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AnSTRACT

Tlw illtrin"j(, and C'xtrin"ie :;tacking fauLt cllC'I'gie,.; or ,.;ilit·on han,: ])('('11 dotf'l'min('d
fl'OI11 imagPH of double l'ibholl:'! obtainccl using t!ll' w('ak-h('flIn mC'thod of C']('ctl'on
Ilücroseopy. Thc l'ibbom; occurred in di:'ltol'tcd I'f'giuus or small-anglc twist
boundal'ioK Oll {I 1I } planes prepared by welding. Tbc rh_ults ar!' eompaI'c(\ with
"a1tH'''; obtained from i"olated di"locatiollf; in the sero\\' aUllcdge ol'it'ntation in tim
8amc Kample, ",hieh \H'rcJ foun<! to be con:-;istently lowcr tbun the ....aIlies ohtaiucd
from double I'ihhons. lt is faund that, C'ontl'ul'Y to othC'r rN:C'lü work, t]w ratio
Yin: y,.x is ucotually olll~' ,.., 14% gl'catel' thuu unity.

§ 1. INTRODLCTlON

A comprehensive understanding of the properties uf c1isloC'ntions anel related
. defects (such as stacking faults und grain boundaries) ultimately clemancls a
detailed knowledge of their core structure. This is true both for mechanical
properties such as dislocation mobilities (see, for cxampIe, 'Vessel and Alexaneler
1977) and for electl'onie properties (sec, for examplc, Labusch and Schröter
1975). Howcver, despite extensive rcccnt work, even thc basic quest ion
concerning dislocations in a diamond-type Iattice, namely \vhether they are of
the 'glide set' 01' 'shuffIo set' geometry (WesseI and Alexancler 1977, Hirth
ami Lothe 1968, Elanc 1975), is not yet resolyed. The clissociation of either of
these eonfigumtions Is posslble (albelt ulllikely In the shuffIe set) ami dissociated
defects have becn shown to exist in Si and Ge. The first observations \vere
made on extcnded dislocation nodes by Acrts, Delavignette, Hicms anel
Amelinckx (1962), using conventional strollg~beamimagillg cOllditions anel were
subsequently sho\vn to be inconcIusive (Booker and Brown 19(5) becans€' of
possible contrast artifacts; some cloubt remained whether 01' not dislocations
in Hi and Ge were elissociated at all (Haasen and Hchröter 1!::l70). This question
was llnam biguously resolved by Ray anel Cockayne (1971) \vho, using the weak­
beam technique, directly observed dislocations split into partials in Si. ~nbse­

quently similar observations were made in Ge (H,ay and Cockayne 1973,
Häussermann and Hchallmburg 1973). Vahws for the intrinsic stacking fault
energy. YilP deriveel in these studios werc Yill = 51 mJ m-2 for Si anel Yin = üO
mJ m-2 for Ge. The extrinsic stacking fault onergy Yex in Si was ostimated
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(1 )

tu be " of thc same order of magnitude .. beCllllSC cxtrinsic nodes wcn~ ohsel'ved
to bo simiJar in sizc to intrimüc Bades (Ray and CoC'kaync 1971).

1\loro reeently, Gomcz, Coekaync, Hirsch aud Vitek (1975) investigated thc
clis.'3ocintion uf dislocations elose to a serew orientation in Ge anel, to a lesser
oxtcnt, in Si. These authors ObSClyed near-serew dislocatioIlS h1:nr ing two
distinetly different dissociation widths and found that thc disloeations \vith a
largor dissoeiation width containcd <ln extrinsic stacking fault. They conclucled
that the valuc of thc cxtrinsic stacking fault cllcrgy in Ge ancl Si i8 a,pproxi~

mately half that of thc intl'inRic one.
Arecent study on Ge (Packeiser ami Haascn 1977) eonfirmed that two

different dissoeiation widths, differing by a factor of 2, appeared to exist for
thc sere\\' dislocation, but it dic1 not iclcntify thc nature of thc staeking fault.
H has also been recently shown (Wossel ami Alexander 1977) thnt although
greatly different dissociation ,viclths could be found for dislocatiollS of thc same
charader in silicon, this was assoeiated with the propcrties of thc partial
dislocations rather tha,n the existenee of n,n extrinsic stacking fault. Observa­
tions on double ribbons (also known aB fault pairs), reported here for the first
time in a material \vith thc cl!amolld ruhic structure, aIlow thc raHo Yin : Yex

for silicon to bc determined dil'cctly on cl single defect. Because of thc largo
width of thc defed it is expeeted that any oore effects, whieh might otherwise
make continuum elasticity thoory inapplicable, will be smaller than for single
dissociatec1 dislocations aud tImt thc numerical valnes for Yin, cx will be eloser
to th080 associated with infinite stacking faults.

§ 2. GEOMETRY AND THEORY OF DOcBLE RIBBOXS

Double ribbons were first obse1Ted in layer compollnds (see, for example,
Dclavignette and Amelinekx 1961) ami subsequently in low stacking fnult
energy f.e.e. (Gallagher 1966) and h.c.p. (Ruff and ],'os 1969) alloys. This is,
howe.ver, the first observation of such clefects in a rclatively high-stacking­
fault-ene1'gy material 01' one "rith the diamoncl-cubic lattice.

Figure 1 shows the geometry of n double ribbon formee! by n disturbanee of
nn otherwise regular disloention network (fig. 1 (a)) and the corrcsponding
eross-seetion (fig. 1 (b)). The main propcrtics of double ribbons are as follows.

(I) The three partinj dislocations forming the double ribbon have identical
Bllrgers vectors. Residual stresses in the specimen thus will not change
its width but only translate the eonfiguration as a whole (in eontrast to
single disloeations-see WesseI ane! Alexander (1977)).

(2) Gsing isotropie elastieity theory, the stacking fnult energies Yin, ex
are related to the I'espective dissoeiation widths r in. ex (sec fig. I) by
(Gallagher 1966) :

fLb
2 (I I)Yin,ex= ([I-v] e082 ß+sin2 ß) -.-+ .'

27T(1- v) '; in, ex r in +1 cx

where b is the magnitude of the Burgers veetor, fL the shear modulus,
v Poisson's ratio and ß thc angle between line direction and the
Burgers veetor. On evaluating this formula for a given value of Yin, cx'

it is fonnd that rin.ex are conside1'ably larger than the dissociation width
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Fig. I
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(a) Schernatic drawing of a dislocation nctwork with extendcd intrin.~ic (I) and
extrinsie (E) nades forming a double rihbon at an Rmorphous prccipitate (P).
The Hades and t.he double ribbon are a1l in the serew orientation. (b) 01'0,<;,g·
Reet.ion t.hrough a double rihhon on (lU). ~ote that the unter sere", di:s!oca­
tion bounding thc extrinsic fault may be comüdered to COß:::iist oI two 60°
di~Iocations on adjacent glide planes. The dislocations are represented b.v
circles and thc inclincd lineR may rcprcsent (LIT) planes.

of single dislocations and thus ean be measured with greater accuracy
(for example, in the serew orientation the total width rin + rcx of a
double ribbon would be approximatcly eight times larger than the width
of a dissociat€d disloeation).

(3) The displaeem€nt of the image with respeet to the true position of the
disJoeations is, to a good approximation, the same for all three disloea­
tians. rin and rex' as directly measured from the micrographs, thus
represent the true separation of the partials within the limits of the
theory and no eorreetions have to be made.

In summary, beeause of the greater dissoeiation width, the inscnsitivity to
internal stresses and the ease of image int€rpretation, it is expeeted that the
evaluation of double ribbons will lead to more accurate values of both Yin : Yex

and Yin as eompared to the values derived from single dissociated disloeations.

§ 3. EXPERIMENTAL DETAILS

The double ribbons diseussed in this paper were formed by a disturbanee of
the disloeation network forming a low-angle twist boundary on {lU} planes in
Si. These grain boundaries were produeed by welding two single erystals of Si
with the required orientations, in a way similar to that deseribed for gold by



500 H. Föll an<! C. B. Carter

Schober amI Balluffi (1969), but differing in tImt the two single erystals were
not thin loils when wclded. Details 01 thc wclding teclmiquc and 01 experi­
mental procedures are described by Föll and Ast (1978). The wclded crystals
were cut into specimclls of a size suitable for TEM. at an angle of ,...., 20° with
respeet 1,0 tho boundary plane and subsequently thinned either chemically 01' hy
ion-milling.

There are three general features of boundaries prcpared in this \vay.

(1) Low-angle boundaries consisting of fairly regular networks of primary
dislocations with spacings up to ,...., 50 11m (corresponding to a t\vist angle
01 ~ 0'4") can be produced.

(2) The boundaries genemlly eontain precipitates (most likely amorphaus
Si02 ) \vhieh disturb thc network.

(3) The network Irequently responds tothis disturbanoe by lorming double
ribbons which terminate at the prccipitate in thc \vay shown in fig.
I (a). Double ribbons within the network are also obscrved.

Thc TE).! observations \vere carried out in a Siemens Elmiskop 102 operated
at 125 kV at eleetron-optieal magnilications 01 x 100 00001' X 200 000. The
magnification was directly calibrated by taking latticc-fringc images of {lI I}
planes at x 200 000. The objectivc eurrcnt and thus the magnification were
kept constant; focusing was done by vertical movements of the specimen.
220, 224, 111, and 1,0 alesseI' extent 400 refleetions were employed and the
deleets were imaged using the weak-beam teehnique (Coekayne, Ray and
Whelan 1969).

§ 4. EXPERIMEXTAL RESULTS

4.1. General observations

Typieal examples 01 double ribbons imaged with different clillraetion veetors
are shown in figs. 2-4. Partieular properties of the defects are seen best \vith
partieuhtr diffraetion vectors, e.g. 224 and 400 reflections give images with
gooel co]ltrast 101' a1l disloeations 01 the double ribbons and 01 the network and
thus revcal best the geometry of thc defeets. Figure 2, as an example, demons­
trates very clearly how the double ribbons are eonneetecl 1,0 the clislocation
network. 220 reflections give images with the best contrast (fig. 3) anel anow
a Burgers vector analysis because Olle set of thc three possible aJ6(112) partia.l
dislocatioll Burgers veetors is complctely out of contrast ,vith one of the three
220 diffraction vectors in the {lll} planes of the deleet. Fina1ly using 111
refleetions the staoking laults within the double ribbons (fig. 4) can be imaged.
This obseures somewhat the oontrast 01 the partial disloeations, but allows a
simple analysis 01 the type 01 the stacking lault as shown below. The observed
nolle networks cOllsisted of screw nodes and most of thc double ribbons lay
within "" 10° of the screw orientation.

4.2. Analysis 01 the type 01 the stacking lault
The double ribbons discussecl in this papel' are intimately linked 1,0 the

clisloeation network 01 the snm1l-angle grain boundary; the type 01 the staeking
laults within a ribbon is therelore unambiguously given by the geometry 01 the
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Fig.2

(a)

•
(b)

(a) Double ribbons elose to the screw orientation imaged with a 224 reflection.
(b) Double ribbons close to three dillerent screw oricntations imaged wiU, a
400 reflection. The aITOWS indicate g.
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Fig.3

(a) Double ribbons of fig. 2 (b) imaged with a 220 reflection. Note that onc of lohe
double ribbons is completely out of contrast. (b) Double ribbon at A com­
pletely contained within the network. The arrows indicate the direction of
the 220 reflections used to form the weak-beam images, and the character
varies from nea·r serew to '" 30°.

network, cf. fig. 1 (a). In lohe twist bOllndaries used in this study, lohe angle of
misorientation was suffieiently small tu give relatively welJ-defined disloeation
node pairs similar tu that disellssed by Ray and Coekay"e (1971). The nature
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of the stacking faults inside these dislocation nodes has heen analysed indepen­
dently by the authors, using yariants of the insicle-outsicle contrast teclmique.
The results were identical: the stacking fault within the large nodes is of
intrinsic type; the stacking fault within the small nodes is of extrinsic type.
This result is consistent with the analysis of stacking faults in the nodes of a
dislocation network in a Si-Ge interface (Cullis 1973) which appears to be
sitnilar to the network in the 100v-angle twist boulldaries discussed here.

The analysis of Cullis (1973) was based on the observation that reyersing
the sign of a {111} diffraction vector shifts the contrast trom the intrinsic to

Fig.4

Double ribbon imaged with a 111 reflection. Note the change in contrast of the
intrinsie node, the extrinsie oues, and thc double ribbon, ol'Preversing g. Thc
nodes and thc double ribbon are in thc screw orientation.
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of the stacking faults inside these dislocation nodes has been analysed indepen­
dently by the authors, using variants of the inside-outside contrast technique.
The rcsults were identical: the stacking fault within the large nodes is of
intrinsic type; the stacking fault within the small nodes is of extrinsic type.
This result is consistent with the analysis of stacking faults in the nodes of a
dislocation network in a Si-Ge interface (Oullis 1973) which appears to be
similar to tbe network in the low-angle twist boundaries discussed here.

The analysis of Oullis (1973) was based on the observation that reversing
the sign of a {lU} diffraction vector shUts the contrast from the intrinsic to

Fig.4

Double ribbon imaged with a. III reflection. Note thc change in contrast of thc
intrinsie node, thc extrinsie ones, alld thc double ribbon. on reversing g. Thc
nodes and thc double ribbon are in thc screw orientation. •
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t Iw t'xtJ'insiC' ~tH('king fault. 01' ,,1('.e \'CI'SiL This effec-t off(.·rs ,,1. simple method für
analysing staekülg faults, but bee(lusc thc l'CH,Sün fol' this effect is not yot UIuler­
stood it must be calibrated bdore it can be applied to a partieulul' type 01
:;<lmp!e,

In tlle }1rcsent. \\"ork the nature of the stacking faults and t.he sign 01 the
llul'g€'l's "cctors W{,!l'C obtaincd from the ~('ometl''y of the neh"ol'k, {rom the
inRide-olltside behHYioul' of the dislol'ation [-onhast, and from the fmdt~l·ont.J'ast

r(',~('rsal (Oalibrated here by the two other Illl'thods).

-l.:·t J1 ('(Jsu}'('lJ/(';nI8 0/ the di8lancc8!Jet//oPf?.n the pa I'fial di8Io(,f1h~()n8in double ribbons

i\ll'aSllr('mcnt~ haTc becn made on :2R double ribhons lying within _10 0 of
tlle Sf'l'CW oricnhltion and whieh Wl'J'{' ~lIffi('i('ntly long fol' thc partial disloca­
tions to !Je paralle<l along the I'ibbon. The distance betwcC'1l thc in1<.\ge peaks
of the diRlocations was me<18111'cd ami i<lentifiNI with thc tl'lIC separation of the
partial düdo('atiolls (see § :!). The partial disloC'<l.tion!i bounding either an
intl'in8i(· 01' extrinsie fault, 01" separating: an intl'insie fault from an extl'insic üne,
('an be phy:-;ically different. ar-: indiC'ated in fig. I (b), hut this is not likely to
significnntl.v affect the 1l10aRUl'('l1lentioi ('yen linde!' weak-beam conditions.

~li(,l'ographs taken with diffe'l'(,llt l't'fl("ctions were cyaluntcd separately; tlll'
..... :WO tilt- of the {\ 1] J pinne' l'ontaining the c1C'fcd with l'C'spect to the image
phlllC' jf a 111 I'cflC'ction was used and the reslliting slight. image distortion was
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HistogralllR ~howi"g tlle di:4l'ihntion of flip r •. s ' <lnd r ju : I'('x' 'fhe meau valucs and
tho standa.rd devlation,"'! ure intlicatl'd und 1hc doublo ribhons aU lay within
-lOt:: of the sem\\' oricntation.
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taken into [lccount. The HYerage rlistancl's behn'el1 the <1islocHtions boulHling
the intrinsie fault, till' 01' the extl'imüe fault, I'('~, agreed weIl if lllcasured with
different reflections anel were estimated to bc (aYcragcd oye1' ""' 40 l1WcUHlrC­
rnents, not including 111 reflections for Yin, Yex: anel ""' ,)0 mcasurcmcnts for

Yill : YeJ

rin=IO'4nm±12~,~, r ex =I2'8nm±12%) anel r in :r('x=1·::23±8O,;),

The corresponding stacking fault enel'gies according to eqll. (1) ure

Yin = 69 ± 7 m,J m-2 , Yex = GO ± 7 m.J 111-2 anel Yin: Yex = 1·15 ± O·(J!l.

The yalue for p.. of G·3ß x 1010 X m--2 has been used as suggcsteel by Aerts
pt al. (1%2). This is the eHecti"e ndue far dcfeets on thc (111) plane amI 18 onl,·
slightly below the Voigt ayt'rage yalllc of ü·41 x 1010 X m·-2 (Hirth and Lothe
HHiB). The angle ß is zel'O for the ~('r('w ('ase aIHI Ibl iH taken to he 0·::222 nm.

It is important to noh~ that, wht:'1'eas both J'in anc1 I'\,X arc suseeptible to
the wmal s~-stematic lm(,f"rtaintip~, theil' ratio is not illfilleneeel by suC'h PlTOrH
(inclwling thc ol'ientation) : the ratio of the fo1tacking fault energies is thus lilu'ly
to b(-\ more acc'urate than the absolute \'alup:,\. ThiH is rpfledecl in the ob~elTPcl

\'al'iations of l'in.\'x amI J'in : J'px' ",lwl'pas J'in and J'\,X sho,,' a ~tandal'(l de\'iation
of '" l2° o, it iH only ",Ro n for (in: J'(,x' Figul'e;) shoWH a histogl'<:lI11 of tlw
ObSC1TPd nlluf"s of J'ill' J'('x' amI J'in : I'\'~'

-t..+. 18ulaterl di81ocatioJ/8

lmpuritics illc'orponltpd in tbe sampie dUl'ing thc welding 11l'OC'pdu]'{' at
""' 1200uC might inflllence the stacking fault ellf'l').Ücs. In order to be able to

'C'ompal't' tlw present I'P~lilts with tlle' l'PHults 01' otlH'1' authon·;, relatiyely isolatt'd
dissociateel sere,,· dislol'atioll~ Iying in the hOllIldary "'eI'(' inn'stigated. Apply­
ing thc standard prol'cdul't' for PHtilllating tl1(' Hta('king fault ('ner).!,\' frolll tlH'
obseryatioll of single diHh)('ation~ Hplit into pal'tials (Hay allel (loeka,\'Iw IHil),
a yalue fol' Yin = GO ± 10 m.l m-2 was eleriycd.

A fllrtlH'1' llWaSUI'('lllent was made Oll an isolated edge dislocatioll in tl1(' bulk
material awa~' from the bOlilldary. Figul'e (i shows weak-beam lllü'l'o,2Taph:-:
of this disloc'ation : two eontnlst peaks originating" 1'l'olll the two partial di:..;]o('a­
tions are dcarl~- dsible. A nlIue of Yin = GO ± 10 1ll.J m-2",a:-: cleri\'ed trom tlw
images obtained uHing the :!20 reflections. :U4 I'eflections w('re also ust'd, gi\'ing
image pealui 1'l'om l'egions eithel' inside 01' outside the defpd a~ 8ho'Y11 b~' Naldin,
CuIlis, Booker amI \Yhelan (Ul7.J.) and GOlllez (197H) and allowing a simplf'
analysis of the type of the staddng fault. TllE' aetual ndllc of tl1(' sE'jHuation
of the partial clisloc'ations wust lie behyeen the measUl'pd peak separations in tlw
inside anel outside images,

The measured image-peak separation~, if taken aH tile trllt' (lis~oL'iatiollwiclth
of the partial disloeations, thus gi\'e an ab~olute upper allel lower limit for tlH'
stueking fault energy, detf"l'mined to he 70 m.I 111- 2 and,J,8 m.l m-2 .

~ ;J. DlS(TSSlON

;).1. Possible eJ'J'or 80llrCeS

The double ribbons werc form cd during the 'Yclcling proC'cdllrc at a tempcl'a­
tllre of ""' 1200°C whieh iH ""' 15~/;) belm\' the melting point of Ni. At this
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Fig.6

"feak-bcam images of an edge dislocation in thc bulk material. Note tlH"' in.<.;ide­
outside contrast behaviour with 224 reflections. 1.'he arrows indicate (a)
g"o, (b) g"., (c) g224'

temperature they were eertainly in an equilibrium eonfiguration. The speei­
mcns were cooled slowly in order to minimize residual stresses at room tempera­
ture. Disloeations in Si beeome immobile below _700°C (Alexander and
Haasen 1968), and the disloeation strueture observed at 1'0001 temperature thus
eorresponds to the equilibrium strueture at _700°C and is not ehanged during
speeimen preparation 01' under the influenee of image forees due to free surfaees
(Carter and Hazzledine 1977). This is direetly eonfirmed by the observation
that the disloeation network is not disturbed at its interseetion with the speei­
men surfaee. The double ribbons observed at room temperature ean thus be
expeeted to represent their equilibrium strueture for temperatures of approxi­
mately 700°C, and the staeking fault energy values given are thus values for this
temperature region.

However, the nearby disloeations of the network may influenee the width
of double ribbons, although in praetiee the separation width of the partials was
found to be fairly insensitive to the arrangement of nearby disloeations.
Furthermore, double ribbons whieh were relatively isolated from the network
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gavc valucs for Yin and Yin : Yr'x in gonel agreement with those from double
rihbons in eloser eontaet to other diRlo('atiolU~. Tt iR thlls (,ol1c!lIded that tlw
results given abo\'C' are not Rignificantly inflllclleed by tlw neal'hy IH't\\"ork allel
that this effeet is Rufficiently il('('ollntecl für hy tl1(' C'xpel'imenta! (,J'1'OI"S ginm
bv tbe scattcr of tb" data.

~ For double rihl)ons ending at an amorpholiR predpitate no ('hange in the
separation \vidth elose to the interface \,'ag obsprve(l. Interface dfrets thUR do
not influenee the mcaSUl'cments. This is fUJ'thel' confil'med by the fact that
double ribbons, eompletply eontained \\"ithin the dislocation network, show the
same separation widtlu-; as double ribbons ending at an amol'phous pr('ripitate
(see fig. 3 (b)).

Impurities may alh'l' the Rf.aeking fauIt enel'gy if ineol'pol'uted in the fault.
The presenre of amol'phous }1l'ec'ipitatpR in(lieateR that impllrities are pl'escnt in
these sa,mples, but that their inflllence on the staekillg fault encrgy appears to be
negligihle for the following reason: (I) tlw staeking fault energies determinecl
from isolated dislocations agree yery weIl with the ndues in the literatul'C' far
these defeds (see the table) allel (2) in the prpfo:ienee üf a high clensity of clislora­
tions, whieh ran ae! as effieient traps für impurities, the iucorporation of

Yin Y(,X

(mJ m-2 ) (m.T m-2) Dpfpct Rdel'ence

Silicon
51 ± f) Ii"olatpd di:..Jocatiou" Ray amI CockaYIlP (1971)
50± 15 50± 15 :'Iodes (r) (h) Ra!' and Coc!m.n", (1971) (ft, fI
71 ± 16 :'Iodes (11') (b) Cullis (1973) If)
58 ± 13 Kodes (r) (b) Cullis (1973) (f)
70±9 -0·5YiIl Isolatcd scrc\\' di,..;location Gomf'z et al, (1975) (c)
76 ± 12 Faulted dipole Sppnc(' amI Kolar (1979)
69±7 60±7 Douhle ribbon Thi,..; paper
60± 10 THolatcd dh:docatiollH ThiH papp}'

Germanium
60±8 rsolatcd dislücatious Ray and Cockayuf' (1973)
67 ± 13 hiolated dislocationi" Häusscrmann and Sehaumhurg

(1973) (d)
60±8 -30 Isolated dislocations G6mez ef al. (1975)
73±9 .bolated eclge dii"location PackclHer amI Haa,Hen (1977) (d)
78± 16 lHolated Herew dislucation Packeiser and HaaHen (1977)

(d, c)
IOO± 10 ;SYiJl DiHlucation in grain boundary Bourret and DesHaux (1979)

(a) Yex was stated 1,0 hf' ' of the same ordf'r of magnitude' as Yill'
(b) w is the radius of the iURcrihed circle anel T is thc radiui" of curvature uf the partials

at thc noele.
(c) The value for Yin iR eleduced frolll the data poinh; given in this paper in addition

to the original points uf Ray and Cockayne (1971).
(d) These valueR were deduced frolll determinat.ions uf thc diHtance IJCtwef'n partiab

reported in these papers using the curves of G6mez ef at. (1975).
(e) The vuluc given UHsumcs a wldth of uetween 2 llm and 3 nm.
(j) Tho values wero deduced hy setting P=C44 =7·9 x 1010 Xm 2 , l;~ur eOlllpurisOll

with the valucf> deduced in the preRent stmly they should he multiplied by a
factor 0·8.
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impul'ity atoms in thc st.acking fallit is only JikcJy if it l'esults in a lowel'ing of
thc stacoking fault energy. Hince thc yc.tlue for thc intl'insic sturJ.::ing fault
energy reportetl here is lügher than the yalues repOltcd ell:iewhere, an influcnce
of impul'itics on thc defccts studied would be to incl'E'ase thc discrepancy.

'Yhenc"cl' possiblc, fO('using was dOlle b'y moYing the specimcn rather than
changing the obj(>('ti,·c ClilTent, t·hus ilchieving constant magnification.

Finally, it ,houlel bc Illentioned that defeets with the appearanec of double
ribbons cun be formed by partiully overlappillg two dissociated disloeutions on
non-adjacent {111} planes. This possihility ean be salely exclmlod in this ease
since thc double rihbom; are part of a disloeation network. In addition,
pseudo-doublc ribbons would ho muüh smaller than thc Olles obsel'\'ccl hefe
(Amelinekx 1977, Carter 1979).

In C'onclusion, thc e!Tor bars fol' the valnes given here are bclicvcd to be
adequatdy l'ep"escnted by t·he Rt·nnounl deviation values of ,.." 12°1<> for 'Yin.• 'X

and ,.." 80/0 for Yin : Y('x·

5.2. 'rite 1yttio oj the stacl..·'l11[J jault em:rgies

The ratio Yin : Yn of 1·15 ± 0·09 cletcrmincd in this study is thought to be
more l'eliablc thnn that detel'rnincd from sepal'atf:\ defects containing intrinsie
01' extl'insi(~ faults.

l'he only othcl' di.l'cct estimate of 'Yin : Yt.x in silicon was made by G6mez
e/. al. (I fJ7,;) II"ho obseITed that t.he dis8oeiation width of disloeations close to the
serew ol'ientl.ltion WHS partieularly Jm:ge if thc stacking fa.ult was of thc cxtrinsic
type. This obSClTation was intcrpl'eted as showing that the extrinsie stacking
fault energy is approximately half tImt of the intrinsie fault. In yiew of the
prescnt l'cSlllts it is deal' that this explanation cannot be yc:tlicl.

It is po",ible that the different eOre stmetures of (he bounding parti,ds ure
respol1sible fol' this anomaly, either by affect-ing the elnstic intcract-ions between
(.110 partial clisloeations, which ,,-ould be most likely to oeeur for isolatecl
clislocations nent' the s('l'ew odentatioll. 01' by gidng diffen>,lt Coulomb repulsion
terms (Hirsch lU78) C'ompal't'd to the intt-insie starking fault casc.

Bounet und Dessaux (1979) han~ l'r.('ently obtnined a yuluc 'Yin: Yl.x ....... 1
and 'Yin'" 100 mJ m~2 from latticc-fringc images uf disloeutions in a. low-angle
tilt bound" ..y in Ge. \\'hile the reliability of this l11ethod roquires further stucly,
the l'esults do support the present. yalue for thc ratio in Hi.

5.3. Thc absolute valu, of Y

Values for 'Yin <'X dCl'iyed from measurements using eithcr thc wcak-beam
te('hniquc 01' latde~-fringe images are given in the table for I')i (und fol' com­
parison for Ge).

Beeause of the largo size of the eldeets anel the simplieity of the interpreta­
tion it is suggested that thc ,'ulues for Yin and espccially that {m' Y('X is best
gi,'en b~; the double-ribbon reslllt. 'rhe yalue for Y;n of !i9 ± 7 mJ 111-' is in
excellcnt agl'ccmt:'nt with the result deduced from l'e('el1t measurements of
G6mez et al. (U)7;'l) and suggcsts that thc earlier \Tallic obt-ained by Ha.y and
Coekayne (lfJ71) is a liWe too low. lsolated disloeations both in the boundary
anc! in thc bulk material did howevel' a.lso gh"c a sOlllcwhat lower value in the
present stucly. It is possible that this is partiall~; due to the type of deleet



,

Determination 01 int!'insic anil e,rtrinsic stacking Imtlt energies 01 Si 509

used to make the determination of y as suggested in § 5.2. Tor example the
values deduced from extended noeles give a consistently 10wer value for Yio if
,u=6 0 36x 1010 X 111-2 is Hseel.

It has recently been suggestcd (Hirsch 1978) that charge effcets may playa
significant role for thc separation vddth of partial dislocatiolls in semi­
eonduetoI's. Because thc partia.l dislocations have pure sere\v character it
appears that this effect would not significantly influence thc double ribbon
l'csults, hut, the influence of an additional repulsive force between partial
dislocations al'ising from eharge effects eertainly rcquires further consideration.

§ 6. CONCLUSIONS

The intrinsie and extrinsie stacking fault E':ncrgies of silicon have been
determincd from observations .Oll double ribbons near thc screw orientation
whieh ,vmoc fOl'med in a low-angle twist. boundaries obtainoel by weleling The
values found ,vere Yin=ö9± 7 1ll.J 111-2, Yl'x=ßO± 7 mJ 1ll··2 anel Yin: Yex=
1·15 ±0·09. Thc int-rsinsio staeking fault energy ,vas also determined from
rolatively isolateel sermv elislocations in the bounelary anel isolateel edge disloca­
tions in the bulk; both give a value of 60 ± 10 m.J m-2 using the conventional
interpretation based on continuulll elasticity. It is suggestecl that the early
measuremcnts on isolated elislocations gave a value for the st-acking fault
energy whieh was a little too low. There is evidence that the type of defeet
uscel to determine thc valuo for tho stacking fault encrgy may influenee the
valuc dcrivcd and it is suggcsted that the large sizc 01 the double ribbons

. studiecl here, togethcr wüh their pure sereVl eharaeter, make the valnes given
above the most reliablc.

ACKNO'VLEDG:\lEXTS

This work was supportcd by DOE under contract No. EY-70-S-02-2899
and by thc X ational Seienee Foundation throngh the )'laterials Seienee Conter
at Cornell Univel'sity. The authors wouldlike to thank Dr. D. J. H. Cockayne
and Professor D. Ast for carcfully criticizing the manuscript, and Dr. B. O.
Kolbesen from the Siemens AG for kindly supplying the silicon used for the
present study.

REFEREXCES

AERTS, E., DELAVIGKETTE, P., S,E}!S, R., and AMELnwKx, S., 1902, J. appl. Phys.,
33, 8078.

ALEXAKDEH, H., and HAAsEK, P., 1908, Solid St. Phy8., 22, 27.
AlI.IELI:XCKX, S., 1977, D·islocations in 8ol-id8, Vol. 2, edited by :F. R. Nabarro (Korth

Holland).
BLAKe, J., 1975, Phil. 1IJag., 32, 1028.
BOOKER, G. R., and BHD,,"", L. :\1., 19G5, Phil. :][og., 11, 1815.
BOURHET, A., ami DESSEAUX, ,1., 1979. Phil. 1I1ag. A, 39,405,419.
CARTER, C. B .. 1979 (suhmittcd for puhlication).
CARTER, C. B., and HAZZLEDJ"XE, P. JI.. 1977 (unpubli ..;,;hed research).
COCKAY"E, D. ,1. H., RAY, 1. L. F., and iYHELA", ~l. J., 19G9, Phil. J10g., 20, 12G5.
CULLIS, A. G., 1973, J. J.1Iicrosc., 98, 191.
DELAVIGXETTE, P., and AMELIXUKX, S., 1961, J. nud. J.lJater., 5, 17.

P.M. A 2K



510 Determination of intrinsic and e,'trinsic stacking fault energies of Si

FÖLL, H., and As'!', D., 1978, Proceedings 01 the Ninth Inte'1'nat-ional Congres8 on
Electron J-llicro8copy, Toronto, Vol. 1 (j.licroscopical Societ.y of Canada). p. 428.

GALLAGHER, P. C. J., 1966, Phy8. Slat. Sol., 16,95.
G6'lEZ, A. M., 1978, Phil. l'vlag. A, 37, 435.
G6'lEz, A., COCKAYSE, D. ,J. H., HIRSCH, P. B., and VI1'EK, V., 1975, Ph'il. 1'vlag.,

31, 105.
HAASEN, P., and SCHRÖTER, \V., 1970. Fundamental Aspects 01 Dislocation Theory,

edited by J. A. Simmons, R. de \rit and R. Bullough. Special PuLlication
317,2 (U.s. Xa!ional Burean 01 Standards), p. 1231.

HÄUSSERl\'1ANX, F .. and SCHAU)IBERG, H., 1973. Phil. J.1lag., 27, 745.
HlRSCH, P. B., 1978. PJ'Oceeding8 0/ the .LVinth InternaHonal (}ongJ'es8 on Electron

llIicrGscopy, Toronto, Vo1. III (Jlicroscopical Society of Canada). p. 369.
HIR'rn, J. P., and LOTHE, J., 19ß8, 'Pheory of l}i8locat-ion8 (Xe\\" York: l\IcGraw~Hill),

pp. 35611.
LABUSCII, R., and SCIIRö'n;R, ·lV., 1975, LaU·ice Defect8 in 8em·iconductor8, Conference

Serie:" Xo. 23 (In:"titute of PhysicR), p. 56.
PACKEISER, G., and HAAsEs, P., 1977, Phil. }'lag., 35, 821.
RAY, 1. L. F., and COCKAYSE, D. J. H., 1971, Pmc. R. 80c. A, 325, 543; 1973,

J. Nicm8c., 98,170.
RUFF, A. W., und IvEs, L. !C, 1969, Acut metall., 17, 1045.
SALDIN, D. K., CULLIS, A. G.. BOOKl<;R, G. R., and \VHELAX, .M.•1.,1974. Proaeding8

of the Eighth Intenw.üonal Congre88 on Electron .J.lJicroscopy. Canberra. Val. 1
C:\Iicroscopical Society of Australia). p. 458.

SCHOBER, T., and BALLUFFI, R. \V., 1969, Phil. Jllag., 20, 511.
SPESCE, ,I. C. H., und KOLAR, H .. ] 979, Phil. Nag., 39, 59.
WESSEL, K., und ALEXASDER, H., 1977, Phil. Nag., 35,1523.


