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Thin films of CdS have been deposited in high vacuum on a
variety of single-crystal substrates. They were NaCl(100) and
BaF2(111) cleaved faces and NaC1(110), NaCl(11l), Ge(11ll) and Si(111)
chemically polished faces. The substrate temperature range over
which the films were epitaxial was determined by electron microscopy.

A structural analysis of the films showed that they grew with
the stable hexagonal wurtzite structure on substrates in (111)
orientation whereas substrates in (100) and (110) orientation produced
films having the metastable sphalerite structure.

Films containing included grains of a second phase were analysed
and the structure and distribution of the grains were determined.

Over certain temperature ranges, epitaxial films with either
gtructure could be prepared frec of included grains. According to
their temperature of preparation, these films contained a varying
number of dislocations, planar defects and vacancy loops.

Some films were annealed in order to determine the effect on
their defect content. The content was reduced in films having either
structure but a simultancous transition to the wurtzite structure
was promoted in films deposited with the sphalerite structure.
Photographic evidence and a brief description of this process are
presented.

Epitaxial layers of CdS were readily deposited on Ge(11l)
substrates but no success was achieved when using Si(111) substrates.
It is believed that this may have been due to contamination of the
silicon surface whilst under vacuum. The moiré fringe system produced
by the €dS(0001)/Ge(111) heterojunction interface is illustrated and
the spacing is shown to be that predicted by theory.

Finally, some recommendations are made concerning the course

which future work on this subject should take.
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CHAPTER 1

INTRODUCTION

The most widely used semiconducting materials are the two group
IVb elements, silicon and germanium, and certain members of the two
sets of binary compounds formed between the elements of groups IIIb
and Vb and between the elements of groups IIb and VIb of the pericdic
table. |

The II-VI compounds are the least exploited of these although
an extensive literature exists on their physical and chemical
properties. A general review of this has been compiled by AVEN and
PRENNER (1967). Many applications require that the material be in
the form of a high quality single crystal and it is largely because
the II;VI compounds in general are difficult to grow as good single-
crystals that they are still only to be found in appiications using
polycrystalline material. Ir this context wide use is made of 7nS
for phosphors and CdS for phosoconducting layers and more recently for
field-effect transistors (e.g. WEUGEBAUER et al. 1967).

There are several potential applications for single corystals of
ths II-VI compounds. Their vand gaps lie between 0.02 e.v. (HgTe)
and 3.7 e.v..(ZnS) (BUBE, 1967).  Some of these (e.g. CdS, ZnS,
ZnSe and ZnTe) should, in theory, be suitable for making deviees
producing vigible radiation (MOREHEAD, 1967). This is particularly
the case since electron transitions within the band structure of the
II-VI compounds are believed to be direct (SEGALL, 1967). - This»
implies that the process of radiative recombination should be more
efficient in these semiconductors than in those in which it takes
place as & result of an indirect transition. . Galliﬁm phosphide,
silicon and germanium are semiconductors of the latter type. The
piezoelectric properties of the II-VI compounds in general and Zn0Q
and CdS in particular make them suitable for applications using the

acoustoelectric effect (section 2.2). Neither $i nor Ge is
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Piesoelectric and oahnot, therefore, be used.

The development of microcircuitry has resulted in the successful
industrial production of thin film single-crystal silicon devices,
These films are "epitaxial'y a term which describes the situation where
there is a simple orientation relationship between the crystal lattices
of the film ard its substrate. Although several 11-VI compounds
have been epitaxially deposited on a variety of substrates (section
2,5) the work, generally, has not been well-coordinated. In
particular, & great proportion of the studieé of these epitaxial films
has been concerned with their clectrical or optical properties without
reference to their crystal structure. Crystalline faults, particularly
when associated with impurity atoms, provide traps of varying dépths
for charge carriers. These greatly affect the electronic properties
of the material (BUBE, 1960; 1967). The reverse dependency, that of
the structural properties on the electronic properties is, by
comparison, very weak, A satisfactory structural analysis which is
independant of the electrical character of the material is therefore
guite possible, For this reason it is advantageous to begin by
studying the crystal and defect structures of these materials and
subsequent electrical measurements may then be interpreted in the light
of this knowledge. Very little systematic work of this kind has heen
published, The only detailed structural analyses of defects in thin
epitaxial films of II-VI compounds published so far refer to ZnTe
(HOLT, 19692 and b), ZnS (WOODCOCK and HOLT, 19693 HOLT and WOODCOCK,
1970) and ¢dS (WILCOX and HOLT, 1969). Both the zinc compounds are
stable in the cubic sphalerite structure (section 2,1) in the
temperature range of deposition, This thesis is mainly concerned
with such an analysis of epitaxial 0dS films which are stable in the
hexagonal wurtzite structure {section 2.1) over a similar temperature

ranges No structural analyses of epitaxial films of II-VI compounds
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stable in the hexagonal wurtzite structure have so far been
published.

The work reported here was directed towards the production of
single-crystal thin films suitable for making devices operating in the
acoustoelectric mode. The layers were deposited in high vacuum and
the source was heated by an electron beam. Zn0 and CdS are two of
the most promising materials for this application. Some experiments
were initially carried out using ZnO but it became apparent that the
apparatus was not suitable for use with this compound. This was
because the layers produced from ZnO powder were found to be nearly
devoid of oxygen when grown in vacua below 10_3 torr, a condition
necessary for the operation of the electron beam evaporator. It was
therefore decided to use CdS instead as a source material.

Thin CdS layers were epitaxially grown on a variety of single
crystal substrate faces and their structural properties were studied
by transmission electron microscopy. The crystal faces used were the
(100), (110) and (111) faces of sodium chloride (NaCl), the (111)

cleavage face of barium fluoride (BaF,) and also the (111) faces of

o)
both germanium (Ge) and silicon (Si). A very few layers were also
grown on the (0001) face of CdS but, owing to a lack of suitable
substrate material and the difficulty of obtaining specimens for
transmission electron microscopy, no significant results were obtained.

It has aiready been reported that CdS films have the gphalerite
structure if grown on (100) oriented NaCl substrates and the wurtzite
structure if grown on (111) oriented mica and Ag substrates (CHOPRA and
KHAN, 1967). It was decided to determine whether this result applied
to films grown on the NaCl and BaF2 substrates mentioned above and, if
s0, to compare the defect content of films having the two different

structures.
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The BaF2 (111) substrates were used for two reasons; a} they
can be prepared by cleaving in vacuo producing very clean (111)
oriented substrates, and b) they enable the substrate temperature
range investigated to be extended to about 55000. which is beyond that
possible for NaCl.

The difference between the interatomic distances of atoms in the
(0001) plane of wurtzite CdS and atoms in the (111) plane of Ban,
expressed as a percentage of the mean of these two values, is 5.&%
and for CdS (0001) and Si (111) it is 7.4%. The corresponding figures
for cas (0001) on NaCl (111) and Ge (111) are 3.8% and 3.6% respectively .
All these values are based on measurements made at room temperature.
The BaF2 and Si and the NaCl and Ge thus form two palrs each having a
similar value for the misfit with respect to the (0001l) plane of CaS.
Because of this and since all the substrate materials have cubic
symmetry, (although they do have different crystal structures) it was
hoped that the information obtained from the structural analysis of the
epitaxial filmg grown on the ionic substrates could be usefully
compared with those grown on the two semiconductors Ge and Si.

Trahsmission electron microscopy was used exclusively for all the
structural analysis since this technique is capable of great
resolution at high magnification. The associated technigue of dark
field electron microscopy also provides a means of removing
ambiguities in the interpretation of bright fiecld images (section 2.6).

The work is presented in five parts. Chapter 2 which follows
ig a gsurvey of the most relevant literature and also includes a brief
statement of some of the more important parameters which have been
found to influence the growth of thin films. A section is also
devoted to a discussion of diffraction patterns. This is intended to
make possible a more concise analysis of results in Chapter 5.

Chapters 3, 4 and 5 are concerned with the experimental procedure used,



the results obtained and to a discussion of these results. Finally
a short chapter deals with general conclusions and recommendations for

further work.
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CHAPTER 2

BACKGROUND INFORMATION aND A SURVEY OF RECENT WORK

The literature of the I1-VI compounds covers a very wide range.
Much of this information has been gathered over the last twenty years
during which time, interest has been mainly devoted to the synthesis
of large single crystals and to the numerous electrical properties
which these compounds display. AVEN and PRENNER (1967) have compiled
a comprehensive review of the information concerning the physics and
chemistry of the II-VI compounds. Consequently, this survey is
confined to those topics which are most pertinent to the work
reported herc.

2.1. THE CRYSTAL STRUCTUKE OF THE I1-VI COMPOUNDS

Many of the useful semiconducting materials have closely
related crystal structurecs. These structures are built up in such a
way that each atom is tetrashedrally co-ordinated by four others. The
basic structural unit is a tetrahedron of four atoms containing one
atom at its centre as is shown in fig. 2.1. By joining other
tetrahedra to one another in a particular way, the assembly of atonms
can be extended to form the diamond structure which has cubic symmetry.
It can be seen from fig. 2.2 that it is an f.c.c. structure containing
four extra atoms at positions within the unit cell. Apart from
diamond, both germanium and silicon have this structure.

The "adamantine structures" are closely related to the diamond
structure. These are the sphalerite and wurtzite structures which
contain equal numbers of two types of atom and are constructed from
the basic tetrahedron shown in fig. 2.1. The sphalerite structure
has its atoms at the same positions as the diamond structure and
therefore also has cubic symmetry. In this case, however, each atom
of one kind is tetrahedrally co-ordinated by atoms of the other kind.

This is illustrated in fig. 2.4. The wurtzite structure differs



e
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Fig- 2.1

Fig. 2.2
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A diagram showing the tetrahedral co-ordination
of one atom by its four neighbours. :

\
©)

-
- aw

The unit cell of the diamond structure. A
tetrahedron of atoms like that shown in Fig. 2.1
is outlined. The atom in the center of the

 tetrahedron is marked '3'. The atoms 1,2, 3

and 4 all lie inside the cube. The rest of the

. atoms occupy the f.c.c. positions,
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Fig. 2.3 THE UNIT CELL OF THE SPHALERITE STRUCTURE

Open circles represent metal atoms and solid circles
represent non-metal atoms. The orthogonal
crystallographic axes are denoted by a,b and c.

Fige. 2.4 THE UNIT CELL OF THE WURTZITE STRUCTURE

Open circles represent metal atoms and solid circles
represent non-metal atoms, Roman letters indicate
layers of metal atoms and Greek letters indicate
layers of non-metal atoms. The crystallographic axés
are denoted by ayy & and ¢, and the interatomic
spacing of atoms of different types is denoted by u.
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from the sphalerite structure only when next-nearest neighbours
of the same atom type are considered. The wurtzite structure has
hexagonal symmetry and is illustrated in fig. 2.% and it can be seen
that it is based upon the h.c.p. lattice.

The rclationship between the diamond and the adamantine structures
is discussed by EVANS (1964).

2+1.,1. THE ATOMIC ARGANGEMENT IN II-VI COMPOUNDS

A1l the 1TI-VI compounds in their stable state at room temperaturs
have one of the two crystal structures illustrated in figs. 2.3 and
2.4, Either structure can be considered as two interpenetrating
hoc.ps or f.c.c, lattices and, in a perfect crystal, each lattice is
occupied entirely by the atoms of one element.

In the wurtzite structure of Cd3, the atoms occupy the following

positionst -

cd at (0,0,0); (%&%’%)
and S at (0,0,u); (%,%,5+ u)
where 1 is almost exactly %. The co-ordinates are given in terms of
a and ¢ along the al, a2 and ¢ axes. The two sublattices are seen
to be separated by the lattice vector (0,0,u). The lattice paramcters

o} o}
for this structure arc a = 4,1368 A and ¢ = 6.7163 A (ROTH, 1967).

The atoms in the CdS sphalerite structure lie at the following
sitegs-
s (0,

)
and 5 at (';}'ﬁ'i;’%); (

5)i (5:0,3)5 (3
2)s (D2 (H27)

The co-ordinates are given as fractions of the lattice parameter

MH
mw
mP
2o
e

!\4?"‘
-

(@]
S’

@P
pp
lHP
*PICN
o
[Nt
bl

#k
.{5'

along the a,b and ¢ axes. In this case, the sublattices are separatel
by the lattice vector (4,%z,%) and the lattice parameter is
a = 5,818 Z (A.S.T.M. index),

The magnitude of the lattice vectors separating the two

sublattices in the sphalerite and the wurtzite structures are identical
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if u is exactly %-. For all the II-VI compounds, the vector is

very close to the ideal value of %-whioh corresponds to regular
tetrahedral co-ordination (ROTH, 1967).

A more convenient description of the two structures is that based
upon the stacking of double layers. Each double layer consists of
one layer from each of the sublattices. The possible positions for
atoms in the layers stacked one on top of the other can be denoted by
the letters A,B and C (or o, ﬁ and h’ depending on which atom species
is being considered). All the atoms in a particular layer occupy
either an A site a B site or a C site. The relative positions of
these atomic sites is shown in fig. 2.5. Simple, regular alternating
sequences may be constructed from layers occupying either of two
positions, e.g. ABABAB etc., or from layers in all three positions
e.g. ABCABC etc. On this basis, the wurtzite structure may be
represented by the following sequences-

A BEAABH ete.
‘where the loman letters represent the atoms from one sublattice and
the Greek letfers represent those from the other sublattice. The
sphalerite structure can be represented in the same way, but in this
case the layer sequence repeate itself after thyee double layers:-
AcLBR CYAXBPCY ete.

These layers are the {OOOl} planes in the wurtzite structure and
the {llﬁ planes in the sphalerite structure.

The bonding between one layer of atoms and its two adjacent
layers is divided unequally. By referring to fig. 2.3, it can be
seen that the tetrahedral bonding of an atom in the ol layer is
obtained from bonds to three atoms in the_A layer and to only one atonm
in the B layer. It is surmised that cleavage cracks always propagate
between layers joined by only one bond per atom and that chemical

attack invariably leaves a layer of atoms at the surface each having
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C C C
SOMOMON
C C C C
'O ® ®
(A) | (B)

OO O OBOOC
RoS60800 % 8%
o0 C 000262620

) (D)

‘Fig. 2.5 EXPLANATION OF NOMENCLATURE USED IN DESCRIBING
STACKING SEQUENCES. ‘

(A) Close packed array of atoms on A sites.
(B) Relative positions of the A, B and C sites.
(C) Double layer stacking sequence on A and
B sites only. The wurtzite structure.
(D) Triple layer stacking sequence on A, B and
C sites. The sphalerite structure.
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three bonds to atoms in the layer beneath.

The gpacings of nearest neighbour atoms in material with either
the wurtzite or the sphalerite structure are very nearly the same
for those II-VI compounds which can be prepared in both forms
(ROTH, 1967). Consequently the fraction of the space available which
is occupied bj the atoms of the material (or "packing fraction") is
nearly identical for each structure. A further consequence of this
is that the binding energy for crystals of the same material with
either structure ip nearly equal. The occurence of crystals having
structures with repeat distances longer than the two shown above is
believed to be partly due to this small difference in binding energy
(ROTH, 1967). These structures are known as polytypes and ZnS has
been found to form polytypes with very large unit cells. In some
cases the structures have been found to repeat after as many as a
hundred. layers (STEINSERGER and MARDIX, 1967). Also related to the
small difference in binding energy is the fact that a number of II-VI
compounds undergo a phase transformation from one structure to the other
at high temperature (ROTH, 1967).

2.1.2: THE PULAR CHARACTEX OF TE TI-VI COMPOUNDS.

An important property of these compounds is the absence of a
centre of symmetry in both crystal structures. A defect which is
peculiar to non-centrosymmetric crystals is that of "polarity reversal'.
The stacking sequence of the wurtzite structure is represented, as
shown in section 2.1.1., by the sequence:r

Adin Ao BB AO(;EB}% etc.
The Roman letters no; gtand for metal l&yérs and the Greek letters for
non-metal layers. The dotted lines represent the intersection of
{OOOi} planes with the plane of the page. It can be seen that if the
crystal were to be cleaved on these plénes, the face exposed to the

right ¢«f the first dotted line would consist of metal atoms and the
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face to the left of the second dotted line would consist of non-metal
atoms. A "polarity reversal" from one region of a crystal to another
results in the stacking sequence changing from:-

AX BB A BP ete.

AAPBBAABB ete.

It can be seen that the stacking sequence in the two regions are
in antiphase with one another. 4 section through a crystal on an
(OOOl) plane containing regions stacked in antiphase would reveal a
face containing areas of metal atoms and areas of non-metal atoms.

The boundary between these regions and the matriv is called an
"antiphase domain boundary" and the volume of crystal in which the
stacking sequence is reversed is the "antiphase domain'. The same
terminology applies to the sphalerite structure. An analysis of the
geometry of this situation has been made by HOLT (1969a)in which it is
pointed out that two antiphase domain boundaries (A.P.Bs.) cammot meet.
This arises from the fact that the junction of two A.P.Bs. defines
three regions of crystal, each stacked in antiphase with respect to
its neighbours. Since there are only two possible stacking modes for
the IT1-VI compounds, it follows immediately that two of these three
regions thus defined must be stacked "in phase", hence there can be no
A.Y.B. between them. This implies that A.P.Bs. form continuous loops
at a free surface or else pass out of the sides of a crystal. The
antiphase domains can be easily detected at (0001) or (111) surfaces
by almost any etch (WILSON 1966) since the metallic and non-metallic
faces have very different corrosion characteristics (WAREKOIS et al,
19623 REYNULDS and CZYZAK, 1960; BAKHRADZE and ROM-KRICHEVSKAYA, 1963;
WOLFF et al, 1964). The metallic and non-metallic faces at the ends
of the EOOOﬂ and 1111 polar axes are normally distinguished by the

use of (0001) or (111) indices for the metallic face and (0001) and
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It is possible to correlate the etching behaviour with the atom
species at the face by means of x-ray diffraction (WAREKOIS et al. 1962).
Having obtained this correlation, the orientation‘of a crystal can then
be determined by observing the etching characteristics over its surface.
This technique has been commonly used on bulk single crystals, for
example by WARFKOIS et al. (1962), BAKRADZE AN RUM-KRICHEVSIAYA (1963)
and HEVMAT and WEINSTEIN (1967). It has also been used for determining
the polarity of thin films of 0dS by VECHT et al. (1966) and RUZGUNYI
and FOSTER (1967).

2.1.3. THE PROPERTIES OFf T/E INTERFACE BETWEEN 4 FILM AND ITS SUBSTRATES.

The geometry of the interface between the substrate and the thin
film is of particuler iﬁtereét where the thin film and the substrate
are differenf semiconducting naterials. The interface in this case
is called a heterojuncfion to diStihguish it from a homojunction which
exists between twd differéntly doped regions of the same semiconductor.
Heterojunctions formed with CdS as one of the components have been
prepared by seversl people including AVEN and GAEWACKT, CdS/ZnTe (1963),
MmmﬂRamimmmm,bﬁmee(l%M% AVEN and COOK, 0dS/ZnTe (1961) and
KANDILAROV and ANIDREYTCHIN, cdS/cdSe (1965).

In general thers is a lattice mismatch  between the two
components at the interface which is accommodated by a network of
dislocations. The dislocations have charged cores where the unpaired,
or "dangling", bonds terminate. An analysis of the geometry of the
crystal structure at the interface between two materials with the
sphalerite structure has been made by HOLT (19662) for the (1u0), (110)
and (111) planes. The equilibrium configuration for the dislocations
is a network whose mesh size ls inversely proportional to the lattice
mismatch, |

The direct observation of these networks by electrom microscopy
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is possible. Yowever, it is frequently rendered rather difficult
by the superposition of moiré fringes caused by the electron beam
being diffracted by each crystal lattice in turn. This fringe
spacing is also dependent upon the lattice mismatch. Moiré patterns
are similarly generated when there is a slight angular displacement
between the lattices of the two crystals although only those produced
by two lattices in parallel alignment are relevant here. A complete
analysis of the contrast obtained with both misfit dislocations and
moirdé patterns in electron micrographs is given by EIRSCH et al. (1965)
and BASSETT et al. (1958 a and b).

The spacing of & moiré fringe system, where there is no rotation

between the twc lattices, is given by:-

D=4, 4, (1)
iy
where d. and d, are the spacings of the electron diffracting planes

1 2

in the two crystal structures which are giving the moiré pattern.

‘ o
If g: is the migfit between the two lattices then< is given by the
relatien: -

2) = dy -4, if dped, (2)

[P S — e e PR

dy * 4, a4y

0 _ ~
S =2 (dl a

The spacings of the misfit dislocations is given by:-
Dy = Il (3)
z
where b is the burgers vector of the dislocations.

It can also bhe seen that:-

(4)

where 4 is either dl or d2 depending upon the approximation made in

(2). This means that if ib§ = d, then the spacing of the misfit

dislocation network and the moiré fringe systems will be the same,
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They will also be coincident only if, in addition, the lattice planes
giving the moiré pattern are parallel to the dislocation lines.

2.2, THE ACOUST L LLiCTRIC EBFFEC

When a lattice vibration, or acoustic wave passes through a
material, it is coupled with a localised variation in the electric
‘field which moves in phase with, and in the same direction as the
acoustic wave.

The electrical effect which this field wvariation causes depends
upon the electrical conductivity of the material. If the free
electron concentration is high, as it is in a metallic conductor, the
field variations are immediately nullified by the movement of charge
and no net field variation can be detected. In other words, the
field inside a conductor is zero. If the free electron concentration
is zero or very low, as in an insulator, the electrons are tightly
bound and hence there is no variation in the charge distribution in
the material as the wave moves by, i.e. the divergence of charge in
an inéulator is zero. Lowever, st intermediate values of free
electron concentration, the electrons are bunched together to form
high field regions by the acoustic waves and they move through the
crystal in phase with them. This "electro-mechanical" coupling of
acoustic waves and electron bunches is greatly enhanced if the material
is "piezoelectric". A piezoelectric material is one whose crystals
exhibit electric charges over their surface when subjected to
mechanical stresses, and undergo dimensioenal changes along certain
crystallographic directions when placed in an electric field (CADY 1946) .

By applying a D.C. electric field across the material in the
direction in which the acoustic wave is travelling, the electrons are
accelerated. If the electron velocities in the direction of
propagations of the wave are less than the velocity of sound in the

material, energy is drained from the acoustic wave and given to the
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electrons, but if the electrons are accelerated to a speed greater
than the local speed of sound, energy is fed from the clectric wave

to the acoustic wave. Het amplification of the acoustic wave takes
place when the energy transferred to it from the elecetric wave exceeds
the losses it incurs in passing through the material. This is known
as the "acous.oslectrich effect.

A number of mathematical treatments of this effect exist (WHITE,
1962; HUMSON and WEITE, 1962; RINSPRUCH, 1965; WaNG, 1966). They
are all based on a model first applied to oscillating fields in media
by KYAME (1949) who subsequently modified it tc take account of
conductivity (KYAME, 1954). The mathematical treatments listed above
all make simplifying assumptions, one of which is that there is a
linear relatibnship between the acoustic and the electric components.
This restricts the model to small signal cases only. Ancther
simplification is that only one dimensional models are considered.
Unfortunately, a number of the observed effects are nonlinear since,
umder acoustic guin conditions, the signals generated are freguently
very large. A nonlinear snalysis was used by MUCRE (1967) when studying
current fluctuations in the saturation current of a CdS crystal.

A1l the II-VI and III-V semiconducting compounds are piezoelectric
and are theresfore capable of generating an acoustoelectric effect. The
II-VI compounds, CdS and Zn0O, have high piezoelectric constants
(e = 11.6 coulombs/m2 for €4S and up to 36 coulombs/m2 for Zn0O) which
meang that the electromechanical coupling referred to above is efficient.
Zn0 is theoretically the better material since both the piezoelectric
congtant and the speed of sound are higher in this than in Cd4S.
Material problems with Zn0 have restricted most of the research to
CdsS which is, by comparison, easy to obtain in a suitable form.

However, McFEE (196%) made some measurements on single crystals of
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7n0 and MICKELSEN and KINGRiEY (1966) and FUSTER and RUZGUNYI (1966)
have prepared some fibre textured thin films of Zn0 which exhibit
acoustoelectric properties.

An effect akin to the acoustoelectric effect was predicted by
WEINREICL (1956) who attempted, unsuccessfully, to amplify ultrasonic
waves in & non-piezoelectric semiconductor. It was hoped that the
energy transfer would take place between the electric field and the
acoustic wave using the deformation caused by the eleciric potential
to couple uhen.

In 1961, :(UTSUN et al. succeeded in amplifying ultrasonic waves
in 0dS. It was found that the threshold field between acoustic loss
and acoustic gain did in fact exist. A saturation current which was
unstable, was élso found. The instability began as the threshold
field was reached and consisted of rapid current fluctuations.

MUORE (1967) and HAYDL (1967) have studied these current oscillations.
HAYDL analysed large-scale fluctuations which were attributed to the
passage of electron bunches and their associated acoustic flux domains
from the cathode, where they were created, to the anode where they
were destroyed. MOURE (1967) pointed out that there are two types of
current fluctuations one of which is that investigated by HAYDI. The
other is due to amplification of components in the "white noise"
spectrum existing inside the crystal. MOURE investigated this and
decided that the domains of acoustic flux and electron bunching
associated with the random noise were very small by comparison with
the larger kind investigafed by HAYDL. They were continually being
created by the acoustoelectric effect and destroyed by lattice
scattering. Like the large scale fluctuations, they drift towards
the anode at the velocity of sound in the crystal.

Unfortunately, this ability to amplify random noise is a

disadvantage when wishing to use these devices as wide-band width



- 27 -

anmplifiers. However, a very promising application is the amplification
of surface waves. This is ideally suited to thin films and microciraudt
technology since the useful signals are transmitted in the surface
layers of the semiconductor. The relatively poor semiconducting
properties so far obtainsable with CdS as compared with Si or Ge can be
partly overcoms LY using a composite device. In theory a layer of CdS
is deposited on a thin 5i substrate. The electric field of a signal
passing across the 31 penetrates the CdS interface and piegzoelectric
coupling occurs between the electric waves in the Si and the
corresponding stimulated acoustic waves in the cas. In practice the
disadvantage is that the voltages required to operate the Si part and
the CAS part are very different. For a device about 1 cm long the
voltages are about 10 volts for the 8i and 2 kilovolts for the (dS.
This may be overcome by insulating the €4S from the Si by & narrow
layer of insulator. A Dbetter solution to these problems would be to
improve the properties of the CdS sc that either the CdS and Si have the
same operating veltages or the Si substrate is unnecessary. These
devices have other advanteges, particularly the ease with which wave
guides and delay lines may be constructed. Their potential uses are
discussed in some detail by COLLINS and HAGON (1969).

Since the magn’ tude of the acoustoeleoctric effect depends upon
the free electron concentration, any factor which affects this
concentragtion will also affect the accustic gain. Differences in the
behaviour of semiconducting and photoconducting €dS have been observed
by HAYDL (1967) and MOORE (1967). GREEBE (1966) and KIKUCHI et al.
(1966) have investigatced the effect of illumination on the acousto-
electric properties of photoconducting CdS. KIKUCUI et al. (1966)
also investigated the effect of temperabure on the gain of a 0dS
device and it was found that this reached a maximum at a particular

temperature,
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Devices made from material containing antiphase domains exhibit
reduced gain. This is because the polarity of the crystal structure
reverses across the boundary and produces discontinuity in the
electromechanical coupling as the acoustoelectric wave front passes
through it. As a result, a percentage of the wave is reflected at
the boundary and eonsequently a crystal containing antiphase domains
has an effective piezoelectric constant which is less than that for
a perfect crystal. This has been obscrved by WILSON (1966) and
ROZGONYI and FOSTER (1967).

Other crystallographic defects like dislocations and stacking
faults, also destroy the electrical homogeneity of the material. They
provide trapping centres of varying depths for charge c;rriers and the
characteristics of any device dependent upon the carrier density are
thereby rendered very temperature-dependent and photosensitive (BUBE,
1960, 1967).. The effect of charge carrier trapping on the acousto-
electric effect in CdS has been studied by GREEBE (1966).

Thus, the elimination of as many defects as possible is very
important if a crystal is to be suitable for use as an acoustoelectric
device, The intrinsic conductivity is also a parameter which must be
controlled if reproducible results are required. These criteria are
most easily reached with bulk crystals and for this reason the majority
of the work with acoustoelectric devices has been performed with these.
Little progress has yet been made with single-crystal thin-film devices
since their properties have not been reproducible. In general, thin
films of II-VI compounds contain many faults and this is one of their
shortcomings which must be overcome before good quality thin-film

devices can be produced.

2¢3. GROWTH OF THE II-VI COMPOUNDS FROM THE VAPOUR PHASE

The growth of crystals from the vapour phase involves the two

important physical processes of evaporation of the source material and



condengation of the orysfal material, In the case of II-VI compounds
the processes are complicated by the fact that they dissociate when
vaporised.

The vapours of the group IT metals are always monatomic whereas
the vapours of the group VI non-metals usually exist as diatomic
molecules. Species other than the diatomic molecule are only found
in quantity at high temperatures and pressures (GULDFINGER and
JEUNEHOMME, 1963).

The transition from the solid to the vapour state for CdS obeys

the reaction:

fl

MK— M + -%xz M

solid gas gas X

Metal

Non-metal

The law of mass action applies to this reaction and it is possible
to suppress evaporation of the solid by increasing the relative
vapour pressures of cither gaseous component (SUMURJAT and JEPSEN,
1964; SOMORJAI, 1962; BSOMORJAT and STEIPLE, 1964; SCMORJAI and
LLSTER, 1965; KRuGIR, 1964).

It is found that the equilibrium composition of II-VI compounds
is a function of the partial pressures of the two elements and of the
temperature during crystal growth (GULDFINGHR and JEUNEHCIME 1963).

A deficiency in one or other of the component elements is usually
accommodated by vacancies on the appropriate sub-lattice (sec. 2.1)

but can also be compensated for by incorporating the extra atoms of

the excess element as interstitials within the crystal structure.

The general formula for the compounds can be written ags M%i-x) or
¥1_§> where x is the fractional deficiency in either X or M. Crystals
which have the exact composition, MX, are said to be stoichiometric.

Conversely, the relative vapour pressures of the elements ovexr
a crystal are functions of the crystal temperature. Thus, in a

crystal growing system in which the source and substrate temperatures
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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 and the excess of one of the two elements is
carried away by the transport gas. Systems in which the wvapour
pressures can be altered by the rcemoval or addition of the active
gases may be described as '"open" systems. The vacuum deposition of
thin films is a technique using an open systen. The pressures are
never allowed to reach equilibrium since the vapours are continually
being pumped away. In a completely enclosed system, like the
technique for growing crystal boules in sealed quartz envelopes, the
relative vapour pressures adjust themselves until the source material
and the depositing crystal material have the same composition.

If the crystal composition is to be controlled during growth,
it must be possible to regulate the partial pressures of the two
elements. This is achieved in closed systems by ensuring that the
initial charge is of the required composition. In open systems using
vapour transport techniques, tho vapour pressuresS can be controlled
directly and continuously. This can alsc be achieved during vacuum
evaporation of thin films by co—evaporaﬁing the compound together
with an excess of the appropriate element, This can be done from a
single source, or, more controllably, from two separate sources.
Thin films of CdS have been prepared in both ways. A mixed source
of 0dS and S was used by WEBER (1966) and two separate sources were
used by PIZZARELLO (1964) and FUSTER and ROZGONYI (L966), It was found
possibls to control the resistivity and, therefore, by implication, tle
stoichiometry of the film using either technique. The non-
stoichiometry of CdS thin films was investigated by READEY (1966). A
direct correlation between the excess Cd in the film and their

electrical resistivities was established.
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2.4. SOME PARAIBETERS WHLCE AR/ WCT THE GROWTH OF EPITAXTAL FILMS

2.4.1. GEOMETRTCAL CUuNLIDERATIONS

Theearly stages of growth of epitaxial metal films have been
studied in detail, particularly in the cases of gold deposited on ionic
crystals, molybdenite and mica substrates (MATTHEWS, 1959 and 1965;
MATHHEWS and ALLISUN, 1965; MATIHEWS and GRUNBAUM, 1965; NEUGEBAUER
C.A., 1963). _ Continuous observations of the nucleation and growth
of thin films were made by PASHLEY et al (1963%; 1964; 1965 a and b);
CHOPRA (1966) and NEUGEBAUER (1969) which enabled the mechanisms to be
identified by which defects are introduced into a growing film. 1t
was found that, although the initial nuclei were defect free, dislocations
were formed at an early stage of growth principally as a result of the
mismatch between the nuclei and between the substrate and the film
structures. In theory, only films epitaxially grown on substrates
with the same lattice parameters can be defect free. Practical examples
of this have only been obtained for Si deposited on Si substrates
(BOOKER and UNVALa, 1965).

¥ilms deposited from the vapour phase begin their growth from
many points on the substrate at once and other defects besides
dislocations nay arise from geometrical considerationg when these
geparately growing regions meet. The work of MATTHEWS et al. referred
to above, deals with defects produced in f.c.c. structured films by
this means. The most important of these in relation to the TI-VI
compounds are the twins formed by the process of double positioning
when a material with the f.c.c. structure is deposited on a substrate
with the f.c.c. lattice in (111) orientation. The (111) face of the
substrate has a 6-fold axis of symmetry perpendicular to the surface
whereas the [111; direction in the f.c.c. structure of the film is

only a 3-fold axis of symmetry. This enables the cubic film to grow
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in two non-equivalent orientations which have an angular separation
of 180° and are therefore twin-related with the substrate normal as
the twin axis.

A gimilar type of double positioning may occur in thin films with

a hexagonal crystal structure when deposited on a (100) oriented
substrate with f.c.c. structure. The structurally symmetrical
positions of the substrate lie 90° apart since the (100] direction is
a 4-fold axis of symmetry. Material with & hexagonal crystal
structure commonly grows with the (0001) basal plane parallel to the
(100) substrate surface with close packed directions in both the thin
films and the substrate lying parallel to one ano ther. Since the
close packed {1130} directions in the hexagonal structures are 60°
apert and the close packed <}10> directions in the f.c.c. structurec
are 90O apart, there are two non-equivalent epitaxial orientations
which are separated by a rotation of 90o about the substrate normal.
In this case the two orientations are not twin-related (WOODCOCK and
HOLT, 1969). Both typés of double positioning are discussed in

greater detail in sec. 2.6. since they are often found in epitaxial

layers of II-VI compounds.

2.4.2. THE EFFECT OF THE SUBSTRATE TEMPERATURE AND THE RATE OF
DEPOSTTION

It has frequently been found that an increase in the growth rate
causes a decrease in the degree of orientation of a thin film
(KALINKIN et al., 1962; SLOOPE and TILLER, 1962; KRIKORIAN and SNEEL,
1966). The rate of elimination by a process of annealing of defects
incorporated into the film during growth is temperature dependent and
the arrival of new material will tend to bury these defects in the
film unless their movement to a free surface is sufficiently rapid.
(MATTHEWS, 1959; NEUGEBAUER, 1963). In apparent contradiction to

this, MATTHEWS (1959) found that the quality of Au, Ag and Cu films.
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deteriorated if the deposition rate onto NaCl (100) substrates was

too slow. It was found that under these conditions, the nucleation
density ig lcw and ewch nucléus reaches on appreciable size before
coalescence begins. Reorientation and recrystallisation is more
difficult in this case, since the quantities of material and the
distances over which diffusion must take place are large. This means
that for metals, at least, a high nucleation density and a high
surface mobility of atoms, implying high deposition rates and high
substrate temperatures, are conducive to good epitaxy.

An increase in the substrate temperature should therefore be
accompanied by an improvement in the structural quality of the
epitaxial layer. Generally, the temperature range over which an
improvement may be obtained is limited at the upper end, either by
volatilisation of the substrate or by the re-evaporation of the
depogiting material. This situation is further complicated for
II-VI compounds by the possibility of obtaining mixtures of both the
sphalerite and the wur®zite phases in particular substrate temperature
ranges,

2.4.5. THE 'R" VALUD

A convenient way of plotting film structures as a function of
substrate temperature was devised by INO et al. (1964). A parameter,
R, was defined, which roughly represents the fraction of epitaxial
material. The values for R are agsessed by eye from diffraction
patterns of the thin films. The R-value for any film is given one
of five values which lie between O and 100 and are 25 apart (fig. 2.6).
As will be seen in the results to be presented below, values of R
different from O and 100 only occur in narrow ranges of temperature
when the film structure is changing rapidly. Therefore the poor
definition of the degree of orientation in partially oriented films \

does not significantly affect the conclusions drawn from the experiments.
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If a more guentitative assessment of film structure is required in
regions where R is varying dark field observations may be used
(WOODCOCK and HOLT, 1969).

Film structure (R values) versus substrate temperature graphs
have been obtained for gold on NaCl (INC et al. 1964), for Ge on Ge
" (KRIKORIAN and SNEED, 1966) and also for Ge on Cal, (SCHALLA et al,
1964). Similar graphs have been obtained for ZnTe, on a number of
jonic substrates (HOLT, 1966; HOLT and PORTER, 1970) and for ZnS on
NaCl (100) (WOODCOCK and HOLT, 1969) and ZnSeon NaCl (100) (HOLT and
PORTER, 1970k

2.4.4. THE BIFECT 0F CONTAMINATION OF THE SUBST-aTE SURFACE

The effect of contamination of the substrate surface on the
growth of thin films is not certain. | MATTIIEWS and GRUNBAUM (1964,
1965) showed that the best quality Au films grown on NaCl (100) were
obtained if the substrate was exposed to air before deposition.
MATTIEWS (1965) then showed that although the orientation of the
initial nuclei was better in films groﬁn on vacuum-cleaved substrates
than i1t was on substrates exposed to air, the nucleation density on
the contaninated substrates was much greater. The latter led to
earlier coalescence which had already been shown to promote good
epitexy (MATTHEWS, 1959).

HARSDORFF (196% and 1964) studied the effect of adsorbed layers
on Na€l (100) substrate surfaces upon the zenithal misalignment of
crystallites in epitaxial layers of Ag, Au and Cu. The angular
displacement of crystallites about an axis lying in the film was
plotted as a function of the substrate temperature. The curve
obtained by HARSDORFF was an oscillating function. This was
accounted for by supposing that different contaminants were
volatilising from the substrate surface at different temperatures.

Contamination by water vapour alone was found to give an oscillating
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function which suggested that successive layers oY water molecules
were increasingly tightly bound to the substrate surface. The last
layer did not begin to disappear until the substrate temperature went
above 55000. BARSDORIM found that the effect was destroyed if the
NaCl substrates were heated to above ASOOC. for a short ftime. It was
supposed that this removed not only the contamination but also the
surface layers of the substrate. The angular displacements for Ag on
NaCl oscillated between 40 and 140. This isasufficiently large
displacement from the normal to give the characteristic "buckling"
contrast frequently seen in the electron micrographs of evaporated
films.

The‘effects of 0il and water vapour contamination of NaCl (100)
substrates upon the epitaxy of ZnSvhas been investigated by UNVALA
et al. (1968) and WOODCOCK and HOLT (1969).  The results which they
obtained from films grown on substrates purposely contaminated with
these two substances, were compared with those obtained using an
ordinary high vacuum system equipped with a nitrogen trap and also
with some results obtained in ultra high vacuum. The conclusion
was that the quality of the films improved with increasing cleanliness
of both the vacuum and the substrate. No determination of nuéleation
densities was made and it is therefore not possible to establish
whether there was any difference in the nucleation and growth patterns
of these ZnS films and the metal films deposited by MATTHEWS et al.

However, the effects of contamination in the two cases appear
to be epposed. Contamination promoted epitaxy in the case of gold on
NaCl whereas it prevented it in certain temperature ranges in the case
of ZnS on NaC}. The different effects of improving the apparent
cleanliness of the conditions of deposition have also been observed
by HOLT and PORTER (1970) with layers of ZnTe and ZnSe deposited on

various ionic substrates.
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2.4.5, THE BEFVECT O Tiil MODI OF SCUURCE BVAPORATION

One of the conditions of film growth which can have a marked
effect upon the quality of films grown on ionic crystals is the means
by which the source material is evaporated. There are several ways
in which this can be done. The most common technique is that of
evaporation from s resistance heated crucible. DMost of the films
studied in the papers referred to in section 2.5 were produced in this
WaY.

It is now apparent that the structural quality of films is often
improved and the temperature range over which they are epitaxial is
increased if other techniques for heating the sovrce are used.

UNVALA et al. (1968) found that single crystal ZnS films deposited on
NaCl (100) using an electron beam heated scurce were structurally morc
perfect and could be obtained over a wider substrate temperature range
than those deposited using a source heated by radiation from a hot
tantalum spiral. Cds layers produced from a cathode sputtered source
were found by BPIBMENALTA and URASUVA (1968) to have better structural
quality and require a lower minimum substrate temperature for epitaxy
than those grown from a source in a resistance heated crucible.

Conversely, it has been found that in some cases, changing from
reglstance heating tc¢ electron beam heating of the source does not
improve the quality of epitaxial growth. For example HOLT and PORTER
(1970) found that no improvement was produced in ZnTe layers deposited
on cleaved Can(lll) faces and that reproducible epitaxy was even
eliminated in the case of ZnTe on cleaved BaFZ(lll) faces.

It therefore appears that the method used for evaporating the
source can have a significant effect on the structural quality of the
epitaxial layer. The effect may or may not be beneficial but it is
likely to be quite specific %o the thin film - substrate system in

question. Because of this and the lack of empirical data, no
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predictions can yet be made of the effects which a particular
evaporation technique may have on the epitaxy of a particular thin
film ~ substrate pair.

2.4.6, THR EFfGCT OF ELRCTRIC PIELDS AND ClARGES

Recently, it has been found that an electric field in the vicinity
of the substrate can affect the epitaxial growth of a thin film. It
has also been found that the presence of charged particles either in
the condensing vapour or on the substrate surface can also medify
their growth.

The first example of an electric field affecting epitaxial growth
was reported by CHoém (1965).  CHCPRA has since observed the efflect
of a transverse field in the plane of the substrate upon the nucleation
and coalescence of low melting point metals (1965) and also of gold and
silver (1966). In a more recent paper (CHOPRA and KiAW, 1967), the
same effect was observed with €3S films grown on NaCl(100) substrates.
Results have also been obtained by HATES et al. (1966, 1967),

STIRLAND, (1966) and HILL (1966, 1967). HAYES et al., found that the
application of an electric field across the substrate face, or removing
the charge from the vapour stream, produced similar results. STIRLAND
bombarded cleaved rocksalt substrates with electrons during the
deposition of gold and found that the minimum epitaxial temperature

was reduced. Pilms deposited immediately after electron bombardment
of the substrate did not possess an improved crystal siructure.  HILL
likewise found that gold deposited onto glass substrates after electron
bombardment did not have an improved structure. However, it was

found that after positive ion bombardment of the glass substrate, gold
films were deposited huving improved crystal structures.

These effects have only been reported in cases where the films
were deposited on insulating substrates. CHUPRA (1965) suggested

that charges residing on the surface of the condensing nuclei interfere
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with their coalescence by making them mutually repulsive and the moment
at which continuity in the thin film is achieved is thereby delayed.
Thig process could only occur on an insulating substrate. It is also
supposed that the various methods involving electric fields, ion
borbardment or extraction of charge from the vapour stream all result
in the elimination of charge arriving in the condensing material
thereby reducing the mutual repulsion between the growing nuclei. As
a result, continuity in the epitaxial layer is achieved at an earlier
stage of growth. It is thought that this enables the recrystallisation
of the coalescing nuclei to occur more quickly since the quantity of
material involved is smaller. In view of the observations made by
the above authors, WOODCULCE and HCLT (1969) investigated the possibility
that charged particles emanating from an electron beam evaporator . =’
were affeéting the epitaxial growth of ZnS films gr-yn on cleaved
Nac1(100) substrates. It was found that no effect was produced in
the thin film sitructure when zil the charges were extracted from the
vapour stream and it was concluded that charge effects were not playing
a significant part in the epitaxy of these layers. The relatively
good quality of the ZnS films as compared with those produced from
resistance heated sources was considered to be mainly due to the extreme
cleanliness of this mode of evaporation. The claim by EFREMENKOVA and
"YURASOVA (1968) that charges in the cathode sputtered CdS vapour from
which they grew epitaxial layers were partially responsible for their
good structure was not substantiated by any experimental evidence.

The role played by charges during the growth of epitaxial films
is still not well understood although it is known that epitaxial growth
'in conditions other than electrical neutrality can exhibit a modified

behaviour.
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2.5, - THE DEPOSITION OF THIN SINGLE CRYSTAL #ILM3 OF THE -
II-VI COMPOUNDS

2.5.1. VARIATTONS OF THE EPITAXTAL FILM STRUCTURE WITH SUBSTRATE
ORIENTATION

A number of studies have been made of the properties of thin
films of the IT-VI compounds but few of these have been concerned with
their detailed structural analysis. However, certain structural
observations are common to many of the thin film substrate systems.
For example, considerable evidence now exists to show that, under
certain conditions, it is possible to obtain single crystal layers of
some [I-VI compounds either with the wurtzite structure or with the
sphalerite structure by using substrates with appropriate cubic
orientations. This is most likely for IT-VI compounds for which the
wurtzite structure is stable at the growth temperatures and appears to
be because the {11ﬁ; sphalerite planeé have the same symmetry as the
$0001% wurtzite planes. In this case, when a (111) oriented substrate
is used, the film usuelly grows with the wurtzite structure whereas
if substrates are used with symmetries peculiar to the cubic system
like (100) or (110) then the film frequently adopts the less stable
sphalerite structure. II-VI compounds stable with the sphalerite
structure tend to give epitaxial layers with cubic symmetry if grown on
substrates with cubic symmetry whatever their orientation. The
polymorphic behaviour has been observed in the following cases:
ZnS on Nafl{100) and NaCl(11l) AGGARWAL and GOSWANI (1963)
¢dTe on the (100) faces of NaCl, K¢l and KBr, and on the
(111) faces of NaCl and mica RUMSH et al, 1963 a and b.
CdS on Mo(100) and mica (111) ESCOFFERY (1964).
0dS on NaC1(100) and the (111) faces of Ag and mica
CHOPRA and KHAW (1967).
ZnTe and ZnSe on NaCl(100) and MaCl(111) (DHERE and GOSWAMI, 1969).
In some cases these oriemtation dependencies have not been observed.

for example, HOLLOWAY and WILKES (1968) found that films of CdS with
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the gphalerite structure were obtained on InSb substrates regardless
of their orientation and WEINSTEIN et al. (1965) foﬁnd that a
rhombohedral form of CdS was obtained on the (II1I) phosphorus face of
GaP whereas CdS with the wurtzite structure grew on the (111) gallium
face. VAN DIJK (1967) reported that films grown on Ge(110) surfaces
had the wurtzite structure and were invariabiy polycrystalline.

These deviations from the more common polymorphic growth of Cd3 as
exemplified in the references above and in the work reported here,
usually occur on substrates which are eiiher non—centrosymmetric

or semiconducting. The electrical conditions associated with the
ends of a polar axis or with the interface between a semiconductor and
a semiconducting thin film, may be responsible for this.

2.5.2. THE DEFECT CONTHNT OF EPITAXTAL FILMS OF IT-VI COMPOUNDS

Defects lying parellel to the 111y planes in thin films with
the sphalerite structure have frequently been reported. The defects
have generally been thought to be stacking faults, but owing to their
great profusion and very small size, an unambiguous identification
nas not been made.  WOODCUCE (1968) and HOLT and WOODCOCK (1969)
reported the presence of many such planar defects in Zn3 films with
the sphalerite structure grown on NaCl(lOO) substrates. While the
contra@t arising fxom the planar defects could be explained, it was
not possible to determine the nature of these defects.

Hoit (1960b) deposited ZnTe onto a variety of ionic crystal
substrates with (100) and (111) orientation. All the epitaxial films
obtained had the sphalerite structure. The best of these were grown
in (111) orientation and not only contained stacking faults but also
a large number of double-positioning twins (sec. 2.4.1 and sec. 2.6.4.)
a detailed analysis of the diffraction patterns produced by these

films was subsequently published (HOLT, 1969b).
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A mixture of both the wurtzite and the sphalerite structures was
obtained in CdTe layers deposited on NaCl(1ll) substrates (RUMSH et al.
1963a). The two structures grew with either the EbOOl} or the %lli&
planes parallel to the substrate surface. In the substrate temperature
range of ZOOOC. to BOOOC, diffraction spots associated with material
having the sphalerite siructure wcre streaked in <lli> directions. It
was supposed that stacking faults lying parallel to the {111 planes
were the most likely cause of the streaks. Extra reflections were
also seen in the diffraction pattern which were attributed to material
within the film having a polytype structure. In a further study of
CdTe films deposited on the (100) faces of NaCl, KCl and KBr (RUMSH ot
al. 1963b), it was found that a structural transformation took place
which was dependent upon the substrate temperature. The cubic
sphalerite structure predominated at low substrate temperatures and as
this temperature was increased, the film structure became highly
faulted until, finally, a pure wurtzite structure was obtained at the
highest temperatures.

Films with a sphalerite matrix structure containing included grains
of doubly-positioned material with the wurtzite structure are common.
The geometry required to produce material in this ferm is that
described in section 2.3, This mode of growth in II-VI compounds
has been reported by a number of workers (KALINKIN et al, 1963;
AGGARWAL, and GOSWAMI, 1963%; HOLT, 1966b; CHOPRA and KHAN, 1967 and
WOODCOCK and HOLT, 1969). It has been analysed in detail by WOODCOCK
and HOLT (1969) for films of ZnS. The'percentage of doubly-positioned
material having the wurtzite structure was found to decrease with
rising substrate temperature. 1t was also reduced by co-evaporating
either Zn or S with the source material. Grains having the wurtzite
structure with single positioning only were, however, sometimes seen

in films produced by co-evaporating ZnS with either Zn or § but never



in {ilms grown from ZnS alone.

2.5.3. THE POLARTTY OF Cd3 THIN FILMS WITH RESPECT TO THEIR SUBSTRATES

Examples have been found where the epitaxial growth of CdS has
been affected by’the polar properties of the substrate crystal
structure (sec. 2.5.1). The polarity of the €d5 film itself with
respect to its substrate has not received so much atteﬁtion. VECHT et
al. (1961) and ROZGONYI and FOSTER (1967) have both made etch pit
studies on thin fibre-textured CdS films deposited on glass substrates.
In both cases, it was found hecessa:y to recrystallise the films before
etching in order to increase the grain size. The etch pits were
otherwise too small to be identified. A second technique employing
the piezoelectric effect, was used by RUZGONYI and FOSTER.

VECHT et al. found that the "OM axis was perpendicular to the
glass substrate and that the sulphur face was bonded to the glass.

The results of ROZGUEYI and FOSTHR suggested that thin films with one
of two structures could be deposited. One type gsrew with the (OOOI)
sulphur face next to the glass which confirmed VECHT's findings, the
second type contained grains of both polarities and therefore gave a

- much reduced piezoelectric voltage when compressed along the "C" axis.
No mention has been made in the literature of the polarity relationship
between CdS and the ionic crystal substrates or between (dS and the
elemental semiconductors Si and Ge. WILSCN (1966) demonstrated that
the presence of areas of reverse polarity reduced the efficiency of
devices dependant for their action on the piezoelectric‘effect and that

they were therefore of considerable practical importance.
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2.6, THE DIFFRACTION PATTERNS OF EPITAXTAL FILMS OF II-VI COMPOUNDS

2.6.1, THE ATOMIC SCATTERING FACTOR 4ND THE STRUCTURE FACTOR

The atomic scattering factor, f, is a measure of the efficiency
with which an atom elastically scatters electrons. By definition, f
ig 1 for an isolated electron scattering other electrons. FEach
element has a different value of f which is a constant for all atoms
of the same element. The constant is not usually affected by the
environment of the atom so that the value is similar for the same
element in different compounds.

The elastically scattered electrons from a.crystal, which is a
regular array of atoms, undergo interference effects similar to those
for light passing through a diffraction grating. If the electrons
arrive as a monochromatic, parallel beam (as occurs in an electron
microscope) their wave propertics cause those which are elastically
scattered to undergo constructive interference in well defined
directions. The directions are determined by the interplanar spacings
of the crystal and the energy of the electrons.

Not all possible sets of plenes need give rise to a diffracted
beam. The positions where destructive and constructive interference
take place also depend on the gpatial distribution of the atoms, i.e.
the crystal structure. It was stated above that a crystal is a
regular array of atoms. The array is produced by the repetition of a
fundamental unit which may contain more than one atom. This unit is
called the "unit cell" which is the smallest element of the crystal
that still preserves the symmetry properties of the whole crystal.
This implies that the atoms within the unit cell occupy non-equivalent
positions in space. As a result, the electrons diffracted by each
atom within the unit cell will not have the same phase. To determine
the total contribution from the unit cell, for a particular set of.

reflectine planes, hkl, the amplitudes of the waves from each atom in
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the unit c¢ell must be summed taking account of both the atomic
scattering factors and the phase differences. The summed effect is
called the structure factor, denoted by #(hkl), and is the amplitude
of the resultant reflection. The intensity of the reflection is
proportional to the square of ¥(hkl) and the total intensity diffracted
by the crystal therefore depends on the number of unit cells involved.
In section 2.1, the relationship between the diamond, sphalerite
and wurtzite stiructures was discussed. It was stated that the diamond
structure is based upon the f.c.c. lattice and that it differs from
the f.c.c. structure by having four extra atoms inside the unit cell
at positions indicated in fig. 2.2. As a regult cof the structural
effects indicated above, the presence of the extra atoms causes
destructive interference to occur between electrons scattered from
certain sets of planes. The diffraction patterns from a material
with the diamond structure therefore have some reflections missing when
compared with those from a material with the f.c.c. structure. The
selection rule which determines the reflections which are present in
an fic.d. diffraction pattern states that the indices, h,k,1, of a
particular reflection must be either all odd or all even. This means
that reflections which have a mixture of even and odd indices are not
present. Besides these, reflections, for which (h+k+l) = 4n + 2, are
also not found in diffraction patterns from materials with the diamond
structure (CULLITY, 1956). These are the absences which occur as a
result of destructive interference between electrons scattered by the
four astoms inside the unit cell and those scattered by the atoms at
the f.c.c. positions. In the case of the sphalerite structure,
however, the atoms inside the unit cell are not of the same element as
those at the f.c.c. positions. 3ince the scattering factors for
electrons are different for the two atom types complete destructive
interference does not occur and reflections of the type h + k + 1= 4n +2

are still present. This means that the diffraction patterns
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obtained from materials with the sphalerite structure are like f.c.c.
gstructure diffraction patterns and not like diamond structure |
diffraction patterns (CULLITY 1956).

None of the (h + k + 1) = 4n + 2 reflections lie in the (111)
plane, however, so it is not possible to determine whether a material
has the f.c.c. structure or the diamond structure from a diffraction
pattern in this orientation, since in both cases the pattern is the
same.

The wurtzite structure also contains two atom types and for
similar reasons to those given above for the sphalerite structure, no
extra absences will occur when diffraction patterns from this structure
are compared with those from the hep structure.

2.6.2. SINGLE AND DOUBLE DIFFRACTION FRUM A 'TWO-PHASE MATERIAL

The diffraction patterns obtained from metal films with the f.c.c.
structure have been studied in dotail(e.g. PASHLEY and STOWELL, 1963;
PASHLEY, STUWELL and LAW, 1965; JACOBS and STOWELL, 1965). Twins or
grains of a sccond phase included within the thin film matrix gives
rise to more complicated diffraction patterns. The extra spots which
oceur in diffraction patterns from some of these more complex structures
have also been analysed.

The pattern which the spots form is often a reliable indication
of the crystal structure which is being studied. In other cases,
however, the origin of certain spots in the diffraction pattern may be
uncertain. Sometimes this is because two possible mechanisms may
give rise to a spot at the same position, in which case an ambiguity
exists, and at other times the spot may have irrational indices based
on the indexing system applied to the rest of the diffraction pattern.
In the latter case, the spot evidently does not arise from single
diffraction within the thin film matrix. When they are present, spots

with irrational indices frequently form subsidiary patterns around
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each matrix spot and are thercfore usuwally referred to as
"satellite spots". The technique of dark-field electron microscopy,
in which any diffracted beam may be used to form an image may be used
to establish conclusively the origin of a particular spot.

Extra spots may occur in diffraction patterns either as a result
of single diffraction within second phase material such as included
grains or twins, or as a result of double diffraction, first in the
thin film matrix and then in the second phase material or vice-versa.
Electrons suffering such & double diffraction must evidently be those
which enter the material closec to the matrix/second phase material
boundary so that on being diffracted on one side they pass across the
boundary and subsequently undergo the second diffraction on the other
side (fig. 2.7). If electrons diffracted in this way are used to form
an image, the boundary between the second phase material and the matrix
shows up brightly in dark-field. This is known as "outline contrast"
ﬁig. 2.8@. If electrons which are singly diffracted by the second
phase material are used to form a dark-field image, then the area
covered by this material is illuminated. This is known as "domain
contrast" (fig. 2.6B).

Not all possible reciprocal lattice points resulting from double
diffraction are nccessarily permissible reflections. Certain
conditions must be fulfilled before a doubly diffracted beam is
excited. The doubly diffracted beam canvonly arise from a primary
diffracted beam (from either the matrix or the included grain) which
undergoes a second diffraction in the other material. The sphere of
reflection must therefore pass through the reciprocal lattice point
corresponding to the primary diffracted beam. It need not pass
through the spot corresponding to the second reflection although this
must be an allowed reflection in the second phase. If the double

diffraction spot is in the same plane as the primary diffraction spot,
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Fig. 2.7  SINGLE AND DOUBLE DIFFRACTION IN A CRYSTAL CONTAINING
AN INCLUDED GRAIN.

I -~ Incident beam; T - Transmitted beam;

Dm - Singly diffracted beam from the matrix;

Dg - Singly diffracted beam from the included
grain; Dmg and Dgm - Beams doubly diffracted
first by the matrix and then by the grain or

vice versa. :
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Fig. 2.8 (a) (B)
CONTRAST SEEN IN DARK FIELD

(4) Outline contrast obtained.in dark field by
imaging Dmg or Dgm.

(B) Domain contrast obtained in dark field by
imaging Dg.



..4_9..

then the spot corresponding to the second diffraction is also in the
same plane.

A complete account of the electron diffraction phenomena in
thin crystals is given by HIRSCH =t al. (1965) in which this technique
is discussed and where nuch of the analysis is illustrated using
] rosults applicable to material with the f.cpc. struoture;

2.6.3%. DIFFRACTLION BFEBCTS FROM FIlMs CONTAIWING NO IMPERFECTIONS

The difffaction patterns produced by the sphalerite structure
in (100) and (110) orientation and £he wurtzite structure in (0001)
orientation are plotted in fig. 2.9. They are identical to the
reciprocal lattice plots for these planes except that certain of the
spots are missing owing to destructive interference between the
diffracted electrons. Por example, the only spots present in
~diffraction patterns from the f,o.o; structure (and therefore the
sphalerite structure (scc. 2.6.1)) are those whose indices are either
all odd or all even. The (010) and (011) spots are therefore not
seen in the (100) diffraction pattern although they lie in the (100)
plan@; |

Small dimensions in real space correspond to large dimensions
in reciprocal space. Since the crystal films are very thin in the
direétion of the eleciron beam, and relatively broad in the two
directions at right angles to the beam, the recipfocal lattice
representations of the thin film aré arrays of long thin spikes fhose
axes lie normal to the film and therefore close to the beam directions.
These spikes project through the Ewald Spheré of reflection and so
it is possible to observe a diffraction pattern at tilts other than
that required for the exact Bragg condition for the particular
pattern (fig. 2.10); The pattérn is made by the points of
intersection of the spikes and the sphefe of refloction; The

maximum tilt that can be given before the pattern is lost depends
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Fig. 2.9 SINGLE CRYSTAL DIFFRACTION PATTERNS FROM
FILMS CONTAINING NO INCLUDED GRAINS.
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‘Fige 2410 Diagram illustrating the way in which
a diffraction pattern can be produced
at positions other than at the exact

- Bragg condition. The reciprocal
lattice spikes pierce the Ewald Sphere
to provide diffraction spots over a
range of specimen or beam tilts.
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upon the length of the spikes and therefore on the thickness of the
film. In practice thin films are frequently not well enough
supported to avoid buckling. This causes some parts of the imaged
specimen to be tilted into an appropriate orientation for strong
diffraction, even if the specimen as a whole is tilted away from the
exact position. The maximum tilt is, therefore, somewhat larger than
might be expected and is usually several degrees to either side of the
exact Bragg condition.

The intensity of the diffracted beam falls of quickly as the
angle to which the crystal is tilted is increased. Regions of the
crystal which diffract strongly, i.e. which are at, or near to, the
exact Bragg condition appear dark in the image of the crystal formed
by the transmitted beam. Consequently, when the crystal is buckled,
the parts which are bent into the appropriate orientation for strong
diffraction show up as dark contours running through areas of equal
tilt. If the whole crystal is tilted further, these contours or
"bend extinction contours" are seen to move across the film to regions
which have newly acquired the appropriate orientation for strong
diffraction.

2.6.4. DIFTRACTICN PATITANS FRUM FILMS CUNTAINING INCLUDED GRAZNS

The term "included grains" is used here to describe small
volunes of material contained within the body of the film which have
either a different crystal structure from the matrix or the same
crystal structure as the matrix and which lie in an orientation other
that that-of the matrix.

Included grains may be divided into two classes. The first
comprises all grains whose crystal lattices have a simple orientation
relationship with respect to the crystal 1éttice of the matrix and
the second comprises those grains which do not have such an

orientation relationship. The latter type do not occur in good
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epitaxial films and when they occur in films of lesser guality, their
precise orientationsare of no particular significance since they will
be random. For this reason, the effects of such included grains on
the diffraction patterns of otherwise epitaxial films are not discussed
here in detail. It should, however, be mentioned that continuous
rings concentric with the central spot of the diffraction pattern

show the presence of crystallites with random orientations.

Included grains having a simple orientation relationship with
respect to the matrix give rise to extra spots in the diffraction
pattern. Some occur as a result of single diffraction within the
bulk of the grains and some by the process of double diffraction across
the boundary between the included grains and the matrix (sec. 2.6.2.).
The positions of these spots characterise the structure and orientation
of the included grains from which they arise.

There are two particular types of oriented included grain which
are found in thin films of the II-VI compounds. One consists of
grains with the same crystal structure as the matrix and in a twin
orientation with respect to the matrix. The other type consists
of grains of material with the wurtzite structure in films having the
sphalerite structure or vice versa. A few of these configurations
which have particular relevance to the work reported here are now
discussed.

2.6.4.1. GRAINS IN TWIN ORIENTATION IW FILMS WITH TVE SPHALERITE
STRUCTURE .

It has been shown above (sec. 2.6.1) that the diffraction patterns
from films with the sphalerite structure may be directly compared
with those from films with the f.c.c. structure. PASHLEY and
STOWELL (196%) have analysed the diffraction patterns of f.c.c.
structure single crystal films and established that material twinned
about all the 4111 crystal axes gives rise to spots either at

positions already occupied by matrix spots or at positions removed
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from them by reciprocal lattice vectors of the type p %»<ll@> Some
of the spots occur as a result of single diffraction and the rest

are due to double diffraction. The array of gpots which is obtained
in a diffraction pattern from a film in {001) orientation containing
twins is plotted in fig. 2.11. None of the extra spots lie exactly
in the (001) reciprocal lattice plane since all the <111 directions
lie outside the plane. However the twin spots "spike through" the
(001) plane as a result of the mechanism described in sec. 2.6.3. at
positions displaced by : %*(11£» from the matrix spots of the (OOl)
diffraction pattern.

The diffraction pattern produced by the same twinned structure in
(111) orientation is plotted in fig. 2.12. Again the extra spots show
up as a result of spiking through since none of the (lli} directions
lie in the (111) plane.

2.6.4.2. DOUBLE-POSITIONING TWINS

A particular type of twinned structure is sometimes found in
films with a cubic structure grown on substrates in the (lll)
orieqtation. In this case, the matrix and twinned material are
rotated by 180° relative to one anocther about the normal to the
substrate. These twins are called double-positioning twins since the
matrix and twins each occupy one of only two possible orientations.
The twins give rise to single diffraction spots coincident with the
matrix spots and double diffraction spots having fractional indices
of the type %~(£22). These spots, unlike those of the form = % (111),
lie in the plane of the (lll) diffraction pattern and are produced by
electrons doubly diffracted at the incoherent boundaries between the
twins and the matrix. The spots lie at the centers of triangles
formed by the central spot and two neighbouring {2503 type matrix

spots (fig. 2.12). They can therefore be confused with i1010% matrix

spots of the hexagonal structure in (OOOl) orientation which lie at
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the same positions, unless dark-field microscopy is used.

2.6.4.3. DIFFRACTION PATTERNS FouM FILMS HAVING THE SPHALRRITE
STRUCTURE CONLAINING CGRAINS WITH THE WURTZITE STRUCTURT

There are two situations which are of particular relevance to
this work. The first concerns thin films in (100) orientation
containing grains with the wurtzite structure having the @OOl) plane
parallel to (100). The second concerns films with the sphalerite
structure containing grains with the wurtzite structure oriented with
their (0001} planes parallel to the {111} planes of the matrix.

Thegse two situations are discussed in turn.
2.6.4.4, FILMS WITH TUE SPHALESITE STRUCTURE IN (100) ORIENTATION

CONTAINING GRAINS WITH THE WURDZITE STRUCTURE WITH (0001)
PARALLEL T0 (100)

This type of growth provides another example of double positioning.
This is commonly found in epitaxially grown films of II-VI compounds
(sec. 2.5.2). The films are deposited on a (100) oriented substrate
and the film matrix grows in parallel orientation.' The included grains,
however, may grow in either of two orientations each with (0001)
parallel to (100) (fig. 2.13a). The two orientations have either
[éiio} /o1l or {zzid},f' Eéli} (fig. 2.13b) which are separated
by a rotation of 900 about the substrate normal. They each give rise
to six diffraction spots of the type {101Q§ and the two sets of spcts
appear as twelve spots angularly spaced by 300 from one another about
the central spot. The pattern is plotted in fig. 2.14. No double
diffraction spots are included in this figure.
2.6.4.5. FILMS WITH THE SPHALEAITE STRUCTURE IN (100) ORIENTATICK

CONTAIN NG GRaINS WITH THE WORTZITE STRICTURE WIT.i (0001)
PARALLEL TO (111)

The situation where material with the h.c.p. structure occurs in
an f.c.c. matrix with the (0001) basal plane parallel to the (111)
planes of the matrix and the 1115Q§ and {}idﬁ directions parallel,
has been considered by PASHLEY and STOWELL (196%). It was found that

satellite spots due to single diffraction within the h.c.p. material
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Diagram showing the two symmetrical positions

(1 and 2) of a hexagon on a square.
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/ |
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Diagram showing the relative positions of atoms
in the (0001) plane of the wurtzite structure and
the atoms in the (100) plane of the substrate
surface for position 1 of Fig. 2.13 a).
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Fig. 2.1k The diffraction pattern obtained from a thin film
with the sphalerite structure in (00l) orientation
containing included grains with the wurtzite structure
having their {§0001Y planes parallel to (0OLl). '

@ represents a cubic matrix spot.

@ represents a wurtzite matrix spot in
the first position (labelled 1).-

0 represents a wurtzite matrix spot in .
the second position (labelled 2).
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and double diffraction between this and the f.c.c. matrix should lie
either at the same positions as f.c.c. matrix spots or at distances from
these of = & (111} and © % {111) . There should therefore be two
squares of four spots round each matrix spot of the (100) diffraction
pattern. The theoretical plot of this diffraction pattern is shown

in fig. 2.15. The pattern expected from a film with the sphalerite
structure containing included grains with the wurtzite structure is
identical to this one. The extra spots also included are reflections
which are forbidden as primary diffracted beams but occur as a result of
multiple diffraction within the wurtzite lattice (sec. 5;1.ﬁ3a)

2.6.5, THE STREAKING OF DIFTHACTION SPOTS

Many of the diffraction patterns from Cd5 films illusgtrated in this
work contain spots which are smeared out or streaked in certain well
defined crystallographic difections. * The streaks are produced by
planar defects within the material. If the streaks lie in the (hkﬁ>
directions, this shows that the lamellae are parallel to the ihki}
planes.

The theory of diffraction streaks due to stacking faults in f.c.c.
crystals has been given by Palursul (1952) and WHELAN and HIRSCH (1957).
THOMAS et al. (1965) have discussed the formation of streaks by planam,
defects and precipitates.

The theory predicts that for f.c.c. crystals the diffraction spots
which are streaked when stacking faults are present have indices for
which ht+k+1 = BNtl where h, k¥ and 1 are the indices and N is an integer.
Spots unaffected are (000), (111) and (220). In fact, all these spots
are streaked in the diffraction patterns from the Cd3 films. This
comes about as a result of multiple diffraction within the crystal.

For example, a streak associated with a (200) spot can be taken to a
position near a (220) spot by a second diffraction through an (020)
reciprocal lattice vector. An instance of double diffraction is

illustrated in fig. 5.2. of section 5.1.1.3a, where & diffraction pattcra
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represents a sphalerite matrix spot.

represents a wurtzite matrix spot from
the included grains.

represents a spot due to double diffraction
between the two structures.

represents a "forbidden" wurtzite matrix
spot which appears as a result of multiple
diffraction within the wurtzite lattice
(secs. 5.1.d32and Al).
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from a film containing both sphalerite and wurtzite structure material
is analysed.

The Plenar defects causing the streaks.may vary in thickness
but cannot be <thicker than a few‘atomio layers‘otherwise they give
rise to their own diffraction spots.

Under special circumstances, stacking fault defects do not produce
streaking. If they occur regularly spaced throughout the matrix,
they give rise to a region of polytype with a superlattice (sec.2.1).
In this case, both matrix and superlattice spots will be seen in the
diffraction pattern (HIRSCE et al. 1965). Regular spacing of thin
defects in this way does not occur in these CdS films, and the faults
must therefore be randomly distributed on the {1li§ planes.

2.6.5.1. THE OBSERVATION OF STREAKS IN DIFFRACTION PATTERNS

The streaks will only showyp enthe diffraction pattern as
streaked matrix spots if they lie elther parallel or nearly parallel
to the sphere of reflection., This corresponds to the defects lying
nearly parallel‘to the beam direction. Otherwise, they appear as
satellite "pseudo spots around the matrix spéts, whose positionsvare
determined by the point of intersection of the streaks with the sphere
of reflection. In cases where nonc of the streaks liés in this piane,
for example'as in the (100) sphalerite diffraction patterns, evidence
of streaking will be detected only when the film is tilted or buckled
away from the exact Bragg condition. If the film is slowly tilted,
the image of the intersection of the streak and the sphere of
reflection is seen to run away from the matrix spots in directions
corresponding to the projections of the <111>‘directions on the (100)
plane, i.e. in (O11) directions. This is illustrated in Fig. 2.16 -

Diffraction patterns from films in (110) orientation exhibit
well-defined streaks, since two (111 directions lie in the (110)

plane. 4t the exact Bragg condition these streaks are continuous
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baetween néighbouring diffraction spots and lie.along the [lii} and
the [iii] directions, as shown in fig. 2.168. When the film is
tilted, these streaks gradually disappear. If a film in (110)
orientation is tilted about the [iid] axis, the diffraction snots split

in two along a direction corresponding to the projection on the (110)

plane of the other two <llf> directions which lie outside the plane.

.

These are the {ili} and the {lli} directions apd Lpoi} is the projected
direction. The two spots formed from each matrix spot are not
streaked, because the [ili} and Eilii directions intersect the (110)
plane at a steep angle. This is shown in Pig. 2.16 G

some of the diffraction patterns from films with the wurtzite
structure in (0001) orientation also contain streéﬁs. ‘"he streaks,
which lie in the (0001) plane along (1010} directions, indicate that
there are faults in the wurtzite structure on the{lOiOﬁ planes. . This
is shown in Fig. 2.16D. The streaking in the diffraction patterns

of films with the wurtzite structure is discussed in detail in

sections §.1.3. and 5.2.4.
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CEAPTER 3

EXPERIMENTAL APPATUS A4D :0CLDULUS

3.1, APPAR#TUS ¥0R GROWING TuIN FILM3

3.1.1. THE VACUUM S¥5TEM  Tig. 3.1.

The thin films were grown in a high vacuum system operating
between 10—6t end 107’ . Tt was evacuated by a 2" oil diffusion
pump backed by a rotary oil pump. The normal pumping speed of the
diffusion pump was 75 litres per second using a silicone oil type
M.53. 704. A liquid nitrogen trap was also fitted and was always
used during experinm.nts. The pumping speed of the assembled system
was estimated to be about 30 litres per second for gases not condenseﬁ
by the nitrogen trap.

3.1.2. THE BLECTRUN BUAM BVAPORATOR Mg, 3.2.

An electron beam evaporator of the type developed by UNVALA (1963)
was used for heating fhe source naterial. The crucible containing
the scurce material was made of stainless steel and was plugged into
a watercooled copper pedestal. The electron beam could be focussed
go that the heating effecct was localised well away from the crucible
walls. This minimised the possibility of contamination from the
crucible.

The furnace was constructed so that the filament was out of line-
of-sight of both the source and the substrate. Direct radiation from
the filament when run at very high temperature was the only means by
which the evaporator assembly could be heated for outgassing.

The power input to the source was varied either by changing
the filament temperature; thereby altering the emission current, or
by changing the potential between the source and the filament. Both
of these adjustments were made with variable A.C. transformers. The
power was computed from the accelerating voltage and the electron
beam current. The evaporator provided a very stable power input to

the source and only occasional readjustments of the control settings



Substrate heater

o 7
L

g “ .

\ Electront beam o i ot U e 12" bell jar

evaporalor S lf
)
y
%

Base plate _____J._ ( i

Plate valve
Water cooled copper U S ok \Y
pedestal e
ot Liquid N,
trap
To the backing pump - 2 diffusion

—t |

Fige 3.1 THE VACUUM SYSTEM



CdS CHARGE—_

"TUNGSTEN
FILAMENT

—— SHUTTER

CRUCIBLE

—— FOCUSING .
ELECTRODE

WATER COOLED COPPER

PEDESTAL AT EARTH
POTENTIAL ’

Fig. 3.2 THE ELECTRON BEAM EVAPORATOR

-Lg_.



- 68 -

were necegsary.

&£ shutter was situated between the evaporator and the substrate
heater assembly. This was in position during the outgassing
procedure to prevent contamination of the source with material
volatilised from the substrate assembly or vice versa. The shutter
could be turned to one side from outside the vacuum system when
depossition commenced.

53.1.3, THE SUBSTUtALE HEATER ASSENBLY Pig. 3.3,

The gubstrate heater assembly was built on a stainless steel
disc which was held rigid on three lengths of mild steel studding
screwed into the base plate of the vacuum system. The substrate to
source distance was adjusted by clamping the disc at the appropriate
level on the studding and this distance was kept constant (7 oms.)
for all experiments. The power supply to the substrate heater
provided a variable voltage up to 25 volts and was fitted with coarse
and fine controls.

substrates were heated by radiation from a hot tantalum coil.

To improve the temperature distribution in the substrate region, a
heat diffuser made of molybdenum sheet was placed between the substrate
holder and the coil. 4 double-walled heat shield, also made of
molybdenum, was pla~ced outside the coil.

It was possible to obtain temperatures in excess of 1000°¢. and
this provided a means of cleaning the substrate region efficiently.

Temperature measurenents were made with two chromel-alumel
thermocouples placed just beneath and on either side of the substrate
holder. These were led into the substrate region through silicon
tubing.

The thermocouples, heater coil and two substrate holder pins
were mounted rigidly on a small insulated stainless steel plate.

This in turn was mounted on the stainless steel disc, previously

referred to, with ceramic insulating bushes. Both the heat shield
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and the heat diffuser plugged onto the insulated disc.

3.1.4. TUE SUBSTRATE HOLDERS figs. 3.4 and 3.5

The substrate holder used with ¥aCl(100) and BaF2(111) substrates
was made from a short length of stainless steel rod cut into two
unequal portions parallel to the rod axis (fig: 3.3.4.). The substrate
crystal was held in a rectangular-sectioned groove milled in thé
larger portion and the two segments could be screwed back together to
provide a clamp for the crystal. Two holes were drilled in the
larger segment so that the holder could slip over thé two pins on the
insulated base plate and the upper ends of the holes were blocked so
as to limit the downward movement of the holder. A shallow groove
was milled in the underside of the holder leading back between the
support holes. A flat plate was then gpot welded across the botton
of the holder to locate a small razor blade in the groove. The ragor
was used to cleave the substrate while in vacuo. The blade was
struck by a pin which ran in a guide and passed between the heater
coils and through the heat shields. This pin was in turn struck by
a hammer actuated from outside the systen.

A cooled substrate holder was made so that the lower end of the
epitaxial temperature range for (dS deposited on vacuum-cleaved
Ban(lll) substrates could be investigated. This was constructed
from two small copper blocks, which screwed together as is shown in
fig. 3.5. and a length of copper tubing. The ends of the copper
tube were taken through a blanking plate on the vacuum system. The
substrate holder was held in position by two screws which bcolted it
rigidly to an aluminium plate held above the evaporator. As in the
case of the substrate holder described above, a slot was made to
acconmodate a small razor blade so that the cooled substrate could be
cleaved immediately before deposition was cormenced. Cne end of the
copper tube was connscted to a pump and the other was dipped in a dewar

of liguid nitrogen. The temperature of the substrate holder could
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be lowored to about~100°C. and maintainsd at this temperature
indefinitely by sucking cold nitrogen gas through the tube.

The substrate holders for the other substrates were made from
tantalum sheet and tantalws wire. They are illustrated in fig. 3.4.35.
e substrates were sinply laid over o hole in the substrate holders.

3.2, PREPARATION OF SUBSTIRATES

%3.,2.1, PREPAZATION OF NaCl(110) AND NaCLl(1ll) SUBSTRATTES

A perspex holder was made in two halves fig. 3.6. Both halves
had & groove of rectangular cross-section milled down the centre.

When glued together, the two halves made a cylinder containing an
axial hole of rectangular cross-scction. The hole was such thaﬁ a
stendard size rod of WaCl (manufactured by the HARSIIAW CHEMICAL Co Lod)
having (100) faces was a close fit when pushed 1n81(o. Hylon screws
through the side served to clamp the crystal. Two holders were

made. They were mounted in a milling machine and a (lll) face was

cut on one holder and a (110) face cut on the other.

By pushing a crystal through to the end of the holder where the
faces had been milled, the porivion projecting could be ground off on
emery papcT thus exposing either a {(111) face or a (110) face. The
face was then polished using J%/& and. ﬁ/& pastes. Finally, the
shaped nart of the crystal was clcaved off and chemically polished in
a solution containing two parts of concentrated HC1 to one part of
deionised water ( TEARMS, 1965). The substrate was washed in ethyl
alecohol. If the alcohol was at all damp, the crystal surfaces became
dull when the alcohol evaporated. This was commonly the case, but
the problem could be overcome by swilling the substrate in a beaker

of 0014. This is not prone to water contamination and has the added
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advantage of not wetting the aCl surface. The (‘EC].[?f did not appeax
to contaminate the substrate surfaces. Thé substrates were stored
under CCl4 until imme@iateiy before placing in the vacuunm system
because it was found that the surfaces were etched by the humidity
in the atmosphere.

3.2.2., PREPARACIVI] CF Geil111l) AND Si(111) SUBSTRATES

Both substrates were prepared in similar ways. 4 large
mechanically polished (111) oriented slice was mounted on a glass
slide with picene wax and discs 3 mm in diameter were cut out using an
ultrasonic drill and a fine abrasive. The wax was removed in boiling
trichlorethylene in three stages to ensure that the surface of the
discs was completely clean. The discs were then washed in methyl
alcoliol and stored in deionised water,

The Ge(lll) substrates were prepared for the evaporation by
chemically polishing for two minutes in a solution of the following
composition: -

5 ChjCeit ¢ 5 HNu, ¢ 7 HF : 5 1-12304

3 3

$i(111) discs were prepared by chemically polishing them for one
minute in the foilowing solution:-

5 CH,COUH : 5 HF : 15 HNO

3 3

All the acids were of technical grade and were concentrated.

The substrates were then washed repeatedly in deionised water
and finally rinsed in methyl alcohol before being stored in 0014.
3.2.3, PREPARATION OF TLIN FILM Ge{111) SUBSTRATES

Some preliminary experiments were performed to establish the
optimum growth conditions for (e on air-cleaved CaF2(lll) substrates.
This substrate material was used as it had already been shown to give
reagonable results by SLOUPE and TILLER (1962) and CATLIN and
BELLEMORE (1966).  The thin films produced in fhis way were studied

in the electron microscope to determine their crystal structure and
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thickness variation. ho best results were obtained using the
following procedure: -

The CaF2 substrate was cleaved in air and placed in the vacuum
system. It was outgassed for five minutes at YOOQC. and then cooled
to 55000. ‘"he germanium was then evaporated from a molten button
heated Ly an electron beam. The button was held in a carbon cruoible
which plugged into the watercooled psdestal.

The films were allowed to cool to 60°c. and were floated off in
boiling deionised water. Uceasionally, if the film was particularly
adherent, hot NH401 solution wag used.

The films which were used as substrates were left on the CaF2
crystal in the vacuum system and the Ge source exchanged for the
Cd5 source. This was a weakness in the procedure as it entailed
opening the system to the atmosphere. A certain amount of
contamination of the (e surface was inevitably incurred. The systen
was re-evacuated and the crystal and Ge layer outgassed at 6OOOC.
Deposition of CdS was carried out after the substrate had been cooled
to 400°¢.

The total thickness of the composite film was such that it was
transparent in the electron miciroscops. These films were also |
removed in one of the ways mentioned above, and collected on copper
grids.

3.5. BXPERTIIINTAL PROCEDURE #UR GRUWING TIHIN FILMS

When the substrates to be used were chemically polished or air-
cleaved, the substrate heater was outgassed under vacuum, without the
substrate in position, at about 1000°C. for a few minutes. The
temperature was then allowed to droep below lOOOC. and the system
opened to air. This preliminary outgassing procedure was omitted
when vacuum-cleaved substrates were being used. The crucible was
then filled with an electronic grade of Cd3 powdei (DERBY LUMINUSCENT

Co. LTD.) and this and the substrate placed in position. The belljar
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was evacuated and when the pressure had fallen into the 10 "¢  range,
the substrate was heated to i1ts outgassing temperature. This was
about 500°C. for NaCl, 650°C. for Bal,, 750°¢C. for Ge and 1000°¢C. for
Si. At these temperatures, not only was adsorbed material removed
from the substrate but also the vapour pressures of the materials at
these temperatures indicate that the first few afomic layers of the
substrate itsell should sublinme. The substrate was held at the
appropriate high temperature for about five minutes while the source
was outgassed. This was done by defocussing the electron heam until
the whole surface of the charge was being heated. The evaporator
was then switched off and the substrate cooled to the deposition
temperature. This was allowed to stabilise for several minutes
before beginning deposition,

stable evaporation conditions were established immediately with
the electron beam evaporator. The time of depcsition was
standardised at three nminutes and the deposition rate (section 5.7)
was maintained at about lOE per second.

As scon as the three minutes had passed, the evaporator and the
substrate heater were switched off. When the substrate had cooled
to 60°¢, it was removed from the system.

Milmg grown on the ionic crystals were floated off and collected
on 400 mesh copper microscope grids. ‘The films used for annealing
experiments were collected on gold grids. films deposited on NaCl
came off easily in deionised water but those deposited on BaF2
were mere difficult to remove. lot NH4CI sclution removed small
pieces from most of the layers and these were washed to remcve the
solution. This was done by collecting the specimen from the surface
of the solution and transferring it immediately to a dish of deionised
water. Films washed in this way rarely showed signs of contamination

when viewed in the electron microscope.
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The silicon and germanium substrates were thinned down from the
side opposite to the film using the techniques described below in
gection 3.5 until the undersides of the films werc exposed.

The layers were studied by transuission in an A.E.I. EM6G
electron microscope operating at 100 Xv and plots werc made of "R"
value (sec. 2.4.3) versus substrate temperature for each kind of
substrate.

Bedia PRUCEDURE PUR ANNBALING THIN JTLMS

A small nickel box was made which fitted over the substrate
holder pins shown in fig. 3.3. The bell jar and its contents were
cleaned and the vacuum system thoroughly outgassed.

The thin filwms, whicih were collected on gold grids, were
annealed one at a time in the nickel box using the substrate assembly
as an ann=aling furnace. No contamination of the films was ever
detected by microscopy. The films were annealed for times of between
ten minutes and one hour. The maximum annealing temperature which
could be used for the one hour amneals was about &5000. whereas
50000. could be tolerated for annealing times of thirty minutes or
less. The annealing furnace took no more than thirty seconds to
reach the required temperature. The rate of cooling however was
congiderably lowser. The furnace temperature dropped only about
200°C. in the first minute of cooling. Despite this, the true
annealing time was probably no more than 10% wrong in the worst
case (i.e. the 10 minute anneal at 500°¢).

3.5, APPARATUS 44D MATHUD USED FUR DuINNING Ge(111) AND 5i(211)

The electrochemical thinning technigue is based upon that used
by BLANKENBURGS AND WHEELER (1963-64).  ¥ig. 3.7.is a schematic
diagram of the thinning apparatus. This comprised a lamp, a
transparent jet, the gpecimen holder and moveable carriage and also
a microscope. These were mounted in line on an optical bench so

that light from the lamp passed through the jet and fell onto the
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specimen. Any light transmitted by the specimen could be observed
through the microscope, The thinning solution was fed to the jet
through flexible piastio tubing from a header fahk and the flow rate
was regulated by an adjustable clip wﬁich cOnsfricted the ﬁubé. The
distance between the jet nozzle and the specimen was adjustable and
the microscope could be focussed on the spécimen after it and the

jet had been placed in tlie correct positions.

Specimens were mounted over a hole in a copper plate. The
hole was slightly smaller than the specimens and no light was visible
through the microscope after it had beén stuck over the hole with
"lacomit" varnish. The piate was covered with the varnish wherever
the reagent could reach.

Flectrical connections were made to the plate (positive) and
the metal nozzle (negative). Current was supplied by high voltage
dry batteries and a bell-push was placed in series with them so that
a polishing current passed only when the button was depressed.

The flow conditions at the specimen face were found to be
eritical. The correct conditions are very easily recognised. For
gatisfactory "dimpling" of the specimen, the Jet has to strike the
surface so that the liguid shoots away radially from the point of
impingement as a very thin and therefore a highly resistive
disc. When this occurs, the corrosion current is concentrated at
the point where the jet strikes the specimen surface and dissolution
i8 restricted to this small region. Provided that the flow
conditions at the specimen surface are correct, the flow rate is
not critical.

The only other significant parameter is the current density.

It was found that this had to be above a certain minimum value
otherwige pitting of the specimen surface occurred. The current

density was calculated to be about 30 a‘mps/om2 for Ge(11l) and
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45 amps/cm2 for 8i(111).

The solution used for thinning Ge was approximately 0.1N KOH
containing about 5 gms/litre of NH4Cl and that used for thinning
Si was a 0.6N HF solution.

The silicon was not attacked by the dilute HF if there was no
current flowing. Consequently, the final stages of thinning could
be accurately controlled. Even when the current was flowing, the
CdS layer would not dissolve and this enabled a hole to be made right
through the Si substrates without destroying the thin €dS film which
was left unsupported across the hole.

Since (e absorbs visible light more strongly than Si, it was
not quite so easy to Jjudge the moment at which the Ge became
transparent. However, the CdS was quite insoluble in KOH and it
did not matter if the Ge thinned right through. In fact this was
always purposely done so that some of the film could be studied
without interference from thé substrate.

3.6, DETERMINATION Of THE OXRTENTATION RELATIOWSHIP BETWEEN THE
THIN FILMS AND THEIR SUBSTRATES

When the thin film was viewed in the electron microscope whilst
still on the substrate, as was the case with thin films on thinned
Ge and Si substrates, the orientation relationship was determined
directly from the diffraction patterns.

In cases where the thin film was removed from the substrate
and placed on grids, the following technigue was used. Well-defined
cleavage steps lying in i}OQ} direction on NaCl substrates or {}101
direction on BaF2 substrates were occasionally replicated by the
Cds film. The corientation relationship between the thin film and
its substrate could then be determined from the real image and the
diffraction pattern.

The same technique was used for thin films on N¥aC1(110) and (111)

substrates except that in this case, replicated etch pits whose edges
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lie along <llO> directions, could be aligned with directions in
the CdS lattice. The orientation ®elationship between the etch pits
and the substrate crystal was determined with an optical microscope.

3.7,  MBASUREMENT OF FILM THICKNESS

The film thickness was measured directly by using the Nomarski
interferometric method. This could be used at the edge of the film
where the substrate had been masked by the cleaving blade.

Most of the film thicknesses were 8btained indirectly by
observing the interference colour produced by the film in light at
normal incidence. The wavelength of the interferesce colour was
estimated and the film thiékness, t, determined from the formula:-

(m + %)A‘ = 2n%

Where n is the refractive index of CdS (n for Cas is 2.5
HANDBOUX OF PHYSICS AND CHEMISURY), Atis the wavelength of the
interference colour and m is the order of the interference colour.

A factor of 4 is added since there is & phase change of 17 in the
light reflected at the interface between the air and the €45 but not
at the interface between the CdS and the NaCl or BaF2 since neither
of these has a refractive index as high as that of (dS. There is
therefore a phase difference of V1 between the light reflected from
the top surface of the film and that reflected from the bottom
surface (JENKINS and WHITE, 1951).

A1l the continuous films which were transparent to the electron
beam gave interference colours which ranged between green and red.
This corresponded to wavelengths between about 40002 and 60002.

The formula above may be rearranged to give the film thickness
directly. If the value of 2.5 for n is inserted, then t is given

by s~
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If m is 1, t lies between 1200A and 1800A for wavelengths
corresponding to colours from red to green and if m is 2, t lies
between 24002 and 36002 for the same colour range. Since films
giving second and higher order interference colours were too thick
for useful observations to be made in the electron microscope, the
interference colour uniquely defined the film thickness for electron
transparent specimens.

It was estimated that the accuracy of thickness measurement by
the Nomerski technique was no better than I IOOZ and the accuracy
obtainable by observing the interference colour of the film no better

o}
than = 250A.

The deposition rate was obtained by dividing the final film
thickness by the time of deposition. The rate so obtained lay
between 72 and 1OZ per second. The constancy of the deposition rate
was not determined. However, the average deposition rates could
not have varied by as much as a factor of 2 otherwise thicker films
showing second order interference colours or thimmer films showing no
colours at all would have been produced at apparently similar power
settings for the evéporator. This criterion was considered to be
perfectly adequate since an increase of 10 times in the deposition

rate had the effect of increasing the minimum epitaxial temperature

by only about 100°C. (sec. 4.2.2).
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CHAPTER
EXPERIMENTAL RESULTS

4ol THE EPITAXTAL TEMPERATURE RANGES

4.1.1., FILMS DEPOSITLD ON AIR-AND VACUUM-CLEAVED Na(1(100) SUBSTRATES

fMig. 4.1.A shows the "R" value versus substrate temperéture
curves for air-and vacuum-cleaved substrates. films grown on either
substrate at room temperature were polycrystalline with mainly
random orientations. 0dS with both the hexagonal wurtzite structure
and the cubic sphalerite structure was present and as the substirate
temperature was increased, both structures became oriented with
regpect to the substrate. No polyerystalline material was detected
in thin films grown on air-cleaved substrates above 12500. and on
vacuum-cleaved substrates above lOOOC. The following are the
orientation relationships between the substrate and the two
structures in the thin film which were determined.
CdS with the wurtzite structure:-
(0001) cas /7 (100) NaCl
and  [1120] cas/” 1011 wac1

or  [1010] cas.,’ fo17] waca
This represents a double-positioning of the material with
respect to the substrate as discussed in section 2.6 and gives an
inner ring of twelve diffraction spots angularly separated by BOO,
This is illustrated in Fig. 4.2.A.
CdS with the sphalerite structure had the parallel orientation

relationship: -

(100) cas // (100) NaCl

e~
{
L

011] cas / [o11] Mac1

Above substraté temperaturcs of 12500. for vacuum~cleaved
substratesSand 15000. for air-cleaved substrates, the thin films were
single~phase and had the cubic structure with the orientation

relationship Jjust specified.
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fig. 4.2.F shows a diffraction pattern and a micrograph of a
film grown on vacuum-cleaved NaCl(100) at a temperature of BOOOC.

Included grains of (CdS with the wurtzite structure were again
present in films grown on both air-and vacuum-cleaved substrates at
3500(3° The orientation relationship with respect to the sphalerite
matrix was different from that for the doubly positioned grains.
Fig. 4.2.C shows a diffraction pattern and a micrograph of a film
grown on a vacuum-cleaved substrate at BSOOC. T™e extra spots in
the diffraction pattern are due to the included grains. By
comparing the diffraction pattern with the one discussed in section
2.6.4.5. it can be seen that they are ¥déntical. Thé -included grains
with the wurtzite structure therefore had the following orientation
relationship:~-

(0001) wurtzite cds// (111) sphal'erite Cds
with {115@//[10%i

This diffraction pattern is analysed in some detail in section
5.1.1.4 and appendix A.l.

At a substrate temperature of 40000. the film structure was
polycrystalline and at 4500C. no layers could be depoéited using
even the highest evaporation rates. This was presumably due to the
evaporation of the substrate (HARSDORF, 1963 and 1964). This view
is substantiated by fig. 4.1.B which shows a graph of the wvapour
pressure of NaCl as a function of temperature. It can be seen that
the vapour pressure of NaCl at the temperature above which it was
found that no epitaxial layer could be deposited (45000.) is close
to the background pressure of the vacuum system during evaporation.
That is, NaCl sublimes at 45000. to generate a vapour pressure of
10707 .

The data for this graph was obtained from RUWE and BROCEWAY (1966)

and HANDBOOK OF CHEMISTRY AND PH:SICS 45th EDITION.
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4.1.2., FILMS DEPOSITED ON NaCl(110) SUBSTRATES

Fig. 4.3 shows the "R" value versus substrate temperature
curve for films evaporated onto chemically polished MaCl1(110)
substrates. The structure of the films grown at room temperature
consisted of a mixture of oriented CdS with both the wurtzite and’
sphalerite structures together with some polycrystalline material.
This is shown in fig. 4.4.A. The absence of satellite spots in
diffraction patterns from films deposited at substrate temperatures
of SOOC. and above showed that they consisted of entirely sphalerite
structure material.

The material with the wurtzite structure obtained in films
grown at room temperature was mainly polycrystalline with random
orientations. Some of it was also oriented with respect to the
substraté and its epitaxial relationship was

(L0O01) CdS// (110) WaCl
with ':11501 /ooy

CdS with the sphalerite structure had the epitaxial
relationship:~ »

(110) ¢cas / (110) mWacl
~with [ool] cds [5()5’ NaCl

A diffraction pattern and micrograph of a film grown at BOOOC.
is shown in fig. 4.4.B. The film consists entirely of material witl
the gphalerite gtructure. The epitaxial relationship for this
film is the same as that stated above for the sphalerite structure.

4.,1.3, FILMS DEPOSITED ON CHEMICALLY POLISHED NaCl(111) AND
VACUUM~CLEAVED BaF_(111) SUBSTRATES

The "R" value curves for films grown on these two substrates
are shown in Fig. 4.5.

Thin films grown at all temperatures on both kinds of substrate
had the hexagonal wurtzite structure. At room temperature, gingle-

crystal filmg were obtained on BaF, only. Fig. 4.6.A shows a

2

diffraction pattern and micrograph of a layer grown on BaFZ(lll) at
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room temperature. Raising the substrate temperature to SOOC.

enabled single crystal films to be grown on NaCl(lll) faces as well.
Below this substrate temperature, some polycrystalline CdS was nresent
in films grown on NaCl(11l).

The number of visible defects decreased markedly in thin films
grown on both substrates above a certain temperature. This was
about 200°¢. for BaF2 and 25000. for NaCl. = Pig. 4.6.B and 4.6.C
show diffraction patterns and micrographs from films grown on BaF2
at 200°C. and on NaCl at 300°C.

Single crystal layers wére obtained on NaCl up to a substrate
temperature of 40000. At 45000. the layer was polycrystalline and
no film at all could be obtained at BOOOC. It was possible to obtain
single crystal layers at 55000. on BaF2 but at 6OOOC. either the

CdS or the BaF2 was too volatile to allow deposition to take place.

In all cases, the orientation relationship between the
substrate and the thin film was found to be:-

(0001) cdas// (111) WaCl or Bapz'w'ith.i:n;d} Ve [1-1—(3:}

The lower end of the epitaxial temperature range for (CdS
deposited on Ban(lll) substrates was investigated using the cooled
substrate holder shown in fig.3.5 The layers were deposited at
teﬁperature intervals of 2500. from room temperature (2500.) down
to -IOOOC. The orientation of the layers began to randomise at
—2500. A hexagonal arrsy of intensity maxima was visible in the
diffraction rings of patterns obtained from layers deposited at
~100°¢. This indicated that the substrate was still maintaining an
orienting effect on the growing film. The deterioration in the
crystal structure oould‘have been genuinely due to the layer being
deposited at temperatures below the epitaxial temperature range.
However it could also have been due to the incorporation into the
layer of impurity material_which was being given off from the warmer

parts of the system.
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4.1.4. FILMS DEPOSITED OF CHEMICALLY-POLISHED Ge(111) AND 8i(111)
SUBSTRATES

4:1.4:1. FILMS GROWN ON Ge(111) SUBSTRATES

| Fig. 4.7. shows the "R" value versus substrate temperature
curves for CdS deposited on Ge(111). Polycrystalline layers were
found to grown on‘Ge(lll) up to a substrate temperature of 250°C.
At 25000, however, the layers had the wurtzite structure with the "C"
axls perpendicular to the substrate surface and only the azimuthal
distribution of the crystallites about the "C" axis was random.
Fig. 4.8.A.

At BOOOC. the layers were single-crystal but the diffraction
spots were slightly arced showing that the crystallites were still
misaligned about the C axis (film nofmal) to a small extent. At
substrate temperatures of 40000. and above, the layers gave diffraction
patterns with sharyp diffraction spots.

The epitaxial relationship between the films and the substrate
wass-

(ooo1) cas /7 (111) Ge
wi th {}1&@}/4/[;1¢§

Tig. 4.8.B shows a diffraction pattern and micrograph of a
layer grown on Ge(1ll) at 3007C.

£,1.4.2. FILMS GHOWN ON Si(111)

In no case was a layer produced which was epitaxial.
Throughout the entire substrate temperature range (between room
temperature and SOOOC.) the CdS layers were polycrystalline
(fig. 4.8.C). It is believed that this was due to contamination of
the substraté surface. When the 5i substrates were placed under
vacuum, heated to a high temperature of the order of 1000°C. and
cocled, the surface appeared to have‘become slightly dull. This
indicated the presence of a surface layer which may have been

responsible for the poor results. It was therefore concluded that
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the investigation of the CdS/Si(lll) gystem should only be continued
using a vacuum system pumped by sorption and ion pumps operating in
the 10_917 pressure region,

4.2, MISCELLANEQUS BEXPERIMENTS

44241, FILMS GROWN ON TIIN Ge(111) FILMS USED AS SUBSTRA@ES

The thin films of Ge . grown on air-cleaved Can(lll) at
55000. as described in section 3%.2.3. Although the films were
epitaxial, they contained many twins as comparison of the diffraction
pattern of fig. 4.9.with fig. 2.12 shows. Such a comparison
between a (111) oriented diffraction pattern of Ge with a theoretical
plot of that for a (111) oriented f.c.c. structure is valid. This
is because the absent réflections in the diamond reciprocal lattice
of Ge which do occur in the f.c.c. reciprocal lattice are not
reflections lying in the (111) plane.

Fig. 4.10.A. shows a micrograph and diffraction pattern of a
typical Ge(111l) thin film substrate. It can be seen that the film
is not uniform in thickness.

A few of these Ge(111) films were used as substrates for the
deposition of (dS as described in section %.2.3. The composite
1ayeré gave fibre textured diffraction patterns for the CdS part.
‘Fig. 4.10.8. shows a diffraction pattern and micrograph of a composite
layer. The CdS was deposited at 400°C.

4.2.2. THIN FILMS GROWN AT TEN TIMES TE STANDARD RATE COF BVAPORATION

0
Two films were grown at about 100A per second on vacuum-cleaved

NaC1(100). . Fig. 4.10 shows diffraction patterns and micrographs of

two films grown at 200°C. on vacuum-cleaved §aCl(100) one of which
)
was grown at the standard rate of 10A per second, fig. 4.10.3, and

the other at the higher rate, fig. 4.10.A. Mg, 4.2.A. shows a
0.
diffraction pattern from a film grown at the slower rate of 10A pex

second on an NaCl(100) substrate at 100°¢. Comparison between
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Pigs. 4.10.A and 4.2.A shows that an increase in the evaporation
rate has an egquivalent effect on film structure to that produced by
a reduction in the substrate temperature.

4.2.3, REPLICATION OF DEFLCYS ON THE SUBSTRATE SURFACE

Several of the substrates had surface'topographioal features
which were replicated by the CdS layers. The surface features,
cleavage steps or etch pits, were useful for determinirg the epitaxial
orientation relationships between the thin films and their substrates
(sec. 3.6.). Fig. 4.11 shows a number of micrographs of films
grown on defective surfaces.

Occasionally, the diffraction patterns from films grown on (111)
oriented substratescontained extra diffraction spots. When they
were imaged in dark field, they were always found to arise.from
material which had grown inside an etch pit as shown in figs.

4.11 (C) -~ (E). ‘These figures are the real image, the dark field
image and the diffraction pattern from an (0001) oriented film grown

on a Ge(11l) substrate surface covered with etch pits.
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CHAPTER
DISCUSSION

CHOPRA and KHAW (1967) showed that epitaxial layers of CdS
deposited on (100) Na(l surfaces grew with a sphalerite structure
matrix and that those deposited on (111) oriented mica and Ag surfaces
grew with a wurtzite structure matrix. This dependence of the matrix
structure of CdS films on the substrate orientation has been
confirmed in this work. The results obtained by CHOPRA and KEAN
are not in themselves conclusive. Different materials were used to
make substrates with the two different orientations. There still
remained the possibility that it was the substrate material rather
than its orientation which was causing the epitaxial CdS films to
vary their matrix structures. This possibility was investigated
here by studying the epitaxy of CdS on the (100), (110) and (111)
faces of a single material, WaCl. The polymorphic growth of CdS
- on jthese three substrates shows that, for NaCl at least, the effect
on the film structure is due to the orientation and not the material
of the substrate. A similar series of experiments was performed by
AGGARWAL and GOSWAMI (1963%). Their results are at considerable
variance with those shown here, but it is not possible to determine
exactly why since they presented insufficient information on their
experimental procedure. The photographic illustrations contained
in the paper suggest that the structural quality of their best films
was very much worse than those produced in this work. Neither they
nor VAN DIJK (1967) were able to produce epitaxial CdS layers on a
(110) oriented substrate. The layers deposited on NaC1(110) in
this work were of good quality and so this thesis presents the only
account of both the epitaxy and the defect content of CdS layers grown
on the three principsl faces of a cubic structure substrate.

The defect content of films with the two structures varies

considerably and the structural analysis of these defects forms the
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bulk of this discussion. Three main kinds of defect have been
observed. They are the included grains found in sphalerite structure
films, the planar defeccts found in all the sphalerite structure films
and in some of the wurtzite structure films, and dislocations.

Most of these defects have already been detected in thin films
of other II-VI compounds. In particular, streaks in diffraction
patterns arising from planar defects have frequently been mentioned
(references to other work given in section 2.5.2.) although no direct
evidence has been published to show whether these defects are
precipitates or stacking faults. Considerable circumstantial
evidence has been obtained in this work which faveurs the stacking
fault interpretation.

Dislocations are undoubtedly present in all the films but they
can only be resolved in those of the best quality in which the defec?
content is sufficiently low. Individual dislocations have therefore
only been observed in films deposited with the wurtzite structure or
in sphalerite structure films which had been anneéled. Defects
agsociated with high temperatures of deposition have also been seen.
These appear to be dislocation loops associated with vaéancy discs.
Again, they are only resolved in the better quality filmé.

None of these defects appear to have been introduoed as a direct
result of the chemical composition of the substrate. The same
defects might therefore be expected to exist in layers grown oh
either Ge or Si substrates. The epitaxial temperature range determined
for layers of €dS(0001) on Ge(lll) substrates extends into the region
where the best results are obtained with ionic crystal substrates.

It should, therefore, be possible to produce layers of CdS on Ge(lll)
having a structural quality comparable with those deposited on

NaC1(111l) or BaF,(111) substrates.

2(
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5.1. THE ANALYSIS OF RESULTS OBTAINED FROM FILMS WITH THE
SPHALERITE STRUCTURIS .

5.1.1.FILMS GROWN ON ATR-CLEAVED AND VaCUUM-CLEAVED NaCl1(100)
SUBSTHATES

The differences which there were between the structures of
films grown on air-cleaved and vacuum-cleaved surfaces in otherwise
similar conditions were probably due' to the substrate condition
immediately prior to deposition. The air-cleaved surfaces could
have been affected in several ways of which the following are perhaps
the most important:-

a) by contamination of the air-cleaved surfaces while

exposed to the atmosphere (e.g. by adsorbtion of
air, moisture or dust particles);

b) by contamination of the surface with volatile
materials boiled off inside the substrate region
during outgassing.

c) by exposing the air-cleaved surfaces to vacuum at
elevated temperature during outgassing.
(evaporation of the substrate might be significant
here (sec. 4.1.1)).

The only practical difference appeared to be that the temperature
required to produce R=10C films on vacuum-~cleaved substrates was
slightly lower than that required for air—cieaved substrates.

Similar smail effects were detected bvaUODCOCK and HOLT (1969)
who investigated the influence of a number of contaminants likely
to be present in an oil diffusion pump system on the epitaxial
growfh of Zn§g films. They found that contamination induced the
growth of included grains in the films which occupied & maximum
volume of only 10% of the total volume. Contamination of this
kind does not, therefore, have a great influence over the included

grain content of the films when compared with the effect of the
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substrate temperature. A variation in this of as little as 2500.
can induce an equivalent change in the included grain content of the
film (fig. 5.1.C). A direct comparison between the results obtained
here and those cbtained by other researchers for CdS on NaCl(lOO)
substrates is not really meaningful. Many other considerations like
the rate of deposition used, the purity of the source material and
even the mode of source evapcration can have a greater effect on the
minimum epitaxial temperature than that of cleaving the substrates
in air rather than in vacuo. The variation in thé results obtained
by AGGARWAL and GOSWAMI (1963) WEINSTEIN et al. (1965) CEOPRA and
KHAW (1967), EFREMEN:OVA and YURASOVA (1968) and DISTLER (1968)
serves to illustrate this point.

The epitaxial temperature range which is achieved appears to be
the net result of many varisbles not all of which are necessarily
under experimental control. Since it is virtually impossible to
optinise every variable, the range obtained is partiy determined by
the pariticular experimental arrangement and is therefore not a
fundamental property of the thin film/substrate systemn. This is a
further justification for using the very rough R-value estimation of
the degree of orientation in non-epitaxial films.

5.1.1.1. FIIME GiuwWy AL LOW SUBSTRATE TEMPERATURES WIIICH CONTAINED
INCLUDED GaalNS OF MATERIAL WITL THE WURTZITE STRUCTURE

Included grains of CdS with the wurtzite structure were present
in films grown both on air-cleaved substrates below 15000. and on
vacuum-cleaved substrates below 12500. the included grains were
epitaxial to the substrate surface and had the doubly-positioned
symnetry recorded in section 4.1.1. and discussed in sec. 2.6.4.4.
The proportion of doubly-positioned material decreased as the substrate
temperature was increased. Fig. 5.14 shows & diffraction pattern

from a film grown on vacuum-cleaved NaCl(100) at 5000. The double-
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positioning spot indicated, was used to give the dark-field image
shownin fig. 5.1.B. A plot is shown in fig. 5.6.0. of the percentage
film area covered by doubly-~positioned grains versus the substrate
temperature for films grown on - air-cleaved NaCl(lOO) gubstrates.
The plot is obbtained by measuring the areas which light up in dark
field when a spct due to material in each poéition is imaged, _ The
two areas areléumﬁed together and expressed as a percentage of the
total. Included grains in this orientation were seen by CHCPRA and
KLAN (1967).  The doubly positioned gfains did not disappear until

a substrate temperature in excess of 280°C, was used. In their

case the €4S was deposited at a very much slower rate and the results
are therefore not strictly comparable. EFREMEMKOVA and YURASGVA
(1968) and DISTLER (1968) also found included grains of this type in
CdS layers deposited on NaCl(100) substrates. Thé variation of |
their concentration with substrate temperature was not investigated
in either case.

WOODCOCK and HOLT (1969) and HOLT and WOODCOCK (1970) have
investigated the temperature distribution of this type of defect in
ZnS films, Under similar conditions of cleanliness, ZnS with the
doubly-positioned wurtzite sitructure was still detectable in films
deposited at 25000. Even when prepared in ultra high vacuum, the
volume of included grains was considerably higher than that observed
in €4S films at corresponding temperatures. Since the experimental
conditions under which the CdS films and ZnS films were prepared
were nearly identical, it is likely that the contrasting results
reflect a genuine difference in the epitaxial growth df Cd5 and Zn3.

5.1.1.2. THE STRUCTURE OF ¢AS FILMS GROWN ON Nac1(100) SUBSTRATES
AT INTERMEDIATE TEMPERATURES

Within a certain range of substrate temperatures, the structure
of the films was’single—crystal and single-phase for both air-cleaved

and vacuum~cleaved substrates. This range lay between 15000, and
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BOOOC. for air-cleaved substrates and between 12500. and BOOOC. for
vacuun~cleaved substrates. The films always gave diffraction
patterns whose spobts were streaked along <i1f> directions.

A detailed explanation of the bright-field contrast seen in
(100) oriented films containing large mumbers of planar defects
has been given by WOODCUCK (1968) and HOLT and WOODCOCK (1970).  The
analysis was made for epitaxial Znd films deposited on (100) oriented
NaCl substrates and is directly applicable here, The fringe and
dotted contrast, examples of which can be seen in the micrographs of
4,2.B and 4.10.B, was found to be dve to interaction between the
direct transmitbted beam and beams of satellite wpseudo~-spots
(seo. 2.6¢5A1). The satelliite pseudp~8pots occur near the matrix
spots as a result of primary diffraction. They are then brought
to positrons close to the direct beam by double diffraction. These
doubly diffracted satellite pseudo-spots are relatively weak in
intensity and as they lie near to the direct beam spot, they are not
often visible since “tnelr images are usually‘swamped by that of the
direct heam. CHOPRA end XHAN (1967) found that ‘their films were
not free of included grains unlesss they were deposited above 200°C.
They also did not observe the high temperature orientation for
wurtzite structure included grains but claimed to have produced
completely sphalerite gtructure layers at 40000. which contained a
large number of twins. The diffraction pattern which they show to
illustrate the structure obtained at this temperature contains
maxime at both - ‘é‘(lll) and = -%-(111) which suggests that the
included grains confain wurtzite structure material rather than
twinned material. This would then conform with the results

obtained in this work.
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5.1.1.3. THE STRUCTURE OF €4S FILVMS GROWN ON NaCl(100) SUBSTRATES
AT 350°C.

At a substrate temperature of 35000. the films grown on both

air-and vacuum-cleaved substrates contained CdS with the wurtzite
structure having the epitaxial relaiionship:-
cds (0001) 4/ NaCl(11ll)
with [1120] // [110] (secs. 2.6.4.5. and 4.1.1.)
No doubly-positioned wurtzite CdS with the low substrate temperature
orientation was detected.
5¢lels3a, ANALYSIS OF THE DIFFRACTION PATTERN FROM SPHALERITE

STRUCTURE FILMS CONTAINING WURTZITE STRUCTURE GRAINS
WITH (0001)/(111)

Although the films grown on (100) oriented substrates at certain
temperatures contained material with both the wurtzite and the
sphalerite structures, double diffraction between the two structures
was nearly always too weak to be detected on the photographic plates.
However, multiple diffraction within the same crystal structure does
appear to take place guite strongly. This can be seen in fig. 5.2.
where the diffraction pattern from a CdS layer grown at 35000. can
be compared with the theoretical plot. Comparison shows the
presence of material with the wurtzite structure lying with the {OOOi}
basal planes parallel to the sphalerite {ill& planes. The spots
labelled "A'" are forbidden reflections from the wurtzite structure
which can only appear as a result of multiple diffraction through
two allowed lattice vectors (PASHLEY and STOWELL, 1963, and section
2.6.2). The heavy broken lines illustrate the mechanism in fig;
5.2.A. Since these spots show up quite strongly, it is evident
that strong multiple diffraction occurs within the wurtzite matrix.

Double diffraction between the wurtzite and sphalerite structures
is very much weaker bﬁt some spots due to this can also be detected
in the diffraction pattern of fig. 5.2.8. The double diffraction

spots and the matrix spots which give rise t¢ them are marked on the
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theoretical plot. Most of the wurtzite spots do not 1ie in the (100)
reciprocal lattice plane but show up in the diffraction pattern as

the intersection of a reoiprocal lattice spike with the sphere of
reflection (section 2.6.4.5). This is to be expected since the
dimensions of the Qurtzite gralns are still réther small.

Indices are given to all the cubic spots, to all the wurtzite
matrix spots due to grains with the §0001} planes parallel to the (88} ]
sphalerite planes, and to some double diffraction spots due to these
two structures. Since diffraction patterns are centrosymmetric, a
rotation throﬁéh 180° of the structure about the beam direction will
bring the diffraction pattern into coincidence with i1tself again.

The beam directlon is along Euxj and such a rotation would take the
iilﬁ, sphalerite planes to positions previously occupiled by the (iii;
planeé; . This means that grains with the wurtzite structure having
(0001) parallel té either (111) or (1II) produce the same array of
diffraction spots. The indices assigned to the spots in fig. 5.2.A.
are for the first of these orientations only. The remalning spots
which are not indexed are due tc wurtzite structure grains with (0001)
parallel to (I11) and (1I1). Thus there are only two sets of
diffraction spots although there are four orientations for the
included grains.

The indices were obtained by measurements from the diffraction
pattern followed by matrix manipulation. This procedure is
sumnarised in appendix Al at the end of chapter 6.

The observation by CHOPRA and KHAN (1967) of twin spots in a
diffraction pattern from a film deposited at 40000. on NaCl(100)
has already been disputed in the previous section. 1t appears to
be more likely that their films deposited at high temperature contain
wurtzite structure grains in the same orientation as that reported

here. This is a more satisfactory interpretation since the
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orientation relationships determined here are guite unambiguous and
the possibility of two gquite contrary growth characteristics existing
in the same temperature region is unlikely.

AGGARWAL and GOSWAMI (1963) obtained the doubly-positioned
included grain structure at high substrate temperatures in
contradiction to the results obtained both here and by CHOPRA and
KHAN. The reasons for this are obscured by the fact that the overall
structural quality of their layers of CdS appear to have been very
poor.

5+1.1.3b. OBSERVATION OF INCLUDED GRAINS IN DARK FIELD

Mg, 5.3.A shows a real image and diffraction pattern of a
film at high magnification. Fig. 5.3.B is a dark field image formed
from the matrix and wurtzite structure spots ringed in the diffraction
pattern.

If reference is made to fig.:5.2 and the associated discussion,
it can be seen that the diffraction spots imaged by the objective
aperture are the (022) sphalerite reflection, the (0I13) and (01I3)
wurtzite reflections from grains with (0001) paraliel to (111) and
(1I1) respectively and also the (2110) and (2110) spots which are
coincident with (022) and are due to grains with (0001) parallel to
(111) and (1I1) respectively. Also imaged because of the size of
the objective aperture is at least one of the two % {6331} type
double diffraction spots which lie close to (022). These are due to
double diffraction between the sphalerite matrix and grains with
(0001) parallel to (11I) and (1I1) (fig. 5.3.4).

The dark field micrograph of fig. 5.3 shows systems of parasllel
moiré fringes ("A") produced by interference between the (022) and
(0I13) reflections. Other regions containing no fringes show up
brightly ("B"). These could be regions which are'entirely of Jjust

one structure which, therefore, cannot give rise to any moiré fringes






- 114 -

or they could be regions in which the (220) and the (2I10) reflections
only are excited. The interplanar spacings corresponding to these
two reflections are identical and again no moiré fringes are produced.
Outline contrast (sec. 2.6.2) labelled "C" can be seen in
several instances. This is formed from the % (6331) double
diffraction spots and the outlines define the boundaries between areas
with the two different crystal structures. Wone of the imaged single
diffraction spots is excited within the volume of the crystal
between the outlines and therefore the background is dark. The
outlines are not very bright because the intensity of the doubly
diffracted beam is low.

5.1.1.4. & POSSIBLE REASUN FOR THE POLYMORPHIC GROWTI OF CdS ON
(100) ORIENTED SUBSYRATES.

The processes which occur during the nucleation and coalescence
of thin films have been studied in some detail by a number of authors
(secs 24441). An interesting aspect of these studies is the
transition of the crystal structure of a thin film from polycrystalline
to epitaxial single crystal as the substrate temperature is increased.
It has been shown that although there may be a preferred orientation
for the depositing nuclei, there is rarely a unique orientation.

The proportion of nuclei in each observed orientation can be related
to their activation energy for formation on the substrate surface and
the orientation which has the lowest activation energy is the
preferred one. The rate at which the nuclei are formed and also
their size depends upon the energy avaiiable for nucleation. This
available energy increases as the substrate temperature is decreased
and is thus a function of the degreeof supersaturation of the vapour
with respect to the substrate surface. At the same time, the
difference in activation energy for the various orientations becomes
less significant by comparison. It can therefore be expected that

the proportion of nuclei in orientations other than the epitaxial one
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will increase as the substrate temperature is decreased. Another
consequence of lowering the temperature of deposition is that there
is a reduction in the size at which a nucleus becomes stable. This
means that layers deposited at low temperatures have a finer grain
structure than those deposited at a high temperature.

Where CdS is& concerned, these are not the only considerations to
be taken into account. Changes in the orystal structure occur at
high substrate temperatures where the mechanism based on nucleation
theory expressed above is inoperative, The other important factor
is the polymorphic nature of CdS. The stability of the wurtzite
structure with respect to the sphalerite structure can be expected to
have an influence on the crystal growth at temperatures where atomic
movement in the crystal structure is possible.

The structural variations discussed in the foregoing sections
obtained with (lOO) oriented substrates éan be explained to a first
approximation in terms of nucleation and structural stability
considerations.

At low substrate temperatures, the surface mobility of atoms is
low. The elimination of nuclei in non-epitaxial orientations by a
process of recrystallisation cannot proceed sufficiently quickiy to
keep pace with the arrivai of new material. These nuclei give rise
to grains with non-epitaxial orientations and the film is poly-
crystalline.

Surface energy and surface mobility have been shown by several
authors to be of great importance in the formation of epitaxial layers.
The work of MATTHEWS et al. and PASHLEY et al. referred to in
section 2.4.1 is of particular significance here.

By increasing the substrate temperature, both of these quantities
are increased and in the case of the CdS layers with the sphalerite

structure, complete epitaxy was achieved at about 100°C. on NaCl(100).
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The presence of the doubly-positioned wurtzite structure at
low substrate temperatures indicates that nuclei in this orientation
have a low activation energy for formation. It is common to find
€dS growing with the wurtzite structure and having the "C" axis
perpendicular to the substrate., All the layers grown on thé NaC1(111)
and BaFZ(lll) sgbstrates grew with this geometry at temperatures down
to room temperature and crystallites in this orientation were visible
in Cd3 layers deposited on BaFZ(lll) substrates at temperatures as
low as -1OOOC. (section 4.1.3). Layers grown on glass substrates
have also been found to have the "C" axis perpendicular to the substrate
(VECHT et al., 19663 ROZGONYI and FOSTER, 1967; NEUGEBAUER et al.,
1967). It is therefore evident that little or no substrate
orienting effect is necessary to induce growth with this orientation.
However, the (100) oriented substrates do have some orienting effect
on this growth morphology since low index directions in the substrate
sufface and in the thin film 1lie parallel to one another.

As the temperature of the substrate is raised, its influence
becomes paramount and only the sphalerite structure ig found in the
films.,. This condition prevails throughout the temperature region
in which surface diffusion is significant and diffusion within the
bulk of the film is still too sluggish to allow for rearrangement
inside the film.

At the highest substrate temperature of 35000. the mobility of
atoms in the bulk material may be sufficient to alléw ordering to
take place under the influence of thermodynamic forces. This would
result in a reversion to the stable wurtzite structure, Any stacking
faults on the {111& planes of the sphalerite structure could provide
ideal sites for the nucleation and growth of this phase at the expense
of the matrix. This may account for the structure of films obtained

at this substrate temperature in which the planar defects appear to
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have been greatly reduced in favour of discrete regions with the
wurtzite structure large enough to give their own diffraction pattern.
The instability of the sphalerite structure with respect to the
wurtzite structure is very likely to be responsible for the high
planar defect density in the'sphalerite structure films throughout
the whole epitaxial temperature range. At 45000., however, the
mobility of the atoms becomes sufficiently great tc allow the phase
transformation to proceed fairly quickly in the grown film with the
simultaneous elimination of most of these defects‘(sec. 5.£.2.2).

5.1.2. FILMS GROWN ON CHEMICALLY POLISHED NaCl(110) SUBSTRATES

A1l the epitaxial films had the sphalerite structure and contained
noc included grains giving rise to satellite spots in their diffraction
patterns although the matrix spots were always streaked along <1LD
directions.

5§1:2:41, THE UBSERVATION OF THE PLANAR DEFECTS IN DARK FIELD

In section 2.6.5.1 it is explained how streaks lying along the
(111) directions in the plane of the film are due to thin defects
lying at right angles to the plane of the film on ijl planes.
Consequently when a streak was imaged in dark field, thin bright
lines could be seen which ran at right angles to the direction of the
streak (allowing for the rotation of the diffraction pattern relative
to the real image in the microscope). Since the defects were being
viewed edge-on, they could be resolved, whereas the images of those
viewed along a [10@] direction in (100) oriented films overlapped
and therefore could not be resolved. Mg. 5.4.A shows a diffraction
pattern and a dark field image from a (110) oriented film. The
portion of the streak being imaged arises from the defects which
show up as thin, bright lines about 1002 long and lOX or so thick in

the dark field micrograph. Similar defects have been obéerved in

ZnS (HOLT and WOODCOCK, 1970). The dimensions of the defects were
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much the same as those seen in fig. 5.4.4. The streaks in the
diffraction patterns caused by the defects have been more widely
observed. KALINKIN et al. (1961 and 1963) detected strong streaks
along <111> directions in diffraction patterns from CdSe films
deposited in (100), (110) and (111) orientations, RUMSH et al. (1963)
and NOVIK et al. (1963) obtained streaked diffraction patterns from
CdTe layers in (100) and (111) orientations. They deduced that the
planar defects must be stacking faults introduced during the growth
4of the films. Thin films of ZnSe (DHERE and GOSWAMI, 1969) ana ZnTe
(DHERE and GOSWAMI, 1969 and IOLT, 1969) also exhibit streaked
diffraction patterns. This phenomenon is evidently common to all
the compounds mentioned above and points very strongly towards an
explanation based on faulting of the structure during growth. This
is all the more likely since the compounds all exhibit polymorphism
(ROTH, 1967). 4 more detailed argument favouring this explanation
is given in section 5.1.3.

5.1.2.2. THE STRUCTURE OF (110) OxIENTED FILMS WHICH 14D BEEN ANNBALED

The reversion to the wurtzite structure observed in (IOO)
oriented films deposited at BSOOC. (éeo. 5.1.1.3) was not observed in
(110) oriented films grown at the same temperature. However, if
(110) oriented films were anncaled at about 45000. for 30 minutes,
evidence of a transformation from the sphalerite structure to the
wurtzite structure could be seen. If the film was annealed for a
further 30 minutes, an almost complete transformatioﬁ from the
sphalerite to the wurtzité structure occurred. The micrographs of
the partially transformed regions show very similar features to those
seen in some martensitically transformed alloy steels.

The phase transformation from the wurtzite structure to the
sphalerite structure has been observed in ZnS by SECCO D'ARRAGONA

et al. (1966). 1In this case the transformation proceeds in the



reverse direction to that observed in the annealed CdS films because
the sphalerite structure is the stable one for ZnS below 1020°¢.

The model which they propcsed was one of slip on alternate
closest-packed planes and can be illustrated in the following manner:-
aXbPpecyadrbdcecyfakbP oyad b cy

- )
aXbfpad bNcfadbpecyaddle K ad
= SPHALERITE
a-’AbPa:ﬁ'\bj\mc};ao{bfvcgac‘\ bp
-

WURTZITE
aX bpadd

ad bwadbd c&(ad b e
add bpadbpadbpadbpPecyadbpcy

The latin letters re@resent closest-packed planes of cadmium atoms
in the a, b or ¢ positions as described in section 2.1.1. and the
@reek letters represent similar planes of sulphur atoms. The arrows
lie between planes over which slip is assumed to have taken place.
A1l the material to the right of a slip plane has moved with respect
to that on the left of it such that atoms which were in "a'", "Db" and
e" positions are now in "b'", "c¢" and "a" positions respectively.
By referring to figure 2.5 it can be seen that there are three "b"
positions symmetrically placed about each "a" position. There are,
therefore, three poésible slip vectors which take an atom from an "a’
site to a "b" site. In order to minimise the overall distortion in
the crystal structure, the total slip in each slip direction is the
same. It can be seen that the regicn in which slip has occurred now
has the wurtzite structure. The boundary between the wurtzite and
sphalerite structure is marked by a continuous line and contains a
series of partial dislocations which terminate the slipped portions
of the planes. 'This is a simple martensitic transformation.

In alloy systems, the transformation from the f.c.c.z‘ austenite
phase to the b.c.c.™ ferrite phase in some cases passes through an

intermediate h.c.p. € phase. This has been found to occur in



- 121 -

stainless steels containing a high chromium or manganese content
(KELLY and NUTTING, 1961; LAGNEBORG, 1964; MANGONON and THOMAS,
1969; and a theorétical discussion by CHRISTIAN, 1965). The E{to(f
transformation is understood to occur as a result of successive slip
on the f.c.c. %}1£§ planes giving an orientation relationship between
the two structures of (0001) huc.p. [ (111) f.c.c. with G0}/ 110}
for each set of“{lli} planes (this is also the high substrate
temperature orientation of included grains with the wurtzite structure
in (100) oriented 0dS films (sec. 5.1.1.3)). The microstructure which
this transformation‘produces consists of thin laths of & phase
parallel to the {111} planes of the sustenite matrix. Fig. 5.5
is a micrograph showing similar features in an annealed €45 film
in (110) orientation. Fig. 5.6,A shows a diffraction pattern from
another partially transformed region in which the transformation is
taking place on only one set of {lliﬁ planes. The array of spots is
due to the material being in an intermediate stage of transformation.
The theoretical plot in fig. 5.6.A. shows the (1I0) oriented sphalerite
diffraction pattern and the (1120) diffraction pattern of the wurtzite
structure superimposed. Comparison between this and the diffraction
pattern below (fig. 5.6.B.) indicates that only spots at (hkl) cubic
t'%(lll) are prominent whidh suggests that the structure at this
stage of the transformation approximates to a twinned cubic structure.
A transitional structure is to be expected since stacking faults
rassing through thg sphalerite matrix initially produce a twinned
sphalerite structure. This can be illustrated by the following
sequence of stacking symbols:-

abcabcabe ——> abé%ggabc
where the microtwin is bracketed. A further stacking fault passing
aoross the "e" layer (marked x) taking this to a "b" positibn is
required before a lath of the wurtzite structure is formed; Sinmilar
transitional structurecs heve heen séen in ZnS fi;ms (RAi et al., 1970)

In Pig. 5.7.A., a dark field micrograph is shown of
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the transforming laths. The spot used was (I100). TFig. 5.7.B is

another dark field micrograph of the adjoining area of the film.

In this case the imaged spot was the (111) sphalerite spot. As can
be scen from the theoretical plot, the two spots which are imaged in
dark field lie next to one another in the diffraction pattern.

Pig., 5.7.C is a bright field micrograph of the same region at lower

magnification. Corresponding features in the three ﬁicrographs

are labelled according to the captions beneath.

It is evident that the laths of transformed material lie at
right angles to the (lli) directions and that the interface
between the sphalerite matrix and the laths lies between the {lli}
sphalerite and the {OOOi} wurtzite planes. If this is so, then
the sphalerite to wurtzite and the X'M}G transitions are probably
identical.

The hexagonal € phase is an intermediate phase in the K to o€
transition of the stainless steels and only a small fraction of the
alioy will have the € structure at any instant. The sphalerite
to wartzite transition can be taken to completion gowever.

Fig. 5.8. shows a diffraction pattern from a completely transformed
region in (1101) orientation. The absence of satellite spots
indicates that the transformation has occurred almost exclusively
on one set of §111} planes. The diffraction spots did not streak
when the film was tilted and therefore the film contained very few,
if any, planar defects.

It is alsc of interest to note that in the partially transformed
films illustrated in fig. 5.5 and 5.7, the regions with the
sphalerite structure contained a greatly reduced number of the small
planar defects which are always found in the unannealed films.

These defects are evidently removed by annealing before

transformation begins. The processes of planar defect removal and
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phase transition therefore appear to proceed independently of one
ancther. The absence of planar defects in the crystal structure
immediately before transition may account for the great length of
the transformed bands of material when compared with all other
structural features. The planar defects, whatever their nature,
would undoubtedly impede the movement of stacking faults on the {;li&
planes and therefore reduce the size of individual volumes of
transformed material, |

Since the planar defects can be annealed out, it is almost
certain that they are structural faults. Furthermore, they lie on
{11i§ planes in the sphalerite structure and this strongly suggests
that they are very small areas of stacking fault.

Another point of interest is that over 1arge.areas of the
film, transformation has occurred preferentially on one set of {1113
planes only. This cannot be explained in terms of the transformation
beginning on all the {;11} planes at randoﬁ. Some other agency must
be having a selective effect on the sets of planes on which
transformation begins. It may be that internal stresses in the
film have a large shear component on one set of {111} planes and
only a small component on the others. Since slip is induced by
shear stresses, the slip planes already subject to a shear stress
would be favoured for the transformation. The stresses may be
caused by the film bending between the grid bars during annealing,
or internal stresses present before annealing. Another possibility
is that the transformation itself may polarise the internal stresses
so that the transformation continues on one set of planes only.
This type of stress system may well exist at the matrix/lath
interfaces since it is well known that martensitic transformations
can generate high internal stresses. However, whichever agency is

operating must have an effect over large distances. The regions of
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preferential nucleation can cover areas at least as large as a grid
square since bands of wurtzite structure material have frequently
been seen which pass from one side of the grid square to the other
(i.e. about 75 microns).

Very few results have yet been published on the structure of
annealed epitaxisl films of II-VI compounds. HOLT and WOODCOCK (1970)
found that no effect was produced in ZnS films when annealed under
vacuum at temperatures between 35OOC. and 55000. The planar defects
remained unaltered both in size and numbers. Annealing the films
in H.S at the same temperatures produced intensity maxima at

2

pa % {111y in their diffraction patterns although nc changes were
observed in the micrographs. This implies that annealing twins may
have formed in the matrix of the ZnS films. As it is pointed out
above, a transformation from the sphalerite to the wurtzite structure
should not occur because of stability considerations. The removal

of planar defects with the resultant formation of twinned regions is

a very likely process, particularly if the defects are stacking faults.
This interpretation of the diffraction pattern data was not confirmed
although the implications are that this is another manifestation of

the difference between the stable structures of CdS and ZnS.

5.1.2.3., CONCLUSIONS ON THE WORK WITH FILMS IN (110) ORIENTATICN

Although the structural propertics of the (110) oriented films
are apparently very similar to those grown in (100) orientation
across the centre of the epitaxial temperature range, certain
differences in the epitaxial growth exist towards both ends of the
range. No included grains of material with the wurtzite structure
were found in any epitaxial layers deposited on (110) substrates.
This contrasts with the presence of doubly positioned grains with
the wurtzite structure in (100) oriented films grown below about
ISOOC. and also with the growth of wurtzite structure material on the

{llﬁ sphalerite planes at a substrate temperature of 55000. It
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could be expected that included grains would form in (110) oriented
films grown at higher substrate temperatures. The annealing
experiments suggest: that included grains would be present in films
grown on substrates at about 4500C. Chemically polished Ban(llO)
faces would make suitable substrates for investigating the epitaxial
growth of CdS at temperatures up to about 550°C.

Owing to the relative difficulty of obtaining (110) oriented
substrates, very little has been published on the epitaxy of II-VI
compounds in this orientation.  AGGARWAL and GOSWAMI (1963) deposited
ZnS and CdS on (110) oriented NaCl substrates. At no substrate
temperature did they obtain films which gave sharp diffraction
patterns. The best of their CdS layers consisted mainly of material
with the wurtzite structure having (0001) CdS // (110) NaCl and
(1120] // [111). The substrate temperature which they used was
about BOOOC., well within the epitaxial temperature region determined
here. In this work, material with the above orientation was found
only in the partially oriented (110) films depcsited at room
temperature (sec. 4.1.2). The ZnS layers which AGGARWAL and GOSWAIMI
produced were of better quality than their CdS layers and were
predominantly in (llO) orientation. Even these, however, were not
of comparable quality to those studied here. VAN DIJK (1967)
deposited CdS on Ge (110) and invariably obtained polycrystalline
layers with the wurtzite structure.

The (110) orientation is potentially a convenient one from an
analytical point of view since it contains the [@Oﬂ s [iiéﬂ and [lii]
low index directions. This enables features éssociated with the
'corresponding low index planes to be observed in dark field microscopy
with little or no tilting. It is perhaps surprising, theréfore, that

more use has not been made of substrates with this orientation.



5¢1.3. THE INTERPRETATION OF THE PLANAR DEFECTS WHICH CAUSE TIE
n DIFFRACTION SPOTS 10 STREAK

The streaking of the diffraction spots observed in diffraction
patterns of films with the sphalerite structure is due to defects
lying parallel to the {1113 planes. The defects could be either
stacking faults or thin, plate-like precipitates of impurities but
for the following reasons it was concluded that they aré in fact
stacking faults.

Mlms with the wurtzite structure containing no planar defects
were grown using (111) oriented substrates, whereas all the
sphalerite structure films grown on (100) or (110) oriented substrates
contained many such defects even though the corditions under which
they were prepared were very similar. The defect content of these
films was therefore dependant upon the structure of the film and its
orientationf This has rather unlikely implications if it is
agsumed that the defects are precipitates. For example, the impurity
content of the material condensed from the vapour would also have to
be structure and orientation dependant. Moreover, in films having
the sphalerite structure, the defects all lie on the Elll% planes
which are the most closely packed planes whereas in films with the
wurtzite structure, when defects are seen, they lie at right angles
to the {OOOi% closest-packed planes. One would expect that the
defects would lie parallel to the closest-packed planes in both
structures where the interfacial energy between them and the matrix
is likely to be at a minimum. This situation is even more probable
in this case since the closest-packed planes have identical
symmetry in both structures. Furthermore, it was found that the
defects could be annealed out from both structures (secs. 5.1.2.2. and
5.2._1.1.3). It is most likely that precipitates going into solution
at a high temperature would precipitate again on ccoling through the

temperature range in which they were originally formed. No
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precipitates or defects similar to those present in the as-grown
films were ever detected in annealed films

The observations made above can all be explained quite simply
in terms of stacking faults on the illi% planes. Consequently it
was decided that structures other than the two CdS structures do not
occur at a detectable level. Unfortunately, the thin faults cannot
be resolved with sufficient detail by the E M 6 G microscope to
enable a conclusive interpretation to be made.

5.2. FILMS WITH [HE WURTZITE STRUCTURE GROWN ON CHEMICALLY POLISHED
NaC1(111) AND VACUUM-CLEAVED BaF_(111) SUBSTRATES

Whereas the films deposited on substrates with (100) -and (110)
orientation had the sphalerite structure those deposited on the (111)
oriented substrates had the wurtzite structure. The temperature
range over which epitaxy could be achieved was considerably wider for
films with the wurtzite structure than it was for those with the
sphalerite structure. It was possible to produce epitaxial films
from 550°C. down to 0°C. on vacuum-cleaved Ban(lll) substrates.
CHOPRA and KHAN (1967) also obtained an epitaxial layer of CdS at
room temperature with an (0001) oriented mica substrate but they did
not investigate the epitaxial properties of CdS at lower temperatures.

5.2.1. THE DETERMINATION OF THE CRYSTAL STRUCTURE OF CdS FILMS
GROWN ON (111) ORIENTED SUBSTRATES.

It was possible to determine that the diffraction patterns from
CdS films grown on (111) oriented substrates were due to the material
having the wurtzite structure by using dark field electron microscopy.
Section 2.6.4.1. and Fig. 2.12 show that the innermost hexagon of
spots in the diffraction patterns from these films can be due a) to
double-positioning twins in the sphalerite matrix; b) to/"Spiking
through" of the (111) spots which lie outside the plane of the (111)
diffraction pattern or ¢) to (1010) matrix reflections from material

with the wurtzite structure. These possibilities may be distinguished



by observing in dark field, the image formed by one of the spots
and by noting the intensity variations of these spots relative to
the hexagon of spots immediately outside. The outer hexagon of
spots are 3023% reflections (Fig. 5.9.B) if cubic indexing is used.

a) If double-positioning twins are present then one of three
situations should occur when the spots are imaged in dark field
(sec. 2.6.2). The twins can show up either as bright areas against
a dark background or vice versa according  to whether the spot is
of the (111) type belonging to the twin or the matrix. Otherwise
the boundaries between the twins and the matrix light up if the spot
is the double diffraction spot due to the two {1Lﬁ type spots of the
matrix and the twins. In this case the spot is of the type %(224)
(PASHLEY and STOWELL, 1963). In no case was domain or outline
contrast seen when imaging these spots.

b) If the film is buckled, it is possible for the {111}
reflections to be sufficiently near to the sphere of reflection for
them to '"spike through“ (Fig. 5.9,4). If a selected area diffraction
pattern is observed as the film is moved about the (111) spots will
wink on and off as the film orientation in the selected area passes
through positions for which these beams are and are not excited. The
{0252 spots, on the other hand, would not extinguish although they
might dim, since the orienfation changes are not likely %o be great
enough to carry the (111) plane right out of the diffraction condition.
Purthermore, the (I111) spot would be seen to increase in intensity
as its two neighbours, (220) and (202), decreased in intensity
(Fig. 5.9.B8). The dark field image of the {Tliﬁ spots would, however,
give the normal bend extinction contour contrast associated with
matrix reflections.

¢) If, on the other hand, the imaged spot is a {10I0f type
matrix reflection from material with the wurtzite structure, the dark

field image will reveal the bend extinction contours corresponding to
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(A) A diagram show1ng the (I11) spot spiking through the
Ewald sphere which is at an angle to the (111) plane.’
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(B) Diffraction pattern showing positions at which fili%
‘reflections spike through. Triangle formed by the
 central spot and the (220) and (202) spots is the same
as that outlined in the diagram above.

Fig. 5.9
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this reflection and the image of the contour should appear uniformly
bright apart from intensity variations due to buckling. In addition,
if the film is tilted continuously, the contour will move across the
image of the film thereby iighting the whole film up during its
passage. By observing the selected area diffraction pattern, this
situation can ose distinguished from the one due to "spiking through'
of {lllE spots. If the spots are {1010@ type, their intensities and
those of the $1130% spots (i.e. the 3023¢ spots as indexed above)
will incresse and decrease together as the film is tilted.

This condition was found to prevail in all the films which gave
diffraction patterns with a regular hexagonal symmefry. Thus it was
concluded that the matrix of all films deposited on (111) oriented
substrates had the wurtzite structure. Fig. 5.10 shows miorographs
of a film with the wurtzite structure. The bend extinction contours
associated with the §10T0{ spots can be seen both in dark field as
bright bands and also in bright field as dark bands.

Material with the sphalerite structure lying with the (111) plane
parallel to the substrate surface cannot be detected solely by
observation of the diffracition pattern since the sphalerite matrix
spots lie in the same positions asg the gll?QE wurtzite matrix spots.
However, any material with the sphalerite structure would appear dark
in a dark field dimage formed from a §1oio} wurtzite reflection. No
such areas were seen in dark field which could be ascribed to material
having the sphalerite structure and it was, therefore, concluded
that the films were indeed single phase.

5.2.2. THE DEFECT CONTENT CF THE FILMS

No included grains with the sphalérite structure were ever
detected in these films. However, streaking of the diffraction
spots was apparent, particularly in the diffraction patterns from
films grown at low subsirate temperatures. The streaking disappeared

from the diffracvion patterns of films grown on Ban(lll) above 17000.
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while for films grown on NaCl(11l), the relevant temperature was about
250°¢C.

The reciprocal lattice plane in which these stresks lay was
determined by tilting the thin films in the electron beam. It was
observed that the gtreaks disappeared as the matrix spots disappeared
and there were no intensity maxima that moved along the streaks, which
might suggest that they were intersecting the sphere of reflection at
an angle. Thus it was concluded that the streaks lay in the (0001)
reciprocal lattice plane. All matrix spots were streaked in <10iQ>
- directions which indicated the presence of planar defects lying
parallel to the {1010} planes.

Unlike the defects lying on the illig planes in the films with
the sphalerite structure, those on the ilOiQ% planes could be
eliminated together with the corresponding streaking of the
diffraction spots by raising the substrate temperature. At the séme
time, the micrographs of films grown on substrates at the higher
températures were geen to contain far fewer defects. Fig. 4;6 shows
micrographs and diffraction patterns of two films, one of which was
grown at 300°C. and the other at 25°C. This illustrates the change
in deifect density produced by an increase in the substrate temperature.

It is possible that substrate temperatures of 170°C. for BaF_(111l) and

2
250°C. for NaCl(lil).are the minimum temperatures which allow the
removal by annealing of defects generated by nucleation and coalescence
before they are buried by depositing material. Unce the film has
become continuous, it is reasonable to suppose that the growth
properties of films deposited on the two substrates are the same;

This model would account both for the high defect density of films
deposited below these two temperatures and also for their good overall

orientation despite these defects. A model such as this must be

proposed in order to account for the substantial degree of orientation
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seen in films grown on cooled Ban(lll) substrates. The considerable
difference between the minimum epitaxial temperature for BaFg(lll)
substrates and the minimum temperature quéted above for the removal
of growth defects from the depositing film suggests that epitaxy need
not necessarily be accompanied by the removal of "grown in" defects.
Above the two substrate temperatures quoted, most of the defects
appeared to be dislocations and only a few of them were planar defects.
At higher temperatures still, defects with th; appearance of
dislocation loops associated with collapsed vacancy discs were seen.
No other study of the variation with substrate temperature of the
defect content of wurtzite structure epitaxial layers has been
published although the subject is briefly mentioned in WILCOX and
HOLT (1969).

5.2.3, THE EFFECT OF ANNGALING ON THIN FITMS WITH THE WURTZITE STRUCTURE

A further reduction in the defect density of thin films with the
wurtzite structure could be obtained by annealing for 30 minutes at
45000. #ig. 5.11.A shows a micrograph of a film grown on NaCl(lll)
at BOOOC. Since the material is relatively free of defects, it is
possible to pick out the individual defects on the {10iQ§ planes.
The {10i0} planes lie normal to the plane of the film so the defects
are geen gdge-on lying along directions separated by 60° which
corresponds to the angular separation of the {10i0} planes.
fig., 5.11.B shows a micrograph of a film grown under the same
conditions and then annealed. The planar defects have all but
disappeared t0 leave behind a number of other defects which appear
to be dislocations. The net effect, however, is that the plamar
defects are completely removed by annealing whereas the dislocations
are only partially removed and an overall improvement in the
structural quality of the films is achieved. This contrasts with

the more dramatic effect of amnealing on films with the sphalerite

structure.
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5.2.4, THE INTERPRETATION OF THE PLANAR DEFECTS ON THE ?10i0} PLANES
IN FILMS WitH THE WURTZITE STRUCTURE

No direct evidence for the origin of these defects has been
obtained in this work. It is possible that they are introduced by
a8 mechanism considered by BLANK et al. (1964) which is based upon
geometrical considerations. There 1s more than one way in which the
wurtzite structure can be built up on a (111) oriented substrate.
This enables neighbouring islands to have different stacking sequences
of closest-packed layers. When these grow together, their interface
defines a stacking fault.

5.2.4:1. THE GEQMETRY OF THE WURTZITE STRUCTURE ON A (111) ORIENTED
SUBSTRATE

The stacking of closest-packed layers up to the substrate

gsurface may be represented by the sequence:-

abcabca

+

where the arrowed "a" layer defines the substrate face. The first
(0001) layer of CdS molecules will lie either at "B" sites or at "C"
sites (sec. 2.1.1). It is highly unlikely that they would lie
immediately above the atoms of the substrate face at "A" sites. Thus

the two possible stacking sequences at the interface are:-

1. abca B and 2. abca C
q,v.w \-sy...J
cubic hexagonal

It can be seen that the seguence bracketed in 1. comprises three
1ayers in twinned cubic array whereas the three layers in sequence
2 are in hexagonal array. It is quite péssible that the structure
on the right is energetically more favolUrable for growth than that on
the left although this is not necessarily so. However, it is very
likely that one sequence is favoured rather than the other..

The position of the second layer of the depositing film has yet
to be &étermined. For each of the above sequences there are two

pogsibilities when the second layer is included. These are, for
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sequence l.:-

la. abca BA and 1b. - abca BC

“ R
L.o\, P v

hexagonal cubic
and for seguence 2.:~

2a. abca CA  and 2b. abca CB

Mo prae’

,hexaéonal cubic

Of these, 2a. appears to be the most favourable having already
four layers in hexagonal array and lb. the least favourable, all the
layers so far being in cubic array. la. and 2b. are sequences which
lie somewhere Between the two extremes.

If the stacking of the first two layers strongly favours
hexagonal sequences, then one can expect to find stacking sequences
mainly of the type la. and 2a. The conclusions in the following
argument are in no way altered if any two or more of the stacking
sequences occur on the substrate surface. For simplicity, it is
agsumed that only nuclei with types la. and 2a. stacking deposit on
the substrate.

5.2.4.2. THE_FORMATION OF STACKING FAULTS ON {10I0% PLANES DURING
COALESCENCE

A kind of multiple positioning of the original nuclei could
provide a mechanism for the formation of faults on the ilOiO} planes.
It should be mentioned here that these faults cannot be antiphase
‘domain boundaries since many instances of three faults meeting at
a point can be seen in the micrographs of Figs. 5.11.4 and 4.6.C.
It was mentioned in section 2.1 that antiphase boundaries in II-VI
compounds cannot meet (HOLT, 1969). OUne would also not expect to
see antiphase boundaries show up strongly in bright field since the
crystal structure remains the same across an antiphase boundary and
only the occupancy of the two sublattices is reversed.

Fig. 5.12.A. shows the three possible positions of the close

packed layers. In the following analysis, the "A'" sites lie in the
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CA

8+ B+

A YA

(A) The three possible positions. for atoms in a close-packed

structure. :
Aﬂ oA
A , "
B+ '
A YA - A A
. (B) 1a - stacking - 1A -~ stacking
A ' A .. A

BOUNDARY
BOUNDARY

A - A A

(C) Two hexagonal regions with la - stacking having boundaries
with a hexagonal region with 28 - stacking. Type "A" boundary
contains an excess of atoms and type "B" boundary contains a
dearth of atoms. '

Fig. S5e12
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substrate surface and the atoms of the first layer of the film are
situated either at "B" sites or at "(" sites. Following the same
system of symbols used in the previous section, the layers in the
thin film are denoted by capital letters. ig. 5.12.B shows the
two modes of stacking, la and 2a. In both cases, the atoms in the
substrate surface lie at "A" sites. The first layer of deposited
atoms go into '"B" sites for la and into “C" sites for 2a. The second
layer goes back into "A" sites and the two structures may then be
represented by the sequences BABA etc. and CACA etc. Fig. 5.12.C.
shows an idealised situation where three nuclei have grown together.
Two kinds of boundary are seen to exist. In type "A", the atomic-
packing fraction at the boundary is higher than average whereas in
type "B" the atomic-packing fraction is lower than average. It can
be expected that strain is associated with both of these boundaries
and could give rise to the contrast seen in the micrographs. A three
dimensional representation of the situation is shown in Fig. 5.1%.A.
and the boundary is seen to consist of a vertical wall of partial
dislocations (represented in Fig..5.15.B) as the two nuclei join
together.  According to BLANK et al. (1964), this should be a stable
configuration since the movement of one of the partial dislocations
away from the boundary would create a stacking fault in its wake. On
the other hand, there should be a repelling force between the partial
dislocations of the same kind on alternate planes and the equilibrium
configuration for the dislocation wall may be a zig-zag rather than
a plane. In other words, the total energy is reduced by storing
some of the energy in small areas of stacking fault parallel to the
basal plane in order to lower, by a greater amount, the strain field
energy of the dislocations.

The simple situation discussed above based on only two stacking
sequences leads to the same criterion as for antiphase boundaries

namely that the analysis does not allow three intersecting faults on
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B/ /‘7 /

Aj/ — —_ f/./;

B _/:/ ,.

A I ol A—*””"”’
= .

‘3 ' .

\

(A) A three dimensional representation of two nuclei growing
together on the substrate surface. The stacking sequence

in the nucleus on the left is BABA etec. and in that on the
right it is CACA etc. ‘

\ \\\\\\\w\\\’\

\
R

(B) The two nuclei shown in (A) have joined up to form a ‘wall -
of partial dislocations at their boundary. The boundary
is thus a particular type of stacking fault. '

;

Fig. 5 .13
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{iOiQ} planes to exist. Therefore, more than two stacking sequences
~ ﬁust be present to account for the intersection of faults seen in the
films, The possibility that faults of this type could be annealed
out at 45000. is quite high since slip on the fOOOig basal planes is
relatively easy. Partial dislocations with burgers vectors of the
type %'{}Oi@} vake atoms from "B" gites to "C'" sites. .This would
enable the stacking sequence of one volume of material to transform
progressively to that of a neighbouring volume by a process cf slip
on alfernate or successive {OOOiﬁ planes. This is similar to the
slip process proposed by SECCO D'ARAGONA et al. (1966) for the ZnS
phase transformation discussed in section 5.1.2.2.

5¢2.5, DEFECTS WHICH REMAINED IN FILMS HAVING THE WURTZITE STRUCTURE
GROWN AT HIGH SUBSTR&TE TEMPERATURES

Once the stacking faults had been eliminated either by grdwing
the films at high substrate temperature or by annealing, humerous
other defects remained. It was not possible to remove these
completely either by raising the substrate temperature or by
annealing in the manner described in section 3.4. These defects
appeared to be dislocations and could only be observed at the higher
end of the magnification range.

Their crigin has nOt_yet been determined. The work of MATTHEWS,
PASHLEY rand NEUGEBAUER referred to in section 2.3 has established
that during the last stages of coalescence of a thin film, dislocations
are frequently generated at points where the holes in the growing
film have finally filled in. The mismatch between the thin film and
substrate crystal structures is important in this (JACOBS et al., 1966)
The mismatch has to be accommodated by strain and dislocations in the
growing film.

Another possible source of dislocations is that due to the
annealing out of stacking faults on the {lOidE planes which could lead

to the formation of dislocations threading the film.



- 144 -

Dislocations which thread the films can only be removed either by
reaction between two of opposite signs or by passing out through the
sides of the films. Since the mobility of dislocations in the
wurtzite structure is low, especially on planes other than the basal
plane, annealing of the films cannot be expected to lead to a great
reduction in the dislocation density. This was found to be so in
the case of a film which had been annealed twice. No change in the
visible number of dislocations was detected.

A fundamental limitation to the growth of thin layers of CdS by
the process of vacuum evaporation is that nucleationrinevitably takes
place at many separate sites before coalescerce begins. This
guarantees that a certain minimum dislocation density will be present
in an epitaxial layer whenever there is a mismatch between the film
and substrate crystal structures.

A guite different class of defects having the appearance of
dislocation loops can be seen clearly in the micrograph of Pig. 5.14.
These are particularly characteristic of films grown at high substrate
temperatures. The film illustrated in Fig. 5.14 was grown at 50000.
They are very similar in appearance to dislocation loops which are
seen in thin metal films (as illustrated for example in HIRSCH et al.,
1965) and in irradiated metals (RAU R.C., 1968; MEAKIN and GREENFIELD
1965). These had been formed either by condensation of vacancies or,
in the case of irradiated metals, by the aégregation of interstitial
atoms.

o}

Most of the loops were less than 200A across and were probably
formed by the condensation of vacancies either during growth at high
temperature or during cooling. Since CdS has a sulphur-deficient
structure when heated in the absence of a sulphur-rich atmosphere,
(SCM@EJAL and JEPSEN 1964), the loops may be formed by condensation

of sulphur vacancies.
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5¢3. THE NUMBER AND CLASSIHICATION OF DEFECTS FUUND IN SOME OF
THE EPITAXTAL FILMS

Table 5.1 shows the estimated defect density in a number of

the epitaxial films deposited in the three orientations. The density
meagurements were determined by counting the number of defects visible
in areas of the micrographs 5 cms square. The arithmetic average

of three such counts was taken for each specimen. The question marks
indicate that it was not possible to determine whether the particular
fdult was present or not because of the confusion in the image caused
by so many other defects. It was estimated that if planar defects
were present in numbers greater than about 1013/0m2, then it would
not be possible to distinguish one from the next and the true humber

could therefore not be determined.

TABLE 5.1

THE DEVECT DENSITY IN EPITAXTAL CdS LAYERS
2

TYPE OF DESECT AND THETR NUMBERS PER CM

FOR NaC1(100) SUBSIRATES - MATRIX SPHALERITE STRUCTURE

(VACUUM-CLEAVED)
SUBSTRATE PLANAR DISLOCATIONS LOOPS OTHER
TEMPERATURE DEFECTS : DEFECTS
5 1013 7 POLYCRYSTALL NG
25°¢. NOT EPITAXTIAL NONE TWO PHASE
100°¢. 1012 , ? NONE| 12 % WURTZITE
200°¢. s10°2 ? NONE|  TONE

350°¢. 2 ? NONE j~50 % WORTZITE

L
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Table 5.1 (cont.)
FOR NaC1(110) SUBSTRATES - MATRIX SPHALERITE STRUCTURE

SUBSTRATE PLANAR DISLOCATIONS LOOPS OTHER
TEMPERATURE DEFECTS DEFECTS
5 313 % ? POLYCRYSTALLINE
25°¢, o g T rAxTI AL NONE TWO PHASE

300°¢. s1072 2 NOWE NONE
Anngaled at g
450°¢. for NONE 2 x 10 NONE TWO PHASE
1 hour.

FOR NaCl(111l) SUBSTRATES

MATRIX WURTZITE STRUCTURE

SUBSTRATE PLANAR DISLOCATIONS  LOOTS OTHER
TIMPERATULE DEFECTS DEFECTS
25°C. 310'% | 7 NOT EPITAXIAL NONE  POLYCRYSTALLINE
5 11 11

300°¢. 2x10 | 2x10 NOXE WONE
Anngaled at 10
150%. for NONE 8 x 10 NONE NONE
= hour

FOR Ban(lll) SUBSTRATES - MATRIX WURTZITE STRUCTURE

SUBSTRATE PLANAR DISLOCAT TONS LOOPS OTHER
TEMPERATURE DEFRCTS DEFECTS
o 13 ) POLYCRYSTALLINE
-100°¢. )10 NOT EPITAXTAL NONE SINGLE PHASE
0’c. y0t? ? NONE NONE
200° 10 . : o
C. NONE 3 x 10 NONE NONE
400°¢, NONE 3 x 1040 8 x 10°0 NONE
0 10 11
5007 Cs NONE 1 x10°(7) 5 x 10 NONE
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The best quality layers were those with the wurtzite structure
which had been annealed. These cbntained a comparatively low
number of dislocations and were siﬁgle phase. A lower dislocation
density is given for the annealéd (110) oriented sphalerite
structure layers. However, these were two phase and it was not
possible to determine the defect density at the interfaces between
the two structures.

The results for CdS in table 5.1 are consistent with the fact
that the wurtzite structure is stable in the temperature range
investigated. The only aspect which is a little unexpected is
the low defect density of the untransformed sphalerite structure
material in the annealed (110) oriented films. It must be deduced
from this that the highly faulted ag-grown sphalerite structure
is energetically less favourable than the unstable, unfaulted
sphalerite structure and that the latter is a transitional stage
in the transformation to the stable wurtzite structure.

Few other figures have been quoted for the defect demsity

of epitaxial semiconducicr layers on ionic crystal substratesi

11
MATTHEWS and ISERECK (1963) found between lOlo and 10 dislocations

per émz in PbS layers deposited on NaC1(100) and CATLIN et al. (1964)
found about 10llfau1ts per cm2>in Ge layers deposited on Can(lll)
substrates. Both results are very much in line with the figures
found here for CdS on BﬁFZ(lll) substrates.

5.4, CdS LAYERS DEFOSITED ON Ge(111) SUBSTRATES

The results obtained with the ionic crystal substrates suggested
that Ge substrates in the (111) orientation would provide the most
fault~free‘layers;' The results of VAN DIJK (1967) showed that
single crystal films could be deposited on Ge(111) substrates but
results with other orientations, especially (110), might prove erratic.
The few results ovtained here, which amount to about thirty films,

confirm that epitaxy can be achieved on Ge(111) although the minimum.
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epitaxial temperature is higher for this than it is for the ionic

crystal substrates.

5¢4.1s STRUCTURAL OBSERVATIONS OF CdS FILMS DEPOSITED ON Ge(111)

SUBSIRATES

The contrast in the micrographs was generally more complex for
these films than it was for those floated off the ilonic crystal
substrates. Effects due to diffraction, first in the film then in
the substrate, gave strong fringe contrast when the specimen was
tilted to the correct angle. Fig. 5.15 shows such a fringe system.
These are parallel moiré fringes of the type discussed in 2.1 whose
spacing corresponds to diffraction from the {ZTTQ} planes of CdS
and the §220} planes of Ge. The measured spacing is 61.0a.  The
spacing predicted by equation (1) defined in section 2;1.3 is 61.6&.
The discrepancy between these two is no greater than might be
expected due to errors in the calibration of magnification in the
electron microscope. The determination of both the theoretical and
the observed values of the fringe spacing is contained in the
appendix section A.Z2.

Both the diffraction patterns and the presence of wide areas of
moiré systens indicate that the CdS layers are of a reasonably good
structural quality. Although results as detailed as those presented
in the previous sections have not yet been cbtained for the CdS/Ge(11l)
system, the observations so far indicate that a study of the
electronic properties of these heterojunction would give useful
results gapable of being correlated with their crystal structures.

The CdS/Si(111) system has been investigated with the same
apparatus used for the rest of the work and no u;eful positive results
have been obtained. The literature on silicon epitaxy contains many
references to carbon contamination of the substrate surface adversely
affecting epitaxial growth. This is one‘of the most likely

contaminants in an oil diffusion pumped system and it has been
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concluded that further work would need to be done in a vacuum system
using lon pumps.

5.5. SOME COMMENTS ON EPITAXY AT LOW SUBSTRATE TEMPERATURES

KALDIS (1969) has investigated the growth of bulk single crystals
of CdS from the supersaturated vapour. The crystal morphology and
. growth rates were studied as a function of the degree of supersaturation
of the vapour with respect to the growing crystal. It was found
that single crystals could not be grown if the undercooling of the
crystal with respect to the vapour was greater than about 20°¢.
because at gréater temperature differences, nucleation could not be
controlled and a polycrystal was produced. No similar investigation
has been made of crystal growth on single crystal substrates.

The essential difference between the growth of a bulk single
crystal and an epitaxial film is that in the former case, nucleation
and growth can be allowed to occur at only one site whereas in the
latter case, the single crystal substrate ensures that all nuclel
are aligned and so form pert of the same‘single crystal. By keeping
the degree of undercooling small, it can be ensured that only one
nucleus grows. If the number of nuclei formed is of no particular
consequence, the degree of undercooling becomes less significant and
very large values of undercooling may be tolerated.

.-The degree of undercooling permissible in epitaxial growth
(i:e. the minimum epitaxial temperature) is at least partly
determined by the strength of the orienting effegt of the substrate
over the depositing film. In the case of €d3 deposited on vacuum-
cleaved BaF2(111) substrates the effect is sizeable even at
femperatures below 0°C.

A further point of interest is that the surface reaction at the
substrate in which the Cd atoms and 82 molecules combine to form CAS
must be capable of proceeding at these low temperatures. It is

possible that the heat of reaction between the two atom species
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provides the energy to give them enough mobility on the growing
surface to find their proper positions. Llternatively, it has been
suggested that the vapour consists of a number of cadmium-sulphur
complexes of the type GdnSm (where n and m are integers) whose
structures dictate the mode of growth of the crystal (BULAKH, 1969)A
BULAKH's work, however, was based upon measurements made with non-
stoichiometric vapours at near-atmospheric pressures in which many
atomic collisions would occur in the vapour phase before the vapour
had reached the growing crystal surface. This would provide an
opportunity for complexes to form. Ih the case of sublimation of
the source in vacuo, the vapour is given off as a diverging beam in
which atomic collisions are much less likely. A surface reaction
between the elements scems to be a more probable process in these
circumstances rather than the condensation of molecular complexes.

A further drawback to the molecular complex model 1s that their
mobility &t low temperatures would be wery much less than that.of the
atoms . Tnis would render eplifaxy less »ather than more likely on
substrates at low temperatuces.

A model descriving the chemical reaction at the enitaxial growth
surface would be a great help in undsrstanding the way in which
epitaxy can still occur at such low tenperatures. ‘The models
presently available which describe crystal zrowth at high temperaturcs
are inadequate. such & model would also have to account for the
fact that the minimum epitaxial temperature on Ge(11l) is at least
250°¢. higher than that for BaFZ(lll) i.e¢. about twice the absolute
temperature. There are amany great differences bhetween these two
substrate materials, but there are two which may be of particular
significance in this context. The first is that the Ge(11l) surface
contains only Ge atoms whereas the BaF2(111) surface contains both

++ - - - s e 1
Ba and F dons. Since 0dS is to some extent ionic, there may be a
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beneficially stronger orienting effect from the ionic crystal
substrate surface. The second difference is that Ge is a conductor
of electréns and the ionic crystals are insulators. If the process
of condensation and chemical combination at the substrate surface is
in any way electronic, the presernce of an alternative path for
electrons through the substrate rather than across its surface may
retard the epitaxial process, particularly at low temperatures where

thermal surface diffusion of atoms is slow.
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CHAPTER 6

CONCLUSIOND AND PROPOSALS FOR FURTHER WORK

The technique of deposition of CdS in vacuo to form thin epitaxial
layers has been shown to work very well. Yor the first time, good
quality epitaxial layers of CdS have been produced on the three
principal low index cubic substrate faces.

The work reported here indicates that although thin films of
CdS may be grown with either the sphalerite structure or the wurtzite
structure, only the latter type contain comparatively few defects.
Annealing removes planar defects from films with the sphalerite
structure while at the same time promoting a phase transformation to
the wuritzite structure. By comparison, all the planar defects and
gome of the dislocations are removed from films with the wurtzite
structure. These results are compatible with the fact that CdS is
stable in the wurtzite structure at the temperatures investigated.

The phase transformation should be investigated more thoroughly.
In particular, the preferential transformation on one set of closest-
packed planes, which seems to be a general feature of the annealed
films, should be looked in to. If this property can be exploited,
the possibility exists of producing wurtzite structure films in
unusual orientations by annealing films with the sphalerite structure
in other orientationsbesides (110). The application of this technique
to the (100) orientation was not investigated. Such a film may
transform into an approximately (0111) wurtzite orientation.

Another interesting feature not explained by this work is the
epitaxy of CdS at very low substrate temperatures. The need for a
;atisfactory model for the nucleation and growth of CdS at these
temperatures was expressed in section 5.5 as this may give some clues
as to why the epitaxial growth of CdS can vary so greatly from one

gsubstrate to the next.
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At the other extreme, the presence of what appear to be
cqllapsed vacancy discs in films grown atédbout 4OOOC. upwards suggests
that useful epitaxial layers should be deposited below this
temperature with this technique. No doubt, these defects could be
suppressed if a suitable background pressure of sulphur were
maintained during growthk, assuming that the discs are due to sulphur
vacancies.

For the experimental set-up used in thig work, it can be stated
that the best layers are obtained in the temperature range between
200°C. and about 400°¢. on (111) oriented substrates. It is on
these layers that electrical measurements should first be made. The
measurements should be an investigation of the simple electrical
properties (e.g. voltage-current characteristics and Hall mobility)
as a function of the structural quality of the layers. This could
be extended to ihclude the effects of annealing and the electrical
properties of films transformed from the sphalerite structure. The
structural complexity of the films with the sphalerite structure in
the unannealed condition would probably render a similar study of
their electrical properties impracticable because of the difficulty
of interpretation.

A way of removing the remaining faults in the best quality films
might yet be devised once their exact analysis is complete.

Therefore a continued programme of fault analysis in CdS layers is
advocated.

The work planned for the immediate future in this laboratory
concerns the growth of €dS layers on Ge(1ll) and Si(11l) substrates

and the assessment of their electrical properties.,
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APPENDIX
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A.l. THE ANALYSIS OF THE DIFFRACTION PATTERN ORTAINED FROM FILMS
GROWN ON NaCl(100) SUBSTRATES AT 350 C.

Acl.14 THE TRANSPORMATIUN MATRIX

Mig. 4.1 shows a hexagonal prism representing one unit cell of
the wurtzite structure lying with its basal plane on a (111) plane
of a unit cell of the sphalerite structure. The orientation of the
crystal axes is shown.

By simple geometry it can be shown that:-

1 -

(100), e 5 (282) gy
1 -

(020)py = 3 (42B) g
L

(001 )y > Mo

The transformation matrix to obtain the equivalent cubic lattice

vector from a given hexagonal lattice vector is:-

/ \ lf 7
(1) % 48 31 [H
\8 4 5} | K|
- {
i .
A ST

To obtain the equivalent hexazonal lattice vector from a given
cubic lattice vector, one must multiply both sides of the above matrix,
which shall be called A, by its reciprocal matrix, A_l, to obtain
the appropriate transformation matrix.

Thus: -

-1

-1
cup A

-1 -
(hk1) -z A A (}ML)HEX

i.e:8ince A Ao

6 a7t (hkl)

<HKL)HEX -

CUB
A‘l is defined as adj A where adj A is the adjoint matrix
1Al
formed from the cofactors of A and ) A} is the determinant of A.

This gives the following identity:-
/ z \1/‘
(HKL) py = % | |

13 0 3]
4 4 4/ L ouB
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"Fig. AOl'

.)‘_m...ar

i —-n—-—-m—‘——“""‘"‘

A hexagonal prism representing one unit cell of

the wurtzite structure lying with the (QOQl) plane
in contact with the cubic (111) plane of the two
focec. unit cells which represent the sphalerite
structure. The open circles represent metal atoms
but, for the sake of clarity, solid circles
representing non-metal atoms have not been included.
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This matrix was used to determine the hexagonal indices of spots
lying along the [ili] direction from sphalerite matrix spots. An
equivalent matrix exists for determining the indices of spots due to
material with the wurtzite structure lying on the {lifg planes.

A.1.2. SATELLITE SPOTS DUE TO WURTZITE MATRIX DIFFRACTION

Satellite spots due to material with the wurtzite structure were
found at the following positions:-
About the 022 spot:-
1) (022) + 1(111), 2) (022) + 2(111), 3) (022) - 1(111)
and 4) _1_(1?1). ’ ’
2
About the 020 spot:-
5) (020) + 1(111) and 6) (020) - 1(111)
The hexaanal indices associated6with these spots are determined

below and plotted in the diagram of Fig. $.2. The first spot is

worked in detail.

1) (022) + 1(111) = 1(1 13 13)
6 6
ices (HXL) Z1/0 3 3\/1\1
3 0 3 k%5
4 4 4)\13
-1 (0 36 108)
=26
= (013)

i.e. Spot 1) has the indices (0I13)

2) (022) + 2(111) - 1(288)
3 3

This has the hexagonal indices (0I14)

3) (022) -1(111) = L(T55) - (0I12)
4) 1(111) ;(0001) ’

5) iozo) + 1(111) = 1(171) = (1012)
6) (020) - ;(111) E;i'ni) = (To11)
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A bright spot is also seen at positions of the kind
(022) + 1(111) = 1(153) = (2111) “spot 7)
Other spits at siiilar positions about the rest of the sphalerite
matrix spots are also plotted in Fig. 5.2.

A1l of the spots plotted sc far are wurtzite matrix spots.
Some of these, however, are forbidden reflections but show up as a
result of multiple diffraction through allowed lattice vectors
(PASHLEY et al., 1963). The condition for forbidden reflections in
the h.c.p. structure is that h + 2k = 3n, n being an integer
including zero, and 1 must be odd. The spots (2111) and (0001) are
of this type. The spot (2111) appears as a result of diffraction
through the two allowed vectors (I10I) and (I012). Double
diffraction between the (10I11) spots and (I012) gives the (0001) spot.
Thus (1011) + (Io12) = (0001)

A.1.3. DOUBLE DIFFRACTION BETWEEN THE WURTZITE AND SPHALERITE MATRICES

Some weak spots can be seen in the diffraction pattern of
igs 5.2 at the following positions:-
1) DDa(O2§) + 1(111) and 1) DD,G(OZQ) -1(111),
6 6

2) DD (002) + %(111) and 3) DD (002) -1(111)
3

The spot in position l)DDa is due to diffraction through an
(02C) vector in the sphalerite structure followed by diffraction
through a (I101) vector in the wurtzite structure. This can be
illustrated as follows:

The fractional .hexagonal indices of the double diffraction spot

are given by (022)+ 1(111) - 1(1 13 1
6 "6

AN

1) = 1(8331).

The two diffraction vectors are (020) = 1(3034) and (110I)

Their sum is l(SBBI) which ig evidently zhe double diffraction spot.
Similarly (gzé) -1(111) = (002) + (I011)

Spot 2) DD is due tg diffraction through the vectors (020) + (0I13)

and spot 3) DD is due to diffraction through the vectors (020) + (0112}

The double diffraction spots are also plotted in Fig. 5.2.
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1
A.2. DETERMINATION OF THE MOIRE FRINGE SPACING DUE TO THE LATTICE
MISMATCH BETWEEN €4S AND Ge.

Fig. A.2 shows, superimposed, plots of the diffraction patterns
of (111) Ge and (0001) CdS. It can be seen that spots of the {pﬁé}
type due to the Ge structure are near spots of the type 321103 due
to the CdS structure. No Ge spots are found near CdS spots of the
type {IOid}. Thus, the moiré fringe system seen when viewing along
the [;1i3‘direction is due to the §032) Ge planes and the {2110} 0as
planes. PMig. 5.13 illustrates such a fringe system. Due to the
tilt of the specimen at the time when the micrograph was taken, only
fringes lying along one of the three possible directions are seen.

The lattice parameters of Ge and (dS with the wurtzite structure
are:-

o
Ge ; a cubic = 5.6576 A
Cds; a hexagonal = 4.13%6 Z

The formula for the fringe spacing, M, is:-

M = d1d2
1479
where dl and d2 are the relevant interplanar distances. For
CdS this is a hexagonal and for Ge it is a cubic
2 242

Thus:i- M =1 (5.6576 x 4.136 )
2 <5~6576 - {2 x 4.136
i,es M = 61.6 Z
Fig. 5.13.B shows an enlaréement from the micrograph shown above
it. 41 fringes occupy & distance of 12 cms. The total magnification
of the enlargement is 490,000 and this gives a value.for the fringe
spacing of 6’1:92. The measured and the predicted value are closer
than one should expect since the calibration of the microscope is not
guaranteed to be within such close limits. It is also not

reasonable to expect the lattice spacings f the thin films to be

identical with those of bulk crystals.
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Fig. Ae2 The superimposed diffraction patterns of
Ge(111) and Cds(0001).

Q ~ represents a spot due to Ge

@ - represents a spot due to CdS
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BASSETT et al. (1958) have discussed the variation in the
spacing of Moirdé fringes obtained from a single set of planes and
concluded that a deviation of up to 10% from the theoretical spacing

could be expected.
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