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ABSTRACT

This thesis describes the transmiésion electron microscope
‘investigations of two unrelated materials, namely MgC and ZnSe. As-
~grown crystals of MgO have been found to contain several interesting
configurations of precipitates on grown-in dislocations. An arrange-.
ment not previously reported has been found in which precipitates
are located at the <100> extremities in the EOQ] projection of a
prismatic dislocation loop on a {110] plane. Some of the platelet-
shaped precipitates have been identified by electron diffraction as
calcium staﬁiliged zirconia in agreement with earlier work, but the
identity of the épherical_ones has still not been established. The
application of reflection electfon microscopy to the study of etched
surfaces is demonstrated. A study of neutron damaged MgO is reported
in which the effects of post-irradiation annealing treatment in the
temperature range from 1100 to-1800°c are described. The most
impdrtént finding of this aspect of the work concerns the growtﬁ of
cuboidal cavities in materiél irradiated with a dose exceeding
102011V't. These defects are nucleated on annealing at 1500°C fo;
an hour in an ambient of argon and most of théir growth does not
occur until the annealiné temperature exceeds about 1600°C. Electron
spin resonance studies of the same samples inaicate that ﬁhe nuclea-
tion of cavitiés is accompanied by a conversion of iron ions from
the divalent to the trivalent state in octahedral symmetry and that
most of the éavity growth does not occur until these trivalent ions

_ become associated with vacancies. A mechanism to account for the

role of iron in the cavity growth process is proposed.
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In the second part of this woik it ig-shoﬁﬁ that the major
~defects occurring in ZnSe are lung thiﬁ-ortho—twins. This study is
supplemented by an investigation of zinc sulpho-selenide crystals
which are found to contain narrower twins and, in addition, groups
of long intrinsic stacking faults, andxsome polytypic regions. The
fact that thé étacking faults in hixed crystals are exclusively
intrinsic in nature and that they usually occur in groups in which
each fault has the same slip vecfor suggests that they owe their
o:igin to a slip process arisiné fiom post-growth stress. An
explahaﬁion bésed on the hore cdvalent nature of the bonding in ZnSe
and involving a stress relieving mechanism is proéosed to account
for the long ortho-twins being favoured in this material. Some

preliminary results of ion beam damage in ZnSe samples prepared by

ion thinning are discussed.
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CHAPTER 1

" INTRODUCTION

1.1 BACKGROUND TO THESIS

This thesis is slightly unusual in that it is concerned with
electfon microscope studies of two unrelated materials, MgO and ZnSe.
The reasons fo}vthis are that the work on MgO was done during the period
1970-73 when the author was an Experimental Officer on the staff of
Portsmouth Polytechnic, while the work on ZnSe was done from 1973 to the
present in the Department of Appiied Physics and Electronics, University
of Durham, where the author is now employed-as a Sénior Experimental.
vOfficer.

The work at Portsmouth was sﬁpervised by Dr. K J Martin and was
carried out.in conjunction with Dr. D.H Bowen, then of the Materials
Development Division, A.E.R.E., Harwell. MgO was of specific interest
.tb members of this group at Harwell Lecause it was consideréd to be of
pétential use in nuclear reactors, either as an oxide fuel dispersant
or as a material for-fuel element sleeves. To evaluate the effects of
neutron damage in this material, an extensiQe radiation damage'étudyAwas
undertaken at Harwell in the mid 1960's. Some of the results.of this
eariier work showed‘that material irradiated fo doses in excess of
1020 nvt eghibited discontinuities in cuyrves of deﬂsity and lattice
paraméter versus annealing temperaturé at annealing temperatures greater
than 1500°C. In addition, transmission electron microscopy demonstrated
that cuboidal cavities were formed by a vacancy condensation process at
elevated temperatures. The aim of the study of MgO reported here was
to establish whether or not the gfowth of cavities could be explaiped.in
. terms of the independent measurements made at A.E.R;E., Harwell, of the
variation‘of density and lattice parameter.
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The work in Durham has been éoncerned with defects in crystals
of ZnSe grown from the vapour phase, and'Dr. J Woods has acted as
supervisor. This particular II-VI compéund semiconductor has been
éxtensively studied at Durham in recent vears, mainly because of its
interesting luminescent properties. BAs some defects such as ﬁwin
boundaries and stacking faults are thougﬁt to play an important role in
certain formslafiuminescence, it is important to investigate the defect
. structures of the single crystal boulés used in studies of luminescence.
In addition, a knowledge of the nature and extent of défects in crystals
cén lead to improvements in the method of crystal growth. It was with

these points in mind that the investigation of ZnSe reported here was

carried out.

1.2 SCOPE OF THESIS

The_ﬁwo studies which form the basis of this work were primarily
concerned with trahsmiésion electron microscopy. A description is there-
fore.given in Chapter 2 of a conventional transmission instrument. The
treatﬁent is based not oniy on the cited literéture, but also on the
writer's persbnal experience of two commercial instruments. It is biased
ﬁowards the underlying principles of the operation of a microscope rather
thah its physical design and construction, .and comparisons are made with
its optical counterpart.

To assist with an understanding.of the electron micrographs and
the electron diffraction pétterns presented ‘in this thesis, Chapter 3
contains an account of the fundamental principles of the kineqatical
theoiy of electron diffraction which are used to explain the formation
of iﬁage contrast. Also,Asinée the studies reported here were confined
to crystalline samples; the crystal structures of the materials examined

are described in Chaptef.4 together with some of their more common defects.




Tﬂe résults of the investigation of MgO are contained in

Chapters 5 and 6. Chapter 5 is concerned with as-grown material and
- includgs a summary of an extensive stﬁdy of the precipitates which
- decorate grown-in diélocationé. In Chapter 6 an account is given of an ‘
investigation of neution»irradiated material and, in particular, of the
effect on the damagé of anneéling treatments at tgmperatures in excess
.of 15000C. Thé results of electron spin resonance measurements have
helped to clarify the processes which occur during annealing.

' In the second papt of this work, observations made on single
crystals of ZnSe and zinc sulpho-selenide grown from the vapour phase
are deséribed in Chapter 7. The different types of defect observed in
these two related materials are discussed in relation to the slightly
. different nature of the bonding of the  zincblende and wurtzite structures.

Chapter.7 also includes some preliminary observations of ion beam damage

in ion thinned ZnSe samples.
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- CHAPTER 2

THE TRANSMISSION ELECTRON MICROSCOPE

2.1 INTRODUCTION

The purposé of this chapter is to describe a conventional trans-
mission electron microscope drawing attention to thé principles that it
has in common with the optical microscope. No attempt is made to dis-
cuss the principles of electron optics and lens design, as fhese topics
have been treated extensively elsewhere (see for example the literature
cited by Tiicmas 1964a and by Hirsch et al 1965a). In this chapter the
historigal development of the electron microscope is described. This
is followed by a deécription of the principles of operation of a con-
ventional-instrument'and an outline of the method by which contrast i«
produced. The chapter ends with an accoﬁnt of the calibration m;thods

which are in common use and which have been employed in the present work

to calibrate both of the instruments used.

2,2 HISTORICAL DEVELOPMENT

Although de Broglie postulated the wavé nature of a beaﬁ4of
moving_particles in 1924 and shortly afterwards Busch.(1926) producéd'
a theoretical analysis of the use of a suitable axialvmagnetic field.
to focus an electron beam, it was not until 1939 that the first trans;
mission electron microscbpe( as we now know it, was commercially produced
by Siemens in Berlin (see for instance von ﬁbrries and Ruska 1939). 1In
the intervening years there were several indeéendent attempts to prodqce
such an instrument and thus improve on the best resolution of the optical
microscope which is limited by the wavelength of visible light. The

0.61 A

limit of resolution of an optical instrument is ——7— where A is the -

wavélength of the illumination and N.A is the numerical aperture. of




the microscopé which has a maximum possible value of nearly unity.
Thus, the very short wavelength of an electron beam combined with the
possibility of deflecting it during its transit through a magnetic
field, opened the way for a new branch of microscopy.

After the manufacﬁure of the first commercial instrumeﬁt, at
least a further ten years elapsed befo;e any practical application was
made to met;ilurgical problems. Thi; was due partly to the fact that
the manufacture of the first electon microscope closely preceded the
second war and consequently no instruments were sold outside Germany,
and partly to the problems associated with the development of tech-
niques of preparlpg suitable samples. In fact the first successful
preparation of a metal sample was made by Heidenreich (1949) who
thinned aluminium from the bulk material by electrolytic polishing.
Later, better results were obtained with aluminium by Hirsch et al

(1956). These early results indicated the potential of transmission

microscopy and by this time a number of commercial instruments were

3

A

available. While electron microscopes have been produced throughout
the world since the war, it.is perhaps worth ﬂoting the important
contributions made by the English and Japanese scientists in the
development of this instrument. This is evidenced both by the large
nﬁmber of micréséopes manufactured and sold in England and Japan and
by the amount of work carried out using these instruments. By the
éarly 1960's the physical processes involved in image formation had
been elucidated in terms of what are now known as the kinematical
and dynamical theories of eleétron diffraction. These theories are
now widely esﬁablished and have been published in book form (see for
.example Hirsch et al 1965b) .

To complete this brief chronological'account of the.development

of the transmission electron microscope it is worth mentioning some




of the major developments that ﬁave taken place in the field over the

past decade or so. These include: | |

_(i) the introduction of high voitaée electron microscopes, i.e.
instruments.designed to opéréte at accelerating voltages of
1 MV and above.

(ii) an increase in the use of analytical techniques which is mainly
due tb the introduction of, and subsequent rapid technological
developments asséciated with, the energy dispersive x-ray
.Sspectrometer.

(iii) thg aﬁoption of the conveuntional transmission electron microscope
to permit a scanning modé of operation in transmission (see
Crewe 19725,

The work in this thesis however is not concerned-with these more
recent developments in electron microscopy, but with the conventional

transmissién instrument, the design of which will now be described. '

2.3 THE INSTRUMENT AND ITS PRINCIPLES OF OPERATION

While they are very different in external physical appearénce,
the eleétron and optical microscopes are very similar in the reépect
. that they both empléy the same basic -principles. This is iilusfrated
schematically in figure 2.1, which shows that the-electron microscope
operates using a source of electrons with condenser, objective and
projecter lenées performing the same function as their ligﬁt—optical
4coﬁhterparts. The principal differences that arise from using a beam
of electrons instead of a beam of light are associated with -the dif-
- ferent instrumentation of the electron microscope. For instance the
sourée of illumination is provided by an elecéron gun, the lenses are
electrom#gnetic and the micioscope is evacuated to a pressure of about

10“5 torr to minimise absorption of the electron beam by residual gases.




These are a few of the features which contribute to the much larger
size and more especially to the different technology of the electron

microscope which is described below.

. 2.3.1 The Illumination System

In tnhe schematic diagram of the electron microscope shown in
Figure 2.1, the illumination system is seen to consist of an electron
éun and a condenser lens arrangement. A schematic diégram illustrating
the gqun of a modern micrbscope is shown in Figure 2.2. The gun com-
prises thiee electrode;, namely & V-shaped tungsten filament or cathode,
a Wehnelt cylinde; or grid and an anode. The filament emits electrons
“thermionically and is surrounded by the Wehnelt cylinder, which is
biased negatively with respect to the filament by the small current
flowing (v 100 pA) through the variable resistor R (& 1 M0). In this
self-biasiﬁg arrangément, the magnitude of the bias on the Wehnelt
cylinder can be adjusted by Qarying R. Since the Wehnelt cylinder
acts as a converging electro-static lens the strength of which can be
controlled, the convergence of.the electron beam can obviously be
adjusted. This convefgenbe results in the cross-over of the electron
beam in the region of the anode. Although it-is not shown as such in
Figurév2.2, this cross-over forms an effective source withla smaller
aieakthan the filament and it is this effective source which is imaged
by thé condenser lens system.

The condenser systems of most commercial insﬁruments employ two
lenses as shown in Figure 2.3. The first of fhese is a stfong lens
wnich demagnifies the cross-over and produces a further reduction in
the diameter of the effective source to about i pm. The second con-
-Qenser lens projects this iﬁage, which is located in the back fécal

. plane of the first condenser lens, on to the specimen with a




maénification of about two times. The spot size at thé specimen
plane is'therefore approximately 2 pm in diameter. Some of the
-adVantages of the small spot size, produced by a double condenser
arrangement, compared with the larger sp&t size of a single condenser
1éns system, are as follows: |
(i) ' The higher beam current density éroduced in the smaller spot
permits better penetration of the beam through thin samples.
(ii) Only the area being examined is exposed to the electron beam
so that nearby areas are not contaminated by the crackiﬁg action
of the electron beam on the vapour from the diffusion pump oil..
(iiis Charging eﬁfects, which can occur particularly with non-
oonducting samples, are reduced by using a small spot size.
(iv) The high beam current density can be used to follow the
annealing behaviour of certain defécts in some materials (see
for éxample Section 5.3.1).
(v) The small spot'size is associated with a.small beam divergance,
i.e. the conditions of pafallel illumingtion are approached

more closely. This gives rise to better image resolution and

sharper diffraction spots.

2.3.2 The Imaging System

‘The imaging system illustrated in Figure 2.1 cohsists simply
of an objective and projector lemns. In pragtice however, most modern
microscopes ihcorporate three stages of magnification, the third
being provided by an intermediate lens or lens assembly situated
between tﬁe other two lenses of the imaging system. Thus, after
three successive stages of enlargement, an image of the object is
projected on to the fluorescent screen of the microscope. This ié
‘illustra ed in Figure 2.4 which is a diagram of the ray paths in the

imaging system under microscopy conditions.




"this lens is usually designed to operate at almost constant current,

‘meréial instruments. The more common of these employs a cartridge

-9 -

The first stage of magnificatioﬁ is produced by the‘objective lens

which is a .strong len§ of very short focal length (’§1‘+ 2 mm). This

is the most important part of the microscope because, in addition to
being largely magnified, the image.produced by this lens must be free
from defects such as spherical aberration, astigmatism and chromatic
aberratidn, because these would be further magnified in the subsequent
staées of imége enlargement. It is necessary thefefore to machine the
pole pieces to a very high degree of tolerance (<0.2 pm variaéion in
the diameter of the holeé through the pole pieces)'and to keep themv
free from contamination; Further, the objective lens current must be

stabilised and, in order to give optimum performance and stability,

giving a magnification of about 25X.

In addition to the above requirements, the design of the objective
stage must be such that it can accommodate a specimen in the region of
jts front focal plane and it must be possible to translate this

» K] -/ 3 (] s
specimen in two pefggndlcular directions which are mutually perpen- 7/
dicular to the electron-optic axis. These specifications have led

to the cevelopment of two basic methods of specimen loading in com-

which contains the specimen and which is loaded.fhfough the bore of
tﬁe upper pole piece of the objective lens. With this sytem; which
is used in the JEM 120 instrument, thé upper and lower pole pieces of
the lens cannot be symmetrical because the bore of the lower pole
piece is necessarily smaller than that of the upper one'in order to
attaip the short focal lehgth required. In the othér system, which
is used in the goniometer stage of the Philips‘EM 300 instrument, a
‘side entry method of specimen loading is employéd. Specimens-are

mounted on a thin and flat blade at the end of a rod and can be
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introduced between closely spaced and symmetricai objeotive pole pieces.
In passing, it is to be noted that with both systems, air-lock
-assemblies are invariébly incorporotod to minimise the timé taken to
ioterohange sampleo.

The second stage of magnification is provided by tho inter-
mediate lens or lens system. While similar in design to the objective
lens, it diéfers in the respect that it has a longer focal length
('§2 cm). The function.of this lens'is usually to provide tho complete
range of working magnifications of the instrument. It is dosignea in
such a way that its shortest focal length corresponds to the maximum

btotai magnification of’the microscope. As its focal length is increased
the first intermediate image produced by the objective lens must be
moved along the eloctron—optic axis of the mioroscope from a position
just in front of the intermediate lens ih the direction towards the
objective iens (see Figure 2.4). This results in a reduction in the
magnifications produced by both the intermediate and objective lenses
and therebyiprovides a contihuous range of working magnifications, the
lower liﬁit of which is seﬁ by distortion. of the image. This distortion
is due to the increasing divergence of beéms from the objective lens

as the first intermediate image moves towards it. The intermediate lens
thus provides the second stage of magnification which is typically of

the order of 10X.

The projector lens, like the objective, is & strong lens and
is usually designed to operate at a constant optimum excitation. Also
like the objective 1ens, its function is to form a highly magnified
image at a large _mage dlstance of an object, whlch in thls case is the
second intermediate image (see Figure 2.4), located at its front focal

plane. However this lens differs from the objective in the following

important ways:
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(1) The whole extent of the magnetic field confributes to the
image formation process. This contrasts with the objective
lens.in which the upper half of the field, i.e. above the
specimen; is effective only in changing the path of the
illuminating heamn. |

(ii) The aperture of the image forming rays from a given object

| point is much smaller at the projector lens ;han it is at
the objective. Consequently the effects of aberrations in
the prdjector_lens are less seérious and the tolerances in
the dimensions of its pole pieces are far less critical
than they are for'the objective lens.A

.(iii) As the projector does not have to accommodate a specimen,
it can be made symmetrical and more compact than the
objective with the result that it can have a shorter focal
léngth. | |
For these reasons it is usual for the projector to produce
the largést stage magnificatién and_this can have a value in the region
of 100Xx. | |
'Thus‘a.typiqal total enlargement of 25,000 X G=255910>{100)
is obtained on the viewing screen and this is a copvenient magnifica-

tion for the examination of many defects in crystalline materials.

2.3.3 Recording System

The final electron image produced by the imaging system is
projected, as stated above, on to a viewing screen. As electron beams
are not.themselves visible, it is necessary to convert part of their
energy into visible light'and this is done by a screen coated with a
fluorescent material which is usually a mixture of the sulphides of

cadmium and zinc containing small quantities of 'activator'. This
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fluorescent screen is usﬁélly made to give high light output and good
contrast rather than high resolution.: As it is viewed directly by eye
its spectfal response to the electron beam is selected to be of the
colour to which the eye is most sensitive, namely green.

In addition to the large Viewing ports for direct observa-
tioh of the ;page on the screen, most microscopes have the facilities
of a further stage of magnification of the image which is provided by .
a telescope. This aid is essentialvfor.accurate focussing and for

.coriecting objective lemns astigmatism in the image prior to photographic

recording. Optical magnifications of up to 10)(Apan be employed

.without being limited.by the grain size of the fluorescent layer on

the screen. |
'Beforexmentioning the use of cameras which.are necessary to

provide a permaﬁent record of an imayge, an important fundamental dif?

ference between the electron and optical microscopes should be pointea

eut. This concerns the depths.of field and of focus of the two‘instru—

ments relative to the specimen~dimen§ions used. The depth of field,

D,'is defined as the distance by whichAthe objective lens may be out

of fecus on either side of the object before the blurring of the image

| becomes comparable with the attained resolution ¢§ . The depth of focus

DT, is,the corresponding distance in image séace. Thus D is the short

distance between two planés symmetrically‘aisplaced about the object

plane and D' is the counterpart of this in image space. D and D'

are related to the objective semi-aperture angleé a, to the operative

‘magnification M and to & by the following relationships:

D = .%?- and D' = 28 M

' (see for instance Thomas 1964b).
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The full implications of these expressions become .apparent when the mag-
nitude of D and D' are evaluated for an actual working condition. ‘For
instance, when § = 20 & r O =5x 10"3 rad and M = 10,000 X, then

D = 8000 X and D' =.8.x 103 cm. Thus in most practical cases, the thle
7 .
thickness of a foil sufficiently thin for examination by transmission
microscopy is in focus at once and the depth of focus can be regarded
as being infi;ite. This is completely different from the situation in
the optical microscope where, because of the much larger objective semi-
‘aperture, the depths of field and of focus are comparatively very small,
| As a consequence of the large depth of focus of the electroﬁ
microséope,'it is possible to position the camera fpr photcgraphic
recordihg cf the image either below the fluorescent screen or just below
the projector lens without necessitating aﬂy adjustment of the objective
lens focussing. Cameras eﬁpioying cassettes which contain sheet film
and which are-located below the fluorescgnt screen are the most widely.
used type,though some instruments have been designed to accommodate a
35 mm roll film camera at the top of the projection chamber. Regarding
photographic emulsions, the most suitable for image recording are
relatively slow with a small grain size and give high contrast. It is

important to note that their contrast and resolution is always better

than that of the fluorescent screen.

2.3.4 Other Operational Features

In the above account of the workiné principles of the electron
microscope, many features essential to the operation of the instrument
were not discussed. For completeness these are menticued briefly below.
(63 Vacuum System

The vacﬁum employéd.in an electron microscope is usuaily’Of
the order of 10-4 to 10-5 torr and'is produced by an oil diffusion pump

backed by a rotary pump. In some instruments all valves are operated
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manually while others incorporate . automatic systems.' In order to produce
a good vacuum in the more important iegions of the.microscope, direct
connections are usually made between'tﬁe pumping system and the electron
gun chamber and the épecimen stage. Anqther feature of the vacuum syste;
is the use of specimen and camera air-locks to enable the specimen or

the plate camera to be removed without letting thg whole of the system

up to atmospheric pressure.

(ii) ‘Apertures

Bach of the electromagnetic lenses has an aperture or aperture
system associated Qith it. Some of these are fixed while tﬁe positions
of others can be adjusted from outside the vacuum system. The adjustable
ones usually form pait of a rod assembly containing up tc three indi-
vidual apertures, any one of which may be moved to allow the direct beam
to pass through it. The most important aperture from the point of viéw
of image formation is that associated with the objective lens. As this
apertﬁreAis sméll, with a diameter in the range 20 to 50 um, and as it
is used to produce image contrast (see Section 2.4.1), it is particularly
important for i£.to be'made with a high degree of precision and for it
to be cleaned regularly to remove organic contaminations arising from
polymerisation of the diffusion pump oil vapours in the eleétron beam.
The condenser lens apertures éfe alsq usually of the adjustab;e type.
Aé the function of these is to reduce Fhe diameter of the beam and thereby
provide a source of nearly-parailel illumination, these apertures are
prone to more severe contamination than the objeétive lens ones, even
though their diameters are typically tén times as large. Consequently
they have to be cleaned regularly. The final aperture to be mentioned
is thaﬁ used in the technique of selected area diffraction (éee
Section 2.4.3). fhis is situated at the position of the first inter-

mediate image and again is of the adjustable kind. It is only'ihtroduced_

~
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into’ the path of the beam when the instrument is operated in the dif-
fraction mode. This, together with its location, makes it far less

prone to contamination than the others described above.

(iii) Astigmator Coils

Both the objective and condenser lens systems of most instru-
ments are'q;ually fitted with two sets of mutually perpendicular coils
which aré used to deflect the beam electro—maghetically in such a way
as to correct for astigmatism in the image of the source of illumination
and in the image of the spécimen. Correct adjustment of the objective
astigmators is of prime importance in the formation of images of good
quality, particularly at high magnifications. For the initial setting
of these astigmators, a circular hole in a specially prepared carbon
film is usually used as a standard oﬁject. This setting involves the
formation éf a Fresnel fringe which is uniformly displaced from the
edge of the hole around its complete circumference in a slightly over-
focussed image. Figure 2.5 illustrates an example of astigmatism in an
over-focussed image of cuboidal cavities in MgO (see Section 6.4.3).

The image of the same area after correcting for astigmatism and focussing
properly is shown in Figure 2.6. These figures demonstrate the importance

of correcting for astigmatism. Inadequate correction accounts for the

incorrectly identified diffraction contrast effects observed by

Bowen (1970, private communicatioh).

(iv) Beam Tilt Device

This device, like the astigmator coils just mentioned, com-
prises a éet of coils for deflecting the electron beam. These coils are
usually situated in the upper bore of the objective lens between the
specimen and the illumination system, and their function is to enable

, o
the illuminating beam to be tilted through an angle of up to about 5
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about any desired azimuth. This facility is ‘required for the purpose

of dark field microscopy (see Section 2.4.2).

() Goniometer stage

In order to perform many contrast experiments such as those
associated with the determination of the Burgers vector of a disloca-
tion, it is necessary to be able to tilt the sample through relativeiy
large angles. This facility is provided by the goﬁiometer stage of
the electron microscope. As each commercial instrument has an objective
stage and a speéimen éhamber with their own special characteristics,
goniometer stages are designed individually. They usually come under
the classificatioﬂ of instrumental attachments énd'are used in place
of the standard obiective stage. Indgpendently of their method of
»specimen loading, they d¢ however utilise one of two basic principles
of operation. In one type the specimen is tilted about two orthogonal
axeS_which are mutually perpendicular to the direction of the electron
bean, while in the other the specimen is only tilted about one such axis,
the other deg;ee of freedom being provided by rotation about an axis
parallel to the electron beam. With each system the specimen can bé
tilted about any azimuth to provide a degree of tilt which is limited
by the design of the objective stage and in particula;-by the focal
length of the objective lens. In fact as a consequence of proﬁiding
‘this tilting facility, the maximum magnifiéation that can be attained
by the instrumenf is always reduced, typically by a factoriof %-.
However this is rarely of importance in the study of defects in crystal-
line matefials, which is the ﬁain use for which the goniometer is

designed.

(Vi) ' Alignment

As with any optical system, all the components of an electron
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microscope must be aligned with respect to a specific axis, and this

is referred to as the electron-optic axis. It is defined as the
imaginary line drawn between the centres of two fixed components, .
usually the screen and the objectivé iens. Evefy instrument has its
own pfocedure for alignment, but basically each involves-the accurate

_ alignment of the illumination system with the'imaging system. This is
achieved by a sequence of mechanical or electromagnetic adjustments of
each component in both systems with réspect to the electron-optic axis.
Parts of the sequence are répetitive because of the interac£ion of Ciie
part of the system with another. >Tﬁe main features of good overall
alignﬁent are simply that the part of the image at the centre of the
screen does not move as the image rotates when the magnification is
swept through its full working range, and that simultaneously, no electrOj

magnetic deflection of the illuminating spot is necessary.

2.4 MODES OF OPERATION

The method by which the image is formed'in an electron micro-
scope. was described in Section 2.3.2. It is now necessary to consider
how contrast'ig produced in this image and in doing this the concept
of electron diffraction is introduced. This section is thus concerned

with the modes of operation of the instrument that are most frequently

encountered in the study of crystalline specimens.

2.4.1 Bright Field Microscopy

It can be seen from Figure 2.4 that under micréscopy con-
ditionslthe parallel beam of illumination is scattered by thg specimen
and that this scattered beam is used to form an enlarged image of the
specimen on the scieen. In the.case of crystalline specimens the

scattering takes the form of Bragg diffracted beams at angles of less
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than a few deérees to the difection of the transmitted beam. Further-
~more these diffracted beams give rise to a diffraction pattern in the
back focal plane of the objective lens. By inserting an objective
aperture of suitable size (see for instance Thomas 1964c) in this plan%
as shown in Figurg 2.7, so that only the directly transmitted.and low
angle inelastically scatterea electron; are allowed to pass, an image
~of thg speciﬁen_is produced by these undeviated -electrons alone. This
is cailed a "bright field image." The contrast that it exhibits there-
fore arises frém the differences in intensities of electrons diffracted
into B;agg reflections from various regions of the specimen and is
therefore known as "diffraction contrast." Thus regions of the specimen

that diffract electrons strongly into Bragg reflections appear as

regions of dark contrast in a bright field image.

2.4.2 Dark Field Microscopy

The other microscopic mode of operation which is frequently
'emplofed is acﬁievéd either by digplacing the cbjective aperture
laterally to receive one of the diffracted beams such as that at A
in Figure 2.7, or by tilting the illumination syétem so that the
required diffracted beam passes along the electrpn—optic axis of the
microscope as shown in Figure 2.8; The latter of these methods is
>favoured, pérticularly when working at high magnification, because
the image forming beain of electrons is then retained along the‘electron—
optic axis of the objective lens and spherical and chromatic aberrations
are then minimised. The image formed from this diffracted beam is
called a "dark field image." Those regions of. the specimen which appear
iﬁ dark contrast in the bright field image due to the fact that electrons
are strongly diffracted into a particular Bragg reflection exhibit

light contrast in the dark field image formed from this reflection.
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As electrons are usually diffracted into more than one diffracted
beém, only parts of a dark field image'exhibit centrast reversal with
reépéct to the cdrresponding bright field image.

In addition to its invaluable use in fault analysis, this
mode of operation has anothér advantage over bright field miéroscopy
in fhatkthe beam used to form an image:does not contain a component
of inelastiéally scattered electrons as does the directly transmitted

one. This results in dark field images which are sharper, but of

lower intensity, than their bright field counterparts.

2.4.3 Selected Area Diffraction

As‘stafed earlier the Bragg diffracted beams from the specimen
form a’diffractioﬁ pattern in the back focal plane of the objective.
By reducing the strength of the intermediate lens the diffraction
pattern can be imaged on the screen as shown in the ray path diagram
of>Figﬁre 2.9. Further, by inserting an aperture of diameter D in
the plane of the first intermediate image as shown in this figure, only
those electrons passing through an area of diameter D/M on the specimen
are allowed to contribute to the final diffraction pattern, where M
is the magnification of the objective lens. In practice a typical
value for D is 30 pm and that for M is x 25, sé the area of specimen
selected is defined by a spot of about 1 pm in diameter. This technique
is termed "selected area diffraction" and was first employed by
Le Poole (1947). It enables diffraction patterns to be obtained from
very small afeas of specimen and is used extensively in relating the
nature of defects to crystal structure. For the accurate selection of
a desired area, it is of éaramount importance that the first intermediafe

image and the diffraction aperture should be coincident (see Figure 2.9).
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2.4.4 Reflection Electron Diffraction

In contrast to the above three médes of operation which are
usually empléyed in conjunction with one another to examine defects in
thin crystals, reflection electron diffraction is a technique which
can-be used for the study of thick, bulk samples. Elzctron diffraction
pﬁtterns are obtained.from surfaces of crystals and, as a consequence
of the small value of Bragg angle, the surface from which diffraction
is to be obtained must lie almost parallel to the electrorn beam.

With,this technique the specimen can be placed in either of
two positions, each of which necessitates a modification of the instru-
ment éo enable it:to accémmodate an attachment or specimen holder
with tilting facilities. One of these positions is situated_just below
the.projector lens in the place where the 35 mm roll film camera would
be located and the other is in the same position as that which is
normally océupied by specimens for study by transmission. While the
latter has the disadvantage of only being suitable for small specimens,
it does have the one special advantage that the imaging system of the

microscope can be used, as in the case of transmission microscopy, teo

form a magnified image (sée Section 5.3.3).

2.5 . - CALIBRATION

As a consequence of its suitability for diffraction studies,

the calibration of the electron microscope is more complex than that

.be performed to calibrate the instrument for use in the study of
crystalline specimens. These include the determinations of the final
image magnifications and the camera iengths (see Section é.5.2) and
the measurement of the relative rotétion of the microscope image with
réspect fo its corresponding diffraction pattern throughout the range
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of normal.working conditions,. This relative rotation arises from the
reduced strength of the intermediate lens in the diffraction mode of
operation. 'To conclude this chapter each of the calibration procedures ,

will be described.

2.5.1 Magnification

Although most manufacturers of electron microscopes provide
their customers with calibration charts for their instruments, it is
often useful to be able to check these and this is usually done by

employing one of the reference objects listed below:

(1) : a diffraction grating replica
(ii) polystyréne latex particles
(1ii) crystal lattice planes of known spacing .

The last of thesé three samples is only of use at the very top end of
the range of Qorking magnifications and is thus primarily employed as
a_referencejJ1s£udies involving direct lattice resolution. For the work
recorded in this thesis the other two reference objects are more suitable.
Carbon replicas of ruled diffraction gratings with.upjto 55.0C2
lines per inch and shadowed with a heavy metal to providéucontrasf.can
be obtained commercially (from, for instance, E.F. Fullam, Inc.,
Schénectady, New York,AU.S.A;). An electron-micrograph récorded from
such a replica is shown in Figure 2.10. Calibration-of the microscope
is pe;formed by recording images such as this and.determinihg their
.individual magnifications throughout the entire working range of the
microscope;‘ In some cases, as with the Philips EM300, th;s-range is
provided by a steéped current regulator in the intermediate lens circuit
while ip others, the JEMi20 for instanée,vfhe range is continuous and
a graph of intermediate leﬁs.current versus magnification must be

derived. Similarly the magnification range can also be calibrated by
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using latex spheres, like those shown in Figure 2,11, as reference
objects. The ones in this micrograph have a diameter of 1900 X and
were obtained from tﬁe Dow Chemical Company, Midland, Michigan,

U.S.A. Of these two reference objects the diffraction gratihg replica

is considered to be the more reliable for the following reasons:

-

(1) Latex particles can change in shape and size when subjected

to large beam cﬁrrent densities for long periods.

(ii) Independently made measurements have revealed a considerable
variation in the size of similar latex spheres (see Agar,
1965). This is attributed to slight differences in their

preparation.

2.5.2 Camera Length

| Althbugh the electron microscope prodﬁces an enlarged image
~of the electron intensity distribution in the back focal pléne of the
objective lens when it is operated in the diffraction mode, it is not
realistic to think in terms of magnification as there is no tangible
object with which the final diffraction image can be directly relafed.
Consequéntly it is necessary to introduce a more meaningful parameter
to define the effective magnification of a diffraction pattern. As
operation in_the_diffraétion mode eésentially uses the microscope as
an electron diffraction-céﬁera,‘the parameter chosen is that of camera
length, L, and this-is defined as the "effective" distance between the
specimen and the final diffraction image. The significance of thé
éamera length can be understood from the following considerations.

The condition for diffraction to occur is defined by the

B:agg equation:
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A = 2 d(l"lk'e) éine T n-- (2.1)

where A is the wavelength of the electron beam
d(hkﬂ) is the interplanar spacing of thz (hkf) planes - '

6 is the Bragg angle.

‘Now the wavelength of 100 KeV electrons is 0.037 X and the interplanar
spacing of planes of low index is of the order of 2 A for most crystals.
Therefore 6 has a value of about 1° for most reflections and sin® can

be approximated to 6 . Thus equation 2.1 becomes:
A = Zd(hkz)e o S cs e (2.2)

The fulfilment of'the Bﬁagg condition in the electron microscope is
shown schematically below, where R represents the distance between the

undeviated and diffracted beams at the camera level.

'] Incident Beam

Crystal
Planes

Diffracted Beam

From the diagram it can be seen that:

"R = L tan 2@ .e-




But sincé tan 20 = 269

R = L2060 ... ... cer (2.4)

Eliminatihg 6 from equations 2.2 and 2.4 yields:

AL = RAL -ee  (2.5)

"This is known as the "camera equation". Its use requires a known

value of A from the electron energy, a calibrated value of L and a
measured value of R to.enable-an unknown interplanar spacing d(hkﬂ)
to be calculated. |

Returnin§ to the calibration of the camera length, it is
obvious that this parameter varies with the inte?mediate lens current
which consequentl& must usually be set at a fixed and reproducible value

when operating the instrument in the diffraction mode. The calibration

'is performed by taking a diffraction pattern from a material of known

lattice parameter. In the course of this work evaporated gold films
have been used as reference samples-and Figure 2.12 shows-a diffraction
pattern from_gne such sample.. As gold has the face.:centred cubic
structure, the allowed reflections in this pattern, starting with the
ring of smallest diameter, are associated with reflections from planés
with (hkf) values in the sequence: (11i), (200); (220), (311),
(222) ...... (see Section 3.5). Further, since they arise from a
cubic material, these reflections aré associated with interplanar

spacings of the form:

(2.6)

= )
d(hkl). _ ao/(h2+k2+£2)

where ad is the lattice parameter of the material.

Thus, by taking the value of ao given in tables (see for instance

' Barrett 1943), the dl p values for the reference material can be
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calculated, and from measurements of the corresponding values of R,
the camera length can be determined using equation 2.5.

Three experimental aspects of the calibration prccedure. are:

(i) For the determination of L, only measurements of reflections
with an R value 2 to that associated with the d(311) planes have been
considered.. The primary reasons for this was to reduce the experi-

mental error incurred by only measuring relatively large values of R.

(ii) Only diffraction patterns free from astigmatism have been
used. This was ensured by establishing that the diameter of a particular

diffraction ring. was constant when measured about any azimuth.

(iii) | Measureménts of an unknown interplanar spacing were always
made from a print of.approximately x 5 photographic enlargement. To
avoid possible errors arising from the determination of the actual
magnitude of this enlargement, calculations were made with respect to
a diffraction pattern from the reference material which had been

subjected to the same photographic enlargement.

2.5.3 Relative Rotation

To permit the crystallography of defects to be studied it is
necessary to be able to relate diffraction patterns directl& to their
corresponding images, and this requires the relative rotation between
the two to be known. A method. frequently used to determine the magnitude

of this rotation is now described.

Small crystal flakes of molybdenum trioxide are produced in
a test tube, for example, by subliming a crystal of ammonium molybdate
in the flame of a bunsén burner. These flakes are liberated as a

cloud of fine particles which are just visible to the naked eye.
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By placing electron microscope grids coated Qith carbon sﬁpport films
at suitable positions in the test tube, some»of these small crystal-
line particles can_bé collected for examination in the electron
microscope.

The method of calibratinq the relative rotation involves
recording i@ageé of a molybdenum trioxide crystal, each with é super-
imposed electron diffraction pattern, over the entire range of working
-magnifications. One such image is shown in Figure 2.13. The main
reason for. using Fhese-particular crystals which have the rhombohedral
struéture is that their long straight edges are known to be perpen-
dicular to the [100] direction in the crystal and can thus be related
to the [100] direction in the indexed diffraction pattern. The relative
rotation, 6, can therefore be directly measured for each setting of
magnification and a calibration curve, similar to that shown in

Figure 2.14 for the JEM 120 microscope, can be derived.
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CHAPTER 3

ELECTRON DIFFRACTION AND THE INTERPRETATION

OF MICROGRAPHS OF THIN FOILS

3.1 INTRODUCTION .

I> electronmicroscope studies of biologiéal matefials and
surface replicas, image contrast is produced bf heavy metal atoms which
are used to stain or éhadow specimens respectively. The scattering of
electrons by atoms is pfoportional to the square of their atomic number
(see for example Thomaé 1964d), so0 high local concentrations of heavy

metal atoms give rise to regions of dark contrast in the image and

- 'yield information concerning the topography of the specimen. 1In cry-

stalline specimeng however the phenomenon of diffraction of electrons
by c;ystal planes leads to a completely different and more complex form
of image contrast. This is cailed diffractiqn contrast and was briefly
mentioned when the modes of operation of the electron microscope were
discussed in Section 2.4. As the interpretation of this contrast
depends on an undérstanding of‘electron diffraction and of the inten-
sities of electrons in diffractedAbeams,vthe purpose of this chapter

is to provide an account of the theory of electron diffraction and its
role in image formation. Because of the extent and mathematical com-
plexity of this subject, the account given here is necessarily confined

to the basic principles involved with a view to providing an adequate

background for the understanding of most of the micrographs and dif-

fraction patterns reported in this thesis.

3.2 ELECTRON WAVELENGTHS

In order to account for the diffraction of electrons by

~crystals it is necessary to associate a wave motion with a beam of
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electrons. This is in accordance with de Broglie's hypothesis (1924)

which states that the wavelength, 1, of a moving particle is related

to its momentum by the relationship:

) h -
A = v eee e | eee (3.1)
wheie h is Planck's constant

m is the mass of the particle, and

v is the velocity of the particle.

Now for a beam of electrons accelerated through a potential V, the

kinetic energy of each electron is given by:

Ve = %mvz e (3.2)

where e is the electronic charge.

Eliminating v from this equation gives

2 .
ve = o o ce (3.3a)
mA ‘
2’_This can be rewritten as
A= B ... (3.3D)

¥2m Ve

However, the mass, m, varies with the velocity of the electron and
therefore a relativistic correction must be applied. Using Einstein's
relativity equation, the kinetic energy of the electron is related to

its rest mass, m_s by the expression:
Ve¢© = mdc - m Cc - ces e (3.4)
wheietc is the velocity of light.

Substituting the value of m derived from equation 3.4 into equatioﬁ 3.3b

yields:
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A = b _ .. .e. (3.58)

l:2m Ve (1 +'Vé/2m c"z):r2
o [o)

[

When the numerical values of the constants are inserted, the expression

becomes

. = e S ... (3.5b)
[v (1 + 0.9788 X 10 V):I” :

where V is in volts.
7

The factor (1 + 0.9788 x 10_6 V) provides the relativistic correction

- and for an accelerating voltage of 100 KV amounts to about 5%. The
~electron wavelenéfh is calculatea to be 0.037 £ for an accelerating
potential of 100 Kv. This is much smaller than the wavelengths normally
associated with X-rays used in diffraction studies and is résponsible

for the major differences between electron and X-ray diffraction.

3.3 SCATTERING PROCESSES AND BRAGG'S LAW

While an electron beaﬁ can be used in the same way as X-rays,
or a beam of néutrons, to obtain information relating to crystal
structures, an electron beam differs from the other two formé of
' radiation in that the strength of its interaction with crystallihe
material is greater. For instance neutrons interact only with the
nuclei qf atoms and X-ray photons oﬁly with the'electron clouds. An
electron beam, howe&ef, inteiacts with béth the nucleus and the extra—»
nuclear electrons of an atom. The effect of the positively charged
nucleus is to change the direction of the incident eiectron only, thus
Caus;ng it'to suffer no energy losé. Such elecffdns are said to be

elastically scattered. On the other hand, those incident electrons

which interact with the electron clouds of atoms lose energy which is




- 30 -

released in the form of heat, excitétion, iohisation, secbndary emission
and X-rays. This interaction contributes to the inelastic'cemponent

of the scattered electrons. The elastically scattered component is the
mofe important'in image formation and contrast in crystalline materials
ana is discussed below in more deeail.

Consider a plane wave of electrons with a wave front AA',
incident upon a set of -atomic planes as shown in Figure 3.1. Assuming
Athat elastic scattering by nuclei gives rise to secondary waves, then
the condition for thesé to reinforce one another in constructive 1ater-
ference is that the difference in the path lengtﬁs for reys diffracted
 by successive cryetal planes must be equal to an integral_number of
wavelengths. Thus} the distance RQS must equal one wavelength or an

integral multiple of it. Erom Figure 3.1 it can be ‘saen that::
RQ = Q5 = 4 sind
Thus the condition for reinforcement of the diffracted rays is:
nA = 2d sind _ b e ... (3.6a)

where n is an integer and

_ A is the electron wavelength .

This is Bragg's Law and the integer n, which gives the number ef wave—
lengehs in the difference in éath lengths for waves from successive
planes, is the order of reflectien. It is ueual practice in problems
invdlving crystallography to incorporate n in the parameter d. Thus,

if the diffracting planes have Miller indices hk4£, then

\
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n) = 2d g Sin 0
or . A= »2dn(hk£)51ne _ ,
or A= 2d(h,k,£')sin6 cese . (3.6b)
where h = nh !
k' = nk
= nk

o0

The phése difference of course is 2m/A fimes the péth dif-
fe;enée between waves scattered from successive atomic planes, so that
the condition for.reinforcement is that the phase difference between
successively scattered waves must be a multiple of 2.

Because of the small values of the electron wavelength the
" values of 6.are.correspondingly small. For instance diffraction of
100 KeV electrons by the (200) planes of aluminium occurs -when

sin® = 0.0183 .or 6 = 1°

Thus a characteristic of electron diffraction (using electrons of this
energy) is that the atomic planes which give rise to Bragg reflection

lie approximately parallel to the incident electron beam.

3.4 ATOMIC SCATTERING

The other factor which determines the intensity of an
'elastically scattered beam of electrons is the efficiency of the
scattering produced by individual atoms. In the case of X-ray dif-
fraction, a measure of this efficiency is provided by thé atomic
sgattering f;ctor, fx' and for a particular atom this is defined as:

amplitude of a wave scattered by an atom
x . amplitude of a wave scattered by a free electron
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However for an incident wave of unit amplitude, the amplitude of the
- 2, 2 ‘
wave scattered by an electron is e /mdc » With the terminology used

earlier in this chapter. 'Therefore the amplitude of a wave scattered

by an atom is

e £ cee eee (3.7)

The counterpart of this in electron diffraction is the atomic scattering
amplitude, f(Q), and this represents the amplitude of the electron
4

spherical wave scattered by an atom and is usually expressed in the

form -(see for example Hirsch et al 1965c)

K Z-£f)
X

Cfe) = cee (3.8)

sin2 8/A

where K = mb e2/2h2 .

The first térm in brackets arises fiom nuclear scattering of the
electrons, while the second one accoun;s for the interaction of the
electrons with the extra nuclear electron cloud. . The sinzhe/k‘term
shows that the value of £(8) increases rapidly to a éaximum as.edécreases
“towards 0°. For a typical low index reflection sin6/A is of the order
of 0'.2 g-1 and the value of éx is such that £(0) /(ﬁz- fx) is

" about 104. Thus the scattering power of atoms for electrons is very
much greatér than for X-rays. This accounts for the qualitative obser-

) Qation that a thin foil of material scatters electrons strongly but

has little effect on a beam of X-rays.

3.5 STRUCTURE FACTOR

In the previous section the scattering frem an individual atom

was discussed. It is now hecessary to investigate the combined effect
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of the séattering produced by a group of atoms in a crystalline
material. This is determined both by the crystal structure and the
type of atoms present; For this purpose the group of atoms considered‘
is that which defines the unit cell. 1In cémputing the sum of all the
scattered amplitudes from all fhe atoms in the unit cell, i.e. the

structure factor F » the phase difference ¢ between waves from

hk&

successive scattering points must be taken into account. However

before this can be done, the form of the amplitude must be discussed.
Any wave of wavelength A, with plane surfaces of constant

amplitude and phase, travelling in the x direction can be represented

by the wave function

Y = A exp ‘[2ﬂ ix/A ] oo . «e. (3.9a)

where A represents the amplitude of the wave.

For a system of spherical co-ordinates this can be rewritten as

v = A exp [21ri_]_<_._r_]_ eer (3.9b)

In the éase of a wave scattered by an atom at the posiﬁion r, the
cqnstaﬁt A can be replaced by.the atomic scattering factor £(8) , while
2m k.xr repfesents the phase difference ¢ of the surface of the wave-
front with respect to an atom at the origin. Thus the equation for

the scattered wave can be written as

v = £(8) exprl:icp] C eee .o (3.9c)

Now the phase difference between waves scattered from different

points can be obtained by considering a wave incident-at angles of ai,

_ Bl "Yl ¢ with respect to the crystal axes a, b, ¢ and scattered in the
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direction making angles a2, 82, Y2, with these axes as shown in

Figure 3.2. The path differencé between rays scattered at the origin
and from the lattice point 2' is (2'P - 0Q) or c (cos Y, ~ cos 72)

~ with réspect to the ¢ axis. Similarly the path differences with
respecf to the a and b-axes for scattering from points at X' and Y'

- cos a2) and b (cos B1 - cos 82).

1

The condition for reinforcement of the wave is that the path difference

relative to the origin are a (cos a

with respect to each axis must equal a whole number of wavelengths.

Thus
a (cos @, - cos az) = hA} . . (3.10)
b (cos @, - cos a2) = k A cos cos (3.11)
¢ (cos a, - cos a) = £ 2 cen ces (3.12)

where h, k and £ are integers.

These are called the Laue equations. Their sum yields a value for the
total path difference of A (h + k + 2) for the wave scattered by thé
atom at R (in Figure 3.2) with respect to the origin. So the phase
angle ¢ corresponding to this condition is 27 (h + k + Ly. This is
the phase angle for the specific case of an atom with co—ordiﬁates_
(a, b, ¢) where a, b and ¢ are the unit cell dimensions. Thus for an
atom in the generalised position with co-ordinates (u, v, w), where

u, v and w are expressed in units of the unit céil dimensions, the
phase difference with respect to(the origin is given by 2n(h11+]<v-+£vp).
_ Thus the amplitude of the wave scattered by a unit cell containing
one lattice point at the position (u, v, w) is.obtained by plotting
the amplitude-phase diagram as shown in Figure 3.3. In this case

the structure factor (Fhkﬂ) is equal to the atomic scattering
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factor (£(0)) and the amplitude of the diffracted wave is given by

Y = £(8) exp 27i(hu + kv +Lw) ... eer (3.94)

However when the unit cell contains N lattice points, the structure
factor is the sum of all the scattered amplitudes as éhown in

Figure 3.4." By resolving the vector quantities fl(e) > fn(e) into
components parallel and perpendicular to the incident wave, Fhkl is

found to be given by

‘ 2 ' 2
thkZI = (f1(9) cos ¢1 + f2(6).cos ¢2 ..... fn(e) cos ¢n)
e . . 2
+ (fl.(6)> sin ¢1 + f2(6) sin ¢2A ..... fn(e) sin ¢n) (3.13a)
where fl(e), f2(6) ..... fn(e) are the scattering factors of the

different atoms in the unit cell.

This equation can be written more compactly in the form
N

= E ;] ‘ i +kv o+ L ... cee (3.
Fll fn( ) exp ;m (h u, kv I,wn) (3.13b)
=1 . .
. The intensity resulting from all of the scattering points in
the unit cell is given by Fhkﬂ

intensity depends on the scattering angle and the indices h, k,£. For

2
. For each scattering point the

a unit cell with a centre of symmetry at the origin, each of the sine

terms of equation 3.13a is zero so this equation can bz rewritten as
N : ‘ _
= i + + ... ee. (3.13
Flie E fn(e) cos 2mi (h u k‘.’n an) ( c)
" n=1
To illustrate the effect of the structure factor on diffraction,

consider the unit cell of a monatomic fcc structure. The four lattice

. points are located at 000, %%0, %0% and O%%. Thus from equation 3.13c
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Fhk,ﬂ = f(é) 1+cos7r(h+k)+cos_1r (k+£)+cos1r(h+£)

Therefofe, unless hkf are all even or all odd, Fhkﬁ = 0 and the .
reflection hkﬂ ic absent and is described as a systematic absence.
The reflections which @&o occur have Fhkﬂ = 4 £(0) and values of hkl

which lie in the sequence:

-

111, 200, 220, 311, 222, 400, 331, 420 ........

‘Similar analyses give the conditions for reflection for all crystal

structures.

" 3.6 " REPRESENTATION OF DIFFRACTION PATTERNS

', From the preceding sections it can be deduced that there are
two separate conditions that must be met for reinforcement of a wave
from a set of crystal planes designated by the Miller indices hkf.
Firstly the Laue equations (which are equivalent to Bragg's law) must
be simultaneously. satisfied and secondly the structure factor of this
set of planes must not be zero. It is now necessary to consider what
happens when both of these conditions are fulfilled.

The Lauve equations (equaticns 3.10 to 3.12) define the geo-
metrical conditions necessary for reinforcement to occur. Each equation
'répresents a family of cones of diffracted intensity. The angles at
the apices of these cones correspond to 2aé, 282 and 2Y2 in Figure 3.2
- énd the families of cones arise from the different possible values of
o, 82 and Y, which are determined bf the integral values of h, k and £.

Now consider the specific case of a begm of electrons incident
along one of the <100> axes of a crystal with the'simple cubic structure.
The set of. cones arising froﬁ the row of atoms that are parallel to the

beam intersects the plane normal to the beam to produce a family of
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circles'as shown in Figure 3.5. The othe; two families of course, with
their axes coincident with the other two <100> =xes of the crystal,
intersect.this plane to form “wo sets of hyperbolae as illustrated
schematically in Figure 3.5. Since the wavelength of 100 KeV elec~
trons is so small, these hyperbolae approximate to straight lines in
practice. 1In principle, for reinforc;ment of the diffracted wave to
. occur, all three Laue équations must be satisfied simultaneously, i.e.
an intensity maximum only arises where the point of intersection of
two hyperbolae éoincide with a circle. 1In practice, however, this is
-not such an unlikely event'as Figure 3.5 might suggest. This is becéuse
of the effect of a fundamental phenomenon of diffraction which is that
the resolution of'an intensity maximum in a diffracted wave improves
(or becomes sharper) as the number of diffracting centres contrlbutlng
té the maxlmum increases. In the electron microscope, diffraction is
ﬁsually obtained from a slab of material which is thin in the direction
of the electron beam; Therefore the intensity maxima of the dif-
fracted waves are sharp in directions théh are perpendicular to the
beam but are elongated and not so well resolved in the direction
éarallel to the beam. This represents a relaxation of the Laue con-
dition corresponding to the row of diffracting centres lying parallel
to the beam such that the rings in Figure 3.5 are broad and dlffuse,
in marked contrast to the clearly defined hyperbolae. Consequently
electron diffraction patterns effectively arise in general from the
- intersection of the two families of hyperbolae only, to prodﬁce a two
‘dimensional array of spots as indicated in Figure 3.5. These spot
patterns are most conveniently interpreted using the concepts of the
reciprocal lattice and the reflectiné sphere as described below.

The reciprocal lattice comprises a set of points each of which

represents a reflecting plane in the crystal and which has the same
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indipes as this plane. The reciprocal lattice is constructed from

the real lattice by drawing a line_f;om each crystal plane such that
the line is perpendicular to its corresponding plane and also passes.
through the origin. The reciprocal lattice point corresponding to
_ ( . :

each (hk{) plane is lccated at a distance l/dhkﬂ from the "origin along
such a line. 1In this way a spéce lattice of reciprocal lattice points
can be formed for any cryétal structure.

The use of the concept of the reciprocal.lattice in crystal-
ldgraphy becomes apparent when the reflecting sphere construction
shown in Figure 3.6 is considered. In this figure a wave with wave
veétof k where IEJ = 1/A is incident at an angle of 6 upon the (hk{)

.plane of a crystal at 0. The sphere of radius IE] which is drawn with
its centre at a position -k from 0 is called tﬁe reflecting sphere.
-Now consider the case when the reciprocal lattice point corresponding

to the (hk{) plane lies on the surface of this sphere, i.e.

JEJ = l/dhkﬂ' Then from elementary geometric considerations

sinf = JgJ/zlkl or sing = _)\/Zdhk£

This is Bragg's Law (see Section 3.3) which can be rewritten as

K'- k = g cee el (3.14)

where k' is the diffracted wave vector.

Thus the reflécting sphere construction in Figure 3.6 provides a

‘ geometriéal repregentation of the conditions necessary for crystal
planes to give rise to diffraction and forms a basis for the inter-
p;etation of electron as well as X-ray diffraétion patterns.

In its application to electron diffraction there are two

important features to note:-
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(i) As the wavelength of 100 KeV electfons is only 0.037 X, the
radius of the reflecting sphere is ;bout 27 X-d'in reciprocal space.
This is to be compared with the va;ﬁerf Jgj for a typical reilection,
for instance from the (200) plané of an aluminium crystal, which is
about 0.5 X'-l. Therefnve the reflecting sphere can be approéimated

to a plane over a region containing a considerable number of reciprocal

lattice points.

(ii) | Because of the relaxation of the Laue condition assoc1ated
with the row of atoms lying parallel to the direction of the electrecn
beam, the reciprocal lattice "points" are extended in this direction,
to form spikes, the length§ of which are inversely proportional to the
specimen thickness. This effect further increases the probability of
a reciprocal lattice “point" coinciding with the ieflecting sphere,
especially when the curvature of the latter is taken into account.
This is jllustrated in Figure 3.7 which also shows the intensity
distribution along the épikes (see Section 3.7);

‘As a consequence of these fwo effects, electron diffraction
patterns contéining many orders of reflections can be obtained more.
easily than their X-ray céqnterparfsf With crystals of high symmetry,
such as those belonging to the cubic and hexagonal systems, the two
dimensional arrays of diffraction spots can geﬁerally be indexed
simply by comparing them with stancard pattexns correéponding to'.
orientations of low inde# (see for instance Hirsch et al 1965d).
Patterns arising from érystals of lower symmetry are more difficult
to analyse and it>is usually necessary to have some a priori knowledge

of their structures.
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3.7 KINEMATICAL THEORY OF DIFFRACTICON CONTRAST

3.7.1 Perfect Crystals

Iﬁ the above discussion of the effect of the relaxation of
the Laue condition corresponding to the row of atoms parallei to the
electron beam, it was stated that the intensity distribution along
reciprocal lattice points had the form shown in Figure 3.7 but no
attempt was made to justify this. The explanation requires the
application of the kingmatical theory of electron diffraction to
account for the origin of some image contrast'effects in crystalline‘
samples. |

One of the main assumptions made in>the kinematical approach
is that a two-beam condition is operating, that is to say there is
only one diffracted beam in addition fo the directly fransmiéted one.
Another assumption is that the planes éiving rise to this diffracted
beam are not exactly in the Bragg reflecting condition, see Figure 3.8.
‘ As a result of this slight angulér deviation, which is measured by the
deviation parémeter-gj succegsive unit cells along the column AB do
not scatter in phase.‘ Since k' - k = g + s in this case (see
equation 3.14) the phase angle is 2n(g_+ s) °£_(_see eéuation.3.9c).
For the column AB thch consists of N qnit cells each containing one
scattering point with an atomié scattering factor fn(e) at a position
£n' the totsl amplitude of the scattered wave is found from equation
- 3.9¢c to be : ' '

. N | |
by = an(e) exp [2ni(g‘+ s) 'En] e Gu15)
n=!
If all of the atoms have the same atomic scattering factor then fn(e)
can be taken outside the summation and equatioh 3.15 can be approxi-

mated to an integral. .Thus, by taking the origin, 0, at the middle
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of the column_and neglecting the atomic scattering factor, the diffracted
amplitude can be written as
_t/z : ‘ \
Y .oooo= exp | 2mi(g + s) . r dr ... - eee (3.15a)
-t/

t/

:
Since g;is a ‘reciprocal lattice vector and En is a real lattice vector,
then g . En is integral so that exp (2mi g_.gn) has the value of unity.
Therefore equation 3.16a can be rewritten as
) z exp |2mi S.r dr e ees (3.16Db)

On integrating and substituting limits it is found that

¥, = sin Trtl_s_/ ... (3.160)
| AN o

so that the diffracted intensity, ID' is given by

1 sin® 1 t|s| , e .er (3.172)
' (n|s]

In terms of double angles this can be rewritten as

(1 - cos 2t |s]) y e ... (3.17D)
2(‘n’l§p

‘The same result is obtained by using an amplitude phase

1]

ID

diagram (see Figuré 3.4) in which the amplitudes scattered by successive
unit cells in the column'AB are summed.

Equation 3.17b shows that the intensify of the diffracted
" wave varies periodically bothiwith |§l and with t. First consider the

variation of intensity with |§| which is illustrated in Figure 3.7.
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This shows that the intensity spike in réciprocal space is of length
1/t, which éorresponds to the width of the central maximum. The

length of this spike is determined by the magnitude of d8 as shown '
in Figure 3.8. From the diagram, db = %/IQI . -However lgl = l/dhkl'
spldB = dhk%/;. Therefore the length of the diffraction spike
decreases for smaller values of dhkﬂ and larger values of t, i.e. for
larger angles of diffraction and for thicker crystale respectively
(acceptiné the limitation of the kinematical theofy to thin crystals
only) .

Now consider equation 3.17b from the viewpoint of'the reriodic

_variation of the diffracted intensity with specimen thiéknesé.. The
intensity of the diffracted beam oscillates from minimum to maximum
values as the beam traverses the crystal. One complete period of
oscillation porresponds to the extinction distance, to, for the par-
'.ticular reflection in a specific material. From equation 3.17a it can

1
be infegred that to = TET

Next notice that the total intensity, II' incident on the
- specimen is equal to the sum of the transmitted, IT' and diffracted

intensity, ID, i.e.

II = ID +- IT vee e cen (3.%8)

Therefore the transmitted intensity also varies periodically with
thickness so that it is a mipimum when the diffracted intensity is
.at a méximum and vice versa, i.e. the diffracted wave is u/2 out‘of
phase with the transmitted one, as shown in Figure 3.9.

”As a consequence of this pe;icdic variation in intensity

with orientation and thickness, easily recognisable contrast effects

occur in electron micrographs. In a perfect crystal the. contrast
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manifests itself in the form of extinction contours. In bright field

. images these appear as broad dark bands which are contours of con-

The origin of thickness contours at the edge of a wedge shaped sample

is shown in Figure 3.9.

3.7.2 Imperfect Crystals

In impeffect crystals, in addition to the extinction contours,
the discontinuities in the crystal structure which occur at crystal
defects introduce local modifications to the phase angle of thec wave
emerging from the lower'surface of the specimen and give rise to
additional contrast effects. The range in the image over which this
contrast occurs is'largely determined by the nature of the diécontinuity
associated with the defect in the crystal, i.e. by the extent of the
strain field. The expression for the amplitudé of a wave scattered
frbm an imperfect crystal is no loncer given by equation 3.15 but by

. N |
Yy =Z £ (6) exp [2111 (@+8) - (r + gn)] er (3.192)

n=1

where Bn is the displacement of the nth cell from its proper position

in a perfect crystal.

Applying a treatment similar to that used above, equation 3.19%a can

be written as an integral of the form

vo= expl:Zﬁi (g + 8) .‘ (_r_+>5).] dr = ... .. (3.19b)

o

where R is the displacement of the unit cell at r.

The term s . R is nearly zero and can be neglected. Also g . r has

an integral value as before, so the above expression approximates to
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t
j[exp (2mi g . R) exp (27i S . r) :I dr oee (3.19¢)
| 5 S .

<
3
i}

By comparing this with the amplitude of a wave diffracted by a perfect
crystal (see equation 3'16b)i it is evident that the effect of the |
fault is to introduce an additional phase factor of magnitudé

exp (2mi g . R). Thus contrast arises‘through a phase contrast

-

mechanism where the phase difference is produced by the atomic dis-
placements R.

One of the important effects of this additional phase factor

on the contrast produced by defects is as follows. When the product

g . §'=.0, i.e. when the atomic diéplacements are perpendicular to the
diffractign vecto¥_and'therefore lie in the blanecontaining the direction.
of the electron beam, the expression in 3.19c réduces to the same férm
as that for the amplitude of a waQe diffracted by a perfect crystal
(see equatibn 3.16b). Consequently in this condition no contrast
is produced by the atomic displagement R. This invisibility criterion
is used to determine the Burgers vectors of dislocétions (see Section 4.3)
and the sli? vectors of other defects, such as stacking faults (see
Section 4.4). The application of the principle is clearly i;iustrated
by the following.example.

Figure 3.10 shows a bright field image-of a grown—in disloca-

tion decorated with precipitates in MgO (see Section 5.3.2). The plane

of the foil is (001) and the two-beam diffraction condition corresponding

to Figure 3.10 is shown in figure 3.11 in whibh there is no.relative
rotation with respect to the micrograph. ‘As the dislocation is long
in comparison with the thickness of the foil,-it must lie approximately
in the plane of the specimen. Now MgO has the NaCl structure (see

Section 4.1), the slip system of which is {110} <110>. The dislocation

’
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in!Eigure 3.10 must therefore lie alqﬁg thé [;Id] direction in one

of the two {110} pianes'that are perpendicular to the plane of the
foil. Furthef; if this dislocation ié predominantly either of edge
or screﬁ qharacter, its Burgers vector must also lie in one of thése
planes. As it gives rise to contrast when the diffraction conditions
in Figure 3.11 are operative, the product g .Db (where b is the

_ Burgers vecésr of the dislocation and replaces the displacement vector
R in equation 3.19¢) has a non-zero value in this éase. Therefore b

- does not lie in the [11@] direction which is parallel fé the length
of the dislocation. By tilting the specimen to produce_the two-beam
condifion in which the (520) plane gives rise to Bragg reflection,

the micrograph in Figure 3.12 is obtained. The diffraction pattern
corresponding to this is shown in Figure 3.13 and as with Figures 3.10
énd 3.11, there is no relative rotation of the diffraction pattern
with respecf to the image. In thié diffraction condition the dis-

location does not give rise to any contrast and its position is only
evidenced by the location of the precipitates. Thus for the (220)
reflection operating, g .b = 0. Consequently b is of the form
ao/2 [110] ’ where a is the lattice parametér of MgO, and the dis-
location is of edge type (see Section 4.3).

The determination of the Burgers vector just described was
very stra;ghtforward.' In many instances, when the slip system is not
known, it is usual to make up a table with all the possible Burgers

vectors and to evaluate the product g .b for a number of intuitively

chosen two-beam cases.

3.8 " CONCLUDING REMARKS

While the kinematical theory of electron diffraction outlined

in this chapter provides a practical and convenient method for
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explaining the contrast effeéts observed in the images of crystals,
it is only strictly applicable when the following conditions are

wlfilled:~

(i) the specimen is sufficiently thih to allow reécattering and
absorption processes to be neglected.

(ii) - there is only one diffracted.beam in addition to the
directly transmitted one.

(iii) the Bragg condition for the aiffracted beam is not exactly

satisfied so that the intensity of this beam is small com-

pared with that of the directly transmitted one.

Fér a more precisé explanation of contrasg effects, especiaily in
specimens greater than a few hundred X fhick, fhe application of the
more rigorous and much more complex dynamical theory of electron
diffraction is necessary. This theory involves the interaction of
the direct and diffracted beams. For é comprehensive treatment of
it; reference should be made to Chapters 8 to 12 of the book by
Hirsch et al (1965c). Howevef, in spite of thke limitations of the
vkinematical theory, its main qualitative fea.tures are similar to -
those of the dynamical theory and its use therefore is justif;ed'
for most purposeé in electron ﬁiqroscopy (see for example Hirsch

et al 1960).
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CHAPTER 4

THE CRYSTAL STRUCTURES OF MAGNESIUM OXIDE AND ZINC SELENIDE

AND SOME OF THE DEFECTS IN THESE MATERIALS .

The purpose of this chapter is to provide an abbreviatéd account
u'éf the topiés of crystal structure and crystal defects as a background
against whiéh to understand the results reported in this thesis. As

' numeroué book-length reviews have been written on these two topics

(see for example Brown and Forsyth 1973 on crystalline structures and
Henderson 1972 on crystal defects), the account given here is necessérily
: limifed in its scope. It is of courée confined to the crystal structures
of MgO and ZnSe and to those defects in these materials which can be
detected by TEM. Nevertheless it includes a description of many of

the defects in crystalline materials which are most commonly observed

using this technique. .

4.1 CRYSTAL STRUCTURES

MgO is an alkaline earth oxide having the simple rocksait (NaC1)

| structure shown in Figure 4.1. This consists of two interpenetféting
facé;centred cubic latticeé, one made up of anions which are shown as
'f£illed circles and the other of catiohs which are éhown as open circles.
The two sublattices ;?e displaceé from one another by a distance equal

" to half the lattice parameter along one of the cube edges. The unit
ceil contains four molecules with four metal ions at 0,0,0; %,%,0;
‘.%;0,%; 0,1, and four halogen ions at 1,4,4; 0,0,%; 0,3,0; %,0,0.
ZnSe belongs to a different family of materials known as the

zinc chalcogeniaes. It usually forms crystals with the zincblende

(sphalerite) structure. This crystal structure, like that of rocksalt,
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is based on a face-centred cubic Bravais lattice and consists of
interpenetrating face-centred cubic sublattices of different atoms
displaced from one another along a body diagonal by one quarter the
length of the body diagonal of the unit cell (see Figure 4.2). The
unit cell of thevzincblende structure, like that of rocksalt, contains

four molecules with four metal atoms at 0,0,0; 0,3.3is 3,0,%: 3,30

and four non-metal atoms at +,%,3: 3,34 .44 3.3

The following features of the zincblende structure should be

mentioned.

(1) . The sites occupied by atoms are such that if both kinds of atom
were the same, tﬁe arrangement would be identical_with the diamond
structure. Conseéuently the sites have tetrahedral symmetry and this
leads to a basic difference between the rocksalt and zincblende
structures which owes it origin to the nature of the bonding. While
the bonding of the rocksalt structure is almost wholly ionic,‘that of
the diamond structure is covalent. The bonding of materials with the

zincblende structure is intermediate between these two extremes.

(ii) The displacement of one atomic sublattice from the other by

~}_<111> gives rise to a unit cell which has no centre of symmetry or

- inversion. Thus the double (metal and non-metal) atomic layers which
are stacked along the <111> directions have unique orientations, i.e.
crystals with this structure are polar and opposed (hk{) and (EEZ) planes
and opposed Bﬂbﬂ] and [ﬁil]'directions~can be associated with different
physicai and chemical properties (see Roth 1967) . For many of these-
properties, theimost important polar directions are those with the

lowest indices, i.e. <111> and <111>. The stacking sequence along

these directions is of the form
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Ad BB CY A BB CY Ao e (4.1)

whére A, B and C represent zinc la&efs and &, B8 and y represent
seiepium layers. if the <i11> a#is is vertical, the atoms of any laye;
lie vertically above the atomé of lowér—lying planes designated by the
same letter. The occurrence of the double atomic layers indicated in
the above séacking sequence leads to the designation of the opposite
faces of a {111} crystal platelet as the metal or {111} and the non-
metal or‘{III} surface;irespectively.

The final crystal structure to be described in this section is
that of wurtzite. This is included firstly because it is closely
B related to the zincblende structufe and secondly because defects such
as stacking faults in the zincblende structure give rise to thin regions
with this hexagonal arrangement (see Sectioﬁ 7.4.1). The wurtzite
structure.is conveniently describedby reference to the stacking of
doubla atomic layers in the <111> directions of the zincblende structure

(see the stacking sequence 4.1). Using the same notation as above, the

stacking of atomic layers in the wurtizite structure is of the form
Bo BB Aax BB Ad ... .o T e (4.2)

The stacking sequence of the close packed planes in wurtzite is dif-
ferent from that in zincblende in that the positions of the atoms are
repeated after every second double atomic layer insctead of every third.
The unit cell of the structure is shown in Figure 4.3. The atomic
arrangement consists of two interpenetréting hgxagonal close packed
lattices, one based on me£al atoms ané the other on non-metal ones.
The unit cell contains two molecules with two metal atoms at 0,0,0;

~ 3

%,%,% and two non-metal atoms at 0,0,u; %,%,%-ku, with u N,g'(see

" for example Fuller 1929).
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There are two important differences between this structure and
zincblende. . Firstly wurtzite has only.one polar axis compared with
the four of zincblende and secondly the structure occurs for materials
where the proportion of'ionic relative to covalent ?onding is slightly'
higher. Evidence supporting the latter point is provided by4the cal-
culated values qf the Madelung constant for the two arrangements,
these beiﬁg‘1.638-and 1.641 for zincblende and wurtzite respectively
(see Sherman 1932). Since the Madelung constant for the rocksalt
structure is 1.7476 (see for example Companion 1964), the bonding of

the wurtzite structure is slightly mors ionic than that of zircblende.

4,2 POINT DEFECTS

As the strain fields of isolated point defects only extend a
few atomic diameters beyond their lattice positions, these defects
are not usually detected by TEM. However, since these are the simplest
form of cryétal defect, and as many larger defects arise from their
agglomeration, it is relevant to include a brief description of their
pfoperties.

The common types of point defect in a crystal lattice are:-

(1) a vacancy, i.e. a proper site from which an atom or ion is
missing,

(1i) an igterstitial) where an extra atom or.ion is inserted in a
position between atoms or ions in their proper lattice sites,

(iii) a_.substitutional impurity, where an atom or ion of the crystal
is replaéed by some foreign atom or ion. Interstitial
~impurities ére obviously also possible.

In each of these three cases there is a distortion of the lattice in

the immediate vicinity of the defect. In particular, the presence
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of a vacancy or an interstitial leads to an interesting effect on the
properties of the lattice. For instance, while it is difficult for
an atom or ion to move from its lattice site in a perfect crystal,

it is relatiQely easy for it to move from one vacancy or interstitial
position to another. The concentration of point defects therefore
has marked effects on diffusion and allied properties of a material.

Point defects are usnally classified in the following three.
groups:

(i) Schottky defects
(ii) anti-Schottky defects

(iii) Frenkel defects.

In'a'monatomic cryétal a Schottky defect is simply a vacancy which is
present with no corresponding interstitial and an anti-Schcttky defect
is the interstitial counterpart of this. However in an ionic material
like MgC, it is usual to consider these defects to occur in pairs of
metal and non-metal vacancies or'interstitials and the defects are
then referred to as Schottky ér anti-Schottky pairs. The Frenkel
defect also consists of a pair of point defects, but in this case one

is a vacancy and the other is an interstitial where there is no par-

ticular relationship between their positions.

In any real crystal there will generally be some of each of these
aefects present ancd their concentration will be determined by thermo-
dynamic considerations. At any given temperature there exists a
dynanic equiliﬁrium in which the number of defects of any particular
kind being created per second is equal to the number being annihilated
per second. This is a very eleméntary explanation of what amounts to

a complex thermodynamic subject (see for example Kelly and Groves 1970).
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As a consequence of charge compensation in ionic materials, the
presence of vacancies leads to another important group of point defects
known as colour centres. These aré mbst frequently met in the alkali
halides though they.have been stﬁdied extensively in some II-VI
compounds, notably MgO. While they have not been the subjectAof the
investigation réported here, their importance in this material justifies
the mentién éf their existence. The most extensively studied member of
this gioup is the F centre which qonsists‘simply of an electron trapped
~at a cation vacancy. The antimorph of this is the V centre which con-
sists of an anion vacancy with a trapped hole. There are several other
more éomplex configurations of trapped electron and trapped hole centres

‘and for a comprehensive treatment of these the reader is referred to the

classic text by Schulman and Compton (1963).

4.3 DISLOCATIONS

The concept of dislocations in crystals was introduced by
Orowan (1934), Polanyi (1934) qnd Taylor (1934) to account for a dif-
ference of approximately three orders of wagnitude between the experi-
mentally observed and theoretically calculated values of the yield
strengths of crystals. It was proposed that the low observed values
could be expiained by line defects, némely dislocaﬁions, which could
move relatively easily across slip planes in a perfect crystal. The
movement of large numbers of dislocations on a siip piane accounts for
the experimentally observed slip bands. Many powerful techniques weré
eventually developed for both the direct and indirect ébservation.of
dislocations, one of the ﬁore important of which is TEM. The resultant
_ observations have substantiated the early theories and have cohtributed.
'signifiééntly to the present.understanding of many of the physical

properties of the crystalline solid state.
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Dislocations are classified according to the relative orienta-
fion of their slip, or Burgers vector, and their length. 1In one extreme
the line defect has a Burgers vector perpendicular to its length in
which case it is defined as an edge dislocation, and in the other it
has a Burgers vector paraliel to its length and is then designated as
a screw dislocation. Schematic diagrams of tﬁese two types of disloca-
tion are shown in Figures 4.4 and 4.5. Many diélocations, or parts of
them, are neither purely edge nor purely screw in character, that is
to say, their Burgers véctors are neither perpendicular nor parallel
to their lengths. Sucﬁ dislocations are said to be of mixed characcer
with an edée and~a screw éomponent. A specific example of this type
. occurs in the zincblende structqre with what is termed a 60o disloca-
tion on account of the anéle between its Burgers Qector and its length
(see for example Hélt 1962).

The Burgers vector of a dislocation can be determined by per-.
forming what is called a Burgers circuit operation. In this, an atom
vto atom path is taken such that. a closed circuit Qéuld have been
obtéined in a.perfect crysLal; However, when a similar path containing
the same number of atom t$ atom steps is taken around a dislocation,
tﬁe circuit fails to close. The closure failure (the vector required
to close the circuit) is the Burgers‘vector; b, of the dislocation and
this is illustrated for the pure edge and pure screw dislocations in
Figures 4.4and 4.5. 1In these two cases the closure failure is a
lattice vector and the defects are said to be perfect dislocations.

Normally as dislocations move through crystals, they glidé over
prefgrred planes in specific crystallographic directions which are
‘energetically favourablé. These planes‘and directions constitute the
slip system of a particular‘structure, and a knowledge of this system

facilitates the interpretation of electron micrographs containing
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dislocations. The slip system of MgO is {110} <110> and thét of ZnSe
is {111} <110> and inspection of the crystal structures of these
materials in Figures 4.1 and 4.2 revéals that the displacement of an
atom or ion to its'nearest neighbour position in these directions only

requires the replacement of one atom or ion by another of the same

type.

" 4.4 STACKING FAULTS AND TWINS

The above discussion was confined to perfect dislocations, the
movement of which leaves a crystal unchanged in its atomic arrangement

other than in the immediate vicinity of the dislocation lines. In con-

" trast, the movement of partial dislocations, which have Burgers vectors

that are less than a unit lattice vector in magnitude, can leave areas
across which the regular atomic stacking sequence is interrupted. These
areas are called stacking faults and they are formed when a perfect -

dislcuation dissociates into two partial dislocations which separate

"and leave a ribbon of stacking fault between them. For a face-centred

cubic material with a lattice parameter a, this dissociation leads to a

reduction in the elastic strain energy of perfect dislocations and takes

HOEORIS

The stacking fault between these partial dislocations is so

the form:

o

called because of the stacking disorder of the close packed {111}
plane on which it lies. This is illustrated schematically in-Figures
4.6 and 4.7 fbr a face-centred cubic metal. The two diagrams show
the two +ypes of stacking fault which can occur and which are called.
intrinsic and extrinsic. Tbe intrinsic fault is equivalent to the

removal of part of a close packed layer of atoms which results in a
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stécking sequence of the. form A BC%%;’XBC + Where A, B gnd C represent
layérs of atcms on ;Aflll} plane as before (seg Section 4.1), and where
T denotes the position of a twin boundaiy (see below). On the other
hand, the extrinsic stacking fault consists of part of an extra layer
of atoms inserted between two layers of atoms on a close packed plane
so that the stacking sequence is of the form A BC A?A%ABC . From
>these stackigg sequences an interesting feature of stacking faults is
apparent. This concerns the atomic-arrangement in the vicinity of
these defects which is such that the stacking sequences contgin Jocal
regions of hexagonal material.

The other common defect in face-centred cubic materials which
involves interruptions of the stacking sequence of close packed planes
is the twin boundary. The main characteristic of this fault is ihat
ail of the lattice sites occupied by atcms on one of its sides are in
the mirror image positions of atoms on the other side. Thigs can be
seen from the stacking sequence whicn is of the form ABC Z\BSBAC BA
-where T denotes the position of a twin boundary as above. Twin
boundaries frequently occur in pairs en the same {111} plane ana the
region 5etween them is called a twin. Twins that are very thin bﬁﬁ.
more than two atomic layers thick are called microtwins. This minimum
thickness is necessary in this definition because examination of the
stacking sequences of the extrinsic and intrinsic stacking faults
reveals that these faults are equivalert to pairs cf twin soundaries
on alternate and adjacent atomic layers respectively.

To‘extend this account to include stacking faults and twins in
the zincblende structure it is necessafy simply to replace each single
atomic layer by a double one. For instance A, B and C are replaced
by 2o, BB anﬁ Cy using the same terminology emplcyed in Section 4.1.

This leads to one interesting prcperty of twins in the zincblende
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structure which is that they can cccur in two different forms (see for -

instance Holt 1966). These are the ortho and the para-twin and they
are illustrated in Figures 4.8 and 4.9. The true twin boundary across
which the atoms are mirror—image related is the vara type and this is
characterised by an array of wfong béﬁds which may be either ﬁetal

to metal or non-metal to non-metal. The stacking sequence cf this

boundary is of the form

Ao BB Cy Ao BRoA YC BB oA
i

The energeztically more favourable and the more frequeantly encountered

twin boundary (see Section 7.3.1) which occurs in the zincblende

~structure is the ortho-twin. While the atom sites are mirror-image

‘related across this boundary, the types of atoms are different in the

mirror-image positions. The stacking sequence of this boundary is

.Aa BB Cy Ao Cy BB Aax Cy BB
T

From these two sequences it can also be seen that the two types of
twin boundary differ in the respect that £he crystallographic polarity
remains the same across the ortho-twin boundary but the polar_direétion
changes from a <111> to a <111> axis across the para-twin one.

In conclusion it should be noted that the defects described
in thisvsection can arise not only from the movement of partial disloca-

tions in relieving stress in grown crystals, but also as a result of

incidental growth at the crystal interface occurring during crystal

growth.

-
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' CHAPTER 5

AS GROWN MAGNESIUM OXIDE

5.1 INTRODUCTION

The impurity precipitates present.in nominally pure_MgO have
been discussed by several workerg. Particular interest has been con-
centrated on the precipitateslwhich decorate és—grown dislocations,
and which were first reported by Venables (1961) wﬁo later identified
them as consisting of calcium stabilised zirconia using the techniques
pf X-ray and reflection electfon diffraction (see Venables 1963).
Mﬁch of this interest was stimulated by the fact that the abundance
of these precipitatés would suggest a much larger concentration of
zirconium 2s an impufity in MgO than was found by spectrographic
techniques (see for instance Bowen 1963, Henderson 1964) and neﬁtron
activation analysis (see for instance Venables 1963, Miles 1965).

In fact calculations méde by Venables (1963) showed, that if 2ll of
the precipitates observed by transmission electron microscopy (TEM)
were of zirconia, it would be necessary for all of the ziyconium atoms
present to pe concentrated in the observed precipitates, leaving none
disperged in solution in the MgO métrix. Another interesting feature
of,these precipitates which is recorded in some ofAthe abtove cited
literature is the crystéllographic configurations in which they are
found. In this chapter, observations which are in the main similar
to those reported previously, but which include one unusual crystal-
lographic arrangement of precipitates on as-grown disiocations, are
discusséd. These observations were made on as-grown Norton MgO
using the techniques of TEM, extraction replication and reflgction

electron diffraction and microscopy (see Russell and Wocds 1976).
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5.2 SPECIMEN PREPARATION

5.2.1 Chemical Polishing

Cleaved flakes of méterial Qith dimensions of the order of
1 x 0.5 x 0.02 cm3 were coated around the edges with a thin layér of
acid resistant paint. They were then suoported by‘a corner clamped
between two glass slides and were individually chemically thinned in
phosphoric acid at about 160°C. The polishing depehded quite crit-
ically on the maintenance éf a continuous flow of acid over the
surface of the specimens ;nd, for this reascn, samples were agitated
quite vigorously-th;oughout the process. When a specimen had been
reduced to less thaﬁ half of its initial *hickness, it was removed
from the polishing agent and washed, first in distilled water and
then in methanol. After it had been dried under a tungsten lamp, the
protective layer of paint was carefully removed from-its edges using
a pair cI tweezers. The purpose of this step was twofold; firstly
it was easier to remove the paint without damaging the specimen at
this stage than it was when the tﬁinning had been completed, and
secondly, by removihg the paint, the floQ of the polishing agent
aroﬁnd the sample edges in the final stages of thinning was less
restricted. Next the specimen was remounted betweeﬁ fhe glass slides
and-polishing was continued. |

The progress pf the thinning was followed by ouserving light
reflected from ﬁhe crystal surface. Immediately a hole appeared ip
a specimen;'polishing was discontinued and the sample was thoroughly
rinsed, first in distilled wéter and then in methanol zfore being
dried. Having produced one hole, it'wés often poésible to increase
»the'uséful specimen area by partially re-immersing the sample in the
pqlishing agent until another hole wasiformed in the vicinity of the

first one.




After the final washing process, all specimens were examined
under normal illumination in an optical'microscope. Around the edges
of holes, regions which were thin enéugh for examination by TEM were '
identified by the presenée of interference fringes. A typicél example
is shown in Figure 5.1. Such regions were subsequently fracturéd from
the crysfal‘flake by applying pressure, at a distance from the hole,
using the fine point of a pair of tweezers. Sections which were less

than 3 mm in diameter, énd which contained thin regions, were placed

between two 100-mesh copper grids in tiiz specimen holder of the

4

electron microscope.

5.2.2 Extraction Replicas

Flakes of material 1 x 1 x 0.1 cm3 in size were etched in

. A o
phosphoric acid at about 100 C. This etching occurred when a specimen

was not agitated and its effect was to leave precipitates cn hillocks

standing in relief on a crystal surface. The etched samples were

Y

washéd carefully in distilled water, so as not to disturb the precipi-
tates, and were then rinsed in methanoi.

Extraction réplicas of etchéd surfaces were prepared as follows.
The etched specimens were placed in a vacuum coating unit and carkon
was evaporated normally on to them to a thickness of about 1000 R in
the ménner-described by Bradley (1S65a). The carbbn film was subsequently
removed from the crystal surface by slowly immersing the'specimen at a
shallow angle, with the evaporatéd film upperiost, into phosphoric acid
at about 100°C. Injthis way the acid was allowed gradually to dissolye
the crystal at the carbon fiim/crystal interface and thereby release |
the carbon film together with the precipitates which stood in re;ief
on the etched surface. The streﬁgth of the acid on whiéh #he carbon

film was floating was then reduced to less than one tenth of its




microscopy and diffraction were prepared using this etchant. Cleaved
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initial concentration. This was achieved by removing most of it from

its container using a pipette, while taking special care ﬁot to disturb

the floating film,and then replenishing the container with distilled ‘

water. Electron microscope specimen grids were next drorped on to the.
carbon replicas to utilise the maximum possible area. Using the point
of a pair of ﬁweezers, the carbon film was b;oken around the rim of
each grid -thus separating each one from thé rest of the film and from
each other. The grids were then picked up individualiy by carefully
immersing them in the diluted écid, inve:ting them to bring the repiica
uppermost on the grid and then lifting them free from the acid surface.
Excess acid remainiﬁg on the replica and grid was removed by gently
dripping water from a pipette and allowing it to flow over the surface
of‘the sample. After the replicas had been dried on filter paper under
a tungsfen lamp, they were shadowed with gold in a coating unit. The
shadowirg angle was 15 degrees, and the process was cérried out ét a

_4 .
pressure less than 10 torr. The purpose of this shadowing was two-

‘fold. Firstly it provided information concerning the three dimensional

morphology of precipitates and secondly, the diffraction patterns from
the gold film could be used as a reference to give direct measurement

of interplanar spacings for diffracted beams from extracted precipitates.

5.2.3 Surface Etching

While phosphoric acid is a chemical polish for MgO at temperatures
between'about 140 and 160°C, at lower temperatures it is an etch,
particularly when samples are not agitated. However Bowen (1962) has
shown that more extensive etching is produded by fuming nitric acid

and the specimens for examination by the techniques of reflection electron
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flakes of as-grown material with dimensions of 0.3 x 0.3 x 0.02 cm
vere etched for periods 6f up to ten minutes. They were then washea
in distilled water and in methanol.‘ After being dried, the samples
were attached to specimen studs using colloidal graphite and were thén

ready for examination in the electron microscope.

5.3 OBSERVATIONS OF DEFECTS IN AS-GROWN MAGNESIUM OXIDE

5.3.1 Damage Introduced by Specimen Handling

During the preparation of specimens minute fragments were
frequently observed to have become detached from thin edges as can be
éeen at A in Figure ' 5.1. A cleavage crack associated with a similar
ffactured edge is shown in an electron microgréph in Figure 5.2. 1In
this transmission micrograph,®as in all others recording features of
Mgo sémples in this work,-unless stated to the contrary, a {1005 plane
was approximately perpendicular to theuelectron beam. This, together
with the known <110> {110} slip system and {100} cleavage of MgO,
makes the inﬁer?retation of dislocation images staightforward in com-
parison with metals. The dislocations situated beyond the end of the

{100} cleavage crack in Figure 5.2 closely resemble those of screw
chafaéter which lie on one.of the planes designated as 45o planes by
Washburn et al (1960). They are pinned at opposite surfaces of the
foil and because of the known slip system they provide a direct means

r

.of measurement of specimen thickness.
In regions like that shown in Figure 5.2 another type of dis-
" location was rommonly obsé#ved to haye been introduced following
specimen handling. An examplg is shown in Figure 5.3.' From the
tobservations that tgese dislocations were generally long compared with

the. thickness of the foil, and that they were in the main parallel to
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cleaQage cracks, it can be inferred that they were approximately in
the plane of the foil and thus lay in a <100> direction. Consequently
their Burgers vectors,'which must have a <;10> orientation, cannot be
parallel to the diélocations themselves, and it followé that these
dislocations are predominantly edge in chargcter. In contrést to the
behaviour of the screw dislocations which were pinned on.opposite
sides of the specimen anq‘which were never observeé to move during
examination in tﬁe electron microscope, these dislocations were
readily annealed out by electfon beam heating. This annealing was
such that one of the points where the dislocation intersected the
specimen surface waé observed to move discontinuously towards the
other until the dislécation was completely removed. This observation
indicated that each of the ends of these dislocations was pinned on
the same side of the foil.

While Figures 5.2 and 5.3 show separate examples of screw and
edge dislocations, iﬁ should be pointed out that in the region of
cleaveage cracks it was usual to observe'a selection of both type;.
This is illustrated in Figure 5.4. Most of the screw dislocations
in this area of the specimen, which is more severely damaged than
that shown in Figure 5.2, intersect the foil surfaces in two lines
which are parallel to the [100] direction, and which are situated
at equal distanceé and on opposite sides of the cleavage crack. From
‘this observation it is suggested that fhese dislocations lie in slip
traces onveither side of the cleavage crack. ‘The fact that a few
dislocations like that at A do not intersect the foil surface at the
same distance from the cleavage crack aé do the others is attributed
" to the climb of theée dislocations out of the slip piane.

:Finally in discussing ddrage introduced by specimen handl;ng

it should be noted that no dislocations lying in one of the {110}
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planes-which are perpenaicular Fo tﬁe plane of the foil have been
observed. Such dislocations, éither qf edge or sérew character would
have Burgers vectors parallel to the plane of the foil. However it
is considered that in preparing specimens for the electron microscope
it would be likely that any component ofﬁapélied stress resolved in
this plane would be small compared withvthat resolved along one of
the {110} planes which make an angle of 45°-with éhe foil surface.

Thus the absence of the dislocations just mentioned is not surprising.

.5.3.2 Dislocations and Precipitates in As-Grown Material

In this eleﬁtron microscope study of as-grown material, atten-
tion has Lzen focusséd on "gfown—in" dislocations, and the precipitates
which were observed to be diétributed along theirjlengths. These
pPrecipitates were also occasionally observed as isolated particles but
then they were usually found to be near other precipitates which were
associated with dislocations. .A similar observation has been made by
ﬁowen {1963) who sﬁggested that most, if not all, of the isolatéd pre-
éipitates must have_been associated with grown-in dislocations before
thg material was chemically polished. |

'One of the two most common arrangements‘of.precipitates
encountered was that of a decorated "hairpin" dislocation, an éxample
of vwhich is shown in Figure 5.5. As reported by Miles (1965) this type
of dislocation was always found to exhibit the orientationvshown in
the micrograph, that is, the loops of the hairﬁin were symmetrical
about a <100> direction. Another feature of these dislocations, which
has not been discussed elsewhere, was that thé lcops were usually
pinned by relatively large precipitates as in Figure 5.5. This might

be due to pipe diffusica of impurity atcms along dislocations in the
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presence of thermal gradients dgring crystal growth. In fact Morgan
and Bowen (1967) suggested that pipe diffusion processes are more
likely to be operative in ionic solids than in metals because of the !
.larger size of dislocation cores in the former claés of materials.

The second arréngement that was freguently observed involved
straight d;slocations. In general these were approximately parallel
to either a <100> or a <110> direction in the plarns of the foil, so
that, for the reasons discussed in Section 5.3.1, they were mainly
gither edg> or screw in character respect.ively. An example of the edge
type is shown in. Figure 5.6 and one of the screw type in Figure 5.7.
It is>possible that:thE;EEfaight edge dislocation is a section-of a
hairpin dislocation iying in a {100} plaﬂe perpendicular to the plane
of the foil. The straight screw disloca;;on cannot be accounted for
in the same way. It was also different from the edge type in that the
precipitates décorating it were generally slightly smaller than those
'on the edge dislocations. This is in agreement with the observations
of Bowen (1963), though the origin of this difference remaias unknrown.

Another configuration of precipitates in ;n as-grown sample_
is shown in Figure 5.8. Dislocation loops on {110} planes have been
produced by annealing both cold worked (see Groves and Kelly 1962) and
neutron irradiated MgO (§ee Groves and Kelly 1863, Bowen and.Clarke
1964). However as far as the present writer is aware, Figure 5.8 is
the only ;ecorded example of the observation of similar dislocations
decorated with precipitates in as-grown material. This makes this
feature a rare observation considering the large quantity of work
published on the topic of decorated disloceations in MgO. However,
althéugh it is not typical of as-grown MgO, its unusual naturé justifies

its inclusion here. The structure sensitivity of the precipitation




process is dgmonstratéd by the'approximately symmetrical lccation of
"the precipitates on the larger dislocafion loop in Figure 5.8. Just
ﬁas the precipitates formed at the <100> extremities‘of the hairpin .
dislocation in the most favourable regions for precipitation, those
in Figure 5.8 are situated at the <100> extremities in the <001>
projection of the larger loop. These and all the other precipitates
observed decorating grown-in dislocations:are thouéht to have been
formed as a result of the dislocations acting as sinks for migrating
impurity atoms. However it is-to be notead that in contrast to all
other grown-in dislocations, which were probably produced_by thermal
stresses or by vacaﬁcy condensation during growth from the melt, the
dislocation loops in'Figure 5.8 appear to have arisen as.a direct
consequence of stress associated with the large précipitate at the
centre of he'loops. Nérayan (1973) has attributed the formation of
siﬁilar but smaller and undecorated loops in MgO to the presence of

Mgal precipitates. The material studied in the present work,

2%4
although from a different source, contained a ccmparable concentration
of aluminium impurity, i.e. abéut 150 p.p.m., which suggests that

the dislocation loops in Figure 5.8 are probably similar in origin and
nafuxe to those observed by Narayan.

Not all of the precipitates were spherical in shape as might
be infer#ed from the micrographs shown above. Some were rod like and
lay along the length of dislocations as shown in Figure 5.9. These
precipitates were usuallytmuch smaller than the spherical ones with
lengths ranging from about 0.01 to 0.5 pm. From the_fact‘that their
other dimensions were much smaller than this, it is probable that many .
simiiar ones were obscured by the contrast from dislocations. Bowen

(1963) also pointed cu® that if tne structure factors of the precipi-

tates wére such that electrons were diffracted less strongly than from
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the.MgO matrix then the precipitates would not be seen.

Bnother feature cf the spherical precipitates (described
incidentally by Venables (1961) as ball shaped) which was occasionally
observed was their apparent transparency, as illustrated at A in
Figure 5.9. This characteristic has been reported previously by Bowen
and Clarke (1963) who attributed it to a diffraction contraét éffect.
Bowen (1963) subsequently found that the transparent areas increased
in size during examination. He associated this éffect with the

ldiffusion of atoms from the particlelas a4 result of electren beam
heafing~of the specimen. However attempts to reproduce this effect
’in the present study Have been unsuccessful. This may be due to a.
failure to repeat thé experiment under the same conditions of specimen
thickness and distance of the preéipitates from the surface of the
foil. |

While the identity or presence of all the precipitates dis-
cussed above c§uld not be revealed~ﬁéing the technique of sélected
area diffraction, fiﬁe structure effects were observed in the diffrac-
tion patterns from some as-grown samples. An example is shown in
Figure 5.10 where it is seen that some of the diffraction spots are
approximately square in shape. In fact, these spo£s aré slightly
extended in <110> directions and it is suggested that their origin is
associated with the'prssencc cf partially coherent precipitates which
.are no£ detécted by transmission microscopy. The fact that the mag-
nitude of the spot broadening increases‘with.increaéing deviatiqn
from an éxact zone axis, as seen at A, is in agreement with this
sﬁggestion. Furthef, the presence of such precipitates in this

material has been demonStrated by etching experiments, see Section 5.3.3.

However it is emphasised that this diffraction effect was only
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‘encountered on three occasions during the examinationvof a few dozen
.thinned samples. |

Another similar diffraétion effect was observed in selected
area patterns taken from two overlapping crystals similar to those
shown at B in the optical photomicroéraph of Figure 5.1. This effect
which is illustrated by the diffraction pattern in Figure 5.11 was
readily reproducible. The magnitude of the spot broadening éid'hot
appear to depend on the angle between the‘tﬁo crystals, or on the
sizerf the: smaller section of crystal fractured from the edge of the
sample. If diffraction patterns such as that in Figure 5.11 are
. regarded as two sepéraée orthogonal matrices of spots, then reflections
. in only one of thése'matrices will exhibit the effect in question.
Hencé the effect is thought to be associated with double diffraction.
One possible explanation is that the spatial distribution of intensity
within the beamé diffracted from the small secticn of crystal is a
function of the dimensions of this section. Consequently, vwhen these
beams act as pFimafy beams for the irain crystal, é fine structure
effect arising f¥om the shape of the small section of crystal is
produced in each of the doubly diffracted beams. The effect is almost
certéinly not‘related to the similar one which was observed occasionally
when no overlapping of crystals was involved and which is illustrated
in Figure 5.10. Finally it should perhaps be notéd that the selected
area diffraction apertgre.used vas circular so that the observed

effects were not associated with the electron optics.

5.3.3 Efching at Precipitate Sites

while phosphoric acid acts as a chemical polish'for MgO within

o)
the temperature range 14C to 160°C, at témperatures nhelow about 130‘C,
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it etcﬁes as-grown material ac precipitctc sites., This etching, which
gives rise to byrémidal hillcckc, was-first associated with precipi-
_.tate'particles independently by Ghosh and Clérke (1961) and by Venables
(1961). The correspondence bet&een precipitates and hillocks was sub-
sequently examined extensively by Bowen (1963) who discuvered that
fuming nitric acid produced a greater surface density of etch hillocks
than phosphoric acid (see Bowen 1962). A detailed‘investigation of
~ this etchind was not pursued in the present study but examplcs showing
characteristics of the pyramidal hillocks observed by transmicsion and
reflection electron microscopy are recorded.

In transmiséion,'etch hillocks usually appeared as regions of
dafker contrast than the background because of higher absorption. This
.is shown in Figuré 5.12 which is an example of a specimen etched by
phosphoric acid. However when-the orientation of this region was
chcnged so that an extinction contour passed close to the hillocks;
thickness fringe contrast was exhibited by the hillocks, see Figure
5.13, While it can be inferred from Figure 5.12 that the etch fcatures
were hillocks and not pits because of their enhanced electron absorp-
tion, more conclusive evidence for this suggestion is provided by o
Figu;e 5.14 which shows an etch feature at the edge of a thin specimen.
An impcrtant feature is Fhat there are small regions of dark contrast
in the middle of the imagesvof the etch hillocks in Figures 5.13 and
" 5.14 which are believed to be.associated with precipitates.

Coﬁparison_cf the sizes of the hillocks in Figures 5.13 and
5.14_raisés the questionjdiscussed'by Bowen (1963) as tc‘whether-the
size of a pyramid'be taken as an indication of the size of the precipi-
£ate'that nucleated it. Bowen concluded that there was such a correla-

‘:'tionAbut the problem was complicated by the fact that the pyramid size
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was also a function of the distance of the precipitate from the surface
of the.sample being etched. The correlatibn was thus only significant
" when comparing siée distributions of pyramids from two or more different .
épecimens etched under idenitical conditions.

Another cha;actéristic of‘etch hillocks which is apparent in
Figures 5.13 apd 5.14.is the <110> orientation of their bases. Th;s
aépect has also been investigated by Bowen (1963) who concluded, from
measurements made on pyramids cleaved ;hrough a diégonal, that their
faces lay ~lose to {111} planes. o |

.nyamidal hillocks produced by etching MQO in fuming nitric
acid are shown in the reflection electron micrograph in Figure'5.15.
This image was obtained using the technique first employed by Halliday
and Newman (196Q) in which diffracted rather than scattered electrons
are used to form an image. The procedure involved taking a dark‘field
image from a-loﬁ index spot in a reflection electron diffraction
pattern. By comparing Figure 5.15 with the transmission micrographs_of
samPles etched with phosphoric acid, it is obvious that a much larger
surface density of hillocks was obtained when fuming nitric acid'wa§
eﬁployed as an etchént. Bowen (19632 attributed. this difference to.
the greater reactivity of fuming nitric acid with the large number of

different impurity ions in MgO.

5.3.4 1Identification of Precipitates

As mentioned in Section 5.3.2;'attempts to identify precipitates
in as-grown material using selected area diffraction were unsuccessful.
'In order to overcome this difficulty, the two different diffraction
techniques employed by Venables (1263) énd by-Bowen (1970, private

communication) in the study of this material have been investigated.
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The techniques were those of:- - : -
(1) reflection electrén diffréction from bulk specimens, and
(ii) selected area diffraction from extraction replicas. .
It was shown in Section 5.3.3 that the effect of etching was
to produce an array of precipitates standiﬁg in relief on a crystal
surface. Such.an array is ideally suited to examination by the
technique of refiection elecfron diffraction becauée an electron beam
can be diffracted by a relatively large number of precipitates without
haQinq to penetrate the parén£ material. The experiment was performed
using .a reflection electron diffraction attachment. This was located
below the projector:lens with the result that the lens system could
only be uced to contibi the illumination of the specimen and the
camera length could only be chénged by varying the aecelerating voltage.
A typical reflection electron diffraction pattern from an MgO
sample which had been etched for five minutes in fresh fuming nitric
acid is shown in Figure 5.16. The specimen was apéroximately in a
<100> orientation and the diffraction pattern exhibits two main features.
Firstly, several of the ﬁatrix rgflections show a form of "streaking" in
<110> directions and secqndly a few extra reflections of low intensity
are present. The streaking effect coﬁsists.of intensity maxima situated
around the positions of the matrix spots. The diffraction arises of
coﬁrée from a surface containing a large number of small hillocks, like
those shown earlier in Figure 5.15. Furthermore, Bowen (1963) has shown
.that.the four elevated faces of these etch features lie close to {111}
planes. Diffracting centres with this geometry would.give rise to
intensity ‘spikes through reciprocal latticé points in directions perpen-
diculér to the facets. It is suggested that-the pairs of spikes on

_that side of the matrix reflection which is closer to the specimen
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- surface are more prominent than the pairs on the other side because
- of an asymmetrical intensity distribution along these spikes. This
is attributed to the fact that each hillock is oounded by the same
set of four {111} planes. Hillocks bounded by thz other set of
four {111} planes only occur on the opposite surface cf the sample
which is not exposed to the electron beam. Thus asymﬁetry in the
intensity distribution of_spikes through reciprocal lattice points
would occur about the piane of the specimen surface.

- The other important feature of the diffraction pattern in
, Figure 5.16 is the set of extra reflections, one of which éan be seen
at A. These are of low intensity relative to those of the éafent
matrix and were alwéys observedlto form a square array. Hence it
was concluded that they arose from a precipitate of cubic rather than
tetragonal stiucture. Further it can be inferred from the pésitions
of the precipitate refléctions that the cube edges of the precipitate
material lay parallel to those of the parent ﬁatrix. The MgO reflec-
tions were used to determine the cameré constant. from which the lattice
parametéf of tﬁe precipitate material was found to be 5.12 X. Similar
| precipitate material was observed by Venables (1963) who reported a
1attice parameter of 5.14 R. Venables shOWed.that only three of the
known impurities in Mgolcould-be,identified as having this valge of
lattice parameter. These were SiO (ao = 5.16 g), Sro (ao = 5.14 X)

and ZrO (ao = 5.07 X). The fact that each of these materials has a

2
different crystal structure enabled Venables to make an unambigucus
identification of the precipitates. He did this by stripping a
-sufficiently large number of them from citched MgO surfaces using

support films, to allow an x-ray powder photograph to be taken. The

relative intensities of the diffraction rings obtained showed that
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the precipitate material had-the fluorite structure and it was con-

sequently identified as Zr0O,. However Venables considered that the

2
difference between his measured and the reported values of the ‘
lattice parameter was too large to be attributable to experimental
error. This he explained in the following way. The presence of

certain impurities in ZrO_ can produce a wide variation in its

2
lattice parameter. For instance Duwez et al (1952) showed that the
introduction of 30 mole % of CaO increased the lattice parameter to
nearly 5.15 X'and that the iﬁtroduction of a similar amount of MgO
decreased it to about 5.065 R. From this Venablés concluded that
the ZrO2 precipitaﬁes in as—gréwn MgO contained a relatively large
proportion of the calcium impurity atoms also in the host crystél.

He thus identified the precipitates as calcium stabilised'Zroz.
Since there is no evidence in the present work to conflict with this

‘reasoning, it is concluded that the precipitate reflections seen in
Figure 5.16 also arise from calcium stabilised Zroz.

Finally in discussing Figure 5.16 there remains one diffraction
spot of 1ow intensity at B, which still needs to be explained.
Measurements suggest that it arises from a double diffraction effect
between the parent and brecipitate materials. The (002) matrix
reflection probably acts-as a primary beam which undergoes diffraction
at the precipitate material to give rise to this extfa reflection.

As well‘as being convenient for reflection electron diffraction
investigations, the precipitates standing in relief on etched surfaces
| of as-grown MgO were equally suited to examination by the method of
extraction replication.' Using this technique it is possible to obtain
diffraction patteins‘from small particles, the diffraction effects

of which are normaily completely masked by those of the parent materia%
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‘when the latter is exémined by TEM (see for example Hale and Batson
1965). A few observations of precipitates on extraction replicas
are recorded to complete this study of as-grown material. |

A feature which was frequently seen in extraction replicas
-prep;red by the method described in Section 5.2.2 is shown in
Figure 5.17. 1This linear array of particles probably marks the site
of a straight dislocation similar to tﬁose observed in transmission
microscopy of bulk material (see Figure 5.9). As the extraction
replica was taken from a {100} surface, ihis suégestion is consistent
with the‘observation that many grown-in dislocations were approximately
parallel to <100> directions (see Section 5.3.2). |

| In contrast to the unsuccessful attempts to obtain electron

diffraction effects from precipitates in bulk specimens, diffraction
patterns were observed with these extraction precipitates as shown in
_Figure 5.18. The diffraction rings arise from polycrystalline gold
which was employed as a shadowing material. Using these as a standard
for calibration of the camera length of the miciroscope, the three
: different inter-planar spacings associated with the diffraction spots
were found to be 2.91, 1.81 and 1.55 X. .The rafios of these spacingé
suggest that the crystal system of the precipitate material is cubic.
Thus Fhe single lattice.parameter (ao) can be calculated and was
found to 5e’5.12 R. This identifies the rod shaped precipitates

with the calcium stabilised ZrO_. detected by reflection electrcn

2

diffraction.

While the long axes of most of these thin platelet particles

werestraight, a few exhibited the morphclogy shown in Figure 5.19.

.

This Particle is similar in appearance to the precipitate at C in

Figure 2 of the paper by Venables 1963. The latter was extracted
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from a zirconium doped MgO sample and was thought to be one of the
larger precipitates pinning grown-in dislocations. It is suggested
:fhat the particle in Figure 5.19 is of similar origin and that its
form is directly related to both the orientation of the dislocation
with which it had previously been associated and the crystal structure
of MgO. 1In fact-a precipitate of similaf morphology is thought to

be present at B on the dislocation in Figure 5.9.

In addition to these platélet shaped precipitates, others
with a spherical form as shoﬁn in Figure 5.20 Qere observed in extrac-
tion replicas. These resembled the ball shaped precipitates observed
in TEM of bulk matérial. However unlike the piatelet ones, tﬁese did
Inot give rise to any diffraction effects even when extracted from the
parent material. Consequently theyAremain unidentified and,in contrast
with the view expressed by Venables (1963), no evidence has been found
here to identify the ball precipitates as calcium stabilised Zr02.

The extracted ball precipitates did however exhibit the following
two interesting characteristics. Firstly, while they appeared in
~general as dark images on the screen of the microscope, parts of them
: weré observed to be light. This feature can be seen in Figure 5.20
which is a negative print necessary to demonstrate the effect of
shadowing (see for instance Bradley i965b), and phis.exhibits reverse
. contrast to that on the screen. It will be recalled that a similar
effect was observed in ball precibitgtes vhen they were examined in
bulk material (see Section 5.3.2). Secondly the.precipitates showed
a tendency to aggregate into clusters'as demonstrated in Figure 5.21
. This feature has been observed independently by BowepA(1970, private
_communication). The clusters were probably formed during the washing

process before the carbon film was evaporated on to the cryétal
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surface. It is expected that the origin of the clustering is
.associated with closely spaced spherical precipitates on a dis-.

location lying parallel to the etched surface of the MgO.

5.4 SUMMARY

Two types of precipitate have been observed in as-grown MgO.
One was platelet shaped and has been identified by electron diffrac-
tion as consisting of calcium stabilised Zr02L Using reflection
electron diffraction it has been shown ihiat these precipitates
vexhibit an orientational relationship with respect to the parent
material as.ebserved by Venables (1963). The second precipitete
wes spherical in appearance and remains unidentified because no
diffraction effects were observed. In fact Bowen (1963) was unable
to identify these precipitates by electron probe microanalysis due
to their small size. Thus.it is concluded-that, while the topic

of impurity precipitates in MgO has been extensively studied since

the original observation of "ball and chain" precipitates by Vencbles

(1961), the literature still lacks a conclusive identification of N

ball shaped precipitates.
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CEAPTER 6

NEUTRON IRRADIATED AND ANNEALED MAGNESIUM OXID

6.1  GENERAL INTIODUCTION

A£ present non-fissile oxide‘ceramics are not generally used
in nuclear reactors. However as the efficiehcy of reactors, particu-
larly the gas éooled tvpe, increases at higher operating temperatures
it is necessary to investigate the possibility of replacing metals
in reactor cores by refractory materials. To this gnd extensive
studies of neutron irradiated ceramics have been carried out over the
past decade. MgO is of particular interest in this respect in that
it has a relatively high melting temperature, and further its con-
étituent elements do not lead to the formation of any long-lived
radioactive speéies after irradiation by fast ngutrons. It is there-
fore a pétential candidate for use as an oxide fuel dispersant, or
as a material for fuel element sleeves. For either épplication its
behaviour after being subjected to large neutron doses and high
temperatures must be evaluated.

When this study began, much was known ébout the properties of
as—irradiated material and of its annealing charact;ristics up to
temperatures of about 1400°C (Groves and Keil§A1963, Bowen and
Clarke 1964). However little was understood about the processes
;'i.nvolved in the formation of rectilinear cavities which are produced
in material irradiated to doses exceeding 1020 nvt by éost~irradiation
annealing treatments at temperatures greater than 1500°C (Morgan and
Bowen 1967 Briggs and Bowen 1968). The principal aim of this study
~therefore was to try to achieve a better understanding of the

mechanisms involved in the growth of these cavities especially with
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regard to the known impurities present in as-grown MgO. However
before embarking on such an investigation, it is first necessary to
establiéh a clear hackground of all of the factors involved. Thus
the theory of the damage produced by neutron irradiation is discussed
and the observations made’ during a brief study of as-irradiated
material are described as are the effects on the damage of annealing
tréatments at progressivelyAincreasing temperatures below that
necessary to nucleate cavities.

s

6.2 THEORY OF NEUTRON DAMAGE

Compared wiﬁh the alkali halides MgO is relatively insensitive
to ionising radiations. For instance, exposure to x-ray and electron
beam irradiations which causes extensive displacement of ions in
certain alkali halides has little or no effect on MgO. Comparablé
damage can be produced in this material however by irradiation wiin
fast neutrons with energies exceeding 1 MeV. Such neutrons can
penetrate relatively large thicknesses of crystal, typicallyv a few
cm before interacting with ions in the lattice. The interactions caﬂ
be of two kinds; in one case an ion is displaced from its lattice
sitg in a Newtonian—type collision, while in the other, the nucleus
of a hosﬁ atom captures‘a neutron with the result that a transmutation
of thé atom‘bccurs. These processés will now be considered separately

in more detail.

6.2.1 Icnic Displacement

The fact that neutrons can penetrate matter so easily compared
with other particles can be attributed to their small size and their
: 8
electrical neutrality. 1In fact they can typically pass up to 10  atoms

before collidihg with one (see for instance Clarke et al 1963). Most




- 78 -

such collisions are elastic and a fraction of the energy of the neutron

N .

~

is transferred tp the struck atom. In a collision there is an equal
probability of a neutron impartiﬂg any energy between zero and a
'maximum value, Em, to the atom. This maximum transfer of enefgy
occurs in a direct head-on collision for which it can be shown, by

application of the laws of conservation of momentum and energy, that:

E = ——F—= E (6.1)

where M, is the mass of the neutron

M2 is the mass of the ion in the lattice, and

Ei is the enetgy of the impinging neutron.

If the transferred energy is greater than a threshold value called

the displaceﬁént energy, Ed? then the struck atom or priméfy knock-
6n, will be removed frém its lattice site, taking with it the energy
it received in excess of E; and leaving a vacant site behind. The
valuewof Ed is a function of several parameters including'atomic mass
and the type and strength of bonding between atoms, and it consequently
- varies from one material to another. Seitzland Koehler (1956) suggested
that Ed was of the order of 30 eV for most materials ana more recently
Pooley (1966) has calculated avalue in excess of 40 eV for MgoO. |
Assuming this yalueltc sold for magnesium and oxygen ions in MgO, then
equation 6.1 shows that the>minimum energies required by a neutron to
Adisplace magnesium and oxygen ions are 260 eV and 180 eV. respectively.
‘Thus all fast neutrons can produce displacements and furthermore
provide the primary knock-on with a large amount of enérgy. The role

of this knock-on atom in the radiation damage process will be discussed

next.
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If we consider a 1 Mev neutron'colliding with a magnesium ion,
equation 6.1 shows that the maximum energy that can be imparted to the
ion is about 105 eV. In contrast to the neutron, this primary knock-onl.

is physically relatively large and‘electrically charged. Consequently
-it only moves a small distance in dissipatiing its energy. The way in
which it does-this is detérmined to a large extent by the magnitude of
its energy, Ep. For intefactions involving ions with energies exceeding
about 5 x 104 eV, energy loss by ionisation brocesses is favoured. How-
ever at enzrgies 5elow this, the dominan* process is elastic coliision
with 6ther ions which results in their displacement., This process forms
lparﬁ of a cascade éf displacements which terminates wheﬁ the ion at the
end of the "chain" réceives an energy by momentum transfer which is less
than Ed' Displacement cascades account for most of the defects produced
by neutron irradiation. The number of displaced ions, Né, that can be
produced from a single fast neutron ccllision has been determined

theoretically by Kinchin and Pease (1955a). They showed that for

EP >2> Ed

—~
[e))]
.,
to

~

a7 T2 g

When displacement cascades are examinéd more closely, a number
of new concepts have to be inﬁroduced.' A few of the more important of
these will now be outlined briefiy.

Firstly Kinchin and Pease (1955b) introduced the'idea of replace-
ment collisions. In these, the impinging ion which displaces a
"stationary ioh from'fhe lattice is leftvwith insufficient energy to
: eécape from the lattice site and thus repiaces the displaced ion. This
mechanism is important in a structure like that‘of'MgO which ccntains

more than one type of atom, because atoms of one type can now be

replaced by those of another type. In addition to destroying the .
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regularity of the crystal structure in local regions, such a replace-
ment can also lead to a difference between the concentration of 1nter-
‘stitlals of one type of atom and the concentration of vacancies of the
same type.

Another concept is that of thermal and displacement spikes.
A thermél spike is produ;ed when the energy given to a struck ion is
insufficient to displace it. This leads to the excess energy being
dlss1pated through lattice vibrations as heat. Although this thermal
effect is confined to a small region containing only a few thousand
ions ana lasts for only abbut 10—'10 to 10_11 seconds (see for instance
Brooks 1956), it ié’possible that it could give rise to some agglomera-
tion.of.vacancies. 'A displacement spike is a heated region at the end
of a cascade process:initiated by ‘a primary knock-on. Brinkman (1954)
has shown that at the end of such a cascade the distance between dis-
placement éollisions is of the order of the atomic spacing and, as in the
caéeléf the thermal spike, very local heating of short duration is
experienced. He sﬁgge;ts that in this case, damage can 5e rroduced
in the form of dislocation loops. |

To explain the observed nucleation of dislqcation loops in the
region of displacement spikes, it is necessary for there to be a mechanism
which removes iﬂterstitials from this viciﬁity more efficiently than
thermal diffﬁsion, thereby preventing recombination with the nucleus
.of vacancies present at the éore of the spike. One such process is
focussing (see for instance Silsbee 1957, Nelson and Thompson 1961).
This mechanism is baséd on the replacement collision concept outlined
above, where one of the knock-on atoms is an interstitial located near
- a displacement spike. By a succession of replacement collisions, such

’

an interstitial can be “transported” away from the region of the spike.
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This process is called focussing because at eéch sﬁcceeding collision
'é larger fraction of the diminishiné momentum is transferred to the
next ion, sc the collisions become nearer to the head-on type and
the energy is transmitted along crystallographic directions..

The final mechanism to be mentioned in ‘connection with the
céscade process is that of channelling. This is the passage of an
energetic knock-on in a particular crystallographic direction
characteriséé by an open st;ucture. Thus, a knock-on ion can pass
dovn a hoilow core in the crystal structuré without producing dis-
placements. |

The effect of the Processes just described is fo reduce the
total number of di;placements produced by a priméry’knock—on to a
valuelbelow £hat‘given by equation'6.2. One of the more realistic
estimates of the number of displacements is that due to Brinkman (1964) :

: : E (1-p)
N, = K|k'-RB {6.3)

where ¥  represents the fraction of a thermal annealing
E' is the energy at which cascgde multiplication ceases
and is thus similar to Eq
k' repre%ents the fraction of collisions which are not of
the hard sphere gype + and
P is the sum of the probabilities of chaﬁnelling from a

lattice site and for an incident ion . This parameter

also takes inelastic energy loss into account.

6.2.2 Transmutaiions

In addition to producing ionic displacements neutrons can cause
transmutaticns of the nuclei of host ions. 1In this process, which

constitutes another fraction of neutron irradiation damage in Mgo,
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a neutron_is absorbed by the nucleus of a mégnesium Or an oxygen
ion with the result that another isotoée 6f the parent nucleus is
formed. In each case the new nucleus is unstable and therefore
subsequently disintegrates with the emission of an o-particle as
shown by the follcwing reactions, where the figures in parenthesis

denote the natural abudances of the -particular isotopes as per-

centages.
2

Mg 4 (78.6) + n* Ne21 + He4
Mg?> (10.1) +n' -+ ne?? 4 gl
M926 (11;3)‘+ 't Ne23 + He4

Ne23 > Na23 + g The half life of Ne23

is 38 seconds and the

' energy released in the
reaction is 4.2 MeV

 016 (99.76) + n' - C-13 + He4

“In these (n.a) reactions an amount of kinetic energy, Q, whiéh.is
equal to &m 02 is released or absorbed, where Am is the change in
the total mass as a result of the reaction and € is theAvelocity of
light. 1In geng;al, transmutations caused by thermal neutrons give
rise to exothermic reactions, while those produced by fast neutréns
-result in erdothermic ones. Of the four (n,a) reactions above,
‘only the one involving the Mgzs'nucleus is exothermic.

Wilks (1966) calculated the total number of inert gas atoms
produced by these reactions and ccmpared it with the number of dis-
placements expected theoreticélly at 0 é. His calculations show that

the expected displacements at this temperature exceed the number of

atoms produced by transmutation by about six orders of magnitude.
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He sﬁggested then that even allowing for recombination which would
occur at 100°C and which would Eeduce the effective number of dis-
placements, the concentration of defects would still be greater
than the number of inert gas atoms produced by a factor of about
104 (see for instance McDonald 1963, Pryor et al 1964). Thus he
concluded that the atoms produced by transmutation contribute only
é minof fraction to the ﬁeutron damage. ]

When irradiation is carried out at low temperatures thé inert
gas atoms formed remain evenly distriiuted throughout the crystal
' iattice. In this state they have liftle effect on the physical
properties which.are important in reactor design. It is only when
the irrediation i§ carried out at high temperatures where the mobility

of the gas atoms is sufficient to allow their agglomeration, that

their presence can have adverse effects on the mechanical properties.

6.3 EXPERIMENTAL DETAILS

The siﬁgle crystals used in the radiatiqn damage study.were
supplied by Semi-Elements Iné., Saxonburgh, Pa. Cleaved specimens
with dimensions of about 10 x 4 x 0.5 mm3 were given' a heat treat-
ment for 1€ hours at 13000C in an ambient of hydrogen before being
irradiated to doses of 6.0 x 1019 and 3.66 x 1020 nvt in the Harwell
Dido reactor. The irradiation temperature was about 150°C.

The samples irradiated with a dose of 6.0 x 1019 nvt were
.given post-irradiation annealing treatments, eaéh of one hour duration,
at temperatures of 105C and 1450°C in an atmosphere of argon. Samples
subjected to higher doses were treated similarly except.that the

. . _ o
annealing was carried out over a range of temperatures at 50 C

intervals between 1475 and 17750C.
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Electron spin resonance (ESR) spectra were obtained from most
6f the annealed specimens in magnetic fields with flux densities
corresponding to the g-value of the free electron. All measurements
were made at 77 K with a 35 GHz spectrometer. The samples were
Placed in the cavity such that a €100> axis of the crystal was as
nearly as possible parallel to the direction of the magnetic field.
The field was calibrated by measuring theAabsorétion of a trace of
D.P.P.H., the g-value of which was taken to be 2.0037. This
supplemented the elect;omagﬁet calibrction obtained employing the
proton/lithium resonance technique. |

After examiﬁation in the microwave spectrome£er the samples
were cleaved and the resultant flakes were further reduced in thick-
ness by chemical polishing as described in Section 5.2.1. The
thinned samples were then examined in the electron microsccpe. To
determine the distribution in size of the cavities, Whicﬁ were
observed in the samples irradiatéd to a dose exceeding 1020 nvt
and:annealed at temperatures greéter than 15000C, a number of micro-
graphs were recorded from different areas for each annealed specimer..

The sample orientation was close to a <100> direction in all cases.

6.4 TRANSMISSION ELECTRON MICROSCOPE OBSERVATIONS

'6.4.1 As-Irradizted Material

The neutron irradiation damage which was discussed theoretically
in éection 6.2 appeared as small dots of dark contrast when irradiated
samples were examinéd by TEM. A mic;ograph taken from a sample
irradiated with a dose of 6.0 x 1019 hjip is shown'in

Figure 6.1, where the damage can only be resolved clearly in the very

"thin region close to the edge of the sample. The density of the
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defects is such that at only a short distance away from the‘edge of
_the hole, where the specimen thickness is probably le;s than 1000 2,
supérposition of images from mofe than one defect cluster occurs and
consequently the resolution of individual defeéts is impaired.
~ Although the damage appears at first to have the nature of a random
distribution -of dots, closer inspection suggests the presence of some
loop-like iméges as at A. The observation of Groves and Kelly (1963)
that some of the dots moved discontinuously in straight lines when
the strength of the electron illumination of the microscope was
increased provides further support for the contention that some of
the damage iﬁ Figu?e 6.1 is in the form of glissile dislocations.
While it is not poséibleato make an accurate measurement of the con-
centration of the defect clusters from a micrograph.such as this,
their concentration was found to be about 5 x 1016 clusters/'cm3 by
counting the dots within a known ares near to the specimen edge where
they'coﬁld be resoived and by taking the mean sample thickness in
this region to be about 1000 R. This estimate is comparabie with
that made b& Groves and Kelly (1963) for similarly irradiated méterial.
They. showed that the observed number of clusters, assuming an average
clustef to be a loop of 30 X diameter, was about two orders of magni-
tude smaller than the total‘number of displacements calculated using
equation 6:3. They therefore concluded that magngsium and oxygen ions
displaéed during irrédiation can return to their normal lattice sites
eQen af temperature below 200°C.

When a sample irradiated with a neutron dose of 3.66 x 1020
‘nvt was thinnea for TEM; the damage was found to be much coarser than
“that in'Figﬁre»G.l and the concentration of the clusters was too large

“to enable individual clusters to be resolved, even in the thin edges of

the-samples.
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6.4.2 Samples Annealed Below 1500°C

The effect of annealing neutron irradiated material is to
coarsen the damage structure. The degree of coarsening is mainly
determined by the temperature and time of the anneal, but theAgas
ambient can also have an effect. 1In this section,-TEM observations
made on samples given annealing treatments at temperatures of 1050
and 14750C in an atmosphere of argon for a period of one hour are
described and the mechanisms involved in the annealing process are

. )
 discussed.

- On annealing at 10500C the damage structure of a sample

irradiaﬁed to a dose of 3.66 x 1020 nvt appears as shown in Figure
6.2, It is seen té consist of dislocation tangles with many small
léop-like features in the background as at A. In the dark field
image corresp§nding to the same area as shown in Figure 6.2, which
was outaiced using the (200) reflection, some of these features can
be clearly resolved as dislocatioﬁ loops as for example at A in
Figure 6.3. The effect of increasing the annealing temperatﬁre of
a similarly irradiated specimen to 145000 is shown in Figure 6.4,
'_where it can be seen that the dislo;ation tangles have increased in
length‘ and that the large number of loop-like features in samples
annealed at. the lower temperature, have been replaced by a small
number of much larger dislocation loops (note the difference in the
print magnificatioﬁ whén comparing Figures 6.2 and 6.4). These
6bservatibns are in qualitative agreement with those of Bowen and
Clarke (1964) on similarly irradiated and annealed material. Thgy
showed that the mean 1oop_diameter increased with annealing tempera-
tures from about 250 & at 1100°C to about 800 R at 1300°%C, as the

loop concentration decreased. In a similar investigation, Groves
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and Kelly (1963) also reported an increase in loop diameter with
increasing annealing temperature, although they observed the damage
to recover at lower temperatures. This w;as attributed by Bowen and
Clarke (1964) to the different ambients which were used in the two
independent anneaiing studies. Bowen and Clarke carried out their
annealing in-an atmosphere of argon, while Groves and Kelly used air.
The former workers suggested that the difference in temperature at
which the damage was observed to recover could be explained in terms
of the postulate of Wertz et al (1962) that heating in oXygen causes
positive ion vacancies to move into the crystal. While vacancies of
both kinds are reéui:ed to annihilate interstitial loops, the presence
of those of one kiﬁd is probably sufficient to give rise to the
observea difference in the temperatures at which the damage recovers.
| The growth of loops was attributed by Henderson and Wertz (1968)
to the interaction of loops of the same character, lying on the sue
{1101 slip plaﬁe, by a dislocation glide mechanism. The interaction
of lcops on different {110} slip planes which occurs by the same
glide process is responsible for the formation of dislocation tangles.
The implication of the suggested mechanism of loop growth is that the
loops are predominantly of one character. This was indeed confirmed
by both Groves and Kelly (1963) and by Bowen and Clarke (1964) who
reported in their independent studies'of damage annealing that oniy
-interstitial dislocations were observed. It is thus necessary to
enquire where the vacancies in annealed samples are located and what
form they take. The besi evidence for the presence of vacancies.is
provided by the x-ray lattice parameter measurements of Bowen and
Clarke (1964), Hickman and Walker (1965) and Briggs and Bowen (1968).

All of these workers showed that the lattice parameter decreased to
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a value below that of an unirradiated sample after>annealing above
about 11000C. This effect is attributed to lattice rela#ation around
vacancies or small vacancy clusters at the stage during the annealing
process when most of the interstitials haveAmigrated to dislocation
lbops. In fact the éoincidence of the recovery of the lattice para-
meter to the unirradiated value with the nuCleation of cavities on
‘annealing at temperatures in excess of 1500°C is regarded as confirma-
tion of this suggestion. Fugther evidence for the presence of vacancies
in the form of small clusters is p£o§ided by the experiments on cold
neutron scattering by Martin (1967).  He concluded that approximately
spherical vacancy clusters containing up to about 100 vacancies were
pfesent in specimené irradiated with a similar dose and annealed in
the same temperature regicn as the samples under discussion. Thus,.it
can be concluded that small vacéncy clusters approximately 5 g in
diametzr are present in specimens.irradiated to'about 102011V”t afier
annealing at temperatures just belbw 1SOOOC for one hour, but they are
not detected by TEM because of their small size and the absence of

associated strain fields sufficiently large to produce observable con-

trast effects.

© 6.4.3 Samples Annealed above 1500°C

While no evidence for the presence of vacancies in samples
annealed below 1500°C was obtained by TEM, all samples irradiated
with a dose in excess of 1020 nvt and annealed above this temperature
contained cuboidal cavities. These features of radiation damage in
Mgd.ﬁere first observed by Morgan and Bowen (196?) who attributed their
origin to the condensation of vacancies. The cavities thus provide
direct microscopic evidence of the Presence of vacancies in irradiated

Mgo.‘ In this section some characteristics of the cavities are described,

e it R T U
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tégether with the résﬁlts of a study of their size distribution as a
function of annealing temperature.

The appcearance of the cavities which were observed in all the °
samples irradiated with a dose of 3.66 x 1020 nvt and annealed at a
temperafure greater thica 1500°% is illustrated in Figure 6.5. The
light and dark contrast‘exhibited by these features in the micrograph
can be attributed to the operating diffraction conditions and to the
depth of the cavities in the foil. The cavities were bounded byv{IOO}
planes and were approximately cvhoidal with an edge dimension. ranging
from about 50 to 350 X. Morgan and Bowen also pointéd out that the.

‘ voids were nearlf cuboidal in that the ratic of the length of the sides
of these defects Garied between 1.0 @ind 1.25. 1In examining a large
number of cavities, for the statistical purposes described below, it
has been noticed that those cavities for which the ratio of the lengths
of the sides deviated éignificantly from unity tended to be the smaller
ones, like those marked A in Figure. 6.6. Cavities such as these are
not thought to be representatibe of an early stage in the growth of all
‘the larger cubéidal cavities. Three possible mechanisms which could
lead to the rectilinear shape are as follows. The first is related to
localised constraints on cavity growth by impurity ions which aré
believed to play an important role in the cavity growth process as
discussed in Section 6.6. The second involves the ﬁigration and sub-
sequent coalescence of smaller cuboidal cavities duriﬁg annealing as
obsefved in metal foils (see for instance Barnes and-Mazy 1963, 1964).
The third is simply that cavities nucleated only a few hundred X apart
coalesce during their growth. The first two of these proposed mechanisms
are equally lacking in suéporting evidence. The ' postulate that the

presence of localised impurity ions is responsible for rectilinear rather

1
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than cuboidal caviéiéé.can.oﬁlyzbe speculative because for this mech-
anism to be operative, it would be necessary for»there'to be locally
high concentrations of these ions and to the writer's knowledge there |
i§>no evidence that this is the case;' Witﬁ regérd to the secbnd
proposed mechanism, it is to 5e noted éhat the attempts of Morgan .and
Bowen to indhce migration of cavities by pulse heating with the eiectron
beam in the electrbn microscope were unsuccessful. Thus it.is éuggested
that the third mechanism ihvolving coalescence of cavities nucleated
only a few hundred g apart is responsible for the small rectilinear
cavities. In fact the cavity at B in Figure 6.6 is believed to provide
direct evidence fér the existence of this process. The reason why orly
the smaller cavities exhibit this morphology can be attributed to the
fact that the cavities grow by the collapse of small defect clusters
in their‘immédiate vicinity (see Section 6.6). Consequently the
probability of two laige cavitie; existing sufficiently close togzther
to coalesce is expected to be negligibly sméll. |

Another feature of cavities which was frequently Observed.was
their association with segments of interstiti;l dislocations which
were still present after annealing at-temperétures above 1560°C.
This association was observed by Morgan and Bowen {(1967) whc noted
that these features of radiation damage.werg often lccated ;t cusps
in dislocation lines- The present study haé shown that these dis-
'locaﬁions were usually pinned by the corners of cavities and that
in the region close to these defects the orienfation of the disloca-
tions aprroximated to a <110> direction. This is demonstrated by
the examples shown in Figures 6.7 and 6.8. While the cavity at A

in Figure 6.8 is clearly located at a cusp in the dislocation with
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which it ié aéééciated, the same cannot be said fér the cne at A in
Figure'§.7. How?vér closer inspectioﬂ'of the latter microéraph
reveals tha£ the section of ‘dislocation on the left hana side of the '
cavit& appears to stop short indicating that a lérge componeht of

its length mu;t be pérallel to the direction of observation. This

is confirmed by thé-oscillatory contrast of this section. 1In contrast,
the section of the dislocation on the right hané side of the cavity

is longer aﬁd does not exhibit the same oscillatory-contrast. It
seems reasonable therefore to suggest +hat the Eavity‘is located at

a cusp in a dislocation whiéh is in a plane perpendicular to the
.piane of the épeéimen.

- " The origin éf the association of cavities with dislocations is
believed to be as ﬁollows. When an interstitial loop, which is still
‘present in a sample after annealing for an hour at temperatures above
15000C, moves through the crystal, Its interaction with the cayities
present will resnlt in the partial annihilation of the loop by absorp-
tion of vacancies from the cavities. The motion of the parts of the
loop .in ‘the vicinity of the cavities will consequently be impeaed;‘

It is further suggested that the observed <110> orientation of dis-
Iocations in the proximity of cavities is related to a favourable
energy confiqguration for the annihilation process to oécur.‘ This is
associated'with the fact that in the NaCl structure the uninterrupted
rows of anions and of cations in <110> directions make diffusion of
vacancies of either type more likely in these directions than in
others.

The size distributions of the cavities as a function of annealing

temperature are shown in the histograms in Figure 6.9. These results

vere derived from at least tenAmicrographs taken from different areas
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for each annealed sample. The histograms show that the maximum
cavity size increases dramatically on annealing above some tempera-
ture between 1575 and'1625°C. Annealing at higher temperatures
does not lead to any further increase in size or significant change
in the size distribution.

The t9tal cavity volume per unit volume of crystal, and the
concent?ation of cavities for each énnealed samble have also been

estimated and are shown in Table 6.1.

TABLE 6.1

'Temperature of anneal (OC) 1525 1575 1625 1675 1725 1775

Ratio of cavity volume/ ' : A
crystal volume (x 104) 1.8 1.4 13.5 11.5 11.9 1.2
Number of cavities

per cc (x 10-14) 0.95 0.51 1.38 0.83 1.00 1.64

- For' the purpose of these calculations a mean specimen thickness for
the total area from which the size distributions were derived was
taken to be 1000 X, a typical sample thickness for TEM. Accepéing
the crudeness of this approximation, inspection of Table 6.1 shows
that fhe large increase in cavity size which occurs at 1625°%C is
accompanied by a correspondingly large increase in the ratio of the
total cavity volume.per unit volume of crystal. The cavity concen-
tratioﬁ however remains more or less-unchanged. The origin of this

cavity ‘growth will be discussed later in Section 6.6.

6.5 ELECTRON SPIN RESONANCE

The ESR spectra from the different annealed samples exhibited

several common features. The main trend is shown in the three spectra
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of Figures 6.10 to 6.12 which were obtained from samples annealed at
1475, 1575 and 16250C. In examining these it is to be noted that
Qome data on other MgO crystals made by the same supplier (Semi-
Elements Inc.) has been givén by Martin (1968) whose results showed
that the major paramagnetic impurity was iron at about 100 wt. p.p.m.:
it is also generally accepted from analytical evidence on oﬁher MgO
crystals that both manganese and chromium are often present at low
trace levels.

'Figure 6.10 shows the spectrum nbtained with the magnei.ic field
parallel to (100) for the specimen annealed at 1475°C which contained
interstitial 1oo§s but no cavities, (c.f. Figure 6.4). The prominent
features are (a) éix lines marked &, (b) é line B having g = 1.9785
and (c) a line C having g = 2.0034. Features A and B were identified
by comparison with the data of Henderson ané Wertz (1968)'as arising
from the + % ——9-—% transition of Mn2+ and from Cr3+ respectively. The
origin of line C is in some doubt. Further measurements showed that
it was isotropic, indicating that it éould not be ascrib.d to~én inter-
stitial afom with an associated vacancy; although the g—valué is

3+
. reasonably close to that of the +-% ——9-—% transition of Fe in octa-

hedral_symmetry, this interpretation is precluded becausé the -% ——9-%
and +3 —>+3 Fe3+ transitions are absent; and finally the g-value
does not fitAwith any of those of the impurities iisted in the review
by Hendérson and Wertz. Evidence given later suggests that line C may
arise from an electron trapped in a vacancy to form a centre persistent
even at the annealing temperatures used.

In the spectra obtained from specimens annealed at both 1525°C

and'1575°C, i.e. just above the temperature necessary to nucleate cavities,

new feaEures were observed. These are shown in Figure 6.11 which .
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refers to a specimen annealed at 1575°C. The most important change is

the occurrence of the new lines marked D and E; the g-value of 2.0031

for the D transition, together with the observed anisotropy of the E
+
lines, fit well with reported data on Fe3 (see for example Low, 1958)

to + and #*3 ——>t%

2

)=
-

' and enable them to be identified as the -
transitions.respectively of Fe3+ in octahedral symmetry, i.e. Fe3+
occupying a magnesium site. The other differenées appear to be associated
with localised detailed changes in the manganese environment; they
include additional transitions close to each of the six A lines and also
transitions F situated midway between the A lines. The transitions F
are of low iutenéity and have the same separation as the A lines.
The(spectré of specimens annealed above 1575°C (e.g. Figure 6.12)
differ from those just described in tWo major respects. In the first
place there is no indication of the D and‘E lines corresponding to Fe?+
in octahedral symmetry; secondly, the additional. lines in Figure 6.11
which were attributed to Mn2+ are much less pronounced. Comparison of
all the spectra shows that the intensity ratio of the Mn2+ hyperfine
‘and Cr3+ lines remained approximately constant throughout all the
annealing treatments and consequently the hyperfine components of Mn2+
could be used as an intensity reference (see fof example King and
Hendexson, 1967). On this basis it éppears that in Figure 6.12 the
intensity of line C has increased by approximately two times, indicating

that annealing at 1625°C produces a twofold increase in the number of

centres responsible for line C.

6.6  DISCUSSION OF CAVITY GROWTH

An- important conclusion of Morgan and Bowen (1967) from their

studies of neutron irradiated and annealed MgO was that to nucleate
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cavities it was neceséary to anneal samples irradiated to a dése in
excess of 1020 nvt at a temperature greater thaﬂ 1500°C in an ambient
of argon. This minimum critical temperature was attributed to the
activation energy asséciated with vacancy mobility. 1In addifion, the
results of the annealing studies repofted here concerning the nucleation
- and growth of cavities would suggest that another critical temperature
for the growth exists in the temperature range of 1575 to 1625°C.

While annealing above some temperature within this range does not
produce any significant change in the concentration of cavities, the
fatio of total c;vity volume to unit volume of crystal increases by

an order of magnitude. This must similarly be accounted for by the-
movement of vacancies and consequently it is proposed that, following
the nucleation of cavitie;,,some mechanism exists which impedes further
growth of these defects until another critical’temperature (for an hour
- annealing period) is exceeded. An indication of the nature of tris
mechanism can be inferred from the results of the ESR measurements as
will be discussed next.

Tliea ESR results show that the nuéleation of cavities, in the
'samples annealed at 1525°C and 1575°C, is accompanied by the appearance
- of Fe3+ in octahedral symmetry. As mentioned earlier, analysis of
material'made by the same supplier has shown that iron was present in
the specimens (see lartin, 1968). Due to the pre-irradiation heat -
treatment in hydrogen it is most likely that any iron present will
be in the divalent state (see for instance Davidge, 1967); this view
is supported by the aksence of Fe3+'lines in speqimens annealed at
temperatures below 1500°¢ (Figure 6.10);

As the post-irradiation annealing took place in an inert atmos-

' . 2+
phere the cation vacancies necessary for the converion of Fe~ into Fe
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on increasing the annealiné temperature from 1475°% to 1525°¢C must
have come from within the crystal. BAn adequate supply of Qacancies
is known to be produced when the vacancy clusters, which are about
7'3 in diameter and which are present in similarly treated épecimens,
suddenly collapse on annealing at about ISOOOC (see Martin, 1966).

. The disappearance of the Fe3+ lines at temperatﬁres above 1625°C could

be explained eifher by a reduction of Fe3+ into Fe ] by the outward
diffusion of cation vacancies, (see for example Wertz et al, 1962) or
by the trapping of vacancies near the Fe3+ sites, creating an Fe3+-
vacancy complex (see Henderson et al, 1971), whose ESR would probably
fall in the low ﬁagnetic field region outside the bresent range of
measurement. Sinée the subsequent growth of the cavities indicates
that a laxge number of vacancies are retained in the crystal the out-
ward diffusion explanation appears unlikely.and the trapping mechanism
moré.probable. |
“In view of the ESR evidénce, it is envisaged that the cavity

nucleéfion and growth proceeds by stages as follows. On znnealing
Hjust above ISOOOC a critical vacancy mobility is exceeded .and émalL
cavifies are nucleated in the manner suggested by Morgan and Bowen
(1967) .. simultaneously there is a conversion of iron to Fe3+ in octa-
Vhedral symmetry at magnesium sites; this conversion uses vacancies
released when clusters collapse at about 1500°¢ which then form charge
compensating centres for the Fe3+ ions. After nucleation negligible
cavity growth occurs until an annealing temperature of 1625°C (for one
hour) is reached, see Figure 6.9. This behaviour is attributed to
mobile vacancies being trapped near the Fe3+ sites in preference to
condensation at cavities. A calculation, based on the observea cavity

: K o
~growth between the annealing temperatures of 1575°C and 1625 C .and an
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iron impuriﬁy levei of 100 wt. é.p.m., shows that the number of vacan-
cies required to associate with ail the Fe3+ is some two orders of mag-
nitude iess than the number required to account for the cavity growth.l
When this stage is complete, cavity growth can proceed. It is sug-
gested that the presence.of iron is nof expected to alter the magnitude
of ultimate érowth significantly. However, the .extent to which growth
is impéded, and hence the annealing temperature necessary for the last
'growth‘stage, would be expected to increase with iron concentration.
Further evidence which indicates that cavity growth is incomplete when
annealing at 15009C is provided by the measurements of Bowen (1966),
who recorded the agnsity variation with annealing temperature for
similarly treated MgO. Theée show avdiscontinuity at about 1625°C

and consequently his results suggesthfhat cavit& formation is a two
stage proceés, as our studies using a different technique (TEM) have
confirmed to be the case. In addition, the high precision X-ray measure-
ments of Briggs and Bowen (1968) showed that complete recovery of the
lattice parameter to the unirradiated v;lue did not occur until the
annealiny temperature reached about 1750°%. However, interpolation of
their data would suggest that most of the recovery had occurred at
about 16500C. So, allowing for the fact that their material was
irradiated to more than twice the dose of that used in this study, it
is concluded that there is a reasonable correlation between the minimum
temperature at which it has been necessary to anneal to produce most

of the cavity growth and that reported by Briggs'and Bowen to obtain
almost complete recovery of the lattice parameter. To the writer's
knowledge the influence of an impurity on the movement of vacancies

in cavity growth in neutron irradiated Mg0O, has not previously been
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reported. Here it appears ﬁhat iron plays a significant role (see
Russell et al, 1976). It is possible thag other impurities may act
in a similar way, but this remains to be established.
6.7  CONCLUSIONS L
While the observations made on neutron irradiated MgO before
and after annealing treatments at temperatures hp to 15009C only con-
firm conclusions drawn ffom work done earlier, principally by members
of the Materials Developmeﬁt Divisior, A.E.R.E., Harwell, the proposad
role of iron in the growth of cavities in neutron irradiated and
anneaied MgC is a novel idea kRussell et al, 1976). Davidge (1968)
has previously shown tha£ the valence state of iron influences resis-
tance tb annealing of the hardening'of single crystal MgO, however
his work was conce;ned with the role of iron in material irradiated
with lower neutron dqses and annealed at much lower temperatures.
Both the density measurements of Bowen (1966) and the x-ray lattice
parameter results of Briggs and Bowen (1968) suggested that the.
cavity giowth mechanism was more complex than a simple vacancy coi-
densation process occurring at a single temperature (Morgan and Bowen
1967). However no mention was made in éither of these works of the
possible role of impurities. Thus the mechanism for cavity growth
(in the temperature range of 1500 to 17750C) which has been proQosed
here provides an explanation for the observed behaviour of tﬁe density
and lattice parameter in terms of a specific impurity ion which has

been identified.
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GHAPTER 7

~AS-GROWN ZINC SELENIDE AND ZINC SULPHO-SELENIDE

. 7.1 : GENERAL INTRODUCTIONV

ZnSe is a II-VI compound semiconduétor which hés becoﬁe of
importance in ?ecent years as singleicrystals.with'the purity
essential for electronic device application have become available.
ZnSe has.a band gap of 2.67 eV at room temperature and a high lumin-
escence efficiency in the visible range. Extensive studies of its
.photo- and electroluminescent properties havé been made previously
(see fbr'instancé_Morehead 1967). 1In addition, its optical properties
are such that it tianémits light of wavelength in the range 0.5 to
22 pm with very little attenuatioh. This, in conjunction with its
inherént mechanical strength and chemical stability (ZnSe is non-
1h§groscopic); makes it ideally suitable for use as a material for
infré—red laser windows.

In spiéé cf the incréasihg technolcgical interest in this
matérial, only a small amognt of work has been done on its defect
structure, and that which has been reported has mainly been confined -
to defects in single crystal platelets (see for instance Gezci and
Woods 1972). The defect structure of single crystal boules was
expeéted to differ from: that of freely grown platelets mainly because
of the constraints of the silica wall of the g;owth tube on the growing
boule. The purpose of the TEM studies of ZnSe and ZnSeO'.‘l/SO.6 which
are reported in this chapter was to obtain a better knowvledge of the
| defect structure of single crystal boules. It was hoped that this
might lead té a better understanding. hot‘only of the mechanism of
crystal growth, but also of the electronic processes associated with

cerfain forms of luminescence; for instance, Williams and Yoffe (1968)
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ha?e demoﬁstrated the effects that twins and stacking faults in ZnSe
have on cathodoluminescence, by combafipg transmission electrcn micro-
- graphs with cathodoluminescence frém the same afeas of specimens in

a scanning electron microscope. In. this chapter, the ﬁaiﬁ defeéts
bbserved in ZnSe and in ZnSeo.'ll/SO.6 are.describgd and a mechanism

to account for their origin is suggested. Some prelimihary results

of the damage observed in ion thinned samples are also reported and

discussed.

7.2 * SPECIMEN PREPARATION

7.2.1 Crystal Growth

The basic technique used in this laboratorv to grow large
" single crystal béuleé of ZnSe is that: developed by Burr and Woods
(1971). Witﬁ this method a charge of the required compoﬁnd is sub-
limed, in a temperature gradient, from one end to the other of a
vertical silica capsulé. As growth proceeds the capsule is pulled
tthugh the.furnace at a rate comparable to the advance of the crystal
interface at about 1 mm/hr. The stoichicmetry of the vapour in the
. growth capsule is controlled by ccnnecting the capsule to a reservoir
containing one of the elemental constituents via a narrow orifice.
By controlling separately the temperatures of the charge and the
resérvoir, the pértial preséures of the copstituents of the binary
(zinc, selenium) system at the growth interface are uniquely deter-
| mined. .In this way boules qf ZnSe 1 cm in diameter and up to 5 cm
in 1eﬁgth are produced. |

When the above method is used to grow a ternary compound such

‘as ZnSeO.:4/S0 g+ one degree of freedom remains in the vapour. The
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only attempt made to prevent serious segregation of sulphur and
selenium‘was to pre-anneal the chargé.: This was done by holding the
growth capsule in the furnace in a bosition such that the tip of the
capsule; where the crystal was ultimately to grow, was at the hottest
part of the furnace for a period of three days. After coalescence and
' sintering of the charge had occurred the capsule Qas pulled through

the furnace in the same manner as used for the growth of ZnSe.

7.2.2 Chemical Polishing

_ Slices of ZnSe or ZnSe. ,/

0.4 + 1 cm in diameter and about

50.6
0.5 mm thick, werelobtained by cutting boules at right angles to their
long axes using a diamond saw. The edyes of these slices were coated
with an aéid resistant lacquer and then the samples were chemically ‘
thinned in a polish termed H.P.C. (see Hemﬁétt and Weinstein 1967).
This consists of one part of a saturated solution of chromium tri-.
o#ide in phosphoric acid with two parts of hydrochloric acid. On
prepariﬁg £his mixture, chlorine from the hydrochloric acid complexes
with chromium préaucing globules of red liquid, probably a chromyl
chloride, which float to the surface of the brown polish. 1In this
state the mixture acts as a good chemical polish. However, within
20'to .30 minutes from mixing, the hydrolisation of the chromyl -
. chloridé to fcxrm the chromate ion results in the polish turning to a
dark green colour and the mixture subsequently etches rather than
polishes. Thus the change to the dark green colour can be used as
an indication that the polish should be discarded.

H.?.C. was chosen as a polish after a few others which were
recommended in the literature had been investigated. These included

a 1% solution of bromine in methanol (Sagar et al 1958) and potassium
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permanganate dissolved in sulphuric acid (Rowe and Forman, 1968). The
first of these was found to etch rather than polish, while the second
polished; but its rate of removal of material was too slow to make its .
use practicable here.

During chemical polishing the sampie was conctantly agitated
and the progress of the thinning was followed by periodically removing
. the spécimen from the polish, washing it successively in distilled water
and in absolute alcohol and examining the dried sample in reflected
light in an opticai microscope. In the final stages of thinnina, the
acid resistant lacquer was carefuily removed using tweezers, in crder
to promote better-flow of the polish over the specimen surfaée. When
'the sample became Qery thin, as indicated by the increase in its>trans—
lucency, it was repeatedly dipped in and out of the opaque polishing
soiution so that continuous visual inspection of the surface could be
made. When a hole appeared in the specimen, polishing was stopped and
the sample was washed as described above. It was subsequehtly examined
in the optical microscope and, in the event that no interfefence
fringes around the eage of the hole could be resolved at a magnif;cation
of ‘about 50 x,Athe chemical polishiﬁg was re-started until another h&le
appeared. in this way, by making a few examinations of the thinnéd
afea of the sample in gﬁ optical microscope, a suitable specimen for

TEM could be assured.

7.2.3 Ion Beam Thinning

The apparatus used for ion beam thinning was purchased from
Ion Tech, Teddington, U.K. It is a single gun system of a very simple
design with no facilities for rotating or tilting the specimen with

respect to the orientation of the ion beam or for cooling the sample
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to reduce radiation damage. The whole arrangement, which is shown
schematically in Figure 7.1 was mouﬁtéd in a conventional 12" vacuum
coating unit. 2 po&er suppiy delivered an acceleratiné voltage in
the range from 0 to 10 KV to the anode and inert gaé was bled-into
the system via a needlé valve. A hole in the aﬁode allowed some of
the acceleraéed ions to paés through ancd these were collimated into

a beam by an arrangement of apertures. This beam was incident on the
specimen normally to itg surfaée. When a hole was eventuélly produced
in a sample, .the transmitted ions .were collected by a high energy ion
"detectbr. The magnifude of the resultant ion current gave an indica-
tion of the size of the perforated specimen area and the current
measuring circuit was adjusted so that when a pre-set current level
was reached the H.T. would be tripped.

As the quoted thinning'rate of the apparatus was about 20 pm
per hpur for most materials, the following procedure for sample prepara-
tion was adopted. Slices of ma;eriallwere cut from boules and were
chemically polished as described in Section 7.2.2 until their thick-
ness was not greater than a few tens of um. They were then washed
and dried, after which they were fractured into sections of a size
suitable fof mounting in the sample holdérxof the ion beam thinning
apparatus. The sections were such that the maximum d%mension in any
direction was less than 3 mm but nevertheléss.the 2 =m diameter
aperture in the samplé holder was completely covered (see Figure 7.1).

The chemically poiished sections were loaded into the sample
holder and after evacuating the bell jar to 1 x 10—-5 torr, the system
was flushed with argon. The bell jar was fhen re-evacuated again to

" about 1 x 10_5 torr at which pressure the H.T. was switched on and

the needle valve was opened slightly to admit argon into the system.
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>By making suitable adjustment of the pressure in the region of 1x10
torry an ion beam current of abbut 3C to 40 UA was obtained at a
selected accelerating voltage in the rénge from 4 tq 6 KV. After
thinnihg for about 15 to 20 minutes, the bombardment was stopped,
the system was let up to air and the sample was inverted. 1In this
way, by subsequently continuing the ion thinning from the opposite
side of the specimen until perforation occurred, a foil for TEM was
obtained. Two obvious advantages of this procedure were, {1) that
any possiiie surface contamination from chemical polishing was <¢lim-
inated and (2) that by producing an indentation on both éides of the
section until the surfaces met at the edge of a hole, the resultant
"wedge angie“ was feduced and the sample was therefore more suitable
for TEM, than one produced by making a single indentation from one
side 'of the section.

It is to be noted that in an attempt to reduce the ion beam
damage, éxperiments wére carried out in which argon atoms with a mass
of 40 amu were replaced firstly by diatomic nitrogen, wit: molecular
‘mass 28 amu and secondly by diatomic hydrogen, with molecular ﬁassA
2 anlu; This was achieved by simply interchanging the gas cylinders

connected to the needle valve of the vacuum system.
|

7.3  OBSERVATIONS OF DEFECTS

7.3.1 As-~Grown Zinc Selenide

The dominant defects observed in ZnSe were narrow twins
>extending complete;y across thin regions of samples as shown in
Figure 7.2. Although some of these t&ins exceeded 1 pm in width,
the ﬁajority were slightly narrower than this and were usually

found close together in small groups which were separated by larger

4
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regions of untwinned material. With the wider twins, where the

"boundaries were well separated, some irregularity was apparent at

the edge of the specimen at the intersections with twin boundaries.
This is illustrated in Figure 7.3 and is attributed to differential
étching of the different crystallographic faces of the twinned and
untwinﬁed material; Electron diffraction patterns from regions con-

taining twins showed that twinning occurred on {111} planes in all

" samples.

As discussed in Section 4.4 , there are two types of twins
which can occur 03 {111} planes in the sphalerite structure,‘namely
the ortho; and the para-twin. The ortho-twin is rot associated with
any change in polarity across the {111} twinning plane, whereas the
para—tﬁin isff In order to identify the nature of the twins in ZnSe
the following experiment wés performed. A boule cont;ining large

grains was selected and a slice was cut from it so that the large area

surface of one of the grains lay close to a {111} plane on which twin-
ning occurred. Since the cutwas made at an angle of a few degrees

to the {111} plane, the twin boundaries intersected the cut suffacei
at this low angle. After mechanical and chemical polishing with
diamond paste and H.P.C., the slice was etched in a 1% solution of
bromine in methanol for about one minute. The choice of ;his etchant
was based én the work of Gezci and Woods (1972) who showed that it

gave rise to triangular pits on the (111) zinc faces, and conical

. pits'on the (111) selenium faces. The result of this etching experi-

ment is shown in Figure 7.4, which is a photomicrograph of the zinc
surface of the etched slice. The fact that the etch pits within the

twin band traversing the photomicrograph, exhibit the same threefold

. symmetry on either side of the twin boﬁndaries indicates that there'.'
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is no reversal of polarity across thé twin boundaries. Thus the twin
in Fiéure 7.4 is an ortho-twin, as were all of the others observed
within this large gréin. The 180o rotation of the etch pits within
the twin band relative to those outside it is consistent with this
identification.

Although very few other defects have ﬁeen observed in the
vZnSe slices examined by TEM, the micrograph in Figure 7.5 does illu-
strate one interesting grain boundary which is worth recording. A
knowledge of the'orientations of the two grains, at the top and
- bottom of the micrograph, together with the information that the
‘boundary lies appfoximately éarallel to the [100] direction in tﬂe
upper grain,-suggeéts that the fault is a tilt poundary with a <100>
axis, of the type described by Holt (1964). Such a grain boundary,
~in contrast to an ortho~twin boundary for example, céntains an array
of wrong bonds which makes the fault a favourable site for the forma-
tion of precipitates. In fact small regions of dark contrast are
seen along this boundary, as in Figure.7.6 and theéé are beiievgd to
be such precipitateé.

The incidence of disiocations_in the as-grown crystals of
ZnSe was very low, and apart‘ffom the twinning described above, very
féw crystallographic dgfects'were obsgrved.. Many Sf the diffraction
patterns however did exhibit extensive streaking, as showh in Figure
7.7. This effect is attributed to thermal diffuse scattering which
is observed in many materials with the diamond or zincblende
-structure (see for example Honjo et al 1964). The diffuse streaking
was most prominent in diffraction patterns where the zone axis was
close to a <100> direction as in Figure 7.7. 1In contrast to the

streaking associated with stacking faults and'planar defects, which
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is very sensitive'to specimen orienfation, the streéking assoéiated
with thermal diffuse scattering is maintained as the crystal is
tilted through several degrees with respect to the incident bean,
The reason why the thermal diffuse scattering produceé streaking
which is most prominent in diffraction_batterns with a <100> zone
axis is that the fzig—zag‘ chainé in <110> directions which connect
nearest neighbour atoms, and which give rise to 'intensity walls'
in reciprocal space perpendicular to their length, are perpendicular.
to the direction of the electron beam in this orientation. In other
orientations whergthe zig-zag chains are not perpendicular to the
electron beam, thé intensity walls intersect the Ewald sphgre at an
angle‘inclined‘at less than 90o to the direction of the electron beam

and the streaking is less pronounced.

7.3.2 As-Grown Zinc Sulpho-Selenide

The defect content of ZnSe / differed from that of ZnSe

0.4"50.6

" mainly in the degree of stacking disoxrder. The first indication of

this came from the fact that many more twins were observed in the

mixed material and these were less wide than tho;e in ZnSe. A typical
region containing such faults is shown in Figure 7.8.which once again
suggests that the fwins occur in groups, while mos£ of the area shown
in the micrograph remains of the same Erystallographic orientation.
The selected area diffraction pattern from a region similar to that
in Figure 7.8 is recorded in Figure 7.9. This pattern has been
indexed in Figure 7.10 which shows that the extra spots arise from

thin twins with the orientational relationships:

(111) Twin parallel to -(111) matrix, and

[051] Twin parallel to [OII] matrix .
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The diffraction streaks which pass through some of the matrix reflec-
tions in Figure 7.9 are attributed to the thin nature of the twins.
Further evidence for the greater stacking disorder Qf
ZnSe0.4/SO.6 was provided by the présenFe of groups of long stacking
faults similar to those shown in Figure 7.11. Their occurrence in
groups and the fact that within a group all faults had.the same dis-
7placement vector suggests that these faults owe their origin to slip
processes. The nature of the faults was determined by relating the
direction of the diffraction'vector operating to the asymmetry of the
correéponding dark-field image (see for example Gevers et al 1963).
The application of -this method is illustrated in Figuges 7.12 to 7.14
which:show the bright and dark field images of a siﬁgle stacking fault
and the corresponding two-beam diffraction condition that was operative.
The diffraction pattern has been corrected to account for relative
lrotation of ‘the image ksee Section 2.5.3) and the strong diffracted
beam arises from a set of'{220},planes. For such a reflection Gevers
et al (1963) have shown that if.the origin of the g vector i; placed
at the centre of the dark-field image of the fauit, g points away from
the light fringe if the fault is intrinsic and towards it if it is
exfrinsic. Thus inspection of Figurés 7.13 and 7.14 ghows that this
fault is intrinsic. In fact all of the faults examined in this way

in ZnSe / have been of this nature.

0.4 s0.6 _ ‘
It is worth noting that not all the stacking faults observed

were confined to one {111} plane. A few which slipped from one {111}
plane to another have been observed (see Figure 7.15). ' However,
‘faults such as these are thought to originate from the same source

" as the longer faults confined to a single {111} plane.
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In addition to the readily identified twins and stacking faults,
crystals of ZnSe0 4/So_6 also contained a few small regions where the

concentration of planar faults was very high as illustrated in Figure ‘

7.16. It has not been possible absolutely to identify individual

defects in such'heavily faulted regions as this, but the degree of
stacking disorder suggests that thin lamellae of hexagonal or poly—
typic material may be present. Evidence for the presence of polytypes
is provided by the closely spaced diffraction spots .of low intensity
such as that at A in Figure 7.17 which is a selected area diffractica
pattern taken from the region sgown in Figure 7.16. However the

irregularity of the spacing of the diffraction spots even within the

_group ac A does not permit a specific polytype to be identified. On

thelother hand, the precence of a-hexagonal phase in one sample has
been firmly.establishéd by electron diffraction. 1In the sample
gxamined, the hexagonal material was in the form of a thin layer In
the plane of the fbil, .The conséquent overlapping of the layers of
wurtzite and zincblende gave rise to the moiré fringes shown in
Figure 7.18. The variation in orientation and spacing of these fringes
is attributed to different diffraction conditions and changes in
orientation of the phase boundary in different fegions of the specimen:
A selected area diffraction pattern from this area is recorded in

Figure 7.19, in which the reflections of low intensity around the

.central spot arise from the hexagonal phase, while the more intense

spots are produced by the larger amount of cubic material present in
the same region. This pattern shows that the orientational relation-

ship between the cubic and hexagonal phases is as follows:

the (111) cubic plane is parallel tothe (1010) hexagonal plane and

' the [211] cubic direciion is parallel to the [0001] hexagonal direction.
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Thus the fringes in Figure 7.18 belong to a parallel moiré pattern

where the fringe spacing, M, is given by

49

d1 - d2 -

where d1 and d2 are the interplanar spacings of the planes in the two

phéses which are parallel to one another and responsible for the fringe
contrast. ‘To account for ﬁhe observed value of M of 100 X, for example
at P in Figure 7.18, the difference-necessary in the valuesAof d1 and
.d2 is of the order of 2% of either d1 or of d2. The maghitude of

this difference is_consistent with the fact that the separation of the
ieflections from these planes was not resolved in the diffraction
pattern. ]

To conclude this section it is worth mentioning some measure-
ments of latfice parameters. The sample containing small regions of
hexagonal phase, as described above, was of nominal composition
ZnSe0.4SO.6, having been grown from a charge of this molar composition.

The lattice parameters calculated from the electron diffraction patterns

5.46 + 0.11 8 ; for the

were as follows: for the cubic phase ao

hexagonal phase ao = 3.90 + 0.08 X r - c0 6.32 £ 0.13 X . The values

obtained from the ASTM index for ZnSe and ZnS are:

5.667 & for znSe and 5.406 for ZnS

it

For the cubic structure a,

3.996 & 3.820 §
6.530 R for ZnSe and 6.260 R for Zns .

I

a
For the hexagonal structure

o

Thus assuming Vegard's law holds for this solid solution,
as much work on the photoluminescence and energy band gap of powdered
samples suggests, the measurement of lattice parameters indicates that

the composition of the cubic phase was approximately ZnSe0 2150 797
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while that of the hexagonal was between ZnSeO 45 0.55 and ZnSe0 22 0 78"
depending on whether the value of ao or co_ls taken into con31deratlon.
TheIUncertainty in the lattice parameters derived_from electron'dif-

. fraqtion patterns realiy permits of a qualitative cenelusion onl&,
.namely.that this particular boule contained a higher molar proportion
of sulphur than selenium end indeed was a solid solution with a coﬁ—

position not too far removec from that of the charge from which it was.

grown.

7.3.3 1Ion Beam Thinned Zinc Selenide

All of the‘samples prepared as described in Section~7.2i3
were found to contein defects which were not present in.chemically
polished samples from the same crystal bouies. In an ettempt to
eliminate this jon beam damage the accelerating voltage was reduced
from 6 to 3 KV when thinning samplee usieg argon ions. As thie pfo-
duced no noticeable improvement, otherattemptswere made te reducs'orl
exclude the damage by replacing argon firstly hy nitrogen andvseCQndly
by hydrégeh. However these efforts were similarly unsuccessful,
although the use of hydrogen, while prolonging the_thinn;ng.pefiod;
did perhaps slightly reduce the extent of the damage. Thus.this section .
is concerned pr1nc1pal;y with the nature of the damage in 1en beam
thinned samples and no attempt is made to compare the thinning cohditiongg~

with the extent of the damage.

A bright field image of an ion beam thinned sample is shown z-ﬁfﬁ
in Figure 7.20. At first glance no interesting features can be .

identified, not even in the vicinity of extinction contours. 5However

closer inspection dces reveal a suggestion of some fringe contrast over.

. ST,

small areas as at A. On the other hand, the selected area diffraction

pattern taken from this region and recorded in Figure 7.21 YieldsimuéhA
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more definite information and is very different from patterns obtained
from chemiéally thinned sampies. Thé diffraction streaks, passing
through the matcsix reflections of this <110> zone axis pattern and
lying in [111) and [111] directions, were not associated with the
thermal diffase scattering described in Section 7.3ﬂ1 for the following
reasons. Firstly the streaks in Figure 7.21 were relatively more
intenseAmaking it Possible to take dark- field micrographs from them,
and secondly'théy exhibited a variation in intensity along their lengths
which showéd a strong 6rientaticn dependence ;nd which gaﬁe'rise te
intensity maxima at positions displaced by approximatély %'<111> from

. maﬁrix reflections. A dark field image of the region in Fiéure 7.20
was made from onevof these intensity maxima and is shown in Figure 7.22.
This shows a largé number of thin features of light contrast -with their
long dimension approximately pafallel to [112]. This observation

would be consistént with their identification as planar defects lying
on the (111) plane as will be discussed further in Sectioﬁ 7.4.2.
Another dark fieid micrograph faken from an intense portion of a streak
in thev[lfll direction revealed the preéence_of a similar set of defec£s
lying on the (111) plane. Further it is suggested that the satellite
spots displaced from several of the matrix reflections in the ([002]

and [002] directions as at B in Figﬁre 7.21 can be attributed to the
intersection of‘the Ewald sphere by diffraction streaks in the [111]
and [111] directions arising from further sets of planar defects on

the (111) and (111) planes respectively. To illustrate this suggestion
a reciprocal lattice construction for a [110] zone cxis is given in
Figure 7.23z2, while Figure 7.23b shows the mechanism by which the
satellite spots might be produced. Further support for the-suggestion

that these planar defects are present on all four {111} planes is
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'provided by a diffraction pattern recorded close to a <100> zone axis
and shown in Figure 7.24. In this ofientation thin planar defeéts on
all four {111} planes are expected to give rise to £he presence of '
four satellite spots around the positions of several of the matrix
reflections as indeed is observed to be- the case.

Finally it ghould be emphagised that none of the several
attempts to obtain a dark fizld image of the plaﬁar defects, when they
are inclined to the directioﬁ;of tﬁe electron beam as they are in the
orientation in Figure 7.24,-has bgen -uccessful. This is attributed
to the thin nature of the defects which results in their low contrast

in all orientations except that where they are observed nearly edge on.

7.4 DISCUSSION

7.4.1 .As—Grown Zinc Selenide and Zinc Sulpho—Selenide
.The observations recorded in Sections 7.3.1 and 7.3.2 show
that in as—-grown ZnSe the major defects are narrow ortho-twiné extend-
ing coméletely across grains,'while in ZhSeo.‘lSOi6 aAlarger concentra-
tion of narrower twins occur in some grains and groups of intrinsic
stacking faults are found in others. Further evidence for the increase’
in the stacking disorder in the sulpho-selenide relative to the selenide

is provided by the presence of a few polytypic regions in this material.
It thus.remains to‘aé:cunt, asvfar as is possible, for the origin of
these defects, i.e. are they introduced into the crystals during growth
or do they arise from post growth stress?

Consider first the possibility that the twiﬁs form while the
crystals are being érown. During the etching experiments in which it

was established that the twins in ZnSe were of the ortho-type, it was

" also found that the surfaces of most of the grains on the growth face
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léy within_about 20° of the (111) or selenium surface. From this it
was inferred that the growth of these boules was strongly polar in
nature. This is in agreement with the findings pf Parker (19%1) who - .
:investigated the growth of epitaxial layers of ZnSe on GaAs and found
that £he growth rate of rhe (111) selenium face was-two and a half
times that of the (111) zinc face. Now as a grain of ZnSe grows in

a fést <111> direction at a small angle to tne axis of the capsule,

see Figure 7.25, twinning may well occur to preserve the overall axial

: growth direction. If the twin boundary is of the ortho-type, the 160°
rotatipn of the twinned region about an axis prependicular to the
twinning plane, with respect to the rest of the crystal, results in

the growth interface having opposite rolarity on‘eifher side of the
twin boundary. As the metal face thus produced at the growtﬁ inter-
face grows much more slowly than the adjacent non-metal face, this is
an inherently unstable situation sc that the crystal would rapidly |
twin back to establish the originalvfast-growing interface. It is
‘suggested that this mechanism could account for some of the long,

'thin twins obsefved in ZnSe and ZnSe0.4SO.6. However it cannot be
responsible for all of them because some are found lying perpendicular

to'the growth axis and the origin of these cannot be explained by this
growth mechanism.

As to the possibility that the twins are introduced by
post-growth stregs, it seems unlikely“that stress due to the differen-
tial contraction of the crystal and the silica capsule during cooling
.will be significant. This.is because the coefficients of thermal
expansior of ZnSe and ZnS are substantially larger than that of silica
“glass, as evidenced by the fact thét the crystal boules usually become

completely free from the walls of the growth capsule during the cooling'
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process following growth. However sticking sometimes occurs and then
differené&al contraction leads to stress. In addition there is some
evidence to suggest that the walls of evacuated silica glass capsules
cfeep'slowly at 1260°C under external atmospheric~pressure. For
example, capsules with cross sections which are initially circular

are sometimes found to have become slightly elliptical in section

after ten days at this temperature. The gradual collapse of the walls

of the capsule could therefore readily introduce stress into the growing

boule. While the two sourceé of stress just mentioned were only knoun
to b¢‘§perative on rare occasions, another source was always present
and this arises frbm the radiai temperature gradient which exists
between the core and the periphery of the boule when cooliqg from about
1100°C to room temperature over a period of three days. Further, the
fact that boules are cooled in a position in the furnace corresponding
té the termination of pulling means that a témperature gradient exists
along the length of the boule. Thus it is possible that the rate of
cooling might vary along the length of the boule and thereby constitute
"a fuither source of stress.

So far only the formétion of twins in ZnSe and in ZnSeo.LlSO'6
- has been considered aﬁd, on the basis of .the above discpssiqn, it would
appear that a pogt-growth strésé rather than a growth mechanism is
responéiﬁle for most of theseAdefects. When describing the long
stacking faults, which were only observed in ZnSeo.4sé.6, it was pointed
out that some appeared to slip from one {111} plane to another. This,
takén in conjuﬁctién with the fact that all of the faults studied were
found to be of intrinéic character, would suggest that these defects

also owe their origin to slip processes. Thus it is thought that the

stacking faults in ZnSe, 480 6 and the twins in ZnSe are closely

~
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related in that both kinds of defect owe their o:igiﬁ to post growth
. stress. “Furtﬁer it is prcposed that the reason for the occurrence
of different defects in the two materials is associated with the
slight différence in the degree of ionicity of the bonding of ZnSe

and ZnSe This is based on the assumption that the sulphur

0.480.6'

content of ZnSe is expected to modify the bonding to a nature

O.4SO.6

similar to that of ZnS.
To understand the mechanism of formation of these defects

by slip orocesses, consider the stacking of double atom layers along

a <i11> axis of the =zincblende structure. 1In the notation used in

Section 4.1 this can be represented as
Ao BB CY‘an BB Cy Ao BB Cy .o eee (7.1)

_A stress hucleated dislocatipn will split into two partials separczted
by an intriﬁsic étacking fault, and one partial will sweep across a
{111} plane in a position such as that marked by the arrow in the
staéking sequence (7.1) above. The stacking faulf energy of ZnS is
very low, or even negative, so that the fault extends across ﬁhe
complete plane. Following the passage of the partial dislocatio;,'
the stacking sequence becomes

<+ hexagonal - .
Aa BB. Cy BB.TCY Ao BB Cy Aa cos eee (7.2)

The intrinsic stacking fault in this sequence can be regarded as
containing four double layers of hexagonal material with a stacking
sequence BB Cy BB Cy. This configuration will be particularly

stable in ZnS and in ZnSe 6" because the higher ionicity of the

S
0.4°0.
bonding in ZnS favours the formation of the wurtzite structure. Thus

to relieve thermal stress a large number of partial dislocations must

-
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pass over {111} slip planes, but this will occur at random and con-
sequeﬁtly mani stacking faults will be found in groups.

On the other hand, the bohding of ZnSe is more covalent and
this favéurs the formation of the sphalerite structure. The stacking
fault energy associated with a sequence such as (7.2) will be‘highef
than in ZnS and the sequence in (7.2) will not be as sfable. Thus
when further stress is to be relieved it is probable that the next
partial dislocation will pass over a {111} plane adjacent to an
existing intrinsic fault, for example at the position indicated by
tﬁe arrow in the sequence of (7.2). This leads to the following

stacking sequence:

As BB Cy B8 Ac BB Cy Aa BB e (7
m T 4

This arrangemeht can be regarded equally aé an e#trinsic stacking
fault or as a thin twin where the position of the twin boundaries
. are indicated by the letters T. If now yet -another partial disloca-
tion passes over the plane indicated by the arrow in sequence (7.3),
the twin widens by one double atom 1ayer4and the stacking sequence

becomes:-
“ H > < 'H > . .
Aa. BB Cy BB Aa Cy Ao BB Cy . ... R
4T T 4 ’ )

Thus the repeated passage of partial dislocations over adjacent'{lll}

planes leads to the widening of the ortho-twin. It is suggested

.3)

.4)

that the reason why partial dislocations successively traverse planes

adjacent to the twin boundaries is because the bonds in those par-
ticular planes, marked by arrows in the sequence of (7.4), will be
weaker than the bends in properly co-ordinated double {111} layers
ih wholly cubic material. &o in the stacking sequences of (7.2) and

A=
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(7.3) the double layers to the left of the arrows (and the double
layer to the left of the ﬁight—hand arrow in (7.4)) are in an immed-
iately hexagonal environment. The covalent nature of ZnSe eﬁsures
that this is a relatively unstable arrangement so that there will be
an iﬁherent weakness on the planes marked with arrows. Stress relief
will cohsequently occur preferehtially on these pianes with the
result ;hat the twins widen in preferencé to the férmation of random
stacking faults. Energy considerations make this point clearer. The
passage ¢f three partial dislocations cn sucéessive‘{ill} planes
leads to the configuration in (7.4) with two 3-layer hexagonal regions
marked H.' On the-other hand if the three partial-dislocatioﬁs had
passed across threé {111} planes at random, a total of twelve double
layers with the hexagonal stacking would have been formed. This is
élearly enexgetically less favouraﬁle in a crystal with a high propor-
-tion of covalency in its bonding. The disparify between the energies
required to form wider twins or random stacking faults increases with
the number of partial dislocations required to accommodate the Férain.
" In conclusion therefore it is suggested that the relief:pf
thermal stress leads to the formation of ortho-twins in ZnSe. It ig
perhaps worth recording that crystals of ZnTe, which is more co&alent
than ZnSe, are usually heavily twinned (see for example Lorenz 1967},
while the more ionic ZnS crystals are found to contain predominantly
stacking faults (see fof instance Blank et al 1962). In the case of

ZnSe , the replacement of selenium by sulphur atoms results in

5¢0.4%0.6

ah increse in the ionicity of the bonding and in the corresponding
tendency to take up the wurtzite modification. Thus, this is expected
to lead to the formation of random stacking faults as a stress

relieving mechanism, particularly if microscopic homogeneity is not
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strictly maintained, as appears to be the case from the presence of

polytypic growth in some regions (see Cutter et al, 1976).

7.4.2 1Ion Beam Damage in Zinc Selenide

In a;l of the samples prepared for TEM by ioﬁ beam thinning,
planar defects lying on all four {111} planes were observed as.
described in Section 7.3.2. The planar nature of these faults was
seen by viewing them edge-on and the fact that the thickness of some
was iny>a féw étomic layers, waé evidenced by the occurrence of con-
tinuous‘streaks ;n <111> directions passing through matrix reflec-
tions of a <110> zbné axis diffraction pattern. The presencé of
intensity makima at.positions displaced %-<111> from matrix spots in
such patterns enabled these faults to be identified as micro-twins
(see for instance Pashley and Stowell 1963). No other maxima at
" positions displaced4%-<111> from matrix reflections were observed in
these patterns so it appears that no thin regions of hexagonal
material 1lying on {111} planes were present (see Holt 196¢). This
is consistent with the above diécussion of defects in as~grown ZnSe
in that the formation of twins, in this case micro-twins, rgther than
thin layers of material having the wu;téite structure is preferred on
energy considerations.

The formation of micro-twinms in ion beam thinned samples is
thought to arise from re—ordering processes following the displacement
of atoms. Although it was not possible tp measure the actual tem-
peraﬁures of the surface being bombarded with ions, the fact that

'the'stainless,steel specimen holder reached a temperature which was
in excess of 100°C would suggest that the temperature at the surface

of the specimen was likely to be somewhat higher than this. In
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addition,in‘a study of the annealing behaviopr of ion implantgd
ZnSe blatelets having the wurtzite structure, Olley et al (1970)
reported that an annealing treatment at 500°C produced a phase trans-
formation from the wurtzite phase to that of zincblende, which is
the stable structure below about 700%. To produce the re-ordering
required in ‘this case, it was necessa?y for a large number of
partial dislocations to pass completely across the platelet between
every second close packed double atomic layer (see for iﬁstance
Williams and Yoffe 1972). It seems plausible therefore to sugyest
that the micro—twins observed here similarly owe their origin to

re-ordering processes.
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CHAPTER 8

 SUMMARY OF CONCLUSIONS

‘8.1 AS-GROWN AND NEUTRON IRRADIATED MAGNESIUM OXIDE

The main aim oI the study'of MgO was fo achieve a better
understanding‘of the processes involved in the nucle;tion and growth
of the cuboidal cavitiec formed by annealing neutron irradiated
material. Some preliminary unpublished work of Bowen had suggested

" that heterovalent impurities might have been involved, so in the
first instance a fairly detailod study of as-grown MgO was made with
Aa view to estéblishing a clear background cf the impurities present.

The principal findings of the study just mentioned were
recorded in'Coapter 5 and concerned the precipitates that deoorated
as-grown dislocations in various configurations, ooe of which has not
previousiy been roported.- These orecipitates were of two different
morphologies, namely rod shaped and spherical. The former were
identified as calcium stabilised zirconia (in agreement with earlier
published work)'from electron'aiffractiop patterns taken from extrac-
tion replicas. The spherical precipitates however did not give rise
to any diffraction effects and they thus remain unidentified.
Another observation, which may be of significance with regard to the
formation and growth of cavities, was of diffraction patterns that
confaihed spots of a square nature. These were attributeo to the

‘presenoe of partially ccherent precipitates which were notldeteoted
~by.TEM.

By employing the technique of ESR to supplement the micro-

scopic study of irradiated and annealed material containing cavities,

it has been poésible, as shown in Chapter 6, to identify an impurity
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ion in MgO which plays an important role in the cavity growth process.
 The ion involved is that of iron which is indeed heterovalent as predicted
by‘Bowen. In fact,the work described in this thesis has indicated that the
presence of iron aé an impurity appears to impede the growth of cavities

in this material. The prc‘;rradiatién annealing trgatment of samples in
hydrogen ensufed that most of the iron was in the divalent state. However
when the post-irradiation annealing treatmeﬁt Eh argon was carried out at
a'temperature just exceeding 15000C, in addition to“the nucleation of the
cavities first reported by Morgan and Bowen (1967), oxidation of some of
the iron ions to the trivalent state was observed. Microscopic examina-
tion éhowed that thé presence of trivalent.iron in octahedral symmetry

was accompanied by little growth of the cavities. However, after annealing
a sample for the same period at 1625°C, the transitions of Fe3+ in octa-
hedral symmetry sites were no longer present in the E.S.R. spectrum. The
same sample exhibited about a tenfold increase in the volume of the crystal
occupied by cavities. It was therefore concluded that the presence of iron
in the trivalent state and in octahedral symmetry constituted an impedement
to the motion of.vacancies and thus delayed the growth of the cavities. It
has been sugdgested that this aélay is likely to increase with increase in
iron impurity conteht.

A furthef,interesting observation concerns the interaction of
cavities with segments 6f interstitial dislocation loops still present in
samples annealed above,lSOOOC for one hour. Morgan and Bowen (1967) noted
that cavities appeared to be pinned by such dislocations, but in this work
it has further been suggested that this pinning arises from the partial
annihilation of the interstitial dislocation loops by vacancies diffusing.
from cavities. This is probably associated with the observed <110>

orientation of dislocations in the region of cavities.
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Finally, for the sake of completeness, it is to be noted that

the original proposal for the investigations to be pursued for this

thesis contained a suégestion that diffraction contrast effects, which
were observed to be associated with cavities in some preliminary
independent work carried out at A.E.R.E., Harwell, éhould be studied.
It was hoped that this might yield some further information relating
to the morphology of cavities. Unfortcnately however it transpired
that the alleged diffraction contrast effects were characteristics
asscciated with over-focussed images suffering from objective lens

astigmatism, and were therefore of no significance.

8.2 * ZINC SELENIDE AND ZINC SULPHO-SELENIDE

The purpose of the TEM studies of these materials was to
establish an understanding of their defect structures with a view,
firstly to improving crystal quality and secondly to relating elec-
troluminescent behaviour to dcfect contcnt. In Chépter 7 it has been
demonstrated that the dominént faults in ZnSe are narrow twins which
extend completely across grains and which etching studies. have shown
to be of the ortho type. From the etching experiments it has also
been COnclcded that the growth of ZnSe is strongiy polar in that
grains grow preferentially in a <111> direction, with the growth
axis.often lying ciose to the geometric axis of the crystal boule.

The defect structure of ZnSe differed from that of Z2ZnSe

0.4%0.6
mainly in the degree of stacking disorder. This was evidenced by

the presence of narrower twins and groups of long intrinsic stacking
faults. In addition, the observation of a few polytypic regions in

this material was taken as an indication that the microscopic homo-

'_ geneity was not strictly maintained throughout these crystals.
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The origin of most of the defects mentioned above, other
than polytypes, in both of these materials has been attributed to
post growth stress arisingjfrom the unavoidable temperature gradients
incurred when cooling crystal boules. The occurrence of different
faults in the two separate materials has been ascribed to a slight
difference in the degree of ionicity in their bonding. Thus, sfrain
" is accommodated by the passage of partial dislocétions across adjacent
double atomic {111} layers in ZnSe thereby producing ortho-twins and
minimising the number of less energeticzlly favourable boundary regions
of hexagonal material formed. In contrast, the nature of the bonding

of ZnSe is more ionic being closely related to that of ZnS and

0.480.6
the passage of pargial dislocations across {111} planes results in
~many more regions of hexagonal structure being produced in the form
of intrinsic stacking faults and a larger number of twin boundaries.
The study of samples of ZnSe prepared by ion beam thinhing
has shown that all of the specimehs prepared by this technique have
contained microtwins lyirng on all four {111} planes. As expected can
energy considerations, no regions of -hexagonal material have been
found in these samples. The origin of the microtwins has been
attributed to the re—érdering of the primafy damége at an elevated
-temperature of a few hundred oC produced by ﬁhe incident ion beam.
Attempts to eliminate this damage, firstly by reducing thé operating
accelerating voltage of the ion gun and secondly by using gases-other

than argon, including4nitrogén and hydrogen, were unsuccessful.

8.3 FUTURE WORK
The primary objective of the study of neutron irradiated

and annealed MgO has been fulfilled in that a specific impurity species




- 125 -

has been identified and associated with the discontinuities in the
variations of density, lattice parameter and cavity volume with
annealing temperature. However one question has. been raised by this
investigation and this relates to the origin of a transition in the
ESR speétra from irradiated and annealed samples. As this transition
.was observed to undergo a twofold increase in intensity in the same
sample as that which showed a tenfold increase in cavity volume, it
appears to be associatea with a vacancy. So far, however, it has not
been pQSSlble to identify it with any of the colour or impurity centres
reported in the»literature. Thus, further work is necessary on this
p;oblem-and, in the first instance, it is proposed that a much more
accurate determinagioh of the g-value of this line be made. This
could be obtained by repeating the measurements carried out at Q-band
‘over é much smaller range of magnetic field centred on this line.
This would allow an investigation of any possible small degree of
anisotropy of this centre that may have been too small to detect in
the measurements recorded hére.

From the studies of ZnSe and ZnSe it was concluded

0.456.6
that the defects in stacking sequence in both materials could be
ascribed to the movement of partial diélocaﬁions to accommodate post-
growth strain in crystal growth. Furtﬁer,'it is to be noted that
preliminary attempts (not recorded in this thesis) to introduce
damage by ﬁeating ZnSe samples in tﬁe electron beam have shown that
stacking faults can be produced. The;e presurably owe their origin
to the locally induced thermal stresses. Thus, in an effort to
further the knowledge of the processes involved in the deformation

of this material, it is proposed to perform three-point bend tests -

on as—-grown material over a range of temperatures, so that faults
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introduced in éAcontrolled manner may be studied.

To date, only little attention has been paid to the pre-
paration of ZnSe for TEM by ion beam thinning. While the damage ‘
introduced into samples by the ion beam has been shown to consist
mainiy of microtwins, little is known about £he re-ordering processes
involved in the formation of these defects.. In an attempt to obtain
a better understanding of this damage it is expected that this study
will be extended to include the preparation.of other related materials,
in particular ZnS and ZnTe. The‘elimination of the formation of micro-
twins ;n ZnSe seems unlikely, although the possibility of re-designing
‘the ion gun assembiy to allow for.the sample to be coéled té'liquid
ﬁitxogen temperatufé must be investigated. The study of this damage
is considered to be of particular importance because beams of inert
~gas ions afe‘currently used for “"cleaning" surfaces in the preparation
of electroluminescent diodes based on this material. Further, this
damage presents the interesting opportunity for the Study of the effect

of microtwins on the electroluminescent behaviour of ZnSe.
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