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Mechanismsof strain relaxation
in 111—V semiconductorheterostructures
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The known models describingthe breakdownof coherencybetweenlayer and substratein mismatchedheterostructuresarc
basedon theisotropic elasticcontinuumapproximation.As a matterof fact an internal contribution to the misfit accommodation,
that is a deviation from theso-called“virtual crystalapproximation”, is expectedin ternaryor more complexalloy structures.This
effect is clearly seen in a set of tnrGai _r~A5/G~11~5low misfit samplesin the presenceof misfit dislocations.The complete
structural characterisationincluding theelastic distortion field and thedislocationdensity anddistribution hasbeen performedby
meansof Rutherfordhackseatteringbasedtechniquesand double crystal X-ray diffraction.

I. Introduction the the thermodynamicstability and the defect
kinetics.

The structural and thermodynamicalproper- In this paperwe pay attentionto some of the
tiesof 111—V semiconductorstrainedheterostruc- still open topics in connectionwith the latest
tures are still a developing subject. As far as developmentsof Rutherfordbackscatteringspec-
strainedheterostructuresareconcerned,two main trometry (RBS) based characterization tech-
problemshaveto be consideredfrom the struc- niques. Experimentalresultsconcerninga set of
tural pointof view.The first is the limit to strained In~Ga1~As/GaAs low misfit samplesare dis-
layer reachableachievablethicknessgiven by the cussedin detail. Finally, a general phenomeno-
generationof misfit dislocationsat the interface logical approachis consideredwhich can over-
between film and substrateabove the so-called comesomeof the drawbacksof themodelsbased
critical thickness.As the dislocationshighly affect on the isotropicelasticcontinuumapproximation.
the electrical efficiency of the semiconductorde-
vices, their generationmechanismsmustbeclearly
understood.The second problem concerns the 2. The effect of misfit dislocation
needfor buffer layerswhich could interfacehighly
mismatchedmaterialsby completely relaxing the Many of the unansweredquestionsare related
strain or confine the dislocationsin the interme- to the effect of misfit dislocations(plastic defor-
diate layers. In this way the upper layer can he mation) in misfit accommodation.It is important
grown unstrainedon a defect-freesurfacewith- to notice that misfit dislocations must play an
out any limitation for the total thickness.Because important role, not only in reducingthe elastic
of this, strain relaxation mechanismsand defect strain energy, but also in changing the lattice
multiplication processes,which can suggest a configuration by gradually relaxing constraints
methodof confining the dislocationsby meansof imposedby the substrate.
some propagationbarriers, are very important In low misfit heterostructures(f< 1—2%),
subjectsof investigation.At presentthereare still misfit lines make up a sort of quasi-planargrid
no theoreticalor phenomenologicalmodelswhich lying at the interfacebetweenfilm andsubstrate.
canfully explain the behaviourof semiconductor This grid is generallyconfinedwithin a narrow
heterostructurefrom both the point of view of region as confirmed by TEM images [I]. The
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effectsof a planargrid of dislocationshavebeen vector b for a given line orientation is calculated
studiedwithin the linear elasticity theory of an by summing up all the observedBurgersvectors
isotropic continuum [21.The total elastic distor- B~weightedby the respectiveline densityn(B1),
(ion field including plastic contribution of the that is
dislocationsturns out to dependon 6 parameters
which are linear combinationsof the components b = EB1 n(B,).
of the averageBurgersvectorscalculatedfor each
arrayof parallelmisfit lines. The averageBurgers We consider(001) grown heterostructures,but
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Fig. 1. Cubic lattice distortionsfor a (001) grown heterostructurein thepresenceof misfit dislocations:(a) tetragonaldistortion (at
thecentre)dependingon the total numberof dislocationsper unit length at the interface;(b) monocliniedeformationrelatedto
the unbalanceof the dislocationdensitiesin t~= [I It)] and t,[l10] direction;(c) orthorhombicdeformationrelatedto the unbalance

of dislocationdensitieshavingBurgersvectorin (100) and((11(1) planes.
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the calculationsare easily extendableto other 1 0 b11 0
growth directions. In this case the dislocations R~= — —b 0 ü
are distributedalong thetwo directionst~= [110] 2 0 ~
and t2 = [1101in the growth plane. Both of the
averageBurgersvectorsb1 and b2 canbe written 1 0 V~b~
asthe sumof threeindependentcomponents,the + — 0 ü
first being the screwcomponentb111 = . t,, whilst 2 — ~j~b 0 0
the secondandthethird are the projection of the
edgecomponenton the growth plane (b,1) and 0 0 0
on the perpendiculardirection (b1~),respectively. + — 0 0 ~ . (5)
In this casethe 6 parametersquotedaboveare: 2 0 — V~b, 0

= b111 + b211, ~b11= b211 — bIH, The symmetric tensor ~“ is the plastic strain
which describesthree independentdeformations

b ~= b1 ~ +b21 , ~b~ = b2 ~ —b~.~ , of the lattice primitive cell (fig. 1). The first term

on the right side of eq. (4) looks like the elastic
b~= b~.+ b2~, ~ = b2~— b1~. (1) term andgives thetetragonaldistortion reduction

dueto the dislocations.The secondand thethird
Apart from somelateralnon-uniformity,which terms involve the baseof the unit cell describing

vanishesat a distancefrom the dislocationplane the transition from cubic to orthorhombic and
that is comparableto the grid spacing [2], the from cubic to monoclinic structures.Finally, each
total elastic distortion tensor U is the sum of term of the antisymmetric tensor R “ describes
threeterms: the rotation of the film cells about one of the

K 100) directionswith respectto the substrate.
— ~ ~+R~ ‘2~U — ‘. I It ts well known that in ((001) grown) low

misfit systems,misfit dislocationsare mainly of
where 60° type. This meansthat for each dislocation

orientation, Burgersvectors are along the four
f 0 0 K 110) directionsinclined to the interface.Half of

= 0 f 0 (3) the possible Burgers vectors are contained in
0 0 —af (100)plane (B(1(5)) group) and the othersin (010)

plane (B(OtO) group). Taking into account these
is the purely elastic term containingthe misfit f properties,a straightforwardcalculation[2] pro-
betweenfilm and substrate.The two other ten- vides the link betweenthe threedegreesof free-
sorsgive the plastic contribution: dom of the strain field (eq. (4)) and the disloca-

tion distributionswith respectto the orientation

i b ~ 0 0 of both the misfit lines and Burgersvectors. Let
= — 0 b ~ 0 n~and n2 be the numberof dislocationperunit

2 0 0 —ab length in t1 and t2 direction,respectively,andlet

n(B(too)) and n(B(oto)) be the numberof disloca-

~b 0 0 tions perunit lengthwhoseBurgersvectorslay in
1 1 (100) and in (010) planeno matterwhat the line

+ 0 —~bH 0 orientationis. It turns out that [4]:

0 0 0 2V~

1 0 ~b1 0 ~n=n2—n1=———---5b1, (6)
+— 5b1 0 0 (4) 2V~

2 0 0 0 = — n(B(oto)) = —~b11, (7)
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2~ heterostructuresand,contraryto DCD, it is mdc-
ntot = n2 + fli = n(B(too)) + n(B(oto)) = —b . pendentof the layer thickness.The main advan-a

(8) tageof X-ray diffractometry is the possibility to
detectat the sametime not only the threedefor-

Theseformulae show the complete link between mation parameters,but also the three rotations
lattice deformationsanddislocation distributions [4]. As a matter of fact, it is possible to discrimi-
(fig. 1). These resultsare valid for an isotropic nate the epilayer deformations in the growth
elasticcontinuumandtheir reliability dependon plane and in the perpendiculardirection, since
the investigated structure. For monoelemental the signal coming from the layer can be corn-
layersor for binary compoundsno appreciable paredto the onecomingfrom the substrateat the
deviationfrom eqs.(2)—(7) is expectedbut alloys sametime. This is not so for RBS channelling,
can exhibit a quite different behaviour,as dis- which cannotinvestigatethe strain field in buried
cussedin sections4 and~ layersbecauseof the so-calledsteeringeffect [5].

This is the reasonthat makesDCD suitable for
detectingany failure of the isotropic elastic con-

3. Characterization techniques tinuum model. This topic is consideredin detail
in section5.

For the completestructuralcharacterizationof From thedefectcharacterizationpoint of view,
a singlelayerheterostructure,the misfit between the dechannellingtechniqueallows us to obtain
layer and substrate,the completeelastic distor- direct information on the misfit dislocations[1].
tion field and the dislocation distribution and This information is independentof the strain
densitymustbe measuredindependently, characterizationdata, since the latter provide a

RBS is a good techniqueto measurethe alloy picture of the averageelastic field far from the
composition in a wide rangeof conditions.We dislocationcores,whilst the dechannellingevents
haveworkedout a programfor the simulationof are related to the strong elastic fields close to
a RBSspectrumwhich usesthe compositionx as eachdislocationline. The analysisof RBS spectra
a fitting parameter.By the comparisonbetween underchannellingconditionsallows OflC to obtain
the experimentaland the simulatedspectra,we the dislocationdensitiesby a comparisonwith a
can determine x with good precision. For in- perfectcrystalspectrumusedas a reference.Since
stance,in a InGaAs/GaAssystemthe precision the samedislocationgives different contributions
is better than 0.5 at%; assumingVegard’s law, to the backscatteringyield, dependingupon the
the knowledgeof the compositionis sufficient to channellingconditions, it is possibleto character-
calculatethe heterolayermisfit. ize the dislocationnetworkby simply playingwith

RBS channelling,in turn, allows us to detect thechannellinggeometry[61.The overall sensitiv-
the completeset of lattice deformations(tetrago- ity in the dislocationdensitymeasurementsturns
nal distortion plus the deformationsof the cell out to be betterthan l0~ linescm~,which is a
base)by measuringa sufficient numberof angles good result with respect to any indirect estima-
betweencouplesof differentaxial or planarchan- tion obtained,for instance,from strain data. The
nellingdirections.This is donewith a precisionof limit of this techniqueis at high dislocationdensi-
about0.02°by usinga goniometerwhich hasbeen tieswherethe dechannellingcontributionsof two
designedin order to allow independentrotations adjacentdislocationscanno longer be resolved.
around three axeswith a precision and repeata-
bility of 0.01°[3]. The strain sensitivity turns out
to about 3 X l0~,which is a good value for the 4. Experimental results
analysisof the strain releasein sampleshaving a
misfit of the order of 102. This sensitivity is A set of ln5.Ga1~As/GaAssampleshaving
comparable to the best double crystal X-ray different composition(0.035 ~x ~ 0.15), i.e., dif-
diffractometry (DCD) precisionsfor single layer ferent misfit (2.5 x l0~~f� 1.07 x 10 2), have
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beenanalysedby RBSchannellingand DCD [5]. differentcompositionandgrown in quite dissimi-
Three main experimentalresultscan be pointed lar conditions[5]. The results of our annealing
out. The first concernsthe existenceof two dif- experiments[5] arealso in contradictionwith the
ferentcritical thicknesses.The first critical thick- hypothesisof metastabilitysuggestedby someau-
ness,T~,is relatedto the onsetof misfit disloca- thors.
tion generationandturns out to be in agreement The third item is still a matter of discussion.
with the predictionof the equilibrium theoriesof As a matter of fact, the tetragonal ratio 77 =

Matthewsand Blakeslee[8] and Van der Merwe a 1/a11 measured by RBS channelling always
[9]. Despitethe fact that misfit dislocationsactu- agreeswith the ratio betweenthe two indepen-
ally appearaboveT~,no appreciablestrain reduc- dent quantitiesa1(DCD) and a11(DCD)obtained
tion is observedbelow a secondcritical thickness, by DCD within the experimentalerrors. In an
T~’ (fig. 2). The difference between T~and T~’ isotropic elastic material, the in-planestrain
valuesis remarkableand it can reachone order is given by:
of magnitude.From T~to just aboveTa’, disloca- 1 — 77

tions are mainly observed in one direction, as E1~SO = (9)
confirmedby RBSdechannelling[7]. a + 77

As a secondoutcome,it can be assertedthat where a is obtainable from the cubic elastic
aboveT~’the residualstrain for a particular sys- constantsand dependson the growth direction
tern is clearly a unique function of the epilayer [10] (in particular for (001) grown layerswe have
thickness,as shown in fig. 2. The rate of strain a = 2Ct2/CIt). Therefore,if the isotropy approx-
reductionwith increasing layer thicknessis well imation is assumed,we have e~1

50(RB5)
below the prediction of the equilibrium theories. E~°(DCD).
This conclusionis supportedby a greateramount However, if the in-plane strain E

11(DCD) =

of experimentaldataconcerningsampleshaving [a11(DCD)— a(x)]/a(x) and the perpendicular

--~--reIaxed
In Ga As/GaAs strain~misfit

2

N
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Fig. 2. Tetragonaldistortion (1— t~), where i~ = a /a11 is the tetragonalratio measuredby RBS channelling,as a function of the
samplethickness.The circles indicate the unrelaxedsamples,whilst the squaresshow thesampleswhere a detectabledistortion

releasehasbeenmeasured.
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Fig. 3. Parallel strain as measuredby DCD comparedto the valuesobtained from the tetragonalratio as measuredby RBS
channelling.In thesecondcase,isotropyapproximationhasbeenassumed.

strain E 1(DCD) = [a 1(DCD) — a(x)]/a(x) are not satisfied,that is:
calculatedfrom the respectivelattice parameters
obtainedby DCD, it turns out that, at least for E ~ ( DCD)/E11(DCD) ~ a. (10)
the analysedInGaAs/GaAssamplesin the pres-
enceof misfit dislocations,the predictionsof the Theseresultsareshown in fig. 3 where the strain
isotropic elasticcontinuummodel are in general calculatedby usingeq.(9) (basedon the isotropy
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Fig. 4. Relativestraindifferenceas a functionof the ratio betweenthesamplethicknessandthecritical thickness1/.



M. Mazzereta!. / Mechanismsof strain relaxationin Ill—Vsemiconductorheterostructures 131

approximation)is comparedto E11(DCD) for dif- to the correspondingbinary compound values
ferent sample thickness.It is evident that the [12]. It follows that the actualcrystal structureis
differenceis well beyondthe experimentaluncer- related to the bond tetrahedraaccommodation
taintiesfor all the sampleexceptone.The anal- with the minimumdistortion.The Keatingmodel
ysedsamplesdo not havethe samemisfit (seefig. [13] provides an algorithm for the calculationof
3), so thetrendcanbe broughtto light by plotting the elastic energy,which is basedon the knowl-
the quantity [e~° — E11(DCD)]/f (f is the misfit) edge of the bond force constants.By using this
as a function of the ratio T/T~’ between the model, Mbaye et al. [14] have shown that for
sample thicknessand the critical thickness(fig. certain composition values, ternary alloys may
4). The relativedifferencebetweenthe two deter- crystallize in highly orderedstructureswheresub-
minationsof turns out to be negligible below lattices containingatomsof different speciescan
To’, whilst it seemsto be strongerjust above 1~’ be resolvedinto homogeneoussublatticesof lower
andthen to saturateat a valueof about 15—20%. order. For instance,this is the caseof chalcopy-

rite or CuAu-like latticeswhen alloys of the type
AØSB()SC are involved. In orderedstructuresof

5. Discussion this kind the substratemisfit can be accommo-
datednot only by tetragonaldistortion, but also

Failures of the isotropic elastic continuum by internal displacementsof the distinct mo-
model are evident in Ill—V semiconductorj.iet- noelementalsublattices.
erostructureswhenthe critical thicknessfor strain The isotropic elastic continuum cannot ac-
relaxation T~’is approached.As pointed out be- count for this internal degreeof freedom,which
fore, the asymmetryin the misfit line distribution, may be very effective in reducing the elastic en-
which is appreciablenot only betweenT~andTo’, ergyof the epitaxial film. In particular, it canbe
but also for thicknessvaluesup to T 2T~’,intro- shown that the minimum energyof the structure
duces a new kind of deformation involving a doesnot correspondto the absenceof tetragonal
changingin shapeof the primitive cell basis, i.e., distortion and the relation betweenin-planeand
the cell deformationceasesto be purely tetrago- perpendicularstrainsmay differ remarkablyfrom
nal. In this case,three independentphysical pa- the isotropic continuummodel prediction. If the
rametersarenecessaryfor a completedescription alloy is not ordered,this effect is expectedto be
of the elasticdistortion field inducedby the dislo- weaker. However, the above mechanism still
cations. In other words, the film lattice is no works and the layer structuremay be thought if
longer forced to maintain the simple tetragonal as a statistically weighted superpositionof or-
form imposedby the substrateand it has three deredclusters. It has beenshown that this ap-
degreesof freedom at its disposal to accommo- proach provides a good picture of the actual
date the mismatch. distribution of bond lengths[15] and can be the

In an isotropic elastic continuum, the three starting point for the understadingof misfit ac-
deformationsarecompletelyindependent(seeeq. commodationmechanismsby meansof both elas-
(4)). For instance,the tetragonaldistortion can- tic andplastic deformations.
not be compensatedby a deformationof the cell Mbayeet al. [14] suggestthe existenceof what
basefrom the elastic energypoint of view. How- they calls “selection of species” inducedby the
ever, the so-calledvirtual crystal approximation, misfit. That is, the actual arrangementof bond
namely the application of Vegard’s law to bond tetrahedrashould dependstrongly on the sub-
lengthsin alloys, turns out to be an oversimplifi- strate constraint and the overall effect on the
cation. In fact EXAFS experiments[11] show that elastic energy densitycan be strong enough to
bond lengthsin the alloys do not follow Vegard’s invalidate the energy minimization calculations
law, which in turn is a rather good rule for the performedwithin the VCA model, for instance
averagelattice parameter.Bond lengthsand an- the equilibrium theories of Matthews and
glesvary to a much lower extent,remainingcloser Blakeslee.
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A satisfactorymodel for misfit accommodation which relax the constraintsimposedby the sub-
in epitaxial systems involving ternary alloys has strate.Work is in progressin order to developa
not been proposedyet. However, some conclu- phenomenologicalmodel describing the corn-
sionsmay be drawn on the basis of what hasjust bined effectsof the plastic deformationand the
beendiscussed.Coming back to the dislocation internalmechanismsof misfit accommodation.
contribution to strain relaxation, the DCD data
on parallel andperpendicularlattice parameters,
whose behaviour is not fitted by the isotropic Acknowledgements
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