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CRYSTAL THICKNESS DEPENDENCE OF KIKUCHI
;;ﬂf;; .“,;[ . LINE SPACING [;f”'
.;“~§; T. Y. Tan, ‘W. L. Bell and G. Thomas »
;.Department of Materials Science and Engineering '
B University of California . '
Berkeley 94720
ABSTRACT
Contnarybto.e common assnmption'thet the Kikuchi ‘line spacing
snould be}the samefcs that of the corresponding Bragg spot pattern it_fi
,diff;ectionfgeometry‘is properly consideredi'experinentai'resnltgf“

obtainedgby:uSing nigh purity silicon single crystal;snecimens at 100 kVE

’.vsﬁoﬁvtbet the Kikuchi line spacing cen be'different from that of the =

cOrresnondinngragg spot‘pattern depending on the specimenvtﬁickness.‘V

This reSult is explained on the basis of dynamical scattering of

. Kikuchi electrons.-

I. INTRODUCTION
It 18 well known that in transmi551on electron diffractlon experl- o
ments for most crystals the diffraction pattern consists of Bragg spots

as well as Kikuchi lines (or bands). Kikuchi (1928) interpreted these -

lines as the result of sﬁbsequent Bragg rescattering of inelastlc electrons..

An electron beam vhich is incident on an inelastic scattering center is

‘e,scattered and the angular intensity distribution of these 1nelastically

B scattered'electrons is then peaked in the direction of the incident beam

'and decreases monotonically with increasing scattering angle. Variations :

iin this intensity distribution can occur because these electrons on

trawelxng through the rest of the crystal in certain directions satisfy

ivthe Bragg law of diftraction and this results in an excess or deficlency

in the number of inelastic electrons in theae directions. The subsequent -
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iBrséé,rescatterlng after the generation of these inelastic electrons
produces a psir of cones of rays with a seml-vertex angle of 90 -GB
:(where eB is the Bragg angle), slong which the excess or deflcient o :c fv )
'electronsAoccur. Associated with each (hkf) dlffrsction is a
‘corresponding pair of conea of rays vhich 1ntersects the Viewing
plste or screen end produces a pair of hyperbola, which can be
‘cloeely epproxim&ted to straight 1ines due to the small values of BB
‘for fast electrons.' When kinemetical diffraction condltions are
".satisfied for the incident elastic beam, it can be easlly shown that
tthe line closer to' the transmitted Bragg spot, or the (009) line, is
;rdeficient in electrons, whilst the other line ‘of the pair, the (hk2)
.line consists of an excess of electrons.‘ The-spscing between the two
‘lineszof'the.pairfcorresponding to the snguler separationsof‘the'tﬁo
sssociEted conesfof rays, is usnally that'corresponding.to‘263, and is
'coneidered to be invarlant(e g. for review see Thomas , 1969).
| Although the geometry and contrast (excess or deficlency of electrons)
were explained by this simple theory for the two: beam kinematicel case
: for elastic electrons. more intricate sztuations arise if dynamlcal |
.scsttering conditions are sstisfied or many beam intersctlons,Occur.'
V:Some-of the'more.importsnt features'due to these effects include‘the
fpresence of a band structure between the lines, end its _changing
from an excess to a deficienty in electrons in the 51multaneous many »i o 'Q/
'besmvcase with decrease=in accelerating voltage or increese in specimen ;“
thickness (Boersch 1937 and Pfister 1953). Subsidiary. ul.mm;-of .
Kikuchi lines ‘and bands’ have been observed by many suthors, as described o

"by Uyeda et al. (195&)
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The interchange from a deflcient to an excess of‘electrons and v1ce
.versa between the pair of (000) and (hkl) lines was recently 1nvesti—s
gated by Thomas and Bell (1968) Ve present in this paper & new [‘
"effect which is dynamical and unusual, v1z., the Kikuchi line spacing
”svariations with respect to 8pec1men thickness. ' N

':Ii.' EXPERIMENTS

.Careful experiments were performed using.high purity sillcon single
Kcrystals._ Th1n f01ls were prepared in the usual way by chemlcal polishing o
vLA Siemens Elmlskop 1A electron mlcroscope ‘was used, operated at 100 kV. }
| Original observatlons were made during experlments des1gned to study
‘Kossel-Mollenstedt fringes in the elastlc beams, hence a fully focused
:condenser II lens and a hOO um. condenser aperture were used Later
iexperlments to determine that the convergent nature~of the beam was._
not resPonslble for the observed behav1or of the K1kuch1 palrs 1nvolved
'using less focused or fully defocused 1lluminatlon.. Thevuse of con-. -
vergent 1llum1natlon proved to be an advantage in that foil thicknesses"
.could be determined from the Spacings of the Kossel-Mollenstedt frlnges ‘
;(Bell and Thomas 1969)

The smallest avallable 1ntermed1ate aperture, 10 um in: dlameter,‘ .

“was centered and used to obtaln selected areas w1th the smallest variations

. in thickness. since small-angle wedge-shaped reglons vere . found to yleld

'_‘Kossel—Mollenstedt fringes in. the dlffractlon patterns The smallest-
-ibore standard projector pole plece was used to glve maximum camera
: constant such that correctly exposed photographlc records could be: l ;‘
_obtained'ln which'the fringes were well resolved. The Miller 1nd1ces
.of operating reflections were determined by comparlng the rel—vector lengths'

to those of (lll) or (220) reflections taken under 1dent1cal conditlons.‘
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‘Upon.qb#aining a diffraction péﬁtern,_the foil was then tilted

'untii a>higﬁ”ihdéx (hkg) diffraction*spét'wéé strongly‘excited with

its (hki)igiﬁuchifliné'paséing through of near the ¢eﬁter of the‘épOt;
i.e. taofﬁéém ;onaitioﬁé were satisfied for the elastic electrons.

After tﬁé first desifed résulﬁ was reccrded; a new sélected area was
obfainedvby_tféﬁslating the sﬁecimen,and; if hecessary, performingv

very éﬁall;tilfingladjustments'to'maintain diffracting conditions. vAt
no'timé'dufing a series were ahy,changes made in lens currents. The.
onlygpafaméiér beiﬁg‘significantly altered waé the foil thickness.

g | TII. RESULTS

":'Tﬁeﬂsérieé“of'photographs shown ih‘Figure 1 were obﬁgined’ﬁsihg d;
Y(Sii)~féf1ectioﬂlof a éiiiéoﬁ'foil.bwThe Kdéﬁél—Molienstedt frihges are
‘éiearly‘&iéiﬁie&ihsidé fhe limits of thé im;ge of the condenser apértﬁre.
Itfiéfpéfﬁipplarly easy to determine in Figure 1A that these fringes
éxténd ﬁeiiVQutéide'the condenser aperture image, a .region forbiddeﬁ to
éigétiézéléetréns. :Hépce fhese‘fiéures‘cdntaih additional proof that,
the ihéiésfié electfons béhawe dynamically ih a maﬁnér closely similar
tq the elastic electrons. However,vthe interesting feature in these
Iimages”ig'that the dark Kikuchi line associated with- the (000) spot is
‘ih allféé%ggvéﬁ a distance from fhe difffacted'line greater thén’wpﬁld‘
. be thé-ca$e=ifv£he angles between the cones of inelastic fadiatidn were
26y, thé aggie_between the centers of the elastic rel-spots. Although
| sliéht r§Versals may occur, the general trend is that the black line
apprcacheégthe white 1ine‘as,thé foil thickngss is ingreased,’ Using the
KosséléMoileﬁstedt’fringes; the foil thiékness for Figure la-e are |

respectively 1.8, 2.6, 3.3, 3.9 and k.0 times the extinction diétance

e NN

[P
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)é for the (Sll) reflection. 'Thefcalculated valué'for this”extinction

) distance at 100 kV including Debye-Waller effects, 1s 2500 Angstroms.

Hence the thicknesses range from hSOO Angstroms to one micron.
Figure 2 illustrates that 1t is p0551ble to cause the dark Kikuchi
line to pass through ‘end beyond the: (OOO) Spot by 1ncreaS1ng the foil

thickness, in this case for the (733) reflectlon. Figure 3 shows the

g

' simultaneous excitation of two high-index reflections. The spac1ng

of the (hho) Kikuchi pair is slightly smaller,and that of ‘the (115)
pair is con51derably larger,than their corresponding rel—vector lengths;
Ignoring simultaneous interactions amongst the inelastic electrons, |
this result indicates that both the thickness and the particular

diffracting planes are important parameters in determining the degree

of discrepancy between?Kikuchi pair spacing and that of ‘the correspond-,

ing spots.. o

- Figure L shows the behavior of the dark Kikuchi line w1th 1ncreas1ng f’j

thickness when fully defocused 1llumination is used to excite an (822)

reflection 1n 8111con. Kikuchi line spacings larger or-smaller than

the spot spacing can still be obtained |
v, SUMMARY AND DISCUSSION

Contrary to the common assumption that’ the spacing of bldck and

ing reciprocal lattice points, the present results have shOwn, for the

first time, that this assumption is’ not always true | The’Spacing.ofv

:thesezlines 1s,in'fact dependent upon-the spec1men thicknesskvaurtheré'ﬂQ

more the degree of discrepancy for a given thlckness appears to be

‘:white Kikuchi lines should always be the ‘same _as that” of the correspond-'_ﬁ-
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' Siéﬁeﬁkikuchi batterns are produced by inelastic electrons of
smallef kin?ﬁic energy than thé elastic electrons, it might bé expeéted
that the Kikuchi angles (Bragg angles for Kikuchi electrons) should
alwéys .be '_somewhat larger than the corresponding Bragg angles for elasﬁic
electrons. However, this effect alone cannot ekplain the experimental
resulté_presented in this paper a) becapsé this energy discrepancy is
usﬁally_too'sﬁall to produce anybobservable difference between the
correSbonding Kikuchi angies and the Bragg angles, énd b) because of
~ thevobsérved results that the appérent Kikuchi angles are sometimes
smaller than the appropriate Bragg éngles. It may be concluded at this
point that the observed 3pecimén thickneés dependent:Kikuchi angle vari-
ations are due to dynamical effects involving at least four beams (two
élasti¢ beams and two inelastic beams). The effect can be expected to
be even more profound if higher accelefating voltages are used to achieve
a many beam‘dyna.mi.cal case.

A théory éxplainiﬁg in détéii this effect as well as that of the
Kikuchi’line intensity reversals and Kikuchi.band formation will be o
pfesentéd'ihvénother paper. Forvpurposes relevant to the experimental
observations presented in this paper, the one parameter that is fespoﬁ-'
sible fbr'thevbehavior of the Kikuchi line éssociated with the transmitted
'spot'ié-the anomalous absorption parameter. Just as for the elastic
beams this parameter produces asymmetry in the bright-field rocking
curve, go.alscvdoes it produce asymmetry in the inelastic intensity -
discriiﬁﬁigﬁ of the (000) Kikuchi line. The daik line observed is an
intensi;y'ﬁinimum whose poéition depends upon the foil thickness anc.
the anomalous ébsorption length. Since this anomalous absorption length

- is not a constant parameter of the crystal but varies with the diffracting
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°:fplanes, the behav1or of the lines in Figure 3 can be explalned

Although the results shown in this paper 1nd1cate that Klkuchl line’ le

.spacings for high-index reflectlons may vary con31derab1y if strong

’ 'pelastlc beams are present and may not be suitable for measurements to.

E

Eobtain data such as. lattice parameter variations or: electron wavelength -

calibrations, crystal parameters such as the anomalous absorption lengthp

\ misht be obtainable vhen sufficient data on thickness and line spacings‘

'are gathered.”.p_ R
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FIGURE CAPTIONS
Fig.'iinfoféerved silicoh.(SII) Kikuchi line spacing variations with
| sﬁeéiméhb£hicknéés. The séfiés‘of'picfures are arranged verti-
V ééil} ih orderfof iﬁéreaéiﬁg thicknesé, a-é} In all caseé the
' Kikuchl llne spacing is larger ‘than that of the correspondlng
(511) Bragg spot pa.tte:m.
:Fig.vZQ?‘OEéé:#éa silicon (733) Kikuchi line épacing"variatiéns with
 .3§§§iméhf£hibkn¢§s. In case (a) the Kikuchi line gpaCing is 
fiérgééifhgh"ﬁhéx of the (733) Bragg spot pétternvand in cases.
':?‘(b) aﬁd (e) the Kikuchi line spacings are dpproximately.eQuail
to and smdller than that of the (733) Bragg spot pattern
féépeétifgiy} Thebdiffracfion patterns were obtained by movipgr
through a wedge-shaped part of the foil. _

Fig.A3;; In this observation, the (L4L4O) pair and the (115) pairiof
Kikﬁchi lines occurred simultaneously. It can be séen that the
(440) 1ine Spacing;is barely smaller than that of the (4L0)
.Bragg'spot pattern vhile the (115) line spacingvis considerably

lafger than that of‘the‘(115) Bragg spot pattern.

Fig.‘h A demonstration (w1th silicon (822)) to show that the Kikuchi

llne spaclng variatlons w1th speclmen thickness, a-c, occurs even '

-.whgp a-conventional parallel incldent'beam.ls-used.f

LA
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Fig. 3
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