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General introduction 

The interest in solid state chemistry and physics comprises the relation 
between the structure, the composition, the perfection and the 
properties of solids. More specifically for a given semiconductor, where 
the structure is fixed, one has first to solve the problems associated 
with crystal growth and the closely related crystal perfection. Only 
then is it possible to study the influence of the composition, the 
deviation from the stoichiometry, on the properties of the semi
conductor. 

It is not surprising that, with a still continuing extensive study of 
elemental and binary semiconductors in which the influence of the stoi
chiometry and the perfection is reasonably well understood, the 
attention is more and more shifted to the group of ternary compounds. 

In chapter I of this thesis, the investigations on the group of ternary 
alkali rare earth sulphides with the a —NaFe02 structure are reported. 
It is concluded that, because of the persistent occurrence of impurities, 
this class of compounds is not well suited as a model for the study of 
defects in a ternary compound. Because of this the attention was 
shifted to CuInS2, which possesses the chalcopyrite structure. The 
investigations on this compound are reported in chapter II. 
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CHAPTER I 

The ternary alkali rare earth sulphides with the ordered « —NaFe02 
structure. 

I—1 Introduction: 

Although a large amount of research has been carried out on binary 

chalcogenides, it is only in the last 25 years that ternary and more 

complex systems have been intensively studied. A survey of the 

literature on this subject reveals that almost all of the investigated 

ternaries are composed of sulphides containing heavy metals. Little 

research has so far been carried out on alkali containing compounds 

with the exception of the alkali thiochromites e.g. NaCrS2 (1 ), which 

are of interest because of their magnetic structure. 

Our interest in these compounds arose from the idea that these 

ternaries might be suitable for a study of defectchemistry as there is 

much interest in the influence of defects in ternary compounds in 

general. Since a good deal is known about the defect chemistry of 

binary sulphides, (e.g. the II—VI compounds), it is interesting to study 

the same kind of phenomena in compounds in which the divalent metal 

is replaced by a combination of a monovalent and trivalent metal. As in 

addition at least some of the rare earth containing compounds show 

appreciable fluorescence, the optical and electrical properties should 

give valuable information about defects and/or deviations of 

stoichiometry. 

The synthesis of the ternary alkali rare earth sulphides was first 

reported in 1964 by Ballestracci and Bertaut (2, 3), who also reported 

on the crystallographic aspects. They found that these compounds exist 

in two structures, the common NaCl or the ordered α —NaFe02 

structure depending on the ratio of the radii of the trivalent and the 

monovalent metal. The common rocksalt structure, with a random 

distribution of the monovalent and the trivalent metal over the sodium 

sites in rocksalt, occurs if the ratio τ^+/τ+ has a value between 1.08 and 

0.95. The ordered a —NaFe02 stucture exists for τ^+/τ+ < 0.95. 

The structure is isomorphous with one of the above mentioned thio

chromites, NaCrS2, and belongs to spacegroup R3m (D^ A This 

structure is shown in figure I—la.If in this figure each of the К and La 
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Fig. Τ—la Thea-NaFe02 structure in which a number of alkali rare 

earth sulphides crystallize. A cubic cell, which would be 

obtained for the disordered structure is shown in the figure. 

sites has a 50o/o chance to be occupied by К or La, the cubic disordered 
structure is obtained, as the difference with the disordered structure 
only lies in the definition of the axes. One cubic cell is also indicated in 
the figure. The ajj and c^ axes are shown in figure I—lb. 
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As mentioned above, the structure of these compounds is dependent 
on the ratio г^+/т+. Tromme (4) was able to verify the region of 
existence of both structures as found earlier by Ballestracci and Bertaut. 
It was also concluded that these compounds are non-existent for values 
of r3+/r+ larger than 1.08. Bronger and Maus (5) investigated the 
Rubidium and Cesium rare earth sulphides and showed that only the 
ordered structur occurs for these compounds. They fixed the lower 
limit of the ordered structure ( a-NaFeC^) at Γ·>+/Γ+ = 0.62. The data 

provided by Bronger, Tromme, Ballestracci and Bertaut are the only 

known data on the structure and preparational techniques of the alkali 

rare earth sulphides. It is striking to note that none of the authors 

mentions the occurrence of the contamination of the samples by rare 

earth oxysulphides, although elimination of this impurity proves to be a 

major problem as will be shown. 

In this chapter further aspects in connection with the structure are 

reported. It proved to be possible to calculate the crystallographic a^ 

and cjj axes, starting from a simple geometrical model. The same model 

also allowed a calculation of the displacement of the sulphur atoms 

from their ideal position; this displacement could be experimentally 

verified. 
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Although complex (i.e. non-binary) sulphides are widely investigated for 
their physical properties, it is interesting to note that information on 
the physical properties of alkali containing rare earth sulphides is 
extremely scarce. The only date available at present seem to be those 
collected by Briiesch and Schüler (6). They prepared some of these 
sulphides in crystalline form and recorded their Raman spectra. From 
the recorded phonon lines they calculated the force constants for the 
Ajg and E„ modes. No further optical data appear to be available, while 
information on the electrical properties seems to be non-existent. 
Absorption measurements on the potassium rare earth sulphides are 
reported in this chapter and the bandgap E„ was estimated from these 
measurements. 

1—2 Synthesis of the alkali rare earth sulphides 

1—2—1 Introduction 

The prime requirement for a sensible investigation of defect chemistry 
is to have samples which, to start with, can be prepared in the purest 
possible form. If and only if this important requirement is met, is it 
possible to conduct such a study. It was therefore most important to 
find a way for the synthesis of these ternaries which yields them in a 
pure state, and in a well defined and reproducible way. 

For the synthesis of sulphides and ternaries in particular, a number of 
techniques are commonly used. Poly cry stalline material can often be 
prepared by sintering processes, e.g. CUAIS2 (7). The growth of single 
crystals, however, requires more elaborate techniques such as a vapour 
growth (e.g. CdIn2S4) (8), growth from the melt (e.g. AgSbS2) (9), 
flux growth (e.g. Thiochromites) (10) and the Czochralski pulling 
technique (e.g. AgGaS2) (11). 

As already mentioned in the introduction, the alkali rare earth 
sulphides were first reported by Ballestracci and Bertaut (2, 3). They 
prepared the sodium and potassium compounds by firing an intimate 
mixture of Т(ОН)з and MNO3 (T - rare earth, M = sodium or 
potassium), which was obtained by coprecipitation in an atmosphere of 
H2S at temperatures between 873 and 1473 K. The lithium 
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compounds were prepared from T2O3 and LÌ2CO3. Like Tromme (4), 
we were not able to produce crystalline material in this way. This recipe 
does not lend itself for an easy reproduction. 

For this reason it was decided to optimize the preparation method 
given by Brüesch and Schüler (6) and also by Tromme (4). They 
obtained the ternaries in powdered or crystalline form by reacting the 
rare earth oxide with H2S in an excess of alkali carbonate at high 
temperatures. The partial decomposition of hydrogen sulphide together 
with the reaction of the oxide and the carbonate with the gas phase 
results in a flux of alkali (poly) sulphides containing the rare earth 
sesquisulphide T2S3. In this flux the sulphides react to form the 
ternary compound. Obviously it is of advantage to use one of the 
constituent sulphides as a solvent, rather than to introduce a third 
compound as the solvent. Therefore the reaction mixture contains 
excess alkali to realize an alkali polysulphide flux. Starting with this 
crystal growth procedure, the technique was improved systematically 
by varying the method, so as to obtain the crystals as large and as pure 
as possible. 

1—2-2 Equipment 

The highly corrosive properties of the molten alkali polysulphides 
present serious difficulties in the selection of both crucible and furnace 
tubing materials. Chemically, pyrex is a suitable container, but it is 
unsuitable because of the temperatures involved (12). Fused silica 
cannot be used either as it cracks invariably because of the catalytic 
effect of the alkalis on the devitrification (13). 

Some experiments, which were only partially successful, were 
performed with alumina (purox AL-23) liners inside fused silica tubes. 
Finally, a ceramic called Pythagoras (Haldenwanger) was chosen as tube 
material. 

This material was selected for two reasons: (i) although it is still being 
attacked (however on a smaller scale), it is sufficiently cheap to discard 
it after a few experiments, (ii) it is possible to melt pyrex to the 
pythagoras tube joints, which makes it feasible to make the reaction 
system gas tight. Inside the pythagoras tube the reaction mixture is 
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placed in boats or crucibles. Alumina crucibles appeared to be attacked 
by the melt, resulting in contamination of the preparation by aluminum. 
For the final experiments pyrographite coated carbon boats (Schunk 
and Ebe) were used. Vitreous carbon did not seem to have advantages 
over the boats utilized. 

For these syntheses, use was made of both commercial (Heraeus) and 
home built Kanthal wound furnaces; the temperature was controlled 
by means of Eurotherm and Honeywell equipment. The gas flow was 
measured by Brooks flowmeters. 

1—2—3 Synthesis 

The synthesis of crystalline material involves two steps: (i) The rare 
earth and alkali containing material must be converted into the 
corresponding (poly )sulphides and (ii) crystals of the ternary compound 
have to be grown. In this respect the alkali polysulphides play a double 
role: they are both active reactant and solvent. Aside form the problem 
of how to control nucleation in the melt, there is the main problem of 
the conflicting two steps: the complete conversion of the rare earth 
oxides into the sesquisulphides requires elevated temperatures of 
around 1400° C, in order to avoid the competing formation of rare 
earth oxysulphides J-iOjS, whereas the formation of alkali (poly) 
sulphides demands lower temperatures because of the increasing 
volatility at higher temperatures. 

It was confirmed that powdered ternaries could be prepared by heating 
mixtures of M2CO3 (or MHCO3) and T2O3 with a molar ratio of 
5 : 1, at 900° С in a stream of H2S for one hour. Crystalline material 
can be prepared starting with a molar alkali to rare earth ratio of 15 to 
1 at higher reaction temperatures. In order to optimize the conditions, 
the synthesis of crystalline KGdS2 was studied as an example, because 
of the relative cheapness of Gd203. Three different gadolinium to 
potassium ratios (molar) were reacted with hydrogen sulphide at 
975° С It was found that the molar ratio M : Τ = 7 7 : 1 yielded small 

crystals, whereas the 39 : 1 ratio showed the beginning of crystallizat

ion, and powdered material was obtained from the 20 : 1 ratio. So it 

appeared that 77 : 1 ratio was the most promising for further 

experimentation. The remaining variables, which needed to be 
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optimized were the cooling rate and the temperature during the 

synthesis. This was done by trial and error. After several experiments 

the most favourable conditions were found to be the following (The 

synthesis of KGdSo, is described as a typical example.): 

A mixture of Gd203 (Fluka) and K2CO3 (Merck) with the already 

mentioned molar ratio Τ : M = 1 : 77 is fired for two hours at 830° С 
after which the temperature is raised to 1030° С for another two hours. 
The hydrogen sulphide gas-flow was adjusted to 15 grams/hour. Then 
the furnace was allowed to cool to room temperature. The resulting, 
solidified flux is treated with H2O in order to dissolve the excess alkali 
polysulphides. After removing the solvent, the reaction products are 
further rinsed with H9O, ethanol, carbon disulphide and ether. Apart 
from crystals up to 5 χ 5 mm and a thickness of about 40 microns, 

some powdered material was obtained. The powdered fraction showed 

the characteristic colour of the oxysulphide, in this case the weak 

yellow of Gd202S. Because of the persistent presence of the oxy

sulphide as an impurity, it must be suspected that the crystals obtained 

are oxygen doped to an appreciable amount, if not saturated. 

The crystalline platelets are reasonably stable in air: some visible 

deterioration of the surface was found after a period of about two or 

three months. After a year the crystals of KGdS2 are covered with a 

white crust, which presumably consists of the gadolinium sesquioxide. 

In view of the persistent occurrence of the oxysulphides, it seemed wise 

to try a synthesis from non-oxygen containing compounds, and an 

obvious approach is preparation from the binary sulphides. For these 

experiments KLaS2 was selected as the model compound. K^S was 

prepared according to a slightly modified standard method (15), by 

reacting the elements in boiling liquid ammonia. Lanthanum sesqui-

sulphide was prepared from lanthanum and sulphur in vacuo according 

to Sleight and Prewitts ( 16). If any visible inhomogeneities occurred 

then the preparation was powdered and fired again. The lanthanum 

sesquisulphide was obtained as a greyish compound. Literature reports 

different colours such as a yellow, orange, vermillion and black. This 

disagreement might be caused by deviations in stoichiometry and 

contamination as reported by Klemm (17). As La202S is known to be 

weakly yellow, it is assumed that the obtained sample is not partially 

oxidized. 
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The binaries were transferred to a carbon boat in an nitrogen filled dry 
box (Mecaplex). The filled boat was placed in a silica tube, which was 
evacuated and sealed off. After 24 hours the tube was heavily corroded 
and a greyish powder was obtained. The lanthanum content was 63.0 + 
0.9 0/o by weight (theoretically 57.4 0/o). Because of its colour it was 
assumed that the grey powder consisted of a mixture of LajSy and 
KLaS2. Experiments with larger amounts of K2S yielded similar results. 
(Typical Lanthanum content: 63.6 + 0.8 0/o by weight.) It is most 
probable that due to the high vapour pressure of К2$, which can 
develop fully in the evacuated cell, a reaction with the silica wall occurs, 
which „absorbs" the K^S. 

From these data it can be said that this method of preparation offers no 
real advantage over the methods used previously, and in view of this, 
further experiments were abandoned. 

Conclusion: 

Although it is confirmed that powdered alkali rare earth sulphides are 
readily obtained by the methods outlined, the persistent occurrence of 
the oxysulphides is a serious reason for rejecting them as a material for 
reserach in defect chemistry. On the other hand the crystalline material 
appears to be rather pure. However, the crystals proved to be not really 
single crystalline, the different layers of the platelets have a slight mis-
orientation with respect to each other, due to rotation along the c^-
axis, which is perpendicular to the platelets. And, as already mentioned, 
the crystals obtained must be of necessity heavily oxygen doped. The 
yield of usable crystals from each synthesis is very low, although some 
crystals have quite large geometrical dimensions. 

1—2—4 Analytical procedures 

The reaction products were characterized both by chemical and 
physical means. As a first indication of the quality of a preparation its 
colour was used, because of the characteristic colour of the rare earth 
oxysulphides. The rare earth content (of a preparation) was used as a 
further indication of the purity. Of course additional information 
is necessary, since nothing is known about the existence region of these 
compounds, but it will be assumed that the existence region was small. 
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Complexometric titrations with E.D.T.A. (Titriplex Merck) were used 
for these determinations. It must be stressed that this method is non
selective, giving the sum of all the rare earth elements present. Normally, 
this should not present difficulties, because of the purity of the starting 
materials with respect to the specific rare earth element used in the 
preparation. At first the method described by West was unsuccessfully 
used (18). Thereupon the standard method for the determination of Zn 
using E.D.T.A. was adopted (19). This method proved to yield good 
results in the determination of the rare earth content of the rare earth 
oxides. However, it was found that the same method presented 
difficulties when applied to the ternary compounds, because of an 
obscured colour transition. Poisoning of the indicator by Al ions was 
suspected to cause the trouble in particular, because the alumina boats 
initially used were heavily attacked by the melt. The presence of tri
valent aluminum was shown by means of a B.D.H. Spot Test Outfit (20). 
Addition of triaethanolamine was found to cure the problem. After 
replacement of the alumina boats by carbon boats of course this proble 
problem no longer existed and the analyses were carried out according 
to the above given Zn determination. For the sake of completeness the 
method for the determination of the rare earth content will be described 
in more detail. 

A sample containing about 60 mg of the rare earth to be determined is 
dissolved in a little hydrochloric acid (if necessary aqua regia can be 
used as well). Some water is added and the solution is boiled for a few 
minutes. After cooling to room temperature, 5 ml. of tri-aethanolamine 
is added to bind aluminum, if present. Just enough methylthymolblue 
for the colouring of the solution is added. If the solution becomes yellow 
or red upon addition of the indicator, add so much of two molar 
ammonia solution that the solution turns blue. (A few ml. of ammonia 
are added if the solution does not become yellow or red upon addition 
of the indicator.) 
indicator.) 

At this point enough indicator is added to make a clear blue colour, 
after which 2 molar hydrochloric acid is added until the solution 
becomes yellow, three drops are added in excess. Five grams of 
hexamine is given to the solution and the rare earth is titrated with 
0.05 M E.D.T.A. from a blue to yellow colour, which should not 
change if excess E.D.T.A. is added. 
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In table I-I the result of a number of rare earth determinations are 

collected. In the case of KErS2 it is clearly shown how irreproducible 

the preparation of these powdered samples still is. 

Table I-I 

The results of the rare earth determination in a number of alkali 

rare earth sulphides. 

Sample 

* NaHoS2 

* KGdS2 
NaSmS^ 

* NaSmS2 

LiGdS2 
LiGdS2 

** KSmS2 

* NaErS2 
NaGdS2 

NaGdS2 

KErS2 

KErS2 
KErS2 

KErS2 

KErS2 
KErS2 

® 
Φ 
Φ 
Φ 

Φ 
Φ 

Φ 
Φ 
Φ 
® 
© 
© 

R.E. content 

(0/ο by weight) 

65,1 

60,7 

62,6 

63,4 

67,2 

67,9 

64 

65,8 

63,7 

63,8 

67,7 

60,6 

71,3 

75,3 

62,7 

60,3 

Theoretical 

R.E. content 

(0/ο by weight) 

65,3 
60,4 

63,83 

63,3 

69,0 

69,0 

59,3 
65,8 

64,2 

64,2 

61,8 

61,8 

61,8 

61,8 

61,8 

61,8 

* The preparations marked with one asterisk may be called pure in 

view of the error in this determination, which amounts to + 0,6o/o. 

** The Sm determination in this preparation yielded irreproducible 

results. 
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1-2-5 X-ray analysis 

In addition to the chemical analysis the powders were also analyzed by 
means of their X-ray diffraction pattern. In Figure 1—2 the diffraction 
pattern of a KNdS2 preparation is given as a typical example. The 
spectrum can be resolved in two sets of lines; one of these belongs to 
KNdS^ (space group R3m). The other set of lines was attributed to the 
rare earth monothiooxide Nd202S (space group P3m). 

INTENSITY 
(COUNTS) 

KNDS2 300 К 
I 

6400-

4800-

3200-

1600- il 1 i l ! 1 А Ц A k t kit ¿ .. «-A. . » .A i .A 
I 1 I 1 1 

23 33 43 53 63 

2-THETA 

Fig.I—2 The X-ray diffraction pattern recorded on a KNdSj 
preparation which shows both the ЛТ с ^ and the 
Μ/202 5 (χ) diffraction pattern. The KNdS2 003 line is 
not included in the figure. 

The lattice constants obtained from powder diffraction patterns were in 
good agreement with those reported by Ballestracci and Bertaut and 
Tromme (2, 3, 4). In Table I—II some of these data are collected. 

Inspection of the table shows an interesting point: the c^-axis proves 
to be quite independent of the radius of the tri-valent rare earth ion for 
a given mono-valent alkaline metal ion. We will make use of this 
experimentally found independence to derive a mathematical 
expression for the hexagonal a^ and c^-axes in terms of the deformation 
of the octahedra of anions around the cations, as will be shown in the 
next section. 
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Table I-II 

Observed lattice constants in TMS2 compounds (3). 

Compound 

NaNdS2 
NaEuS2 
NaGdS2 

NaDyS2 
NaHoS2 
NaErS2 
NaYbS2 

LiHoS2 

NaHoS2 
KH0S2 

ah(À) 
4.100 
4.042 
4.009 
3.978 
3.949 
3.939 
3.902 
3.898 
3.949 
4.010 

ch(Â) 

19.90 
19.92 
19.87 
19.92 . 
19.86 
19.98 
19.91 
18.68 
19.86 
21.80 

1-3 Theoretical considerations of the α -NaFeO^ structure 

1-3-1 Calculation of the a -̂ and c^-axes for the ordered α -NaFeCK 
structure 

In the hexagonal structure of space group R3m all of the octahedral 
sites of the sulphur packing are occupied by the metal ions. The octa
hedral sites are occupied in such a way, that the metal-ions form non-
intermixed layers. This explains the existence of cleavage planes 
parallel to the layers of the structure. In essence, such a crystal may be 
considered to be built from metal sulphur octahedra. Because of the 
different metal layers two kinds of octahedra are distinguished: the 
alkali-sulphur octahedra MSg and the rare earth-sulphur octahedra TS 6 . 

In our model a rigid metal lattice is considered, the sulphur atoms 
between those layers have a deviation from the ideal position (see M. 
Brunei (21 )). In figure 1-3 a schematic view of these two types of 
octahedra and their inter-linking is shown. 

In the following calculation of both the a^- and c^-axes the rigid ion 
model is used, and furthermore it is assumed that the sulphur atoms are 
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Fig.I—3 Schematic view of the layer structure of compunds 

belonging to the class a-NaFeO2 (R3m). In the figure the 
two octahedra TS β and MS β are indicated. It is assumed 
that the sulphur ions do not touch each other. Τ ~ tri
valent rare earth ion, M = monovalent alkali ion, S = 
sulphur ion. 

not touching each other, in other words: they are not close packed. (If 
the sulphur packing is close packed then it would be very unlikely that: 

¿ c h 

Ôr3+ 
0). 

Let us presume that we have a crystal built entirely of alkali sulphur 
octahedra MSg. From figure 1-4, in which an ideal (non-deformed) 
octahedron is shown, it is then possible to derive an expression for a^: 

AB - 2r+ + 2r2" 

AB aiW 
so a^ becomes a^ = \ 2( ^2{τ+ + r 2 " (I) 

О » 

Fig. 1—4 Ideal MS^ octahedron indicating the relation between the 
hexagonal a^-axis and the body diagonal AB. 
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It will be obvious that for a crystal containing only a rare earth as the 
metal, and which consequently is built of TSg octahedra, a similar 
equation may be obtained by substituting r ' + for r+ in equation (I). In 
this case we obtain: 

a h si 2 ( r J 

+ г2-) (ID 

As we have seen, the real compound is built of both kinds of octahedra 
in our model. For the real compound a^ will be described by a 
weigthed average: 

a h V7(ar3 
br+ 

+ r2-) (III) 

In this formula the parameters a and b satisfy: 

a + b = 1 with a > b 
On the account of the higher charge of the Τ ion the weighting 

factors a and b not only represent the respective contributions of both 

kinds of octahedra, but they also make allowance for deformation. 

A similar expression for the c^-axis in terms of the radii, a and b, may 

be derived using figures 1—4 en 1—5. From figure I—lb must be noticed 

that the c^-axis equals six times the distance between the successive 

sulphur layers. 

c h - ôdj + I2) (IV) 

Lj and І2 are the respective distances between an alkali ion and the 
sulphur layer and the distance between a rare earth and the sulphur 
layer as may been seen in figure 1—5: 

ch 

Fig. 1-5 Calcuktion of the hexagonal c/foxis from geometrical 
considerations, c^ = 6.(1 j + l^)- M = alkali ion, Τ = 

rare earth ion, S = sulphur ion. 
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Figure 1—5 is used to derive expressions for Ij and I2, which in tum will 
be substituted in the expression for c^. From figure 1-5 follows that: 

l! - V n2 - q 2 

with: 

П! - r2" + r + 

q satisfies: 

q " 3 a h 

and I2 can be writt 

with П2 satisfying: 

n 2 - r2" + r 3 + 

I 2 - n 2 - q 2 

2 2 

Insertion of the values for I j , I2 and a^ in the expression (IV) yields the 

following expression for c^: 

c h = 6 j [ V + r 2 " ) 2 - | {a r 3 +

 + br+

 + г 2 - ) 2 ] ' " + 

[(r 3 + 
+ г 2 ' ) 2 - | ( a r 3 + + br+

 + г 2 " ) 2 ! ,/г (V) 

In this expression and of course also in the one obtained for a^ the 
parameters a and b depend on the actual values for the mono- and 
trivalent metal radii. (As only the sulphides are treated it is not 
necessary to evaluate the dependence on r^"). 

Previously it was noted that the c^-axis is almost independent of the 
rare earth radius, for a given alkali metal. This independence will be 
used to derive a solution for both expressions, and may be written: 

6ch 

or-

also a + b = 1 will be used. 

Using these two relations it is possible to solve the problem, and to 
obtain values for a, b, a^ and c^. The rare earth radii were taken from 
reference (3), while the sulphur radius is taken to be 1.82 A. The 
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following values for the alkali-ions were used: 

г и + - 0.89 Â, r N a + = 1.09 A, r K + - 1.38 Â. 

(These values were obtained by means of an analysis which will be 
treated separately in appendix I.) 

Table I-III shows some calculated results for the a^-axis and the para
meters a and b. A complete survey will be found in the figures 1—6 and 
1-7. 

Table I-III 

Calculated and experimental results on the hexagonal a^-axis for some 
ternary sulphides, a and b are the coefficients in the theoretical relation 
for cjj (eq. ν ). For the ideal case a =• 0.75, b = 0.25. 

LiErS2 
NaErS2 
KErS 2 

KLaS2 

RbLaS2 
CsLaS2 

a 

0.746 5 
0.810 9 
0.882 3 
0.829 4 
0.866 7 
0.903 8 

b 

0.253 5 
0.189 1 
0.1177 
0.170 6 
0.133 3 
0.096 2 

ah(exp.)Â 

3.875 
3.939 
3.993 
4.264 
4.292 
4.306 

a^Ccalc.A 

3.843 
3.899 
3.927 
4.197 
4.213 
4.215 
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Fig. 1—6 Calculated and experimental results of the hexagonal a^-
axis as a dunction ofr* for the lithium and sodium rare 
earth sulphides. 
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Fig. I— 7 Calculated and experimental results of the hexagonal a^-

axis as a function ofr*+ for the ATSj? compounds. 

It will be noticed that the calculated values are consistently on the low 
side, about 1.5 0/o for the sodium compounds, 2.6 0/o for the 
potassium compounds and less than 1 0/o for the Li ones. The agreement 
between the calculation and the experiment can be judged good 
especially if the large apparent inaccuracy in the radii of the rare 
earth is taken into account. 

In the next graph (fig. 1-8) the hexagonal c^-axis is plotted for the 
ternary alkali Erbium sulphides. In this case the deviation amounts up 
to 3.7 0/o. The slopes of both the calculated and experimental curves 
are in reasonable agreement. Brunei predicted a slope of 3.47 which 
differs substantially from the one observed and the one calculated 
according to the analysis given above. 
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Fig. 1—8 Calculated and experimental values for the c^-axis for Li, 
Na and ÁbVS^. For comparison also the slope is given 
which is used by Brunei (22). 

1—3-2 Calculation of the sulphur shift 

In the space group R3m the sulphur atoms occupy the positions: 

(0,0, 1/4 + e )and (0 ,0 ,3 /4 - e ) 

and symmetry related positions. In this notation t is the shift of the 
sulphur atom from its ideal position: (0, 0, 1/4), (0, 0, 3/4). The shift is 
defined by: 

ch 

In which ζ is the actual displacement of the sulphur atom along c^. 

Figure 1—9 may be used to derive an expression for this sulphur shift. It 
must be mentioned that the octahedron is taken to be ideal, although 
this is not strictly true. However, because Í is very small, the error 
introduced in this way will also be very small. 
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Fig. 1-9 (MT)^S octahedron indicating the total shift δ ζ along the 

hexagonal c^-axis. δ ζ is composed of the partial shifts δ lj 

along the body diagonah according to: 

δ ζ = δΐι + ¿To + ¡To 

Because of the difference in the dimensions of the alkaline and rare 
earth radii, the sulphur atoms move from the ideal position along the 
hexagonal c^-axis. (And the distortion of the octahedron is introduced 
in this way.) The real, absolute shift δ ζ equals the vector summation 
of the three partial shifts δ Ij along the three body diagonals MT: 

δ ζ « Σ δΤ. (i - 1,2,3) 
ι ' 

From figure 1—9 it will be clear that the partial shift 1 j satisfies the 

following relation: 

M 1 S T 1 r + ^ r 3 + ^ jr2- 9 ^ r 3 + 

δΙγ STj =

 r + r + 2 r - (r2" + r ) 
2 2 

r+ - r 3 + 

2 
Л А Л 

As 6 lj equals the other two partial shifts S I2 and 6T3 δ ζ becomes: 

δτ - Slj З - . \ / 3 ( г + - r 3 + ) 

Inserting this equation in the definition for € the following result is 
obtained: 

e = » л Л ( г * - г 3 + ) (Vili) 
c h 

It is possible to use either the calculated or the experimental values for 
cjj, because e is not very sensitive to small cnanges in cjj. 

27 



Brunei (22) derived another expression: 

4 € - 1 - 2^3+ + r2") (IX) 
r 3 + + r+ + r2" 

This expression was obtained from an ionic model, in which the ions 
are considered to touch each other. The differece between our equation 
and that of Brunei actually appears to be small in practice. 

1—3—3 Experimental verification 

Of course it would be very interesting to make a comparison between 
the calculated and observed values of the sulphur shift. Normally one 
would consider the possibility of calculating the sulphur shift from 
single crystal diffraction data. 
However, for the alkali rare earth sulphides this proved not to be 
possible because of the rather disappointing crystal quality. Some 
efforts were made to calculate from a one dimensional Fourier 
synthesis on a powder diffraction pattern, because for the determination 
of the z-parameter one only needs to consider the (0, 0, 1) reflections. 

This method is hampered by preferred orientations in the powdered 
sample, which makes a correct interpretation of the spectra difficult. 
Another disadvantage lies in the fact that the accuracy of the z-para
meter is completely governed by the experimental error with which the 
intensities of the (0, 0, 1) reflections can be determined. This is 
especially the case with reflections with large 1 values. 

1—3—4 Neutron diffraction 

Although quite similar to X-ray diffraction, neutron diffractometry has 
several advantages whiche are important to us (23, 24, 25). 

electronsbecause of the neutron spin. The atomic nuclei can be regarded 
as point scatterers for the neutrons. This causes the amplitude of the 
scattered wave to be angle independent. Comparison with the X-ray 
diffraction shows that in the latter case the amplitude of the scattered 
wave declines with sin 0-/ λ, this gives rise to the so-called form factor. 
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It is also advantageous that, whereas in X-ray diffractometry one usually 
depends on intensities, it is customary to calculate the actual form of a 
neutron diffraction pattern. 

The neutron scattering amplitude is of the same order of magnitude for 
all elelements and nuclear neutron scattering makes it possible to deter
mine the position of light elements. 

These factors are important, because of our interest in higher order 
reflections, and also because of the possibility to determine the relatively 
light sulphur atom next to the relatively heavy rare earth. Most 
important is the fact that neutrons penetrate to a greater depth into the 
sample, when compared with X-rays, and preferential orientations will 
be less important. 

A second consequence of the greater penetration lies in the fact that 
inclusions in the inside of the crystallites can show itself. However, this 
deeper penetration also introduces the need for a much larger sample. 

At first it was considered to use KGdS2 for the diffraction experiments, 
Ъесаизе it could be made relatively pure, and because the calculated 
sulphur shift is relatively large. 
However, this proved to be impractical as Gd has the largest known 
incoherent cross section. 
So KNdS2 was selected in spite of a somewhat lower quality of the 
preparatio, and a smaller sulphur shift. 
Because of the large sample that is required it was prepared in twelve 
runs. Analysis of a representative sample showed that it contained 
about 40/o of impurity, which was identified as the oxysulphide 
N d 2 0 2 S · 

The neutron diffraction was recorded at 300 К and 4.2 K. As there is 
no difference in line position at these temperatures the conclusion is, 
that there is no phase transition between 300 К and 4.2 K. The 
intensities differ because of the statistical deviations of the atoms from 
the equilibrium position caused by the heat effect. The spectra were 

о 

recorded using a neutron wavelength of 2.5697 + 0.0003 A. 

The recorded diffraction pattern, fig. I—10, shows the lines of KNdS2 
(Table I-IV) and those attributable to ^ C ^ S (Table I-V). One line at 
606 DMC, not shown in figure 10, is difficult to explain. As this line 
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does not show itself in the X-ray diffraction pattern it is assumed that 
this is caused by a component of the experimental set up. The influence 
of this and the oxysulphide lines on the calculation of the sulphur shift 
is very small. Only the accuracy of the determination is somewhat 
affected. 

INTENSITY 
(COUNTS) 

ЮО0О· 

8400-

6 6 0 0 -

5200-

3600-

2000-

¿00-

KNDS2 300 К 

Jj 

Fig. 1-10 

iioo 1600 2TO0 2600 
— ι 1 — 

ЭКЮ 3600 

2-THETA (DMC) 

The 300 К neutron diffraction pattern recorded on a 
KNdS2 preparation. Both ATVcfŜ  a n d Nd202S ^ 
diffraction lines can be assigned. 

Table I-V 

Nd202S diffraction lines observed in the spectrum of fig. 10 

hkl 

1 0 1 

003 
1 1 0 

1 1 1 
20 1 

202 

(DMC) 
2
 300 К 

1375 

1920 

2255 

2395 

2825 

3320 

(DMC) 

2Ö4.2 

1375 

1920 

2255 
2385 

2825 
3325 

(DMC) 
2 са1с. 

1398 

1935 

2284 

2408 

2860 

3362 
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Table I-IV 

KNdS2 diffraction lines observed in the spectram of fig. 1 — 10 

hkl 

003 

006 

1 0 1 

0 1 2 

104 

0 1 5 

009 

1 07 

0 1 8 

1 1 0 

1 1 3 

1 1 10 

00 12 

1 1 6 

202 

1 0 11 

204 

207 

0 1 13 

208 

1 0 14 

02 10 

02 11 

2 1 5 

10 1 

003 

1 1 0 

1 1 1 

20 1 

202 

(DMC)* 

2
θ
300

ο
Κ 

560 

1145 

1175 

1225 

1405 

— 

1795 

1830 

2006 

2115 

2215 

2407 

2480 

2512 

2565 

2640 

2702 

3030 

3195 

3252 

— 

3525 

3740 

3850 

1375 

1920 

2255 

2395 

2825 

3320 

(DMC) 

2^4.2
0
K 

565 

1150 

1175 

1225 

1404 

— 

1790 

1830 

2010 

2120 

2220 

2410 

2500 

2515 

— 

2645 

2705 

3080 

3190 

3260 

— 

3550 

3760 

— 

1375 

1920 

2255 

2385 

2825 

3325 

(DMC) 

2̂ calc. 

562 

1145 

1175 

1222 

1400 

1525 

1770 

1840 

2005 

2120 

2220 

2380 

2485 

2515 

2565 

2635 

2700 

3070 

3180 

3252 

3430 

3525 

3740 

3850 

1348 

1965 

2284 

2408 

2860 

3362 

* DMC : 2 θ degrees - ^2H χ 2 θ DMC 
IO 4 
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The actual calculation and the refinement of the z-parameter was per
formed according to the line profile method described by Rietveld (26). 
The refinement was taken over those lines which were not overlapped 
by the impurity lines belonging to the oxysulphide. In Table I-VI the 
observed z-shift of 0.014 in KNdS2 is compared with the calculated 
value, also data taken from literature is compared with the z-shift as 
calculated from our formula. The table shows that the calculated 
z-shift is in good agreement with the experimentally observed z-shift. 

Table I-VI 

Observed and calculated sulphur shifts in TMS2 compounds 

KNdS2 
NaCrS2 

NaCrS2 
NaInS2 
NaErS2 

Z obs 

0.264 7(5) 

0.266 2(4) 
0.264 

0.26 
0.258 

(obs 

0.015 

0.016 
0.014 

0.01 
0.008 

*са1с 

0.014 
0.015 
0.015 
0.007 

0.008 

subscript 

1 
2 
3 
3 
4 

1. z 0 b s from neutron diffraction this work, 
2. z 0 ^ s from neutron diffraction, ref. (1), 
3. values from X-ray studies, ref. (6), 
4. values from X-ray studies, ref. (2). 

The relatively large intensities of the oxysulphide lines, see figure I—11, 
when compared with the X-ray diffraction pattern seem to indicate that 
during synthesis of the ternary sulphide the conversion of the oxy
sulphide crystallite is only partially completed. Starting from a ^ 2 0 3 
grain it seems that the exterior of this grain is completely converted in the 
ternary, but the interior is only partially sulphurized to yield the 
neodymium oxysulphide. 
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Fig. I-Jl Part of the X-ray (A) and neutron diffraction pattern (B) 
recorded on the sample in fig. 10. The relative increase of 
the 012 reflection is attributed to the greater prenetration 
of neutrons in the sample. 

1—4 Optical properties 

1—4—1 Introduction 

As mentioned before, the Raman measurements by Briiesch and 
Schüler (6) form the only known experimental investigation on the 
optical properties of the alkali rare-earth sulphides. Although most of 
the potassium rare earth sulphides are only weakly coloured and 
transparent, some of them are notable exceptions, e.g. KCeS2 has a 
strong red coloration and KErS2 is dark brown in colour. So, in 
essence measurement of the optical bandgap was suggesting itself, and it 
was decided to estimate the optical bandgap Ε β from the absorption 
spectra of these compounds. 

1—4—2 Fundamental Optical Absorption 

Experimentally, the measurement of an absorption spepctrum involves 
the determination of the optical density: log I/IQ, as a function of the 
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photon energy of the incident radiation. From Maxwell's equation it 

can be shown that the transmittance I/IQ, the ratio of the transmitted 

intensity I and the incident intensity IQ ssatisfies: 

I/IQ •= exp. — 2a>kdc = exp. —ad 

From this equation the absorption coefficient may be deduced: 

- -2.303 d' 1 log I/I 0 = 2.303 d"1 log I 0/I 

If an electromagnetic wave travels a longer route in the medium than 

the distance d given by the thickness of the sample as assumed above, 

the transmittance becomes (27): 

I/I 0 = ( 1 - R ) 2 exp. - a d (1 - R2l2adyl 

R = coefficient of reflection 

In our measurements the resulting correction on the absorption 

coefficient is taken to be constant and is included in the background. 

The spectral behaviour of the optical density is governed by α (E). 

Having obtained the absorption sepctrum, the question arises, how to 

obtain E„ from the experimental curve. 

For semiconductors the behaviour of α (E) is evaluated near the 

fundamental absorption edge, where the photon energy equals the 

bandgap Ε„. Depending on the relation between α (E) and the photon 

energy the distinction between direct and indirect; allowed and 

forbidden optical transitions can be made (28). The bandgap is readily 

determined in those cases where F(a(E)), a function of a (E), satisfies 

a linear relationship with the photon energy: F(a(E)) - ahi> + b. These 

functions F(a(E)), together with the transition energies and information 

on the character of the bandgap is given in tabel I-VII. 
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Tabel I-VII 

Relations between absorption coefficient, photon energy and E. 

F(a(E)) = a h u + b 

F(a(E)) 

a(E) 2 

a(E)l/2 
a ( E ) 2 / 3 

a(E)l/3 

allowed 

X 

X 

not allowed 

X 

X 

direct 

X 

X 

indirect 

X 

X 

logoi(E) special case: Urbach tailing 

The transition (E t r ) or bandgap (Ε„) energies are obtained by extra

polating F(a(E)) to a (E) = 0 in these relations, giving the value of E^ 

or E as E t r = -b/a. 

The special case, in which logo[(E) satisfies a linear relationship with h υ , 

the photon energy, describes the so-called Urbach tailing which results 

because of phonon scattering. In this casea(E) may be written in the 

following form : 

с*(Е) = a.exp bE/kTeff 

In some cases, where a (E) satisfies one of the relations a, b, с of d it is 
also possible to designate an area in which α (E) satisfies the formula 

given for Urbach behaviour. For instance, it can be shown that CuScS2, 

which has an allowed but indirect transition (Fa(E)) = a (E) 1 '^) (29), 

has an Urbach like behaviour in the range of h и - 2.0—2.5 eV. 

For a given sample, with a constant thickness d, it is possible to use the 
optical density instead of α (E): 

α(Ε) η = (2.303d- ^"(log I / I Q ) " - constant.(log I/I 0 ) n 

This use is also justified in cases where Urbach's behaviour is found. 

loga(E) = log 2.303d-1 + log Ext. (E) 

Not always will α (E) satisfy one of the relations from the table. In this 

case E is estimated by drawing the tangent to the steepest part of the 

absorption curve. It will be clear that the accuracy is greatly affected by 

the actual form of the absorption curve. 
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1—4—3 Experimental 

Because of the slow deterioration of the crystals upon exposure to air, 
freshly pepared crystals, stored in a evacuated desiccator, were used for 
the absorption measurements. These crystalline platelets were selected 
for their dimensions and optical purity (no cracks or inclusions). As the 
crystals are already very thin it proved to be impractical to grind them 
to a constant thickness. 

Table I-VIII 
Experimentally determined thickness of 

KTS2 platelets. (T = Rare Earth element) 

KTS2 

Ce 

Pr 

Nd 

Sm 

Eu 

d(M) 

55 + 30 

33 ± 5 

4 8 + 6 

4 2 + 1 0 

80+ 20 

K T S 2 
Gd 

Dy 

Ho 

Er 

Yb 

d(M) 

21 ± 1 0 

31 + 10 

6 ± 2 

2 6 + 3 

14+ 2 

Table VIII gives an impression of the deviation of the thickness d from 
the ideal case in which the platelet would have planparallel faces. The 
irregular surface structure has no large influence on the actual form of 
the absorption spectra, as during the actual measurement the slit width 
remains nearly constant near the fundamental absorption edge. In this 
case the same part of the crystal is being used. The spectra were 
recorded on a Cary-14 spectrometer, with a maximum reciprocal 

О 1 

dispersion of 36 Amm . 

1-4-4 Results 

The spectra showed in some cases, besides the fundamental absorption 
edge, absorption at longer wave lengths. These two absorption pheno
mena will be treated separately. 
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A) Absorption near the fundamental absorption edge. 

The energy gaps E were obtained from the recorded absorption spectra 
by drawing the tangent to the absorption curves as none of the relations 
a to d of table I—VII were found to be valid. The energy gaps at both 
room and nitrogen temperatures and the temperature dependence of 
the energy gap are compiled in table I-IX. 

Table I-IX 

The energy gap and temperature coefficient 
of the energy gap of KTS2 compounds. 

KTS2 

La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

Её>77(е ) 

3.660 
2.385 
3.287 
3.634 
3.498 
1.720 
3.685 
3.420 
3.723 
3.820 
3.819 
3.870 
3.190 
4.000 

Eg)293(eV) 

3.792 
2.250 
3.172 
3.520 
3.362 
1.765 
3.620 
3.36 
3.667 
3.779 
3.775 
3.820 
3.000 
3.930 

dE/dT(eV/K) 

+ 6.11 χ 10"4 

- 6 . 2 5 x 10' 4 

-5.32X IO"4 

-5.28X IO"4 

- 6.30 χ IO' 4 

+ 2.08 χ Ю - 4 

- 3 . 0 1 χ Ю - 4 

- 2.78 χ IO"4 

- 2 . 5 9 χ IO' 4 

- 1.90 χ IO"4 

- 2 . 0 4 χ IO"4 

- 2 . 3 0 χ IO"4 

- 8 . 8 0 χ IO"4 

- 3 . 2 4 χ IO"4 

It is striking to note that, apart from KLaS2, only KEUS2 has a 
positive dE/dT value, in contrast with the other potassium rare earth 
sulphides, the bandgap of which increase with decreasing temperature. 

The most conspicious feature of this table is however the variation of 
Eg with the rare earth in the potassium rare earth sulphides. This 
behaviour is plotted in figure 1-12. It is seen that the Ce, Eu and to a 
lesser extent the Tb and Yb compounds show a lower value of E„ than 
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the other ternary compounds. There is some correlation between a low 
bandgap and the tendency to form compounds in which the rare earth 
valency differs from 3. 

Eg(eV) 

15L1 I I I I I I I 1 1 I I 1 1 — ü 
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Fig. 1—12 The observed behaviour of the optical absorption edge 
within the KTS2 series, as a function of the rare earth 
element. The different behaviour of the 4f, the 4^ and 
the 4fiJ rare earth configurations is obvious. 

B) Absorption at longer wave lengths 

Five compounds: KPrS2, KNdS2, KH0S2 and KErS2 show additional 
absorption at wave lengths longer than the fundamental absorption 
edge. These are probably due to characteristic 4f transitions in foreign 
rare earth metal ions, present as impurities in the host lattice. Exact 
assignement is difficult and no further analysis of these spectra was 
performed. 

A) KPrS2 
At room temperature, the longer wave length absorption of KPrS2 
consists of a series of 4 peaks (fig. 1—13). Upon cooling to nitrogen 
temperature the two lower energy peaks vanish. 
B) KNdS7 

The structure, which in this compound is observed between 5.700 A 
and 6.200 A, shifts about 40 A to shorter wave lengths upon cooling 
from 293 К to nitrogen temperature (fig. 1-14). 

C) KSmS2 
Observation of the spectrum given in figure 1—15 shows that a shift of 
about 25 A is observed upon cooling to 77K. 
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Fig. 1—13 Longer wave length absorption structure observed in the 

range of 4900 to 5000 A m the ÄTVS^ absorption 
spectrum. 
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Fig. 1—14 In KNdS2 the additional structure is observed between 

5700 and 6200 A. 

Fig 1—15 The structure recorded on the KSmS2 absorption 
spectrum between 3600 and 4400 A at 293 К and 77 K. 

D) KH0S2 
The longer wave length absorption of this compound together with the 
temperature dependent shift is recorded in figure 1—16. 
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E) KErS2 
This spectrum shows the most complex structure of the recorded 
spectra. These are collected in figure 1-17 which again shows the 
temperature dependence of the absorption. 

Fig. 1—16 The structure observed on the KH0S2 absorption spectrum. 
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Fig. 1—17 In the case of KErS2 the optical absorption structure is 

observed in three separate wave length regions as indicated 

in the figure. The figure also shows the influence of 

heating to room temperature from 77 K. 
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1-5 Conclusions to chapter I 

In chapter I of this thesis it has been shown that the preparation of 
pure KTS2 samples is hampered by the persistent occurence of T2O2S 
compounds as an impurity. Presently the outlooks on complete 
avoiding of this impurity are dubious. 

Concerning the structure, it must be concluded that the a^ and c^ axes 
can be reasonably well calculated from a simple model. This model also 
enables us to calculate the shift of the sulphur atom from its ideal 
position. Neutron diffraction allowed verification of the predicted 
sulphur shift in KNdS2. 

The optical absorption measurements reported on in this chapter 
showed a peculiar variation of the optical absorption edge: The rare 
earths with the 4f , the 4f" and 4f'^ configurations behave exception
ally. The observed absorption was attributed to a bandgap transition 
although as yet absorption from an impurity band like that observed in 
CuInS2 (See section II-4 of chapter II.) cannot be ruled out. 

It is not sensible to conduct a study of defect chemistry in heavily con
taminated compounds. Therefore, further research in the KTS2 series 
was abandoned and the attention was shifted to the chalcopyrite 
structure sulphides, with CuInS2 in particular. 
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Appendix to chapter I 

The distance d between two points (xj, y^, Zj) and (X2, У2> z 2 ) i n a 

trigonal lattice is given by the general relation: 

d = V i a 2

h

A y 2 + a 2

h ( A x - І Д у ) 2 + c2

hAz2 

The alkali atom (M) occupies the position (0, 0, 1/2), while the neigh
bouring sulphur atom (S) is located at (2/3, 1/3, 7/12 + «) so the 
distance between them becomes: 

MS - V i a 2

h + c 2

h(0.083 + Í ) 2 

MS also satisfies the relation: 

MS r+
 + r2" 

From combination of both expressions for MS one obtains: 

r+ =Via2
h + c 2

h (0.083 + € ) 2 - r 2 ' 

The alkali radius can now be calculated by using experimental values 
for aj r c^ and t (or the equivalent theoretical expression). 
Calculated alkali radii: 

0.89 À 

1.09 A 

1.38 A 

1.54 A 

1.725 A 
The calculated values are in good agreement with values given in 
reference (1,2) except for lithium which is somewhat smaller. 

rLi+ 

rNa+ 

rK+ 

rRb+ 

rCs+ 
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CHAPTER II 

II Investigations on СІІІП$2 

II—1 Introduction 

Another class of compounds which is suited for a study of defects in 
ternary chalcogenides, is formed by the group of tetrahedraly 
coordinated compounds which are known after the prototype mineral as 
the chalcopyrites. 

Tetrahedrally coordinated binary compounds have been extensively in
vestigated for their semiconducting properties, e.g. ZnS, CdS, and an 
extensive literature on this subject exists (1). If the divalent metal in 
these II-VI chalcogenides is replaced by a mono- and a trivalent metal 
atom, then the group of I-III-VI2 tetrahedrally coordinated chalco
pyrites is obtained. 

The interest in these compounds originates from two considerations: 
Because of the absence of a centre of symmetry in the structure, these 
compounds show promise in non-linear optical applications, e.g. up-
conversion,and the initial interest in these compounds was devoted to 
these properties. The research of the semiconducting properties of the 
chalcopyrites has become more and more important, both from a 
technological and academic point of view. 

The investigations reported in this part of the thesis start from the 
latter point of view and are intended as a first exploration in the field 
of defects in ternary compounds in this laboratory. CuInS-) was chosen 
as the model compound because of the reported possibility of both p-
and η-type conduction in this compound. 

In this chapter synthesis, crystal growth and the morphology of the 

crystals obtained from the vapour are discussed in the first section. The 

second section is devoted to the optical and electrical properties of 

CuInS2. In this section it is concluded that defect chemistry in chalco

pyrites is much more complex than in other studied ternary compounds 

like РЬТіОз. 

As a result of this observation new considerations on the defect 
chemistry of chalcopyrites are developed in the last section. 

47 



II-2 Synthesis and crystal growth 

II-2—1 Introduction 

The growth of CuInS2 crystals is hampered by the general lack of under

standing of the phase-relations in the Cu-In-S-system. Much of the 

information available at present is of a qualitative nature. 

It was reported that CuInS2, grown form a melt with a stoichiometric 

composition, does have a limited region of existence when compared to 

that of CuGaS2 (2). This compound crystallizes in the chalcopyrite 

structure for x-values 0 < χ < 0.13 in the general formula 

C u l - x G a l + x / 3 S 2 · 

Inspection of published phase diagrams of I-III-VI2 chalcopyrites shows 

that the region of existence of these compounds invariably is located on 

the III2-VI3 side in the pseudo-binary I2VI-III2VI-J phase-diagram. 

This may be understood in terms of the structural relationship between 

the chalcopyrite and II^-VI-^ structure, as given by Palatnik (3). The 

I-III-VI9 compounds, which crystallize in the chalcopyrite structure are 

characterized by sp covalent bonds, with an average of 4 electrons per 

atom. Four electrons per structure element, which also includes the 

vacancies, are also present in III2-VI3 compounds. This makes, in 

principle, formation of the tetrahedral phases with a variable 

composition possible. In I2VI compounds only 2.66 electrons per atom 

are available for chemical bond formation. The number of electrons is 

simply not large enough for the formation of saturated sp hybrids, and 

tetrahedral phase formation becomes unlikely. 

Palatnik (3) also indicates that the width of the homogeneity region is 

related to the tetrahedral distortion |(2—c/a)| , which occurs as a result 

of ordering. His rule, which states that the width of the region of 

existence increases with decreasing |(2—c/a)| , must, however, be treat

ed with care in view of the quite different width of the CuGaSe2 (4) 

and AgInTe2 (3) homogeneity regions. 

For both compounds K2—c/a)|- 0.04, while the existence region at 

room temperature extends from 50 to 58 mol0/o for CuGaSe2 and from 

50 to 53 mol0/o for AgInTe2. Also, his rule predicts a larger region of 

existence for CuInSe2 with |(2—c/a)| = 0.00 than for CuGaSe2 with 
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| (2-c/a) | - 0.04. However, the reverse is true (3, 4). 

From inspection of the literature, it is apparent that the Ag containing 
chalcopyrites seem to have a rather limited homogeneity region, while 
for Cu compounds ari appreciable variation in the width of this region 
exists (3, 4, 5, 6,). This apparent variation may be partly due to 
experimental inaccuracies, as evidenced by the two Cu2Te-Ga2Te3 
pseudo-binary phase diagrams published in reference (4) and (6). 

So, in conclusion it may be stated that it is difficult to make a prediction 
of the homogeneity region of CuInS2, but based on Kasper's original 
observation and the bonding considerations presented before, it is 
expected that CuInS2 will have a composition range extending from the 
stoichiometric composition to an x-value x<0.13 on the ^283 rich side 
in the pseudo-binary phase diagram. 

II—2—2 The homogeneity range of CuInS2 

Before starting an investigation on the defect chemistry of a compound 
it is useful to have an impression of the homogeneity range of the 
compound. Knowledge of this property, in general obtained from the 
phase diagram, allows synthesis of the compound with a well defined 
composition. 

As mentioned in the introduction, the information available for 
CuInS2 is scarce and of a qualitative nature. While determination of the 
complete relations in th Cu-In-S system falls beyond the scope of the 
present investigations, it was considered useful, as described before, to 
have an impression of the homogeneity range. In order to achieve this, 
samples of different compositions were melted and quenched. The 
obtained ingot was then analyzed by chemical and X-ray techniques. 
The Cu content of the ingot was determined electrogravimetrically (7), 
while In was determined by complexometric titration using E.D.T.A. as 
the complexing agent (8). From these the sulfur content of the ingot 
was calculated The X-ray analyses were performed by the common 
Debye-Scherrer technique (9). 

The resulting relation between lattice constants and ingot composition 
is compiled in figure II—1. Upon addition of Q ^ S to h^Sß, the defect-

49 



spinel, high temperature 0-^283 modification is stabilized by incorpor

ation of Cu on the empty tetrahedral sites in this defect structure. 

Pure, stoichiometric ^S^ shows two phase transitions between room 

temperature and its melting point. The low temperatureβ-\η2$3 modi

fication, which shows a defect spinel superstructure transforms at 693 

К into о -ІП25з. In this defect spinel structure 1/3 of the normally 
occupied tetrahedral metal positions remain unoccupied. At 1027 К the 
structure becomes layered andT-h^Sg is formed. 

The spinel phase h^Sß may incorporate Cu on its empty tetrahedral 
sites up to the limiting composition C u ^ S g , according to the investig
ations by Flahaut et al. (10). Figure 1L-1 shows that CuIn5S8 is present 
up to the border of the chalcopyrite single phase region, possibly the 
X-ray diffraction sensitivity is the limiting factor in further narrowing 
of the chalcopyrite single phase region. So it is quite possible that the 
physical properties of the chalcopyrite phase are influenced by small 
amounts of the spinel phase. On the Cu rich side in the diagram Cu 
sulphide reflections are detected. 

CjlnS2 ^ b . S . In.S, 

П¥ 
- M " c'? 

Chalcopyrite structure 

• * + -

4t 

SPINEL 

CHALCOPYRITE 

Spinel structure 

SPINEL 

Fig. II—1 The relation between sample composition and lattice 
constants in the O ^ S - ^n2^3 system. The spinel data, 
taken from reference (10) agree well with our observations. 

From this experiment it must be concluded that the region of existence 
of CuInS2 still has not been definitively determined. On the other hand 
it is shown that the homogeneity range lies on the Ь ^ з rich side as ex
pected, and the maximum composition range lies between CuInS2 and 
CUQ 95ІП1 Qi6 s2· T l i e l a t t e r observation is in agreement with the 
already cited observation by Kasper. 
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I I - 2 - 3 Melt growth of C u l i ^ 

The first report on CuInS2 was by Hahn et al., who obtained this 
chalcopyrite by heating stoichiometric amounts of Ci^S and h^S-^ at 
temperatures between 1173 К and 1273 К for 12 hours (11). 

Upon reproducing this synthesis, it was found that the compound was 
obtained as a very compact sintered aggregate closely resembling a 
solidified melt. 

Furthermore it proved that some samples were very inhomogeneous, 
even after prolonged firing. Kasper (2) reports growth by cooling melts 
1373 К at arate of 1 C/hr, and assumes that the crystallization temp
erature lies somewhere between 1273 К and 1323 K. The following 
procedure was eventually adopted: 

Stoichiometric proportions of pure (5N, 6N) elemental starting materials 
were sealed in silica tubes at a residual pressure of 2—5x10 torr. (For 
most of the experiments, no boat was used inside the silica tube; 
CuInSo prepared in a vitreous carbon boat showed, at least in 
luminescence, the same behaviour as ingots obtained in silica tubes). 
The sealed tube was then transferred to a furnace and kept for 12 to 
24 hours at 793 K, after which the sulphur had reacted with the Cu and 
In. The temperature was then raised to 1423 К and it was checked by 
visual inspection whether the contents of the tube had melted. After 
repeated stirring, to ensure a homogeneous melt, the melt was cooled at 
a rateof 1 C/hr. The obtained ingots contained many crystals of milli
meter size. X-ray powder diffraction patterns showed only the charac
teristic CuInS2-chalcopyrite lines. Slices cut from these ingots were 
used for much of the experimental work described in the later sections. 

Some melt grown CuInS2 was used for a D.T. A. experiment. In such an 
experiment the compound to be investigated and a reference compound 
are heated in a furnace at a constant rate and the temperature difference 
between the sample and the reference is recorded. Assuming that the 
reference shows no phase transitions in the region of interest, the 
sample temperature will deviate from the reference temperature if a 
phase transition occurs. For a detailed description the reader is referred 
to the extensive available literature (12). 

Reproducible results were obtained using powdered samples of CuInS2 
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in sealed, evacuated capsules against a powdered AI2O3 reference. 

The heating curve of a typical sample is given in figure Π—2. The curve 

shows three conspicious deviations from the baseline. See table II—I. 

300 600 900 1200 

— TCC) 

Fig. II—2 D. T.A. heating curve of a typical as-grown См/и^ sample 
obtained at a heating rate of 3 К/min. 

Table II-I 

D.T.A. signals for CuInS2, obtained at a heating rate of 3 K/min. 

I 
II 

III 

1263 К 
1333 К 

1373 К 

Although further experiments are necessary for a definitive conclusion 

the following interpretation of the signals is proposed based on ref. (13) 

and (14). 

Signal III is thought to represent the liquidus temperature while signal 
II then represents theperi-or eutectic temperature. In the latter case 
signal I would indicate a solid state phase transition, probably the trans
ition from the chalcopyrite to the sphalerite structure. A transition to 
the wurtzite structure seems less probable on account of the different 
sulphur packing in the chalcopyrite and wurtzite structures. If a phase 
transition indeed occurs, then it will make the growth of large single 
crystals difficult. 
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II—2—4 Crystal growth using the chemical vapour transport technique 

Crystal growth by chemical transport reactions is a common technique 
for the growth of crystals with a high melting point. For a detailed 
description the reader is referred to the monograph by Schäfer (15), 
but a brief introduction will be given below. 

Consider the following reversible reaction: (Also see figure II-3). 

As + B g ^ ^ C g ΔΗ<0 

The solid A is said to be chemically transported by the gaseous species 
B, if it dissolves reversibly in the vapour phase and is redeposited at a 
different place in the system. The driving force of such a transport 
reaction is a concentration gradient of the gaseous species С as a result 
of a temperature gradient. The transported material is deposited at that 
temperature, at which the partial presure of the gaseous species Cg is 
the lowest in the system. 

J2 

Fig. II—3 Schematic set up of a vapour transport reaction, showing 
the temperature distrbution for an endothermic reaction 

Endothermic reactions give transport from high to low temperatures, 
and exothermic reactions from low to high temperatures, such as 
determined by the temperature dependence of the equilibrium constant 
and the sign ofAH: 

dlnK _ ΔΗ 
dT RT 2 

Schäfer points out that sulphide transport with iodine as the transport-
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ing agent takes place via an endothermic reaction (16). Hence, transport 
occurs from high to low temperature. Schäfer also points out that 
ternary sulphides can be transported in a temperature gradient with 
iodine, if the constituent binary sulphides can be transported in this 
gradient. Clearly, the gasphase during the chemical transport contains 
the same species during the transport of a ternary sulphide as during the 
simultaneous transport of the constituent binaries. This in turn implies 
that, in the case of ternary sulphides, the transport of the ternary with 
iodine also must be endothermic, and transport must again occur from 
high to low temperatures. 

The following transport reaction is proposed: 

CuInS9 + 2J9
 a"CuJ„ + InJ^ + 8л ΔΗ<0 

¿s 2 g ^ S 3g 2g 

Unfortunately, not enough thermodynamic properties of CuInS2 are 
known to make an actual estimation of ΔΗ of the proposed reaction. 
The proposition is based on the observation that Ir^Sj transport was 
shown to occur via the In.^ species (17), while for Cu transport CuJ 
seems the probable transporting species. In accordance with the 
assumption that the proposed transport reaction must be endothermic, 
the experimentally observed transport direction is from high to low 
temperatures. 

The chemical vapour transport of certain chalcopyrites has been 
reported by Honeyman (18). Based on his experimental details and the 
considerations compiled in reference (15) and (16) the following 
procedure was adopted for the growth of CuInS2 crystals. 

CU2S and І г ^ з , which had been prepared according to standard 
methods from high purity elemental starting materials (5N, 6N) were 
sealed in stoichiometric amounts in an evacuated (5x10 torr) silica 
tube, to which J 2 at a level of 5 mg/cm had been added. The tube 
then was placed in a temperature gradient with the source region, 
containing CU2S and Іг^Зз at 1073 К and the growth zone at 1023 K. 
After 10-14 days black needle-like crystals of typical dimensions 
4 x 2 x 1 mm 3 and with well developed crystal faces were found. The 
morphology of these crystals will be discussed in the next section. 

When crystals are grown from a gaseous or liquid solution, incorporat-
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ion of impurities is unavoidable. In the crystallization of a sulphide 
from an iodine vapour, it may be expected that, next to material origin
ating from the silica tubes, iodine is incorporated as the main impurity. 

The extent to which iodine is incorporated in a crystal depends on an 
number of factors ( 19). Among them are the spatial requirement, the 
kind of position which is occupied by the impurity, bond strength; even 
the crystallographic orientation and the growth rate of a growing face 
may be of importance. Iodine, on incorporation in a chalcopyriteis 
expected to occupy a substitutional sulphur position and/or interstitial 
lattice site. 

At this point it is necessary to recall that CulnS^ is a tctrahedral com-
pound, kept together by tetrahedral sp bonds, and as mentioned in the 
introduction satisfies the N=4 el./atom rule. As it turns out one of the 
gaseous species, CuJ, also satisfies this rule. 
(In fact, CuJ crystallizes in the ZnS sphalerite structure (20).) 
So, in principle CuJ may be incorporated as a unit in the crystal, while 
the tetrahedral construction is maintained. 

Experimentally a high amount of J-) was found in CuInS2' EDAX 
analysis indicated an J2 content of about 0.170/o by weight, which is 
rather high when compared with vapour transported CdS (21) and 
CdIn2S4 (22), which contain 0.01 and 0.05o/o by weight respectively. 
This high iodine content is not surprising in view of the outlined 
structural and chemical relationship between CuJ and CuInS2. This 
large amount of incorporated iodine may account for the fact that as 
grown crystals do not show luminescence. Lang topography, (figure 
II-4) showed many inclusions in CuInS2 crystals, the nature of which 
still is dubious. It is however possible that these inclusions consist of 
CU2S precipitates, as I2VI precipitates have been identified in the anal
ogous, melt grown, CuInSe2 (23) and CuGaS2 the chemical transport 
technique (34). 

Fig. II—4 Lang topography of a Сы/лЗ^ needle, showing the many 
inclusions present in the sample. 
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Nitsche (17), in his work on the transport of ^283 by iodine pointed 
out that the stoichiometry of the formed crystals need not to be the 
same as that of the starting materials. Starting from pure, stoichiometric 
h^S-j, it was shown that the deposited Ii^Sß crystals were sulphur 
deficient. So, the transport conditions may influence the defect chem
istry, and hence the electronic properties of the transported material. 
Variation of the iodine concentration during CuInS2 transport how
ever failed to produce a marked difference in the conductivity type of 
the crystals. The themal probe always indicated that transported 
CuInS^ was intrinsic or very sligthly p-type. However, there is a dist
inct possibility that this effect is masked by the large amount of incorp
orated iodine. 

In the following section the morphology of the vapour grown crystals 
will be discussed. 

II—3 The morphology of vapour grown CuInS2 crystals 

II - 3 - 1 Experimental observations. 

CuInS2 crystals, made by chemical transport with iodine show a needle 
like morphology, with the longitudinal axis coinciding with the [ill] of 
the tetragonal cell. The observed faces parallel to this growth axis are 
(1(H), (112), (Ï01), (OlT), (ÎÎ2) and (Oil) with observed end-faces 
( 101 ), (011 ) and ( 112). See figure I I -5 . One of the ) 112 | faces parallel 
to the longitudinal axis is usually better developed. Sometimes platelets 
with well developed J112}and | 0 1 1 | faces are found. Other chalco-
pyrites show asimilar morphology e.g. ZnSiP2 (25), CdSnP2 (26). 

(ÏT2) 

Fig. II—5 Cross section perpendicular to the <111>growth direction 
of a typical Cu/nS^ needle grown by chemical vapour 
transport. 

56 



Information on the morphology of I-III-VI2 chalcopyrites is rather 

incomplete. 

Mixed crystals of CuGaj. x In x S2 grown from the vapour phase were 

also reported to show a needle like habit with a [ l 1 Ingrowth direction 

and well developed {"112}and|011} faces (27). A similar result was 

obtained for melt grown CuGaS2 and CuInS2 (28, 29). Honeyman also 

reported needle like crystals (18). In contrast, the protoype of this class 

of compounds, the mineral chalcopyrite CuFeS2 shows a morphology 

in which only J112 } is dominant. In the following section the 

Hartman-Perdok theory, which relates the crystal structure with the 

crystal morphology, will be used to derive the theoretical morphology 

of the chalcopyrite structure. The result will be compaired with the 

experimentally found morphology. 

I I - 3 - 2 Introduction to the Hartman-Perdok theory 

For an extensive review the reader is referred to the original literature 

(30). 

In modern crystal growth theories it is shown that in the majority of 

cases the slowest growing crystal faces, which determine the morpholpgy 

grow layer after layer by a spiral growth or two dimensional nucleation 

mechanism. 

The minimum thickness of such a growth layer is equal to the inter-

planar spacing d j ^ η ^ n j (The interplanar spacing must be corrected for 

the extinction conditions of the spacegroup). Such a growth layer with 

minimum thickness is called a slice. It will be obvious that each slice has 

to be stoichiometric, as it is identical or equivalent to the next one. 

To make layer growth possible, the building units (atoms, molecules) 

within a slice must be connected to each other by strong bonds (in 

practice only bonds in the first coordination sphere are taken into 

account). Within these layers two or more Periodic Bond Chains or 

PBC's, which are defined as chains of strong bonds formed during 

crystallization, can be distinghuised. 

Consider the hypothetical slice given in figure I I-6 ; the attachment of a 

building unit in this slice will now be discussed. 
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An unfavourable situation would exist if the slice has an electrostatic 
dipole moment perpendicular to its surface, as this causes a high surface 
energy. 
This high surface energy makes the face under consideration unstable as 
the Free Energy of the surface can be decreased by rearrangement. For 
centrosymmetric structures it is always posáble to construct slices 
without a dipole moment perpendicular to its structure, for non centro
symmetric structures (as CuInS2) the requirement of absence of an 
electrostatic dipole moment becomes less strict. 

A building unit (see figure II—6a) is more probably deposited at site A 
than at site C, if the building unit under consideration is more strongly 
bound at the former site. This means that there must be an additional 
bond at this site. As a consequence of this, the crystal is bounded with 
faces parallel to the direction in which there is a chain of strong bonds. 

Similarly one can think of the deposition of a new chain along the step 
edge of a growing slice. Each dot in figure II—6a represents a chain. 
Following the reasoning given above, it will be clear that the atoms of 
chain В must be bound to the atoms of chain A by strong bonds if 
crystallization is to take place at site B. This in turn implies that there 
must be at least one more PBC in this slice parallel to the face. 

11-3—3 Classification of faces 

As a result of the previous considerations, crystal faces can be arranged 
according to the number of PBC's which are contained in a slice 
d n | 1 η ^ n ¡ . Flat faces contain two or more PBC's in a slice, as indicated 
above they grow according to a layer mechanism. 

Another situation arises if a slice contains only one PBC, in this case the 
PBC's in a slice are not interconnected by strong bonds. Attachment 
a PBC becomes equally probable at every site (see figure II—6b). This 
behaviour yields a faster growth rate for such a Stepped or S-face, when 
compared to the growth rate of an F-face. One other type of face, 
which contains no PBC in a layer d ^ ^ nj may be distinghuised: the 
Kinked or K-face. K-faces are very fast growing, because of the absence 
of a nucleation requirement. F-faces are the important faces as they 
have a low growth rate. While S-faces may be found on an actual 
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crystal, K-faces are not normally observed.Thus a morphological 
analysis is first of all focussed on the identification of the F-faces. 

Fig. H—6 The propability of the deposition of a building unit at a step 
В is larger when the slice d^^ contains a PBC(a). If the slice 
does not contain a PBC (b) deposition becomes equally 
probable at every site and a stepped face results. After (30). 

II-3-4 Properties of Periodic Bond Chains 

A periodic bond chain or PBC has been defined as a chain of strong 
bonds between the building units of a crystal. These strong bonds are 
formed during crystallization and ly in most cases only in the first 
coordination sphere of a building unit. 
The first property results from crystal symmetry: 

I All PBC's parallel to each other must be identical or symmetry 
equivalent, the crystal may be considered as a close packing of 
chains. The stoichiometry requirement for slices results in property 
II: 

II As each slice is composed of PBC's, each of the constituent PBC's 
must be stoichiometric. 

In paragraph II—3—2 the unfavourable role of an electrostatic 
dipole moment across a slice was discussed. This results in: 

III A PBC should have no dipole moment perpendicular to its direction— 
As mentioned this requirement is less strict for non- centrosymmet-
ric structures, in this case it is not always possible to construct 
PBC's without an electric dipole moment. 
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II—3—5 Morphological analysis based on PBC theory 

A morphological analysis, based on PBC theory, requires knowledge of 
the crystal structure of the compound under consideration. It involves 
the following steps: 
I Identification of the strong bonds 
II Identification of all possible PBC's 
III Identification of the possible F-faces 

F-faces can be identified in two ways: 

1. A projection along a PBC may be used, as it allows identification 
of the strong bonds between the PBC's. 

2. Also, stereographic projections may be used; where the great 
circles of the PBC's cut each other potential F-faces are found. 

In both cases it must be checked if the obtained slice thickness 

^nh nk nl sat'sf'es the extinction conditions of the space group. 
IV On completion of step III we now have obtained a set of possible 

F-faces for a given structure. In this step of the analysis the F-faces 
are arranged to morphological importance using the following 
energy considerations: 
Upon crystallization of a crystal an energy Ecr is liberated. The 
crystal energy E c r equals the sum of the slice- and attachment 
energy considerations: 

Upon crystallization of a crystal an energy E c r is liberated. The 
crystal energy E c r equals the sum of the slice- and attachment 
energies: 

E c r - Esj + E a t t (Energies per molecule) 

The slice energy refers to the energy released upon formation of a slice 
^hkl' ^ е е п е г 8У released when this slice is attached to the crystal is the 
attachment energy E a t t . 

For F-faces with the same growth mechanism a parallel relation 
between E a t t and the growth rate R is valid: The higher E a t t the 
faster a given face will grow. In practice, in restricted supersaturation 
ranges the proportionality of R with E a t t forms a good description 
of the growth process. 
As E c r is a bulk property the preceding relation between the growth 
rate and attachment energy can be converted in the following 
relation between Esj and the morphological importance: 

The higher E s |, the slower the growth rate, and the 
larger the morphological importance of a given face. 
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V After arrangement of the F-faces to morphological importance, 
only the last step of comparison with the experimental morphology 

remains. 

II—3-6 PBC analysis of the chalcopyrite structure 

II—3—6-1 The chalcopyrite structure and the identification of the 
strong bonds 

The mineral chalcopyrite, CuFeS^, is the prototype of a series ternary 
I III sulphides A ' B 1 1 ^ . This structure, figure II-7, is a superstructure of 

the common ZnS-sphalerite structure, obtained by ordered substitution 
of A , and цШ on the Zn tetrahedral sites in ZnS. The structure 
belongs to space group I42d ( Ы ^). 

2d 

Fig.II-7 The structure of Си/и^, which crystallizes in spacegroup 
I42d. The strong Си—S and In—S bonds are indicated. 

The atomic positions are A^OOO), B I I I (00i), S(xl I) and symmetry 
2 4 8 

derived positions. In an ideal case both A and В would occupy geometr-
rically regular tertrahedra and an χ value χ - 1/4 would result. In 

actual chalcopyrites there is a deviation from χ = 1/4, because of the 

difference in Α-S and B-S interactions. For the present analysis, it is 

sufficient to consider the idealized structure. 

As a consequence of the regular coordination of both mono- and tri

valent metal by S, the strong bonds, or bonds in the first coordination 
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sphere are identified as the Α-S and B-S bonds. Moreover, tetrahedral 
coordination indicates a primarily covalent bonding by sp^ hybrids. 
The simplifying assumption that bonding is purily covalent can be used 
in the energy considerations, when arranging F-faces to morphological 
importance. 

II—3—6-2 The identification of the PBC's and the derivation of the 
F-faces 

Using the strong bonds identified in the preceding section, it is possible 

to identify five Periodic Bond Chains in this structure: 

[100] A(0,0, 0)-С(1/4, 1/4, 1/8)-B(l/2,0, l/4)-C(3/4, 1/4, 1/8) 
- A(100) 

[110] A(0, 0,0)-C(l/4, 1/4, 1/8) - B( 1/2, 1/2, 0) - C(3/4, 3/4, 1/8) 
- A(110) 

[001] A(0, 0, 0)-C(l/4, 1/4, 1/8)- A(0, 1/2) l/2)-C(-l/4, 1/4,3/8) 
- B(0, 0, 1 /2) - C( 1 /4, 1 /4, 5/8) - B(0, 1 /4, 3/4) - C(-1 /4,1 /4,7/8) 
-A(0,0, 1) 

[ i l l ] A(0, 0, 0)-C(l/4, 1/4, 1/8) - B(l/2, 0, 1/4)-C( 3/4,-1/4, 3/8) 
- A( 1 /2, 1 /2, 1 /2) - C(3/4, 3/4, -5/8) - B( 1, 1 /2, 3/4) 
-C(5/4, 3/4, 7/8)-A(l l l ) 

[021] A(0, 0, 0)-C(l/4, 1/4, l/8)-A(0, 1/2, 1/4) - 0(1/4, 3/4, 3/8) 
-B(0, 1, 1/2). 

In figure II—8 the PBC's are plotted in a stereogram. Where two or more 
PBC's cut each other potential F-faces occur. However, as defined 

Fig. II-8 Stereographic projection of the chalcopyrite structure with 
zone circles ofPBC directions. Of the possible F-faces only 
\01l\, \ll2\and\'ÍÍ2\ are real F-faces. 

before, these faces are only real F-faces if these PBC's are connected to 
each other by strong bonds within the thickness of the slice dnj1 η ^ n j 
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(corrected for the extinction conditions of the spacegroups.)· It will be 
shown that out of the potential F-faces only {l ll], {f Í2}, and]011 \ 
are the real F-faces. The PBC's [ l00] , [00l ] , [02l] and [l 10]do not 
contribute to the formation of faces other than the two types of faces 
already mentioned before. 

Each of the five possible PBC's will now be considered separately in order 
of increasing translation period, and the possible F-faces originating 
from them will be discussed separately: 

A) PBCQOO] 

The projection of the chalcopyrite structure parallel to the PBC[l00] 
is shown in figure 11—9. In this projection the PBC's are obtained as 
squares with two S-atoms in the opposing apexes. The metal sides of the 
PBC's are each composed of one type of atom; one side consists of the 
monovalent and one side of the trivalent metal exclusively. In conse
quence this PBC is likely to have a (small) net dipole moment. Faces in 
which the PBC's are interconnected can be assigned the indices (012) 
and (0Ï2). However, these faces are not real F-faces as the extinction 
conditions of the spacegroup prescribe halving for these indices. As the 
thickness of the slice then becomes too small to contain the PBC's, the 
PBC [lOO]yields no true F-faces. 

Fig. II—9 Projection along \l00] of the chalcopyrite structure. The 
two pseudo F-faces (012) and (012) faces are to be rejected 
as real F-faces because of the halving condition. 
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В) PBC[llO] 

A projection along PBC[l lOJ is shown in figure II-10. Inspection of 
the figure reveals that the PBC's have a S an4 a mixed metal side. (In 
the projection the smaller circles form the metal side, the A and В 
atoms are on top of each other.). As a consequence the PBC's have an 
electrostatic dipole moment perpendicular to their direction. 

•a.b ^220 

Fig. II—10 Projection of the chalcopyrite structure along [lHJ^. Two 
S-faces (001) and (220) are indicated next to the F-face 
which belongs to {112). 

In the figure, one of the two planes in which the PBC's are inter
connected is indicated. To this plane the indices (112) can be attributed. 
Obviously, inspection of the figure shows that a second F-face, to 
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which can be assigned the indices (ÏÏ2) is present. This plane is how
ever omitted in the figure for reasons of clarity. The faces belonging to 
| l 12 | are none other than the diamond and sphalerite \ 111} faces. 

Furthermore, inspection of the figure reveals that a situation similar to 
that in ZnS exists. In ZnS the (111) and ( i l l ) planes are not similar, 
one is bounded by Zn and the other by S atoms. In the chalcopyrite 
structure (112) is expected to be a metal bordered plane and (1І2) has 
S atoms in its outermost layer. 

After Cadoret (31 ) it is expected that a face with the most polarisable 
atoms, in this case S, in its outermost layer, will be the slower growing 
face. So, as the slower growing faces are morphologically more import
ant, it is expected that faces belongingto {112|, with sulphur in their 
outermost layer are the largest diamond type faces on the crystal. 

C) PBCfOOl] 

Figure II—11 shows the protection of the chalcopyrite structure along 
PBCfOOl] . The pattern obtained is reminescent to that obtained for 
the projection parallel to PBC [lOO].There is one main difference 
however: The metal sides of the PBC's, which are again obtained in the 
projection as squares with two opposing S and two opposing metal sides, 
no longer consist of one metal species exclusively. In the projection the 
different metal atoms are on top of each other. 

Fig. II—11 In the projection along \_00Í\ the potential F-faces (110) 
have to be rejected as true F-faces because of the halving 
condition (hhO) h •= 2n of the space group. 
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The potential F-planes {lio}, which are indicated in the figure again 
have to be rejected because of the halving condition (hho) h=2n of the 
space group, which yields a slice too thin to contain a PBC. 

The PBC's can be chosen in different ways in the projection. As the 
result for the different choices is the same, only one of the possible 
choices is presented here. 

D) PBC [021] 

This PBC again is a polar one. The projection given in figure 11-12 
shows that there are two faces parallel to [02l] in which the PBC's are 
interconnected, i.e. there are two possible F-faces parallel to[02l]which 
belong to {112} and | Π 2 } . 

Fig. Π—12 The projection along[02Í]shows two faces parallel to 021 
in which the PBC's are interconnected. These F-faces belong 
to \112\ and \Ì12\. 
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E) PBC[l l l ] 

The projection parallel to PBC [ i l l ] is shown in figure II-13. Three 
slices in which the PBC's are interconnected may be distinguished, one 
belongs to {112 ; and two belong to | 011 \, of the latter only one is 
shown in the figure, for reasons of clarity. The pseudo F-face {110 [ is 
again found, as described under PBC [OOl], this face has to be rejected 
as a true F-face because of the extinction conditions of the spacegroup. 

ι «іцо ι 

Fig. 11—13 Projection of the chalcopyrite structure along\jlï\. Next to 

the old diamond face belonging to \ll2\ a new F-face 

belonging to | Oil \ is indicated. 

As summarised in table II-II, PBC theory predicts for the chalcopyrite 
structure only 1112}, {ΓΪ2} and \0111 as real F-faces. 
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Table II-II 

PBC F-faces 

[lOO 
[по" 
[oof 
[111 
[021 j 

{112[|ΓΪ2} 

112J|011 

112ΗΓΪ2 

The {ϊ 12,f|l 12}and{011[faces are the slowest growing faces and will 

grow by a layer growth mechanism (a spiral growth or two dimensional 

nucleation mechanism). 

II—3—7 Discussion of the experimental and predicted morphology of 
crystals with the chalcopyrite structure. 

Comparison of the experimentally observed faces on chalcopyrite type 

crystals with the theoretical deduced morphology shows that the results 

are in good agreement. The | 112 [ and 11Ϊ2} faces are the same as 

those observed on diamond and sphalerite where there is only one type 

of bond present. It is interesting to note that also in the case of natural 

chalcopyrite the {112 } and | Ϊ12 } are by far the most important faces 

on the growth forms of CuFeS2 crystals (32). The experimentally found 

deviation of the CuFeS2 morphology from the predicted chalcopyrite 

morphology can be understood from the following arguments: 

CuFeS2 transforms from the room temperature chalcopyrite structure 

at 830 К to the high temperature sphalerite structure. As the Cu and Fe 
atoms of CuFeS2 become statistically arranged on the metal sites in the 
lattice, each metal site has a 500/o Cu and a 50o/o Fe occupancy. 
Hence, from a statistical point of view only one type of bond is present 
and asa consequence a crystal, grown above 830 К will show a diamond 
like morphology. It seems to be quite possible that natural chalcopyrite 
crystals are grown at temperatures above 830 K. 

If it is assumed that the crystallization process of CuFeS2 occurs below 
830 K, then we can assume that, since the energy contents of Cu-S and 
Fe-S bonds do not differ too much, from a morphological point of view 
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the crystal structure is the same as the sphalerite structure, so that only 

the diamond like faces 11121 and {112} occur. 

As mentioned in section II—3, CuInS2 is also suspected to show a phase 

transition, although a definite proof still has to be given. It is important 

to note that the actual growth temperatures are well below the possible 

transition temperatures. Hence, not only the diamond, but also the 

additional 10111 faces are observed on C u h ^ . 

II-4 The optical absorption edge of ΟιΙη$2 and CuIn^Sg 

II-4-1 Introduction 

For a study of defects in a semiconductor, by luminescence or other 

means, knowledge of the energy gap E» of the compound, and its 

variation with temperature is indispensable. 

The bandgap of CuInS2 is generally accepted to be 1.55 eV at 2 К and 
1.53 eV at 298 К and the gap is known to be direct (28). However, 
from optical absorption measurements an energy gap as low as 1.2 eV 
at an unspecified temperature has also been reported (33). 

In order to investigate this apparant discrepancy optical absorption 
measurements were performed for both vapour and melt grown CuInS2, 
whereas also CuIn^Sg absorbance was measured. 

II—4—2 The optical absorption of CuInS2 and CuIn^Sg 

Melt grown CuInS2, prepared according to section II—2—3, was polished 
to planparallel platelets with a thickness of 1 50 microns using 
Carborundum 600 and Linde type A abrasives. Platelets of the spinel 
phase CuIn^Sg prepared according to Flahaut (10), were also polished 
using the same technique. The absorption spectra were recorded on a 
Сагу type 14 apparatus and an Oxford instruments BK 500 cryostat 
was used to record the temperature dependence of the optical absorp
tion. 

The absorption coefficient«, calculated from the optical density, is 
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plotted as a function of the photon energy in figure 11—14. Extrapolat
ion of the CuInS2 curves yields an apparant bandgap E » 1.44 eV at 
9 K, at 300 К a value E„ = 1.42 is obtained. A similar experiment 
performed on vapour grown CuInS2 yields similar results: E™ 77 к. -

1.45eVand Egj 293 К = 1.43 eV. 
In the case of CuIn^Sg extrapolation yields a 9 К energy gap of 1.38 
eV. Inspection of the figure shows that there is quite an appreciable 
shift of E g when heating from 9 К to 300 K. 
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Fig. 11—14 The optical absorption edge of См/и^ and CuIn^Sg as a 
function of the temperature. 

The α -values which can be reached, as shown in the figure are quite 

low. Measurement of larger a -values requires decreasing of the sample 

thickness. Achievement of this by further polishing is out of the 

question because of the difficulty of handling the material. Another 

possibility for the preparation of real thin layers, is the preparation of 

such layers by evaporation. As the difference between the optical 

bandgap Eg^ к = 1.44 e V and the generally accepted Е„ 2 К = 1-55 
eV (28) (which cannot be accounted for by the temperature dependence 
of E„) is rather large it was decided to perform optical absorption 
measurements on thin evaporated layers. 

II—4—3 Optical absorption measurements on thin СиІп$2 layers and 
the preparation of such layers by evaporation 

The preparation of thin CuInS2 films was first reported by Kazmerski 
(34). The films were obtained by vacuum evaporation of powdered, 
melt grown CuInS2· Both single source and double source techniques 
were used. 

τ ι ι ι ι ι 1 r^—\ 1 г 
- - SPINEL ' • 

CHALCOPYRITE 

- 1 : -!•-» I I I L 
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Reproduction of his experiments proved impossible however. A typical 
experiment involved heating of finely powdered CuInS2 in a silica 
effusion cell at 1173 K, while the temperature of the silica substrate 
was kept at 593 K. The residual pressure was 2 χ 10"-* torr. The 
distance between the diffusion cell and the substrate was 5 cm. In this 
configuration lÛMwas deposited in 20 minutes. 

In contrast to the results obtained by Kazmerski, whose X-ray and 
electron diffraction data indicated the presence of CuInS2, ^2^3' 
CuxS and Cuín j 9, our analysis performed by the EDAX technique 
failed to detect Cu in our sample. So, apparently no Cu evaporates from 
the starting material under the described circumstances. The EDAX 
analysis only showed the presence of In and S, with a ratio correspond
ing to the compounds InS and ^1384. So it appears that single source 
evaporation is not a good technique for the preparation of thin 
CuInS2 films. 

The observation of the absence of Cu transport is in accordance with 
the proposed thermal decomposition reaction: 

Аіві«с і(8) AI(S) • B2"icVI(g) • c/kg) 

which was obtained from mass spectrometric data (35). This disssociat-
ion mechanism is quite similar to that of B ^ C ' compounds. 

Next to the single source technique described before, Kazmerski also 
utilized a dual source technique in which, apart from the effusion cell 
for CuInS2 evaporation, a sulphur source is included. This second 
source is reported to be able to vary the amount of sulphur in the 
evaporated thin layer. In view of the experiences with single source 
CuInS2 evaporation, it seemed unlikely that this method would yield 
CuInS2 layers in our experimental situation, as it difficult to see how S 
in the system would promote Cu transport. This was confirmed by 
experiment, figure II-15 shows amongst others the basic similarity of 
single and double source CuInS2 and single source І і ^ з films. 

Another thin layer preparation technique is flash evaporation (36), 
widely used for the preparation of thin films, whose constituents have 
different vapour pressures. In this technique a steady stream of finely 
powdered évaporant is dispensed on a filament, the temperature of 
which is kept sufficiently high to evaporate all, including the less 
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volatile components. Fractionating such as occurs in both single and 
dual source techniques is counteracted in two ways: First, the 
évaporant is evaporated to completion and secondly, although for a 
given particle fractionating, i.e. enrichment in the less volatile 
component, will occur, there will be several particles in different stages 
of fractionation present on the filament. The net result of both factors 
will be that a steady state is reached giving a vapour flux which is 
homogeneous and of identical composition as the original source 
material. 
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Fig. 11—15 Optical absorption measurements on thin evaporated 
samples. 1 - one source Cu/wS^; 2 - flash evaporated 
См/и^; 3 = two source CuInS2 + S; 4 = flash evaporated 
CU2S; 5 - single source evaporated ^283. 

As the flash evaporation of a number of A^B^Cj; chalcopyrites e.g. 
CuInSe2 (37) had been reported, a similar experiment was tried for 
CuInS2. 

A steady stream of finely powdered, melt grown, CuInS2 was dropped 
on a tungsten filament, by means of an electromagnetically vibrating 
powder dispenser. 
The filament temperature was adjusted to 1873 K, as determined by 
optical pyrometry. For these experiments a distance of 8 cm between 
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source and substrate was used. The temperature of the latter amounted 
to 718 K. 

ED AX analysis performed on a thin layer of CuInS2, obtained in this 
way showed a quite acceptable result as shown in table II—HI. 

Table II-III 

Elemental composition in 0/o by weight of flash evaporated CuInS2 as 
determined by EDAX. 

Cu 
In 
S 

theory 

25.0 
47.4 
26.4 

sample 1 

25.0 
45.9 
29.1 

sample 2 

24.2 
48.2 
27.6 

Figure II—15 compiles the absorption curves for single and dual source 
and flash evaporated CuInS2. Also a flash evaporated C ^ S and a single 
source evaporated ^283 curve are included in the figure. 
The flash evaporated CuInS2 curve shows a characteristic hump at 1.4 
eV, which clearly corresponds to the observed absorption edge in the 
thicker melt grown and vapour grown samples. 

The occurrence of such an absorption edge may be understood from 
the following arguments, see figure 11—16. As grown CuInS2 from 
stoichiometric melts invariably is obtained as intrinsic or very slightly 
p-type as indicated by the thermal probe. The quasi 1.4 eV energy gap 
may then be understood in terms of optical absorption from an 
impurity band 1.4 eV below the conduction band. The lack of a clear p-
type conduction character then must be caused by some form of 
compensation. One expects a behaviour of a - a (hu) like that recorded 
for flash evaporated Cu In 82-
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Fig. 11—16 Schematic representation of absorption from an impurity 

band and the absorption curve expected in such a case. 

II—5 Luminescence and general properties of as-grown CuInS2 

11-5—1 Introduction 

The luminescent properties of a semiconductor are critically dependent 

on the concentrations of foreign atoms and/or deviations from the 

stoichiometry. For the scope of the present discussion we limit our

selves to intrinsic defects, which are caused during crystal growth or by 

interaction with the gasphase. 

The first observation of luminescence in CuInS^ was reported by Tell, 

Shay and Kasper (28), who reported a low temperature luminescence 

similar to that of II-VI compounds: The highest energy emissions, 

observed in the range of 1.535 to 1.510 eV, are attributed to exciton 

luminescence, while also a broader emission on the lower energy side of 

the spectrum is reported. Similar results are obtained by us, figure 

11—17 shows a typical emission spectrum as obtained on as grown 

CuInS2· 

These two emissions will be treated separately in the following sections. 

Obviously, the electrical properties of CuInS2 are also dependent on 

the stoichiometry of the sample. Thermal probe analysis showed that 

as grown CuInS2 is obtained as intrinsic or very weakly p-type material; 

only once η-type conduction was observed in a sample which contained 

excess Cu. 
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In the next section the apparatus used in the optical measurements will 
be described. 

155 hw(iV) 

(au) 

βοοο λ ( A ) 

Fig. 11—17 Typical Photoluminescence spectrum, obtained from an 

as-grown CuInS2 sample displaying both the excitan and 

longer wave length emission. 

II—5-2 Apparatus 

The photoluminescence measurements were carried out with the sample 
placed in an Oxford Instruments CF-204 flow cryostat, the temperature 
of which was controlled by adjustment of the He flow and a PTC unit 
(Oxford Instruments). 

The luminescence was excited by a high power Kr Laser (Control Laser 
or Coherent Radiation Cr 500 к) operating at 6471 K. The excitation 
beam was passed through an interference filter, in order to eliminate 
Laser background radiation. 

The spectra were detected by an EMI 9684 QB photomultiplier with an 
SI surface. The photomultiplier was mounted in a Könnecke & May-
wald Y-170 nitrogen cooled housing, the temperature of which was 
controlled by a Cryoson TM-4 unit. A Monospek 600 grating mono-
chromator dispersed the radiation. The grating has a reciprocal dispersion 
of 16 A/mm. The detected signal was amplified by a Par 186 Lock-in 
amplifier. 
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11-5-3 Experimental observations 

CuInS2 grown from a melt is obtained as intrinsic or weakly p-type 

material, as indicated by the thermal probe. N-type conductivity has 

only once been observed in as grown material, in a sample which 

contained excess Cu. Carefully cleaned slices of the melt-grown CuInS2 

were used in the electrical and optical experiments. 

The low temperature photoluminescence observed on as grown CuInS2 

is similar to that of the II-VI compounds (see figure 11-17): The 

highest energy emissions are attributed to exciton luminescence, while 

also a broader emission on the lower energy side of the spectrum is 

observed. 

Only selected crystals showed the highest energy, exciton, emission. As 

yet it is not clear which mechanism governs the presence of the exciton 

luminescence, but it seems to be critically dependent on purity, stoichio-

metry, crystal perfection, and growth conditions (35,36). 

Figure II— 18 shows the exciton emission spectrum of a CuInS2 sample, 

which had a nearly intrinsic electrical character as determined by the 

thermal probe. The observed spectrum consists of a series of 5 lines 

which are compiled in table II -IV. 

I 

(au) 

I ι ι ι i_J 
151 152 153 I K 
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Fig. 11-18 Exciton emission observed on the sample of flg. 11—17. The 

numbers on the figure, identifying the exciton lines, 

correspond to those of table II—4. 
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Table II-IV 

The observed exciton emission in CuInS2 

1 

2 

3 

4 

5 

λ(Α) 

8076 

8106 

8129 

8164 

8213 

E(eV) 

1.5352 

1.5295 

1.5252 

1.5186 

1.5096 

In figure 11-19 the effect of the excitation intensity on the exciton 
luminescence is shown. The figure shows that upon decreasing the 
intensity from 100 mW to 10 mW at 3.9 К both highest and lowest 
energy emissions are no longer discernible in the spectrum. Figure 11-20 
shows the influence of the temperature at constant excitation intensity. 
The lower energy exciton emissions decrease rapidly in intensity as the 
temperature is increased. At 93K only the highest energy emission at 
1.5352 eV survives. The position of the emission lines is temperature 
independent, indicating a small variation of the bandgap E„ with the 
temperature. This observation is in agreement with the anomalosly 
low variation of the bandgap E g with temperature observed in certain 
other chalcopyrites (37). 

153 УЫ. 

hv(eV) 

Fig. 11—19 The intensity dependence of the exciton emission at 3,9 K. 
Decreasing the excitation intensity from 100 mW (A) to 10 
m W (B) leads to the disappaerance of the highest and lowest 
energy emission lines. 
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Fig. 11—20 The temperature dependence of the excitan emission at 
constant excitation intensity. In fig. II—29b and II—20c the 
slith width has been increased from 0.1 mm to 0.25 mm. 

Next to the exciton emission an emission at lower energies is commonly 
observed in as grown CulnS2· The term edge emission is usually applied 
to designate these radiative recombinations occuring within several 
tenths of an electron volt of the energy gap. In II-VI compounds these 
edge emission band have been attributed to donor-acceptor recombina
tions. 
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Figure 11-21 and 11—22 show the temperature dependence of the edge 
emission commonly observed in as-grown CuInS2. The spectrum shows 
a prominent emission at 1.44 eV with a shoulder around 1.40 eV. This 
shoulder can be more pronounced (see e.g. figure 11-17), or completely 
absent. Some as-grown CuInS2 samples exhibit a somewhat different 
edge emission spectrum, in these cases only the 1.40 eV emission is 
present. 

1Э0 1Э5 140 US 

Fig. 11—21 The temperature dependence of the typical edge emission 
spectrum observed on as-grown Cu/nSy. 

135 1Д0 145 150 

Fig. 11—22 The variation of edge emission with the excitation intensity, 
at constant temperature, of the typical edge emission 
observed in as-grown CuInS^ 

Figure 11-21 shows that, at a constant excitation intensity of 95 mW, 
the luminescent signal shifts from 1.44 eV at 20 К to 1.34 eV at 121 K; 
the peak energy shifts to lower energies with increasing temperature. 
From figure 11—22 which shows the influence of the excitation 
intensity at 20 K, it is obvious that the influence of variation of the 
excitation intensity is opposite to the influence of the temperature: 
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Increasing of the excitation intensity shifts the peak energy of the 

luminescent signal to higher energy values. 

The results obtained on as grown η-type CuInS2 will be treated 

separately in sections II—5—7 and II—5—8. First the exciton and edge 

emission described in this section will be discussed, starting with the 

excition emission in the next section. 

II-5—4 Discussion of exciton luminescence in CuInS2 

In this section the radiative transitions due to excitons which occur 

near E„ will be discussed. This discussion will start with the free 

excitons and will continue with excitons bound to impurities. Finally 

the interaction with phonons will be taken into account. 

11-5-4-1 Free excitons (38,41) 

An electron-hole pair is formed, when a photon, with an energy greater 

than the energy of the bandgap E„, is absorbed in a pure semiconductor. 

Because of the attractive Coulomb potential between the electron and 

hole, the formation of a stable, bound state becomes feasible. 

Such a bound electron-hole pair is known as an exciton. The interaction 

between electron and hole may be considered in the extreme case to be 

either weak or strong. 

In tightly bound, or Frenkel excitons, the electron and hole are 

usually thought to be located on the same atom. Although essentially 

an excited atom state in the crystal, the exciton may wander through 

the crystal, because of interaction with the neighbouring atoms. The 

tight binding approach is usually applied to those crystals, which are 

composed of weakly interacting atoms or molecules. 

In the limit of a weak interaction, the electron and hole execute 

relatively large orbits about their mutual center of mass. The system 

then becomes reminiscent to the hydrogen atom, and a hydrogen like 

series of energy states is expected. This treatment has been applied to 

most inorganic crystals, particularly to the small bandgap semicon-
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ductors. For CuInS2 with E - 1.545 eV the latter case will also be 

most appropriate. 

The emission energy due to a free exciton in a bound state was shown 

to be: 

Hw - E 0 + I rt2 K 2 Ι - - & Γ ( 1 ) A*2*2 1 
|_2(me + mh)J ^B T 1 ^ 7 — Т Г Т I n 2 

In the last term R is the exciton Rydberg: 

R - m*e 4 

8 € 2 e 2 h 2 

In these formula m e represents the electron mass, m^ the hole mass 
m* the reduced mass and ί 0 ί the static dielectric constant, ti Planck's 
constant (divided by 2 τ), К the total wave vector and η the principal 
quantum number. 

For direct, allowed, transitions equation (1 ) reduces to: 

Uw - E g -A- (2) 
ё 2 

This reduction occurs, because these transitions only take place at 
К =0. 

Equation 2 shows that a hydrogen like spectrum is obtained, with the 
ground state occuring for η - 1. The intensity of each line falls off 
proportinai to n"^ (38). As CuInS2 has a direct bandgap, the above 
considerations should be valid for free exciton luminescence in this 
compound. The binding energy of the free exciton in CuInS2 was 
estimated by Kasper at 10 meV, analogous to CdS and ZnS. 

At this point it must be stressed that exciton luminescence is very much 
reduced, or absent, if the Coulomb field between the two carriers is 
screened by other free carriers. Furthermore, crystal perfection seems 
to play a role. 

II—5—4—2 Excitons bound to impurities 

Excitons may become trapped at neutral and ionized impurities, to 
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become bound excitons. After the original observations in Si by Haynes 
(42), these bound excitons have been observed in many materials, e.g. 
GaAs (43). 

Several authors (43, 44, 45) have considered the case of bound excitons 
from a theoretical point of view, and have calculated the exciten to 
impurity binding energies as a function of the effective mass ratio 
m*j1/m*e using the effective mass aproximation. 

These calculations showed that, although neutral impurity exciton 
complexes may exist for all values of the effective mass ratio т^/гПс, 
ionized impurity exciton complexesmay only exist for certain т * ^ / т * е 

values. 

The results of these calculations can be collected in the following set of 
4 equations for the photon energy hu for the radiative recombination of 
the stated exciton impurity complexes. The numerical factor in each of 
these equations is evaluated using m*j1/m*e =• 8.125 (46). 

exciton-neutral donorcomplex hu 
exciton-ionized donorcomplex hu 

exciton neutral acceptorcomplex h υ 

exciton-ionized acceptorcomplex hu 

In these formulae h и represents the energy of the emitted photon, Е„ 

the bandgap energy, Ep and Ед the donor and acceptor energies and 
Ε χ the binding energy of the free exciton. 

These equations may be used to calculate the donor and acceptor levels 

from the experimentally observed emission lines. 

II—5-4 -3 Phonon assisted transitions 

So far only radiative transitions due to free excitons and excitons 

bound to impurities have been considered. However a spectrum may be 

further complicated by the possibility of phonon assisted radiative 

exciton transitions (47). 

Figure II-23a shows a radiative exciton recombination in a direct 

bandgap semiconductor. The energy of the emitted radiation is equal to 

v v v 
V 

- E x -
- E D -

- E x -
- E A -

- 0.22ED 

-0.021E D 

- 0.07EA 

- 0 . 5 1 E A 
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the bandgap Ε„ minus the exciton binding energy Ε χ (η - 1): 

hu - Eg — Ε χ 

For the exciton recombination shown in figure II-23b, the emitted 

photon energy is further reduced by the phonon energy Ep (or its 

multiple): 

hi/ - hv - E p - E g - Ε χ - E p 

Fig. 11—23 Direct exciton (a) and phonon assisted exciton (b) transit

ions in a semiconductor. 

Hence for the known phonon energies, phonon assisted exciton 

emissions can be identified from an observed spectrum as it is separated 

by Ep or its multiple from the non-assisted exciton emission. 

Such processes have not only been observed for free exciton recombin

ations but also for excitons bound to impurities. 

II—5—5 Line assignment 

The distinction between the free and bound excitons is normally based 

on the narrow line width and lower photon energy of the latter (47). 

An accurate estimation of the line widths of the emission spectrum 

shown in figure 11—18 is hardly feasible. So the separation between free 

and bound excitons must be based on their spectral position. Further

more, it has been shown that the intensities of recombinations of 
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excitons bound to impurities decrease rapidly with increasing 
temperature (48). 

The highest energy, 1.5352 eV emission is attributed to the free exciton 

recombination with η - 1. 

No emission with n > 2 is observed, not surprisingly as lines with n>2 

are only observed in materials of the highest purity and perfection, and 

then only at the lowest temperatures and illumination intensities; e.g. 

GaAs (39). 

The remaining set of 4 lines, then, must be attributed to phonon assisted 
free exciton recombinations, excitons bound to impurities, phonon 
assisted recombinations of excitons bound to impurities or a 
combination of these three possibilities. First, the possibility of phonon 
assisted transitions will be discussed. 

Table II—V shows the observed exciton lines and the energy separations 
between those lines. 

Table II-V 

The observed exciton emission in CuInS2 and the energy separations 

between the emission lines. 

1 

2 

3 

4 

5 

(A) 

8076 

8106 

8129 

8164 

8213 

E(eV) 

1.5353 

1.5295 

1.5252 

1.5186 

1.5096 

ΔΕ(χ 10-
4
eV) 

57 

43 

66 

90 

For CuInS2 the phonon energies have been studied by Koschel and 

Bettini (49). Their data have been compiled in table II—VI. 
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Table II-VI 

Observed phonon frequencies and energies in CuInS2. (After Koschel 
and Bettini.) 

Symmetry 

T4L,T 
T5L,T 
T S L J 
T l 
T4L,T 
T5L,T 
T5L,T 
T5L,T 
T4L,T 
T5L,T 

cm-1 

352/323 
329/321 
314/295 

294 
266/234 
260/244 

/140 
/ 88 

/ 79 
/ 67 

E(xlO-3eV) 

43.6/40.1 
42.0/39.8 
38.9/36.6 

36.5 
33.0/29.0 
32.2/30.3 

/17.4 
/10.9 

/ 9.8 
/ 8.3 

Using the relation hu' - hu - Ep (section I I - 5 - 4 - 3 ) , it is now 
possible to try and correlate lines which are separated by £_. Inspection 
of table II—V shows that the observed line separation between line 2 
and 4 amounts to 0.0109 eV and that the separation between line 3 
and 5 amounts to 0.0176 eV. Comparison of the observed phonon 
energies and the observed line separations, shows that the separation 
between line 2 and 4 is in good agreement with the observed phonon 
energy of 0.0109 eV. Similarly, the observed phonon energy of 0.0174 
eV is in good agreement with the spacing between line 3 and 5 which 
amounts to 0.0176 eV. 

Hence, line 2 and 4 could belong to the same exciton-impurity complex 
ans similarly line 3 and 5 could be connected with a common centre. 

Using the equations given in section II—5-4—2 it is also possible to 
calculate the possible donor and acceptor energies Ep and Ед for each 
emission line, using Е„ - 1.545 eV and Ε χ - 10 meV. The results are 
compiled in table II—VII. 
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Table II-VII 

Possible donor and acceptor energies calculated from bound exciton 

emission. 

λ(Α) 

8106 

8129 

8164 

8213 

hK(eV) 

1.5295 

1.5252 

1.5186 

1.5096 

EA(eV) 

neutral 

0.079 

0.14 

0.234 

0.363 

EA(eV) 

charged 

0.007 

0.010 

0.013 

0.017 

ED(eV) 

neutral 

0.025 

0.045 

0.075 

0.116 

ED(eV) 

charged 

0.015 

0.020 

0.026 

0.035 

This calculated set of donor and acceptor energies then must be 

confronted with known values. Look and Manthuruthil determined an 

acceptor level Ед = 0.15 eV, while two donor levels are predicted: a 
shallow one at 0.018 eV and a deeper lying level at 0.35 eV (46). The 
value for Ед agrees with our observation of Ед = 0.16 eV (See section 
II-6-4) . 

The acceptor energies calculated for line 2 differ greatly from the 
determined values 0.15 and 0.16 eV hence it is not likely that the 
1.5295 eV emission is associated with an exciton bound to an acceptor. 
The predicted donor energies lie in the order of magnitude of the 
shallow donor predicted by Look and Manthuruthil. Hence tentatively 
we assign this emission to an exciton bound to a donor. 

The acceptor energy, calculated for line 3 for an exciton bound to a 
neutral acceptor, is in reasonable agreement with the determined level 
at 0.15~0.16 eV. The acceptor energy of 10 meV, obtained for an 
acceptor-bound exciton, is much smaller than the already cited values, 
and is therefore rejected. However, it cannot be ruled out that an 
exciton-donor complex also plays a role in the emission of line 3, in 
view of the shallow donors predicted. 

In view of the known acceptor energies in the range of 0.15~0.16 eV, 
it is not likely that either line 4 or 5 can be associated with an acceptor 
bound exciton. Similarly, a donor bound complex is not very likely, as 
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the calculated donor energies are not in good agreement with the values 
given by Look and Manthuruthil. 

In conclusion, it must be stated that line assignment cannot be very 
precise; while line 1 can be associated with the free exciton, it is more 
difficult to make an assignment of the four lower energy emissions. 
Based on the considerations presented in this chapter, it is proposed 
that line 2 is to be asssociated with an exciton bound to a donor, line 4 
is to be associated with the same centre as it is separated by Ep from 
line 2. Similarly, line 5 and 3 are connected by a phonon. It seems 
possible that donor and acceptor bound excitons play a role in the 
emission of line 3. 

II—5-6 Discussion of the observed edge emission in CuInS2 

Figures 11—21 and 11—22 of section II—5—3 show the intensity and 
temperature dependence of the edge emission commonly observed in as 
grown CuInS2. In these figures it is shown that the peak energy Ê  of 
the luminescent signal will shift to higher energies if the excitation 
intensity is increased at constant temperature or if the temperature is 
decreased at constant excitation intensity. 

The observed behaviour may be understood by considering the energy 
scheme given in section II—4-3. 
At sufficiently high excitation intensity, band filling will occur which 
causes the luminescent signal to shift to higher energy values upon in
creasing the excitation intensity at constant temperature. Such a 
mechanism has been observed in electroluminescent compounds. See 
figure 11—24. The temperature dependence of the peak energy E^ 
originates from the filling of the impurity band (see figure 11—25): 
Acceptors which are neutral at low temperature, will acquire an electron 
upon increasing the temperature, thereby filling the impurity band, 
which in turn causes the luminescent signal to shift to lower Et energies 
with increasing temperature. 

It is of course interesting to speculate upon the nature of the centre 
which gives rise to the described luminescent signal at circa 1.44 eV, 
which is observed in sligthly p-type or intrinsic as-grown material. The 
p-type conduction is caused by acceptors; in CuInS2 the metal 
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vacancies V Q J and Vjn are the probable acceptors. Hence, the 1.44 eV 
level is to be associated with either V Q J or Vjn. V Q J is expected to be 
the major metal vacancy in this compound as the energy of V Q J 
formation is considerably smaller than the corresponding energy for 

тп formation. Hence, it is proposed that the 1.44 eV emission is to be 
assigned to V Q J . 
The shoulder emission ( 1.40 eV), which is often superimposed on the 
1.44 eV photo emission signal, can then be tentatively assigned to an 
emission associated with the V[n. 

Fig. 11—24 Band filling in a semiconductor causes a shift to higher 
energies of the emission signal with increasing excitation 
intensity. 

Fig. 11—25 Impurity band filling due to increasing temperature. 

This prediction is in agreement with the results of an annealing 
experiment (51 ) on a sample which displayed only the so-called 
shoulder emission. After annealing the sample with ^ 2 8 3 the shoulder 
emission has vanished and is replaced by the 1.44 eV emission. It is 
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expected that annealing with ^ 2 8 3 should lead to the creation of V Q J 

and the annihilation of the Vjn. So, the annealing experiment supports 

the assumption that the 1.44 eV emission is associated with V Q J and 

the 1.40 eV emission with Vjn. 

I I - 5 - 7 Experimental observations on as-grown, η-type CuInS2 

Normally, melt grown CuInS2 is obtained as intrinsic or slightly p-type 

material as indicated by the thermal probe. Only once n-type 

conductivity was observed in melt grown CuInS2, prepared from am 

melt which contained a slight excess of Q^S. 

The η-type sample displayed an edge emission spectrum in the range of 

1.34-1.43 eV. Figure 11—26 shows the characteristic features of the 

emission: At low temperature (10 K) the sample displays a characteris

tic emission consisting of two superimposed photo-emission signals. The 

figure shows that, at a constant temperature of 10 K, the highest 

emission is favoured at an excitation intensity of 70 mW. Upon decreas

ing the excitation intensity to 7 mW, still at 10 K, the lower energy 

emission peak becomes the favoured one. Also included in figure 11—26 

is the influence of the temperature on the emission spectrum at 

constant illuminatuion. The double peak emission spectrum, obtained 

at 10 K, transforms into a single peak broad emission at 50 K. 

ІЭЛ 1Э6 1Э 140 U 2 
hw (eV) 

Fig. 11—26 The photoluminescence spectrum of as-grown p-type 
CuInS^ The figure shows both the intensity and temperature 
dependence of the emission. 

The observed photoluminescence in as-grown η-type CulnS2 will be 
discussed in the next section. 
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II—5—8 Discussion of the observed photoluminescence in as-grown 

η-type CuInS2 

The low temperature photo-emission spectrum of η-type as-grown 

CuInS^, described in the preceding section, shows two superimposed 

emission signals, one at 1.40 eV and a second lower energy signal at 

1.376 eV. Upon increasing the temperature these emissions merge into 

a broad band with its peak energy at 1.388 eV. It will be noticed that, 

in section II—5—6, the 1.40 eV emission has been associated with the 
V In-

The observed temperature and intensity dependence of the photo-

emission can be understood from the energy scheme of figure 11-27. 

Two radiative transitions are drawn in the figure, one emission from the 

conduction band to the already discussed V[n acceptor level at 0.15 eV 

above the valence band, while the lower energy emission is plotted from 

a shallow donor level to the Vjn acceptor level. This yields a shallow 

acceptor level 19 meV from the conduction band. 

\ 
\ 

V 
137 . V 

J 
У 

1 4 « 

A 

A| 

/ \ 

Fig. 11—27 The energy diagram for the emission shown in fig. 11—26. 
The 1.40 eV emission is drawn from the conduction band to 
the acceptor band, while the 1.37 eV emission is drawn 
from a shallow donor to the acceptor level. 

The relative dependence of the donor-acceptor emission, when 
compared with the conduction band-acceptor emission is dependent on 
the donor concentration (i.e. the number of donors present.). At high 
excitation intensity the donor levels will be fully occupied by electrons 
and the donor acceptor emission will saturate. 
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The temperature dependence of the double emission can be explained 
in terms of the temperature dependence of both signals. First the donor 
acceptor emission will be considered. 

The energy of such an emission is given by the equation (52): 

hv = E g - f E A + E D ) + e 2 ( 6 R ) · 1 

In this equation E g represents the bandgap, Ед and E Q the donor and 
acceptor energies respectively, e the dielectric constant and R the pair 
separation distance. Since only dicrete values of R are possible, as the 
donor and acceptors usually occupy lattice sites, a series of emission 
lines is to be expected. However, for large values of R a broad spectrum 
is obtained, as the emission lines overlap. 

The influence of the temperature on the emission energy can be under
stood from its influence on the pair separation R: If the temperature is 
increased trapped carriers can be thermally released from the donor 
sites and then migrate to an energetically more favorable site from 
which they recombine. This effect reduces the pair separation R, which 
results in a higher energy emission upon increasing the temperature, as 
the coulomb energy is increased. In the range of intermediate 
temperatures a thermally increased hopping mobility will have the same 
effect. So it is expected that upon increasing the temperature the 
donor-acceptor emisson will shift to higher energies. 

The highest energy, 1.40 eV, emission, drawn in figure 11—27 is a 
conduction band to acceptor or free to bound transition. It will move 
to lower energies if, as hitherto an impurity band is assumed (section 
II—5—6) as the temperature is increased. The impurity band will be 
thermally filled, hence the emission energy is reduced. 

The net effect of the temperature dependencies of both emission signals 
is that, at some temperature the emission bands will merge into one 
broad band as is observed at 50 K. 

The important result of the photoluminescence measurements on 
as-grown η-type CuInS2 is the prediction of a shallow donor level at 

19 meV below the conduction band. This result is in good agreement 

with the 18 meV predicted in reference 46. 
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II-5—9 Conclusion 

In this chapter the photoluminescence spectra of as-grown CuInS2 
samples have been discussed. It was not yet possible to make an un
ambiguous assignment of the observed exciton lines. However from the 
considerations of section II—5—5 it is clear that both free and bound 
excitons play a role, while the spectrum is further complicated by the 
interaction with phonons. The considerations on the lower energy edge 
emission observed on as-grown CuInS2 lead to the conclusion that the 
1.44 eV emission is connected with V Q J centres, whereas the Vjn 

centre is connected with the emission at 1.40 eV. 

The emission associated with V | n is also observed in the as-grown n-type 
sample, together with a donor-acceptor transition at slightly lower 
photon energies. The considerations on this spectrum lead to the 
prediction of a shallow donor level. 

II—6 Electrical and optical properties of annealed СиІп$2 

II—6— 1 Introduction 

Investigations on the I-III-VI2 family of chalcopyrite semiconductors 
indicate that many of these compounds can be made usefully p- and/or 
η-type by careful control of the chalcogenide content of the material, 

e.g. CuGaS2 is readily converted to p-type material by incorporating 

excess sulphur in the lattice and hence creation of metal vacancies 

which act as acceptors can be expected in this material. 

It is interesting to note that in all Cu containing compounds p-type 

conductivity has been observed, whereas all In containing compounds 

were reported to be convertable to n-type (53). These observations 

suggest that CuInS2 can be made both p- and n-type by adjustment of 

the S content of the material. (Also, the Cu/In ratio could be of 

influence.) 

In this chapter, the experimental results of some annealing experiments 

on CuInS2 are reported and discussed. In the next section the occurren— 

In this chapter, the experimental results of some annealing experiments 

on CuInS2 are reported and discussed. In the next section the 
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occurrence of η-type and/or p-type conductivity in the chalcopyrite 

I-III-VI2 family of compounds will be considered. 

I I-6-2 Considerations on the η-type and p-type conductivity in 

chalcopyrite I-III-VI2 compounds 

The occurrence of n- and p-type conduction in chalcopyrite structure 

compounds seems to be governed by two effects: both energy of 

vacancy formation and the possibility of antisite effects play a role. 

The possibility of antisite substitution, e.g. in CuGaS2 Ga on a Cu site 

GaQj, is determined by the dimensional factor, the substituent must fit 

on the lattice site. 

According to van Vechten, the energy of formation of a given vacancy 

is proportional to the van Vechten covalent radius of the absent atom 

(54, 55). The Cu, In, Ag, Ga and S covalent van Vechten radii are 

compiled in table II—VIII. 

Table II-VIII 

Van Vechten covalent radii of some elements occurring in chalcopyrite 

structure compounds. 

Cu 

Ag 

1.225 A 

1.405 A 

In 

Ga 

1.405 A 

1.225 A 

S 1.127A 

From table II—VIII the following order of energy of vacancy formation 

is expected: 

Ev c < E v^~ E V^ < EV, ~EV V S v Cu v Ga Mn v ag 

Using the elements of table II—VIII four chalcopyrite structure 

compounds can be prepared. These are listed, together with the 

observed electrical conduction types in table II-IX. 
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I 
II 
III 
IV 

AgInS2 
CuInS2 
CuGaS2 
AgGaS2 

Table II-IX 
Some compounds with the chalcopyrite structure and their electrical 
character. 

η, ι 

n, i, ρ 

i, Ρ 
i 

The electrical properties of AgInS2 can be understood with van 
Vechten: For this compound the following order of vacancy 
formation energies is predicted: 

Ev ~ Ev > Ev v Ag v I n V S 

Evidently, the difference between the formation energies of the silver, 
indium, and sulphur vacancies is sufficiently large; so that only the 
latter predominate. The V§ donors then induce the η-type conductivity. 

For CuInS2 the following order of formation energies is expected: 

E v I n > E v C u > E v S 

Like in AgInS2, the role of Vjn will be limited as the difference 
between the formation energy of the V Q J and V§ is much smaller than 
that for Vjn and V§. Hence both copper and sulphur vacancies play a 
role and both p- and η-type conductibity is expected. 

CuGaS2 cannot be understood in this way: 

Е а Г Е са > E v s 

The energy difference is, in the first approximation equally large as the 
difference in CuInS2. Hence it is expected that V Q J , V ç a and V§ play 
a role. The observed absence of η-type conductivity can be attributed 
to the anti site effect: 

It is known that CuGaS2 has a large region of existence on the Ga rich 
side. Hence (GaQ,] will be large as the compound is known to be Ga 
rich, and as this Gaç u is also possible from a dimensional point of view. 
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As GaQj acts as a donor a compensation effect occurs: 

[Ga+CuHV"Cu] 

In the case of AgGaS2 a strong anti site effect is expected as the Ga will 

easily be accomodated by the larger Ag site. Hence a strong compensat-

ional effect must be expected. The absence of η-type conductivity then 

is ruled by the defect relations at the given min. Pg . (See figure 11—28). 

M*n ; 

\ \ 
[GaigMVfc, 

S2min 52 

Fig. 11—28 Possible defect relations in AgGaS2, in which a strong anti-

site effect is expected. The Ρς т^п is the minimum pressure 
below which AgGaS2 decomposes. 

II—6—3 Experimental observations on annealed CuInS2 

In this section some experiments are reported, in which it was tried to 
prepare both n- and p-type CuInS2 by annealing the compound with a 
suitable vapor. Also, some optical and electrical observations on the 
annealed compound are reported. 

N-type conductivity in I-III-VI2 chalcopyrites can be obtained in 
different ways: both extrinsic (e.g. Si) and intrinsic donors may play a 
role. For CuInS2 it is assumed that only the latter play a role, the 
possible donors are then sulphur vacancies and metal interstitials. The 
most likely interstitial would be Cu, which is known to be an interstitial 
donor in some compounds (56). 

Tell (53) reports that η-type CuInS2 can be obtained by annealing 

under minimum sulphur pressure at temperatures as low as 923 K, for 

annealing times as short as 15 minutes. The minimum sulphur pressure 

was defined as the sulphur pressure in equilibrium with metallic Cu at 

the temperature. 
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Thermal probe analysis of crystalline material annealed under the 

conditions prescribed by Tell et al. indicated η-type conductivity. 

However, prolonged annealing yielded a p-type surface on a n-type 

bulk. Samples which were annealed for longer times showed evidence of 

sample decomposition. 

The observation by Tell et al., that CuInS2, which is normally obtained 

from the melt as high resistive or slightly p-type material, can be readily 

converted to p-type conductivity by annealing under sulphur pressure, 

was confirmed by our experiments. 

It was found, that, even at temperatures as low as 663 K, at which 

temperature the saturation sulphur pressure is 0.3 atm., the conversion 

took place readily. Anneal of CuInS2 at 1073 K, under saturation 

sulphur pressure, also yields p-type material. The results of the photo-

luminescence experiments performed on these samples, are compiled in 

figures 11-29, 11-30 and II-31. 
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Fig. 11—29 The variation ofEt with the excitation intensity for 1073 К 
and 643 К annealed Сы/и^ at constant temperature (10 k). 
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Fig. 11—30 The dependence of the intensity of the photoluminescence 
observed on the 1073 К annealed sample as a function of 
the excitation intensity. 
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Fig. 11—31 The dependence of the luminescent intensity of the 643 К 
annealed sample on the excitation intensity at constant 
temperature. 

In figure 11-29, which shows the excitation intensity dependence of 
the peak energy E ,̂ it is shown that at high excitation intensities both 
the 643 К and 1073 К annealed CuInS2 samples exhibit a photolumin
escence spectrum with an E- at 1.37 eV. The figure also shows that the 
intensity dependence of the 1073 К annealed sample, given by line a in 
figure 11—29, is much less than the intensity dependence of the 643 К 
annealed sample, given by line b. Figures 11—30 and II—31 show that 
the intensity of luminescence of the 663 К and 1073 К annealed 
samples decrease linearly with decreasing excitation intensity. 

The temperature dependence of E in both samples is similar, upon 
increasing the temperature, E- will shift to higher energies. 

After the description of the optical observations on the annealed 

CuInS2 samples the electrical properties will now be considered. 

No Hall effect measurements were performed on the CuInS2 samples 
annealed under minimum sulphur pressure. Only the thermal probe 
was used to determine the conductivity type. These measurements 
showed that, although η-type conductivity was obtained in samples 

annealed for a short time, at longer annealing times a p-type surface on 

a η-type bulk was obtained. 

Hall effect measurements have been performed on the CuInS2 samples 

annealed under saturation sulphur pressure. 

On performing electrical measurements it is necessary to make ohmic 

contacts on the material to be measured. 

Ill| ι ι ι ι l l l l| 

.LUÌ ' ' ' * ' " ^ 
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For CuInS2 many contact materials e.g. In solder were tried but rather 
unsuccesfully. Evaporated Au contacts yielded as yet the best results. 
However it must be stressed that the preparational techniques for 
contact fabrication on CuInS2 are still ill-developed and need further 
study. As a consequence, electrical investigations are hampered. 

Figure 11-32 shows the log ρ vs 103/T plot for both 643 К and 1073 К 
annealed CuInS2· The room temperature resistivity and mobility are 
compiled in Table II-X. 

ρ (cm3) рГ ' 

Fig. 11-32 The 1O*¡T vs ρ plot for the 1073 К and 643 К annealed 

CuInS2 samples. 

Table II-X 

Room temperature resistivity and mobility for annealed CuInS2 
samples. 

Tanneal 

543 К 
1073 К 

P s (atm.)p(cm-3) 

0.3 1.8 x l O 1 6 

14 2 . 2 x l 0 1 6 

M(cm2/Vs) 

6.3 
16.4 
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Inspection of figure 11—32 shows that a wider temperature range could 
be reached in the case of the 800 C, (1073 K) annealed sample. The 
curve, representing the charge carrier annealed sample, can be divided in 
two sections with a different slope. The 663 К curve shows only a 
single slope region. 

II—6-4 Discussion of the optical and electrical properties of annealed 

CuInS2 

First, the annealing experiments under minimum Pc will be discussed. 
These experiments were aimed at the preparation of η-type CuInS2. In 

the preceding section it was stated that for short annealing times indeed 

η-type conduction was indicated by the thermal probe. However, 

prolonged annealing eventually lead to sample decompostition. The 

experimental observation can be understood from the following 

arguments: 

In section II—4—3, the thermal dissociation reaction for I-III-VI2 
chalcopyrites is given as: 

CuInS2(s)^Cu(s) + In2S(g) + 82(1) 
A possibility for the formation of η-type material arises from the excess 

Cu(s), present on the surface, which gives rise to Cu unterstitials, which 

act as a donor. 

At longer annealing times Cu xS will form as a second phase on the 

surface of the η-type bulk. So, not surprisingly a p-type surface is 

obtained as Cu xS is only known as a p-type conductive material (57). 

Ultimately, the sample will decompose. 

So, while η-type material can indeed be obtained by short annealing 

times under minimum P§ , the situation reached is a non-equilibrium 

one and therefore will be difficult to reproduce. Evidently, such 

processes must be rejected for device fabrication. 

In view of the considerations presented here, no further electrical or 

optical investigations were performed on these samples. 

Now the experimental observations on CuInS2 annealed under 
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saturation sulphur pressure will be discussed, starting with the 
discussion of the observed photoluminescence. 

As mentioned in section II—6—3 CuInS2 samples annealed under 
saturation sulphur pressure, are readily converted to p-type 
conductivity. Figure 11—29 of section II—6-3 contains the dependence 
of the luminescent signal on the excitation intensity. It shows that the 
peak energy E t of the 643 К annealed sample has a much larger 
dependence on the excitation intensity than the 1073 К annealed 
sample. In section I I - 6 - 3 it is also mentioned that the temperature 
dependence of the photoluminescence of both the 643 К and 1073 К 
samples is similar: Ej of both emission signals will shift to higher 
energies upon increasing the temperature. 

In summary, the luminescent properties of the 643 К annealed sample 
are the following: Upon increasing the excitation intensity at constant 
temperature, the peak energy Et will shift to higher energy values. The 
same effect is induced by an increase of the temperature. These 
properties are characteristic for donor acceptor transitions (see section 
I I - 5 - 8 and reference 52). It will be noticed that the annealing causes 
the temperature dependence of the luminescence to change: In 
as-grown material a shift to lower E t values with increasing temperature 
is always observed, while in this sample a shift to higher E t values is 
observed. 

Clearly, annealing under sulphur pressure at this relativily low 
temperature not only causes an increase in acceptor concentration, but 
also donor levels are introduced in the material. As to the origin of the 
acceptor levels, the possible acceptors are, considering intrinsic acceptors 
only,the copper and indium vacancies and the sulphur interstitial. V Q J , 
Vjn and Sj. Of these the sulphur interstitial S¡ is not very probable for 
dimensional reasons, whereas from the metal vacancies in all probabiUty 
V Q J is the most important acceptor for reasons described in the intro
duction. 

The occurrence of donor levels in this material can be understood by 
assuming that at this low temperature only Cu is mobile, this has 
previously been observed in other semiconductors (56). The process of 
making Cu mobile can be described by the equation: 

0 ^ V C u + Cuj 
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This self compensation reaction accounts for the formation of donor 
levels in the material. However under these conditions only a partial 
equilibrium will be reached, as Cu will drawn from the bulk of the 
sample to the surface for a possible reaction with the vapour phase. 

Anneal of CuInS2 at 1073 К under saturation sulphur pressure also 
yields p-type conductive material. The peak energy E^ of its photo-
luminescence spectrum is nearly independent of the excitation intensity. 
Е{ shifts to higher energies with increasing temperatures. The (nearly) 
independence of Ej. of the excitation intensity is indicative for a free to 
bound emission (52): in this p-type material the recombination of free 
electrons to holes bound to acceptors. Also figure 6 of reference 52 
indicates that free to bound emissions show a small shift to higher E t 

values with increasing temperature, such as observed on this sample 
(section II—6—3). 

So, to all probability the 1073 К annealed sample is less compensated 
than the 643 К annealed sample. 

Before comparing the results of the Hall measurements performed on 
the 663 К and 1073 К annealed samples, some remarks on the 
technique are necessary. 

For a detailed discussion of the Hall technique the reader is referred to 
a standard text like Putley (58). For the present purposes citation of 
the relevant formula will be sufficient. 

The Hall coefficient Rjj can be expressed in terms of the measured Hall 
potential Vjj, the applied current I, the sample thickness d and the 
applied magnetic field B: 

R H - VH.d.aB)"1 

This formula is correct if scattering effects are not taken into account. 
In the more general case the formula reads: Rjj -a(n.e.)" . To the 
authors knowledge no values for α are known, in consequence no 

correction can be carried out. Hence, the influence of the scattering 

factor is neglected. 
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The Hall coefficient Rjj is inversely proportional to the carrier 

concentration: 

R H - -(n.e)" 1 

The mobility is obtained from the Hall coefficient and the specific 

resistance 9 , which was determined according to van der Pauw (59): 

With ζ = ne μ we have: 

μ- R H . ? - 1 

So, in essence, measurement of the Hall effect and the resistivity 

provides an easy tool for the determination of the carrier concentration 

and its mobility. But, Hall measurements also yield information on the 

compensation and the depth of a donor or acceptor level with respect 

to the conduction and valence bands in the compound when 

temperature dependent Hall measurements are performed. The relation 

between carrier concentration and temperature will be discussed next. 

The hole concentration in the valence band is given by the equation: 

ρ = N v exp ((Ev - EF)/kT) 

N v represents the density of states in the valence band, Е у is the energy 
of the top of the valence band and Ep represents the Fermi energy. In a 
general case a semiconductor will contain both donors and acceptors 
and hence will be compensated. For a compensated p-type semicon
ductor the total number of holes available, Ыд — N Q , consists of the 
number of holes condensed on the acceptor states p' and the number 
of holes ρ present in the valence band, ІЧд — Nj) - p' + p. The number 
of holes condensed on the acceptor centres are given by the relation: 

p' - N A .(1 + І ^ е х р а Е р - Е д кТГ 1 

with Ед » the energy position of the acceptor level. 

Hence, we obtain: 

N A - N D = N A (1 + Ш е х р Ш р - Е д кТГ 1 + ρ 

Combination of the equation for Мд - N Q and for ρ yields the general 

formula for the hole concentration in p-type semiconducting material 

by elemination of Ep. 

P(N D + p) = ( N A - N D - p ) . N v . 2 - 1 . e x p ( - E A / k T ) 
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In this equation all symbols have their usual meaning. Depending on the 

temperature range, the general formula may be simplified (See figure 

11-33). 

logN 

1 /T (K"1) 

Fig. 11—33 Schematic diagram, showing the relation between log N and 
ЦТ. 

At sufficiently high temperatures all the non-compensated acceptor 
levels are filled with an electron and ρ will be equal to Мд - N^: 

ρ = N A - N D 

In this temperature range the carrier concentration will be constant, the 

range is designated by I in figure 11—33. In the temperature range, 

corresponding to section II of the plot the predominant mechanism is 

the temperature induced return of electrons captured in the acceptor 

levels to the valence band. In this case an expression containing the 

acceptor activation energy is obtained from the general expression 

( w i t h p > N D ; N A > N D + p): 

p 2 = l/2.N v .N A .exp(-E A /kT) 

And hence: 

log ρ - constant —EA/2kT 

In a strongly compensated sample this region will be absent as Np 

could be greater than p. 

The third range of the plot represents the area in which compensational 

effects plays a role. As p ^ N p and p-CNA — N Q the expression for ρ 

becomes: 

p - l / 2 . N v . ( ( N A - N D ) / N D ) . e x p - E A / k T 
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and hence we obtain: 

log ρ - constant - Ед/кТ 

In strongly compensated material area II of the plot often is absent. For 
temperatures higher than those corresponding to area I intrinsic 
behaviour becomes the dominant mechanism. 

Comparison of the log ρ vs 103/T plot with the simplified plot shown 

in the preceding section shows that the 1073 К annealed slice shows 
less compensation than the 643 К annealed slice of CuInS2. This 
observation is in agreement with the luminescence data. From the plot 
an energy of activation Ед~0.16 eV is calculated, this value is in good 
agreement with the value of 0.15 eV determined by Look and 
Manthuruthil (46). 

II—6—5 Summary 

Analysis of the optical and electrical data obtained from p-type CuInS2 
gives rise to the following conclusions: 

At low annealing temperature only interstitial Cu is mobile and a 

compensation effect occurs: 

0 - V C u + Cui with К = [ v C u ] [ C u j 

Part of the CUJ is captured at the surface giving CU2S, in the bulk an 

excess V Q J remains making the sample p-type. 

At high annealing temperature, the compensation effect becomes less 
important and a regular equilibrium is reached. 

The investigations on both p- and η-type CuInS2 indicate that type 

conversion in CuInS2 is much more complex than the original 

suggestion that type conversion can be brought about by careful 

adjustment of the chalcogenide content in the compound. The original 

suggestion more or less contains the suggestion that the defect 

chemistry will be more or less similar to that of BaTiOg, in which the 

stoichiometry is governed by P Q since the Ba and Ti evaporation is 

negligible. 

104 



The experiments on obtaining η-type material showed that not only 

Ρ§ but also P | n is of importance in governing the defect concentrations 

in CuInS2. Therefore in the last chapter, the defect chemistry of 

I-III-Vl2chalcopyritesis reconsidered, taking into account the difficul

ties which arise when the compound has a significant region of 

existence. 

II-7 Considerations on the theory of point defect in I-III-VI2 
chalcopyrites — CuInS2 as an example 

II-7-1 Introduction 

At temperatures above 0 K, a real crystal will always show deviations 

from the ideal structure in thermodynamic equilibrium. These deviations, 

the lattice vibrations and point defects, may have a large influence on 

the physical properties of the crystal under consideration. 

The defect chemistry of ternary systems, which deals with the point 

defects in such systems, is yet poorly developed when compared to our 

knowledge of defects in binary and unary systems. The study by 

Schmalzried and Wagner (60) was primarily devoted to disorder in 

ternary systems. Seuter, (61), in his study on BaTiO-j, extended this by 

paying more attention to the relation between the ambient atmosphere 

and the electrical properties. 

In this chapter we will consider the defect chemistry in I-III-VI2 chalco

pyrites by taking CuInS2 as an example. This discussion is limited to 

equilibrium situations and the usual Albers notation (62) will be used. 

The reasoning by Seuter (61) will be closely followed in the next 

sections. 

II—7—2 Neutral native defects in CuInS2 

The Gibb's phase rule relates the number of degrees of freedom f, to 

the number of phases r, and the number of components n, by: 

f = η + 2 — г 

So the system Cu—In—S, with η = 3, in equilibrium with the gas phase 

г - 2, possesses three degrees of freedom. Thus if three independent 
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intensive parameters are known, e.g. Τ, Pg and a relation between the 

Cu and In content, the system is completely fixed. 

The native defects in CuInS2 may be distinghuished into three different 
types: 

I The primary atomic defect is the vacancy, a lattice site which 
should be occupied. In CuInS2 it is only necessary to consider 
the Cu-, In- and S-vacancies: Vç u , Vjn and Vg. 

II The second class of atomic defects is formed by the inter-
stitials. In this case a site which should be empty is occupied. 
Again, three kinds of interstitials are in principle possible: Cu¡, 
Inj and Sj. 

III A third source of imperfections is the antisite disorder e.g. Cu 
occupies an In lattice site: Cujn. It will be clear that six 
imperfections of this type are possible: Cujn, Cug, Іп^ и , In§, 
SCu a n d S In· 

After Scuter we define a defect of type k, D^, as a situation in which 
are N^Cu, N^'In and N^"8 atoms in excess to the ideal situation in the 
crystal. The different N^, N^' and N^" values for a given defect are 
tabulated in table II—XI. 

Table II-XI 

Values of N^, N^' and N^" for native defects in CuInS2 

C u i 
Inj 
S i 
Vcu 
V In 
V S 
C u I n 
C u s 

I n Cu 
SCu 
Sin 

N k 

1 
0 
0 

- 1 
0 
0 
1 
1 

- 1 
- 1 

0 

N k ' 

0 
1 
0 
0 

- 1 
0 

- 1 
0 
1 
0 

- 1 

N k " 

0 
0 
1 
0 
0 

- 1 
0 

- 1 
0 
1 
1 
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D k ^ V k C u g +

 V k ' big + V k " Sg (1) 

Reaction (1 ) represents the equilibrium between D^ with the gasphase. 
As a real chemical potential may be assigned to a defect, the defect 
concentration [ D ^ ] may be readily deduced. 

[Dk] » K l Ρ k 

Cu In 
pNk/2' 

S2 
(2) 

In this equation (2)P§ is used, as S2 is taken to be the most 
important sulphur species in the gas phase. 
By combination of equation (2) and the N^, N¿ and N^" values of 
table II—XI the relations between the concentrations of the native 
defects and the corresponding partial pressures are obtained. These are 
tabulated in tabel II-XII. 

Table II-XII 

The relation between partial pressures and neutral native defect 
concentrations. 

Η 
Inj 

Si 

[Cuín] 

[Cus] 

[InCu] 

kiP, Cu 

= k2PIn 

= кзР1^ 
s 2 

k 7 P r , 1 F 1 

In ^ r C u J 

s 2 

- кпРт^Г 9 r In J 

Cu 

N 
Ы 
[vs 

Ы 
Η 
[s,„] 

клР 
Cu 

s 2 

kioPinPsf 

к ц Р 1 ? 1 / 2 

Cu S 2 

k p-lpl/2 
ín So 

The formation of a Cu interstitial may be described by equation (3): 

0-VCu + Cuj withK! ^VcJfcuJ (3) 
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Similar equations may be derived for the formation of In and S inter-
stitials: 

(4) 

and 

(5) 

At this point Schottky disorder, which involves vacancies, must be 
mentioned. From table II the validity of equation (6), which describes 
the Schottky constant Ks, may be checked. 

«s -Ы Ы h]2 • W&'/VAJ ( 6 > 

In the following, we will only consider vacancies and Cu interstitials. 

II—7-3 Charged native defects 

The neutral defects, described in the preceding section may form 
charged imperfections by releasing an electron or a hole. These 
electrons and holes then become available for electrical conduction, as 
the electronic imperfections are generally rather mobile. 

Kroger has formulated rules, which allow one to determine if an 
imperfection acts as a donor (releases electrons) or as an acceptor 
(attracts electrons). For CuInS2 these rules state that V Q J and Vjn will 
be acceptors whereas Vg will be a donor. Cuj is expected to be a donor. 
For single ionization the ionization equilibria may be written as follows: 

V C u - ^ V C u ' + Ρ 

V I n ^ V I n ' + Ρ 

V S - V S · + η 

and 

Cuj^Cuj + η 

0^±V I n + Inj with К II [v,„ [ь. 

Oz±Vç + S: with К III 
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(' denotes a negative charge, the superscript · denotes a positive charge.) 
The reaction constants of these reactions are obtained in the usual way: 

Ы Lvs] 

[Vln] Μ 

Furthermore, obviously: 

Opin + ρ with kj - n.p 

Unfortunately the equilibrium constants cannot be calculated because 

the pre-exponential factor, which is contained in k, contains the 

uncertain vibrational entropy. The exponential factor in к involves the 
reaction enthalpy which sometimes can be reasonably well approximat
ed. 

Obviously the solid must be electrically neutral, this leads to the 
following electroneutrality condition: 

N*H^-[véu] *[νίη] + η 

Anticipating on the following sections, it must be realised that in 

general, for a well defined system, the charged imperfection concentrat

ions may be expressed in terms of two variables say η and p§ . Sub

stitution of these expressions for the defect concentrations in the 

electroneutrality condition then yields an expression in η and Pg , and 

η can be given as a function of pg : 

η = n ( P S 2 ) 

This expression for η in terms of p§ then allows calculation of all 

other defect concentrations, if the k-values are known. 

Brouwer's approximation method (63) is founded on the fact that, in 

general, in certain pressure ranges some terms in the electroneutrality 

condition can be neglected with respect to the other terms. 



e.g. For high pg values the compound shows p-type conduction, in 
this case Vg, Cu¡ and η can be neglected with respect to the other terms 
and a reduced electroneutrality condition is obtained: 

M*Kl· This reduced condition can be further simplified to the following two 
conditions, each of which is valid in its own pressure range: 

[VQ,] • Ρ 
or 

[v;n] - Ρ 

Brouwer's method will be used in the following sections ro derive the 
concentrations of charged imperfections as a function of Pg . 

II—7—4 The concentration of neutral imperfections in CuInS2 

As stated in section 7-2, a ternary system in equilibrium with the gas-
phase requires three independent parameters to be completely fixed. 
One could choose e.g. T,p s and the difference between the Cu and In 
content of the crystal as independent parameters. 

Consider the hypothetical phase diagram of figyre 11-34. Upon 
solidification of a melt A, the first solid to crystallize will have 
composition Хд, and the last solid to crystallize will have composition 
Xjj. So, the Cu/In ratio is not constant over the crystallized ingot. Thus, 
although the defect concentrations may be adjusted by carefully 
controling T,p s and the Cu/In ratio this situation is not very practically. 

This can be changed by considering the limits of the region of existence 
В and С at a given temperature Tj . In this situation e.g. CuInS2 of 
composition Xc, will be in equilibrium with one of its composing 
compounds: Q ^ S . In relation to the phase rule this means that another 
phase has been included in the system and as a consequence the number 
of degrees of freedom is reduced to two. Thus, as long as CuInS2 
remains in equilibrium with Q^S, the system is completely fixed by 
p s and T. Similar arguments apply to the l^S^ rich limit of thè region 
of existence. In the next paragraphs we will see how the extra 
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conditions imposed by the second solid phase determine the 
concentrations of neutral defects in CuInS2. First, the O ^ S rich limit 
of the existence region will be discussed. 

Τ 
<A 

τ, /! 

Cu,S Ч«В »4 In,S, 

Fig. 11-34 Hypothetical phase diagram for the Сг^З" - In2S3 system. 
Upon crystallization the ingot composition will vary from 
Хд to Χβ if the initial melt has a composition A. Xc is the 

composition of a sample in equilibrium with O ^ S at Tj. 

II_7_4_1 The CuInS2 - C ^ S system 

The interaction of CuInS2 with the gas phase may be represented by: 

C u I n S 2 ^ C u g + Ing + 8 2 β with К = Pçu-Pln· PS' (7) 

(8) 

Similarly for Q ^ S one obtains: 

Kr - p 2 .P 1 / 2 

In equilibrium the system has to obey both expressions 7 and 8, thus 

p j n and P Q J may be solved from К and Kj. 

p I n . K.KJ1/2.P-3/4 

The neutral defect concentrations are obtained from Pçu, p ¡ n and the 
expressions from table II—XII. 

As Cu forms an interstitial in many compounds, CUJ will also be 
considered:[Cu]may also be obtained from table II—XII and P c u : 

[ C u j - k ! * ! 1 ^ 1 / 4 
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Obviously also CuS can be considered as the second solid phase; the 
extra relation then becomes: 

and P, Cu - K I I P 1/2 

II-XI 

KII - PQr P 4 / 2 

ІУСиІ' ^In > Cuj and Vgl are then obtained from K,Kjj and table 

Ы - ^ 
[cuj] - k i-KiiP s

1 / 2 [ v I n ] - кз.К-І.Кц.р 1/2 

Figure 11-35 shows the variation of the neutral defect concentrations 
as a function of pg for the CuInS2, Cu xS system, above a certain 
partial pressure of sulphur CuS will be stable. Next the ^ 8 3 rich limit 
will be considered. 

logli 

V c u ^ — -

v i n 

> 

И-̂  
5> 

^ 

CujS 

L/^1^ 

N^V 
.CuS ^ ^ 

l o S P j j 

Fig. 11—35 Hypothetical plot of the neutral defect concentrations in 
CuInS2 as a function of p^ , for the CuInS2 — CuxS 
system. 

I I - 7 - 4 - 2 The СиІпЗз - Ь ^ з system 

On this side of the composition range, the extra relation is given by: 

I n 2 S 3 ' .2In g + 
3/2S2)g with KJJJ p2 .p3/2 

In S 2 

Then, P i n - К щ р ^ / 4 and р ^ = K . K ^ . p ^ 

112 



г Cu ' к In ' К S аП(1 Cuj are obtained in the usual way: 

[VCU] - k4K-l.KIII.psl2/4 [Vs] - k6p-l/2 
'Cu 

I V L ^Vl 
1 n3/4 

S 

Cu 

k 6 P s 2 

κ,.κ-^.κ.ρ; 1/4 
S2 

In section 11-2-2 it was argued the C u ^ S g persists up to the border 
of the region of existence of CuInS2. In the case that C u ^ S g is in 
equilibrium with CuInS2 the extra relation becomes: 

K i v - PCUPL-P? 
5 „-4 

In S-
and p C u - Κ,ν.ρ-J.pJ 

К becomes: 

К - Pcu-Pln-PS2 -
 KIV-P¡VS

3 

and pjn is calculated to be: 

l n IV ST 

Which results in PCu: 

PCu 

So 

ККІ/4к-1/4р-1/4 
IV s-

Vçu will be proportional to ρ 1 ' 4 , Vjn -<4·Η to ρ г 1/4 
ST and r u. j a2 L j a 2 L J Û2 an 

I Vg to p" ' , the slopes are the same as in the case that Іп28з is the 
bordering compound. 

As the equilibrium constants are not known the absolute values of the 
defect concentrations are not known either. Only the variation of the 
defect concentrations with p§ may be plotted, with the exact position 
of the curves with respect to each other depending on the actual 
k-values. 

Figure 11—36 shows the neutral defect concentrations vs p§ for the 

CuInS2 — Іп28з (CuIn^Sg) system. It is assumed that at sufficiently 
high and low р§ values the steepest slopes are dominant. 
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logt] 

l o 9 P s , 

Fig. 11—36 Neutral defect concentrations as a function ofρ g for the 

CuInS2 — /«2^3 system. 

I I - 7 - 5 Charged centres in CuInS2 

Following the order of the preceding sections the copper sulphide rich 

side of the existence region will be discussed first. 

I I - 7 - 5 - 1 The CuInS2 - CU2S system 

The ionisation of l v C u , |VjnJ, [ y s J , and Cujwas described in 

section 7—3. Using the expressions for the different defect concentrat

ions derived in section 7 - 4 - 1 , the concentration of charged imperfect

ions may be expressed in terms of η and pg : 

[c¡]. ν,.κ^.,,-ΐρ-^ [vs]. k^-lp-W 

Obviously, the electroneutrality condition must be valid: 

[Cuj] + [vs] + ρ - [v¿u] - [vi,] - η = О 

Solving the electroneutrality condition in Brouwer's approximate way 

yields (compare figure 11-37): 

I Low ρ ς ; η-type region: 

h]+[Cu,] » η 
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For sufficiently low values of p§ the concentration of Vg centres 

will dominate as[Vg]vs p§ shows the steepest slope. In this case 

the electroneutrality condition is further reduced: 

N 
The electron concentration then becomes proportional to p " 1 ' . 

In this region then: 2 

P ~ P £ [ V S ] ~ P S ^ 

V Q J ί - constant Wui\ " c o n s t a n t 

,1/2 Ы 'P 
S 2 

II High ρ $ ; p-type region 

In this region the following approximate solution of the electro-

neutrality condition is obtained: 

K ] . [Vc'u] • Ρ 
This relation reduces to: 

K] - Ρ 
if, again, the steepest slope is dominant. The defect concentrations 

can then be calculated to have the following proportionalities to 

2 

3/8 

S2 

III Intermediate range ofp^ 

In the intermediate range of sulphur pressures two, approximate 

solutions are possible depending on the actual K-values: 

η - ρ or 

[ο-ίΜνίΗνά,Ην,;] 

115 



Starting at low p§ different orders of electroneutrality conditions 
are possible if the p- is gradually increased: 

L O W PS 2
 : [ v s ] " n 

IntPs2 ;[v¿]=[vc;]or[v¿]=[vi;] 
high P S 2 ; [Vi'n] - Ρ 

II 
η 

hHv4 
fin] • ' 

Or CU: 

The proportionalities to pc, which may be calcualted for the defect 
concentrations in the intermediate pressure range are compiled in table 
II—XIII, together with the results for the high and low pg ranges. 

Table II-XIII 

Relations between changed defect concentrations and f(pg ). (The 
proportionality factor is omitted). 

η 

Ρ 

V C u 

V l n 

V S 

Cu, 

V S . η 

p s , / 4 

s 2 
p + l/4 

S 2 

const. 

'!? 
y 
const 

η - ρ 

к, 1/2 

к, 1/2 

p s / 4 

s 2 

s 2 

p s / 2 

s 2 

p s 1 / 4 

S 2 

V S - V Cu 

p s 3 / 8 

s 2 
+3/8 

S2 

p-1/8 
s 2 

p+3/8 

p s / 8 

S 2 

p s / 8 

S 2 

V S - V l n 

't' 
p+5/8 

s 2 

p-3/8 
s 2 

p l /8 
S 2 

'ζ' 

•? 

С". - V C u 

p-1/4 
s 2 

p ; . / 4 
S 2 

const. 

'îf 
'i'4 

const. 

С", - v l n 

't2 

p s 2 

p s 1 / 4 

s 2 
p-1/4 
S2 

const 

p s / 4 s 2 

V l n - Ρ 

p-3/8 
s 2 

p s / 8 

s 2 

'i? 

Ъ 
s2 

p-1/8 

The proportionalities to ρ g , which may be calculated for the defect 
concentrations in the intermediate pressure range are compiled in table 
II—XIII, together with the results for the high and low pg ranges. 

The table contains the pg dependencies obtained under the simplifying 
conditions described before. At this point it will be clear that, if such 
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simplifications cannot be made, the electron concentration will not be 

such a simple function of p§ , e.g. if in the p-type region V Q , cannot 

be neglected then V | n becomes: 

In such cases, the experimental determination of log η 

will not yield a linear relationship. 

F(log p S 2 ) 

As an illustration figures 11-37, 11-38 and 11-39 show some possible 
defect relations for the low p§ range [Vg] - η and the high pg- range 
Г | П 1 - p. The intermediate range is given by ρ = η, Г ^] = [ сц] 
and TV ¿"I = [ ν ^ Ι respectively. 

logli IvsUn j n = p ί ¡νίη]=ρ 

logps, 

Fig. 11—37 Hypothetical defect diagram for the CuInS2 - Cu 2$ system. 
The neutrality conditions are low ρς : [Υς] = η, intermed-

}аще:\ >Іп\, iate ρ $ : η - ρ and in the high ρ ς Ρ-

logli 
1 1 

^ и ^ 
ι 

М П Ь Р 

І09Р, 
52 

Fig. Π—38 Hypothetical defect diagram for the CuInS2 — Cu 2S system. 

In the intermediate pg range the neutrality condition is 

given by [^1= [^¿u]· The other conditions remain 
unchanged from those of figure 11—37. 
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looi) pç)=r 

^J^=n 

— 
'iü 

^ ^ 
p^^ 

с«; 

^4¡u 

< 
--^ÍL 

te-Hni ! 

>^n_jL_> 
^Ñc ^ ^ * ' 
^ й ^ ^ ! 

^ т 

PU-Ρ 

»Ιπ-Ρ, 

^^^ 
ϊ έ ^ 

νΓ" 

τ^-^. 

**^, 
Vg 

"»Γ -

Cu, 

"¿u 

togpS2 

Fîg. 11—39 In this figure the intermediate pressure range is altered to 

USJ " с ƒ«]• The other conditions are the same as those of 
fig. 11-37 and 11-38. 

11—1—5-2 Charged centres in the CuInS2 - Ь ^ з system 

In section 7—4—2 it was shown that the presence of ^ S ^ leads to the 
following relations between the neutral imperfection concentrations 
and p S l 

[vs]- Ч < ' 2 
»2' 
= к, .К ·ΚΙΙΙ·Ρς 

ь 2 
.K-l .рЗ/4 

III s 2 
[OH] k,^" 1 . ρ " 1 / 4 

1 III So 

In the same section it was argued that, in case of replacement of ^ 2 8 3 
by CuIn5Sg, the proportionality of the neutral defect concentrations to 
p§ remains unchanged: 

M· 1/4 

KK4 

[Vs} 
•1/2 

,-1/4 

Also, in section I I - 7 - 4 , it was shown that in the CuInS2 — G ^ S 
system, the neutral imperfection concentrations will satisfy the same 
proportionalities to ρ g (Disregarding the constants.). Hence, it will be 
clear that the charged aefect concentrations in the CuInS2 - ІП2^3 
(CuInjSo) system will show the dependencies to pg as compiled in 
table 11-13 for the CuInS2 - C ^ S system. Obviously, this result 
depends on the valency of the Cu, In and S ions, if CuS is used as the 
second phase, different proportionalities to p§ will result. 
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II—7—6 The preparation of samples within the region of existence of a 
ternary compound 

Until now we have considered the Cu—In—S system, in equilibrium 
with the gasphase, at the boundaries of the region of existence. 
However the shape of the region of existence in the temperature-compos
ition diagram may introduce complications. 

Consider the hypothetical, binary, phase diagram of figure 11—40. Only 
one compound exists in the A—В system, the region of existence of 
which is denoted by Здр. 

— A B — 

Fig. 11—40 Part of a hypothetical binary phase diagram, AB is the only 
compound in the system. A sample AB, saturated with В at 
Τ2 (composition χ2), will contain precipitates of В upon 
cooling from Τj to Τ2- No precipitation will occur, if a 

sample of composition xj is cooled from Tj to 7 4 

A sample of composition Χ2 can be prepared at a temperature Tj by 

saturating the compound AB with B; xj then corresponds to AB(B), 

AB saturated with B. AB(B) can be prepared by annealing AB with a 

mixture of AB and В at Tj . When the sample of composition x^, 
prepared at Tj, is brought to a lower temperature T2, then the sample 
AB will generally contain precipitates of a second phase, in this case B. 
If temperature dependent measurements, e.g. Hall effect measurements, 
are performed in the range Tj - T2 on such a sample, difficulties will 
arise if the measured property is influenced by the stoichiometry as 
during the variation of Τ precipitates may form or dissolve. From 

these considerations it will be obvious that, if, in the temperature range 

of interest Tj - T2 some stoichiometry dependent property is to be 

investigated, it will be necessary to use AB samples with a composition 

that, in the temperature range of interest Tj - Tj, lies within the region 

of existence; e.g. Xj. 
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The preparation of such samples has been described by Albers (64). If AB 

is equilibrated with a mixture of AB(A) and AB(B), it will be clear that 

the crystal composition will be the same as that of the annealing 

powder. Hence, as the overall composition of the AB(A) and AB(B) 

mixture will be somewhere in the region of existence, depending on the 

AB(A)/AB(B) ratio, it is possible to obtain any composition within the 

region of existence. A similar reasoning holds for a ternary system: 

Consider the hypothetical ternary phase diagram of figure 11—41. In the 

A—B—S system, AS, BS and ABS2 are the only compounds which exist. 

Fig. 11—41 Hypothetical ternary phase diagram of the A—B—S system, 

in which ABS2, AB and BS are the only compounds. The 

points in which three phases are in equilibrium are denoted 

by a, b, c, d and e. 

In a ternary system there are four degrees of freedom according to the 

phase rule; hence the system is completely fixed in those points where 

three phases are in equilibrium with each other. (The figure is an iso

thermal cross section of the temperature-composition relations, so Τ is 

already fixed.) These points are denoted by a, b, c, d and e. How can 

one prepare such a composition, say d, which represents ABS2 saturated 
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with both AS and A: AI^CAS.A). For a starting material some overall 
composition A is chosen which represents ABS2 containing BS and S. 
Analogous to the binary case A can be converted to ABS2(AS,A) by 
annealing sample A with a large mixture of ABS2 + AS + A. In a 
similar way the compositions a, b, с and e can be prepared. 
Compositions inside the region of existence can now be prepared in the 
following way; (again analogous to the preceding binary case.)·' By 
mixing two compositions say a and d, all compositions can be prepared 
of which the mole fractions are represented by the line a—d. The 
relative amounts of a and d determine the position on this line. Similar
ly using three compositions, say a, d and e it is possible to prepare 
those compositions within the ABS2 region of existence, whose mole 
fractions are contained in the traingle a, d, e. Obviously, it will not be 
possible to prepare compositions, who's mole fractions loe outside the 
a—b—c—d-e pentagon by this method. 

II—7—7 Summary 

In this chapter it is argued that the defect concentrations in a ternary 
compound with a region of existence can be controlled by annealing in 
the presence of a second compound. In this case, the extra relations 
imposed by the second compound determine the composition of the 
ternary compound and allow controlling of the defect concentrations 
by adjustment of pg and T. So, at the border of the region of 
existence, it is possible, in principle at least, to prepare reproducably a 
given ternary compound with a fixed defect concentration. Also it has 
been pointed out in the last section that it sometimes is necessary to 
perform measurements on samples within the region of existence and a 
method of preparation of such samples has been described. 
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SUMMARY 

This thesis compiles the results of some investigations on the alkali rare 
earth sulphides and on CuInS2. 

Chapter I is devoted to the studies, performed on the alkali rare earth 
sulphides. These investigations were started with the objective of using 
these compounds as model compounds for the investigations of defects 
in ternary compounds. Such an investigation proved to be impossible 
because of the persistent occurrence of impurities (1-2—3). 

Some considerations on the structure are described in section 1—3. 
Based on a simple model, it proved to be possible to calculate the a^ 
and Cfo axes and the sulphur shift e from ithe ideal position. The 
calculated e for KNdS2 was experimentally verified by a neutron 
diffraction experiment. 

The results of the optical absorption measurements are reported in 
section 1-4. A peculiar variation of the optical absorption edge was 
found, with an exceptional behaviour of the rare earth with an 4f , 4f° 

1 -J 

and 4f1J configuration. Because of the reported unsuitability of these 
compounds, as model compounds for the investigation of defects, the 
attention was shifted to CuInS2, the investigations on this compounds 
are reported in chapter II. 

In section I I -2 , it is reported that the region of existence of CuInS2 
must be small and the growth of CuInS2, both from the melt and from 
the vapour, is described. CuInS2 obtained from the vapour showed a 
typical morphology, which is explained by the Hartman-Perdok theory 
in section II—3. 

In section II—4, the results of the optical absorption experiments are 
reported. The quasi 1.4 eV energy gap is attributed to absorption, due 
to an impurity band. 
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The observations on as-grown CuInS2 are reported in section II—5. The 

compound is normally obtained as slightly p-type or intrinsic material. 

The compound shows edge emission and, in some cases, an exciton 

emission spectrum which could be correlated with phonons and specific 

centra. In one instance, η-type conduction has been observed in 

as-grown CuInS2. The material shows a peculiar double peak emission 

signal, which is discussed in section I I - 5 - 8 . 

The experimental observations on annealed CuInS2 (section II—6) give 

rise to a low temperature compensation effect and a regular equilibrium 

at higher temperatures. It is shown that the defect relations in this com

pound cannot be regulated by pg alone. 

In the theoretical section II—7 attention is paid to the theory of point 

defect in I-III-VI2 compounds. 
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SAMENVATTING 

In dit proefschrift zijn enige resultaten van het onderzoek aan de alkali 

zeldzame aardsulfiden en CuInS2 samengevat. 

Hoofdstuk I is gewijd aan het onderzoek verricht aan de alkali zeldza

me aardsulfiden. Dit onderzoek werd begonnen met de intentie, om de 

verbindingen te gebruiken als modelverbindingen voor het onderzoek 

naar defecten in ternaire verbindingen. Een dergelijk onderzoek bleek 

onmogelijk door het hardnekkig voorkomen van onzuiverheden 

(1-2-3). 

Enige overwegingen bij de structuur zijn beschreven in sectie 1-3. Het 

bleek mogelijk om, gebaseerd op een eenvoudig model, de a^ en c^ as

sen en de zwavelshift e van de ideale positie te berekenen. De bereken

de e voor KNdS2 is experimenteel bevestigd door een neutronen

diffractie-experiment. 

De resultaten van de optische absorptiemetingen zijn vermeld in sectie 

1—4. Er werd een eigenaardige variatie van de absorptiekans gevonden, 

met een afwijkend gedrag van de zeldzame aardes met een 4f , 4f" en 
1 τ 

4fLJ configuratie. Door de gerapporteerde ongeschiktheid van deze 
verbindingen, als modelverbindingen voor de studie van defecten, werd 
de aandacht gericht op CuInS2, het onderzoek wordt gerapporteerd in 
hoofdstuk II. 

In sectie II—2 wordt vermeld dat het existentiegebied van CuInS2 klein 

moet zijn en wordt de groei van CuInS2, zowel uit de smelt als uit de 

gasfase, beschreven. Gasfase gegroeid CuInS2 vertoont een typische 

morfologie, die m.b.v. de Hartman-Perdok theorie in sectie II—3 ver

klaard wordt. 

De resultaten van de optische absorptieexperimenten worden gerappor-
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teerd in sectie II—4. De pseudo 1.4 eV bandafstand wordt toegeschreven 
aan absorptie t.g.v. een „impurity band". 

De waarnemingen aan gesynthetiseerd CuInS2 worden beschreven in 
sectie II—5. De verbinding wordt gewoonlijk verkregen als licht p-type 
of intrinsiek materiaal. De verbinding vertoont een emissiespectrum, in 
sommige gevallen werd een excitonspectrum gevonden, dat gecorreleerd 
kon worden met phononen en specifieke centra. In één enkel geval 
werd n-type-geleiding waargenomen in gegroeid CuInS2. Dit materiaal 
vertoont een emissiesignaal met twee pieken, dit wordt in sectie II—5—8 
besproken. 

De experimentele waarnemingen aan nagestookt CuInS2 (sectie II—6) 
leiden tot een lage temperatuur-compensatieeffect en een echt even
wicht bij hogere temperaturen. Er wordt aangetoond dat de defect-
relaties niet door pg alleen ingesteld kunnen worden. 

In de theoretische sectie II—7 wordt aandacht besteed aan de theorie 
van puntdefecten in I-III-VI2 verbindingen. 
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STELLINGEN 

1 

De door Lee genoemde nadelen van de synthese van 
2-(6'-ethoxycarbonyl-2'-cis-hexenyl)-4-hydroxy-2-cyclopentenon, zoals 
beschreven door Floyd, wegen niet op tegen de door hem beschreven 
langere synthese route. 

Ta-Jyh Lee, Tet. Lett. 25, 2297 (1979) 
M.B. Floyd, J. Org. Chem. 43, 1641 (1978) 

2 

Het model van Card en Young voor de bandenstructuur van korrel
grenzen is inconsistent. 

H.C. Card en E.S. Yang, I.E.E.E. Trans. 
Electr. Dev. ED-24, 397 (1977) 

3 
Carin, Goy en Maclnnes gaan er ten onrechte van uit dat de onder
grond parameter a uit de theorie van Chambers voor cyclotron reso
nantie constant is. 

R. Carin, P. Goy and W.M. Maclnnes, 
J. Phys. F8, 2335(1979) 
R.G. Chambers, Proc. Phys. Soc. 86, 305 
(1965) 
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Het verdient aanbeveling, om de rol van vacatures in de beschouwingen 
over de vorming van poreus Si te betrekken. 

Y. Arita and Y. Sunohara. J. Electrochem. 
Soc. 124,285(1977) 



5 

Mucha en Pratt suggereren ten onrechte de waarde van de kwadrupool 
koppelingsconstante in triplet 4,4' dichloorbenzofenon gemeten te 
hebben. 

J.A. Mucha and D.W. Pratt, J. Chem. Phys. 
66,5339(1977) 
M.J. Buckley and C.B. Harris, Chem. Phys. 
Lett. 5, 205(1970) 

6 

Het feit dat Ч(М—Ρ) in M-phosphine complexen parallel loopt aan de 
T-backbonding capaciteit van het centrale metaal wijst erop, dat de 
sterkte van de«"-band bepalend is voor de sterkte van de «"-band en dat 
een zwakke "ïT-band gepaard gaat met een zwakke i-band in deze com
plexen. 

L.M. Venanzi, Chem. Brit. 162 (1968) 
H.L.M, van Gaal, Thesis Nijmegen (1977) 

7 
Jagen heeft recreatieve waarde. Niet alleen voor jagers. Zij, die er 
bewust naar streven om de jacht totaal verboden te krijgen, verliezen, 
als zij hun doel bereiken, een belangrijke vorm van vrijetijdsbesteding. 
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