.0}, 4(0,0. I) — T(0.0,%)". (4 - 4)

The gronp theoretical studies of these two crystal structures bave been made by Parmester (5521}

{4=-2) -
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Table 4.1 Character table of tke ZB s::,:nc/t:;-e as the T point. BSW : Ref.[26B1], D : Ref.[55D1]
T ) ’ .
_ _ E 3C3 8C, GIC, CIC. Basis functions
BSW D . _
T, A 1 1 1 1 1 (2 + 1% +2%) ; 2ys
o T- 1 1 1 -1 -1 25, S-
T Ty 2 2 -1 0 0 (2 - 1F). (322 =17)
Tis T, -3 -1 0 -1 1 Z. Y25 yI Ty
n T, 2 1 0 1 1 S=.5,. 5z
o~ Additional characters of the double group. -
j .
N’
T E 3 6C? 8C, 8Cs 6IC, 6IC, 121C;
T 2 -2 0 1. -1 V2 -2 0
T- 2 -2 0 1 -1 =2 V2 0
T 4 -4 0 -1 1 0 0 0
Spin-orbit splitting selection rules,

L, T _ T2 ' | P Ty L2
F'XD'.' . Te T- T, T-+T, Te+Ty
Dipole transition selection rules.

~
I, Iy Ts T2 Tis L2 Ts I Ts
F'xTys Tis Tay Fys+Fay T4+ T2+Typ T:4+Ty Ty+I, To+T:
. +rx5 +r15 "'2[‘3

+ 23 +Tas

N.B. 5;.5,.5; meap a basis translorming like coordinates z,y. : except that they do zot change sign
under the taverssion. .
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- Table 4.2 Character table of the CH structure at the T point. [S7TK2, 64S1]

r E Cy 25, 2C; 204 Basis functions
T, 1 1 R 1 1 (3% = r*} : (22 + 1°)
I 1 1 1 -1 -1 5.
T 1 1 -1 1 -1 I
Lyl 1 1 -1 1 1 >y
Csq(L} 2 -2 0 t] o .Yy ys:25 5,5,
‘Additional characters of the double group.
202 20; 264
T E E - 25, 25,
20, 2C; 22,4
Ts 2 -2 0 V2 -v2 0 0
T 2 -2 0 -2 V2 0 0
Spin-crbit splitting selection rules.
I, T, I, r; - T, Ts
I.xD, e Te r; I: T+
Dipole transition selection rules. )
T Ty Ty Ty r, Ts Ts . Ir
LoxT ) Ty Ty T B o Ly s Ty
T Xr;(_‘_) rS Ts T, T, I, +1": I',; +I“7 Ty +I‘:

+Iy+T,

N.B. 5,.5,. 5. mean 2 basis transforming like coordinates z,y. = except that they do pot change sign
under the inversion. - -

AN
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) . Iy r
i-l'.' T T+ I‘;
Tis T/ 4T,
L . . Tas T;+T
1 . Te Ts
' S T, T:
Ly Te +T-
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aad Dresselhauss {55D1 for the ZB structure and by Chaldyshev and Pokrovski [60C1] and Sandrock and

Treusch [64S1] fox the CH structure. Compatibility relations of the irrducible representations (IRs) of

these two groups kave been studicd_b'y Chaldyshev and Raravaev [63C1]. The present study will concern

-~ . )
the energy band structure of the uppermost valence bands of I-I1- VI, terpary CH compounds at k =&,

L

the T point. Thus, character tables for the IRs of the ZB acd CH structures at the T point are given
iz Table 4.1 and 4.2 and compatibility relations connecting the IRs of the two structures are also given
in Table 4.3. These will provide information such as (i) the degeneracy of various energy bands in the

vicinity of the I’ point. (i) the symmetry of the wave functions, (iii) bow the c:ic:gy band splits_whg'iz‘

the spin-orhit interaction is inlcluded or whea the symmetry of the crystal is reduced from Ty to Daq,

: ' . 1
and (iv) the dipole-transition selectioz rules, ete. ' ~\1

/

@cc&%he rrespondence between the erystal structures and the BZs of the CH and ZB com- .

pounds, the energy hand structure of a ternary CH compouad could be well approximated by a perturba-
.h . -\

tion treatment on the well-established ZD energy band. The perturbation term is the noncubic potgnt'ial

cansed by the noacubic aspects (see Section 2.2). If the perturbation term is peglected, the energy bands

o

of the CH cou:pound.a.re those of its ZB binary analog but now they are folded back into the frst BZ

- nf the CH structure in order to allow for the reduced size of the BZ'of the CH stmcture. These eaergy

Jbazds may thea be used as a zero-order approximation {the unperturbed states) to the actual energy

o ) e )
bands of the currerponding aH compouad. The folding metkod and the symmetry properties of the per-

turbation terms have been studied by .\I‘}.cr et al [77M1, B1M1] and Karavaey iad Poplavooi [CCR ). It
. * v J ""'\

A

. - . . - - . ¢

is fonad Yhat the perturbation terms due to a cationic asymmetry and an anionic displacement transform

i Z)and ﬁ'f’(:;'-; 0. Z) while those due to a tetragonal compression-traasform

according to hoth TVH(0, 5

L4
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~as the 3:% - r? comporent of I';» iGGKl. T7MI, SIMI]. At the T point of the folded energy bands, the
uppermost valence bands are a four!old-degcngrate I's and a doubly degenerate I'- states and the lowest
conduction batd is a doubly degenerate I'g state. The tetragonal compression is the largest contribution

to the erystal-field splitting in I-II-VI» CH compounds. Although this eSect is the first-order pertut-

bation, the crystal-Eeld splitting is small for the tetragonal compressions commonlj' observed in terpary
CH compounds [7552, T7MI, §IM1]. The folded states. which belong to X and W symmetries, appear
above and below the [ and T';, T states and the interactions between the folded states and the T'; and

Tz, T states are neglected in the quasic :bie model [GOHI. Ti.Rli.

\

Ia this model. the uppermost valence-band states for CH compounds are considered to be derived

from the T- and Ty ZB valence-band states through the action of the perturbation due to the noacubic

ery'stal-Scld potential, Using the information given in Tables 4.1-4.3, relationships betweea the valence-
haed splitting of ZB and CH structures due to these interactions can be established and are shown in

Fig. 4.3. In the model. the ervstal-Beld splitting, 4. is assumed 1o be given by splitting produced by a

. '
Ctetragonal upiaxinl stress applied to a ZB ervstal. The diagopalization of Hamiltoaian matzix gives the

cacrgies of the T's levels relative to the T level (£, = 0) in the valence baad ta he

1
Eiz=-3

1 . 8V '
t alsn vields wave {unctions {rom which the intensity ratios for different light polarizations caz be

o . .
caiculated for a transition frem a givea T'; valezce-band to a Iy conduction-bazd. viz.,

I;; - - 35, -
]T'-'[I‘:.'].t...‘ - r.",C.B.l = (-'?' "':) (4— G}

-—

NG .
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where E, is given by Eqs. (4-5). The spin-orbit splitting, A, the crystal-flield splitting, &, and the ratio
B A}
- § . ey
of polarization-transitions caa thus be determined from the observed valence-band splitting data using

Eqs.(+5) and (4-6). i

Earlier studies [7552] have shown that the structure of the uppermmost valeuce bands in a O-IV-V,
termary CH compound is simply related to the encrgy bands of its II-V binary analog in good agreement
with the quasicubic model. It has also been found that the emergy gap values and spin-orbit splitting

parameters are comparable to tkose of the binary analogs and the erystal-Seld splitting parameters are

given in terms o} tetragonal distortion by

=S I (4-7)

where b is the deformation potential, estimated to be -1.2 eV [75S2] for all O-IV-Vy compounds.
In the case of I-III-V12 teraary CH compounds, however, the observed energy gap values are between
0.4 and 2.4 eV lower and the spiz-orbit splitting parameters are considerably smaller than those o{‘H-\'I

binnr_\: analogs, as kas been pointed out by Shay and Wernick {7552, & fliller et al [S1M1] and Jafe and
: ‘\\ i ]

Zungrr {S4J1]). These efects have been attributed to the admixture of zoble-metal d levels iz the valeace
l:aads. EIoc:mroﬂo‘ctaa;c measurements have shown evidence of tramsitions between d—states of the Cu
atoms agd the conduetion band in CuleSs, CuGaSsy [71T1], CulnSe; [7251]. and CuGaSes [TST1). X-ray
photocmissiong{ XPS) and u-Itraviol;t photoemission (UPS) studies ha.\‘e.: also reparted th.c energies of the
soble-metal d levels below the valeace band edge in CuAlS; [TIL1, 74K1, T7R1). CuGaIS: [TAKI. TTR1.

*$1D1]. CulnSe; {TTR1], CulnS: [T4BI. T7RI1]. AgGaS; [73L1. T4KI. SID1). and AglzSe, [TTRI). The

small spi:-o:l.wimplit:‘id: parameters and the reduced energy gap values have been explained as dee to
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p - d bybridization between the p bands and the noble-metal d levels. According to this interpretation,

the observed spin-orbit splitting, A, of I-I-VI, compounds is written as [7552, 77Y1, TTT1]

~

A=ard; +(l-ar)a: (4= 8)

where 5, is the po';it.‘ivr_ spin-orbit splitting observed in the (p—like) birary analog, Ay the gegative
spin-orbit splitting of the noble-metal d levels, and ag the fractional p-like character of the uppermost
valence bands. This idea has been extended to the case of erystal-feld splitsing |79YL, §2L1] where 6 has

been assumed to be : -

§=agb, +(1~-0.)0; . (4 - 9)

¢5 and &y being the crvstal-feld splittings associated with the p=like and d—like valezce bands. respec-

tively. Tle strong p — d bybridization of the valenece bapds has been directly dct.e:rm'ned from x-ray
hy .

photoemission studies [TIL1. T4K 1, T7R1]. The componnds containing Cu show a stronger p — d hy-
. : S,

bridization than the Az compounds. This is in agTeement with ap derived from the optical measurement

data nsing Lq.(4-8).

»

. A
Tell azd Brideabangh [T5T1] bave qualitatively, domon&ra:cd the ohserved reduction in ezergy gap

values and in <piz-orbie splitting of CuGaS; and CuGaSey compounds usicg the p—d hybridization medel

with two adjustable parameters, the energy separation and interaction betweeg the p and d bands. In this

\_,Q:?;‘.j 4
\ /‘K/ .
o .. . : e .
modell it has beez assumed that thcif;g levels of the p and d bands ia the absence of 7 —d bybridization
would be mid way betweea the corresponding I'y and T'» levels. This, however, is not the case [57TIX1].
In additicn. the ¢Zect of the ervstal@eld kas ot bees taken into account. According to the resulss of
*~ o~
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Tell and Bridenbaugh. to cxplain the eSteet of zegative spin-orbit splisting in CuGaS,, the woperturbed
d=like 'ys level must lie .a.bove the unperturbed p—like T';5 level. This is contrary to the ecperimental'
results [T1TI} which kave observed transitions from the d levels to the lowest conduction-band minimum.
These discrepancies will be discussed further in Section 4.3.

The clectronic structure of III-VI; compounds has been caleulated by Poplavnoi et al [T1P1. 7GP1]

'

using the empirical p:';cudopotcntialt_mc:hod [65C1]. These caleulations for several Cu compounds has

neglected the noble-metal d levels and has been upable to predict the observed valence band splittings.
The 8rst eénergy band calenlation, v-:b.ich kas taken the d levels into accouant, for CuGaS; and CuAlS,
bas been made by Oguchi ot al [8001] using the se!f-consisteng numerical linear combination of atomic

orbitals [77Z1]. The ersults indicate an admixture state of Cu(X{) and S(3p) orbitals at the top of the

- -
valegee bands. e

Bendt and Zunger [$2B1] recently caleulated the electronic structure of CulnSe, using the potential-

variation mixed-basis (PVAIB) approach which avoids pseudopotential approximations and solves the
all-electron prollem self-consistently. The'Cu 2d states are present at ~ 2 -3¢V below the band ed:ge in
gnod agreemient with the recults of XPS [TTR.II.

" The PVMB approach has been used by Jafle and Zuager [53J2] to study the chemical trends .in the

electronie structnre of CuAlS,, Qu(-'a.sg. CulnS;, CuAlSes, CuGaSe, and CulnSes. It has been found

that in an eaers sange of nppﬁrmima:‘cl}' 18 eV below the valence band maximum (VBM), there are

four distinet walence-bard regions, separated by three beteropolar gaps (see Fis. 4.4). Firstly, there is

az upper valence band made up predominantly from the Cu{2d)-ckalcogen {3p or 4p) bond. The loeal .

deasity of states indicates that the Cu d character reaches its maximum at 3 - 4 ¢V below the VBALL

-

3
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Below this are a valeace band labelled the III-'VI baad, which rcprescn:; the weak bond between the
MI(s} and VI{p) atoms, e.g., the Ga[4s) - S(3p) bond in CuGaSs, the VI{s) band contributed from the
chalcogen s electrons, and in the case of Ga and In compounds. a narrow II(d) b:u.:id comes progressively
Icwer in emergy. 'II'I:.c calculated dexsity of states of the six Cu compounds are ia good agreement with

—m .

the available data from XPS and UPS results [73L1, 74K1. 74B1, 77R1, 81DI|. At the conductiop

e

baad minimnm {CBM) [y, consists predominantly of excited anion s orbitals and Cu 4s orbitals. The
caleulated ecleesronie charge densitfes of the VBM and CBM of CuAlS; and CuGa$S, show a significant
overlaps betwaen the two states on the same (anion) sublattice and to a les.ser extent on the Cu site.

Finally, Neuman et al [S4N1] bave calculated the valence band deasity of states of all Ga and In
compounds of the form Cu OI V1. on an atomic orbital basis Witﬁﬁ the noble-metal d levels explicitly
iacladed. The agreement between the theoretical results and experimental results from XPS and UPS
is zood for CuGaTe; aznd als_o CulaVI; ccmpourds excepts for the particular case;of the In{5s) - VI(p)
honding states, Larger discrepencies aze gound for CuGaS. and CuGaSe,,

It is seez that in crder to p:ovidc; an adequate description of the eaergy bazd structure of I-II-Via
CH compongds, the noble-metal d levels must be :nk;'n into account. In :i;c ext section. a model is
developed to study Fhr- efect of p — d hybridization oz the nppermost valenee bands of I.O1-V1, CH

semicenductons.

’\
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4.3 Theory of the Effects of p - < Hybridization

on the Valence Band of I-III-VI; Chalcopyrite Semiconductors.

Here, 2 model {S4Y1] is proposed which takes into account the p—d hybridiz.ationl.gﬂ'cct on sh_e
uppermost valezce bands of I-II-VI; CH compounds, considerin-g the [ point only. This study extends
the p—d hybridization approach of Tell and Brideabaugh [75T1|. For convénience, it is assu::ned that the
p—iike valence baads lie above the d—like oges, a.ItI;_ough a similar analysis could be carried out without
this assumption. In a cubic (tctrahedrﬂ)_ field, the Svefold-degenerate d levels split into a threefoid-
degraerate T14{d) and 2 twofold-degenerate I‘“u[d) set, and the I'j5(d) levels lie at higher eacrgy than
the T;2(d) EdTSI. §5T1] (sce also Fig. § and text in page 189 of [S&IJII). The d level T')5(d) bas the same
symmetsy as the p level Tps{p), so that these will interact with each other. Since the d level I‘;;(d) has
the wrong symmetry o in-:cra.c: with the T 5{p}. it can be neglected. Thus, only the p band I'y5(p) and

the d band T4} will be considered.
There are two important parametess ia this model, viz., the ezergy separation £ between p and d

levels and the juteraction matrix element M due to the p—d Evbridization interaction between these levels,

it

tarting from A quasicahic erystal with spin-orbit interaction. the wave fuactions of the diagonalized spin-
orbiz interaetion are nsed as basis funetions. The p — d hybridization interaction is applied and levels of
the same symnietry will mix and repel each other, the magnitude of the interaction depending on the
eoergy separation and the sirength of the interaction potential. The interaction is responsible for both
the reduction AE, in the energy gap compared with the value for the corresponding binary compound

(i.e.. the kand-gnp anomaly [$4J1}) and for the reduced or negative spin-y&t splitting of the ternary CH
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only to tetragozal compression of the CH In order to see the effect of this field on the Gppermost valence
bands. the frst threé mixed levels, which have I'y and I s}'mmc:ry: are then pertnr_bed further! and they
split into three separate levels with I's, I, and T's symmetry, repsectively. All of the ecergy eigenvalues
and wave fzactions. inclu;:!_ing the coefficient of d—like character, can theg be determined exactly. The -
two parameters £, ), and the band-gap anomaly AL, play an important role in the theory. Th:ee
special ca;r,-s will be considered, viz., the cases when there is no p - d bybridization ard/or crystal Seld,

and the one when the strength of the interaction potential is very weak.

4.3.1 Thceoretical Developrnent

The Hamiltoniaz for cubic crystals with spin-orbit interaction is of the form

. y .
=2 i1 s 2 Svxp-a . (4-10) .
2m 4m-es

where 5is the momeatum operator and é‘ is the spin operator. The term Y5 is the cubic.pornsti:ﬂ of the
crystal.

The basis functions ia the diagonalized spin-orbit Hamiltonian at the I'-point can be written as
© follows ESTKIE :

For the conduetion hand.

ol (Ts) =[iS )
‘ (4=11)
of(Te) =4S 1) . |

these are degraerate wave Sactions.

For the p bard. ' ‘ i



-
124
il = (=22 ) Gz y
;o(l‘a)—}'l‘%j—r 1} . (4 —12)
il = (9| 22 1)~z :
it =50 -T2 Ly s Epriz
020{Ts) =[‘Y\'/;’ . (4 - 13)
652(T7) = (:;j’)”’ l -l;Tﬁ - (él""l zZn
The £rst :h. fuaciioas are degenerate, respectively with the last three.
For the d- bard . L i
ohile = (517 T2 0 L ey
0% (Ts) =‘yz ;;Z'Y D (4 - 14)
it = 2 |2 Lk y
3 72 3
0% (Ta) = (312 - -—"z;;z"" )+ (g)‘“:x{ 0
oja(ra){yz;,z,’z‘\ ) - 15
2ln) = (5)V7 | - ———Z;;“ ) - (51 | xy gy g
) The Sxat three of these functings are again dcgrncr;te. respectively, with the lasz thres

These are the wave fizetions which form a ¢et of orthonormalized states for the condtction band

sere
préne

EJ
]
Co
e
L
]
[ §]
.
&

ractizg p azd d bazds. Tie resulting ezergy cozfguration which bas taken into accousnt

he negative spin-orbit splizting of the d baad {6351, G7S1. G9C1| is shown in Fig. 4.5 under the keadiags

1

od e

1

aaad F. + 5.0, Here, Z,. Z, and E, are the eigeavalnes of Zy and the spiz-orbit splitting of the p

azd d bazds, respectiely, are deSzed by
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Fig. 4.5 Sketch of the energy-band conSguration at the I' point skowing the variations in the p and d bands

as spin-orbit interaction. p — d hybridization, and crystal-feld interaction are successively applied.
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“A L
_ 3Ry 18V Vo |4 .
Ap = EW (l a—zpy —a?p:l} > R {4 -16)
and
JSME g @V Ve oy
Ae= o (va| 20, - 24 p:|2X) . _ (4 - 17)

Ia the presence of a hybridization itteration potential V4. the interaction matrix between the p and

. ~ ¢ bands can be written as

—

R ) R

The basis wave functions nsed in this representation are as foll?ws: 03,(Ts). 03, (Ts). 050(Ts). 03,{Ts),

op (T2} 05, {T:). o;',(rg,}. ofl{fa). ogo(ra]. o;‘,’o(ra). 052(1",-). and dgz(l"—,-}. The first six functions are

degenerate with the last six, repectively. The matrix elements of the bybridization interaction potential

154 can be written in the form -

(05 (Fm}[Voelod (Tn)) = M6,;6035mn
. (R TmliVsdo], Ty =0 . (4-19)

o e 3
(o..h(rmll deO(‘:J{rn])_=0 . .
where M is the interaction between these levels and ¢ is a Kronecker 6 function. The full matrix
representation of the submatrix Y, then becomes

1

A,/3 M 0 0 0 0
M -E-lag/3 o 0 0 0
| o 0 3,/3 A 0 0 '
el B M —E-jad/a 0 0 (4 - 20}
"0 0 0 0 -1, RYs
0 0 6 . 0 M7 —E+3ay

. : i
The resulting energy eigenvalnes are



Ay =

[N

2 2 1{/ 2. . 2 : 2 ik
[—5.3;, -E+ 'al.ldl] - 5 (—5‘.3, + £ - SIA'II) + 4\

1f2 ~
1[4, EY R (.«., [Aal)’ 2
-—_.,-I——- - -z == \
As N3 E 3} 2[3+E+3 + 4. 3

and the corresponding eigenfunctions are as follows :
- - .

for Ag,

for A4,

for A,

for As.

for /\1.

&5 (Fs) = apofy(Ts) + boo%(Ts)
BI( s) = 2003, (Ts) + o067, (T)
&7 (Cs) = 010;?1 {Ts) ‘5"5:0‘?: (Ty)

®7(Ts) = a;0],(Ty) +b103, (Tx)

®2( ) = 0200,({T2) + b203,(T:)
L

®(T) = a203(T7) + booy (Fs)

@3 (Tz) = @305, (7) + b308.(Tx)

@J(T:) = az00,(Tr) + by00, (T2

“rla

{4-21)

(4 - 23)

(4 - 24)

(4 - 25)
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. BT (Ts) = 0,03, (Ts) + 540 (Ts)
i v - , ' ! (4~27)
S | 83 (L) = 0407(Ts) + 405, (Ts) L
\
|
|
. | V
‘ :
- B . ¥5(Ts) = as0f,(Ts) +bs0Z,{Ts) . ' .
) ) : (4 ~ 28)
25 (Ts) = 650],(Ts) + bs02, (Ts) ~. '

The 6, arnd b, eoefiicients can be evaluated. Writing =, = o7, thea

i > _ -
- - 2 Ael Y\ y
ST =ei=1-b] =1 {1-&-.1!‘/(.\.-&-5-5-{—31!)] . (4 —29)
<
., 2 -
1==a§=1—65=1/[1+.\{2/{A:+E—:!Agi)‘] . {4 —a0)
?
. - . - . 2 4
-:;=a5=1—b;=1-1/|1+.‘tf‘/(/\3-:-53,1'} (4 - 31)
. —_- T 2" re -\'F ; td
{""7 ‘71——,'52.(15-—-1—65:1—1/ 1+.‘-./ 1\5-‘-:"— (4_0-]
- Next, it iv coeessary to include the ervstal-feld interaction due to the pomenbic potenual arising

frum the tetragonal lattice compression along the chalcopyrite z axis, this being the larrest contribution

to the crysial-£eld splitting of the valence bands. In order to Sad the splitting of the uppermos: valence

l
hazds. naky the fisst three levels are considered. Us

ing the w

ave-function equations (4-23)-{4-25) as basis

function. the interaction matrix for the crystal-Seld interaction. 1%y, can be written as
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where
. . .
-4
M-mF -y (2v172)1% % + [2v] 2] 2% 0
- 1/28 ' 28
vcr = [‘,"l“."'] 12+ :-.'1“.'-'_-]1/ ‘;" Az 0 .
- . . [ R
0 . - 0 AO_-".'O';'""".'Q';
i pu—_—— .
0 =1 0 ;,_
[ ‘
~ = -
1 =1-" .
~
and
v
Ap=1=ma
{4 — 24}

Tle quantities &, and ¢y ave the crystal-Eeld-splitting paramneters of the p and ¢ bands. respectively.

They are defned [T4K2] by « - //\

+

<XV, [ X >=< P [V [} >=-33 . | (4-35) 3
] - -
) 5 : " :
<Z{Ve|Z>==36". (4 ='35)
and. similasl¥, - .
' < YZIVL ITZ>=< ZX 1V, | ZX o= 7
Drer | >_<_Z.\;1c,.;2'.\ >= = . [4 —37)
2
. <XV Ve [ XV = =20 (4 - 38)

™
It 13 to be zoted that the static shift {T4K2] due to the crystal Seld has already beez taken into
acconat., Howewver, the crossterm matsx elemena: die to the emvstal Seld bas been pegd

gieczed o the

present model 1
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To determine the wal splitting =2 the BZ ceater, the matrix in Eq. (4-33) must be diagonalized.

TLe valeace band thea ;;{i:s into three doubly degenerate levels, which are

84
Eo(rc)—ko—”oi"‘(l—?u)? . {4 ~39)
a7 ) : £ .
Szl =5 Ay + a2 =y - ‘1-‘71)%]
| A v
\ d T ; I¢12
=3 {(nx =A== (1= "‘1)3) + 5{{‘.'1".':}” 8 + (1 ="m )1 = +2)]/?5,}
.- ) - (4 — 40)
be sesulting energy confguration aand the polarization-transitions are shown in Fig. 4.5 under the
beading §. = 8.0.+17

s -
¢ + V. Io onder to estimate a value for' tht band-gap anomaly AL}, it is assumed

that the Ty ievel of the unperturbed p barnds {see Fig. 4.5) in this analysis is the same as the top level

_—

.

the ~alezer band of the equivaleat binary compouznd. In that case. AE, then takes the value
- rl

b
aad

<
. . o
AL, =E}-E =E£,-3,/3 . . (4 - 41)

-
. are tae hand gaps of the ternary CH compound and the equivalent: bizary compouzd,

k4

sespectively,

—~—
+
-

Le wave {uznctinzs enrresponding to Eqs. (4-23) and (4-40) are

\I“l'(rf) = c‘l‘.zl?{rh} - d;':';(r'_') = C‘;C]O;)x (ra} - dlc:O?:{rt) -é-c;b,o:.’l{fa) +dxb~;o:.'=(r-,-}

(4 - 42)
. ;
YiT:) = claro]; (L) +d1630],(Tz) + e1by o}, (Ts) + dybs07,(T:) [4‘— 43}
Y2{Ta) = 87{T} = caoly(Ts) + b0 ») (4= 44)
:‘F - -

7>
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¥3(Te) = @3 (Ts) = 20020 (Ts) + 8007 (Ts) . (4 - 45)
apd’
' . ' L

‘I‘g [I‘:] = Cg‘b?‘ra) -+ dg @‘._3{1'7) = c:alogl (ra) +d;ago;,’;.(1'-,-) + Cgblégl (ra) +dgb;og-_.£r7) .. (4 - 46)

W3 (T1) = c20007, (Ta) + 420202, (Tz) + ¢25103, (Ta) + dzbz0{T) (4 - 47)

Using these levels, the fractional p—like character of the uppermost valence bands are found to be

ay =cjal +dial =cin +diva . ‘ (4 —48)
-
ao=a§=‘:’o ' {4 — 49)
az =cja} +diai=ciw + & . - (4 = 50)
where -".
. A

* - ! . [P - l/:éﬁ .h - 1/264 ; = 2 3

"1=1/ L+ {2720 3‘*‘[-—(1—‘71)[1"7:” 3 -3/(5:"\:) K (4 -51)

-

~ / -vé "E. -
d; = 1./ [1 + ((2‘:17:)”’ ; + {21 =~1}1- '7:””'—::-)

. . {4 = 52)
8 6:\°
/(E:‘"Ax'*"?l'g"‘?'(l_—'f:)f) ]
F+di=1 . . (4 - 53)
1 ’ Y
G+di=1 | (4~ 54}

Usinr Eqs. (4-11).44-42]. {4-43). [4-4C) and {4-47). the polarizationsiztensity ratios for transitions

from a givea ['; valezce hand (at edergy E, or E2) to a Ty conduction bazd nre determined to be

~

1

Y R %.c, = 3das ]
Birar—r- [_;C___}

2y + 111:“2

(4-55)

)
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where i refers to 1 and 2. The light is polarized, respectively, parallel or perpendicular to the CH z-axis.

M .

Ia the derivation of Eq. {4-55), o matrix element of the type < 5| P, | X" > has been neglected since
according to the 1ight binding approximation, the value of the mitrix element is proportional to a dipole
optical matrix element between th_c atomic s- and d- orbitals which is not ‘allowed for the.atgmjg case,
T‘Ixus. -:he' walue of < 5| P: | XT.> is very small comrpared to that of < 5| P; } Z > [8552. Thus, i."on; .
the above analysis, the enetgy separations of the valence bands are given by Eqs. {4-39) and {4-40) and
the fractional p and d characters oflthc valence are determined b}'vKs. (4-48) to (4-50). Eqnatie:;s {4-29)
- and (4-40) ;:a.n be used to analyze the expcr;mcntd data available for various chalcopyrite materials and
give values for the various material parameters. This will be doge in Sec. 4.3.3. Before this analysis.

Lowever, it is instructive to show that the present model will reduce to the previously proposed models

under the appropriate limits.

@ -

4.3.2 Limiting Cases

AL

Tkree previcus models are considered and it is shown that each is a special case of the present mode!

and can be derived from it.
A. Tell and Bridenbaugh mode]

~

Ia the Tell and Dridezchangh analyeis, theze Is no anzcubic crystal Seld and. in the abseuce of p—d
idization. the Ty Ievels of the p and d bards are assumed to be midway betweena their Ty and T'-

For the present model i & and §; are made zero, the Zy. £,. and £ levels, Eqs.{4-20) and

reduce to a doubly degraerate Iy level at the eaergy Ay = Ap. and to a ['; level at the ezergy Ao,
-
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Ev =X =Ey = 20(la). E;=2s(T:) . (4 — 56}
From Eqs. (4-48) to (4-50), it is seen that the fractional p—like characters then become
@Gy =71 =@y =7, @2="T2 . [4-57)
Tle caergy-map .'{:iomal}' AL, [from Eq. (4-41)] becomes- X
A A . . :
:lE;.:EI_——s-a:A;-?, . ("—55)

Equations (4-56) to {4-58) are the same as those of Tell and Bridegbaugh, except for the diferent choice

4

of the ezerpy of the T'ys levels meztioned above. ) ‘

B. Kildal's mode]

In this case a roacnbie erystal field is assmed. Le., 6, # Oand &, £ 0, but there is no p-d

-

bybridization. Le.. M = 0. Thus, in the prescu: asalysis, if the d—Lke character is iznored, then ozly the

p—L&e character remaizs and the various parameters take the values

=y =Eaa=1 ap=aqg=o0a> =1
. arnd ) (4 —55)
A 2
M= =20 A= -IA
- - -~ H
i, - o
M

The energies of the T'- and T, levels can theg be expressed 2s foilows ; For Iy,
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and For I,

1/2
1

' 1
E\z = 'E{Ay +5P) = 5

2
(A, - %l) + g&;‘]
(4 —61)
1

.1 . . 8 1z
= ‘E(Ap'*'&xa)—.‘, (Ap +6,)° - 5-’3959

et P4

This is identical to Kildal's §nal result except for the different choice of the energy zero {Le., E,+ 5—'—;—"32 =

0). Furthermore. it is to be noted that Kane's form can be obtained by neglecting the crvstal Seld

completely. ie., by setting &, = 0.

w .
C. Linear hybridization limit

This is the form used by various workers [7552, T7Y1, T9Y1. 77T1, 82L1]. Essentially, it assumes

-r

that the parameters A and § in Eq. (45 can each be written as a linear sum of the p and d contribtions,

A=agd, ~ (1 -arlag
cmd_ ) ' (4 —62)

6:0;_'15;'."{1‘-0;,]54 . . -

the preseat model. this case is represented by the conditions M/E < 1l and £ > 3, aad (A,

»

Izt

and As cap then be rewritten, using a Taylor sxpansiocn. as

= 1fa. ;A“';.i . 1-r_\‘:*_._. }_\,!" .- e -Ix,—-.» -
S A R _'2{3 T s U T E+ A EA R -
14 -¢2)
A, \2
T3 B3, +A)/3E]

Lxpandizg further

. ALY Ve MEA

A].:"E_—"'_,i[l_ L_,:]_ 2 - [41"5'”

//ﬂ
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The 8rst term on the right-hand side represents the shift dge to the hybridization and will be the same
for all three bands. Hence, it will disappear whea the differeaces £ — I, etc. are calculated. However,

it will be an importaut term in the expression for the band-gap anomaly AL, Similarly,

| 2g| - | (4 - 65)

AR 24, [1_.\I’]+2.\I’
Z7] 3ET

Thus,

> M A A 137
ATtAz = — ‘T’[ :]“-'-:i-\d{ . (4 — €6}
) < L= S E? _
Similarly,
7. A A2 .
A=Az = A, {1-—:,‘.:]—].14{5 . “ (4 - 67)
From Eqs. [4-29) and (4-20). )
Az -
~.1=~o=~x=atz[1-,,] (4-68)
Thus )
21, e .
AX—A-'_-= E _Elcf_l;"(l_QLJ:-ld“
SRR - .
and ] (4 - GD)

Trom Eq. [4-200.

so that, o the Luear bubridization limis,

I , -
cimgard; il -erlds {4=70)
~ <}
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Similarly, from Eq. 44°20),
1 § 5 ' )
Biz=3 [f\x'?'f\z-“.’l?’ (1-‘71)';-] b .
12
1 8 5\ 8, e o 125 12 !
= :\:—z\:-'ng-(l-‘n)% +§{(‘71‘.':) by + {1 =7 )(1 = ~2)]' %64} \
‘which, in the limit. gives §
Ars 1 '
RAIE b[aLAp - {l—ar}ae]+ard; + (1 -ar)b]
, _ ) (4 -71)
T ’ 1 2 8 RVREINIZ
E5lacd,  (L-er)ddli= 3lecd, + (108} + 5[“:-5; + (1= ag)se]”)
The band-gap anomaly AE, now becomes * .
A ME A 1 . -
-.lf‘:g = E; - --3—’ = ? - —3—9 - E[O'LA;. - (1 - ar_)|.l¢| -+ QL‘Sp + (l o 05)54]
H l F 1 s . 2 - br it ]
=5 ({{oed; — (A =ar)|ae][ - slacd; + (i - ar)écl} (4-72)

- g[a;é, + (l.— G[_)é‘xlz)uz -

In Eqs. {4-C0) and [4-G1). from the Kildal.model. it can be assumed that A, and &, are the total
spinsnrhit and erystal-Seld contributions, i.e., A, is replaced by A and 4, by 6. If, in that modified form,
“ ¥
A and § ace substituted from Eq. [4-62), the resulting equations are ideatical with éqs. {4-70) and {4-71)

ahove, Thus, Eqe. (4-70} to (4-71] include the livear form assumed in previous work [T$S2. TTY L. 79Y1,

. )
L T7TL S2L1L " .

4.2.2 Numerica]l Analysis and Results

In azder o apply the presest model to apalyze the behavior of various I-II-VI. compounds. it is

Srst pecessary ' review what experimental data zre ovallable for the aznalysis. Tor many of the I-OI-V1,

componsds. three valeoce-band—conduction-band trassiticns E 4, Eg. and E¢ have been determined o

. . . ~ -
toom temperature azd are listed o Table 4.4, The lattice-parameters values bave been w«-d for
. ;
all of the comporads, <o that the ratio ¢/a is known azd is also given iz Table 4.4. / :
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Ternary N Baad-gap
Code com- Energy gaps {eV) A anomaly
letter pouzd Ea Eg Ee {eV) cfa Bioary analog? AE; (e¥)
4 CuAlS; 3.49° 3.62° 3.62¢ 0.09 1.56° Nz 22055 2.41°
B CuGaS; 2.43° 2.55° 2.55° 0.12 1.96° ZaS 1.37°
c CulnS, 1.53° 1.52% 1.5 0.16 2.00% Z29.4Cdg s S 1.64¢
D CuAlSe, 2.72¢ 2.86° 3.01¢ 0.32 1,95 Mz s Zng g Se 1.477
E CuGaSen, 1.6S° 1.75%  rog 0.35 1.56° ZaSe 1.00¢
F CuloSes 1.04° 1.04° 1.27 0.29 2.00° Zn, s Cdg s Se 1.26¢
G . CuAiTe; 2.06¢ 0.91 1.97* Mzo 320y s Te 1.44% -
H . CuGaTe, 1.24¢ 1.27¢ 1.85¢  0.54 1.08% ZaTe 1.327
I CuluTes 1.06° 1.06¢ 167 058 = 200° . Zn,sCdpsTe 112/
J - AgAlS. .13 0.10 1772 Mg,5Cdo s S
K © AgGaS, 273 3.01° 3.01° 0.13 1.79° 724 :Cdy 5 S 0.447
L AglaS, 187 2.02° 2.0 0.17 1.92° cdas 0.66°
M . AgAlSe; 2.53¢ 0.33 1797  Mgy.CdgsSe
hY AzGaSe, 1.83° 2.03° 2,25 0.354 182 Z20.5Cdg s Se 0.55¢
O AginSe. 1.24° 1.33° L.60° 0.40 152° CdSe 0.61°
P AgAlTes 2977 2,28/ 0.92 1.88° Mz, o Cda 5 Te 1.03¢
Q AgGaTe, 132 1.43 2,23 0.95 1.50° Zn, Cdos Te' 0.56-
R AzlaTes 0.967 0.99 1.96° CdTe 0.84/

“Reference {5431}.
Referenee (7552,
"Qefereace [72D1]
“Referezer (TIHLL

Relereaee (T7TTLL

“Relerence [SIMI].
“Referezce [T452).
‘Reference (7552

’Reference [TOP1].
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Table 4.5 Atomic p spin-orbit splitting of clements used in the analysis (in eV).

A,(Cu)=0.021° A;(Ga)=0.12° A, (S}=0.077¢
A, (Al)=0.016° A, (Se)=0.256°
A, (Ag)=0.114° A, (In)=0.27" A, (Te)=0.8335¢

Reference [63Y1].
Heference j62B1.

Reference [T1P1].
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However, if only these'data were assumed knowz. there would be too mary uaknown parameters in the

a.nal}'sis.. The band-gzp anomaly AE; can be estimated by comparing the valve of £, with the value of

the corresponding binary :-ma!og. and these values of AE, are listed in Table 4.4~ Finally, values of the

spin-orbit-splitting parameters A, and 3. can be estimated from the atomic values [62B1, 71P1]. Tkus,

Ap can be written in the form

1

3 =G5

Ao+ 3 Asm + 12-.\, ) (4-73)
ARG TR AL T AL . !
whkere 1., etc., are the atomic p spin-orbit splittings of the elements and Gp is an enhancement factor

for the salid. For both zizc-bleade [62B1] and chalcopytite [T1P1] structures, G, has been taken to be

20/20. The values of Ajr.ctc. used in the analysis have been Taken from various sources and are listed
in Tuble 4.5. For A, raly the efects of the copper or silver d elctrons are considered since the other d

- r - . -
levels are muceh oo deep to coniribute {8232], Thus A4 is assumed to be given by

Ae =Gl (4 — 74)

Siace, as indieated above, the & triplet acts like the p levels, it is assumed that G also has the value
29/20. Taking diey 23 -0.15 ¢V asd A, a3 -0.33 eV {69C1]. this gives A, values of -0.22 eV for the
copper camponade and -0.48 oV for the silver comr- uads.

Tie Ezal requizeinent i this collection of input data is to obtain the erystal-feld p splitting 8. from

the tetragonal distortion (2= ¢fa). As indicated in Section 4.2, the relation cap be written in the form

.
6 = 55:(2 cfe) . (4~ 75
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where b, is the deformation potential associated with the p bands. Because of the interaction with the d

bands, no explicit valee for b, has been determinéd for the I-III-VI; compounds. However, for the I-IV-
Va2 compounds, where no p~d h)'bridiz;:.tion oceurs, the mean value of b, for the various compounds is
found to be -1.2 eV {7552]. Thus this value was used initially for by in the present,work. However, as is

shown below, a different value was needed in the Bnal analysis.

With the above parameters taken as Lpown, the pumber of unkrown in the apalysis is reduced to

three, viz., £, M, and 8., and thus Egs. [4-39) - (4-41) can be solved to determine values for these

parameters. From these values of E, M, and &, values can be determined for Ey, Ey, Eq, ay, &g and a5

from Eqs. (4-39). (4-40). and (4—48)_- {4-54). The differences between the Ey, E,, and .ég values should,
of course. be the same 25 the differences between the Ea. Eg.-and Ee in-put values, but the separate
values will be different by a constant quantity since the energy zero in the preseat anmalysis was .chosen
to he at the Tyg(p) level of the initial quasicubic crystal, as is shown in Fig. 4.5. The values of ag, ag
and eq show tt;e relative amount of p charaétes in the thrcé separate valence bands. In each case the

yariatiog from one barnd to another is quite small, but it is of interest for purposes of comparison to have

- s - 1
& as amean value, i, & = ({ay + ag + aa).

s

When the above calculations were made using the value of b, = -1.2 ¢V, 1t was fourd that the
g ?

vaiues obtained for the various parameters listed above appeared to be i satisfactory agreement from
oze compound to avother, except in the case of §;. On the assumption that §; satisSes the same form as
L)

&, with regard to the tetragonal distorzion. ie.,

=3
b_t{'..’-C/&) . (4

=
Il
tal ¢

7
-]
(=]
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h -

it was possible to obtain values of by for all compounds considered. These were found to vary condiserably,

with values from -5.8 to +4.7 ¢V, Since it had further been assumed that. 2s in the case of b, . by should

have -thc- same value for all of those compounds, the above result was taken to indicate that the value

assumed for.b,.“'a.s incorrett. The complete analysis was therefore repeated a pumber of titdes using

A .
yalues of b, lving in the range -0.5 to -1.8 eV and the values obtained for by compared in each case,

a

Figure 4.6 shows the values of b4 obtained for each compound for values of b, in the range' -0.5 to -1.3
eV It is apparent that the spread in by values appears smallest for b, in the vicirity of -0.8 eV. For
cach value of b,, 2 mean value of bs and a standard deviation ¢ were caleulated. Figure 4.7 shows the

variation of o with b,. It is seen that the minimum in ¢ occurs at b, = —0.8 V. at which point the mean

W

valu®of be is -3.9 eV and ¢ = 1.5 eV, In view of these results, it is suggested that for all of the I-O1-Vi.
. .:1 ’
comipouzds aad alinys, appropriate values for the deformation potentials are b, = (=0.8%0.2) ¢\ ard

by = {=3.0%15) V. , . A\

J
LN

Unlike . the other parameters determined by.the analysis were found to be relatively igsensitive to
R ~
variatings in b, except for the values of £ in the eases of AgGaS; and ApGaSe, which have larger values of

terragonal distortion. In theee cases, a variation of b, from resulting in changes in the values of £ afe ~ 0.5 |

eV or AzGaSs and ~ 1 eV for AgGaSe,. Thus, in the 'Ernal ealeulations the method deseribed above was

azed with a value of by, = —0.8 eV, The resulting values of the parameters £ M. E) . E,. Ea . 0. rra.
aad & are listed fo Tables 4.0 and 4.7. Alsé(g'ivr'ﬁ in Table 4.6 {or purpeses of comparison are values of
. ) ¢ " .

(1 - ar} given from the linear byhridization model and of {1 — a} from the self-cogsistent enerzyv-ban

calenlation by Jafe and Zunger {S4J1].
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Table 4.8.Pa.:a.mctcrs determined from the analysis.

——

Ternars

A E
compound [eV) {eV) M/E 1-a AE;/E  l=~a, I-2° l-ay
CnalS:  3.600 3.54 1.096 0.253 0.722 0.253 0.352 0.250
CuGaSs  1.754 LO% 1.637 0.354 1.250 0.355 0.515 0.253
CuelzS.  2.015 0.708 2,546 0.413 2.316 0.308 0.240 0.421
CuAlSes  2.25% 2588 0.526 0.263 0.568 0.254 0.275 0.204
CuaGaSr,  2.00G 3.057 0.661 0.195 0.229 0.188 0251 0203
CulzSe.  2.294 2.585 0.887 0.255 0.499 0.240 0.220 ¢.262
Ct:AZT-‘: .
CuGaTes 2.273 2.271 1.002 0.250 0.581 0.248 0.253
CulaTes 1525 1.822 1.062 0.251 0.615 0.251 0.308
.JL':.‘\..‘.S:
AzGaS.  0.538 n01s 0.641 n.204 0.475 n.205 0.213
AzlaS:  Lo4T 1.152 1878 0257 0.553 0.260 262
ATAISe
AclenSes 1.711 G253 1245 0.051 n.ov2 0.045 0.052
ArinSen 1.701 $.314 1,254 2.106 n.141 n.03% 0112

2051 150 en, n.0G3 n.osL St 0.071



“Table 4.7 Parametess determined from the analvsis.
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Ternary Fo Zn £;

compound  (eV) (eV) (eV) ay, oo an &
 CuAls, 2.44 231 2.2 0.707 0.712 U.702 0.707

CuGaSs 141 1.29 1.29 T 0.645 0.650 0.622 0.G46

CulaS, 1.69 1.65 1.6% 0502 0.602 0.556 0.587

- LY

CuAiSes + 157 1.43 1.28 0.746 0.730 0.715 0.727

CuGaSe. 112 1.05 0.54 0.812 LA 77T 0.801

CuleSes 147 1.42 1.19 0.760 0.760 0.715 0.745

CuAlTea

~

CuGaTes 1.03 1.60 1.02 0.752 0.752 0.65C 0.720

CelaTe:  1.45 1.45 0.84 0.749 0.749 0.628 0.709

{”.\IS:

1=GaSa 0483 n203 0.203 755 0.545 0.749 0.756

AglzS; _ 0.TN7 0.567 0.567 0.740 0.7%9 0.710 0.743

17480,

AzGaSes  0GI8 2.418 0.158 0.951 0.052 0.042 0.949

clzfes 0743 D.633 n.283 0,901 0:502 0.870 0.91

A.f.A.IT"‘;

scGaTes  LIT 1.6 0.26 0.527 0.937 0.521 0021

1:!'_‘.?---_.
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The ratios M/E aad AE./E are dimensionless aad indicate the general character of the model.

F3

These ratios are given in Table 4.6. Figure 4.5 shows the values of 1 — &, i.e.. the mean fraction of 4

' characzer in the three bands. plotted against M/E while Figl 4.9 gives the values of AZ,/Z plotted

R

against 1 — a,. the fraction of d character in the top valence band. It is seen that the wlues for the

diferent compouads lie on smooth curves which appear to be characteristic of the structure. In Fig. 4.8

azd 4.9, values determined frem the Lnear hybridization model are also civen for comparison. These
S P

¥

rurves will be discussed farther below.

Also, the variation of the reduced eaergy values £, /E. io/E, and Z2/E should depead. respectively.

on the valees of @y a5 2nd @3, I Fig. 4.10 and 4.11.the voriations of £4/E with 1 a4 aad £,/ with

YRS »

1 = ax are given. and the variation of £,/E with 1 — a; is very similar to that of AZ,/E in Fig. 4.9

!

Fizally. the polatization-intensity ratios for the traasitions from the - walezce-bazd o the T,

-
.

eradction-band are determined using Eq. (4-55) and these are compared witk the available iateasicy
» . . . . lb .
dara from Ref. {7552] in Table 4.3 It is seea that'the caleulated values are in gnod agrebment with the

L]

vhserved ones.
4.2.4 Discussion

Thieaim of the work hasheea to produee a thearetical model deseribiag the efect of p—d hybridizaziog

in the valence Luzd of a -OI-IV; ternamy CH compenzd. From the eousiderations in Seetion 4.2, the

nppermost valeace hands of the teraary CH compound can be derived from the T- and 4 levels of its 2D

bizary azalog with the eryotal-Eeld interaction iscluded {quasicubic model). Sizeer the presezcee of the

+

. . - . .. » o .
uobelemetad of levels bring abont the p = Lybridization efect, it Is zecessary to include the o levels in the
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Table 4.8 Compzrison of experimental results and theoretical predictions of the model for the polarization
intensity ratios.

h L -

. Tergary
Compouand A}y —=CB.) T B{l3 —CB.)
. "~ Expt. - ) Theory xpt. Theory
CuGaSe, ~10 5.5 - 0.5
AzGaSe, - ~16 15.5 - 0.3
AginSe, ~7.5 8.5 ~0.5 0.5

azalrsis. Thus the starting point of the model is the Kare model at & = ¢ with the o lovels Iviag below

2 plevels. This is conSrmed hy the experimestal resuits T1TIL, 7251, 78T1]. Iz a cubic [terrakedyal)

Eeld. the d-lrvels split into a threefold-degezenate Iy (d}{} 2. ZX. XY} level and a twofold-degeaerate

Tiafdi3Z2% ~ RE.N% = 17) level. The enoron band caleulations'by Scog [6751] indicate that for the
2 & ¥ g1

4

Cit=d levels iz CuCl ervstal which has the cubic ZB structure the I'is level lies above the s level

af npproxdmately 0.5 eV, I2 the presense of spiforbit interaction. the Tys(d) state splits further into

avaa vad

FoiTys) and ToiTys ! srates and the I12(d) state beenmes 3 [3{l;2) state. The interaction betwoen the

Frilye) and the TUT)a) stazes Bas heen orglected in the presest model. Simee the basis {unciions of

the o Dowd derived from the Fya{d) Iove] bave the same symmetry as those of the p band, Lence their

MAINX represeniations ia the spin-orhir internetion have the same form. Thns when 7 — d bybridizarion

i applied. the pasd d bands mix and tepel eacd other. This mighe be expected sinee the simplest tighe

Mading approximation, rhe selfeennsictog: ezergy-hand ralenlatica [82J2), and alen X-Tay-photoemicsion

stadies JT3L10 TR T7RIL. SiNE] skow thaz the p—Lie valenee bazd lies og tze VI-atom while the
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d—like valence band Lies on the l-atom, the I- and VI- 2toms being nearest neighbors, Le.. oveclapping

of their =ave functioss. In the present analysis, the magnitude of this mixing and repulsica can be

caleulazed exactly., After this, the erysial-Scld interaction dncﬁ: the tetragenal Iattice comparisoz aloag

i
/ -

[

Le CH z-axis is introduced and the enermy expressions for the ‘Gppermost valegce band are obtained. The

order of prreurbaticas used bere, which is ¢ifferent from that used by Kildal. was chosen o simplily the
marhematics. Since each step is carmied out exactly, the order of applicatica should zot affect the £ral
cesult. In order o reduce the aumber of uaknown parameters in the analysis, bowever, the of-diagoral

- .
matsix elaments due to crysizl 8eld inieraction between the p and d bazds have been zeglected. Le.. 1t

.

bas beea assumied that

(X e iV2) =¥ [V, | ZX) = (Z1 Ve [ XT) =0 )

Thewe mateiy elements aprear only in the pon-zero matrix elements of £q. (4-34). Sizce M and £ are

uced as adjuseable parameters, this means that the oSect of the zeglected interband-interaction will be

taken up i the vulues determined for M oand 2.

Ix order to use the model to analvze the experimental data for vanous componads, iz addition to

iz
the measured snlies of 5.5, and Ee. azd of (2 = ¢/a), it peerssary to know A, and A, which

- T S - . 5
Lege aze enlenlated frem atemie spiz-ofhit snlues. and also AZL. the bazd gap azomaly. Tae larier cao

he determniped for most of the componads eonsidered by subtracting the value of £y from. thé energy-

gap valie of the equivalent biaarny compouad, either zeal, ezl ZaS, ete.. or a psendocompenad. ed.

Mzr. o Zn, S ete. This tovolves 2 ferther assumption in the theoretical analysis that AL, caz be equated

to the epermy seraration of the £,(T<) and Tyip) level in Fig. 4.5. ap assumption made previonsly by
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T~ll and Bridenbaugh |75T1] and Jafe and Zunger [S4J1). . :

Iz the case of atomic spiz-orbit values for the d level. it is found that A, = 3¢, where ¢ is the

Copdon-Shertley one-electron parameter [G551]. However, if the interaction from (3:% —r*) and-(z® - 4°)

orbizals is 2eglected. Le, caly the yo. oz, and zy orbitals are coasidered. thes Ay = ;—;,; which s f, of the

above value. This corresponds. in Qe preseat analysis, to seglecting the interaction between the Iy ({Fy2)
A ’ — . :
acnd Ty {Tys) levels {65517 GTS1] as discussed bwmuc of ¢; for Ag-atom is -0.22 eV [TIMI]. The

1] originally used for Ayac in the analvsis in Ref. [S4Y1]. thus corresponds to the

value of -0.55 eV [G3Y

case whers the 3:% — r7 and 2% ~ y® orbitals are taken into accoount. However the present analysis has

beea énrzied out nsing the valne 3yAg = —0.32 eV wkhich is equal 20 ¢; and is the value quoted by

Cozleza [€5C1). When the results of the present analysis are compared with those given in Ref. 1S4Y1l.
7

it is fonad for the Ag compounds that the reduction in Ay, results iz increase in the values of the d~=like

However, the srneral ¢onelnsions drawn are the same for the two cases.

The azalysis thez eanbles the mean values of the defermnting potentials b and by to he determined

’
over the ranae of compangads considersd, This s an important polat fur analvsis of further matesial since.

- - . . PN
Zew, the extmn pamameter assumed known ean he by rather thaa AZ,. This agalysis ean be extended 1o

the temperntume smrintien of the czerzy maps of 3 pumber of the compouads, 2ed also to the vasiation of

-y .

eacrty gaps with heth esmposition and temperatuees for a zumber of alloys of the campouzds. I aoze

XA
r

of theee eases will the value of AE ar

be available: thus acerptable values of the deformastion potentinls ase

meseztial.

Can

J

- - . ;- . - - . . . - . . . .
As indicated above, MWD and AZ. D are dimensionless quantities, where the former deternmiines

; . Tz
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the fractivpal d character in the valence band {1 ~ &) and the latter is determined by the fractiogal d
ckaracter (1 — a;) in the top valence band. Heance Figs. 4.8 and 4.9 show plots of {1 = &) versus .'L!/_E
and AE,/E versus (1 —e)) for aHWnd corpsidered. In addition Figs. 4.10 ard 4.11 show plots

of Eo/E and E;/E versus the relevant fractional d character. In each. all poicts lie on a single smooth

curve indicating that M/E azd AE,/E are charactesistic of the structure. Also plotted in the figures

are the values determined from the linear bybridization approximation. These graphs clearly indicate

that for foactiomal d'characters approximately lasger than 7.5%, the linear model breaks down. Thus

for-the case of (1 — @) vessus M/E. the linear model indicates that values of (1 — &} greater than 0.5
canild be obtained with relative small walues of M/E. even in the case when an initial postulate was

that the p levels were higker than the d levels. However, the present model indicates that {1 ~ &) is

v

limited to approximately 0.5, whatever values of M/E are considered. Similarly, ia the case of AE,/E

verens {1 — ay). the linear model izdicates a maximum valne for AE,/E of approximatley 1, evea with

values of {1 — ar) up to 1. while tke presext model allows very much larger values of AE,/Z. although

{1 =, is limited to amaximum of approximately 0.5. This comment is similar o that made by Jafe

azd Zuzger (S411 coneerning the plot of AE, versus (1 = ag) by Shay and Kasper {7251]. The Hrter

plot was assumed to give 2 {inezr variation and fteed faicly well for low AZ, values with the straight lige

extrapolated through the knowa AE; and hybridization values for the well noderstood 20 eomponnds

LY

L£aCl (G581, 67315 However, io the case of CuAlS,, the value of AL, of 214 eV wonld then indicate a

salie for (1 —ag) of .77, very different from the value of 0.35 determined from the spin-orbit splirting

.

data {asing Eq. {4-62)). Ta wddition, it is fonad that the values of (1= ayj. or. ta the linear bybridization

limir. {1 = ag] Jdo not skow a lizear variation with AL, as tudicated by Skay 2ad Kapper [T2S15 but

<
i
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show appreciably secattering even when AL, is corrected by subtracting AE;" 50 as to leave enly the

-
-

contriburion from AEY. glese two parameters, AES and AJ, will be discussed further below.

In Table 4.7 mlucs.of (I = &) from the present model a.re}xcn together with values of (1 — o) from

Jafe and Zunger [S}Jl} and {1 = ar) from the licear hybridization limit. The values show appreciable

differences in some eases, and this could be due to the method of analysis. Thus, in the self-consistent

energy-band calenlations of Jaffe and Zunger, spin-orbit interaction was peglected, while in the present

calenlations the erystal-field efeet due to an anionic displacement was, neglected. The values of {1 - ay)
B 'S . - . -

JBere are slightly different from those of the Shay and Wernick resuits [75S2] because the values of S,

i

used in the latter case were taken from the binary analogs and not from the atomic values, as in the

present work.

The theory of tiu' haad-gap anomaly in ABC, CH semiconductors of Jafe and Zunger [84J1] indicates
thar the baad-gap anomnl}" in Cu CH compounds is controlled by (i} the p—d hybridization AEj and {ii)
the stractural eBect due to an anionie displacémr;nt AES \: [} - u):;i whe.re u is the anion displacement
awd 5 the stonctural desivarive, is the czange in egergy-gap values with anion displacement. Hence
AE, = ._‘.E_"f + _\.;E.'.;.‘Thr:s if the value of v was set to its ideal ZB value, u = 0.25, and p—d izteraction

were assmined peglocted the egersy o

y wildeoirToary CH compound would be almost the szme p.s,t)mt

of its hinary analeg. Jaffe and Zunger found that

"

. . - . . - N, . .

u while the condartion-fed <tates rise with u dving larz . vaiues of ~ 18-22 eV while the erystal feld
B - // .

splitting remains almost the came. However, the changes in u partially contzol the p — d hybridization

sizee. with deereasing nooan VI anion moves closer to a aoble-metal group I catioz. thereby inercasing

the p = d bybridization azd conceqneatly decreasieg the band gap. Hence, an analy<is assuming AE)

¢ valence-band states drop ia energy with increasing,
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arises solely from the p —d kybridization would overestimate or underestimate values of fractional J~like
A - . . -

-

character, depending on the sign of AE]. Therefore, complede anslysis given in Section 4.4.3 was redone

using _}.Eg = AE, — AE7, assuming the valge of % = 20 eV, andusing the values of u in Ref. [S4J_l}.
] !

The resulting plots of M/E versus (1 — &) and .E.Ej/E versus {1 — ;) are shown in Figs. 4.12 and -

4.13. respectively. It was found that both M and-E increase when AES > AE,. Le.. when AE7 <0

or u > 0.25 and decrease when' AE] < AE; (ie., v < 0.25). But the changes in the values of M/E.
AE;.’/E and fra.c:innaljd—like characters ace very small even for the larger value of JES. For example,
in the case of AzGaS; which has the value of AL= ~D.82 eV, ie., AE;‘ = 126 ¢V, (1 — &) incrpases

from 0.204 to 0.210 apd M/LE increases Iror_n 0.641 to0.658. In the case of CulpSe; when AE,; =0.5eV,
TN

e AZS =070 ¢V, {1 - G) decreases from 0.235 to 0.252 and M/ £ also decreases from 0.887 to 0.8GG.

TLe resulting enrves, however, are ~very similar to those in Figs. 4.8 and 4.9 supporting the suggestion
: >
that M/ and AE,/E are chara—;@stic of the structure. In this case, the vulues of b, and by were

redetermined by the same n';cthod as before. Thke values found are the same, ie. b, = (=0.5 =0.2] oV

~

aud by = {=3.0 = 1.5} eV. These values srem to be insensitive to the valte of AL as may be expected

'sivee the resulis of Jafe and Zunger {84J1) show that the crystal-Beld splitting is almos: constan: when

~

n i varied from the equilibrinm position to the ideal 23 position (u = 0.25).

[

For the I-0I-VI, CH cn/:*.:puu:ds. the experimental evidence indicates that .the thrae valence baznds

have [z [y I'z symmetry in nrder of epergy values. However, TellaRd Bridesbangh [75T1] have taken

-

their experiniental resules to indicate that the CuGaS; valeace bazd ordering would be T - T, [megative

M

‘.n_... Po

spin-orbit <pliru% this case they fonnd it necessary to postnlate in their model that initially J Ievels .

N . . . e
Iny above the ;\:"?‘\'ﬂf For all of the sulides, A, the p spin-ozhit splitting, is small ('w“f'- Tahle 4.4).

“

o
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and. as is seen from Tig. -4,5. the effect of p — d bybridization further reduces this I'y  T'- diference.
’ & I

and hence the E; — £, diference. after the effect of the crystal feld is included. Tlere is no Limit. iz
this case, to this reduction, and [y = I’ (and hﬁc Ey = E3) could become zero or evea change siga.
depending upon the amount of kybridization oceuring {and the strength of the ervsthi Seld intc.’:ic:ion}.

Thus the I'; T; T’y order suggested b_\; Tell and Bridenbaugh for CuGaS; could occur. even whea in

Wae starting quasicubic structure the d levels are well below the p levels. This is demoxstrazed iz Fig.

4.14 for the result of CuGaS, fo the brcsent\cnalysi:;. It is seen that the ordering of Iy and I'; states
is inverted due to the interaction of p — d hybridization. When the cryvstal-field interaction is included

and the of-diagonal elements in Eq. {4-34) are neglected, the T lovel remains T- at the same energy

-

/Wkilo the 1‘,)[:.‘\'01 splits tnto a s and a Ty level. the energy of the i": being inereased by 2n amount

[~51% ~{l==1) Y] = 0.039 ¢V and that of the [y decreasing by [vo % + (1 = o} %4] = —0.029 eV, When

the off-diazonal elements are included, the T- levels will interact and repel eack other. keace obrainine
P 12

eaergies of £y = 1.410 eV and L7 = 1.230 V. There is no interaction between the Ty and [="levels hence

-—

the T'y level is mot afected and bas energy Z,. Thus, the T T2 Ty ordering of the valeace hand could

be possible depeading on (he streagth of the p = d bybridization and crystal-Geld interactivn Jiscussed
B .
. s / N '
above. This is the pieture of the uppermost valenee band of all the sulphides,

gl
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4.4 Summary -

A model was developed by adding the efeets of p—d hybridiz izatios acd erystal cld to the Hamiltoniag

of Nane model. It has been used to study the electronic structure of the uppermost valezce baads at the

. .

T peiar of the [II-VI2 CH compouads. There are two important parameters ia the model. the eoergy

semaration £ between the p and d levels and the interaction matrix elemeat M due to the bybridization

between these levels. It is showa that three previous models {Tell and Bridegbaugh. Kildal, acd the

Haear byvbridization model) caa be desived as special cases of the preseat model. The model gives a

-

clear picture of how the p =« bybridization and the crystal feld affect the uppermost valence bands of

[-0I-VI, compesizds. This model has heen used to analyze the available daa on some 13 teraary CH
. P " B -

, : - -~ . . M
compennds amd the valies of . M. and fractiozal d character have been determined. It is shown that

the dimeasionless pargmeters A/ E and AE,/E show a smooth variation with the appropriate {ractional

d ¢hamaeter of the wnleace bazd and appear to be characzeristic of the structure. The azalysis also enables

the defimmntion peteatiale booand by, averaged over all of the compouzds to be determined and these are

-
dto he by = [=0.8 = 0.2} oV and by = (=3.0 = 1.5) ¢V."The polarization-intensity ratins {or the T';

wplenceband to the T condn retd loz-bamd transition kave also beea derived i terms of tht‘ coeficirnls of

the wave funetien for the valanes baads, The rolenlated values obtained are in gnod agreemiest with the

cheesved darn. Finallv the madel eag explain mere cleazly the valeoce hapd «plitticg of the sulphides
i - > p

whieh Lave small positive or even fegative spig-orhit splitting (1o, I'; Tr Ty ordering).
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Chapter 5

Temperature Variation of tke Valence-Band Splittings

of the System CuGa(Sl_;Sé:)z

5.1 Overview .

TLis  chapter will be cozcerned with temperatuzé variation of the valence-band splittizgs of the

-
-

system Cufea{S; . Se )z as well as of some CH compouads. Tlere has been some CODLroversy over

the explanation in terms of the quasicubic model of the temperature varniation of these splittings [7551
P

TOYL. 82015 This will be discussed in the mext section. Ia ‘the rescot program of work, wavelenr
1] . p [+ [=]

. {
modnlated refectabee measurements [$5Q1] were made on the single crystal samples 1o determine the

variation of the valees of £y, Ep and E¢ with composition and temperature for the alloy system

Cutia(S,..S»;)2. The model developed in Clapter 4 bas beez used to izterpret these data in terms of

N
.

- : -

the temperature ci/nlrwndr::ros ofsthe p —d.Lybridization interaction aand the ervtal-Seld interaction. the
. <

. N .

latter breine detefmined by the temperature variation”sf the retragonal distortion. The averaged values

-~

of the deformation potential b, and by obtained in Chapter 4 were used in the analesis. The ealeulation

of M/E was found to be scasitive 1o these values. Thus allowance was made ia the anzlysis for the errors

in these values of b, and by [see Chapter 4) as well as the experimegtal errers of £, Ep and E~. This
N

-

gave the range of prohable salues of M[/Z and (1 «,) as a function of temperature, The results indicace
: v
-~

!
\

b

.
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-

that the p~d interaction decreases with the increasing temperature for the ternary compounds and alloys

byt inerenses with izereasing temperazure for the quaserzary compouad. .

5.2 Introduction

As was shown in Chapter 4, the valence-band structures of the I-I0-VI, CH compounds are in-

fuezeed by the admixiure of the soble-metal d levels and 25 a result there is a large reduction in the
energy gap aad in the spin-orbic splitting of the uppermost valence-band as compared with the binary

analogs. Studies of temperdture dependence of the fundameatal energy gap bave indicated that the

.

cempounds of gronp IV, OI-V. O-VI and O-IV-V. of the same isoelectronic sequence have nearly the

same temperature coeSicient value [dE;/dT) [75C2, TSN2. T9H1]. The temperature dependecce of the

voergy gap ts caused by thermzl electron enercy skifts. There are three contributions to the enerey
sy zap o . -8

.

~Lifts, viz.. the thermal expazsioa (dilation) efect, and the electrod-phonon interaction efects (i.e., self
. !
energy and Debye-Waller eSects) {7482, 70ALL The temperature coefficient values of these compounds

are pegative and are of the order of 107 oV/KL Iz the ¢case of I.IOI-VI, compourds, huwever, the tem-

prratare coefficieat valiues are two or three times <maller than those of T-VT binary agalogs or even, in
some of Az-componzads, bave positive values in the lower temperature region (< 100 K} (7282, 73Y1

T551]. Becanse of the p = d hybridization efect. the results of the energy barnd calenlation on the Cu

componnds [$2J2] <how that the VEM — CBM r:':msi:irzg‘h:m an intraatemic compeneat which could be

larger than the analogousduteritomic transicion inghe O-VT bizary analogs. This suggests that the eFect

v .

of lattice thermal expapsior on the temperature dependence of the optical eneroy gap will be smaller

in CH compouzds thag ia the bizary compeuzds {32J2]. This is cozsistenz with the lower temperature

-

-~ a . -
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ctien form of E.(4-2). They were able to explaia the observedetemperature depecdence of crvsial-feld

163
co;ﬂ'cicnts of the bazd 32p in ternary CH cempounds. The p—d bybridization efecss of the uppermost

valence bands have been used to explain this teudency to lower temperature coefcients of the fundamen-

-

tal gap iz the I-II-VI2 compourds to their I-VI analogs. The values of temperature coeficient annmaly

AME ATY =| (dE, /AT mtri—vt, — {dE, /dT }1i—v1 || have appeared to increase with rising d-like ckar-
7 i Fl

acter in the valeace bazd {TSN2. 75H1]. It seems to be evideat that the p — d brbridization eSect plavs

- .

az importazt role in the interpretation of the temperature dependezce of the energy gap values as well

as the valence-band eplittines.

Tlere kas bera considerable study of the teqiperature depezdence of the valence-band splittiags In

AgGaSes and AgGaTe, {7581, in CuGa$, (70Y'Ll, ard in CuGaSaSe,. a quaternary acalog of CuGaSe,

H

—

iS2LIL Erom these dara. the temperature depeadence of the spin-orbit acd erystal-Scld splittings has

.
’

brea determized using Er. (4-3) of the quasicubic model. The lizear hybridization of spin-orbit splitting,
Eq.(4-8). has heez applied tn the nbs.r:.n'r'd temperature dependence of spin-orbit splitting to give a
1 ey . . . i
temprrature dependence of the d-like eharacter {L —ar). For the cryszal-Seld splitting which caa be
. Y
;

expressed as ju . (4-7). if the deformation poteztial b is assumed to be temperature iudepeaden:, theq
. . .

oze would expert the erystal-field splisting in I-OI-VI, CH compouads to increase wirh temperature
due to the lucrease in tetrazoznal distortion, which is observed experimentally {7711, 70Y1, §2B1. §3L1|.

However, if the observed variatien with tempertare of the valeace band splitting is analyzed using Eq. (4=

S). the resulting vahies determined for th:@?}'sral-ﬁcld splitting are found to decrease with temperature

ot

[7081. TOYL. saLt]. , "~ ’ ’
I .
Yamamoto et al [T9Y1] modifed the expressica for the erysral-eld splitting 1o the linear bybridiza

&

s - . . . - .

e, AN o

L. T . . .
a . . - ' "
14N - N :

“y

—lpad
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splitting of CuGaS; which slightly decreases with temperature. In the case of CuGaSaSe,, Lopez-Rivera

-

et al {8211} also used this modiScation and assumed: a linear variation of the tetrazonal distortion with

temperature T, viz.,

-
i

(2—C/ﬂ)‘r= (2",C/8);00+3(T—300i . {5—1)

tat €
|35 R 2]

where 7 is assumed eonstaar indcpo_nd:-nt of T. The values of the spin-orbiz splitting parameters A; and
Ay (in Eq. (4-8)) were estimated from the atomic values for the elements (see tqs. {47?3.] acd (4‘-"'74}7)
and b, was taken as -1.0 V. Hence values of ar as a function of temperature were determined from Eq.
(4-8). A least squares St of the vnlues of § to Egs. [4-9). [4‘-?5). {4#76). and {51} was made usiag by and
3 2s adjustable parameters. It was fourd that a crasonable it could be obtained, but avith a n-.:ga.ti‘ve
walue of 3 of —0.6 x 107* K~1, However, later measnrements of cfa as x funetion of temperature by

x-ray diffraction techuiques [SIL1] gave a value of 3 of +2.53 x 10—° K-!.,

!
This contrmliction has 2lso beea showp by Quintero [S5QI° in the case of CuGafS;-.8e.)s and

by the presest anthor in the ease of AgGaSe; and AgGaTes (75S1). Thus using the quasicubic model.

it ix aot possihle to explain the temperature depeadence of the crystal-feld. If one wished to modif
\ .

Eq.[45]) in order to §t the observed data of crystal-Beld splitting. Erstly, one might allow the deformation

poteatials to he temperature depeadence, or. secondly, one might replace ap by an adjustable parameter,

-

agt. difiezent from ag ju the spin-orbit spli ting. Eq.{4-8). These changes. however. would be ad koe
azd empirical. Tt is also showy in Section 4.3.2 C that’in the linear bybridization limit there is ocly oge

wlie of ag o the expressions for botk A aznd 5. The theory of the p — 4 hybridizatiop eSees developed-

- -

in Clhapter 4 ium%’:n("i that the crystal-fiel? interaction and the spiz-arbit iateraction between p— and
! | e
& ; .

VA
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d—baads are aon-Laear aad the theory allows exch band to Save a different value of d—like character.
Thus tkis theory will be used below to iwterpret the values of :empe':a:ﬁ:e depeudence of the valence-

band splitting for the gystem CuGa(S;_.Se.)= azd also for the compounds AgGaSe., AgGaTe., and

-

CuGaSnte,.

5.3 Analysis and Results

<

The single exvstal samples of the svsiem CuGa(Sl_;Se:)-_- with ; = 0, 0.25, 9’.'5. *0.65, 0.75 and 1.0
' /
were grown by the method of static iodine vapor transport (CVD method), dcﬁﬁls of the method being

- . { n
i
-

givea in Chapter O of Ref.{S5Q1). Small pieces of the samples were powdered and lattice parameter data
obtained {rom X-ray powder photographs. Wavelength modulated refection (WMR) measurements were

made on the samples o gi\'f* values of energy gaps £, Ep acd L ia the temperature range 10-300 K

:85Q1]. The T'» (T oxdeting of the valence baads {see Fig.4.5) was determined by usiag polarized light -

1 the WAR meosurements. Thus the values of Ea Egband E¢ a3 a function of composition., =, and
| r C 4 X

temperature, T, were ohrained.

Tie values of £4. £ and £ as a fyaction of temperature for AgCule; and AzGaTe, were taken

TS

from Ref.[T581] and those for CuGaSnSe, from Refjs2L11 T

4

In the andlydis, the walues:of 5, for the terpasv cormpounds are given in Tahle 4.4 and thao far
o ? -

L - - - .
CuGaSuSe, was caleninted in the same way 23 Eq.{4-73) and found to be 0.44 eV, Iz the case of the
i A

.

alloys. the atomic p spin-orhit splittings of the anions, A; vi. wer~ taken as the weighted mean of the §

and Se atomie p spie-orbit splittings. A, values of -0.92 oV were used for the Cu-compounds and - Nows

and of <048 eV fur the Ag-compouads. The crystal-80ld p and o Er:!i:rif:

gs. &; aznd S.. were taken as

'd
N,

.’
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shown in Eqs. {4-75) and (4-7C), respectively. The average/values o}’thc deformation potentials b, = =08

eV and by = —3.9 ¢V obrainad in Seetica 4.3.2 were usdd i tie analysis. The temperature variation of

the tetrzgonal distertion. was assumed o be lizess q. (S-1). The vzlues of temperature coefcient 3

I R
were taken {rom the experimental data of x-ray fowder photographs, i.e.. 2.850 P 10=% K=! for CuGa$,

I
[TOY1]. 2.32 % 107 K~! for CuGaSe, [S3L1], 2.53 x 10~5 K~! for CuGaSaSe, [S3L1), 12.65 x 10-5
K=1 for AgGaSe; [7TIH) nud 6.56 x 1075 K=V for AgGaTe, [32B1]. Since the temperature coefficient of
the tetragnnal distortion is lipearly proportiozal to the value of the tetragonal distortion (see Eq.{2-7))

(32B1] and tke alloys of the system CuGa(S,-:%c. )z show a linear variation of lattice parameters and of

tetragonal distortion with compaosition [TSN2, 85Q1]. then the values of 3 for the alloys were taken as a

linear extrapolatina between those of CuGaS, and CuGaSes.

The experimearal value of .E'B — E4 and E¢ ~ Ep give valyes of £y — E[y aad £y - £, given b}" Eqs.

(4-20) and [4-40). The only unkzown in these equations were thez A and £ aad a computer program
. - l - = " I
was used to determine the values of these parameters at each composition and eack temperature. The

analvsis ¥ fonnd to be sencitive to the values of b, and by used, so that in.a few cases no real solution
o - L -
* »n

could be found for M aud Z. It was therefore decided to use the range of values quoted previously. ie.,

by = =082020V apd by = ~39215 eV, Ip addition a range of experimental error of =4 meV was

applied to the values of £4. £g. aad Ec. With these values a range of pralable values of Af/E was

determined for each sample at each temperatuze. From these values of M/E. valdes of fractional d~like
. L

charcater {1 — a,) for the diSerenat valeace baads could bercalculated. this giving the raage of probable
valies of {1 = o, ). - -
- s
. Fig. 5.1 shows a sypieal example of temperature vasiation of the range of probatle valuesof (1 —a;).

. w

3

.
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{1 - as) and (1 — az), the d-like character for each band. of CuGa(Sp.zsSeq.25)2. Small variation of

{1 =a,) with temperature caz be scea although the ranges of probable values tezd to be large. It is more

-

couvenicnt to show the temperature variation of (1 -~ &), the mean value of (1 ~ a,), for each sample in

onder to izdicate valnes of d—like charaeter averaged over the three valence bands. Thus the range of

probable values of (1 — &) as well as M/Z as = function of temperature are shown for each sample iz Fig.
5.2 w0 3.I0. In the Bgures -shuwing the temperature variation of M/E, straight lices bave been drawa
Etred ro the mid-point values of M/E. For the alloy CuGa(S;_.Se.)s except = = 0. the slope lay in the

. - &

rauge =16 x 107 K71 to —=7.3x 10™* K~! but show po systematic variation with . The correspondine
Le » . p o

.

values for :hr‘/dnpm are +T4x 107 K™! =52 107" K~! and —4.0x 10~* K~! for CuGaS.. AgGaSea

and AzGaTry. zespectively, and +5.1 x 10™* K—! for CuGaSnSe,. This indicates that the relative chanme

- in the streagzh of p—d bybridization witk temperature, e, ']

¢N/E)
YR T

- is of the order of 1072 = 10~

K-L

Fig. 5.11 to 514 ~how the variations of £/M 23 a function of composition = at Sxed temperatures
of 0. 20. 77 an+d L3O K. respectively, At T = 0 K. the data are taken from the extrapolated values of the

Sreed lines of MJE in Figs, 5.2 to 5.7 and the lize shown in Fig. 5.11 is a straight line fit to the £/
) . .
versus o dnta, The values in Tige. 5.11 to 5.14 indicate that at the chosen temperatmes. the variation of
I /M as afuzetion of compenition is practically lidear, This result was observed nt all other temperatures
i p praczicaily p

iuvestignted,

h

The variations of {1 - @} are shown as a function of composition z at fixed temperatures of 20 and
- )

77 K in Fiow. 5,15, It is seen that the d=1ke characrer varies noa-linearly with compositivn. the roral

variation between 2 = 0 apd.z = 1 helag in the range 379 to 2077,
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5.4 Discussion

-

Ig this analysis it was.assumed that the temperatare variation of the valence-band splittings is due
to both the temperature dependence of the p—d hybridization effect and the temperature dependence of
the erystal-feld interaction, the lattice being determired by the temperature varia:ioc; of the tetragonal
distortion. As was mentioned earlier. the unce::ainties in the values of the deformation potential b, and
by as well a.sﬁin the energy gnp values were introduced into the analysis. b a result, a range of probable
error in the values of the d—like character and the strength of tpe p —d hybndization "I/fE is obtained.

For the alloys CuGa(S;~.Se}z. the average probable error of M /E varies from 1.30 at = = 0 to 0.15 at
' -~

-

7, = 1. The sulpbur-rich alloys {i.e, : close to zero) show larger probable error because of the larger values
of M/E. The Ag-componunds bave smaller probable error values for M/E, while the corresponding value
for CuGaSuSe, s 0.50. The relative lprobable error. however, is smaller for the alloys bat larger for the
" Ag-compounds.
. 0
Earlier studies [T9Y 1. §2B1] showed thas the I-II-V1, compourds baving a positive value of 3 show
‘a positive tr'mpcmnfrc ¢oeficient of the u parameter. This indicates that the anions gradually move
away from the [ cation :m.d come relatively closer to the III cation as the temperature is inereased. Thus
the ov‘r'rlap brtwedh anion p—orbital and the no.bIe-mch(I) d=-orbital will decrease as the temperature
is increased and cozsequently. the ipteraction matrix elcmcnz‘.‘l! between p and d levels decreases with
increasing temperature, If the energy s;‘pa.:rarion E isr assumed to be constant, then the streageh of the
P — d bybridization will deereise as the tcmpcmt_ure is inereased. 'I'his: would explain the results of the

temperature variation of \f[/Z \:bich show M/E to decrease with increasing temperature except for the

case of C1GaSa+. In this ¢ase, however, the value of M/E with temperature has a large uncertainty which

~
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masks the values of that slope. This behavior may not apply for the quanternary compound CuGaSaSe,

because the structure has been shown to be (Cul‘!)(GaSn)‘Se;. ie., bhalf of the I sublattice sites are vacant

EEY

[S1G1]. Thus it could bave a diferent form of temperature variation. Bhar and San;a.ntés [82B1] have
skown that for the I-MI-VI: compounds the temperature coeflicient 3 is linearly pi‘opor‘tiona] to the
temperature cocflicient of the u parameters, this latter determines the change in overlap between the
zoble-metal d orbitals =nd the anion p orbitals. THus a relazion between 3 and the variation of M/E with
temperature might be expected. This, however, could not be obtained in the preseat analysis becaunse

the variation of M/E temperatare was smaller than the uacertainties in the M/E valaes.

It was indicated above thar the variation of E[)M as a function of commposition is practically. linear

(scr.‘ Fizs. 5.11 to 5.14). The approximate values of E /M for CuGaS, and CuGaSes are 0.6 and 1.6
. 3 t
respectively. In Chapter 4. it was shown that the streagth of the p— d hybridization depends inversely on

the cur~gy separation E berween the Cu d levels and the anion p levels. The values.of £ are apprordmately:

1 azd S eV for CuGaSy and CuGaSe,. respectively (Table 4.4). This difference is consistent with the

-

atomic roezgy level values for Cu d orbitals, S and Se p orbitals [74C1. TIM1]. The value of Af is

approximately 2 eV for both CuGaS, and CuGaSe;. Thus in the case of sulplkur-rich materials (ie. =

close to 0) £ will be relatively small, M/E fclati\'cly large and hence the p—& intera_ct.ion will be stronger

and the.d—like character in the valence bagd will be gre:'l.ter. This explains the variation of E/\M with

composition skown in Fizs. 5.11 to 5.14 and the variation of (1 = &} with compositron for the presezt

alloys shown in Fig. 5.15.
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5.5 Summary

»
.
»

The temperature variation data of the valence-band splittings were obtained by WAR measurements

- -

made on the single crystal samples of the system CuGa{$;_.Se.)s. The comspondiﬁg data for AgGaSe,
azd AgGaTe; were taken from Ref[75S1] and for CuGaSnSe, fram [§2L1]. The model developed in

Chapter 4 was used to analyse these data in-terms of d-like chardcters and ‘the strength of p— d

bybridization. . The average values of the deformation potentials b, and by as well as their errors were

i

used in the analysis. The range of probable values for M/E and- o, were calcufated for a given sample at

a fixed temperatare. Thus the variation of M/E and (1 - a,) as a function of temperature were obtained

for each sample. The temperature variation of M /E of the ternary compounds and alloys decréase with
- . /\

ircreasing temperature except for the case of CuGaS; which has a large uncertainty in A/E valdes. The

2
.

results inditate that the p—d bybridization interaction .dccrcascs with increasing temperature. The x-ray
studies indicate that the anions are moving away from the I cation and cbmipg relatively closer to the I

[}
catinn therrby redneing the p=d interaction as the temperature is increased which is consistent with the
above results. The variation of .l\I/E increases with temperature in the case of {Cun}{GaSn)Se, whick
could have a diffvrr'ut-fonp of temperature vatiation due to the vacapey in the I sublattice sites.

The relazion between the semperature cocfﬁcicz'n 3 and thé temperature variation of M/E could ot
be obtaized hecanse the variation o.f M/E with temperature was smaller thap th® uncertainties in the
M/E valnes. For the allays, the variation of E /M as a fanerion of composition is practically Hzear, with

o ~) U

z‘_-','/.'u‘r kavizg approximate values of 0.6 at z=0 and1.6 at z=1.0. The variatiop of (1 &) with composition,

4 A\ .
- \

.-

) - . . - - . ~ . . .
Lhowever, is nonlinear. This indicates that the p — d interaction is strozger for the sulpbur-rich materials

ike.. z close to 0] thaa thase for the selenium-rich materials |z close to I,

Al
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