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FUNDAMENTAL GROWTH PROCESSES

ON DIFFERENT GALLIUM ARSENIDE SURFACES

IN METAL-ORGANIC VAPOR PHASE EPITAXY

by

MarkusPristovsek

In this work the homo-epitaxialgrowth on different(hkl) surfacesof gallium arsenide
in Metal-OrganicVaporPhaseEpitaxy (MOVPE) was investigatedin-situ by Re�ectance
Anisotropy Spectroscopy (RAS).TheRAS measurementswerecorrelatedto otherelectron
basedsurfacesciencemeasurementson samplestransferredfrom aspecialMOVPEsystem
withoutcontaminationinto in anUltra-HighVacuum(UHV) systemin orderto interpretthe
in-situRAS spectra.

First,thewell-orderedreconstructionsoneachof thesurfacesweremeasured,andmany
new reconstructionswerediscovered.Thenarsenicdesorptionexperimentswereperformed,
andreactionratesandactivationenergiesweredetermined.Thehigh-index surfaceswith the
largesttilt to the (001) surfacehadthe lowestactivationenergiesandthe highestreaction
ratesfor arsenicdesorption.Probablythebondsaremorestrainedonthehigh-index surfaces,
andthusthearseniccomesoff moreeasily.

On the (113), (Å1Å1Å3) and(001) surfacesRAS spectraweretaken alsoduring growth at
differenttemperaturesandwith differenttri-methylgallium(TMGa)andAsH3 partialpres-
sures.The RAS spectrawerecomparedto eachother. For usualgrowth parametersthree
differenttypesof RASspectra,calledphases,werefound.On the(001)surface,atvery low
V/III ratiosandlower temperaturesusingTMGa – conditionsimportantfor intrinsic high
carbondoping– a fourth phasewasobserved.The phaseboundariesmainly dependedon
temperaturesandpartialpressures,but not on surfaceorientation.Only theuseof tri-ethyl
gallium (TEGa)insteadof TMGa shiftedthe phaseboundarieson the (001)surfaceabout
120-200K to lower temperatures.Thusthe surfaceduring growth dependsmainly on the
precursorchemistry.

Therefore,the adsorptionof TEGawascomparedto the oneof TMGa. Exposingthe
(001)surfaceto TMGa at low temperaturescausesthesameRAS spectraasduringgrowth
atverylow V/III ratios.Thisreconstructionis methyleneterminatedandveryinert to further
TMGaadsorption.However, with TEGanosuchadsorbateterminatedsurfacewasfound.

Duringgrowth at low V/III ratioswith TMGa,threedifferentregimesof carbonincorpo-
rationwereobserved.At very low V/III ratiosbelow onethecarbonincorporationis always
around3 � 1019 cm� 3. At high V/III ratios the carbondoping level is constanttoo, but it
dependson growth temperature.However, in betweena power law dependenceof thecar-
bon incorporationon theV/III ratio wasmeasured,andthesurfaceswererelatively rough.
This behaviour wassuccessfullyexplainedby a changeof the reconstructionof the grow-
ing surfacebetweena methyleneterminatedsurfaceat very low V/III ratiosanda methyl
terminatedsurfaceathigherV/III ratios.
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Preface
Crystalgrowth hasfascinatedmankindfor a long time.Orderthatoriginatesfrom thechaos
of solutionsor melts,this wasnothingelsethana re�ection of the creatingpower of god.
And if the alchemistscouldmake crystals,which wererarely found in nature,surelythey
could�nd thephilosopher'sstone?

Todaythegrowth of crystalsis muchmoreprosaic,andalsobetterunderstood.Though
theoptimizationof theepitaxy(orderedgrowth on orderedseedcrystals)of semiconductor
layersfor device structures,aswell asthepreparation,hasstill somealchemicaltracesin it
(“A growth interruptionof six secondsmakesthedot's luminescencemuchbrighter. . . ”)

Undoubtedlytherehasbeenhugeprogressin understandingepitaxyin thelast�fty years,
whensurfacescienceon anatomicscale�rst becamepossible.And the“endof surfacesci-
ence”is still faraway, aseverynew answerseemsto producetwo morequestions.Addition-
ally, therearemany aspectsor missedphenomenawhich arewaiting to berediscovered,as
quantumdotsand,morerecently, nitridesemiconductorshaveproven.

The growing knowledgeof the growth processowesa good part to the development
of new methodsto measureat atomicscales.For a long time only indirect or diffraction
basedmethodswereavailablesuchasLEED (Low Energy ElectronDiffraction),but nowa-
daysthe imagingof a realsurfaceusingSTM (ScanningTunnelingMicroscope)is quitea
normaltask.Anotherimportanttool wasthedevelopmentof surfacesensitiveopticalmeth-
odssuchasRAS(Re�ectanceAnisotropy Spectroscopy) for surfacescienceevenin growth
environmentsusedfor production,wheretraditionalsurfacesciencetoolsfailedto work.

The tremendoussuccessof semiconductorsciencehasmadecomputerssmallerand
faster. So fast, that in recentyearscomputationalsurfacesciencehasachieved hugesuc-
cessin doingsimulationsof realisticsystemsof 100or moreatoms.Evenmoreimportant,
the resultsof thesecalculationsaregettingcloserto theexperiments.The cooperationbe-
tweencalculationsandexperimentshasbeenandcertainlywill be very fruitful. This is a
big stepforward towardsfurther understandingof basicgrowth mechanismsthemselves,
becausetheorycangive insightinto details,thataresimplynotaccessibleto experiments.

This work basesalso on many works at the end of the 60s,when controlledepitaxy
was �rst achieved. At that time a hugeparameterspacehad to be scanned,i.e. different
temperatures,precursors,partial pressures,substratesand their orientations,and last but
not leastthe differentgrowth methodsthemselveswerechecked. Today, theseold results
have receivedinterestagain,asthequestfor highercarriercon�nementin low dimensional
structureshave meantthat differentcrystalorientations(high index surfaces)andextreme
growth parametersare tried again.Many of theseold resultshave beenunderstoodonly
recently, asit is now knownthatsemiconductorsurfacesspontaneouslyrearrangethemselves
(forming reconstructions)to minimizedanglingbondsandsurfaceenergy.

Theaimof thiswork is toexplainthehomo-epitaxyof galliumarsenidein Metal-Organic
VaporPhaseEpitaxy(MOVPE)onthe(001)andseveralhigh-index surfaceswith respectto
thecurrentstateof knowledgeof theMOVPEprocess.
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1 Static Crystal Surface

1.1 The Surface

Thegrowth of any singlecrystalstartswith a seed.For epitaxyof two-dimensionallayers,
theseedcrystalis calledthesubstrate.Theusualsubstrateis a singlecrystal,which is cut
alonga high symmetryaxis andhasa polishedsurface.Becauseit is a real surface,it is
misorientedto somedegreereferringto the intendedcutting direction.Thuswide terraces
appear, dividedby mono-atomicstepsto compensatefor themisorientation.

An intentionallymisorientedsurfaceis calleda vicinal surface,in contrastto anideally
�at exact orientedsurface.The distanceof steps,calledterracewidth L, dependsonly on
themisorientationangle� andthelatticeconstantalongthesurface(a0):

L(� ; a0) =
a0

tan �
: (1.1)

For thevicinal (001)GaAssurfacetheresultingterracewidth is plottedin �gure 1.1.
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Figure1.1:Stepdistanceon (001)GaAsasa functionof theangleof misorientation.

Figure1.2 shows the surfaceof an ideal singlecrystalwith a monoatomicstep.Each
of theboxescorrespondsto a monomer, i.e. a singleconstituentof thecrystal.Besidesthe
idealsurfacesites� ve othersiteswith largernumbersof nearneighborsexist. In table1.1
thenumberof nearneighborsfor thesesiteson acubic(001)surfacearelisted.

Dependingon the numberof nearneighborsthe bindingenergy changes.A monomer,
caughtby a surfacehole or a stephole, is boundvery tightly, in contrastto a monomer
that just sits on an ideal surfacesite. For this reasonany holesare immediately�lled at
thebeginningof growth. Evenmore,holesarevery unlikely to beformedduringgrowth in
greatnumbers,becausea lot of atomsmustbepreviously attachedto othersitesin exactly
theright order. Thus,on realsurfacesholesappearonly rarelyandcanbeneglected.

Thenumberof nearestneighborsitesdependsstronglyon crystalsymmetryandorien-
tation of the surface.For exampleon a cubic (111) surfacea monomerhasthreenearest
neighborbonds,whereason the cubic surface,in �gure 1.2, a monomerhasjust a single
nearneighbor.

Figure1.3showsall importanthigh-index surfacesof thefacecenteredcubicgalliumar-
senide(001)crystal,whichareperpendicularto the[1Å10] direction.Many differentsurfaces
exist.
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Figure1.2:Thedifferentsitesfor an atomona surface.

site neighbor binding
next 2nd strength

1. monomer 1 8 weak
2. alongamonomer 2 8
3. step-edge 2 10
4. kink 3 10 #
5. stephole 4 10
6. surfacehole 5 12 strong

Table1.1:Numberof nearestneighborsona cubic(001)surfaceof differentsurfacesites.

In this work the(001),(113),(115),(110),(Å1Å1Å3) and(Å1Å1Å5) will be investigated.There-
foresomenotationshave to bemadein orderto preventconfusion.

It is obviousfrom �gure 1.3thatfor abinarycompoundcrystalof A andB constituents
(like gallium arsenide)the (111) and (Å1Å1Å1) surfaces(andhencealso the (113) and(Å1Å1Å3)
surfaces)arenot identical.A (Å1Å1Å1) surfacecorrespondsto a (111)surface,on which all A
atomsareexchangedby B atoms.On the (111) surfacean A atomhasthreeback-bonds
andonly onebond forward. Hence,it is boundvery tightly to this surfaceand the (111)
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1 ]
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Figure1.3:High-index surfacesperpendicularto the[1 Å10] directionof gallium arsenide.



1 StaticCrystalSurface 10

surfaceis expectedto be terminatedmoreor lesscompletelyby A atoms.The situationis
reversedon the(11Å1) (or (Å1Å1Å1)) surface,whereit is terminatedby B atoms.For this reason
the(111)surfaceis oftencalled“(111)A” andthe(Å1Å1Å1) “(111)B” or, evenwrong,“( Å1Å1Å1)B”.
(For gallium arsenideA is gallium,B is arsenic,thusthereis alsothevariationof (111)Ga
and(111)Asor (Å1Å1Å1)As.) However, this denominationis neitherphysicallycorrect(asfor
GaNwherea (Å1Å1Å1)=(111)B=(111)Nis gallium terminated),nor do the(111)A and(111)B
surfacesbehavenearlyasidenticallyassuggested.Therefore,thecorrectnamingschemeof
(111)and(Å1Å1Å1) is usedthroughoutthiswork.

Additionally, throughoutthiswork thefollowing conventionfor bracketsis used:square
bracketsname[hkl] directions,roundonesname(hkl) surfaces,andall equivalentsurfaces
have the form f hklg. If more thanonesurfaceis presenton a sample,the additionalsur-
facesarecalledfacetsandarealsodesignated(hkl) or f hklg. Equivalentsurfacesto f ÅhÅkÅlg
on GaAsarethe (ÅhÅkÅl), (Åhkl), (hÅkl) and(hkÅl) surfaces;andfor f hklg are(hkl), (ÅhÅkl), (ÅhkÅl)
and(hÅkÅl). Notethatthe(110)andthe(Å1Å1Å0) surfacesareidentical,sincethe(Å1Å1Å0) cannotbe
mathematicallydistinguishedfrom the(Å1Å10)=f 110g surface.Therefore,simply for mathe-
maticalreasonsonly asingletypeof f 110g surfaceexists.

1.2 SurfaceReconstruction

Sofarnoassumptionabouttheinnerstructureof acrystalsurfacewasmade.However, many
differentkindsof structuresonacrystalsurfacecanbefound.In themostsimplemodel,the
atomson the surfaceareat the samepositionsasin the bulk; therefore,sucha surfaceis
calledtruncatedbulk structure. Indeed,a truncatedbulk structureis foundon thesurfaceof
many materialslike metals,raregascrystals,or crystalsof complex molecules,in all cases
whenthebindingforcesaresmallor thecomponentsforming thecrystalarelarge.

However, onmany ionic or covalentcrystalsthebindingenergiesarequitehigh.Usually
thesurfacesof suchcrystalsdeviatefrom atruncatedbulk structure,andtheatomsrearrange
themselvesto lower thesurfaceenergy. Usuallythesymmetry(sizeof surfaceunit mesh)or
thestoichiometryof thesurfaceis changedwith respectto a truncatedbulk structure.This
rearrangementis calledreconstruction. Sincea surfacecanform several reconstructions,a
namingschemeis usedbasedon thesizeof thesurfaceunit meshfor themainaxesof the
surfacecomparedto thebulk. For example(2x4)on a (001)GaAssurfacemeanstwo times
the sizealong[1Å10] andfour timesalong[110]. If several reconstructionswith the same
symmetryexist, they are differentiatedby a Greekletter. Additional informationmay be
encodedin anotherletter, likep (primitive),c (centered)or d (disordered).

Thedriving force for theappearanceof reconstructionsis the minimizationof thesur-
facefree energy. In a crystalusuallyonly bondingorbitalsare�lled by sharingelectrons
with neighboringatoms,so that every atoms“feels” eight electrons.In the caseof GaAs,
thegallium cancontribute three,andthe arsenic� ve electrons.Sincetherearefour bonds
on any atomin thefcc structure,onecansimply saythatgalliumcontributes3

4 electronand
arsenic5

4 to eachbond.On a surfacesomeof theseorbitalshave unpairedelectrons(dan-
gling bonds). Theseareenergeticallyveryunfavorableandthereforechemicallyveryactive.
Strictly speakingthedanglingbondswhich correspondto bondingorbitalsshouldbe�lled
andtheonesthatcorrespondto anti-bondingorbitalsshouldbeempty.

On mostIII-V andII-VI semiconductorsurfaces(e.g.GaAsor ZnSe)thereis a simple
criteria for which danglingbondsare bondingand anti-bonding:Group V(VI) dangling
bondscorrespondto bondingorbitals(they want to be �lled), while groupIII(II) dangling
bondscorrespondto anti-bondingorbitals (they want to get rid of their electrons).This
meansfor GaAsgallium danglingbondsareemptyandarsenicdanglingbondsare�lled.
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This is theessenceof theso-calledelectron countingrule [1]. Usually reconstructionsthat
satisfytheelectroncountingrulearemorestablethantheonesthatdo not.

The easiestway for a surfaceto ful�ll this rule, i.e. to emptyall anti-bondingorbitals,
is to redistributetheelectronsof thedanglingbonds.Sucha surfaceterminationwith only
redistributedelectronsis calledrelaxation. On a relaxed surfacethe electronsusuallyare
redistributedbetweennext neighboratoms.However, asurfacerelaxationis oftenforbidden,
eitherfor geometricalreasons,or simplyduetoalackof electronsoremptybondingorbitals.
Thenthe atomsmustrearrangethemselvesto changethe total numberof danglingbonds.
The atomsmust leave their normal placesto form a reconstruction,which may contain
vacancies,singlead-atoms,dimers,or rarelyalsotrimersandtetramers.(A dimerdenotes
a bondbetweentwo atomson thesurface,which is differentcomparedto thebulk bonding
arrangement.)

Of coursethestability of a singlecrystalsurfacedependsnot only on theright number
of electronsperunit mesh.Otherfactorslike strainor thechemicalenvironmenthave to be
taken into accounttoo. All theserequirementstogetherarere�ected by the free energy of
a surface.A real surfacehasto minimize its free surfaceenergy. For differentconditions
differentreconstructionscanmeetthis criteria.

On compoundcrystalsthe concentrationsof the compoundsat the surfacehave to be
consideredtoo. This simply meansthatwith arsenicrich conditionsa reconstructionis fa-
voredwhich incorporatesmorearsenicatoms.

1.2.1 ChemicalPotential

The concentrationof the compoundson the surfacecanbe characterizedby the chemical
potential� . In the caseof gallium arsenidetherearethreechemicalpotentialsto be taken
into account.Thesearetheoneof bulk GaAs� GaAs bulk , of arsenic� As andof gallium� Ga at
thesurface.The�rst is constant,while thelattertwo canchangeonthesurface.Theirupper
limit is given by the chemicalpotentialof a bulk of the component,e.g. � As bulk > � As ,
otherwiseanarseniccrystalwould form (or galliumdropletsat theotherextreme).Thesum
of � Ga + � As mustyield � GaAs bulk , otherwisearsenicor gallium would beevaporatedfrom
theGaAscrystal.

Since� Gabulk and� As bulk areconstant,it is convenientto usethedifferenceof the � to
theirbulk values:

� Ga < � Gabulk ) � � Ga := � As � � As bulk < 0

� As < � As bulk ) � � As := � As � � As bulk < 0

Applying theabovediscussedlimits to thevarious� , oneobtains:

� GaAs bulk = � As + � Ga < � As bulk + � Gabulk

� GaAs bulk � (� As bulk + � Gabulk ) = � As � � As bulk + � Ga � � Gabulk < 0

� GaAs bulk � (� As bulk + � Gabulk ) = � � As + � � Ga < 0 (1.2)

The term � GaAs � (� As bulk + � Gabulk ) is simply theenergy of formationof gallium ar-
senide� � H . Calculationsandmeasurementssuggestavalueof (0:80� 0:15)eV for � H .
Therefore� � As and� � Ga arerestrictedto smallrange:

� � HGaAs � � � As < 0 or

� � HGaAs � � � Ga < 0 (1.3)



1 StaticCrystalSurface 12

Since� � Ga + � � As = � � HGaAs it is enoughto considereither� � Ga or � � As . For
example,� � Ga � 0 denotesgallium rich conditions,i.e. the onsetof gallium dropletfor-
mation.� � Ga � � � H correspondsto arsenicrich conditions.

How coulda reconstructionrespondto arsenicrich conditions?Certainlya reconstruc-
tion containingexcessgallium (a gallium rich reconstruction)is unfavorable,asa recon-
structioncontaininga lot of arsenicatomsseemsbettersuited.Indeed,thefreeenergy of a
reconstructiondependson thechemicalpotential,asit canbeseenin �gure 1.4.

Figure1.4:Calculationof total surfaceenergiesof severalreconstructionson (001)gallium
arsenide[2] usingDFT-LDA.

Figure1.4 shows thecalculatedtotal energy of severalreconstructionson a gallium ar-
senide(001) surfaceas a function of the chemicalpotentialof gallium � � Ga . Only the
reconstructionwith the lowestenergy at a given chemicalpotentialis stable.For gallium
rich conditionsthegallium rich � 2(4x2) reconstructionis thelowestenergy structure,with
morearsenicrich conditions� (2x4),� 2(2x4),and�nally theveryarsenicrich c(4x4)recon-
structionarethemoststable,lowestenergy reconstructions.

1.3 Equilibrium Crystal Shape

Thefreeenergy of a reconstructionis importantto determinethestability of anactualsur-
face,becauseundercertainconditionssomesurfacestendto spontaneouslyform structures
like grooves,pyramidsor holes,whosesidewalls arehigh-index surfaces.Thesesidewall
surfacesarecalledfacets.

Thesimplestsystemwith facetshasthreesurfaces,the �at surfaceA andtwo adjacent
facetsB andC (�g. 1.5). FacetB (C) is tilted by anangle� (
 ) with respectto the�at surface
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A. Theareacoverageof facetB (C) projectedon A is called� B (� C ). Sincethe facetsare
tilted, their realareasaregivenby � B

cos� ( � C
cos
 ). Thusthetotal energy of thissurfaceis:

E tot = EA � A + EB
� B

cos�
+ EC

� C

cos

: (1.4)

If thestartingsurfaceis �at (� A = 1) thenevery stepup to a facetB mustbe followed
by astepdown with a facetC (asseenin �g. 1.5).

              a a a a a aa

6

?
h �q

B C
� 
A

� A
-� -�

� B � C

Figure1.5:Geometryof thesimplestfacettedsurface.

Simpletrigonometryyieldsthefollowing equation:

h = � B tan � = � C tan 


� B
tan �
tan 


= � 
 : (1.5)

Puttingequation(1.5) in (1.4) one�nally endsupwith

E tot = EA � A + EB
� B

cos�
+ EC

� B
tan �
tan 


cos


E tot = EA � A + EB
� B

cos�
+ EC

� B tan �
tan 
 cos


: (1.6)

The surfacewantsto minimize its energy E tot . It is obvious thateitherthe completely
�at surface(� A = 1; � b = 0) possessesminimum energy, or the facetedsurfacewhich is
coveredcompletelyby B andC (� A = 0; � b + � C = 1). Equation(1.5) canbeuseddirectly
to calculate� B in this case:

� B + � C = � B + � B
tan �
tan 


= � B

 

1 +
tan �
tan 


!

= � B

 
tan 
 + tan �

tan 


!

= 1

� B =
tan 


tan � + tan 

: (1.7)

Finally equation(1.6) yieldsthefollowing conditionfor faceting:

EA >

 
tan 


tan � + tan 


!  
EB

cos�
+

EC

cos

tan �
tan 


!

: (1.8)

If this equationis ful�lled, facetswill appear. However, equation(1.8) tells usnothing
aboutthe shapeof the resultingsurface,i.e. if thereare only two large areasof facetB
and C or many smallerstepsup and down. The �nal shapeis determinedby the elastic
constantsand the diffusion length,which will be discussedin section3.1. Even more, if
masstransportis veryslow, facetingmight not beobservedon reasonabletimescales,even
thoughthesurfaceis notstablefrom anequilibriumpointof view.

Onamorecomplex systemlikeaspherethesameanalysiscanbedoneasfor thesimplest
system.Also, by calculatingthesurfaceenergiesfor severalsurfaces,theequilibriumshape
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Figure1.6:Calculatedequilibriumshape(Wulff construction)of a gallium arsenidecrystal
for arsenicrich and gallium rich conditionsusing DFT-LDA. Consideredare
f 113g, f 112g, f 111g, f 110g andf 001g surfaces[3].

of a crystalcanbedeterminedby a so-calledWulff construction.Figure1.6 shows a Wulff
constructionof galliumarsenidefor arsenicrich andfor galliumrich conditions.

It is interestingto note,that in caseof gallium arsenidemany �at surfacesdo not rep-
resentminimum surfaceenergies at gallium rich conditions,i.e. it is energetically more
favorableto form facetsfor thesesurfaces.The(001)surfaceis especiallynot stableat gal-
lium rich conditions,even thoughreconstructionson gallium rich (001) surfaceslike the
(4x2) have beenobservedexperimentally. This illustratesthefact that,if materialtransport
is slow, a facetingmightnot beobserved.



2 Growth Dynamics

Sofar only equilibriumprocesseswereconsidered.However, thegrowth itself canlead
to theformationof facets,evenif thefacetsarenotbestablein equilibrium.

Figure2.1:Evolution of facetson a sphereof gallium arsenideafter Cl-VPE growth [4].
Notethat thef 111g facetshave vanished.Their formerpositionis indicatedby
arrows.

Figure2.1 shows facetswhich evolvedduringChlorideVaporPhaseEpitaxy(Cl-VPE)
growth on a former GaAs hemisphere[4]. It looks very similar to �gure 1.6. However,
theunderlyingmechanismof facetformationis completelydifferent.In �gure 1.6 the�nal
shapewasonly determinedby thefreeenergy of thedifferentreconstructions,while in the
caseof growth thedifferentgrowth rateson thefacetsthemselvesdeterminetheshape.For
examplethe(111)and(Å1Å11) facetshavevanished,althoughaccordingto �gure 1.6 they are
stablesurfacesunderall conditions.This disappearanceis causedby thevery high growth
rateon the f 111g surfaces(see�g. 2.2). On theotherhand,thesizeof all facetswith low
growth ratesareincreased.

Lower growth rateson somefacetsarepossiblydueto smallersticking coef�cients or
higheractivationenergy for incorporation(in thiscasetheatomssimplydesorbbeforebeing
incorporated).If a facetis muchsmallerthanthediffusionlength,thegrowth ratebecomes
additionallysmaller, becauseatomsarelost by diffusion.(Thefractionof atomsin relation
to the sizeof the facetscanbe calculatedby the BCF-theory, which will be discussedin
section3.2.2.)

The differencesof growth ratescaneitherenhanceor diminish facets.An exampleis
givenin �gure 2.3, a groove with facetsidewalls. Whengrowth is initiated,andfacetB is
growing muchfasterthanfacetA. Thegroove is vanishing,simply for geometricalreasons.

What is the crucial differencefor the growth rates?The simplestsystemis a large �at
surfacewith a smalladjacentfacet.Insteadof thefreeenergy of thesurface(asin thepre-
vioussection1.3), thegrowth rateR is now thecrucial factor. Theprojectedgrowth ratein
thedirectionof the�at surfaceA of thefacetB (RB cos� ) hasto belarger thantheoneon
theinitial surfaceRA , otherwiseno facetingwill occur.

15
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Figure2.2:Growth ratesof differentsurfacesof gallium arsenideduringCl-VPE growth at
differenttemperatures(1025K [5], 1000K and1030K [4]).
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Figure2.3:Higher growthrateof thefacetB leadsto thedisappearanceof thegroove.

Figure2.4 shows thegeometryof this process.Theareaincreaseof facetB (� � B ) can
becalculatedfrom � R and� . � R is de�ned as:

� R = RB ? � RA =
RB

cos�
� RA : (2.1)

Thustheareaincreaseis givenby:

� � B =
� R

tan �
=

RB � RA cos�
cos� tan �

=
RB � RA cos�

sin�
: (2.2)

Thesituationis reversedif � < 0 i.e. on a sphere.Thentheslower growing facetwill
remain.And indeedin �gure 2.1thefastgrowing f 111g facetsarenotvisibleany moreand
theveryslow growing f 110g facetsareverylarge.If thegrowth hadproceededmuchlonger
theresultwouldhavebeenanoctahedronof f 110g facets.
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Figure2.4:Geometricalconstructionfor theareaincreaseduring faceting.



3 Growth Processon an Atomic Level

Thegrowth processon any singlecrystalsurfaceincludesat leastfour stepswhich the
monomers(i.e. thelaterconstituentsof thecrystal)have to go through:

1. Adsorbtion Monomersadsorbat thesurface.

2. Diffusion Monomersmove(diffuse)on thesurface.

3. Desorption Thelongerthemonomersdiffuseonthesurface,thehigheris theprobability
for desorption.

4. Incorporation If a monomerduringdiffusionreachesa sitewith a high numberof next
neighbors,it is incorporated.

For thegrowth of GaAstheseprocesseshave to beconsideredfor gallium andarsenic.
For Metal-OrganicVaporPhaseEpitaxy(MOVPE) growth thechemicalnatureof boththe
galliumandarsenicprecursorhave to betakeninto accounttoo.

Of thefour steps,diffusionis themostimportantprocessfrom thetechnologicalpointof
view, sincethisprocessdeterminesthesizeof structuresor facetsonthesurface.Therefore,
in thefollowing sections,diffusionwill bediscussedin detail.

3.1 Diffusion

Diffusionon a solid surfaceis de�ned asthemotionof particleson a discretelattice.In this
work diffusionmeansthemotionof monomerson surfaces.A monomeris a constituentof
the crystal; this might be atoms,clustersor (asin MOVPE) partly decomposedprecursor
molecules.

Therearetwo parametersthat characterizediffusion: the meandistanceon the surface
(diffusionlength)andtheaveragetimeneededto travel (velocity).Usuallythelatteris very
shortcomparedto thetypicalgrowth ratesof a monolayerpersecond,andthusnot of tech-
nologicalimportance.

18
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Diffusionlengthandvelocitymaydiffer for differentdirections,but it is usuallyassumed
thatdiffusionalongthedifferentdirectionsareindependent.Consequentlytheproblemcan
betreatedasanonedimensionalproblem.

The basic assumptionis that the monomersdo a randomwalk: at every momenta
monomerhasa probability to move eithera stepin onedirectionor theother. Both proba-
bilities areassumedequal.Onaveragethemonomerneedst secondsfor asinglestep.Since
the probabilitiesfor stepsin both directionsareequal,the meanpositionof the monomer
afteranumberof n stepsis at thestartingpositionx0.

Thentheprobabilityfor a monomerto beat thepositionx afterthetime � = n� � 1 (i.e.
n steps,eachtakingthetime �

n = � � 1) canbecalculateddirectly (seee.g.[6] p.75):

P(x; � ) =
1

p
2� D�

exp

 

�
(x � x0)2

2D�

!

; (3.1)

whereD denotesthediffusioncoef�cient D = a2
0� anda0 thelatticeconstant.

This is identicalto a Gaussianaroundx0: P(x) = 1p
2� �

exp
�
� (x � x0 )2

2� 2

�
with the stan-

dardderivation� . Thus,thediffusionlengthis de�ned asthestandardderivation� of equa-
tion (3.1), andoneobtainstheEinsteinrelation:

� = � =
p

D�

� 2 = D� : (3.2)

The dependenceof the diffusion coef�cient D on the temperatureis determinedby a
simple activation energy approach(which is generallydiscussedin section4). For each
singlestepthemonomerhasto overcometheactivationbarrierof diffusionED if f :

D = D0 exp
�

�
ED if f

kB T

�

: (3.3)

Theaveragetime for diffusion � dependson theevent thatstopsdiffusion.If theevent
is nucleationthen� is equalto time of freediffusion,i.e. � is proportionalto themeanfree
pathon the surface.The otherpossibleevent is desorption.In this case� dependson the
rest time on the surface.Thesetwo limits representcompletelydifferentgrowth regimes:
nucleationlimited diffusionanddesorptionlimited diffusion.

A highgrowth rate(i.e.ahighmonomerdensityon thesurface)certainlycorrespondsto
nucleationlimited diffusion.On theotherhand,smallgrowth ratesandhighertemperatures
correspondto desorptionlimited diffusion.The smallerthe incoming�ux, andthe higher
thetemperature,themoremonomerscandesorbbeforethey nucleate.Figure3.1showsthis
schematically.

Note that in �gure 3.1 for both extremecases,when �ux J ! 1 and temperature
T ! 0, or J ! 0 andT ! 1 , the diffusion lengthis vanishing,� ! 0. However, the
growth rateis in�nite in the�rst caseandzeroin thesecond.

3.1.1 NucleationRegime

In this regime the diffusion is limited by a nucleationevent.A nucleationevent is de�ned
astwo monomersmeetingeachother. The probability of nucleationeventsis higherwith
higherdensityof diffusing monomers,i.e. a higher�ux of incomingmonomers.A higher
probabilityhowever, meansa shortertime � for diffusion.Thus,� is inverselyproportional
to themonomerdensityon thesurface:

� =
NA

J
; (3.4)



3 Growth ProcessonanAtomic Level 20

l®
0

l®
0

de
so

rp
tio

n 
lim

ite
d

nu
cle

at
ion

 lim
ite

d

flu
x 

®
  ¥

temperature ®  ¥

Figure3.1:Separationbetweennucleationlimited anddesorptionlimiteddiffusion.

whereNA is thenumberof surfacesites,whichcanalsobea functionof thetemperature.
Putting equation(3.3) and (3.4) into (3.2) one obtainsthe following equationof the

diffusionlength� :

� (NA ; J; T) =

s

D0
NA

J
exp

�

�
ED if f

2kB T

�

: (3.5)

The factorof 2 in the denominatorof the exponentoriginatesfrom the squareroot in
equation(3.2):

p
D =

q
exp(� E=kB T) = exp(� E=2kB T). Sincethewholeexponentis

negative andthe temperatureis in the denominator, the diffusion length in the nucleation
regimeis increasingexponentiallywith temperature.

Extensionto MOVPE Growth of GaAs

For binarycompoundslike GaAsduringgrowth bothspecies,arsenicandgallium, diffuse
on thesurface.In this casearsenichasa muchhighervaporpressure,thusup to a thousand
timesmorearsenicthangallium is offeredto thesurface.Thereforetheeffectof thearsenic
is usuallyneglected(“arsenicis everywhere”).However, the effect of arsenicis de�nitely
not negligible: themorearsenicis offeredto thesurface,thehigheris theprobability for a
diffusing gallium atomto form a bondto an arsenicatomandto be incorporated.On the
otherhand,if moregallium is incorporated,lessdiffusing atomspopulatethe surfaceand
thusthemeanfreepathfor diffusionincreases.

Hencethefreediffusiontime � is affectedby thegallium �ux J . In equation(3.4) � is
simply proportionalto thenumberof gallium atomson thesurface.To take thearsenicinto
accountthe modelcanbe extendedby usingthe ratio betweenarsenicandgallium (V/III
ratio) insteadof thegallium �ux, becausethemorearsenicis on a surfacethe lower is the
effectivedensityof unincorporateddiffusinggalliumatoms.

Obviously theparameterNA , which givesthenumberof surfacesites,in equation(3.4)
must be changedtoo, sincethe V/III ratio is dimensionless.It is now called N r and its
dimensionis thatof a length:

� =
NA

J
= Nr � rV=I I I : (3.6)

� canbeinsertedinto equation(3.2) andanexpressionof thediffusionlengthis obtained:

� (rV=I I I ; T) =
q

D0Nr
p

rV=I I I exp
�

�
ED if f

2kB T

�

: (3.7)
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Therehavebeenexperimentalevidenceby diffuseX-ray scatteringmeasurements(GIXD),
which supportthe assumptionof the above model, i.e. a square-rootdependenceof the
diffusionlengthfrom thepartialpressureof thegalliumprecursorontheGaAs(001)surface
[7].

In mostexperimentsthe diffusion length� is measuredfor certaingrowth parameters.
Thentheactivationenergy ED if f canbesimply obtainedfrom anArrheniusplot of � mea-
surementsat differenttemperatures,but thereis no way to directly measurethe diffusion
coef�cient

p
D0Nr . Theonly way to determinethediffusioncoef�cient

p
D0Nr is to trans-

form equation(3.7) until it yields
p

D0Nr :

q
D0Nr (�; rV=I I I ; T) =

�
p rV=I I I

exp
� ED if f

2kB T

�

: (3.8)

Now thedifferent
p

D0Nr canbeplottedin a diagramandtheaveragediffusioncoef�-
cient<

p
D0Nr > canbecalculated.

3.1.2 Desorption Limited Regime

In thedesorptionlimited regimeamonomerdesorbsif it hasenoughenergy for desorption.
Thereforefor theresidencetime � anactivationenergy approachis made:

� = � 0 exp
� ED es

kbT

�

(3.9)

whereED es is theactivationenergy for desorption.
At highertemperaturetheresidencetime� decreases.Insertingequation(3.9), (3.3) into

(3.2) thefollowing dependenceof thediffusionlength� is obtained:

� (T) =
q

D0� 0 exp
� ED es � ED if f

2kB T

�

: (3.10)

It shouldbe emphasizedthat ED if f mustbe smallerthanED es, otherwisemonomers
woulddesorbimmediatelyinsteadof diffusingonthesurface.Thismeans0 < ED es� ED if f .
Thus,thediffusionlength� is decreasingwith increasingtemperature.

3.2 2D Island NucleationGrowth versusStep-�ow Growth

Asmentionedearlierrealsurfaceshavesteps.Step-edgesactaspreferredincorporationsites,
becauseat a step-edgea monomeris boundby a highernumberof nearestneighborsthan
on the�at surface.Thestepsin�uence theincorporationbehavior, asit will bediscussedin
thenext sections.

3.2.1 2D Island NucleationGrowth

On an ideal surfacewithout stepsthe growth proceedsthe following way: �rst monomers
diffuseonthesurface,thennucleationstartsandislandsgrow until theislandscoalesce,and
�nally all holesin thenew monolayerare�lled, andthenew monolayeris completed.

Figure3.2showsaMonte-Carlosimulationof thedevelopmentof themonomerdensity
andthe islanddensityduring the growth of a singlemonolayer[8]. Four regimescanbe
easilydistinguishedon theleft sideof �gure 3.2.
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Figure3.2:Calculatedcoverageof monomers(atoms)andislandsduringthegrowth of one
monolayerplottedon logarithmic(left) andlinearscales(right) [8].

I Islandnucleationstarts,theislandsaresmall.Thedensityof monomersis muchhigher
thanthedensityof islands.

II After theislandandthemonomerdensitiesareequal,they becomeinverselypropor-
tional (/ t

1
3 or / t � 1

3 ).

III When the size of the islandsbecomescomparableto the island spacingnearly all
monomerscanreachanislandwithin thediffusionlength.Thus,themonomerdensity
is droppingrapidly.

IV Finally, themaximumnumberof islandsis reachedandthesurfaceroughnessis max-
imal.Thedensityof islandsis decreasing,sinceislandscoalesce.Ontopof theislands
nucleationis startingagain,assoonasthesizeof an islandbecomeslarger thanthe
diffusionlength.Hencethemonomerdensityis increasingagain.

Theright handsideof �gure 3.2alsoshowsmonomerandislanddensitiesbut onalinear
time andsurfacecoveragescale.Normally, thesescalesarerelevant for comparisonto ac-
tualgrowth experiments(like re�ectanceanisotropy oscillationsdiscussedin section6.6.1).
Two thingsare remarkable:�rst the numberof monomersat all times is very small, and
thereforemonomersarehardlyobservedexperimentally. Secondly, only thedevelopmentof
theislandsizein regimeIII andIV (wherenogoodanalyticaltheoryexists)is importantfor
comparisonof experimentandtheory.

3.2.2 Step-Flow Growth

Realsurfaceshave stepsat moreor lessregular distances,dueto a slight misorientation.
Obviously theeffectof preferredincorporationat thestep-edgesbecomesmorepronounced
if the stepsget closertogether. At a certainpoint, when the diffusion length � becomes
longer than the terracewidth L, nearlyall monomersare incorporatedat the step-edges.
Thisgrowth modeis calledstep-�owgrowth.

An analyticaldescriptionfor thetransitionfrom2D islandnucleationgrowth tostep-�ow
growth wasfoundin 1949by Burton, Cabrera andFrankandis thereforecalledBCF-theory
[9]. They calculatedthedependenceof � B CF (numberof monomersthatreachastep)from
terracewidth L anddiffusionlength� :

� B CF =
2�
L

tanh
� L

2�

�

: (3.11)
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Figure3.3:Fractionof monomers that reach thestep-edgeduringdiffusion.

In �gure 3.3 � B CF is plottedversusthenormalizeddiffusion length �
L . If thediffusion

length� is abouttheterracewidth L, 92% of themonomerscanreachthestep.Suchahigh
fractionof monomersvery likely correspondsto step-�ow growth. If � = 1

4L only 48% of
the incomingmonomersareincorporatedat the step-edges.The remainingmonomerscan
form islandson the terraceandthegrowth is in the2D islandgrowth regime asdescribed
above.

Thequestionremainsat which diffusionlengththetransitionto step-�ow growth takes
place.From�gure 3.3, onecande�ne thevalueof � = 0:5L with 76% of monomersasthe
transitionbetweenthesetwo modes.

3.3 Step-Bunching

The BCF-theorydoesnot distinguishbetweenmonomersthat arrive at the stepfrom the
upperor lower terrace.This is not necessarilycorrect.Schwoebel�rst pointedout that the
changeof thediffusionpotentialfor a monomerdueto a step-edgeis important.A barrier
might form at thestep-edge,hinderingeitherthemonomersfrom theupperterraceto attach
at thestepandmakeit moreeasyfor themonomersarriving from thelower terrace(de�ned
aspositiveenergy, asshown �g. 3.4) or viceversa.

ESchwoebel

Figure3.4:Thediffusionpotentialwith a positive Schwoebel-barrier, which makestheat-
tachmentof monomersfromthelowerterracemorelikely. (Dottedline: diffusion
potentialwithout astep.)



3 Growth ProcessonanAtomic Level 24

As aresult,duringgrowth thestepsaremoving with differentvelocitiesoverthesurface.
If theSchwoebelbarrieris positive,stepsthatbelongto a large terracearemoving slower
thantheonescloseto a small terrace.The resultis a very �at surfacewith equallyspaced
steps.However, the differentcaseis alsopossible.In this casethe stepson large terraces
aremoving faster“eating” smallterraces.Theresultingsurfaceconsistsof areaswith many
stepsandlargerterraces.Theeffect of stepsgettingclosertogetherandforming supersteps
is calledstep-bunching.

To observestep-bunchingonavicinal surfacetwo thingsareneeded.First, thediffusion
lengthhastobemuchlongerthantheterracewidth;all of theincomingmonomerscaneasily
reacha step-edge,thusthe growth proceedsin the step-�ow regime.Secondly, theremust
beanegativeSchwoebelbarrier, i.e.apreferredattachmentfrom thehigherterrace.

In �gure 3.5 thedevelopmentof step-bunchingis shown schematically.

(a) Theinitial vicinal surfacehasequallyspacedsteps.

(b) Whenthe growth is initiated, small �uctuations of the terracewidth appear, due to
a randomdistribution of monomerson the surface.Sincethe �ux of monomersto
a terracedependsonly on the sizeof the terraces,larger terracesarecatchingmore
monomers.A negativeSchwoebel-barrier(i.e. a preferredattachmentfrom theupper
terrace)resultsin anfasterenlargementof thewideterraces,becausethestepvelocity
is proportionalto thenumberof impingingmonomersandthusto the terracewidth.
Hencewide terracesaregrowing fasterthanany smallerneighboringterraces.

(c) Finally theterracewidth of thelargestterracesequalsthediffusionlength.Nucleation
startsin themiddle of theseterraces.Hencethesteppropagationspeeddoesnot in-
creaseany morewith increasingsizeof theseterraces,sincethenumberof monomers
thatreachthestepremainsconstant.

(a)

(b)

(c)

Figure3.5:Theevolutionof step-bunching:(a) initial surface,(b) growth starts(arrows:ve-
locity of stepson thesurface),(c) nucleationstartsin themiddleof theterraces.

Due to this mechanism,the �nal terracewidth saturatesat the diffusion lengthof the
monomers.However, theshapeof thebunchesis not determinedby theSchwoebelbarrier.
Theremightbesomestep-repulsion,or it is morefavorableto form ahighindex facetwhich
would be eitherlimited be the freeenergy (discussedin sec.1.3) or differentgrowth rates
(seesec.2). OnGaAs(001)themeandistanceof stepsin thebunchregion is between7 and
18atoms,probablylimited in MOVPEby thepresenceof complete(nx6)unit meshesat the
step-edges.
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Eventhoughthetopographyof theresultingsurfaceis very similar to a surfaceformed
by faceting,theunderlyingmechanismis completelydifferent.Step-bunchingis causedby
anisotropicdiffusion over the step-edges,while facetingis driven by differencesof free
energy of thesurfaces(sec.1.3) or by differentgrowth rateson differentsurfaces(sec.2).



4 ChemicalKinetics

In thisstudymany processeslikearsenicdesorptionareinvestigatedto obtainactivation
energies and order of reactions.Therefore,the basictheory of chemicalkinetics will be
reviewed,usingthesimplereactionof A andB to thecompoundAB (A + B ! AB ) asan
example.

4.1 GeneralKinetics
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Figure4.1:Theenergystatesduring thereactionof A andB via AB � to AB .

Figure4.1 shows the threeenergy statesthat arepassedduring the reactionof A and
B to thecompoundAB . First A andB areseparatedanddo not interact.To overcomethe
repulsive (Coulomb)forcesa certainenergy is needed:theactivationenergy EA (forward).
With thisenergy an“activatedcomplex” AB � is formed,andtheattracting(bonding)forces
arebalancedby therepulsive (anti-bonding)forces.Now theatomscaneitherrelaxto their
equilibriumpositionsin thenew compoundandreleasetheexcessenergy of formation� E,
or they separateagainandreleaseEA (forward).
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Figure4.2:Forcesbetweenatom A and B during the three stagesof the formation of
the compoundAB: separateatoms(left) activatedcomplex (middle) molecule
(right).

This threestagescanalsobeseenin in theforceontheatomsduringformation(�g. 4.2.
First theatomsarefar apart,their positive chargedcoresareshieldedby thevalenceelec-

26
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trons.Only the negtive charged valenceseeeachother, the the atomsare repulsingeach
others.If the atomshave enoughkinetical energy, they can comecloseenoughtogether
thatalsoattractionforcesbeganto work. At a certainpoint a forcescompensate:An acti-
vatedcomplex is formed.If theatomscomeevencloser, thebindingforcesovertakeandthe
moleculeAB is formed.

Theprocessshown in �gure 4.1is reversible.If theAB compoundgetsanenergy higher
thanEA (back) = EA (forward) + � E it getsinto the activatedstateAB � andcan�nally
dissociateinto A andB. Therefore,an equilibrium of the concentrationbetweenthe AB
moleculesandtheA andB atomsis reachedaftersometime.Theequilibriumconcentration
dependsmostlyontheactivationenergy of thereversereactionandonthespeedof both,the
forwardandthebackreaction.Thespeedof thereactiondetermineshow fasttheequilibrium
is reached.It is de�ned asthe �rst temporalderivative of the concentration.However, the
speedof reactionis not necessarilyconstantandthusnot a goodmeasurefor a reaction.To
overcomethis,asimplemodelfor theconcentrationchangesduringchemicalreactionswas
made:

�
dc(t)

dt
= kc(t)n : (4.1)

The reactionis now describedby only two parameters:the reactionorder n and the
reactionratek. Thereactionorderis oftenaninteger, it dependson theunderlyingmecha-
nism:e.g.thedissociationof a simplemoleculeAB ! A + B is a �rst orderreaction(the
wholemoleculemustreachtheactivationenergy). Anotherexampleis thereversereaction
A + B ! AB , which is of secondorder, becausetheactivationenergy is contributedby two
partners.Finally, thereactionratedetermineshow fastthechangetowardsequilibriumwill
beandis closelyrelatedto theactivationenergy.

Usuallyonly time-dependentconcentrationc(t) is measuredduringa reaction.To deter-
minethereactionratek andtheordern of thereaction,ananalyticalmodelof c(t) from the
integratedequation(4.1) (seetable4.1) is �tted to theexperimentalobtainedconcentration
transientsc(t). This is donefor asmany concentrationtransientmeasurementsaspossible.
The reactionordern mustremainconstantfor all transients,sinceit dependsonly on the
mechanismof thereaction.

For the �tting, the reactionordern hasto bedetermined�rst. (Usuallya �tted n hasa
largeerrorbar. For ananalysisn is oftenroundedto thenext integeror to a simplefraction
like n

2 . In thiswork all reactionordershavebeenassumedto beintegers.)

reactionorder timedependentconcentrationc(t)
n = 0 c(t) = c0 � kt
n = 1 c(t) = c0 � exp(� kt)
n = 2 c(t) = 1

kt � 1
c0

...

generally c(t) = 1� n
q

c1� n
0 + (n � 1)kt (n 6= 1)

Table4.1: timedependenceof theconcentration

Next, we want to determinethe activation energy from the obtainedreactionratesk.
Theactivationenergy is suppliedby thekineticenergy of particles,whichagaindependson
the temperature.Thenumberof particleswith a certainenergy (e.g.for a gas)is givenby
Maxwell'sdistribution:

F (v) = 4� C exp

 

�
mv2

2kB T

!

v2: (4.2)
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Thereactionratek is assumedproportionalto thenumberof atomswith anenergy higher
thantheactivationenergy: k � N (E > EA ). Thusonehasto integrateequation(4.2) from
EA =

q
1
2mv2

a to 1 . Theresultis:

k � N (E > EA ) =
8� C
m

(EA � 1) exp
�

�
EA

kB T

�

� exp
�

�
EA

kB T

�

: (4.3)

The numberof particleswith E > EA is proportionalto exp(� EA
kB T ). Therefore,the

reactionratek (andalsoany otheractivatedprocess)hasthefollowing form:

k(T) = k0 exp
�

�
EA

kB T

�

: (4.4)

Thisequationgivesawayto measuretheactivationenergy. If oneplotsthereactionrates
k, obtainedat differenttemperatures,in anArrheniusplot, i.e. plot log(k) versustherecip-
rocal temperature(in Kelvin), equation(4.4) is now transformedto log k(T )

k0
= � EA

kB
Tr ez:

The linear slopein the Arrheniusplot is equalto EA
kB

. Thus,from the slopethe activation
energy canbecalculated.Evenmore,any constantfactor(any k0 of c0(T) in tab. 4.1) does
not in�uence thedeterminationof theactivationenergy.

4.2 Measuring Kinetics on Surfaces

To measurethekinetics,a methodis neededwhich canmeasurethechangeconcentration
of speciesat thesurface.In thecaseof galliumarsenide,thespeciesin questionsareusually
the contentof arsenicandgallium of a certainreconstruction,i.e. the stochiometryof the
surface.

4.2.1 Re�ectanceAnisotropy Spectroscopy

Themethodusedin thiswork is theRe�ectanceAnisotropy Spectroscopy (RAS).For RAS
linear polarizedlight is shoneon a surface.Due to the reconstructionof the surfacethe
polarisationof the re�ected light is changed.This changeis measuredandnormalizedto
the total intensity. TheRAS signalis the normalizedchangeof thepolarisationalongtwo
prependicularaxis, the directiondependson the surfaceorientation(seeglossaryon page
110).

An RASspectrumcanbeusedto identify asurface,by comparingit to spectrameasured
on well-orderedreferencesurfaces.Therefore,in the experimentalpart II referencespec-
tra will be presented.If a well-orderedsurfacehasa certainRAS spectrum,how doesthe
spectrumof acombinationlookslike?

Theansweris quitesimple,sincetheRASsignalis directlyproportionalto theareaof a
reconstruction(likeeveryunit meshis a little dipole),acombinationof two reconstructions
on a surfaceis just proportionalto a linearcombinationof thesetwo spectras.This is illus-
tratedin �gure 4.3. Thespectrumof thesurfacecoveredby 33%c(4x4) and66%�2(2 x4) can
becalculatedby a linearcombinationof theRASspectraof thetwo well-orderedreconstru-
tions.

SinceeachreferenceRASspectrumcorrespondsto awell-orderedreconstruction,it cor-
respondsalsoto a certainarsenic(or gallium) coverageof this referencesurface.A change
of reconstructionmeansalwaysachangeof thearseniccovereage.If, like in �gure 4.3indi-
cated,thesurface's reconstructionchangesfrom arsenicrich c(4x4)to amorestochiometric
ß2(2x4),thecorrespondingRASspectrawouldchangetoo.If only thetime-dependentRAS
signalat a certainenergy is recorded(like indactedby thearrow in �g. 4.3 at 2.6eV), the
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Figure4.3:RAS spectrum of a c(4x4) and a ß2(2x4) reconstruction on a GaAs
(001) surface. Grey marked are the spectraof a 33%c(4x4)/66%�2(2 x4) and
66%c(4x4)/33%�2(2 x4) .

signalwould graduallychangefrom thestartingto theendlevel. And sincetheRAS signal
is proportionalto the total areaof c(4x4)andß2(2x4)reconstruction,eachpoint of sucha
linearcombinationcanbeassignedacertaincoveragetoo.

4.2.2 RAS Signaland Kinetics

This is notneccessarielylimited to galliumandarsenideongalliumarsenidesurface.There-
fore, in thefollowing sectionthegeneralconnectionof RAS to thechemicalkinetic will be
discussed,andhow reactionratesandactivationenergiescanbemeasuredusingRAS.The
usualsurfaceprocessanalyzedby RAS is a changeof reconstructionon thesurfaceby ad-
sorption/desorptionexperiments.In this case,thepartof theconcentrationc(t) of reactants
is replacedby thecoverage�( t) of thesurfacewith therespectivereactants.

An ideal surface,completelycoveredby a single well-de�ned reconstruction,is de-
scribedby its characteristicadsorbatecoverage� r econstr uction and its characteristicRAS
signalRASr econstr uction . If a surfaceis coveredwith morethanonereconstruction,thefact
thatRAS is a linearopticalmethodbecomesimportant.All reconstructionscontribute lin-
early to the RAS signal,with respectto their surfacearea:e.g.two reconstructionswhich
cover 30%and70%of thesurfacecontribute30%and70%to theRAS signal[10]. More
generally:

RAS =
X

i

� i � RASi (4.5)

with
X

i

� i = 1;

with � i is thenormalizedsurfaceareaof reconstructioni andRASi is theRAS-response
of surfacecoveredwith reconstructioni by 100% (i.e. � i = 1). But notonly RASi theRAS
signalis linear, � thecoveragewith asurfacespezies(e.g.arsenic)is lineartoo:

� =
X

i

� i � � i : (4.6)
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Equations(4.5) and(4.6) aretruefor any functionsfor thesurfacearea� i , thereforealso
for time dependent� i (t)'s. More important,sinceRASi andcoverage� i arecaracteristic
for eachreconstructioni , the� i in equation(4.5) and(4.6) have to beexactly thesame.

Now thegeneralcaseof a changeof theRAS signaldueto a changeof reconstructions
canbe analyzed.With thede�nition � RASi = RASi � RAS1 and�� i = � i � � 1 one
obtains:

RAS(t) = RAS1 � (1 � � 2(t) � � 3(t) � : : :) + � 2(t) � RAS2 + � 3(t) � RAS3 + : : :

= RAS1 � � 2(t) � RAS1 � � 3(t) � RAS1 � : : : � � n (t) � RAS1

+ � 2(t) � RAS2 + � 3(t) � RAS3 + : : : + � n (t) � RASn

= RAS1 + � 2(t) � � RAS2 + � 3(t) � � RAS3 + : : : + � n (t) � � RASn (4.7)

�( t) = � 1 + � 2(t) � �� 2 + � 3(t) � �� 3 + : : : + � n (t) � �� n : (4.8)

Thus,in principlen differentprocessescanbesimultaneouslyanalyzed.However, only
thecaseof oneprocessis of practicalimportance,becauseduringa desorption/adsorption
processasurfaceusuallychangesfrom reconstruction1 to reconstruction2:

RAS(t) = � 1(t) � RAS1 + � 2(t) � RAS2

RAS(t) = RAS1 + � 2(t) � � RAS2 (4.9)

and �( t) = � 1 + � 2(t) � �� 2 (4.10)

For the analysisof surfacereactionsthe time dependentvolumeconcentrationc(t) is
replacedby the time dependentsurfacecoverage�( t). Sincec(t) ful�lls the differential
equation(4.1), �( t) ful�lls this equationtoo. BecauseRASi aswell as � i areconstants,
it follows from equation(4.9) and(4.10) that theRAS signalis proportionalto thesurface
coveragewith acertainsurfacespecies:

RAS(t) / �( t): (4.11)

Therefore,insteadof �( t) the time dependentRAS signal RAS(t) can be usedas a
measureof surfaceconcentration,andcanbe analyzedaccordingto the differentialequa-
tion (4.1). Hence,to obtainthereactionratefrom thechangeof ameasuredRAS,RAS(t) is
�tted by oneof thefunctionsfrom table4.1. Thefunctionwhich �ts bestgivesthereaction
orderandthereactionratek. To obtaintheactivationenergy of aprocess,reactionratesmust
beobtainedat several temperatures.The linearslopeof the logarithmof thereactionrates
plottedversusthereciprocaltemperature1=T (Arrheniusplot) correspondsto theactivation
energy of thatprocess,asdiscussedpreviously.

It hasto benotedthatonly for �rst orderreactionsk from the�t to theRAS transients
gives a true reactionrate.For any other reactionrate a �t yields ~k = k � (� RAS)1� n .
However, this is not a problemfor thedeterminationof theactivationenergy aslong asthe
temperaturedependenceof � RAS(T) is negligible. (In theArrheniusplot ~k hasanconstant
offset to the “true” k of log(� RAS), thus the slopeand thereforethe activation energy
remainsunchanged).For mostexperiments� RAS(T) � const is a goodapproximation,
sinceover a temperaturerangeof 100K thereactionratesk areusuallychangingby about
1.5to 2 magnitudes,while thechangeof RAS amplitudeis below 10%.



5 MOVPE Process

This work investigatesthegrowth of gallium arsenideon differentGaAssinglecrystal
surfaces.Thesamplesweregrown usingMetal-OrganicVaporPhaseEpitaxy(MOVPE),a
processintroducedattheendof thesixtiesby Manasewit [11]. Its predecessorwastheChlo-
ride VaporPhaseEpitaxy(Cl-VPE or simply VPE).Severalcrossoverprocessesexisted,to
overcomeoneor anotherdisadvantage.NowadaysMOVPEhas�nally won thecompetition
to grow largescalehomogeneousstructureswith atomicprecisionat low costs.

MOVPE of III/V semiconductorsoften useshydrideslike AsH3 (the UPAC-nameis
arsan,but morecommonis the old namearsine)asa precursorfor the groupV elements.
Nowadaysliquid and lesstoxic, alternative precursorslike tertiary Butyl-Dihydridesare
used.

As precursorfor group III elementsliquid metal-organic tri-methyl compoundslike
TMGa (tri-methyl-gallium),TMIn, and TMAl are standard.The useof TEGa (triethyl-
gallium) is lesscommon.Only for somespecialapplicationslike selective areagrowth or
low temperaturegrowth, othercompoundssuchasTIBGa (tri-isobutyl-gallium),TEIn (tri-
ethyl-indium),DMEAAl (di-methyl-ethyl-amin-alane)andothersareused.
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Figure5.1:Decompositionof TEGa (Yoshida[12], Lee [13], Williams [14]) and TMGa
(Usegi [12], Larsen[15], Williams [14] Lückerath:[16], Gutsche:[17]) in the
absenceof AsH3. The valuesof LückerathandGutschehave beenshiftedby
50K to lower temperatures(seetext).

Theprecursorsaremixedtoacarriergas,usuallyhydrogenor nitrogen.It providesahigh
�ux throughthereactorandthereforeafastchangeof thevaporphasegascomposition.The
total pressureis usuallyaround2-10kPa1. Theprecursorsarethermallydecomposedabove
a heatedsusceptor. The susceptoris madeof graphite,or seldom,of molybdenum.In the
centerof thesusceptorthesubstrate(thesample)is located.

11kPa=10mbar

31
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Thecarriergasis supposedtobeinert(but in sections6.2and6.3.3evidencefor chemical
activity of the carriergaswill be discussedin detail).Mass-spectroscopy measurementof
thedecompositionof TMGa togetherwith AsH3 in a deuteriumcarriergasshowedthatthe
hydrogenfor theformationof CH4 indeedcomesfrom theAsH3 andthecarriergasis inert
in this case.Therefore,thesumreactionsarethefollowing:

TMGa: AsH3 + (CH3)3Ga ! GaAs+ 3CH4
"

TEGa: AsH3 + (C2H5)3Ga ! GaAs+ 3C2H4
" + 3H2

" : (5.1)

However, thesumreactionsdo not tell which intermediateproductsmight beof impor-
tancefor thesurfaces.Therehasbeena numberof investigationsof the decompositionof
TMGa[14, 15, 16, 18, 19], TEGa[12, 13, 14, 19], andAsH3 [14, 15, 16, 17, 20]. Figure5.1
showsthetypicaldecompositiontemperaturesfor TEGaandTMGain differentatmospheres
takenfrom thesestudies.Notethebig scatteringfor theTMGa data,which is probablydue
to thedifferentmethods,but alsoduetosomesystematicalerrors(e.g.in [16, 17] thegaswas
sampleda little bit above thesusceptor, thusthe“true” gasphasetemperaturesareprobably
about50K lower).

Thegeneraltrendin �gure 5.1showsa200K lowertemperaturefor 50% decomposition
for TEGaascomparedto TMGa, which is dueto thedifferentdecompositionpathwaysof
thegalliumprecursors.TMGadecomposesby radicalformationin thevaporphase:

Ga((CH)3)3 + R� ! �Ga((CH3)2 + R-CH3 (5.2)

�Ga((CH3)2 + R� ! :GaCH3 + R-CH3

Thelossof the�rst methylgroupneedsanactivationenergy of 4.9eV, thesecond3.1eV
[20, Tab4.1]. No furtherdecompositiontakesplacein thevaporphase.Therefore,at least
(CH3)Ga:(mono-methyl-gallium)is presenton thesurface[16, 7.2]. The50% decomposi-
tion temperatureis about750K in ahydrogenatmosphere,and20-30K higherwith nitrogen
carriergas(�g. 5.1). However, 100% decompositionis reachedfor bothatabout800K.

TEGaon theotherhanddecomposesby � � elimination:

(CH3 � CH2) � Ga-R! CH2 = CH2 + H-Ga-R (5.3)

Theactivationenergy for TEGadecompositionis low, 2.1eV in thegasphaseand0.6eV
on thesurface[20, 6.1.1].Evenmore,highly reactive GaHx is deliveredto thesurface,so
growth is possibleat temperaturesbelow 750K. Sinceno radicalsor otherexternalreaction
partnersareneeded,the� � eliminationof TEGais independentfrom thecarriergas,asalso
foundby theexperiments.50% decompositionis atT=(562� 12)K.

The decompositionof AsH3 is againby radical formation, like TMGa: [16, 7.2],[20,
6.1.1and4.2.2.2].

AsH3 + R� ! �AsH2 + H-R (5.4)

�AsH2 + R� ! :AsH1 + H-R

:AsH1 + R� ! :As � + H-R

Theactivationenergy for removing a hydrogenatomis 2.6eV [20, Tab. 2.2,6.1.1and
4.2.2.2].Thedecompositionof AsH3 is enhancedin thepresenceof GaAs[15, 20]. There-
fore, at leastsomepartly decomposedAsHx reachesthe surfaceandreactsthere.Further-
more,growth usingsolid sourceevaporationof As2 or with “hydrogen-free”precursorlike
tri-methyl-arsine(TMAs) usually resultsin layerswith a poor morphology, thusAsHx is
importantfor thegrowth process:Thehydrogenof AsHx is essentialto desorbtheleft-over
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Figure5.2:Decompositionof AsH3 (Williams [14], Lückerath[16], Gutsche[17], Larsen
[20, �g. 4.15]) andTMGa (Usegi [12], Larsen[15], Williams [14], Lückerath
[16]) in theabsenceor presenceof AsH3. Thevaluesof LückerathandGutsche
havebeenshiftedby 50K to lower temperatures.

methylgroupsfrom the TMGa [19, 15]. However, in section6.7 the in�uence of the cov-
erageof thesurfacewith methylor methyleneon carbonincorporationwill be thoroughly
discussed.

Duringgrowth of GaAsbothAsH3 andTMGaarepresent.In thiscase,asit canbeseen
in �gure 5.2, the TMGa decompositionis stronglyenhancedat the onsetof the AsH3 de-
composition.Thisis mostlikely dueto hydrogenradicalsproducedby AsH3 decomposition.

Thedecompositionbehavior asshown in �gure 5.2is what�nally limits thegrowth rate,
plottedin �gure 5.3. Threedifferentregimescanbeobservedin �gure 5.3:

Desorption limited growth: At veryhigh temperatures(above1100K) thegrowth ratede-
creaseswith increasingtemperature.The limiting factoris thedesorptionof gallium
speciesbeforeincorporation.

Transport limited growth: (alsocalleddiffusion limited growth) In the mid-temperature
rangethe growth rate is nearly independentof the temperature.The growth rate is
only limited by theamountof galliumprecursorofferedto thesurface.

Kinetic limited growth: At lower temperatures(below 750-800K for TMGa and 700-
650K for TEGa)thegrowth ratedecreaseswith decreasingtemperature.

The changeof the growth ratesin the threeregimesis shown in �gure 5.3 (left side).
Sincethedataarefrom differentpublications(andthusdifferentMOVPE set-ups)they are
normalized.

Thedropof thegrowth ratein thekinetic limited growth regimeat lower temperatures
usingTMGa is dueto incompletedecompositionof TMGa (i.e. many methyl groupsare
reachingthesurface).Furthermore,theamountof atomichydrogenfrom thedecomposition
of AsH3 is very small (�g. 5.2), but the hydrogenis neededto desorbthe methyl groups
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Figure5.3:Normalizedgrowth rateson (001) GaAsusingAsH3 andeitherTMGa (Reep
[21] (100kPa), Balk [22]) or TEGa(Balk [22], Robertson[23]). Our datawith
muchlower TMGa partialpressuresareplottedfor comparisonin theright dia-
gram.

from theTMGa, which areboundquitestrongly. Thusadsorbatescover a goodpartof the
surfaceandhinderfurtherprecursorattachment.

Thepresenceof adsorbateson thesurfaceat low temperaturesis known from theself-
limiting Atomic LayerEpitaxy(ALE) growth modeusingTMGa. ALE is doneby alterna-
tively switchingbetweenAsH3 andTMGa. In a wide regimeof parametersALE leadsto a
growth rateof exactly onemonolayerper exposurecycle on theGaAs(001)surface.This
is only possibleif duringtheTMGa exposureanadsorbatelayer is formed,which prevents
furtherTMGa attachment.A detailedstudyof thesurfacesformedby exposureof a (001)
surfaceto TMGacanbefoundin section6.4.2.

UsingTEGa,thekinetic limited growth regimemight indeedbedueto incompletede-
compositionof theprecursor, sincenoself limiting ALE growth modeandthusnoadsorbate
layers,thatwouldhinderprecursoradsorption,hasbeenreported.

Thetransitiontemperaturebetweentransportlimited growth (constantgrowth rate)and
kinetic limited growth (decreasinggrowth rate)dependson the partial pressure,as it can
clearly be seenon the right handsideof �gure 5.3 for TMGa partial pressuresof 0.5Pa
and0.25Pa. The TMGa partial pressuredependenceof the saturationof the growth rate
at constanttemperaturesis shown in �gure 5.4 for atmosphericpressureMOVPE (i.e.
ptotal=100kPa). The saturationof the growth rate in the kinetic limited regime depends
only on theTMGapartialpressureandnot on thesurfaceorientation[21].

UsingTEGasuchasaturationof thegrowth ratehasnotbeenreported.Fromthegrowth
rate dependencewith temperature,a kinetic limited growth regime exists below 650 or
700K. However, at theselow temperaturestheAsH3 decompositionis negligible,andlayers
grown at thesetemperaturesshow many defects.



5 MOVPEProcess 35

0 10 20 30
0

1

2

3

4

5

6

7

8

9

(111)

T=773 K, H
2
 100 kPa, AsH

3
 330 Pa

 (111)
 (110)
 (001)

gr
ow

th
 r

at
e 

 (
µm

/h
)

TMGa partial pressure  (Pa)

0 10 20 30 40 50 60 70 80
0

1

2

3

4

5

6

7

8

9

(001)

T=786 K, H
2
 10 kPa, AsH

3
 400 Pa

gr
ow

th
 r

at
e 

 (
µm

/h
)

TMGa partial pressure  (Pa)
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In this partall surfaceswill be investigated,startingfrom the (001)surface.Following
thecircleof �gure 1.3next will be(115),(113),(110),(Å1Å1Å3), and�nally (Å1Å1Å5).

First thereconstructionsof thesesurfaceswill beintroduced.Next thearsenicdesorption
on thesesurfacesis discussedand�nally theactualgrowth processeswill bereviewed.



6 (001)Surface

A phasediagramfor MBE growth (�g. 6.1) shows many different reconstructionson
the(001)surface.Someof themarealsofoundin MOVPE. In thefollowing sectionsI will
brie�y review themfrom arsenicrich to gallium rich conditions,i.e. from theright sideto
theleft in thephasediagramin �gure 6.1.

Figure6.1:ReconstructionobservedduringMBE growth on a vicinal GaAs(001)surface,
misoriented2	 in [110] direction[25].

6.1 Well-orderedSurfaces

6.1.1 (4x3)Reconstruction

A reconstructionwith (4x3) symmetryhasnot beenreportedbefore.Probablythe (2x3)
reconstructionfoundat low temperaturesin MBE (�g. 6.1) hasasimilarstructure.However,
in a MOVPE reactora (4x3) reconstructionseemsto be always presentat temperatures
below 800K with AsH3 �o wing. A typical RAS (Re�ectanceAnisotropy Spectroscopy)
spectrumof the(4x3) reconstructionat roomtemperatureis shown in �gure 6.2. To further
investigatethis reconstructionby UHV-basedsurfacesciencemethods,a specialMOVPE
systemattachedto anUHV analysischamberswasused(seeappendixC).

Figure6.3showsaLEED imageof a(4x3)reconstructionpreparedby MOVPEandthen
transferredinto UHV. TheLEED patterncorrespondsto a (4x3)symmetry:Along themain
axes(2x1)spotsarepresent,andadditionalstreaksappearat ( 1

4 ; 1
3), (3

4 ; 1
3), (1

4 ; 2
3), and(3

4; 2
3).

The in-situ RAS spectrarecordedbetween800K and room temperatureshow only
changesdueto the temperaturebut the shapeof the spectraremainsessentiallythe same.
Therefore,the reconstructionsat 800K and at room temperatureare identicalandcorre-

38
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Figure6.2:RASspectraof the(4x3) reconstructionaftertransferof aMOVPEsampleto an
UHV analysissystemat roomtemperature(see�g. 6.3) andtheRAS spectrum
of an arsenicrich samplein a MBE chamberat � 600K (no symmetrieswere
measured).

spondsto the mostarsenicrich reconstructionobserved on the (001) surfaceso far. (The
in�uenceof thetemperatureontheRASspectraof arsenicrich surfaceswill bediscussedin
moredetail in section6.2.)
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Figure6.3:LEED imageand HREELS spectrumof the (4x3) reconstruction.(The large
peaksareFuchs-Kliever phonons,bulk relatedvibration.)Note the absenceof
As-H vibrationsin theHREELSspectrum,whichareexpectedaround262meV
(arrow).

Also interestingis theabsenceof As-H vibrationin theHREELSspectrumin �gure 6.3.
At 170meV there is a small shoulder, relatedto C-H-vibrations,but all other peaksare
bulk inducedvibrations.Henceall AsH3 is completelydecomposedandthis reconstruction
is certainlynot hydrogeninduced.This wasexpectedsincethe AsH3 wasswitchedoff at
475K, 25K above the observed desorptiontemperatureof 450K of hydrogenon a GaAs
(001)surfacein UHV [26, 27].

A threefoldsymmetryalong[110] like (4x3) is notverycommon.However, reconstruc-
tionswith threefoldsymmetryappearduringthelow temperaturegrowth of GaAs(001) in
MBE, asit canclearlybeseenin thephasediagramin �gure 6.1. At very arsenicrich con-
ditions (e.g.high arsenic�ux esandlow gallium �ux esandtemperatures)(1x3) and(2x3)
symmetriesaredominating.Furtherexperimentalevidenceof a well-orderedvery arsenic-
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rich reconstructioncomesfrom arsenicdesorptionexperiments,whereat very arsenicrich
preparationconditionsa desorptionpeakin TDS (ThermalDesorptionSpectroscopy) prior
to thec(4x4) (themostarsenicrich reconstructionreportedso far) appears[28, 29]. How-
ever, completeevidencewill bepresentedin section6.3.1.

Zhangetal. calculatedthesurfaceenergy for a numberof reconstructionson theGaAs
(001) surfaceusingeitherDFT-LDA (Local DensityApproximation– DensityFunctional
Theory)(in �g. 1.4) or theirown LCSM (LinearCombinationof StructuralMotive)method
[2]. The resultof LCSM calculationsof arsenicrich structuresis shown on the right hand
sideof �gure 6.4. Togetherwith thec(4x4) a c(8x6) reconstructionhasthe lowestsurface
energy at arsenicrich conditions(low � � Ga) (left handsideof thetotal energy diagramin
�gure 6.4).

Figure6.4:Structureof c(8x6) which is probablyrelatedto the (4x3) (left side),and the
calculatedtotal energy of several arsenicrich reconstructions(right side) [2].
Thec(8x6)hasnearlythesamesurfacetotalenergy asthec(4x4)reconstruction.

The calculated c(8x6) reconstruction has an arsenic coverage of 1.67ML As

(ML=monolayer),lessthanan ideal c(4x4) with threearsenicdimers(1.75ML As ). How-
ever, arsenicdesorptionexperiments,which will bediscussedin section6.3.1, suggestthat
the (4x3) reconstructionis morearsenicrich thanthe c(4x4). If an arsenicdimer is added
to thec(8x6),theresulting(2x3)structurewouldalsohaveanarseniccoverageof 1.75ML.
STM measurementsof a (2x3) reconstructionsuggested,thatsucha dimerarrangementin-
deedexists[30].

A morearsenicrich reconstructionthanthec(4x4)with trifold symmetrymaycontaina
third top-layerof arsenic.In fact,DFT-LDA calculationsof arsenicdimeradsorptionshowed
thatthesiteontopof ac(4x4)arsenicdimeris favorablefor theadsorptionof anotherarsenic
dimer[31].

To conclude,thestructureof theveryarsenicrich (4x3) reconstructionis still unknown,
but it is nothydrogeninducedandit is morearsenicrich thanthec(4x4)reconstruction.
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6.1.2 c(4x4)Reconstruction

Themostinvestigatedarsenicrich structureis thec(4x4)reconstruction.It canbeprepared
eitherby annealinga surfacein anarsenicrich environmentor by desorbinganamorphous
arseniccaplayer.

2 3 4 5
-2

0

2
MOVPE 775 K

MBE  755 K

energy  (eV)

R
e(

D
r/

r)
  

(1
0-3

)

Figure6.5:RASspectra of andstructureof thec(4x4)reconstruction.

Thestructureof thec(4x4)hasbeeninvestigatedbothin MOVPE[32, 33, 34] andMBE
[29, 28, 35, 36, 37]. The establishedmodelconsistsof threearsenicdimerson an arsenic
monolayer(�g. 6.5); a mixtureof two andthreearsenicdimersat typical growth tempera-
tures(700-900K) is alsoin discussion.

GIXD measurementsin anMOVPEreactorat733K and30PatBAsH2 indicatetowards
theexistenceof an“arsenicde�cient” c(4x4)reconstructionwith amixtureof threeandtwo
arsenicdimers.Thebest�t to therecordedGIXD peakintensitieswasacombinationof 30%
two and70% threedimermodel,althoughthethreedimermodelaloneshowedreasonable
agreementtoo [32]. AnotherGIXD work alsosuggesteda mixtureof two andthreedimers
onMBE preparedsamples,althoughnopercentagewasgiven[36].

The model of the three dimer reconstructionis mainly basedon STM-imagesof
quenchedMBE-grown layers[35], andalsoon decappedsamplesonly a few unit meshes
with apparentlytwo dimerswere found [38]. The STM-imagesalwaysshowed the same
very regular, typicalbrickwork patternof a threedimerc(4x4)reconstruction.

To sumup,two structureswith c(4x4)symmetryexist. Onecontainstwo arsenicdimers
andtheotherthree,andbothful�ll theelectroncountingrule.However, atroomtemperature
only thethreedimervarianthasbeenobserved.Therefore,thetwo dimervariantmayonly
appearfor shorttimesduringdesorptionprocessesor atelevatedtemperatures.

6.1.3 (2x4)Reconstructions

Reconstructionswith (2x4)symmetryarethemostinvestigatedreconstructionsin theentire
GaAssystem,becauseduringMBE growth thesurfacesshows(2x4)symmetryovera wide
rangeof parameters(see�g. 6.1). Thusthesurfacescanbeeasilypreparedandinvestigated
usingmany surfacesciencetechniques.In MBE, RHEED(Re�ection High Energy Electron
Diffraction)is normallyusedto determinethesymmetryof reconstructions.Thereforethree
different(2x4)phases(named� , � and
 ) wereproposed,accordingto thebrightnessof the
( 2

4) streakalongthefourfold symmetryaxes.
However, only two differentreconstructionswith (2x4)symmetryhavebeenprovensta-

ble by DFT-LDA calculations[2, 39, 40] (see�g. 6.4and1.4), STM experiments[40, 41],
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and someother methods.Thesetwo stablereconstructionsare named� 2(2x4) and the
� (2x4)(see�g. 6.6for model).The
 (2x4)wasexperimentallyshown toconsistof amixture
of � 2(2x4)andc(4x4)[41].
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Figure6.6:RASspectrumandatomicstructureof � (2x4) (dotted)and� 2(2x4) (solid lines)
reconstructionin MOVPE (thick lines,925K) andMBE (thin lines,845K and
895K)

Both (2x4) reconstructionsare quite similar. The only differencebetweenthe � and
� 2 structureis theadditionalarsenicdimerof the � 2(2x4). No surfaceintermixing, i.e. an
arsenicin thegallium layeror vice versaoccurs.Both structureshave a trenchbetweenthe
dimer rows, which is very importantto gallium diffusion in MBE growth, sinceit causes
anisotropicdiffusionlengthsin MBE.

As it canbeseenin �gure 6.6 theRAS spectraof the � 2(2x4) andthe� (2x4) arevery
similar. The RAS spectrumof the � (2x4) is only shifted about0.6 to lower valueswith
respectto � 2(2x4).

6.1.4 (nx6) Reconstructions

The (nx6) family has many members:(1x6) [42], (2x6) [35, 43], (3x6) [25, 44], (4x6)
[25, 33, 42, 44], and (6x6) [45] were reported.The structuralmotif inherentin all these
reconstructionsis the presenceof both gallium andarsenicdimerswithin a singlerecon-
struction.

Thesereconstructionsare typically observed during growth in MOVPE, or after pro-
longedannealingin UHV. From the RAS spectrum,the (nx6) reconstructionseemsalso
presentduringgrowth. However, surfacesduringgrowth is thetopicof section6.6.1.

6.1.5 (4x2)Reconstruction

The(4x2) representsthemostgallium rich reconstructionknown. EventhoughSTM mea-
surementhave beenreportedfor abouttenyears[35], thestructureof the(4x2) reconstruc-
tion is still controversiallydiscussed.UHV investigationsaredif�cult, becauseit is nearly
impossibleto preparea(4x2)reconstructionwithout tracesof asix-fold symmetry. Eventhe
galliumcoverageof the(4x2)reconstructionis not�x ed:it seemsthatadditionalgalliumcan
beadsorbedin galliumclusterson the(4x2) reconstructionbetweenthedimerrows [46].

In-situ, the (4x2) reconstructioncanbe easilypreparedby depositsomegallium on a
(2x4) reconstructedsurfaceat temperaturesabove875K, asdescribedin section6.4.2.



6 (001)Surface 43

2 3 4 5
-4

-2

0

2
MBE

MOVPE

R
e(

D
r/

r)
  

(1
0-3

)

energy  (eV)

Figure6.7:RAS spectrain MOVPE [33] of (4x6) andMBE [42] of (1x6) andstructureof
the(2x6) reconstruction[35].
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Figure6.8:RAS spectra and structure of � 2(4x2) in MOVPE (T=923K) and MBE
(T=823K) [42].

6.1.6 (1x2)-CH3 Reconstruction

This is an adsorbatecoveredsurface.Thereare two modelsfor this surfacein literature.
A well-ordered(1x2)-CH3 is obtainedby exposinga c(4x4)reconstructionto CH3 radicals
andthenannealingthesurface.This(1x2)-CH3 reconstructionis composedof mixedGa-As-
dimerson top of anarseniclayer [47]. Adsorbedto theGa-atomsof thedimer is a methyl
group (�g. 6.9 middle). This (1x2)-CH3 model is strongly supportedby GIXD transient
measurementsduringgrowth, wherea � 2 symmetryremains[48].

Thereis anothermodelof an adsorbatecovered(1x2) reconstruction.This modelas-
sumesthe (1x2) to be a disorderedc(4x4) with CH3 adsorbedto �rst layer undimerized
arsenicatoms.However, this modelcanneitherexplain thesharp(1x2) LEED pattern,nor
theslightly lowerarseniccoveragecomparedto ac(4x4)measuredby AugerElectronSpec-
troscopy (AES) [47].

The main differencebetweenthe model is the bondingpartnerof the methyl groups.
In on thewell-ordered(1x2)-CH3 it is gallium,while on thedisorderedsurfacethemethyl
groupsare boundto the arsenic.Although IR adsorbtionspectroscopy hasbeendonein
this surface,the adsorbtionsitesof the methyl groupshasbeennot de�niti vely identi�ed
[34, 49].
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Figure6.9:RASspectraandstructureof arsenicrich (1x2)-CH3 in MOVPE(duringgrowth
using TMGa at 700K, V/III=4) and in UHV [47]. Middle is the model of
Creightonetal. (grey atoms:GaCH3) [47], in theright themodelof adisordered
c(4x4)of Hicksetal. [34]

6.1.7 (1x4)-CH2 Reconstruction

Exposinga clean(2x4) reconstructedsurfaceto methyl radicalsandannealit in UHV, one
obtainsa (1x4)-CH2 reconstruction[47, 50]. The (1x4) symmetry[47, 50] and also the
coveragewith methylenegroups(CH2) [49, 50, 51] weremeasuredonsuchpreparedrecon-
structionsin UHV.

DuringAtomic LayerEpitaxy(ALE), afterexposureto TMGa,a similarRAS spectrum
wasreportedby severalgroups[47, 52, 53] andsec.6.4.2. In addition,this methylenecov-
eredsurfacewasfoundto bevery stableat elevatedtemperatures,in contrastto themethyl
covered(1x2)-CH3 reconstruction[47].
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Figure6.10:RAS spectraof (1x4)-CH2 in MOVPE (duringgrowth usingTMGa at 700K,
V/III=1) andin UHV [47].

During ALE growth thesurfacechangesbetweenthearsenicrich (4x3) reconstruction
during AsH3 supply and this (1x4)-CH2 reconstructionduring TMGa supply. Since the
resultinggrowth rate is exactly 1.0 monolayer(ML) per cycle, the differencein arsenic
coverageof this reconstructionto a (4x3) is aboutone.Assumingan arseniccoverageof
1.75ML for the (4x3) reconstruction,the (1x4)-CH2 would have an arseniccoverageof
about0.75ML. However, thestructureis still unclear.
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6.2 AsH3 StabilizedSurfaces

The mostarsenicrich surfaceobtainedin MOVPE is the (4x3) reconstruction.The RAS
spectraat roomtemperatureof the(4x3)hasapronouncedminimumat2.8-2.9eV (�g. 6.2).
As �gure 6.11shows, the minimum of the RAS spectrashifts to lower energiesat higher
temperatures.Up to 750K theshift is nearlylinear, asthe insetshows.This shift is simply
causedby the increasingtemperature,as the bandsare broadeningand thereforethe gap
getssmaller. ALso theamplitudeof theRAS spectragetssmaller, dueto thesmaeffect.At
temperaturesabove 750K the RAS minimum shifts away from the linear region to lower
energies.The transitiontemperaturedependson carriergas(H2 or N2) (left handsideof
�g. 6.11) andmisorientationof thesample(right handside).
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Figure6.11:Dependenceof theminimumof theRAS spectrawith temperatureandcarrier
gas.Theright handsideshows theshift of theRAS minimumfor two misori-
entations(Pointsareaverageof threeruns).

This shift of the minimum of the RAS signalto lower energiescanbe explainedby a
transitionform theveryarsenicrich c(4x4)/(4x3)reconstructions(whichhave their minima
around2.6eV at700K) to thelessarsenicrich (2x4)reconstructions(amaximumat2.6eV),
or evento galliumrich reconstructionslike(nx6)and(4x2)(deepminimaat1.7eV - 1.9eV).
However, theRASspectrameasuredat925K donot resembleany well-orderedreconstruc-
tion. SuchRAS spectraarebestdescribedby a linear combinationof c(4x4),(2x4), anda
smallfractionof (4x2)domainson thesurface.

Thus,accordingto �gure 6.11thesurfacesbecomelessarsenicrich athightemperatures,
even thoughAsH3 is completelydecomposedat higher temperaturesabove 900K (sec.5
�g. 5.2). This changetowardslessarsenicrich surfacesis certainly due to an increased
arsenicdesorption,becausethe arsenicdesorptionincreasesexponentiallywith increasing
temperature,but thearsenic�ux to thesurfaceremainsconstantassoonasthetemperature
for completeAsH3 decompositionhasbeenreached.

Interpreting�gure 6.11now in termsof desorptionrateleadsto two interestingconclu-
sions:

1. Thesurfacesbecomelessarsenicrich usinghydrogencarriergas.Thiseffect is likely
causedby etching from hydrogenradicalsformed from the hydrogencarrier gas
at higher temperatures.The sameeffect was also found during arsenicdesorption
(sec.6.3.3) andgalliumdesorption(sec.6.4.2)

2. With increasingmisorientationandthereforea higherstep-density, the surfacesbe-
comelessarsenicrich. Thus,thestepspromotearsenicdesorption.An indicationfor
stepsaspreferreddesorptionsitesis alsofoundduringarsenicdesorption,asdiscussed
in thenext section.
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6.3 Arsenic Desorption

With increasingtemperaturesix differentdesorptionprocesseswereencountered.They are
namedfrom processI to processVI andwill be discussedin thatorder. A compositionof
threeRAS measurementsduringarsenicdesorptionis shown in �gure 6.12. More detailed
RASspectraandtransientscanbefoundin �gures 6.13, 6.14, 6.17and6.18, showing typical
RAS transientsduring arsenicdesorptionat temperaturesof 773K, 843K and963K, and
�nally with nitrogenascarriergasat973K. TheseRAStransientswereusuallymeasuredat
2.65eV photonenergy.
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Figure6.12:Compositionof threeRAS transientsmeasuredat 2.65eV duringarsenicdes-
orptionatdifferenttemperatures,whichshowsall relevantprocessesunderhy-
drogencarriergas.

6.3.1 Transition fr om (4x3) to c(4x4)

As thesurfaceis essentially(4x3) coveredat temperaturesbelow 800K, this is thestarting
surfaceof the arsenicdesorptionprocess.After switchingoff the AsH3, the arsenicstarts
to desorb. Duringarsenicdesorption,startingfrom the(4x3) reconstruction,theRASsignal
showed �rst a small dip (processI) followedby an exponentialchangeof the RAS signal
(processII) (�g. 6.13). The RAS spectrumafter30s desorption(endof processII) in �g-
ure 6.13 is very similar to the spectrumof a c(4x4) in MBE (light dots).Hencethe (4x3)
reconstructionmustbemorearsenicrich thanthec(4x4)structurein this temperaturerange.

ThesmallRASsignalchangeof processI is observedonly between700and800K. This
processis very fast(see�g. 6.13) andconsequentlytheRAS signalchangeis in�uencedby
thelock-in ampli�er settings,preventinga �tting of thesignal.Likely hydrogenadsorbates
from theAsH3 decompositionareresponsiblefor this smalldip.

Theadsorptionanddesorptionof hydrogenonGaAs(001)is well investigated(see[26]
andreferencestherein).On a (2x4) reconstructionhydrogendesorbsat temperaturesabove
460K [26]. This agreeswell with our �nding, that after MOVPE growth and cooling to
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Figure6.13:RAS spectrabeforeand during arsenicdesorptionin MOVPE, startingwith
arsenicstabilized(4x3).

475K with AsH3 �o wing, andafter in-situ transferto anUHV analysischamberno As-H
vibrationcouldbedetectedby HREELS(sec.6.1.1�g. 6.3).

Therefore,any adsorbedhydrogenproducedby decompositionof AsH3 shouldhave a
very shortlife-time on the surfaceat 700-800K, becausehydrogendesorptionis very fast
at thesetemperatures.Below 700K only very few AsH3 is decomposed,andthereforeno
hydrogenreachesthesurface.Therefore,theconcentrationof hydrogenon thesurfacede-
creasesagain.This explainswhy processI is observed only between700 and800K. To
summarize,processI is assignedto thefastdesorptionof hydrogenproducedby thedecom-
positionof AsH3.

During processII the reconstructionis changingfrom (4x3) to c(4x4). Single wave-
lengthSurfacePhotoAdsorption(SPA) measurementsat 348nm duringarsenicdesorption
in MOVPEbelow 780K havebeenexplainedin termsof adecreasingroughnessby thedes-
orption of excessnon-dimerizedarsenic[54]. The calculatedactivationenergy of 2.57eV
showsreasonableagreementto thevalueof (2:36� 0:07)eV of thiswork (see�g. 6.19and
table6.1). However, no tracesof a higherroughnessweremeasuredon the(4x3) by ex-situ
atomicforcemicroscopy (AFM) andalsonochangeof roughnessin thein-situellipsometric
signalduringdesorptionwasfound.Thustheroughnessassumptioncanberuledout.

To conclude:after thefastdesorptionof hydrogen(processI) on a (4x3) reconstruction
the surfacechangesto c(4x4) (processII). The desorbingspeciesis likely As4 [28]. The
reactionorderof oneof thisdesorptionprocessis anindication,thatsomehow thearsenicon
the(4x3) reconstructionis organizedin a way verysimilar to anAs4 cluster. Theactivation
energy is (2:36� 0:07)eV (see�g. 6.19andtable6.1).

6.3.2 Transition fr om c(4x4)to � 2(2x4)

At temperaturesexceeding780K further arsenicdesorptionfrom the c(4x4) is observed.
First linearly with time (processIII) and thenexponentially(processIV) (�g. 6.14). The
RAS signalchangessignand�nally saturates.Figure6.14left shows theRAS spectrumat
923K at that maximum.This spectrumcompletelyresemblesthat of a � 2(2x4) (�g. 6.6)
recordedin MBE [55].

The �rst change(processIII) of the RAS signal is attributedto the initial arsenicdes-
orptionfrom thec(4x4).Thisprocessis linearwith time,asseenin �gure 6.14. At acertain
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Figure6.14:RASspectraandtransientsduringarsenicdesorptionin MOVPE,startingfrom
c(4x4).

point thedesorptionmechanismis changing,thetime dependenceof theRAS signalis ex-
ponentially(processIV in �g. 6.14).

Two differentprocessesduring transitionfrom c(4x4) to � 2(2x4) have beenreported
in UHV experimentstoo [28, 29, 36]. By annealingthe initial c(4x4) reconstructionthe
coherentc(4x4)domainsizewasnotaffecteduntil � 2(2x4)domainsappeared.For this �rst
desorptionstepAs4 [28] or As2 [29] asmaindesorbingspecieswerereported,dependenton
thesurfacepreparation(As4 only with AsH3 [28]).

Whenthe arseniccoveragehasreachedabout1.0monolayerthe surfacechangesdra-
matically: c(4x4) domainsarepracticallygone,but very small (2x4) domainsappear[36]
(see�g. 6.15). However, thereis no long rangeorder, andLEED shows only (1x1) sym-
metry [28]. STM imagescon�rm this: At a certaintemperaturemany very small or even
incomplete� 2(2x4)unit meshescanbemeasured[37] (upper�g. 6.15). After thecomplete
transitionto � 2(2x4) (or c(4x4) respectively) the surfacebecomessmoothagain[36, 37].
Thedesorbingspeciesfor thisprocessis alwaysAs2 [28, 29].

Thelineartimedependence(reactionorderof zero),asobservedfor theinitial desorption
from thec(4x4)(processIII), is somewhatunexpected,sincearsenicdesorbsasAs4 or As2

molecules.If theformationof As4 is theratelimiting step,areactionorderof oneoreventwo
is expected.It is secondorder, if theratelimiting stepis thecollision of two arsenicdimers
onthesurfaceto form As4. Or, if theratelimiting stepis thedetachmentof completedimers
from thesurface,a reactionorderof one(i.e. exponentialtimedependence)is expected.

A reactionorderof zerousuallyinvolvesanintermediatestate.Theoccupationof thisin-
termediatestateis limiting thereactionspeedandprovidesthenecessaryconcentrationsfor
theformationof theproducts(in thiscasearsenicclusters).Possibleintermediatestates/sites
duringarsenicdesorptionaresteps(or kinks) at thesurface.If arsenicmainly desorbsfrom
step-edges,anddiffusionof arsenictowardsthestepsis fastcomparedto thetimethearsenic
staysthereuntil desorption,thentheoccupationof step-edgesby thearsenicwould limit the
desorptionrate.A higherstepdensitywouldenhancearsenicdesorption.

Actually thiseffectwasobservedonvicinal (001)surfacesin section6.2: At highermis-
orientationangles(i.e. ahigherdensityof step-edges)thesurfacesbecamelessarsenicrich.
Furthermore,STM imagesmeasuredduringMigrationEnhancedEpitaxy(MEE) growth of
GaAs in MBE suggesta fast diffusion of completeAs2 dimers[56], which supportsthe
above modelof the step-edgesasrate limiting stepsduring arsenicdesorptionanda fast
diffusionof arsenicto thestep-edges.

To conclude,thedesorptionof arsenicfrom thesecondlayeron thec(4x4) reconstruc-
tion is limited by steps,kinks,or otheractivesurfacesites.Thehighconcentrationof arsenic



6 (001)Surface 49

240 260 320 340 360 380
0

2

4

6

8

10

12

14

16

c(4x4) (2x4)

co
he

re
nt

 d
om

ai
n 

si
ze

  (
nm

)

annealing temperature  (°C)

Figure6.15:Topographydevelopmentduringchangefrom c(4x4)to � 2(2x4)in MBE using
STM (upperpart [37]) andon decappedsamples,measuredby GIXD (lower
part[36]). Thetemperaturedifferencebetweenbothworksis about150� C.

speciesat thesesitescanalsoexplain the formerly observeddesorptionof As4 [28]. At an
arsenicsurfacecoverageof aboutonemonolayerthearsenicis boundmoretightly, thusthe
diffusion of arsenicis hindered.Now the arsenicdimersdesorbdirectly from the surface.
Supportfor the above mechanismis the observed changeof the desorbingspeciesfrom
As4 to As2 during desorptionfrom c(4x4) to (2x4) [28]. From the RAS transientsan ar-
seniccoveragefor this transitionof aboutonemonolayeris estimated,whichagreesto TDS
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Figure6.16:The four different processesduring arsenicdesorptionfrom c(4x4): (a) fast
diffusion of dimersto the steps,(b) due to high concentrationof As2 at the
stepsformationof As4, (c) As4 desorbs(ratelimiting step),(d) if the arsenic
coverageis below onemonolayer, arsenicdimersdesorbdirectly.

(ThermalDesorptionSpectroscopy) measurements[28]. Figure6.16shows the desorption
processsystematically.

FittingRAStransientsfor processIII, theAs4 desorptionfromsteps,anactivationenergy
of (2:8� 0:3) eV wasfound(�g. 6.19andtable6.1). For thedesorptionof deuteratedarsine
(AsD3) from a c(4x4) underUHV conditionsa smalleractivation energy of 1.9eV was
measuredby TDS [28]. However, thereis an uncertaintydue to TDS: both, the reaction
orderandapre-exponentialfactorhaveto beenknown independentlyfor doingtheRedhead
analysisin orderto calculateanactivationenergy.

For processIV, whereAs2 is assumedto desorbfrom theterracesandthereconstruction
is changingtowards� 2(2x4)anactivationenergy of (2:79� 0:17)eV wasfound.AgainTDS
experimentsreportsthemuchsmallervalueof 2.0eV [28].

SPA transientexperimentsof arsenicdesorptionin MOVPEattemperaturesabove800K
wereinterpretedastwo zeroorderdesorptionprocesses,�rst arsenicdesorptionfrom the
c(4x4)andthenachangetowardsa(2x4)reconstruction,with activationenergiesof 2.75eV
and 1.67eV [54]. The �rst value is closeto the value for processIII of (2:8 � 0:3) eV,
while thevaluefor processIV is muchtoo small.However, if the samereactionordersas
in the experimentsin this work areassumed(i.e. a zeroorderreactionfor processIII and
thena �rst orderreaction),andafter �tting theSPA transientsgivenin reference[54] with
exponentialfunctions,anactivationenergy of (2:4 � 0:2) eV is obtained,closerto thevalue
for processIV of (2:79� 0:17)eV in table 6.1.

6.3.3 Desorption fr om � 2(2x4)

Thedesorptionfrom the� 2(2x4) dependson thecarriergas.Usinghydrogenascarriergas
andtemperaturesabove920K causestheRASsignalto decreaselinearlyduringdesorption
from the� 2(2x4)reconstruction(processV) (�g. 6.17). At ananisotropy of about0:4� 10� 3

at 2.65eV the slopechanges(processVI) and �nally the RAS signal saturatesand does
not changeeven after someminutes.Using nitrogencarriergasonly an exponentialRAS
signalchangeis observed (�g. 6.18). Even at very high temperaturesexceeding980K no
additionalarsenicdesorptionprocessis foundusingnitrogencarriergas.

ThedottedRASspectrumin �gure 6.17correspondsto asurfaceunderhydrogencarrier
gas30s after theRAS signalat 2.6eV startedto decreaseagain.ThesameRAS spectrum
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Figure6.17:RASspectraandtransientduringarsenicdesorptionin MOVPEusinghydrogen
carriergas,startingfrom � 2(2x4).

was the �nal spectrumduring desorptionwith nitrogen(�g. 6.18). This spectrumis very
similar to anRAS spectrumof an � (2x4) duringMBE (�g. 6.6). However, with hydrogen
carriergasthereis furtherarsenicdesorptionuntil theprocesschanges.The�nal RASspec-
trumobtainedunderhydrogencarriergasis shown in �gure 6.17(T=968K, dashedline). It
clearlyresemblestheRASspectrumof a (4x2) reconstructionin MBE (�g. 6.8) [42].
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Figure6.18:Developmentof RASspectra(every90s)duringarsenicdesorptionin MOVPE
usingnitrogencarriergas,startingfrom � 2(2x4).

The differentprocessesandreactionordersof arsenicdesorptionunderhydrogencar-
rier gascomparedto nitrogencarriergasarerelatedto thehydrogen,mostlikely dueto the
onsetof formationof hydrogenradicalsfrom thehydrogencarriergasitself above � 900K.
Thesehydrogenradicalsinducearsenicdesorptionby theformationof AsHx molecules;the
hydrogenradicalsfrom thecarriergasareetchingthearsenic.This assumptioncouldalso
explain why thesurfacesarelessarsenicrich with hydrogencarriergasat highertempera-
turescomparedto nitrogenascarriergas,asobservedin section6.2.

Therefore,the changeof reconstructionduring arsenicdesorptionis simply causedby
anetchingof thearsenicby thehydrogenradicals.Thearseniccoverage(andthustheRAS
signal) is changinglinearly with time becausethe rateof hydrogenradical formationand
thustheetchingrateis constantataconstanttemperature.

UsinghydrogenascarriergasthedesorptionprocessV from � 2(2x4) hasanactivation
energy of (2:4 � 0:3) eV andis linearwith time (zeroorder).However, asdiscussedabove,
this might not be dueto desorptionfrom active surfacesites,but dueto hydrogenradical
inducedetching.Thustheactivationenergy is probablyrelatedto theformationof AsHx .
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At an RAS signalcloseto zero(at 2.65eV) the surfaceis entirely coveredby � (2x4),
andthetransitionto thenext moregalliumrich surfacestarts.Thefurtherchangein theRAS
signal(processVI) thereforere�ects theetchingof thelastsurfacelayerof arsenicandthe
formationof gallium dimers.This �nal changetowardsthe(4x2) is againlinearwith time.
Justshortlybeforethesignalsaturatesthereis asmallcurvature.Sincetheexactnatureof the
surfaceat this time is unknown, thepossibilityof anotherprocessshortlybeforesaturation
cannotbeexcluded.Furthermore,thestructureof thesurfacewhenthedesorptionbehavior
changesis notknown; it mightbea (nx6)-like reconstruction,asclaimedin [44].

Fitting this secondlinearpart for thechangetowards(4x2) yieldsanactivationenergy
of (2:8 � 0:2) eV (�g. 6.19). This energy is slightly higherthantheactivationenergiesfor
thepreviousprocesses,re�ecting thestrongerbindingof these�nal arsenicatoms.

However, the “true” processV with exponentialAs2 desorptionis only observed with
nitrogencarriergas.Theverysmallunavoidablearsenicbackgroundpressureof theMOVPE
reactionseemsto beenoughto stabilizethe�nal � (2x4)upto at least1000K. Theactivation
energy of (2:7 � 0:2) eV is closeto thevaluesof theotherprocesses.

6.3.4 Summary of Arsenic Desorption

Theobtainedreactionratesfor all desorptionprocessesareshown in �gure 6.19. Thecalcu-
latedactivationenergiesfrom thesedataarecomparedto valuesin literaturemeasuredwith
SPA andTDS in table6.1.

Thereactionratesunderhydrogenandnitrogencarrierin �gure 6.19areessentiallythe
same.However, in generalthe activation energies using nitrogencarrier gasare smaller.
But thenitrogendataweremeasuredmostly in a singlerun,while thedatausinghydrogen
carriergasarefrom about10 runsbetween1995and1999.Therefore,theerrorbarsfor the
nitrogendataareprobablytoo small,andany deviationsin theactivationenergiesbetween
nitrogencarrierandhydrogencarriergasareprobablydueto lack of measurementsusing
nitrogencarriergas.
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Figure6.19:Therateconstantsof thedifferentprocesseswith hydrogencarriergas(upper)
andnitrogencarriergas(lower) areplottedon a logarithmicscaleabove the
reciprocaltemperatures(Arrheniusplot). The ascentof the obtainedlines are
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process activationenergy (eV) reaction desorbing
by RAS by TDS1 by SPA order species

no. name (MOVPE) (UHV)[28] (MOVPE)[54] [28]
with hydrogencarriergas

I. H-desorption too fast ? H2?
II. to c(4x4) (2:36 � 0:07) 2.57 1. As4

III. from c(4x4) (2:8 � 0:3) 1.9 2.75 0. As4

IV. to � 2(2x4) (2:79 � 0:17) 2.0 1.67(2:4 � 0:2)2 1. As2

V. from � 2(2x4) (2:79 � 0:17) 2.3 0. AsHx?
VI. to (4x2) (2:8 � 0:2) 0. unknown

with nitrogencarriergas
I. H-desorption too fast ? H2?
II. to c(4x4) (2:20 � 0:11) 1. As4

III. from c(4x4) (2:3 � 0:3) 1.9 0. As4

IV. to � 2(2x4) (1:98 � 0:07) 2.0 1. As2

V. from � 2(2x4) (2:7 � 0:2) 2.3 1. As2

VI. to (4x2) notobserved

1 ThermalDesorptionSpectroscopy (TDS) of AsD3 underUHV-conditions[28] with a � 1 assumed
to be 1013 s� 1 andreactionorder to be alwaysone.Therefore,all the valuesmay be off by some
factor. Thedesorbingspeciesarealsotaken from this referencewith regardto temperatureandre-
construction.
2 The valueof 2.4eV wasobtainedby �tting SurfacePhotoAdsorption(SPA) transientsgiven in
[54] with exponentials.

Table6.1:Activation energiesandreactionordersof the differentarsenicdesorptionpro-
cesseson the(001)surface.
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6.4 TEGa/TMGA Adsorption/Desorption

Pulsedsupply of TMGa (or TEGa) is usedfor two purposes.The �rst one is growth in
the self-limiting Atomic Layer Epitaxy (ALE) growth mode,i.e. growth usingalternating
supplyof TMGa andAsH3. In this modethe growth rateis limited to onemonolayerper
cycle, dueto adsorbatesfrom thedecompositionof theTMGa still sticking to thesurface.
Thislimitationwill bediscussedin detailin thissection.Thesecondusageof pulsedsupplies
is for deltadoping(i.e. creatinga thin layerwith ahighcarrierconcentration),whenashort
pulseis offeredto thesurfaceatabout900K. However, dopingwill bediscussedlateron in
section6.7.

6.4.1 TEGa Adsorption

UsingTEGait is impossibleto achieveself-limiting ALE growth (seee.g.[53]). Figure6.20
shows thedevelopmentof thesurfaceduringa shortALE sequenceat 775K. At this tem-
peratureTEGais completelydecomposed,andthuspuregallium or gallium-hydridesare
suppliedto thesurface.
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Figure6.20:Developmentof RAS spectrabeforeand after a short TEGa pulseat 775K
(RAStransientat2.6eV).

During the �rst 30s purging with hydrogenthe reconstructionchangesfrom (4x3) to
c(4x4)(alreadydiscussedin section6.3.1). ThenaftertheshortTEGapulsethereconstruc-
tion changesto � 2(2x4).After sometimetheresidualarsenicevaporatesfrom thewallsand
the susceptorandthe surfacechangesgraduallybacktowardsc(4x4).Finally the AsH3 is
switchedonagainandthereconstructiontransformsinto (4x3).

If theamountof TEGais not toohigh(i.e. thepulseis shortenough)thesurfacechanges
from c(4x4)(arseniccoverage1.75ML) to � 2(2x4)(0.75ML), resultingin agrowth rateof
aboutonemonolayerpercycle.However, thismechanismis not self-limiting (e.g.see[53])
andrelieson well-chosenswitchingtimes.

6.4.2 TMGa Adsorption

Atomic Layer Epitaxy Regime(T< 750K)

ALE growth is doneby alternatelysupplyTMGaor AsH3 to theMOVPEreactorat temper-
aturesbelow 750K. By doingALE usingTMGa on a (001)surfacea self-limiting growth
rateof onemonolayerpercycle is achieved[57].
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ALE growth hasbeenstudiedthoroughlyusingRAS [47, 52, 53]. In the�rst step,after
AsH3 is switchedto the vent, TMGa is offered to the surface.At the low temperatures
duringALE thedecompositionof TMGais incomplete,andmono-methyl-gallium(MMGa,
GaCH3) andevenTMGareachesthesurface.

The methyl groupsof the adsorbedandpartly decomposedTMGa andMMGa do not
gooff spontaneously. Insteadthey needatomichydrogento desorb,usuallydeliveredby the
AsH3. Without AsH3, the methyl groupsstick muchlonger to the surface.Someof them
canform methaneandsubsequentlyevaporateby stealingfrom othermethylgroups,which
werereducedto methylene(CH2).
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Figure6.21:RAStransientat2.65eV duringTMGaadsorptionat700K andArrheniusplot.

UsingUHV techniques[47, 50, 51] andalsoin-situRAS[47, 52, 53] thereconstruction
preparedby exposinga (001)surfaceat low temperaturesto TMGa wasidenti�ed as(1x4)-
CH2 reconstruction,whichwasdiscussedin section6.1.7. Thisreconstruction,probablydue
to its methylenebonds,is verystable[47] asit canbealsoseenin �gure 6.21: theRASsignal
did notchange,evenwhentheTMGa wasswitchedoff.

TheRAS transientin �gure 6.21shows someriseandfalls, which canbecorrelatedto
several different reconstructions.After switchingoff the AsH3 andthenswitchingon the
TMGa thesurface�rst changesto (nx6) (smallmaximum),thento (1x2)-CH3 (minimum)
and�nally exponentiallyto a (1x4)-CH2 reconstruction(�nal maximum).This is very sim-
ilar to thethereconstructionsfoundduringgrowth. (Thiswill bediscussedin thefollowing
section6.5.)

This�nal RASsignalchangefrom(1x2)-CH3 to (1x4)-CH2 is slow enoughtobe�tted. It
showsanexponentialtimedependence(�rst orderreaction)andanactivationenergy around
1.9eV. Thechangeis likely limited by thebreakdown of themethylgroups(from CH3 to
CH2) andthebondrearrangementon thesurface.

As mentionedbefore,the(1x4)-CH2 is inertagainstfurtherTMGaadsorption.It is even
possibleto cool a sampledown from 750K to roomtemperaturewith TMGa �o wing with-
out gettinggallium droplets,asit wasdonein �gure 6.22. The resultingRAS spectrumis
somewhat similar to a (2x4) spectrum(see�g. 6.6). However, thereare importantdiffer-
ences:� 2(2x4) hasno RAS signalbelow zero,the RAS spectrumhasthreemoreor less
distinctstructuresbetween2.5eV and4.3eV. Finally, the� 2(2x4) RAS spectrumat theE1

transition(2.96eV) is moreanisotropicthanthe structureat E0
0(4.44eV) in contrastto the

(1x4)-CH2 spectrumin �gure 6.22.
A mentionedearlier, thestructureof this surfaceis still unknown. Clearly thepresence

of methylenegroupssuggestsmethylenebridging bondsbetweendifferent atomson the
surface.Secondlythearsenicnetcoveragemustbearound0.5-0.75ML, sinceALE growth



6 (001)Surface 57

2 3 4 5
-2

0

2

4

6 MOVPE
   300 K

      UHV
(1x4)-CH

2
 600 KR

e(
D

r/
r)

  
(1

0-3
)

energy  (eV)

Figure6.22:RASspectrumaftercoolingfrom 875K to roomtemperaturewithoutAsH3 but
TMGa�o wing until 575K (UHV [47]).

(i.e. changingbetween(4x3)/c(4x4)and(1x4)-CH2) resultsin a growth rateof exactly one
monolayerGaAspercycle.

At high temperatures(T> 900K)

At hightemperaturesabove900K thesurfacetransformsrapidly into � 2(2x4)withoutAsH3

stabilization.Thus,it is expectedthat an additionalsupplyof TMGa yields an even more
gallium rich reconstruction.Figure6.23shows the RAS spectraandtransientsof suchan
experiment.Whena shortpulseof TMGa is fed into the reactorthe � 2(2x4) (createdby
arsenicdesorption)changesto a (4x2) reconstruction.The right handside of �gure 6.23
showsRAS transientsfor runswith differentlengthsof theTMGapulse.

Thegrowth ratemeasuredby RASsignaloscillationsat773K was0.547ML/s. At least
thisamountof galliumwasdeliveredto thesurfaceathighertemperatures.From�gure 6.24
themeanpulsedurationfor acompletechangeto (4x2)wasfoundto be(1.59� 0.07)s.Thus,
theamountof galliumneededto changethe� 2(2x4)into (4x2)wasabout0:547M L

s �1:59s =
0:85ML.
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Figure6.23:RAS spectrameasuredbefore,duringandaftera TMGa pulse(left) andRAS
transientsat2.65eV of TMGa pulsesof differentdurations(right) at 923K.

As it canbeseenin �gure 6.23the(4x2) reconstructionvanishesaftersometime.This
recovery time dependslinearly on the lengthof theTMGa pulse(�g. 6.24). If theamount
of TMGa exceededmore than2.5s (i.e. more thana monolayer),the recovery timesdid
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not increaseany further but the surfacebecamerough.This behavior is an indicationof
theexistenceof a moregallium rich reconstruction,possiblyconsistingof gallium droplets
betweenaproper(4x2) reconstruction,asproposedin [46].
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Figure6.24:Time of existenceof the (4x2) (left) andcalculateddesorptionratesfrom the
data(right).

Fromthe time thegallium rich reconstructionremainsstabilizedby theexcessgallium
onthesurface,thegalliumdesorptionratescanbecalculated,becausetheamountof excess
galliumofferedto thesurfaceandthetimeit takestodesorbthegalliumareknown.Theright
handsideof �gure 6.24showsanArrheniusplot of thedesorptionratesof galliumcalculated
from the lines in the left handdiagram.The activation energy for gallium desorptionof
2.1eV is surprisinglylow, comparedto theactivationenergy of 2.5eV for arsenicdesorption
(measuredin theprevioussection6.3). This maybedueto thedesorbingTMGa beingonly
weaklyboundinto clustersonthegalliumrich (4x2)surface.However, thereis alsoasecond
explanation.As statedearlier in sections6.2 and6.3.3, the hydrogencarriergasseemsto
etchthe surfaceat thesehigh temperatures.Thusthe desorptionratemight be an etching
rateinstead.

However, therateis veryslow, whethergallium is desorbingor etchedby hydrogen,be-
low 0.05monolayerpersecond,evenat950K. Actual rateson lessgalliumrich reconstruc-
tions aremost likely even smaller, becauseon thesereconstructionsthe gallium is bound
moretightly. Therefore,galliumdesorptionis not animportantissuefor MOVPEgrowth at
temperaturesbelow 975K.

6.4.3 Summary of TEGa/TMGa Adsorption

Thedifferentdecompositionpathway of thegallium precursoris re�ected by their adsorp-
tionbehavior. TEGaisdecomposedatabout600K mostlyintoGaHx . ThusTEGaadsorption
leadsto theformationof a(2x4)reconstruction,evenat low temperatures.Ontheotherhand
TMGa adsorptionat low temperaturesresultsin a methylenecoveredinert surface.Only at
veryhightemperatureswhenTMGais completelydecomposed,aclean(4x2)reconstruction
canbepreparedby TMGaadsorptionon � 2(2x4).
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6.5 SurfacesDuring Growth

Contraryto theresultsin MBE (i.e. �g. 6.1from [25]) no longrangesymmetryexistsduring
growth in anMOVPEreactor, apartfrom a verydisordered(1x2)symmetry[48]. However,
theRASspectragivestrongindicationsto thepresenceof smallreconstruction“sub-units”,
whichon thewholeyield RASspectracloseto thoseof well-orderedsurfaces.

Growing with TEGathreecharacteristicRAS spectra(�g. 6.25) werefound,which cor-
respondwell to thosefoundduringgrowth usingTMGa.UsingTMGaatlowertemperatures
andvery low V/III ratios1 anotherfourthphasewasfound.Its spectrumis plottedin �g 6.10.
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Figure6.25:typical RAS spectraduring growth usingTMGa andTEGa(right). The bars
mark the typical regionsof the RAS minimum for gallium rich (� 2eV) and
arsenicrich (� 2.6eV) reconstructions.

To obtain the phasediagramsshown in �gures 6.26 and6.27, RAS spectraat a large
varietyof growth conditionshave beenmeasured.However, it wasnot possibleto measure
at TMGa �ux esof morethan13Pa dueto technicallimitations.To obtainspectraat lower
V/III ratios,theTMGa partialpressurewas�x edat 5Pa andthentheAsH3 partialpressure
waschanged(solid symbolsin �g. 6.26). EachmeasuredRAS spectrumwasassignedto a
phaseusingthefollowing criteria:

PhaseI Pre-growth andduringgrowth surfacesareidentical;the duringgrowth spectrum
mightbeslightly damped.

PhaseII TheRASminimumis shiftedto lowerphotonenergies(more(nx6)-likespectra).

PhaseIII TheRAS minimumis shiftedbackto thevalueof thestartingsurface,but now
theRAS minimumis narrower, andthemaximumis shiftedmoreinto theUV range.

PhaseIV At very low V/III ratiosthereis no properRAS signalminimumat all, andthe
RASspectraresemblethatof a (1x4)-CH2 (�g. 6.10).

Figure6.26shows thephasediagramfor thegrowth of GaAs(001)usingeitherTMGa
or TEGa.Although TEGafeaturesthreephaseswith similar RAS spectraasTMGa (see
�g. 6.25), the phaseboundariesare shifted by 100-150K to lower temperatures.On the
otherhand,usingnitrogencarriergas(seealso[58]) or growing on a vicinal substrate(for

1Growth usingTEGawasnot investigatedatV/III ratiosbelow 10,thereforetheexistenceof afourthphase
usingTEGacannotbe ruledout. However, TEGadecomposesvia � � Elimination forming GaHx (discussed
in sec.5) thustheexistenceof ancompletelyadsorbatelimited phaseis veryunlikely.
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startsto decrease(from datain �g. 5.3right side).

additionalphasediagramssee[59]) doesnot changethe phaseboundarieswithin an un-
certaintyof 20K. Even on the (113) surfaceand using TMGa the phaseboundariesare
comparable(sec.8.3 �g. 8.5). Thus the phaseboundariesarestronglyrelatedonly to the
galliumprecursor.
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At higher temperaturesand low gallium partial pressures(high V/III ratios) the RAS
spectrumdoesnot changeupon initiating growth. The arsenicstabilizedsurfaceand the
surfaceduring growth are in quasiequilibrium andthe growth rate is small comparedto
thedecompositionandadsorptionrates.All arriving TMGa is instantaneouslydecomposed,
incorporatedandcoveredagainby arsenic.Thus,pre-growth andduringgrowth surfaceare
identical.

During growth in phaseII the RAS spectrashow more contributions of gallium rich
reconstructions,i.e. morecontributionsof (nx6) domains.This canbe clearly seenin �g-
ure6.34, wheredarkareasindicatea strongdifferenceof (nx6) areacoveragebetweenpre-
growth andduringgrowth surfaces.Thegallium dimerstypical for the(nx6) reconstruction
are likely locatedat the step-edges,becausestep-edgesarepreferredsitesfor gallium in-
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corporation,simply becausehereatomshave a highernumberof nearestneighbors.The
previous sections6.2 and6.3.2showed that step-edgesarealsositesof enhancedarsenic
desorptionwhich makesthemadditionallygalliumrich.

For theorigin of phasesII thereis a very simpleexplanation:in the intermediatetem-
peraturerangethe decompositionof the TMGa/TEGaprecursoris 100% (sec.5 �g. 5.1).
However, only asmallpartof theAsH3 is decomposed(sec.5 �g. 5.2), thustheincorporated
galliumis not immediatelycoveredby arsenic.Consequentlytheduringgrowth surfacesare
moregalliumrich thanthepre-growth surfaces.

This mechanismis certainlytruefor growth usingTEGa,sinceTEGais essentiallyde-
composedabove 600K while AsH3 is not. However, usingTMGa phaseII extendsabout
120K higherin temperaturethanby usingTEGa,eventhoughtheAsH3 decompositionis
not in�uencedthatmuchby thedifferentgalliumprecursors.
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Figure6.28:Productionof mono- or di-methl arsine ((CH3)xAsH3� x ) during MOVPE
growth measuredby IR-adsorptionand massspectroscopy (Nishizawa (IR)
[60], Armstrong(IR+MS) [61], Larsen(MS) [15]).

The main differencebetweenTMGa and TEGa is their decompositionmechanism.
While TEGadecomposesvia � � eliminationandthereforeGaHx is deliveredto thesurface,
TMGadecomposesin thevaporphaseonly upto GaCH3 (mono-methyl-gallium).Therefore
many methylgroupsaresuppliedto thesurfaceduringgrowth usingTMGa.Somehow the
methylgroupsfrom theTMGamustinducelessarsenicrich surfaces.A possiblemechanism
is theformationof methylarsineson thesurface,which desorbs.Thefollowing mechanism
is proposedin detail:

1. Partly decomposedTMGa (mostly(CH3)Ga:and(CH3)2Ga�) reachesthesurfaceand
diffusesto thestep-edges.

2. AsH3 is adsorbed,only partly decomposed,asAsHx (x=0..3).

3. At thestep-edges,the(CH3)xGais incorporated,andthe leftover methylgroupsstill
stick to thesurface,closeto astep-edge.

4. Partly decomposedAsHx meetsthemethylgroupsat thestep-edges.AdsorbedAsH2

andAsH hastwo possibilities:eitherit transfersanhydrogenatomto amethylgroup,
forming methane(CH4) which thendesorbs,or it formsmono-anddi-methylarsines
((CH3)xAsH3� x) which alsodesorbs.
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Thus,themethylgroupsof theTMGawouldinducetheformationof methylarsines.Asa
resultlessarsenicis incorporated,becauseof increasedarsenicdesorption.Thismechanism
is only possibleat temperaturesbelow the decompositiontemperatureof tri-methyl arsine
(TMAs), i.e. below 850-900K.

There is experimentalevidence of the formation of methyl arsines.In TMGa de-
compositionstudiesalsothe formationof mono-methyl-arsenic(CH3AsH2) wasobserved
[61, 15, 60]. Figure6.28shows themeasuredproductionof methylarsinesasa functionof
temperature.Thetemperaturerangeis limited to lower temperatureby theonsetof TMGa
decompositionandto higher temperaturesby the onsetof TMAs decompositionat about
850-900K.

However, the partial pressureof the methyl arsineswere low, lessthan 10% and the
partialpressuredecreasesstronglyat total reactorpressureshigherthan100Pa [19], which
wouldmake thisprocesslessfavorableat thetypical2-10kPareactorpressuresusedduring
MOVPEgrowth. Thus,thisprocesswasneglectedfor theanalysis,sinceit wascertainlynot
a major pathway of decomposition.On the otherhandthe formationof methyl arsinesas
describedwouldbeexpectedto beonly aminorprocess,if it solelyhappenson thesurface,
andconcentrationsof lessthanapercentareexpectedthen.

H

H

C H 3

C
H 3

[ 1 1 0 ]

Figure6.29:Model of the atomic con�guration of a step-edgein [110] direction during
MOVPEgrowth usingAsH3 andTMGa.

Another importantconclusioncanbe drawn from this model:Closeto step-edgesthe
surfaceis gallium rich, becauseon theonehandthestepedgesaretheplacethegallium is
incorporated.On theotherhandthearsenicdesorptionis increasedby the left-over methyl
goups.

Puttingall this together, themodelof a stepshown in �gure 6.29canbededuced.First,
directlyat thestep,thereis a regionof galliumdimers,arrangedlike in (nx6)or (4x2).Next
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comesa region, wherethe surfaceis only coveredby a singlearsenicdimer layer, like a
(2x4).Then�nally comestheterraceregion,which is c(4x4)or (4x3)covered.

The origin of phaseIII is muchbetterunderstood.In this regime the growth ratede-
creaseswith decreasingtemperature,ascanbe seenfrom �gure 5.3. Therefore,phaseIII
belongsto the kinetic limited growth regime.The decreasinggrowth rateis dueto the in-
completedecompositionof the precursors,and subsequentlythe surfaceis coveredwith
adsorbates.UsingTMGa a (1x2)-CH3 reconstructionappears(seesec.6.1.6), andthedes-
orptionrateof themethylgroupsis limiting thegrowth rate.

The desorptionrate of the adsorbatesis an activatedprocess(i.e. have an activation
energy barrier).Therefore,thepartialpressuredependenceof thetransitionbetweenphaseII
andIII shows an exponentialtemperaturedependency: A higherpartial pressuremeansa
highersupply rate of adsorbatesand thus a higherdesorptionrate of the adsorbates(i.e.
highertemperature)is neededto maintainthesamecoverage.

Finally, usingTMGa andvery low III/V ratios(< 1), anothercharacteristicRAS spec-
trumappears.TheRAS spectrumof thisphaseIV is similar to thatof the(1x4)-CH2 recon-
struction,alsofoundduringALE growth whichwasdiscussedin theprevioussection6.4.2.
During growth in phaseIV at low V/III ratiosthereseemsto benot enoughhydrogenfrom
theAsH3 to desorbthemethylgroupsbeforetheir arereducedto methylene,which is very
stable.Growth at suchlow V/III ratios is usedfor intrinsic carbondopingwhich will be
discussedin section6.7.

To summarize,during growth at normalV/III rates(i.e. larger than 5) threedifferent
typical surfacesappear. At high temperaturesin phaseI the kineticsaremuchfasterthan
thegrowth ratesandthesurfacesduringgrowth is identicalto thepre-growth surfaces.At
intermediatetemperaturesin phaseII moregallium rich surfacesappear, thegallium is lo-
catedat thestep-edges.Thissurfaceis eitherdueto incompleteAsH3 decomposition(when
growing with TEGa)or dueto forcedarsenicdesorptionby theformationof methylarsines
(whengrowing with TMGa).Finally, at low temperaturesin phaseIII theprecursorarenot
decomposed,andthesurfaceis coveredby adsorbates.
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6.6 Gallium SpeciesSurfaceDiffusion

Thenext two sectionswill dealwith diffusionof galliumspeciesduringgrowth with TMGa
andAsH3. The�rst sectionusesthe“classical”approachof MBE, thetransitionbetween2D
islandnucleationgrowth modeandstep-�ow growth mode.Thesecondsectiondetermines
diffusionlengthsby step-bunching.

6.6.1 2D Island NucleationGrowth $ Step-�ow Growth

At lower temperatures(725-850K) RAS signaloscillationscanbeobservedduringgrowth
(�g. 6.30) [62]. Theseoscillationshave a periodof exactly onemonolayer. They can be
foundfor awide rangeof parameters;in factit wasusedregularly in thiswork to checkthe
growth rateof theMOVPEsystem.

TheRASsignaloscillationsseemto becorrelatedto 2D islandnucleationgrowth mode,
which is discussedin detail in section3.2.1and�gure 3.2. In 2D islandnucleationgrowth
modethesurfacealternatesbetweenarougherstatewith many smallislands(after0.1to 0.6
monolayergrowth) anda smoothstate(after0.7 to 1.0monolayergrowth) with only a few
very largeislands.
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Figure6.30:RAS signaloscillationsmeasuredat 2.65eV photonenergy duringgrowth us-
ing TMGa(left side)andspectralresolved(right side).

RASsignaloscillationswith monolayerperiodicityduringgrowthwere�rst measuredin
MOVPEusingTMGa[62], thenwith TEGa[33], but alsoin MBE [55]. In MBE RHEEDin-
tensityoscillationscausedby therougheningandsmoothingof thesurfaceduring2D island
nucleationgrowth modehasbeenawell known factfor many years[63, 64]. Additionally in
MOVPE,GIXD intensityoscillationsof thecrystaltruncationrodwerefound.Thusasimi-
lar 2D islandnucleationgrowth with characteristicroughnessoscillations[7, 33] is present
in MOVPEtoo.

Theobservationof theRASsignaloscillationsin MBE aswell clearlyprovedtwo things.
Firstly, adsorbatesarenot importantwith respectto their origin. Secondly, RAS signalos-
cillationsareindeedrelatedto 2D islandnucleationgrowth. But thepresenceof 2D island
nucleationgrowth modewasnot suf�cient, becauseat certaintemperaturesRHEEDinten-
sity oscillations(andtherefore2D islandnucleationgrowth), but noRASsignaloscillations
were observed [55]. Detailed investigationsrevealedthat the RAS signal changeduring
growth andhencethe RAS signaloscillationsstronglydependuponthe reconstructionof
thesurface[55].

Thestraightforwardinterpretationof RASsignaloscillationsasaresultof ananisotropic
changingroughnesswas �nally proven wrong by calculations[10]. The calculatedRAS
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Figure6.31:AFM imageof a surfaceaftergrowthin 2D islandnucleationgrowthmode.

oscillation amplitudefor one monolayerhigh anisotropicislandswas too small for the
observed RAS signal amplitudes.Finally in MOVPE the RAS spectraat the maximum
and minimum of the RAS signal oscillation were measuredduring growth using TMGa
(�g. 6.30) [65] andTEGa[33]. Theresultingspectrawereincompatiblewith spectracalcu-
latedassumingananisotropicroughness[10]. Insteadthemeasuredspectrashowedadepen-
denceon thegalliumprecursor. UsingTEGatheRAS spectraoscillatebetweenphaseI and
phaseII. Using TMGa however, the RAS spectraoscillatebetweenphaseII andphaseIII
(see�g. 6.30; phasesaredescribedin theprevioussection6.5).

In bothcasesafterhalf a monolayergrowth (i.e.many small islands)theRAS spectrum
resemblesmorea phaseII RAS spectrum,i.e. a gallium rich surface.GIXD measurements
showedthesurfaceto becoveredwith many small islands[33, 48]. Apparentlythehigher
islanddensityandsubsequentlythe highersurfaceroughnesscausesa moregallium rich
surface.Two thingscontributeto this mechanism.Firstly, thereis enhancedarsenicdesorp-
tion at thestep-edges(discussedin sec.6.2and6.3.2). Secondly, dueto thetighterbonding
at step-edges,gallium atomsarepreferablyincorporatedthere.Thereforecloseto thesteps
thesurfacehasamoregalliumrich reconstruction,likediscussedin theprevioussection6.5.

Howeverafterthecompletionof a monolayeronly a few largeislandsremain,resulting
in a small areaof gallium rich reconstructioncloseto thestep-edgesandthusa largearea
of arsenicrich reconstruction.HencetheRAS signaloscillatesbetweentheRAS spectraof
moregalliumrich andmorearsenicrich surfaces.

Obviously thechangebetweenmoregallium rich areasandmorearsenicrich areasde-
pendson the growth regime. No oscillationsareexpectedduring step-�ow growth, since
the stepdensitydoesnot change.Furthermore,if thereis no differenceof the reconstruc-
tion at thestep-edgesandon theislands,noRASsignaloscillationareexpected,evenif the
growth modeis 2D islandnucleation.Therefore,athighertemperaturesin phaseI, whenthe
pre-growth andduringgrowth surfacesarenearlyidentical,no changeof reconstructionat
the step-edgesandthus,no oscillationsareexpected.The temperatureof the transitionto
phaseI dependsmostlyontemperatureandto asmallerdegreealsoonprecursorandcarrier
gas(see�gs. 6.26and6.27). Hence,only duringgrowth in thephaseII regimethevanishing
of theRASsignaloscillationsindicatesa“true” transitionfrom 2D islandnucleationgrowth
modeto step-�ow growth mode.

Frommeasurementsof thetransitiontemperatureto step-�ow growth at severaltemper-
aturesand �ux eson vicinal substrates(to have well-de�ned distancesbetweensteps)the
constantsof thediffusionequation(3.8) canbeobtained,asdiscussedin section3.1.1.
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Transitiontemperaturesonvicinal surfaceswere�rst measuredin MBE ([66, 67, 68, 69])
but also in MOVPE [7, 58, 59]. However, it is not clearat which proportionof diffusion
lengthto terracewidth the transitionto step-�ow modetakesplace.The ratio dependson
thevaluefor thenumberof atomsthatcanreachastepduringdiffusion,which itself canbe
calculatedusingtheBCF theory, explainedin section3.2.2. For thefurtheranalysisin this
work thevalueof 2:1 for theratioof diffusionlengthversusterracewidth wasassumed,i.e.
76% of thediffusionatomsareincorporatedat thestep-edges.
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Figure6.32:Transitiontemperaturesin MOVPEfor TMGa=0.7Pafor differentsamplemis-
orientations(left side) (MBE data[67]) andcalculateddiffusion coef�cientsp

D0Nr usinganactivationenergy of 2.8eV (right side).

As shown in �gure 6.32, the transition temperaturesare very different in MBE and
MOVPE.This is probablydueto thedifferentreconstructions.In MOVPE the terracesare
mostlycoveredwith anarsenicdoublelayerandthereforegalliumincorporationis hindered.
In MBE however, thewholesurfaceisusuallycoveredby(2x4)reconstructions,thusgallium
is easilyincorporated.But alsothe slopeof the lines andthereforethe activationenergies
arevery different.Typical valuesfor MBE growth are1.3eV to 1.8eV ([66, 67, 70]. The
only measurementin MOVPE sofar reporteda valueof 2.7eV [7], which agreeswell with
thevalueof about2.8eV foundin thiswork.

Although the transition temperaturesin MOVPE dependstrongly on misorientation,
temperatureandpartial pressures,the datafor the diffusion coef�cient in the right sideof
�gure 6.32do not show an increaseto higheror lower values.Hencetheactivationenergy
for diffusionwascorrectlyestimated.
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6.6.2 Step-Bunchingon Vicinal Surfaces

In section3.3 the principalmechanismof step-bunchingwasdescribed.Apart from a dif-
fusion length longer than the terracewidth, an anisotropicdiffusion energy barrierat the
step-edges(negativeSchwoebelbarrier)wasneeded.Theseconditionsarebothful�lled on
the (001) surfaceof GaAs.Figure6.33shows the step-bunchwidth (i.e. the separationof
thebunches)for differenttemperaturesandpartialpressuresaftergrowth on2	 [1Å10] vicinal
(001)GaAssubstrates.Thestep-bunchwidth wasobtainedfrom severalAFM imagesand
theerrorbarsmarkthestandarddeviation.
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Figure6.33:Developmentof step-bunchwidth asa functionof temperatureandusingdif-
ferentpartialpressures(0.125Pameasuredwith new gasinlet).

For all TMGa partial pressuresthe step-bunchwidth �rst increaseswith temperature.
This is simply dueto anexponentialincreaseof thediffusion lengthof gallium specieson
thesurfacein thenucleationlimiteddiffusionregime(sec.3.1.1). However, athighertemper-
aturesthestep-bunchwidth decreasesagain.This might bedueto eithera shorterdiffusion
lengthor a changeof the Schwoebelbarrier. Both valuesdependstronglyon the surface
reconstruction.Thusa quantitative analysisof the phasediagrampresentedin section6.5
wastried. It wasassumedthesurfacewaseithercoveredby (4x3) or (nx6). As pointedout
in section4 theRAS signalamplitudescanbedirectly correlatedto the fractionof surface
coveredby eachreconstruction,theRASspectrameasuredduringgrowthon2	 [1Å10] vicinal
(001) GaAssurfacewere�tted by a linear combinationof (4x3) and(nx6) RAS spectra.2

To enhancecontrastonly the increasein (nx6) areacomparedto the areacoveredon the
pre-growth surfaceis shown in �gure 6.34.

Thedarkregion (high increaseof (nx6)) in �gure 6.34agreesvery well with thephase
boundaryof thephaseII measuredon exactlyorientedsubstrates(�g. 6.26). At highertem-
peraturesthesurfacebecomesmoregallium rich (see�g. 6.11) andsimultaneouslythedif-
ferencesbetweenpre-growth andduringgrowth surfacesbecomessmall.Thusno increase
in (nx6)areais seenany more.

Theright handsideof �gure 6.34showsthedevelopmentof (nx6)areaincreasefor three
selectedTMGapartialpressures.Thearrowsmarkthetemperatureof thewideststep-bunch
width from �gure 6.33. Hencestrongstep-bunchingseemsto requiretwo things: a high
temperatureanda high increasein (nx6) areaduring growth. Most likely, the termination
of step-edgeswith galliumdimerscausesananisotropicdiffusionrateacrossthestep-edges

2Sinceit wasnot possibleto preparea (4x3) reconstructionat 900K, a (4x3) RAS spectrummeasuredat
825K wasshiftedto 0.2eV lowerenergies,to simulatetheenergy shift for highertemperatures.
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(i.e. negative Schwoebelbarrier).Without this, evenif thediffusion lengthis long enough,
nostep-bunchingwouldappear.

Therefore,the increaseof the step-bunch width at increasingtemperaturesup to the
maximumstep-bunch width are certainly limited by the gallium diffusion length on the
surface.For the analysisit was assumedthat the diffusion length equalsthe step-bunch
width. Using equation(3.8) the diffusion coef�cients

p
D0Nr werecalculatedandplotted

in �gure 6.35. For comparisonthe valuesobtainedfrom measurementsof the transition
temperaturesto step-�ow growth from theprevioussection6.6.1havebeenincluded.
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AsH3+TEGa,Kasu[72] STM nucleusdensitieswith STM aftergrowth)

The absolutevaluesof the diffusion coef�cient in �gure 6.35 differ stronglybetween
differentreferences.Evenin oursystemthealterationof thegas-inletchangedit by a factor
of six. Thescatteringof datasimply re�ects thedifferenceof theamountAsH3 (or TMGa)
going into the reactorversusthe amountof arsenic(or gallium) which �nally reachesthe
surface.The alterationof our “shower head” to provide a morehomogeneousmixing of
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AsH3 andTMGa resultedin morearsenicrich surfaces,andthusa highereffective V/III
ratioat thesurface.

surface
p

D0N r in m ED if f in eV precursor remarks

(113) (60 � 40)10� 9 (0:38 � 0:06) TMGa+AsH3 old inlet [73]
(001) � 10� 5 1:3 � 0:1 Ga+As4 (2x4) in MBE [66]
(001) � 1 � 10� 4 1:58 � 0:15 Ga+As4 (2x4) in MBE [67]
(001) � 8 � 10� 7 1:74 Ga+As4 (2x4) in MBE [69]
(001) 0:9 � 0:3 � 2:8 TMGa+AsH3 RAS oscil.& step-bunching
(001) 0:21 � 0:07 � 2:8 TMGa+AsH3 alteredinlet, step-bunching
(001) 0:8 � 0:51 � 1:4 TEGa+AsH3 nucleidensitiesby STM (calc.from �g. 3 in [72])
(001) 1:0 � 0:8 — TEGa+AsH3 only AsH3 varied,step-bunching[71]
(001) 3:8 � 0:22 � 2:7 TEGa+tBAs GIXD oscil. [7]
(001) — � 2:5 TMGa+tBAs diffuseGIXD [7]
(001) — 1:35 � 0:1 TIBGa+tBAs roughnesscorrelation[74]

1 : calculatedfrom thedatausinganactivationenergy of 2.8eV.
2 : calculatedusingantBAs �ux of 171:6� mol/min.

Table6.2:Dif fusion constants
p

D0Nr andactivation energies for diffusion ED if f . If not
markedotherwisetheseareMOVPEdata.

Nevertheless,all valuesobtainedwith the“old” reactorsetupagreeverywell. Table6.2
shows all availabledataon diffusioncoef�cient andactivationenergy of diffusion.All the
MBE datahave muchsmallerdiffusioncoef�cients andactivationenergies.This is dueto
the morearsenicrich reconstructionin MOVPE, on which gallium is boundmoretightly
to the surface(higher activation energy), but offer many possiblepathways for diffusion
(higherdiffusioncoef�cient

p
D0Nr ).

A recenttheoreticalwork concerningdiffusion on c(4x4) reconstructed(001) surfaces
calculatedan activation energy of about0.4eV for diffusion [75], which is far lessthan
the experimentalvalueof 2.8eV. Furtherstudiesareneededto check,if this is causedby
neglectingthemethylgroupsor thehydrogen.

6.6.3 Other Diffusion Measurements

Thedensityof islands,formedduring2D islandnucleationgrowth, shouldbeinverslypro-
portionalto thesquareof thediffusionlength.By measuringthedensityof smallislandsthe
diffusionlengthcanbecalculated.Thedif�cult partof suchmeasurementsis thetransferof
thesamplefrom theMOVPEreactorto theSTM withoutchangingtheislanddensity.

Measurementsof the spacingof islandson quenched,cappedanddecappedMOVPE
sampleshave beendoneusinganScanningTunnelingMicroscopy (STM) [72]. Thediffu-
sion lengthcalculatedfrom the nucleusdensityafter growth at varioustemperatureswas
proportionalto / exp

�
1:36eV
2kB T

�
, i.e.exaktly half of thevaluein thiswork.

However, the sampleshad to passthe many stepsbeforean STM measurementwas
performed.First, the samplewas�rst cooledwith about2K/s to room temperature,then
cappedby an amorphousarseniclayer, and �nally the capwas thermallydesorbedin an
ultrahighvaccumchamber[72]. Therefore,small islandmaynot beobserved,becausethey
wereableto coalescenceduring the process(e.g.the cooling or the annealingstep).Thus
the measuredislanddensitiesmay be too low, dependingon cooling andannealingtimes.
However, usingthe diffusion lengthfrom the paper, andan activation energy of 2.7eV, a
diffusionconstantof (0:8 � 0:5) m is obtained,verycloseto ourvalues.
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Finally, a diffusion length canbe also obtainedfrom the correlationof roughnesson
randomlyroughsurfaces[74]. A activationenergy of 1.35eV wasobtained.However, the
morphologyof thesurfacesweremuchrougherthansurfacesgrown in our systemat com-
parableconditions(seenext section).This may be due to the useof the unusualgallium
precursortriisobutylgallium (TIBGa). Furthermore,the questionarises,if the so obtained
diffusionlengthson roughsurfacesaresimilar to theoneon �at surfaces.

6.6.4 Summary of Gallium SpeciesDiffusion

Diffusion lengthshave beendeterminedeitherby measuringtransitiontemperaturesfrom
2D islandnucleationto step-�ow growth modeon vicinal substrates,or by measuringthe
separationof step-bunches.Thevaluesof theactivationenergy of diffusion(2.8eV) andthe
diffusion constant(� 0.8m) calculatedfrom both measurementsshowed very goodagree-
ment with many measurementfound in literature(seetable 6.2). However, the diffusion
constantwasfoundto beverysensitiveto theactualreactorset-up.
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6.7 Carbon Incorporation

Carbonis widely usedfor GaAsp-typedopingfor severalreasons.Firstly thecarbonatoms
in the GaAsbulk have a very low diffusion coef�cient [76] dueto the very tight gallium-
carbonbond.Also thegeneratedholeshavearelatively highmobility [77]. Then,in contrast
to zincor beryllium(in MOVPEseldomlyused)thereis nocarryoverof dopants(“memory
effect”), sincethecarboneitherleavesthe reactorasmethaneor solid immobile carbonis
deposited.Finally carbonis non-toxic in contrastto beryllium, andcarbonprecursorsare
verycheap.And althoughcarbonis agroupIV elementandcanin principledop- or n-type
doping,duringgrowth on theGaAs(001)surfacecarbonalwaysendsup on anarsenicsite,
i.e. thelayersarealwaysp-type[78].

UsingTEGacarbonincorporationduringgrowth is not an issue,becauseof its low de-
compositiontemperatureanddueto thedecompositionmechanismvia � � elimination(see
sec.5 for details)practicallyno carbonreachesthe surfaceat growth temperaturesabove
600K.

During growth usingTMGa backgroundcarbonincorporationis alwayspresent,since
TMGa decomposesonly to mono-methyl-galliumin the vaporphase.Thusmany methyl
groupsreachthesurface.Thesemethylgroupsreactwith thehydrogenfrom AsH3 [15] to
form methane,which is very stableandsimply desorbs.Therefore,the carbonincorpora-
tion canbevery high, if thereis not enoughatomichydrogento desorbthemethylgroups.
This is either doneintentionally by the useof low V/III ratios or unintentionallyduring
growth at low temperatures,whenonly asmall fractionof AsH3 is decomposed.Therefore,
usingTMGa asgallium precursor, holeconcentrationsfrom below 1014 cm� 1 up to above
5 � 1019 cm� 1 canbeobtainedjustby changingtemperatureandV/III ratio.
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Figure6.36:Hole concentrationversusV/III ratio for growth at 823K comparedto results
in literature(Ashizawa [79] 823K, Tanaka[80] 765K, Dimroth [81] 803K)
(left) andourdatafor differenttemperatures(right).

Figure6.36shows themeasuredholeconcentrationasa functionof theV/III ratio.De-
spite the different MOVPE reactorsand different growth temperaturesall the dataagree
very well. Theholeconcentrationsdependsmainly on theV/III ratio duringgrowth. Three
differentregimescanbedistinguished:

1. At V/III ratiosbelow onetheholeconcentrationsaturatescloseto 5 � 1019cm� 1.

2. In the intermediaterangethe hole concentrationshows a power law dependenceon
theV/III ratio:

p(r ) =
p(1)
r k

; (6.1)
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T p(1) in cm� 3 k V/III ratios
893K 1:5 � 1019 2.1 2.4. . . 130[82]
873K 1:4 � 1019 2.7 1.5. . . 20
850K 2:5 � 1019 2.5 1 . . . 10
823K 2:8 � 1019 2.3 1 . . . 10
773K 1:4 � 1018 2.2 1 & 5

Table6.3:Parametersfor calculationof holeconcentrationdependencefrom V/III ratio,de-
terminedby �ts to theexperimentaldata.Theerrorof k is about� 0:3.

wherer is theV/III ratio,p(r ) theholeconcentrationandk anempiricallydetermined
exponent.Table6.3 givestheparametersfor equation(6.1) derivedfrom datain �g-
ure6.36.

Both parameters,p(1) andtheexponentk, seemto beconstant.p(V/III=1) is always
closeto 3: : : 5 � 1019 cm� 3 andtheexponentk is alwaysnear2.5,althoughthereis no
obviousexplanationfor thisbehavior.

3. At high V/III ratiostheholeconcentrationsaturates,andthesaturationlevel is tem-
peraturedependent.

It is remarkablethat the changein the carbonincorporationbehavior is alsore�ected
by thetopographyof thelayers.Figure6.37shows AFM andopticalmicroscopeimagesof
layersgrown at differentV/III ratios.At low V/III ratiosof aboutonesomeholescanbe
observedon thesurfaces,but overall thesurfacesarerelatively smooth(�g. 6.39). At V/III
ratiosabove 1.5,smallhillocks appearandthesurfacesbecomerougher(clearlyvisible for
V/III=1.94 and3.6 in �g. 6.39). Finally, at high V/III ratiosthesurfacesaresmoothagain,
apartfrom somequitelargehillocks.

Figure6.37:AFM andopticalmicroscopeimagesof 5� m thick layersaftergrowth at823K
anda TMGapartialpressureof 5Pa.

Thesizeof hillocksincreaseswith increasingV/III ratio(�g. 6.39). Thesehillocksmight
be dueto the relatively high TMGa partial pressure(5Pa) and thusthe large growth rate
(about4.8� m/h)usedto obtainlow V/III ratios.

All theseprocessescanbe relatedto the changeof the reconstructionon the surface.
Figure6.38 shows the evolution of the RAS spectraduring growth with decreasingV/III
ratio. Using high V/III ratios the RAS spectrumis similar to that of a (1x2)-CH3 recon-
struction:thegrowth is in thephaseIII regime(phasesarediscussedin sec.6.5), typical for
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kinetic limited growth. Indeed,thegrowth ratein �gure 6.38(upperright) dependsonly on
temperaturefor V/III ratio� 2, asexpectedfor kinetic limited growth.

The methyl groupsareonly weakly bondto the phaseIII surface:whenthe growth is
stopped,thesurfacereturnsto its initial statewithin seconds.Therefore,thedopinglevel de-
pendsonhow fastthecarbonis incorporated,i.e.holeconcentrationshoulddependstrongly
on thegrowth rate.
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Figure6.38:RAS spectrameasuredduring growth at differentV/III ratiosat 823K (left)
andgrowth rateasa functionof theV/III ratio at 823K [79] andasa function
of temperatureataV/III ratio=2.4(right side).

Thesaturationof the carbonincorporationat low V/III ratiosis correlatedwith a drop
of thegrowth rateatV/III ratiosbelow 1.5(�g. 6.38), i.e. thegrowth becomesAsH3 limited
in contrastto the usualcaseof TMGa limited growth. The RAS spectrameasuredduring
growth at low V/III ratioscorrespondsto that of a (1x4)-CH2 reconstruction.This recon-
structionis characteristicfor growth in phaseIV in thephasediagramin �gure 6.26.

As statedin [47] andsection6.4.2the (1x4)-CH2 reconstructionis very stableandin-
ert againstfurtherTMGa adsorption.Therefore,the growth ratedependsno longeron the
TMGa partial pressurebut on the CH2 desorptionrate.The methylenedesorptionrate it-
self is in�uenced by temperatureandby theamountof hydrogenor AsHx that reachesthe
surface.

In this growth regime, the carbonincorporationbecomesindependentfrom the V/III
ratio, becausethe entiresurfaceis (1x4)-CH2 reconstructedandthusthe carboncoverage
is �x ed at a certainvalue.A further decreaseof the V/III ratio decreasesonly the growth
rate,aslesshydrogenis deliveredto thesurfacebecauselessAsH3 reachesthesurface.Less
hydrogenmeansthat lessCH2 reactsto CH3 and�nally to methaneanddesorbs.Thusless
surfacesitesareavailablewhereAsH3 (andTMGa)canattach.

As mentionedearlier, thesurfacesaftergrowth at very low V/III ratiosaresurprisingly
smooth(see�g. 6.37and6.39). This is probablydueto a reversedstep-�ow growth mode.
Now thedesorptionof themethyleneis thelimiting factor, becausetheattachmentof AsH3

is alsostericallyhinderedby themethylenelayerasit is for theTMGa.Becausedesorption
of methyleneis likely higherat thestep-edgesdueto a lesstight bonding(asobservedfor
arsenicin sections6.2and6.3.2). Thus,AsH3 canonly attachat thestep-edges,resultingin
AsH3 limited step-�ow growth.

In theintermediaterangeatV/III ratiosof 2 to 4 thesurfacebecomesquiterough.A lot
of 2D islandsarepresenton thesesurfaces(like in �g. 6.31), but alsolarger3D islandsand
someholes(�g. 6.37). This is probablyconnectedto a transitionof thereconstructionof the
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Figure6.39:RMS roughnessandhillock sizeof theV/III ratio for 5 � m thick layersgrown
at823K.

growing surface.While at low V/III ratiostheentiresurfaceis (1x4)-CH2 covered,at iner-
mediateratiosdomainsof (1x4)-CH2 and(1x2)-CH3 coexist. The (1x2)-CH3 domainsact
asnucleationsites,sinceprecursoradsorptionis suppressedon the(1x4)-CH2 domains.If a
smallareaof (1x2)-CH3 is formed,theTMGa andAsH3 will attachthere.Thusthe(1x2)-
CH3 domainsare growing fasterthan the (1x4)-CH2 covereddomains.Sincethe growth
is 2D islandnucleationmode,the layersaregrowing out of sync,i.e. at someplacesthe
growth on top of a layer is beginning,while at many otherplacestheprevious layer is not
even�nished.

At V/III ratiosabove 5 thereis enoughhydrogenpresentto changethe whole surface
into (1x2)-CH3. All methylgroupsof theTMGa canreactwith hydrogenanddesorb. Since
thewholesurfaceis coveredby asinglereconstruction,thesurfaceis smoothagain.

V / I I I  <  1  1 <  V / I I I  <  5 5  <  V / I I I  

( 1 x 4 ) - C H
2 n o  a d s o r b a t e s  ( p r e f e r r e d  a t t a c h m e n t ) ( 1 x 2 ) - C H

3

Figure6.40:The surfacesduring growth with the threedifferentV/III ratios.At low V/III
ratiosonly thestep-edgesarenot coveredby adsorbates,while at intermediate
V/III ratiosmany additionalsitesfor attachmentareformed.

Summarizing,threedifferentregimesof carbonincorporationcanbeobserved:asatura-
tion atp = 3�1019 cm� 3 at low V/III ratios,adecreasefollowing apowerlaw at intermediate
V/III ratiosand�nally , at V/III ratio above 10,againa constantcarbonincorporation.This
canbeexplainedby thepresenceof differentreconstructionsduringgrowth, asshown sys-
tematicallyin �gure 6.40. At low V/III ratiostheentiresurfaceis (1x4)-CH2 covered,and
carbonincorporationaswell asgrowth rateis methylenedesorptionlimited. At high V/III
ratiosthewholesurfaceis coveredby (1x2)-CH3. Sincethemethylgroupsaremoreweakly
boundthanthemethylenegroupsthecarbonincorporationonthe(1x2)-CH3 coveredsurface



6 (001)Surface 75

is lower. In the intemiaterangeboth reconstructionsarepresent,the carbonincorporation
changeswith thedifferentsizesof thedomains.
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The(115)surfaceshowsnotendency towardsfaceting,neitherduringMBE norMOVPE
growth. No facetswerefound by AFM or LEED. The AFM imageof this surfacein �g-
ure7.1 shows many small islandswith monoatomicsteps.Hencethis surfacegrows in 2D
islandnucleationgrowth modeat thebuffer temperatureof 925K. Thespacingof thestruc-
turesandthusthe diffusion lengthindicatedby the AFM imageis in the rangeof 20nm,
muchshorterthanonotherGaAssurfaces.Investigationsby ScanningElectronMicroscopy
(SEM)micrographsof 180nmthick MBE grown buffer layersshowedsomeroughnessand
noRHEEDintensityoscillationswerereported[83].

Figure7.1:Typical AFM imageafter500nmbuffer growthin MOVPEat 925K.

In literatureonly afew studieshavebeendoneconcerningthe(115)surface.Thegrowth
rateon the(115)surfacein atmosphericpressureMOVPE at 993K wasa little higherthan
that of the (001) surface,resultingin an expansionof the (001) surfaceduring growth on
patternedsubstrates[84]. Thesurfacesymmetrymeasuredby LEED duringandafterMBE
growth wasaprimitive(1x1)symmetry[83].

7.1 Well-orderedSurfaces

7.1.1 p(1x1) Reconstruction

TheRAS spectrameasuredat arsenicrich conditionsareshown in �gure 7.2 togetherwith
aLEED image.

The amplitudeof the RAS spectrummeasuredin MBE in �g. 7.2 is smaller, probably
dueto aninsuf�cient supplyof arsenicto preparethissurface.TheLEED imagecorresponds
to aprimitivep(1x1)symmetry, therhomboedricprimitiveunit meshcanbeclearlyseen.

A p(1x1) reconstructioncannotcontainarsenicdimerssimply for geometricalreasons.
Therefore,a terminationof thesurfaceby arsenicad-atomsis proposedfor this surface.A
similarstructureis discussedin section8.1.2for thearsenicrich (113)surface.

76
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Figure7.2:RASspectrumin MOVPEandMBE andLEED imageafterMOVPEgrowthand
transferof thearsenicrich p(1x1)reconstruction.

7.1.2 p(2x2) Reconstruction

Underlessarsenicrich conditionsandtemperaturesabove 800K a primitivep(2x2)recon-
structionwasfoundto bethetypical reconstructionin MOVPE andMBE. A LEED image
of this reconstructionwaspublishedin [85].
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Figure7.3:RASspectrumof thep(2x2)reconstruction.

TheRAS spectrumin �gure 7.3 is quitesimilar to thatof � 2(2x4) reconstructionon a
(001)surface.Thereforethep(2x2)is probablyalsomadeof arsenicdimersontopof abulk
layer. Thep(2x2)symmetrywouldallow for suchamodelof this reconstruction,consisting
of rowsof arsenicdimers.

7.2 Arsenic Desorption

The arsenicdesorptionbehavior is a secondorder process,sincethe RAS signal during
desorptionis inverselyproportionalto thetime:RAS / t � 1 (�g. 7.4). Theactivationenergy
for arsenicdesorptionwasfoundto be(2.09� 0.07)eV.

Sincenostudiesof arsenicdesorptionfrom high-index surfacehavebeenmadein UHV
usinga mass-spectrometerno informationaboutthedesorbingspeciesis available.
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After a reportof Nötzelet al. in 1991on theself-organizedformationof AlAs quantum
wires during MBE growth [86] on the (113) surface,this surfacehasbeenthe target of
several investigations[87, 88, 89, 90, 91]. At the beginning the RHEED patternsof the
GaAs(113)surfaceduringMBE growth wereinterpretedasa3.2nmwidecorrugation[86].
However, STM studiesshowedthatinsteadof a corrugation,a reconstructionwith an(8x1)
symmetrywasformed[87]. The proposedstructuralmodel[87] wascon�rmed by further
studieswith photoemissionspectroscopy (PES)[89]. This (8x1) reconstructionwasfound
to be stableover a wide rangeof growth conditionsin MBE, andtotal energy DFT-LDA
showed that the (8x1) reconstructionof the GaAs (113) surfaceis an energetically very
favorablestructure(�g. 8.1 [91]).

Figure8.1:Calculatedtotalenergyof severalreconstructionsof theGaAs(113)surface[91].

Theexistenceof anotherreconstruction,andthereforethepossibilityof reliably chang-
ing theamountof arsenicandgalliumonthesurface,is requiredfor theobservationof ALE
growthasin [57]. Also STM imagesof decappedMBE grownsurfaces[88] showedtwofold,
threefold,and� vefold symmetriesin the[1Å10] direction,which cannotbeexplainedby an
(8x1) reconstruction.

An MOVPE studyof thehomo-epitaxialgrowth of GaAs(113)reporteda periodiccor-
rugation,dependingon temperatureandlayer thickness[92]. A similar roughnesswasalso
observed in theSTM imagesof MBE grown samples[87, 88], althoughthesmall sizesof
thescanareasdid not allow for a quantitativecomparison.Thecorrugationalwaysconsists
of 1.5to 2nmhighvalleys,which runverystraightin the[33Å2] direction.

8.1 Well-orderedSurfaces

8.1.1 (8x1)Reconstruction

Figure8.2showstheRASspectrumandtheball andstickmodelof the(8x1)reconstruction.
The structureof this reconstructionhasbeencon�rmed by many differentmeasurements,
likeSTM [87], LEED andPES[89], andalsoby DFT-LDA calculation[91]. Thisamazingly
complex structureful�lls theelectroncountingrule,andis themostcomplex reconstruction
in theentireGaAssystem.

79
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Figure8.2:RASspectraof the(8x1)reconstructionmeasuredin MBE andMOVPEatroom
temperatureandstructuralmodelfrom DFT-LDA calculations[3].

The (8x1) reconstructionconsistsof arsenicdimerson top of gallium atoms,threefold
coordinatedarsenicatomswith �lled danglingbondsand threefoldcoordinatedgallium
atomswith empty danglingbonds.The atomsthemselvesare arrangedin threedifferent
monolayers,thusthereis a slight corrugationof two monolayersalong[1Å10]. The atoms
within oneunit meshcanbe rearrangedin suchan order that the reconstructioncontains
only two stepsup or down andstill ful�lls the electroncountingrule. As a result the sur-
faceis somewhatinstableandspontaneouslyformsacorrugationalong[1Å10],whichwill be
discussedfurtherin section8.4.

8.1.2 p(1x1) Reconstruction

Accordingto DFT-LDA calculationsthe (8x1) reconstructionis theonly stablesurfaceon
the (113) surface[91] (see�g. 8.1). However, it is possibleto performALE growth (i.e.
growth by alternatingswitchingbetweenTMGa andAsH3) [57]. Hencetherehave to beat
leastonelessarsenicrich andonearsenicrich reconstructions.The growth rateper cycle
saturatedat about0.4ML. Thusthis is thedifferencein arseniccoverageof thetwo recon-
structions.

Indeed,at temperaturesbelow 770K in MOVPE anothertypical RAS spectrawasmea-
sured,like the oneshown in �gure 8.3. Clearly, this RAS spectrumis very differentcom-
paredto theoneof the(8x1) reconstruction(�g. 8.2). This new reconstructioncorresponds
to arsenicrich conditions,becauseafterheatingin UHV or MOVPE without arsenicstabi-
lization thesurfacereconstructiontransformsinto (8x1).

A similarRASspectrumwasfoundafterMBE buffer growth andcoolingdown to room
temperaturewith theAs4 shutteropen(dottedlines in �g. 8.3). However thetransitionwas
notcomplete,asthetotalRAS amplitudesweresmallerandtheLEED imageshowedsome
tracesof (8x1) symmetry. Probablythe �ux of the As4 cell wastoo low to achieve a full
surfacetransition.

The LEED imageof a surfacepreparedby MOVPE growth at 925K andsubsequent
cooling down with AsH3 �o wing till about550K is shown in �gure 8.3 middle: Only re-
�ection spotscorrespondingto p(1x1)bulk symmetryarevisible,i.e. themostprimitiveunit
mesh.

STM imagesmeasuredon surfacespreparedby decapping(which might yield morear-
senicrich surfaces)showedatwofold, threefold,and� vefoldsymmetryin the[1�10]direction
[88].
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Figure8.3:RAS spectraof the arsenicrich p(1x1) reconstructionmeasuredin MBE and
MOVPE at room temperature(left), LEED imageat 125V after MOVPE to
UHV transfer(middle)andproposedstructurefor this reconstruction(right).

Sincenobodyhassucceededin the preparationof a well-orderedarsenicrich surface
otherthanthe (8x1) reconstructionin UHV, onecanonly speculateaboutthe structureof
thep(1x1)arsenicrich reconstruction.Evenmore,thereis noway in whichareconstruction
with p(1x1)symmetrycouldful�ll theelectroncountingrule.Thus,a well-orderedarsenic
rich reconstructionis energeticallyveryunfavorable.

The structureproposedin �gure 8.3 alsodoesnot ful�ll this rule, but it minimizesthe
numberof danglingbonds.It consistsof arsenicad-atomson top of a bulk layer. It features
a differenceof arseniccoverageof about0.4ML to the (8x1) reconstructionassuggested
by ALE [57]. This structurewas includedinto the DFT-LDA calculationsas � � (1x1) in
�gure 8.2, but it wasnot a lowestenergy structureand thereforeunstable.Slightly more
stablewas the � � (1x1) structure,with the gallium atomsin the �rst layer substitutedby
arsenicad-atoms.However, suchstructurewouldbetooarsenicrich for theALE result.

8.2 Arsenic Desorption

Below 775K the (113) surfacein MOVPE is mainly p(1x1) reconstructed.If the AsH3 is
switchedoff below this temperature,arsenicdesorbsandthesurfacechangesinto an(8x1)
reconstruction.Figure8.4 shows a typical RAS transientduring a desorptionexperiment.
Thedevelopmentof theRASsignalis clearlyinverselyproportionalto time, i.e. thedesorp-
tion processis of secondorder. A secondorderarsenicdesorptionprocesswasalsofound
on the (115) surface(sec.7.2). Possiblythe secondordertime dependenceis causedby a
transitionbetweenthe samekind of reconstructionsfrom an ad-atomstructureto arsenic
dimerterminatedsurface.

The temperaturedependenceof theeffective reactionratesk̃ in �gure 8.4 corresponds
to anactivationenergy for arsenicdesorptionof (1.50� 0.02)eV. Thisenergy is muchlower
thanthe2.09eV on the(115)andthe2.5eV on the(001)surface.Hencethearsenicis less
tightly bound,possibledueto someinternalstressbecausethe dimersare tilted 25� with
respectto thesurface.
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Figure8.4:RAS Transientat 2.4eV photonenergy and725K togetherwith �t (dottedline)
during arsenicdesorptionand Arrheniusplot for arsenicdesorptionfrom the
p(1x1)GaAs(113)surface.

8.3 SurfacesDuring Growth

During growth threedifferenttypical RAS spectrahave beenfound(�g. 8.5). As described
in section6.5 they werecomparedto eachotherandthenassignedto acertainphase.

The spectracharacteristicfor phaseI and II arevery similar to the onesof the static
(8x1) reconstructionat therespective temperatures.Themaindifferenceis a lower general
level in theUV rangeof thephaseI RAS spectra,probablydueto a roughnessor a larger
corrugation(seenext section).
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Figure8.5:Phasediagramfor thegrowthon(113)GaAssurfacesusingTMGaandhydrogen
carrier gas.Gray lines indicatethe phaseboundarieson (001) surfacestaken
from �gure 6.26. Right handside shows the threecharacteristicRAS spectra
observedduringgrowth.

TheRASspectratypicalfor phaseIII resembletheoneof thearsenicrich reconstruction,
which is comparableto thebehavior of the(001)surface:Onthe(001)surfacetheadsorbate
coveredphaseIII RAS spectrawere similar to the onesof the static arsenicrich recon-
struction(sec.6.5). Therefore,phaseIII on the(113)surfaceis likely anadsorbatecovered
reconstruction,possiblyconsistingof galliumad-atomswith attachedmethylgroupson top
of abulk-like layer, like thearsenicrich p(1x1)reconstruction.

The phaseboundarybetweenphaseI andphaseII hasa differentslopeon the (113)
comparedto the(001)surface.However, thisboundaryis notabruptandnotonly dependson
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theprecursorbut alsoon thesurfacegalliumandarsenicdiffusionandstickingcoef�cients,
whichmayvarybetween(001)and(113)surfaces.

ThephaseboundarybetweenphaseII andphaseIII is shiftedslightly to lower tempera-
turecomparedto therespective phaseboundaryon the(001)surface.This might bedueto
ahigherstickingcoef�cient of TMGa or AsH3, or themethylgroupsareboundlesstightly.

Summarizing,the phaseboundarieswhich separatethe differentgrowth regimesshow
only a small variation between(001) and (113), emphasizingthe fact that they depend
strongly on the chemicalkinetics of the precursors.Therefore,phaseIII on (113) as on
(001)surfacecorrespondslikely to anadsorbatecoveredsurface.

8.4 SurfaceDiffusion

A valley structuredevelopson the(113)surfaceduringannealingandincreasesfurtherdur-
ing buffer growth [92, 93]. Figure8.6showsatypicalAFM imageandthesizeincreasedur-
ing buffer growth. Thevalleys run along[33Å2] directionfor some100nm until a step.Such
valleys appearspontaneouslyduringgrowth only if the surfaceis (8x1) reconstructed.On
thep(1x1)reconstructiononly anincreasinglarge-scaleroughnessdevelopsduringgrowth.
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Figure8.6:Typical valley structureof theGaAs(113)surfaceafterbuffer growth at 925K
(left) and the developmentof the valley spacingduring buffer growth (Nötzel
[92]) (right).

Theorigin of this structureis not yet clear. Factis thatstepsalong[1Å10] on an(8x1) re-
constructed(113)surfacehaveavery low energy, sincethesestepscanbeincorporatedinto
thereconstructionwithout violating theelectroncountingrule.However, a somewhatsimi-
lar structurewasobservedonPt (110)surfaces[94]. In thatcasethestructurewasexplained
by intrinsic surfacestressandits sizelimitation by kineticeffects.

Whetherthisexplanationholdstrueor not, thespacingbetweenthevalley is very likely
limited by surfacediffusion, otherwisethe temperaturedependenceof the valley spacing
shown in �gure 8.7 can be hardly explained,and the spacingwould not increaseduring
buffer growth asmeasured(�g. 8.6).

From the ascentof the valley spacingwith increasingtemperature(lines in �gure 8.7)
theactivationenergiesfor diffusionalong[1Å10] in table8.1werecalculated.Themeanvalue
is about0.4eV, which is muchlessthanthevalueof 2.8eV for diffusionon (001)surface
(sec.6.6.1and6.6.2).

Using equation(3.7) andan activation energy of 0.38eV the valuesfor the diffusion
coef�cients

p
D0Nr canbe calculated.The right sideof �gure 8.7 shows the results.The



8 (113)Surface 84

1.00 1.05 1.10 1.15 1.20 1.25
30

40

50

60

70

80

90
100

1.0 Pa
10 Pa

0.5 Pa

va
lle

y 
se

pa
ra

tio
n 

 (
nm

)

1/T  (1000/K)

1000 950 900 850 800
temperature  (K)

1.00 1.05 1.10 1.15 1.20 1.25
10

100

300

 5.0 Pa  1.0 Pa  0.125 Pa
  10 Pa  2.0 Pa  0.5 Pa

ÖN
rD

o 
  (

nm
)

1/T  (1000/K)

1000 950 900 850 800

temperature  (K)
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pressuresafteronehourbuffer growth (left) andcalculateddiffusioncoef�cients
from thesedata(right).

surface PT M Ga in Pa ED if f in eV
(113) 0.5 0:38� 0:06
(113) 1.0 0:48� 0:28
(113) 10.0 0:4 � 0:6
(001) var. 2.7

Table8.1:Activationenergiesfor diffusionED if f along[1 Å10] direction.

pointsshow no tilt for higheror lower temperatures,thustheactivationenergy for diffusion
is correctlychosen.However, thevaluesfor differentpartialpressuresshowsa systematical
deviation, thesmallerthepartialpressure,thelower thediffusioncoef�cient.
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Figure8.8:Partial pressuredependenceof the meanvalue of the diffusion coef�cientsp
D0Nr (left) and the diffusion coef�cients

p
D0Nr using the �tted pressure

dependency (right) calculatedwith P � 0:5 (hollow) andP � 0:07325 (�lled).

The meanvaluesfor the diffusion coef�cients
p

D0Nr for different partial pressures
from �gure 8.7 areplottedin the left sideof �gure 8.8. Thepartialpressuredependenceis

veryobvious:insteadof P
� 1

2
T M Ga /

p
D0Nr it is morelike P

� 0:07325�� 3
41

T M Ga /
p

D0Nr . Either
the valley spacingis not entirely diffusion limited, or the nucleationprobability behaves
strangely. Thediffusioncoef�cients arechangingaccordingly(right sideof �g. 8.8), but the
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meanvaluechangesonly from about60nm to 42nm. However, for comparisonthe same

pressuredependency (P
� 1

2
T M Ga /

p
D0Nr ) ason the(001)surfacewasused.

Comparingdiffusioncoef�cients of the(113)surface
p

D0Nr (113) = (60 � 40)10� 9 m,
andtheoneof the(001)surface

p
D0Nr (001) = (0:9 � 0:3) m, thecoef�cient for the(113)

surfaceis sevenmagnitudessmaller. Sincetheactivationenergy is alsomuchsmaller(0.4eV
for the(113)insteadof 2.7eV for (001),tab. 8.1), thediffusionlengthsarein thesamescale
onbothsurfaces(50 to 100nm).
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The (110) surfaceis called a non-polarsurface,becausesimply due to mathematical
reasonsthe(110)andthe(Å1Å1Å0)=(11Å0)=(110)surfacesareidentical.It hasanequalnumber
of arsenicandgalliumatomsin its outerlayer.

The f 110g planesaretheonly cleavageplanesof GaAs,anda clean(110)surfacecan
bepreparedveryeasilyby cleaving.Dueto thissimplepreparationthe(110)surfaceis often
usedto try out new measurementmethods:e.g.the �rst RAS measurementsweremadeon
thissurface[95].

The(110)surfacepreparedby cleaving doesnot reconstructbut relax:thearsenicatoms
at thesurfacerelaxoutwardsafter taking 3

4 electronfrom thegallium atoms.Theresulting
surfaceunit meshis verysmall,consistingof only two atoms,whichmakesit relatively easy
to calculatesurfacepropertiesof this surface.
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Figure9.1:DFT-LDA-Total energycalculationfor theGaAs(110)surface[ 39]

Therefore,theexactpositionsof theatoms,bondlengths,interactionwith light, surface
phonons,aswell asthechangedueto adsorbatesthroughouttheperiodictableof elements,
andmany moreaspectsareknown to a greatdetail.Epitaxy on this surfacehowever, was
notof greatinterest,sinceearlystudiesdiscouragedtheuseof the(110)surfacedueto very
small growth rates[96, 5]. Thesesmall growth ratesresult in very high, but anisotropic
lateralgrowth rates.Thesehighly anisotropiclateralgrowth rates[97] practicallyprevent
selective areagrowth, which is neededfor many devices.Finally, the surfacesfor epitaxy
arenot preparedby cleavagebut by wet chemicaletchingprior to epitaxy, which is harder
to do on the(110)surface.

Theinterestonepitaxyon the(110)camebackin themid-90s.Two topics,the“cleaved
edgeovergrowth” of a (001)quantumwell to producenearlyidealquantumwires,andalso
thefundamentalinterestin thegrowth onhigh-index (11n)surfaces,werethedriving forces.
It was found that the (110) surfacehasseveral peculiarities:step-bunching(seesec.3.3)
[98, 99, 100], a two-monolayerstepregime, a single monolayerstepregime and �nally
simplestep-�ow growth [101]. All this with (1x1) symmetry, i.e. a very simpleandsmall
surfaceunit mesh.

86
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9.1 Well-orderedSurfaces

Although the (110) surfaceshows only (1x1) symmetry, two differentRAS spectrahave
beenfound. TheseRAS spectraare relatedto two different reconstructions,which have
beenpredictedby total energy DFT calculations[39] (�g. 9.1).

9.1.1 (1x1)Bulk Truncated Structure

This reconstructionis preparedeasilyby cleaving in UHV. The arsenicatomrelaxesout-
ward, thegallium atominwarddueto a charge transferto thearsenicatom.This wasalso
the �rst surfacewhich wasmeasuredby RAS [95]. Also the RAS spectrumhasbeen�rst
calculatedon thissurface[102, 103].
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Figure9.2:RAS spectraat roomtemperaturein MOVPEandUHV [104] andball andstick
modelof theGaAs(110)bulk truncatedsurface.

In MOVPEthissurfaceis foundathighertemperatures,typically above900K.

9.1.2 (1x1)Arsenic Terminated Structure

Total energy calculationsproposeda secondstructurewith (1x1) symmetryfor arsenicrich
conditions[39, 105]. This surfaceis entirely coveredwith an arsenicmonolayer. A some-
whatsimilar chemicalstructureis theantimony (Sb)monolayeron theGaAs(110)surface
[104], sinceSb is also a group V element.Suchan arrangementis also called Epitaxial
ContinuedMonolayerStructure(ECLS).

Togetherwith arsenicrich conditionsin MOVPE anothertype of RAS spectrumwas
observed,shown in �gure 9.3. Thisspectrumis supposedto bethearsenicterminatedstruc-
ture,but unfortunatelytherehave beenno otherstudiesusingRAS to verify this.However,
theRAS spectrumcanbecomparedto theoneof anantimony terminatedreconstructionin
�gure 9.3. The RAS spectraaresomewhatsimilar, if onetakesthe smallerbandgapof Sb
alloys,andthusashift to lowerenergiesof surfacerelatedfeaturesof theSb-RASspectrum,
into account.EssentiallytheRAS structuresat about2eV andat 4.3eV arechangingsign
accordingly(�g. 9.3) comparedto thebulk truncatedsurface(�g. 9.2.

Very recentlyDFT calculationsof thearsenicrich reconstructionhasbeenperformedto
obtaintheRASspectrum[106]. Theagreementis good,if thecalculatedspectrumis shifted
a little bit to higherenergies(�g. 9.3).

A very early work usingLEED I/V curvessuggested,that an arsenicrich surfacepre-
paredby MBE is coveredby anarsenicadlayer, andtherelaxationvanishs[107]. Evenmore,
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Figure9.3:RAS spectra(seetext) andball andstick modelof theGaAs(110)arsenicter-
minatedstructure.

it wasnot possibleto adsorbmorethanonemonolayerof arsenic,which stronglysupport
the ECLS model.Furtherevidenceof the existenceof an arsenicadlayerstructurecomes
from PES(PhotoElectronSpectroscopy) measurementson decappedMBE grown samples.
An (1x1)symmetryandnoshiftsof thegalliumcore-level togetherwith two shiftedarsenic
core-levelswasreported[108], whichagreeswell with thestructurein �gure 9.3.

9.2 Arsenic Desorption
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Figure9.4:RAStransientat h� =3.5eVandan Arrheniusplot for arsenicdesorption.

The arsenicdesorptionfrom the arsenicterminatedto the bulk truncatedsurfaceis a
secondorderreaction.Theactivationenergy determinedfrom theArrheniusplot is (2:4 �
0:3) eV.

9.3 Growth

Many interestingphenomenahave beenreportedfor theGaAs(110)surface,which canbe
at leastpartly understoodby the existenceof two different reconstructions.For example
doping with silicon yields n-type layer for growth temperaturesbelow 800K but p-type
above [109]. Sincetheincorporationof silicon atomson a gallium site(which is necessary
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for n-type doping) is higher on an arsenicterminatedsurface,the transitiontemperature
betweenn- andp-typedopingmarkssimply thetransitionbetweenthetwo reconstructions.

Theexistenceof anarsenicmonolayeron thesurfaceat arsenicrich conditionscanalso
explain thelargestep-bunchingobservedbelow atcertaintemperatureonvicinal (110)sub-
strates[98, 99, 100], becausegalliumis only easilyincorporatedonthebulk terminatedsur-
face.Hencelargeareasof thearsenicmonolayerterminatedsurfaceatarsenicrichconditions
leadto a largegallium diffusion lengthandconsequentlyto very high lateralgrowth rates.
Sincethe separationof stepsis limited by the gallium diffusion length,the step-bunching
shoulddisappearat highertemperaturesor lessarsenicrich conditions.But thedisappear-
anceof step-bunchingmaybealsodueto achangeof theterminationof thestepsandhence
achangein theenergy barriernecessaryfor step-bunching.

However, the observed doublelayer growth mode[101] cannotbe explainedstraight
forwardby theexistenceof thearsenicterminatedreconstruction.



10 (1̄1̄3̄) Surface

In the mid-ninetiesthe (Å1Å1Å3) surfacegot a lot of attentiondue to the growth of self-
organized“quantumdiscs”by growing InAlGaAs in MOVPEonGaAs(Å1Å1Å3) [110, 111].

The topographyof the plain (Å1Å1Å3) GaAssurface,however, is very muchdependenton
growth conditions,e.g.during MBE growth it tendsto form facets[85, 90, 91]. However
after MOVPE growth the surfacesareatomically �at with monoatomicsteps,which was
measuredby AFM (�g 10.1 and [112]). The LEED patternsof MOVPE grown samples
showedno facetspots,con�rming theAFM results.

Figure10.1:Typical AFM imageafter500nm buffer growth in MOVPE, showing smooth
terracesandmonoatomicsteps.

After prolongedannealingwithout arsenicin MOVPE or UHV above 800K the (Å1Å1Å3)
surfacedevelopsfacets.Therefore,at gallium rich conditionsthereis very likely no stable
surface.The facetscould be very easilydetectedwith LEED. The RAS amplitudeof the
facetedsurfacebecomesvery small,so thefacetsmustbemoreor lessisotropic(probably
f 111g planes).

[332]

[110]

Figure10.2:Calculatedtotal energy of several reconstructionsof the GaAs( Å1Å1Å3) surface
[91] (left) andamodelof thestable(1 � 1) � � reconstruction(right).

Total energy DFT-LDA-calculationsfound a stablesurface(�g. 10.2) for arsenicrich
conditions.At moregallium rich conditionsfacetingwaspredicted,as it wasalso found

90
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experimentally[90]. Theproposedstructureof thestablep(1x1)reconstructionis shown in
�gure 10.2. Thisreconstructionis somewhatsimilar to thearsenicrich structureonthe(113)
surface(sec.8.1.2).

Figure10.3:Proposedmodel for the p(2x1) reconstructionon GaAs( Å1Å1Å3) from STM and
RHEEDmeasurements[112].

An AFM, RHEEDandSTM studyof (Å1Å1Å3) surfacesof in-situ cappedMOVPE grown
layersreportedvery smoothlayersin AFM, comparableto theAFM imagein �gure 10.1.
STM in UHV on thedecappedsamplesrevealedmany holesandsomedisorderon theter-
races.TheRHEEDpatternmeasuredonthesurfaceshadap(2x1)symmetry(�g. 10.3). The
proposedmodelof anarsenicdimeralong[ Å110] in a unit meshdoesnot ful�ll theelectron
countingrule. Unfortunatelya p(2x1)structurewasnot includedin theDFT-LDA calcula-
tionsshown in �gure 10.2.

Theobservationof largegrowth ratesduringALE (up to 2.5ML/cycle),which did not
saturate,[57] indicatesafacetingduringALE growth.Thusnoinformationaboutthearsenic
coveragecanbeextractedfrom thesedata.

10.1 Well-orderedSurfaces

10.1.1 p(1x2)Reconstruction

At very arsenicrich conditionsa p(1x2)reconstructionwasfound.TheRAS spectrumand
the LEED imageare shown in �gure 10.4. Clearly the unit meshindicatedin the LEED
imagescorrespondsto ap(1x2)symmetry. Thisunit meshis verysmallbut long,astheright
sideof �gure 10.4indicates.Thismakesit veryhardto comeupwith areasonablestructural
model for this surface.A possiblestructureis the presenceof an arsenicdimer on top of
an arseniclayer (as the c(4x4) reconstructionon the (001) surface)or a missingad-atom
structureon anarsenicterminatedlayer(ason thef 111g surfaces).

Thepresenceof this reconstructionturnedout to beagoodtestof ourMOVPEsystems,
sinceit reproduciblyappearsonly in theMOVPEsystem,whichwasoptimizedfor yielding
veryarsenicrich conditions.However, at temperaturesabove750K this reconstructionwas
notstableany more.

10.1.2 p(2x1)Reconstruction

The RAS spectrumnormally found in MOVPE is shown in �gure 10.5 togetherwith a
LEED-image.A p(2x1)symmetryis compatibleto themeasuredLEED images.Thereare
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Figure10.4:RASspectrumatroomtemperatureandLEED imageof thearsenicrich p(1x2)
reconstructionafterMOVPE growth andin-situ UHV transferandthe p(1x2)
unit meshon the(Å1Å1Å3) surface.

bandsat semi-orderpositionsbetweenthe primitive (1x1) spots,but the primitive (1x1)
spotsarerelatively strong,indicatingdisorderon thesurface.Therefore,this reconstruction
is identicalto theproposedp(2x1)structureproposedin [112] (see�g. 10.3), whichreported
ap(2x1)symmetrytogetherwith a lot of disorder.
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Figure10.5:RAS spectrumat room temperatureandLEED imageof the lessarsenicrich
p(2x1)reconstructionafterMOVPEgrowth andin-situ UHV transfer.

Recentlyan(8x1)structure– liketheoneonthe(113)surfacediscussedin section8.1.1,
but madeout of gallium dimers– hasbeenproposedandis now undercloserinvestigation
[113]. However, thep(2x1)surfaceis usuallyobtainedatanAsH3 partialpressureof 100Pa
andmore;thepresenceof galliumdimersatsuchconditionsseemsveryunlikely.

10.2 Arsenic Desorption

Figure10.6showsatypicalRAStransientfor anarsenicdesorptionexperiment.After aslow
start(dueto thepoorlayoutof thegas-switchingmanifoldof theMOVPEsystemused)the
arsenicdesorptionis exponentialwith time.Thedesorptionis a�rst orderreactionlikemany
desorptionprocesseson the(001)surface.
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Figure10.6:RAS transientat 3.75eV togetherwith �t (dottedline) duringarsenicdesorp-
tion andArrheniusplot for arsenicdesorptionfrom ( Å1Å1Å3) surface.

Theactivationenergy for arsenicdesorptionis 1.55eV, which is very closeto thevalue
of 1.5eV onthe(113)surface(sec.8.2), althoughtheordersof reactiondiffer (2ndorderon
(113),1ston (Å1Å1Å3)).

10.3 SurfacesDuring Growth
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Figure10.7:RAS spectraobservedduringgrowth at 783K (black)andstaticspectra(gray)
anda phasediagramfrom GaAs(Å1Å1Å3) (right side).Thegraylinesin thephase
diagramarethe phaseboundarieson GaAs(001).The AsH3 partial pressure
wasalways100Pa.

Figure10.7(left) shows the two typical RAS spectraobtainedduringgrowth, together
with spectraof the staticsurfaces(in gray). The characteristicspectrum(black dotted)at
phaseIII conditions(i.e. low temperatures/highTMGa�ux es)is similar to thatof thep(1x2)
reconstructionsat675K (graydotted).This is similar to thebehavior of the(001)and(113)
surfaces,wherethephaseIII RAS spectraresemblethestaticarsenicrich RAS spectra.

However, asmentionedearlierthegrowth rateduringALE growthdoesnotsaturate[57],
contraryto thecaseof GaAs(113).Either thephaseIII reconstructionon the(Å1Å1Å3) surface
is notcompletelycoveredby adsorbates,or simply facetsappearduringALE growth.
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ThephaseboundarybetweenphaseI andphaseIII in �gure 10.7is identicalto theone
betweenphaseII andIII on the (113) surface(�g. 8.5) (black line). However, both (113)
and(Å1Å1Å3) surfacesshow the samesmall deviation of the transitionto phaseIII compared
to the (001) surface.That is, becausethe binding of surfacespeciesdependsmostly on
the geometry(strain,bondlengthetc.)of the f 113g andf Å1Å1Å3g surfacesthanon different
reconstructionsof thesesurfaces.



11 (1̄1̄5̄) Surface

TheAFM imageof abuffer layergrown onthe(Å1Å1Å5) surfacein �gure 11.1is quitenoisy.
However, thenoiseapparentlycomesfrom many small structureson thesurfaceitself and
large terracescanalsobe observed.Comparedwith the (115) surface(sec.7 �g. 7.1), the
(Å1Å1Å5) surfaceis smoother. A similar �nding wasreportedby ScanningElectronMicroscopy
(SEM) micrographsof 180nm thick MBE grown buffer layerswhich measureda smooth
(Å1Å1Å5) surface,but aslightly rougherthe(115)surface[83].

At gallium rich conditionsin MBE andMOVPE the (Å1Å1Å5) surfaceshows a tendency
towardsfaceting,althoughit wasnotasstrongason the(Å1Å1Å3) surface.

Figure11.1:TypicalAFM-imageafter 500nmbuffer growthin MOVPE.

Thesurfacesymmetrymeasuredby LEED duringandafterMBE growth wasaprimitive
(1x1)symmetry[83].

11.1 Well-orderedSurfaces

11.1.1 Arsenic Rich Reconstruction

This is the surfaceusually found in MOVPE at low temperatures.Figure 11.2 shows the
RAS spectrumof this surface.Unfortunately, no MOVPE to UHV-transfersucceeded,thus
noLEED imagesandnosymmetryinformationareavailable.

11.1.2 LessArsenic Rich Reconstruction

AnotherRAS spectrumwasmeasuredathighertemperature.However, this surfacewasnot
measuredat roomtemperature.In any casetheRAS spectrumin �gure 11.3is clearlyvery
different from the one of the arsenicrich reconstructionin �gure 11.2. Thereforethis is
reallya new reconstruction.

A reconstructionwith p(2x2) symmetrywas measuredon a samplepreparedat less
arsenicrich conditionsby MBE [85]. Suchsymmetrywould allow for dimers.However,
the RAS spectrumof this surfacedoesnot resembleany of the RAS spectrameasuredin
MOVPE.

Neitherarsenicdesorptionexperimentsnor a phasediagramof the (Å1Å1Å5) surfacewas
measured.
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Figure11.2:RAS spectrumof the arsenic rich reconstructionat room temperaturein
MOVPE.
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Figure11.3:RASspectrumof thelessarsenicrich reconstructionat 575K in MOVPE.
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All investigatedGaAssurfaceshave showed at leasttwo different reconstructions.At
lessarsenicrich conditionsnearlyall surfacesarecoveredby a reconstructionof arsenic
dimers.Theprototypefor thesereconstructionsis the � 2(2x4) reconstructionon the(001)
surface.Similar structuresarethe (8x1) reconstructionon the(113)surface,thep(2x2)on
the(115)surfaceandprobablyalsothep(2x1)on the(Å1Å1Å3) surface.

Another type of arsenicrich reconstructionconsistsof arsenicad-atoms.The p(1x1)
reconstructionson the(113)and(115)surfaces,aswell asthearsenicmonolayeron top of
the (110)surfacearesuchstructures.The (4x3) reconstructionon the (001) surfacemight
beanad-atomstructuretoo.
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Figure12.1:RASspectraatroomtemperatureof thetwo mostprominentreconstructionsof
different(hkl) surfaces(Black:arsenicrich, Gray:lessarsenicrich).

TheRAS spectraof thetwo mainreconstructionsfor eachinvestigatedsurfaceareplot-
ted in �gure 12.1, grey linescorrespondto lessarsenicrich andblack lines to very arsenic
rich conditions.As a generaltrendtheamplitudeof theRAS spectradecreasesfrom (001)
over (115) to (113).This maybe dueto geometricalreasons:from (001) to (113) thesur-
facesbecomemoreandmoretilted towardsan isotropic(111)-like con�guration.Thusthe
contribution of thedimersto theoptical anisotropy becomessmaller. If this theoryis true,
theRAS spectraof the(331)and(551)towards(110)shouldincreaseagainin amplitude.

TheRASspectraof the(001),(115)and(113)surfacesof thearsenicrich reconstructions
(blacklinesin �gure 12.1) all featureminimaat2.5eV andat2.96eV (theE1 transition)and
amaximumat4.0eV. However, theline-shapesof theRASspectraof (Å1Å1Å3), (Å1Å1Å5) and(110)
surfacesarecompletelydifferent.

The samecanbe found by comparingthe lessarsenicrich surface(gray lines in �g-
ure 12.1): (113), (115) and (001) surfacesare againquite similar, while the rest differs
strongly.

Thesimilarity of theRAS spectrais mostlikely dueto a similar structureof therecon-
structions,becausean RAS spectrumis mostly sensitive to the surroundingof an atomor
dimer. It seemsthat if anarsenicatomis boundon top of anarsenicmonolayer, it causesa
signalat 2.5eV, 2.96eV and4.0eV, andtheseenergiesdo not changemuchwith symmetry
or orientation(thelatteronly dampingtheamplitude).

On thesewell-orderedsurfacesarsenicdesorptionwasinvestigated.TheArrheniusplot
in �gure 12.2 (left) shows slow reactionratesfor the low-index (001) and(110) surfaces.
Thereactionratesareincreasingwith anincreasingtilt up to thef 113g andf Å1Å1Å3g surfaces,
while theactivationenergy for arsenicdesorptionon theotherhanddecreases(table12.1).
Thearsenicseemsto beboundlesstightly on thehigh index surfacesandthereforecomes
off moreeasily. Probablythis is dueto the strainon the arsenicboundson the high-index
surface,andthestrainbecomeslarger, thehighertheirmisorientationtowards(001)surface.
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Figure12.2:Arrheniusplotsof thearsenicdesorption(left) andtheAsH3 adsorption(right)
onall high-index surfacesin this study.

surface (113) (115) (001) (1̄1̄5̄) (1̄1̄3̄) (110)
reconstructions

arsenicrich p(1x1) p(1x1) (4x3)& c(4x4) * p(1x2)* As-ML
lessarsenicrich (8x1) p(2x2)* � 2(2x4)& � (2x4) p(2x2)* p(2x1) bulk term.
galliumrich – – (nx6) & (4x2) – ??

arsenicdesorption
orderof reaction 2. 2. 0. & 1. ?? 1. 2.
activationenergy (1.50� 0.02)eV (2.09� 0.07)eV � 2.6eV ?? (1.55� 0.06)eV (2.4� 0.3)eV

AsH3 adsorption
orderof reaction 2. 2. 2. ?? 2. 2.
activationenergy (1.38� 0.15)eV (4.09� 0.14)eV (1.1� 0.2)eV ?? (1.87� 0.08)eV (2.4� 0.4)eV

galliumdiffusionalong[11̄0]
diffusionconstant (60� 40)nm ?? (0.6� 0.4)m ?? ?? ??
activationenergy 0.4eV ?? 2.8eV ?? ?? ??

Table12.1:Thedifferenttypeof reconstructionsonthedifferentsurfaces(??:notmeasured,
*: structurenot known, –: doesnotexist).

The AsH3 adsorptionplotted in �gure 12.2 (right) behavesquite differently. The ad-
sorptionon (113) and(115) surfaceis very fast,becausethesereconstructionsconsistof
ad-atoms.Everyarsenicatomstickswheneverit impingesonthesurface.However, thevery
highactivationenergy of 4.09eV for the(115)surfaceis verypuzzling.Thisenergy is higher
thanthedesorptionenergy; it is evenhigherthantheactivationenergy for thedecomposition
of AsH3 in thevaporphase.

The (110), (Å1Å1Å3), and(001) surfaceschangemuchslower, andalsohave lower activa-
tion energies.On thesesurfacesa reorderingof thereconstructiontakesplace,becausethe
arsenicrich surfacesaremorecomplex thanthesimplead-atomstructureson the(113)and
(115)surfaces.

Finally, thediffusionalong[1Å10] directionwascomparedfor the(113)andthe(001)sur-
faces.Likethearsenic,thegalliumspeciesduringdiffusionseemsto beboundlesstightly to
the(113)surfacethanon the(001)surface(seetable12.1). However, thediffusionconstant
onthe(113)surfaceis muchsmallerthantheoneonthe(001)surface,andthustheresulting
diffusionlengthsarecomparable.
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B Compendium of the Methods Used in
this Work

B.1 Epitaxial Growth

ALE – Atomic Layer Epitaxy

This is a specialgrowth modeusing an alternatingsupply of precursors.In MOVPE, in
severalmaterialsystems,it is possibleto achievea self-limiting growth rate,i.e. thegrowth
rateis constantfor a wide rangeof parameters.However, self-limiting ALE growth is only
possiblewith specialprecursors.

In MBE a growth modeusingalternatingsuppliesis often calledMigration Enhanced
Epitaxy(MEE). UsuallyMEE growth is notself-limiting.

UHV – Ultra-High Vacuum

Not agrowth method,but simply theabbreviationof Ultra-High Vacuum.

MBE – Molecular BeamEpitaxy

Growth usingmolecularbeamsfrom effusion cells (i.e. ovenswith only a small opening).
Dueto theuseof molecularbeamsthismethodrequiresUHV conditions.Many in-situ (i.e.
duringgrowth) investigationsarepossible,sincenearlyall UHV-basedsurfacesciencemeth-
odscanbeused.UsuallyanMBE growth chamberis equippedwith a RHEED(Re�ection
High Energy ElectronDiffraction)measurementsystem.

MOMBE – Metal-Or ganicMolecular BeamEpitaxy

MOMBE is alsocalledCBE (ChemicalBeamEpitaxy) or GS-MBE (GasSourceMBE).
Insteadof effusioncells,beamsof partlycrackedprecursorsareused.Sincethecrackingof
precursorsusuallyproducesa lot of methaneor hydrogen,thebackgroundpressureduring
growth is quite high (about10� 7 Pa). Therefore,UHV-basedsurfacesciencemethodsare
dif�cult to useduringMOMBE growth.

MOVPE – Metal-Or ganicVapor PhaseEpitaxy

MOVPE is also called MOCVD (Metal-Organic Chemical Vapor-phase Deposition),
OMVPE (Organo-Metallic. . . ), or OMCVD. Many materialscanbe grown by MOVPE,
suchassinglecrystallayers,coatings,or evensuperconductors.

The principle is very simple.Precursormoleculesaretransportedby a carriergasinto
a reactor. In the reactorthe precursor(s)aredecomposed,usuallyby heating,but plasma
discharge andothermethodsarealsopossible.The precursorsdecomposeandreleasethe
atomsor moleculeswhich aredeposited.

Therearemany differentlayoutsof MOVPEreactors.Therearedoublewall systemsor
hotwall reactors,thegasmayenterverticallyor �o wshorizontallythroughthereactor. The
sample(s)mayrotatealongdifferentaxes,or it is tilted towardsthegas�o w.
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All MOVPE reactorshave working pressuresduring growth in the rangeof 100 up
to 100kPa. MOVPE processesusingatmosphericpressurearesometimesdenotedasAP-
MOVPE,andlow pressureMOVPE,consequently, LP-MOVPE.A typicalLP-MOVPEpro-
cesshasapressureof 2 or 10kPa.

Thesepressuresarefar too high for theuseof electronbasedmethodsfor growth anal-
ysis.Thereforeonly optical andscanningprobemethodscanbe usedto analyzeMOVPE
growth.

VPE – Vapor PhaseEpitaxy

Thistermis oftenusedwith twomeaning:�rst asageneralclassi�cationof growthprocesses
thatuseprecursorsandacarriergas.However, VPEoftenmeansCl-VPE,a growth method
which usesAsCl3 or HCl to etcha “solid” gallium sourceandto form in-situ GaCl3 which
decomposeson thehotsubstrate.

Cl-VPE hastwo advantages,�rstly a very high growth rate.Secondly, due to the in-
situetchingduringtheheatingof thesubstrateno pretreatmentof thewafersis needed.But
nowadayssubstratesof good“epi-ready”qualityarewidely used,andinsteadof highgrowth
rateaveryprecisecontrolof layerthicknessis needed.

B.2 SurfaceScienceMethods

The methodsusedfor the investigationof the GaAssurfaceswill very brie�y reviewed in
thissection,togetherwith ashortdiscussionof their relevancetowardstheunderstandingof
thegrowth process.In principle therearethreedifferentclassesof methods.First the“tra-
ditional” onesusingelectrons,which needUltra-HighVacuum(UHV). Thentherearelight
basedmethods(X-Ray, visible or infra red (IR)), which only needa transparentambient.
And �nally , sinceabouttenyearsthenew classof scanningprobemicroscopes(SPM)have
beenavailable.

Electronshave beenthestandardtoolsfor surfacesciencesincethebeginning,because
by usingthe right energy, their wavelengthcanbe tunedto the lengthscaleof interatomic
distances.Freeelectronsalso interactvery directly with the boundelectronsof the target
atoms.However, electronsrequirea vacuumlessthan10� 3 Pa, otherwisetheir meanfree
pathbecomestooshort,andthey loseall their informationin scatteringevents.Light andthe
SPMhowever, canbeusedatany pressure.Hencetheseareveryinterestingfor investigation
in-situ in MOVPE.

To investigatesampleswith traditional surface sciencemethods,transferprocedures
from MOVPEreactorsto UHV chamberswereestablished(seeappendixC).

AES - Auger Electron Spectroscopy

Electronsof theinnershellsareexcitedandrelaxby anAugerprocess.As a resultanelec-
tronis emittedwhichhasacharacteristicenergy. Theseelectronsaredetected,andfrom their
energy thepresenceof certainelementscanbemeasured.Usuallytheexcitationis doneby
electronswith energiesof a few keV. Becauseof the useof electrons,AES works only in
UHV.

Dependenton theenergy of thetransitionused,thecompositionof the �rst few mono-
layerscanbededucedfrom anAugerspectrum.
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GIXD - Gracing IncidenceX-ray Diffraction

X-rayswith a wavelengthof theorderof theinteratomicdistancesareirradiatedat shallow
angles(typical lessthan0:2� ) on to thesurface.ThediffractedX-raysaredirectlymeasured
by scanninga hemispherewith the detector. Therefore,GIXD is the optical equivalentto
LEED.

Many differentkindsof informationcanbeobtainedby GIXD, apartfrom simplesym-
metrymeasurements.Thereis, for example,thecrystaltruncationrod (CTR) which tells us
aboutthe degreeof roughnesson the surface.The intensityof differentdiffraction peaks
canalsobecomparedto calculatedpeakintensitiesto decidebetweendifferentmodelsfor a
surface.And sinceX-raysareonly weakly interactingwith matter, GIXD canalsobedone
in-situ in anMOVPEreactor.

Thesearemany advantageswhich make this methodvery attractive for in-situ inves-
tigationsof MOVPE growth. But therearesomeseveredisadvantages.Firstly, the typical
high-intensityX-ray sourceis a synchrotron,thusmany safetyconcernshave to be taken
into accountandonehasto applyfor beam-time(typically availableonly for a few weeksa
yearandquiteexpensive).Secondly, thewholeMOVPE reactorandsamplemountmustbe
extremelystable,sincethechangeof theincidentanglemustbelessthanapercent.Thirdly,
the dataacquisitiontimesfor a scanto determinethe symmetryof a surfacearelong and
maytakeseveralhours(dependingon thenumberof peaksscanned).

HREELS - High ResolutionElectron Energy LossSpectroscopy

HREELScandetectvibrationson a surface,which areusuallycausedby adsorbates.The
lossof thekineticenergy of veryslow electrons(lessthan10eV kineticenergy) is measured
with high accuracy. Peaksin the resultingenergy lossspectrumcorrespondto elementary
excitationsof phononsor vibrationalmodesin therangeof 10 to 500meV. Sinceelectrons
areveryslow andmeasurementtimesarelong (somehours)averygoodvacuumis needed.
Thus,to applyHREELSto anMOVPEgrown surface,anMOVPEto UHV sampletransfer
systemis needed.

Thecorrespondingopticalmethod,IR-spectroscopy, which measuresdirectly IR active
vibrations,is in principlea true in-situ method,but dueto very small signals,it is experi-
mentallyverydif�cult to use.

LEED - Low Energy Electron Diffraction

LEED hasits origin in the 1920s,becauseits principle is simple.Electronswith kinetic
energiesbetween20and200eV impingeperpendicularonto asurface.Sincethede-Broglie
wavelengthof suchelectronsis closeto theinteratomicdistancesonthesurface,agoodpart
of theelectronsarediffracted.There�ected,scattered,anddiffractedelectronsarefocused
on to aphosphorousscreen.

Thedistancesbetweenthediffractionspotson thescreenarereciprocalto theperiodici-
tieson therealsurface.If thereis a gapevery two atoms,thentheLEED imagewill have a
spotatonehalf of thereciprocalunit mesh.Thus,aLEED imageis showing theperiodicity
of thestructureson a surface.By comparingimagesrecordedat differentenergies,onecan
alsogetinformationaboutfacets(if present).

The complicatedpart of LEED is quantitative analysis.For that purposea specialset-
up,calledSPA-LEED (Spot-Pro�leAnalyzingLEED) is used.Thechangeof thebrightness
of differentspotsin theLEED imagesat differentelectronenergiesis thencomparedwith
calculatedbrightnesscurvesfor differentmodelsof thesurface.
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SinceLEED needshigh vacuumconditions,it canonly beusedafterMOVPE growth,
with anMOVPEto UHV transfersystem.

RHEED (Re�ection High Energy ElectronDiffraction),a techniquerelatedto LEED,
is normally usedin MBE for in-situ measurementsof reconstructionsand growth rates.
However, dueto its differentgeometryandenergiesonly symmetriesperpendicularto the
incidentbeamaremeasured.

RAS - Re�ectanceAnisotropy Spectroscopy

RASmeasuresthespectraldependenceof thechangeof polarizationof linearpolarizedlight
after re�ection from the surface[95, 114, 115]. Usually only the real part of the complex
re�ection is used.

RAS is a linearopticalmethod.Thereforethesizeof signalscanbe directly relatedto
thecoverage(seesec.4). Thetimeresolutionis of theorderof 50ms,a tenthof thetime for
thegrowth of amonolayer, whichmakesRASa very fastmethod.

RAS is very sensitive to the bondarrangementof a reconstructionbut not to symme-
try. This makesdiffraction techniquesandRAS ideal complementarypartnersto detecta
well-orderedreconstruction,sincethereoftenexistsdifferentreconstructionswith thesame
symmetry, whichcanbeseparatedby theirRAS spectra.

However, to interpreteanRASspectrum,onehasto haveasetof referenceRASspectra,
measuredon well-orderedreconstructionswhich werecharacterizedby othermethods.In
thenearfuturegoodreferenceRAS spectramightalsobeobtainedby calculations.
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FigureB.1: Principal set-upof theRASspectrometersusedin thiswork [ 116].

RASworkswith any transparentmedia.It only needsanopticalportperpendicularto the
surface,andtheopticalsetupis quitesimple.ThusRAShasbecomethestandardtechnique
for the analysisof MOVPE growth. However, RAS doesnot work on any single crystal
surface.It needstwo perpendicularmain axeson the surface.TableB.1 lists the axesfor
differenthigh-index surfaces.Thegeneralformulais:

� � r
r

�

(hk l )
= 2

r [1�10] � r [xy z]

r [1�10] + r [xy z]
(B.1)

with (hkl), [xyz] and[1�10]beingthreeperpendiculardirections.
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ThereforeRASworkswell onmostfcc crystalssurfaces,but notonthef 111g andf Å1Å1Å1g
surfaces.The main axeson thesesurfaceshave an angleof 60� , thereforeany anisotropy
signalat90� is canceledoutdueto geometricalreasons.

surface direction – direction
(001) [1Å10] [110]
(113) [1Å10] [33Å2]
(114) [1Å10] [22Å1] “A”-surfaces
(115) [1Å10] [55Å2]
(111) notpossible
(110) [1Å10] [001]
(11Å1) notpossible
(11Å3) [1Å10] [332]
(11Å4) [1Å10] [221] “B” surfaces
(11Å5) [1Å10] [552]

TableB.1: The two axesalongthe optical anisotropy is measuredfor differenthigh-index
surfaces.

Themostcommonset-upwhich is usedby many groupsis shown in �gure B.1. In this
case,linear polarisedlight is shoneonto the surfaceat 45	 to the surfaceeigen-axis(see
tableB.1). The re�ected light is slightly elliptical polarised.Thepolarisationstateis anal-
ysedusinga photo-elasticmodulator(PEM) andananalyser(polariserat 45	 to thePEM
mainaxisorientation).Themodulatorusuallyworksat 50kHz. Thechangeof polarisation
is now convertedinto an intensitymodulation,which is measuredby a Lock-In ampli�er.
Thesignalfor realpartRe(� r ) is is at2! =100kHz, while thesignalfor imaginarypartcan
befoundat ! =50kHz. Since� r is thennormalisedto the total intensityr it is possibleto
makeabsolutemeasurements,i.e. thereis no needfor a referencesurface.
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Therehavebeenotherwaysof measuring� r
r . SincethePEM is quiteexpensive,simple

set-upjust rotatethe sample(�g. B.2 left). Suchset-upcanmeasureabsolutevalueswith
high accuracy andarenot effectedby andnon-idealitiesfrom windows, if only thesample
doesnot wobbleduringrotation.Otherset-upusinga PEM just modulatedthepolarisation
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of the incidentlight, i.e. put the PEM in the incidentbeam(�g. B.2 middle).Thenonly a
singlepolarizeris needed.However, theset-upshow hereis quitesensitveto straylight, and
only therealpartof anRAS signalcanbemeasured.

SPA - SurfacePhotoAbsorption

This optical techniqueis a closerelative of RAS, andhasalsobeenusedin MOVPE. SPA
measurestheintensitypolarizedlight re�ectedby thesurface.For high sensitivity theinci-
dentangleof thelight is closeto theBrewsterangle.

This techniquehasthe advantageof beingable to measurethe anisotropicaswell as
the isotropicpart of the surfacedielectric function. ThereforeSPA works even on f 111g
surfaces,whereRAS doesnot work. Also SPA canmadevery fastby usingmultichannel
detection(CCD), i.e.a full spectrumcanbemeasuredin lessthan100ms.

However, therearealsosomeseveredisadvantages.Firstly, two optical viewportsnear
theBrewsterangleareneeded.Secondlyit is hard(if not impossible)to measureabsolute
data.Usually only the changein the signalrelative to a referencesurfaceis recorded.All
furtheranalysisreliesonthereferencesurface,or theresultscannotbeproperlyinterpreted.
Thesetwo disadvantagesdiscouragegreatlytheuseof SPA.

SPM - ScanningProbeMicr oscopes

SPM is the namefor a whole classof methods.Using piezo-electricscannersa sensoris
movedby a feed-backloop very closeto the surface.Therearedifferentmethodof main-
tainingafeed-back.Theoldestandmostcommonlyusedis ScanningTunnelingMicroscopy
(STM). Thesensoris a sharptungstenor platinumtip very closeto thesurface.A voltage
differenceis appliedbetweenthe surfaceandthe tip. The resultingtiny tunnelingcurrent
(typically pA or nA) dependsexponentiallyon thedistanceof thetip from thesurface.The
surfaceis now scannedline by line, and from the tunnelingcurrent(or a feedbackloop,
whichkeepsthecurrentconstant)theheightinformationof thesurfacecanbeextracted.

STM works at pressuresbelow 10� 2 Pa andabove 10Pa, otherwisea glow discharge
takesplaceinsteadof propertunneling.AlthoughSTM atelevatedpressuresor temperatures
hasbeendone,up to now no successfulin-situ operationin an MOVPE reactorhasbeen
reported.

Another commonlyusedtechniqueis Atomic Force Microscopy (AFM). The height
informationin this caseis theforceof thesurfaceon theprobingtip. AFM is usuallyused
for ex-situ characterization,althoughAFM canbemeasuredin UHV, at elevatedpressures,
andevenin liquids.But againno resultsof in-situ AFM duringMOVPEgrowth exists.

TDS - Thermal Desorption Spectroscopy

TDS measuresthe increaseof pressurewhile increasingthesampletemperature.More so-
phisticatedset-upsusemassspectroscopy andconstantheatingrates.At certainsurfacetem-
peratures,adsorbedatomsdesorb,resultingin high (partial)pressurerises.Whenall atoms
aredesorbedthepressuredropsagain,until thenext speciescandesorb. Thus,eachdesorp-
tion processleadsto apeakin theTDSspectrum.Fromthedesorptiontemperatureandpeak
shapethereactionorderandactivationenergiesof therespectivedesorptionprocesscanbe
calculated.However, the activation energieshave an uncertaintyof about50%, sincethe
pre-exponentialfactorhasto beguessedfor thecalculation[117] (seesec.4).

While TDS, in principle, works at any pressure(as long aspartial pressuremeasure-
mentsarepossible),to my knowledge,TDS hasonly beenusedin UHV. (At atmospheric
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pressureconditionspartial pressuremeasurementscould be doneusingoptical absorption
spectroscopy, wheresensitivities for Cx Hy of ppbcanbereached.)



C MOVPE – UHV Transfer System

FigureC.1:Overview of theMOVPEto UHV transferchamberset-up.

FigureC.1show thesystematicset-upof ourUHV-MOVPEchambersystem[118]. The
growth chamberis equippedwith angraphitesusceptorheatedby aboronnitride resistorin
aninnerroundquartzliner tube.Samplescanbeeitherloadedby thefastentryor directlyvia
a KF-�ange at theMOVPE chamber. Detailsof thetransfersystemasonetheoptimization
of the transferprocedurecanbe found in [118]. Sincethe subjectof connectingMOVPE
to UHV is of specialinterest,asworks of othergroupsproved [119, 120, 43], a detailed
descriptionof thesampletransferprocedureusedis givenhere.

FigureC.2:Old set-upof thetransfermechanism.

In the �rst experimentsthe whole MOVPE chamberwasevacuatedby a strongpump
(eithera diffusion pumpor a rotary pump).This set-upis shown in �gure C.2. However,
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it turnedout that theresidualhydro-carbonfrom thegrowth processgoesinto thestainless
steelchamberwalls,andcamebackto thesample'ssurface,whentheMOVPEchamberwas
evacuated.TheHREELSspectrumin �gure C.4showedstrongC-H-contaminations(upper
spectrum).

With theseresultin mindtheset-upwaschanged.Thisnew set-upis shown in �gure C.3.
A purging line for puri�ed hydrogenwas attachedto the transferchamber, and the high
vacuumpumpingsystemwas completelyremoved from the MOVPE chamber. Only the
MOVPE processpump remained,which was regulatedby a throttle valve to a chamber
pressureof 10kPaduringMOVPE.

FigureC.3:Set-upof theoptimizedtransfermechanism.

The sampleswere preparedin the MOVPE chamberwith an inner quartz liner tube
at standardconditions:1 l/min of 10kPa H2 Pd-diffusedand200Pa AsH3. Thebuffer was
grownat900K with 0.5PaTMGaresultingin agrowth rateof 850nm/h.After buffergrowth
thesampleswerecooledunderanAsH3 �o w down to 475K andafter thatwith pureH2 to
roomtemperature.

Beforetransfer, thetransferchamberwaspurgedthreetimesandthen�ooded with Pd-
diffusedH2 beforethe connectionvalve betweenthe MOVPE and transferchamberwas
opened.After the samplewasloadedinto the transferchamber, the connectionvalve was
closedagain,theH2 purgewasstoppedandthetransferchamberwasevacuatedby a rotary
pump (usually reaching10� 4 Pa after two minutes).Then the secondvalve to the UHV
analysistransfersystemwas opened,and the samplewas transferedto one of the UHV
analysischambers.

AES measurementsof suchpreparedsampleshaveshown no oxygenandonly verymi-
norcarboncontamination.TheC-H-vibrationrelatedpeaksfoundin HREELSweresmaller
thantheoneof decappedMBE grown samples(�g. C.4).

RASspectrabeforeandaftertransferin theanalysischamberwereidentical,con�rming
thatthetransfermethodindeedpreservesthereconstruction.
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