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ABSTRACT

The existence of various ternary adamantine compounds is discussed. 

Normal and defect ternary adamantine compounds have been a subject of 

discussion, p a r t icu la r ly  from a structural point of view. Rules for 

the formation of adamantine compounds are explained and related to each 

other.

A home-made DTA apparatus was operated to detect the melting point 

and phase change from room temperature up to 1300 °C for the materials 

investigated.

The group I-IV2-V3 compounds were the main subject o f this research. 

CuGe2 Ps and CuSi2 P3  were the only compounds found to grow in this family. 

The f i r s t  was chosen for study in more d e ta i l ,  mainly because of i ts  

lower melting point.

CuGe2 P3  was compared to other compounds, part icu la r ly  structural 

aspects, and solid solutions were tr ied  for twenty-two d iffe ren t materials. 

This investigation shows s im ila r ity  with group 1 2 -IV-Vs compounds, such as 

CuzGeSs, and new alloys were found with Cu2 Ge$3 . Stoichiometric Cu2 GeS3  

does not form good m ateria l, but alloys containing 1 0 % CuGe2 P3  produced 

good material with a zincblend structure.

As well as alloys with ternary compounds, about 33% Ge per mole could 

be dissolved in CuGe2 P3 . This result showed s im ila r ity  with the compounds 

Cu2 GeSe3  and ZnGeAs2 , which also dissolve a considerable quantity of Ge.

In this investigation, only a maximum of 33% Si per mole in CuSizPs 

was prepared, although i t  is l ike ly  that even more Si can be dissolved.



Attention was also given to AgGezPs. Chemical analysis of single 

crystals grown from AgGezPg composition showed the existence of only the 

AgsGeioPiz compound.

Single crystals were grown for a l l  single phase materials. A new 

modification of the directional freeze technique was employed, which was 

capable of controlling the pressure and having a steep temperature gradient. 

This method improved the growth to produce large single crystals of cm 

dimensions.

The GuGezPs crystals doped with Zn, S, Sn, Se and Znin were prepared. 

Single crystals of CuGezPs were also annealed with Cu-P and CuGezPs 

powder.

Room temperature la t t ic e  parameters were determined for a l l  the com­

pounds and a lloys, while variations of the la t t ic e  parameters with tempera­

tures up to the melting point of GuGezPj were studied using a high tempera­

ture %-ray camera.

Measurements of optical properties were not successful in this in vesti­

gation, although e lec tr ica l properties were successfully measured. These 

measurements were carried out for a l l  materials in a single crystal form. 

Hall mobility and conductivity measurements were carried out from liquid  

nitrogen to 450 °K. Garrier concentration was very high for phosphide 

compounds and alloys, whilst i t  was lower for sulphides.

Flash evaporation was used for preparing thin films of compounds 

GuGezPg and AgsGexoPiz* Single phase films were the result for AgeGeioPiz, 

whilst a particu lar treatment was employed for producing films of GuGezPa 

a fte r  evaporation.



A fina l investigation of the compound CuGezPs was made into its  

la t t ic e  matching with other compounds. The p-n junctions were produced 

with %-type GaP, using epitaxial growth, while results were negative 

with CdS and Si.
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CHAPTER 1 

General Introduction

Since the discovery of ligh t-em itt ing  diodes and laser beam devices, 

e t c . ,  researchers have tr ied  to investigate new semi-conductors with a 

wider range of energy gaps and hoped for higher m obilities to replace 

the trad it io na l s ilicon and germanium.

Binary compounds of I I I - V  and I I - V I  types are the f i r s t  choice for 

serving in the above-mentioned areas, but the complications involved in 

preparing some of these binary compounds in a suitable form have delayed 

th e ir  use.

For a wider range of applications, scientists have moved to ternary 

and multi nary compounds. Since binary compounds have higher mobilities  

than elemental semi-conductors, scientists thought that higher m obilities  

in ternary compounds might be found in preference to binary compounds. 

However, some of the ternary compounds were found to be more d i f f i c u l t  to 

grow than th e ir  parents. For example, mpst I-IV2-V3 compounds have not 

so fa r  been grown successfully, even though th e ir  melting points are 

lower than most other ternary compounds.

Most of the group I I - IV -V 2  and I - I I I - V I 2  compounds were found to be 

more interesting for the new technology and they have been thoroughly in ­

vestigated. Their structures are more complicated than the simpler cubic 

compounds and consequently, th e ir  physical properties - part icu la r ly  th e ir  

bond structures - are s lig h t ly  d if fe re n t from th e ir  parents. However, 

these ternary compounds are promising for applications in the areas of 

v is ib le  and infrared light-em itting  diodes, infrared detectors, hetero­

junction lasers and far infrared generation, etc.
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Due to the need for particu la r  wavelengths in light-em itting  diodes 

and laser detectors, etc,, sc ientists have realised the importance of 

investigating new solid-solutions between binary, as well as ternary 

compounds. Such solid-solutions could produce high conductivity semi­

conductors, which are applicable for thermal applications as well.

This thesis is divided into nine chapters. Chapter 2 includes a 

theoretical explanation of the formation of the ternary adamantine family 

of semi-conductors. In Chapter 3, the methods of crystal growth are 

explained, including novel methods developed to grow new single crystals. 

Three d if fe re n t techniques of crystal growth were used. Chapter 4 contains 

the temperature dependence of la t t ic e  parameters and the d if fe re n t ia l  thermal 

analysis (DTA) of some of the materials prepared. Both DTA and high 

temperature X-ray photographs are used for characterising the materials.

X-Ray structural analyses o f these materials are described in Chapter 5.

The formation of the ternary compound CuGezPs and i ts  solid-solutions with 

other semi-conductors is also described in this chapter. In Chapter 6 , a 

description is given of the Hall e ffec t  investigation of the compounds and 

alloys prepared in this thesis , and the results are compared with theoretical 

calculations. Chapter 7 contains a description of the development of 

techniques for the preparation of thin films of CuGezPs and AgsGeioPiz* 

Chapter 8  gives an account of ep itax ia l growth o f a p-n junction between 

a p-type CuGezPs on single crystals of %-type GaP.



- 3 - 

CHAPTER 2

Formation of Ternary Adamantine Compounds

2.1 Introduction

The composition and structural features of tetrahedral structures 

can be predicted by using two electron rules, the f i r s t  having as the 

important parameter the electron-to-atom ra tio  N^/N (also known as valence 

electron concentration, VEC), and the second using the electron-to-anion  

ra t io ,  N^/N^ [also known as partia l valence electron concentration of the 

anion (VEC)^J.

The object of this chapter is to review the general characteristics  

of the adamantine family of compounds, and systematic prediction of 

the ir  formation, especially considering the ternary compounds. This 

group is divided into two sub groups, the normal ternary adamantine 

compounds and the defect ternary adamantine compounds, which c rys ta ll ise  

in zincblend w urtz ite , or related structures. All known ternary 

adamantine compounds with related structures and VEC are shown in Table 

2 .6 .

There is a new crystal structure, related to the diamond la t t ic e ,  

which has been found for the compound Ag6 GeioPi2 . Table 2.4 summarises 

a ll  compounds having this crystal structure.

2.2 General Characteristics for Adamantine Compounds

The isolated atoms of group IV elements have the electron

configuration in the ground state. I f  these atoms combine to form a 

crysta l, th e ir  electronic configuration changes to a quadrivalent sp^
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s ta te , which is obtained by uncoupling the s electron pair and transferring  

one electron from the s to p orb ita ls  to form sp  ̂ hybridisation. The 

four equivalent sp* hybrid orb ita ls  form tetrahedral angles of 109.4° 

with each other. That is the case of diamond and its  analogues, viz. 

s il ic o n , germanium and gray-tin . All four substances have one and the 

same crystal structure, which consists of two in ter-penetrating face

centred cubic sub la t t ic e s ,  in which each atom has tetrahedral bonding

with i ts  four nearest neighbours.

There is another form of s ilicon  [1] and carbon [2 ]  which is also

tetrahedra lly  bonded to four neighbours. This is the rare Lonsdaleite 

structure, which consists of two in ter-penetrating hexagonal, close packed 

la tt ic e s  (symmetry or 0 %%).

A perfect sp  ̂ hybrid should occur only i f  one atom is bonded to four 

equal ligand atoms. I f  the ligands are not id e n t ic a l,  the tetrahedrons 

are most probably s l ig h t ly  distorted and the tetrahedral bonds are bent 

(as in the case of chalcopyrite). This deviation from the ideal te t ra ­

hedral bond angle is made by the wave function of the hybrid orbitals  with 

d iffe re n t amounts of s wave functions. Further complications arise i f  

d and f  wave functions also partic ipate  in the hybridisation.

I t  is interesting to use cross-substitution to extend the diamond 

la t t ic e ,  following the Grimm-Sommerfeld rule [3] to form new ternary  

and quaternary compounds. This is done by replacing one atomic species 

in the structure with two atoms having more or less electrons than the 

replaced species respectively, in order to keep the electron-to-atom ra tio  

constant.

Two ideal tetrahedral structures for elements are known. Namely 

the normal, cubic diamond structure and the hexagonal diamond structure.
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The crystal structure of compounds where the composition can be derived 

by cross-substitution should be essentia lly  cubic or hexagonal diamond 

structures, with ordered atomic arrangements. Examples are well known 

for structure types geometrically derived from the normal diamond, as 

shown in Figure 2 .1 ,  which brings out the close relationship between 

the zincblend chalcopyrite, famatinite and stannite structures.

I - IV 2 -V 3

I I I - V

Cu

IV

I I - V I

Si

Cd

zincblend

zincblend

diamond

zincblend

I - I I I - V L Cu

%2 - I I - I V - V I ,  Cû  Fe1/
I 3 -V -V I 4  Cu

In

Sn

Sb

chalcopyrite

stannite

famatinite

Figure 2.1 Relationship between diamond and normal tetrahedral 
structures by the cross-substitution rule.

For a l l  adamantine compounds, the average number of valence electrons 

per site equals four, and there must be equal numbers of cation and anion 

sites. This de fin it io n  for tetrahedral structures was o rig in a lly  devised 

by Pamplin in 1960 [4 ] ,  in the general form:
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= 4 (2 .1 )En. 
i 1

where is the number of atoms of the i *̂  ̂ kind, with v.j electrons in 

the outer sh e ll ,  v.j being zero for vacant s ites .

There are two kinds of tetrahedral structures, namely normal and 

defective. In normal tetrahedral structures, every atom,without exception, 

is te trahedra lly  surrounded by four te trahedrally  co-ordinated atoms.

Every atom in such a structure has sp^ hybridised orb ita ls  for which one 

needs an average of four valence electrons per atom.

For defective tetrahedral structures, every atom again has four te t ra ­

hedral o rb ita ls ,  but not every orb ita l is used for bonding. Thus in 

defective tetrahedral structures, some atoms have fewer than four neigh­

bours. All these o rb ita ls ,  which are not used for bonding, obtain one 

extra electron each and become non-bonding o rb ita ls . An example of the

normal tetrahedral structure is the ordered ternary CusSbS* (the mineral

fam atin ite). I t  is a tetragonal analogue o f the zinc-blend structure.

By applying equation (2 .1 ) ,  i t  is possible to obtain

(3 )(1 )  + (1 )(5 )  + (4 ) (6 )  _ 32 _ ,
3 + f  +“ 4------------  - ^

Applying equation (2 .1) for defect tetrahedral structures, such as the 

compound ZnAlz OSe^

(1 )(2 )  + (2 )(3 )  + (1 ) (0 )  + (4 )(6 )  _ 32 _ ,
1 + 2 4 - 1 + 4  %  " ^

The geometrical features of tetrahedral structures and th e ir  rules 

have been studied by Parthe in 1963 19 ]. These were shown mathematically 

by the general tetrahedral structure equation:
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VEC = 4(1 + 1 ) (2 .2)

where VEC is the electron-to-atom ra tio  and y is the number of atoms in 

a structure in which four non-bonding orb ita ls  occur and is

P

where p denotes the number of vacancies and (n + m + * • • )  denotes the 

number of atoms in the compound. So i f  the VEC value is four, we have 

a normal tetrahedral structure, but i f  i t  is larger than four, i t  is

a defect tetrahedral structure. Compounds with a VEC value smaller

than four cannot c rys ta ll ise  with a tetrahedral structure.

Applying equation (2 .2 ) to ternary CugSbS  ̂ and ZnAlzDSe^ gives 

VEC equal to 4 and 4.57 respectively. Thus, the f i r s t  structure is 

normal tetrahedral, whilst the la t t e r  is defective tetrahedral. In 

1972, Parthe 16] found that adamantine structures are lis ted  only with 

4.0 ^ VEC ^ 4.92 and that with a VEC value larger than 4 .92, no

adamantine structure can occur. Carbon, most of whose chemistry is

based on tetrahedral bonding, is present in very few tetrahedral com­

pounds, in fac t, only in AI2 CO and BeCNz. This can be accounted for 

by a consideration of i ts  small atomic size. The other elements of the 

second period also have small ra d ii  and so the structures of th e ir  com­

pounds are frequently not tetrahedral. Elements in the th ird  period show 

a markedly higher tendency to enter into tetrahedral coTordination. Most 

of the tetrahedral compounds so fa r  investigated are compounds of the 

fourth and f i f t h  periods.

In compounds involving elements from the sixth period, tetrahedral 

bonding is largely absent, mercury being the notable exception. Group 

I I I - V  compounds involving T1 and Bi are not formed and group I lh iD -V Ia
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compounds involving T1 are only formed in solid solution with other 

I I z D - V Is  compounds to well under 5% [7 ]. Au, T1 and Bi a l l  show an 

aversion to sp^ hybridisation.

2.3 The Third Rule fo r  Adamantine Structure Compounds

Mooser and Pearson [8 ,9 ]  have studied the occurrence o f the d iffe ren t

structure types among the normal valence compounds and have found that 

i f  they plotted d if fe re n t  compounds of one composition in a diagram with 

average principal quantum number n as ordinate and e lectronegativ ity  

difference of the components a x  as abscissa, a l l  compounds with a p a r t i ­

cular structure type have th e ir  plots in a special area of the diagram in

which they are sharply separated from the other compounds having other 

structures. These results were formulated an a ly t ic a lly  by Parthe [ 6 ] ,  

which, to the f i r s t  approximation, resulted in the finding that an 

adamantine structure w i l l  occur when

n + 2ax ^  6 (2 . 3 )

Goryunova [10] has stated a s im ilar approximation of adamantine

structure, depending on specific electron a f f in i t y  o f cation (Eq ) and

specific electron a f f in i t y  o f anion (Ê )̂ in the form

- 0.1 E  ̂ )  6  (2 .4 )

There are two d iffe re n t influences which may prevent the occurrence 

of the adamantine structure. One is a strong tendency to draw the 

bonding electrons closer to one atom than the other. This condition is 

characterised by a large ( a x ) value and leads to the formation of ions 

and the occurrence of typ ica lly  ionic structures. Another disturbance 

is found when (n) becomes large. Then the ionisation energies o f a l l
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elements decrease. Compounds with large values o f(n )  w i l l  show metallic  

properties and w il l  c rys ta ll ise  with metallic  crystal structures.

2.4 Extending the Adamantine Family

The search for new inorganic semi-conducting compounds should not 

be guided by luck and in tu it io n  alone, but follow rational principles. 

Guidelines for the search for these compounds have been published (see, 

for example, Pamplin [4 ,1 1 ] ,  Goryunova (10), and Parthe [ 6 ] ) ;  however, 

they should be studied again from time to time to incorporate new theo­

re tica l viewpoints, as well as new experimental data.

The adamantine family can be extended by considering pseudo-binary 

(or pseudo-ternary) systems of known adamantine phases. Frequently, when 

atomic rad ii and e lectronegativity  difference allow, solid solutions are 

obtained. Some of these notably mixed I I I - V  and mixed I I - V I ,  are now 

commercially important. In other cases, for example HgTe-InzOTes, a 

complete solid solution is broken up by compound formation at certain  

simple element ratios .

Parthe [ 6 ] fixed the idea of extending new adamantine compounds 

geometrically, depending on the general tetrahedral equation and the 

equation for normal valence compounds. The d i f f ic u l t y  arises with some 

ternary and multicomponent adamantine structure compounds because, on 

f i r s t  sight, i t  seems d i f f i c u l t  to decide which elements are cations and 

which are anions. For example, in the adamantine structure compound 

CusAsSit(Is-V-VU) both Cu and As have to be considered as cations, whereas 

in the defect adamantine structure compound Z n s A s Ia ( I la -n -V -V I I 3 ) the 

As atoms are counted as anions. This d i f f ic u l ty  can be overcome i f  we 

remember that the anion sites of wurtzite or zincblend must always be 

completely occupied with electronegative atoms and, fu rther, that the
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number of electrons provided by the atoms on the Zn or cation sites  

must be just righ t to complete the octet shell of the atoms on the s 

or anion sites.

2.5 Ternary Normal Adamantine Compounds

Ternary normal adamantine structure compounds f a l l  into two groups: 

those in which the th ird  element replaces some of the A atoms and those 

in which i t  replaces some of the R atoms, when the binary compounds are 

denoted by AR. These elements never go into both sub la t t ic e s  at once, 

except when i t  is a Group IV element, as in compounds of the type AgelV-VU 

Thus there are two separate cases, the "two-cation" phase and the "two- 

anion" phase 112-14].

(1) "Two-cation" phases (C^^^jA^:

The two d iffe ren t kinds of cation, C and D, occupy the Zn s ites ,  

whereas the S sites are f i l l e d  with the th ird  component, A. Combining 

equation (2 . 1 ) for the ternary normal tetrahedral structure, we can 

write

me^ + ner, + Oe.

- m + 0  = 4 (2 .5)

With the equation for normal valence compounds [ 6 ]

mê  + neg = o( 8 -e^) ( 2 . 6 )

we obtain o = m + n (2.7)

I t  is advantageous to introduce a new parameter R, at this point, 

which is the ra tio  of m over n.

I f  R = ^  (2 .8)

Inserting equations (2 .7 ) and (2 .8 ) into equation (2 .5 ) gives

R •  (R.9)
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There are only f ive  solutions for R, which are neither zero, 

in f in i te ,  nor negative. They correspond to compositions of I-III-VI2, 
I-IV2-V3, I2-IV-VI3, I j -V -V I^  and II-IV-V2.

(2) "Two-anion" phases

The C atoms occupy the cation s ite s , whereas A and B atoms are 

distributed over the anion sites of a wurtzite or zincblend. The equation 

for normal valence compounds can be written as follows for this case:

mê  = 0 ( 8  -  e^) + p ( 8  -  e^) (2 . 1 0 )

which, combined with equation (2 .5 ) gives

m = 0 + (j (2.11)

Introducing again a parameter R = ^  leads to

Or -  Oa

which has five solutions for R > 1 corresponding to II2-V-VII, III3-IV2-VII, 

II3-IV-VII2, l U - I I I - V I I s  and III3-IV-VI.

As a matter of fa c t ,  only two of these anionic ternary compounds 

have been c learly  id e n tif ie d , namely AT2 CO, a I I I 2 - IV -V I compound, which 

has a structure based on w urtz ite , showing some s ta t is t ic a l  occupancy of 

octahedral sites [1 5 ] ,  and Zn2 NF, a I I 2 -V -V II compound, which was dis­

covered by Marchand and Lang [12]. This fact shows that adamantine 

compounds with mixed anions are true compounds.

The same electron equation can be used to calculate the composition of  

possible quaternary and multicomponent compounds. Goryunova [10] has 

obtained thirty-seven d iffe ren t quaternary compositions. The number of 

possible compositions increases accordingly i f  quinary phases are considered,
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2.5.1 Structure types for ternary normal adamantine compounds

The arrangement of the d if fe re n t  atoms on the zincblend or wurtzite  

structure sites may be ordered or not ordered, but the "cations" are 

always on the zinc sites and the "anions" on the sulphur s ites. Theo­

re tica l calculations have been made [4 ,16 ,17 ] to determine what kind of 

super cells  would occur i f  a l l  atoms arranged themselves in an orderly  

fashion. However, only four super ce lls  of ternary normal adamantine 

structure have been found in nature. Two are related to zincblend, 

chalcopyrite observed with I-III-VI2 and II-IV-V2 compounds and famatinite  

with I3-V-VI4 compounds. Two superstructures can be derived from w urtz ite ,  

the BeSiN2  type, which has not yet been observed with other compounds, and 

enargite, another structure type for Is-V-VU compounds.

There are three other superstructures for quaternary adamantine 

structure compounds. Two superstructures can be derived from zincblend, 

stanritte wiith l 2 “ I I - IV -V Ii t  compounds, e . g . ,  Cu^FeSnS^, and the new structure  

which has recently been discovered by Schafer [18 ], which is Cui»NiSi2 S7 .

One superstructure can be derived from w urtz ite , the wurtz-stannite of 

compound I 2 - I I - I V - V I 4 , e . g , ,  Cu2 CdGeSi».

(a) Ternary adamantine structures related to sphalerite

(1) Ternary chalcopyrite structure. - In  the zincblend structure, each S atom 

is at the centre of a tetrahedron with four Zn atoms at each corner. The 

four bonds a l l  have the same length and are symmetrically equivalent.

In the case of ternary compounds of chalcopyrite, for example the 

mineral CuFeS2  as a superstructure, Zn atoms are replaced by Fe, then the 

four bonds are no longer id en tic a l,  the distancé between S and Cu not being 

equal to the distance between 5 and Fe. The atomic arrangement of CuFeS2
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is shown in Figure 2 .2 , with space group I 4 2 c f ( D 2 ) ,  the unit ce ll of 

chalcopyrite CuFeS2  is (E l i  type), tetragonal with C/a % 2, and point 

positions as shown below:-

CuFeS2 1 4 2 4 ( 0 2 ^ 1 = )

atoms X y z

4 Cu in (4a) 

4 Fe in (4b) 

8  S in ( 8 d)

0 , 0  

0 , 0  

X,X  

% , %

0 , i

OA

x,x

0 , %

0 , %  

Vs, Vs

(2) Famatinite type structure related to sphalerite .-The mineral CugSbŜ  

ternary compound is a good example found to c rys ta ll ise  in the famatinite  

structure. The atomic arrangement of CugSbS  ̂ is shown in Figure 2 .2 ,  

with space group 142m(D2d^^) and point positions as shown below:-

CugSbSt I42m(D2dii)
atoms X y z

2 Sb in (2a) 0 0 0

2 Cu in (2b) 0 0 &

4 Cu in (4d) o , i i , 0 V l , V *

8 S in (8i ) 
with XXX, xxz, 
xxz, xxz

The unit cell is tetragonal with C/a % 2 and c 'v Every sulphur

atom is surrounded by 3 Cu and one Sb. This ordering leads to a tetragonal 

super c e l l ,  with af^^ % ^Zbv

(b) Ternary adamantine structures related to wurtzite

(1) Structures of the enargite type.-The ternary compounds CUgAsŜ  and 

CUjPSt are known as enargite (H2s-type), related to wurtzite and the
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BeSiNg structure. The atomic arrangement of CuaAsSi* is shown in Figure 

2 .3 ,  with space group (C2 ^^-Pmn2 i ) ,  axial ra tio  a:b:c 2 : / 3 : / 8 / / 3 ,  and 

point positions as shown below:-

CusAsS 4 PmnZ x(C2y^ )

atoms X y z

2 As in (2a) % 0

2 Cu in (2a) Vs i

4 Cu in ( 4 b ) V, V3 0

2 S in (2a) Vs Vs

2 S in (2a) Vs Vs

4 S in ( 4 b ) % Vs

(2) Structure of the type BeSiNz.-Rabenav and Eckerlin [19] have shown 

that BeSiN2  has the wurtzite structure and they conclude that BeSiN2  can 

be regarded as an analogue of aluminium, gallium, or indium n itr id e .  

Eckerlin 120] has shown tliat BeSiN2  is analogous to chalcopyrite and 

has the space group ) with axial ra tio  a:b:c /3 :2 :2 /2 / /3  and

a 0 , /3a^, b 2a%,, c = Cy. The atomic arrangement of BeSiNz (El^ type) 

are shown in Figure 2 .3 and the point positions of BeSiN2  are as shown 

below:-

BeSiNz P%a2 i (C 2 %9 )

atoms X y z

4 Be in (4a) Vl2 Vs 0

4 Si in (4a) Vl2 Vs 0

4 N in (4a) Vl2 Vs Vs

4 N in (4a) Vl2 Vs Vs
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2 .5 .2  Ternary defect adamantine compounds

There are only three possible compositions stated by Parthe [ 6 ]

for ternary defect adamantine structure compounds in the form of C''  ̂ m n s o
This is derived from the same mathematical calculations which were 

used for finding the possible compositions of non defect compounds, as 

explained e a r l ie r .  In tTie three ordered structure types, the anion 

p artia l structure is the same as in zincblend, but two kinds of "cations" 

in the ra tio  2 : 1  occupy three out of every four former zinc sites in 

ordered fashion. The three compositions are I z I I - D - V I U ,  I l - I I I z - n - V U  

and I l 2 - I V - n - V U .  Examples of a l l  three composition formulae are known 

and these are shown in Table 2 .5 .

There are two other ternary defect compositions which can be derived 

from the ternary phase diagram. This series of compositions appears as 

lines. For example, the alloys of the series ( I I l 2 -C lrV l 2 ) x ( H - V I ) i - x  and 

( I I Ig -C D -V Ig jx f l I I -V ï i - x  are the possible ternary adamantine structure 

compositions in the ternary systems I I - I I I - V I  and I I I - V - V I .  However, a l l  

the possible compositions may not have an adamantine structure [ 2 1 , 2 2 ] ,  

while in the ternary system Ga-As-Se, an adamantine structure is formed 

throughout a compound line  which starts at GaAs and extends a l l  the way 

to Ga2 Ses. Compounds HgGa2 Te%, CdIn2 Se^, CdGa2 St and BCu2 HgU form in 

four d if fe re n t structure types of I I - 1 1 1 2 - n - V U  and Iz I I -C D -V I I ,  related  

to sphalerite , while ZnAl2 S% is the only structure known that is related  

to wurtzite 16 ].

2.6 Crystal Structure of I-IV2-V3 Type Compounds

The least known ternary compounds are the I - I V 2 -V 3  group. The f i r s t  

data on this group were reported by Goryunova and Sokolova [23]. In the 

work reported by Sokolova and Tsvetkova in 1964 [2 4 ] ,  attempts were made
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to prepare substances of th is  group. Table 2.1 l is ts  a l l  the possible 

combinations in this group. They investigated the combinations of 

elements which are formed in Table 2 .1 . They discovered that the com­

bination containing lead and bismuth gave o ff  free bismuth. The a llo y  

o f t in  with antimony or arsenic revealed the presence o f the NaCl 

stru ctu re , corresponding to the formation of the binary compounds SnSb 

and SnAs respectively. Alloys based on germanium and containing antimony 

or arsenic usually contained pure germanium. In a l l  these cases, two or 

more phases were present. The reaction with s ilico n  required high tem­

peratures and were not completed under the conditions used by these workers 

Only the phase CuSizPs, c rys ta llis in g  with the ZnS structure and the
o

parameter a = 5.25 A, was obtained. Their in i t ia l  attempts to introduce 

gold into compounds with a tetrahedral structure were not successful.

Alloys containing phosphorus consisted of a single phase in two 

cases: CuGezPs and AgGe2 Pj. The other composition, AgSn2 Ps, was

reported in a quite complex phase. The main phase was c rys ta llised  in 

a complex structure.

A new form of Cu^SnPio was found for the Cu-Sn-P system with a bcc
o

la t t ic e  and a parameter of a = 10.260 A [25 ]. This compound c rys ta llises  

in the cubic space group I43m(T^*) 126]. The point position of the , 

atoms is shown in Table 2 .4 .

The substance represented by CuGe2 Pa c rys ta llised  in the zincblend
o

structure with a la t t ic e  parameter a = 5.370 A and with the presence of 

3-5% of a second phase. The thermal analysis was also reported to show 

the presence of two transformations, one a t 800° C and a second at 759° C 

123].
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Table 2.1

Possible combinations of group I-IV2-V3 compounds

CuSizPs AgSizPs AuSizPs

CuGeaPs AgGezPs AuGezPs

CuSnzPa AgSnzPs AuSnzPs

CuPb2Ps AgPbzPs AuPb2Ps

*CuSi2As3 AgSi2As3 AuSizAss
*  *  *
CuGezAss AgGe2Ass AuGeaAss

*  ★

CiSnzAs3 AgSnaAss AuSn2As3
•k  *
CuPb2 Ass AgPbzAss AuPb2 Ass

CuSizSbs AgSi2 Sb3  AuSizSb3

CuGe2 Sb3  AgGezSbj AuGezSbg
★ *
CuSnzSbs AgSnzSba AuSnzSbs

CuPb2 Sbs AgPbaSbs AuPbzSbj

Cu$izBi3  AgSi2 B i 3  AuSizBi
*

★

*

CuGez Bi 3  AgGezBi 3  AuGezBi 3

CuSnzBis AgSnzBi3  AuSnzBi

CuPbzBis AgPbzBis AuPbzBi3

*
These compounds have been investigated [24 ].
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4 Cu + % G©

F lg u re (2 .4 ).—The atomic arrangement of CuG(^F  ̂ com pound. 

Showing Cu and Ge are distributed randomly in Zn sites and P in 8 

sites.
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AgGezP), unlike CuGezPs, does not c ry s ta llis e  in the zincblend 

structure. The la t t ic e  of AgGezPg belongs to the cubic system, its  

un it ce ll being a body-centred cube [27]. The same la t t ic e  spaces 

were reported for AgeGeioPiz [28].

Werner [29] reported the structure of CugAs fo r the compounds 

CuGezAss and CuGezSbj, in a new form of CuysGeisAsio and CuzsGeia.sSbi2 . 5

o o

with the la t t ic e  parameters of a = 4.165 A, c = 7.475 A fo r the la t te r .

Figure 2.4 il lu s tra te s  the atomic arrangements fo r the compound 

CuGe2 P3 , which showed Cu and Ge randomly d istributed  in Zn sites and the 

P atom in S s ites .

2 .6 .1  Crystal structure of the compound AgsGeipPiz

The compound Ag6 GeioPi2  c rys ta llises  in the cubic space group 

I43m [28]. The point position of the atoms is shown in Table 2 .2 .

The most important interatomic distance and the binding angle are 

placed together in Table 2 .3 . Figure 2.5 shows the substantial sections 

of th is  structure with the co-ordinates fo r a l l  the atoms.

Table 2.2

The point position of AggGem P̂  atoms [28]

.AggGeioPiz I4 3 m (T /)
atoms X y z

Ag in 12(e) 0.19540 (13) 0 0

Ge(1 ) in 8 (c) 0.28850 (15) X X

Ge(2) in 12(d) % i 0

P in 24(g) 0.12832 (23) X 0.30605 (32)
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e Ag
Gel

o P
Figure 2.6 The atomic arrangement of group [AgsGe^JPiz, the structure of 

th is  group being identical to that o f the Rh6(C0)ie molecule, 
the building groups [AgeGe^DPrz are connected in the crystal 
shown in Figure 2 .5  to the atom Ge(2) [28 ].
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The occupation of the d iffe re n t positions by the atoms Ag, G e (l) , 

Ge(2) and P lik e  the mutual arrangement allows the formula [AgsGe^PizJGeG 

fo r th is  structure. Each P atom is te trah ed ra lly  bound to an Ag atom, 

Ge(1) and two atoms of Ge(2). The bond in tervals  are as shown in 

Figure 2 .5 , and shown in Table 2 .3 . The bond angle P-Ge(2)-P amounts 

on average to the tetrahedral co-ordination value (109 .5 °). For Ge(1), 

the bond angle P-Ge-P is s im ilar to that in the RheCCOie c lu s te r, see 

Figures 2 .5 -2 .7 . The atoms Ge(1) are enclosed in the Age-octahedron in 

the form of a tetrahedron.
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Table 2 .5

L is t  o f  known te rn a ry  adamantine s tru c tu re  compounds*  

Composition VEC re la ted ^ s tru c tu res  Z incblend or re la te d  structures.

I - I I I - V I g  4 .0  AglnSg, CuBSeg, CuAlSg,  CuAlSe2, CuAlTe2» CuGa$2, CuGaSe2,

B-LiGaOg [ 30] ,  CuGaTe2, CuInS2, CuInSe2, CuInTe2, CUTIS2, CuTlSe2,

LiGaS2 [ 30] ,  CaFeS2, CuFeSe2, ^9^1Sg, AgAlSe2, AgAlTe2, ^96382,

liIn S 2  [ 30] ,  Ag6aSe2, AgGaTCg, Agln$2, AgInSe2, A g ln le2 , ^9^®^2

Na6a02 [^^ ]

I I - IV -V 2  4 .0  BeSiP2 HgGeP2, ZnSiP2, ZnSiAs2, ^"GeP2, ZnGeAs2' ZnSnP2

ZnSnAs2, CdSiAs2 [1 0 ] . CdGeP2, CdGeAs2,

CdSnP2 CdSnAs2, ZnSnSb2 [ 32]

I3 -V -V I4  4 .0  CU3PS4, CujAsS^ CÜ3ASS4, Cu3AsSe^. Cu3$bS^, Cu3SbSe^

I2 - IV -V I3  4 .0  Cu2SiS3 133]  Cu2$iS3 [ 33] ,  C u2S iIe3, Cü2GeS3, Cu2GeSe3, Cü2GeTe3,

0028083, Cu28n8e3, 00280X63

I- IV 2 -V 3  4 .0  Co8i2P3, COG62P3

I l 5 - I I l 2 - a - V l 8  4 .27  "95632763, Hgg 102X63

l 2- I I - 0 -V I^  4 .57  0o2H g I^ , Ag2HgI^

I I - I I l 2- 0 -V I^  4 .57  ZoAl28^ ZoAl28e^, ZoAl2Te^, 206828^, ZoGa28e^, ZoGa2Xe^,

2 0 1 0 2 8 6 4 ,  2 0 1 0 2 X 6 4 ,  0 d A l 2 8 4 ,  O d A l 2 S 6 4 .  0 d A l 2 T e 4 ,  C d G a 2 8 4 ,  

0 0 6 8 2 8 6 4 ,  0 0 6 8 2 X 6 4 ,  0 0 1 0 2 8 6 4 ,  0 0 1 0 2 X 6 4 ,  H g A l 2 8 4 ,

HgAl2S64, HgAl2X64, HgGa284, HgG82S64, HgGa2Te4,

"9 1 0 2 8 6 4 , Hgl0 2 T6 4

1 1 2 -IY -O -V I4  4.57 Z02G684 [ 34] ,  Z02G6864 [ 34] ,  Hg2Ge864 [ 23]

1 1 3 -O -V -V I3  4.57 ZO3PI3, Z03ASI3

^^^2y+ z~ ^ ~ V '^ ^ 3y Complete s o lid  so lu tio n  between I I I - V  and I I I 2 - 0 - V I 3

found w ith  [ tO ] ,  Ga2j,„As^Se3j, ]1 0 J .

I I I 4 - IV - O  3 -V I3  4.923 63466863 [ 35]

I f  not s p e c if ic a l ly  marked, the l i te r a tu r e  reference to  a l l  compounds can be found in  references [ 6 , 3 6 , 37] .
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CHAPTER 3 

Crystal Growth

3.1 Introduction

A lim ited  amount of work was done (mainly in Russia) twenty-four 

years ago, on compounds of the type I - IV 2 -V 3 . CuGeaPa and CuSi2 P3  

were the only compounds which were successfully prepared and these were 

only in po lycrysta lline  form. : In the same period, the alloys of 

CuGe2 P3 -Ge were prepared with a certain degree o f success [23 ,27 ,32 ,38].

In th is  work, some ternary I-IV2-V3 compounds were prepared. The 

ternary compound CuGe2 Ps was the main material o f in teres t in th is  in ­

vestigation. Attempts at preparing solid solutions based on th is com­

pound with single component semiconductors, binary and ternary compounds, 

were also t r ie d . Melt growth was the main method used to grow the above- 

mentioned m ateria ls . Tin solution and iodine transport growth were used 

as w e ll, to overcome the p a rticu la r d if f ic u lt ie s  which were encountered.

Large single crystals of CuGe2 P3 , AgeGeioPia and a ll  single phase 

alloys were prepared by the slow cooling method of Bridgman.

3.2 Primary Considerations fo r the Synthesis of Ternary Compounds

Only a few o f the phase diagrams o f ternary systems, in which ternary  

compounds with tetrahedral co-ordination are formed, have been investigated, 

especially those containing v o la tile  components. Consequently, the devel­

opment of the synthesis methods for ternary compounds containing v o la tile  

components is g reatly  complicated by the fac t that the dependence o f the 

phase composition on pressure, temperature, and chemical composition is 

not well known. I t  must thus be concluded that the m ajority of ternary  

compounds prepared by d irec t synthesis from the component elements, using
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the available techniques and the very lim ited information on the phase 

diagrams, cannot be perfect with respect to th e ir  composition and homo­

geneity.

Analysis of T-X phase diagrams of binary systems, in which binary 

tetrahedral phases can be formed, can y ie ld  some information on the 

departures of the s ta b ili ty  of the sp* electron configuration which 

re su lts , in the end, in the disappearance of chemical in teraction  when 

the principal quantum numbers of the atoms forming part o f the system are 

increased. Figure 3 .1 (a ) shows the Gibbs triangles involved iin the 

formation o f ternary two-cation valence compounds in the I-IV2-V3 system.

A close study o f th is  diagram, in which ternary tetrahedral structures 

can form, reveals that the formation of ternary phases is governed by the 

chemical in teraction  in I-V  and IV-V binary systems.

The nature o f the in teraction in I - IV  and I-V  systems is obviously 

not decisive, although i t  may be o f some importance. I f  there is no 

chemical in teraction  in the basic systems, tetrahedral phases are not 

formed. The same statement can also be made by considering the crysta llo  

chemical concept o f valence ternary tetrahedral compounds, consisting of 

cations and anions held in the structure by covalent, as well as fa ir ly  

strong io n ic , forces.

Compounds o f the type I-IV2-V3 are d i f f ic u l t  to analyse, because o f 

th e ir  complexity. However, only two of these compounds are known to 

exist in th is  composition, which are CuGe2 P3  and CuSiaPs [24 ]. In spite  

of the considerable complexity of the processes of synthesis of ternary 

compounds, compared with binary m aterials, the e a r lie s t investigations  

have already established that ternary compounds have many advantages over

binary ones, p a rtic u la r ly  with respect to th e ir  much lower melting points.



-  3% -

I-ïï-Y

Figure 3.1 A -  Gibbs triangles fo r the ternary compound

I-IV2-V3 two cation system 

B - Gibbs triangles fo r quaternary a llo y  I-II-IV3-V5 
(Thick lines represent the basic systems, the dashed 

lines represent valence compounds and alloys and the 

chain lines compounds with four electrons per atom.)
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The low melting temperature not only makes i t  easier to prepare them, but 

also provides an opportunity to reduce the contamination during synthesis. 

Table 4.1 contains the melting points of some ternary materials in v e s ti­

gated in th is  work. The melting points o f some other ternary compounds 

are given in references 10, 36 and 37. The vapour pressurejQfthe v o la tile  

compound should also be controlled. The selection of a p a rticu la r syn­

thesis technique should be based on the to ta l vapour pressure o f a l l  the 

elements in the compound.

3.3 Preparation o f Ampoules

A fter the tube was sealed, the ampoules were cleaned, using a standard

procedure each tim e. HCl and HNOs solution was used for about 24 hours.

This was washed with demineralised water and cleaned u ltraso n ica lly  for 

about 20 minutes. The tubes were then outgassed under a low pressure of 

about 10"^ to rr  or less, at a temperature of about 1000°C for 8-10 hours. 

These conditions were the same for a ll ampoules used in the preparation  

of compounds in th is  work.

3.4 Crystal Growth from Melt

3.4.1 Theoretical considerations

The growth o f single crystals from the melt is well known now. In 

1953 Chalmers [39] stated three ways in which the essential requirement 

that growth shall proceed from a single nucleus is f u l f i l le d :

(1) A small seed crystal is used in the base of the mould.

(2) Only a small volume of material is maintained in the 

temperature range in which nucléation can take place.

(3) Several nuclei are allowed to form, but only one is

allowed to survive to form a single c rys ta l.
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In most successful melt methods of growing c rys ta ls , the second 

requirement is s a tis fie d  by slow cooling from one end of the mould, which 

is usually pointed. Unidirectional s o lid if ic a tio n  is ensured by main­

taining a steep temperature gradient along the mould. So c ry s ta llis a ­

tion consists mainly o f d irectional deposition of atoms, orig inating from 

a molten phase, onto a so lid ify in g  in terface.

The ra is ing o f temperature above the melting point without phase

transfer o f the solid is termed superheating and supercooling is the

reverse phenomenon.

When growth is from a system including a second component or solute 

im purity, there w ill  be a build-up of the components rejected from the 

solid close to the growth in terface , as shown in Figure 3 .2 (a ) , where C-j 

is the liq u id  concentration, is the in terface concentration, and is

the solid concentration. The difference in composition of the three 

regions o f the system give the resu lt shown in Figure 3 .2 (b ). In th is  

fig u re , the dashed lines A, A' represent the temperature gradients along 

the system. The CB is supercooled corresponding to gradient A' [40-42].

The condition for supercooling is given by T i l le r  [43] as:

G /  mcs(O)d-ko)
V <  KoDl

where G is the temperature gradient o f the in te rface , V is the growth ra te , 

Cs(0) is the solute concentration in the solid a t the in terface , kg is the 

p a rtitio n  c o e ffic ie n t in the slope of the slope o f the liquids and Dl is 

the soliute d iffus ion  coefficient,m  is the liquidus slope.

As can be seen from th is  equation, conditions involving steep gradient 

and slow growth rates are best, to avoid constitu tional supercooling.
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Liquid Solid

Distance
(a)

CO
4->rtJS_4->C(Uocou Liquid Crystal

Distance
(b)

Figure 3.2 Constitutional supercooling - (a) d is trib u tio n
of solution; (b) liquidus and temperature gradient 
In each case, the abscissa represents the distance 

along the specimen (Rutte and Chalmers, 1953).

A = normal growth.
A' = constitu tional supercooling.
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3 .4 .2  Po lycrystalline  growth

Stoichiometric amounts of a high p u rity  element (99.999%) were used 

for a l l  m aterials prepared. The preparation o f every sample material 

resulted in i t i a l l y  in the po lycrysta lline  form being produced. The 

elements were introduced into prepared tubes. A fter evacuating the tube 

and sealing i t  o f f  at a pressure of less than 10"® to r r ,  the loaded tube 

was placed in the temperature gradient of a two zone tubular resistance 

furnace. Some problems arose from the high pressure inside the phosphide 

ampoules, especia lly  below the melting point o f the m ateria l. This caused 

some samples to explode before the melting point was reached. This pro­

blem was solved as described in section 3 .4 .3 . The sample was heated 

rap id ly  to about 50° C above the melting point o f the m ateria ls , maintaining 

i t  at th is  temperature for more than 20 hours, then cooling i t  down at a 

rate o f 6° C/h to about 600° C and then 20° C/h to room temperature.

A continuous v ibration  was used for heating to assist in mixing the 

elements and reducing the pressure for the phosphide samples. The whole 

procedure took about one week for each experiment. The tubes were re­

moved from the furnace and in a l l  the phosphide samples there was more 

than 5% in volume of unreacted phosphorus present. This problem was 

solved as described in the next section. A l i s t  of a l l  the compounds 

and alloys prepared is given in Tables 3.1 and 5.12.

A ll the samples prepared were tested by electron probe microanalysis, 

Z-ray powder photographic investigation , and DTA measurement.

3 .4 .3  Growth o f single crystals using a modified Bridgman technique

There are several laboratory techniques which are used to grow single 

crysta ls , the liq u id -s o lid  method being that most widely used. The most
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important experimental schemes which have evolved in th is  region are:

(a) d irectional s o lid if ic a tio n ;

(b) cooled seed;

(c) crystal pu lling ; and

(d) zone melting.

The d irectiona l s o lid if ic a tio n  method was the main procedure used in 

the present work. This method was used for the f i r s t  time in 1925 by 

Bridgman in the USA [44] and others [45-48] fo r the growth o f large metal 

single c rys ta ls , and la te r  by Stockbarger [49 ,50] fo r the growth of optical 

qu ality  a lk a li halide crystals fo r prisms and lenses. I t  was also devel­

oped independently in Europe [51 ,52].

fteny of the compounds of current technological in teres t in the 

f ie ld  of semiconductors and e lectro -op tica l application such as GaAs, InP, 

ZnTe, ZnSiPz, etc., are d i f f ic u lt  to prepare in bulk form from the melt. 

Because of the high vapour pressure and dissociation, CuGezPs and AgsGeioPiz 

are materials with the same problems. The dominant d if f ic u lty  is that of 

controlling the vapour pressure. I f  i t  is s u ffic ie n tly  high to cause 

evaporation, then serious problems can occur during crystal growth. These 

problems range from loss of v is ib i l i t y  to melt non-stoichiometry, a con­

comitant e ffe c t due to constitu tional supercooling. Crystal contamination 

by im purities is another in tr in s ic  problem.

The main purpose of the present technique is to show how a simple 

technique of pressure balancing can be used to solve some o f these out­

standing problems, as well as the temperature gradient. I t  is c lear that 

control of dissociation is the central problem encountered during the 

growth of the above-mentioned compounds. Without that, single crystals  

cannot be prepared from the melt. In order to reduce the evaporation 

loss, 10% extra phosphorus was added to the compound [53 ].
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This method o f contro lling  dissociation allows the melt to e q u ili­

brate in a closed environment which is capable of standing the dissocia­

tion pressure. Another important problem was that of explosions caused 

by the high pressure o f phosphorus (about 100 atm at 600° C, as calculated  

from the extrapolation of the pressure data, taken from the Handbook 

of Chemistry and Physics (1974). This was solved by using a double zone 

furnace, as shown in Figures 3 .3 (a ) and (b ).

The furnace position was 10° to the v e rtic a l. The ampoule was placed 

in the furnace where the source material was fixed in zone one. The 

temperature o f th is  zone was increased above the melting point of the com­

pound, keeping zone two at room temperature. In th is  case, the compound 

temperature was about 950° C, thus the material was reacted under in ­

s u ffic ie n t phosphorus, caused by the low pressure in the other side of 

the ampoule. However, the pressure is due to the compound, not to the 

phosphorus, which has a higher pressure £54].

In the next stage, the temperature of zone two was increased to the 

same degree, or above, to balance the phosphorus pressure inside the am­

poule. By these procedures, the problem of dissociation was solved.

The f in a l problem, that of having a suitable temperature gradient, was 

solved by c a re fu lly  moving the ampoule to zone two, allowing the end of 

the sample to be fixed in the region of the a ir  gap between the two zones, 

where the best temperature gradient could be obtained, as shown in 

Figures 3 .3 (a ) ,  (b) and (c ).

The two outer ends o f the zones were closed, in order to minimise the 

flow o f the a ir  inside the furnace. The fume cupboard was closed as a 

precaution against any external disturbance.
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Figure 3.3 (a) Temperature gradient of double zone furnace
(b) Ampoule position inside the furnace
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Cooling started with zone one at 2° C per hour and only when the 

temperature reached 500° C, was the cooling of zone two started at 2° C 

per hour, to about 400° C. The sample was taken out a fte r  fas t cooling 

at th is  temperature. The resu lt o f a l l  these procedures was the forma­

tion o f single crysta ls  of several compounds and a llo y s , as shown in 

Table 3.1.

The photograph o f single crystals of CuGeaPs is shown in Figures 

3 .4 (a ) and (b ), and the Laue photograph can be seen in Figure 3 .5 (a ) 

and that fo r AgsGeioPiz in Figure 3 .5 (b ).

A ll these procedures took no more than two weeks. The crystals were 

tested and studied by using X-ray powder and Laue method photographs. The 

direction o f growth can be observed fo r CuGezPs as shown in Figures 3 .4 (a ) 

and (b ).

3.5 Solution Growth

The main reason fo r growing crystals from solution is to reduce the 

temperature at which c rys ta llis a tio n  takes place. In the case of CuSizPs,

th is  method of growth was useful, because o f the high melting point o f the

compound and the high vapour pressure due to the phosphorus. However, 

th is  growth technique was also o f value fo r compounds in which phase 

transitions take place below the melting po in t, fo r example the tran s itio n  

from disordered structures to ordered ones, such as some chalcopyrite 

structures.

There are , however, disadvantages to solution growth, such as solute 

diffused into the crystal surface. Since the growth takes place over a 

considerable range of temperature, then the doping and composition o f the

crystal w ill  change along the growth directions of the c rys ta l.
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Figure 3.4 Single crystal of CuGezPs: (a) <100> surface;
(b) <110> surface
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Table 3.1

Single crystals grown using a modified Bridgman method

Compounds 

and alloys
Dimensions in cm 

Length Diameter
Notes

CuGe2P3 2.5 1.5

GuGea+xPs 2.5 0.5 six crystals of d iffe ren t compo­
sition  up to X = 3

AggGexoRiz 2.5 0.5

CuSizPs
crystals as large as 0.02 x 0.1 x 0.5 cm 
in dimension were produced by using 
tin  solution growth

CuSijPa 3.0 0.5

CUSI4 P3 3.0 0.5

CuSi5 P3 3.0 0.5

(CuGezPsli-x
-(CuzGoSglx

2.5 0.5 single crystal for every xwhen x = 
0.1 - 0.9

CuGePS 2 . 0 1.5

CuaGeSj small ingots were produced as 
large as 0.2 x 0.4 x 0.8

CuGe2 P3 -GesPt 2.5 0.5 two single crystals for 2 0 % and
35% of GejPi,
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The type of solvent used could be very active for some physical 

properties such as band structure or general e le c tr ic a l properties, so 

a solvent with a very low solid s o lu b ility  must be used.

Apart from the properties mentioned above, the solvent should have 

a low melting po int, to allow the m aterial to grow a t a lower temperature 

and be eas ily  decanted from the crystal in order to avoid damage to the 

crystal which would resu lt from the contraction of the metal during 

cooling.

Tin and zinc were the most successful solvents used in th is  f ie ld .

Most o f the I I - IV -V 2  group compounds were grown successfully using these 

m ateria ls , w hilst other m aterials were avoided, such as cadmium, gallium , 

indium and mercury, due to th e ir  high im purity, or solid solutions re ­

sulting from the use of indium and gallium [55 ], Some solvents have a very high 

vapour pressure, which is unsuitable for p ractical app lication , such as 

mercury [56 ].

Since group IV elements such as t in  and lead should be e le c tr ic a lly  

neutral in compounds containing group IV , these elements were the most 

widely used ones in th is  regard. However, t in  is the most common 

material in th is  case, and is used for growing almost a l l  group I I - IV -V 2  

materials successfully, p a rtic u la rly  the ones containing tin  and s ilicon  

as group IV [55 ,57].

Group V elements,such as antimony and bismuth, have been used, but 

so fa r  with no success [55].

The most d i f f ic u l t  compound to grow in th is  work, due to its  high 

melting point and pressure, is CuSizPs. However, the melt growth method 

fa ile d  to prepare th is  compound. Tin solution growth was chosen for the
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reasons mentioned e a r l ie r . Such a method o f growth could control the 

pressure and c ry s ta llis e  the material a t a lower temperature than its  

melting point. Tin was chosen as a solvent fo r the above reasons, a l ­

though information on th is  compound is lim ited . The compound was re ­

ported to be grown by fusion, in poor po lycrysta lline  form, when the 

la t t ic e  parameter is much higher than expected [3 2 ]. The melting point 

o f the compound was measured with no sign o f phase tra n s itio n , using 

DTA curves, the deta ils  of which are given in Chapter 4.

With t in  as the solvent, an ampoule of 1 cm diameter and 15 cm length 

was used. Then 1:5 of CuSizPaiSn were mixed as raw m ateria ls , sealed o ff  

under about 10"^ to rr  and fixed in a double zone furnace, which is suitable  

for growing crystals by the fusion method. The temperature gradient 

could be as much as 40-60° C/cm in the growth region. The m aterial was 

heated quite quickly to 1100° C, then held fo r one day a t th is  temperature 

and cooled at about 2° C/h down to 600° C, then the furnace was inverted  

to allow the t in  to separate from the grown crysta ls . Crystals as large as 

0 .0 2 x 0 .3 x 0 .5  cm were grown. The remaining t in  was removed by polishing  

techniques and a rectangular shape was made fo r some e le c tric a l measure­

ments.

These crystals were analysed by X-ray techniques. The p o s s ib ility
*

of replacing s ilicon  by t in  is rather sm all, since the la t te r  exists in 

bcc form and there was no sign o f th is for crystals tested so fa r  [2 5 ].

3.6 Iodine Transport

3.6.1 General considerations

Vapour transport growth is a re lia b le  method o f growing compounds 

with e ith er a high melting point or high pressure of the v o la t ile  com­

ponent a t the melting po int, which undergo p e r ite c tic  decomposition. However,

in CuSizPs
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special care must be taken to avoid uncontrollable nucléation and poor 

c rys ta llin e  q u a lity  [58].

The conditions required for chemical transport o f elements are as 

fo llow s:- a l l  compounds produced in the reaction must be v o la t i le , and 

the transport agent must be chosenr&udh that the equilibrium  constant has a 

suitable value a t a convenient temperature fo r crystal growth. When the 

chemical transport o f a compound is considered, then the p a rtia l pressure 

of compounds such as and BŶ  should be approximately in the stoichio­

metric ra tio  o f the compound required, when the A and B component elements 

of Ŷ  and Yĵ  are transporting agents. In add ition , the chemical potential 

of A and B must have suitable values at the points where the compound is 

to be v o la tilis e d  and deposited [59].

Chemical transport occurs throughout a heterogeneous reaction which 

can be w ritten  schematically as:

As + Bg Cg + Dg

The subscripts g and s re fer to the gaseous and solid compounds respectively. 

This reaction occurs in a temperature gradient, which is the driving force, 

resulting in a "chemical transport" of A^. This takes place e ith e r in 

a closed or open system. A steady state of transport o f Â  is  b u ilt  up 

and a concentration gradient o f the gaseous phase is created.

When the transport is ra te -lim it in g , the speed of deposition can be 

calculated, mass transport by diffusion resu lting  from the concentration 

gradients in the gas phase. Thermal convection and bulk flow of the 

vapour (Stephen's law) takes place. Further d e ta ils  of the theoretical 

calculations of the speed of deposition can be found in references 60-62.
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3 .6 .2  Nucléation

Systematic investigation of the speed o f deposition of Si and GaAs 

has been carried out [63 ]. Two temperature regions can be distinguished: 

a high-temperature region, where the process is lim ited by the chemical 

transport o f m atter, and a low temperature region, where the growth rate  

is determined by surface reaction.

Crystal growth s tarts  by nucléation, i.e. y formation of the f i r s t  tin y  

single c rys ta l. Supersaturation is an important parameter contro lling  

the nucléation, which is defined as

p/po = a

where a-1 is the supersaturation; po is the equilibrium  pressure of

gases and p the actual pressure. The difference in free energy per atom,

G^, between a molecule in the gas phase and in equilibrium  with the solid

is:

Ĝ  = -kT In a

To determine the surface free energy, we w rite

Gj -  Gy(i) + Gg(i)

Where G^(i) is the energy expended in creating the surface of the nuclei 

with i atoms. In a closed system, nucléation occurs at random, pre­

fe re n tia lly  a t a defect in the w all. In general, two factors in the 

control of nucléation are very important - the supersaturation a -1 , and 

the surface free energy, Ĝ  [64 ].
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6 .3 .6  Experimental

S ilic a  ampoules are often used to grow ternary and quaternary semi­

conductors in closed systems. Ampoules were prepared and cleaned, the 

elements were cleaned and put into the prepared tubes, and sealed o ff  at

a pressure of less than 10“® to r r ,  with the end containing the source

m aterial cooled down to decrease the iodine evaporation, then placed 

in the double zone furnace. During stage one, both zones were heated

up quite fa s t ,  but the deposition zone was kept hotter. This reverse

temperature gradient cleaned the deposition zone. This zone was kept at 

the required temperature fo r about 10 hours, then in stage two, the de­

position zone was cooled slowly to the required temperature u n til i t  was 

at a lower temperature than the source zone.

This was the primary nucléation period. F in a lly , the source zone 

was held constant at the chosen temperature o f about 70° C above that of 

the deposition zone. Figures 3 .6 (a) and (b) show the temperature programmes 

of the two zones in the case of CuZnGesPs.

The growth period takes two to three weeks. This method is  used 

for growing compounds which are shown in Table 3.2 .

The tran sferring  mechanism equation of compound CuZnQejPs can be 

shown as:

ZCuZnGegPs + IBIz ■ — -  2CuIf + 2ZnIzt + 6GeIt*t + 5Pzt

The equation goes to the rig h t in the hot zone and to the le f t  in the cold 

zone.

A schematic diagram of the two-zone furnace is shown in Figure 3 .6 (b ). 

This is the same double zone furnace which was used for growing single 

crystals of CuGezPs and Ag^GeioPiz from melt using the modified Bridgman 

method mentioned in section 3 .4 .3 .
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Figure 3.6 (a) Temperature p ro file  of the two zone furnace

(b) Schematic drawing of the crystal growth furnace in
cross-section and ampoule position inside the zone tube
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The rate of transport was studied by the mean transfer rate  M in 

mg/h, which was assessed from the weight of the transported crystal in 

re la tio n  to the residence time. The rate o f transport fo r CuZnGesPs, 

using 8 g of m aterial with an iodine concentration of 6.5 mg/cc, tube 

diameter of 2.5 cm and 19.5 cm in length and a temperature d ifference  

of 70° C between the two zones, is 25.48 mg/h.

The rate of transport is dependent on the capsule's in ternal diameter 

and iSo independent of the residence time [65 ]. The size deposition in 

the c ry s ta llis e r  decreases with increasing mass tran s fe r, due to the 

increasing capsule diamter. The proportion o f hollow crystals increases 

and the proportion of the largest crystals decreases simultaneously [65,66]
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CHAPTER 4

D iffe re n tia l Thermal Analysis and High Temperature 

Lattice Parameters

4.1 Introduction

The discovery o f d if fe re n tia l thermal analysis (DTA) is usually 

credited to Le Chatelier in 1887 £67,68], Twelve years la te r . S ir Robert 

Austen [69] published a description of the DTA apparatus which forms the 

essential basis of a l l  modern d iffe re n tia l thermal analysers.

The use o f d if fe re n tia l thermal analysis has been established fo r  

some time in the f ie ld  o f ceramics, minerals and clays [67,70] and, to a 

lesser extent, in m eta llic  a llo y  systems, is recognised as an essential 

technique for studying phase transformation occurring in compounds and 

mixtures o f semi-conductor in te res t. In general, the phase diagram of 

the binary system in which the I I I - V  and I I - V I  compounds occur is known [71], 

as i t  is fo r ternary compounds [3 /] .  However, the expansion of semi­

conductor work into lesser known regions o f chemical composition has made 

the determination o f phase diagrams an essential part o f semi-conductor 

research. This arises f i r s t ly  in the study of new and possibly complex 

semi-conducting compounds, where even the melting point may be unknown. 

Further, these compounds are sometimes de liberate ly  prepared to be non- 

stoichiometric and in addition , often exh ib it solid state (ahase transitions  

of great importance from the point of view of th e ir  e le c tr ic a l and thermal 

properties.

Secondly, DTA is invaluable in the examination of semi-conducting 

solid solutions between known pure compounds. A knowledge o f the phase 

diagram is essential for the production o f material o f predetermined
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composition by zone melting, p a rtic u la r ly  where the ternary section con­

ta in ing  the solid solution is not pseudo-binary. In th is  case, chemical 

analysis and X-ray examination are usually also necessary.

However, the DTA results are due to physical or chemical processes, 

and therefore , i f  these do not occur, a steady d if fe re n tia l temperature 

normally develops between the tes t and reference m ateria l. This is due 

prim arily  to differences in the heat capacity and thermal conductivity of 

two m aterials [72], but is also influenced by many other facto rs , such as 

sample mass and packing density [7 3 ].

4.2 DTA Apparatus

The modern d iffe re n tia l thermal analyser is a sophisticated piece of 

equipment, u t i l is in g  many o f the advantages made possible by the advent o f 

so lid -s ta te  e lectronics. However, the simple DTA contains mainly a 

sample holder with measuring system, a furnace as the heat source having 

a large uniform temperature zone and a recording system fo r indicating  

and/or recording the e .m .f. (su itab ly am plified) from the d iffe re n tia l 

and temperature measuring thermocouples.

4.2.1 Sample Holder-Measuring System

Recent improvements have resulted in better methods of amplifying the 

a t signal, so that increased s e n s itiv ity  can be obtained by using a small 

sample holder. A rectangular shaped ceramic sample holder measuring 

1.5 X 3.7 X 7.3 cm was used. The DTA ampoules (0.5 cm diameter x 4 cm 

length) were fixed in the sample holder by means of two holes 1.0 cm in 

diameter. The ampoules are fixed in th is  manner in order to make good 

contact with d iffe re n tia l Cr/Al thermocouples and only minimal contact 

with the sample holder. The d iffe re n tia l Cr/Al thermocouple was in 

contact with the bottom of samples, as shown in Figure 4 .1 , in order to
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detect temperature differences between the sample and in ert m ateria l.

The temperature o f the system was registered by fix in g  another Cr/Al 

thermocouple between the samples by means o f a small hole and opened to 

the two samples by two other holes, to make the temperature between the 

junction and the temperature record thermocouple more uniform (see Figure 

4 .1 ) . The sample holder and its  container were moved to the inside of 

the furnace zone by means of a motor d r iv e r , in order to obtain the same 

position in every cycle of the experiments. The sample holder was 

screened by a looped, earthed w ire , to minimise pick-up o f stray currents 

by the thermocouple. The Cr/Al thermocouple which was used was 0.056 cm 

in diameter. Boersma [74] found that the diameter o f thermocouple wires 

should be as small as possible, to keep the thermal capacity and leak 

down to a minimum, but other workers [70] detected no difference in sensi­

t iv i t y  when using thermocouples of 0.013 inches diameter.

4 .2 .2  Furnaces

In order to assist in maintaining uniform heating, the furnace should

have the following characteristics:

low heat capacity o f the active furnace space for rapid  

response of the furnace temperature to variations in 

heat input;

high co effic ien t of heat transfer to the sample holder, 
i,e, , s u ffic ie n tly  large heating elements arranged in 

such a way that thermal gradients in the active space 

are minimised; and

adequate closing to prevent the a ir  current from d is ­

turbing the heating process £75-78].

Although i t  is usually assumed that a furnace has a re la t iv e ly  large 

amount o f packed insulation to minimise heat loss, Whitehead and Berger [79] 

described a furnace for vacuum DTA in which radiation shielding was used
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instead o f conventional packing. A fter analysis, the furnace could be 

cooled very quickly and be ready for another heating. Use o f conven­

tional techniques in winding furnaces, such as closer wire spacing near 

the ends o f the furnace, assists in maintaining a uniform heat zone in 

the active space. In some cases, non-inductive winding has been used 

to minimise pick-up of stray currents by the thermocouple.

Figure 4.1 illu s tra te s  the DTA furnace which was used in th is work.

I t  was a two-zone furnace, in which the f i r s t  zone was 60 cm long and

5.2 cm in diameter, fixed inside the second zone, which was 40.0 c.m. long 

and 8.0 cm in diameter, maintaining a gap between the two zones. The 

two zones were connected to the main power in series. No insula­

tion was used between the second zone and the furnace w a ll. This new 

technique makes for a more uniform temperature and helps to a tta in  higher 

temperatures up to about 1300 °C, where the heat rate was between 10-15 °C/ 

min and cooling at about the same ra te , down to about 600 °C, which was 

followed by cooling at a slower ra te . Connecting the two zones in series 

also reduces some pick-up problems.

4.3 D iffe re n tia l Thermal Analysis for CuGezPs

The DTA fo r CuGe2 P3  was carried out in the range 20-1100 °C, under 

the above-mentioned conditions. The m aterials used were po lycrysta lline  

containing the second phase and single crystal (single phase). The DTA 

curve for po lycrysta lline  CuGezPs containing the second phase as shown by x- 

ray photography (Figure 4.2a) is il lu s tra te d  in Figure 4.5a. On raising the 

temperature o f the sample, a small but steady temperature difference  

developed between the tes t and reference m aterials. This was due to the 

fact that although the temperature at the centres o f both materials was 

lagging behind that o f the furnace, the magnitude of the lag depended
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AT am- 
d1 if ie r

X-Y 
recorder

Figure 4.1 Cross section diagram of a complete apparatus of DTA 
used in th is  work.
A - crucible (sample)
B - reference (Ag)
C - ceramic sample holder
D - s ilic a  ampoules
E - second zone
F - f i r s t  zone-
G - a ir  cooling holes
H - furnace winding
J - ceramic road (sample holder, holder)
K - d iffe re n tia l Cr/Al thermocouple
L -  temperature recorder Cr/Al thermocouple
M - earth shield
N - a ir  movement control
W - sample holder motor driver
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p rim arily  on the thermal conductivity and heat capacity of each substance. 

Accordingly, the DTA curve continued in an approximately re c tilin e a r  

manner, u n til the te s t material underwent some physical or chemical 

change (AB). At B (725 °C ), the curve began to deviate from the base 

l in e , due to an endothermie process occurring w ithin the te s t sample.

This po int, B, w ill  hereafter be referred to as the onset temperature of 

the reaction, or phase tran s itio n , since i t  represents the temperature 

at which the process was f i r s t  detected by DTA. The endothermie peak 

temperature, C, corresponds to the maximum rate of heat evolution detected 

by the d iffe re n tia l thermocouples. At D, the curve returns to a new 

base lin e , due to the completion of the endothermie process. Generally, 

the peak temperature tended to show a much greater varia tion  with the 

heating rate and other experimental factors than the onset o f temperature, 

although the peak temperature was more easily  measured. The endothermie 

process giving rise  to the peak BCD was completed at the same temperature 

between points C and D. At E (759 °C ), the curve began a new deviation  

from the base lin e , due to another endothermie process occurring w ithin  

the tes t sample. This point w ill hereafter be referred to as the onset 

temperature of the second reaction, or phase tra n s itio n , as i t  represents 

the temperature at which the process is detected for a second time by DTA. 

Thus E is the melting point of the sample and F is the second endothermie 

peak temperature. The endothermie process giving rise  to the peak EFG 

is completed at the same temperature between points F and G. No further  

evolution o f heat is detectable above G and the sample dissolved, so the 

curve returned to a new base l in e , GH. The heights o f DE and GH above 

the abscissa normally d iffe re d , re flec tin g  the change in heat capacity of 

the sample as a resu lt o f the endothermie process.
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Another endothermie process took place, which is shown in the curve. 

This began at H, with a peak HIJ due to the reference sample of Ag. Com­

pletion  of th is  process and formation of a new, thermally stable, phase, was

confirmed when a l l  the reference sample melted and the curve was then in 

a new horizontal portion of the curve JK. This a l l  occurred in the 

heating process o f the DTA experiment fo r the sample CuGezPs with the 

reference m ateria l, Ag.

In^cooling, the exothermic process J ' l 'H '  occurred at J' (961 °C) and 

ended at H ', when a ll  the Ag as a reference, was frozen. The second exo­

thermic process, G 'F'A ', occurred a t G' (759 °C) and ended a t A ', with a 

secondary evolution at the peak at C  (733 °C) and E' (718 °C). At A ', 

the curve returned to a new base line  again, with no fu rther evolution of 

heat being detected below A '.

In DTA experiments on CuGe2 Pa, as indicated by the curves shown in 

Figure 4 .2 , the peaks were reasonably sharp and well separated. I t  is 

important to remember that the peaks on a DTA can arise  from both physical 

and chemical changes. The former includes m elting, bo iling  and so lid - 

solid structure tra n s itio n . In Figure 4 .2a , the f i r s t  peak, BCD, was 

due to a chemical change in the compound as a so lid . This may be the 

appearance of CusP as a second phase in the sample, with increasing 

percentage of Ge in the compound. The second peak, which began at 759 °C, 

was due to the compound i t s e l f  m elting, and the th ird  peak was due to the 

reference sample.

On cooling, the f i r s t  peak resulted from the outcome of the reference 

sample. I t  began a t 961 °C. The second peak was due to the compound 

and commenced at 759 °C, which was the freezing point of the compound.

At th is  point there were two more small peaks a t 733 °C and 718 °C, 

associated with some chemical changes, or possibly related to changes of 

CusP and CuGe2 Ps+Ge to CuP2  and CuGe2 Ps.
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The DTA for single phase materials of single crystal CuGeaPa showed 

no phase tran s itio n  before the melting point of the compound was reached 

(about 830 °C). On cooling, however, the second phase appeared a t the 

same temperature mentioned e a r lie r . In the second cycle fo r this  

sample, the resu lt was the same as for po lycrysta lline  m ateria l, showing 

second phase peaks [see Figure 4 , 2(b) and (c ) ] .

The DTA curve fo r AgGezPg showed f i r s t  evolution a t 680 °C, with 

three main peaks, the last o f which started at about 760 °C. The cooling 

process showed one main evolution a t about 660 °C, with two other small 

peaks appearing at lower temperatures. The AgsGeioPiz curve, however, 

showed only one evolution on cooling and one on heating, a t 738 and 780 °C 

respectively [see Figure 4.3 (a) and (b)J.

The DTA curves fo r the CuSiaPs zinc blend structure showed only one 

tran s itio n  on heating and one on cooling, without revealing any phase 

changes or second phases.

DTA results fo r these compounds and others are lis te d  in Table 4 .1 .

4.4 DTA for CuGezPs-Ge System

DTA measurements were made on fif te e n  samples w ithin the Cu-Ge-P 

ternary systems, with compositions can be seen in Figure 4 .4 .

Figure 4.4(A ) il lu s tra te s  the melting point of the CuGe2 P3 “Ge section. 

The composition o f CuGeaPj revealed the lowest melting point in the system, 

at 784 °C. For other compositions, the melting point began to increase 

slowly and became stable a fte r  the composition of CuGegPg, at about 805 °C.

In the cooling curve [Figure 4 .4 (B )] , the s o lid ific a tio n  was almost in the 

same temperature region and below the melting point fo r the single phase 

composition region, which ends at CuGegPs. For other compositions, however.
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Figure 4.4 Section CuGegPa-Ge of tfie system Cu-Ge-P. 
A -  heating, B - cooling
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Table 4.1

DTA results (heating and cooling) of some compounds and alloys  

of types I - IV 2 -V 3 , I - I I - I V 3 -V 5  and I 2 - I I - I V 3 -V 8

Compounds Heating peaks 

(T °C)

Cooling peaks 

( I  ° c )

Melting points 

(T ^ °C)

CuSizPs 1178 1155 1178

AgGe2 P 3 625, 710, 650, 625
750, 790

AgsGeioPiz 780 738 780

CuZnGejPs 725, 780 815 780

Cu2 ZnGesP8 725, 760 840, 760,
718

AgZnGesPs 700, 740 730

Agz^nGegPa 700, 738 727

CuGegAsa 600, 720 719, 691

CuZnGejAss 583, 675, 800, 675,
775 638
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i t  began to increase slowly towards the Ge s o lid ific a tio n  temperature.

The temperature of s o lid if ic a tio n  of th is  system in the single phase 

region, was the main problem in drawing the phase diagram. This resulted  

from the phosphorus over-pressure due to decomposition a fte r  the compound 

melted, and a second phase in the system (see section 4 .3 ) ,  which lowers 

the s o lid ific a tio n  temperature.

This has always been the main problem when studying the phase diagrams 

of compounds containing v o la tile  components such as P, S, Se, Zn, e tc .

[80 -83]. For th is reason, a special DTA apparatus was designed [84-91].

4.5 .High Temperature Lattice  Parameter

Several methods have been used for measuring thermal expansion, in ­

cluding the optical method [9 2 ], in terferom etric  diameter, or macroscopic 

thermal expansion [9 3 ], and %-ray powder photography. The la t te r  is the 

most widely used method. These measurements are necessary due to ep itax ia l 

layers in which p las tic  deformation can occur, such as ep itax ia l Ge layers 

growing on single crystal GaAs substrates [9 4 ]. This created a need to 

know precisely , the co e ffic ie n t of thermal expansion of both m aterials. 

Accordingly, Ge and GaAs ranges from room temperature to ep itax ia l deposition, 

Another reason for the use o f thermal expansion data is the need to deter­

mine the match or mis-match of the dimensions o f semi-conductor elements 

and substrates when cycled over large temperature ranges. A th ird  method 

can be used widely to find out whether there are any phase changes in the 

structure or decomposition of m aterials iin the compound

The lin ear thermal expansion of a solid is usually measured in terms 

of the change in length 1 with respect to the length 1 at some fixed  

temperature To. Usually To is taken a t 273, 298, or 300 °K, or room 

temperature. The data are then usually given in terms of (V jio  -  1 ) versus
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T. Here these data are converted into values of the true lin e a r thermal 

expansion co e ffic ien t a ,  where

a  = 1 Ü M ) 
dT

To a very good approximation, a is given by

1 d& 
*  " d : ' dT

I t  has been shown that the thermal generation of Schottly defects in solids 

gives rise  to a difference between the macroscopic length change [ (— ) - 1] 

and the %-ray la t t ic e  parameter change [ ( ^ )  - 1 ]. This work has been
u  o

reviewed by Scloknecht and Simmons [95 ]. This difference has been measured 

in several solids (A1, Cu, etc.) [9 5 ]. I t  showed the two types of measure­

ments given the same thermal expansion c o e ffic ien ts , as shown in Ag, Cl 

[96 ,97].

The la t t ic e  parameters of CuGeaPs were measured using a 19 cm Pye 

Unicam 3150 high temperature powder camera, with a Van-Arkel film  mounting. 

The following arrangement was used.

The film  was in two sections, one on each side of the Z-ray beam 

and th e ir  positions were marked by a series of pins, which cast shadows 

on the film . The positions of the pins were calibrated using the room 

temperature powder pattern o f Ka-Au. I t  was ve rifie d  that the la t t ic e  

parameters of CuGezPs at room temperature measured with th is  camera agreed 

with those obtained using a conventional camera.

The sample was contained in a sealed s ilic a  tube, 0.7 mm in diameter, 

which was mounted in the centre of the camera. Except fo r a narrow gap 

which allowed the Z-ray to pass, the sample was surrounded by a heating
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element. The temperature was measured with a P t/P t 13% Rh thermocouple 

near the sample and the inside o f the camera was evacuated fo r thermal in ­

sulation.

Copper Ka rad iation  f i l te re d  with Ni was used fo r the high temperature

work, because the high power availab le  makes for short exposure times (4 h

at 40 kv and 20 mA) and any e ffects  of decomposition should be minimised.

All the lines which appeared a t room temperature also appeared a t higher 

temperatures. This experiment was done on the polycrystal 1ine material 

of CuGezPs containing the second phase of CuPz and the single crystal grown 

by slow cooling o f the Bridgman method.

Photographs taken ranging from room temperature to ju s t below the 

melting point are shown in Figure 4.5 (a) and (b ).

4 .6  C oeffic ient of Thermal Expansion

A graphical method was used to evaluate the c o e ffic ie n t of thermal

expansion at various temperatures, from a large scale graph drawn between 

the temperature and the ce ll constant, as shown in Figure 4.6 (b ). Table

4.3 lis ts  la t t ic e  parameters along various temperatures fo r compound CuGeaPa- 

The change in the la t t ic e  constant (a) is  read in the range (At) of about 

100 °C temperature in te rva ls . The was evaluated using the following  

equation.

1 da 
a ao dT

where is the c o e ffic ie n t of lin ea r expansion. The c o e ffic ie n t of lin e a r  

expansions are shown in Table 4 .2  and compared with GaP.
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Figure 4.6i(a)Temperature dependence of the la t t ic e  parameters
of CuGezPa (polycrystalline containing second phase)
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Figure 4.6(b)Temperature dependence of the la t t ic e  parameters of 
CuGezPs (single crys ta l)
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T a b l e  4 . 3

Coefficient thermal expansion (mean) between 24-830 °C

CuGe2 P3  and GaP

Compound “ 1 X 1 0 "* 
(mean)

Aa from 24-830 °C Av from 24-830 °C Ref.

o o
CuGe2  P 3 8 . 2 0.035 A 3.071 A*

GaP 5.23 0.023 A 2.052 A* 98-101

Table 4.4

High temperature la t t ic e  parameters and unit ce ll volume 

for single crystal material of CuGeaPs

T + °C
o O

Lattice parameters in A Unit cell volume in

19 5.3781 155.55595

107 5.3823 155.92067

206 5.3874 156.36432

295 5.3907 156.65184

380 5.3951 157.03574

487 5.3979 157.28036

571 5.4025 157.6828

636 5.4060 157.98946

719 5.4087 158.2263

734 5.4104 158.37555
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4.7 Discussion

High temperature la t t ic e  parameters were measured for CuGeaPa as a 

single phase (single crys ta l)  and polycrystalline material containing the 

second phase o f  CuPz, by using X-ray powder photography.

The former is  l in e a r ly  temperature-dependent of la t t ic e  parameters.

No phase changes, or any phosphorus decomposition were apparent in the 

range room temperature to ju s t  below melting point. Thermal expansion 

for  po lycrysta lline  material containing the second phase of CuPa changes 

non-linearly from room temperature to about 725 °C. Then the material 

changed by increasing the la t t ic e  parameters from 5.396 A to 5.682 A 

at a very fas t ra te . Extra lines appeared a f te r  attainment of this  

temperature a t  e° valuesz#about 10.725°, and 17.682°, which may belong to 

CusP. At th is  temperature, the lines belonging to CuP2  disappeared.

The most probable explanation of the increasing la t t ic e  parameters 

is CuGezPs + excess Ge, which is due to the snortage of copper and 

phosphorus in the compound, resulting from the formation of CugP. These 

results of the X-ray are matched by DTA fo r  CuGe2 Pa, as single phase and 

polycrystalline material containing second phase. There was alwayas a 

small peak a t 725° [see Figure 4.2 ( a ) - ( c ) ] .  In conclusion, i t  can be 

said that this compound w i l l  show a phase transiton and decomposition at  

725 °C, when containing a second phase, but the compound is stable a t  a l l  

temperatures up to the melting point, when i t  is a single phase (or single 

c rys ta l) .  Higher thermal expansion coeff ic ieb t is shown in this compound, 

as compared with th e ir  derivatives I I I - V ,  such as GaP and GaAs and other 

semi-conductors such as Si and Ge.

Non-linear thermal expansions were shown for most cubic semi-conductor 

materials in some temperatures ranging from room temperature to melting 

point [102-104]. Covalent bonds are strong short range forces which
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ch aracter is tica lly  have low coeffic ients of thermal expansion, whereas 

ionic bonds have a much longer range. For example, the mean coeff ic ien t  

of thermal expansion of Si between 0 and 600 °C is 2.0 x 10"^ °C“  ̂ [105], 

while that for NaCl is about 50 x 10“ ® °C"^. Generally, i t  is considered 

that the integrated thermal expansion from absolute zero to melting point 

is of the order o f 0.7% for the covalently bonded crys ta ls , and is three 

to four times larger than this for the ionic and m etallic  crystals [103]. 

This consideration makes i t  c lear that decreasing thermal expansion with 

the presence of a second phase in CuGezPa decreases the io n ic ity  in the 

compound, which, in turn, is due to the excess Ge. In other words, i t  

can be said that the CuGeaPa compound has more io n ic ity  than i ts  derivatives  

I I I - V  and other IV semi-conductors such as Ge and Si.
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CHAPTER 5

Solid Solutions Based on GuGezPa

5.1 Introduction

Standard %-ray photographic procedures were used throughout this  

experimental work. Samples were analysed by %-ray powder photographs.

The conditions under which x-ray experiments were performed are described 

in d e ta i l .

Electron probe microanalysis was also used to study the component 

distribution  in the grown materials. Alloys based on the compound CuGe2 Ps 

were investigated with th e ir  components, binary and ternary compounds.

The Gibbs tr iangle  was one of the reasons for this investigations, which 

may y ie ld  information about the nature of the formation of these ternary  

compounds, i . e . ,  the information which would be essential in the develop­

ment of techniques for preparing particu lar compounds. Another interest  

in solid solutions based on this compound is that they may have properties 

which d i f fe r  from the o r ig in a l.

5.2 z-Ray Crystal Analysis

The use of %-ray d if fra c t io n  as a technique for crystal structure 

analysis dates from van Laue's discovery of the %-ray d if frac t io n  e ffec t  

for single crystal samples, in 1912 [105].

The experimental observation of %-ray d if fra c t io n  patterns was greatly  

simplified by the introduction of the powder method, by Debye and Scherrer 

[106] in 1916. In this method, a para lle l monochromatic beam of %-rays 

is allowed to pass through a very f in e ly  powdered specimen. Chance 

orientation of some of the microcrystals of the powdered specimen w ill  

be at the correct d i f frac tio n  angle for a particu lar set of planes (h k l) .
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Since the d if fra c t io n  condition can be satis fied  for any possible angular 

orientation of the normal to the scattering planes around the incident 

beam axis, and since there w il l  always be microcrystals oriented to pro­

duce the (hkl) d if fra c t io n  for possible angular o rien ta tion , the d iffracted  

beam w i l l  have the form of a cone, rather than ju st a pencil of rays.

The materials were ground in an agate mortar and pestle and attached 

with s ilicon grease to a thin glass rod giving typical sample dimensions 

of about 10 X 0.2 mm. The sample was centra lly  located in a Ph illips

114.6 mm diameter %-ray d if fra c t io n  camera and exposed to CuKa radiation

for about 24 hours. In a l l  cases, narrow collimators were used, giving 

well defined d if fra c t io n  lines enabling the la t t ic e  parameters to be 

determined accurately. The positions of the lines on the f i lm  were 

measured with a Vernier rule capable of measuring to 0.05 mm. The 

Straumarns f i lm  mounting had the advantage that the camera radius did 

not need to be known, since the position corresponding to e = 0 ° and 

0 = 90° could be determined d ire c t ly  from the measured positions of the 

l ines. I t  is assumed that the camera was cy lin d ica l. The interplanar 

spacing d between {hkl}  plane for cubic systems is shown by:

1 _ ĥ  + k̂  + 1  ̂ _ 4 sin^e
d ^  '  a "  “  X

where X is the %-ray wave length, and e is the Bragg angle. Values of 

e, d and a were calculated.

Errors arising from the absorption of %-rays by the sample and from 

displacement o f the sample from the centre of the camera along the line of 

the %-ray beam both disappear for back scattering (e = 90°). The measured 

values of the la t t ic e  parameters were extrapolated to 0  = 90° T107-109].
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cos^e + -—!■ -̂  )]  was calculated and plottedThis extrapolation function @

as a graph against the observed measured la t t ic e  parameters. The extra­

polation to 0  = 90° form the re a l• la t t ic e  parameters. The error in these
o

calculations was estimated as ±0.003 A for polycrystalline materials and
o

±0.0005A for single crystal materials.

5.3 Electron Probe Microanalysis (EPMA)

EPMA was used to analyse the d istr ibution  of elements in the compound 

and to show i f  i t  was a single phase or not. For this purpose a polished 

slice o f a sample was used. The results of this analysis on some pre­

pared compounds and alloys are given in Table 5.1.

Table 5.1
EPMA results of the ternary and quaternary compounds

Compound EPMA result Method of 
preparation

CuGezAss Non uniform distribution  
of elements

fusion and iodine 
transport

CuZnGesAss Non uniform distr ibution  
of elements

fusion and iodine 
transport

CuzZnGesAse Non uniform distribution  
of elements

fusion

CuZnGe sP 5 Uniform distr ibution of 
a l l  elements

fusion and iodine 
transport

CUzZnGegPg Uniform distribution of 
a l l  elements

fusion

5.4 Phase Relationships in Ag-Ge-P and Chemical Analysis

The compound AgGezPs, like  other compounds of I - I V 2 - V 3  groups, does 

not appear as this composition. An AgGe2 Ps compound with a la t t ic e
o

parameter of 10.20 A as a body centred cube was reported [27]. More
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deta ils  were reported on its  melting point and relationship with other 

compounds of CuGezPj, which the authors thought to be changing from fe e  

to bee in these compounds [24]- Schnering £28] reported a new composi-
o

tion,;which was" AgsGeioPiz with a la t t ic e  parameter of a = 10.32 A and 

crystal structure of bee, with a complicated atomic d is tr ib u tio n , as shown 

in Figure 2 .7 . He thought that the la t te r  was sim ilar to the compound 

found by Sokolova [24 ]. More details of a s im ilar composition were 

reported la te r  by Honle [26]. A sim ilar structure was reported by 

Goryunova [25] for the compound CuSnaPs in the composition Cu^SnPio.

Attempts to grow AgGezPs were carried out by using the methods mention­

ed in, Chapter 3. The grown sample always had phosphorus inclusions dis­

tributed between layers of c rys ta ll ine  material of thickness no more than 

1 mm. %-Ray powder photographs of c rys ta ll ine  material taken from the 

sample were shown to be in bee with good line in tensities  up to the highest 

angles. The same X-ray lines were produced for powder taken from various 

parts along the grown sample.

A modified Bridgman method was used to grow this compound and for  

other ternary compounds produced in this work. Several single crystals  

were grown, with d if fe re n t  dimensions from 1-3 cm in length and 0 .5 -1 .5  cm 

in diameter. The crystals were always grown from the bottom of the am­

poule. The f i r s t  to freeze end of the sample was good single crystal 

m ateria l, but the la s t  to freeze end was poor crys ta ll ine  material. %-Ray 

powder photographs showed the same lines for the single crystals as those 

investigated by Schnering [28 ], whilst the top material indicated very weak 

l ines, which were found to be for Ge-P phases having a d iffe ren t composition, 

which may depend on the applied pressure [110]. However, some very weak 

lines for the compound i t s e l f  were observed. Because the calculated
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la t t ic e  parameters were the same as those reported for AgsGe^oPiz^ more 

consideration was given to this compound. The la t te r  composition was 

prepared and single crystals were grown. However, the la t t ic e  parameters 

showed no difference from the previous preparation.

In order to investigate further, chemical analysis was used for the 

single crystal and polycrystalline regions of AgGezPs. Figure 5.1 shows 

XT-ray lines for AgeGeioPiz and the %-ray data are given in Table 5.3.

The c rys ta ll ine  part (single crysta l)  was dissolved in 1 : 1  H N O 3 ,  

with a few drops of HF (20% w/v) and warmed in a teflon beaker. For 

separating Ag, a s lig h t excess of KCl was added to form AgCl. This was 

f i l te r e d  into a crucible and dried at 140° C.

Ag'* + KCl — y AgCU + K*'

To precipitate P, a few drops of H2 SO4  were added to remove HF, then

ammonium phosphore-molybdate precip itated, and was f i l te r e d  and t i t ra te d  

with NaOH (0.1 M). The phosphorus was calculated from the following 

equation:

(NH4 ),P 0 4 ( 1 2 Mo0 s) + 23NaOH = IINazMoO^ + (NHh)2 MoOî  + Na(NHjHPO.^

+ I IH 2 O

The P was calculated from Na(NHt)HP0 4 , so the remaining material was 

Ge, which was calculated from Ag and P. The Ge percentage was almost 

the same for both compositions, namely AgGe2 Pj and AgsGeioPiz.

Analysis showed that from the polycrystalline material from the top of 

the specimen was defic ient in Ag and contained an excess of phosphorus and

germanium. Table 5.2 shows the results of th is  analysis.

These results agreed well with the DTA analysis, which showed more than 

one transition for AgGezPj, but only one trans ition  fo r  AgsGeioPiz for
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heating and cooling (see Chapter 4 for the deta ils ).

Table 5.2

Chemical analysis results for the single crystal part of
AgGezPa

AgGezPa AgeGeioPiz

Theoretical (%) Experimental (%) Theoretical (%)

Ag 31.178 37.06 37.093

Ge 41.963 40.44 41.603

P 26.858 22.5 21.302

5.5 Phase Relationships in Cu-Ge-P Systems

5.5.1 CuGezPa-SGe system

There are at least two reasons for the interest in the solubility  

of germanium in semiconducting compounds which have diamond-like structures, 

Firs tly , i t  is interesting to explore the possibility of alloying germanium 

with various semiconductors and secondly, i t  is of interest to investigate 

the possibility of dissolving macro quantities of germanium in semicon­

ductors to form alloys with intermediate properties.

I t  is a well-known fact that the position of germanium in the Periodic 

Table causes this element to show amphoteric properties in certain of its  

compounds. An instance of the amphoteric character of germanium appears 

in the fact that i t  can occupy either "anodic" or "cathodic" positions in 

the crystal la tt ice  of a semiconducting compound which contains i t  as a 

component (for example, MgzGe, and GeTe).

Study has shown that small quantities of germanium (up to 0.5 atomic %\ 

can be alloyed with gallium arsenide, substituting for either the gallium 

atoms or the arsenic atoms and thereby giving rise to either donor or
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T a b le  5 .3  

X-Ray powder d a ta  o f

hkl s in ^ e  ( o b s . ) s ln ^ e  ( c a l c . ) X I / I o

110 0 .0111 0 .0111 7 .2 9 3 3 8 6 .4 4

200 0 .0 2 2 4 0 .0 2 2 3 5 .1 7 1 5 8 .5 3

211 0 .0 3 3 5 0 .0 3 3 5 4 .2 1 0 7 2 7 .4 8

220 - 0 .0 4 4 6 3 .6 4 6 6 5 .6 8

310 - 0 .0 5 5 8 3 .2 6 1 6 0 0 .0 0

222 0 .0 6 7 1 0 .0 6 7 0 2 .9 7 7 4 1 0 0 .0 0

321 0 .0 7 8 2 0 .0 7 8 2 2 .7 5 6 6 4 0 .1 9

400 0 .0 8 9 8 0 .0 8 9 3 2 .5 7 8 5 5 3 .6 5

4 1 1 .3 3 0 0 .1 0 1 0 0 .1 0 0 5 2 .4 3 1 1 6 4 .4 5

420 - 0 .1 1 1 7 2 .3 0 6 3 9 .4 8

332 0 .1 2 3 1 0 .1 2 2 9 2 .1 9 9 0 7 9 .6 2

422 0 .1 3 4 4 0 .1 3 4 0 2 .1 0 5 4 3 2 .2 2

51 0 ,4 3 1 0 .1 4 5 8 0 .1 4 5 2 2 .0 2 2 8 9 1 .7 5

521 0 .1 6 8 3 0 .1 6 7 6 1 .8 8 3 1 3 3 .1 7

440 0 .1 7 9 4 0 .1 7 8 7 1 .8 2 3 3 9 0 .0 5

5 3 0 .4 3 3 0 .1 9 0 4 0 .1 8 9 9 1 .7 6 8 8 2 7 .9 6

6 0 0 .4 4 2 0 .2 0 1 2 0 .2 0 1 1 1 .7 1 9 0 2 6 .5 4

6 1 1 ,5 3 2 0 .2 1 4 4 0 .2 1 2 3 1 .6 7 3 2 5 2 .6 0

620 - 0 .2 2 3 4 1 .6 3 0 8 0 0 .0 0

541 0 .2 3 1 8 0 .2 3 4 6 1 .5 9 1 5 1 2 .7 9

622 0 .2 4 6 7 0 .2 4 5 8 1 .5 5 4 9 6 0 .1 9

631 0 .2 5 7 5 0 .2 5 6 9 1 .5 2 0 7 1 2 .3 2

444 - 0 .2681 1 .4 8 8 7 6 .6 3

7 1 0 ,5 5 0 .5 4 3 0 .2 8 0 0 0 .2 7 9 7 1 .4 5 8 6 3 5 .5 4

640 0 .2 9 0 7 0 .2 9 0 4 1 .4 3 0 3 16 .11

7 2 1 .6 3 3 .6 5 2 0 .3 0 2 0 0 .3 0 1 6 1 .4 0 3 6 1 6 .9 0

642 - 0 .3 1 2 8 1 .3 7 8 3 0 0 .0 0

730 - 0 .3 2 4 0 1 .3 5 4 3 0 0 .0 0

7 3 2 .6 5 1 0 .3 4 7 2 0 .3 4 6 3 1 .3 0 9 9 6 2 .5 6

800 0 .3 5 8 1 0 .3 5 7 5 1 .2 8 9 3 1 5 .1 7

8 1 1 ,7 4 1 ,5 5 4 0 .3 6 9 4 0 .3 6 8 7 1 .2 6 9 6 2 9 .1 0

8 2 0 ,6 4 4 0 .3 8 0 9 0 .3 7 9 8 1 .2 5 0 8 1 2 .7 9

623 0 .3 9 2 0 0 .3 9 1 0 1 .2 3 2 8 1 8 .4 8

8 2 2 .6 6 0 0 .4 0 3 2 0 .4 0 2 2 1 .2 1 5 5 3 8 .3 8

8 3 1 .7 5 0 .7 4 3 0 .4 1 4 0 0 .4 1 3 4 1 .9 9 0 1 3 6 .7 7

662 0 .4 2 5 4 0 .4 2 4 5 1 .1 8 3 1 3 1 .1 8

752 0 .4 3 6 3 0 .4 3 5 7 1 .1 6 7 8 1 0 .2 3

840 - 0 .4 4 6 9 1 .1 5 3 1 0 0 .0 0

9 1 0 ,8 3 3 0 .4 5 8 8 0 .4 5 8 0 1 .1 3 9 0 3 5 .0 7

842 - 0 .4 6 9 2 1 .1 2 5 4 3 .31

9 2 1 ,7 6 1 ,6 5 5 0 .4 8 0 8 0 .4 8 0 4 1 .1 1 2 2 2 6 .0 7

664 - 0 .4 9 1 6 1 .0 9 9 5 2 .8 4

9 3 0 ,8 5 1 .7 5 4 0 .5 0 3 0 0 .5 0 2 7 1 .0 8 7 2 1 3 .2 7

9 3 2 .7 6 3 - 0 .5 2 5 1 1 .0 6 3 8 2 .8 4

844 0 .5 3 6 9 0 .5 3 6 3 1 .0 5 2 7 2 2 .2 7

9 4 1 ,8 5 3 ,7 7 0 0 .5 4 8 0 0 .5 4 7 4 1 .0 4 1 9 8 .5 3

J 0 0 0 ,8 6 0 0 .5 5 8 9 0 .5 5 8 6 1 .0 3 1 4 1 2 .3 2

J 0 1 1 ,772 0 .5 6 9 8 0 .5 6 9 8 1 .0 2 1 2 2 1 .8 0

J 0 2 0 ,8 6 2 0 .5 8 1 1 0 .5 8 1 0 1 .0 1 1 4 1 8 .4 8

9 5 0 ,9 4 3 0 .5 9 3 2 0 .5921 1 .0 0 1 8 18 .01

J 0 2 2 ,6 6 6 0 .6 0 3 5 0 .6 0 3 3 0 .9 9 2 5 9 .0 0

1 0 3 1 ,9 5 2 ,7 6 5 0 .6 1 4 7 0 .6 1 4 5 0 .9 8 3 4 1 4 .5 0
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Table 5 .3  (cont.)

hkl sin^e (obs.) sin^e (calc. )
0

d  -  A

8 7 1 ,8 5 5 ,7 7 4 0 .6 3 7 2 0 .6 3 6 8 0 .9 6 6 0 1 6 .5 9
J040 0 .6 4 8 3 0 .6 4 8 0 0 .9 5 7 7 2 5 .1 9

J 0 3 3 ,9 6 1 0 .6 6 0 0 0 .6 5 9 8 0 .9 4 9 5 9 .0 0

1042 - 0 .6 7 0 3 0 .9 4 1 5 6 .1 6

j n  0 ,9 5 4 ,8 7  3 0 .6 8 1 8 0 .6 8 1 5 0 .9 3 3 8 2 1 .8 0

J J 2 1 ,J 0 5 1 ,% 3 0 .7 0 4 3 0 .7 0 3 9 0 .9 1 8 9 3 5 .0 7

880 - 0 .7 1 5 0 0 .9 1 1 7 8 .5 3

J J 3 0 ,9 7 0 - 0 .7 2 6 2 0 .9 3 4 6 2 .8 4

J 0 4 4 .8 8 2 0 .7 3 7 6 0 .7 3 7 4 0 .8 9 7 7 1 1 .3 7

J1 3 2 ,_ 1 0 5 3 ,9 7 2 ,7 7 6 - 0 .7 4 8 5 0 .8 9 1 0 4 .7 4

JO6 0 ,8 6 6 - 0 .7 5 9 7 0 .8 8 4 4 2 .8 4

J J 4 1 ,8 7 5 - 0 .7 7 0 9 0 .8 7 8 0 2 .8 4

1062 - 0 .7821 0 .8 7 1 7 6 .6 3

965 0 .7 9 3 7 0 .7 9 3 2 0 .8 6 5 5 1 3 .2 7

J 2 0 0 ,8 8 4 - 0 .8 0 4 4 0 .8 5 9 5 4 .7 4

1 2 1 1 ,1 1 5 0 ,1 1 4 3 ,1  
■9B1,9 7 4  —  J 0 .8 1 4 9 0 .8 1 5 5 0 .8 5 3 6 1 8 .2 0

J 22 0 - 0 .8 2 6 7 0 .8 4 7 8 4 .7 4

J 1 5 2 ,J 0 7 1 ,J 0 5 5 0 .8 3 6 6 0 .8 3 7 9 0 .8 4 2 1 3 7 .5 3

J 2 2 2 .J 0 6 4 0 .8 4 7 8  a , 0 .8 4 9 1 0 .8 3 6 6 2 0 .8 5

J 2 3 1 ,9 8 3 0 .8 5 9 1  o , 0 .8 6 0 8 0 .8311 2 3 .6 9

J 2 6 1 ,J 0 7 3 0 .8 8 1 4 0 .8 8 2 6 0 .8 2 0 5 2 1 .3 3

J240 0 .8 9 2 4  a , 0 .8 9 3 8 0 .8 1 5 4 1 4 .2 2

1 2 3 3 ,1 1 5 4 ,9 9 0 ,1
m  ~ ~  1 0 .9 0 3 6 0 .9 0 4 9 0 .8 1 0 4 3 4 .8 8

1242 ,J 0 8 0 ,8 8 6 - 0 .9 1 6 1 0 .8 0 5 4 00 00

1 J 6 3 ,9 9 2 ,9 7 6 0 .9 2 5 7  a , 0 .9 2 7 3 0 .8 0 0 5 1 1 .3 7

J082 - 0 .9 3 8 5 0 .7 9 5 7 7 .5 8

1 3 1 0 ,1 2 5 1 ,1 1 7 0 ,  
■585 ~  ~ 0 .9 4 8 4 0 .9 4 9 6 0 .7 9 1 6 1 2 .7 9

J 0 6 6 0 .9 5 9 7  a , 0 .9 6 0 8 0 .7 8 6 4 1 5 .1 6

1 3 2 1 ,J J 7 2 ,J 0 7 5 0 .9 7 0 9  a , 0 .9 7 2 0 0 .7 8 1 9 7 .5 8

J 24 4 - 0 .9 8 3 2 0 .7 7 7 5 0 0 .0 0

J 33 0  ,J 2 5 3 ,9 9 4 0 .9 9 3 1 0 .9 9 4 3 0 .7 7 3 1 8 .0 5
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acceptor levels, a l l  depending on the working conditions [111;]. Other 

studies of alloyed germanium and gallium arsenide have led to the con­

clusion that the dissolved germanium atoms can simultaneously occupy both 

"anodic" and "cathodic" positions in the la t t ic e .

On the other hand, attempts at dissolving considerable quantities  

of germanium in compounds of the type I I I - V  have not been successful, 

possibly, as Folberth has suggested [112], because the difference in the 

chemical bonding of I I I - V  and IV is too great.

Analysis of the available data has led the author to the conclusion 

that macro quantities of germanium could be brought into solution by using 

as a solvent a compound in which the chemical bonding was more similar  

to that of germanium than is the case in those I I I - V  compounds which have 

been studied thus fa r .  As work in Goryunova's laboratories f i r s t  showed, 

the chemical bonding in ternary I I - IV - V 2  compounds is intermediate to the 

bonding in the crystal cyemical analogues IV and I I I - V  [113].

E arlie r observations had shown that the isomorphic heterovalent sub­

stitutions are characteristic  of elements of the germanium series (see, 

for example, reference 114). The bonding in the ternary compounds o f  the 

I - IV 2 -V 3  type were expected to be approximately the same as the bonding 

in IV types. I t  is unfortunately true that only two compounds of this type 

have diamond-like structures (CuSizPs and CuGezPs).

The compound ZnGeAsz is an isoelectronic analogue of germanium, which 

dissolves about 25 mole % germanium, changing from chalcopyrite to zinc- 

blend structure [115].

The compounds represented by the general formula I 2 - I V - V I 3  are ternary 

crystallochemical analogues of group I V  elements having tetrahedral 

bonding. I t  has been reported that Ge compounds of this type, particu la r ly



CujGeSej, dissolve substantial amounts of Ge (up to 14%) and the unit 

cell becomes cubic in the process, the excess Ge atoms going substitu­

tional ly  into the CuzGeSe* la t t ic e  [116].

Synthesis of samples from the CuGezPs-GGe section of the Cu-Ge-P 

system was carried out by fusion methods which are well known and des­

cribed in Chapter 3, The samples take the form of single crystals for 

the range CuGezPs to CuGesPg, then for greater excess of Ge the samples 

formed single crystals for CuGesPs and germanium. A study of twelve 

alloys revealed the formation of solid solution over a wide in terval of 

concentration. The CuGezPs always c rys ta ll ise  in the zincblend structure 

with parameters in the range 5.3678 to 5.375 A, depending on the growth 

conditions. Figure 5.2 shows %-ray photographs for the alloys of the 

system Cu-Ge-P from CuGez.sPs to CuGegPa.

Such results were reported in 1961 [ 2 4 ] ,  where the physico-chemical 

investigation of alloys of the CuGezPg-Ge system confirmed the existence 

of solid solutions with the sphalerite structure and a la t t ic e  constant 

of the homogeneous alloys varying with the concentration in accordance 

with Vegard's law [116].

To prepare these a lloys, cooling was carried out under d irectional 

crysta ll isa tion  of single phase materials which always formed single 

crystals. Alloys of germanium with CuGezPs always had the zincblend 

structure, but with decreasing zincblend J-ray lines from the re la t iv e  

intensity of 20% for CuGezPg to only 2.7% for CuGegPg, and the change of
o o

la t t ic e  parameters from 5.3678 A for CuGezPg to 5.458 A for CuGegPs, as 

in materials which form single crystals. A second phase of Ge appeared 

in sections of alloys containing an excess of >33.3% Ge. This phase of 

Ge separated from the a llo y  materials and the la t t ic e  parameter of Ge
o

was the same as reported {a = 5.657 A).
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CuGez. 5 P3

C u G e  3P

CuGe 3 . 5P 3

C uG e i *  0 P 3

CuGeit. 5 P 3

CuGes. 0 P 3

CuGes.5 P 3

C u G e s . 0 P 3

F i g u r e  5 . 2  X - R a y  p o w d e r  p h o t o g r a p h s  o f  C u G e 2 P 3 - G e  a l l o y s  s h o w i n g  

s i n g l e  p h a s e  n e a r  t h e  C u G e s . 5 P 3  a l l o y .  I t  s h o w s  t h e  

i n c r e a s e  o f  l a t t i c e  s p a c i n g  a n d  c h a n g e  o f  t h e  l a t t i c e  

t o w a r d s  t h e  d i a m o n d  s t r u c t u r e .



-  90 -

Figure 5.3(a) shows the la tt ice  parameters of various compositions 

of CuGe2 P3 “ 3 Ge, increasing linearly with increasing germanium, which 

obeys Vegard's law. The density of the alloys also varied linearly  

with increasing Ge [see Figure 5 .3 (b )].

'
To understand how excess of Ge decreases the intensity of zincblend 

lines, i t  seemed useful to have some idea of the sites which i t  occupies 

in the la t t ic e . The unit cell volumes for CuGegPs and CuGe2 Ps are 

162.60 and 154.66 A*respectively, and bulk densities of 4.713 and 4.319 g/cc 

respectively. I t  can easily be seen that the mass of a germanium atom 

is more than the average mass per atom for CuGe^Ps. I t  appears that the 

average mass o1 TCüGe2 Ps-Ge alloys were always between the two materials.

This differs from other ternary compounds, such as Cu2 GeSes, which dissolve 

about 14% Ge without changing its  unit cell volume and density [117].

Table 5.4

Lattice parameters and density for various compositions of the
system Cu-Ge-P

Cu-Ge-P
section Mole % Ge

0

a A p gm/cc I / Io  of <2 0 0 >

CuGezPs 0 0 . 0 0 5.3678 4.319 20.50

CuGe2 . gP3 07.69 5.3815 4.4301 15.10

CuGejPs 14.28 5.4002 4.508 1 2 . 2 2

CuGes,5 P s 2 0 . 0 0 5.4103 4.5900 08.00

CuGei*Pj 25.00 5.4316 4.628 05.00

CuGei», 5 P 3 29.41 5.4428 4.6556 04.20

CuGegPs 33.33 5.4581 4.7135 02.77
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A - la t t ic e  parameter of various compositions 
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As mentioned e a r l ie r ,  there are two la t t ic e  sites in CuGezPa» 

one occupied by P atoms ("anions"), the other shared by Cu and Ge atoms 

("cations"). The structure of pure Ge is also s im ilar , the difference  

being that both s ites are now occupied by identical atoms. Therefore, 

i f  excess Ge goes substitu tionally  into the CuGegPg la t t ic e ,  i t  must be 

replacing atoms on both sites with equal p robab ility , ha lf  of the Ge 

atoms replacing P atoms, while the other ha lf  occupy sites formerly 

occupied by Cu and Ge atoms. Since a l l  atoms are te trahedra lly  co­

ordinated, a d irec t linkage of Ge-Ge atoms with a high probability  of pure 

sp* bonding is now possible. This d irec t Ge-Ge bonding should help to 

stab ilise  the diamond structure. Final confirmation of this conclusion 

can be obtained by examining the re la t ive  line  in tensities  of the z-ray  

powder pattern of CuGezPs-Ge. This in tensity d istr ibution  approximates

to that of a diamond la t t ic e .  The atomic scattering factors for Cu and

Ge are very close, but twice that of P, and hence the in tensity  pattern 

in CuGesPs should be s im ilar to the one found in Ge. The re la t iv e  in ­

tensity  for the plane <200> is shown in Figure 5.4 for the system 

CuGe2 P 3“Ge.

5.5.2 Mon-stoichiometric composition along the t ie - l in e  CugP-GeaPt 

for the compound CuGezPs

The deviation from stoichiometry in the compound CuGezPs along the 

t ie - l in e  Cu^P-GeaPt in the system Cu-Ge-P was investigated.* Several 

samples close to GegP  ̂ and one sample close to CugP were used. A 

modified Bridgman method of slow cooling was used for the preparation of 

a ll  the samples. Samples were a l l  analysed by Z-ray powder d iffrac tion  

(Figure 5 .6 ) .  I t  was found that alloys containing 10% (3 /2 ) CUgP
o

appear mainly with a zincblend structure and a = 5 .3 7 9  A with excess of

★
See Figure 3 .1 , Chapter 3.
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Figure 5.4 Relative X-ray in tensity of the line  <200> for  

the section CuGeaPa-Ge of the system. Cu-Ge-P 

showing the.changes with the percentage of Ge.
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A - la t t ic e  parameter for various compositions 
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Table 5.5

Z-Ray powder data of CuGezPa

hkl sin^e (obs.) sin^e (ca lc .) d A I / Io

111 0.0619 0.0618 3.0991 100.00

200 0.0828 0.0825 2.6839 20.49

220 0.1655 0.1650 1.8978 60.00

311 0.2275 0.2268 1.6184 55.60

222 0.2482 0.2475 1.5495 6.79

400 0.3309 0.3300 1.3419 21.56

331 0.3928 0.3918 1.2314 33.30

420 0.4135 0.4125 1.2002 6.40

422 0.4948 0.4942 1.0957 37.79

511,333 0.5568 Gj 0.5559 1.0330 23.48

440 0.6591 G, 0.6589 0.9489 16.65

531 0.7208 G, 0.7206 0.9073 26.47

600,442 0.7407 G, 0.7412 0.8946 2.13

620 0.8235 G, 0.8236 0.8487 23.06

533 0.8854 G, 0.8854 0.8185 14.43

622 0.9061 G, 0.9060 0.8092 1.92

444 0.9886 G, 0.9884 0.7747 8.11
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Table 5.6

J-Ray powder data of the CuGesPa system

hkl sin^e (obs.) sin^e (c a lc .) d-» A I / Io

111 0.0599 0.0598 3.1512 100.00

200 0.0799 0.0798 2.7290 02.77

220 0.1599 0.1595 1.9297 54.76

311 0.2197 0.2194 1.6456 44.28

222 - 0.2394 1.5756 00.47

400 0.3195 0.3191 1.3645 12.85

331 0.3792 0.3790 1.2517 19.50

420 - 0.3989 1.2205 00.00

422 0.4793 0.4787 1.1141 21.42

511,333 0.5380 a. 0.5377 1.0504 11,42

440 0.6376 0.6372 0.9648 06.19

531 0.6971 0.6970 0.9225 10.40

600,442 - 0.7169 0.9097 00.00

620 0.7966 0.7966 0.8630 09.52

533 0.8564 0.8563 0.8323 05.23

622 - 0.8762 0.8228 00.00

444 0.9559 <2̂ 0.9559 0.7878 02.38
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the second phase for CuPz. Another unknown second phase was formed 

on the top of the sample, appearing as single crystal p la te le ts .

In the investigation of the samples with a deviation from stoichio­

metry in the direction of GesPit, a wide range of solid solutions were
o

found to ex is t. The la t t ic e  was zincblend, changing from 5.367 A for
o

CuGezPa to 5.4015 A for alloys containing about 35% (6 /7 ) GesPi». For 

more excess of GejPi*, the la t t ic e  remained constant and the excess GegP̂  

remained unreacted.

The la t t ic e  parameters obeyed Vegard's law, while changes of re la t iv e  

X-ray in tensities were small (Figure 5 .6 ) .  However, the CuGezPs-GesP  ̂

system was reported for a wide range of existence of homogeneous phase 

with the sphalerite structure, with limited information [36].

Table 5.7

%-Ray powder data for the a lloy  65% CuGezP3~35% 6/7 GegP̂

hkl sin^e (obs.) s in^e(ca lc .) cZ A I / Io

111 0.0613 0.0611 3.1185 100.0
200 0.0817 0.0814 2.7007 09.5
220 0.1633 0.1629 1.9097 76.8
311 0.2246 0.2240 1.6286 46.2

222 - 0.2444 1.5592 02.7
400 0.3269 0.3259 1.3503 09.5
331 0.3880 0.3870 1.2392 13.6
420 - 0.4073 1.2078 01.3

422 0.4898 0.4888 1.1025 19.0
511,333 0.5507 0.5499 1.0395 08.8

440 0.6515
0.7120

0.6507 0.9548 04.7
531 0.7117 0.9130 10.2
600,442 0.7320 0.9002 00.0
620 0.8136 0.8133 0.8540 08.1

533 0.8747 0.8743 0.8237 03.4
622 - 0.8947 0.8143 00.0

444 0.9758 0.9760 0.7796 02.7
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5.6 The Compound CuSizPs and the CuSizPs-Si System

One of the compounds which researchers have so fa r  fa iled  to prepare, 

is CuSizPj. The only known information is its  la t t ic e  parameters, a =
o

5.25 A, a zincblend structure [32]. Its  atomic d istr ibution  is similar  

to that of CuGezPs, except that germanium is replaced by s il ico n . The 

existence of this compound was reported by others with lim ited information 

[24 ] .  DTA results on samples prepared by melt growth showed a high 

melting point of about 1178 °C. Samples prepared by this method are 

polycrsystal 1 ine, s ilvery  in colour and with an %-ray analysis showing two 

unidentified phases, both of zincblend structure with la t t ic e  parameters
o

about 5.25 A for the main phase and larger.for the second. Although the 

surface becomes darker with time when exposed to a i r .  X-ray films remain 

unchanged, while infrared r e f le c t iv i ty  spectra showed a s ign ificant  

difference [118].

Tin solution growth was used as a second method for preparing this  

compound. The la t te r  was used successfully previously fo r most high 

pressure and melting point compounds such as ZnSiPz. Crystals of ca. 

2 x 4 x 8  mm^size were grown. %-Ray analysis of d if fe re n t  crystals
o

from the same run showed the same la t t ic e  parameters, with a = 5.244 A.

The la t te r  result is smaller than the one reported e a r l ie r  [32].

In order to understand more of the details  of the ternary compound 

CuSizPa, the solid solution, with i ts  component of group IV, was tr ie d .  

Alloys of CuSiz+zPs for x up to 8  were prepared, using a melt growth 

technique of modified Bridgman method. The results were single crystal 

ingots for alloys up to x = 3. %-Ray analysis showed that the alloys of
o

X = 1, 2 and 3 are single phase with la t t ic e  parameters from 5.248 A for 

X = 1 to 5.2923 A for x  = 3 and obeying Vegard's law [Figure 5 .8 (a ) ] .
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Figure 5.8 Section CuSiaPa’ Si of the system Cu-Si-P

A - la t t ic e  parameter for various compositions 

B - density of various compositions
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However, for the alloys a; = 4 to 8 , the materials did not melt completely. 

The la t te r  may be due to temperature d i f f ic u l t ie s .  The expected la t t ic e
o

parameter for the compound CuSizPs is a = 5.220 A, using Vegard's law, 

as in Figure 5 .8 (a ) .  The la t te r  is much smaller than was found for the 

t in  solution growth and the one reported by Folberth [321. Adding excess 

silicon to CuSizPs is s im ilar to germanium excess in CuGezPs. However, 

i t  would be interesting to explain the p o ss ib il i t ie s  of a silicon excess in 

i ts  own compound, CuSizPa. The unit ce ll volume of s ilicon and CuSizPa 

are 166.18 and 142.23 A* respectively. I f  the CuSizPa la t t ic e  has a
o

suggested value of 5.220 A, then the difference of th e ir  volume is
O o

17.75 A*, while between germanium and CuGezPj is 26.42 A*. The CuSizPa 

has larger density than s il ic o n , while germanium has larger density than 

CuGezPs, with less difference. Then from the density point of view, 

CuSizPa would appear to dissolve more s ilicon  than germanium in CuGezPa, 

i f  i t  is not a complete solid solution.

The atomic d istribution is s im ilar to ZnS. Cu and Si occupied Zn 

sites in random d is tr ib u tio n , with P atoms occuppying S s ites . Excess 

Si goes to cation and anion sites with equal probab ility , replacing Cu

in cation sites and P in anion s ites.

The Si atom is sim ilar to P and smaller in size than Cu, while Ge

atoms are bigger than P atoms and s im ilar to Cu atoms. I t  is less

d i f f i c u l t  to replace P sites by Si than Cu by S i,  while in the CuGezPg-Ge 

system, replacing Cu is less d i f f i c u l t  than P s ites . However, the 

number of anion sites replaced by group IV excess atoms are three times 

more than in anion s ites. Thus the existence of the solid solution in 

the system CuSizPs-Si is expected to be more than the one found in 

CuGezPa-Ge systems, as mentioned e a r l ie r .  The re la t iv e  line intensity
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for the < 2 0 0  line is less than 2 . 0 % for CuSizPa, while the lines <2 2 2 > 

<420>, <600> and <622> are almost zero in tensity . However, excess Si 

in the compound changes the in tensity l in ea rly  with increasing Si as 

expected.
Table 5.8

X-Ray powder data for the t in  solution growth of CuSizPa

hkl sin^e (obs.) sinfe (c a lc .) d 4- A I / Io

1 1 1 0.0653 0.0648 3.0276 1 0 0 . 0

2 0 0 - 0.0864 2.6220 01.4

2 2 0 0.1736 0.1728 1.8540 79.8

311 0.2389 0.2377 1.5811 44.7

2 2 2 - 0.2593 1.5138 0 0 . 0

400 0.3469 0.3457 1.3110 1 1 . 2

331 0.4119 0.4106 1.2030 17.9

420 - 0.4322 1.1726 0 0 . 0

422 0.5199 0.5186 1.0704 2 0 . 8

511,333 0.5846 0.5834 1.0092 11.9

440 0.6914 cti 0.6903 1.9270 07.4

531 0.7555 a% 0.7550 0.8863 14.1

600,442 - 0.7)766 0.8740 0 0 . 0

620 0.8634 a i 0,8629 0.8291 14.9

533 0.9277 ai 0.9277 0.7997 08.2

622 - 0.9492 0.7905 0 0 . 0
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5.7 Solid Solutionsvof the CuGezPs-Iz-IV-VIs Systems

5.7.1 I 2 - IV - V I 3  compounds

Ternary I 2 - IV -V I 3  compounds were f i r s t  reported by Goodman CÎ191, 

who synthesised CuzSnSea, CuzSiTea and CuzSnTeg. Averkieva and 

Vaipolin £120] studied a series of Iz -IV -V Ig  compounds with I = Cu,

IV = Sn and VI = S, Se or Te and reported a sphalerite structure for a l l  

of them. The same structure was reported for compounds containing Cu, Ge 

and Sn in another investigation £121]. A large group of ternary chalcogenides 

was studied by Rivet £T22] and others £33 ] .  They synthesised the com­

pounds by fusion of the component elements with ca, \% excess sulphur, 

selenium or te llu rium , compared with the stoichiometric amount. Thermal 

analysis showed that CuzSiSa has two enantiotropic forms with a transition  

point near 840 °C. Quenching in cold water from a temperature above 

840 °C produced a wurtzite-type structure in CuzSiSs, but a f te r  annealing 

at lower temperature, the la t t ic e  is tetragonal.

The compound CuzGeSes and the possible range of solid solutions with 

Ge hais been investigated in more deta il by Sharma and others £123]. Their 

investigation indicated that the structure and s ta b i l i ty  of the I 2 - I V - V I 3  

group of compounds depends on the valence state of the partic ipating  group I V  

elements, which are known to exhib it variable valency (tetravalepcy and 

divalency). The te travalent state favours a more distorted, but more 

stable phase, while the divalent state favours a less distorted and less 

stable phase.

The structure of these compounds was studied in more deta il by parthe 

et al,, £124]. They reported that CuzGeSes and CuzGeSs c rys ta ll is e  in an 

orthorhombic substructure of zincblend with z = 2 (space group J mm 2 ). An 

orthorhombic superstructure of wurtzite was observed with high temperature
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modification of CuzSiSs space group (me 2i with z = 4 ).  The two new 

structures belong to the normal tetrahedral structure and they thought 

that these structures might occur not only with Iz - IV -V Is ,  but also with 

I-IVz-Va compounds. So fa r ,  no compounds of the second group have been 

found in these structures.

Alloys on the basis of Iz - IV -V Is  compounds have been investigated  

to some extent by several authors. Their study represents a matter of 

considerable in terest, since solid solutions based on these ternary com­

pounds may have properties which would d i f fe r  in a desired manner from the 

properties of the orig inal compounds.

The existence of chalcopyrite solid solutions has been established [125] 

in the range of compositions from pure Cu^GeSeg to 2 CuzGeSes-CuzSnSe3  in 

the system CuzGeSes-CuzSnSeg. Others [120] showed that the system 

CuzGeSes-CuzGeTea forms non-equilibrium substitutional solid solutions 

throughout the whole ranüe of compositions. CuzGeSeg can also form 

solid solutions with gallium arsenides. Goryunova et at. [126] reported 

single crystals of an a llo y  consisting of 20% CuzGeSes and 80% 3(GaAs) 

in a sphalerite structure, using the method of gas transport reaction. I t  

has been reported [127] that there is a solid solution for the system 

CuzGeSes-GazSes of the range 0.4 <x  <1 where a; is the mole fraction of 

CuzGeSej.

5 .7 .2  CuGezPa-CuzGeSs system

The ternary compound CuzGeS* is reported to be an orthorhombic sub­

structure type of zincblend [124], which represents a new ordered super­

structure of zincblend. S atoms are occuppying the former S s ite s ,  while 

Cu and Ge atoms are arranged in ordered fashion on the former Zn s ites .

Thus, buth Cu and Ge atoms are each co-ordinated by 4S neighbours. The
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l a t t ic e  parameters were reported to be a = 11.321 A, b = 3.766 A and 

c = 5.208 A.

A monoclinic structure was reported by Avekieva 1128] when observing 

a superstructure la t t ic e ,  and with atomic d istr ibution  completely analogous 

to that in zincblend, with the Cu and Ge atoms replacing the Zn atoms in 

ordered d is tr ib u tio n , and the S atoms retaining the S .s ites . F in a lly ,  te t ra ­

gonal and monoclinic la t t ic e s  were reported by Mohamed et al. £129], with
o o

tetragonal la t t ic e  of a = 5.31 A and c = 5.219 A. Reports of d if fe re n t  

structures for this and others in this group of compounds could be dis­

cussed by means of changing the stoichiometry of the compound, as below.

The compound CuzGeSg, with excess copper, was reported to have mono­

c l in ic  structure £129], while a zincblend structure was reported for a 

sample grown without excess S, which may mean that i t  is rich in germanium 

[130]. As this compound contains a v o la t i le  component (S ), and under 

d iffe re n t growth conditions may lose a d if fe re n t  amount of S, which can 

cause non-stoichiometry in the compound. Then d if fe re n t structures would 

be expected, depending on the Cu and Ge excess existing in the compound.

The compound GuGezPa is sim ilar to Ge, as discussed in Section 5 .5 .1 .  The 

complete solid solution of CuGezPs with CuzGeSa was found to have the 

zincblend structure and la tt ic e s  obeying Vegard's law [see Figure 5 .1 0 (a )] .

In order to understand how the complete solid solution between the two 

compounds are possible, i t  is better to discuss the s im ila r ity  of Ge with 

the compound CuzGeS;. There are two possible la t t ic e  sites in CuzGeSj, 

one occupied by S atoms (anion) and the other shared by Cu and Ge atoms 

(cation) in ordered form. The structure of pure Ge is also s im ilar , with 

the difference being that both sites are now occupied by identical atoms.
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Figure 5.9 X-Ray powder photographso of the system (CuGezPa)x-i“ 
(CuzGeSaXc. These show a complete solid solution 

between the two compounds.



-  108 -

A"
A

5.36

534

5 32

530

5.28
80604020 1000

CuGe^Pj mole XCu^GeS" Cu,GeS,

4.36

43  2

80 100600 20 40

B

Figure 5.10 Section CuGezPa-CuzGeSg of the system Cu-Ge-P-S 

A - la t t ic e  parameter for various compositions 
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Therefore, i f  the excess Ge goes substitu tionally  into the CuaGeSj 

la t t ic e ,  i t  must be replacing atoms on both sites with equal probability .

o
The unit cell volumes for CuGeaPa and CuzGeSs [129] are 154.6 and

O
147.5 Â  respectively, and bulk densities 4.317 and 4.439 g/cc respectively. 

I t  can easily  be seen that the unit cell mass had a very small change.

The average mass per atom for both compounds is almost the same. Thus 

i t  appears that the CuGe2 P3 -Cu2 GeS3  a lloy  is only a substitutional solid 

solution.

As mentioned at the beginning of this section, there are two la t t ic e  

sites for both compounds CuGe2 P3  and Cu2 GeSs. One is occupied by P and 

S respectively, and the other is shared by Cu and Ge for both compounds.

The ce ll constants are not very d if fe re n t (especially when Cu2 GeSs is in 

the cubic form [130]) . Therefore, i f  CuGe2 P3  is added to the Cû GeSg 

la t t ic e ,  i t  must be S atoms in anion sites replaced by P atoms and Cu by 

Ge in cation sites. The la t te r  is due to a larger amount of Ge in 

CuGe2 Ps than in Cu2 Ge$3 .

Another confirmation can be obtained by examining the re la t iv e  line  

in tensities  of the %-ray powder pattern of the system (Figure 5 .9 ) .  I t  

has not shown significant changes. This is due to the s im ila r ity  of the 

atomic scattering factors for atoms of Cu and Ge on one side and P and 

S atoms on the other. Hence the in tensity  pattern in the a lloy  system 

showed s im ila r it ie s  in both compounds CuGe2 P3  and Cu2 Ge$3 .
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T a b l e  5 . 9

%#ray powder data for 50% CuGezPa - 50% CuzGeSs

hkl sin^e (obs.) sin^e (c a lc .) d 4. A I / Io

1 1 1 0.0633 0.0630 3.0709 1 0 0 . 0

2 0 0 0.0843 0.0840 2.6595 16.9

2 2 0 0.1688 0.1680 1.8805 59.3

311 0.2319 0.2306 1.6037 51.1

2 2 2 0.2529 0.2520 1.5354 04.1

400 0.3372 0.3360 1.3297 13.2

331 0.4004 0.3991 1 . 2 2 0 2 25.5

420 0.4214 0.4201 1.1893 02.7

422 0.5048 ai 0.5033 1.0857 21.9

511,333 0.5674 a i 0.5662 1.0236 12.3

440 0.6727 a i 0.6710 0.9402 07.3

531 0.7348 a i 0.7339 0.8990 14.6

600,442 - 0.7549 0.8865 0 0 . 0

620 0.8397 a i 0.8388 0.8410 12.3

533 0.9023 a i 0.9017 0.8110 06.3

622 - 0. 9227 0.8018 0 0 . 0
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Table 5.10

hkl

%-ray powder data for 1 0 % CuGezPs - 90% CuzGeSs

I / Iosin^e (obs.) sinfe (c a lc .) d A

1 1 1 0.0641 0.0637 3.0538 1 0 0 . 0

2 0 0 0.0853 0.0849 2.6447 15.4

2 2 0 0.1705 0.1699 1.8701 46.7

311 0.2343 0.2336 1.5948 43.5

2 2 2 0.2556 0.2548 1.5269 02.9

400 0.3408 0.3398 1.3223 13.2

331 0.4046 0.4035 1.2135 15.4

420 0.4259 0.4248 1.1827 02.5

422 0.5100 ai 0.5089 1.0797 17.0

511,333 0.5738 ai 0.5725 0.0179 09.3

440 0.6795 ax 0.6785 0.9350 06.1

531 0.7432 ai 0.7421 0.8940 09.6

600,442 - 0.7633 0.8815 0 0 . 0

620 0.8486 ai 0.8481 0.8363 08.0

533 0.9120 a i 0.9118 0.8066 04.8

622 - 0.9330 0.7974 0 0 . 0
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5.7.3  Alloys of CuGezPs with other I 2 - IV - V I 3  compounds

The system CuGezPs-CuzGeSes, unlike alloys with CuzGeSg, does not 

form a complete solid solution. The existence of the solid solution 

appears in the region 0.25 ^ x ^ 0.9 when x is CuGezPs (Figures 5.11 and 

5.12). The two compounds have s im ila r it ie s  in th e ir  structure, p a r t i ­

cularly  when CuzGeSes has the same structure and atomic d istr ibution  

of CuaGeSa, except that S sites here are occupied by Se atoms [124].

The compounds CuGeaPs and CuaGeSes are similar and th e ir  cation sites are 

occupied by P and Se atoms respectively, while th e ir  anion sites are shared 

by Cu and Ge randomly for CuGeaPa and ordered fo r  CuaGeSes. However, they 

d if fe r  in th e ir  unit ce ll vdlûmes, bulk densities and mass per atom. When 

the a lloy  system is based on CuaGeSes, the Se atoms w il l  be replaced by 

P atoms and Cu by Ge. I t  is possible to replace Cu by Ge in this com­

pound [123], but because of the difference in atomic size between P and 

Se, limited substitution could be expected.

The %-ray powder photographs show no s ign ificant change in th e ir  

re la t iv e  line  in tensities for alloys up to 25% CuGeaPs and an unknown 

second phase appeared.* The la t t ic e  parameters obeyed Vegard's law [see 

Figure 5 .1 2 (a )] .  When the solid solutions were based on CuGeaPs, the 

Ge atoms were exchanged for Cu, and P atoms for Se in th e ir  anion s ites .  

Only up to 10% Cu2 GeSej was shown to be single phase. An unacceptable 

excess of Cu in CuGezPs could be the explanation for the formation of this  

alloy  (see Section 5 .5 .2 ) .

The existence of CuzSiSg and CuzSiSej in  sol id solution has not so far  

been reported. However, d iffe ren t structures have been reported by several 

people for these compounds [33,131], which were d if fe ren t from those found 

in CuGezPs.

*See Figure 5,11.
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X

1 .00

Figure 5.11 Z-Ray powder photograph of the system (CuGezPa)x-i- 
(CuzGeSea)#, showing a second phase for a sample 

when X = 0.75
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Figure 5.12 Section CuGezPs-CuzGeSes of the system Cu-Ge-P-Se 

A - la t t ic e  parameter for various compositions 

B -  density of various compositions
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T a b l e  5 .1 1

X-ray powder data for the alloy 10% CuGeaPa - 90% Cu2 GeSeg

hkl sin^e (obs.) sin^e (c a lc .) d +  A I / Io

1 1 1 0.0586 0.0581 3.1971 1 0 0 . 0

2 0 0
- 0.0775 2.7688 01.5

2 2 0 0.1554 0.1550 1.9578 75.0

311 0.2138 0.2131 1.6696 67.5

2 2 2
- 0.2325 1.5985 0 0 . 0

400 0.3109 0.3100 1.3844 22.5

331 0.3692 0.3682 1.2704 38.0

420 - 0.3876 1.2382 0 0 . 0

422 0.4661 0.4651 1.1303 39.0

511,333 0.5241 0.5232 1.0657 2 0 . 0

440 0.6204 0.6191 0.9789 1 2 . 0

531 0.6778 0.6771 0.9360 20.5

600,442 - 0.6965 0.9229 0 0 . 0

620 0.7741 0.7738 0.8755 15.0

533 0.8328 0.8319 0.8444 07.5

622 - 0.8513 0.8348 0 0 . 0

444 0.9290 0.9286 0.7993 04.5

711,551 0.9864 0.9867 0.7754 12.5
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5.8 Other Solid-Solution Systems based on CuGezPa

The Ge excess in CuGezPa was not the only group IV element which was 

investigated. The other one investigated was Si. The fusion method 

was used for preparation of the alloys. Samples of d if fe re n t composition 

up to 25% Si per mole were t r ie d .  X-Ray investigations showed complete 

separation between the two materials.

Investigation of the po ss ib il i t ies  of solid-solution with compounds of 

groups I I I - V  was unsuccessful. Compounds I - I V 2 - V 3  are the second most 

sim ilar to I I I - V  a f te r  I I - I V - V 2 .  Most o f the la t te r  were found to form 

solid-solutions with groups I I I - V  compounds [ 3 7 ] .  Alloys with GaP were 

investigated by preparing more than eight samples containing up to 50% 3GaP. 

X-ray results showed fast cooling materials to have two phases for

the two compounds, while a complete separation was observed for slow 

cooled material in temperature gradients suitable for growing single 

crystals. Low re s is t iv i ty  single crystals o f GaP were found on top of 

the CuGe2 P3  crystals. Thus p-type GaP single crystals could be grown 

using th is method for special treatment. However, a s ign ificant in te r ­

face was observed between the two compounds in a p-n junction grown by 

using epitax ia l growth of molten CuGe2 Ps on single crystals of GaP a fte r  

special treatment (see Chapter 8  for the d e ta i ls ) .  Alloys with GaAs, 

unlike GaP, showed some kind of solid solution. X-Ray investigation  

showed more than 65% of zincblend structure phase with la t t ic e  parameter
o

of a = 5.479 A for a system CuGe2 Ps-GaAs. So fa r ,  the other lines have 

not been iden tif ied . However, alloys with InP appeared in complete 

separation between the two compounds. Attempts to dissolve I I - V I  and 

I I I 2 -VT 3  compounds completely fa iled  (see Table 5.12).
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T a b l e  5 . 1 2

Some other alloys investigated in th is  work

Compounds and alloys X-Ray powder results

CuGe2Asj

CuZnGeaASs(CuGe2ASg-ZnGeAs2) 

Cu2 ZnGe5 Ass(2 CuGe2 As 3 -ZnGeAs2 ) 

AgZnGesP5(AgGe2Ps“ZnGeP2) 

Ag2 ZnGesP8 (2AgGe2P3“ZnGeP2)

CuInGe2 Pif(CuGe2 Ps-InP)

CuGe2Ge2P3Sj(CuGe2P3"Ga2Sj) 

CuGa2Ge2P aSe*(CuGe2P3“Ga2Ses)

CuCdGe2 P3 S(CuGe2 Ps-CdS)

CuCdGe2 P3 (CuGe2 P3 -CdSe)

CuZnGe aP 3 AS2 (CuGe2 P a-ZnGeAs2 ) 

Cu2GaGe2P 3Ses(CuGe2P a-CuGaSe2 )

CuInGeP2Se(CuGe2P3-CuInSe2-InP)

More than one phase

Lines of ZnGeAs appeared with 
unknown phases

Lines o f ZnGeAs appeared with 
unknown phases

Two phases were the result

Two phases were the result

Complete separation between 
the two compounds

More than one phase

More than one phase

The a lloy does not melt up to 1250 °C 

More than one phase

More than one phase

The compounds are completely separated

The three compounds were shown to be 
completely separated.
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Another interesting investigation with regard to CuGe2 Ps which was 

carried out was with regard to its  interaction with ternary compounds.

Its  alloying with two compounds of type I I - IV -V 2  was investigated. The 

alloy  with ZnGeP2  appeared as two phases of the two compounds with one 

and two parts of CuGe2 P3 . Annealing treatment fo r 350 h at 700 °C pro-
o

duced single phase material of zincblend structure with a = 5.40 A, which is 

sim ilar to the a l lo y  found for CuZnGegPs. However, polycrystalline single  

phase materials for CuZnGegPs were produced by using iodine transport (see

Chapter 3 ) ,  with the same la t t ic e  parameter as mentioned above. The single 

crystals resulting from th is  reaction were ternary ZnGeP2  and d if fe re n t  

compositions of the Cu-Ge-P system, with unknown structures which differed  

from the original compound, CuGe2 Ps. Figure 5.13 shows X-ray photographs 

for some alloys of this type.

The f in a l compound in this group to be investigated was ZnGeAs2 . The 

solid solution does show some zincblend lines, while most other lines were 

unidentified.

No solid-solutions were observed with compounds in group I - I I I - V I 2 , 

while the la t te r  compound showed a wide range of solid-solution with 

binary and ternary compounds of types I I I - V ,  I I - IV - V 2  and other binary 

and ternary compounds [ 3 7 ] .

In the investigations carried out in connection with solid-solutions  

of CuGe2 Ps with compounds in the same ternary group, CuGe2 As3  was the 

only compound which showed some interaction and 80% of zincblend structure
o

was the resu lt. The la t t ic e  parameter was 5.454 A for a solution of 50% 

CuGe2 As3 , while complete separation was found with compounds CuSi2 P3  and 

AgGe2 P3 . However, alloys of compound AqGe2 P3  with I I - IV -V 2  ternary groups 

have so fa r  been unsuccessful. Thus the atomic arrangement of this compound
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could be the cause of this fa ilu re  (see Chapter 2),

Table 5.12 shows the compounds and solid-solutions investigated 

in this work and not discussed in detail thus fa r .

Table 5.13 

X-Ray powder data for CuZnGesPs

hkl sin^e (obs.) sin^e (calc.) d A  I / Io

111 0.0613 0.0611 3.1177 100.00

200 0.0818 0.0815 2.7000 29.52

220 0.1607 0.1630 1.9092 70.04

311 0.2243 0.2242 1.6281 64.47

222 - 0.2445 1.5588 6.57

400 0.3255 0.3256 1.3500 22.10

331 0.3862 0.3872 1.2388 31.15

420 - 0.4076 1.2074 5.00

422 0.4885 0.4891 1.1023 34.47

511,333 0.5484 ai 0.5502 1.0392 16.57

440 0.6494 01 0,6521 0.9546 13.15

531 0.7101 oi 0.7133 0.9127 16.57

600,442 - 0.7336 0.9000 1.05

620 0.8128 01 0.8152 0.8536 14.73

533 - 0.8763 0.8235 8.94

622 - 0.8967 0.8140 00.00

444 - 0.9782 0.7794 1.57
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5.9 Discussion

The Gibbs composition tr iang le  (Figure 3.1) is helpful in discussing 

the results of the present investigation. The two stra ight lines re­

present the following two conditions for the formation of tetrahedral 

diamond-like phases (see Chapter 2) and for the following examples [1 1 ] : -

( i )  the average number of valence electrons should be four; 

and

( i i )  a l l  partic ipating elements should exhib it th e ir  normal 

valency, i . e . ,  equal to th e ir  group number in the 

Periodic Table.

The f i r s t  condition ensures the correct number of electrons for sp  ̂ hybridi­

sation. I t  is satis fied  along the t ie - l in e  Ge-CuPg. The Ge excess 

phases l ie  on this l in e . The s ta b i l i ty  of tetrahedral co-ordination in 

these phases is possible because the average number of electrons remains 

four. The second condition ensures bond saturation, a necessary condition 

for semi-conductivity E132]. I t  is satis fied  along the t ie - l in e  CugP- 

Ge^P .̂ The point of intersection of these two lines corresponds to the 

composition CuGeaPj, which is known to be a tetrahedral ternary semi­

conductor.

I t  was pointed out by Goryunova [ 3 6 ]  that the ternary compounds are 

stable only when there is chemical interaction in the two basic binary 

systems (cation-anion systems). According to that author, the formation 

of a chemical compound in the basic system indicates the existence of the 

chemical in teraction , while formation of a solid-solution or a eutectic  

indicates i ts  absence. Gbryunova also pointed out that this was a 

necessary, but not s u ff ic ie n t ,  condition for the actual existence of the 

ternary compound. However, the way this interaction influences the
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s ta b i l i ty  and structure of the ternary compounds is not c lear.

Investigation of CuGezPs showed that CuP% was the only second phase 

to ex ist c learly . Attempts to prepare solid-solutions with excess CUgP 

fa iled  and CuPz was increased. While a wide range of non-stoichiometry 

close to GogPî  existed, the CuPg phase began to disappear.

A second phase of CuPa, or any others, were not observed in CuSizPg. 

I t  is clear that group IV atoms decide the existence or non-existence of 

this phase. I t  has also been shown that excess Ge decreases the CuPa 

phase, while a deficiency of Ge increases this phase. The information 

given above indicates a very strong interaction in the Cu-P system, 

compared with Ge-P, while the non-existence of Cu-P in CuSizPs means 

that Si-P bonds are stronger than those of Cu-P. However, the la t te r  

could lead to the existence of a wider range of non-stoichiometries in 

the Gibbs tr iangle  for CuSizPs.

Solid solutions between CuGezP, and Ge containing I 2 - IV - V I 3  compounds 

show interesting p o ss ib ili t ies  and s im ilar results might be expected for  

CuSiaPa and Si containing compounds of the type I 2 - IV -V I 3 .
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CHAPTER 6

E lectrica l Properties of I - I V 2 - V 3  Compounds

6 .1 Introduction

In order to understand the mechanism of semi-conductors, i t  is f i r s t  

necessary to investigate the structure of th e ir  energy bands. However, 

measurements of transport properties such as conductivity. Hall constant, 

etc., can give a good idea of the u t i l i t y  of a material for some device 

applications. In this chapter, the results of Hall measurements and con­

d u ctiv ity  on some I - I V 2 - V 3  compounds a f te r  physical treatment such as 

annealing and doping are presented. These measurements also prove useful 

in helping to correlate the properties of the mixed crystals of the system 

Cu-Ge-P-S, as well as those of CuGe2 P3 -Ge and CuSi2 P3 ~Si.

All measurements were performed on single crystals to avoid the com­

plicated effects of structural defects such as grain boundaries.

6.2 The Measuring System

6.2.1 Block Diagram

A block diagram of the DC measuring system is shown in Figure 6.1.

A 5 ^ 2  d ig ita l  vo lt  meter (Model Thurlby 1905a) was used for a l l  current 

and voltage measurements, as well as for sample temperature.

I t  is known that any fluctuation in the primary current flowing through 

the sample w ill  re f le c t  as a voltage at the measuring probes. These 

fluctuations must therefore be kept to a minimum.

A transistorised current s ta b il is e r  Palmer 1966 1133] was used. The 

s ta b il is e r  places an apparent high resistance (about 50 ku) in series with 

the sample. Any temperature, or other interference, which might induce 

resistance change in the sample or connecting leads, is kept to a minimum



- 124 -

en
.Soi-
Q .

(U4->
tn>»
en

enc
i_3
enflO

+->O
4 -OJ

fOz:
(U

LO
(UL
o>



-  125 -

in re la tion  to the tota l c irc u it  resistance and as a result the current 

change is very small.

To remove d r i f ts  caused by temperature changes in the s ta b i l is e r ,  i t  

was completely immersed in a batli of industrial para ffin . After an 

i n i t i a l  warm-up of 1-2 h, the primary current (0 .1 -0 .5  amps) could be 

held steady to better than 1 in 1 0 ® over a period of ten minutes and was 

quite unaffected by severe temperature changes (about 10 °C) in the sample 

or connecting leads.

Adjustment of the potentiometer, eliminates the zero f ie ld  Hall 

voltage which is generally present, due to the small misalignment of 

essentia lly  opposite contacts. A ten turn (Colvern M ultiturn) (10 kfi) 

potentiometer was used, since this setting was quite c r i t i c a l .

The magnet used was a Type F, made by Newport Instruments, and c a l i ­

brated by Newport Equipment L td .,  and re-ca librated in this laboratory 

by a gaussmeter. Type 750 (manufactured by RFL INdustrial In c . ,  Boonton,

New Jersey, U.S.A.). This instrument was capable of measuring from 0-1000 G 

on the low range and from 0-50000 G on the high range, with an error of 

less than ±1.5%. A zero gauss chamber enabled instrument

calib ration  before every measurement. Field values were always set by 

increasing the magnet coil current, fin ishing a t saturation (about 16 kG).

A .Cu-cor.stantan thermocouple was used for measuring sample tempera­

ture. This type of thermocouple is suitable fo r  measuring the temperature 

within 3-673 °K. One junction of the thermocouple was taped to the centre 

of the specimen, while the other was maintained at 0 °C in melting ice.

The output from the thermocouple was led into the 5 i d ig ita l  multimeter.
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6 .2 .2  The Cryostat

To measure the e le c tr ic a l properties over the range o f liqu id  nitrogen 

temperature up to 450 °K, the low temperature cryostat was used and this

is i l lu s tra te d  in Figure 6.2.

The sample was attached to the end of a copper rod by means of a mica 

plate . The various e lec tr ica l signals were taken through a f iv e  core 

(0.71 mm) copper cable. The copper rod and i ts  c a rr ie r  were fixed inside 

a th in  copper tube on which was wound two non-inductive resistance heaters. 

In order to avoid burning, the heater was housed inside a secondary copper 

tube. The whole cryostat (heater and sample housing) was evacuated and 

then f i l l e d  with helium gas. The helium gas was useful fo r  transferring  

heat to the sample uniformly and preventing condensation of water vapour on 

the crystal during cooling of the system.

The tube (sample housing) was dipped into liquid nitrogen contained 

in a specially  constructed Dewar vessel with a narrow bottom, which was 

supported between the pole pieces of an electromagnet.

With the tube immersed in liqu id  nitrogen, the crystal gradually 

cooled to about 78 °K in 3 h. However, temperatures between th is  and 

450 °K were obtained by supplying current to the heater.

For measuring the Hall data, the sample temperature was cooled down,

by the addition of liqu id  nitrogen to the Dewar, to about 78 °K. After

data at th is  temperature had been taken, the heater was turned on for  

several minutes a t a time, and the next readings were taken a f te r  thermal 

equilibrium had been reached. The sample temperature was measured at the 

s ta rt  and f in ish  of each series of Hall measurements, a spread of typ ica lly  

no more than 0.5 °K.
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Figure 6.2 Cryostat assembly with sample holder insert
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6 .3  The Han Effect

6.3.1 Basic Theory

The e le c tr ic a l conductivity a and the Hall co e ff ic ie n t,  Ry, were 

determined for d iffe ren t compounds and alloys mentioned in Chapter 5, 

in the temperature range from liqu id  nitrogen to 460 °K.

Values o f R̂  and cd were derived using the following equations. I f  

L is the length of a rectangular shaped sample and axb is the cross- 

section area, then:

 ̂ “ T  ' cm'i) (6.1a)

where V is a voltage drop along L and I is the current passing through 

the sample. The Hall coeffic ient R  ̂ was determined from the Hall voltage 

Vh and the transverse magnetic f ie ld  B in Tesla, from the equation:

Vh b
Rh = n i -  cm' C-i (6.1b)

X z

when b is a sample thickness. The Hall m obility (py) values were ca l­

culated from the product of (6.1a) and (6 .1b). Then:

Pp = qR̂  (cmf v"^ s - i )  (6.1c)

= rp

where p is a d r i f t  m obility , while the ca rr ie r  concentration (%,p) is

P = r  (cm ^) ( 6 . Id)

The value of r depends on the scattering mechanism and Y was taken here 

as 3ii/8, considering la t t ic e  mode scattering to be more probable than the 

optical mode, while r = 315n/512 is used when ionised impurity scattering  

is dominant.
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6 .3 .2  Hall Sample Preparation and Ohmic Contacts

The rectangular shaped samples were cut from large single crystals. 

Samples were f in a l ly  polished by 1 micron diamond compound and washed 

with acetone and d is t i l le d  water and then etched with HF.

Several d if fe re n t  methods for making e lec tr ica l contact were adopted 

with considerable success for particu lar materials. However, evaporated 

gold and copper, as well as indium, on CuGezPg and the system Cu-Ge-P, 

did not produce good ohmic contacts before and a f te r  annealing and with 

the use of a d if fe re n t  substrate temperature.

Tin gave good ohmic contacts for freshly polished samples. Indium 

was more successful than t in  for the Cu-Ge-P-S and Cu-Si-P systems, as 

well as for the compound CuSizPg.

No d i f f ic u l t ie s  were experienced with the use of t in  on AgfeiGeioPi2  

crystals , with or without polishing.

6.4 Hall Effect for AgsGeipPia

6.4.1 Carrier Concentration

The temperature dependence of the carr ie r  concentration can be expressed 

by the re la tion  [134]:

p(p+Np) N

(N^.Np-P) '  7  (G.Z)

where N/̂  and Ng are the concentrations of acceptors and donors respectively, 

p is the Hall concentration in a non-degenerate semi-conductor, Ny is the 

density of states in the valence bond, g is the degeneracy factor and Ê  

is the acceptor ionisation energy.
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m*  KT %

where m /  is the e ffec tive  mass of holes in the valence band and is 

expressed in units of free electron mass mo. Equation 6.2 is derived 

on the assumption that the excited states of the acceptor are fa r  removed 

from the ground state. For such a simple case, g = 2 [134]. However, 

the degenerate temperature was calculated by using the re la tion:

According to the re lation above, a l l  the samples tested in this work 

are in the degenerate region, with the exception of AosGeioPiz (sample 4 ) ,  

which was non-degenerate.

Equation 6.2 was simplified for the hole concentration below 300 °K, 

to a formula usual for thermal excitation a t single acceptor level [135]:

4 ( N a - N n ) 0  I  '
P = S(Nn + 0%[1 + , 7 , ; ] - 1 }  (6 .5 )

“ (0+Np)z

when

0 = ^  exp(-Ea/KT) (6 .6 )

and

= 2(2%m^KT/h2)'^ (6 .7)

The degree factor g depends upon the impurity state involved.

At low temperature (p «  Nq , N/\tN[)), then p in equation 6.5 w i l l  be:

Nn
P = ( /  -  1)0 (6 .8)

I t  is known that the valence (conduction) band density of states is
3 /

a function of T ; the above equation can therefore be transformed to:
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p = c ( /  - 1)T^exp(-E /KT) (6 .9 )
%  d

The activation energy. Eg, can then be calculated from the graph of
_S/ 1

linpT vs where the slope w i l l  be equal to E^/K, which gives Eg ranging 

from 0.004 eV to 0.0202 eV for several samples and mp* = 2 .3  mo [136]. 

Applying Eg in equation 6 .9 ,  the compensation ra tio  of N^/N^ can be 

calculated. For d if fe re n t  temperatures in the exhaustion range, N^-N^ 

can be estimated from the l im i t  of p in this range and N^, can be ca l­

culated:

P = - Np (6.10)

The method of least squares can then be applied to equation 6.5 to find the 

values o f the parameters which give the best f i t  over the entire  temperature 

range, as given below for sample 4 of AgsGeioPiz.

3 10=2 cm-3

6.4.2 Hall Density Analysis of AgsGeioPiz

I t  is thought that a large number of acceptors were present in the 

sample in the as-grown state , as can be seen in Figure 6.3. These 

acceptors, probably phosphorus vacancies because the compound AgsGeioPiz 

was expected to have covalent bonding, which means that the deficiencies  

of phosphorus produce the deficiencies of the bonding [ 2 8 ] ,  i.e., 

holes [137,138], while these vacancies can be regarded as donors for  

crystals with ionic bonds [25 ] .  According to this model, there is
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an exchange of valence electrons among the interacting atoms, in order 

to complete th e ir  outer shells. I t  is therefore logical to assume 

that the number of unpaired electrons is less than four, in the case of 

vacancies, and electrons may easily  be promoted to the conduction band. 

However, this was not the case in our samples of AgeGeioPiz* although 

we suggest that the ionic bonds ex is t in such a compound.

I f  we plot versus average density of ionised acceptor (N-j) in 

the region from which the E/\ value was obtained, then the variation of 

activation energy is decreasing with increasing concentration. Pearson 

and Bardeen [139] suggested that the decrease of activation energy with 

concentration is due to the potential energy of a ttraction  between the 

ionised acceptors and acceptor holes. Those workers considered that 

th is mechanism would lead to a lowering of activation energy inversely 

proportional to the average distance between the holes and ions, thus 

essentia lly  being proportional to the th ird  power of the density of ionised 

acceptors. I t  is apparent that this leads to a variation of activation  

energy with degree of ionisation. Pincherle 1140] pointed out that 

free carriers w i l l  also give rise to decreasing activation energy by 

screening the f ie ld  around a trapping centre. The effectiveness of 

screening and therefore the amount of decrease, w ill  be greater a t lower 

temperature and higher electron (holes) concentrations. Calculations 

indicated that the e ffect is considerable in silicon [141]. Figure 6.5 

i l lu s tra te s  Eg vs (N i) ,  the density of ionised acceptors for several 

samples of AgsGeioPiz.

3/ 4
From the 1 in pT" versus ÿ  data, one can measure an acceptor level 

(Eĝ  ^ 0.02 eV), and thus the hydrogenic acceptor level can be calculated:
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m *
E = 1 3 .6  - E _  = 0 . 0 9 3  eV ( 6 . 1 1 )

This does not agree with the results quoted above. Thus the un­

certa in ty  may come from low frequency d ie le c tr ic  constants £o, which have 

been estimated [see Section 6 .4 .3 (b )] .  On the other hand, mp* should be 

diminished closer to the free electron values. The la t te r  figure is 

very l ik e ly  to be correct, because of the large error in i ts  calculation  

[136]. However, mp* and çq have shown satisfactory f i t t in g  for the 

mobility data, which w il l  be described la te r  in this chapter.
_  3y 1

F in a lly , higher energy levels were found by using lin'.<xT  ̂t>s - curve 

(Eg = 0 .046), which agrees better with the results calculated above.

6 .4 .3  Carrier Scattering Mechanism

There are four types of scattering processes which have been studied 

th eo re tica lly  for semi-conductors: la t t ic e ,  ionised impurity, neutral

impurity and dislocation.

(a) Ionised impurity scattering.-The ionised impurity scattering results  

from e ither  impurities or la t t ic e  defects generated by non-stoichiometry 

of the compound. This is p articu larly  important a t low temperatures, 

when thermal vibrations of the la t t ic e  atoms are small. Scattering by 

ionised impurity was f i r s t  treated in a somewhat crude, essentia lly  

classical fashion. Each ion was considered to scatter independently of 

a l l  the others with i ts  scattering x section a r b i t r a r i ly  cut o f f  a t a 

distance equal to ha lf  the average distance between neighbouring im­

pu rit ies . The la t te r  assumption is partly  ju s t i f ie d  by the screening 

of the impurities by the conduction (valence) electrons (holes).

Hence the mobility of holes is modified by the e ffec t  of la t t ic e  

vibration and in the form of logarithmic term [1421:
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^ ( 2 1 ,g ,21
I ^  [ l in ( l+ % )- 2 yi+%]

D i

where

a = 6 fo f& K U l (6.13)
ph^e'

where the 2 in the numerator is due to the overlap and the 300 in the 

denominator is to convert to practical units (cmf v"^ sec"^), when a l l  

the parameters are entered in cgs units.

I t  should be noted that (high frequency d ie le c tr ic  constant) has 

been determined for AggGeioPi2  [136] and is (e^ = 14 .1 ), whereas Go (low 

frequency d ie le c tr ic  constant) has not, to the author's knowledge. However, 

Ziatk in  and co-workers [143] showed = 1.3 fo r a zincblend structure

of ZnSnPg and between 1.15 - 1.45 for other chalcopyrite materials such

as I I - IV -V 2  and I - I I I - V I 2  compounds. Thus, in such a case, = 1.3

was chosen as a means of approximation, and can be calculated for  

AgeGeioPiz and is equal to 18.3. Then K is a Boltzmann constant, mp* 

is the e ffec tive  mass of valence holes and is = 2.3 mo [136], e is the 

electron charge in Coulombs and h is plank's constant in erg - sec.

Equation 6.12 w i l l  therefore be:

« " " . , [ , 1 .  ( , . i ^ . / , « ) ]  * - " »

and equation 6.13 w i l l  then be:

X = 5.49 X (6.15)
P

Then the ionised impurity concentration Ni is calculated by assuming 

that the maximum in p versus  T is given by ^ where pi_ is the

tota l la t t ic e  mobility. This is valid  (in Matthiessen's approximation) 

i f  p is symmetrical about this maximum, which is approximately true for
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3 /  _  3 /

the compound AggGeioPiz (Mj 'v T a n d  ~ T However, p was used

as a constant in the temperature range considered.

3 /
Observation of this form of scattering is manifested by a T 

dependence of p. Unionised impurities and other carriers  may also con­

tr ibu te  to the scattering of carriers , although th e ir  e ffe c t  w i l l  be small 

and only detectable a t very low temperatures in the absence of ionised 

impurities [144].

(b) Lattice scattering mechanism.-Several theoretical treatment of 

scattering by la t t ic e  vibrations have been carried out, such as Bardeeh 

and Shockley [145], but a l l  with essentia lly  equivalent results.

The la t t ic e  vibration of atoms deforms the potential energy configu­

ration of the atom and leads to small variation in the energy gap. The 

variation in the energies of the conduction band and valence band edges 

resulting from the vibrational motion is localised, which creates changes 

in the kinetic energy of the carriers . Hence, from the Bardeen-Shockley 

derivation [145], the acoustic scattering is given by:

. 2 , ( 8 i , ) ^ V c i i  
‘ ‘ ac ■ l3 0 C r 5/ 3, ( 6 . 1 6 )

3E|cmp/^(KT)^

where, again, the 2 in the numerator is due to the overlap and the 300 

in the denominator is to convert to practical units (cmf v"^ s"^) when a l l  

the parameters are entered in cgs units. Here, Cn is the average longi­

tudinal e las tic  constant and is equal to 11.98 x 1 0^  dyn/cm^ for AgsGeioPia 

at room temperature [146]- is the valence bond deformation potential

and the other symbols have the ir  usual meanings.



-  139 -

I t  is usually considered that the temperature variaton of Eac, m̂  

and C n  can be neglected, so that the principal feature of the acoustic 

mode scattering is a T ^ dependence of mobility.

Wiley and Didomenico [147] have combined the acoustic mode contribution  

with the non-polar optical mode contribution and found a combined m obility ,  

"a.npo given by:

P^npo = WacS(*'^'T)

where ^ is the optical phonon characteristic  temperature and n = (Enpo/Eac)^, 

where Eppo is the non-polar optical deformation potentia l. Thus:

S(0,n,T) 3 {1 + (0/T)nH/[exp({Z(/T) -  D]} (6.18)

where H and D are constants given for each value of n. However, i t  has 

been s a t is fa c to r i ly  shown that equation 6.17 explains the hole mobilities  

in many I I I - V  compounds, even though the polar optical contribution has 

been considered to be dominant in many past studies of holes in these 

compounds [ 1 I4 8 ] .  Then Wiley has further shown that Eĝ  -  5-6 eV in 

several I I I - V  compounds and n ^ 4 in these compounds, as well as Si and 

Ge [149]. The author w il l  also assume that n -  4 in AggGeioP^and 

Eac = 5.5 and in the present approximation we w ill  take a simple average 

between some I I I - V  compounds of 0 , so that 0 }  490 °K [150]. In addition, 

for n = 4 , we must use H = 1.34 and D = 0.914 [T47].

When mp* = 2.4 mo [1 3 6 ], and other symbols are used as mentioned above, 

equation 6.18 w il l  be simplified to:

= 3.1167 X 10" T "^  cm  ̂ v"^ s e c ' i  (6.19)

and equation 6.17 can be re-w ritten as:
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M = 3.1167 X 10" T '% {1 + ( ^ ^ ) / [ e x p ( - ^ )  -  0 .914 ]} '^  (6.20)
a,npo T  T

Such a re la tion  was used for CuInSe2  and CuInSz materials [151,152]'

Since polar optical mode scattering Ppo is dominant in I I I - V  com­

pounds, we may expect ppo to be dominant in the ternary compound AgeGeioPia. 

The polar-optical mode scattering contrution is [135 ,153]*

V  '  ■ ( - . f t )

(cmf v“  ̂ sec"i)

where, again, the 2 in the numerator is due to the overlap in teg ra l,  and 

x(o/T) is a slowly varying function of T, which can be approximated by 

0.48 exp(C.189/T).* eo and as before, are the s ta tic  and high frequency 

d ie le c tr ic  constant, eo ^ 18.3 and e« = 14.1 for AggGeioPiz, so that 

equation 6.21 can now be simplified as:

V  " 0.42[exp(490/T) -  1][exp(88/T)]T& (6.22)

when mp* is 2.3 mo

6.4 .4  Mobility Data Analysis of AgsGeipPia

Some of the values of the material parameters used in the calculations 

mentioned e a r l ie r ,  are estimated, along with those used for sim ilar I I I - V  

compounds. Table 6.2 shows the calculated m obilities of various 

scattering mechanisms in a l l  AgsGeioPia samples. However, the tota l

1 1calculated mobility (-^ = z— ) agrees well with the observed curve.

The calculated mobility curves f i t te d  well with the experimental 

curve for temperatures higher than 200 °K, except for sample 2, where the 

curve f i t s  at a higher temperature. Below the temperatures mentioned above,

*Reference 152.
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the calculated curve is well above the experimental one.

The m obilit ies , as expected, decrease with increasing carr ie r  

concentration, un til very low temperatures are reached, where the 

residual impurity concentration is large enough to take over (Figure 6 .6 ) .

The temperature variation of the Hall mobility for these samples shows a 

wide range of behavioural characteristics fo r d if fe re n t impurity concen­

trations . However, th is is the case for most of the semi-conductors, 

such as s ilicon [141]. With increasing impurity concentration, the 

departure of negative slopes appears at higher temperature, which is due 

to the greater importance of ionised impurity scattering re la t iv e  to 

la t t ic e  scattering.

From the low temperature dependence of mobility (Figure 6 .6 ) ,  i t  can

be seen that sample 2 is changing as T " ,  while the other sample is

showing slower changes, except for sample 1. However, with more data for 

temperatures below this range, the explanation for this expression may 

be clearer for those samples shown in Table 6 .3 .

For higher temperatures of mobility dependence, samples 1, 3 and 4

show changes as (T"^ to T"^*^^), depending on the temperature range, 

while i t  is only T”^*® for sample 2 (Table 6 .3 ) .

Since impurity scattering would only make the mobility curve less 

steep than T"^*®, the data of section or steeper curves, must re ­

present la t t ic e  mobility. In th is  case, the theory of the preceding section 

predicts that p^/p w i l l  be a constant 1.18 over the temperature range 

concerned for these samples. I t  would therefore follow that the la t t ic e  

mobility varies with temperatures essentia lly  as T"^*®.
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Figure 6.6 Hall mobility of AgsGeioPiz as grown crystals as a 

function of abolute temperature
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In princip le , one would expect acoustic, NPO modes and polar mode 

scattering to be present in the valence bands of AgsGeioPiz. However, 

i t  has been pointed out that there is no adequate theoretical expression 

for polar mode scattering in p-type materials of I I I - V  compounds [147],  

and that the usual expression, [equation (6 .2 1 ) ] ,  fa i ls  to explain the 

temperature dependence of the Hall mobility (Figure 6 .6 ) .

In view of the great s im ila r it ie s  between groups IV and I I I - V  compounds, 

i t  seems reasonable to expect that the non-polar scattering mechanisms which 

have been successfully treated for p-type Ge and p-type Si are also important 

in the I I I - V  materials. Pursuing this analogy, i t  has been shown that 

the magnitude and temperature dependence of the Hall mobility for p-type 

I I I - V  materials can be f i t t e d .  This treatement was f i r s t  developed by 

Brown and Bray [154].

The two adjustable parameters Egg and n = (^^po^ac)^ are quite similar  

for the compounds mentioned above and are physically reasonable [147].

Because of the s im ila r ity  of ternary compounds of the type I - I V 2 - V 3  to 

those binary compounds and the f i t t in g  for AggGeioPiz in this work, one 

can suggest applying such adjustable parameters to the la t te r  group of te r ­

nary compounds are possible. However, this may f i t  a l l  ternary compounds, such

as I I - IV -V 2  and I - I I I - V I 2 . Such data f i t t e d  quite reasonably to Culn$ 2  

and AgInSe2 , as well as AgInTe2  [155].

6.5 Hall Effect and Conductivity Measurements for CuGe2 P3 -Cu2 GeS3  System

6.5.1 The Variation of Conductivity with Temperature

I t  has been found in this work that the solid-solutions of CuGe2 P3 - 

CuzGe$ 3  are p-type for undoped materials. However, CuGe2 Pa is always 

reported to be p-type [157]» and the same type was the result a f te r  a l l  

physical processes in this work, while CuzGeSs was reported to be low
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T a b l e  6 . 2

Calculated m obility  in ^9 6̂ 6 1 qP 1 2 (cmf v"^ s"i)

T in °K ^ac ^a,npo . V .

100 31.16 26.04 1.35 X 103

300 6.00 1.949 40.20

450 3.26 0.851 21.35

Table 6.3

Characteristics of scattering process for samples of AgcGejoPia

Sample Number M = AT* M = BT”^

X X

1 0.825 %

2 1.05 \

3 0.255 %

4 0.479 %
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m obility of %-type [129].

From equation 6 .2 : -  

N , N.-Nn
P = -g-( )exp(-Eg/KT) (6.23)

Assuming the mobility to be re la t iv e ly  independent of temperature, 

the conductivity is simply proportional to P, So, one can modify equation 

6.23 as fo llows:-

a ^ cT^^exp(Eg/KT) (6 .24)

or

oT'% = c exp(-E^/KT) (6.25)

where the factor T" ^ is from the density of states. Application of
3 ,

equation 6.25 reduce the expression t o a T " ^ ,  which is proportional to
_  3 /  1

Eg /̂KT, from which i t  is evident that plots of 1 in oT ^ versus  y  yields Ê .̂ 

The impurity activation energies derived from the linear portions are 

l is ted  in Table 6.4. Figure 6.7 shows Op v e r s u s ^  in K.

At low temperature, the impurity conductivity dominates and is d if fe ren t

for various alloys and samples. Such condcutivity is ju s t i f ie d  by the

growth rate or chemical composition of the a l lo y ,  as indicated in this work. 

However, impurity level increased with increasing CuzGeSs percentage in the 

a llo y , or a slower cooling rate of growth.

Samples C and F have shown a single impurity level which is not fa r

from the top of the valence band, while samples E and G show a double band 

of impurity levels well above the valence band. The two bands were very 

close for sample E, while they were well separated for sample G, which may 

be due to the growth e ffec t.
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Figure 6.7 Conductivity of the system CuGe2 P3 -Cu2 GeS3  

(as grown single crystals) as a function 

of inverse absolute temperature
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The conductivity curves in the case of samples A, B and D are 

almost near to horizontal along the temperature range of investigation. 

This indicates that the acceptor levels are to be completely f i l l e d  and 

thus l i e  very close to the top of the valence band, or ju s t below i t .

6 .5 .2  The Variation of the Hall Mobility with Temperature

The Hall mobility for various compositions to 70% of Cû GeSs were 

studied (see Section 6.8 for pure CuGeaPa). The Hall voltage s ignal-to -  

noise ra tio  was somewhat poorer, p art icu la r ly  for alloys a t  higher sulphur 

composition. The temperature dependence of the Hall m obility  is shown 

in Figure 6.8. The m obilities of a l l  mixed crystals increase d ire c t ly  

with temperature. For a l l  samples, the maximum m obilities  were recorded 

at temperatures higher than 320 °K. However, sample C does not show any 

decrease of mobility up to 410 °K.

When the temperature dependence of the Hall mobility is represented

by:

M = AT“  (6.26)

The index x of the temperature variation is increased with increasing 

sulphur in the alloys. However, the most rapid increase could be seen in 

sample D. Table 6.5 l is ts  the various indices derived from the slopes 

of Figure 6.8. For temperatures higher than 330 °K, the m obility in 

samples A and B is decreasing with temperature as # -  -1 .6 ,  p art icu la r ly  

sample A. The la t te r  phenomenon does not appear c learly  for samples C 

and D.

As discussed in Section 6 .4 .3 ,  the temperature dependence of mobility  

is mainly due to ionised impurity scattering and la t t ic e  scattering.
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Figure 6.8 Hall mobility of CuGe2 P3 -Cu2 GeS3  system as a function 

of absolute temperature
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T a b l e  6 . 4

Impurity activation energy for the system CuGezPa - CuzGeSg

Symbols Materials El -  eV Ez - eV Ret. of cooling 
(°C/hour)

A 90% CuGe2Ps ” 10% CuzGeSg - - 2-4

B 80% CuGezPs “ 20% CuzGeSg - - 2-4

C 70% CuGezPs - 30% CuzGeSg 0.0078 - 2

D 60% CuGezPs - 40% CuzGeSs - - 2-4

E 50% CuGe2Pj " 50% CuzGeSj 0.28 0.018 1

F 40% CuGezPs - 60% CuzGeSg 0.0179 0.0105 2-4

G 30% CuGejPa -  70% CuzGeS, 0.0767 - 2
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The ionised impurity scattering dominates below 310 °K for a l l  

crystals except sample C. Figure 6.8 contradicts this e f fe c t ,  proposing 

instead, an increase with temperature according to:

jiH = AT(q . 7 to 1 . 4 6 ) (6.27)

3/
At higher temperatures, a T ^ law is followed as acoustic mode scattering  

becomes dominant, p art icu la r ly  in sample A, while less e ffec t  was ob­

served in sample B. The room temperature carr ie r  mobility for a l l  com­

positions investigated in this work is lis ted  in Table 6 .6 . I t  can be 

seen that the room temperature mobility for these alloys is composition 

dependent. However, i t  decreases with increasing CuzGeSa percentage 

in the crysta l. All alloys investigated in this work appear to be 

p-type m aterials, while CuzGeSs is reported to be low m obility %-type [129],

Table 6.5

Characterisation of the scattering process of the system
CuGezP3” CuzGeSs

Symbols Materials
M = A F p = BT-%

X X

A 90% CuGezPs - 10% CuzGeSs 0.7 *v1.6

B 80% GuGezPa -  20% CuzGeSs 0.85 -

C 70% GuGezPs - 30% GuzGeSg ~1.46 -

D 60% GuGezPs - 40% GuzGeSs 0.81 -
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6.6 The Hall E ffect and Conductivity Measurements fo r the CuSizPa-Si
System

The e le c tr ic a l conductivity and Hall constant were measured fo r un­

doped crystals ranged from CuSizPs to CuSi^Ps over a temperature ranging 

from liq u id  nitrogen to 450 °K. A ll crystals were found to be low 

re s is t iv ity  and p-type m aterials (see Table 6 .7 ).

3 /

The slope of the curve 1 in aT" ^ versus 1/T shows th a t the impurity  

activation  energy fo r CuSizPa is 0.0015 eV. This indicates that the 

energy level is  very close to the top of the valence band fo r th is  m ateria l, 

while the impurity level appears very close to , or under, the top of the 

valence band fo r samples containing excess S i.

High c a rr ie r  concentration was found fo r these c rys ta ls , which in ­

creases with excess S i. However, th is  was not the case fo r the system 

CuGezPs-Ge. The author suggests that high c a rr ie r  concentration is 

independent of group IV material in CuSizPs* Such a ch aracteris tic  could 

be due to the high melting po int, since i t  is expected that the la t te r  

increases with excess Si in the c rys ta l. However, CuSisPs was not melted 

completely by a temperature as high as 1300 °C.

The m ob ilities  of the CuSizPs-Si system was measured fo r three 

crystals of d iffe re n t compositions, as lis te d  in Table 6 .7 . A single 

crystal of CuSizPs was grown by t in  solution and polished to a rectangular 

shape with dimensions 4.69 x 2.15 x 0.248 mm. The m obility  was found to 

be as low as that found for GuGezPs. This could be due to the existing  

Gu material in those compounds. However, a low m obility is  always 

reported for Gu compounds such as the ternary group G u - I I I -V Iz i [ 37 J.



-  154 -

From the m obility  curve (Figure 6 .1 0 ), the ionised impurity scatter­

ing dominates a t temperatures below 280 °K. The m obility  was changing 

as slowly as The lowest m obility  of 0.346 (cmf v"^ sec"^) was

registered a t 87 °K. For higher temperatures, i t  began decreasing with 

temperature. This indicates the dominance of some kind of la t t ic e  

scattering.

The measurement on CuSijPa crystals shows higher m obility  than 

crystals of CuSizPs, where the highest was recorded to be 5.45 (cmf v"^ s“^) 

a t 275 °K. Below th is  temperature, the m obility slowly decreased with 

temperature as The la t te r  figure indicates dominant ionised

impurity scattering . However, screening by free c a rr ie r  concentration 

could cause slow temperature dependence or complete disappearance of 

ionised impurity scattering . For temperatures higher than 275 °K, the

m obility  was changing as This kind of temperature dependence

is derived from a la t t ic e  scattering mechanism.

The highest m obility  in th is work was 11.04 (cmf v"^ s“^ ), which was 

recorded for a crystal of CuSi^Pj fo r temperatures up to 301 °K, as 

T”0 .4 SI. ^ disappearing ionised impurity scattering a t low temperature 

for these crystals could be due to the same causes as mentioned above.

Table 6.7

Some room temperature e le c tric a l data for the system CuSizPs-Si

Materials p ( c m ^  v " ^  s"i) p  ( c m - * ) a (Q-i cm"i) R^ (cm* c"i)

CuSizPs 2.295 1.1 X 1019 4.2 0.55

CuSisPs 5.357 4.40 X 1019 38.6 0.139

CuSi^Ps 6.23 2.14 X 10^° 213.0 0.0292
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6.7 Annealing and Doping Studies of CuGezPs

The temperature dependence of conductivity and m obility o f the doped 

crystals examined is  shown in Figures 6.11 and 6.12 over a re la tiv e ly  high 

range o f temperature from liqu id  nitrogen to above room temperature.

CuGezPs is a p-type semi-conductor in which holes are heavily pro­

duced in a l l  circumstances, including annealing and doping with the im­

pu rities  shown in Table 6 .8 . Attempts to compensate the p-type nature 

of the material with possible compensating donors such as Zn and the 

group VI elements S and Se have been inconclusive. Results are shown 

and given in Figures 6 .11-6.14 and Tables 6 .8 -6 .11 .

Indium acts as a compensated material in Zn levels fo r Zn-In doping.

Such a method was used to compensate Zn levels in Ge by using s u ffic ie n t  

Sb [157].

The possible p-type nature of the material CuGezPs might be due to a 

P deficiency. This idea gains credence by the appearance of a second 

phase, CuPz (see Chapter 5 ).

The annealing in Cu-P was carried out to remove the second phase of 

CuPz in the compound, but fa ile d . The GuGezPs was annealed at 700 °C 

with powdered Cu-P, fo r 7 days, then quenched in ice water. The treatment 

increases the hole density to about 7.8 x 10^° cm"*. However, higher density 

of holes was also the resu lt of annealing in CuGezPa powder under the 

same circumstances, fo r a period of 8 days.

I t  is c lear from the conductivity curve (Figure 6 .1 1 ), that a ll doped 

and undoped samples o f CuGezPs were independent of temperature, p a rtic u la rly  

for T < 200 °C. This indicates a complete overlap of the acceptor im­

purity  band with the valence band.
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The temperature dependence of the Hall m obility at 13.2 k gaus)

for a series of doped samples was carried out, ranging from liq u id  nitrogen 

to 450 °K. All samples were shown to be heavily compensated. However, 

the la t t ic e  and ionised scattering were not dominating strongly.

The temperature dependence for S toped crystals shows ionised impurity 

scattering dominating at temperatures below 300 °K as fo r tempera­

tures higher than those mentioned above, la t t ic e  scattering is dominated 

strongly as T"^**®. High c a rr ie r  concentration could be a reason fo r  

such low ionised scattering. However,this should also decrease la t t ic e  

scattering.

Figure 6.12(b) shows the temperature dependence o f m obility fo r a 

sample o f Zn-In doped crystals. The m obility changed to lower than the 

orig ina l c rysta l. Such a resu lt could be explained by the heavy compen­

sation which comes from In atoms. Lattice scattering dominated for  

temperatures higher than 280 °K, while i t  was temperature dependent below 

th is .

For Sn doped samples, la t t ic e  scattering was less dominant, while there 

was no sign o f ionised impurity scattering (see Table 6 .9 ).

Besides doping during the growth process, annealing was carried  

out on CuGezPs crystals as w ell. The most in teresting results were

annealing in a Cu-P atmosphere. The idea was to decrease the second phase 

of CuPg in the compound. The Hall m obility was temperature dependent 

along the temperature range from liq u id  nitrogen to 400 °K. Ionised im­

purity scattering dominated weakly at temperatures below 200 °K, while 

la tt ic e  scattering was dominant a t higher temperatures. However,

the annealing processes could be the cause of the appearance o f the 

scattering mechanism mentioned e a r l ie r .
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The m obility of a single crystal of CuGegPg a fte r  annealing in its  

own powder was decreased. Such a process of annealing increased the 

m obility of some ternary ordered structure compounds, such as CuInSg 

[158]. Therefore the author suggests that the m obility in th is case 

may be dominated by atomic arrangement in the compound.

6.8 E lec trica l Properties o f the CuGezPs-Ge system

The e le c tric a l conductivity Op, and the Hall c o e ffic ien t R^, were 

determined for samples of the system CuGe2 Ps-Ge, in the temperature range 

80-450 °K. Values of R̂  and were derived using the method described 

e a r lie r  in th is  chapter. However, work on thermal conductivity carried  

out e a r lie r  by Belger and co-workers shows i t  to be composition dependent 

[157].

Figure 6.13 shows that the conductivity for a l l  samples up to CuGê Pg 

decreases very slowly with temperature. The explanation for th is  is that 

the acceptor levels are well below the valence band in th is  m ateria ls, 

while Figure 6.13 il lu s tra te s  that for CuGesPs, the acceptor level must 

be higher than the valence band. However the lin  oT "^  versus  1/T 

diagram shows the la t te r  below the valence band as w ell.

The temperature dependence of m obility can be represented by the 

re la tion  p = T^ where a i :  a scattering facto r. Then fn the case of 

lin!(R^Op) versus  T, one can obtain the value of x  for a l l  the m aterials. 

Such a diagram gives x varying from -1 .3  to 0.715 (Table 6 .1 1 ), fo r samples 

ranging from CuGe2 Ps to CuGegP). However, such a resu lt could mean 

changing of the scattering process from la t t ic e  to ionised impurity. This 

c learly  shows that is composition dependent. There are no other ex­

planations reported for these materials so fa r . I t  is quite clear that

ionised impurity scattering is dominant fo r CuGesPj.
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C arrier concentration is shown to be independent of composition. 

However, the la t te r  may depend on the growth rate (foundation).

Table 6.10 shows m obilities  at room temperature fo r these alloys  

(as described e a r l ie r ) .  The m obility does not exceed 3 cm̂  v"^ s"^, 

which agrees well with measurements made by Riede and co-workers [159].

6.9 E lec trica l Measurement fo r 80% CuGezPg - 20% ^GeaPi»

The conductivity and Hall co e ffic ie n t were measured along the tempera­

ture range from 89-450 °K. The conductivity curve shows much s im ila r ity  

to that found for the compound CuGezPg. I t  is c lear from the la t te r  

that the acceptor levels should be much below the valence band. However,

that is the case for a l l  CuGe2 P3  crystals even a fte r  d iffe re n t physical 

processes such as annealing and doping.

Very poor temperature dependence was shown for the m obility . The 

highest m obility registered was 2.2 cm̂  v"^ s“  ̂ a t 120 °K. The room 

temperature data are shown in Table 6.10. Figure 6.15 shows the Hall 

m obility as a function of absolute temperature.
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CHAPTER 7

Thin Film Preparation of CuGezPs and AgsGeipPiz

7.1 Operation

The complete evaporation system is shown in schematic form in 

Figure 7 .1 , which is a type 12HG/1/103, manufactured by NGN LTA. The 

pumping system consisted of a high speed rotary pump, backing a 4" o il 

d iffu s io n  pump. Above the b a ffle  valve was a liq u id  nitrogen cold trap .

The trap was for the major vapour desorbed by the chamber, namely 

water vapour which at the trap temperature has neglig ib le  vapour pressure 

and was also used to prevent contamination from back-streaming o f the 

d iffus ion  o i l .

The evaporation chamber was a conventional glass dome 12" in diameter 

and 14.5" high, occupying a volume of approximately 22 l i t r e s .

Substrate temperature was measured using a standard chromel-alumel 

thermocouple, but a disappearing filam ent optical pyrometer was used to 

measure the source temperature.

The substrate was heated by a f l a t  heater (65 watts) and was mechani­

c a lly  clamped to the heater, to provide good thermal contact. The source 

to substrate distance was 4 cm. The source heater was connected to 12 V 

AC through a variac , enabling the temperature to be controlled up to 

ca* 1600 °C.

7.2 Film Evaporation Procedure

Films were deposited on polished quartz p lates. The ingot CuGe2 Ps 

(single c rys ta l) was then placed in the tungsten basket heater and the 

system pumped down. Usually, a minimum pressure of about 10"^ to rr  only 

was obtained, due to the phosphorus pressure.
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The system was flushed with argon gas to minimise oxidation problems. 

Liquid nitrogen was used to prevent contamination from the pump and 

vapour pressure. When th is  terminal pressure was achieved, the substrate 

was heated to about 220 °C, with continuous pumping down fo r 3-4 hours.

The source material was then heated to ju s t below the melting po int, then 

slowly to the melting point, maintaining th is  temperature u n til a l l  the 

m aterial had melted. The temperature was then increased to about 1600 °C, 

when evaporation took place. During deposition, system pressure was 

usually between 4-8 x 10“  ̂ to r r ,  when the source m aterial evaporated com­

p le te ly . The source heater was then cooled down and the substrate allowed 

to cool slowly in vacuum to room temperature, to prevent any pseudo- 

quenching e ffe c t. This is e ffe c tiv e , especia lly  fo r  m aterials with high 

thermal conductivity [ Ï6 0 ] .  F in a lly , the deposited film  was removed, 

cut into several pieces, placed in prepared tubes fo r annealing and the 

film s were then investigated with %-ray powder photography and EPMA, as 

well as scanning electron microscopy.

The same procedure was used for investigation of the compound 

AgeGeioPia*

7 .3  Annealing Procedure

Films were taken out from the chamber follow ing slow cooling, cut 

into several pieces and put into prepared quartz ampoules fo r annealing. 

Phosphorus was added to the evacuated tubes and sealed o ff . The inner 

volume of the ampoule was made as small as possible and the ampoule was 

then fixed in the single zone annealing furnace. The furnace temperature 

was increased slowly to the annealing temperature {ca, 700 °C ), to prevent 

any cracks occurring in the film . This is a reasonable temperature fo r  

carrying out this procedure. The ampoules were kept a t th is  temperature
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for d iffe re n t periods of time, in order to investigate annealing time 

dependency and second phases in the compound.

The sample slowly cooled down to room temperature and was then 

removed from the ampoule for testing by %-ray powder photography, Laue 

photographs, EPMA and scanning electron microscopy.

7.4 %-Ray Powder Photography

7.4.1 CuGeaPs Films

J-Ray powder photography was the best method of testing th in  film  

preparations in this work. The powder was scratched from the s ilic a  

plate and rayed. No c rys ta llin e  material appeared fo r non-annealed 

film s , except for some weak lines of Ge. The %-ray fo r annealed film s  

at temperatures of about 700 °C showed c rys ta llin e  material of mainly 

Ge, with no sign of the CuGezPa compound.

%-Ray analysis fo r film s annealed in an atmosphere o f phosphorus 

showed good resu lts . . Films annealed fo r several minutes showed d iffe re n t  

crys ta llin e  m ateria ls , mainly consisting of Ge, CuPz, GePg and weak lines  

of CuGezPg. For annealing o f 30 minutes' duration, the only second phase 

m aterials remaining were of CuPz, with lines for CuGe2 Ps> but these were 

poorly c rys ta llised . Following longer annealing periods (ea. 2 hours), 

the single phase of CuGe2 P& appeared as good c rys ta llin e  m ateria l. The 

CuGe2 Ps lines changed, showing better c ry s ta llis a tio n  (through lin e  in ­

te n s itie s ) a fte r  72 hours of annealing. The films are il lu s tra te d  in 

Figure 7 .2 .

The la t t ic e  parameters were calculated for several annealed film s
o

and found to be 5.3740 ± 0.0005 A. This agreed with po lycrysta lline  

m aterials prepared by the fusion method.
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The in tensity  of lines was measured by using a double beam 

recording microdensitometer. Using these resu lts , the time dependency 

of the annealing procedure was calculated. The <200> %-ray lin e  in ­

ten s ity  showed a rapid increase fo r the early  stage o f annealing, but 

increased slowly as the annealing time increased (see Figure 7 .3 ) .

7 ,4 .2  AgsGeipPiz Films

The same procedure was used to evaporate this compound as was 

employed for CuGe2 Ps* The results of film s before annealing were 

crys ta llin e  in the structure of bcc, as shown in Figure 7 .4 . The only 

second phase which appeared was GePg, with a very low in ten s ity  and nb more 

than three lines [110]. For film s annealed in an atmosphere o f phos­

phorus, the single phase appeared with a l l  the X-ray lines of th is  

compound as they appeared in single crystal m ateria l. These film s are 

il lu s tra te d  in Figure 7 .4 . Lattice parameters fo r annealed film s were
o

calculated and were found to be 10.312 A. This agreed well with that 

found fo r single crystals grown by Bridgman's method (see Section 5 .4 , 

Chapter 5 ).

7.5 EPMA and Scanning Electron Microscopy

These methods were used to study the surface changes and the atomic 

dis trib u tio n  o f the surface of a l l  film s. Films o f CuGeaPa did not show 

phosphorus before or a fte r  annealing in vacuum, but did reveal phosphorus 

a fte r  annealing in a phosphorus atmosphere, as shown in Figure 7 .5 . The 

la t te r  resu lt was in good agreement with x-ray powder photographs, as 

discussed in the previous section.

Scanning electron microscopy showed changes of the film  surface as a 

resu lt o f increased annealing time in the phosphorus atmosphere. This 

improvement was also shown by the X-ray powder data.
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Figure 7.3 Time dependent annealing of re la tive  in tensity  

for a line <220> of the compound CuGezPs as a 

thin film



Figure 7.4 X-Ray powder photographs for annealed AgsGeioPia thin films:

(a) without annealing;

(b) annealed without phosphorus atmosphere for 10 min;

(c) annealed with phosphorus atmosphere for 10 min;

(d) annealed with phosphorus atmosphere for 30 min;

(e) annealed with phosphorus atmosphere for 20 h.
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b (i)

b ( i i i )

Figure 7.5 Scanning electron and EPMA for the surface of CuGezPa films

(a) before annealing;
(b) a fter annealing in phosphorus atmosphere ( i )  30 min, 

( i i )  2 h, ( i i i )  72 h.
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With regard to Ag6 GeioPi2 ,  EPMA showed phosphorus before annealing, 

which disappeared a fte r  annealing in vacuum. However, annealing in a 

phosphorus atmosphere made the la t te r  appear c learly . Scanning electron 

microscopy showed a uniform surface a fte r  considerable annealing time.
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CHAPTER 8

The p-n Junction of GuGeaPj-GaP

8.1 Introduction

For the preparation of an ep itax ia l p-n junction, certain simi­

la r i t ie s  of physical and chemical properties between the substrate and 

the deposited layer need to be taken into account; such as crystal 

structure including la t t ic e  symmetry and spacing, thermal expansion co­

e f f ic ie n t ,  and the chemical interaction of the substrate with the 

deposited layer. The group IV semi-conductors (S i ) ,  as well as I I I - V  

(GaP) and I I - V I  (CdS) compounds were predicted to be good substrates for  

epitax ia l growth of the CuGe2 Ps from the la t t ic e  symmetry and spacing 

point of view. For instance, in the case of GaP substrates, the la t t ic e  

mismatch is 1.3% and 1.1% for Si substrates, while i t  is 8.0% for CdS [j161]. 

A more c r i t ic a l  point in achieving epitaxia l growth is compatibility in 

the thermal expansion coeffic ients of the two m aterials. The thermal 

expansion coefficients Of CuGe2 P3  have been measured (Chapter 3). I t  is 

quite clear that the difference in the thermal expansion coeffic ien t is 

small with GaP, while i t  is quite large with Si and CdS [161].

Then, f in a l ly ,  i f  the two points mentioned above were sa t is f ie d , then 

there must be some chemical interaction between the two m aterials, which 

would increase the quality  of the junction [162].

8.2 Preparation of the Junction

I t  is well known that vapour-phase epitaxy has had a revolutionary 

impact on semi-conductor device technology. I t  is less well known that 

for some applications, epitax ia l growth from the liquid phase can also



-  183 -

give excellent results. Thus liqu id  phase epitaxy has found important 

applications in the manufacture of tunned diodes and in the fabrication  

of experimental GaAs laser diodes. In this work, the apparatus and 

processing details  involved in liqu id  phase epitaxy are the same as those 

used for crystal growth and annealing processes.

The method of ep itax ia l growth of CuGezPs on single crystals of GaP 

was as described below. Single crystals of GaP were polished to less 

than 1 micron and the single crystals were grown and polished by the 

Plessey Company. 1 mm thickness and area of about 0.5 cm̂  was prepared, 

etched with d ilu te  HF for several minutes, and washed with deionised 

water. This was fixed inside a prepared ampoule, then crystals of 

about 1 mm* of CuGeaPj were arranged on the surfaces of the GaP crystal 

(CuGeaPa crystals were used immediately a f te r  cu tt in g ). Since decompo­

s ition  is the main problem for both these compounds D6^ 164], p a r t ic u la r ly  

for CuGezPs, an excess of phosphorus was added to the media (see Chapter 3) 

The ampoule was evacuated a fte r  flushing with helium several times and 

was f in a l ly  fixed at about 10“  ̂ to rr .  Annealing furnaces were used for  

heating. These furnaces could be controlled fas t and accurately. To 

prevent phosphorus condensation on the growth m ateria l, the other side 

of the ampoule was cooled rapidly a t between 400-500 °C. These tempera­

tures are well below the freezing point of both compounds, p a r t ic u la r ly  

CuGezP). After cooling to room temperature, the sample was removed from 

the ampoule, in order to inspect the junction area in particu lar. By 

using polishing techniques, the cross-section of the two compounds was 

polished up to several microns.
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8.3 A Study of Interface Alloying

An electron probe microanalysis (EPMA) was used to determine chemical 

composition throughout the interface of the junction. A typical set of

scans for the CuGeaPs-GaP couple is shown in Figure 8 .2 . There is no

evidence of solid so lu b il ity  of one phase in the other. However, attempts

to form solid-solution between these two compounds fa iled  (see Chapter 5).

The results shown in Figure 8.2 can be explained by the fact that during 

the interface alloying a s lig h t amount of GaP is dissolved by the com­

pound CuGezPs.

A very small diffusion (about 2 microns) is shown for Ge in GaP, but 

even so, the Ge can act as donor and acceptor in I I I - V  compounds, depending 

on the occupying group I I I  or V sites O i l ] ,  while Ga diffused more 

(to about 7 microns). This could mean that the la t te r  replaces Ge sites in 

CuGezP).

As Cu is the most sensitive element for n-type conductivity for GaP, a Cu- 

doped junction could be expected from the ep itax ia l growth junction o f CuGezPs 

on GaP crystals [165]. However, Cu was used for preparing highly sensitive 

GaP diodes by the diffusion method [166]. Grimmeiss [167], however, 

reported that diffusing Cu produced very weak n- and p-type conductivity, 

when he was trying to prepare high ohmic photo-conducting semi-conductor 

devices from GaP. In another investigation, Schulze [168], reported that 

only h ig h -res is tiv ity  GaP would be produced, when Cu-doped crystals with 

suitable characteristics of high speed, high s en s it iv ity  photo-conductive 

detectors are grown from super-saturated solutions of Cu in solutions of 

up to 2.5 mole % and heated to 1150 °C.
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In conclusion, i t  can be seen from the above that i t  is very d i f f i c u l t  

to characterise the actual p-type conductivity to be found in CuGezPs 

or its  Cu-doped GaP. Figure 8.3 i l lu s tra te s  the I-V  curve for the actual 

junction.
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Figure 8.1 Scanning electron microscopic for the surface of a

cross-section of the interface junction of CuGeaPs-GaP
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CHAPTER 9

Conclusions and Suggestions for Further Work

9.1 Conclusions

In Chapter 2, the idea that the tetrahedral structure equation and ' 

the normal valence equation can be used to determine a l l  possible com­

positions of ternary normal tetrahedral structures has been discussed. 

Thus the in a b i l i ty  to prepare a ternary compound by any of the experi­

mental methods used, does not preclude the p o ss ib ility  that the compound 

can be made. Some knowledge of the ternary phase diagrams involving the 

component element would, of course, be of great help in selecting the 

appropriate thermodynamic parameters in the preparation of these compounds

Table 2.1 l is ted  a l l  the compounds of type I-IV2-V3. The compounds 

CuGezAss, CuGezPs, CuSizPs and AgGezPs were chosen for this investigation. 

Only CuGezPs and CuSizPs were found to be single phase, both having a 

zincblend structure with Cu and Ge(Si) atoms randomly arranged in Zn sites  

and P atoms in S sites. A th ird  compound was found, with the composition
o

AgeGoioPia* having a bcc structure with a la t t ic e  parameter of 10.312A.

The main emphasis was on solid solutions based on CuGezPs. Investi­

gations with two single component semiconductors, nine binary, ten ternary  

and one m ulti-ternary compounds were tr ie d .

With the CuGe2 Ps-Ge system, i t  was possible to dissolve up to 33%

Ge per mole, giving a zincblend structure with changing la t t ic e  parameters 

from 5.367 A for CuGe2 Ps to 5.458 A for CuGesPg.
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CuGezPs also dissolves up to 35% of GesP  ̂ per mole, maintaining
o

the zincblend structure, with the la t t ic e  parameter increasing to 5.4015 A 

at 35% GegPk per mole.

The only ternary compound having a complete solid solution with 

CuGezPs was Cu2 GeSs. All the alloys up to 90% Cu2 Ge$ 3  have a zincblend 

structure, while materials containing more than this were tetragonal.

The compound Cu2 GeSes forms a p artia l solid solution with CuGe2 P3  

in the range 0.1 ^ x > 0 .75, when x is the fraction of Cu2 GeSes. These 

alloys have a zincblend structure, except that alloys containing more than 

90% Cu2 GeSes are tetragonal.

An alloy system between C^Si2 P3  and Si was also studied. Alloys up 

to 33% Si per mole were obtained; results at higher Si solid solution 

were inconclusive. All the alloys have a zincblend structure and the
o  o

la t t ic e  parameters change from 5.244 A for CuSi2 P3  to 5.292 A for 

33% Si per mole.

In a l l  the cases mentioned above, the la t t ic e  parameters obeyed 

Vegard's law.

The materials were i n i t i a l l y  investigated in polycrystalline form and 

attempts were made la te r  to grow single crystals of the single phase 

materials. A simple modification was carried out on the Bridgman 

technique and single crystals were successfully grown. Large crystals  

having diameters of 1.3 cm and lengths o f 3 cm were grown for CuGe2 P3 , 

Ag6 GeioPi2  and CuGePS. Iodine transport was successfully used for growing 

CuZnGesPs, whereas for the high melting point compounds such as CuSi2 Ps, 

t in  solution growth produced crystals of size 0.02 x 0.3 x 0.5 cm.
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D ifferent cooling rates between 1 and 6 °C/h produced single crystals  

of a l l  materials. These cooling rates did not make remarkable changes 

in the physical properties of CuGezPs, whereas i t  was very sensitive in 

the Cu-Ge-P-S system.

DTA results showed remarkable changes in the melting point o f CuGezPs 

between 760 and 830 °C. These melting points are thought to be pressure 

dependent. The measurements also showed the cooling line  fo r  the phase 

diagram o f CuGezPs-Ge to l ie  below the heating line . Analysis o f AgsGeioPia 

showed a single phase m ateria l, while more than one phase appeared for  

the AgGe2 p3  compound. No secondary peaks were found for CuSiaPa.

High temperature X-ray results showed linear thermal expansion for 

single crystals of CuGe2 Pj for temperatures up to the melting point, but 

the expansion coeffic ient for polycrystalline samples was temperature 

dependent and decomposition occurred above 620 °C.

A high c arr ie r  concentration was observed for a l l  the crystals and 

analysis of the e le c tr ic a l properties was rather d i f f i c u l t .  However, some 

results were obtained for one of the crystals of AgeGeioPiz. Acceptor 

levels were quite clear and obeyed the Pearson and Bardeen suggestion [139], 

but the activation energies were much smaller than the values calculated 

from the hydrogenic model. Acceptor energy levels for low ca rr ie r  con­

centrations of sulphide alloys were calculated from conductivity data, but 

acceptor levels for the other materials could not be calculated. Low 

mobility was found for a l l  materials. Mobility data analysis was carried  

out using a method sim ilar to that successfully employed for Culn$ 2  and 

CuInSe2  [151,152].

The scattering mechanisms were determined from the temperature dependence 

of carr ie r  mobilities using the standard expressions of the Brooks-Herring
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theory [135]. The agreement between experimental and theoretical values 

is satisfactory for AgsGeioPiz* part ic u la r ly  for temperatures higher 

than 200 °K. However, liquid helium temperature would be required to 

gain more knowledge of the ionised and neutral scattering. The ionised 

impurity scattering and la t t ic e  scattering mechanisms appeared c learly  

in most of the mobility curves for the materials investigated.

%-Ray powder photographs showed good quality  thin films of AgeGeioPia 

as evaporated and of CuGeaPs, but only a f te r  annealing in phosphorus 

vapour.

Epitaxial growth of CuGe2 Ps on GaP showed results which could have 

applications in some devices.

9.2 Suggestions for Further Work

To gain more understanding of the formation of diamond-like semi­

conductors, new compounds and alloys w i l l  have to be prepared and 

examined.

Group I - I V 2 - V 3  compounds are perhaps the least studied ternary 

materials so fa r .  CuGe2 p 3  is the only compound in this group which has 

been studied in some d e ta i l .  A s im ilar investigation could be carried  

out on CuSi2 P3 . The various compositions of Cu-Si-P (Gibb's tr ia n g le ,  

see Figure 3 .1 , Chapter 3 ) ,  should be studied f i r s t  in the case of CuSi2 Ps. 

Compositions on the t ie  lines of CusP-Si3 Pif and CuP3 -Si in the Gibb's 

tr iang le  are expected to give some single phase m ateria l, while a complete 

solid solution could be expected towards Si and S i 3 P% from the cross- 

section of the two lines which intersect to form CuSi2 Ps (see Sections 5.5 

and 5 .9 , Chapter 5).
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Solid solutions with binary and ternary compounds could also be 

explored. Especially interesting would be solid solutions with ternary 

compounds of the type I 2 - I V - V 3 ,  p art icu la r ly  when group I V  is S i ,  such 

as solid solutions with Cu^SiS* and Cu2 $iSe 3 .

Due to the high melting point of CuSi2 P3 , solution growth techniques 

would have to be used. Tin solution growth was used successfully to grow 

CuSi2 P3 , feee Section 3.5 in Chapter 3).

A study of phase diagrams of CuSi2 P3  with Sn should be undertaken to

explore the p o ss ib il i ty  o f using this solvent. Other possible solvents, 

Sb, Bi and Pb could also be studied. This might lead to a better

solvent for th is material being found.

The CuSi2 Ps crystals prepared from t in  solution may be in good

quality  and s ize , but i r e  highly Sn doped. Iodine transport could prove

to be another solution for preparing these materials.

Doping is another important aspect of the study of CuSi2 P3 . The

material could be doped by the presence of suitable impurities in t in  or

the vapour transport chamber. A survey w i l l  have to be carried out to 

ascertain the percentage of the impurities ihtroduced into the reaction 

region and the percentage of impurities incorporated in the material 

and subsequent properties. The undoped materials are heavily p-type,

but M-type materials could perhaps be produced i f  S, Se, Te or Zn, Cd

are used. This might lead to the production of a p-n junction.

The range of various possible compounds and solid solutions between 

compounds, offers considerable scope for investigation by optical 

techniques. For example, the high carr ie r  concentration in our typical 

samples of CuGe2 P3  obscures any studies of optical properties, but in ­

vestigations into the optical properties of the CuGe2 P3 -Cu2 GeS3  system
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might lead to some specific information on the properties of CuGezPs.

The results on CuzGeSa and solid solutions would be of additional in terest.

I t  would be of interest to study the Hall e ffec t at low temperatures, 

to detect neutral and ionised impurities more e a s ily , while at tempera­

tures higher than 450 °K, some information might prove more accurate on 

and Ng and the energy gap could be calculated. However, the la t te r  

is more in teresting , particu la r ly  for the phosphide materials, due to 

the optical measurement d i f f ic u l t ie s .

Another f ie ld  of interest would be the influence of controlled im­

purities  upon the properties described e a r l ie r .  Optical and e le c tr ic a l  

properties under high pressure could result in interesting academic in­

vestigations.

Thin films could be another interesting area to study under the various 

conditions mentioned e a r l ie r .  Films of CuzGeSs and its  solution with 

CuGezPa could be prepared usingithe same method as for CuGezPa. Films 

of CuSizPs are more d i f f i c u l t  to prepare. A possible method might be to 

prepare a Cu-Siz a l lo y , which could be annealed under phosphorus pressure 

to produce CuSizPa film .
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