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Multilayers composedof many thin layers of GaAs and GaAs
0 5P05 were grown on GaAssubstratesby

chemicalvapor deposition.Theywere examinedby optical microscopy,electronmicroscopyand scanning
electronmicroscopy.Slip lines, dislocationpile-ups,threading dislocations,and crackswerefound. These
defectswere madeto relieve elasticstressesgeneratedasa result of misfit betweenthemultilayer takenasa
whole andits substrate.The rolesof dislocationpile-upsand superkinksin the propagationof dislocations
throughmultilayers are discussed.

1. Introduction 2. Observations

In part I’) we describedmultilayers composedof 2.1. DISLOCATIoN PILE-UPS

many (60 to 120) thin (75 to 700 A) single-crystalfilms All multilayers containedstraight dislocation lines
of GaAs and GaAs05P05.Also describedwere dis- which borea superficialresemblanceto the misfit dis-
locationsthataccommodatedpart of the misfit between locations describedin I. En common with the misfit
individual GaAsand Ga(As,P) layers. In addition to dislocationsof I, the straight dislocationsdescribed
this obviousinterlayermisfit thereis anothermisfit not herehad Burgersvectorsof type +a <110> which were
so generallyrecognized,namelythatbetweenthe GaAs inclined at about 450 to the almost (001) specimen
substrateand the multilayer consideredas a singleen- plane.Their line directionswereapproximatelyparallel
tity. The purposeof part 11 is to discussdislocation to the <110>directionsin (001)and they were arranged
pile-ups, slip lines, and microcracksgeneratedas a in arrayson { Ill) slip planes. The two types of dis-
result of the misfit betweenthe multilayer taken as a locationdiffered in that the Burgersvectorsof adjacent
whole and its substrate.Thesedefects are of interest dislocationsin thearraysconsideredherewereparallel,
partly becauseof the adverseeffectsthat theywould be whereasthe Burgersvectorsof adjacentdislocationsin
expectedto haveon theperformanceof a “superlattice” the arraysof I were antiparallel. Another important
device

2)and partly becauseinvestigationof them has differenceconcernsthedislocationseparation.Thepro-
revealeda mechanismfor the motion of dislocations jectedseparationof the dislocationsdiscussedheredid
through compositematerials. Dislocationsfind it dif -______________________________
ficult to move through compositesfor two reasons34). “
Coherencystrainsgive rise to stressesthat aid the mo- ~-- /
tion of a dislocationthroughoneof the materialspre- B /

sent but opposeits motion through the other3). Also, 7 C 7 _____

if theelasticconstantsof thetwo materialsaredifferent, ,/‘ B

a stressis neededto move a dislocationout of the soft ~—-,Z-__ C ,‘

material into the hard one4). —‘~~‘

* A summaryof this work, as well as of Part I (ref. I), was Fig. I. Arrays of dislocations on Ill slip planes.The dis-

presentedat the Conferenceon Vapor Growth and Epitaxy. locationsare separatedby two layers on the left and by four on
Jerusalem,May. 1972. the right.
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Fig. 2. Micrograph of a multiIa~er compo~cd of 3~OA lzters. Ihe aver Plane k approximately perpendicular to the incident
electron beam. Dislocations separated by three la)ers are labelled A and B. The dislocations in the arra~snear C and D are sepa-
rated by two layers. Superkinks arc labelled K.

not obeyeq. (1) of I but was given by lines areseparatedby two 350 A layers is labelledC in

— 2 / t 55~ (I) fig. 2. Another more distorted exampleis latelled D.— fl I CO Thedislocations labelledA and B in fig. 2 areexamples

wheren = I, 2 and Ii is thethicknessof individual of themisfit dislocationsdescribedin I. Theyal-c paired,
layers.This result indicatesthat thedislocationslay on have antiparallel Burgersvectors, and are separated

Ill } planesandthat their lines wereseparatedby even from oneanotherby three350 A layers.

numbersof layersas illustrated in fig. I. The arraysin The arraysat C and D in fig. I werealmost certainly
fig. I are a form of dislocation pile-up. They differ portions of much larger arrays. It is probable that

from conventionalpile-upsin that S has discreteva- portionsof thearrayslay aboveandbelowthosevisible

lues56).This is discussedin section3.5. in the micrographand that they were removed when
The number of arrays that obeyed either eq. (1) thesamplewas thinned.

above,or eq. (1) of part 1, was very large. Indeed, the Evidencethat adjacentmembersof dislocationpile-
presenceof dislocationsarrangedin uniformly spaced ups have parallel Burgersvectorsis provided by the

arrays was the most striking feature of the samples. way in which membersof a pile-up changeinterfaces.
However,not all arrayswere regular.Therewere many
arrayscomposedoldislocationson different,andsome-

timeson non p ir illel [III slip p1 tnes Examples of — c
thesecanbe seenat E in fig. 2 and in the lower portion 8

of fig. 4.
An example of a pile-up in which the dislocation Fig. 3. A superkink.
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Fig. 4. Micrographof a multilayer composedof 350 A layers. Dislocationstwo and four layers apartare labelled A and B. K is
a superkinkthat threadstwo layers.

When the misfit dislocationsdescribedin I changed stratedby the large changein projectedwidth of the
interfacesthey bent backon themselvesto give a defect kink from one imageto the other.
similar to a dislocationdipole. When a memberof a The “S” bendin the kink in fig. 5 results from the
pile-up changesinterfacesit continuesalong in the bowing of portionsof its line to makeshort lengthsof
samedirection as illustrated in fig. 3. The portion of misfit dislocation as describedin I. The presenceof
dislocation line that threads the B and C layers in positively andnegativelycurved partsresultsfrom the
fig. 3 is a superkink. Examplesof superkinks in a fact that the kink threadstwo layersand the sign of
multilayer composedof 350 A layersare labelled K in the stressin one layer is oppositeto that in the other.

fig. 2. A clearerexampleis presentin fig. 4. Theexistenceof pile-upsin multilayersindicatesthat
Evidencethat kinks like those in figs. 2 and 4 do thereare dislocationsourcesin the multilayers.These

threadtwo layershasbeenobtainedby stereo-electron emit a successionof dislocationson the same or on
microscopy. A stereopairof a superkinkin a multi- nearby { 111 } slip planes.A successionof dislocations
layermadeup of 500 A layersis presentin fig. 5. The madeby a sourceis illustrated in fig. 6. This figureis
inclinationof the kink to the interfaceplaneis demon- drawn on the assumptionthat the thicknessof the B

_____ ~JtJ~~
O.2,am

1a) (b)

Fig. 5. Stereo-electronimagesof a superkink in a multilayer composedof 500A layers.
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andC layers lies below hen
1, the valueof h at which it ing dislocations would connect the ends of the slip

becomesenergeticallyfavorablefor misfit dislocations lines to the pile-upsdescribedin 2. I (seefig. 6).
to be made.

Fig. 6 doesnot showthesourceitself. This is because 2. 3. THREADING DISLOCATIONS

its geometryis not known. We haveseenseveraldefects Dislocationsthat threadedthe multilayersand were
that could have been sourcesbut we have not yet impactedagainst obstacleson intersectingslip planes

found any that we could confidently interpretas sour- werecommon.A micrographof a portionof a pile-up
ces. However,trainsof dislocationssimilar to thosewe of thesedislocationsin a specimencomposedof 50(1 A

SLIP LINtE PILE-UP _______________________________________________________

SOURCE-~~ s. - ___

PILE UP ~i~c ~ ~~j~SIiiQBSTACLE

~i-~I-I-~-~, ~ _____ ____________

5 ( 4 3(2(1 . .. —

Fig. 6. Dislocationsemitted by a sourcein the uppersurface _____________________

of a multtlaycr. It has been assumedthat layer thickness lies __________________________________________________________

below h~ri and that the lateral motion of the dislocations is ________________

prevented by an obstacle.The diagram is not intended to be
quantitative; the dislocationspacingsin the pile-upon the right — _______________________________

do not follow thepredictionsof Eshelbyet al.~’).

haveobservedcouldhavebeenmadebytheFrank—Read .- -

mechanismor by sourcessimilar to thosethat Mader
and Blakeslee

7)have found in Ga(As,P)thin films. ______

2.2. SLIP LINES

Optical micrographsof theuppersurfacesof multi-
layers revealed slip lines. Examplesfound on the sur -_____

faceof the specimenmadeup of 700 A layers areseen I ______

in fig. 7. The height of surfacestepsassociatedwith slip 0. I mm _____ _________

lines hasbeenmeasuredon transmissionelectron mi-
Fig. 7. Optical micro’’rapli of slip lines on tIe surface of acrographsof surfacereplicas.The measurementswere
multilaycr composedof 700 A la)crs.

approximatebut showed that stepsas high as 300A
werepresent.Thesestepscould not haveresultedfrom layersis seenin fig. 8. The specimenwastilted to bring

the processesdiscussedin I. The processesin I give the { III plane containing [he pile-up more nearly

rise to monolayerstepsbut cannotbe responsiblefor perpendicularto the incidentelectron beam.This in-
stepsmanylayersin height.1-ughstepsaremadewhen creasedthe projected length of the dislocation lines.

sourceslike the one in fig. 6 emit a hundred or so The wavy appearanceof the dislocations is not an

dislocations, electron optical artifact. It is presentbecausethedis-

Fig. 7 shows that the multilayer surfaceis divided locations bent back and forth under the influence of
into patchesof two kinds. In one, the slip lines lie thecoherencystrain in individual layers(cf fig. 6 and

along [110], and in the otherthey lie along [ITO]. The fig. 4 of I).
existenceof thesepatchesis evidencethatslip on planes The bowing of thedislocationsin fig. 8 hasnot (with
that intersect(001) along [110] is preventedby slip on the exceptionof the dislocation that is arrowed) re-

planesthat intersect(001)along [ITO]. Electronmicro- suIted in the formation of long misfit dislocationsof

graphsof the border betweentwo patcheswould be the type discussedin I. This is so in spite of the fact
expected to reveal threading dislocations impacted that the thicknessof the layerswasgreater than ~
againstdislocationson intersectingplanes.The thread- Part of the explanationfor this seenisto he that the
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0 __ _

0.2j1.m
Fig. 8. Micrographof piled-up threadingdislocations in a multilayercomposedof S00 A lasers.The specimenwas tilted so as to

increasethe projected length of the dislocations.The arroweddislocation hasbowed out to form short lengthsof misfit disloca-
tion as discussedin I. The positionsof the end points of the dislocationsindicate thatsomemembersof the pile-updid not lie on
preciselythe sameslip plane.

bowing of a dislocationin a pile-up like that in fig. 8 ~ ‘~ ‘~t •63:’~I7~______

is opposedby the othermembersof the pile-up. . .. t “~ (P

A factor which may havecontributedto the geo- .. , ~,

metry of the dislocationsin fig. 8 is diffusion alongthe ~ t~~‘ ~

dislocation lines. Pipe-diffusion along the threading -. ~ .,~ “ -

dislocationsin fig. 8 may havealloyed the layerssuf- ‘ ~‘ ‘~ ‘ i ~ -

ficiently to raise‘~cnit above350 A (see 3.2 in I) in the . -

vicinity of the dislocations.One of the effectsthat one ‘ . ..

might expectfrom enhanceddiffusion along threading - ‘,

dislocations is electrical shorting of the superlattice . ~ )
device2). Electrical measurementsmadeon the multi- ~ ~ ~, ~ -.~‘

layersdescribedhererevealedan ohmic I—V character- ~, . ~ ‘~j~ . .

LI. . 1I~t tL, I
istic rather than the predicted non-linear one. This _________ ~ ~\ ~ ~

could havebeendue to electrical short circuits asso- . 5 ~.l”m i. ~ciatedwith enhanceddiffusion. t.

2.4. RELIEF OF MISFIT STRESS BY FRACTURE Fig. 9. Scanningelectronmicrographola specimencomposed
of 250 A layers. The imagedsurfaceis parallel to (110). A pair

Multilayers sometimescontainedcrackson the {l I0} of crackson (ITO) are visible. Oneof thecracksextendsthrough

planes almostperpendicularto the interfaceplane. A themultilayer. The other doesnot; it terminateson an arrayof
dislocation lines. Etch pits associatedwith the dislocations arepair of cracks in a multilayer composedof 250 A visible.

layersis seenin fig. 9. Thisfigure is a scanningelectron
imageof the multilayer seenfrom theside. Oneof the and 4.3 in I). (ii) Dislocationsthat emergefrom the
cracksextendsthroughthe multilayer. The otherdoes tip of an expandingcrack are expectedto havethe
not; it terminateson an array of dislocations.Etch samesign8).
pits formedat theemergencepointsofthesedislocations
are discernible. Although the pits do not give us the 3. Discussion
signsof the Burgersvectors of the dislocationsthere
is little doubt that one sign predominated.Thereare 3.1. ROLE OF DISLOCATION PiLE-UPS

two reasonsfor this. (i) Thethicknessof the layersin Dislocationpile-upsare difficult to interpretasmisfit
fig. 9 is below that at which arrays of dislocations dislocationsbetweenlayers. This is becauseinsertion
with alternatingBurgers vectors are stable (see 3.2 of a pile-upinto a thin multilayer, that is supportedby
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its substratebut not elasticallystrainedby it, increases For a dislocationto movethrougha GaAs/Ga(As,P)
the elasticenergyof the system.The only satisfactory multilayer under the influence of the overall tensile
explanationfor the presenceof pile-ups seemsto be stresspresenttherewe needsomemechanismby which
that they are madeto relieveelastic stressesgenerated thedislocationcan be pushedthroughthe conipressed
as a result of the misfit betweenthe multilayer taken GaAs (or C) layers. One method for doing this, and
as a whole and its substrate.The elastic energy of a perhapsthe only one,seemsto be to generatea pile-up.
thin multilayer canbe reducedby a dislocationpile-up The large elastic stressesexerted on the leading dis-
if thesign andstrengthof the pile-up aresuchthat they location in a pile-up by thosethat follow seemableto
reducethe elastic stressesgeneratedin the multilayer push a short length of the leading dislocation two
by its substrate. layersnearerthemultilayer—substrate(or AB) interface.

Although a pile-up on a planeinclined to the plane At the ends of this length are two superkinksof op-

of a multilayer can accommodatepart of the misfit positesign.The3ekinks moveapartunderthe influence
betweenthe multilayer and its substrate,a pile-upwith of the overall stress in the multilayer and transport
this geometryis clearly not ideal for the purpose.The additional lengthsof dislocation towards AB. Thus,
elasticenergyof a multilayer with inclined pile-upsin superkinksplay an important role in the movementof
it would be loweredif the pile-upswere replacedby an dislocationsthrough multilayers. Thisrole is the same

equivalentsquarenetwork of edgedislocationswith as that played by ordinarykinks in the motion of dis-
lines and Burgers vectors in the AB interface. This locationsthrough crystals

5).
leads one to ask why inclined pile-ups are made. An A considerationof the glide force on superkinks
answerto this questionis given below, providesa simpleargumentin supportof our interpre-

tation of the role of pile-ups. If a multilayer is not
3.2. MoTioN OF DISLOCATIONS THROUGH MULTILAYERS stressedby its substratethen the ratio of the elastic

Reliefof stressesgeneratedin a multilayer by its sub- strains in the B and C layers is
straterequiresthatdislocationsbetransportedtowards ~ ~. = G h IG /i (2)

or into theinterfacebetweenmultilayer and substrate. ‘B ‘C C C B ii’

This cantake placeby dislocationmotion through the GBC are the shearmoduli of B and C. The Poisson
multilayer, through the substrate,or along the multi- ratios of B and C are assumedequal.
layer—substrateinterface. Glide along the interface When eq. (2) is satisfied the glide force on the por-
seemsunimportantexcept,possibly,nearthe specimen tion of a superkink that threadsthe B layer is equal
edge. The presenceof slip lines on the surfaceof the and oppositeto the force on the portion that threads
multilayer, but not on thesurfaceof thesubstrate,in- the C layer. The net force on the superkinkis zero.
dicatesthat the dominantprocess,away from the spe- If the multilayer is strained by Ar to accommodate
cimenedge,is motionthroughthemultilayer. That this part of the misfit betweenthe multilayer and substrate
should be so is not surprising. The thickness of the then the elasticstrainsin the B and C layersare
multilayerwas alwaysmuch less than the thicknessof and ~ The force on the portion of the superkink
thesubstrate.This meansthat the elastic(misfit) stres- that threadsthe B layer is now larger than that on the
ses in the multilayer were always much larger than portion that lies in C. This causesa superkiiik like the
thosein the substrate. onein fig. 3 to move to theright andbrings thedisloca-

An isolateddislocationwith linesparallelto themuhi- tion nearerto the interfacebetweenthe multilayerand
layerplanefinds it difficult to move throughthe multi- the substrate.The conclusionsuggestedby this result
layerfor thetwo reasonsgiven in E. In GaAs/Ga(As,P) is that there is no driving force for the motion of
multilayers the coherencystrains in individual layers membersof a pile-up through a multilayer unless the
are large~ I ~<)butthe differencebetweenthe elastic multilayer is stressedby its substrate.
constantsof the film materialsare small. Thus, in

3.3. NUMBER OF DISLOCATIONS IN PILE-UPS
GaAs/Ga(As,P)one would expect the difficulty of
moving a dislocationto result largely from the cohe- An approximatevaluefor the maximum numberof
rency strain, dislocationsexpectedin a pile-up can be found very
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simply. The dislocationsin a pile-up relax the misfit not cut them9), then the total force neededto pusha

strainovera distanceroughlyequalto the thicknessof threadingdislocationthroughthe array is
the multilayer. The numberof dislocationsneededto
relax thestrain over this distanceis approximately 2Q (nB+hlC), ( )

Nm.x = [2h(nB+nC)Jj/h, (3) where Q is the dislocationline tension.
The forceexertedon theleadingmemberof a pile-up

where~B and n~.are the numberof B andC layers, and containingN dislocationsis approximately
J~is the misfit betweenthe multilayerandits substrate.
En our samplesfmis approximately 2G(I +V)J( +nC) N If — --_----~- 1 b cos ,.. (6)

(I —v) B [ 2(nB+nC)Ilj
(aC—aB)/(aC+aB) 0.01.

A is an angledefined in 1. The term in squarebracketsThemaximumnumberof dislocationsin a pile-up in a , - .

is the misfit strain in the multilayer. It decreasesas
multilayer with h = 200 i-~, flB+flC = 60, f = 0.01
and b = 4 A is 60. If the thicknessof the layers is N increasesbecausethe pile-up accommodatespart
increasedto 700 A then Nmax = 210. Thus, our inter- of the misfit betweenthe multilayer andsubstrate.If
pretationof pile-upsis consistentwith the heightof the Gb2 / Ii \
slip lines we havefound. = (I — + l)~ (7)

3.4. NATURE OF OBSTACLES TO GLIDE and flB+flC = 60,/i = 200 A, h = 4 A and v = ~ there

The observationsdescribedin section 2.2 suggest is no valueof N that enablestheentireleaddislocation
that the mostimportantobstaclesto migratingthread- to passthrough the array.
ing dislocationsare arraysof dislocationson intersect- If an obstructingarray containsfewer dislocations
ing slip planes.That this shouldbe so is notsurprising, than the oneconsideredabove,or if Ii is much larger
To illustrate this we considera train of threadingdis- than 200 A, then (5) and (6) predict that the array
locations that meets an array of dislocationson an will transmit the leading membersof a pile-up and
intersecting{ Ill } plane,andassumethat theobstruct- block the remainder.However,it is worth emphasizing
ing arraycontainsonedislocationfor eachinterfacein thatour calculationoverestimatesthestressdriving the
the multilayer (seeI). pile-up and thus probablyunderestimatesthe blocking

When the leading glide dislocationsmeet the oh- power of an array. Observationsof the AB interface
struction,the portionsof them that lie in theGa(As,P) show that about half the misfit betweena multilayer
or B layerspenetratethearray.This is becausepenetra- and its substrateis accommodatednot by pile-upsbut
tion is aidedby the following glide dislocationsandby by misfit dislocationsthat lie in AB. if allowanceis
the misfit strain in the B layers. However, penetration madefor this (by halving/~)one finds that arrayson
will ceaseafter portionsof a small numberof glide dis- intersectingslip planesblock pile-ups more effectively
locationshave moved through the array. This is be- than (5) and (6) suggest.
causeeach penetratingdislocation causesa localized
reductionin the strainspresentto accommodatemisfit ~ 5. SPACING OF DISLOCATIONS IN PILE-UPS

betweenB andC layers.The elasticstrainsin B andC Thedislocationsin thepile-upsdiscussedin 2. 1 were
layersreducedto zero in the vicinity of the penetrating separatedby evennumbersof layers. In conventional
dislocationswhen the numberof penetratingdisloca- pile-ups the dislocationspacingincreasesin a compli-
tions reaches—~2fh/b.In GaAs/Ga(As,P)multilayers cated but gradualway as one moves back from the
with I, = 200 A this numberis about2. front of the pile-up5). This differencebetweenmulti-

After penetrationhas eliminatedthe misfit strain in layer pile-ups and conventionalones resultsfrom the
B and C layers the behaviorof the impactedpile-up coherencystrain in individual layers. If one of the
is expected to resemblethe motion of glide dislocations dislocationsin fig. I were moved upwardsa little the
through a dislocation forest9). If the threadingdisloca- tensile stressin the Ga(As,P)(or B) layerwould push
tions bow betweenthe membersof the array but do it back down. On the otherhand,if oneof the disloca-
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tionswere moveddownwardsthe compressivestressin much more perfect than thosedescribedhere and in
theGaAs (or C) layerwould push it backup. I. They containedno misfit dislocations, no cracks,

and so few threadingdislocations that we have not
3.6. ROLE OF CRACKS found one by transmissionelectron microscopy. Slip

There is little doubt that the cracks in fig. 9 were lines formed as a result of misfit betweenthe multi-
madeto relieve stressesgeneratedas a result of misfit layersand their substratewerealso not present.These
betweenthe niultilayer takenas a whole and its sub- multilayerswill be describedin Part III.

strate. The misfit betweenmultilayer and substrate
gives rise to tensile stressesparallel to the multilayer Acknowledgments

plane. Thesestressesare relieved by cracks on {llO} We shouldlike to thank B. K. Bischoff for his help
planesapproximatelyperpendicularto the multilayer s~iththe growth of multilayers and with the prepara-
plane. The roles ascribedto cracksand pile-ups here tioii of samplesfor electronmicroscopy.The scanning
andin 3. I areconsistentwith theemergenceofa pile-up electron micrograph was takenby C. G. Bremer.
from thetip of one of the cracksin fig. 98)
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