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United States Government or any agency thereof, or the Regents of the University of
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STRAIN CONTRAST IYAQFD FROM SMALL DEFECTS™
W, L. Bell, D. M. Maher, and G. Thomas
Inor;éﬁic Materials Rescarch Division, Lawrence Radiation Labotatofy‘
and Department of Mineral Technology, College of Engmeermo
UnlverSLty ef Callkornla Bcrkeley, Callfornxa
Abstract |
The éurpose of this papér is to illustrate thC‘foptimuﬁ} experi-
mental conditions ﬁecessary for obtaihing‘strain contrést images from
various tyées of defects.v The results are discussed in terms of existing
Lheory. Defects.of known éharacter in a number of systems have been
brignt and dark field case are: ‘the.foil thickness, the extincgzon
'diétance, the deviation ﬁarameter, the 5noﬁalous absorptioh parameter,

defect size, defect shape, defect position in the foii, inclination

of the defect with respect to the incident beam, defect density and the

operating reflection,

Whilst the shape and displacement vector associated with-a defecct

‘can be obtained uniquely under the appropriate orientations and dif=-

fracting conditions, it is rarely that the sense of -the displacements

‘of small defects can be found uniquely from the image and its relation

to the direction of g, even though defects of known character, e.g.,
precipitates énd dislocation loops, have been examined in detail. Thus
at this time it does not seem possible to unambiguously determine’

vacancy and interstitial type strain fields using strain contrast

imaging except for the special case of defects lying at, or intersccting,

+ Paper presented at the Harwell Conference July 1966.
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Extension of the existing theory is needed in order to permit a
reliable interpretation of the Aefect character, It is suggested that
more de;ailed-consideration be‘given to the defect model and the vérioﬁs
parameters-which affect the image characteristics in a particular qrysﬁal,
and that measured péra@étérs characteriStic of the crystal be employed

whenever possible, so that a closer correspondence can be established-

between theory and particular experimental situations,

i3e

v
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I. INTRODUCTION -

There.are several problems associated with the detection and

identification of small defects by electron microscopy and diffraction.

‘The question of resolution'depends on whether or not a defect produces

lattice‘strains.(l’e) Intthe absence of strain fields, incoherent
scattering largely determines'the resolution limit and, in such cases,
with current instruments andjtechniques; defects smalier that lO—QOK
in size are difficplt to resolve. Non strain producing defects area
of relatlvely mlnor occurrence, they are usually found in alloys

(3)

contalnlng component atoms of similar 51ze, €. g. GP zones in Al—Ago

l The contrast mechanism in these cases is that of "mass thickness

scattering"; i.e., the"defect'pfoduces an effective thickness change

'At in a foil of thlckness t', This effectlve thickness change is due

el e . _._.___,_____._.—.._.n_

.. wto the dlfferences in extlnctlon distances and absorbing power between

the defect end the matrix.

The majority of defects 1in crystals produce strain fields, for

example, prismatic dislocation loops or point defect aggregates

introduced by quenching (and aging), irradiation, plastic deformation,
and precipitates in alloys. 1In these cases, defects can often be detected
by diffraction contrast ( 7) and  information regarding the size and

,dlsplacement vector of the defect can be found by bright-field imaging

using g.R. contrast experiments. However; when'the defects aretsmall
(less than 100-200A=dia.) strain contrast imaging must be done under
critical condltlons e #2 2) and usually in high resolution dark- fleld.

Images of defects near the foil surface, obtalned When a set of
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dlffractlng planes are at or very close to the Bragg reflectlng .
condition,will be ' anomalously wide" with respect to the actual size
of the defect. ( ) The images generally exhlbit intensity fluctuatlons
above and below background intensity which are characteristic of the
'nature‘of'the defect, end apﬁear as dark and light lobes. These
-iﬁagee are referred to as strain contrast images because under the

(1,2)

conditions specifled the phases of electrons travellingvthrough

‘the erystal and the distribution of electroms on the upper and lower

(4-6)

dispersion surfaces. are markedly affected by very small strains

in the lattice, eitherffrom short range, small strains at or near %he

defeet)or due to 1arge)long-renge strain fields froﬁ a distant defect.
Theqretically it is possible’to use a strain contrast image to

_ characterize the magnitude and direction of . the displacement vector

R and also the shape, size and eheracter of avdefect (i.e. wheﬁher'if

"has a vacancy or inferstitial type strain field);'-In practice it.hae

been found thatvwhilstvinformation regarding ﬁ, size/ana shape;.of

the defect is relativeiy.easily found,

- the character of ﬁhe defect ﬁay not essily be determined uniquelf.

In fact,'complicatedeandAconflicting results'ere often obtained. This

is unfortuhéte because, for example, in irradiated or deformed crystals

where both small vacancy and 1nterst1t1al defects are produced, unique

1dentif1catlon by strain contrast 1maélng W1ll in general not be

kpossible.

A

’

. In the case of small precipitates, detection is often faeilitated

by observation of the diffraction pattern if one utilizes the effect

(1,2,8-11, for review see Ref. 8)

. »

»,




ah

a

-3-

of the shape factor on the scattered intensities, e.g. thin plates

(3) B

produce streaked patterns, small needles produce intensity discs

(13)

which appear as curved streaks on the pattern. However, in this
paper we shall primariiy'ﬁe concerned with the experimental conditions
governiné‘strain-cdntrast 1m§ges, and in particular visibility and
character of defects.

Theoretical bases have been established for explaining contrast
from spherical and planar defects when observed under éonditions wbere

anomalous absorption plays ah important role in determining the image

(1,2) ‘Tn order to facilitate detection, (in general) high

(10)

properties.

resolution (gun tilted) dark field images should be used to minimize

‘spherical and chromatic aberration. However, it will be demonstrated

~ that many photographs of the”same area obtained for several different

s -

imaging conditions musﬁﬂbe obteined in order to evaluate the possible
interpretations. The usual geometrical factors must be accounted for

in éomparing bright field and dark field images with their diffraction
(7,10)

patterns.

We should also draw attention to the fact that small defects can
(1k,15)

be produced as arresult of ion damage inside the microscope
or from electropolishing the foils,(l6) Unless care is exercised in

the experimental technique.

The purpose of this paper is tbrillustrate,'using defec£5'of‘;
known character in a number of systems, the experimental-conditions'.
which affect the observation of strain contrast images and the

relationship of these observations to existing theory. Some of the _

more,important parameters to be considered are: the foil thickness,
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the extinction distance, the anomalous absorption parameter, the
macroscopic deviation from the exact Bragg condition, defect characteris-
tics sugh as size, shape, position in the foil, and its inclination with
;es?ect to the incident beam, and the‘density of defects in a material
being studied. Some consideration will also be given to the brigh£
and dark field imaging relations.

The defects and systems to be considered are: polishing pits in
an‘AggAl alloy, Frank loops and peffect prismatic loops in guenched

(3)

aluminum foils, vacancy type platelike zones in Al-4%Cu alloy,

interstitial type rodlike defects in an Al-MgESi alloy(;e) and also

doped silicon wafers.

II. FOIL THICKNESS
‘Most theoretical predictions deal with strain contrast imagés ét
the Bragg position and intensity profiles have been calculated to show

(1,2)

these images at thiéhéondition. These profiles are usually
obtainéd for defects in a foil an integral number bf extinetion distances
thick. Under this assumption the bright-field background intensity

is a maximum ahd the dark-field background intensity ié a minimum. The
absérbtioh parameters of the crystal are What determine, in a_perfect
foil, the maximum and minimum intensity levels obtainable in a foil of

(17,18)

given thickness. If a change of phase of the electron wave
in the vicinity of a defect were all that occurred, only'bléck images on ”

a whitevbackground in'bright-field and what images on a black back-
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‘crange is not all that the electron wave experiences in passing the
3 ’ .

-5~

ground in dark-Tield would be observed. However, a simple prase ./

neighborhood of a defecf. Along with the change of phase, there
geqerally occurs a redistributién‘of the dispersed wave components
which,‘theoretically a?‘least, entails the possibility of elther more
or less absorption occﬁring in a given thickness of Ffoil. Furthermore,
lceal rotations of the lettice occur in the vicinity ofva defect which

~
(5’0> as the rate of

6]
[

ccounted for in the dynamical equations
crange of the displaceﬁentvfunction. That is,ﬁthére are in effect
local deviations from the Bragg‘conditions whifh arevsatisfied by the
surrounding foil, i.e. s veries in this région#* Also, no congideration
nas been gi%~n.to\the effectsvof local changes.in interplanar spacing
sround. the defecfi, Such changes must change the scatitering Tactor.
_Sincevﬁhe amplitu.de . coefficients. of the dispersed waves in
Yoth the transmitted aﬁd diffracted directions are Tunctions of &

geometrical deviation pérameter, as are the phase factors and the

anomalous absorption factors, the intensity in a given thickness of

foil can be cauvsed to vary from background by this second mechanism,

due to the presence of a defect. In the case of defects which are

19}

mall compared to-the thickness of the foil and whose strain Ticlds
are well localized, it would be reasonable to expect that no great
intensity fluctuations would occur above or below background when this

background intensity is a maximum or minimum, respectively, for a

#*s-is vhe deviation of the reciprocal lattice point from the reflecting

sphere. s < O represents the reciprocal latbice point to be outside the sphere.




perfect foil an integral number of extinction distances thick at Pty

' 18
the Bragg condition. The theoretical profiiles presentad(IT’ ) are,

thérefore, hot determined for the best experimental conditions, nor

- would be curves calculé£éd for foil thicknesses of an odd number of

'half extinction distances, for the same reaSoﬁs. The best image contrast
is found.to_be in regions between extreme background intensity.extrema,
i.e;, in foils for which the fhickness is an odd number of quarter

(10)

One qualification is that in thick foils,
(17) |

the minimum background intensity is

.

extinction distances.
due to énomalous absorption,
not‘much lower than the maximum background intensity and is considerably
above that level that would be present if there were only mean linear
. absorption occurring'in'the crystal. Thus, intensity flﬁctuations
beloﬁ backgrounqngfwtgg_iggg;ggder of magnitude as that above back-
"fgfouﬁaﬁéghﬂégéurgl9zn example of thiS‘iS shown in Fig. 1; the material
is quenched aluminum and bright-field and dark-field images are shoﬁn
from a wedge shaped region. Notice that in almost ever& instance wheré
"~ g defect is located in aAregion of the foil where the background
intensity.is a maximum, the strain contrast images are of poor -
quality and generally only a black image is observable. In the thinner
region of tﬁe foil where the'inténsity minima provide the darkest back-
gfound,‘the defect images are primarily white. The backgrbund inteﬁsity
minima aré, ofbéourse, not nearly as low in the thicker région of the

foil and therefore, defect images can be obtained which have better

!

contrast. The defect images 8t foil thicknesses of an odd number of'
: .
Quarter extinction distances are most always of good contrast.
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' III. EXTINCTION DISTANCE

The thickness of a foil in a given region can effectively be changed
by changing the extinction distance of the operating reflectiomn responsible
fér.contrast. This can be‘accomplished in two ways: firstly, for
a given reflection at é = O, the extinction distance can bnly be
decressed by.Changing s, and secondly, fhe extinction distance can
either be lengthened or shortened by changing the operating reflection
to one of higher.order or lOWer'order, resﬁectively. |

The extinctioh distance for a set of reflecting planés varies
(4,5) |

according to the following relation:

to ' ' . where t, = extinction distance
, _

. = _ v ' . ’
e 1\/1 + 82t02_r | v at the Bragg angle and

deviation parameter

o2}
i

Making the extinction\distanCe shorter by varying the parameter s gives AU
rise to certain‘advantages and disadvantages. Some of the advantages
are: (1) defects which are located in a_foil of such a thickness that

the strain contrast images are of poor contrast can be made to exhibit

‘gdod‘strain contrast by varying s by only a small amount, thereby,

changing the iocal background intensity so that it is favorable, (2)

defects which are so located in the crystal that, althoﬁgh near one

'gurface of the foil they do not give rise to.signifiéant strain contrast

at s = O, they can be made to exhibit strong strain contrast images by a

small change in s, (3) defects which lie near a particular surface can

be selected using an appropriate'sign of s for_dark—field'imaging

techniques,(eo) (4) the background intensity in dark-field images can be




sufficieqtly lowered that‘the thase contrast mechanism, combined w.vi‘v.‘:h‘J
registributioh of thefaispersedeave components- and local léttice ) ' R
rbtationsé;can be very effective in producing good strain contrast

images eveh when the foil thickness is such as to give a maximum in
béckgrqund intensity for the operating v;lqe of's. Some of the
disadvantages which occur are: (1) due to a decrease in anomalous
transmission when 5 # 0, the level of diffuse scattered radiation
contributing-to thé'background is increased and both.image coﬁtrast

and image detail will be affected adversely, (2) since the brighti~

- field 1ntens1ty dlstrlbutlon is asymmetrlcal about 8 = 0, using

non-zero values of s will cause the background to vary markedly from that
obtained at the exact Bragg angle (s = 0),Vith the result that

for s > 0 im@ges ﬁill tend 0 be black on é wﬁite baékground and for

g§ <0 images will tend tovbe vhite on a dark background, (3) defécts
'near the center of the foil will be less liable to detection by strain
contrast imaglng technlques, (M) in dark-field, defect ;mages will not

- usually be representativé of‘all defects throughout the thickness of

the foil but will be réstricted to defects only at or near one of the
‘surfaces, (5) sufficiently large deviations from the Bragg angle wiil
eithé;_briﬁg“about images which are nearly‘kinematical, since anbmalous
absbrption no'lqnger plays an important role in imaging.formation,

or itbmay bring ébout é situation which must be considered for the multi- : e

beam case of diffractidn'(e.g‘ the symmetrical orientation at maximum o a

value of s negative)s (6) contrast reversals can occur.
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There are also certain advantages or disadvantages in using different

.order reflections for obtaining different extinction distances. The lower

order heams, although having shortest extinction distances, are nbrmélly

‘uged since they are the most easily obtainable and provide better'iméges.

High’ordef reflections, having long extinction distances are prefefable
for most strain contrast work, (see Section VII) but generally yield
imagés of poor quality. It is, of course, necessary to use whatever

reflections are available or are necessary to obtain contrast.

IV; ANOMALOUS ABSORPTION PARAMETER
(17)

The absorption‘distance ig given by the relation:

£ = Eg V l+tc2)s2 : where & = minimum absorption

& g distance

and is a function of both the deviation parameter, s, and the éxtinction
digtanqe, and’af s :’b the absorption length shquld be independent of
the operating refleétion, i.e., a property df fhe crystal itself. We
have found, in aluminum and in silicon, using the wedge fringé method
for determining absorption constants for electrons, that the anomalous
absorpticn parameter decreases only slightly for a given thickness of

(20)

foil with increasé in the order of reflection. VThis follows from:

a consideration of “the diffuse contribution to the background intensity

. which decreases with increasing angle of diffraction. Thus, we have

the two parameters to and Eg both independent'crystal.parameters..-One
of thevprimary assumptions in the solution of the'abSOrbing theory was

that-the quantity to/gg be quite émall, that is, that the absorption
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distance be much larger than the extinction distance.(l7) In the
theoretical image profiles tO/E,g = 0,10 is generally assumed, which appears
to be a reasonable average value. However, it 1s clear that this is,

a hypothetical case and the parameter to/gg increases linearly with the

€

'eXtinction distance and thus the twp beam theory becomes slightly.less
accurate for higher ordér beams and more nearly accurate for 1oW'order
beams. 1In the case of aluminum it is possible to consider a foil of
a given thiéRness ag a thick foil with weak anoma.lous gbsorption when
a low order beam is used or.as a thin foil with strong anomalous
‘absorption when a high o}der beam is used for imaging. TFigure 2 shows

theoretical intensity profiles for wedge-shape foils using absorption

(19)

parémeters measured for different reflections in aluminum, and
" illustrates, for thé:fifsthfour réflectioﬁs, the comparable intensity
fluctuations>for distances up to ten (111) extinction distances. Defect‘
images célcﬁlated for five extinction distances thick foils with
to/ég = Qilowmay more nearly correspond to thicker foils for low“v
order‘beaﬁé and thinner foils for high order beams. In aluminum the
theoretical intensity vs depth curves would corres?ond to about 9.8to
for {111}, 7,7tobfor {éOO}, 5.9to for {220}, and 5.lto for {511}
reflecting planes, respectively. Figure 2 shows that at these positions
cbntrast would be poor indeed. |

The‘point to be made here is that, theoretically, images will be
obfained in foils sufficiently‘thick that defects near the center of
the foil ﬁill'not be visible and strong contrast will be obtained only
from defects near the suffaceé,.whereas in reallty defect imapes must be .-

obtained when and WEere they can be found and the foil thickness is
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generally an unknown parameter, but usually small and the operating
reflections are usually of low order, and thus defects near the center

of the foil should, usually, be readily visible. Ideally, one shouid

Jhave available theoretical curves compiled both for varying foil

thicknesses with a given value of to/gg and for varying values of to/gg

for given values of foil thicknesses.
V. DEVIATION PARAMETER

As far as the background is éoncerned, the s dependence df'the
intensity distributiog is inqiuded in the pérameter w o= sto. The
ampli£ude coefficients of the dispersed waves in.both the transmitted
and diffracteé directions are functions of thié parameter. Fiéufés
%a, b, and c 1llustrate how the theoretical wedge intensity profiles for
the (lll) beam in aluminum varies with.s'in‘bright—field; the minimum

background décreases markedly for s < O.and increases markedly for -

-8 > 0. Contrast'inbbrightefield images will, therefore, tend to be

white on black for 8 < O and black on white for s > O. ‘The Bragg
pogition represeﬁts the pOsition that should be near optimum for obtaiﬁing
strain c&ntrast images, since tilting or rotation of the lattice near

a defect can cause either-a local decrease or increase in.the transmitted
intensity from the backgroﬁnd of the perfect crystal. Figures 3e, T
illustrate a siﬁilar,concept for the scattered intensity, but the minimum
and maximum.backgroupd levels decrease with inéreasing s, regardless of
sign. Therefore, strain confrast images in regions where the background
is a maximum should actually be of better qualitj for non-zero values

of s, because, by redispersion of the wave components and rotation of
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the latticé, the intensity near a defect can vary either up or down
in these regions, whéreas, it could not increase significantly at the
Bragg angle. : ' ﬂ o
, The diffracted amplitudes are proportional to l/¢‘1+~w2, thus,
decreasing rapidly with w. The important point here is that, .of fﬁo
operating reflections, the one with the larger extinction disténce wi;l
be more sensitive to changes in s, in the amblitﬁde coefficients, the
phase relationshipé, and the anomalous absorption parameter.. This is

illustrated for aluminum using the.same region of a bent, wedge-shaped

foil for the {111} reflection and fér the {220} reflection in Fig. 4.

: 1 2
The bright fringes in each case represent regions where t (—= + S5 -n

(e}

an: intérger. For to small, the fringes are widely:separated and contrast

conditions vary'slowly'With chahging s and t. For to large, tﬁe_fringes
are close ﬁogether and contrast conditions-vary rapidly. The regions

in which contrast conditions can be considered kinematical are those for
which 82>> l/tg, and it is obvious that this occurs for smaller values of
é for high order’beams than fof low order beanms. 'This means that data
-obtained ﬁsing high'order reflections must be limited to angles very
close to the exact Bragg angle to be useful as far as strain contrast

theory goes. TFor example, the extinction distance varies roughly in-

- versely with the square of the interplanar spacing, hence the kinematical

' region would be reached for a {222} reflection with a value of s about
four times smaller than that necessary to make the (111} reflection

kinematical.

In addition to obtaining the kinematical extinction distance té =1/s,

-more rapidly with beams having a large to’ the' non-anomalous absorption
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vrelationships‘have been shown to be ‘valid.
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length, Eé =& tos_—>w, is also obtained for much smaller values of
s for such reflections than would be the case for reflections where

to is small. In this respect, too, more care must be exercised when’

,dealing with strain contrast images using high order beams.

The deviation paramete? also plays an important role in determining,
for defects distributing throughout the thickness of a foill, which
defects will display the better image contrast; Defects near the center
bf the foil caﬁ usually be observed only when the foii is sufficiently
thin and the macroscopic value of s is sufficiently close to zero.
Defects near the surfaces willvstill‘be in_good'contrast fbr non-zero
values of s, but there is an asymmetrical relafionship between,fhe
sign of the parameter s and the'surface‘near which defects will exhibit
images which are in good confrast with respect to ﬁhe béckground inten-~

(20)

sity. Briefly stated, the dark-field asymmetrical imaging properties
with 's are as follows: based upon the theoretical image profiles for
stacking faults, dislocations and dipoles, dark-field micrographs for

s > 0 will exhibit their best contrast around defects near the lgwer

surface of the fbii; dark-field micrographs for s < O will exhibit their .

. best contrast around defects near the upper surface of the foil. Tor the
cases of stacking faults and dislocation lines inclined to and intersecting

‘the surfaces of the foil, and also the case of large faulted loops :-these

(20)

The éontrast decreases
with increasing distance from the foil surface which is favored by the
particular sign of the parameter s. Slip traee images and surface
(21)

defects also faithfully obey'thesé imaging rules.

Application of these considerations have allowed the authors to
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conclude that the defects obtained_in quenched copper foils, reported
elsewhere,glo) were, in most cases, distributed thrbughout the entire
thickness of the foil since strain contrast images were obtained on
~both sides of bend contogrs. Thus, dark-field images oblained on : &
both sides of a contour indicate immediately that defects exist through—
out the foil thickness.

When these rules are extended to small.defects, notice must be
paid to the fact that if fhe size of the defect is small in cqmparison
with the extinction distance of the operating refléctioﬁ, there will be
positions in the»foil, even though they be near the surface preférred
fdr confrast; where the defect images may exhibit poor contraszt, (e.g.
Fig. 1) perhaps Weaker than that obtained from a defect near lLhe other
Sé}face which is ideally located to exhibit weak strain contrust, OY‘.
pefhaps the defect may'bé completely'undeteétable because it is
disadvantageously located in the foil. If the latter is tHe cagse, then
s must be suitably-increased Orvdecreased sé as to effect a change In
extinction distance such that the defect is at a depth suitable for.
exhibiting a good strain contrast image or, alternatively, the operatingb
reflection must be changed. Figure 5 shows a.number of defects in
quenched aluminum., Defect A must lie near the center of the foil since
it is weakly visible only at s = O for the (200) reflection.. Defects
B and C are only Qery‘weakly'visible at s :.O in dark-field whereas they

exhibit excellent strain contrast images for s < 0. Defect D is

completely invisible at s = 0 in dark-field and then exhibits strony : o
strain contrast at s < 0. Changing to a (220) reflection causes '_: .

defect B to appear in good strain contrast and defect D to appear
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onlyvin weak‘dark cdnt?ast. Notice that the defects marked E'reﬁerse',
the direétion of their black;white images upon chénging from s = b to
s.% 0 in dark-field. The two defects at the centers of the circles.ih
Fig. 6 can be used to'illustfate image qﬁalities of small defects for
a wide range of the parameter s for both the (ill) reflection and the
(220) reflection. In (a) advantage is taken of the small extinction
distanée for.(lllj td vafy s widely and sfill obtain-good contrast.

One of.the defects'is invisible aﬁ s = O and the other nearly so. The

defect on ﬁhe right exhibits strong strain contrast at some positive

.

value of s and reverses its character upon increasing s still further, .

at which time the defect on the left be§omes visible. When use is made
of the (220) reflection in (b), it can be‘seén thdﬁ it is extremely
difficﬁlt to 6btain strain contrast images éxceﬁt very near the exaéf
Bragg condiﬁion and then the defect images reverse themselves on either
side.of the central maximum.

| Because thevabsorption parameters are relatively independant of
the operating reflection;'these dark-field rules éhould be valid for
all-orderé of‘reflection and indeed appear to be so for stacking’faﬁlts
and fodlike defects in silicon, observed using both a {111} and ‘a {400)
operating fefieétion for contrast°(20) However, thére appears to be
a dichotomy in aluminum containing loops after quenching.. For the (200} -
“defects appearing in good contrast for s < 0 are tﬁe
exact opposite of those“appearing fbr the {311} reflection for the samé
sign of s, aﬁd_vice versa.fof s > 0 as shown in Fig. 7. The letters T

and B indicate defects’ which are near:the top or bottom surfaCe,vrespectively,
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as determined from the appropriate bright-field and dark-field micrographs

[
¢

taken at s = 0. Not all defects could be so charaéterized because
the unfavorable background conditions would not allow a black-white
image to be resolved except at foil thicknesses of odd-quarter numbers
of extinction distances. However, it 1s clear from the defects marked;
that they obey the dark;field asymmetry rule much more faithfully fér
the (200) reflection (Figs. 7é,b) than they do for the (113) reflection
(Figs. Tc,djo The only parameters which could have been changéd are:
(a) the magnitude ;f t, (b) the mégnitude of s, énd (c) both the
magnitude and sign of the parameter é.ﬁ, A.fheoretical treatment, of
stacking fault images using absdrption parameters suitable for the
cases of the (200) and the (311) reflections.in aluminum indicate that
the defect visibility rules should hold for both beams at all values
of s and for g+«R either positive or negative.(IQ)' |
‘Without further theoretical and,experiment_treatment bf this
partiéular problem it is‘difficuit té explain the behavior illustratéd
in Fig. 7, and ﬁhich of fhe thfeébparameteré are fesponsible for'thié
behavior. It has not been ﬁossible to obtain similar_reSults’in silicon.
It would therefore probably>be wise to attempt to apply this asymmetry
préperty only to. large defects, or, if to small defecﬁs, only when

the extinction Qistanée is small, i.e., oniy for low order reflections.

VI. DEFECT CHARACTERISTICS
Theories have already been developed for images from spherically—v

shaped defects and for platelike defects with strain vectors normul to
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the defect plane.(l’g)

Other systems may have defects which appear rod-
shaped with radialIStrain fields or as prismatic loops whose Burgers -
vebtors are far frpm normai to the loop plane. The Burgers vectors
for most defects can usuallymbe obtained without much trouble from
g.b contrast experiments}which also yield information on the shape and
strain field of.the defect.(8’10> |

The dimensions of a defec£ are of considerable importance. A
small defect can be so positioned in the foil as to be undetectable
by strain contrasg for a certain operative vélue of s whereas large

defects will usually be spread out over a sufficiently large fraction or

a large number of extinction distances to be detectable without difficulty.

"There is no upper size limit beyond which a defect cannot be imaged in

strainvgontrast since imaging only depends on the ability ofbthe defect
to induce éfrain in the surrounding lattice in the direction of the
operating reflectibn.v The smaller the defect the more favorable must
be the contrast conditions used for_imagingj the use of large.é-ﬁ
values, an.appropriate adjustment of the background ihtéﬁsity and the -
extiﬁction distance, and foréune.supplying defects close enough to the
surface must be éonsidered if the defects are very small.

In the case of plateliké defects, coﬁsideration must be given to

. the effects upon the image which would be likely'to.occur due- to

orientation and inclination. In the cases of platelike precipitates
or faulted loops with strain vectors nmormal to the plane of the defect
the existing theory should be valid and the image‘profiles appropriate

for defects inclined a few tens of degrees to the foil normal. Howevér,
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if the Burger's vector is inclined to the plane of the defect, as -

. 8,21
is common for a large number of perfect prismatic loops, ( ? ) then

severe complications can_arise by attempting to apply the existing
curves to the interpretetion of defect images. One of these perfect
prismatic loops with its Burgers. vector in the plane of the fdil
would be, in>cross-section, well approximated by an edge dislocation
dipole; Cass(ee) has developed a series ofvtheéretical profiles for
edge dislocation dipqlesvfor_wide variations in the parameters, w,.
separation, and dépth in the'foilor When the dipole of sméll separation
ig oriented suéh that its position in the foil and the macf0500p£c
valué of w provide a étrong strain contraét image, then the black-white
nature of the ilmage 1s sensitive tovthe sense of slope of the plane of
fhe dipole. Therefore, the character afia small prismaticvloop Qriented
as prescribed cannot be determined from its strain contrast image
becgusé of the unceftainty in the sense of slope of the hébit plane,

there béing geﬁerallyrmOre than one habit plane possiblé for s given

Burgers vector. It is necessary in this case to orientate the spet¢imen

such that the Burgers vector and the normal to the habit plane are in

the plane of the foil and to prove conclusively that this was the case,
Before'stateménts concerning the nature of the defect can be made.
Defect”dénSity is another factor which can‘affect'the resulﬁé.-
Just as a stacking fault image can be .affected by the presence of
énother fault éboﬁevor'below if or a dislocation*image affected.by the
presenéé of another disloéation which forms a dipole, it is prﬁbéble

that the image of & small defect will also be affected elther by the

y

&

y o
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proximity of other defecté which modify the strain field of the Tirst
or by thé existahce of other defects above or below it, and the resulting
micrograph may become a confused jumble of images or may contain iﬁages‘
which are not truly representative of the nature of the defects.,

Defect images in quenched aluminum, quenched and aged Al—MgESi, and
Al-Cu contained in'fhis paper iilustrate this point well (see e.g.

Figs 10, 12), for one would hesitate attempting to unambiguously identify

~the nature of the defects from some of these images. In a similar vein,

the defect structure in heavily irradiated materials is also often

cconfusing as to the nature of the defects preSent'because.of the

tremendous amount of change in the imaging characteristics of the
foils. In sﬁmmary, when defects of only one kind produce mixed images,

it is clear thaf trying to idehtify defects of mixed kinds is extremely

difficult.

VII; DEFECT POSITION IN A FOIL

The position of the defeet in tle foil is perhaps one of the
most important considerations. If it lies in the center of the foil, it
will usually'be uhdetectable by s%rain contrast unless the foil is
felativelj thinvand s 18 quite near zero. If the defect lies on the
surfacé it should be easily diétinguiShablé by stfain-contrast_and
should appear in strong contrast in dark-field for only one sign of the
parémetervs. prever defeéts on the surface are probably not_rebresent- '
ative of the defects introduced by a barticular treatment for which

it is desired to. obtain information doncefning the resulting defect
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- . Ty
structure. Surface defects would more probably be introduced during
preparation due to polishing conditions or handling. In the hexagonal
AgeAl éompound; deformed in tension, the defect structure is one

in which there are broad slip bands contalning high densities of

(23)

perfect prismatic loops. Between these bandé there appear numerous
small defects which were analysed as small polishing pits. These are
shown in Fig. 8. Initially, the defect images showed, by comparing
the bright-fieid agd dark-field (obtained by gun tilting) micrographs,

that they corresponded to images near the top surface, i.e. the white °

sides 0f the black white images were in both cases in the direction of

the éperating reflection. Upon turning the foil over and.obtaining
the same area.and the same operating reflectioh, the dark-field images
were the same and the bright-field images reversed)precisely as
predicted‘by the theory for identical defects near the lower foil
surface. This is precisely the behavior observed by thle et. al;<l6)
. for the case of defects‘introduced by unfavorable polishihg conditions
in undeformed, well-annealed copper foils. One further example isu_
the rodlike defects in silicon illustrated in Fig. 9. These defects
exhibit mqssmthickneSSfeontr&st which indicate they are voidlike in
i‘ﬁéture. Havever, their strain contrast images specify that they have
interstitial character. The dark-field images shownthat they can pnly
be observed for one sign of s, that is, for s < O when they lievon the
top‘surface of the crystal and for s > O when the foil is turned. over.-
The bright-field images show the agreement in image characteristics

expected on the basis of the»two#beam theory. These defects are,

@
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therefore, precipitates)or voids covered by an unknown residue of filmﬁ
which has maintained the strain characteristics of the original defects.

A large defect lying inside the foil but intersecting the Surféce

‘should be of an easily identifyable nature if no complicationé arise

due to sufface conditiqps such as preferential polishing of either

the defect or the matrix, for»example, an interstitial defect preferentially
polished could exhibit vacancy image'characteriétics unless, as in the

cése of doped siligon above,‘(Fig. 9) a surface layer of polishing

prcducts or an okide retained the strain in the lattice. In the case of
plate shaped precipitates in an aluminum-u% copper alloy, all'thé'Of

plates which are large enough to intersect the surface show vacancy type
images, whereas the images from the smaller precipitates are quite

ambiguous as to their chéracter, as shown in Fig. 10.

We now turn our attehtion to those defects which occupy small

localized regions in the interior of a foil, close enough to the

Asurface to be suitable for detection by strain contrast imaging techniques;

wyet not oh“bfainéérsectihg the foll surfaces. These defects are the

ones of greatest interest since they represent the microscopic defect

structure of interest in materials. As has been shown theoretically,
the image tQ be expected from a small defect depends critically'upon its
position or distance from the foil surface as measured in extinction

distances of the operating reflection.(l’2> This image;fif strong

-enough to be detected against the background intensity, can either

be white or the sidé of the .operating reflection for certain positions

or black on the side of the operating reflection if the defect is half
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an extinction distance above or beIOW'thesé positions.(l’2> This one
fact, that a defect éan exhibit either of two different images, is
perhaps the greatest obstacle to conclusive identification of the hiture
df defects.

\ That such contrast reversals do occur can occasionally be shown with
images of inclined dislocations and is 1llustrated using rodlike delects
in silicon as shownvin Fig., 11. Similar rodlike defects in Al—MgESi,
shown in Fig. 12, can exhibit a uniform type of contrast over large
distances if fhey lie parallel to the foil surfaces or can be made to
change contrast if they are slightly inclined and pass through a bend
“contour. If the defectsrare steeply'inclined, they éxhibit only very
weak image reversals even at s = O in dark-field although they exhibit
excellent dotted contrast at non-zero values of s. It should be
mentioned that these defects are expected to be interstitial in

(12)

character, although a large number of the defects lying parallel to
the surface exhibit vacancy type strain contrast images.

Strain contfast images of particular defects at given depths insidé
the foil can be made to change their black-white directions in a number
of ways. Using the same reciprocal lattice vector as the operating

reflection, s can be changed, thereby changing the effective depth of

the defect in the foil, in terms of the extinction distance. This is

illustrated for a number of defects in quenched aluminum - in Fig.-lﬁa : 5

Defects A and B reverse from s = O in dark-field going to s < O; defect

0
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C reverses from s = 0 going to s > 0, while defect D, not in good
strain contrast at s = 0, reverses its image upon changing from
5 < 0 to's > 0. Purther reversals of this type have becn pointed out .

Sem TR
a0l 1L

5. In Fig. 14 rodlike defects in silicon are shown which

e

reverse their images upon ghanging the macroscopic leue ofvé fran zero
to some positive value.

Alternétively, a different operating reflection can be used for
contras®t, which éntails changing one or & number of the paramétersi.

Ymportant in imaging. The first is the parameter g.R which may
increase, decrease, remain the same or change sign with changing,
é. Simultaneously, the extinction distance and the parameter s -

can change or remain the same. Quite often, changing g will entail

changing all of these parameters. Figure 15 shows, for the case of rods

in silicon, how images may appear by using first a high order rerllection,

the (LOO}, and then a low order reflection, the (lll). The two sets of
imapges are obtained from the same region of.the same foil but are not
identical. Note that in each case the images can be made black on the
side of the operating reflection for negative values of s and white for
positive values of s, while at s = O the images for the two different
reflections show entirely oppoéite character. Fufthermore, comparigon of
Figs. 1Se,f with Figs. 1ha,b show thaf an entirely opposite behavior is
encountered with the Sdme aefects under similér conditions, with thé one .
exception that the‘foil has been turned over in the former case.(see also

IR

Tig. 17).

Cnanging to a reflection with a longer extinction distance is the

recommenced solution for causing defects, which are giving complications

[P N
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appear to yield results, since Hesketh and Richards

in analysis of their character (i.e. having both black lobes and white
lcbzs on the same:side.as g), to exhibit an image from which the
‘nature of the defect cén be unambiguously determined. This indeed doeﬁ
. » (24) have reported
that the fraction of defects which yileld "wrong" images decreases with
increasing order of reflection.- In Fig. 16, are shown some examples

of defect images in quenched aluminum obtained using both low and High
order reflections. The defects circled in (a) and (b) are those

defects which reve}sed:%heir black-white images upon changing the
“operating reflection from (200) to (526). Of the eight defects c¢ircled,
one.half of them havé éhanged théir apparent character from interstitigl
toVvacancy and the othef half do exactly the opposite, so no apparent
advantaééﬂhas_been gained by using.a higher order reflection.for this
foil., Furthermdre; the (220) dark-field images are,.in the great
majority of casés, blaék'on-the sidé of the operating reflection.

How to interpret the nature of these defects on the basis of strain
contrast.information is cerfainly unclear. Using the ﬁostulafes of
the strain contrast théory one would have to conciude that thé defectsi

in this quenched folil were primarily of interstitial character. This

example is used to point out that, since the foil oiientatibn is [OOl]']

!
[

and since most of" the déefects are perfect prismatic loops (as determincd

from the large number of double-arc images in the neighborhood),(gl)

that the orientation of:'‘the defect, the relationship between the Burgerg

vector and the defect plane, and the inclination of this plane to the

operating reflection are parameters of considerable importance and must:

i3

»
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be taken into account when analysing the defects. In the example C
(Fig. 16), the é;B ?roduet has changed from *1 to ¥2 and the extinction
distanee has roughly doubled upon changing refleetions. Lven though
the theoretical cufves‘prepared'by Cass(gg) would be morevappropriate
than thosevbased on single dislocation images, no coﬁclusions-regerding
the precise nature of the defects can be reached Eecaﬁse the slopes of
their hebit planes are:uneertain. The sequence shown in Figs. 1l6c-g
shows the defect A)ih quenched: aluminum with a mych lower defect
density which analyses as interstitial in character for both the low

3

order and the hlgh order reflectlon, an analysis which is also invalid

" for the same reasons given above.

VIII. CORRESPONDENCE‘BETWEEN DARK-FIELD AND BRIGHT-FIELD IMAGES

The dynamical theoryipredicte that the black-white images of
defects invthe upper'half of the crystal are similar in biight-field
| and. dark-field,ﬁhile those of defects in the lower half of the foil are

(1,2,6)

opposite in these two views. This is a consequence of intfoducing

~ absorption into the theory and tﬁere is an abundance of experimental

evidence which illustrates this for defects at the surfaces, i.e.

stacking fault fringes, slip-trace images, etch pit images etc.

However, this reiationship mey not aiﬁays hold forrdefects ineide the

foil. ‘Consider “the rodlike defects shown in Flg. i7; the dark- fleld
-tllted mlcrographs are shown with their corresponding brlght -field

aperture mlcrographs for the two cases of a foil before and after belng

turned over. Since the defects show oppos1te character in both sets,
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they would always .be analysed as lying in the lower half of the foil
which cannot be unless we have the impossible situation of the defects
being mobile inside the foili A further complication entering here is
the fact that the defect appears to have changed its character in that
bdth’the.dark-fieldiand the bright-field strain contrast images have
changed in sense upon inverting the foil, in a manner expected for a
scréw-dislocatidn iﬁ dark-fiéld or for an edge dislocation in bright-

(5,6)

field. .
Another interesting exampie which apparently contradicts the theory,

in this respect’is illustrated in Fig. 18. Figures a and b,afe a.

bright-field, dark-field pair which coﬁtain a éontour fbr either equal

s or equal thickness (it is not clear which). A straigﬁtforward

application of the tlf_leory by comparing strain contrast images ylelds the

surprising result that all the defects above the contour are near the

" lower half of the foil while all defects showing strain contrast images

in both views below the‘contour‘are near the top surfaée'of the foilf

Figures l8c,d are enlargements bf the corresponding micrographs‘for

area 1 and the triangles enclose easily comparable images. Since

there are strain contrast images of some defects in brightffield

appeéring which dq not have corresponding strain contrast images in

dark-fileld, the afgument may béventertained that the‘macrOScdpic value

of s in.this region is posifive and hence only those defects near the

bottém surface_will‘appeara No such argument can be proposed to account

for the images in région ii which is enlarged in Figs 18e,f, Evéry strain

contrast image in bright-field has a éorresponding strain contrast image

#

»
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in dark-field. Hence the conclusion. is forced_thaﬁ all defécts-
showing strain contrast are near the upper surface, defects not showiﬁg
strain contrast are near the center, and there are no defects neaf the
lower surface. The circles enciose defegts which lie near the upper |
surface and the squai‘es encvlose defects near the lower surface as
determined.frdm the dafk—field, non-zero values of s, in the miciographsv
of the same region shown in Figs. 18g,h obtained usingvthé (220)

(2O)for defect contrast
is completely invaiid for tﬁe (220) reflection or the predictions éf the

absorbing theory are wrong, in this instance, for strain contrast images.

" The thought that such a tremendous number of small defects distributed

over such a large region of a quenched foil.'are all near one surface

of the foil is-quite'unfeasonable,_SO that there must be instances

where the basic theory of electron diffraction breaks down. These
cases aré; admittedly, isolatéd and few, but the exambles presented
in this paper should be sufficient to proVé that they occasionally

OCCUr.,

IX. SUMMARY AND CONCLUSIONS
Some of the principal experimental conditions which affect the

observation of strain contrast images have been investigated in detail.

‘Tt is clear that corfelation with existing theory is inadequate. The

theory_appears-ﬁo work well for defects which’approximate the theoretical
models, i.e. those defects lying at or very near the foil surfaces,

when observed at the Bragg angle with a suitable background ihtensity',
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present to permit strain contfast images to occur. It‘has been shown
that bften defects do not match the theoretical concepts, that is,
there will be present a distribution of defects whose size, shape,
‘strain field? degree of isolation,vposition.and inclination céuld differ

in varying degrees from the ideal.

Strain_gontrasthimaging techniques do nét seem to be generally
applicabie to the problem of distinguiShingbbetween vacancy and interstiﬁial
type defects, even when known defects éfe being:investigatéd. However,
it is possible, of;en by inspec#ion, fo determihe the shape and direction
of the dispiacement vectors of defects. -Thus{ loops, spherical tlusters,
plates, rods, and end-on dislocations can be distinguished from one

-another(.8 In additibn, defects introduced."accideﬁtally” at the surface

of the foil:can be recognized after suitable contrast experiments have

vqbeen,performed;””"

‘The principal factors affecting the»utiliiation of stréin conﬁrast
images are summarized in the following.

.Oscillating images occur with depth, i.e. a given defect can give
risg to two distinctly different‘images, thus, the precise'position in
the foil must be fdund:before any conclusions as to the charactef of
a deféct can be reached. o

The backgrouﬁd iﬁtensity;must be considered, and if not suitable,
it must be adjusted. In genefal, the dark-field background intensity

'for.thicknesées'6f_odd—qparter extinctioﬁ distancés is one upon |
‘which strain-contrast images can be easily detected; backgfound minima
in very thickvfoiis cén be used to yield weak straiﬁ contrast images

only at the Bragg angle, whereas, backgrouﬁd maxima can only be used
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for non-zero values of the parameter s. The 5right-field background
behavior“is gimilar only at or very near the‘Bragg angle, and iﬁ is
generally not suitable fbr obtaining good strain contrast images when the
incident electrons make an gngle with the diffrécting planes which is
significantly larger or émaller than the Bragg.anglé.

| In order to devélop a theory which more cldsely corresponds to
defects in a given system; it is neéessary to use values of thé
cxtinction distance and the absorption distance appropriate for that
system. .Certainly; it would be most desirable to use experimentqliy
determiﬁed values vhenever possible, and to investigate the behavior

of dgfécts for a wide range of conditions by manipulating the_various
paréméters inﬁolvéd. Perhaps in this mannef, one could arrive at more
reliable conclusiﬁns about the nature of defects-présent in a material;-

Although it has been'éhown that the deviation parameter minimizes

the applicability of the present theory by céusing defeéts to reverse
their apparent character, it is, nevértheless; felt tha£ the electron
“microscopist can use this parameter to his advantage. With suitable
theorefical prepafation and‘sufficiently preciée ekpérimental control,
it should eventually be possible to characterize the nature of defects o
as well as their position by studying their experimental behavior over

a wide range of values‘of.the paraﬁeter's. | |

Some slight advantage may be gained by going to highér ordér reflectiéns

in order to lengthen the extinction distance and ﬁhUs lessen the probébility

of image reversal. However, 1t has been demonstrated that, not only can
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iméée reversals occur with chénging s, but also the range of uselul
diffracting conditions is markedlybhampefed for these cases. Higher
order -reflections often'result in poor image quality, not to mention the
fact thaﬁ‘the scattefihg power; aﬁd hence the scattering intensity, is
often éuite low; This latter point. is not taken into accoUnt in the
present theory. | |
Finally, it has been demonstrated that occasionally the two-beam
diffracting ﬁheorytin absofbing crystals may not be eﬁtirely correct in
predicting defect images énd, thus, it is not surprising that it ‘is
sometimes difficulf of imposSible'to complétel& identify deféct'

characteristics.
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FIGURE CAPTIONS
(a) Normal bright-Tield and (b) aperture dark;field images
of a Wedge-shaped qpenéhed aluminum Toil (g=(111), foil
normal [110]) dependence of the background intcnsity on
foil thickness. Inserts demonstrate poor strain contras£
imaging at intéﬁéral numberq of extinction distances
except in thicker foils in dark-field. Optinmuin background
occurs" in &all cases at odd~-quarter qnumber of extinction
distances,

.

Theoretical wedge foil intensity profiles at the Bragg

condition based on measured absorption parameters in

aluminum for the reflecting planes: (a) (111), (b) (200),

(c)f(éEO), (a) (311). Abscissae are multiples of (111)

extinction distances.

Efféct bf the deviation parameter on theoretical wedge

foil inﬁensity profiles for (111) in aluminum. (a), (b),
(¢) are bright-field profiles for w = -0.5, w = 0, w = 40.5,
respectively. (d) and (e) are dark-field profiles for

w=0and w = 0.5, respectively.

'Dark-field micrographs of'é bent, Wedge-Shaped quenched -

eluminum [110] foil for (a) (111) reflectidn and (b) (220)

reflectim, illustrating the greater restriction upon the

- deviation parameter s with higher order reflections for

obtaining_defect images.




Figure 5

Figure 6

Figure T

Figure 8
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Defect images in a quenched aluminum [001] foil for the

0

il

various experimental conditions: (a) bright-ficld s
for:the (200) reflection, (b) gun-tilt dark-field, s = O,
for the (éCO) reflection, (c) seme, s <0, (d) same, s >O,
(e) gun-tilt dark-field, é = 0, for the (220) reflection.
Dark-field gun-tilt defect images in a guenched aluminum
[110] foil for the various values of s shown for (a) the
(111) reflection (b) -the (220) reflection. Arrows indicate
direcﬁions of ﬁhe'operating reflections; mark is O.l'micfon,
Gﬁn-tilt dark-field defect images for a queﬁched [031]
aluminum foil. (a) and (b) are s < O and s > 0 micrographs
for the (200) reflection; (c) and (d) those fgr the (113)
reflection, illustrating ambiguity in detefmining some
defect positions using-non-zero values of s for imaging
conditions. | .

(a) Normal bright-field and (b) gun-tilt dark-field images
of defects in Ag,Al; (c) and (d) the same, respectively,
after invertiné the foil. Imageé indicate that the defects

are only on or near one surface of the foil and are probably

"~ @ result of unfavorable polishing conditions.

Figure'9 '

Same imaging conditions as Fig. 8. Rodlike defects in

--doped silicon lie on the surface and exhibit voidlike

absorption contrast and interstitial strain contrast.
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. Tigure 10

Figure 11

Figure 12

Figure 13

Figure 1k

S
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Ol.biaﬁé;wahaué;él zones 1n aluminum-copper; dark-field,
gun-tilt image._ The largest plates show uniformly
vacancy-typé straih contrast and probably intersect the
foil surfaces. The smaller defécts show both interstitial
and vacanéy type strain contrast images.

Illustrating contrast reversals along an‘inclined rod-like
defect inudopea silicon. Gun-tilted dark-field image.
Rodliﬁé @gfects in Al-MgESi observed in gun-tilted dark-
fieid using the (111) refiection.' (a) Defects can extend
cvé‘avery lérge distance without éxhibiting any contrast
reversal if they ‘are relatively parallel with the foil
surface or (b) slightly inclined defects can be causéd.

to exhibit revérsal in the region of a bend contour.

(c¢) An inclined rod in this system shows only Weak‘contfast
reversals even at the Bragg condition and (d) exhibits
strong dotted contrast at s > O. |
Defect images in a quenched aluminum [OO1l] foil for the
various experimental conditions; (a) bright-field,

0, for the (200) reflection, (b) gun-tilt dark-field,

"

4]
1

‘ 0, for the (200) reflection, (c) same, s < ), (d) same,

s > O, illustrating contrast reversals which occur by

changing the sign of the parameter s. .

Images of defects in doped silicon which reversé“their
black-white images with changing s in dark-field;_(a)

s =0, (b) 8 >0.



Figure 15

Figure 16

© Figure 17

Figure 18

" (Figure 18
- continued)

34

Defect image feversals in doped silicon with changing g and,

s in dark-field. (a), (b), and (c) are for s < 0,:8 = O and

s > 0, respectively, for the (400) reflection while (d),
(e), and (f) a?e the same for the (1ll) reflecticn.

Defect images.in quenched [001] aluminum foils. (a) and
(b) are gun-tilted dark-field images for the‘reflections
shown; the circled images are those which reverse their
black-to-white directions with respect to the operating
feflection.v The series (c) bright-fiel&, s = 0, (d)
rdark-field, s =0, (e) same, s < 0, (f) same, s > O, and
(g) gun-tilt dark-field, s = O, for the (220).reflection,
demonstrate a sequence for anaiyzing the defect A as being

of interstitial character>ﬁsing the present theory.

-(a) Gun-tilt dark-field images and (b) Aper. ture bright-

field images of defects in doped silicon; (c) and (d) the
éame, respectively, after inverting the foii._ From their
images, the defects would always be ahalysed as being in the.

lower half of the foil.

(a) Normal bright-field and (b) gun-tilt dark-field images

‘of defects in a quenched aluminum; [001] foil. Comparison

of the images above the contour indicates that all deTects
in this region are at the bottom of the foil; ﬁhile
all the defects below the contour are at the top of the

foil. (c) and (d) are corresponding enlargements from

Aol
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area i, the triangles enclose comparable images. (e) and

(f) are enlargements from area ii; the circles enclose v

defects which are near the upper surface and the squares
those near the lower surface as determined from the

dark-field gun-tilt micrographsbfor the (220) reflection::

(g) s <0, (h) s >0,
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ZN-5T712

Fig. 4
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Fig., 5
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Fig, 7.
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ZN-5T16

Fig, 8,
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Fig. 9.

ZN-5T17



-47-

ZN-5T718

Fig, 10
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ZN-5T719

Fig, 11
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Fig, 12
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Fig. 13
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ZN-5722

\ Fig. 14
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ZN-5723

Fig. 15
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Fig, 16
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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