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ABSTRACT

Films of CdSe were grown by focussed electron beam
evaporation in high vacuum on the three singular faces of Ge.
On (100) and (111) oriented substrates epitaxy was obtained
throughout the range of substrate temperatures from 350% to
450°¢C. On (170) oriented substrates the epitaxial growth
range of sybstrate temperatures was 300%c to 450°C.

CdSe epitaxial films grown on (100) oriented Ge sub-
strates had the cubic sphalerite structure in parallel align-
ment with the Ge. The diffraction pattern of these films
contained no satellite spots but <111> streaks were present.
When these films were tilted to the (110) orientation the
<111> streaks ran continuously in the plane of the (110)
diffraction pattern. Well defined square arrays of parallel
moire double diffraction spots from areas of Heterojunction
of Ge and CdSe were observed in the (100) electron diffraction
patterns of all the observed devices. Hence parallel moire
fringes were observed invariably showing the parallel align-
ment of the film and the substrate at the interface.

Epitaxial films of CdSe grown on (110) oriented Ge
substrates again had basically the cubic sphalerite structure
in parallel alignment with the Ge. These films grown through-
out the epitaxial range contained domain-form transformed
faulted structures. Streaks but no satellite spots were
observed in the electron diffraction patterns of these films.

When tilted to (112) orientation one of the <111>

streaks ran parallel to the plane of the (112) diffraction



pattern and contained intensity maxima. Parallel moire
fringes were observed in the micrographs of these specimens,
showing again the para]]ei alignment of the film and the
substrate at the interface.

Annealing studies of these specimens, showed that the
faults in the domain-form structure could be eliminated
leaving behind antiphase domain boundaries.

CdSe epitaxial films grown on (111) Ge substrates again
had the cubic sphalerite structure. Streaks but no satellite
spots were observed in the diffraction patterns of these films.
Well defined rosettes of moire double diffraction spots from
areas of heéterojunction where Ge and CdSe were of comparabie
thicknesses, were always observed in all the devices, but the
double diffraction spots were rotated from the parallel align-
ment positions. Hence "nearly-parallel rotation" moire
fringes were observed in the micrographs of all these devices.
The new phenomenon of "nearly-parallel rotation epitaxy" was
found at the interfaces of these devices for the first time.

Evidence for the occurrence of 60° misfit dislocations
was found for the first time in these epitaxial heterojunctions.

In the second phase of this work studies of current- |
voltage characteristics of p-n Ge/CdSe heterojunctions were
carried out. The current-voltage characteristics showed
the good rectifying properties of these p-n Ge/CdSe hetero-
junctions. The forward log I versus V characteristics

revealed that the charge transport mechanism across the hetero-



junction was predominantly by recombination-tunnelling.
-3

The reverse bias log é versus V 2 characteristics showed

that the transport mechanism in the reverse direction was

predominantly by Zener tunnelling at higher voltages in these

devices.
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PART 1

"STRUCTURAL PROPERTIES OF CdSe
EVAPORATED IN VACUUM ONTO Ge"

10
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CHAPTER 1

1.1 INTRODUCTION

The II-VI compounds are formed from equal numbers of
atoms of an element from the IIB column of the periodic table
and of an element from the VIB column. These are particularly
the selenides, sulphides and tellurides of mercury, zinc and
cadmium (Aven&Prehner 1967). The II-VI compounds have
related physical and chemical properties. These compounds
are believed to be direct band gap materials (Segall 1967).
The forbidden energy gaps of these materials range from the
minimum value of 0.02 eV for HgTe to the maximum of 3.7 eV
for ZnS (Bube 1960). The bonding in the compounds is a
mixture of jonic and covalent. A review of the properties
of II-VI compounds is given by Aven and Prenner (1967).

A great deal of work has been done on thin films of
IT-VI compounds. The information regarding the technologi-
cally valuable polycrystalline films has been reviewed by
Vecht (1966) and Cusano (1967). Over the last decade a
substantial body of work has been published on epitaxial films
of these compdunds. This has now }eached the stage at which
not only does it provide a valuable contribution to- the
development of II-VI compounds as semiconducting device
materials, but also constitutes a significant body of new
information regarding epitaxy. It is desirable to produce
the II-VI compounds as bulk crystals and as thin films of
high perfection and purity with controlled doping and stoichio-

metky. Then it should be possible to make heterojunctions of
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reproducible and predictable properties and new types of
II-VI solid state devices might become commercially viab]e;
In any case however, the availability of such epitaxial
single crystalline materials is a necessary condition for the
quantitative study of the semiconductor properties of these
IT-VI compounds and their heterojunctions.

For over a decade the epitaxy of II-VI compounds has
been the subject of extensive research in this Tlaboratory
(Holt 1974). In the studies of the vacuum growth of these
compounds on various substrate materials, it has been found
that certain experimental parameters greatly affect the
epitaxial growth. These experimental parameters include
the vacuum conditions, method of evaporation, deposition
rate, substrate structure and surface as well as the substrate
temperature. The knowledge of epitaxial growth in our
laboratory has to a large extent been due to experiments

> to 1070 torr.

carried out in high vacua in the range 10
In practice it has been found that the substrate temperature
has indeed a great effect on the epitaxial growth. The
effect of this parameter is such that below a certain substrate
temperature epitaxy does not occur and above that critical
temperature epitaxy does occur.

In the earlier Work on epitaxy ionic substrates were
used for the epitaxial growth of ZnTe (Holt 1966a, 19693, ZnS
(Woodcock and Holt 1969, Holt and Woodcock, 1970) and CdS

(Wilcox and Holt 1969, Holt and Wilcox, 1971). Recently
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research studies of epitaxy of II-VI compounds have concen-
trated on growth on elemental Ge and Si semiconducting
substrates. These concerned the epitaxial growth of ZnTe
on Ge (Mufti and Holt 1972), CdS on Ge (Abdalla et al. 1973),
CdTe on Ge (Abdalla and Holt 1973) and CdTe on Si (Holt and
Abdalla 1974). Ge and Si have been used as substrates in
these studies because of their great technological value as
solid state electronic materials and also they are the most
extensive]y studied elemental semiconductors. Indeed the
main objective of using these Ge, and Si substrates is to
fabricate epitaxial heterojunctions with II-VI compounds, to
study the structural, electrical and optical properties of
~these heterojunctions and to investigate their possible
device applications.

As a result of systematic continued investigations on
the epitaxial growth and structure of II-VI éompounds on
ionic and elemental semiconductors in this laboratory and
elsewhere, certain general laws of epitaxy have emerged.
These include the general occurrence of either the parallel
epitaxial orientation or the quasi-parallel epitaxial orien-
tation. The parallel epitaxial orientation between sphalerite -
structure II-VI films and substrates with cubic system crystal
structures is (hk1) film parallel to (hk1) substrate with’
(uvw] film parallel to [uvw) substrate, where [uvw] is a
direction in the (hk1) plane. Whether the substrate surface

is (100), (110) or (111) this parallel epitaxial orientation
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always occurs. In the case of the quasi-parallel epitaxial
orientation the film has the Wurtzite structure on a sub-
strate with cubic structure. This orientation relation is
(0001) film parallel to (111) substrate with {1120] film |
parallel to [170] substrate.

Thus the important fact is that sphalerite structure
IT-VI compound films grown on cubic substrates always have
the parallel orientation and wurtzite structure II-VI
compound films grown on cubic crystal structure substrates
always have the quasiparallel orientation. No other epi-
taxial orientation relations have been reported in the lite-
rature so far.

From the above mentioned epitaxial studies of II-VI
compounds and the semiconductor literature, it is evident
that CdSe is the least exploited material among II-VI compounds
in spite of the widespread interest in it as a photoconductor
material.

Hence the first objective of this work was to investi-
gate for the first time whether CdSe could be grown epitaxially
on the three faces of Ge and to test whether the general laws
of epitaxy mentioned above apply in this case also. Secondly,
it was intended to study the electrical properties of CdSe/Ge
heterojunctions.

A1l the structural analysis of the CdSe/Ge -devices in
the three (100), (110) and (111) orientations was done with

the help of electron diffraction and transmission electron
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microscopy, Since this technique is capable of great
resolution at high magnification. The associated technique
of high resolution dark field electron microscopy also was
used to remove any ambiguities in the interpretation of
bright field images. The transmission electron microscopes
used for this programme of structural investigations were
an AEI EM 6G 100 kV electron microscope, a Philips EM 301
100(kV electron microscope and an AEIL EM7 1000 kV electron
microscope.

The work presented here is reported in two parts.
The first part deals with the structural properties of CdSe/
Ge heterojunctions. Part I contains six chapters. Chapters
I and II are concerned with the most relevent literature.
Chapter III is a description of the apparatus and the experi-
mental techniques for the growth of thin films. Chapters
IV, V and VI contain the analysis and discussion of the
experimental results respectively. The second part deals
with the electrical properties of CdSe/Ge (111) heterojunctions
and contains three chapters. Chapter VII deals with the |
theory of heterojunctions. Chapter VIII is a survey of the
literature on carrier conduction mechanisms. Chapter IX
deals with the analysis and discussion of the experimental
results.

Finally a short chapter deals with conclusions and
proposals for further work.

The present’work is another step forward in the pro-
gramme of study of the epitaxy of II-VI compounds which has

gone on in this laboratory for the past ten years,.
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1.2 THE CRYSTAL STRUCTURE OF II-VI COMPOUNDS

The crystal structures of the II-VI compounds resemble

the diamond structure. The diamond structure is a result
of covalent bonding. The basic structural unit of the
diamond structure is the tetrahedron. In this structure each

atom is tetrahedrally coordinated by the four nearest neigh-
bouring identical atoms, as shown in fig. 1.1(a). By
interconnecting other tetrahedra to one another in a particular
way the diamond structure can be formed. It has a cubic
symmetry. The unit cell of the diamond structure is shown

in fig. 1.1(b). It is a face centred cubic cell with four
extra atoms inside the unit cell. The elements silicon,
germanium, carbon and grey tin crystallise in the diamond
structure.

The crystal structures of the II-VI compounds, with
the atoms tetrahedrally co-ordinated as in the diamond struc-
ture are referred to as "adamantine" structures.

The principal of these structures are sphalerite and
wurtzite. The adamantine structures have a basis of two
different types of atoms associated with each lattice point.
The basic feature of these adamantine structures is that
each atom of one kind is tetrahedrally co-ordinated by four
atoms of the other kind. This is the basic difference
between the diamond structure and the sphalerite and wurtzite
structures.

Fig. 1.2(b) shows the unit cell of the sphalerite

(zinc blende) structure. The sphalerite structure has the
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Fios. 1.1(a) The tetrahedral co-ordination of one atom by
its four neighbcuring atoms.

& o 5/‘)

Fig. 1.1(b) The unit cell of the diamond structure. Atoms
1, 2, 3 and 4 all lie inside the unit cell.
The rest of the atoms occupy the f.c.c. positions.
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(a)

Fig. 1.2(a) The tetrahedral co-ordination of one atom
by its four neighbours.

(D

Fig. 1.2(b) The unit cell of the sphalerite structure. Open
circles represent Se atoms and solid circles
represent Cd atoms.
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same atomic positions as in the diamond structure. Hence
the sphalerite structure also has cubif symmetry. It has
the face centred cubic space lattice with four extra atoms
inside the unit cell. Each Cd atom is tetrahedrally co-
ordinated by four Se atoms and vice versa as shown in

Fig. 1.2(a). The sphalerite structure has a basis of two
atoms of different kind with co-ordinates (0,0,0) and
(3,3,%) associated with each lattice point. The f.c.c.
sublattices of atoms of the two kinds are displaced from each
other by a quarter of a body diagonal. The unit cell con-
tains four molecules of CdSe or four atoms of Cd and four
atoms of Se. Following Roth (1967) these occupy the positions

with the following co-ordinates:
Cd at (0,0,0)(0,%,%)(%,0,%)(%,%,0)
and

Se at (},%,3)(%,2,3)(2,4,2)(2,3,4).

Plw

Unlike the diamond structure the sphalerite structure
has no centre of symmetry. That is the (111) plane is not
equivalent to the (TTT) plane. These planes have different
physical and chemical properties. The polar character of
IT-VI compounds is discussed in section 4.

The wurtzite structure is illustrated in fig. 1.3.
This has the hexagonal space Tattice and hexagonal symmetry.
In the wurtzite structure unit cell there are two CdSe mole-

cules, with Cd atoms at (0,0,0) and (%,%,%) and two Se atoms
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types is denoted by wu.
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at (0,0,u) and (%,%,% + Uu), where u = for the crystal of

ool wo

jdeal g = 1.633.

1.
If % = 1.633 and u = g, then the wurtzite structure
corresponds to tetrahedral co-ordination (Roth 1967). In

the case of the II-VI compounds, the values of % are as follows:

For CdSe, g = 1.632, for ZnSe, g = 1.658, for CdTe, § = 1.637,
for ZnTe, % = 1.645 and for CdS, % = 1.620 (taken from Holt
1969) .

1.3 DESCRIPTION OF SPHALERITE AND WURTZITE STRUCTURES ON

THE BASIS OF STACKING OF LAYERS

The sphalerite and wurtzite structures can be described
in terms of double Tayer stacking sequences based on the close
packing of atoms as in the cases of the face centred cubic
structure and the hexagonal close packed structure respectively.
Fig. 1.4 and 1.5 show the double layer stacking of atoms.

The atom in one sublayer rests on the top of the atom of the
other sublayer.

The sphalerite structure can be described by the
stacking sequence acbBcyacbgcy ... etc., as shown in fig. 1.4
where the Roman letters represent planes of group IIB type
atoms and the Greek Tetters represent planes of group VIB type
atoms. In this case the stacking sequence repeats itself
after three double layers. These Tayers are {111} double
atom planes of the sphalerite structure.

The wurtzite structure can be described by the stacking

sequence aobBaabp ... etc. as shown in fig. 1.5,
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Fig. 1.4 The stacking sequence cf the {111} planes ¢f the
sphalerite structure.

Fig. 1.5 The stacking sequence of the {0001} planes of the
wurtzite structure.
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Where the - Roman letters stand for the layers of group IIB
type atoms and the Greek Tetters stand for the Tayers of

group VIB type atoms. In this case the stacking sequence
repeats itself after two double layers. These layers are

the {0001} double atom planes of the wurtzite structure.

Bonding between one layer of atoms and its two adjacent

layers is not equal. Between o and a, B and b, v and ¢
layers, there is only one bond per atom. Between « and b,

B and ¢, and y and a layers there are three bonds per atom.
Hence slip or cleavage usually occurs between the former

pairs of planes and not between the Tatter pairs of planes.

1.4 POLAR CHARACTER OF II-VI COMPOUNDS

IT-VI compounds crystallise in the sphalerite and
wurtzite structures. Descriptions of the sphalerite and
wurtzite structures are given in the previous sections 1.2
and 1.3.

The spha]erite and wurtzite structures Tack a centre
of symmetry. Fig. 1.4 and 1.5 show the sphalerite and
wurtzite structures, drawn to show the stacking sequences of
{111} and {001} atomic planes respectively. In the sphalerite
structufe a definite order of occurrence of the (111) planes
of atoms of the two chemical species constituting the compound
can be seen. Similtarly in the wurtzité structure a definite
order of occurrence of the (0001) planes of atoms of the two
chemical species constituting the compound can be seen. Since

these structures are non-centrosymmetric, it is seen from Figs.
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1.4 and 1.5 that the opposite faces of {111} and {0001}

slices of II-VI materials with the sphalerite and wurtzite
structures are surfaced with IIB atoms at one side and VIB
atoms at the other side. This means that the opposite sides
of {111} slices and {0001} slices of materials with sphalerite
and wurtzite structures are physically and chemically distin-
guishable . (Warekois et al. 1962, Barber and Heasell 1965, and
Gatos and Lavine 1965).

In the figures 1.4 and 1.5 the faces in which the
surface atoms are of the IIB element are referred to as (111)A
faces, and those in which surface atoms are of the VIB element
as (T11)B faces. There is also polarity in the bulk of
these crystals, because the order of appearance of the atoms
connected by <111> bonds in the sphalerite structure, and
<0001> bonds in the wurtzite structure reverses when the
direcfion reverses. That is,in the [111]z direction the
sequence is . - .. TIB-VIB. Here the subscript a, on
a [111] direction indicates the sense along a covalent bond
from the atom of the element from the IIB column of the
periodic table to the atom of the VIB element. Similarly
in the [111)y direction the sequence is VIB-IiB.

Similarly there exists bulk or volume polarity in the

[0001], " and (000T], directions, in the wurtzite structure,

From Fig. 1.4 it is seen that there are type I and
type II (111) planes in the sphalerite structure. Across

the type I (111) plane there is only one bond per atom,
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whereas across the type Il (111) planes there are three
bonds per atom. Therefore it is very probable that the
sphalerite structure materials part or cleave or generally
terminate along type I (111) planes, and not along type II
(111) planes. This means that opposite sides of a (111)
slice should be (111)A and (1171)B faces. That is a (111)A
surface is a free surface terminating in IIB atoms each
triply bonded to the interior and a (117)B surface is the
opposite side free surface terminating in VIB atoms each
triply bonded to the interior. A similar argument applies
to the wurtzite structure.

Both surface and bulk polarity seem to influence the
epitaxial growth of II-VI compounds. Heinstein et al. (1965,
1967) and Cardona et al. (1965) deposited CdS by chemical
vapdur phase methods on the (111) Ga faces of GaAs, and GaP
substrates. They found that the CdS films had the wurtzite
structure. However when the CdS was grown on the (1T17)P
face of GaP and the (117) As face of GaAs the films had the
sphalerite structure. This showed that changing the polarity
of the substrate surface changed the film structure.

That this is notalways the case was shown in the following
works. Holloway and Wilkes (1968) deposited CdS on InSb.

They found that films of CdS evaporated onto both the (111)

In and the (T71) Sb faces of InSb had the sphalerite structure.
Yim and Stofko (1974) grew CdSe epitaxial films on (0001)

and (000T) faces of CdS. It was found that the €dSe Tilms

had the hexagonal wurtzite structure on both the faces of CdS.
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lgarashi(1971) deposited CdS on one face of each of
CdTe and GaP, two faces of InAS and the six faces: (001),
(110), (112)A, (211)B (221)A and (22T)B, of GaAs. This
work established that there is a pronounced tendency for the
directional polarity of substrates to be continued in the
polarity of the II-VI epitaxial films deposited on them.
That is,the [0001)a direction in the CdS films was almost
always aligned with one of the [111]a directions in the
éubstrate..

The polarity of sphalerite and wurtzite structure
IT-VI films grown on diamond structure Si and Ge . substrates
cannot be determined by the polarity of the substrate since
the diamond'structure is non-polar (centrosymmetric). In
only one case,thatbf&acuum evaporated ZnSe onto Ge (111), a
polarity determination has been reported by Deasley et al.
(1970). In this case ZnSe grew with the (111) Se face outward.

The possibility that antiphase domains might occur in
these structures has been considered in chapter V. Fig. 5.1
(ghapter V) shows how polarity reversed domains can be
surfaced when the occupation of the sublattice sites by the
th atomic species is changed. The boundary between two
antiphase domains is called an antiphase domain boundary
(APB). A more detailed account of AP§; is g{ven in chapter

V.
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CHAPTER I1I

LITERATURE REVIEW

2.1 EPITAXY

Epitaxy is a term used to express the phenomenon of
a crystal growth of oﬁe material on the crystal surface of
another, so that there is a simple orientation relationship
between the two crystals. The oriented overgrowth of a
substance over itself is called "auto epitaxy" and on another
substance is called "hetero epitaxy". Epitaxial growth of
a solid film over a liquid surface of another substance is
called "rheo epitaxy".

Royer (1928) suggested that a small misfit (less than
15%) is necessary for the occurrence of epitaxy. The misfit
parameter is defined as the percentage differeﬁce between
the Tlattice spacings of the two crystals along a parficu]ar
crys tallographic direction, and can be expressed as gég x 100,
where a and b are the lattice spacings of the substrate and
the overgrowth respectively. Schulz (1951 and 1952) showed
that the Royer hypothesis was not obeyed by many substrate
overgrowth systems. In fact in the latter work it was shown
that percentage misfit as large as 90 in the case of CsI/LiF,
105 in the case of RbBr/Ag, 101 in the case of Sn/Ag, -36
in the case of Cu/NaCl and =31 in the case of Ag/PbS still
permitted epitaxy. This does not mean that misfit is not

an important parameter (see sections 2.5 and 2.6). It is
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expected to be the key parameter in the uhderstanding of
epitaxy in terms of the relative positionfng of the atoms.
The experimental and theoretical aspects of thin
film epitaxy have been reviewed by Pashley (1956, 1965),
Holt (1974) and Matthews (1975A and B).
However some of the more important parameters such
as (1) substrate temperature, (2) deposition rate (3)-effect
of contamination and (4) substrate orientations that affect

epitaxy are given below.

2.1.1 Some Parameters that Affect the Growth of Epitaxial

Films

2.1.2 Substrate Temperature

It is well known in the Titerature that to achieve
epitaxial growth of a deposit, it is necessary to heat a
substrate to a suitable temperature. (F.C.C. metals on Na¢il

by Brlk 1936, Ge on CaF, by Sloope and Tiller 1962, 1965,

2
CdTe on Mica by Suito and Shiojiri 1963, Ge on Ge by Krikorian
1964, Ge on CaF2 by Schalla et al. 1564, GaAS on NaCl by EvanS
and Noreika 1966, ZnTe on ionic substrates by Holt 1966, face
centred cubic metals on ionic substrates by Ino et al. 1964
and by Sella and Trillat 1964, ZnS on NaCi by Woodcock and
Holt 1969, ZﬁTe on Mica by Dhere and Goswami 1969).

Sequences of electron diffraction pétterns showing
the orientation behaviour of CdSe films with Ge substrate

temperature are shown in Fig4§ec4jl At low substrate tempera-

tures films grew with randomly oriented fine grained structures.
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These films gave ring electron diffraction patterns. These
are assigned the degree of orientation values R = 0. With
increase in the substrate temperature, the films grew with
an increased fraction of their volume in epitaxial orientation.
These films, gave rise to mixed ring and spot patterns. Such
films are given the values R = 25, R = 50 or R = 75, depending
upon the relative intensities of the ring and spot components
of the diffraction patterns. In a certain range of substrate
temperatures the films grew well oriented by giving rise to
spot diffraction patterns. These films are given the value
R = 100 indicating epitaxy. The range of substrate tempera-
tures for which films grow epitaxially is called the "epitaxial
growth range" of substrate temperatures. Thus heating of
the substrate during the grthh of a film provides an increase
in the migratory capacity of the condensed atoms or molecules,
and facilitates the formation of oriented crystals. As the
substrate temperature is increased it is found that the film
growth changes from the polycrystalline to a well oriented
single crystal state.

In the present work (and in the previous works, Holt
1974) before films were deposited, the Ge substrates were
heated to 600°C and then cooled to the deposition temperature.
It is thought that this removed any adsorbed material from
the substrate surface and provided one of the optimum con-
ditions for reproducible epitaxial film growth.

Substrate temperature not only plays an important

role in epitaxial film growth but also it determines the
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upper cut off temperature at which films cease to deposit.
For details see chapter IV, section 4.1 and chapter VI,

section 6.1.

2.1.3 Deposition Rate

Woodcock and Holt (1969) made a systematic study of
the influence of the growth conditions such as substrate
temperatures, vacuum pressure, contamination and deposition
rate on ZnS films deposited on NaCl. They found that
deposition rates of 1& /sec,'loﬁ‘/sec and 1003 /sec had no
effect on the structure of the films. On the other hand
films grown at 250 R/sec and 300'K/sec deposition rates were
found to contain included wurtzite structure grains, which
might be explained on the basis of the non-stoichiometric
deposition of ZnS. Similar effects were found in CdS films
deposited on ionic substrates by Wilcox and Holt (1969).

The effect of increasing the deposition rate was to decrease
the structural perfection of the films considerably. Com-
parison was made between the diffraction patterns of films
deposited under similar conditions except for an order of
magnitude difference in deposition rates. They found that
the slowly deposited films had a diffraction pattern con-
taining no satellite spots -whereas rapidly deposited films
had a diffraction pattern containing satellite spots.

These extra spots were attributed to the presence of
included grains. Mufti A.R. (1972) while working on ZnTe

on Ge tried different deposition rates. It was found that
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the films grown at very high deposition rates had poly-
crystalline structures.

Aberdam et al. (1969) deposited CdSe on ‘YMnoj
(yttrium manganite) in ultra high vacuum. Films were
deposited in the substrate température ranges from 180°¢
to 250°c. The degree of orientation was found to be
dependent on the rate of deposition. A deposition rate of

3 R/sec.gave fully epitaxial CdSe films, the substrate
temperature being 210°¢C. CdSe films were disoriented when
the deposition rate was 254 /sec, the substrate temperature
being 250°C.

It appears in general,that - rapid deposition rates
affect the epitaxial growth of II-VI fi]ﬁs and reduce:’ the
structural perfection of the films.

On the other hand Booker and Unvala (1965) while
studying Si on Si found that a high deposition rate was
necessary for getting Si films free from stacking faults.

Matthews (1959) found that the structural quality of
Au, Ag and Cu epitaxial films deteriorated when the deposition
rate onto NaCl substrates was too slow. He found that under
these conditions, the nucleation density was low and each
nucleus attained an appreciable size before coalescence began.
As a result due to large diffusion distances reorientatjon
and recrystallisation of grains in random orientations was
more difficult. This means that rapid deposition rates and
hence high nucleation densities and high substrate temperatures

were the preferable conditions for good epitaxial growth at
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least for metals like Au, Ag and Cu.

2.1.4 Effect of Contamination

In the literature it is found that studies of the
effect of contamination of substrate surfaces on epitaxial
growth of thin films of various materials are mostly concerned
with ionic substrates 1ike NaCl. No similar work on the
diamond structure Ge and Si has been published except in
one case that the effect of vacuum carbon contamination on
Si autoepitaxy has been in fact reported by Ogden et al
(1974). Many epitaxial thin films are prepared by vacuum
evaporation in oil-pumped systems generally operating at

5 torr. At this pressure the hydrocarbons

pressures of 10~
and water vapour adsorbed on the substrate surface and nearby
surfaces of the substrate holder migHt cause hindrance to

the epitaxial film growth. The effect of o0il and water

vapour contamination on NaCl (100) substrates upon the epi-
taxial growth of ZnS was investigated‘by Unvala et al. (1968).
They found that the cleanliness of the substrate surface and

the use of an ultra high vacuum widened the epitaxial growth
range of temperature and improved fhe crystalline perfection

as well. Woodcock and Holt (1969) while studying the influence
of vacuum contamination on the structure of ZnS films evaporated
onto NaCl, found that changing from anelectron beam evaporator

to a radiant tantalum evaporator deteriorated the structure of

the films. This was attributed to the presence of Ta in

the films, which was responsible for the occurrence of



33

included grains in the ZnS films.

Thus it has been observed by some workers that con-
tamination of the vacuum system can be reduced by reducing
the pressure in the working chamber. That is,changing
from high vacuum to ultra high vacuum Teads to - good
quality epitaxial films (Spinnulescu-Cardanaru (1969), Unvala
et al. (1969) and Calow et al. (1972)).

On the other hand, Woodcock and Holt (1969) while
studying ZnS epitaxy on NaCl found that it was not the ultra
high vacuum, but the method of evaporation by focussed
electron beam evaporator that was mainly respongible for the
widest epitaxial growth range of substrate temperatures,
and structurally most perfect films. ,

Matthews and Grunbaum (1964, 1965) found that the best
quality. Au films grown on NaCl vere obtained if the sub-
strate was exposed to air prior to film deposition. On the
contrary, Woodcock and Holt found that the epitaxial range
of ZnS on vacuum c]eaved NaC1l was wider than that on air
cleaved Nagﬂ substrates.

Matthews (1965) observed that even though the orien-
tation of the initial nuclei was better in films grown on
vacuum cleaved substrates than it was on substrates exposed
to air before deposition, the nucleation density on the
contaminated substrates was much greater. The latter was
responsible for earlier coalescence which had already been

shown to promote epitaxy (Matthews 1959).
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In our present work on CdSe on Ge, to get reproducible
epitaxy, outgassing of substrate, substrate heater assembly
and even source material was a must. This reduced the‘
contamination and provided the optimum growth condition.

However the effect of contamination of the substrate
surface on the growth of thin films seems to be not clear

or certain.

2.1.5 Substrate Orientation

Substrate parameters like substrate orientation,sub-
strate temperature and substrate polarity are some of the
important factors determining the structure and orientation
of epitaxial films in general and II-VI epitaxial films in
particular. The effect of substrate temperature is dealt With
in the section 2.1.2. In the l1iterature, the substrate
orientations that are extensively used for epitaxial investi-
gations are (100), (110) and (111) (Holt 1974, Francombe
and Sato 1964, Pashley 1956,1965, Chopra 1969, and Mathews
1975 A and B). As a result of continued and extensive
systematic research on the epitaxial growth and structure of
Zn and Cd chalcogenides on ionic and covalent substrates,
the natural Taws of epitaxy have -emerged. The II-VI'
compounds always grow at low temperatures with the cubic
spha]grite structure in (100) and (110) orientations, when
grown on (100) and (110) ionic or diamond structure substrates.
This is ascribed to the impossibility of matching the symmetry

of (100) planes and (110) planes exactly by any planes in the
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hexagonal structure. This means that in these orientations
there must always be a large fraction of non-coincident
lattice sites in the interface. The number of these sites
is reduced if the compounds grow with the cubic sphalerite
structure in parallel alignment. Secondly, the II-VI com-
pounds always grow either with the cubic sphalerite structure
in (111) orientation or with the hexagonal wurtzite structure
in (0001) orientation on (111) oriented ionic or diamond
structure substrates. (111) surfaces are normal to a three-
fold rotational symmetry axis which can be matched by either
the (111) plane in the sphalerite structure or the (0001)
plane in the wurtzite structure and high density coincidence
lattice networkscan be formed in both the cases. It has
also been found that when II-VI compounds grew with the
sphalerite structure on (100),(110) and (111) surfaces the

A epitaxial growth orientation was always parallel. When

they grew with the hexagonal wurtzite structure the enitaxial
growth orientation was found to be quasi-parallel. These
were the generally observed phenomena of the epitaxial growth
orientation and structure of II-VI films. For the first
time in research on the epitaxy of II-VI compounds, however,
we have found another epitaxial orientation in the CdSe/Gel
(111) heterojunction. This is called the nearly-paraliel
rotation epitaxial orientation relationship ( Gejji and

Holt 19755chapter 1V). This nearly-parallel orientation was
found to be present in all the CdSe/Ge (111) heterojunctions

prepared throughout the epitaxial range of temperatures.
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This deviation from exact parallelism is substrate orien-
tation dependent; i.e. it occurs only on (111) Ge substrates.

Chopra and Khan (1967) studied the epitaxial growth
of CdS on (100) surfaces of NaCl at temperatures down to
20°¢. The CdS films grown at the lowest epitaxial tem-
peratures had the wurtzite structure. In contrast,Wilcox
and Holt (1969) while studying the epitaxial growth and
structure of CdS films on (100) surfaces of NaCl found that
the CdS films had the sphalerite structure in agreement with
the general rule quoted above, the epitaxial temperature
range being 150°C to 300°¢. Vap Dijk (1967) grew CdS on
(110) faces of Ge and found that the CdS films had a polycry- .
stalline wurtzite structure.

Weinstein et al. (1965 and 1967) deposited CdS on the
(111) Ga faces of GaAs and GaP substrates and on the (1T11)P
faces of GaP and the (177) As faces of GaAs. They found
that the CdS films deposited on the (111) Ga faces of GaAs
and GaP had the hexagonal wurtzite structure but the films
deposited on the (111) As and (117)P faces of GaAs and GaP
respectively, had the sphalerite structure. On the other
hand, Holloway and Wilkes (1968) found that CdS films deposited
on both the (111) In and the (117) Sb faces of InSb had the
cubic spha]erite structure. This means that changing the
polarity of the substrate surface does not always change the
film structure. Aven and Garwacki (1963) have observed the

growth of CdS films on the (111) faces of ZnTe. Epitaxial
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films were grown on the (111) faces contain{ﬁg Zn atoms

whereas polycrystalline films resy]ted on the Te faces.

2.2 VAPOUR GROWTH OF II-VI COMPOUNDS

When II-VI compounds are grown in vacuum on single
~crystal substrates two important physical processes are
involved. These are (1) the evaporation of a II-VI com-
pound into its constituent elements and > (2) condensation
of the constituent elements on the substrate surface to

form the film of the compound.

Goldfinger and Jeunehomme (1963) fcund that vapours
of the metals from group Il always exist in monoatomic form
and vapours of the non-metals from group VI consist mainly
of diatomic molecules. CdSe, like other II-YI compounds

dissociates during evaporation according to the reaction,

CdSe z Cd( + 1 Se

(solid) gas)

2(935)

This reaction indicates that CdSe is dissociated to its con-
stituent elements. Therefore the vapour arriving at the
substrate surface is a mixture of Cd and Se2 in the stoichio-
metric proportion. Since the vapour pressures of the two
constituent elements is many order of magnitude greater than
that of the compound at the same temperature, no enrichment
of the source occurs.

The equilibrium composition of the II-VI compounds is

a function of the partial pressures of the two constituent
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elements and the temperature during the crystal growth
(Goldfinger and Jeunehomme 1963). Any .deficiency in one
or the other constituent elementsis generally accommodated
by vacancies on the appropriate sublattice site in the
crystal structure, and it can also be compensated for .,
incorporating the extra atoms of the excess elements as
interstitials within the crystal structure. Conversely,
the relative vapour pressures of the constituent elements
over a crystal are functions of‘the crystal growth temperature.
Therefore, in a crystal growing system in which the source
and substrate temperatures are different and where, for
example, the-vapours are carried along by an inert gas, the
composition of the growing crystal will differ from that of
the source as the excess of one of the two elements is carried
away by the transport gas.

It is possible to supress evaporation of the solid
by increasing the relative pressure of either of the gaseous com-
ponents (Somorjai 1962, Somorjai and Jepsen i964, Somorjai
and Stemple 1964, Somorjai and Lester 1965 and Kroger 1964).
This is achieved in closed systems by ensuring that the starting
material is of the required cgmposition. In open systems
using vapour transport method? the vapour pressure éan be
controlled directly and cohtiﬁuous]y. This can also be
achieved during vacuum evaporation of the thin films by .

evaporating the compound together with an excess of the

appropriate element.
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Fischer (1966) pointed out that II-VI compoun&s grown
at higher temperatures contain cation and anion vacancies.
When the crystal cools down, some of the vacancies will be
frozen in the lattice. IIB metal (cation) vacancies are
of acceptor type whereas VIB nonmetal (anion) vacancies are
of donor type: The fact that the IIB-VIB compounds with

the exception of CdTe have either n or p-type conductivities

r
was explained by Fischer (1966) in terms of the ratio ?5;
a
where e and r, are the radii of the cation and anion respective-
' r r
ly. He calculated the ratios for CdO £ = 2.2, In0 =% = 1.98,
r r re " Ta re Fa
CdS — = 1.42, CdSe —= = 1.30, ZnS <= = 1.26, ZnSe +— = 1.15,
a a a a
re re
CdTe — = 1.12 and ZnTe - = 0.99.
a a

Fischer showed that the compounds having larger e tend
to be n-type whereas a compound having larger ry tends to
be p~type.
Accordingly ZnTe always tendsto be p-type. CdTe is found
to be the only material among IIB and VIB compounds which can
be prepared with either type of conductivity, whereas CdS
and CdSe always tend to be n-type.

Somorjai and Jepsen (1964) found that CdS crystals,
heat treated at the higher temperature (120000) and pressure
(20 atmospheres) in sulphur vapour remained n-type. They
pointed out that sulphur vacancies are always present in the
bulk of the CdS crystals in larger concentrations than cadmium

vacancies. Heat treatment of CdS in sulphur or cadmium

vapour changes only the magnitude of the excess sulphur
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vacancy concentration relative to its concentration in the
unannealed crystals.

Burmeister and Stevensaon (1967) prepared wurtzite
structure CdSe crystals. The .as-grown CdSe crystals were
n-type. The CdSe crystals annealed at 900°C for a period
of 7 days under saturated cadmium or sulphur pressure were
found to remain n-type.

Ludke (1971) showed that the heat treatment of CdTe
crystals in Cd, Ga or In vapour converted the CdTe from
p-type to n-type. Whereas the CdTe films annealed in Te

vapours were p-type.

2.3 REVIEW OF THE EPITAXIAL GROWTH OF CdSe

Ratcheva et al (1973) evaporated CdSe on (0001)
oriented sapphire (Al,05) substrates ', in a pressure of
5 X 10—5 torr. A structure change was observed for the
substrate temperature range from 200° to 620°C. From 400°C
to 460%:Cd5e1ayers were polycrystalline; from 460 to 530°¢C
CdSe Tayers were fine textured with a low extent of preferred
orientation; from 530° to 570° C, layers were well textured
withahigh extent of preferred orientation. In the narrow
substrate temperature range 570" to 620°C, the condition for
formation of monocrystalline structure was achieved, varying
in extent of perfection according to the temperature and the
growth rate. The best monocrystalline structure was obtained
at the substrate temperature 585%C and an electron back

reflection pattern was obtained to assess the wurtzite structure
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monocrystallinity.

Gashin and Simashkevich = (1973) obtained by gas-transport
epitaxy of CdSe on (110) faces of zinc telluride (ZnTe)
single crystalline substrates. In the substrafe temperature
range from 450° to 7000C, single crystalline CdSe films of
cubic modification were grown. Current-voltage and capaci-
tance-voltage characteristics of the heterojunctions were
measured. In the. forward bias upto 1.2V, the current increased
exponentially with voltage. They found that the interface
states do not appreciably influence the heterojunction
properties. Anderson's model was used for the calculation
of the heterojunction parameters and the construction of the
band diagram.

Sergeyeva et al (1972) grew CdSe (and other II-VI
compounds CdS, ZnS, ZnSe) by the method of vacuum evaporation

4_]0—5

and condensation in a vacuum of 10~ torr on mica
(001) plane. The growth range of films having wurtzite and
sphalerite modifications versus evaporation temperature and
epitaxial temperature for CdSe were investigated. Their
best CdSe films had mixed or a sphalerite structure for
substrate temperatures below 400°C and the wurtzite structure
~above 400°¢c to 550°cC. The resistivity of the CdSe was found
to be 106 Q cm. The electron mobility was found to be
100-450cm®/Vsec.

Ratcheva et al . (1972) grew CdS and CdSe on (111) Ge

and (111) CaF2 substrates by a vapour phase transport method.
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The CdSe Tayers were (0001) oriented. The epitaxial growth
ranges for CdSe were. for Ge (111) substrates — temperatures
from 540°C to 600°C; for Ca Fo (11]) substrates— temperatures
from 660°C to 720°C and, for Si (111) substrates —
temperatures from 640°C to 740°C. On Si (111) oriented
substrates very small local growth islands were realised
with (0001) orientation. CdS was found to be epitaxial on
(111) faces of Ge and CaF, in the substrates temperature
ranges of 540° to 650°C. Electron back-reflection patterns
were obtained to assess the single crystallinity.

Al'taman et al (1968) deposited CdSe films on (111)
facesof CaF, in a vacuum of 10°% torr. Substrates were
heated to 600°C prior to deposition. Epitaxial growth of

CdSe was found to depend on the substrate temperature and

rate of deposition. Films were deposited in the substrate
temperatures range of 25°C to 500°C. Films were polycrys-
talline upto 300°¢c. Single crystal CdSe containing various
microstructures was produced from 440°c to 460°C. Above

480°C the CdSe films had again a partial orientation. The
resistivity of the films grown under optimum conditions

ranged from 108

@ cm to 5 x 10% cm. The electron mobility
was 70 - 120 cmz/Vsec. |

Kalinkin et al (1962) evaporated CdSe on to the (111)
surfaces of NaCl, KC1 and KBr. The CdSe films deposited at
substrate temperatures from 20°C to 250°C were found to be

polycrystalline and partially oriented with hexagonal symmetry.

Their diffraction patterns contained irrational reflections.
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The CdSe films grown at substrate temperatures above 250°¢C
(to 350°C) were found to be monocrystalline with wurtzite
structure in (0001) orientation. They showed that the
quality of the films did not depend upon whether the deposition
took place on a carefully or poorly polished substrate.

Kalinkin et al (1963) evaporated CdSe onto the (100)
and (110) faées of NaCl. They investigated the dependence
of the structural quality of the films upon the treatment of
the substrate crystal, such as polishing, etching and anneal-
ing. They grew CdSe on these faces at room temperature.

It was found that the structure of the CdSe film was poly-
crystalline with hexagonal symmetry. CdSe was deposited on
(100) faces of NaCl, which were thermally cleaned prior to
deposition and maintained at 250°C.  The CdSe layer grown

was found to contain mixed cubic and hexagonal phéses.

Increasing the substrate temperature up to 350°C, resulted

in failure to produce structurally improved films. Upon
chemically etching the NaCl substrates, prior to film deposition,
these mixed phases disappeared completely and the CdSe films

were found to be of single cubic phase.

Aberdam et al. (1969) deposited CdSe on (0001) sur-
faces of YMnO , (Yttrium manganite) in ultra high vacuum of
1077 torr. Substrates were heated to 1200°C, for 30 minutes
heat treatment, prior to the CdSe deposition. Then the
substrates were cooled to deposition temperature. Films

were deposited in the range of substrate temperatures from

180°¢C to 250°cC. The degree of orientation was found to be
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dependent on the rate of deposition. A deposition rate of
3& /sec gave fully epitaxial CdSe films, the substrate
temperature being 210°¢C. CdSe films were found to be
disoriented, when the deposition rate was 25% /sec, the
substrate temperature being 250°¢C.

Epitaxial CdSe single crystal films of about 1.8 cm
diameter, were grown on freshely cleaved ymica by Brunn-
schwiler (1966). The growth of the CdSe film took place
in two stages. In the first stage the substrate temperature
was held steady at 200°C so that initial nucleation would
take place. Evaporation was continued until the film
reflectivity was increased by about 20 per cent. The eva-
poration was interrupted and the substrate temperature was
raised to 400°C, and then the evaporation was comp]éted.
Transmission electron diffraction patterns obtained from the
films showed that the whole area of the CdSe film was single
crystal.

CdSe was evaporated on to step-Tfree and step-rich
air-cleaved NaCl substrates by Yukio Yasuda (1968). The
substrate temperature at which oriented overgrowth occurred
was found to be about 130°C lower on step-rich areas than on
step-free areas of the cleavage surface. The films grown
on ( 001) faces were characterised by the presence of twinned
cubic and hexagonal Structures. The CdSe films grown on
(111) faces of NaCl at temperatures from 20°C to 100°C had
polycrystalline structures with both hexagonal and cubic

phases present. Films grown at substrate temperatures from
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200°C to 320°c had mixed cubic and hexagonal structures,
whereas the CdSe films grown at temperatures from 330°¢ to
370°C had the hexagonal wurtzite structure.

Yim and Stofko (1974) deposited CdSe on (0001) faces
of sapphire and cadmium sulphide by a chemical vapour deposi-
tion method. CdSe was found to grow with the wurtzite
structure on (0001) faces of sapphire and on (0001) and (0007)
faces of cadmium éu]phide. The epitaxial growth.range of
temperatures was 550° to 750°C.

Manasevit and Simpson (1971) studied the epitaxy of
II-VI compounds by an oraganometallic chemical vapour deposition
process. They showed that CdSe films grown on (00071) A1,0;

(sapphire) at 600°C had the hexagonal wurtzite structure.

2.4 REVIEW OF THE EPITAXIAL GROWTH OF II-VI COMPOUNDS

Holt (19663 evaporated ZnTe on to freshly cleaved

surfaces of CaF Ban, NaF, NaCl and LiF 1in vacuum. The

25
substrate temperature was varied in each case and the other
experimental parameters were held constant. Films were
examined by transmission electron microscopy. He found that
‘the grain sizes of the films increased monotonically with
substrate temperature, but in the case of ZnTe/NaF films the
size remained constant. - Secondly, as the sub§trate temperature
rose the structures changed from randomly oriented poly-

crystalline films, through fibre structures and a series of

mixed structures to well oriented epitaxial films, but just
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before the ZnTe ceased to deposit the films of ZnTe reverted
to a randomly oriented polycrystalline structure. Film
structure irreproducibility occurred in the cases of NaF,
NaCl and LiF substrates even at the optimum substrate
temperature.

Woodcock and Holt (1969) deposited ZnS on NaCl by
evaporation in an ultra high vacuum. They studied the
influence of the growth conditions on the structure of the
films. They found that the most important single parameter
in producing the widest range of epitaxial substrate tem-
peratures and the most perfect films was the use of a focussed
electron beam evaporator. Contamination raised the minimum
substrate temperature for epitaxial growth and also resulted
in the incorporation of doubly positioned wurtzite structure
grains in the sphalerite structure films. Co-evaporation of
either Zn or S with ZnS produced sphalerite structure films
containing singly positioned wurtzite grains.

Holt and Woodcock (1970) studied the defect structures
of epitaxial films of ZnS grown on vacuum cleaved NaCl in
an ultra high vacuum. The ZnS films were found to be free
from both microtwins and included grains of wurtzite material.
However the diffraction patterns were streaked in <111>
directions due to planar defects. These planar defects did
not disappear when the films were annealed in vacuum or in
HZS'

Wilcox and Holt (1969) deposited CdS films on the (100)

cleavage faces and cut and polished (110) and (111) faces of
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NaCl and also on the (111) cleavage faces of Ban in vacuum.
They studied the effect of substrate orientation on the
structure of the epitaxial films. The CdS filmsS grown on
the (111) faces of these substrates had the hexagonal wurtzite
structure with great structural perfection. They grew
epitaxially over a wide range of substrate temperatures.
The films of CdS grown on (100) and (110) faces of NaCl
substrates had the cubic sphalerite structure. These films
were found to be free from included grains.

CdS epitaxial films were grown on (100), (110) and
(111) faces of Ge in vacuum by Abdalla et al (1973). Films
grown on the (111) faces of Ge had the hexagonal wurtzite
structure with high structuraT perfection. Films grown on
the (100) faces of Ge had the cubic sphalerite structure.
These films contained a high density of {111} planar defects.
CdS films grown on the (110) faces of Ge, below 370°C, had
the cubic sphalerite structure and the films grown above
370°C had the domain—form transformed structure.

Mufti and Holt (1972) grew ZnTe epitaxial films on
the (100) and (111) faces of Ge in vacuum. These ZnTe films
had the cubic sphalerite structure. ZnTe films grown on
(111) faces of Ge in the upper epitaxial range of temperatures
were found to contain twins.

Abdalla and Holt (1973) evaporated CdTe films onto the
(100), (110) and (111) faces of Ge. On thé (111} faces of

Ge the films had the hexagonal wurtzite structure with high
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structural Q:perfection. Films grown on (100) faces of Ge
had the cubic sphalerite structure and these films containedq
high density of {111} planar defects. CdTe grown on (110)
faces of Ge had the cubic sphalerite structure and these
contained the domain-form transformed structure.

Holt and Abdalla (1974) evaporated CdTe films on to
(111) faces of Si in high vacuum. They found that CdTe
could be grown epitaxially on Si. The CdTe films had the

hexagonal wurtzite structure with high structural perfection.

2.5 NUCLEATION AND GROWTH OF EPITAXIAL FILMS

According to nucleation théory (by Walton 1962a,b,
Hirth and Pound 1963, Halpern 1967, Lewis and Campbell 1967)
evaporated atoms arrive at the substrate surface in the form
of isolated atoms. These atoms will prefer to reside at
positions of minimum energy, namely at atomic sites. When
there is an appreciable number of adsorbed atoms on the
substrate surface, those which collide (interact) can become
temporarily bound together. As soon as a cluster of atoms
reaches a certain critical size it becomes stable. These
critical clusters or nuclei contain a small number of atoms.
This seems to be below 10 atoms (Walton 1962a,b, Walton et
al. 1963 and Yang et al. 1954). Growth then proceeds-frOm
these centres. These nuclei grow further in size until
they coalesce and the film becomes continuous.

Without going deeply into the nucleation theory and

becoming committed to any particular model the three epitaxial
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Fig. 2.1 The contact angle of a spherical cap-shaped nucleus
is determined by the equilibrium between the surface
tensions gyg 0of the vapour-substrate surface,oyc of
of the vapour-cendensate surface and gpg of the
condensate-substrate interface.
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Three modes cof epitaxial growth: (a) Tlayer-by-layer
growth; (b) formation and grewth from discrete
nuclei; (c¢) initial formation of a tightly bound
layer (or lTavers) followed by nucleation and growth.
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growth processes (a) layer-by-layer growth, (b) formation
and growth from discrete nuclei or (c) initial formation
of a tightly bound layer followed by nucleation and growth'
which have been discussed in the literature (Bauer, 1958)
could be understood as follows:

The mode of nucleation and initial growth of epi-
taxial films is governed strongly by the bonding between
deposit and substrate (Stowell 1975). Consider such a
cap-shaped hemispherical nucleus as shown in fig. 2.1,
For equilibrium contact angle 6, Oyg = Ogg + Oy €OS. 8
(Hirth and Pound 1963), where oygs Oyc and ocg are the
surface tensions of the vapour-substrate surface, vapour-
condensate surface and condensate-substrate interface

respectively.

The deposit "wets" the substrate surface when 8 = 0.
That 1is oyg = g * oyc- In this case it is to.be
expected that growth will occur in layer-by-layer manner
(fig. 2.2a; Frank and Van der Merve 1949, Van der Merve
1950, 1973, and 1974). ocs T 0 is the condition for
ideal auto-epitaxy. When geg * oye > Iygs O is finite
and the deposit forms by nucleation of discrete particles

that grow three dimensionally (Fig. 2.2b) and eventually

agglomerate into a continuous film. As 8
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increases, the bonding between substrate and deposit becomes
progressively weaker than the cohesive binding in the deposit
particles. The third case corresponds to ogg + gy < oyg.

In this case the deposit-substrate binding is stronger than
that within the deposit. This means, initially the deposit
grows as strongly bound layers on top of which discrete nuclei
may form at a latter stage as shown in Fig. 2.2c. This
account gives general classification which indicates at least
qualitatively the dependence of the initial stages of thin
film growth on binding forces.

In all these three cases, it is possible for the
initial deposit to be elastically strained to match the
substrate lattice. This is referred to as "pseudomorphic"
growth ( Matthews, 1961, 1963, 1964, 1966, 1967; Jesser
and Matthews 1967, 1968, 1969; Mathews and Jdesser 1967; VYagi
et al. 1971.). The predominant condition for this to occur
is that the strain recessary to ensure coherency at the
substrate-deposit interface should be small (% 12%). Initially
.the overgrowth is strained elastically, but as the overgrowth.
thickens the strain energy exceeds that at which it is ener-
getically favourable to introduce misfit dislocations at the
interface, thereby loosing coherency. The defect content
and crysta]]ography of the substrate play an impoftant part
in determining the types of misfit dislocations that are
generated (see for details the above references). This

summarises the layer-by-layer mode of growth.
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It has been pointed out above that the nucleation
mode of thin film formation occurs in the moderate to weak
condensate-substrate binding situation (8>0). In this case
the deposited atoms (or molecules) are initially equilibrated
thermally with the substrate. They diffuse and interact
to form polyatomic clusters (nuclei). The nuclei continue
to grow. Because of their nonuniform spatial distribution
on the substrate, they grow together and agglomerate. Such
deposit-substrate systems have been studied in detail with
the aid of in situ transmission electron microscopy
(Pashley et al., 1964; Basset, 1964; Pocza, 1967; Cooper-
smith et al., 1966; Sato et al., 1969; Yagi et al., 1569;
Stowell, 1972.). Agglomerating deposit islands can change
shape in a way that has been referred to as "liquidlike"
(Basset 1960; Pashley and Stowell 1962). This description
was given because of the similarity of this process to that
of the running together of liquid droplets. A neck is formed
between the two coalescing islands. Then the necks are
thickened as the two coalescing islands grow together.
Analysis of the rates at which the necks between the coalescing
islands are filled in has shown this to be due to mass transfer
‘by surface self-diffusion of the deposit atoms (Pashley et aT.,
1964; Pashley and Stowell, 1966; Stowell, 1969). As the
size of the islands increases, the deposit takes on a lacelike
appearance with long narrow channels of deposit-free substrate.

The channels and holes later fill in to give a complete film.
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There is no evidence known to the author that thin

films have grown according to the third mode of growth.

2.6 MISFIT AND MISFIT DISLOCATIONS

A misfit will exist at an interface where two perfect
single crystals of different materials with different lattice
parameters meet. Since the two materials have different
lattice parameters in any crystrallographic direction . a
disregistry exists. The term "misfit" therefore refers to
the natural disregistry of the atoms in the two atomic planes
which define the interface. If a and b are lattice parameters
of the two crystals on either side of the interface then the

a-b
misfit is given by s = a+b. This is the natural way of

expressing the misfit; the ratior of the ﬁifference in lattice
ﬁarameters to the average of the lattices of the two crystals
defining the interface. Generally the misfit is expressed

in percentage. The expression can also be deduced as follows

(Brooks 1952): Let the two lattice parameters of the two

cubic system crystals'y in parallel alignment be represented

by
a = ¢c(1 + %)
b= c(1-3)

where ¢ is a small fraction and ¢ may be described as the

lattice parameter of the reference lattice.

2 )

a_
b 2 - §
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Generally the single crystal substrate is thick and the epi-
taxial Tayer grown on it ijs a thin film in comparison. Hence
accommodation of the misfit at the interface can be explained
as follows: In the previous section three modes of initial
nucleation and growth of epitaxial films have been considered.
In these cases (Stowell 1975) the initial growth was found to
be pseudomorphic, in the sense that the initial deposit was
experimentally found to be elastically strained to match the
substrate. This shows that in the initial growth stage,
the misfit between the deposit and the substrate is accommodated
by elastic strain. As the overgrowth thickens, the strain
energy exceeds that at which it becomes energetically favorable
to introduce misfit dislocations at the interface, thereby
loosing complete coherency. Hence the misfit is accommodated
by the generation of misfit dislocations at the interface.
Without committing to any model, Figs. 2.3 and 2.4 show how
the misfit at the interface is accommodated by the generation
of misfit dislocations as the film thickens. From the figures
it is evident that p = na = (n+1)b;

where p is the misfit dislocation spacing, n is any
integer and a and b are the lattice repeat distantes in the

two crystals along a single crystallographic direction.

na = (nt1)b  i.e. n =—al-’:‘5
p = _a_ig_ (Van der Merwe 1964 and Holt 1966k
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(c)

This ball-and-wire model, is considered to be produced
by cutting a crystal along the (171) plane and increasin
the lattice parameter on one side and decreasing it on
the other to the values of the two materials concerned
as shown in (a) and (b). The figure (c) illustrates
the junction on (111) plane of misfitting sphalerite

- structures showing the misfit dislocations, for the

case in which p = 5a = (5+1)b. A dangling bond
occurring at a spacing p marks the positions of
successive misfit dislocations (After Holt 1966H.
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Fig. 2.4 1Illustration of the dislocation concept of a mis-
fitting interface.
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One of the important features that the two figures exhibit
is that after the coherency break down, the interface is
divided into regions of good register separated from one
another by regions where register is bad. The regions of
bad register or bad fit resemble crystal dislocations and
because of this, these are called interfacial or misfit dis-
locations. And these will be regqularly spaced according to
the above formula. It is to be noted that the generation
of misfit dislocation occurs in the crystal of smaller lattice
parameter. The dislocations shown in the figures are edge
type dislocations.

Matthews (1961) observed edge type misfit dislocations
in Pbse/PbSGGO} parallel epitaxial bicrystal systems. It
was found that 96% of the misfit was accommodated by the misfit
dislocations and only 4% by elastic strain. The spacing
of the dislocations was found to be according to the pre-
diction of the above formula.

The dislocations shown in fig. 2.4 resembled those
envisaged by Frank and Van der Merwe (1949) in that they were
in edge orientation and had Burgers vectors parallel to the
intetface plane. Similar misfit dislocations in edge orien-
tation and with Burgers vectors parallel to the interface have
been observed in epitaxial combination of lead selenide on
lead sulphide (Mathews, 1961, 1971; Yagi et al., 1971), in
copper on nickel (Mathews and Crawford, 1970) in gold on
palladium (Matthews 1964, 1966) and pa]]adium on gold (Cherns
and Stowell, 1973).
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In our present work we have observed misfit dislocations
which probably have their Burgers vectors parallel to the
interface plane; but these seem to be of mixed edge and
screw type. The edge component seems to accommodate the
dilatational misfit whereas the screw component seems to be
responsible for the observed rotation of the film through
2% 24 relative to the substrate (section 4.4.4). This type
of misfit dislocation occurrence in heterojunctions is the
first of its kind to be reported in research on epitaxial

heterojunctions of II-VI compounds/IV elements.

2.7 ANNEALING OF II-VI EPITAXIAL FILMS

Annealing has many effects on as-grown epitaxial films
of II-VI compounds.

Newbury and Kirk (1974) investigated the effects of
annealing on ZnSe grown on (100) surfaces of Ge. ZnSe epi-
taxial films were grown at a'Ge substrate temperature of
430°¢. The transmission electron diffraction patterns of
the ZnSe films were found to contain strong <111> streaks,
due to a high density (more than 1013/cm2)0f planar defects,
and satellite spots.due to twins. The ZnSe/Ge heterojunctions
were placed in quartz ampoules together with small Tumps of
ZnSe. Then the ampoules were evacuated and sealed. These
were annealed at 900°C for 2 hours. The transmission electron
diffraction patterns of these annealed films were found to be

free from <111> streaks, and twin satellite spots. Sharply
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defined kickuwchi patterns were found to be present due to
the high structural perfection of the films. The stacking
faults and dislocations in the micrographs were well resolved
and stacking fault density was estimated to be'of the order
of 107/cm2. This showed that the structural quality of the
films was high and that the defect density was reduced con-
siderably on annealing.

Holt and Abdalla (1975) studied the annealing effect
at relatively low temperatures on CdTe epitaxial films grown
on (100) and (111) faces of Ge. The diffraction patterns of
as-grown (100) CdTe films were streaked in the <111> directions,
indicating the presence of high densities of {111} planar
defects. These films were annealed at 400°C for 6 to 9
hours. The diffraction patterns of the annealed films con-
tained no <111> streaks, showing that the {117} planar defects
were reduced substantially. Moreover kickuchi bands appeared
as a result presumably of a decrease in the point defect
density in the material. (0001) oriented CdTe films grown
at 370°C on (111) Ge substrates, did not show any structural
changes on annealing at 440°C for 6 hours. However the moire
fringes in the (0001) CdTe/Ge (111) heterojunctions disappeared
after annealing, and widely spaced ‘lines were 6bsefved.
Following Vermaak and Van der Merwe (1964), they interpreted
these as interdiffusion misfit dislocations.

In the present work - . CdSe films grown on (110) faces

of Ge were annealed. As-grown CdSe films on (110) faces of
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Ge were found to contain the domain-form transforﬁed
structure (Section 4.3). Films grown at 380°C, were annealed
at 500°C for 50 minutes. It was found that the characteristic
domains disappeared because the faults were annealed out,
leaving behind domain boundaries (Chapter V). These domain
boundaries were found to be antiphase boundaries (Holt et al
1976). This is the first time that antiphase domain boun-
daries were shown to occur in II-VI epitaxial fi]ms.'

Wilcox and Holt (1976) investigated the Lath-form
trans formed structure in (110) CdS films annealed at 450°¢
for 30 minutes. The films were originally grown on (110)
NaCl substrates at 300°C. These were removed from the
substrates and transmissioﬁ electron diffraction studies
showed them to be in the (110) orientation with the sphalerite
structure and to be free of second phase grain and twins.
Some of these films were annealed while supported on coarse
100 mesh gold grids. These films were found to have the
domain—-form structure. ' When similar films
were annealed while supported on fine 400 mesh gold grids,
the Lath-form transformed structure was found in the films.
The lath-form tranformed structure gave transmission electron
diffraction pattern which indicated that the unit cell height
in the transformed laths was twice the height of the original
sphalerite structure unit cell. This they attributed to an
ordered structure involving one or more point defects per two

sphalerite structure unit cells.
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CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURE FOR GROWING EPITAXIAL FILMS

3.1 APPARATUS

3.1.1 The Vacuum Systems

A schematic diagram of the vacuum system used in this
experiment is shown in Fig. 3.1. The vacuum system consisted
of an evaporation chamber; that is a 12" bell jar placed
on a steel base plate. This evaporation chamber was evacuated
to high vacuum in the range between 107° to , 1078 torr by
an Edwards 2" diffusion pump model EO02, backed by an Edwards
rotary oil pump model ES75 with a capacity of 82 litres per
minute. A Tiquid nitrogen trap was fixed to the diffusion
pump. It was always filled with liquid nitrogen during
experiments for growing CdSe films by evaporation on to Ge
substrates. The pumping speed of the diffusion pump was
75 litres per second using a silicone o0il of type M.S.704.

The pressure in the chamber was measured using a BIRVAC
penning gauge model T1001. The vacuum system was provided
with an air-admittance valve to let air into the chamber.
The vacuum system was also provided with a baffle valve
between the vacuum chamber and the diffusion pump to isolate
the diffusion pump from the vacuum chamber when the chamber

was let up to atmospheric pressure.
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3.1.2 The Electron Beam Evaporator

The source material, CdSe, was evaporated by heating
it, using a focussed electron beam evaporator of the type
developed by Unvala (1963). The electron beam evaporator
assembly is shown in Fig. 3.2. In this method of evaporation
of the source material both the source material and substrate
were out of line of sight of the tungsten filament.

The source CdSe was contained in a stainless steel
crucible held in a water cooled copper pedestal which was
surrounded by the tungsten filament and a focussing electrode.
This assembly was so constructed that it was possible to focus
the electron beam spot on the source material surface at its
centre, well away from the walls of the crucible and not
producing any heating effect on the walls of the crucible.
This minimised the contamination arising from crucible wall
heating. The focussing electrode was made of wire mesh.

The focussing electrode and the tungsten filament holder were
mounted on a stage of three insulating pi]]afs which could be
moved up and down by a lever arrangement. During the
evaporation of CdSe the height of the focussing electrode

was always adjusted to produce a hot spot of about 2mm diameter
for the required input power. This standardized the growth
rate of the epitaxial CdSe. The power input to the source

was determined by the product of emission current and the
accelerating voltage. The input power could be varied either
by changing the emmission current or the accelerating voltage.

In the case of CdSe,adjuStment of both simultaneously was found

to be more practicable.
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A shutter was provided between the evaporator and the
substrate heater. The shutter was kept closed during the
outgassing of the CdSe to keep aviay the outgassed vapour from
the substrate. This also prevented the contamination of-the
sburce during the thermal cleaning of the substrate and the
substrate heater assembly. The shutter was moved to one
side to let the CdSe vapour deposit on the substrate for a

required length of film-growing time and then closed.

3.1.3 The Substrate Holder and Heater Assembly

The substrate heater assembly is shown in Fig. 3.3.
It consisted of a tantalum heater coil, molybdenum inner
heat shield , molybdenum outer heat shield, and molybdenum
substrate holder. The substrate heater assembly was mounted
on a circular stainless steel insulated base plate, with a
central hole to let the CdSe vapour deposit on the substrate.
The substrate holder was mounted by means.of_two stainless
steel screw rods which were fixed rigidly to the base plate
and insulated from it. The substrate holder was provided
with two or four holes to hold substrates of 3 mm diameter.
The substrates were heated by the radiation from the tantalum
heater coil which was provided with a power supply with a
voltage variable upto 25 volts. The substrate holder with
substrates was screened from the heated tantalum coil by
inner heat shield K The outer heat shield prevented the
radiation from the heater coil from radiating out. This

arrangement provided approximately black body conditions
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inside the heater so that uniform distribution of temperature
in the substrate holder region could be attained rapidly.

The substrate temperature .was measured using two chromel-
alumel thermocouples placed beneath the substrate. These
thermocouples were led into the substrate heater region by
means of silica tubing.

With this arrangement it was possible to raise the
temperature upto 900°C for the thermal c]eaning.of the sub-
strate holder and heater assembly in vacuum. This was found
to be essential to outgas the substrate heater assembly
between successive growth runs. This prevented the danger
of contamination of the substrate surface by materials de-
posited in the previous evaporations. It was one of the
important conditions for the reproducible growth of good
quality epitaxial films in this work. The effect of con-
tamination has been dealt with in section 2.1.4. The
height of the substrate holder above the surface of CdSe was
kept constant at about 7 cms. Changing the. tantalum heater
coil to a tungsten heater coil had no effect on the reproduc-

ibility or quality of epitaxial films in this work.

3.2 PREPARATION OF Ge SUBSTRATES

- As a result of previous work in this laboratory it
was known that -the quality of the polished substrate surface
had a great effect on the degree of epitaxy. Hence efforts

were made to prepare flat,smooth and scratch-and etch-pit~free
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substrate surfaces by carefully polishing them first
mechanically and then chemically.

Germanium substrates in the form of circular slices
2 cms in diameter and 0.5 mm'thick or in the form of oval
shaped slices 0.4 mm thick were obtained from the electronics
materials unit of the Royal Radar Establishment. These
single crystal Ge slices were already cut parallel to the
(111), (110) or (100) planes and were p-type.

The slices were mechanically polished on a rotating
wheel polisher using silicon carbide to remove the initial
damaged surface of Ge. The depth of damage of the germanium
surfaces was further reduced by additional polishing using
2 uym diameter alumina powder. Ge slices were cleaned
carefully with distilled water first and then trichloroethylene
to remove any traces of the silicon carbide or alumina.
Further polishing on 1 um diamond paste reduced the depth of
damage to about 1 pum and gave a mirror like surface. Then
the slices were cleaned in trichloroethylene and in distilled
water and finally in an ultrasonic bath.

The Ge slices were mounted on a glass slide using
picene wax so that the polished surface was dipped in the wax.
They were ultrasonically cut into discs of 3 mm diameter to
fit into the AEL EM6G (100kV),Philips Em301(100kV) and AEI EM7
( 1000k V) transmission electron microscope specimen holders.

The Ge discs were separated from the picene wax.by dipping the
glass slides in boiling trichloroethylene. The separated

discs were washed successively in fresh trichloroethylene
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a number of times to ensure that all traces of wax were
completely removed. Finally they were rinsed in distilled
water and then in methyl alcohol.

The damaged layer left by the mechanical polishing
process on the surfaces of the discs was removed by chemical

polishing. The chemical polishing solution consisted of

50 cc of 70% nitric acid
30 cc of 99% glacial acetic acid

30 cc of 40% hydrofluoric acid

and a drop of 79.92% bromine.

The solution was heated to about 60°C in a PTFE beaker.
The discs were dropped into the solution and the beaker was
gently shaken for about 45 seconds. The discs were immediate-
ly removed from the solution and held under a stream of
distilied Qater for about 10 minutes to ensure that the
chemical solution was washed away. Finally the discs were
rinsed in methyl alcohol. The polished surface of the Ge
discs were examined under a travelling microscope to check
their_suitabi]ity for film growth.

A very interesting effect of the nature of the substrate
surface was found in this work. The (100), (110) and (111)
oriented Ge substrates were prepared by this same method.

The (110) surfaces were found to be free from etch-pits,
scratches or other roughness in the sense that these could

not be seen in the low power microscope. On the other hand
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(100) and (111) surfaces did contain etch pits which could
be detected in the low power microscope. As a result it
was found that the minimum epitaxial growth temperature for
(110) Ge surfaces was lower by 50°C than for (100) and (111)
Ge surfaces. Since all the other growth conditions were
the same, this can be attributed to the differences in the
smoothness of the surfaces of the substrates at different

orientations.

3.3 PREPARATION OF CdSe EPITAXIAL FILMS

The CdSe used in this work was supplied by Kochdight
Laboratories and stated by them to be of 99.999% purity.
The CdSe was in the form of a fine powder. It was loaded
into the stainless steel crucible. The Ge substrates after
polishing were placed in the grooves of the substrate holder
with their polished surfaces down facing the CdSe source.

The vacuum chamber was pumped down to 2 x 10"6'torr.
When a pressure of about 2 «x 1076 torr was attained the source
CdSe was outgassed. This was done by switching on the
emission current and accelerating voltage and then defocussing
the electron beam furnace so that.who1e volume of CdSe charge
was heated. Completion of this process could be detected
by monitoring the pressure in the vacuum chamber. fhe
emission current and accelerating voltage were switched off.
Immediately the substrate heater current was switched on to
15 amps and the substrate was heated to 600°C for thermal

cleaning of the substrate surface and also to outgas the
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heater assembly. The substrate heater current was immediately
reduced to zero to allow the substrate to cool down to the
deposition temperature. As the substrate cooled down from
600°C, the emission current and accelerating voltage of

the source were switched on to required power for evaporation.
The electron beam furnace was raised so that the electron

beam was well focussed on the CdSe surface giving a hot spot

of about 2 mm diameter at the centre.

When this adjustment was complete power was reduced to
a minimum to keep the source warm until it was to be evaporated
for film growth. When the substrate temperature fell to
the deposition temperature this was maintained constant.

The input power to.the source was raised to the requfred value
for evaporation and the shutter was moved to one side. The
deposition time was 13 minutes. The substrate temperature
was monitored during the deposition by the alumel-chromel
thermocouples. After 13 minutes the shutter was closed and
the power supplies were switched off. During deﬁosition the
pressure was below 10'5 torr. Specimens were removed from
the chamber when they had cooled down below 50°C for electro-
chemical thinning of the Ge substrates.

With the same growth procedure films were grown for
different times of deposition to get films of different
thicknesses. For chemical etching the films were grown
from 3 - 5 minutes, and for electrical measurement films
were grown for 15 - 20 minutes on 5 mm diameter substrates.

In all these cases the films were found to be reproducibly

epitaxial.
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3.4 THE SUBSTRATE THINNING PROCESS

After the CdSe film deposition the Ge substrates were
to be thinned, The process of thinning the germanium in-
volved the removal of a portion of the germanium as far as
possible completely from the CdSe film, so that the expoéed
portion of the film could be examined under transmission
electron microscopy for its structural properties.

The apparatus used for thinning the germanium was of
the type developed by Blankenbergs and Wheeler (1963-64).

A 1ine diagram of the apparatus is shown in Fig. 3.4. Similar
apparatus was used by Booker and Stickler (1962) and Wilcox

and Holt (1970). The chemical solution used for thinning
germanium consisted of 25 gm of KOH and 12 gm of NH4C]
dissolved in 2000 cc of distilled water.

The germanium substrates were held firmly in the central
hole of a copper disc fixed to specimen holder using lacomit
solution. Lacomit was resistent to the thinning solution
and light could not pass through into the specimen holder.
The copper disc was covered with lacomit at all places where
the jet—ﬁo]ution might reach. An area of substrate of about
2 mm diameter was always free from lacomit.

The chemical solution from a reservoir was allowed to
flow through a perspex jet and through the 1 mm diameter
stainless steel nozzle on the germanium substrate. A beam
of 1ight from an electric lamp was collimated through the
transparent perspex jet and through a 1 mm diameter stainless

steel nozzle on to the Ge substrate. During thinning
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germanium the stainless steel nozzle was held at a -ve
potential and the copper disc at a +ve potential. The
current drawn was 20 mA. The time in which Ge thinned
through was about 8 minutes, Thinning through the germanium
was evidenced by observing transmitted light in the travelling
microscope (which was focussed on the film). The D.C. power
supply and the flow of chemical solution were switched off
simultaneously as soon as the transmitted 1ight was observed
in the travelling microscope. Otherwise the CdSe film could
be broken due to the pressure exerted by the solution. With
this strength of KOH solution a current of 14 to 20 mA was
sufficient to polish the Ge side in the well defined polishing
plateau (Hirsch et al. 1965).

3.5 MEASUREMENT OF CdSe FILM THICKNESS

CdSe film thickness was determined using a Nomarski

- interferometer on a "MeF" Reichert microscope. The Nomarski
interferometer depends in its operation on the splitting of
reflected 1ight from the specimen by a Wollaston prism.
Monochromatic light of wave length A = 5890& was used. It
was incident normally on the CdSe film at the edge where there
was a stepdown to the Ge substrate. The interference fringes
had the form shown in Fig. 3.5. The straightness of inter-
ference fringes is evidence of the flatness of the CdSe film
surfaces. The fringes are laterally displaced.on crossing

the edge by a distance which is a measure of the step height



Fig. 3.5

Interferogram of a CdSe/Ge heterojunction taken near the
edge of the CdSe film with a Nomarski Interferometry
arrangement. The CdSe was grown on (111) Ge at 400°C for
1% minutes.
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of the Cdgé film. The film thickness was calculated using
the formula t = %ﬁ, where ) is the wavelength of incident
light and n is the ratio of the fringe spacing to the
lat-eral shift of the fringe at the step. Thin film thick-
ness measurement by the Nomarski interference method does
not involve the refractive index of the material because the
light producing the fringes does not penetrate into the film.
The film thicknesses as measured by the Nomarski
interferometer method were found to.be 12003' to ZOOOK .
for films grown under conditions intended to produce approxi-
mately constant film thickness. The time of film: growth
was 1% minute. Hence the combined effect of any variations
in evaporation rate and sticking co-efficient was a varjation

of only £ 25% in film thickness.
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CHAPTER IV

ANALYSIS OF THE EXPERIMENTAL RESULTS

4.1 EPITAXIAL GROWTH RANGES OF SUBSTRATE TEMPERATURE

Films of CdSe were deposited in vacua in the 1072 to
107% torr range, on Ge substrates with (100), (110) and {111)
orientations. Attempts were made to grow CdSe films at Ge
substrate temperatures from 200°C tQ 500°C. The experimental
results were represented by a graph of the R-parameter versus
substrate temperature (Toc), as shown in figs. 4.1, 4.2, 4.3."
The R-parameter stands for the degree of relative orientation
of the films, This was introduced by Ino et al (1964) in
studies of epitaxy of metal films and by Holt (19663 in
studies of epitaxy of ZnTe on ionic substrates.

The degree of relative orientation was detefmined from
the selected area transmission electron diffraction patterns
of the CdSe films, obtained from the AEI EM6G, 100 kV,
transmission electron microscope. For'example Fig. 4 shows
observations of diffraction patterns of CdSe films grown on
(100) faces of Ge, to show the variation in relative degree
of orientation or structure with substrate temperature.

The value R = 100 was assigned to the epitaxial films,
giving rise to spot diffraction patterns. This showed that
in ;certain ranges of growth substrate temperature the CdSe
films grew in a single orientation relationship with the

substrate, . . T
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The value R = 0 was assigned to the films giving rise
to ring electron diffraction patterns. This showed that
at low substrate temperatures the CdSe films grew in randomly
oriented, fine grain polycrystalline structures.

Over a relatively narrow range of substrate temperatures,
the structure of the CdSe films changed systematically from
polycrystalline to epitaxial monocrystalline through a series
of intermediate partially oriented structures. The inter-
mediate values R = 25, R = 50, and R = 75, were assigned to
the films giving rise to mixed spot and ring transmission
electron diffraction patterns. The values 25, 50 and 75
were assigned for diffraction patterns, in which the ring
pattern is stronger than, equal to and weaker than the spot
pattern respectively. This interpretation for the inter-
mediate values cannot be made quantitative because the
intensities of transmission electron diffraction spots and
rings can not be related to simple structure factor conside-
rations. This is because of the occurrence of multiple
and incoherent (ine]éstic) di ffraction processes. Hénce the
intermediate values of R, are ill-defined.

However, the use of the graph of R-parameter versus
substrate temperature makes it compact and convenient to
present the results of large numbers of transmission electron
diffraction observations.‘ Hence Figs. 4.1, 4.2 and 4.3
summarise the observations on the variation of the degree
of orientation of CdSe films with growth ranges of Ge sub-

strate temperature. It also indicates that the minimum
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epitaxial growth temperature was 350°C for CdSe films de-
posited on (100) and (111) faces of Ge and 300%C for the
CdSe films grown on (110) faces of Ge.

Figs. 4.1 and 4.3 indicate that epitaxial growth was
invariably obtained for all substrate temperatures from
350°C to 450°C on (100) and (111) oriented surfaces of Ge.
From fig. 4.2 it ié evident that epitaxial growth was
reproducibly obtained for all substrate temperatures from
300°C to 450°C on (110) surfaces of Ge and the minimum
epitaxial growth temperature was 50°C Tower than on the other
two singular surfaces.

| These graphs indicate that the maximum epitaxial growth
cut off temperature was 450°C on all the three surfaces of
Ge. Above this temperature, CdSe films could not deposit
on any of the three surfacesof Ge, due to the onset of a
vapour phase chemical attack reaction. Ge substrates,
which were held at temperatures above 450°C, while CdSe was
evaporated had always etch pitted surfaces.

The form of these graphs is similar to those previous]j
obtained for CdS deposited on (111) Ge (Wilcox 1970), CdsS
evaporated on to (100), (110) and (111) faces of Ge (Abdalla
et al. 1973), CdTe deposited on (100), (110) and (111) faces
of Ge (Abdalla and Holt 1973) and CdTe grown on (111) Si
(Holt and Abdalla 1974). This is partly because, in the
present case and in these cases, the epitaxial upper cut off

temperatures, above which II-VI films could not be deposited on
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Ge and Si substrates due to the onset of vapour phase
chemical attack reactions were well defined. A similar
upper cut off temperature was found in the case of ZnSe
deposited on Ge by Calow et al (1968).

The form of these graphs is not similar to those
previously obtained for ZnTe on (100) and (111) faces of
Ge (Mufti and Holt 1972) for ZnS on NaCl (Woodcock and Holt
1969) and for CdS on ionic substrates (Wilcox and Holt 1969).
In all these cases, above the upper epitax%a] growth tem-
peratures, the degree of orientation of the films fell,
just before the films ceased to deposit. In the case of
ionic substrates this was due to the onset of the sublimation
of the substrate material. More about the upper cut off

temperature is given in chapter VI, section 6.1.

4.2 STRUCTURE OF CdSe FILMS DEPOSITED ON (100) Ge SUBSTRATES

Fig. 4.4(a) shows a typical transmissfon electron
diffraction pattern of a CdSe film epitaxially grown on a
(100) face of Ge. The indexing of this and similar dif-
fraction patterns of CdSe films is shown in Fig. 4.4(b). This
showed that the CdSe films grew epitaxially with the cubic
sphalerite structure in (100) orientation, at all temperatures
in the epitaxial growth range 350% - 450°cC. .The CdSe/Ge
epitaxial growth orientation relationship was (100) cdSe|[(100)
Ge, with [01{] CdSe|[[p1il Ge. This parallel epitaxial orien-

tation relationship between the CdSe films and Ge substrates
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Fig. 4.4 (a) Selected area transmission electron diffraction
pattern from a film of CdSe grown on a (100)
surface of Ge at 390°C. The pattern was recorded

with the incident electron beam in the exact [100]
direction,

(b) Indexed plot of the diffraction pattern shown in (a).
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Fig. 4.5 (a)
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Transmission electron double diffraction pattern
from an area in which the CdSe and Ge were of
comparable thickness. The CdSe was epitaxially
grown at 370°C on (100) Ge.

The complete arrays of double diffraction moire
spots (open circles) about the CdSe spots (large
solid circles) and Ge spots (small solid circles)
in the (100) reciprocal lattice plane. This is
the explanation of the experimental transmission
electron diffraction pattern shown in Fig. 4.5(a).
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was determined as follows. In very thin regions of the
“specimens in which Ge was completely thinned through and
hence only CdSe was present, the diffraction patterns observed
were like that shown in fig. 4.4(a). In thick regions the
diffraction pattern was almost entirely due to Ge and was
similar and parallel to that for the CdSe. This fact was
confirmed by further observations in the regions where the
CdSe film and Ge substrates overlapped and they were of
comparable thickness as shown in fig. 4.5(a). In such
regions diffraction spots due to CdSe and Ge were observed
together with arrays of double diffraction spots. The plot
of this moire electron diffraction pattern is shown in figqg.
4.5(b). From figs. 4.5(a) and ‘4.5(b) it is seen that each
002 type CdSe spot is surrounded by square "moire arrays"

of eight double diffraction spots and each 022 type CdSe

spot is surrounded by eight diffraction spots; seven of them
are due to double diffraction, but one of them is the corre-
sponding Ge 022 spot. This is because 002 type reflections
(superlattice reflections) are not allowed reflections in

the cubic diamond structure Ge (Cullity 1956) according to
structure factor considerations, but 002 type Superjattice
reflections are allowed reflections in the cubic sphalerite
structure according to structure factor considerations. It
is also seen that the 022 type CdSe spot and the 022 type Ge
spot lie exactly along the same [011] direction. This shows
that the Bragg reflecting planes in the overlapped crystals

were in parallel alignment. Hence it is experimentally
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confirmed that the CdSe/Ge epitaxial growth orientation re-
Tationship was that (100) CdSe//(100)Ge with [011] CdSe//
[017] Ge.

Thus the best method to determine the epitaxial
orientation relationship between the films and substrates
was to observe the superimposed diffraction patterns that
arise in areas of specimen in which both CdSe and Ge were

present tn comparable thicknesses.

4.2.1 Moire Patterns and Fringes

The diffraction patterns 1ike that shown in fig. 4.5(a),
arising in overlapping CdSe and Ge will be referred to as
moire patterns since they arise from the diffraction effects
which give rise to moire fringes in the transmission electron
micrographs. |

The interpretation of the occurrence of square "moire
arrays" or moire patterns 1like that shown in fig. 4.5(a)
and (b), in the reciprocal lattice space is given in fig.

4.6 . This shows the indexed plot of fhe superposed

(100) CdSe and (100) Ge diffraction patterns, in reciprocal
Tattice space for parallel alignment of the two crystals as
shown in figs. 4.5(a) and (b). The way in which the neigh-
bouring pairs of spots arising from 022 type reflections in
CdSe and Ge, as shown in fig. 4.6(a) gives rise to additional
spots by double diffraction is indicated in fig. 4.6(b).

Thus the result of double diffraction replication of the 022

Ge spots round each of the CdSe spot is the square "moire
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Fig. 4.6 (a) Indexed patterns of (100) CdSe and Ce in parallel

alignment.

(b) TIllustration of the wey in which double diffraction
first in the Ge end then in CdSe indicated by tvwo
svccessive  vectors produces zdditional moire
spots indicated by open circles end indexed with

the two reflections concermed.
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arrays" of spots shown in figs. 4.5(a) and (b). The dif-
fraction vectors involved in producing these moire diffraction
patterns, as can be seen in fig. 4.6(b), lie in the (100)
plane in reciprocal space. These diffraction conditions
therefore are exactly satisfied without taking the effects

of the buckling of the specimen into account and these arrays
are readily obtained. This is the explanation of the
experimental transmission electron moire diffraction patterns
like that shown in fig. 4.5(a).

When the electron beam was incident on an area of
specimen with comparable thicknesses of CdSe and Ge moire
fringes were always observed as shown in fig. 4.7. The
moire fringes resulting from the overlapping of crystals of
differing lattice parameter but in parallel alignment are
known as parallel moire fringes. Their spacing is’given
(Hirsch et al. 1965) by

dy dy

Dparal]e] N a]-az

Where d] and d2 are the spaéings of the Bragg reflecting
planes in the two crystals which give rise to the interfering
beams. The moire fringes seen in fig. 4.7 are the result

of the interference bétween 022 reflections of CdSe and Ge.

The spacings of the Bragg reflecting 022 planes in CdSe and
a

Ge are calculated, using the expression dhk = :
1 /
(vhZ2+kZ2+12)-

where a is the lattice parameter and hkl are the Miller indices

of the reflecting planes. For CdSe a = 6.0773 (x-ray powder



Fig. 4.7 Typical bright field transmission electron
micrograph showing the parallel moire fringes
of CdSe/Ge (100) heterojunction. The CdSe was
epitaxially grown at 400°C on (100) Ge.

Fig. 4.8 Diffraction pattern of the same film as shown in
Fig. 4.4(a) but now tilted slightly off the exact
[100] beam direction,
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data file No. 19-191) and for Ge a = 5.6576A (Swanson and
Tatge 1951);substituting these values in the above expression
for the moire fringe spacing the calculated value of Dparalle]
29.13 . The experimentally measured value for the moire
fringe spacings in (100) CdSe/(100)Ge heterojunctions was
29.23 . This excellent agreement confirms the interpretation
given above for the diffraction patterns of the form shown

in fig. 4.5(a). A more detailed interpretation of moire

patterns and fringes, is given in sections 4.4.2 and 4.4.3.

4.2.2 Identification of {111} Planar Defects Present in

(100) CdSe Films

When the electron beam incident on (100) oriented
CdSe films was exactly parallel to the [100] film normal,
the diffraction patterns always obtained were of the type
shown in fig. 4.4(a). No satellite spots due to three
dimensional defects were ever obéerved in the diffraction
patterns of epitaxial CdSe films. This was evidenced that
the (100) CdSe epitaxial films were free from three dimen-
sional defects such as twins or included grains of second
phase material with wurtzite structure (Holt 19694 .

But when the epitaxial (100) CdSe films were tilted
slightly away from the exact (100) orientation in the electron
microscope, the diffraction pattern changed to the form shown
in fig. 4.8. The diffraction patterns were always found to
be streaked in <111> directions. This was evidence that

numerous {111} planar defects were present in the (100) CdSe
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epitaxial films. Similar patterns have been observed in
other cases of II-VI films grown on (100) surfaces of cubic
system crystal substrates, and analysed in case of the films
grown on ionic substrates (Holt and Woodcock 1970) and

Holt and Wilcox 1971). The analysis of the films grown on
Ge (100) surfaces is given below.

It is clear from fig. 4.8 that sets of four intensity
maxima occur around the positions of the CdSe matrix spots.
This happens when the Ewald sphere of reflection intersects
four continuous <111> streaks in regiproca1 lattice space.

The correct interpretation of this situation was given by
Holt and Woodcock (1970) as shown in fig. 4.9.

The <111> streaks are perpendicular to the {111} planes
in which planar defects lie. The (100) diffraction pattern
does not contain any <111> directions. Therefore these
continuous <111> streaks instead of running in the plane of
(100) reciprocal tattice space, must be inclined to it, and
when these streaks cut the nearly planar Ewald sphere of
reflection, this forms the sets of four intensity maxima
around the CdSe matrix spots. These intensity maxima are
known as satellite pseudo-spots. They move in and out
relative to the main matrix spot as and when the CdSe film
s tilted in the electron microscope. ~Therefore the distances
of these pseudo-spots from the matrix spots depend upon
the amount of the film tilt from [1001 film normal. It is
seen from fig. 4.8 that the pseudo-spots have a characteristic

elliptical form. This arises due to the intersection of
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4.10(a)

93

Thompson's tetrahedron showing the crientation

of the four {111} planes of the sphalerite
structure, when the electroen beam is incident

on the CdSe film in [110] direction. Two of
the planes are parallel to the beam and the other
two planes are inclined 35.3° to the [110] beam

direction. The cross-hatched rear face normal
is [117].



, Pseudo Spots

Ewald Sphere

Figs 10{c)

Ewald Sphere

Fig. 4.10(b) The two [ETﬂ and Blﬂ streaks intersect the sphere of reflection at mat
spots in the reciprocal lattice space, when the film is tilted to exact (

orientation.

Fig. 4.10(c) The two [TT]] and E]i} streaks intersect the sphere of reflecticn in the
reciprocal lattice space, giving rise to two pseudospots when the film is

tilted slightly away from the exact {(110) orientation.
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the approximately planar Ewald sphere with right-circular-
cylindrical <}11> streaks. This suggested that the observed
intensity maxima were due to {111} planar defects, but not due to
three dimensional defeéts such as twins or included grains

of second phase material of wurtzite structure. This is

because real satellite spots due to three dimensional defects
appear and disappear always at the same point with slight

tilting of the specimen in electron microscopy.

Further confirmation that the observed intensity maxima
arose due to the four sets of {111} planar defects was con-
firmed in high voltage microscopy using an AEI EM7. In this
microscopy specimens can be tilted about 60°, about the two
perpendicular directions in a horizontal plane.

From an indexed diffraction pattern of (110) oriented
epitaxial CdSe films as shown in figs. 4.15(a) and 4‘]5(bl<59°‘43)
it is evident that the (110) diffraction pattern'contains the ’
177 and 117 diffraction spots. That is the (110) diffraction
pattern contains two of the four <111> directions, namely
?ﬁ]TTﬁ and [T]Tj, Therefore the (117) and (117) planes are
bara]]e] to the E]]OJ=direction and the other two (1711) and
(111) planes are inclined at 35.3° to the El]O]zdirection as
indicated by the Thompsons tetrahedron as shown in . fig. 4.10(a).

Fig. 4.11 shows a typical selected area (110) diffraction
pattern of a CdSe epitaxial film, when the film was tilted
from the (100) orientation to the (110) orientation in the
high voltage microscope. The angle between the cbntinuous

streaks is 70° 30", which is the angle between the (177) and



Fig., 4.11

Selected area diffraction pattern of a (CdSe film tilted from (100) orientation to
exact (110) orientation through 45°, The two [111] and [111] streaks are seen
running continuously in the plane of the (110) diffraction pattern. No intensity
maxima are seen. The CdSe was grown epitaxially on (100) Ge at 400°C.
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Fig, 4.12

Selected area diffraction pattern of the same area of
the same CdSe film as shown in Fig. 4.11 but now
tilted slightly off the exact (110) orientation in
AEI EM7 million volt transmission electron microscope.
Pseudo spots and extended streaks can be seen.
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(117) planes.

The other two streaks perpendicular to the (711) and
(111) defect planes do not lie in the plane of the (110)
diffraction pattern i.e. they intersect the sphere of re-
flection at the main matrix spots in the (110) reciprocal

‘lattice plane as shown in fig. 4.10(b). It is also notice-
able that the continuous streaks had a uniform intensity
which shewed that the planar defects were random.

When the CdSe film was tilted slightly away from (110)
orientation the diffraction pattern changed to the form
shown 1in fig.'4.12. The two <111> streaks perpendicular to
the (177) and (111) planes intersect the Ewald sphere of
reflection giving rise to the pseudo-spots spaced a variable
distance apart in the [002] direction as shown in fig. 4.10
(c), whereas the other two <111> streaks perpendicular to
the (177) and (117) planes appear extended in the (110)
reciprocal lattice space. These observations confirm
that the pseudo-spots or the intensity maxima observed in
(100) diffraction patterns of (100) oriented CdSe films
grown on (100) faces of Ge, arose due to the {111} planar
defects. The appearance of pseudo-spots corresponded to
the presence of high density of planar defects of the order

12 4, 1013/cm2 (Holt and Woodcock 1970).

of 10
Fig. 4.13 shows a typical bright field micrograph

of a (100) oriented CdSe film grown on a (100) oriented Ge



Fig., 4.13 Typical bright field micrograph of a (100) CdSe
film grown at 400°C. The fine scale fringe and
dot contrast is characteristic of films with type
of structure corresponding to Fig. 4.8.

Fig. 4.14 High resolution dark field micrograph of the same
film as shown in Fig. 4.13. This micrograph was
recorded using one of the pseudo spots as shown in
Fig, 4.7 for imaging.
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substrate. The dominant and characteristic feature of this
bright field micrograph is the fine scale fringe and dot
contrast. The interference of the main transmitted beam
with the beams corresponding to pseudo-satellite beams gives
rise to these contrast effects.

A high resolution dark'fie1d micrograph of one of the
pseudo spots, used for imagiﬁg is shown in fig. 4.14.
Triangular features of irregular size and shape can be seen.
The dimensions of larger features were found to vafy from
about ]5OOR’ to 21003 » Which is approximately equal to the
thicknesses; 1200A to 2000A of the CdSe films.

4.3 STRUCTURE OF CdSe FILMS GROWN ON (110) Ge SUBSTRATES

Fig. 4.15(a) shows a typical electron diffraction pattern
obtained from an area of CdSe film, from which the Ge had
been removed completely, and when the electron beam was
exactly parallel to the [110] film normal. Indexing of
this - and simi]ér diffraction patterns of CdSe films grown
on (110) Ge substrates is shown in fig. 4.15(b). This showed
that the films had the cubic sphalerite structure in (110)
orientation. When the films were tilted s]ijht]y off the
exact (110) orientation, the diffraction pattern changed tothe
form shown in fig. 4.16. The diffraction spots always
appeared split into pairs of pseudo-spots and separated along
the <002> directions as shown in the fig. 4.16. This splitting

of diffraction spots in pairs of pseudo-spots was observed



(a)

(b)

Fig, 4.15 (a)

(b)

Selected area diffraction pattern of a CdSe

film grown on (110) Ge at 440°C. This is the
pattern obtained with the electron beam incident
on the film in the exact [110] direction.

The pattern in (a) is that of the sphalerite
structure and indexes as shown.
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Fig. 4.16

Fig, 4.17

o2

Diffraction pattern of the same film of CdSe as shown
in Fig, 4,15(a) but now the film is tilted slightly
off the exact (110) orientation,

Bright field transmission electron micrograph of the
same film,
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in all the CdSe films grown at all temperatures in the epi-
taxial range: 300°C to 450°cC.

The characteristic appearance of the micrographs of
the (110) CdSe epitaxial films is shown in fig. 4.17. This
form of contrast in bright and dark areas of jig-saw-puzzle-piece
shape arises from the domain-form transformed structure.
This type of structure arises from faulting on the (171) and
(111) planes in (110) oriented CdSe films of sphalerite
structure. One type of domain faults or transforms on the
one {111} plane and the second type of domain faults or trans-
forms on the other {111} plane. Thus the two {1117 faulted
planes give rise to streaks in the reciprocal lattice space
in the <111> directions normal to the fault planes. The
two types of streak run through every point in reciprocal
Tattice space giving rise to the pairs of split pseudo-spots,
where they cut the sphere of reflection as shown in fig. 4.16.

The interpretation of the occurrence of the pseudo-
spots in the (110) diffraction patterns of the films, tilted
sTightly off (110) orientation is given below.

Fig. 4.10(a) (Sec. 4.2) shows the Thompsons tetrahedron, whose
four faces represent the four {111} planes in the (110)
oriented sphalerite structure film, when the electron beam
is exactly parallel to [110] film normal. Fig. 4.15(a) shows
the (110) diffraction pattern of the CdSe film when the electron
beam was exactly parallel to [110] direction.

Thus from fig. 4.10(a) and fig. 4.15(a) it is clear

that the (1TT) and (T17) planes parallel to [110] direction
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are not faulted and no streaks normal to (1T71) and (T17) planes

are observed. This can be verified by comparing the (110)

di ffraction pattern shown in fig. 4.15(a) with (110) dif-

fraction patterh shown in fig. 4.11. Also fig. 4.10(b)

shows how the two <111> streaks arising from the other two
(171) and (111) faulted planes and normal to them intersect

the sphere of reflection at all the reciprocal lattice points

in the plane of the (110) diffraction pattern.

However when the films were tilted slightly away from
the (110) orientation the diffraction pattern changed to the
form shown in fig. 4.16. And fig. 4.10(c) shows how the
streaks normal to the (111) and (111) faulted planes inter-

" sect the Ewald sphere of reflection forming the two pseudo-
spots on either side of matrix spots in the reciprocal lattice.
The separation of these pseudo-spots in the <002> direction
depends upon the tilt of the film from the (110) orientation
ahd hence on the positions at which the nearly planar sphere

of reflection intersects the <111> streaks in reciprocal space
as shown in fig. 4.16 and fig. 4.10(c). These pseudo-spotsb
do in fact move in and out from the position of the CdSe

main matrix spots with variation in the film i1t and are
never observed to appear and disappear at fixed positions in
the microscope observations, Thus these ti]fihg'observations
established the correctness of the above interpretation. |

That the one type of domain faulted or transformed on
the (T11) plane diffracting into one pseudo-spot and the other

domain faulted on the other (111) plane diffracting into the
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(b)

Fig. 4.18 (a) Bright field micrograph of the (110) CdSe film
grown on (110) Ge at 400°C.

(b) Corresponding selected area transmission electron
diffraction pattern.



Fig. 4.18 (c¢)

(d)

High resolution dark field micrograph of the
same CdSe film recorded when one of the pseudo
spots indicated by an arrow was used for imaging.

High resolution dark field micrograph of the
same area of the film recorded when the pseudo-
spot indicated by the other arrow was used for
imaging,
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other pseudo spot of each pair was confirmed by high resolution
dark field microscopy. Fig. 4.18(a) and (b) are a bright |
field micrograph and the corresponding diffraction pattern
of a CdSe film grown at 400°C on (110) Ge substrate. Fig.
4.18(c) and (d) are dark field images recorded when the
pseudo-spots at the 002 matrix spot position were used in-
dividually for imaging. In these micrographs one type of
domain faulted or transformed on one {111} plane appears bright
and other type of domain faulted on the other plane appears
dark. |

The satellite pseudo-spots observed in the cases of
(100) CdSe films grown epitaxially on (100) Ge substrates
and of (110) CdSe film grown epitaxially on (110) Ge substrates
as discussed above jshow that faults occurred on all the four |
{117} planes in the (100) oriented CdSe films, whereas in
the (110) oriented CdSe films faults occurred only on the
two {111} planes inclined at 35.3° to the [110] direction.
Thus the {111} planar defects in sphalerite structure films
in different orientations can be identified by diffraction
streak studies. _ |

The theory of diffraction streaks due to stacking faults
in f.c.c. crystals has been given by Patterson (1952) and
Whelan and Hirsch (1957). Thomas et al. (1965) have discussed
“the occurrence of streaks by planar defects and precipitates.

To establish experimentally the nature of the {111}
planar defects in the domains, the (110) CdSe films were tilted

from the (110) orientation to the (112) orientation through



Fig. 4.19

Transmission electron diffraction pattern of a CdSe
film grown at 400°C on (110) Ge substrate. This
diffraction pattern was recorded when the CdSe film
was tilted from (110) orientation to (112) orientation
through 54.7°, in AEI EM7 million volt electron
microscope.
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54.7% in the AEI EM7 million volt transmission electron
microscope. This brought the (112) plane containing one of
the two <111> streaks normal to the electron beam so that
it could be recorded with the result shown in fig.@]g. Along
this <111> streak intensity maxima were seen, This showed
that the domains faulted in a partially random and partially
regular manner. The other <111> streak could not be brought
into the plane of observation because the electron beam used
to be cut off by the specimen stage due to the large tilt.
The domain-form transformed structures so far investi-
gated in this laboratory, in (110) oriented CdS, CdTe and now
in CdSe,were found to be different in nature. In CdS
(Abdalla et al. 1973) faulting was regular, in CdTe (Abdalla
and Holt 1973) faulting was random and in the present work

on CdSe faulting was partially random and partially regulan

The analysis of the domain form structure in (110)
oriented CdSe films involved the study of (1) the nature of
the domains in as-~grown films and (2) the nature of the domains
“in annealed films. Part one was dealt with above and part
two is dealt with in chapter V on annealed CdSe epitaxial
films,

So far it-has been-shown that the domain-form trans- -
formed structure films consist of two types of domains which
appear in strong dark and bright contrast with irregular,
interlocking, jig-saw-puzzle-piece shapes. This form is very

similar to that of the double positioning twin "domains"



Fig. 4.20 Bright field micrograph of an epitaxial film
of CdSe grown on (110) Ge at 400°C. Moire
fringes can be seen running across the domain
boundaries which contain a few fringe terminations,



111

observed in epitaxial films of f.c.c. metals by Dickson and
Pashley (1962) and Pashiey and Stowell (1963) and in ZnTe

films by Holt (19693. Hence the description of this structure
found in the (110) oriented II-VI films as "domain form".

Fig. 4.20 is a typical bright field micrograph showing
moire fringes due to the interference of beams diffracted in
the Ge and the CdSe. The spacing of the moire fringes is
found to be about 29.33 and the calculated value of the
parallel - moire fringe spacing for 220 type reflections is
29.1R (section 4.2.1). This showed that the CdSe and Ge

were in parallel alignment.

4.4 STRUCTURE OF CdSe FILMS GROWN ON (111) Ge SUBSTRATES

Fig. (4.21(a) shows a typical transmission electron
diffraction pattern of a CdSe film alone, after the Ge has
been removed completely. The indexing of this and similar
diffraction patterns is shown in fig. 4.21(b). This showed
that the CdSe fiims again had the cubic sphalerite structure,
in (111) orientation. To confirm this and to determine the
epitaxial growth orientation relationship of the CdSe fi]ms
grown on (111) oriented Ge substrates, the diffraction patterns
of areas of the specimens where the CdSe film and the Ge had
comparable thicknesses, were observed and recorded. Typical
of such moire electron diffracticn patterns is that shown in
fig. 4.22(a). The plot of the moire electron diffraction
pattern or electron double diffraction pattern is shown
in fig. 4.22(b). It is seen that each CdSe spot is sur-

rounded by a hexagonal rosette of six spots, five of them being
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Fig. 4.21 (a) Selected area transmission electron diffraction

pattern of a CdSe film grown on (111) Ge at 420°C,
(b) Indexed plot of the diffraction pattern shown in (a).
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Fig. 4.22 (a) Transmission electron double diffraction pattern

from an area in which the CdSe and Ge were of
comparable thickness. The CdSe was epitaxially

grown on (111) Ge at 400°C,

(b) Plot of the double diffraction moire pattern shown
in (a). Large solid circles are CdSe 220 type spots
and open circles are double diffraction spots one of

them being Ge 220 type spot.

13
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double diffraction spots and one of them being the Ge spot.
This confirmed that the CdSe had the cubic sphalerite
structure in (111) orientation. From figs. 4.22(a) and (b)
it is evident that the hexagonal arrays of double diffraction
spots and Ge spots have been rotated from the positions they
would occupy for the paralilel epitaxial orientation relation-
ship: (111) CdSe parallel to (111) Ge with [0T1) parallel

to [0T1) Ge. This can be clearly seen by comparison with

the parallel orientation moire pattern for ZnTe grown on (111)
Ge described below.

Fig. 4.23(a) is the plot interpreting the double
diffraction parallel moire pattern of ZnTe/Ge (111) overlapping
epitaxial crystals. It is seen that 220 type ZnTe spot is sur-
rounded by hexagonal arrays of moire spots one of them being
220 Ge spot, and that the 220 spots of ZnTe and Ge lie along
the same [170] direction. This confirmed that ZnTe had the
cubic sphalerite structure and that the epitaxial orientation
relationship was (111) ZnTe parallel to (111) Ge with [170]
ZnTe parallel to [170) Ge.  (Mufti A.R. 1972).

The plot interpreting the double diffraction moire
pattern of CdTe/Ge (111) heferojunctions is shown in fig.
4.23(b). It can be seen that 1120 CdTe and 220 Ge spots fall
close to each other and as a result double diffraction occurs
giving rise to hexagonal arrays of moire spots round each
220 Ge spot. This type of pattern shows that CdTe had the
hexagonal wurtzite structure in (0001) orientation. The

epitaxial orientation relationship was (0001) CdTe parallel
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Fig. 4.23(a) Plot interpreting double diffraction parallel
moire pattern of ZnTe/Ge overlapping epitaxial
crystals. Central solid circles are ZnTe
diifraction spots, outer solid circles are Ge
diffraction spots and open circles are double
diffraction spots (Taken from. Mufti 1972),
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Fig. 4.23(b) Plot interpreting double diffraction quasi-parallel
moire pattern of a CdTe/Ge(111) heterojunction.
Large solid circles are CdTe spots, smail solid
circles are Ge spots and open circles are double
diffraction spots (Taken from Abadalla, 1973).
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to (111) Ge with [1120] CdTe parallel to [110]Ge (Abdalla
I.M. 1973). This is referred to as the "quasi parallel™”
orientation relationship. The 1010 type CdTe spots do not
occur near any spot in the Ge (111) diffraction pattern.
Therefore these 1010 type CdTe spots appear isolated. This
situation is not found in figs. 4.22(a) and (b). Thus it

is evident that CdSe did not grow with the wurtzite structure
on (111) Ge and did not have the quasi-parallel epitaxial
orientation relationship.

Rotation moire diffraction patterns similar to fig.
4.22(a) were observed in rotated overlapping Au crystals in
(111) orientation by Basset et al. (1958). In this case
the two (111) Au crystals were put one on top of the other
after these had been prepared. This similarity of the dif-
fraction patterns confirms that the rotation diffraction moire
pattern observed in the present work were due to relative
azimuthal rotation of the two crystals about the [111] inter-
face normal.

The rotation of hexagonal arrays of moire spots through
30%, from their position in parallel alignment was found to
be due to the rotation of the overlapping CdSe crystals
relative to the Ge, through a sma]i azimuthal angle about
2% 24, about the [111] normal to the substrate surface.  The
reciprocal lattice vector theory to deduce this azimuthal
angular rotation (o) is given in the section 4.4.2. On the
basis of the experimental results interpreted in this way, a

new epitaxial growth orientation relationship emerged and it
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will be referred as "nearly-parallel rotation" epitaxy.
More details on this "nearly-parallel rotation" epitaxy are
given in next sections 4.4.2 to 4.4.4.

Irrational satellite spots (Holt 19663 were never
observed in the diffraction patterns of CdSe films grown on
(111) faces of Ge. Hence the (111) CdSe films were free
from three dimensional defects such as microtwins, double
positioning twins and included grains with the wurtzite
structure.

No splitting of the diffracton spots was ever observed
in the diffraction patterns of (111) CdSe films, when they
were tilted off the exact (111) orientation in transmission
electron microscopy observations. That is "pseudo-spots"
although observed in the (100) and (110) CdSe films were never
observed in the (111) diffraction patterns of CdSe films.

This was evidence that the CdSe films grown on (111)
faces of Ge, were free from two dimensional planar defects
at lTeast in the densities above about 10]2 cm-2 required to

produce streaks in diffraction patterns.

4.4,1 Tilting of CdSe/Ge (111) Specimens from the (111)

Orientation to the (110) Orientation

The fact that CdSe had grown on (111) Ge surfaces with
the cubic sphalerite structure was established in the previous
section 4.4, Further experimental evidence to demonstrate

this is given below.



(a)

Fig. 4.24 (a)

(b)

(c)

(b) (c)

Selected area transmission electron diffraction pattern of a CdSe film grown on (111) Ge
at 400°C.

Selected area diffraction pattern of the same area of the CdSe film when tilted from (111)
orientation to (110) orientation in an AEI EM7 million volt electron microscope.

Transmission electron déuble diffraction moire pattern from an area of the same CdSe/Ge
specimen, in which CdSe and Ge were of comparable thickness. This was recorded when the
specimen was tilted to (110) orientation in an AEI EM7 million volt electron microscope.

611
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It is well known that the diffraction patterns of the
diamond structure Ge and the sphalerite structure CdSe film
in the (111) orientation contain the same set of allowed
reflections. Therefore the pairs of diffraction spots with
the same indices arising from the two overlapping crystals are
closely spaced. Then double diffraction occurs with the
production of hexagonal arrays of moire spots at each allowed
reflection site. From fig. 4.22(a) and (b) it is clear
that each 220 type CdSe spot is surrounded by hexagonal
arrays of moire spots one gf them being the corresponding
220 Ge spot, and that the hexagonal arrays of moire spots
are rotated from their position in parallel alignment through
30°.

Fig. 4.24(a) shows the selected area transmission
electron (111) diffraction pattern of a (111) CdSe film alone,
when the electron beam in the high voltage AEI EM7 microscope
was parallel to the [j]ﬂ direction. Then the specimen was
tilted 35.3°, by the help of the high tilting stage of the
microscope. That is the specimen was tilted from (111) orien-
tation to the (110) orientation so that the electron beam was
parallel to the [}16} direction, Fig. 4.24(b) shows the (110)
diffraction pattern of thé same CdSe film alone. If the CdSe
film had not grown with the cubic sphalerite structure, on
tilting through 35.3° it would not have given the (110) dif-
fraction pattern as shown in fig. 4.24(b). When the specimen
was tilted to the (110) orientation and the electron beam paralle]
to the [110] direction was made incident on the overlapping

heterojunction system, where the CdSe and Ge were of comparable
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thicknesses the double diffraction pattern was obtained from
the same specimen as shown in fig. 4.24(c). It can be seen
from fig. 4;24(c) that (110) CdSe was parallel to (110) Ge
and that the CdSe had the cubic sphalerite structure.

This showed that the CdSe films had grown certainly
with cubic sphalerite structure in (111) orientation on the

(111) face of Ge.

4.4.2 To Deduce Formulae for Azimuthal Angular Rotation

and "Nearly-Parallel Rotation" Moire Fringe Spacings

The double diffraction pattern typical of that shown
in fig. 4.22(a), observed in CdSe/Ge (111) epitaxial studies
is a new phenomenon. Therefore it is considered worth while
to derive related formulae for the rotation moire frjnge
spacings and the azimuthal angle of rotation of two (111)
crystals about the [111] interface normal.

For example fig. 4.25 shows the hexagonal arrays of
moire spots round a CdSe spot for parailel epitaxial orien-
tation. Here the CdSe and Ge spots lie in the same [071)
direction in the reciprocal lattice. The reciprocal lattice
vector is the distance from the centre spot to any particular
diffraction spot. If gl'a"d 9, are the lattice vectors for
the CdSe and Ge spots and d] and d2 are the spacings of the

Bragg ' reflecting planes in the CdSe and Ge crystals respec-

tively, then by definition,

1 1
IS]l ='aT and lgzl :_'2"

4(1)
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Fig. 4.25 Plot interpreting the hexagonal arrays of parallel
moire double diffraction_pattern. The reciprocal
lattice vectors for Ge 022, and CdSe 022 diffraction
spots are denoted by g, and 9, respectively. The
difference between the 93 and g, is denoted by

ddiff:



123

Ge 022 ?°o ;

V1
eaY} o

Y
Iﬁ) CdSe 022
/ o

/
°
/ o
/
/
/
/
/
/
/
/
/
/
/

Plot interpreting the hexagonal arrays of "nearly-
parallel rotation" moire double diffraction pattern.
It is seen that moire spots have rotated 30° from-
the position in the parallel alignment.



Fig.

4

.27

124

CdSe 022

In the "nearly-parallel rotation" moire double
diffraction pattern the 022 diffraction vectors
for CdSe and Ge differ in direction by an angle «.
The enlarged drawing shows the triangle, two of
the apices of which are the CdSe and Ge 022
diffraction spots.
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From fig. 4.25 the difference in the two reciprocal lattice

vectors is,
1gdiffl = lggl - l?]l 4(2)

e N 4(3
i & (3)

The parallel moire fringe spacing is given by
definition;
1 dy dp

= = — 4(4
P 19qi¢f] 9 - d )

wﬁich is a well-known (Basset et al. 1958 and Hirsch et al.
1965) formula.

' If the two overlapping crystals of different lattice
parameter e.g. CdSe and Ge are rotated through a small azi-
muthal angle o, about fhe (111} interface norha], then
hexagonal arrays of moire spots rotate through an angie 8
from the posifibn in parallel alignment. This is shown in
Tigs. 4.26 and 4.27.

From fig. 4.27

[9rot! ;
Sina = ——ﬁ%i—— S E%EE 4(5)
—a——] l
d, - d
— ] 1 1 2
and laieel =@y - " oA, 4(6)
l?n-p,r12 - lgdiff12 ¥ lg’\r'o’c[2 4(7)

Here we make an important assumption that leads to the concept

of "nearly-parallel rotation". This makes that the angle
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of rotation o very small, so that sina = o. Then
_ Sina . Sina
l.g.rotl - d] - d2
simplifies to
|gr'otl - %— ® %" 4(8)
1 2
90 12 = ()8 x
In-p,r!” 7 d,” d
1 72 1 2
2 2
) (d]—dz) + a d] d2
B 2 2
dy dp
3
2 2
190-p,rl = 4(9)
~ s ) d-( d2 .
By definition the moire fringe spacings is given by
d, d '
1 1 72
D__ = = ' 4(10)
. 1752 “ T R2

(Gejji and Holt 1975)

Usihg this formula rotation moire fringe spacings can be
calculated.

This formula derived on the concept of "nearly parallel
rotation" is the same és that given in "Electron microscopy
of Thin Crystals" by Hirsch et al. (19655, page 358, but
differs from the expression originally quoted by Basset et al.

(1958) (see section 4.4.3).
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19,0t |
From fig. 4.27, tan © = -rot 4(11)
9di ff
and tane = tan 30°
Now |9rot| = tane x |g4:eel 4(12)

. . : . d",-dz
substituting for,groﬂ;sgrx and lgdiffl:__ﬁ?;—~' in
i '

the above equation 4(12) reduces to

. dy - d
Z1na = L d 2 tane
1 1T 72
1.€ Cdy - 4,
Sina = —g—— tane 4(13)
2 .
But zina = Zin“ , for small azimuthal rotations , therefore,
1 2
also
dy - 4
Sina = — tano (Gejji and Holt 1975).

From these formulae the azimuthal angle of rotation of
one crystal over'tﬁe other can be calculated from the known
values of d], d2 and o.

In the present case, within the experimenfa] error,

o = 30° and d] and d2 are the spacings of the Bragg reflecting
220 type planes in CdSe and Ge. The values of d, and d, can

be calculated using the formula,

a
(h% + k2 + 12)2

k1 4(14)

in cubic system crystal structures.
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) 6.077
dy = —5—

N for CdSe lattice parameter
(2 + 2° + 0)°

o
a = 6.077A

and hkl = 022

4. = 5.6576
(22 + 2% 4 0)%

and for Ge lattice parameter

o]
a 5.6576A

and hkl = 022

substituting for o, d; and d2 in the above formula 4(13)

and simplifying, we get

sin 29 24¢

sina

o = 2% 24" 4(15)

Hence the (111) CdSe grew in an-orientation rotated
about the [111] interface normal relative to the (111) Ge,
through an azimuthal angle of 20 24,

Now the azimuthal angle of rotation o = 29 24" shows
that 022 type planes in CdSe and Ge overlapping crystals have
rotated from parallel alignment through this angle. Hence |
it was thought interesting to calculate the direction [hkl]_
in Ge, to which the [022] direction in CdSe is parallel.

The angle between directions h] k] ]] and h2 k2 12 in
cubic system crystals is given by
h, h, + k] k2 + 1] 12

1 by '
1 4(16)
(h% + k% + 12)(h§ + k5 4 1%)}2

1

cos ¢3=



129

By léngthy trial and error calculations it was found
that the indices of the direction in Ge which was rotated
2° 24 from the [071] direction would have to be as high as

9 24' does not appear to

{11, 10, 0J. Thus the angle a = 2
have any simple crystallographic significance, despite the
crystallographic appearance of the 30° angle of rotation
of the moire spot arrays from their positions in a parallel

epitaxial alignment pattern.

4.4.3 Observation of Nearly-Parallel Rotation”Moire Fringes

In transmission electron microscopy an image of a
specimen can be formed by the undeviated beam. This 1is
called the bright field image of the specimen. Images can
also be formed by a single electron diffracted beam. These
are called dark field images. By allowing two coherent
beams, i.e. the undeviated transmitted beam and one diffracted
beam from the same area of a specimen to pass through the
objective aperture, a periodic image can be formed.  These
periodic images in the form of fringes can be considered as
a direct resolution of planes of atoms in the crystal. This
direct resolution of crystal lattices in the form of periodic
images, was first obtained by Menter (1956), in the case of
specimens of metal organic compounds such as copper and
platinum phthalocyanine with lattice spacings of 10-12 3
The spacings of these periodic images was equal to the spacings
between the crystal planes, giving rise to the diffracted

beam. Further the arrays of fringes formed were perpendicular
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to the réciproca] Tattice vector and hence parallel to the
crystal planes resolved. Detai]slof the observation of
periodic images of crystal lattices are given by menter
(1957 and 1958).

Periodic images can also be observed in transmission
electron microscdpy when the electron beam is incident on
overlapping crystal systems. This process of formation of
crystal lattice periodic images does not depend upon the
resolution 1imit of the microscope, unlike the process of
direct resolution of crystal lattices. Therefore this
process is called indirect lattice resolution, and the periodic
images are called moire fringes. Such moire fringes were
first observed by Mitsuishi et al., (1951) in specimens of
graphite.

In the direct resolution of crystal lattices, the image
of the crystal Tattice is formed by interference between the
directly transmitted beam and the first order diffracted
beam, whereas in the indirect resolution of crystal lattices,
the image is formed due to the interference between the directly
fransmitted beam and the beam diffracted once by each of the
superimposéd lattices in succession. (Dowell et al 1956,
1957; Pashley et al. 1957, ~ Basset et a]l 1958, and
Hashimoto and Uyeda,1957).

Dowell et al. (1956, 1957) observed rotation moire
fringes in fortuitously overlapping crystals of molybdenum
trioxide (M003), which were rotated about the interface normal.

They gave a formula for the rotation moire fringe spacings,
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d, d
1 -2
D = — ) 4(17)

where o is the angle of rotation, and d] and d2 are the
spacings of Bragg reflecting planes.

Basset et al, (1958) observed rotation moire fringes,
in (111) Au by placing one crystal on top of other, They

gave a formula for the rotation moire fringe spacing,

dy 4
D = > T
(d% + d; - 2dq d, cos q))Z 4(18)

which is different from the formula given by Dowell et al
(1956).

Rotation moire fringes have not been observed hitherto
in vacuum evaporated epitaxial films. In the present work
rotation moire diffraction patterns and nearly-paralilel
rotation moire fringés have been observed for the first time.
By treating the reciprocal lattice vectors, the formula fbr
the nearly-parallel rotation moire fringe spacings was derived

in the previous section and the formula is,

d, d

i 1 9
n-p,r ((d]—dz)z + af d, dzJ%

d

4(10)

(Gejji and Holt 1975)

which is different from the above two formulae, but is that

quoted by Hirsch et al (1965). Here d] and d2 are the
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spacings of the Bragg reflecting planes in CdSe and Ge
réspectivé]y and o« is the azimuth angle of rotation about
the [111] heterojunction normal. « = 29 24 was obtained
from the moire diffraction patterns using the formuia sina =
E%égg tan® derived in the previous section.

The plane spacings d] and d2 are calculated using the

wellknown formula for cubic system crystal structures.

d = a + Wwhere a is the lattice parameter

and hkl are the miller-indices of the Bragg reflecting planes.

d; = 2877 - for CdSe a = 6.077 A
(25 + 2° + 0)2
hk1 = 022
and d, = 5 5'6276 T *." for Ge a = 5.657 A
(25 + 25 + 0)2 )
hk1 = 022

Now o = 2° 24' = 0.0419 radian,
Substituting these values in the formula 4(10),athe nearly-

parallel rotation’moire fringe spacing is calculated to be
o -
D = 25.01 A . 4(19)

Figs. 4.28 and 4.29 show a typicaf transmission electron
micrographs of CdSe/Ge (111) heterojunctions containing
near]y—paré]]e] rotation moire fringes. Such moire patterns
and fringes were observed and recorded when the electron beam

was incident on areas where the CdSe and the Ge had comparable
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Fig. 4.28 Typical bright field transmission electron micrograph
showing the nearly-parallel rotation moire fringes
of CdSe/Ge (111) heterojunction. The CdSe was
epitaxially grown on (111) Ge at 400°C.



Fig.
4,29

Fig.
4.30

Fig. 4.29 Bright field micrograph_of a CdSe/Ge (111) heterojunction
showing all the three 220 type moire fringes. The CdSe
was grown epitaxially on (111) Ge at 400°C.

Fig. 4.30 Nearly parallel rotation moire double diffraction
pattern of a CdSe/Ge (111) heterojunction, The CdSe was
epitaxially grown on (111) Ge at 400°C for 5 minutes.
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thicknesses. A lengthy investigation was carried out

to find the effect of film thickness on the azimuthal angular
rotation (o = 20 24') and hence the moire fringe spacings.
CdSe films were deposited on (111) Ge substrates, varying

the time of deposition in steps of 15 seconds and holding the
substrate temperature constant at 4000C, with all other growth
parameters constant. The minimum deposition time was 15
seconds and maximum time of deposition was 5 minutes. In

all these cases, the moire fringes were observed readily and
the spacings were measured and found to be the same, about

25 £1 A ~within the experimental errors. Thus the
theoretically calculated, with o = 2% 24", and experimentally
measured spacings of moire fringes were in good agreement.

The most significant observation was that the hexagonal arrays
of moire diffraction spots were always found to be rotated
through 300, from their positions in parallel alignment as
shown in fig. 4.30. These experimental facts established
that the CdSe and Ge crystals were rotated relatively about
the [111] heterojunction normal though 2° 24', from parallel
a]fgnment.

The densities of dislocations in all the films grown
at diffe}ent deposition times, were determined by counting
the number of extra half moire fringes in the micrographs and
are listed in the following table 4.1. It is seen that the
density of dislocations is the same within experimental error

11 2

in all cases and is about 1.5 x 10" "/cm™. In gold and

palladium suﬁerposed epitaxial films, the density of dislocation
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Table 4.1
T.E.M. Plate Time of Substrate Density of
No. Film Growth Temp. Dislocation
0 11 2
2885 45 seconds 400°C 1.533 x 10" " /cm
3924 1 minute 400°¢ 1.561 x 101 /cm?
3951 13 minutes 400°¢ 1.590 x 10'1/¢m?
3584 12 minutes 400°¢ 1.572 x 10"V /cm?
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was about 1 (Basset et al 1958).

The calculation of the misfit 8§ between CdSe and Ge

is given below.

5§ = _2__(_:_;[2_)__ CSeC-Z'Gs Chapterll)- '

where a and b are the lattice parameters of CdSe and Ge

respectively.

_ 2(6.077 - 5.6576)
6.077 + 5.6576

6.077 A°.

[«H]
1]

0.4194

T BET3 and b 5.6576

0.0715

O
1}

7.15%

4.4.4 Observation of Misfit Dislocations in CdSe/Ge (111)

Heterojunctions

The epitaxial CdSe films were grown on (111) faces of

Ge for 3 minutes, which was double the deposition time for
epitaxial studies reported in previcus sections. The idea
of growing the thicker films was to etch the CdSe films to
a suitable thickness for resolving crystal defects.

| The chemical etchant consisted of potassium permanganate
(KMn0,) dissolved in concentrated sulphuric acid (H2504).
Potassium permanganate was added to sulphuric acid until the

colour of the chemical solution became dark green. This
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chemical reagent was used for etching CdS, ZnS and ZnSe by.Rowe
and Forman (1968). One advantage of this chemical reagent
was that it needed no heating for reaction to take place and
this etchant did not chemically attack or efch Ge .

CdSe/Ge (111) heteroepitaxial specimens were dipped in
the chemical solution contained in a beaker. The time of
etching was 8 seconds. Immediately the specimens were trans-
ferred to a second beaker containing concentrated HZSOQ to
rinse and then they were transferred to third beaker containing
distilled water for a final wash.

Immediately the specimens were transferred to and firmly
held by Lacomit in the groove of the electro-chemical jet
thinning specimen holder. The germanium side was‘thinned
through as explained in section 3.4, chapter III.

The characteristic feature of bright field micrographs
like that shown in fig. 4.31 were the equilateral triangular
etch pits. The‘form of these etch pits was consistent with
the symmetry of the (111) orientation of the cubic sphalerite

structure of the films. Fig. 4.32 shows &(111) diffraction pattern
of the same CdSe film. . The observation of misfit dislocations
in these CdSe/Ge(111) heterojunctions is given‘be]ow.
Misfit dislocations were observed in CdSe/Ge(111)
nearly-parallel rotation heteroepitaxial interfaces. Fig.
4.33 is a bright field transmission electron micrograph. One
set of misfit dislocations with their lines parallel can be
seen, The spacings of the misfit dislocations was measured
to be about 50:52. These misfit dis1oﬁations were the first

to be observed in nearly-parallel rotation epitaxial inter-
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Fig., 4,31 Typical bright field micrograph of a CdSe film
grown on (111) Ge at 400°C for 3 minutes and
chemically polished for 8 seconds. Triangular
etch pits can be seen.

Fig. 4.32 Corresponding selected area transmission electron
(1)diffraction pattern of the same CdSe film,
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Fig.,
4,33

Fig.
4,34

Fig. 4.33 Bright field micrograph of a CdSe/Ge (111) heterojunction.
The CdSe was grown on (111) Ge at 400°C. for 3 minutes
and then chemically polished for 5 seconds. A set of
parallel 60° dislocations can be seen.

Fig. 4.34 Bright field micrograph of a CdSe/Ge (111) heterojunction.
The CdSe was grown on (111) Ge at 400°C. 60° misfit
dislocations are indicated by arrows. It is seen that
60° misfit dislocations are parallel to 220 type moire
fringes,
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faces and the first to be observed in heterojunctions of
II-VI films on IV substrates. Misfit dislocations were
observed for the first time in semiconductors in PbS5S/PbSe
epitaxial interfaces by Mathews (1961). Such misfit dis-
locations were also observed in gold on palladium by Mafthews
(1964, 1966), in copper on nickel by Malthews and Crawford
(1970), in PbSe on PbS, Mathews (1971) and Yagi et al. (1971)
and in palltadium on gold by Cherns and Stowell (1973). In
all these cases there was a parallel alignment between the
film and the substrate.

The spacings of the nearly-parallel rotation moire
fringes were measured and found to be about 25 A " (sections
4.4.2 and 4.4.3). These moire fringes were formed by the
interference between the undeviated beam and a beam which had
undergone two diffractions of the 220 type in the overlapping
CdSe and Ge crystals. Hence the spacing of the hear]y—
parallel rotation interfacial misfit dislocations was found
to be twice the nearly-parallel 220 type moire fringes.

This is as if the misfit dislocations shown in figs.4.34 and
4.33 were moire fringes formed by intérference betWeen 170 type
electron beams diffracted by 170 Bragg diffracting planes
in CdSe and Ge overlapping crystals. But 170 type reflections
are not allowed in diaﬁond structure Ge or in sphalerite
bstructure CdSe crystals by the structure factor. | Fig. 4.34
is a bright field micrograph containing both misfit dis-
locations and moire fringes. It is clear from the figure
that the spacing of the misfit dislocations is twice the

spacing of the 220 type moire fringes and the misfit dis-
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locations are found to be parallel to 220 type moire fringes.
These facts established that the observed Tines sheown in
figs. 4.33 and 4.34 were not moire fringes.

The misfit dislocations run in the (111) interface
plane and their lines along one of the three <1710>
directions in the (111) plane between the CdSe and Ge crystals.
The Burgers vectors are presumably of the form %<1T0>, also
lying in the (111) interface plane. Hence the two most
likely possibilities are that the Burgers vector is parallel
to the dislocation line direction and the misfit dislocations
are pure screw or if the Burgers vector makes a 60° angle
with the {170} line direction the misfit dislocations are
mixed screw-edge type. As a change in lattice parameter
in parallel orientation results in edge type misfit dislocations,
whereas screw dislocations are involved in a twist boundary;
the 60° misfit dislocation case seems to be more reasonable
and is discussed below.

The lattice parameter of the deposited CdSe (6.077 A )
is greater than that of the substrate Ge (5.6576 A ). Hence
it is expected that the CdSe lattice should be compressed.

This is because the CdSe film is very thin in comparison.
However the accomodation of the misfit by lattice strain does
not seem to be significant because the spacings of the observed
and calculated (section 4.4.3) nearly-parallel rotation moire
fringes is about the same 25 ﬁ”. Hence the accommodation of
the misfit between the CdSe film and the Ge substrate seems

to be by means of misfit dislocations which also rotated the
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CdSe through 2924 to produce an interfacial energy minimum

in that nearly-parallel rotation orientation. That this could
be the case is shown below. ETQ]
4

Consider a 60° dislocation as

1<

shown in fig. 4.35. The edge com-

ponent of the Burgers vector is equal

to b sin 60°. Where b is the Burgers

vector.
Fig. 4.35 Showing the

60° misfit dislocation.
When coherency is completely lost the spacing b of

the dislocations is given by the Brooks (1952) formula
Ibi

P= =

§  T77"""%@20) where b is the Burgers vector of the
edge oriented dislocations and s the misfit in an interface
in parallel alignment.

Let us assume that the spacings of the mixed 60° misfit
dislocations can be given by an extension of the Brooks formula.
This may be defined as the ratio of the edge component of the
Burgers vector to the misfit in an interface.

Then the spacings of the mixed misfit dislocation is

given by
tbt sin 60 Ibisin 60
p: =
§ 2(d]—d2)
Zd]+d2)
or
iblsin 60
p = —— X (d;+d,) 4(21)

2(dq-d,)
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where the misfit
2(d]—d2)

(d]+d

§ =

5)

and d1 and d2 are the lattice repeat distances in the two

crystals along crystallographic directions in the interface.
The rotation produced by the screw dislocations in a

twist boundary is given by

a =2 sin g = l%l (Read 1953)

for small values of a.
or p = __lglla | 4(22)
2 sin 7
The assumed 60° mixed dislocation has a screw component
of Burgers vector equal to b cos 60°. Let us assume that
the spacings of the mixed 60° misfit dislocations can be given
by an extension of Read's formula. On this assumption the

spacings of the misfit dislocations is given by

1bicos 60

p 4(23)

. o

2 sin vl
if o is small, which is the case for any nearly-parallel
rotation orientation relation (section 4.4.2).

‘. From 4(21) and 4(23)

Ibisin 60 (dy+dy,) tbicos 60
Z(d']"d -

o]

2) 2 S'in'z
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cin o . cos 60° dy-dy
27 sin 60°  dy+d
Sin 1 2
d,~-d
sin % -1 2 (ot 60° 4(24)
d,+d
1772
For small angles, sin % = % and
dy-d
% -1 2 cot 60° 4(25)
d]+d2
2(dy-d,)
o= —1 2" cot 60°
d]+d2
a =8 cot 60° | 4(26)

The lattice parameter misfit was calculated to be
1

V3

Substituting these in expression 4(26)

(section 4.4.3) § = 0.0715 and cot 60° =

0.0419 radian
20 241

we get o

i

a

which is the azimuthal angle of rotation of the (111) CdSe
relative to the (111) Ge about the []]1] heferojunction normal.
The value of a calculated here on the 60° dislocation modé]
agrees well with the value of o derived on a reciprocal

lattice treatment (section 4.4.2) from the experimental moire

diffraction patterns (4.4).

For CdSe, d, E*%%Z where hkl = 071

d, = 5.6576 here hkl = 071

V2

and for Ge,
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and assuming for b = %<]]0> __a _ 6.077 _ 5.6576

V2 V2 V2

substituting these in formula 4(21) gives p = 50.21 K

This is in good agreement with the observed spacings. This
suggests that the dilatational misfit at the CdSe/Ge(111)
heterojunction was essentially all accommodated by edge
component of the 60° dislocations.

From expression 4(23)and the experimental value of
o= 2% 24" the average spacing for the screw components of

b cos 60°
the misfit dislocations is calculated to be about p =

2 sin

R

49.6 R-.
This suggests that the screw component of the 60° dis-
location was responsible fér the rotation of the CdSe film
on (111) face of Ge through 2° 24",
Thus the 60° dislocation model explains all the experi-

mentally observed nearly-parallel rotation phenomena.
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CHAPTER V

ANNEALING OF CdSe EPITAXIAL FILMS

Epitaxial films of CdSe were grown by focussed electron

6 torr range on the three

beam evaporation in vacua in the 10~
singular faces of Ge as reported previously by Gejji and Holt
(1975) and as described in chapter III, section 3.3. The
CdSe material used in this work was the same as that used
for the earlier structural studies. The substrate perparation
was the same as described in chapter III, section 3.2. A1l
heterojunctions were prepared at 380°C and 400°C.

Annealing of CdSe/Ge(100), CdSe/Ge(110) and CdSe/Ge(117)
heterojunctions was carried out in pyrex and quartz ampoules
6 to 8 cms long and 1 to 1} cm diameter. In the case of
pyrex ampoules the annealing temperature was 600°C, and in
the case of quartz ampoules, 700, 800 or 900%. The times
of annealing were 2 to 3 and 10 hours with immediate cooling
or slow cooling of about 8 to 12 hours. The ampoules were
evacuated to 10'3 torr. The annealing of these heterojunctions
was done in the presence of small quantity of CdSe powder in
the ampoules. The annealing results ended in failure.
Always the substrate surfaces were found to be pitted very
badly showing a type of chemical reaction between the germanium
substrates, the CdSe film and the gases like oxygen present
in the ampoules. Hence it was decided to anneal at high

vacuum to reduce the oxygen reaction with the substrate and

the film. Annealing was done in the same vacuum system
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in which the heterojunctions were prepared, and in which
CdSe vapour was an important constituent of the residual gas.
For this purpose four CdSe/Ge(110) heteroepitaxial
specimens were grown at 380°¢C. After they had been removed
from the vacuum chamber, the substrate holder and the substrate
heater assembly were outgassed at 900°C, before the specimens
‘were reinserted for annealing. This was done in order to
"minimise contamination from the previous growth run.
Immediately the germénium sides of the specimens were
thinned one after the other by electrochemical jet thinning
as described in chapter III, section 3.4. A small area of
the CdSe film alone suitable for transmiséion electron micro-
scopy examination, was always found to be present at the bottom
of the thinned dimple. Each.of these specimens were inserted
into one of the four depressions of the substrate holder,
very carefully so that the CdSe films were not damaged.
When the pressure in the vacuum chamber was about ]0'5
torr the specimens were annealed at 500°C for 50 minutes.
The substrate heater coil was then switched off.
The specimens were removed éarefu]]x so that they
should not be damaged; from the Vacuum chamber, when they
had cooled to room temperature. Transmission electron micro-
scopy studies of the specimens were carried out in Philips
EM 301. These studies showed that the planar faults of the
domain-form structure of CdSe (110) films were annealed out
and the domain boundaries were found to be characteristic

antiphase domain boundaries as will be shown below. Hence it is
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thought worthwhile to consider (1) the geometry of antiphase
boundaries and (2) the method of observing them (Holt 1969b
and Blank et al. 1964) before proceeding to the explanation
of the experimental results.

The polarity of II-VI compounds has been dealt with
in chapter I, section 1.4. II-VI compounds and III-V
compounds crystallise in the sphalerite and wurtzite structures.
There is a polarity in the [111] direction in sphalerite and
in the [0001) direction "in the wurtzite structure, as can
be seen from figs. 1.4 and 1.5 (chapter 1 section 1.3). That
is, the sphalerite and wurtzite structures are non-centro-
symmetric. Here we consider only the.spha1erite structure
because CdSe grew epitaxially on all the three faces of Ge
with the cubic sphalerite structure.

Figure 5 shows a face centred cubic cell of the sphalerite
struéture, drawn with solid lines. Part of another face
centred cubic interpenetrating array is shown by the dotted
lines. The pairs of atoms connected by.arrows are the basis
of the structure. The sphalerite structure characteristic
of most of the important II-VI and III-V compounds is an
ordered superlattice.

It is seen in fig. 5 that each of the elements of the
compound with this structure occupies the sites of an f.c.c.
sublattice. Each sublattice is displaced by a quarter of a
body diagonal of the f.c.c. structure cell from the sites of

the other sublattice. It is possible either for A atoms of
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1

A f.c.c. unit cell of the sphalerite structure is
drawn with fine solid lines. Part of another face
centred cubic unit cell is shown by dotted lines.
The latter cell is occupied by white atoms displaced
by 3, 1, 1 in terms of the lattice parameter along
the three crystalloaraphic axes from the black atoms

of the first unit cell. The co-ordinates are given
for the four white atoms to which the black atom at
the origin is bonded. The pairs of atoms connected

by arrows are the basis of the structure.
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the Tower valence element in the compound to occur on the
(000) (black atom) sites of fig. 5 and B atoms of higher
valence element in the compound on the (331%) (white atom)
sites or for the A atoms to occupy the (%33) sites and B
atoms to occupy (000) sites. Changing from the one occupation
scheme to the other creates antiphase domains between which
polarity is reversed as shown for example in fig. 5.1. The
interface between antiphase‘domains is an antiphase boundary
(APB). In fig. 5.1 it can be seen that the nature of the
top surface of the material changes across antiphase boundaries.
Hence the presence of APBs changes a surface from (111) A type
to (T17) B type. Bobb et al. (1966) and Wilson (1966) and
Rozgoni and Foster (1967) showed evidence of the existence of |
such polarity reversal domains; 1i.e. antiphase domains in
GaAs with the sphalerite structure, in CdS with the wurtzite
~ structure, and in polycrystalline CdS bulk crystals and thin
films respectively.

It is seen in fig. 5.1(a), (b) and (c) that one type
of site is occupied b& A atoms and the second type of site
is occupied by B atoms (in one domain). On the other side
of the boundary, the first type of site is occupied by B
atoms and the second type of site by A atoms (antiphase domain).
It follows that across an APB neighbouring sites are occupied
by 1ike atoms and the bonds connecting 1ike atoms across an
APB are‘wrong high energy bonds.

In the sphalerite and wurtzite structures there are

only two sets of sublattice sites and only two ways in which



152

Fig. 5.1(a),(b), and (c). Antiphase boundaries in_the sphale-
rite structure seen in projection on the (110) plane.
In these figures zig-zag lines denote wrong bonds.
(a) Shows a type 1 APB. (b) and (c) Illustrate type
11 APBS .{Holt,1969)
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they can be occupied. Hence APBs in this Structuré are
incapable of forming a metastable foam structure (Flinn
1960). That is, three domains can not be in contact because
there are only two ways in which the sublattice sites can be
occupied. Two 6f the hypothetical three domains must have
the same occupation and no APB separates them. It follows
that three domains cannot be in contact, i.e. two APBs cannot
intersect. That is APBs are closed surfaces or emerge at
free surfaces of crystalline materials. Thus the domain
structure in single crystals with the sphalerite structure
can only take the form of a matrix of one domain type con-
taining domains of the other type in the form of included
volumes. Such structures were observed by etching GaAs and
CdS by Bobb et al. (1966) and Wilson (1966) respectively as
indicated above. - Such a suSstructure is unstable and at
elevated temperatures will tend to anneal out, eliminating
high energy APBs. This was shown by Wilson (1966) in the
case of CdS.

Holt (1969) classified APBs into two types, APBI and
APBII(@y considering a translating lattice vectoa. Fig.
5.1(a) shows a type APBIwherein the wrong bonds connecting
across an APB involve atoms of elements forming the compound
in equal number. It follows that existence of an APBI type,
does not affect the stoichiometry of the compound. Figs.
5.1(b) and (c) show APB of type II. Atoms and wrong bonds
of one type only are involved across such an APB. In this

case there are more of one kind of atoms.than of the other in
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the material. Hence APBII type boundaries can affect and

can be affected by deviations from stoichiometry. More
details on the geometry of antiphase boundaries in the sphale-
rite structure are given by Holt (1969). Hence without

going into these details the method of observation of APBs

is given below.

The crystal structures of II-VI compounds have been
dealt with in chapter I section 1.2-1.3. The face centred
cubic sphalerite unit cell contains 8 atoms. The positions
of the atoms in the sphalerite structure compounds may be
given in terms of their co-ordinates in an f.c.c. unit cell
(shown in fig. 5) as A atoms at UAVANA = 000, %30, 201 and
033 and B atoms at UBVBWB = 321, 333, 3132 and 1323. Substi-
tuting these values into the expression for the structure
factor for hkl reflections

| i W
Fhk" = 3 f82w1(hU+kV+] ) 5(])

UVW's

which can be simplified to the expression

T

i(h+k+1) - .
Fret = [fA + fg e? ][1 s emi(hrk) o wi(hel)

+ eﬁi(k+1)] 5(2)

where fA and fB are the atomic scattering factors for the
two constituent elements of the compound. The second term

in the structure factor is that for the f.c.c. space lattice
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and is equal to zero when h, k and 1 are mixed even and odd
integers and is equal to 4 when h, k and 1 are all even or
ai] odd. The first term is the basis structure factor.

For permitted reflections (H, k and 1 all even and all odd)

therefore

5
T(h+k+])
Fhk] =4 f, + fpe

5(3)
which represents both the phase and the amplitude of the
reflected wave. Hence there are four cases of permitted
reflections in the sphalerite structure i.e. when h+k+1 = 4n,
4n+1, 4n+2 and 4n+3, so that the structure factor Fhki =
4(fA+fB), 4(fA+ifB), 4(fy-fg) and 4(fA—ifB) respectively.

In the third case i.e. when h+k+1 = 4n+2 and Frkl = 4(fA-fB)
the type of reflection is superlattice while in the other
three cases the reflections are fundamental.

The effect of interchanging the occupation of the sub-
lattice sites across an APB is to interchange fA and fB in
the structure factor. In case of H+k+1 = 4n, fA+fB becomes,
fgffA. This does not involve either phase change or amplitude
change and therefore no APB contrast arises in dark field
electron micrographs using such reflections for imaging.

In the case of h+k+1 = 4n+1, fA+ifB becomes fB+ifA, which

involves a phase change but does not change the amplitude.
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(a)

Fig. 5.2 (a) and (b) show the phase change in the case of
h+k+1 = 4n + 1.

PHASE
CHANGE

17| E—

) @)

Fig. 5.2 (c) and (d) show the phase change in the case of
h+tk+1 = 4n + 3.
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From fig. 5.2(a) and (b), the magnitude of APB phase
change is given by tan” ! ;ﬂ - tan”! ?E. This phase change
depends upon the relative ﬁagnitudes gf fA and fB and there-
fore varies from one compound to another. Hence APB con-
trast arising in dark field micrographs using such reflections
for imaging varies from one compound to another. In the
case of h+k+1 = 4n+3, f,-ifp becomes fB-ifA. | This does not
involve an amplitude change.but involves a phase change with
the sign being reversed. From fig. 5.2(c) and (d) the mag-
nitude of the APB phase change is given by tan-] ;é - tan_] T%'
In this case also APB contrast depends on the compound. In
the case of h+k+1 = 4n+2, fA-fB, becomes fp-f,, across an
APB. In this superlattice case, the reflections undergo a
phase change of T across an APB. Strong APB contrast occurs
in dark field micrographs using such superlattice reflections
for imaging. The reflections permitted by the sphalerite
structure factor together with the reflection case Tor APB
contrast are l1isted in the following table 5.1.

Diffractioh contrast theory appfied to the case of
antiphase boundaries (APBs) in the sphalerite structure as
outlired above predicts that they will be visible in dark-
field transmission electron micrographs taken using super-
lattice reflections such as 200 and 222 and fundamental
reflections such as 111, 311 and 331, but invisible in dark;
field transmission electron micrographs taken using the

fundamental reflections such as 220 and 400. The experimental

results are presented below.
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Table 5-1
22¥Eé$§?gns h+k+1 h2+k2+]2 Igg?eg:ions ﬁﬁgtrast

111 4n+3 3 Fundamental D.O0.C.
(Depends on
compound)

200 dn+2 4 Superlattice Strong

220 an E: Fundamental 0

311 dn+1 11 Fundamental D.0.C.

222 4n+2 12 Superlattice Strong

400 4n 16 Fundamental 0

331 4n+3 19 Fundamental D.0.C.

420 dn+2 20 Superlattice Strong




Fig. 5.3 (a)

Dark field transmission electron micrograph of an area of a film of CdSe grown on (110)
Ge at 380°C and annealed at 500°C for 50 minutes. This micrograph was recorded using
002 superlattice reflection for imaging. For comparison three particular domains are
marked A. B, and C. The "horse with a halo" shaped domains at A should be particularly
easy to recognise,

65|



Fig. 5.3 (b)

Dark field transmission electron micrograph of the same area of the CdSe film
as shown in (a). This was recorded using 222 super lattice reflection for
imaging. The three same particular domains marked A, B and C are visible.

09



Fig. 5.3 (¢)

bDark field transmission electron micrograph of the same area of the same CdSe
film as shown in (a). This micrograph was recorded using (111) fundamental

reflection for imaging; the three same particular domains marked A, B and C
are visible,

191



Fig. 5.3 (d)

bark field transmission electron micrograph of the same area of the same CdSe
film as shown in (a)., This micrograph was recorded using 004 fundamental
reflection for imaging. The boundary at A is still faintly visible on one side
of the 004 - 004 bend extinction contour but all those in the region between

B and C are completely out of contrast on the other side of the contour where
the diffraction contrast conditions are well satisfied.

291
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Fig. 5.3(a) shows the typical dark field transmission
electron micrograph of an area of a film of CdSe in (110)
orientation grown at 380°C, and annea]ed.at 500°¢C. This
micrograph was recorded using the 002 superlattice reflection
for imaging. It is seen that the domain boundaries are in
strong contrast. The "horse with a halo" shaped domains
at A are particularly easy to recognise on the micrograph.
For comparison three particular domains are marked A, B, and C.

Fig. 5.3(b) shows a dark field transmission electron
micrograph of the same area of the same film. This was
recorded using 222 superlattice reflection for imaging.

It is seen that domain boundaries are in strong contrast.
The three domains marked A, B and C are also seen in this
micrograph.

Fig. 5.3(c) is a dark field transmission electron
micrograph of the same area of the same film. This was
recorded using the 111, fundamental reflection for imaging.
The domain boundaries are seen in contrast. The domains
marked A, B and C are also seen in these micrographs. The
domain boundary contrast in these cases depends on compound.

Fig. 5.3(d) is a 400 dark field transmission electron
micrograph of the same area of the same CdSe film. The
domains seen in the above cases, are-.out of contrast. The
boundary at A is still faintly visible on one side of the
400-300 bend e*tinction contour but all those in the region
between B and C are out of contrast on the other side of the

contour where the 400 diffraction contrast conditions are
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well satisfied.

Thus the experimental results are in good agreement
with the diffraction contrast theory of antiphase-domain
boundaries in the sphalerite structure.

Some of the points on the geometry of the antiphase
boundaries in the sphalerite structure discussed earlier in
this chapter will now be compared with the experimental
results.

Figs. 4.18 (c) and (d) are dark field micrographs of
the as grown (110) CdSe film. These micrographs were
recorded with the two pseudospots on either side of a 200
type reflection, when the film was tilted slightly off the
(110) orientation. The two types of domains faulted on the
two {111} planes are seen in dark and 1light contrast. This
dark and 1ight contrast is not seen in the micrographs of
the annealed (110) CdSe films, shown in figs. 5.3(a) to (d).

This means that the annealing of the CdSe film at an
elevated temperature e.g. at 500°C after growth at 380°C,
eliminated the stackingfaults and consequently eliminated
the dark-Tight contrast and most of the defect content in
the films. Then the domain boundaries could - be observed
as in fig. 5.3(a) to (d).

Comparison of the boundaries in fig. 4.18(c) and (d)
and figs. 5.3(a)-(d) shows that they have the same general
shape and the domains have the same average size, about 0.1y
in width, after and before annealing. Hence the effect of

annealing was simply to remove the obscuring faults and dis-
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locations, and not somehow to create or alter the nature of
these boundaries. A feature of these boundaries that is
in agreement with theory is that two domain boundaries never
intersect. That is, the domain boundaries seen in figs.
4.18(c) and (d) and fig. 5.3(a) to (d) either form closed
loops or run across the field of view and out of the micro-
graphs. Therefore there are no nodes. Thus the boundaries
in fig. 5.3(a) to (d) have the characteristic appearance of
APBs . It is noticeable that the boundaries appear in fairly
uni form contrast across their widths. The reason according
to diffraction contrast theory is that APBs only appear in
contrast in those beams which have relatively small values
of structure factor and therefore long extinction distances
so that only one interference fringe is seen (Holt 1969§.

Fig. 4.20 is a typical bright field micrograph of a
CdSe/Ge (110) heterojunction (see chapter IV, section 4.3).
This micrograph shows the parallel moire fringes due to the
interference of beams reflected in the CdSe and the Ge over-
lapping crystals. The fringes run continuously across the
domain boundaries with 1ittle change-of direction. The
crystallographic structure and the alignment of the two types
of domain on the substrate was therefore approximately the
same . It is also noticeable that a number of moire fringes
ended at the domain boundaries. This indicates that the
domain boundaries contained dislocations. |

These observations were consistent with the antiphase

domain hypotheses. Hence from all these agreements between
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the theoretical predictions and the experimental results,
there is no doubt that thé boundaries of the domains of the
domain-form structure in CdSe at least are APBs.. Thus

this is for thé first time that the APB's have been identified

in the research studies of II-VI epitaxial films.
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CHAPTER VI

DISCUSSION OF THE EXPERIMENTAL RESULTS

6.1 EPITAXIAL GROWTH RANGES OF SUBSTRATE TEMPERATURE

The epitaxial growth ranges of substrate temperature
for the (100), (110) and (111) faces of Ge had a common upper
limit of 450°¢C. This was the deposition cut off temperature
above which CdSe films could not be deposited by evaporation

5 _ 1076

in a pressure in the 10" torr range. This upper

Timit was attributed to the onset of some vapour phase chemical

attack reaction on the Ge substrate surfaces. The evidence

of the chemical attack on the Ge substrate surfaces was always

observed in the form of pitting or tarnishing. Similar

vapour phase chemical reaction effects were also observed

in the previous investigations in this laboratory. In cases

of'CdS deposited on (111) Ge (Holt and Wilcox 1971) the upper

cut off temperature was 550°C, CdS deposited on (100), (110)
and (111) Ge'(Abda11a et al. 1973) the upper cut off temperatufe

| was 500%.1n CdTe deposited on the three Tow index planes of

Ge (Abdalla and Holt 1973) it was 470°C, and CdTe deposited

on to (111) Si (Holt and Abdalla 1975), it was 520°C. Thus

the epitaxial upper cut off temperature varies from one

deposit/substrate combination to another. Also it is clear

that all these cut off temperatures are well below the

sublimation temperature of Ge (about 1300°K at 107° torr,

taken from RCA Vapour Pressure Chart). This suggested that
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some form of chemical attack reaction sets in at the cut off
temperature and hence films could not be deposited above
this cut off temperature. On the other hand it has been
well established by the previous and present investigations
that thermal etch-pitting on the Ge substrates was never
observed after the substrates had beén thermally cleaned in
high vacuum by heating to 600°C or below 700°C. Hence the
cessation of II-VI films deposition iﬁ high vacuum above the
upper cut off temperatures can be assumed to be due to the
on set of some vapour phase chemfca1 attack reaction on Ge
and Si substrates.

It is found in general that (i) the upper cut-off
temperature was well defined to within;the accuracy of measure-
ments of substrate temperatures (* 5°C to 10°¢), (ii) it
was unaffected by growth conditions such as contamination,
rate of evaporation, substrate orientafion etc. and (iii)
above th%-cut—offs evidence of chemical attack on substrate
surface:kaserved in the form of pitting.

In the case of jonic crystal substrates, the upper cut-
of f temperature wés believed to be the sublimation temperature
of the substrates. For ZnS deposited on NaCl (Woodcock 1968),
CdS on ionic substrates (Wilcox and Holt 1969), Ge on Nall
(Collins and Heavens 1952) it was definitely established that
the temperatures above which films could not be deposited
equalled the sublimation temperature at the pressure of

deposition.
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The minimum epitaxial growth temperature for CdSe
deposited on to (100) and {(111) faces of Ge was 350°C and on
to (110) face of Ge it was 300°C. This showed that the
minimum epitaxial growth temperature was dependent on substrate
surface orientation. Similarly in the case of CdTe deposited
on the (110) and (111) surfaces of Ge the minimum epitaxial
growth temperature was 200°C, whereas for CdTe on (100) Ge
it was 250°C.  But for CdTe/Ge the minimum epitaxial growth
temperature was higher for (100) than for the other two
singular surféces, whereas for CdSe/Ge, it was lower for (110)
than for the other two singular surfaces.

In the case of ZnTe deposited on (100) and (111) faces
of Ge the minimum epitaxial growth temperature investigated
was the same, 300°C. Similarly for CdS/Ge the minimum epi-
taxial growth temperature was 300°c, for all the (100), (110)
and (111) faces of Ge. This showed that the minimum epitaxial
growth temperature was independent of the substrate orien-
tation for the Tatter II-VI materials.

Hence what determines the minimum epitaxial growth
temperature is not clearly known. The minimum epitaxial
growthltémperatures in contrast to the upper cut-off tempera-
tures are strongly affected by the growth conditions, such as
contamination and evaporation rates. The minimum epitaxial
growth temperatures are reduced as contamination from all
sources is reduced (Calow et al. 1972). In the present work
evaporation rate and substrate surface preparation too seem

to have a significant influence, in widening epitaxial growth
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ranges of temperature, or in reducing the minimum epitaxial
growth temperature. It is evidenced in this work that on
(110) Ge substrates epitaxy was obtained at 300°C, which was
50°C below 350°C, the minimum temperature for the (100) and
(111) surfaces of Ge. On (110) Ge surfaces the density and
size of etch pits were so small that they were rarely observed
by low power optical microscope after they had been chemically
polished. With the same method of chemical polishing on
(100) and (111) surfaces the etch pits were always found to
occur on the Ge surfaces. However the minimisation of con-
tamination in all the ways in growth techniques results in
well defined and fixed minimum epitaxial growth temperatures

(Holt 1974).

6.2 COMPARISON TO PREVIOUS WORK

Holt and Woodcock (1970) and Holt and Wilcox (1971)
made thorough investigations on the structural properties of
InS and CdS respectively grown on (100) ionic substrates.
Since CdSe was the least studied II-VI material, epitaxial
films of CdSe epitaxially grown on covalent (100) substrates
were studied in detail for the first time. InTe and CdS
grown on (100) Ge,Mufti (1972) and Abdalla (1973) respectively
did not confirm experimentally the epitaxial orientation
relationship. For CdTe films grown on (100) Ge substrates,
Abdalla and Holt (1973) however confirmed the occurrence of
the parallel epitaxial orientation relationship. In all

these cases and in the present case the structure of the films
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was found to be sphalerite. In the present case and the
above mentioned cases the growth orientation relationship was
parallel alignment. Identification of the arrangement of
the {111} planar defects giving rise to pseudo-spots was made
only in the (100) CdSe films grown on (100) Ge substrates and
it was found to be due to random faulting, similar to the
result found in ZnS and CdS films grown on (100) ionic sub-
strates.

CdSe films grown .on (110) Ge substrates were found to
contain a domain-form transformed structure giving rise to
pseudo-spots similar to the previously studied II-VI films.
Tilting experiments showed that the faulting was random in
CdTe, partly random in CdSe and more regular in CdS.

Annealing experiments showed that (110) CdS could be
transformed to a lath-form transformed structure or fo the
domain-formed structure (Holt et al. 1976) whereas in the case
of CdSe all the faults were annealed out leaving behind domain
boundaries which were identified as APBs (Holt et al. 1976).
This is the first time that APBs have been identified in
II1-VI epita*ia] films.

As mentioned in the introduction, systematic investi-
gations on the epitaxial growth and structure of II-VI com-
pounds on ijonic aﬁd elemental semiconductor substrates in
this laboratory and elsewhere led to certain general rules of
epitaxy. These include the general occurrence of either
parallel or quasiparallel epitaxial alignment. The investi-

gation of the epitaxial growth of CdSe on (111) Ge substrates
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revealed a new phenomenon called "nearly-parallel rotation”
epitaxy. This showed that the above mentioned rules of
epitaxy are not of universal occurrence. Evidence indicating
the probable occurrence of 60° dislocations has been found

in CdSe/Ge (111) heterojunctions. On this basis it was

shown to be possible to account for the observed "nearly-
parallel rotation"” alignment. This is the first evidence

of misfit . dislocations in the study of the epitaxy of II-VI
compounds and the first evidence for the occurrence of 60°

misfit dislocations in any type of epitaxy.

6.3 STRUCTURAL PERFECTION OF THE CdSe FILMS

Little systematic work on the epitaxial growth and
structure of CdSe has been published. Early work by Kalinkin
et al. (1962, 1963) showed that their best films were poly-
crystalline or contained both sphalerite and wurtzite structure
material. Epitaxial films were grown on mica but their
structural perfecfion was not determined (Brunnschwiler 1966).
A study of the nucleation and growth of CdSe films evaporated
onto cleavage surfaces of NaCl also provided lfttle information
on thc perfection of the best films produced (Y@suda 1968).
Aftman et al. (1968) deposited CdSe on the (111) faces of
CaFZ. Single crystal CdSe containing various microstructures
was produced from 440°c to 460°C and above 480°C the films
had again a partial orientation. Gahsin and Simashkevich (1973)
studied CdSe/ZnTe gas transport heteroepitaxy. They obtained

epitaxial single crystalline CdSe films of cubic modifications
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but they mainly studied the electrical properties of the
heterojunctions. Ratcheva et al. (1973) grew CdSe films
on (0001) surfaces of sapphire. In the substrate temperature
range from 400° to 46OOC, the CdSe films had the polycrys-
talline structure; 1in the range from 460°c to 530°C the films
had a fine texture with a low extent of preferred orientation;
in the range from 530° to 570°C the films had a fine texture
with a high extent of preferred orientation; and in the‘narrow
range from 570° to 6200C, the films had a monocrystalline
structure. Sergeyeva et al. (1972) studied the epitaxial
growth of CdSe on the (001) surface of mica. They found
that their best CdSe films had a mixed or sphalerite structure
below 400°C and the wurtzite structure for substrate tem-
peratures from 400° to 550°9C. Most of their work was to
study the electrophysical properties of CdSe films.

Thus this is the first report of a systematic study
of the epitaxial growth and structure of CdSe on Ge substrates.
This is also the first report of single crystal CdSe films
grown free of both twins and inc]uded grains of wurtzite
structure material so that the films gave rise to diffraction
patterns that were free of satellite or‘irrationa1 spots.
The absence of <111> streaks from the diffraction patterns
of (111) CdSe films was the evidence that the films contained
a density of p]anar‘ défects below that required to produce
streaks. Therefore the level of perfection of these films
is similar to that of the best of other II-VI compound films
(Ho1t 1974) and it is also similar to the best levels reported

for other heteroepitaxial films (Cullis and Booker 1970, 1971).
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PART II

"ELECTRICAL PROPERTIES OF CdSe/Ge HETEROJUNCTIONS"
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CHAPTER VII

THEORY OF HETEROJUNCTIONS

7.1 INTRODUCTION

A  heterojunction in general, is defined as the elec-
trical contact between two dissimilar monocrystalline semi-
conductor materials. Its usage in semiconductor research
is normally restricted to a junction between two dissimiiar
materials. Such heterojunctions can be classified as abrupt
or graded. This depends upon the distance during which
the transition from one materialvto the other is completed.
In the abrupt case the transition occurs within a few atomic
distances (< lum); while in the graded case the transition
takes place over distancesof the order of several minority
carrier diffusion lengths. Another classification often
used in the literature is by the type of conductivity present
on either side of the junction. If the two semicbnductors
forming a junction have similar types of conductivity, then
the junction is called an isotype heterojunction. On the
other hand if the two semiconductors forming a junction have}
dissimilar types of conductivity then the junction is called
an anisotype heterojunction.

The important electrical parametérs that change at an
abrupt heterojunction are, the work function, electron affinity
and energy gap. The work function dependson the doping
levels of the materials whereas the electron affinity and the

energy gap are intrinsic properties of the materials (that



176

means to a first approximation not depending upon the doping
level).

The research interest in heterojunctions only developed
after Kremer (1957) suggested that anisotype heterojunctions
might exhibit extremely high injection efficiencies in
comparison to homojunctions. | Isotype and anisotype hetero-
junctions were fabricated for the first time by Anderson
(1960, ]962). Since then various models for different types
of heterojunctions have been proposed by several workers and
their validity has been verified by experiments. These
heterojunction theories are dealt with in the next section

7.2.

7.2 THEORY OF HETEROJUNCTIONS

The heterojunctions considered here are abrupt aniso-
type heterojunctions. This is because the type of hetero-
junction, CdSe/Ge, studied is an anisotype abrupt hetero-
junction. These types of heterojunctions which include n-p
and p-n heterojunctions are minority carrier devices like
p-n homojunctions. Therefore existing models for anisotype
heterojunctions can be essentially regarded as an éxtension
of the conventional model for homojunctions.

A model describing the physical behaviour of a hetero-
junction is twofold. It consists of a diagram for the -
arrangement ot the energy bands near‘the interface and a
mechanism for charge-carrier conduction through this junction.

Energy-band diagrams have been proposed by Anderson (]960), by
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Oldham and Milnes (1964) and by Van Ruyven (1964). The
Anderson model does not consider interface states or dipoles.
However the Anderson model is invariably used to predict
the energy band diagrams of anisotype heterojunctions.
The energy band diagram of a heterojunction is some-
what more complicated than that of a homojunction. This
is because of the presence of the energy steps AEC and AEV.
These steps arise due to the abrupt discontinuities in
electron affinities and energy gaps at an interface.
Heterojunction theories have been reviewed by
C. Van Opdorp (1969), Anderson (1971), Milnes and Feucht
(1972) and Sharma and Purohit (1974). However a brief
account of theory of anisotype abrupt heterojunétions formed
between p-type narrow-gap and n-type wide-gap semiconductors

is given below.

7.2.1 The Energy-Band Diagram and Diffusion Model of Anderson

A typical energy band profile of two isolated p and
n-type semiconductors is shown iéi?.](a). x1’¢1 and Eg]
are the electron affinity work function and energy gap of
the p-type semiconductor. Xos ¢ and E92 are the electron
af finity, work function and energy gap of the n-type semi-
conductor. The work function of a semiconductor is defined
as that energy which is required to remove an electron from
the Fermi level to a position at rest just outside the material,

that is the vacuum level. The electron affinity of a given

semiconductor is the energy required to transfer an electron
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from the bottom of the conduction band to the vacuum level.
The equilibrium energy band profile of an abrupt p-n
heterojunction formed by bringing the two materials into
intimate contact is shown in Fig. 7.1(b). This energy band
profile in which a "spike" and a "notch" occur in the conduction
band edge at the interface is the case in whiéh X1 > Xo
and o1 > 95 | The discontinuity in the conduction band edges
AE. is equal to the difference in electron affinities of the
two semiconductors. That is AE, = X717 X2 - In this type of
heterojunction a depletion layer is formed on either side of
the interface. Since interface states are absent in this
model, the space charges of these layers are opposite and
equal in magnitude. The total built-in voltage (VD) due to
the difference in work function (¢]-¢2) is equa]fo the sum of

the built-in voltages on both sides that is VD = Vo +V

D D, "

The electrostatic potential difference between two ;oinis is
represented by the vertical displacement of the vacuum level
between these two points. Because of a differénce in
dielectric constant, the electrostatic field is discontinuous
at the interface. From fig. 7.1(b) it is also evident that
the valence band discontinuity

AEV = E92 - Eg—i(x] - XZ) = E - E - AEC. 7(1)

Let the co-ordinate of the interface shown in fig.
7.1(b) be denoted by L Then the transition widths on

either side of the interface for an abrupt p-n heterojunction
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obtained by generalising the solution of the Poisson's

equation for homojunctions,are given by

1
2

2 Npy g9 €, V
1 =1 =2 °D ) 7(2)

(

"

Ho~¥1) N. (eq N N, )
(¢] € +e
0, 51 Ma *ez Mp,

2 Np v 3
[ [
2 f1°2 0 7(3)

(

and (X,-Xg)

g N, (g4 N
A] 1 A, 2

(Sharma and Purohit 1974)

where q is the electronic charge, €14 and NA] are the dielectric
constant and concentration of acceptors in the p-type semi-

'conductor, €9 and ND are the dielectric constant and con-
2 )

centration of donors in the n-type semiconductor and VD =

VD]+ VDZ. 7
Thefre1at30n beﬁween the built-in voltages VD and
D Dy € 1
Vp is given by y— = y——2  (Sharma and Purohit 1974)
2 Do Ay =1

and the capacitance of the transition region is given by

Cp. = ( C o) 7(4)
no2(E NA]+ e, N, ) D .
P 2 .
Where a is the junctiori area. (Sharma and Purohit 1974)

The current was assumed by Anderson to be dominated
by the diffusion of injected minority carriers across the
junction. The predominant current carriers will be electrons

because the barrier for electrons is much smaller than that
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for holes. The current voltage relation is given by

(Van Opdorp 1969)

I = Ig Exp(%¥)—ﬂ « 7(5)
D, 3
and I, = s ng e(,—r.;l) 7(6)

Where s is the junction area, N is the equilibrium concen-
tration of electrons, and D, and Th are the diffusion co-
efficient and life time of electrons.

The energy-band diagram proposed by Anderson is
generally accepted by most workers and considered to be
Basica]]y right. But the experimental current values are
much smaller than those predicted by the above relation.

This is attributed by Anderson to the reflection of a large

fraction of the charge carriers at the interface.

7.2.2 The Emission Model of Perlman and Feucht

In Anderson's model the influence of the "spike" and
"notch" at the interface on the charge carrier transport
mechanism is neglected, whereas in the emission model the
effects due to the spike are included. It is found that
in certain vo]tage regions the spike plays a decisive role
in the current conduction mechanism. Before being 1njecfed
the electrons have to pass the spike. This is assumed to
take place by thermal emission over the spike in the absence

of tunnelling. This thermal emission and the subsequent
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diffusion in the conduction band of the narrow gap material
are two processes in series. In an anisotype heterojunction
for which, -in equilibrium the top of the spike Ties below
the conduétion-band edge o% the narrow-gap material outside
the space-charge region, the current transport mechanism
becomes diffusion Timited (as predicted by Anderson),/
Qhereas if the top of the spike lies above the conduc%ion-band
edge of the narrow-gap material outside thetipace charge

e

region, the emission over the spike becomes Adominant conduction

mechanism. The current is then given by CVan opdoerlssg)

I =1 _EXP(%¥T)-ﬂ 7(7)
Sn, 9 v .
R th
and I, = : 7(8
> (67r);2E (8)

where Np is the equilibrium electron concentration at the
top of the spike and Vin is the mean thermal electronic
velocity and
e]N
et oW 7(9)
‘ 2 A2

Here é] and €, are the dielectric constants of the two materials,
ND], NA2 are the donor and acceptor concentrations in the n

'and p~type materials. Here n can be described as the current
limiting factor for the spike. Thus the Perlman and Feucht
theory predicts much lower current values than does the

Anderson theory in which the effect of the spike is neglected.
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As the height of the spike depends upon the value of AEC, it

is clear that AEC is an important parameter.

7.2.3 Tunnelling Model

The tunnelling mechanism to describe the current-
voltage characteristics of an abrupt p-n heterojunction was
first introduced by Rediker et al. (1964). They noticed
that in a number of cases where the emission model of Perlman
and Feucht fails either over the whole voltage range or above
a certain voltage the I-V characteristics of an anisotype

heterojunction could be described by an equation,

L= 1 (1) exn('/y) 7(10)

where V0 is a constant and IS(T) is a weakly increasing function
of temperature. The voltage dependence of the above equation
is characteristic for tunnelling processes. This 1éads to

a model in which tunne}]ing through the spike greatly exceeds
thermal emission over the spike. This model does not give

an expression or interpretation for the temperature dependence
of the current IS(T). However Newman (1965) remarked that

in all cases in which the above equation holds good, the
empirical relation between IS and T is adequately described

by I

S ISo exp(%o) where Isb is constant. Thus the above

equation becomes

v
I = ISO exp(%o) exp(v ) 7(11)
0

vhere IS s 1., V_ are constants.
0 0 0
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7.2.4 Tunnelling-Recombination Model

The close resemblance between the tunnelling currents
in anisotype heterojunctions andiﬁurrent in an Esaki diode
led Riben and Feucht (19663 to propose a model based on band
to band tunneiling coupled with recombination processes.

The various processes involved in this model are shown in

Fig. 7.2. According to this model either the electrons

tunnel from the conduction band of the wide-band gap n-type
material into empty interband states located in the narrow-

- band gap p-type material and then recombine with holes (as
indicated in fig. 7.2) or holes from the p-type narrow-band

gap material tunnel into occupied states in the n-type material
and then recombine with electrons. If the tunnelling origi-
nates at the bottom of the conduction baﬁd or the top of the

valence band, then the forward current can be expressed as

I = B exp (—a(VD-V)l v 7(12)

Wwhere B is a weak function of voltage and temperature, Vp
is the diffusion voltage, V is the applied voltage and «
depends on the electron effective mass in the forbidden
energy gap, the dielectric constant, the equilibrium carrier
concentration and the exact shape of the barrier. For the
linear barrier approximation i.e. field is constant with

position in the transition region and the tunnelling is mainly

in the n-type material, then

m e, 3 :
@ = () 7(13)

2
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*
where m

n® €2 and Np are the values in the n-type material.

Because the gxperimental values of o are generally
not in agreement with this. expression, a multi-step
tunnelling-recombination process was a]sb proposed by Riben
and Feucht (1966Y. This process is also shown in fig. 7.2.
The multistep tunnelling model has been criticised by Van
Opdorp (1969) on the ground that invalid assumptions have
been introduced in order to make their results fit theif
theory. One of these unjustified assumptions was that the
height of the barrier that the electron has to surmount per
tunnelling step was proportional to the square of the electric
field.

Riben and Feucht also proposed a zener tunnelling modei
to describe the reverse current as a function of voltage
and temperature. On the assumptions of a linear barrier and
tunnelling predominantly in the n-type material, the reverse

current was given by

. -1
I = C exp [—A(v05V) ] 7(14)
*
m. €, 3 3/
_ 4 n 2,2 2
where A= o (‘N—ﬁ‘*) Egz 7(15)
2
*
and m_, €,, N and E refer to the n-type material. Once
n 2 02 95

again as in the previous case of forward bias, a multistep
process was postulated to obtain agreement between experiment

and theory.
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7.2.5 Emission-Recombination Model

Dolega (1963) proposed this model based on the assump-
tions that there exists a thin layer at the interface con-
taining a strongly disturbed lattice. Electrons and holes
reach the interface via thermal emission over their respective
barriers and infinitely fast recombination of charge carriers
occurs. Infinitely fast recombination implies that the
electron and hole quasi—~-Fermi levels éoincide at the interface.

Dolega's complicated expression for the forward current-
voltage characteristics has been rewritten by Van Opdbrp

(1969) in simplified form as

- qVv
I = IS [exp(m)-ﬂ 7(]6)
. aVp .
with I, =B eXp('EFT) 7(17)
where B is very weakly temperature-dependent. The values of

B 1n the above two expressions are identical and depend on
the ratio of the densities of imperfections in the two semi-
conductors.

B varies between 1 and 2. The reverse current pre-
dicted by this model, rises exponentially with voltage.
This model is basically similar to the Sah, Noyce and Shockley
(1957) model for homojunctions. The only differénce is that
in the latter model the recombination states are uniformly
distributed in space and have definite ionization energies,

whereas in the Dolega's model the recombination centres have
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a continuous energy distribution and are spatially restricted

to a fixed plane or very narrow layer at the interface.

7.3 THE SYNTHESIS OF TRANSPORT MODELS

Donnelly and Milnes (1966) while interpreting their
experimental results on anisotype heterojunctions tried to
construct a synthesis of the theories for heterojunciions.
Anderson (1971) while reviewing the theory of heterojunctions,
surveyed the existing transport models and also tried to
construct a synthesis capable of explaining the main functional
behaviour of all experimentally observed current-voltage
characteristics for all values of applied voltages.

According to Donnelly and Milnes the carrier transport
takes place along two different groups of parallel channels
simultaneously as shown in fig. 7.4. Group I mechanisms
lead to minority-carrier injection into the space charge
region and into the bulk of the narrow-band gap p-type material.
After the injection the minority carriers disappear by a |
diffusion-recombination mechanism. The mechanisms of carrier
injection are thermal emission over the spike and tunnelling
throuch the spike. Their experimental observations and those
of others ruled out the possibility of éarrier transport by
these processes.

Group II leads to the recombination at the interface
of electrons and holes transported via thermal emission over
or tunnelling through their respective barriers. In this

case transport channels can be divided into three processes
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Schematic representation of the two groups of charge
transport mechanisms. Dashed line-group is 1;

and solid line group is 2; proposed by Dennelly

and Milens (196¢€).
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in series: a transport mechanism of electrons to the inter-
face, a mechanism transporting the holes to the interface

and the recombination processes. The transport of electrons
and holes fo the interface in its turn may be by two parallel
mechanisms: thermal emission over and tunnelling tﬁrough

the respective barriers. In a given voltage interval the
I-V characteristic can be described adequately by that one

of the five mechanisms described in this group which is rate-
determining.

On the other hand Anderson has classified the forward
currents into thermal and non-—thermal currents. Thermal
currents are those in which the current-carriers must surmount
potential barriers to cross the junction and the general form

of expression for these currents can be written as

I = A exp(- "FTQ) exp(%%T) 7(18)

where VB represents the barrier voltage at zero applied
0

voltage, n is a measure of the variation of the barrier with

applied voltage. It is also an indicator of the type of
rate-determining process for thermal currents. A depends on
the model.

The current-carriers can also tunnel through the
potential.barrier that is through the "spikes". In such a
case if the tunnelling is mainly at higher energy, then the
tunnelling currents are thermal in nature. However, if

the tunnelling is predominantly at the base of the "spikes"
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that is potential barriers, then the currents are non-thermal
in character. These non-thermal currents often are referred
to as excess currents. Therefore these are at least partly
tunnelling in nature and are not strongly dependent on
temperature. In practice, it is difficult to estimate

the non-thermal currents quantitatively because many of the
details regarding them are not well understood.

Reverse currents are also classified as thermal and
non-thermal by Anderson. Thermal currents result from
thermal generation in or near thé transition region. Current
carriers denerated within the transition region are removed
immediately by the electric field and contribute to the
current flow. Those generated outside the region, diffuse
to thé high field region before they recombine and contribute
to the flow of current. Again non-thermal reverse currents

are predominantly tunnelling currents.
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CHAPTER VIII

POSSIBLE CURRENT CONDUCTION MECHANISMS

The direct conduction of electric current through
thin semiconductor layers is of interest in the thin film
approach to active devices and has stimulated research on
the mechanism of conduction of carriers through such layers.
The conduction mechanisms in thin films have been reviewed
by Jonscher (1967), Lamb (1967), Hill (1967) and Simmons
(1971). A brief account of mechanisms which are of interest
such as single carrier space charge limited conduction, two
carrier space charge limited conduction and tunnelling effects

are given below briefly.

8.1 SINGLE CARRIER SPACE CHARGE LIMITED CURRENT

If an electron injecting ohmic contact is made to a
thin film of a semiconductor, electrons will travel from
the metal into the conduction band of the semiconductors.
ThiS facilitates the establishment of a space charge similar
to that of a vacuum diode (Mott and Gurney 1940). Thus the
flow of electrons through the film under the action of an
applied voltage, subsequently becomes space charge 1imited.
In this process the current flow is due to the injected
carriers of one type and it will not be influenced by the
presence of carriers of the opposite type. This Tleads to
the weli known single-carrier space charge limited current

flow.
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The theory of the space-charge limited conduction
mechanism was first given by Mott and Gurney (1940).
According to the theory, for a trap-free semiconductor the

current in the space—gharge-ﬂimited (SCL) mode is given by

8(1)

mwl<
~

J=—g-ue:

where J is the current density, V is the voltage applied
and u, €, and S are the electron mobility, dielectric permiltivity
or dielectric constant and the thickness of the semiconductor,
The interesting feature of the theory is that thé space charge
limited current is proportional to V2. The theory is in
fact, based on field driven currents and cannot give an
accurate description of the physical situation near the
injection contact where the field will be zero and the
current must be due to diffusion alone.

If now thermally generated free carriers with density

n are included then at low voltages where the injected

0,

carrier density is less than no,ohms law will be obeyed,

8(2)

<
i
o
=
=
<

where e is the electronic charge.
The transition from Ohm's law to the Mott-Gurney law

occurs at the transition voltage Vtr’ which is given by

?
. Vir 9 Vip
e i s o
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2 =
This can be expressed as Ttﬁ =§%, where Ttr = ;%;; = carrier

transit time between electrodes at voltage Vtr‘ And

T = €
enou

Lampért (1956 ', 1964) and Rose (1955) have postulated

= ohmic (or dielectric) relaxation time (Lamb 1967).

a simple model which can be used to describe the trapping
effects on the space charge limited currents very easily.
When traps are present the current would be greatly reduced
because some of the injected carriers would be captured and
become immobilised. If o is'that fraction of the injected

carriers which remains free, then the current will be reduced

to,
o x J that is -2 e"z 8(4)
trap-free trap 8 ®H¥ <3
The transition from Ohm's law to the V2 law occurs for a
semiconductor containing shallow traps, at the transition
voltage Vtr’ which is given by
2
yV )
tr _ 9 tr
o ¥75~ 7§ =M% T3
en
. _ 8 0 2
i.e. Vtr =3 S 8(5)
oA} . .

Shallow and deep traps are defined according to
whether the trap level lies above or below the Fermi level.
The shallow traps above the Fermi level are empty, whereas
the deep traps below the Fermi level are filled. The
position of the Fermi level depends upon the injection Tevel,

that is on the applied voltage.
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Therefore when the injection Tlevel increases, that is
vhen the applied voltage increases, the shallow traps become
deep and hence the Fermi level moves up and crosses the trap
level. The transition voltage for deep lying traps is given
by |

eN

g Ny
YTFL = 9 S 8(6)

€

where Ny is the density of traps, and TFL stands for trap
filled Timited. In the trap filled 1imited regime all the
traps are full and the current rises rapidly to higher values
than in the shallow trapping case. This is because all the -

injected carriers contribute to current.

8.2 TWO CARRIER SPACE CHARGE LIMITED CURRENTS

With suitable ohmic contacts it can be possible to
inject electrons into the conduction band of a semiconductor
at the cathode and holes into the valence band of the semi-
conductor at the anode. This means that the cathode is
ohmic to electrons and the anode is ohmic to holes. Then
the space charge 1imited currents of both signs of carriers
can flow in the semiconductor. However, whether the resultant
current will be ohmic or space-charge-limited depehds on the
relative magnitudes of the dielectric relaxation time and
. the transit times for electrons and holes, as discussed by
Lampert (1962, 1964), Tredgold (1966) and Lamb (1967). The
required condition for double injection to occur is that the

transit time for both carriers is smaller than the dielectric
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relaxation time. If the transit time of both the charge
carriers is larger than the dielectric relaxation time, then
the current flow will be ohmic because the injected carriers
will be relaxed by the thermal carriers after a time 1, where
v is the dielectric relaxation time. However, if the transit
time of only one type of carrier is smaller than r while the
transit time of other type of carrier is Targer than 1, then
the current essentially will be carried by the one type of
carrier. This leads to single carrier space-charge-limited
current flow. The space charge due to the other carrier
will be compensated after a time =. The dielectric
relaxation time 1 and the transit time Tr are given by the

following relations.

€
T = 8(7)
en u
2
and T, = S 8(8)
nV

where g is the density of the thermally generated charge
carriers and V is the applied voltage. A brief account of
the double injection theory is given below.

Suppose both the contacts are ohmic to a trap free
semiconductor whose dielectric relaxation time is Tlarger
than ‘the transit time. Assuming that the diffusion currents

are neglegible, then the current density is given by

9 A
V=35 Cher 3 8(9)

.U
where ogg = % [Zn(—{}:‘l)(pnwp)]- 8(10)
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and Mg is the recombination mobility. It is generally very
small  making Mo ff " greater than the electron and

hole mobilities My and p_ respectively. This means that the

p
two-carrier current is larger than that in either one carrier
case.

On the other hand,in the case of a semiconductor con-
| taining a single set of deep lying recombination centres the
following assumptions were made by Lampert (1962). The
recombination centres are assumed to lie sufficiently far
below the Fermi level to be completely filled with electrons
in thermal equilibrium (no applied voltage). Thermal re-
emission of carriers from the recombination centres and
diffusion currents are neglected. .

Ohmic contacts are applied at the cathode and anode.
The density of thermally generated electrons (no) is greater
than that of thermally generated holes (po) and the average
cross-section oy for capture of free holes by a filled centre
is greater than the average cross-section o, for capture of
free electrons by an empty centre. (op >> on). This means
that the recombination centres are of acceptor type, that is
they are negatively charged when occupied by electrons.

Then at low injection levels (at low app]iéd voltages)
the hole life-time is very small because of the condition
oh >> o This makes holes difficult to conduct across the
solid and hence most of the injected holes will be captured

by the recombination centres. Whereas the electron 1life-

time is infinite because there are no empty centres to capture
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the injected electrons. Hence the current at this 1low
applied voltage is ohmic because the injected carrier density

is smaller than Ngyo and is given by

8(11)

<

J = eno Y

I¥ the applied voltage (injection level) is increased

so that n, p > n then the injected electrons can tra-

o* Po>
verse the solid with a minimum probability of being captured and
recombining with holes just in front of the anode. Whereas
the injected holes will still be.unable to penetrate the

solid because the condition %p >> o continues to hold good.
Hence the total current is.carried byising]e carrier (injected
electrons) and this leads to SCL current flow i.e. to a v2

power law.

The transition from ohmic current to SCL current

occurs at the transition voltage and this is obtained by

equating the electron transit time with electron 1ife time.

1. = electron 1ifetime = — + 8(12)

n Un’VUINR

where NR is the concentration of donor centres and \Qh is the

electron thermal velocity = /%%gé 8(13)
. ) 52 :
T, = electron transition time = E;"V; 8(14)

where \!Q is the transition voltage and

52 S n \%h NR

Yo =, C ™ 8(15)
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That is beyond V, the current is a single carrier-space-charge-

limited and is given by

2

-

:J:% e n 8(16)

W)

At high eriough applied voltages (injection levels)
the recombination centres will be filled up with holes.
Then holes will transport through the semiconductor without
being ﬁaptured. That is the hole transit time decreases
(1ife time increases). Therefore holes will then contribute
to transporting current. The single carrier space charge
regime continues until the minority carrier 1ife time is
equal to their transit time. At  this point the conduction
mechanism will change from a single carrier SCL regime to the
two-carrier SCL regime. For further details the reader is

referred to the above references.

8.3 TUNNELLING EFFECT

When the applied electric field is very high, then a
new conduction process becomes predominant. That is quantuh
mechanical tunnelling occurs through the potential barrier.
Then the applied electric field will produce an energy gradient
which will be very steep so that the two points mdrked X in
figure 8.1 are at the same energy and they are separated by
a very short distance. The electron wave function by can,

thereforejsti11 have a non-zero value outside the potential

barrier, and hence tunnelling can occur. The quantum
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mecahnical tunnelling effect has been discussed in detail by
Hi11 (1967), (1971) and by Lamb (1967).

The tunnelling theories Tead to current-voltage re-

lationship of the type

I = AF" exp‘% 8(17)

vhere A, and By are constants, F is the applied electric field
and n takes values from 1 to 3.

The main characteristic of the tunnelling effect is
the extreme sensftivity of current to voltage and the weak

temperature  dependence of the current.
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CHAPTER IX

EXPERIMENTAL RESULTS AND DISCUSSION

9.1 PREPARATION OF CdSe/Ge(111) HETEROJUNCTIONS

In part 1 of this thesis epitaxial growth and struc-
tural studies of CdSe films grown on (100) (110) and (111)
surfaces of Ge have been reported (Chapters III to VI, Gejii
and Holt 1975 and Holt et al. 1976). A1l the structural
studies of CdSe films was carried out on 3mm diameter
germanium substrates. This restriction was to suit the
transmission electron microscope specimen holder. However
this restriction was not necessary for the electrical property
measurements on the heterojunctions. Ge sltices in (111)
orientation, and 3cms in diameter were mechanically polished
as described in chapter IIT, section 3.2. These were ultra-
sonically cut into 5mm diameter discs. The 5mm diameter
discs were chosen one by one and chemically polished in the
reagent described in “chapter III, section 3.2 before being
put in the recess in the substrate holder in the vacuum growth
chamber. These Ge substrates were of p-type with resistivities
of 0.1gcm to 0.25 qcm.

AT1 the experimental set up and growth conditions
remained the same as described in chaptér ITT, section 3.3,
CdSe films were grown on Ge (111) substrates at 400°C for
20 minutes. 400°C was chosen as being the centre temperature
of the epitaxial growth range from 350°C to 450°cC. No
cracks were observed in the deposited films. This showed

that the differential co-efficient of expansion during cooling



204

Fig. q.1 Selected area transmission electron diffraction
pattern of a CdSe film grown on (111) Ge at 400°C
for 20 minutes. -

Fig. §.2 Interferogram of a CdSe/Ge heterojunction taken near
the edge of the CdSe film with a Namarsky Interferometry
arrangement. The CdSe was grown on (111) Ge at 400°C
for 20 minutes.
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of these specimens from the growth temperature to room
temperature had no fracture effect on the heterojunction
system.

For transmission electron microscope examination, a
few specimens were electrochemically jet—thinned from the
germanium side in such a way that after thinning through
the germanium the CdSe was further thinned carefully without
breaking the film, Fig. 9.1 shows a selected area spot
diffraction pattern of the (111) oriented cubic sphalerite
structure of a CdSe film. Thus the fact that the CdSe/Ge
(111) heterojunctions were formed between two single crystals
was confirmed,

The thickness of the CdSe films was measured using a
Nomarski interferometer on a MeF Reichert microscope as
described in chapter III section 3.5, The thickness of the
films was found to be about 0.8 micron. An interferogram
of the Nomarski interference fringes is shown in fig. g.2.

A comparison of fig. 9.2 and fig. 3.5 clearly shows the dif-
ference in thickness of the films prepared for the structural
analysis work and this work.

In order to join the heterojunction in the electrical
circuit, indium was used as contact material as described in

the next section 9.2.

9.2 METAL CONTACTS TO0 CdSe

In order to carry out electrical measurements on the

heterojunctions these have to be provided with contacts and
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leads. In the 1iterature it is found that three types of
metal-semiconductor contacts are distinguished (Simmons 1970,
1971, Van der Ziel 1968). These are blocking, neutral and
ohmic contacts. In the present work only the ohmic contact
is important in the sense that it is a low resistance contact
and it does not affect or override significantly the electrical
property of the heterojunction under investigation. The
equitibrium energy band profile for ohmic contact to n-CdSe
is shown in fig. 9.3. A brief account of these céntacts is
given below.

The work function of the metél (¢m) and the semiconductor
(¢S) forming a contact 2re used (Blount et al. 1966) to explain
these types of contacts. If the work function of a metal
Om is greater than the work function b of a n-type semi-
conductor then on bringing these into contact electrons
should be transferred from the semiconductor into the metal
to equalise the Fermi Tevels across the contact. This results
in a space charge region of positive charge in the semiconductor
(a depletion region). The depletion region has a much lower
electron density than the bulk of the semiconductor. Hence
its conductivity is much Tower, so that i1t acts as a blocking
barrier to electron flow at the contact-interface from semi-
conductor to the metal electrode. Such a contact is called
a blocking contact. Such a blocking contact is an example
of a Schottky barrier, When the work function of the metal
is equal to the work function of the semiconductor, the Fermi

levels of the metal and semiconductor are already equal prior
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to contact, hence no charge transfer occurs at the metal-
semiconductor interface. As a resu]t no depletion or accumu-
lation region occurs in the semiconductor and hence no barrier
to the electrons exists at the contact-interface. Such a
contact is called neutral.

Finally if the work function of t#;?;;_is smaller than
the work function b of the semiconductor, on bringing the
metal and the semiconductor into contact, in order to satisfy
thermal equilibrium requirements ji.e. to equalise the Férmi
levels across the two materials, electrons are injected from
the metal into the semiconductor. This results in a region
of negative space charge in the semiconductor {(an accumulation
region). Such a contact acts as a reservoir of electrons
in the semiconductor. The differential resistance of such
a contact is very small due to the higher electron density at
the interface than in the bulk of the semiconductor. This
type of contact is termed an ohmic or Mott-Gurney contact.

Following the above guidelines there was no difficulty
in achieving an ohmic contact to CdSe. Among the zinc
chalcogenides ZnTe seems to be always p-type and among cadmium
chalogenides CdTe can be of either p-type or n-type conductivity,
whereas CdS and CdSe seem to be always n-type (see section 2.2).

Smith (1955) used indium as a contact material to CdS
crystals. He found that (1) simple pressure contacts to
the CdS had ohmic characteristics, (2) there was no apparent

reaction of indium with CdS and diffusion into the CdS crystal
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was not necessary for an ohmic contact. He also showed

that a simple and convenient technique of applying electrodes
was to evaporate an opaque 1ayér of indium on the CdS, which
gave an ohmic contact. Aven and Garwaki (1963) suggested
that small size contacts have some definite resistance and
hence proved to be non-ohmic. Some of these experimental
guide lines were followed in the present work to achieve
ohmic contact to the heterojunctions.

Indium has been shown to make ohmic contact to p-type
Ge (Hunter 1956, 1962, Matsuura et al.1962, Turner 1959,
Pikhtin et al 1970, Biondi 1958, Borneman et al 1955, Dale
and Turner 1963).

Indium has been used as an ohmic contact electrode to
CdSe by many workers. (Tubota 1963, Arnold et al 1970,
KhosTa and Fischer 1971, Suri and Sharma 1974.) Gold has
been also used for making ohmic contact to CdSe (Nakai et al
1964, Nakai et al 1965). But Gold was found to make non-
ohmic contacts to CdSe :Q Demey 1974).

In the present work indium was evaporated on to CdSe
and Ge in high vacua of 10_5 torr. The evaporated indium
layers on both sides were transparent. The deposited indium
was 3mm in diameter on 4mm diameter films and 5mm diameter Ge
substrates. This gave good ohmic contact to both Ge and

CdSe.

9.3 THE EXPERIMENTAL SET UP

The specimen mounting arrangement used to carry out

the electrical measurements on CdSe/Ge heterojunctions is
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Fig. 9.4 The electrical measurements apparatus showing the
specimen mounting arrangement.
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-Shown in fig. 9.4. After the indium contact had been
deposited on both the CdSe and Ge sides of a CdSe/Ge hetero-
junction, it was mounted on a copper plate. Thé Ge side
indium contact was attached to the copper plate by a drop of
high conductivity silver dag. The copper plate was connected
to a copper Tead to make connections in the qircuit. A

bent copper wire, as shown in the fig. 9.4 was gently pressed
on the indium contact on CdSe without scratching it. A drop
of high conductivity silver dag was applied to give a better
contact. The copper plate was fixed to the hollow finger.
This was placed in a jacket which was evacuated by rotary

3 torr. The hollow finger provided the facilities

pump to 10~
to measure the I-V characteristics at different temperatures.
The hollow finger was filled with water at room temperature

and the I-V characteristics were measured at room temperature.
Then it was filled with ice or with liquid nitrogen and the

I-V characteristics were measured at the melting point of ice
and at the liquid nitrogen temperature respectively. In

these cases great care was taken to see that the hollow finger
was full of ice or liquid nitrogen, all the time during the
measurement of I-V characteristics at these temperatures.

This was assured by the reproducibility of the I-V characteris-
tics. In this preliminary I-V characteristics measurement
work, the room temperature, melting point of ice and liquid
nitrogen temperatures were assumed to be 293°K, 273°K and 77%
respectively for the purposes of the analysis of the experi-

mental results. The I-V characteristics as shown in Fig. 9.6 were

reproducibly obtained in all the  CdSe/Ge(111) heterojunctions.



Fig.

9.

212

__@___
@

b

The current-voltage characteristics measurements
circuit. The various components are:

Stablised DC power supply
Heterojunction

Voltmeter

Ammeter

Series Resistance

O I<<IZ0



; 213

The measurements of I-V characteristics were made
using the simple electrical circuit shown in fig. 9.5. ' The
potential was provided by a stabilised D.C power source, P,
which was capable of supplying up to 50 volts and 10 amps.

A series resistance of 100 ohms was used in the circuit to
limit the current passing through the heterojunction. The
voltage drop across the heterojunction, H, and the current
passing through it .were measured using a vo]tmgter and an

ammeter respectively.

9.4 EXPERIMENTAL I-V CHARACTERISTICS

Forward and reverse current-voltage characteristics
of epitaxial CdSe (111)/Ge(111) heterojunctions were measured
at about 293%K, 273°K and 77°K (section 9.3). The "forward"
characteristic in which the current rose rapidly with small
values of applied voltage, was that with the p-type Ge
positively biased and the n-type CdSe negatively biased.
The "reverse" characteristic in which the current did not
grow rapidly even with high values of applied voltages in
compérisoh to the forward bias voltage values was that for
which the p-type Ge and n-type CdSe were negatively and
positively biased respectively. The I-V characteristics of
these heterojunctions thus showed well-defined rectifying
properties. Fig. 9.6 shows a typical I-V characteristics
of a CdSe/Ge (111) heterojunction at these temperatures.
It is evident that there is a marked difference in the form
of for@érd and reverse bias curves. The ratio between the

reverse and forward bias voltages applied for the same value
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of current was often found to exceed 10.

To understand the current transport mechanism involved
in the observed I-V characteristics it is essential to compare
them with the forms of behaviour predicted by the various
theories of current conduction through semiconductor films
and hetérojunctions. The reviews of such theories (Jon%cher
1967,1369, Simmons 1971 and Van Opdorp 1969) indicate
that three types of plots should be tried for forward charac-
teristics. These are log I versus V, log I versus V% and
log I versus log V. The significance of these will now be
outlined.

The energy band diagrams of Anderson (1960) of Oldham
and Milnes (1964) of Van Ruyven (1964) and heterojunction
conduction models such as the diffusion model of Anderson
(1960), the emission model of Periman and Feucht (1964),
the tunnelling model of Rediker , Stopeck and Ward (1964),
the tunnelling and recombination model of Riben and Feucht
(1966) and the emission recombination model of Dolega (1963)
have led to characteristics of the general form I = I0 exp(BV),
where B stands for a characteristic constant for each model.
This suggestedba suitable plot of I-V characteristics as log I
vs. V. The theories of épace charge limited currents for
single and double iﬁjection of carriers (by Mott and Gurney
1940, Rose 1955, Lampert 1956, 1964) have led to relations

2 and higher powers. To test for the operation

of the form I « V
of such power laws a suitable plot is log I vs. log V. Field-
assisted thermal jonisation or emission theories (Pooie-Ffenke]
1938, Schottky 1914) have led to characteristics of the form

1
I « exp(BV%). This suagested plotting log I vs. V2,
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In the present preliminary work log I vs. V and logl

versuslog V are plotted and the details are dealt with in9-6 and
97 sections. However before the analysis of the forward

log I vs. V characteristics is given the equilibrium energy
band profile for the p-n Ge/CdSe heterojunction is considered

in the next section 9.5.

9.5 THE EQUILIBRIUM ENERGY BAND DIAGRAM FOR THE Ge/CdSe p-n

HETEROJUNCTION

The construction of the energy band diagram for the
CdSe/Ge heterojunction is based on the Anderson (1962) model.
In order to construct this energy band diagram the values of
bulk properties such as the work functions, electron affinities
and energy gaps of the two materials were obtained from the
literature and listed in table 9.1.

In this case the energy band diagram is of the type

characterized by the following relations.

X] <X2
¢]<¢2

and Xy < A+ Egy

where‘wi and ¥, are the electron affinities and ¢y and
¢, are the work functions:of Ge and CdSe respectively and Eg,
is the energy gap of Ge as detailed in table 9-1.

The construction of the energy band diagram proceeds
from the energy diagramS‘for the Ge and CdSe séparate1y.
These are constructed using a common energy scale and zero:
the energy of an electron at rest outside the material and

known as the vacuum level. Fig. 9.7 shows the energy band
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Table 9.1
Semi-
Physical conductors
Properties and Ge Reference CdSe Reference
References
Electron Affinity Xy = Haneman Xg = Swank
4.35eV (1959) 4.95eV | (1967)
*
Work Function ¢y = Calcu- bp = Adamchuk
4.97eV lated 5.1eV (1967)
Energy Gap Eg] = Richman Eg2 = Delvin
0.67eV | (1967) 1.67eV |(1967)
"o, = 0.67eV + 4.35eV - 0.05eV = 4.97eV
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diagrams for the isolated Ge and CdSe materials. It is
evident that the Fermi level in p-Ge is higher than the

Fermi level in n-CdSe. When the two materials are brought
into electrical contact charge transfer therefore takes

place from the Ge into the CdSe to equa]ize the Fermi-level
across the interfaces. Fig. 9.8 shows the equilibrium
energy band diagram for the Ge/CdSe p-n heterojunction. The
bulk properties of the two semiconductors are valid right

up to the interface where there is an abrupt transition from
one material to the other. Because of the transfer of
electrons across the interface the conduction band edge EC]
in the Ge bends up and the conduction band edge ECz in the
CdSe bends down. The discontinuity of the conduction band

edges at the interface AEC is equal to the difference in

electron affinities of the two materials; that is

AEL =%, - Ky 9(1)
4.95 - 4.35

1)

0.6eV.
The discontinuity in the valence band edge at the

interface is given by simple geometrical considerations as

AEV

1

(Egz %) - (Eg1 +X]) 9(2)
(1.67 + 4.95) - (0.67 + 4.35)

1.60eV.

It is evident that from the equilibrium energy band

diagram that there is an accumulation region for electrons
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ron'the n-CdSe side of the‘heterojunétion énd an'aééumu]atioh
region for holes on fhe p-Ge sfde of the.heterojdnction.

The values of the energy steps AEC and AE at the conduct1on'
_énd valence band edges are found to be very large. Such

large energyképikes may'so Timit e]ectron-and.ho1es 1n3ect1oh” |
over the energy barriers as to allow the recombination'ofv
éharée carriers at ihe ihterface to'dominatevthe current~f1ow. 
(Donnelly aﬁd Milnes 1966 and Milnes and FeUcht ]972). Since
the recombination‘currént is generally a rapid]yAincreaSing
function of the app]ied vo]tage,;a transition from recombination-
limited to tunnelling-Tlimited conduction with forward apb]ied |
‘voltage is possible (Donnelly and Mi1nés f966).' That this
‘may be the case for the charge transport mechanism iﬁ CdSe/Ge'
heterojunctioh will be seen in'more detail in the next‘sectiOn
9.6. vThevequilibrium energy diagram'at the CdSe/Ge interfacé
is such-that'the~charge transport fs stroﬁ§1y hetéfojunction;
Timitéd with consequent rectifying properties (p1easé see

fig. 9.6). ‘,This is because of the electron accumulation
regidn on the nFCdSe side of the shaée charge and the electron -
dep]et1on region on the p-Ge S1de of the Space charge reg1on
: When the device is b1ased in the forward direction there can
be easy 1n3ect1on of e1ectrons and holes into the space charge
reg1on for a small va]ue of app]1ed vo]tage.‘
| | From the energy band d1agram it 1s evident that there B
exists a Targe barrier both for electrons and for ho1es

when the device 1is b1ased in the reverse direction, And hence
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little current flows as can be seen from the rectifying ex-
perimental I-V characteristics shown in fig. 9.6. As the
reverse bias is increased there can be alignment between
the valence band of p-Gs and the conduction band of CdSe
resulting in the possibility of Zener tunnelling between
these bands across the heterojunction. This is the main
current transport mechanism in the reverse direction at

higher voltages as will be shown in section 9.7.

9.6 FORWARD LOGI—V CHARACTERISTICS

The forward current-voltage characteristics of a wide
variety of anisbtype p-n heterojunctions have been extensively
measured by many workers. It has been a common practice in
all theseworksespecially on Ge/Si(}y Donnelly and Milnes 1966,
Hampshire and Wright 1964, Shewchun and Wei 1964, Szekely et
al ]971>and on Ge/GaAs(Ey Donnelly and Milnes 1966, Anderson
1962, Kurata and Hirai 1969 and Feucht 1971) to compare the
observed forward bias characteristics with a current-voltage

relation of the type,

I« exp 45 | 9(3)

where n is a parameter related to the various physical
properties of the heterojunction and mostly varies between
1 and 3, and the other symbols have the usual meaning.

It is interesting to see in the literature (Sharma
and Purohit 1974) that the current-voltage characteristics

of both p-n Ge/GaAs and n-p Ge/GaAs heterojunctions have been
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extensively investigated by various workers. Inspite of

the different methods used to fabricate these heterojunctions,

there exists a close resemblance between their characteristics.

Most of the forward bias 1ogI-V characteristics of these
heterojunctions can be divided into two distinct regions.
That is a low voltage region and a high voltage region at
and below room temperature.

In the low-voltage region (i.e. for voltages <0.3V
at room temperature) the main contribution is due to recom-
bination-Timited current and this can be represented by
expression 9(3),wh11e in the high-voltage region the current
due to tunnelling across the heterojunction dominates and it

is represented by an expression of the type
I « exp(AV) 9(4)

where A is a constant independent of temperature.

In the present work on CdSe/Ge heterojunctions similar
effects in the forward log I-V characteristics have been
observed and the analysis of these results is given below.

The basic form of the forward log I-V characteristics
of n-CdSe/p-Ge heterojunctions is shown in figs. 9.9 and 9;]0.
It is seen that there are two different straight portions of
each curve with distinct gradients. There is a transition

voltage at which the slope of the curve changes.

at 273%°K and it is about 0.62V at 77°K. This indicates that

two different mechanisms are responsible for the current flow

P
-

This transition voltage at 293°K is 0.13V, it is O.JBV”

]
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across the heterojunction below and above the transition voltage.
Fig. 9.9 shows a typical log I-V forward characteristic
measured at 29§9K. It is evident from the characteristic
that in the Tow voltage region (applied voltage <0.13V) the
forward current across the heterojunction, can be represented

by the law,
eV
Ip = exP(ﬁFT) 9(3)

b eV ‘
that is ' If = IS exp(ﬁk—T) 9(5) ,

(Rediker et al 1964 and Kurata and Hirai 1968)

where Is = saturation current
qg = electron charge
k = Boltzman's constant
T = absolute temperature

¥V = applied voltage
and n = recombination parameter.

The above equation can be rewritten as

v ' A

In I.=1n I_+ %FT - 9(6)
so that 9—(1n I;) = d . 9(7)
dv T nkT -

This gives the slope of the curve for the low applied voltage.
ET can be obtained from the known values of the three
quantities

1.602 x 10719

1.38 x 10723 x 293
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. q 1.602 4
© KT T3 x 7293 X 10

1}

39.61 9(8)

The slope of the curve is calculated and tabulated in the following

table 9.2 and it is given by

a§1m V) = 2.303 $o(l0g v) = 19.24 < 9(9)

Therefore from 9(7), 9(8) and 9(9)

39.61 _ 19.04
- }
_39.61

"= 79,724

n = 2.05

The experimental value of n = 2.05 indicates that at
room temperature i.e. at 293°K the conduction mechanism in
the applied voltage range below 0.13 volts was predominantly
by recombination of carriers in the space charge region, as
predicted on the equilibrium energy band profile for the ’
CdSe/Ge heterojunction in the section 9.5. In case of CdSe/
InTe heterojunctions -the value of n investigafed by Vanyukov
et al (1970) is found to be 3 at 310°K. In the case of
CdSe/PbS n-p heterojunctions as reported by Suri and Sharma
(1974) at room temperature it was found to be 2, while
Karpfnskas et al (1971) reports the variation of h between 1

and 4 in the case of CdSe/Ge and CdSe/Si heterojunctions.
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In the case of heterojunctions with CdSe as one of the
constituent materials, n the recombination parameter is found
to vary from one pair to another.

In the high voltage region, that is above the tran-
sition voltage 0.13V, the curve changes its slope as can be
seen from the fig. 9.9. In this high voltage region the
current due to tunnelling can be expected to dominate across
the junction. Hence in this part of the characteristic the

forward current flow can be represented by the law.

I; = exp AV 9(4)

That 1is Ip = I, exp AV | 9(10)

(Zeidenberg and Anderson 1967)

Where A is a constant which is practically independent of

temperature, I_ is the initial current which decreases with

0
decreasing temperature (Zeidenberg and Anderson 1967), and
V is the applied voltage.

The above expression can be rewritten as

In I = Tn I0 + AV

d (Inl) _
so that 'a—v = A
d (InI) _ d (Tog I) _
T.8. a—v =2.303 '——‘dV —VA 9(]])

which is the slope of the curve, in the high voltage region.

In this region of the graph the slope is found to be 6.66.
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That is A = 6.66/v. The smallest value of A reported in
the literature is A = 2.3, at 30€K, in. the case of Ge-GaAs
p-n heterojunctions by Kurata and Hirai (1968), whereas Lau-
gier at al. (1970) report A = 5.75 at 77°K in the case of
Ge/GaAs n-p heterojunctions. |

In the case of GaP/GaAs p-n heterojunctions
A is found to be 7 for V < 1.3V and 2.3 for V > 1.3V by
Davis et al. (1969). The rest of the reported values for
A are found to be much higher than the one found in this work.

Fig. 9.9 also shows the log I-V characteristic of the
same CdSe/Ge heterojunction, measured at 273%. The overail
form of the characteristic is the same as that at 293°K.,

Again the characteristic shows low voltage and high
voltage regions. The slope of the curve changes at the
transition voltage at about 0.?8V. Below this point is a
low voltage region in which the charge tfansport'mechanism
across the junction is predominantly recombination-limited

and the current has the form given by the expression (3)

ie. I =lsexp(%%7) 9(3)
. . d_ _q
so that the slope is given by dV(1n Ie) = kT
ET is again obtained from the values, i.e.
a - 1.602 x 10”'°
T 1.38 x 10723 x 273

) 1.602 4
=T33 x 273 X 10

42.51 9(12)
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From the characteristic in fig. 9.9 the slope calculated

is
d ) d
gy{in Ig) = 2.303 av(tog I¢) 9(13)
= 20.05 (from table 9.2)
-, 82:31 _ 20,05
. _ 42.91
-1 T 20,05
=2.11
.o o= 2.11

It is seen that the value of n at 273%K is slightly higher
than that at 293°K.

In the high voltage region, that is for applied voltages
greater than 0.18V the current due to tunnelling dominates

and is given by expression;

- 9(14
If Io exp AV. (14)

Where A is a constant and I0 is the initial current, which
is different from that for 293°K.
The slope of the high voltage region of the characteristic

is given by

4(n 1) = 2.303 So(log 1) = A,

The value of A calculated from this part of the
characteristic was found to be 6.66 which is practically the
same as at 293°K. This shows that the constant A is practically

independent of temperature of the device under investigation.
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Fig. 9.10 shows the log I-V characteristic of the same
device, measured at 77°%K. The overall form of the charac-
teristic is basically again the same as shown in fig. 9.9
having distinct low voltage and a high voltage regions.

The slope.of the characteristic changes at the transition
voltage of about 0.62 volt. Below this voltage the current
contribution is mainly due to the recombination—limited
current and the current flow obeys the law given by the
expression 9(3),

Hence the slope of this low voltage region is given
by

San 1) = 9(15)
The slope ca]cu]afed from the low voltage region of

this characteristic is, %V(ln If) =

d
2.303 x qy(log 1) = 68.04 (see table 9.@

-19
1.602 x 10
and =
o 1.38 x 10723 x 77
= 150.7 9(16)
150.7 _ cq o4
: .
150.7
N~ %8.4
= 2.21
qo= 2.21

The value of n at 77°K is found to be slightly higher

than the values for n at 273°K, 293°K. This means that the
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value of n increases with decrease in the temperature of
the CdSe/Ge heterojunction. Such a slight increasé in the
n va]uesbwith a similar decrease in the device temperature
has been observed by Donnelly and Milnes (1966) in p-n Ge/Si
and by Feucht (1971) in p-n Ge/GaAs heterojunctions.

In the high voltage region that is above the transition
voltage, 0.62V, the slope of the curve changes. In this

high voltage region the current due to tunnelling dominates

and it is given by the expression
Ie = I exp AV. 9(17)

Where A is a constant and Io is the initial current, which
should be different from the two previous cases, because it
decreases with decreasing temperature.

Hence the slope of the high voltage region is given

by SL0LE) - 2,303 x So(log 1) = A, The value of A cal-

culated from the high voltage region of the characteristic
in fig. 9.710 is found to be A = 6.66.which is practically
the same as those obtained from the characteristics at 293°K
and 273°%. Again it shows that A is independent of tem-
perature. This temperature independence of slope is indi-
cative of tunnelling (Donnelly and Milnes 1966, Davis et al
1969). j This is because any transport mechanism involving
emission over a barrier is expected to give log If—V curves,
whose slopes are very temperature sensitive. Hence the

temperature independence of slope indicates that the current
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Table 9.2
Temperature S1°pé Average
1 2 3 4
2939 19.22 19.26 19.23  19.23 19.24
273%K 20.08 20.00 20.04 20.09 20.05
779K 68.03 68.03 68.00 68.08 68.04
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is mainly due to the temperaturewdependent tunnelling process.
Thus from the experimental Tog IjV characteristics
it is evident that the current conduction across the p-Ge/
n-CdSe heterojunction is predominately by recombination-1imited
current in the Tow voltage region and by tunnelling in the
high voltage region at and below room temperature.
These results are in agreement with the predictions
of the equilibrium energy band profile at the p-n Ge/CdSe

heterojunction shown in fig. 9.8.

9.7 REVERSE BIAS I-V CHARACTERISTICS

The reverse bias I-V characteristics of a n-CdSe/
p-Ge heterojunction measured at about 293°K, 273°K and 77%
are shown in fig. 9.11. It is evident from the I1-V charac-
teristics that at low reverse biaé, the current is a slowly
increasing function of vo]tage‘and as the reverse voltage
s increased a soft breakdown is observed. At 293°%K a
soft breakdown is observed at about 5.3 volts and the charac-
teristics measured at 273°K and 77%°K showed soft breakdowns
at about 6.3 and 9 volts respectively.

It is evident in the literature that even though the
reverse~bias I-V characteristics have generally been measured
together with the forward I-V characteristics, very 1ittle
attention has been paid to their analysis (Sharma and Purohit
1974). This is attributed to the fact that the soft break-
down observed in almost all the reverse characteristics is

not well understood. A number of workers have however fitted



234

140

+—— Voitage{V)
-10 -8 =6 ~4 =2 o 2

e
-

¥ L{

Current(mA

L
1
1)
O
o

=200

{

]
N
1N
(@]

~+ =360

Fig. 9.11 Reverse bias I-V characteristics of an epitaxial
CaSe/Ge heterojunction.



|ooo

lllll‘

oo

llll[l

Log|@Al,
1

|o

fl[lll

| { Lol [ Lo aaal

Ol | . 10
Logy —>

Fig. 9.12 Reverse bias leg I-log V characteristics cf the
same CdSe/Ge heterojunction as shown in fig. 9.11.



236
their experimental data to a power law of the form I, = v
where IR is the reverse current, V is the reverse bias
voltage and m is greater than 1 and is a function of temperature,
and tried to explain their results on the basis of the tunnell-
ing model of Riben and Feucht (19663. Donnelly and Milnes
(1966) have observed in p-Ge/n-GaAs heterodiodes a Tinear
variation of the type IR « V at low reverse voltage and a
power law variation of the type IR o Vm, where m is greater
than 3 for high reverse. voltages. Similar behaviour has
been also observed in the present work on p-n Ge/CdSe hetero-
junctions.
Fig. 9.12 shows the 1og I-log V characteristic of the
same p-n Ge/CdSe heterodiode measured at about 293°%K. It
is seen that at Tow applied reverse bias, that is in region
a, there is linear variation of current with voltage. That
is [ = V], showing an ohmic regime to occur at low reverse
bias.
| As the reverse bias voltage is increased, region b is
reached in which the current I =« V2. This is a space-charge-
limited regime. On further increasing the reverse bias
region ¢ is reached in which the current is proportional to
V3. Lastly, further increase of voltage gives rise to an
higher power law in which the current is proportional to V6,
as shown in region d.

Fig. 9.12 also contains the logl-log V characteristic

of the same device measured at 273°K. At low applied bias
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an approximately linear variation of current with voltage
is seen. That is, in region a, the current is found to be

1.17

proportional to V On increasing the voltage, region

b, is reached in which the current is found to be proportional
to V3. On further dincreasing the reverse bias, the current
is found to be given by I « V6, as shown in region c.

The log I-log V characteristic of the same device
measured at 77OK, in fig. 9.12,Ais of V3 form even at Tow
bias as shown in region a. In region b the current was
found to be proportional to V6.

Thus as the temperature is decreased from 2939k to
77°K in the low voltage regidn the ohmic regime changed to
a higher power regime and at higher voltages a V6 power law
was found to occur at all these temperatures. This shcws
that in the lower applied voltage ranges m is a function of
temperature. Similar effects were also observed in the
case of the n-p Ge/GaAs heterodiodes studied by Riben and
Feucht (1964, and 1966a%b). They found that when the
temperature of the diode was reduced from 300°K to 77°K,
the reverse I-V characteristics showed a linear ohmic regime
change into a V6’5 power law. Abdalla (1973) observed
ohm's Taw at low voltages followed by a ym power law in the
reverse I-V characteristics of n-CdTe/p~-Ge heterojunctions,
where m was found to vary between 4.5 and 6.5.

Abdalla (1973) also plotted the log % versus log V2

characteristics and found evidence that'zéner tunnelling was

the principal conduction mechanism in the reverse direction
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across the CdTe/Ge heterodiodes. The observation of a

high power law dependence in the reverse characteristics

could be due to the Ge valence band gaining enough energy

to come level with the CdSe conduction band as predicted by
the equilibrium energy band profile (see section 9.5) of the
p-n Ge/CdSe heterojunction,. If this happens Zener tunnelling
is expected to be the predominant current transport mechanism
(Riben and Feucht 1966§%$ Donnelly and Milnes (1966), Riben
and Feucht (1966a, and.1966b) and Hovel and Milnes (1968)
suggested that if Zener tunnelling is operating, then the

current is given by the expression,

I = AV exp(-BV™2) 9(18)

where A and B are constants.

Fig. 9.13 gives the log % versus V™2 characteristics
measured at 293°K, 273%¢ and 77°K. From these graphs it
is evident that Tlog % is proportional to V—% at higher voltages
and that these sirajght portions of the graphs are parallel
with practically constant slope. This suggests that the
current transport mechanism across the n-CdSe/p-Ge hetero-
diodes in the reverse bias direction is predominantly Zeﬁér

tunnelling.
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CHAPTER X

CONCLUSIONS AND PROPOSALS FOR 'FUTURE WORK

This research programme was started with the following
purposes; (1) to grow reproducible and controllable epi-
taxial films of cadmium selenide on germanium for the first
time with the minimum defect content; (ii) to study the growth
hébits and structure of the CdSe films and the CdSe/Ge hetero-
Junctions; (iii) to identify and analyse the defects such
as planar defects and domain-form transformed structures by
annealing; (iv) to obtain information about the nature of
the misfit dislocations at the CdSe/Ge heterojunctidna] inter-
faces; (v) to examine the experimentally observed epitaxial
phenomena in CdSe/Ge devices and to compare them with existing
general features of epitaxial phenomena found in the literature
and (vi) Tastly to study the physical properties of p-n
Ge/CdSe heterojunctions.

In this thesis the results of the experimental investi-
gations have been reported in two parts I and II. |

From the results of part I of this thesis it is quite
clear that the first set of objectives (I to V) were achieved
to a satisfactory extent. With the study and adjustment of
various growth parameters such as the substrate temperature,
substrate surface perfection , vacuum conditions etc. the
epitaxial ranges of CdSe on (100), (110) and (111) oriented
Ge substrates were established reproducibly. The epitaxial

CdSe films had always the cubic sphalerite structure. Three
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dimensional defects were never observed in these CdSe films.
The films of CdSe grown on (100) and (110) faces of Ge con-
tained two dimensional planar defects in high densities but
the films of CdSe grown on the (111) faces of Ge did not.
Most of the work reported here was done in high vacuum ~ 10'6
torr and the effects of the various growth parameters were
fully explored in this range. So in order to make more
perfect films, and to get wider epitaxial ranges, it is
suggested that the effect of ultra-high vacuum (of 1078 torr
and below) should be studied.

The CdSe films grown on (100) and (110) surfaces of
Ge follow the general rules of epitaxy found for other II-VI
compounds. That is they were found to grow in paralilel
alignment with the substrate. However when the CdSe was
grown on (111) faces of Ge it was found that it does not
follow previously observed rules for II-VI compounds. That
is, it grows with a new epitaxial orientation relationship
with the substrate. This was described as the "nearly-
parallel rotation" epitaxial orientation. This orientation
relation is the first of its kind found in the research study
of II-VI epitaxy. Further investigations indicated that 60°
mixed misfit dislocations could account for the relative
rotation of the CdSe film and Ge substrate through 2924 about
the (111) heterojunction normal. This evidence for the poss-
ible importance of 60° misfit dislocations is the first in

the field of epitaxy. The spacings of the 60° dislocations

was obtained both from independent measurements and by
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comparison with moire fringe spacings. The spacing of
60° dislocations was calculated by assuming the edge components
accounted for the whole of the lattice parameter misfit and
that the screw components accounted for the rotation from
parallel alignment. Both the theoretically calculated and
experimentally observed values of the spacing was found to
be about 50 A . However transmission electron microscope
determination of thé Burgers vector of these misfit dis-
locations is still needed to establish the facts beyond any
doubt. Hence it is suggested here that following the chemical
thinning technique used in this work, more films of CdSe/Ge
(111) should be prepared and transmission electron microscope
observations should be continued to determine the Burgérs
vectors of these dislocations by diffraction contrast. It
is also suggested that it should be very interesting to start
electron microscopy studies of the nucleation and growth of
CdSe on the (111) faces of Ge to explore the initial growth
mechanism and of the accommodgﬂon of misfit by the nucleation
of 60° mixed misfit dislocations at the heterojunctional
interface.

The characteristic defect structure found in films of
all the II-VI compounds studied in this laboratory over
many years when grown on (110) oriented ionic or semiconductor
elemental substrates was of <111> planar defeqts in a "domain-
form transformed" structure. In the present work high
resolution dark field microscopy revealed the jig-saw-puzzle-piece

shaped domains in these films. When these epitaxial CdSe/
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Ge (110) specimens were annealed the jig-saw-puzzle-pieces
disappeared leaving behind their domain boundaries. | From
high resolution darkfield microscopy studies of these
annealed films it was concluded that these domain boundaries
vere in fact antiphase domain boundaries. This is the
first time that antiphase domain boundaries were found in
the field of epitaxial studies of II-VI compounds. It is
suggested for future work that (110) CdSe/(110) Ge specimens
should be annealed at higher temperatures to discover whether
the antiphase domain boundaries could be also annealed out;
thus improving the structural perfection of (110) II-VI films.

The present work on the (110) CdSe/(110) Ge hetero-
junctions has exp]ofed the structural properties of these
heteroepitaxial devices, but further interestiﬁg investigations
of the electrical properties of these devices remain to be
made. Measurements at different teﬁperaturesshou]d be
carried out. This should make it possible to identify the
mechanism of current transport across these devices and to
correlate them with the types of defects present and their
effects.

As reported in part II of this thesis studies of the
I-V characteristics of CdSe/Ge (111) heterodiodes were
carried out. These I-V characteristics showed the recti-
fying properties of p-n Ge/CdSe (111) heterojunctions. In
case of the forward I-V characteristics the current transport
mechanism seemed to be predominantly recombination-tunnelling

and in the reverse I-V characteristics the current transport
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was found to be predominantly due to Zener tunnelling at
higher voltages. For future work it is suggested that
capacitance-voltage measurements in the reverse direction
should be carried out to determine the built-in-voltage in
these heterojunctions and thus remove the only uncertainty

in the construction of the equilibrium energy band diagram

at these abrupt heterojunctions. CdSe is a photoconductor.
Hence the study of the opfica] properties such as the

"window effect" in the photovoltaic response of these hetero-

junctions is suggested as an interesting future study on

these heterojunctions.
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