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1. INTRODUCTION AND DESCRIPTION OF TECHNIQUES

- < -

i.i. The Scope oi the Investigaton.

This Report records the main results of a five-year research
program. The twin aims of the program were, on the one hand, to
advance understanding in the fundamental physics of the diffraction of
X-rays by perfect and nearly perfect crystals and, on the other hand, to
apply the X-ray topographic technique to a wide variety of problems
involving lattice imperfections in crystals. Efforts were made to
maintain a bzlanced, paraliel development oi both the more theoretical
and the more practical aspects of the work. Indeed, in some parts of the
research, such as those performed on silicon, germanium and indium
antimonide, ithe study of diffraction phenomena and the analysis of
dislocation configurations were pursued simultaneously in the ratural
course of evolution of the investigation. Whereas it was demonstrated
that in many problems X-ray topographky may be applied in a guite
straightforward manner as a tool for revealing dislocations and other
lattice defects, requiring only a minimal reference to the underlying
diffraction theory, it was also abundantly shown that a thorough
understanding of diZfraction theory is necessary if correct interpretations
are to be made in tke more refined studies, and if X-ray experiments a2re
to be designed to give the maximum information vield. These practical
considerations alone would justify a substantial theoretical effort, quite
apart from the intrinsic interest of some of the diffraction problems

encountered.

Until about eight years ago, it was accepted that the diffraction of
X-rays by perfect crysials was adequately described by the theories of
Darwin, Ewald and von Laue. (For a readable, introductory account of
these theories see James (1948)). They had been tested only in 2 limited
way, firstly by observing thai some of the most perfect crystals did give
integrated reflections of the low value predicted by theory, and secondly
by studying rocking curves obtained with the double-crystai spectrometer
and finding that some crystals could exhibit nearly total refiection in a

very narrow angilar range in the way predicted for the 'periect' crystal.




(These experiments are reviewed in James (1948) aad Compton and
Allison (1960)). With the advent of new techniques of high-resolution

X -ray topography, and of transmission X-ray topography in particular,
new kinds of diffraction experiment were performed which soon reveaied
phenomena not predicted by the early theories. These phenomena have
demanded for their understanding a fresh examination of some of the
basic optical assumptions involved in the accepted thecries. The
required recasting of the 'plane-wave' theories of Ewald and von Laue in
the form necessary te take account of the ‘coherent spherical wave’
illumination of the crystal that applies in most X-ray topographic
experiments, and the analysis of rany of the effecis stemming from this
difference in illtmination conditions, have been the specizl contribution
of Professor N. Kato in this field. His papers provide the best avaiiabie
background treatments to the theory of X-ray topography. One result of
Kato's work has been the demonstration of essential differences betwsen
the diffraction conditicns of X-ray tonographky and of thin-film: transmission
eiectron microscopy. This and other topics in diffraction theory are

discussed in a useful review {Kato, 1963 a).

Since X-ray topographic studies of dislocations form a centra
theme in the research here described, somse bdrief remarks on the relation
between the X-ray method and other methods of rendering individual
dislocations visible may be useful. (Several comprekensive reviews of
methods of observing individual dislocations are ncw available, for example,

Johnston (1961), Newkirk and Wernick (1962}, Amelinckx (1964).}

Dislocations may be made visible optically by 'decoration’ techniques
in which minute precipitates are formed along the Gislocation lines. The
precipitates are seen because of their opacity to the radiation used, or by
their light-scattering if they are of sub-microscopic size. The method is
restricted to materials which are normally transparent to light or at least
to radiations in the near infra-red and ultra-violet with which microscope
images can be formed. Precipitation cn the dislocations cbviously changes
the state of the crystal lattice profoundly, the process is generally

irreversible, and so no sequences of experiments can be made on the same
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specimen in order to slow, for example, the multiplication ard movement

of dislocations.

The etch-pit method is of wider application, since it can be used

on both transparent and opajue substances; but for each substance a
specific dislocation-eich must be developed. Uncertainty can coften arise
concerning how truly there is a one-to-one correspondence teiveen
etch-pits and dislocation outcrops. Indeed, diffraction methods for
observing dislocations may have to be called in to resolve this doubt.
The major limitation of the etch-pit method is its restriction to the study
of surfaces. The distribution of dislocations within the velume of the
specimen can be found by a series of polishing and etching experiments,

but this process of course destroys the specimen.

The difiractior methods (electron and X-ray) are much more
general in application. The visibility of dislocations arises because the
strain field of the dislocation inr the crystal lattice causes a significant
change in the diffraction behavicur of the crystal regions close to the
dislocation compared with regions remote from it. Under properiy chosen
experimental conditions this'diffraction contrast' may be made strong, so
that a clear image of the dislocation line (strictly, of a certain volume
surrounding the line) can be recorded pkotographically. This contrast
dces not depend directly upon the chemical nature of the specimen material.
It does depend in its detailed manifestations upon the scattering and
absorbing powers of the specimen and its thickness, in both the X-ray and
electron cases, but these variaticns are now fairly well understood.

Hence the same diffraction theory and interpretative technique may be
applied to all crystals. This fortunate circumstance facilitates the speedy
application of the diifraction methods to new problems and materials, and

to the comparison of dislocation behaviour in different materials.

The electron microscope method of observing dislocations enjoys
the great magnifying power of that instrument. The images of dislocations
are typically about 100 Angstroms in width. The X-ray topograph, on the
other hand, is an unmagnified image of the specimen and must be
photomicrographically enlarged, a procedure that is time ~consuming and

requiring of considerable care in order to get the best resulis. Moreover,
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several factors conspire together to impese a practical resolution limit
of about one micron in X-ray topographic work. It follaws that X-ray
topography cannot compete at ail with electron microscopy where
resoluiion is concerned. Its most fruitful fields of application therefore
lie especially with crystals of low dislocation density, belew 106 io !07

lines per cmz.

Now one of the discoveries emerging from transmission X-ray
topography has been the number and variety of crystal species containing
specimens with dislocation densities sufficiently low for X-ray
topographic observations to be made of individuaily resolved dislocations
within them. Low densitics have been found not oniy in specimens of
natural diamend, calcite and quartz, the three species which were
reputed as being capable of behaving as perfect crystals, but also ir such
laboratory-grown materials as metai single crystals. That pure semi-
conductor crystals should behave as highly perfect crystals, and upon
occasion possess vanishingly low dislocation densities, was a not
unexpected finding since information on their dislocation densities was
avaiiable from reliable dislocation etching techniques. It was indeed at
the stage of development of semi-conductor crystal-growing when
dislocation densities down to about 104 lines per cm2 had been reported
that the author turned to examine these materials with his topographic
techniques. The aim was to see what point-by-point variations in X-ray
reflecting power were produced by local fluctuations in dislocation
density when the mean density was as low as 104 lines per cmz. The
result was the discovery that images of individual dislocations could be

recorded (Lang, 1958).

Good X-ray topographs of crystals are only obtained when the
crystals are carefully handled so that deformation of a major part of the
specimen, elasiic or plastic, is avoided. The sensitivity with which
local damage on crystal surfaces is revealed by X-ray diffraction
contrast has formed the basis of X-ray topographic studies of the processes
of abrasion, and on the deformation of the substrate by surface deposits.

Investigations of abraded surfaces and of fracture surfaces have been

—~
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pursued in some detail. The study of strains produced by deliberately
applied surface deposits is just beginning. Meanwhile, the domai
materials on which X-ray topographic studies of individuai disiscations

may be performed continues to expand. Experience suggests that almost
any pure, stable compound, organic as well as inorganic, can produce

crystals of low dislocation density when these are grown with reasonable
care. Thus the properties of dislocations in complex structures are now

open to investigation.

Study of the growth history of crystals remains a staple application
of X-ray topographv. The ability to sample a large crystal volume and
present on a single topographic record the variation of imperfection
content over a distance in the crystal corresponding to a substantial
epoch in its growth history facilitates the correlation of changes in type
and density of imperfection with changes in conditions of growth. In
studies of natural crystals one may hope to gain an insight into the
f:ircumstances under which they grew, circumstances possibly very
different from normal laboratory conditions. Diamond has been the
natural crystal most extensively examined so far. Natural and synthetic
quartz, and the amethyst variety of quartz, have also been investigated to
a considerable degree, and they are giving strong indications that they
contain defects equalling in interest and complexity those already found in
diamond. The development of dislocation configurations during the course
of growth of largec single crystals has been studied in silicon, lithium
flucride and synthetic quartz. For this investigation, specimens are
prepared from slices cut out of a large boule or ingot. Additional

information on the origin of imperfections can be gained by comparing

crystals grown vnder conditions differing in a known and carefully controlled

way. Except for 2 series of experiments on aluminum, no research

involving the intimate combination of a crystal-growing program with X-ray

topographic analysis of the quality cf crystals produced has yet been
undertaken in the zuthor's laboratory. This deficiency does not arise from
any lack of feasibility or usefulness of such a course of research, but
simply from a shortage of time and personnel which has tended to

concerntraie efforts on 'ready-made' crystals, either those produced by

J
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aiories.

Two other lines of rezearch whose feasibility has been well

demonstrated in exploratory experiments, bu. which remain to be fully
developed in extended research programs, are studies of dislocation
moction and of radiation damage.

such investigations.

X -ray topography has two notable
advantages to offer when employed as the major experimental method in
Firstly, the experiments can ve performed on

crystals in which dislocations move easily.

specimens sufficiently thick to be fully representative of the bulk material.
The proximity of surfaces strongly affects dislocation configurations in
irradiation.

SO.

It also affects the
concentration of defects such as vacancies which are produced on

A number of cases is known in which experimental metnods
which look only at surfaces or at thin films fail to give a true picture of
corditions in the bulk material, or are strongly suspected of {
With X-ray topography no such doubts exist.
method.

g

ailin
destructive, are -epeatable at will.

g to do
Secorndly, X-ray topographic experiments. being quite non-

This advantageous
characteristic to some extent ofisets the low resolution of the X-ray

the deformation of large specimens.

It is thus possible to follow stages in
damage.

It is also possible to make extended
series of exveriments oa one and the same specimen, involving, say,

anrealing, reutron irradiation, and step-by-step annealing of radiation

Studies of dislocation movements have been made in aluminum,
germanium, ard, to a lesser degree, in lithium fluoride.

Studies of
neutron irradiation damage have been performed iz some detail on

lithium fluoride; similar studies on diamond have commenced.

During the course of the studies of crystal growth and imperfection
have been observed for the first time.

content, and of defcrmation and irradiation, a wide variety cf phenomena
profitable work.

In many cases it would be desirable
to follow vp these observations by more extensive research.
regarded as fully explorecd: more ofter they indicate promise for future

Consequently,
iew of the lines of investigation described in the following pages can be
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1. 2. Plan of this Report

As already mentioned, the research here reported divides itself
roughly into two classes, (a) studies of fundamental phenomena of X-ray
diffraction in perfect and nearly perfect crystals, and (b), practical
applications of the X-ray topographic techniques to crystal imperfection
studies. It would seem logical to commence this Report with a
discussion of the fundamentals and then follow with an account of the
applications. However, the reverse course has been followed, for the
reasons here given. A number of projects falling under the
classification "Studies of Materials'" have been satisfactorily completed,
and a fair proportion of this completed work has been published. This
work is described first, so that the major results of the research, from
which quantitative and definitive conclusions have been drawn, can be
discovered without first traversing discussions of theoretical matters.

It is helpful in this connection that, as pointed out in Section 1.1,
practical use of X-ray topographic techniques can often be made without
reference to much diffraction theory. At points where the discussions of
crystal imperfections presented in Sections 2.1 through 2. 11 unavoidably
involve questions of diffraction theory, cross-references are given to

iater sections of the Report.

Section 3 deals with a range of diffraction phenomena. These
concern aspects of difiraction behaviour characteristic of periect crystals,
and most of them involve those parts of X-ray diffraction theory which
have had to be revised or extended as a consequence of X-ray topographic

experiments.

The diffraction prccesses which underlie experimental observations
of X-ray diffraction contrast from imperfections are descrited in
Section 4. These impuriant matters nave had to be discussed mainly in a
rather qualitative ard descriptive way, for it is in this Sranch of the
present research that there remain many unfinished investigations and
unanswered questions. To simplify the picture, oniy a limited range of tne
great variety of diffraction phenomena accompanying the topographic

observation of lattice defects is given cther than brief mention. it is hoped




that this restriction wiil enable the general perspective to be grasped
more easily, and will help to show that although rigorous and
quantitative theory is oiten still lacking, the general phenomenology of

the imaging of lattice defects is reasonably well understood.

About one third of the research done during the period covered by
this Report has been published in scientific journals. The majority of
papers are concerned with topics falling under Section 2. Thus a number.
of sub-sections of Section 2 neecd do little more than serve as
introductions to the published papers. Since these papers coantain the
illustrations without which the work cannot properly be understood,
reprints from the journals are included in this Report. For converience
they are bound together ai the end of the Report, but theyshculd be
considered as an integral part of the text. These eighteen reprints are
arranged in sequence in order of date of publication rather than according
to topic, but reference to them from any point in the text should be made
without difficulty since they have each been numbered on their front page.
For brevity, reference to particular points in a published paper included
as a reprint will usually be given by citing the reprint number rather
than the authors® and iournal reference,i.e. 'R18, Fig.4a' rather than

Authier, Rogers and Lang, Phil. Mag. 12 (1965) 547, Fig. 4a'.

The experimental techniques upon which the research is based
were developed in the years 1955 to 1958. Developments since then,
though important, have been in the nature of refinements rather than
radical innovations. Published accounts of the techniques have beer brief,
and concerned chieily with the geometrical principles of the diffraction
geornetry rather than their practical embodiments and the manipulative
and photographic procedures they involve. It is thus appropriate to give
now a summary of those aspects of the experimental method that have not
been published ard to explain socme of the factors whick control the
quality and resolution of X-ray topographs.




1. 3. Summary of Experimental Methods

1.3.1. Apparatus. A gereral view of the apparatus is shown in
Figure i. The {-ray sourceis inside the vertical tower on the left of the
picture. On either side of the source are placad the special X-ray
goniometers used in topographic studies. Figure 1 shows one of two
similar instaliations: there are four goniometers altogether in operation.
The X-ray beam leaving tke source is directed along the axis of a lead
conduit of rectangular cross-section and then is transmitted through the
incident-beam slit assembly located under the lead housing indicated at
A in Figure 1. This slit assernbly defines both the height arnd width of the
beam. The height is continuously variable and is adiusied by movement
of sliding tantalum shutters so as to correspond to the height oi the
specimen it is desired to investigate. The maximum beam height is
about 25 mm. The beam width is determined by which member of a set of
pre-set slits is put in position. Standard values of beam width are 12
microns, 100 microns and 175 microns. Factiors determining choice of
beam width in a particular experiment are discussed below. The distance

from the X-ray source to the beam-width defining slit is 20 cm.

The specimen, B in Figure 1, is placed approximately over the
rotation axis of the gonicmeter. This axis is about 4 cra. from the exit
slit in the siit assembly at A. The specimen is usualiy in the shape of a
plate and is mounted by wax inside an annulus of lead or zluminum. The
annulus is attached to a small bracket fixed te the top of 2 standard
goniomeier head. The arcs of the goniometer head allow rotation of the
specimen about two horizontal axes by + 30°. Holes regula:xly spaced
around the annulus ensble the specimen to be rotated in its own plane by
larger angles. The holes are usually spaced so that this rotation can be
mace in steps of 30°, 45° or 600, depending upon the symametry of the
crystai and the number of Bragg reflections it is desired to investigate.
The goniometer arcs are attached to circular discs that fit flush into the
top of the platform of the traversing mechanism. Surrounding the disc
is a 360° scale which enables the plane of the annulus to be set at any

desired angle with the direction of the moticn of the traversing mechanism.
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X-rays diffracted by the specimen are detected by the
scintillation counter C in Figure 1. The counter housing slides on the
optical ways which top the substantial 'detector-arm' of the goniometer.
The bearings of the detector-arm are coaxial with, and surround, those
of the central spindle carrying the traversing mechanism. A seccnd arm,
called the 'slit-arm’', is topped by similar optical ways as those of the
detector-arm and it carries the diffracted-beam slit assembly D. The
slit-arm is car-ried by the detector-arm on a sleeve bearing. Thus, the
angle between them is variable at will. Usaally it is kept at 900. The
counter C and the slit assembly D can be interchanged between the
detector-arm and slit-arm if required. This enables high diffraction

angles on either side of the direct beam to be recorded.

From the slit assembly D hang a pair of tantalum plates. In the
standard tcpographic techniques it is arranged that the diffracted beam of
a given Bragg reflection, and this beam only, passes through the gap
between the plates before it reaches the recording photographic emulsion.
In order to accomplish the setting of this gap positively and speedily, the
assembly D has 2 number of easiiy-mmade adjustments. Firstly, the
whole assembly slides on the optical ways of the slit arm and can b»
clamped in position at any point on the ways. In Figure 1l it is shown
drawn right back, away from the X-ray beam, so that the specimen and
its mount may be seen. The hanging tantalum piates are provided with
small balancing weights (hidden in Fig. 1) which can be adjusted to ensure
that they hang in a plare normal to the difiracted beam. The gap between
the plates is set by a fine diiferexntial screw. After the slits have been set
approximately in the right position by sliding the whole siit assembly along
the ways of the slit-arm, the fine adjustment of their position to make
their gap just straddle the diffracted beam is eiiecied by a micrometer
screw. The distance between the hanging slits and the specimen is
adjustable over a range of about 2 cm by a spring-loaded screw which
rocxs the near-vertical supporting shaft abouat a pivol parailiet to the
optical ways. Adjustment over a wider range is obtained by unclamping

the supporting shaft from its pivot.
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The recording medium used in X-ray topography is usually

- } .
Iiford Nuclear Emalsion. The cmulsion, coated on a2 glass plate 17 inches
by 1 inch, is mounted in a casette. The casette stands on the platform of

the traverse unit. It is placed between the hanging slits, D, and the
counter, C, as near as possible to the former so as to minimise the
distance between the specimen and the plate. No casetie was in position
when the photograph reproduced in Figure 1 was taken so that the view of

the specimen and the hangirg slits should not be obstrucied.

Similar mechanisms control the angular adjustment of rotation
about the goniometer axis for both the central spindle upon which the
linear traversing mechanism is fitted and for the cylinder which carries
the detector arm. Each rotaticrg member carries large gear wheels of
720 teeth {64 pitch). Radius arms may be latched into the gear teeth at
any position. This iatching operztion sets the angle to the nearest half
degree, the angle being read off from a revoiution counter. For fire
adjustment. tangent screws ale used. :Attached to the tangent screws are
embossed drums 23 inches in diameter. These may be seen on the leit in
Figure 1. One revolution of the screw correspongs to 0- 1°. The drums
are divided into a scale reading from zero to 360, and thus indicate
secornds of arc directly. A subsidiary counter, geared to the micrometer
spindle, reads in hundredths of a degree. The fine control of angles,
performed by easily accessible and controllable drums giving a direct
reading in seconds of arc, has proved of inestimable value throughout the
use of the goniometers. The rerformance of the goniometer bearings
enables small drum rotations corresponding to fractions of a second of

arc to te fcllowed smoothly and faithfully.

The topographic technique most frequently used in the researchwhich
is described in this Report is that ci the 'projection topograph’® (Lang
19592). In this technique, the specimenr is mounted on an accurate linear
traversing mechanism zand is moved to and fro during the course of the
experiment so that it is scanned by the collimated incident beam. The
effect is as i1i a large source of X-rays were present a very long distance

from the specimen, ensuring that the whole area of specimen to be
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examined is bathed in a uniform, parallel beam. In the projection

topograph, Bragg-reflected rays transmitted through the specimen are
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to study surface reflections from large areas of specimen. The diffraction
geometry of reflection scanning techniques, and z variety of their
applicationsusing the apparatus of Figure 1. were reported some years ago
but have only been published in summary (Lang., 19572). Ref{lection
scanning topographs have been used in the work described in this Report in
instances when surface damage, or the outcrops of defecis at suriaces,

were the subject of investigation.

The linear traversing mechanism is designed on kinematic
principies. The platform carrying the specimen has on i1ts under side five
Teilon balls. These ride on a smocth, square-section bar (the near end
of which is clearly visible in Figure 1) and on a precision flat (hidden from
view in Figure 1). Also attached to the under side of ihe plaiiorm are two
plane-ended rods whach fit (with about 0- 001" clearance) over balls
attached to both the spindle end and thimble end of a micromeier head
whose barrel 1s attached to the base of the traversing mechanism. The
micrometer is driven by a Synchro through a reduciion gear. This

Synchro is paired with another Synchro mounted remotely :n the Goniometer

by

Control Urit{not shown in Figure 1). The operations of siarting. stopping.
reversing, changing speed and changing traverse lirmis are all periormed
at the Conirol Umt. This arrangement has the greai advantages that (i}
the minimum of mechanical and electrical devices 15 mounied close to the
specimen, thus reducing sources of heat and vibraiion close 10 the
specimen, and (2) no impulses are given to the traversing mechanism.
either by reversing-switch contacts, or by hardling 1n gear changing. etc.,
which maght disturb the angular setting, or otherwise upset the specimen.
The absence of the requirement to make adjustments on the iraversing
mechanism itself carries also the incidental advantage of reducing
opportunities for accidentally putting hands or {ingers in the path of the
X-ray beam. Although the motion of the iraversing piatiorm is remoiely

controlled. ils position is always accurately known. A revoluuion counter,

reading 1n thousandths of an inch, is placed in an easily readable position

- = N R e e R
N - e - e T et prry s -

.él“l

e —— — e —————— S S




~15-

on the traversing mechanism. The maximum range of scanning 1s ahout
23 mm. Since the maximum beam height 1s about 25 mm 11 foliows that
it is possible to scan an area of 25> mm X 23 mm. a2!most one inch square,

on a2 single topograph.

When the traversing platform is stationary. the ‘still' picture
obtained is called a 'section topograph'. Indeed. the "projecuion
topograph' may be regarded as built up from the superimposition of many
such 'stills'. The d:ffraction geometry of the "sesction topograph’. and
some of its applications, have been described {Lang 195%7b) Seciion
topographs are often used to examine in detail particular 1nterral
features of crystals revealed by projection topographs. it is especially
convenient,for this purpose,toc be presented with the direct reading of the
platiorm position which is provided by the revolution counter. By this
means it is possible to set tiie position of the platform repreducibly te
within 2 range of 0- 0005 inches. which corresponds to the width of the

narrowesi X-ray beam commonly used in taking section topographs.

The X -ray source used is a Hilger and Wzauts Lid. (London,
England) Microfocus Unit. The model in the arrangement shown 1n
Figure 1 1s "Y25' and it huas the axis of its electron beam veriical. The
plane cf the target face is horizontal. and in this generator it is facing
upwa rds since the cathode is zbove i1z. Tke cathode :s near ground
potential, whereas the anode :s at high potential and 1s cooled by oil
rather than by water. It follows that the two X-ray beams led off from
the poris on either side of the veriical X-ray tube housing are directed
slightly above the horizontal plane, the mean t2ke-o6if angle {rom the
target face being 3°. Since the maximum height of the beam at the
specimen is about 25 mm, aciual take-oif angles range from 1%0 at the
lowest point of the ribbon beam to 4%0 at its top. The X-ray iniensily is
reasonably constant over this range oi take-oif angles. but the apparent
height of the source varies so that the geometrical resolution s affected,
as discussed in Section 1.3.3. In Figure 1 the X-ru- tube 1tseli is
surrounded dy 2 lead-lined brass box which ensures thorougn screening

against X-ray leakage from the X-ray tube windews and provides supporis




