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FUNDAMENTAL GROWTH PROCESSES
ON DIFFERENT GALLIUM ARSENIDE SURFACES
IN METAL-ORGANIC VAPOR PHASE EPITAXY

by

MarkusPristorsek

In this work the homo-epitaxialgrownth on different(hkl) surfacesof gallium arsenide
in Metal-Oganic Vapor PhaseEpitaxy (MOVPE) was investigatedn-situ by Re ectance
Anisotropy Spectroscop (RAS). The RAS measurementserecorrelatedo otherelectron
basedsurfacesciencemeasurementsn samplegransferredrom a specialMOVPE system
withoutcontaminationnto in anUltra-High Vacuum(UHYV) systemin orderto interpretthe
in-situ RAS spectra.

First,thewell-orderedreconstructionsn eachof the suriacesveremeasuredandmary
new reconstructionsverediscovered.Thenarseniadesorptiorexperimentsvereperformed,
andreactionratesandactivationenegiesweredeterminedT hehigh-inde surfaceswith the
largesttilt to the (001) surfacehadthe lowestactivation enegiesandthe highestreaction
ratesfor arsenialesorptionProbablythebondsaremorestraineconthehigh-index surfaces,
andthusthe arseniccomesoff moreeasily

Onthe (113), (ffé& and (001) surfacesRAS spectraweretaken alsoduring growth at
differenttemperatureandwith differenttri-methyl gallium (TMGa) andAsH; partial pres-
sures.The RAS spectrawere comparedo eachother For usualgrowth parametershree
differenttypesof RAS spectracalledphaseswerefound.Onthe (001)surface,atvery low
V/I ratiosandlower temperaturesising TMGa — conditionsimportantfor intrinsic high
carbondoping— a fourth phasewas obsenred. The phaseboundariesnainly dependedn
temperaturesandpartial pressureshut not on surfaceorientation.Only the useof tri-ethyl
gallium (TEGa)insteadof TMGa shiftedthe phaseboundariesn the (001) surfaceabout
120-20K to lower temperaturesThusthe surfaceduring growth dependsmainly on the
precursorchemistry

Therefore,the adsorptionof TEGawas comparedo the one of TMGa. Exposingthe
(001) surfaceto TMGa at low temperaturesauseshe sameRAS spectraasduring growth
atverylow V/IlI ratios.Thisreconstructioms methylenderminatedandveryinertto further
TMGaadsorptionHowever, with TEGano suchadsorbateerminatedsurfacewasfound.

Duringgrowth atlow V/III ratioswith TMGa, threedifferentregimesof carbonincorpo-
rationwereobsened.At verylow V/III ratiosbelon onethe carbonincorporationis always
around3 10*cm 3. At high V/IIl ratiosthe carbondopinglevel is constanttoo, but it
dependn growth temperatureHowever, in betweena power law dependencef the car
bonincorporationonthe V/IIl ratio wasmeasuredandthe surfaceswererelatively rough.
This behaiour was successfullyexplainedby a changeof the reconstructiorof the grow-
ing surfacebetweena methyleneterminatedsurfaceat very low V/III ratiosanda methyl
terminatedsurfaceat higherV/IIl ratios.
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Preface

Crystalgrowth hasfascinateanankindfor alongtime. Orderthatoriginatesfrom thechaos
of solutionsor melts,this wasnothingelsethana re ection of the creatingpower of god.

And if the alchemistscould make crystals,which wererarely foundin nature,surelythey

could nd thephilosophersstone?

Todaythe growth of crystalsis muchmoreprosaic,andalsobetterunderstoodThough
the optimizationof the epitaxy(orderedgrowth on orderedseedcrystals)of semiconductor
layersfor device structuresaswell asthe preparationhasstill somealchemicalracesn it
(“A growth interruptionof six secondsnakesthedot's luminescencenuchbrighter... ”)

Undoubtedlytherehasbeerhugeprogressn understandingpitaxyin thelast fty years,
whensurfacescienceon anatomicscale rst becameoossible And the“end of surfacesci-
ence”is still faraway, asevery new answerseemso producetwo morequestionsAddition-
ally, therearemary aspector missedphenomenavhich arewaiting to berediscwered,as
quantumdotsand,morerecently nitride semiconductorbave proven.

The growing knowledge of the growth processowes a good part to the development
of new methodsto measureat atomic scales.For a long time only indirect or diffraction
basedmethodswvereavailablesuchasLEED (Low Enegy ElectronDiffraction),but nowa-
daystheimagingof a real surfaceusingSTM (ScanningTunnelingMicroscope)is quite a
normaltask.Anotherimportanttool wasthe developmenif surfacesensitve optical meth-
odssuchasRAS (Re ectanceAnisotropy Spectroscoy) for surfacescienceavenin growth
ernvironmentsusedfor productionwheretraditionalsurfacescienceoolsfailedto work.

The tremendoussuccesf semiconductoisciencehas made computerssmallerand
faster Sofast, thatin recentyearscomputationakurfacesciencehasachiezed hugesuc-
cessin doing simulationsof realisticsystemsf 100 or moreatoms.Even moreimportant,
the resultsof thesecalculationsare gettingcloserto the experiments.The cooperatiorbe-
tweencalculationsand experimentshasbeenandcertainlywill be very fruitful. Thisis a
big stepforward towardsfurther understandingf basicgronth mechanismghemseles,
becaus¢heorycangiveinsightinto details,thataresimply notaccessibléo experiments.

This work basesalso on mary works at the end of the 60s, when controlled epitaxy
was rst achieved. At that time a huge parameteispacehad to be scannedj.e. different
temperaturesprecursorspartial pressuressubstratesand their orientations,and last but
not leastthe differentgrownth methodsthemseleswere checled. Today theseold results
have recevedinterestagain,asthe questfor highercarriercon nementin low dimensional
structureshave meantthat differentcrystal orientations(high index surfaces)andextreme
growth parameterare tried again.Many of theseold resultshave beenunderstoodonly
recentlyasit is now known thatsemiconductosurfacespontaneouslgearrangehemseles
(forming reconstructionsho minimize danglingbondsandsurfaceenegy.

Theaimof thiswork is to explainthehomo-epitaxyof galliumarseniden Metal-Oganic
VaporPhasepitaxy (MOVPE) onthe (001)andseveralhigh-index surfaceswith respecto
thecurrentstateof knowledgeof the MOVPE process.
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1 Static Crystal Surface

1.1 The Surface

The growth of ary singlecrystalstartswith a seed.For epitaxyof two-dimensionalayers,
the seedcrystalis calledthe substrateThe usualsubstratas a singlecrystal,which is cut

along a high symmetryaxis and hasa polishedsurface.Becauset is a real surface,it is

misorientedto somedegreereferringto the intendedcutting direction. Thuswide terraces
appeardividedby mono-atomicstepsto compensatéor the misorientation.

An intentionallymisorientedsurfaceis calleda vicinal surface,in contrasto anideally
at exactorientedsurface.The distanceof steps,calledterracewidth L, dependsonly on
themisorientatiorangle andthelattice constanalongthe surface(ay):

Ay - S,
L( ;&) = o (1.2)

For thevicinal (001) GaAssurfacetheresultingterracewidth is plottedin gure L1

100 E

~—

\

\\:

step distance on GaAs (001) (nm)

0 1 2 3 4 5 6

misorientation (°)

Figurel.1: Stepdistanceon (001) GaAsasa functionof theangleof misorientation.

Figurell.2 shaws the surfaceof anideal single crystalwith a monoatomicstep.Each
of theboxescorrespond$o a monomeyi.e. a single constituenof the crystal.Besideghe
ideal surfacesites ve othersiteswith larger numbersof nearneighborsexist. In table[L]
thenumberof nearneighbordor thesesiteson a cubic(001) surfacearelisted.

Dependingon the numberof nearneighborsthe binding enegy changesA monomey
caughtby a surfacehole or a stephole, is boundvery tightly, in contrastto a monomer
that just sits on an ideal surfacesite. For this reasonary holesareimmediately lled at
the beginningof gronth. Evenmore,holesarevery unlikely to be formedduringgrowth in
greatnumberspecause lot of atomsmustbe previously attachedo othersitesin exactly
theright order Thus,onrealsurfacesholesappeaionly rarelyandcanbe neglected.

The numberof nearesnheighborsitesdependstronglyon crystalsymmetryandorien-
tation of the surface.For exampleon a cubic (111) surfacea monomerhasthreenearest
neighborbonds,whereason the cubic surface,in gure [I.4, a monomerhasjust a single
nearneighbor

Figurdl.3shavsall importanthigh-index surfacesof thefacecenterectubicgalliumar
senidg(001)crystal,which areperpendiculato the[1 fO] direction.Marny differentsurfaces
exist.
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Figurel.2: Thedifferentsitesfor an atomon a 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

Tablel.1: Numberof neaestneighbos on a cubic (001) surfaceof differentsurfacesites.

In this work the (001), (113), (115), (110), (A44) and (A% will beinvestigatedThere-
fore somenotationshave to be madein orderto preventconfusion.

It is obviousfrom gure [L.3thatfor abinarycompounccrystalof A andB constituents
(like gallium arsenide}he (111) and (ffﬁ surfaces(and hencealsothe (113) and(
surfaces)arenot identical. A ( surfacecorrespondso a (111) surface,on which all A
atomsare exchangedoy B atoms.On the (111) surfacean A atom hasthreeback-bonds
andonly one bondforward. Hence,it is boundvery tightly to this surfaceandthe (111)

Figurel.3: High-index surfacegerpendicularto the[1 fO] directionof gallium arsenide
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surfaceis expectedto be terminatedmoreor lesscompletelyby A atoms.The situationis

reversedon the (116 (or (ffﬁ) surface,whereit is terminatedby B atoms.For this reason
the(111)surfaceis oftencalled“(111)A” andthe(% “(111)B” or, e\/enwrong,“(%B”.

(For gallium arsenideA is gallium, B is arsenicthusthereis alsothevariationof (111)Ga
and(111)Asor As.) However, this denominationis neitherphysically correct(asfor

GaNwherea ( =(111)B=(111)Ns galliumterminated)nor dothe (111)Aand(111)B
surfacesbehae nearlyasidenticallyassuggestedrhereforethe correctnamingschemeof

(111)and(% is usedthroughouthis work.

Additionally, throughouthis work thefollowing corventionfor bracletsis used:square
bracletsname[hkl] directions,roundonesname(hkl) surfacesandall equivalentsurfaces
have the form f hklg. If morethanone surfaceis presenton a sample,the additionalsur
facesarecalledfacetsandarealsodesignatedhkl) or f hklg. Equivalentsurfacesto f
on GaAsarethe (A8, (A1), (W8 and (hkh surfaces:andfor f hkig are (hkl), (A, (Ax
and(hléé. Notethatthe (110) andthe(%@surfacesareidentical,sincethe( cannotbe
mathematicallydistinguishedrom the (T£0)=f 110g surface.Therefore simply for mathe-
maticalreason®nly a singletypeof f 110y surfaceexists.

1.2 SurfaceReconstruction

Sofarnoassumptiorabouttheinnerstructureof acrystalsurfacewasmade However, mary
differentkindsof structureon acrystalsurfacecanbefound.In the mostsimplemodel,the
atomson the surfaceare at the samepositionsasin the bulk; therefore,sucha surfaceis
calledtruncatedbulk structure. Indeed atruncatedoulk structures found onthe surfaceof
mary materialdik e metals,raregascrystals,or crystalsof complex moleculesjn all cases
whenthe bindingforcesaresmallor the component$orming the crystalarelarge.

However, onmary ionic or covalentcrystalsthe bindingenegiesarequitehigh. Usually
thesurfacesof suchcrystalsdeviatefrom atruncatedoulk structureandtheatomsrearrange
themselesto lowerthe surfaceenegy. Usuallythe symmetry(sizeof surfaceunit mesh)or
the stoichiometryof the surfaceis changedwith respecto a truncatedoulk structure.This
rearrangemeris calledreconstructionSincea surfacecanform severalreconstructionsa
namingschemas usedbasedon the sizeof the surfaceunit meshfor the main axesof the
surfacecomparedo the bulk. For example(2x4) on a (001) GaAssurfacemeangwo times
the sizealong [1f0] andfour timesalong[110]. If several reconstructionsvith the same
symmetryexist, they are differentiatedoy a Greekletter Additional information may be
encodedn anothetetter, like p (primitive), c (centered)pr d (disordered).

Thedriving force for the appearancef reconstructionss the minimizationof the sur
facefree enepgy. In a crystalusually only bondingorbitalsare lled by sharingelectrons
with neighboringatoms,so that every atoms*“feels” eight electronsin the caseof GaAs,
the gallium cancontritute three,andthe arsenic ve electrons Sincethereare four bonds
onary atomin thefcc structure ponecansimply saythatgallium contritutes?1 electronand
arsenic?1 to eachbond.On a surfacesomeof theseorbitalshave unpairedelectrongdan-
gling bondg. Theseareenegeticallyvery unfavorableandthereforechemicallyvery active.
Strictly speakinghe danglingbondswhich correspondo bondingorbitalsshouldbe lled
andtheonesthatcorrespondo anti-bondingorbitalsshouldbe empty

Onmostlll-V andll-VI semiconductosurfaces(e.g.GaAsor ZnSe)thereis a simple
criteria for which danglingbondsare bondingand anti-bonding:Group V(VI) dangling
bondscorrespondo bondingorbitals (they wantto be lled), while grouplli(ll) dangling
bondscorrespondo anti-bondingorbitals (they want to getrid of their electrons).This
meansfor GaAsgallium danglingbondsare empty and arsenicdanglingbondsare lled.
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Thisis the essence®f the so-calledelection countingrule [1]. Usually reconstructionshat
satisfytheelectroncountingrule aremorestablethanthe onesthatdo not.

The easiesway for a surfaceto ful Il thisrule, i.e. to emptyall anti-bondingorbitals,
is to redistritute the electronsof the danglingbonds.Sucha surfaceterminationwith only
redistributed electronsis calledrelaxation On a relaxed surfacethe electronsusually are
redistributedbetweemext neighboratoms However, asurfacerelaxationis oftenforbidden,
eitherfor geometricateasonspr simply dueto alack of electronor emptybondingorbitals.
Thenthe atomsmustrearrangehemselesto changethe total numberof danglingbonds.
The atomsmust leave their normal placesto form a reconstructionwhich may contain
vacanciessinglead-atomsdimers,or rarely alsotrimersandtetramers(A dimerdenotes
a bondbetweenwo atomson the surface,which s differentcomparedo the bulk bonding
arrangement.)

Of coursethe stability of a singlecrystalsurfacedependsiot only on the right number
of electrongerunit mesh.Otherfactorslik e strainor the chemicalervironmenthave to be
takeninto accounttoo. All theserequirementsogetherarere ected by the free enepgy of
a surface.A real surfacehasto minimize its free surfaceenepy. For differentconditions
differentreconstructionsanmeetthis criteria.

On compoundcrystalsthe concentration®f the compoundsat the surfacehave to be
consideredoo. This simply meanghatwith arsenicrich conditionsa reconstructions fa-
voredwhich incorporatesnorearsenicatoms.

1.2.1 Chemical Potential

The concentratiorof the compound®n the surfacecanbe characterizedby the chemical
potential . In the caseof gallium arsenideherearethreechemicalpotentialsto be taken
into accountThesearetheoneof bulk GaAs gaas,,, » Of arsenic s andof gallium ¢, at
thesurface.The rst is constantwhile thelattertwo canchangeonthe surface.Theirupper
limit is given by the chemicalpotentialof a bulk of the componente.g. as,,, > as»
otherwiseanarseniccrystalwould form (or galliumdropletsatthe otherextreme). Thesum
of ca+ as Mustyield gaas,, , Otherwisearsenicor gallium would be evaporatedrom
theGaAscrystal.

Since ga,, and as,, areconstantjtiscorvenientto usethe differenceof the to
theirbulk values:

Ga < Gap ) Ga -— As Aspui < 0

As < Aspuk ) As -— As Aspuk < 0

Applying theabove discussedimits to thevarious , oneobtains:

GaAspuk As Tt Ga< Aspk T Gapu
GaAs puk ( Aspuk T Gabulk) - As Aspuk T Ga Gapuk < 0

GaAs puik ( Aspuk T Gabulk) As ca< 0 (1'2)

Theterm gaas ( Aspue T Gay ) 1S SIMply the enegy of formationof gallium ar-
senide H. Calculationsandmeasurementsuggestvalueof (0:80 0:15)eVfor H.
Therefore s and g, arerestrictedo smallrange:

Hcaas As < 0 or
Hcans ca< 0 (1.3)
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Since g3 t+ As = Hgaas it is enoughto considereither g5 Or  as. FOr
example, s 0 denotegyalliumrich conditions,i.e. the onsetof gallium dropletfor-
mation. s H correspondso arseniaich conditions.

How could areconstructiorrespondo arsenicrich conditionsCertainlya reconstruc-
tion containingexcessgallium (a gallium rich reconstruction)s unfavorable,asa recon-
structioncontaininga lot of arsenicatomsseemdettersuited.Indeed the free enegy of a
reconstructiordepend®nthe chemicalpotential,asit canbeseenn gure [L4

As-rich Ga-rich
Limit Limit
0.2
; Brep(4x2)
Ea(4x2) :
01 L '
! %1 80(8x2) "‘B (4x2) f

]

surface energy (eV/(1x1))
o

-1 08 06 -04 02 0
Alga(eV)

Figurel.4: Calculationof total surfaceenegiesof severalreconstructionsn (001)gallium
arsenidgl2] usingDFT-LDA.

Figurell.4 shows the calculatedotal enegy of sereralreconstructionsn a gallium ar
senide(001) surface as a function of the chemicalpotentialof gallium  g5. Only the
reconstructiorwith the lowestenegy at a given chemicalpotentialis stable.For gallium
rich conditionsthe galliumrich  2(4x2) reconstructions the lowestenegy structure with
morearseniaich conditions (2x4), 2(2x4),and nally theveryarseniaich c(4x4)recon-
structionarethe moststable lowestenegy reconstructions.

1.3 Equilibrium Crystal Shape

Thefreeenegy of areconstructions importantto determinethe stability of anactualsur
face,becauseindercertainconditionssomesurfacesendto spontaneousljorm structures
like grooves, pyramidsor holes,whosesidevalls are high-indec surfaces.Thesesidewall
surfacesarecalledfacets.

The simplestsystemwith facetshasthreesurfacesthe at surfaceA andtwo adjacent
facetB andC ( g. [LH). FacetB (C)istilted by anangle ( ) with respectothe at surface
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A. The areacoverageof facetB (C) projectedon A is called g ( ¢). Sincethefacetsare
tilted, theirrealareasaregivenby —&- (=<-). Thusthetotal enegy of this surfaceis:

cos cos

+ Eo—S% -

E = EA AT EB .
tot cos € cos

(1.4)

If thestartingsurfaceis at ( o = 1) thenevery stepup to afacetB mustbe followed
by a stepdown with afacetC (asseenn g. [LH).

B gaaC
A hdq aaaa
A B c

Figurel.5: Geometryof the simplestfacettedsurface

Simpletrigonometryyieldsthefollowing equation:

h= gtan = ctan
tan
= : 1.5
B an (1.5)
Puttingequation(L.D) in (T.4) one nally endsup with
Btan
Ewt = Ea a+Eg— + Ec— 2"
tot A A BCOS C coS
tan
Ewt = Eap o+ Eg——— + Ec—> : 1.6
ot A AT =B os “tan cos (1.6)

The surfacewantsto minimize its enegy E. It is obviousthateitherthe completely
at surface( o = 1, p, = 0) possesseminimum enengy, or the facetedsurfacewhich is
coveredcompletelypyBandC ( o = 0; v+ ¢ = 1). Equation(T.B) canbe useddirectly
to calculate g in thiscase:

| |

.\ _ , tan _ Jan tan +tan = _ L
B ¢ 7 BT Bin T B tan B tan -
tan
= - 1.7
B tan + tan (1.7)

Finally equation(L.8) yieldsthefollowing conditionfor faceting:
! !
tan Eg N Ec tan

Ea >
tan + tan COS cos tan

(1.8)

If this equationis ful lled, facetswill appearHowever, equation(L.8) tells us nothing
aboutthe shapeof the resultingsurface,i.e. if thereare only two large areasof facetB
and C or mary smallerstepsup anddown. The nal shapeis determinedby the elastic
constantsand the diffusion length, which will be discussedn section3. 1 Even more,if
masstransporis very slow, facetingmight not be obsered on reasonabléime scalesgven
thoughthe surfaceis not stablefrom anequilibriumpoint of view.

Onamorecomple systemik easpherghesameanalysiscanbedoneasfor thesimplest
systemAlso, by calculatingthe surfaceenegiesfor severalsurfacestheequilibriumshape
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Figurel.6: Calculatecequilibrium shapgWulff construction)of a gallium arsenidecrystal
for arsenicrich and gallium rich conditionsusing DFT-LDA. Considerecare
f113y,11123),f 1119, f 11Qy andf 001g surfacedld].

of a crystalcanbe determinedby a so-calledWulff construction Figure[l.8 showvs a Wulff
constructiorof gallium arsenidgor arseniaich andfor galliumrich conditions.

It is interestingto note,thatin caseof gallium arsenidemary at surfacesdo not rep-
resentminimum surface enegies at gallium rich conditions,i.e. it is enepgetically more
favorableto form facetsfor thesesurfaces.The (001) surfaceis especiallynot stableat gal-
lium rich conditions,even thoughreconstruction®n gallium rich (001) surfaceslike the
(4x2) have beenobsered experimentally This illustratesthe factthat, if materialtransport
is slow, afacetingmightnot beobsened.



2 Growth Dynamics

Sofaronly equilibrium processesvereconsideredHowever, the growth itself canlead
to theformationof facetsevenif thefacetsarenot be stablein equilibrium.

(111)

i ({13)

o

Figure2.1: Evolution of facetson a sphereof gallium arsenideafter CI-VPE growth [4].
Notethatthef 111g facetshave vanished.Their formerpositionis indicatedby
arrans.

FigurelZ1 shaws facetswhich evolved during Chloride VaporPhaseEpitaxy (Cl-VPE)
growth on a former GaAs hemispherdd]. It looks very similar to gure [L.8 However,
the underlyingmechanisnof facetformationis completelydifferent.In gure [L8the nal
shapewasonly determinedy the free enegy of the differentreconstructionsyhile in the
caseof growth the differentgrowth rateson the facetsthemselesdeterminghe shape For
examplethe(111) and(ﬁ\l) facetshave vanishedalthoughaccordingo gure [L.8they are
stablesurfacesunderall conditions.This disappearancis causedy the very high growth
rateon thef 111g surfaces(see g. Z.3). On the otherhand,the size of all facetswith low
growth ratesareincreased.

Lower growth rateson somefacetsare possiblydueto smallersticking coefcients or
higheractivationenengy for incorporation(in this casegheatomssimply desortbeforebeing
incorporated)If afacetis muchsmallerthanthediffusionlength,the growth ratebecomes
additionallysmaller becaus@atomsarelost by diffusion. (The fraction of atomsin relation
to the size of the facetscan be calculatedby the BCF-theory which will be discussedn
sectiori3.2.2)

The differencesof growth ratescan eitherenhanceor diminish facets.An exampleis
givenin gure [Z3, a groove with facetsidewalls. Whengrowth is initiated, andfacetB is
growing muchfasterthanfacetA. Thegroove is vanishing simply for geometricateasons.

Whatis the crucial differencefor the growth rates?The simplestsystemis a large at
surfacewith a smalladjacenfacet.Insteadof the free enegy of the surface(asin the pre-
vioussectiorl.3), thegrowth rateR is now the crucialfactor The projectedgrowth ratein
thedirectionof the at surfaceA of thefacetB (Rg cos ) hasto belargerthantheoneon
theinitial surfaceR 5, otherwiseno facetingwill occur

15
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Figure2.2: Growth ratesof differentsurfacesof gallium arsenideduring CI-VPE growth at
differenttemperature§1025K [5], 1000K and1030K [4]).
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Figure2.3: Higher growthrate of thefacetB leadsto the disappeaanceof thegroove

FigurelZ.4 shows the geometryof this processThe areaincreaseof facetB ( g) can
becalculatedrom Rand . Risde nedas:

Rs

R=R Ra =
B? A= Cos

Ra: (2.1)

Thustheareaincreases givenby:

R Rg Racos Rg Racos
B = = = . ; (2.2)
tan cos tan sin
The situationis reversedif < 0i.e. on asphereThenthe slower growing facetwill
remain.And indeedin gure 2 Athefastgrowing f 111g facetsarenotvisible ary moreand
theveryslow growing f 110g facetsareverylarge.If thegrowth hadproceedednuchlonger

theresultwould have beenanoctahedrorof f 110y facets.
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Figure2.4: Geometricakonstructiornfor the areaincreaseduring faceting

17



3 Growth Processon an Atomic Level

The growth processon ary singlecrystalsurfaceincludesat leastfour stepswhich the
monomergi.e. thelaterconstituent®f the crystal)have to go through:

1. Adsorbtion Monomersadsorbatthesurface.

G

2. Diffusion Monomersmove (diffuse)on the surface.

3. Desomption Thelongerthemonomergliffuseonthesurface thehigheris the probability
for desorption.

i

4. Incorporation If amonomerduringdiffusionreaches site with a high numberof next
neighborsit is incorporated.

For the growth of GaAstheseprocessebave to be consideredor gallium andarsenic.
For Metal-OganicVaporPhaseEpitaxy (MOVPE) growth the chemicalnatureof boththe
galliumandarsenigrecursohave to betakeninto accountoo.

Of thefour stepsdiffusionis the mostimportantprocesgrom thetechnologicapoint of
view, sincethis processletermineshesizeof structuresr facetsonthesurface.Therefore,
in thefollowing sectionsdiffusionwill bediscussedn detail.

3.1 Diffusion

Diffusionon a solid surfaceis de ned asthe motionof particleson a discretdattice.In this
work diffusion meanghe motion of monomerson surfaces A monomeris a constituenof
the crystal; this might be atoms,clustersor (asin MOVPE) partly decomposegbrecursor
molecules.

Therearetwo parametershat characterizaliffusion: the meandistanceon the surface
(diffusionlength)andthe averagetime neededo travel (velocity). Usuallythe latteris very
shortcomparedo thetypical growth ratesof a monolayempersecondandthusnot of tech-
nologicalimportance.

18



3 Growth Proces®n an Atomic Level 19

Diffusionlengthandvelocity maydiffer for differentdirections putit is usuallyassumed
thatdiffusionalongthedifferentdirectionsareindependentConsequentlyhe problemcan
betreatedasanonedimensionajproblem.

The basic assumptionis that the monomersdo a randomwalk at every momenta
monomerhasa probability to move eithera stepin onedirectionor the other Both proba-
bilities areassumecaqual.On averagethemonomemeedd secondgor asinglestep.Since
the probabilitiesfor stepsin both directionsare equal,the meanposition of the monomer
afteranumberof n stepss atthe startingpositionx.

Thenthe probabilityfor a monomerto be atthepositionx afterthetime = n ! (i.e.

n stepsgeachtakingthetime - = 1 canbecalculateddirectly (seee.qg.[6] p.75):
|
oy 1 CERO
P(x; )= pﬁexp D ; (3.2)

whereD denoteghediffusioncoefcient D = a3 anda, thelattice constant.

This is identicalto a Gaussiararoundxq: P(x) = pzlrexp (X2X§)2 with the stan-

dardderwvation . Thus,thediffusionlengthis de ned asthestandardlerivation of equa-
tion (3.J), andoneobtainsthe Einsteinrelation

"5
2 = D: (3.2)

The dependencef the diffusion coefcient D on the temperaturas determinedoy a
simple activation enegy approach(which is generallydiscussedn sectionH). For each
singlestepthe monomethasto overcomethe activationbarrierof diffusionEpj ¢ :

D = Dgexp EkZIfo ; (3.3)

The averagetime for diffusion depend®on the eventthatstopsdiffusion. If the event
is nucleationthen is equalto time of freediffusion,i.e. is proportionalto the meanfree
pathon the surface.The other possibleeventis desorptionlin this case dependson the
resttime on the surface. Thesetwo limits representompletelydifferentgrowth regimes:
nucleationimited diffusionanddesorptiodimited diffusion.

A highgrowth rate(i.e. ahigh monomerdensityon the surface)certainlycorrespondso
nucleationimited diffusion.On the otherhand,smallgrowth ratesandhighertemperatures
correspondo desorptionimited diffusion. The smallerthe incoming ux, andthe higher
thetemperaturethe moremonomersandesorkbeforethey nucleateFigurel3.1 shavs this
schematically

Note thatin gure B for both extremecaseswhen ux J ! 1 andtemperature
T! 0,0orJ! OandT ! 1 ,thediffusionlengthis vanishing, ! 0. However, the
growth rateis in nite in the rst caseandzeroin thesecond.

3.1.1 Nucleation Regime

In this regime the diffusionis limited by a nucleationevent. A nucleationeventis de ned
astwo monomeraneetingeachother The probability of nucleationeventsis higherwith
higherdensityof diffusing monomersj.e. a higher ux of incomingmonomersA higher
probability however, meansa shortertime for diffusion.Thus, is inverselyproportional
to themonomerdensityon thesurface:

= —; (3.4)
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flux ® ¥

temperature ® ¥

Figure3.1: Sepaation betweemucleationlimited and desorptionimited diffusion.

whereN, is thenumberof surfacesites,which canalsobeafunctionof thetemperature.
Putting equation(@.3) and (3.9 into 3.2 one obtainsthe following equationof the

diffusionlength : s

1Ty — Na
(NA,J,T) = DOT exp 2kBT

Epif

(3.5)

The factorog 2in tge denominatorof the exponentoriginatesfrom the squareroot in
equation@2): D = exp( E=ksT) = exp( E=2kgT). Sincethe whole exponentis
negative andthe temperatures in the denominatarthe diffusion lengthin the nucleation
regimeis increasingaxponentiallywith temperature.

Extensionto MOVPE Growth of GaAs

For binary compoundsik e GaAsduring growth both speciesarsenicandgallium, diffuse
onthesurface.In this casearsenichasa muchhighervaporpressurethusup to athousand
timesmorearsenic¢hangalliumis offeredto the surface.Thereforethe effect of thearsenic
is usually neglected(“arsenicis everywhere”).However, the effect of arsenicis de nitely
not neggligible: the morearsenids offeredto the surface,the higheris the probability for a
diffusing gallium atomto form a bondto an arsenicatomandto be incorporatedOn the
otherhand,if moregallium is incorporated]essdiffusing atomspopulatethe surfaceand
thusthe meanfree pathfor diffusionincreases.

Hencethe free diffusiontime is affectedby the gallium ux J. In equation(3.4) is
simply proportionalto the numberof gallium atomson the surface.To take thearsenianto
accountthe modelcanbe extendedby usingthe ratio betweenarsenicand gallium (V/III
ratio) insteadof the gallium ux, becausehe morearsenicis on a surfacethe lower is the
effective densityof unincorporatedliffusinggallium atoms.

Obviously the parameteN 5, which givesthe numberof surfacesites,in equation(3.4)
must be changedtoo, sincethe V/IIl ratio is dimensionlesslt is now called N, andits
dimensionis thatof alength:

= —/ = Nr Tv=i: (3.6)

canbeinsertednto equationf3.2d) andanexpressiorof thediffusionlengthis obtained:

q P
(rv=i11;T) = DoN," Ty= | exp

Epif 1
2k T

(3.7)
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Therehave beenexperimentakvidenceby diffuseX-ray scatteringneasurement&IXD),
which supportthe assumptionof the above model, i.e. a square-rootdependencef the
diffusionlengthfrom thepartialpressur@f thegallium precursoonthe GaAs(001)surface
[[7].

In mostexperimentghe diffusionlength is measuredor certaingrowth parameters.
Thentheactivationenepgy Epis 1 canbesimply obtainedfrom anArrheniusplotof mea-
surement%t differenttemperatureshut thereis no way to directly me&sLethe diffusion
coefcient = DoN,. Theonly wayéod_eterminethediffusioncoefcient DoN;, istotrans-
form equation(@.4) until it yields DN, :

q

Epir 1
2kg T

DoN( (5 ryv=ii;T) = p——exp (3.8)
VIl

Now the differentp DoN, canbeplottedin a diagramandthe averagediffusion coef-

cient< © DgN, > canbecalculated.

3.1.2 Desomption Limited Regime
In thedesorptionimited regime amonomerdesorbsf it hasenoughenegy for desorption.
Thereforefor theresidencgime anactvationenepgy approachs made:

E
= ,exp ka_IG_"S (3.9)

whereEp s is theactivationenegy for desorption.
At highertemperatur¢heresidencdime decreasesnsertingequation(3.9), (2.3 into
B2 thefollowing dependencef thediffusionlength is obtained:

Epes Epitf |

q
(T)= Do oexp ke T

(3.10)

It shouldbe emphasizedhat Epi 1 mustbe smallerthan Epes, Otherwisemonomers
woulddesorbibmmediatelyinsteadf diffusingonthesurface.Thismean® < Epes Epif ¢ -
Thus,thediffusionlength is decreasingvith increasingemperature.

3.2 2D Island Nucleation Growth versusStep- ow Growth

As mentioneckarlierrealsurfaceshave steps Step-edgeactaspreferredncorporatiorsites,
becausat a step-edgea monomeris boundby a highernumberof nearesneighborsthan
onthe at surface.Thestepsin uence theincorporationbehaior, asit will bediscussedn
thenext sections.

3.2.1 2DIsland Nucleation Growth

On anideal surfacewithout stepsthe growth proceedghe following way: rst monomers
diffuseonthesurface thennucleatiorstartsandislandsgrow until theislandscoalesceand
nally all holesin thenen monolayerare lled, andthenen monolayeris completed.

Figurel3.2 shavs a Monte-Carlosimulationof the developmenof themonomerdensity
andthe island densityduring the growth of a single monolayer[i8]. Four regimescanbe
easilydistinguishedn theleft sideof gure 3.2



3 Growth Proces®n an Atomic Level 22

T T T '/ 1510" :
4l Cmmmm T :
10 g | WV
g o /! \\\ islands
>10° b o 10* = \
o E > i N
(@] F (@] ] \
. [ o 1 Y
Y— 1
= 6 Y— | \
20 F : . 5 | \
. . - . (V)] ]
c islands monomers . i
G107k : : £ : \
< : : o monomers N
vul Lo aanl Lol il [ 0.0 | 1 1 1 P T
10° 102 10™ 10° 00 02 04 06 08 10
norm. time (1=ML) norm. time (1=ML)

Figure3.2: Calculatectoverageof monomergatoms)andislandsduringthe growth of one
monolayeiplottedon logarithmic(left) andlinearscalegright) [|§].

| Islandnucleatiorstartstheislandsaresmall. Thedensityof monomerss muchhigher
thanthedensityof islands.

Il After theisilandandlthe monomerdensitiesareequal,they becomenverselypropor
tional(/ tzor/ t 3).

[l Whenthe size of the islandsbecomescomparableto the island spacingnearly all
monomersanreachanislandwithin thediffusionlength.Thus,themonomermensity
is droppingrapidly.

IV Finally, themaximumnumberof islandsis reachedndthe surfaceroughnesss max-
imal. Thedensityof islandsis decreasingsinceislandscoalesceOntop of theislands
nucleationis startingagain,assoonasthe size of anislandbecomedargerthanthe
diffusionlength.Hencethe monomermensityis increasingagain.

Theright handsideof gure B.2alsoshovs monomerandislanddensitiedut onalinear
time andsurfacecoveragescale.Normally, thesescalesarerelevantfor comparisorto ac-
tual growth experimentqlik e re ectanceanisotroy oscillationsdiscussedh sectiort.6.7).
Two thingsareremarkable:rst the numberof monomersat all timesis very small, and
thereforemonomersrehardlyobsenedexperimentally Secondlyonly thedevelopmenof
theislandsizein regimelll andIV (whereno goodanalyticaltheoryexists)is importantfor
comparisorof experimentandtheory

3.2.2 Step-Flov Growth

Real surfaceshave stepsat more or lessregular distancesdueto a slight misorientation.
Obviouslytheeffect of preferredncorporatiorat the step-edgebecomesnorepronounced
if the stepsget closertogether At a certainpoint, whenthe diffusion length becomes
longerthanthe terracewidth L, nearly all monomersare incorporatedat the step-edges.
This growth modeis calledstep- owgrowth

An analyticaldescriptiorfor thetransitionfrom 2D islandnucleatiorgrowth to step- ow
growthwasfoundin 1949by Burton, Cabrera andFrankandis thereforecalledBCF-theory
[9]. They calculatedhedependencef gcr (NUMberof monomerghatreacha step)from
terracewidth L anddiffusionlength :

2
scr = — tanh (3.11)

L 2
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Figure3.3: Fractionof monomes thatread the step-edg during diffusion.

In gure B3 gcr is plottedversusthe normalizeddiffusionlength . If the diffusion
length is abouttheterracewidth L, 92% of themonomersanreachthestep.Suchahigh
fractionof monomersrery likely correspondso step- ow growth. If = %L only 48% of
the incomingmonomersareincorporatedat the step-edgeslrhe remainingmonomerscan
form islandson the terraceandthe growth is in the 2D island growth regime asdescribed
above.

The questionremainsat which diffusionlengththe transitionto step- ow growth takes
place.From gure B.3 onecande ne thevalueof = 0:5L with 76% of monomersasthe
transitionbetweerthesetwo modes.

3.3 Step-Bunching

The BCF-theorydoesnot distinguishbetweenmonomershat arrive at the stepfrom the
upperor lower terrace.This is not necessarilycorrect.Sdwoebel rst pointedout thatthe
changeof the diffusion potentialfor a monomerdueto a step-edges important.A barrier
mightform atthe step-edgehinderingeitherthe monomerdrom the upperterraceto attach
atthestepandmalke it moreeasyfor themonomersarriving from thelower terrace(de ned
aspositive enegy, asshovn g. B.9) or vice versa.

Figure3.4: The diffusion potentialwith a positive Schwoebetbarrier which makesthe at-
tachmenbf monomerdromthelowerterracenorelik ely. (Dottedline: diffusion
potentialwithout a step.)
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As aresult,duringgrowth the stepsaremaoving with differentvelocitiesoverthesurface.
If the Schwoebelbarrieris positive, stepsthatbelongto a large terraceare moving slower
thanthe onescloseto a smallterrace.Theresultis avery at surfacewith equallyspaced
steps.However, the differentcaseis alsopossible.In this casethe stepson large terraces
aremoving faster‘eating” smallterracesTheresultingsurfaceconsistsf areasvith mary
stepsandlargerterracesThe effect of stepsgettingclosertogetherandforming supersteps
is calledstep-lunaing.

To obsenre step-lunchingon avicinal surfacetwo thingsareneededFirst, thediffusion
lengthhasto bemuchlongerthantheterracewidth; all of theincomingmonomersaneasily
reacha step-edgethusthe growth proceedsn the step- ow regime. Secondlytheremust
beanegative Schwoebelbarrier i.e. a preferredattachmentrom the higherterrace.

In gure B3thedevelopmenibf step-lunchingis shavn schematically

(a) Theinitial vicinal surfacehasequallyspacedsteps.

(b) Whenthe growth is initiated, small uctuations of the terracewidth appeardueto
a randomdistribution of monomerson the surface.Sincethe ux of monomersto
a terracedependonly on the size of the terracesjarger terracesare catchingmore
monomersA negative Sthwoebelbarrier(i.e. a preferredattachmentrom the upper
terraceyesultsin anfasterenlagementf thewide terracesbecausehe stepvelocity
is proportionalto the numberof impinging monomersandthusto the terracewidth.
Hencewide terracesaregrowing fasterthanary smallerneighboringterraces.

(c) Finally theterracewidth of thelargestterracesqualghediffusionlength.Nucleation
startsin the middle of theseterracesHencethe steppropagatiorspeeddoesnot in-
creasary morewith increasingsizeof theseterracessincethenumberof monomers
thatreachthe stepremainsconstant.

=,
LlI

Figure3.5: Theevolution of step-lunching:(a) initial surface,(b) growth starts(arrows: ve-
locity of stepsonthesurface),(c) nucleationstartsin the middle of theterraces.

Due to this mechanismthe nal terracewidth saturatest the diffusion lengthof the
monomersHowever, the shapeof the bunchess not determinedoy the Schwoebelbarrier
Theremightbesomestep-repulsiongr it is morefavorableto form a highindex facetwhich
would be eitherlimited be the free enegy (discussedn sec[l.3) or differentgrowth rates
(seesec?). OnGaAs(001)the meandistanceof stepsn thebunchregionis betweer7 and
18 atoms probablylimited in MOVPE by the presencef complete(nx6) unit meshestthe
step-edges.
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Eventhoughthetopographyof the resultingsurfaceis very similar to a surfaceformed
by faceting the underlyingmechanisms completelydifferent. Step-lunchingis causedy
anisotropicdiffusion over the step-edgeswhile facetingis driven by differencesof free
enepy of thesurfaces(sec[l.J or by differentgrowth rateson differentsurfaces(sec ).



4 Chemical Kinetics

In this studymary processeBk e arseniadesorptiorareinvestigatedo obtainactivation
enegies and order of reactions.Therefore,the basictheory of chemicalkineticswill be

reviewed,usingthe simplereactionof A andB to thecompoundAB (A + B !

example.

4.1 GeneralKinetics

energy

E, forward

E, back

AB

reaction coordinate

AB) asan

Figure4.1: Theenepy statesduring thereactionof A andB viaAB to AB.

Figurel.] shaws the threeenepy statesthat are passediuring the reactionof A and
B to thecompoundAB . First A andB areseparate@nddo notinteract.To overcomethe
repulsve (Coulomb)forcesa certainenegy is neededthe activationenegy E A (forward).

With this enegy an“activatedcomplex” AB

is formed,andtheattracting(bonding)forces
arebalancedy therepulsive (anti-bonding)forces.Now the atomscaneitherrelaxto their
equilibriumpositionsin thenew compoundandreleaséheexcessenegy of formation E,

or they separat@gainandreleaseE 5 (forward).

A+B

force on B

o

AB*

AB

<

distance of B—

distance of B —

distance of B —

Figure4.2: Forces betweenatom A and B during the three stagesof the formation of
the compoundAB: separateatoms(left) actvatedcomplex (middle) molecule

(right).

Thisthreestagesanalsobeseenin in theforceontheatomsduringformation( g. 424
First the atomsarefar apart,their positve chaged coresare shieldedby the valenceelec-

26
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trons. Only the neggtive chaged valenceseeeachother the the atomsare repulsingeach
others.If the atomshave enoughkinetical enegy, they can come close enoughtogether
thatalsoattractionforcesbeganto work. At a certainpoint a forcescompensateAn acti-
vatedcomple is formed.If theatomscomeevencloser thebindingforcesovertale andthe
moleculeAB is formed.

Theprocesshavnin gure B dis reversible If theAB compoundyetsanenegy higher
thanEa(back = Ea(forward) + E it getsinto the activatedstateAB andcan nally
dissociatento A andB. Therefore,an equilibrium of the concentratiorbetweenthe AB
moleculesaandthe A andB atomsis reachedftersometime. Theequilibriumconcentration
dependsnostlyontheactivationenegy of thereversereactionandon the speedf both,the
forwardandthebackreaction.Thespeedf thereactiondeterminefiow fasttheequilibrium
is reachedlt is de ned asthe rst temporalderiative of the concentrationHowever, the
speedof reactionis not necessarilyconstanandthusnot agoodmeasurdor areaction.To
overcomethis, asimplemodelfor the concentratiorthangesiuringchemicalreactionsvas

made: at)
—_ n.
e ke(t)": (4.2)

The reactionis now describedby only two parametersthe reactionorder n andthe
reactionratek. Thereactionorderis oftenaninteger, it depend®n the underlyingmecha-
nism:e.g.thedissociatiorof a simplemoleculeAB ! A + B isa rst orderreaction(the
whole moleculemustreachthe activation enegy). Anotherexampleis thereversereaction
A+ B! AB, whichis of seconcrdet becaus¢heactivationenegy is contributedby two
partnersFinally, thereactionratedeterminesiow fastthe changetowardsequilibriumwill
beandis closelyrelatedto the activationeneny.

Usuallyonly time-dependerntoncentratiort(t) is measuredluringareaction.To deter
minethereactionratek andthe ordern of thereaction,ananalyticalmodelof ¢(t) from the
integratedequationfd.]) (seetableld]) is tted to the experimentalobtainedconcentration
transientx(t). Thisis donefor asmary concentratioriransientimeasurementgspossible.
The reactionordern mustremainconstantfor all transientssinceit dependnly on the
mechanisnof thereaction.

For the tting, thereactionordern hasto be determinedrst. (Usuallya tted n hasa
large errorbar For ananalysisn is oftenroundedto the next integeror to a simplefraction
like 3. In thiswork all reactionordershave beenassumedo beintegers.)

reactionorder time dependentoncentratiorc(t)
n=20 c(t) = ¢ kt
n=1 c(t) = ¢ exp( kt)
n=2 ot) =
€0

q
generally c(t)= *"¢ "+ (n 1kt (n6 1)

Table4.1:timedependencef the concentation

Next, we wantto determinethe actvation enegy from the obtainedreactionratesk.
Theactvationenepy is suppliedby thekinetic enegy of particleswhichagaindepend®n
the temperatureThe numberof particleswith a certainenegy (e.g.for a gas)is given by
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Thereactiorratek is assumegbroportionako thenumberof atomswith anenegy higher
thantt‘&aactwatlonenegy k N(E > Ea). Thusonehasto integrateequation@.2) from

Ea = —mv2t01 Theresultis:

~8C Ea Ea
k N(E>Ea)= ?(EA 1)exp T exp kB—T (4.3)
The numberof particleswith E > E, is proportionalto exp( ) Therefore the
reactionratek (andalsoary otheractivatedprocesshasthefollowing form
E
K(T) = koexp —= (4.4)

kg T

Thisequatiorgivesawayto measureheactivationenepy. If oneplotsthereactiornrates
k, obtainedat differenttemperaturesn an Arrheniusplot, i.e. plot log(k) versustherecip-

rocal temperaturgin Kelvin), equation®@3) is now transformedo log“ = = £&T,.;:

Thelinear slopein the Arrheniusplot is equalto . Thus,from the slopethe activation
enegy canbe calculatedEvenmore,ary constanfactor(ary Ko Of co(T) in tabh A7) does
notin uence the determinatiorof the actvationeneny.

4.2 Measuring Kinetics on Surfaces

To measureahe kinetics,a methodis neededvhich canmeasurehe changeconcentration
of speciesatthesurface.Iln thecaseof galliumarsenidethe speciesn questionareusually
the contentof arsenicandgallium of a certainreconstructioni.e. the stochiometryof the
surface.

4.2.1 Re ectance Anisotropy Spectroscopy

Themethodusedin thiswork is the Re ectanceAnisotropy Spectroscop (RAS). For RAS
linear polarizedlight is shoneon a surface.Due to the reconstructiorof the surfacethe
polarisationof the re ected light is changedThis changeis measuredind normalizedto
the total intensity The RAS signalis the normalizedchangeof the polarisationalongtwo
prependiculaiaxis, the direction dependson the surfaceorientation(seeglossaryon page
I710).

An RAS spectruntanbeusedto identify asurface by comparingt to spectrameasured
on well-orderedreferencesurfaces.Therefore,in the experimentalpart 1l referencespec-
trawill be presentedIf awell-orderedsurfacehasa certainRAS spectrumhow doesthe
spectrunof acombinationookslike?

Theanswers quite simple,sincethe RAS signalis directly proportionalto theareaof a
reconstructiorflik e every unit meshis alittle dipole),a combinationof two reconstructions
on a surfaceis just proportionalto a linear combinationof thesetwo spectrasThisis illus-
tratedin gure .3 The spectrumof the surfacecoveredby 33%c(x4y and66% ,, x4y CanN
becalculatedby alinearcombinationof the RAS spectraof thetwo well-orderedreconstru-
tions.

SinceeachreferencéRAS spectruntorrespond$o awell-orderedreconstructionit cor
respondslsoto a certainarsenic(or gallium) coverageof this referencesurface.A change
of reconstructiomeansalwaysa changeof thearseniacovereagelf, likein gure B3indi-
catedthesurfacesreconstructiorthange$rom arseniaich c(4x4)to amorestochiometric
32(2x4) thecorrespondindRAS spectravould changeoo. If only thetime-dependeRAS
signalat a certainenegy is recorded(like indactedby thearrov in g. 3 at2.6eV), the
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Figure4.3: RAS spectrum of a c(4x4) and a [32(2x4) reconstructionon a GaAs
(001) surface. Grey marked are the spectraof a 33%c(ax4)/66 % x4y and
66 Yoc(axa)/33%2(2 xa).

signalwould graduallychangegrom the startingto the endlevel. And sincethe RAS signal
is proportionalto the total areaof c(4x4) and32(2x4)reconstructioneachpoint of sucha
linearcombinationcanbe assigned certaincoveragetoo.

4.2.2 RAS Signaland Kinetics

Thisis notneccessarieliymited to galliumandarsenideon galliumarsenidesurface.There-

fore, in thefollowing sectionthe generalkconnectiorof RAS to the chemicalkinetic will be

discussedandhow reactionratesandactivationenegiescanbe measuredisingRAS. The

usualsurfaceprocessanalyzedoy RAS is a changeof reconstructioron the surfaceby ad-

sorption/desorptioexperimentsin this case the partof the concentratiore(t) of reactants
is replacedoy thecoverage( t) of thesurfacewith therespectre reactants.

An ideal surface,completelycoveredby a single well-de ned reconstructionjs de-
scribedby its characteristicadsorbatecoverage econstruction andits characteristilRAS
signalRAS; econstr uction - If @ surfaceis coveredwith morethanonereconstructionthe fact
thatRAS is a linear optical methodbecomesmportant.All reconstructiongontribute lin-
early to the RAS signal,with respecto their surfacearea:e.g.two reconstructionsvhich
cover 30% and70% of the surfacecontritute 30% and 70%to the RAS signal[10]. More
generally:

X
RAS = . RAS (4.5)

_ X
with =1

with ; isthenormalizedsurfaceareaof reconstruction andRAS,; is theRAS-response
of surfacecoveredwith reconstruction by 100% (i.e. ; = 1). Butnotonly RAS; theRAS
signalislinear, thecoveragewith asurfacespeziege.g.arsenic)s lineartoo:

X
= P (4.6)
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Equationg.5) and(@.8) aretruefor ary functionsfor thesurfacearea ;, thereforealso
for time dependent (t)'s. More important,sinceRAS; andcoverage ; arecaracteristic
for eachreconstruction, the ; in equationfd.8) and(@.8) have to be exactly the same.

Now the generalcaseof a changeof the RAS signaldueto a changeof reconstructions

canbe analyzedWith thede nition RAS; = RAS; RAS; and — 1 one
obtains:
RAS(t) = RAS; (1 (1) 3(t) i)+ () RAS,+ 3(t) RAS3+ :::

RAS; »(t) RAS; 3(t) RAS; ::: () RAS;

+ o(t) RAS+ 3(t) RASz;+ i+ (1) RAS,
RAS; + ,(t) RAS,+ 3(t) RASz;+:::+ () RAS, (4.7)
1+ ot) >+ 3(t) 3t it L (t) n (4.8)

(1)

Thus,in principle n differentprocessesanbe simultaneouslynalyzedHowever, only
the caseof oneprocesgs of practicalimportance pecausealuring a desorption/adsorption
process surfaceusuallychangegrom reconstructiorl to reconstructior®:

RAS(t) = 1(t) RASl+ Z(t) RA82
RAS(1) = RAS;+ ,(t) RAS, (4.9)
and (1) = 1+ ) 2 (4.10)

For the analysisof surfacereactionsthe time dependentolume concentratiorc(t) is
replacedby the time dependensurfacecoverage ( t). Sincec(t) ful lls the differential
equation@.l), ( t) fullls this equationtoo. BecauseRAS; aswell as ; areconstants,
it follows from equation(@.9) and (@.10) thatthe RAS signalis proportionalto the surface
coveragewith acertainsurfacespecies:

RAS(t) / ( 1): (4.11)

Therefore,insteadof ( t) the time dependenRAS signal RAS(t) canbe usedasa
measureof surfaceconcentrationand canbe analyzedaccordingto the differentialequa-
tion (@.1). Henceto obtainthereactionratefrom thechangeof ameasuredRAS,RAS(t) is
tted by oneof thefunctionsfrom tableL. 1 Thefunctionwhich ts bestgivesthereaction
orderandthereactionratek. To obtaintheactivationenegy of aprocessteactionratesmust
be obtainedat severaltemperaturesThe linear slopeof the logarithmof the reactionrates
plottedversusthereciprocaltemperaturd=T (Arrheniusplot) correspond$o theactivation
enegy of thatprocessasdiscussegbreviously.

It hasto be notedthatonly for rst orderreactionsk from the t to the RAS transients
gives a true reactionrate. For ary otherreactionratea t yieldsk = k ( RAS)! ",
However, this is not a problemfor the determinatiorof the activationenepgy aslong asthe
temperaturelependencef RAS(T) is negligible. (In theArrheniusplot K hasanconstant
offset to the “true” k of log( RAS), thusthe slopeand thereforethe activation enegy
remainsunchanged)For mostexperiments RAS(T)  constis a goodapproximation,
sinceover atemperaturegangeof 100K thereactionratesk areusuallychangingby about
1.5to 2 magnitudeswhile thechangeof RAS amplitudeis belonv 10%.
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This work investigateghe growth of gallium arsenideon differentGaAssinglecrystal
surfaces.The samplesveregrowvn usingMetal-OganicVaporPhaseEpitaxy (MOVPE), a
processntroducedattheendof thesixtiesby Manassvit [[11]. Its predecessavasthe Chlo-
ride VaporPhaseEpitaxy (CI-VPE or simply VPE). Several cross@er processesxisted,to
overcomeoneor anotherisadwantageNowadaysMOVPE has nally wonthecompetition
to grow large scalehomogeneoustructuresvith atomicprecisionat low costs.

MOVPE of Ill/V semiconductor®ften useshydrideslike AsH; (the UPAC-nameis
arsanbut morecommonis the old namearsine)asa precursoifor the groupV elements.
Nowadaysliquid and lesstoxic, alternatve precursordike tertiary Butyl-Dihydridesare
used.

As precursorfor group Il elementsliquid metal-oganic tri-methyl compounddike
TMGa (tri-methyl-gallium), TMIn, and TMAI are standard.The use of TEGa (triethyl-
gallium) is lesscommon.Only for somespecialapplicationdik e selectve areagrowth or
low temperaturgyrownth, othercompoundsuchasTIBGa (tri-isobutyl-gallium), TEIn (tri-
ethyl-indium),DMEAAI (di-methyl-ethyl-amin-alanegndothersareused.
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Figure5.1: Decompositionof TEGa (Yoshida[1Z], Lee [13], Williams [14]) and TMGa
(Usaqi [12], Larsen[1E], Williams [14] Lickerath:[1€], Gutsche]17]) in the
absenceof AsHs. The valuesof Lickerathand Gutschehave beenshifted by
50K to lowertemperaturegseetext).

Theprecursoraremixedto acarriergas,usuallyhydrogeror nitrogen.It providesahigh
ux throughthereactorandthereforeafastchangeof thevaporphasegascompositionThe
total pressuras usuallyaroundZ-lOkPﬂ. The precursorsarethermallydecomposedbore
a heatedsusceptarThe susceptois madeof graphite,or seldom,of molybdenum.n the
centerof the susceptothe substratgthe sample)s located.

11 kPa=10mbar
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Thecarriergasis supposedtb beinert(butin section&.2and6.33evidencefor chemical
actwity of the carriergaswill be discussedn detail). Mass-spectroscgpmeasuremenf
thedecompositiorof TMGatogethemwith AsHs in a deuteriumcarriergasshovedthatthe
hydrogenfor theformationof CH, indeedcomesfrom the AsH; andthe carriergasis inert
in this case.Thereforethe sumreactionsarethefollowing:

TMGa:  AsH;+ (CH;);Ga |  GaAs+ 3CH,
TEGa: AsH;+ (CoHs);Ga !  GaAs+ 3C,H, + 3H,': (5.1)

However, the sumreactionsdo not tell which intermediatgroductsmight be of impor-
tancefor the surfaces.Therehasbeena numberof investigationsof the decompositiorof
TMGa[14,15,116,18 19, TEGa[1Z,[13 14,19, andAsH; [14, 15,18, 14,20]. Figurehl
showvsthetypical decompositiotemperaturetor TEGaandTMGain differentatmospheres
takenfrom thesestudies Note the big scatteringor the TMGa data,which is probablydue
to thedifferentmethodsbut alsodueto somesystematicagrrors(e.g.in [[16,[17] thegaswas
sampledalittle bit above the susceptarthusthe“true” gasphaseemperatureareprobably
about50K lower).

Thegeneratrendin gure Eshovsa200K lowertemperaturéor 50% decomposition
for TEGaascomparedo TMGa, which is dueto the differentdecompositiorpathways of
thegallium precursorsTMGa decomposeby radicalformationin the vaporphase:

Ga((CH3)s+ R ! Ga((CHy), + R-CHs (5.2)
Ga((CH).+ R ! :GaCH + R-CHs

Thelossof the rst methylgroupneedsanactivationenepy of 4.9eV, thesecond3.1leV
[20, Tab4.1]. No further decompositiotakesplacein the vaporphase Therefore at least
(CHz)Ga: (mono-methyl-gallium)s presenpn the surface[16, 7.2]. The 50% decomposi-
tion temperaturés about750K in ahydrogematmosphereand20-30K higherwith nitrogen
carriergas( g. BE.J). However, 100% decompositioris reachedor bothat about800K.

TEGaontheotherhanddecomposeby  elimination:

(CH; CH,) Ga-R! CH,= CH,+ H-Ga-R (5.3)

Theactvationenegy for TEGadecompositions low, 2.1eV in thegasphaseand0.6eV
on the surface[20, 6.1.1]. Evenmore, highly reactve GaH; is deliveredto the surface,so
growth is possibleattemperaturebelonv 750K. Sinceno radicalsor otherexternalreaction
partnersaareneededthe  eliminationof TEGais independentrom thecarriergas,asalso
foundby theexperiments50% decompositions at T=(562 12)K.

The decompositiorof AsH; is againby radical formation, like TMGa: [1€, 7.2],]20,
6.1.1and4.2.2.2].

AsH; + R ! AsH, + H-R (5.4)
AsH,+ R | :AsH; + H-R
‘AsH; + R ! :As +H-R

The activation enegy for removing a hydrogenatomis 2.6eV [20, Tah 2.2,6.1.1and
4.2.2.2].Thedecompositiorof AsH; is enhancedn the presencef GaAs|[15, 20]. There-
fore, at leastsomepartly decomposedsH, reachegshe surfaceandreactsthere.Further
more,growth usingsolid sourceevaporationof As, or with “hydrogen-free"precursotik e
tri-methyl-arsing(TMAS) usually resultsin layerswith a poor morphology thus AsHy is
importantfor the growth processThehydrogenof AsHy is essentiato desorkthe left-over
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Figureb5.2: Decompositiorof AsHs (Williams [14], Lickerath[1€], Gutschell7], Larsen
[20, g. 4.15])and TMGa (Useqji [12], Larsen[15], Williams [14], Lickerath
[1€]) in the absencer presencef AsH;. The valuesof L lickerathandGutsche
have beenshiftedby 50K to lowertemperatures.

methyl groupsfrom the TMGa [18, [15]. However, in sectiont. 4 the in uence of the cov-
erageof the surfacewith methylor methyleneon carbonincorporationwill be thoroughly
discussed.

During growth of GaAsboth AsH; andTMGa arepresentln this case asit canbeseen
in gure B3, the TMGa decompositioris strongly enhancedit the onsetof the AsH; de-
compositionThisis mostlik ely dueto hydrogerradicalsproducedy AsH; decomposition.

Thedecompositiobehaior asshovnin gure E2is what nally limits thegrowth rate,
plottedin gure Threedifferentregimescanbeobsenedin gure

Desomption limited growth: At veryhightemperaturegabore 1100K) thegrowth ratede-
creasewvith increasingemperatureThe limiting factoris the desorptionof gallium
speciedeforeincorporation.

Transport limited growth: (alsocalleddiffusionlimited growth) In the mid-temperature
rangethe growth rate is nearly independentf the temperatureThe growth rateis
only limited by theamountof gallium precursoiofferedto the surface.

Kinetic limited growth: At lower temperaturegbelov 750-800K for TMGa and 700-
650K for TEGa)the growth ratedecreasewith decreasingemperature.

The changeof the growth ratesin the threeregimesis shavn in gure (left side).
Sincethe dataarefrom differentpublications(andthusdifferentMOVPE set-upsthey are
normalized.

The drop of the growth ratein the kinetic limited growth regime at lower temperatures
using TMGa is dueto incompletedecompositiorof TMGa (i.e. mary methyl groupsare
reachinghesurface).Furthermoretheamountof atomichydrogenfrom thedecomposition
of AsH;z is very small (g. B.2), but the hydrogenis neededo desorbthe methyl groups



5 MOVPE Process 34

temperature (K) temperature (K)

1200 1000 800 860 840 820 800 780 760 740
—T T 1 T U A BN B L

0.8} A A% A§
0.6  transport
limited

o
3
T

Ba

0.25 Pa

TMGa

TMGa (Reep)
—&— 18 Pa, 330 Pa AsH,

TMGa (Balk)

11.7 Pa, 126 Pa AsH,
11.0 Pa, 400 Pa AsH,
TEGa (Balk)

: <& 7.0Pa, 170 Pa AsH,
TEGa (Robertson)
0.18 sccm/min

©
i
T

o hormalized growth rate
°
w

=N N

growth rate (um/h)

I 0.2 | (unpubl. from RAS-Oscil.)
1.14 sccm/min A 1 H, 10 kPa, AsH, 100 Pa

08 09 10 1.1 1.2 13 14 15 16 1.15 1.20 1.25 1.30 1.35
1/T (1000 K ™) 1/T (1000 K™%

[ v
oA

Figure5.3: Normalizedgrowth rateson (001) GaAs using AsHs and either TMGa (Reep
[21] (100kPa), Balk [22]) or TEGa(Balk [22], Robertsor]23]). Our datawith
muchlower TMGa partial pressuresireplottedfor comparisorin theright dia-
gram.

from the TMGa, which areboundquite strongly Thusadsorbatesover a goodpartof the
surfaceandhinderfurtherprecursomattachment.

The presencef adsorbatesn the surfaceat low temperaturess known from the self-
limiting Atomic Layer Epitaxy (ALE) grownth modeusingTMGa. ALE is doneby alterna-
tively switchingbetweenAsH; andTMGa. In awide regime of parameter&\LE leadsto a
growth rate of exactly onemonolayermper exposurecycle on the GaAs(001) surface.This
is only possiblef duringthe TMGa exposurean adsorbatdayeris formed,which prevents
further TMGa attachmentA detailedstudy of the surfacesformedby exposureof a (001)
surfaceto TMGacanbefoundin sectiorle.4.2

Using TEGa,the kinetic limited growth regime mightindeedbe dueto incompletede-
compositiorof the precursorsinceno selflimiting ALE gronvth modeandthusno adsorbate
layers,thatwould hinderprecursomdsorptionhasbeenreported.

Thetransitiontemperaturdetweertransportiimited growth (constangrowth rate)and
kinetic limited growth (decreasinggrowth rate) dependon the partial pressureasit can
clearly be seenon the right handside of gure for TMGa partial pressure®f 0.5Pa
and 0.25Pa. The TMGa partial pressuredependencef the saturationof the growth rate
at constanttemperaturess shovn in gure for atmospherigpressureMOVPE (i.e.
Piota=100kPa). The saturationof the growth ratein the kinetic limited regime depends
only onthe TMGa partial pressureandnot on the surfaceorientation[21].

Using TEGasucha saturatiorof thegrowth ratehasnotbeenreported Fromthegrowth
rate dependencevith temperaturea kinetic limited growth regime exists belonv 650 or
700K. However, atthesdow temperaturethe AsH; decompositiornis negligible, andlayers
grown atthesetemperatureshov mary defects.
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In this partall surfaceswill be investigatedstartingfrom the (001) surface.Following
thecircle of gure MAnext will be(115),(113),(110),(£8%), and nally (#44).

Firstthereconstructionsf thesesurfaceswill beintroducedNext thearseniadesorption
onthesesurfacess discusse@nd nally theactualgrowth processewill bereviewed.
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A phasediagramfor MBE growth ( g. BJ) shovs mary differentreconstruction®n
the (001) surface.Someof themarealsofoundin MOVPE. In thefollowing sectiond will
brie y review themfrom arsenicrich to gallium rich conditions,i.e. from theright sideto
theleft in the phasediagramin gure
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Figure6.1: Reconstructiombsered during MBE growth on a vicinal GaAs(001) surface,
misoriented in [110] direction[25].

6.1 Well-ordered Surfaces

6.1.1 (4x3)Reconstruction

A reconstructionwith (4x3) symmetryhasnot beenreportedbefore. Probablythe (2x3)
reconstructiorioundatlow temperatures MBE ( g. B.]) hasasimilar structure However,
in a MOVPE reactora (4x3) reconstructiorseemsto be always presentat temperatures
belov 800K with AsH; owing. A typical RAS (Re ectanceAnisotrop/ Spectroscoy)
spectrunof the (4x3) reconstructiorat roomtemperaturés shavnin gure To further
investigatethis reconstructiorby UHV-basedsurface sciencemethodsa specialMOVPE
systemattachedo anUHV analysischambersvasused(seeappendiXd).
Figuree.3shavsa LEED imageof a(4x3) reconstructiopreparedy MOVPE andthen
transferrednto UHV. The LEED patterncorrespondso a (4x3) symmetry:Along themain
axes(2x1) spotsarepresentandadditionalstreaksappeant(3; 3). (3;3), (3; %), and(3; 3).
The in-situ RAS spectrarecordedbetween800K and room temperatureshov only
changesiueto the temperaturdut the shapeof the spectraremainsessentiallythe same.
Therefore the reconstructionst 800K and at room temperatureare identical and corre-

38
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Figure6.2: RAS spectraof the (4x3) reconstructioraftertransferof a MOVPE sampleto an
UHV analysissystemat roomtemperaturésee g. [6.3) andthe RAS spectrum
of anarsenicrich samplein a MBE chamberat 600K (no symmetriesvere
measured).

spondsto the mostarsenicrich reconstructiorobsened on the (001) surfaceso far. (The
in uence of thetemperatur@nthe RAS spectreaof arseniaich surfaceswill bediscussedh
moredetailin sectiore.2)
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Figure6.3: LEED image and HREELS spectrumof the (4x3) reconstruction(The large
peaksare Fuchs-Kliever phonons bulk relatedvibration.) Note the absencef
As-H vibrationsin the HREEL Sspectrumwhich areexpectedaround262meV
(arraw).

Also interestings theabsencef As-H vibrationin theHREELSspectrumn gure
At 170meV thereis a small shouldey relatedto C-H-vibrations,but all other peaksare
bulk inducedvibrations.Henceall AsH; is completelydecomposedndthis reconstruction
is certainly not hydrogeninduced.This was expectedsincethe AsH; was switchedoff at
475K, 25K above the obsered desorptiontemperatureof 450K of hydrogenon a GaAs
(001)surfacein URHV [28, 27].

A threefoldsymmetryalong[110] lik e (4x3) is not very common.However, reconstruc-
tionswith threefoldsymmetryappearduringthe low temperaturgrowth of GaAs(001)in
MBE, asit canclearlybe seenin the phasediagramin gure At very arseniaich con-
ditions (e.g. high arsenic ux esandlow gallium ux esandtemperaturesj1x3) and(2x3)
symmetriesaredominating.Furtherexperimentalevidenceof a well-orderedvery arsenic-
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rich reconstructiorcomesfrom arsenicdesorptionexperimentswhereat very arsenicrich
preparatiorconditionsa desorptionpeakin TDS (ThermalDesorptionSpectroscoy) prior
to the c(4x4) (the mostarsenicrich reconstructiorreportedso far) appearg28, 29]. How-
ever, completeevidencewill bepresentedn sectior6.3.1

Zhangetal. calculatedhe surfaceenegy for a numberof reconstructionen the GaAs
(001) surfaceusingeither DFT-LDA (Local Density Approximation— Density Functional
Theory)(in g. [L.9) or theirown LCSM (Linear Combinatiorof StructuralMotive) method
[2]. Theresultof LCSM calculationsof arsenicrich structuress shovn on the right hand
sideof gure 6.4 Togetherwith the c(4x4) a c(8x6) reconstructiorhasthe lowestsurface
enepy atarsenicrich conditions(low  g,) (left handsideof thetotal enegy diagramin

gure B.9).
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Figure6.4: Structureof c¢(8x6) which is probablyrelatedto the (4x3) (left side), andthe
calculatedtotal enegy of seseral arsenicrich reconstructiongright side) [Z].
Thec(8x6)hasnearlythesamesurfacetotal enegy asthe c(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 »s). How-
ever, arsenicdesorptiorexperimentswhich will be discussedn sectiont.3.], suggesthat
the (4x3) reconstructions morearsenicrich thanthe c(4x4). If anarsenicdimeris added
to the c(8x6),theresulting(2x3) structurewould alsohave anarseniccoverageof 1.75ML.
STM measurementsf a (2x3) reconstructiorsuggestedhatsucha dimerarrangemenin-
deedexists[30].

A morearseniaich reconstructiothanthe c(4x4)with trifold symmetrymay containa
third top-layerof arsenicln fact,DFT-LDA calculationof arsenialimeradsorptiorshoved
thatthesiteontopof ac(4x4)arseniaimeris favorablefor theadsorptiorof anotherarsenic
dimer[31].

To concludethe structureof thevery arseniaich (4x3) reconstructions still unknown,
but it is not hydrogennducedandit is morearseniaich thanthe c(4x4)reconstruction.
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6.1.2 c(4x4)Reconstruction

The mostinvestigatedarsenicrich structures the c(4x4) reconstructionlt canbe prepared
eitherby annealinga surfacein anarsenicich ervironmentor by desorbinganamorphous
arseniccaplayer.

2
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Figure6.5: RASspecta of andstructure of the c(4x4)reconstruction.

Thestructureof the c(4x4) hasbeeninvestigatedothin MOVPE [32,133,134] andMBE
[2S, 28, 135, 136, 37]. The establishednodel consistsof threearsenicdimerson an arsenic
monolayer( g. B.5); a mixture of two andthreearsenicdimersat typical growth tempera-
tures(700-90(K) is alsoin discussion.

GIXD measurements anMOVPE reactorat 733K and30PatBAsH, indicatetowards
theexistenceof an“arsenicde cient” c(4x4)reconstructiomwith a mixture of threeandtwo
arseniadimers.Thebestt totherecordedsIXD peakintensitiesvasacombinatiorof 30%
two and70% threedimer model,althoughthe threedimer modelaloneshavedreasonable
agreementoo [32]. AnotherGIXD work alsosuggeste@ mixture of two andthreedimers
on MBE preparedgamplesalthoughno percentagevasgiven[3€].

The model of the three dimer reconstructionis mainly basedon STM-imagesof
guenchedMBE-grown layers[35], andalsoon decappedamplesonly a few unit meshes
with apparentlytwo dimerswere found [38]. The STM-imagesalways shoved the same
very regular, typical brickwork patternof athreedimerc(4x4)reconstruction.

To sumup, two structureswith c(4x4) symmetryexist. Onecontaingwo arseniadimers
andtheotherthree,andbothful Il theelectroncountingrule. However, atroomtemperature
only thethreedimervarianthasbeenobsered. Therefore the two dimervariantmay only
appearfor shorttimesduringdesorptiorprocessesr at elevatedtemperatures.

6.1.3 (2x4)Reconstructions

Reconstructionwiith (2x4) symmetryarethe mostinvestigatedeconstructiong theentire
GaAssystempecausauringMBE growth the surfacesshows (2x4) symmetryover awide
rangeof parameter¢see g. [6.1). Thusthe surfacescanbe easilypreparedandinvestigated
usingmary surfacescienceechniquesin MBE, RHEED (Re ection High Enegy Electron
Diffraction)is normallyusedto determinghe symmetryof reconstructionsThereforethree
different(2x4) phasegnamed , and ) wereproposedaccordingo thebrightnesf the
(%) streakalongthefourfold symmetryaxes.

However, only two differentreconstructionsvith (2x4) symmetryhave beenprovensta-
ble by DFT-LDA calculationdg2, 39, 4] (see g. B4 andl.4), STM experimentd/40, 41],
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and some other methods.Thesetwo stablereconstructionsare named 2(2x4) and the
(2x4)(seeg. BE8for model).The (2x4)wasexperimentallyshavnto consistof amixture
of 2(2x4)andc(4x4)[4]].
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Figure6.6: RAS spectrumandatomicstructureof (2x4) (dotted)and 2(2x4) (solidlines)
reconstructionn MOVPE (thick lines, 925K) and MBE (thin lines, 845K and
895K)

Both (2x4) reconstructionsare quite similar. The only differencebetweenthe and
2 structureis the additionalarsenicdimer of the 2(2x4). No surfaceintermixing,i.e. an

arsenidn the gallium layeror vice versaoccurs.Both structureshave atrenchbetweerthe
dimer rows, which is very importantto gallium diffusionin MBE growth, sinceit causes
anisotropidiffusionlengthsin MBE.

As it canbeseenin gure B.8the RAS spectraof the 2(2x4)andthe (2x4)arevery
similar. The RAS spectrumof the (2x4) is only shifted about0.6 to lower valueswith
respecto 2(2x4).

6.1.4 (nx6) Reconstructions

The (nx6) family has mary members:(1x6) [42], (2x6) [35, 43|, (3x6) [25, 44], (4x6)
[25, 133 142, [44], and (6x6) [45] werereported.The structuralmotif inherentin all these
reconstructionss the presenceof both gallium and arsenicdimerswithin a singlerecon-
struction.

Thesereconstructionsre typically obsered during growth in MOVPE, or after pro-
longedannealingin UHV. From the RAS spectrumthe (nx6) reconstructiorseemsalso
presenduringgrowth. However, surfacesduringgrowth is thetopic of sectiore.6.1

6.1.5 (4x2)Reconstruction

The (4x2) representshe mostgallium rich reconstructiorknown. EventhoughSTM mea-
suremenhave beenreportedfor abouttenyears[35], the structureof the (4x2) reconstruc-
tion is still controversially discussedUHV investigationsaredif cult, becausat is nearly
impossibleto preparea (4x2) reconstructionithouttracesof a six-fold symmetry Eventhe
galliumcoverageof the(4x2) reconstructiors not x ed:it seemghatadditionalgalliumcan
beadsorbedn gallium clustersonthe (4x2) reconstructiorbetweerthe dimerrows [146].
In-situ, the (4x2) reconstructiorcan be easily preparedoy depositsomegallium on a
(2x4) reconstructedurfaceat temperatureabove 875K, asdescribedn sectionb.4.2
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Figure6.7: RAS spectran MOVPE [33] of (4x6) andMBE [4Z] of (1x6) and structureof
the (2x6) reconstructiorf35].
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Figure6.8: RAS spectraand structure of 2(4x2) in MOVPE (T=923K) and MBE
(T=823K) [4Z].

6.1.6 (1x2)-CHj3 Reconstruction

This is an adsorbatecoveredsurface. Thereare two modelsfor this surfacein literature.
A well-ordered(1x2)-CH; is obtainedby exposinga c(4x4) reconstructiorio CH; radicals
andthenannealinghesurface.This(1x2)-CH; reconstructiorns composeaf mixedGa-As-
dimerson top of anarsenidayer [47]. Adsorbedto the Ga-atom=f the dimeris a methyl
group ( g. middle). This (1x2)-CH; modelis strongly supportedoy GIXD transient
measuremen@uringgrowvth, wherea 2 symmetryremaing/4g].

Thereis anothermodel of an adsorbatecovered(1x2) reconstructionThis model as-
sumesthe (1x2) to be a disorderedc(4x4) with CH; adsorbedo rst layer undimerized
arsenicatoms.However, this modelcanneitherexplain the sharp(1x2) LEED pattern,nor
theslightly lowerarseniacoveragecomparedo a c(4x4) measuredby AugerElectronSpec-
troscopy (AES) [41].

The main differencebetweenthe modelis the bondingpartnerof the methyl groups.
In on the well-ordered(1x2)-CH; it is gallium, while on the disorderedsurfacethe methyl
groupsare boundto the arsenic.Although IR adsorbtionspectroscop hasbeendonein
this surface,the adsorbtionsitesof the methyl groupshasbeennot de niti vely identi ed
[34,49].
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Figure6.9: RAS spectraandstructureof arseniaich (1x2)-CH; in MOVPE (duringgrowth
using TMGa at 700K, V/IlI=4) andin UHV [47]. Middle is the model of
Creightonetal. (grey atoms:GaCH) [[47], in theright the modelof adisordered
c(4x4)of Hicksetal. [[34]

6.1.7 (1x4)-CH, Reconstruction

Exposinga clean(2x4) reconstructedurfaceto methylradicalsandannealit in UHV, one
obtainsa (1x4)-CH, reconstruction44, 50]. The (1x4) symmetry[47, 50] and alsothe
coveragewith methylenegroups(CH,) [4S, 50, 51] weremeasurean suchpreparedecon-
structionsn UHV.

During Atomic Layer Epitaxy (ALE), afterexposureto TMGa, a similar RAS spectrum
wasreportedby severalgroups[47, 52,53 andsec6.4.2 In addition,this methylenecov-
eredsurfacewasfoundto bevery stableat elevatedtemperaturesn contrastto the methyl
covered(1x2)-CH; reconstructiorf4?).
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Figure6.10: RAS spectraof (1x4)-CH, in MOVPE (during growth using TMGa at 700K,
V/IlI=1) andin UHV [44].

During ALE growth the surfacechangedetweenthe arsenicrich (4x3) reconstruction
during AsHs supply and this (1x4)-CH, reconstructionduring TMGa supply Sincethe
resultinggrowth rate is exactly 1.0 monolayer(ML) per cycle, the differencein arsenic
coverageof this reconstructiorto a (4x3) is aboutone. Assumingan arseniccoverageof
1.75ML for the (4x3) reconstructionthe (1x4)-CH, would have an arseniccoverageof
about0.75ML. However, thestructureis still unclear
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6.2 AsH; Stabilized Surfaces

The mostarsenicrich surface obtainedin MOVPE is the (4x3) reconstructionThe RAS
spectraatroomtemperatur®f the (4x3) hasapronounceaninimumat2.8-2.9%V ( g. £.2).
As gure shaws, the minimum of the RAS spectrashifts to lower enegiesat higher
temperaturedJp to 750K the shift is nearlylinear, astheinsetshaws. This shift is simply
causedoy the increasingtemperatureas the bandsare broadeningand thereforethe gap
getssmaller ALso theamplitudeof the RAS spectragetssmaller dueto the smaeffect. At
temperaturegbore 750K the RAS minimum shifts away from the linear region to lower
enegies. The transitiontemperaturedependon carriergas(H, or N,) (left handside of
g. B13) andmisorientatiorof the sample(right handside).
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Figure6.11: Dependencef the minimum of the RAS spectrawith temperatur@andcarrier
gas.Theright handside shaws the shift of the RAS minimum for two misori-
entationgPointsareaverageof threeruns).

This shift of the minimum of the RAS signalto lower enegiescanbe explainedby a
transitionform thevery arseniaich c(4x4)/(4x3)reconstructiongwhich have their minima
around2.6eV at 700K) to thelessarseniaich (2x4) reconstructiongamaximumat2.6eV),
or evento galliumrich reconstructionik e (nx6) and(4x2) (deepminimaat1.7eV - 1.9eV).
However, the RAS spectraneasuredt 925K do notresemblearny well-orderedreconstruc-
tion. SUChRAS spectraare bestdescribedyy a linear combinationof c(4x4), (2x4), anda
smallfractionof (4x2) domainson the surface.

Thus,accordingo gure B I1thesurfaceshbecomdessarseniaich athightemperatures,
eventhoughAsH; is completelydecomposedt highertemperaturesbore 900K (sec.H
g. B3). This changetowardslessarsenicrich surfacesis certainly dueto an increased
arsenicdesorptionpecausehe arsenicdesorptionncreasegxponentiallywith increasing
temperaturehut thearsenic ux to the surfaceremainsconstantassoonasthetemperature
for completeAsHs; decompositiorhasbeenreached.

Interpreting gure B2 now in termsof desorptiorrateleadsto two interestingconclu-
sions:

1. Thesurfacesbecomdessarseniaich usinghydrogencarriergas.This effectis likely
causedby etching from hydrogenradicalsformed from the hydrogencarrier gas
at higher temperaturesThe sameeffect was also found during arsenicdesorption
(secB.3.3 andgallium desorption(sec6.4.2)

2. With increasingmisorientationand thereforea higher step-densitythe surfacesbe-
comelessarsenicaich. Thus,the stepspromotearsenicdesorption An indicationfor

stepsaspreferreddesorptiorsitesis alsofoundduringarseniaesorptionasdiscussed
in the next section.
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6.3 Arsenic Desoption

With increasingemperaturesix differentdesorptiornprocessesvereencounteredlhey are
namedfrom procesd to processVl andwill be discussedn thatorder A compositionof
threeRAS measurementduring arsenicdesorptions shavn in gure More detailed
RAS spectrandtransientsanbefoundin guresB.13 614 6 17and6.18 shavingtypical
RAS transientduring arsenicdesorptionat temperaturesf 773K, 843K and963K, and
nally with nitrogenascarriergasat973K. TheseRAS transientsvereusuallymeasurect
2.65eV photoneneny.
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Figure6.12: Compositionof threeRAS transientsneasuredt 2.65eV during arsenicdes-
orptionatdifferenttemperaturesyhich shavs all relevantprocessesnderhy-
drogencarriergas.

6.3.1 Transition from (4x3)to c(4x4)

As the surfaceis essentially(4x3) coveredat temperaturebelonv 800K, thisis the starting
surfaceof the arsenicdesorptionprocessAfter switchingoff the AsHs, the arsenicstarts
to desorbDuring arseniadesorptionstartingfrom the (4x3) reconstructionthe RAS signal
showved rst asmalldip (procesd) followed by an exponentialchangeof the RAS signal
(procesdl) (g. B13. The RAS spectrumafter 30s desorption(endof procesdl) in g-
urel&I3is very similar to the spectrumof a c(4x4) in MBE (light dots).Hencethe (4x3)
reconstructioomustbe morearseniaich thanthe c(4x4)structuren thistemperatureange.
ThesmallRAS signalchangeof process is obsenedonly betweerv00and800K. This
processs veryfast(see g. 13 andconsequentlyhe RAS signalchangds in uenced by
thelock-in ampli er settingspreventinga tting of thesignal.Likely hydrogenadsorbates
from the AsH; decompositiorareresponsibldor this smalldip.
Theadsorptioranddesorptiorof hydrogenon GaAs(001)is well investigatedsee[2€]
andreferencesherein).On a (2x4) reconstructiorhydrogendesorbsat temperatureabove
460K [2€]. 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 AsH; o wing, andafterin-situ transferto an UHV analysischambemo As-H
vibrationcouldbedetectechy HREELS(sec6.1.1 g. B3).

Thereforeany adsorbedydrogenproducedoy decompositiorof AsHsz shouldhave a
very shortlife-time on the surfaceat 700-800K, becausédiydrogendesorptions very fast
at thesetemperaturesBelow 700K only very few AsH; is decomposedandthereforeno
hydrogenreacheshe surface.Therefore the concentratiorof hydrogenon the surfacede-
creasesagain. This explainswhy procesd is obsened only between700 and 800K. To
summarizeprocess is assignedo thefastdesorptiorof hydrogernproducedy thedecom-
positionof AsHs.

During processll the reconstructions changingfrom (4x3) to c(4x4). Single wave-
lengthSurfacePhotoAdsorption(SFA) measurementst 348nm during arsenicdesorption
in MOVPEbelon 780K have beenexplainedin termsof adecreasingoughnessy thedes-
orption of excessnon-dimerizedarsenic[54]. The calculatedactivation enegy of 2.57eV
shavs reasonablagreemento thevalueof (2:36  0.07)eV of thiswork (see g. 6. I9and
tablele.]). However, no tracesof a higherroughnessveremeasure@n the (4x3) by ex-situ
atomicforcemicroscoy (AFM) andalsono changeof roughnes thein-situ ellipsometric
signalduringdesorptiorwasfound. Thustheroughnessssumptiorcanberuledout.

To concludeafterthefastdesorptiorof hydrogen(procesd) on a (4x3) reconstruction
the surfacechangedo c(4x4) (processdl). The desorbingspeciess likely As, [28]. The
reactionorderof oneof thisdesorptiorprocesss anindication,thatsomehav thearsenicon
the (4x3) reconstructions organizedn away very similar to an As, cluster The activation
enegyis (2:36 0:07)eV (seeg. B.I9andtable.]).

6.3.2 Transition fromc(4x4)to 2(2x4)

At temperaturegxceeding780K further arsenicdesorptionfrom the c(4x4) is obsened.
First linearly with time (procesdll) andthenexponentially(procesdV) (g. €14). The
RAS signalchangesignand nally saturatesFigurele. 14 left shovsthe RAS spectrumat
923K at that maximum.This spectrumcompletelyresembleghatof a 2(2x4) (g. B8
recordedn MBE [55].

The rst change(procesdll) of the RAS signalis attributedto the initial arsenicdes-
orptionfrom thec(4x4).This processs linearwith time,asseenn gure At acertain
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Figure6.14: RAS spectraandtransientgluringarseniaesorptiorin MOV PE, startingfrom
c(4x4).

pointthe desorptiormechanisnis changing thetime dependencef the RAS signalis ex-
ponentially(procesdV in g. &19).

Two different processesluring transitionfrom c(4x4)to 2(2x4) have beenreported
in UHV experimentstoo [2§, 29, 3€]. By annealingthe initial c(4x4) reconstructiorthe
coherent(4x4)domainsizewasnot affecteduntil 2(2x4) domainsappearedkror this rst
desorptiorstepAs, [2§] or As; [29] asmaindesorbingspeciesverereporteddependentn
the surfacepreparatior{As, only with AsH; [2€]).

Whenthe arseniccoveragehasreachedaboutl.0monolayerthe surfacechangesra-
matically: c(4x4) domainsare practicallygone,but very small (2x4) domainsappeai3€]
(see g. B15). However, thereis no long rangeorder and LEED shows only (1x1) sym-
metry [28]. STM imagescon rm this: At a certaintemperatureanary very small or even
incomplete 2(2x4) unit meshesanbe measuredi37 (upper g. &15). After thecomplete
transitionto  2(2x4) (or c(4x4) respectiely) the surfacebecomesmoothagain[36, [37].
Thedesorbingspeciedor this processs alwaysAs; [28, 29].

Thelineartime dependencé@eactionorderof zero),asobseredfor theinitial desorption
from the c(4x4) (procesdll), is somavhatunexpected sincearsenicdesorbsasAs, or As,
moleculeslf theformationof As, is theratelimiting step,areactionorderof oneor eventwo
is expectedlt is secondorder if theratelimiting stepis the collision of two arseniadimers
onthesurfaceto form As,. Or, if theratelimiting stepis thedetachmenof completedimers
from the surface,areactionorderof one(i.e. exponentialtime dependencd} expected.

A reactionorderof zerousuallyinvolvesanintermediatestate . The occupatiorof thisin-
termediatestateis limiting thereactionspeedandprovidesthe necessargoncentrationgor
theformationof theproductg(in this casearsenialusters) Possiblantermediatestates/sites
duringarsenicdesorptioraresteps(or kinks) atthe surface.lf arsenicmainly desorbgrom
step-edgesnddiffusionof arsenidowardsthestepss fastcomparedo thetime thearsenic
staysthereuntil desorptionthenthe occupatiorof step-edgeby thearseniovouldlimit the
desorptiorrate.A higherstepdensitywould enhancearseniadesorption.

Actually this effectwasobseredonvicinal (001)surfacesn sectiorfe.Z At highermis-
orientationangleq(i.e. a higherdensityof step-edgeshe suriaceshecamdessarsenicaich.
FurthermoreSTM imagesmeasuredluring Migration EnhancedEpitaxy (MEE) growth of
GaAsin MBE suggesta fast diffusion of completeAs, dimers[5€], which supportsthe
above model of the step-edgessrate limiting stepsduring arsenicdesorptionand a fast
diffusionof arsenicdo the step-edges.

To conclude the desorptionof arsenicfrom the secondayer on the c(4x4) reconstruc-
tionis limited by stepskinks, or otheractive surfacesites.Thehigh concentratiorf arsenic
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Figure6.15: Topographydevelopmenturingchangdrom c(4x4)to  2(2x4)in MBE using
STM (upperpart[37]) andon decappedamplesmeasuredy GIXD (lower
part[36]). Thetemperaturelifferencebetweerbothworksis about150 C.

speciesat thesesitescanalsoexplain the formerly obserned desorptionof As, [28]. At an
arsenicsurfacecoverageof aboutonemonolayerthe arsenidas boundmoretightly, thusthe
diffusion of arsenicis hindered.Now the arsenicdimersdesorbdirectly from the surface.
Supportfor the abore mechanismis the obsened changeof the desorbingspeciesfrom
As, to As, during desorptionfrom c(4x4) to (2x4) [28]. From the RAS transientsan ar
seniccoveragefor thistransitionof aboutonemonolayeris estimatedyhichagreeso TDS
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Figure6.16: The four different processesluring arsenicdesorptionfrom c(4x4): (a) fast
diffusion of dimersto the steps,(b) dueto high concentratiorof As, at the

stepsformationof As,, (c) Ass desorbgratelimiting step),(d) if the arsenic
coverages belov onemonolayeyarseniadimersdesorbdirectly.

(ThermalDesorptionSpectroscoy) measurement28]. Figure 6.16 showns the desorption
processystematically

Fitting RAStransientdor processll, theAs, desorptiorfrom stepsanactivationenegy
of (2:8 0:3)eVwasfound(g. 6.19andtable6.1). For thedesorptiorof deuteratedrsine
(AsDs) from a c(4x4) underUHV conditionsa smalleractivation enegy of 1.9eV was
measuredy TDS [28]. However, thereis an uncertaintydue to TDS: both, the reaction
orderanda pre-eponentiafactorhave to beenknown independentlyor doingthe Redhead
analysign orderto calculateanactivationenegy.

For procesdV, whereAs; is assumedo desorlfrom theterracesandthereconstruction
ischangingowards 2(2x4)anactivationenegy of (2:79 0:17)eV wasfound.AgainTDS
experimentgeportsthe muchsmallervalueof 2.0eV [28].

SFA transienexperimentf arsenialesorptionn MOVPE attemperatureabose 800K
wereinterpretedastwo zeroorderdesorptionprocessesyst arsenicdesorptionfrom the
c(4x4)andthenachangeaowardsa (2x4) reconstructionwith activationenegiesof 2.75eV
and 1.67eV [54]. The rst valueis closeto the value for processlll of (2.8 0:3)eV,
while the valuefor procesdV is muchtoo small. However, if the samereactionordersas
in the experimentsin this work areassumedi.e. a zeroorderreactionfor procesdll and
thena rst orderreaction),andafter tting the SFA transientgivenin referencd54] with
exponentiaffunctions,anactvationenepgy of (2:4 0:2) eV is obtainedgcloserto thevalue
for processV of (2:79 0:17)eVintable 6.1

6.3.3 Desomption from 2(2x4)

Thedesorptiorfrom the 2(2x4) depend®nthe carriergas.Usinghydrogenascarriergas
andtemperatureabore 920K causeshe RAS signalto decreasdinearly duringdesorption
fromthe 2(2x4)reconstructiorfprocess/) (g. 6.17). At ananisotropy of about0:4 10 3
at 2.65eV the slopechangeqprocessVIl) and nally the RAS signal saturatesand does
not changeeven after someminutes.Using nitrogencarriergasonly an exponentialRAS
signalchangeis obsened ( g. 6.18. Evenat very high temperaturegxceeding980K no
additionalarseniadesorptiorprocesss foundusingnitrogencarriergas.

ThedottedRAS spectrumin gure 6.17correspond$o asurfaceunderhydrogencarrier
gas30s afterthe RAS signalat 2.6eV startedto decreasagain.The sameRAS spectrum
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Figure6.17: RAS spectrandtransientluringarseniaesorptiorin MOVPE usinghydrogen
carriergas,startingfrom 2(2x4).

wasthe nal spectrumduring desorptionwith nitrogen(g. 6.18. This spectrumis very
similar to an RAS spectrumof an  (2x4) during MBE ( g. 6.6). However, with hydrogen
carriergasthereis furtherarseniadesorptioruntil theprocesshangesThe nal RAS spec-
trum obtainedunderhydrogencarriergasis shavnin gure 6.17(T=968K, dashedine). It

clearlyresembleshe RAS spectrunof a (4x2) reconstructionn MBE (g. 6.8) [42].
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Figure6.18: Developmenbf RAS spectrgevery 90s) duringarseniaesorptiorin MOVPE
usingnitrogencarriergas,startingfrom 2(2x4).

The differentprocessesindreactionordersof arsenicdesorptionunderhydrogencar
rier gascomparedo nitrogencarriergasarerelatedto the hydrogenmostlikely dueto the
onsetof formationof hydrogernradicalsfrom the hydrogencarriergasitself abo/e  900K.
Thesehydrogerradicalsinducearseniadesorptiorby theformationof AsH, moleculesthe
hydrogenradicalsfrom the carriergasare etchingthe arsenic.This assumptiorcould also
explain why the surfacesarelessarsenicrich with hydrogencarriergasat highertempera-
turescomparedo nitrogenascarriergas,asobseredin section6.2

Therefore the changeof reconstructiorduring arsenicdesorptionis simply causecy
anetchingof thearsenidoy the hydrogerradicals.The arseniccoverage(andthusthe RAS
signal)is changinglinearly with time becausehe rate of hydrogenradicalformationand
thusthe etchingrateis constaniataconstantemperature.

Using hydrogenascarriergasthe desorptiorprocessv from 2(2x4) hasanactvation
enepgy of (2:4 0:3) eV andis linearwith time (zeroorder).However, asdiscusse@bove,
this might not be dueto desorptionfrom active surfacesites,but dueto hydrogenradical
inducedetching.Thusthe activationenegy is probablyrelatedto theformationof AsHy.
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At an RAS signalcloseto zero(at 2.65eV) the surfaceis entirely coveredby (2x4),
andthetransitionto the next moregalliumrich surfacestarts. Thefurtherchangean theRAS
signal(processVl) thereforere ects the etchingof the lastsurfacelayer of arsenicandthe
formationof galliumdimers.This nal changetowardsthe (4x2) is againlinearwith time.
Justshortlybeforethesignalsaturateshereis asmallcurvature . Sincetheexactnatureof the
surfaceat this time is unknowvn, the possibility of anothermprocessshortly beforesaturation
cannotbe excluded.Furthermorethe structureof the surfacewhenthe desorptiorbehaior
changess notknown; it mightbea (nx6)-like reconstructionasclaimedin [44].

Fitting this secondinear partfor the changetowards(4x2) yields an actvation enegy
of (2.8 0:2)eV (g. 6.19. Thisenepy is slightly higherthanthe actvation enegiesfor
theprevious processegg ecting thestrongemindingof these nal arsenicatoms.

However, the “true” processv with exponentialAs, desorptionis only obsened with
nitrogencarriergas.Theverysmallunasoidablearsenidackgroungressuref the MOVPE
reactionseemdo beenougho stabilizethe nal (2x4)upto atleastlO00K. Theactvation
enepgy of (2:7 0:2) eV is closeto thevaluesof the otherprocesses.

6.3.4 Summary of Arsenic Desoiption

Theobtainedreactionratesfor all desorptiomprocesseareshovnin gure 6.19 Thecalcu-
latedactivationenegiesfrom thesedataarecomparedo valuesin literaturemeasuredavith
SFA andTDSin table6.1

Thereactionratesunderhydrogenandnitrogencarrierin gure 6.19areessentiallythe
same.However, in generalthe activation enegies using nitrogencarrier gasare smaller
But the nitrogendataweremeasuredanostlyin a singlerun, while the datausinghydrogen
carriergasarefrom aboutl10 runsbetweernl995and1999.Thereforethe errorbarsfor the
nitrogendataare probablytoo small,andany deviationsin the activationenepgiesbetween
nitrogencarrierandhydrogencarriergasare probablydueto lack of measurementssing
nitrogencarriergas.
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Figure6.19: Therateconstant®f the differentprocessesvith hydrogencarriergas(upper)
and nitrogencarriergas (lower) are plotted on a logarithmic scaleabove the
reciprocaltemperaturegArrheniusplot). The ascenof the obtainedlines are

theactwvationenegiesfor theseprocesses.
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process activationenegy (eV) reaction desorbing
by RAS by TDS! by SR order  species
no. name (MOVPE)  (UHV)[28] (MOVPE)[54] [28]
with hydrogencarriergas
I. H-desorption toofast ? Hy?
II. toc(4x4) (2:36  0:07) 2.57 1. Asy
lll.  fromc(4x4) (2:8 0:3) 1.9 2.75 0. Asy
IV. to 2(2x4) (279 0:17) 2.0 1.67(2:4 0:2)2 1. As;

V. from 2(2x4) (2:79 0:17) 2.3 0. AsHx?
VI. to(4x2) (2.8 0:2) 0. unknavn
with nitrogencarriergas
I. H-desorption toofast ? Hy?

II. toc(4x4) (2:20 0:11) 1. Asy
. fromc(4x4) (2.3 03) 1.9 0. Asy
IV. to 2(2x4) (2:98 0:07) 2.0 1. As;
V. from 2(2x4) (2.7 0:2) 2.3 1. Asp

VI. to(4x2) notobsered

! ThermalDesorptionSpectroscop (TDS) of AsD3 underUHV-conditions[28] with a ; assumed
to be 103 s 1 andreactionorderto be always one. Therefore all the valuesmay be off by some
factor The desorbingspeciesare alsotaken from this referencewith regardto temperaturandre-

construction.
2 The value of 2.4eV wasobtainedby tting SurfacePhotoAdsorption(SP) transientsgiven in

[54] with exponentials.

Table6.1: Activation enegies and reactionordersof the differentarsenicdesorptionpro-
cesse®nthe(001)surface.
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6.4 TEGa/TMGA Adsorption/Desomtion

Pulsedsupply of TMGa (or TEGa) is usedfor two purposesThe rst oneis growth in

the self-limiting Atomic Layer Epitaxy (ALE) growth mode,i.e. growth usingalternating
supply of TMGa and AsHs. In this modethe growth rateis limited to one monolayerper
cycle, dueto adsorbatefrom the decompositiorof the TMGa still stickingto the surface.
Thislimitation will bediscusseth detailin thissection.Thesecondusageof pulsedsupplies
is for deltadoping(i.e. creatinga thin layerwith a high carrierconcentration)yvhenashort
pulseis offeredto the surfaceat about900K. However, dopingwill bediscussedateronin

section6.7.

6.4.1 TEGa Adsorption

Using TEGait is impossibleto achieve self-limiting ALE growth (seee.g.[53]). Figure6.20
shaws the developmentof the surfaceduring a shortALE sequenceat 775K. At this tem-
peratureTEGais completelydecomposedandthus pure gallium or gallium-hydridesare
suppliedto thesurface.
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Figure6.20: Developmentof RAS spectrabefore and after a short TEGa pulseat 775K
(RAStransieniat2.6eV).

During the rst 30s purging with hydrogenthe reconstructiorchangedrom (4x3) to
c(4x4) (alreadydiscussedn section6.3.1). ThenaftertheshortTEGapulsethereconstruc-
tionchangeso 2(2x4).After sometime theresidualarsenicevaporatesrom thewalls and
the susceptoandthe surfacechangegraduallybacktowardsc(4x4). Finally the AsHs is
switchedon againandthereconstructionransformsanto (4x3).

If theamountof TEGais nottoo high (i.e. thepulseis shortenoughthesurfacechanges
from c(4x4) (arseniccoveragel.75ML) to  2(2x4)(0.75ML), resultingin agrowth rateof
aboutonemonolayerpercycle. However, this mechanisnis not self-limiting (e.g.se€[53)])
andreliesonwell-choserswitchingtimes.

6.4.2 TMGa Adsorption
Atomic Layer Epitaxy Regime(T< 750K)

ALE growth is doneby alternatelysupplyTMGa or AsH3 to the MOVPE reactorattemper
aturesbelov 750K. By doing ALE usingTMGa on a (001) surfacea self-limiting growth
rateof onemonolayermercycleis achiezed[57].
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ALE growth hasbeenstudiedthoroughlyusingRAS [47, 52, 53. In the rst step,after
AsHj; is switchedto the vent, TMGa is offered to the surface. At the low temperatures
during ALE thedecompositiorof TMGais incomplete andmono-methyl-galliun(MMGa,
GaCH) andeven TMGareacheshesurface.

The methyl groupsof the adsorbecand partly decomposed MGa and MMGa do not
go off spontaneouslynsteadthey needatomichydrogento desorbusuallydeliveredby the
AsHjs. Without AsHg, the methyl groupsstick muchlongerto the surface.Someof them
canform methaneandsubsequentlgvaporateby stealingfrom othermethylgroups which
werereducedo methyleng CH,).
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Figure6.21: RAStransientat2.65eV during TMGaadsorptiorat 700K andArrheniusplot.

UsingUHV technique$47, 50, 51] andalsoin-situ RAS [47, 52, 53] thereconstruction
preparedy exposinga (001) surfaceatlow temperatureto TMGawasidenti ed as(1x4)-
CH, reconstructionwhichwasdiscusseth section6.1.7. Thisreconstructionprobablydue
toits methylendbondsjs verystableg[47] asit canbealsoseenn gure 6.21 theRASsignal
did notchangegvenwhenthe TMGa wasswitchedoff.

The RAS transientin gure 6.21showvs somerise andfalls, which canbe correlatedo
several differentreconstructionsAfter switching off the AsH; andthen switchingon the
TMGathe surface rst changego (nx6) (small maximum),thento (1x2)-CHs (minimum)
and nally exponentiallyto a (1x4)-CH, reconstructior{ nal maximum).Thisis very sim-
ilar to thethereconstructionsound duringgrowth. (Thiswill bediscussedn thefollowing
section6.5.)

This nal RASsignalchangdrom (1x2)-CH; to (1x4)-CH, is slow enouglto be tted. It
shavsanexponentiatime dependencérst orderreaction)andanactivationenegy around
1.9eV. Thechanges likely limited by the breakdown of the methylgroups(from CHs; to
CH,) andthebondrearrangemerdn the surface.

As mentionedbefore the (1x4)-CH; is inertagainsturtherTMGa adsorptionlt is even
possibleto cool a sampledown from 750K to roomtemperaturevith TMGa o wing with-
out gettinggallium droplets,asit wasdonein gure 6.22 TheresultingRAS spectrumis
somavhat similar to a (2x4) spectrum(see g. 6.6). However, thereare importantdiffer-
ences: 2(2x4) hasno RAS signalbelow zero,the RAS spectrumhasthreemoreor less
distinctstructuredetweer?.5eV and4.3eV. Finally, the 2(2x4) RAS spectrumat the E;
transition(2.96eV) is moreanisotropicthanthe structureat EJ(4.44eV) in contrastto the
(1x4)-CH, spectrumin gure 6.22

A mentionedearlier the structureof this surfaceis still unknown. Clearly the presence
of methylenegroupssuggestanethylenebridging bondsbetweendifferentatomson the
surface.Secondlythe arsenimetcoveragemustbe around0.5-0.75ML, sinceALE growth
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Figure6.22: RAS spectrumaftercoolingfrom 875K to roomtemperaturevithout AsHs but
TMGa o wing until 575K (UHV [47]).

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

At high temperatures(T>900K)

At hightemperatureabore 900K thesurfacetransformgapidlyinto  2(2x4)without AsH;
stabilization.Thus, it is expectedthat an additionalsupply of TMGa yields an even more
gallium rich reconstructionFigure 6.23 shavs the RAS spectraandtransientof suchan
experiment.Whena shortpulseof TMGa is fed into the reactorthe 2(2x4) (createdby
arsenicdesorption)changedo a (4x2) reconstructionThe right handside of gure 6.23
shonvs RAS transientdor runswith differentlengthsof the TMGa pulse.

Thegrowth ratemeasuredy RAS signaloscillationsat 773K was0.547ML/s. At least
thisamountof galliumwasdeliveredto the surfaceat highertemperatureszrom gure 6.24
themeanpulsedurationfor acompletechangedo (4x2) wasfoundto be(1.59 0.07)s.Thus,
theamountof galliumneededo changeghe 2(2x4)into (4x2)wasabout0:547% 1.59s =
0:85ML.
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Figure6.23: RAS spectraneasuredefore,during andaftera TMGa pulse(left) andRAS
transientsat 2.65eV of TMGa pulsesof differentdurationg(right) at 923K.

As it canbeseenin gure 6.23the (4x2) reconstructiorvanishesafter sometime. This
recovery time dependdinearly on the lengthof the TMGa pulse(g. 6.24). If theamount
of TMGa exceededmorethan2.5s (i.e. morethana monolayer),the recosery times did
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not increaseary further but the surface becamerough. This behaior is an indication of
the existenceof a moregallium rich reconstructionpossiblyconsistingof gallium droplets
betweera proper(4x2) reconstructionasproposedn [46].

temperature (K)
940 930 920 910 900 890

0.05 T T I T |
50 O ;
o) —
®
40+ —l
e v 2
30 ]
£ ¥ g
= 20| E.=(2.1+0.2) eV
s L 001 | A ( )
10 |
0 [ fu et el | 1 | 1 | 1 | 1 0.005 [ 1 | 1 | 1
14 16 18 20 22 24 26 1.075 1.100 1.125
TMGa puls length (s) 1/T (1000/K)

Figure6.24: Time of existenceof the (4x2) (left) and calculateddesorptiorratesfrom the
data(right).

Fromthetime the gallium rich reconstructiorremainsstabilizedby the excessgallium
onthesurface,thegallium desorptiorratescanbe calculatedpecauséhe amountof excess
galliumofferedto thesurfaceandthetimeit takesto desorlthegalliumareknown. Theright
handsideof gure 6.24shavsanArrheniusplot of thedesorptioratesof galliumcalculated
from the lines in the left handdiagram.The activation enegy for gallium desorptionof
2.1eVissurprisinglylow, comparedo theactivationenegy of 2.5eV for arseniaddesorption
(measuredh the previoussection6.3). This maybe dueto thedesorbingTMGa beingonly
weaklyboundinto clustersonthegalliumrich (4x2) surface.However, thereis alsoasecond
explanation.As statedearlierin sections6.2 and6.3.3 the hydrogencarriergasseemso
etchthe surfaceat thesehigh temperaturesThusthe desorptionrate might be an etching
rateinstead.

However, therateis very slow, whethergalliumis desorbingor etchedby hydrogenpe-
low 0.05monolayempersecondevenat 950K. Actualrateson lessgalliumrich reconstruc-
tions are mostlikely even smaller becauseon thesereconstructionshe gallium is bound
moretightly. Thereforegallium desorptions notanimportantissuefor MOVPE growth at
temperaturebelov 975K.

6.4.3 Summary of TEGa/TMGa Adsorption

The differentdecompositiorpathway of the gallium precursotis re ected by their adsorp-
tion behaior. TEGais decomposedtaboutc00K mostlyinto GaH,. ThusTEGaadsorption
leadsto theformationof a (2x4) reconstructionevenatlow temperatureOntheotherhand
TMGa adsorptiorat low temperaturesgesultsin a methylenecoveredinert surface.Only at
veryhightemperaturewhenTMGais completelydecomposed clean(4x2) reconstruction
canbepreparedy TMGaadsorptioron 2(2x4).
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6.5 SurfacesDuring Growth

Contraryto theresultsn MBE (i.e. g. 6.1from[25]) nolongrangesymmetryexistsduring
growth in an MOVPE reactoy apartfrom avery disordered1x2) symmetry[48]. However,
the RAS spectragive strongindicationsto the presenc®f smallreconstructiorfsub-units”,
whichonthewholeyield RAS spectracloseto thoseof well-orderedsurfaces.

Growing with TEGathreecharacteristi®RAS spectrg g. 6.25 werefound,which cor-
respondvell to thosefoundduringgrowth usingTMGa.UsingTMGa atlowertemperatures
andverylow V/III ratios' anotherfourth phasevasfound.lts spectrunis plottedin g 6.10

2 — —
L ' (4x3) — X — Phase |
Phase IV Nt T Phase II
S Y, | e Phase Il

o
— T
o
T.

Re(Dr/r) (10 )

[
[y

1
N

TMGa

1 1 1

N, 43Pa AsH,

Re(Dr/r) (10 9

N

3
|

HT43PaAsH
1 1 1

2 3 4
energy (eV)

5

3 4 5
energy (eV)

Figure6.25:typical RAS spectraduring growth using TMGa and TEGa (right). The bars
mark the typical regions of the RAS minimum for gallium rich ( 2eV) and
arseniaich ( 2.6eV) reconstructions.

To obtainthe phasediagramsshovn in gures 6.26 and6.27, RAS spectraat a large
variety of growth conditionshave beenmeasuredHowever, it wasnot possibleto measure
at TMGa ux esof morethan13Pa dueto technicallimitations. To obtainspectraat lower
V/I ratios,the TMGa partial pressuravas x edat5 Pa andthenthe AsHz partialpressure
waschangedsolid symbolsin g. 6.26). EachmeasuredRAS spectrumwasassignedo a
phaseusingthefollowing criteria:

Phasel Pre-gravth andduring growth surfacesareidentical;the during growth spectrum
might beslightly damped.

Phasell TheRAS minimumis shiftedto lower photonenegies(more(nx6)-like spectra).

Phaselll The RAS minimumis shiftedbackto the valueof the startingsurface,but now
the RAS minimumis narraver, andthe maximumis shiftedmoreinto the UV range.

PhaselV At verylow V/lII ratiosthereis no properRAS signalminimum at all, andthe
RAS spectraesemblghatof a(1x4)-CH, (g. 6.10.

Figure6.26 shows the phasediagramfor the growth of GaAs(001) usingeitherTMGa
or TEGa. Although TEGa featuresthree phaseswith similar RAS spectraas TMGa (see
g. 6.295, the phaseboundariesare shifted by 100-15K to lower temperaturesOn the
otherhand,usingnitrogencarriergas(seealso[58]) or growing on a vicinal substratgfor

1Growth usingTEGawasnotinvestigatect /Il ratiosbelon 10, thereforetheexistenceof afourth phase
using TEGacannotbe ruled out. However, TEGadecomposesia  Eliminationforming GaH (discussed
in sec.5) thusthe existenceof ancompletelyadsorbatdimited phasds very unlikely.
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Figure6.26: Phasaliagramduring growth using TMGa (left, H, 10kPa & AsHs 83Pa) or
TEGa(right, N, 10kPa & AsHs; 43Pa). At the crossectirclesthe growth rate
startsto decreasé¢from datain g. 5.3right side).

additionalphasediagramssee[59]) doesnot changethe phaseboundarieswvithin an un-
certaintyof 20K. Even on the (113) surfaceand using TMGa the phaseboundariesare
comparablgsec.8.3 g. 8.5). Thusthe phaseboundariesare strongly relatedonly to the
gallium precursor
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Figure6.27: Phasaliagramduringgrowth using TMGa andnitrogencarriergason anexact
orientedsubstratgleft), andusinghydrogencarriergasanda 2 [lfO] vicinal
substratgright). The otherparametersire 10kPa carriergasand83Pa AsHs.
The phaseboundariesn gray arefor GaAs (001) exactly orientedH, carrier
gas,asshavnin gure 6.26

At highertemperaturesindlow gallium partial pressureghigh V/11I ratios) the RAS
spectrumdoesnot changeupon initiating growth. The arsenicstabilizedsurfaceand the
surfaceduring growth arein quasiequilibrium andthe growth rateis small comparedo
thedecompositiorandadsorptiorrates All arriving TMGalis instantaneouslgecomposed,
incorporatecandcoveredagainby arsenic.Thus,pre-gravth andduringgrowth surfaceare
identical.

During growth in phasell the RAS spectrashav more contributions of gallium rich
reconstructionsi,e. more contributions of (nx6) domains.This canbe clearly seenin g-
ure6.34 wheredark areagndicatea strongdifferenceof (nx6) areacoveragebetweernpre-
growth andduringgrowth surfaces.The gallium dimerstypical for the (nx6) reconstruction
arelikely locatedat the step-edgeshecausestep-edgesre preferredsitesfor gallium in-
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corporation,simply becausehereatomshave a higher numberof nearesineighbors.The
previous sections6.2 and 6.3.2 shaved that step-edgesire also sitesof enhancedarsenic
desorptiorwhich makesthemadditionallygallium rich.

For the origin of phasedl thereis a very simple explanation:in the intermediatedem-
peraturerangethe decompositiorof the TMGa/TEGaprecursoris 100% (sec.5 g. 5.1).
However, only asmallpartof the AsH; is decomposefsec.5 g. 5.2), thustheincorporated
galliumis notimmediatelycoveredby arsenic Consequentlyheduringgrowth surfacesare
moregalliumrich thanthe pre-gravth surfaces.

This mechanisms certainlytrue for growth usingTEGa,sinceTEGais essentiallyde-
composedabore 600K while AsHs is not. However, using TMGa phasell extendsabout
120K higherin temperaturehanby using TEGa,eventhoughthe AsH; decompositions
notin uencedthatmuchby the differentgallium precursors.
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Figure6.28: Productionof mono- or di-methl arsine ((CHs),AsHs; «) during MOVPE
growth measuredby IR-adsorptionand massspectroscop (Nishizava (IR)
[60], Armstrong(IR+MS) [61], Larsen(MS) [15]).

The main differencebetweenTMGa and TEGa is their decompositionmechanism.
While TEGadecomposegia eliminationandthereforeGaH, is deliveredto the surface,
TMGadecomposem thevaporphaseonly upto GaCH; (mono-methyl-gallium)Therefore
mary methylgroupsaresuppliedto the surfaceduring growth usingTMGa. Someha the
methylgroupsfrom the TMGamustinducelessarseniaich surfaces A possiblenechanism
is theformationof methylarsineson the surface which desorbsThefollowing mechanism
is proposedn detail:

1. Partly decomposedMGa (mostly (CH3)Ga:and(CHs),Ga) reacheshe surfaceand
diffusesto the step-edges.

2. AsHj; is adsorbedpnly partly decomposedsAsH, (x=0..3).

3. At the step-edgeghe (CHs),Gais incorporatedandthe leftover methylgroupsstill
stick to the surface,closeto a step-edge.

4. Partly decomposedsH, meetsthe methylgroupsatthe step-edgesAdsorbedAsH,
andAsH hastwo possibilities:eitherit transfersanhydrogeratomto a methylgroup,
forming methangCH,) whichthendesorbsopr it formsmono-anddi-methylarsines
((CHg)xAsHs ) whichalsodesorbs.
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Thus,themethylgroupsof theTMGawouldinducetheformationof methylarsinesAs a
resultlessarsenids incorporatedbecaus®f increased@rseniadesorptionThis mechanism
is only possibleat temperaturebelon the decompositiortemperaturef tri-methyl arsine
(TMAS), i.e. below 850-90K.

There is experimentalevidence of the formation of methyl arsines.In TMGa de-
compositionstudiesalsothe formationof mono-methyl-arseni@CHz;AsH,) wasobsenred
[61, 15, 60]. Figure6.28shavs the measuregbroductionof methylarsinesasa function of
temperatureThe temperatureangeis limited to lower temperaturdoy the onsetof TMGa
decompositiorandto highertemperature®y the onsetof TMAs decompositiorat about
850-90(K.

However, the partial pressureof the methyl arsineswere low, lessthan 10% andthe
partial pressuredecreasestronglyat total reactorpressuresiigherthan 100Pa[19], which
would make this procesdessfavorableat thetypical 2-10kPareactompressuresisedduring
MOVPE growth. Thus,this processvasneglectedfor theanalysissinceit wascertainlynot
a major pathway of decompositionOn the otherhandthe formation of methyl arsinesas
describedvould be expectedto be only aminor processif it solelyhappen®nthesurface,
andconcentrationsf lessthana percentareexpectedhen.

Figure6.29: Model of the atomic con guration of a step-edgan [110] direction during
MOVPE growth usingAsH; andTMGa.

Anotherimportantconclusioncanbe dravn from this model: Closeto step-edgeshe
surfaceis galliumrich, becausen the onehandthe stepedgesarethe placethe galliumis
incorporatedOn the otherhandthe arsenicdesorptions increasedy the left-over methyl
goups.

Puttingall thistogetherthe modelof a stepshavnin gure 6.29canbededucedFirst,
directly atthe step,thereis aregion of galliumdimers,arrangedik e in (nx6) or (4x2). Next
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comesa region, wherethe surfaceis only coveredby a single arsenicdimer layer, like a
(2x4).Then nally comestheterraceregion, whichis c(4x4)or (4x3) covered.

The origin of phaselll is much betterunderstoodin this regime the growth rate de-
creasesvith decreasingemperatureas canbe seenfrom gure 5.3 Therefore phaselll
belongsto the kinetic limited growth regime. The decreasingyrowth rateis dueto thein-
completedecompositiorof the precursorsand subsequentlyhe surfaceis coveredwith
adsorbatedJsing TMGa a (1x2)-CH; reconstructiorappeargseesec.6.1.6, andthe des-
orptionrateof themethylgroupsis limiting the growth rate.

The desorptionrate of the adsorbatess an activated process(i.e. have an activation
enegy barrier).Thereforethepartialpressurelependencef thetransitionbetweerphasdl
andlll shavs an exponentialtemperaturedependengc A higher partial pressuraneansa
higher supply rate of adsorbatesind thus a higher desorptionrate of the adsorbategi.e.
highertemperaturejs neededo maintainthe samecoverage.

Finally, usingTMGa andvery low IllI/V ratios(< 1), anothercharacteristidRAS spec-
trumappearsTheRAS spectrunof this phasdV is similarto thatof the (1x4)-CH, recon-
struction,alsofoundduring ALE growth which wasdiscussedh the previoussection6.4.2
During growth in phasdV atlow V/III ratiosthereseemgo be notenoughhydrogenfrom
the AsH ; to desorhthe methylgroupsbeforetheir arereducedo methylenewhichis very
stable.Growth at suchlow V/III ratiosis usedfor intrinsic carbondopingwhich will be
discussedh section6.7.

To summarizeduring growth at normal V/IIl rates(i.e. larger than5) threedifferent
typical surfacesappearAt high temperaturesn phasel the kineticsare muchfasterthan
the growth ratesandthe surfacesduring growth is identicalto the pre-gravth surfaces At
intermediateaemperaturet phasel moregallium rich surfacesappearthe gallium s lo-
catedatthe step-edgesThis surfaceis eitherdueto incompleteAsH; decompositiorffwhen
growing with TEGa)or dueto forcedarseniadesorptiorby the formationof methylarsines
(whengrowing with TMGa). Finally, at low temperatures phasdll the precursorarenot
decomposedindthe surfaceis coveredby adsorbates.
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6.6 Gallium SpeciesSurfaceDDiffusion

Thenext two sectionswill dealwith diffusionof gallium specieduringgrowth with TMGa
andAsHs. The rst sectionuseghe*“classical”’approaclof MBE, thetransitionbetweer2D
islandnucleationgronth modeandstep- ow growth mode.The secondsectiondetermines
diffusionlengthsby step-lunching.

6.6.1 2D Island Nucleation Growth $ Step- ow Growth

At lower temperature$725-850K) RAS signaloscillationscanbe obsered during growth
(g. 6.30 [62]. Theseoscillationshave a period of exactly one monolayer They canbe
foundfor awide rangeof parametersn factit wasusedregularly in this work to checkthe
growth rateof the MOVPE system.

TheRAS signaloscillationsseento becorrelatedo 2D islandnucleationgrowth mode,
whichis discussedn detailin section3.2.1and gure 3.2 In 2D islandnucleationgrowth
modethesurfacealternatebetweerarougherstatewith mary smallislands(after0.1to 0.6
monolayergrowth) anda smoothstate(after 0.7 to 1.0 monolayergrowth) with only afew
very largeislands.
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Figure6.30: RAS signaloscillationsmeasuredt 2.65eV photonenegy during growth us-
ing TMGa (left side)andspectrakesoled (right side).

RAS signaloscillationswith monolayeiperiodicityduringgrowth were rst measuredh
MOVPEusingTMGa[62], thenwith TEGa[33], butalsoin MBE [55]. In MBE RHEEDIn-
tensityoscillationscausedy therougheningandsmoothingof the surfaceduring2D island
nucleationgrowth modehasbeenawell known factfor mary years 63, 64]. Additionally in
MOVPE, GIXD intensityoscillationsof the crystaltruncationrod werefound. Thusa simi-
lar 2D islandnucleationgrownth with characteristicoughnes®scillations[ 7, 33 is present
in MOVPE too.

Theobsenrationof theRAS signaloscillationsan MBE aswell clearlyprovedtwo things.
Firstly, adsorbateare notimportantwith respecto their origin. Secondly RAS signalos-
cillations areindeedrelatedto 2D islandnucleationgrowth. But the presencef 2D island
nucleationgrowth modewasnot sufcient, becauset certaintemperatureRHEED inten-
sity oscillations(andtherefore2D islandnucleationgrowth), but no RAS signaloscillations
were obsened [55]. Detailedinvestigationsrevealedthat the RAS signal changeduring
growth and hencethe RAS signal oscillationsstrongly dependuponthe reconstructiorof
thesurface[55].

Thestraightforwardinterpretatiorof RAS signaloscillationsasaresultof ananisotropic
changingroughnessvas nally proven wrong by calculations[10]. The calculatedRAS
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Figure6.31:AFM image of a surfaceafter growthin 2D island nucleationgrowthmode

oscillation amplitude for one monolayerhigh anisotropicislandswas too small for the
obsered 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]. Theresultingspectravereincompatiblewith spectracalcu-
latedassumingnanisotropiacoughnes$l10]. Insteadhemeasuredpectreshovedadepen-
denceonthegallium precursorUsing TEGathe RAS spectraoscillatebetweerphasd and
phasell. Using TMGa however, the RAS spectraoscillatebetweenphasell and phaselll
(seeg. 6.30 phasesredescribedn the previoussection6.5).

In both casesafterhalf amonolayergrowth (i.e. mary smallislands)the RAS spectrum
resemblesnorea phasel RAS spectrumj.e. agalliumrich surface.GIXD measurements
shavedthe surfaceto be coveredwith mary smallislands[33, 48]. Apparentlythe higher
island densityand subsequentlyhe higher surfaceroughnessausesa more gallium rich
surface.Two thingscontrituteto this mechanismFirstly, thereis enhancedrsenicdesorp-
tion atthe step-edgeédiscussedn sec.6.2and6.3.2. Secondlydueto thetighterbonding
at step-edgegyallium atomsare preferablyincorporatedhere.Thereforecloseto the steps
thesurfacehasamoregalliumrich reconstructionljk e discussedh theprevioussection6.5.

However afterthe completionof a monolayeronly a few largeislandsremain,resulting
in a smallareaof galliumrich reconstructiorcloseto the step-edgeandthusa large area
of arsenicrich reconstructionHencethe RAS signaloscillatesbetweerthe RAS spectraof
moregalliumrich andmorearseniaich surfaces.

Obviously the changebetweermmoregallium rich areasandmorearsenicrich areasde-
pendson the growth regime. No oscillationsare expectedduring step- ow growth, since
the stepdensitydoesnot change Furthermorejf thereis no differenceof the reconstruc-
tion atthe step-edgeandontheislands,no RAS signaloscillationareexpectedgvenif the
growth modeis 2D islandnucleationThereforeathighertemperatures phasd, whenthe
pre-gravth andduring growth surfacesarenearlyidentical,no changeof reconstructiorat
the step-edgesindthus, no oscillationsare expected.The temperatureof the transitionto
phasd dependsnostlyontemperaturandto a smallerdegreealsoon precursomlandcarrier
gas(seegs. 6.26and6.27). Henceonly duringgrowth in thephasdl regimethevanishing
of theRAS signaloscillationsindicatesa“true” transitionfrom 2D islandnucleationgrowth
modeto step- ow growth mode.

Frommeasurementsf thetransitiontemperatureo step- ow growth at severaltemper
aturesand ux eson vicinal substrategto have well-de ned distancesdbetweensteps)the
constant®f the diffusionequation(3.8) canbe obtained asdiscussedn section3.1.1



6 (001) Surface 66

Transitiontemperaturesnvicinal surfacesvere rst measuredth MBE ([66, 67, 68, 69))
but alsoin MOVPE [7, 58, 59]. However, it is not clearat which proportionof diffusion
lengthto terracewidth the transitionto step- ow modetakesplace.The ratio dependsn
thevaluefor the numberof atomsthatcanreacha stepduringdiffusion,whichitself canbe
calculatedusingthe BCF theory explainedin section3.2.2 For the furtheranalysisin this
work thevalueof 2:1 for theratio of diffusionlengthversugerracewidth wasassumed,e.
76% of thediffusionatomsareincorporatecat the step-edges.

GaAs (001) 0.3° & 1° [110]
g MOVPE
£ 100 | . X
2 £ X
§ |'z ' . X
) N X X
] MBE 8 % X
S 10k .
o] E
] \ ] \ ] \ ] N \ |>< \ ] \ ] \ ]
110 115 120 125 0 100 200 300 400
reciprocial transition V/III ratio

temperature (1000/K)

Figure6.32: Transitiontemperaturesr MOVPE for TMGa=0. 7Pafor differentsamplemis-
Brientations(left side) (MBE data[67]) and calculateddiffusion coefcients
DoN, usinganactvationenegy of 2.8eV (right side).

As shavn in gure 6.32 the transitiontemperaturesre very differentin MBE and
MOVPE. This is probablydueto the differentreconstructionsin MOVPE theterracesare
mostlycoveredwith anarseniaoublelayerandthereforegalliumincorporations hindered.
In MBE however, thewholesurfaceis usuallycoveredby (2x4) reconstructionghusgallium
is easilyincorporatedBut alsothe slopeof the lines andthereforethe activation enegies
arevery different. Typical valuesfor MBE growth are1.3eV to 1.8eV ([66, 67, 70]. The
only measurementh MOVPE sofar reportedavalueof 2.7eV [7], which agreesvell with
thevalueof about2.8eV foundin this work.

Although the transitiontemperaturesn MOVPE dependstrongly on misorientation,
temperatureand partial pressuresthe datafor the diffusion coefcient in the right side of

gure 6.32do not shav anincreaseo higheror lower values.Hencethe activationenegy
for diffusionwascorrectlyestimated.
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6.6.2 Step-Bunchingon Vicinal Surfaces

In section3.3 the principal mechanisnof step-lunchingwasdescribed Apart from a dif-
fusion lengthlongerthanthe terracewidth, an anisotropicdiffusion enegy barrier at the
step-edgegneggative Schwoebelbarrier)wasneededTheseconditionsarebothful lled on
the (001) surfaceof GaAs.Figure 6.33 shavs the step-lunchwidth (i.e. the separatiorof
thebunchesjor differenttemperatureandpartialpressureaftergronthon2 [1 fO] vicinal
(001) GaAssubstratesThe step-lunchwidth wasobtainedfrom several AFM imagesand
theerrorbarsmarkthe standardleviation.
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Figure6.33: Developmentof step-tunchwidth asa function of temperatureandusingdif-
ferentpartialpressure$0.125Pa measureavith new gasinlet).

For all TMGa partial pressureshe step-lunchwidth rst increasesvith temperature.
This is simply dueto an exponentialincreaseof the diffusionlengthof gallium specieson
thesurfacein thenucleatiodimited diffusionregime(sec.3.1.1). However, athighertemper
aturesthe step-lunchwidth decreaseagain.This might be dueto eithera shorterdiffusion
length or a changeof the Schwoebelbarrier Both valuesdependstrongly on the surface
reconstructionThus a quantitatve analysisof the phasediagrampresentedn section6.5
wastried. It wasassumedhe surfacewaseithercoveredby (4x3) or (nx6). As pointedout
in section4 the RAS signalamplitudescanbe directly correlatedo the fraction of surface
coveredby eachreconstructiontheRAS spectraneasurediuringgrovthon2 [1 isO] vicinal
(001) GaAssurfacewere tted by a linear combinationof (4x3) and (nx6) RAS spectra
To enhancecontrastonly the increasein (nx6) areacomparedo the areacoveredon the
pre-gravth surfaceis shovnin gure 6.34

Thedarkregion (high increaseof (nx6)) in gure 6.34agreesvery well with the phase
boundaryof thephasdl measurean exactly orientedsubstrate¢ g. 6.26). At highertem-
peratureghe surfacebecomesnoregalliumrich (see g. 6.11) andsimultaneouslyhedif-
ferencedetweernpre-gravth andduring growth surfacesbecomesmall. Thusno increase
in (nx6) areais seenary more.

Theright handsideof gure 6.34shavsthedevelopmenbf (nx6) areaincreasdor three
selectedl MGa partialpressuresThearrovs markthetemperaturef the wideststep-lunch
width from gure 6.33 Hencestrongstep-lunchingseemsto requiretwo things: a high
temperatureanda high increasen (nx6) areaduring growth. Most likely, the termination
of step-edgewith gallium dimerscausesnanisotropiadiffusionrateacrosshe step-edges

2Sinceit wasnot possibleto preparea (4x3) reconstructiorat 900K, a (4x3) RAS spectrummeasurect
825K wasshiftedto 0.2eV lower enegies,to simulatethe enegy shift for highertemperatures.
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Figure6.34: Increaseof (nx6) areaduringgrowth usingH, 10kPa, AsH; 100PaandTMGa
onavicinal 2 [1?0] (001) GaAssurfaceas gray scalemap (left side, dotted
linesarephaseéboundariesrom g. 6.26 andfor threeselectegbartialpressure
aslines(right side).

(i.e. negative Schwoebelbarrier).Without this, evenif the diffusionlengthis long enough,
no step-lunchingwould appear

Therefore,the increaseof the step-lunch width at increasingtemperaturesip to the
maximum step-lunch width are certainly limited by the gallium diffusion length on the
surface.For the analysisit was assumedhat the dif[ysion length equalsthe step-lunch
width. Using equation(3.8) the diffusion coefcients = DN, were calculatedandplotted
in gure 6.35 For comparisonthe valuesobtainedfrom measurementsf the transition
temperatureso step- ow growth from the previoussection6.6.1have beenincluded.
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Figure6.35: Diffusion coefcients : DoN, calculatedfrom several measurementsingan
actiationenegy of 2.8eV (Kisker [7] varied TMGa+tBAs, Fukui[71] varied
AsH;+TEGa,Kasu[72] STM nucleusdensitiesvith STM aftergrowth)

The absolutevaluesof the diffusion coefcient in gure 6.35differ strongly between
differentreferencesEvenin our systemthe alterationof the gas-inletchangedt by afactor
of six. The scatteringof datasimply re ects the differenceof theamountAsH; (or TMGa)
going into the reactorversusthe amountof arsenic(or gallium) which nally reacheghe
surface. The alterationof our “shower head”to provide a more homogeneousnixing of
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AsH; and TMGa resultedin more arsenicrich surfaces,andthusa higher effective V/llI
ratio atthe surface.

surlace DoN;inm  Epj¢ ineVv precursor  remarks

(113) (60 40)10 ° (0:38 0:06) TMGa+AsH; oldinlet[73]

(001) 10 ° 1:3 01 GatAs (2x4)in MBE [66]

(001) 1104 1:58 0:15 GatAs (2x4)in MBE [67]

(001) 8 10 7 1.74 GatAsg (2x4)in MBE [69]

(001) 09 03 2:8 TMGa+AsH; RAS oscil. & step-lunching

(001) 0:21 0:.07 2:8 TMGa+AsH; alteredinlet, step-lunching

(001) 08 05! 1.4 TEGa+Ash nucleidensitiedy STM (calc.from g. 3in[72))
(001) 1.0 08 — TEGa+Ash;  only AsHj3 varied,step-tunching[ 71]
(001) 38 022 2.7 TEGa+tBAs GIXD oscil.[7]

(001) — 2:5 TMGa+tBAs diffuseGIXD [7]

(001) — 1:35 0:1 TIBGa+tBAs roughnesgorrelation[74]

1. calculatedrom the datausinganactivation enegy of 2.8eV.
2 : calculatecuisingantBAs ux of 171:6 mol/min.

Table6.2: Diffusion constantsIO DoN, andactwvation enegies for diffusionEpj ¢ . If not
markedotherwisetheseare MOVPE data.

Neverthelessall valuesobtainedwith the“old” reactorsetupagreevery well. Table6.2
shaws all availabledataon diffusion coefcient andactivationenegy of diffusion. All the
MBE datahave muchsmallerdiffusion coefcients andactivationenegies. This is dueto
the more arsenicrich reconstructiorin MOVPE, on which gallium is boundmoretightly
to the surface(higheractivagion enepy), but offer mary possiblepathways for diffusion
(higherdiffusioncoefcient = DoNy).

A recenttheoreticalwork concerningdiffusion on c(4x4) reconstructeq001) surfaces
calculatedan activation enegy of about0.4eV for diffusion [75], which is far lessthan
the experimentalvalue of 2.8eV. Furtherstudiesare neededo check,if thisis causedoy
neglectingthe methylgroupsor the hydrogen.

6.6.3 Other Diffusion Measurements

Thedensityof islands,formedduring 2D islandnucleationgronth, shouldbeinversly pro-
portionalto the squareof thediffusionlength.By measuringhedensityof smallislandsthe
diffusionlengthcanbe calculatedThedif cult partof suchmeasurements thetransferof
thesamplefrom the MOVPE reactorto the STM without changingheislanddensity

Measurementsf the spacingof islandson quenchedgcappedand decappedVOVPE
sampleshave beendoneusingan ScanningTunnelingMicroscopy (STM) [72]. The diffu-
sion length calculatedfrom the nucleusdensityafter grownth at varioustemperaturesvas
proportionalto/ exp %P% | i.e.exaktly half of thevaluein this work.

However, the sampleshadto passthe mary stepsbeforean STM measuremenivas
performed.First, the samplewas rst cooledwith about2K/s to room temperaturethen
cappedby an amorphousarseniclayer, and nally the capwasthermally desorbedn an
ultrahighvaccumchambe( 72]. Therefore smallislandmaynot be obsened, becausehey
wereableto coalescenceduring the procesge.g.the cooling or the annealingstep).Thus
the measuredslanddensitiesmay be too low, dependingon cooling andannealingtimes.
However, usingthe diffusionlengthfrom the paper and an activation enegy of 2.7eV, a
diffusionconstanof (0:8 0:5) mis obtainedyery closeto our values.
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Finally, a diffusion length can be also obtainedfrom the correlationof roughneson
randomlyroughsurfaces[74]. A activationenegy of 1.35eV wasobtained However, the
morphologyof the surfacesweremuchrougherthansurfacesgrownn in our systemat com-
parableconditions(seenext section).This may be dueto the useof the unusualgallium
precursortriisobutylgallium (TIBGa). Furthermorethe questionarises,if the so obtained
diffusionlengthson roughsurfacesaresimilarto theoneon at surfaces.

6.6.4 Summary of Gallium Speciediffusion

Diffusion lengthshave beendetermineckeither by measuringransitiontemperature$rom

2D island nucleationto step- ow growth modeon vicinal substratesor by measuringhe
separatiorof step-lunchesThevaluesof theactivationenepy of diffusion(2.8eV) andthe
diffusionconstant 0.8m) calculatedfrom both measurementshoved very goodagree-
mentwith mary measuremenfiound in literature (seetable 6.2). However, the diffusion
constaniwvasfoundto bevery sensitve to theactualreactorset-up.
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6.7 Carbon Incorporation

Carbonis widely usedfor GaAsp-typedopingfor severalreasonsFirstly the carbonatoms
in the GaAsbulk have a very low diffusion coefcient [76] dueto the very tight gallium-
carbonbond.Also thegeneratedholeshave arelatively high mobility [77]. Then,in contrast
to zincor beryllium (in MOVPE seldomlyused)thereis no carryover of dopantg“memory
effect”), sincethe carboneitherleavesthe reactorasmethaneor solid immobile carbonis
depositedFinally carbonis non-toxicin contrastto beryllium, and carbonprecursorsare
very cheap And althoughcarbonis agrouplV elementandcanin principledo p- or n-type
doping,duringgrowth onthe GaAs(001) surfacecarbonalwaysendsup on anarsenicsite,
I.e.thelayersarealwaysp-type[78].

Using TEGacarbonincorporationduring growth is not anissue becausef its low de-
compositiontemperaturenddueto the decompositiormechanisnvia  elimination(see
sec.5 for details)practically no carbonreacheghe surfaceat growth temperaturesbove
600K.

During growth using TMGa backgroundcarbonincorporationis always presentsince
TMGa decomposesnly to mono-methyl-galliumn the vapor phase.Thus mary methyl
groupsreachthe surface. Thesemethyl groupsreactwith the hydrogenfrom AsHs [15] to
form methanewhich is very stableand simply desorbsTherefore the carbonincorpora-
tion canbevery high, if thereis not enoughatomichydrogento desorbthe methylgroups.
This is either doneintentionally by the useof low V/III ratios or unintentionallyduring
growth atlow temperaturesyhenonly a smallfractionof AsHs is decomposedrl herefore,
using TMGa asgallium precursorhole concentrationgrom belov 10'*cm * up to above
5 10cm ! canbeobtainedust by changingemperaturandV/IIl ratio.
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Figure6.36: Hole concentratiorversusV/IIl ratio for growth at 823K comparedo results
in literature (Ashizawa [79] 823K, Tanaka[8(] 765K, Dimroth [81] 803K)
(left) andour datafor differenttemperaturegight).

Figure6.36shaws the measuredhole concentratiorasa functionof the V/III ratio. De-
spite the different MOVPE reactorsand different growth temperaturesll the dataagree
very well. The hole concentrationslependsnainly onthe /Il ratio duringgrowth. Three
differentregimescanbedistinguished:

1. At V/Ill ratiosbelow onetheholeconcentratiorsaturatesloseto5 10%%cm 1.

2. In the intermediaterangethe hole concentratiorshows a power law dependencen
theV/III ratio:
p(1).

p(r) = Tk (6.1)
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T p@@)incm?® kK V/III ratios
893K 15 10° 2.1 2.4...130[87
873K 1.4 10° 2.7 15...20
850K 2.5 10 2.5 1...10
823K 2.8 10%° 2.3 1...10
773K 1.4 10 2.2 1&5

Table6.3: Parametergor calculationof hole concentratiomlependencéom V/III ratio, de-
terminedby ts to theexperimentablata.Theerrorofk is about 0:3.

wherer istheV/Ill ratio,p(r) theholeconcentratiomndk anempiricallydetermined
exponent.Table 6.3 givesthe parameter$or equation(6.1) derived from datain g-
ure6.36

Both parametergp(1) andthe exponentk, seemto be constantp(V/IlI=1) is always
closeto 3:::5 10 cm 2 andtheexponentk is alwaysnear2.5,althoughthereis no
obviousexplanationfor this behaior.

3. At high V/lll ratiosthe hole concentratiorsaturatesandthe saturationevel is tem-
peraturedependent.

It is remarkablethat the changein the carbonincorporationbehaior is alsore ected
by thetopographyof the layers.Figure6.37 shovs AFM andoptical microscopemagesof
layersgrown at differentV/Ill ratios.At low V/III ratiosof aboutone someholescanbe
obsenedon the surfaces put overall the surfacesarerelatively smooth( g. 6.39. At V/III
ratiosabove 1.5, smallhillocks appeaandthe surfacesbecomeougher(clearlyvisible for
V/I=1.94 and3.6in g. 6.39. Finally, at high V/lll ratiosthe surfacesaresmoothagain,
apartfrom somequite large hillocks.

Figure6.37: AFM andopticalmicroscopemagesof 5 mthick layersaftergrowth at 823K
anda TMGa partial pressureof 5 Pa.

Thesizeof hillocksincreasesvith increasingV//lll ratio( g. 6.39. Thesehillocks might
be dueto the relatively high TMGa partial pressurg5 Pa) and thusthe large growth rate
(about4.8 m/h)usedto obtainlow V/III ratios.

All theseprocessegan be relatedto the changeof the reconstructioron the surface.
Figure 6.38 shaws the evolution of the RAS spectraduring growth with decreasing//Ill
ratio. Using high V/IlI ratiosthe RAS spectrumis similar to that of a (1x2)-CH; recon-
struction:thegrowth is in thephasdll regime (phasesrediscussedh sec.6.5), typical for
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kinetic limited growth. Indeed the growth ratein gure 6.38(upperright) dependsnly on
temperaturdor V/III ratio 2, asexpectedor kinetic limited growth.

The methyl groupsare only weakly bondto the phaselll surface:whenthe growth is
stoppedthesurfacereturnsto its initial statewithin secondsThereforethedopinglevel de-
pendson how fastthecarbonis incorporatedi.e. holeconcentratiorshoulddependstrongly
onthegrowth rate.
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Figure6.38: RAS spectrameasurediuring growth at different /Il ratios at 823K (left)
andgrowth rateasa functionof the V/III ratio at 823K [79] andasa function
of temperaturata V/Ill ratio=2.4(right side).

The saturationof the carbonincorporationat low V/III ratiosis correlatedwith a drop
of thegrowth rateat /Il ratiosbelowv 1.5(g. 6.38), i.e.thegronth become#sHj; limited
in contrastto the usualcaseof TMGa limited growth. The RAS spectrameasurediuring
growth at low V/III ratioscorrespondso that of a (1x4)-CH, reconstructionThis recon-
structionis characteristidor growth in phasdV in the phasaliagramin gure 6.26

As statedin [47] andsection6.4.2the (1x4)-CH, reconstructions very stableandin-
ert againstfurther TMGa adsorption.Therefore the growth ratedependsho longeron the
TMGa partial pressurebut on the CH, desorptionrate. The methylenedesorptionrate it-
selfis in uenced by temperatureandby the amountof hydrogenor AsH, thatreachegshe
surface.

In this growth regime, the carbonincorporationbecomesndependentrom the V/llI
ratio, becausehe entire surfaceis (1x4)-CH, reconstructedndthusthe carboncoverage
is X edat a certainvalue.A further decreasef the V/III ratio decreasesnly the growth
rate,aslesshydrogens deliveredto the surfacebecausdéessAsH; reacheshesurface.Less
hydrogenmeanghatlessCH, reactsto CHz and nally to methaneanddesorbsThusless
surfacesitesareavailablewhereAsHs; (andTMGa) canattach.

As mentionedearliet the surfacesafter growth at very low V/III ratiosaresurprisingly
smooth(see g. 6.37and6.39. Thisis probablydueto a reversedstep- ow gronvth mode.
Now the desorptiorof the methylends thelimiting factor becausehe attachmenof AsH;
is alsostericallyhinderedby the methylendayerasit is for the TMGa. Becausealesorption
of methylenas likely higherat the step-edgeslueto a lesstight bonding(asobsenedfor
arsenidn section$.2and6.3.2. Thus,AsH; canonly attachat the step-edgeggesultingin
AsHj; limited step- ow growth.

In theintermediatgangeat V/1ll ratiosof 2 to 4 the surfacebecomesgjuiterough.A lot
of 2D islandsarepresenbn thesesurfaceglikein g. 6.31), but alsolarger3D islandsand
someholes( g. 6.37). Thisis probablyconnectedo atransitionof thereconstructiorof the
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Figure6.39: RMS roughnessindhillock sizeof the V/III ratio for 5 m thick layersgrown
at823K.

growing surface.While atlow V/IlI ratiosthe entiresurfaceis (1x4)-CH, covered,atiner
mediateratiosdomainsof (1x4)-CH, and (1x2)-CH; coexist. The (1x2)-CH; domainsact
asnucleatiorsites,sinceprecursoladsorptions suppressednthe (1x4)-CH, domainsif a
smallareaof (1x2)-CH; is formed,the TMGa and AsHs will attachthere. Thusthe (1x2)-
CH; domainsare growing fasterthanthe (1x4)-CH, covereddomains.Sincethe growth
is 2D island nucleationmode, the layersare growing out of sync,i.e. at someplacesthe
growth ontop of alayeris beginning, while at mary otherplacesthe previouslayeris not
even nished.

At V/III ratiosabove 5 thereis enoughhydrogenpresento changethe whole surface
into (1x2)-CH;s. All methylgroupsof the TMGa canreactwith hydrogenanddesorbSince
thewhole surfaceis coveredby asinglereconstructionthe surfaceis smoothagain.

VI < 1 1< VI/IIl < 5 5 < VI/III

.(1><4)'CHZ Dno adsorbates (preferred attachm ent)

.(1x2)rCH3

Figure6.40: The surfacesduring growth with the threedifferentV/IIl ratios. At low V/III
ratiosonly the step-edgearenot coveredby adsorbatesyhile atintermediate
V/III ratiosmary additionalsitesfor attachmenareformed.

Summarizingthreedifferentregimesof carbonincorporationcanbeobsened: asatura-
tionatp= 3 10'°cm 3 atlow V/III ratios,adecreaséollowing apowerlaw atintermediate
V/III ratiosand nally, atV/Ill ratio above 10, againa constantarbonincorporation.This
canbe explainedby the presencef differentreconstructionsluring growth, asshowvn sys-
tematicallyin gure 6.4Q At low V/III ratiosthe entiresurfaceis (1x4)-CH, covered,and
carbonincorporationaswell asgrowth rateis methylenedesorptionimited. At high V/IlI
ratiosthewholesurfaceis coveredby (1x2)-CH;. Sincethemethylgroupsaremoreweakly
boundthanthemethylenegroupsthecarbonincorporatioronthe(1x2)-CHs; coveredsurface
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is lower. In the intemiaterangeboth reconstructionsre presentthe carbonincorporation
changesvith thedifferentsizesof thedomains.
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The(115)suriaceshovs notendenyg towardsfaceting neitherduringMBE norMOVPE
growth. No facetswerefound by AFM or LEED. The AFM imageof this surfacein g-
ure 7.1 shavs mary smallislandswith monoatomicsteps.Hencethis surfacegrows in 2D
islandnucleationgrowth modeat the buffer temperaturef 925K. The spacingof the struc-
turesandthusthe diffusion lengthindicatedby the AFM imageis in the rangeof 20nm,
muchshorterthanon otherGaAssurfaceslnvestigation$y ScanningelectronMicroscory
(SEM) micrographsof 180nm thick MBE grown buffer layersshavedsomeroughnessnd
no RHEED intensityoscillationswerereported 83].

Figure7.1: Typical AFM image after 500nm buffer growthin MOVPE at 925K.

In literatureonly afew studieshave beendoneconcerninghe(115)surface.Thegrowth
rateon the (115) surfacein atmospherigpressurdOVPE at 993K wasa little higherthan
that of the (001) surface,resultingin an expansionof the (001) surfaceduring gronth on
patternedsubstrate$84]. The surlacesymmetrymeasuredby LEED duringandafter MBE
growth wasa primitive (1x1) symmetry[83].

7.1 Well-ordered Surfaces

7.1.1 p(1x1)Reconstruction

The RAS spectrameasuredt arsenicrich conditionsareshavn in gure 7.2togetherwith
aLEED image.

The amplitudeof the RAS spectrummeasuredn MBE in g. 7.2is smaller probably
dueto aninsufcient supplyof arsenido preparehissurface.TheLEED imagecorresponds
to aprimitive p(1x1) symmetrytherhomboedrigrimitive unit meshcanbe clearly seen.

A p(1x1) reconstructiorcannotcontainarsenicdimerssimply for geometricareasons.
Thereforea terminationof the surfaceby arsenicad-atomsds proposedor this surface.A
similar structureis discussedn section8.1.2for thearseniaich (113)surface.
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Figure7.2: RAS spectrumn MOVPE andMBE andLEED imageafterMOVPE growth and
transferof the arseniaich p(1x1)reconstruction.

7.1.2 p(2x2) Reconstruction

Underlessarsenicrich conditionsandtemperatureabose 800K a primitive p(2x2) recon-

structionwasfoundto bethetypical reconstructionn MOVPE andMBE. A LEED image
of thisreconstructiorwaspublishedn [85].
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Figure7.3: RASspectrunof the p(2x2)reconstruction.

The RAS spectrumin gure 7.3is quite similar to thatof 2(2x4) reconstructioron a
(001)surface.Thereforethe p(2x2)is probablyalsomadeof arseniadimersontop of abulk

layer. The p(2x2) symmetrywould allow for sucha modelof this reconstructiongonsisting
of rows of arseniadimers.

7.2 Arsenic Desoption

The arsenicdesorptionbehaior is a secondorder processsincethe RAS signal during
desorptioris inverselyproportionato thetime:RAS / t 1 (g. 7.4). Theactivationenegy
for arseniadesorptionrwasfoundto be(2.09 0.07)eV.

Sinceno studiesof arseniadesorptiorfrom high-index surfacehave beenmadein UHV
usinga mass-spectrometep informationaboutthe desorbingspeciess available.
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Figure7.4: RAS transientduringarseniadesorptior{left) andArrheniusplot of the desorp-
tion rates(right).
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After areportof Notzeletal. in 19910onthe self-oganizedformationof AIAs quantum
wires during MBE growth [86] on the (113) surface, this surface hasbeenthe target of
several investigationg 87, 88, 89, 90, 91]. At the beginning the RHEED patternsof the
GaAs(113)surfaceduringMBE growth wereinterpretedasa 3.2nmwide corrugatiorn 86].
However, STM studiesshavedthatinsteadof a corrugationa reconstructiorwith an(8x1)
symmetrywasformed[87]. The proposedstructuralmodel[87] wascon rmed by further
studieswith photoemissiorspectroscop (PES)[89]. This (8x1) reconstructiorwasfound
to be stableover a wide rangeof growth conditionsin MBE, andtotal enegy DFT-LDA
shawved that the (8x1) reconstructiorof the GaAs (113) surfaceis an enegetically very
favorablestructure( g. 8.1[91]).

Figure8.1: Calculatedotalenepy of seseralreconstructionsf theGaAs(113)surface[91].

The existenceof anotherreconstructionandthereforethe possibility of reliably chang-
ing theamountof arsenicandgalliumonthesurface,is requiredfor theobsenationof ALE
growth asin [57]. Also STM imagesof decappedIBE grown surfaceqd 88] shavedtwofold,
threefold,and vefold symmetriesn the [110] direction,which cannotbe explainedby an
(8x1) reconstruction.

An MOVPE studyof the homo-epitaxiagrownth of GaAs(113)reporteda periodiccor-
rugation,dependingon temperatur@andlayerthicknesg92]. A similarroughnessvasalso
obsenedin the STM imagesof MBE grown sampleq 87, 88|, althoughthe small sizesof
the scanareaddid notallow for a quantitatve comparisonThe corrugationalwaysconsists
of 1.5to 2nm highvalleys, which runvery straightin the [33éﬂ direction.

8.1 Well-ordered Surfaces

8.1.1 (8x1)Reconstruction

Figure8.2shavstheRAS spectrumandtheball andstick modelof the (8x1) reconstruction.
The structureof this reconstructiorhasbeencon rmed by mary differentmeasurements,
likeSTM[87], LEED andPES[89], andalsoby DFT-LDA calculation91]. Thisamazingly
complec structureful lls  theelectroncountingrule, andis the mostcomplex reconstruction
in theentireGaAssystem.
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Figure8.2: RAS spectraof the (8x1) reconstructionmeasuredsh MBE andMOVPE atroom
temperaturandstructuralmodelfrom DFT-LDA calculationd 3].

The (8x1) reconstructiorconsistsof arsenicdimerson top of gallium atoms,threefold
coordinatedarsenicatomswith lled danglingbondsand threefold coordinatedgallium
atomswith empty danglingbonds.The atomsthemseles are arrangedn threedifferent
monolayersthusthereis a slight corrugationof two monolayersalong [1f0]. The atoms
within one unit meshcan be rearrangedn suchan orderthat the reconstructiorcontains
only two stepsup or down andstill ful lls the electroncountingrule. As aresultthe sur
faceis some/vhatinstableandspontaneouslﬁormsacorrugatioralong[lfO],WhichWiII be
discussedurtherin section8.4.

8.1.2 p(1x1)Reconstruction

Accordingto DFT-LDA calculationgthe (8x1) reconstructions the only stablesurfaceon
the (113) surface[9]] (see g. 8.1). However, it is possibleto perform ALE growth (i.e.
growth by alternatingswitchingbetweenTMGa andAsHj3) [57]. Hencetherehave to be at
leastonelessarsenicrich and onearsenicrich reconstructionsThe growth rate per cycle
saturatecht about0.4ML. Thusthisis thedifferencein arseniccoverageof thetwo recon-
structions.

Indeed,attemperaturebelov 770K in MOVPE anothertypical RAS spectravasmea-
sured,like theoneshovn in gure 8.3 Clearly this RAS spectrumis very differentcom-
paredto the oneof the (8x1) reconstructior{ g. 8.2). This new reconstructiorcorresponds
to arsenicrich conditions,becauseafter heatingin UHV or MOVPE without arsenicstabi-
lizationthe surfacereconstructionransformsnto (8x1).

A similar RAS spectrumwasfoundafterMBE buffer growth andcoolingdown to room
temperaturavith the As, shutteropen(dottedlinesin g. 8.3). Howeverthetransitionwas
notcomplete asthetotal RAS amplitudesveresmallerandthe LEED imageshovedsome
tracesof (8x1) symmetry Probablythe ux of the As, cell wastoo low to achieve a full
surfacetransition.

The LEED imageof a surfacepreparecby MOVPE growth at 925K and subsequent
coolingdown with AsH; o wing till about550K is shavn in gure 8.3 middle: Only re-
ection spotscorrespondingo p(1x1)bulk symmetryarevisible,i.e.themostprimitive unit
mesh.

STM imagesmeasurean surfacespreparedy decappingwhich mightyield morear
senicrich surfacesshovedatwofold, threefold,and vefoldsymmetryin the[110] direction
[88].
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Sincenobodyhassucceededhn the preparationof a well-orderedarsenicrich surface
otherthanthe (8x1) reconstructionn UHV, one canonly speculateaboutthe structureof
thep(1x1)arseniaich reconstructionEvenmore,thereis nowayin whichareconstruction
with p(1x1)symmetrycouldful Il theelectroncountingrule. Thus,awell-orderedarsenic
rich reconstructions enegeticallyvery unfavorable.

The structureproposedn gure 8.3 alsodoesnot ful Il this rule, but it minimizesthe
numberof danglingbonds.It consistof arsenicad-atomsontop of a bulk layer It features
a differenceof arseniccoverageof about0.4ML to the (8x1) reconstructiorassuggested
by ALE [57]. This structurewasincludedinto the DFT-LDA calculationsas  (1x1) in
gure 8.2 but it wasnot a lowestenegy structureand thereforeunstable.Slightly more
stablewasthe (1x1) structure,with the gallium atomsin the rst layer substitutecby
arsenicad-atomsHowever, suchstructurewould betoo arseniaich for the ALE result.

8.2 Arsenic Desomption

Below 775K the (113) surfacein MOVPE is mainly p(1x1) reconstructedif the AsHs is
switchedoff below this temperaturearsenicdesorbsandthe surfacechangesnto an (8x1)
reconstructionFigure 8.4 shavs a typical RAS transientduring a desorptionexperiment.
Thedevelopmenbf theRAS signalis clearlyinverselyproportionatto time, i.e. thedesorp-
tion processs of secondorder A secondorderarsenicdesorptionprocessvasalsofound
on the (115) surface(sec.7.2). Possiblythe secondordertime dependences causedoy a
transitionbetweenthe samekind of reconstructiongrom an ad-atomstructureto arsenic
dimerterminatedsurface.

The temperaturelependencef the effective reactionratesk in gure 8.4 corresponds
to anactivationenegy for arseniadesorptiorof (1.50 0.02)eV. Thisenegy is muchlower
thanthe2.09eV onthe(115)andthe 2.5eV on the (001) surface.Hencethe arsenids less
tightly bound,possibledueto someinternal stressbecauseahe dimersaretilted 25 with
respecto thesurface.
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Figure8.4: RAS Transieniat 2.4eV photonenegy and725K togethemwith t (dottedline)
during arsenicdesorptionand Arrhenius plot for arsenicdesorptionfrom the
p(1x1)GaAs(113)surface.

8.3 SurfacesDuring Growth

During growth threedifferenttypical RAS spectrahave beenfound( g. 8.5). As described
in section6.5they werecomparedo eachotherandthenassignedo a certainphase.

The spectracharacteristidor phasel and Il arevery similar to the onesof the static
(8x1) reconstructiorat the respectre temperaturesl' he maindifferenceis alower general
level in the UV rangeof the phasel RAS spectraprobablydueto aroughnes®r a larger
corrugation(seenext section).
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Figure8.5: Phasaliagramfor thegrowth on (113) GaAssuriacesuisingTMGaandhydrogen
carrier gas. Gray lines indicate the phaseboundarieson (001) surfacestaken
from gure 6.26 Right handside shavs the three characteristiRAS spectra
obsenedduringgrowth.

TheRAS spectraypicalfor phasdll resembléheoneof thearseniaich reconstruction,
whichis comparabléo thebehaior of the(001)surface:Onthe (001)surfacetheadsorbate
coveredphaselll RAS spectrawere similar to the onesof the static arsenicrich recon-
struction(sec.6.5). Thereforephasdll onthe (113)surfaceis likely anadsorbateovered
reconstructionpossiblyconsistingof gallium ad-atomswith attachednethylgroupson top
of abulk-like layer, like thearseniaich p(1x1)reconstruction.

The phaseboundarybetweenphasel and phasell hasa differentslopeon the (113)
comparedo the(001)surface However, thisboundaryis notabruptandnotonly depend®n
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the precursoibut alsoon the surfacegallium andarseniadiffusionandsticking coefcients,
which mayvary between001)and(113)surfaces.

Thephaseboundarybetweerphasdl andphasdll is shiftedslightly to lowertempera-
ture comparedo therespectre phaseboundaryon the (001) surface.This might be dueto
ahigherstickingcoefcient of TMGa or AsHgs, or themethylgroupsareboundlesstightly.

Summarizingthe phaseboundariesvhich separatehe differentgrowth regimesshow
only a small variation between(001) and (113), emphasizingthe fact that they depend
strongly on the chemicalkinetics of the precursorsTherefore,phaselll on (113) ason
(001)surfacecorrespondsik ely to anadsorbateoveredsurface.

8.4 SurfaceDiffusion

A valley structuredevelopsonthe (113)surfaceduringannealingandincreasesurtherdur-
ing buffer growth [92, 93]. Figure8.6shavsatypical AFM imageandthesizeincreasalur-
ing buffer growth. Thevalleysrun along[33£ﬂ directionfor somel00nm until astep.Such
valleys appearspontaneouslguring growth only if the surfaceis (8x1) reconstructedOn
thep(1x1)reconstructioronly anincreasindarge-scaleoughnesslevelopsduringgrowth.
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Figure8.6: Typical valley structureof the GaAs(113) surfaceafter buffer growth at 925K
(left) andthe developmentof the valley spacingduring buffer growth (Notzel

[92]) (right).

Theorigin of this structureis notyet clear Factis thatstepsalong[lfO] onan(8x1)re-
constructeq113) surfacehave avery low enepy, sincethesestepscanbeincorporatednto
thereconstructiorwithout violating the electroncountingrule. However, a somavhatsimi-
lar structurewasobsenedon Pt(110)surfaceq94]. In thatcasethe structurewasexplained
by intrinsic surfacestressandits sizelimitation by kinetic effects.

Whetherthis explanationholdstrue or not, the spacingoetweerthevalley is very likely
limited by surfacediffusion, otherwisethe temperaturalependencef the valley spacing
shovn in gure 8.7 canbe hardly explained,and the spacingwould not increaseduring
buffer growth asmeasuredq g. 8.6).

Fromthe ascentof the valley spacingwith increasingtemperaturdlinesin gure 8.7)
theactivationenepiesfor diffusionalong[lfO] in table8.1werecalculatedThemeanvalue
is about0.4eV, which is muchlessthanthe value of 2.8eV for diffusion on (001) surface
(sec.6.6.1and6.6.2.

Using e%uation(3.7) and an activation enegy of 0.38eV the valuesfor the diffusion
coefcients = DgN, canbe calculated.Theright sideof gure 8.7 shows theresults.The
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Figure8.7: Temperatur@ndpartialdependencef the valley separatiorfor differentpartial
pressuresafteronehourbuffer growth (left) andcalculatediiffusioncoefcients
from thesedata(right).

surface PyygainPa Epjs iIneV

(113) 0.5 0:38 0:06
(113) 1.0 0:48 0:28
(113) 10.0 04 06
(001) var. 2.7

Table8.1: Activationenegiesfor diffusionEpjs 1 along[l fO] direction.

pointsshav notilt for higheror lowertemperatureghusthe activationenegy for diffusion
is correctlychosenHowever, thevaluesfor differentpartial pressureshavs a systematical
deviation, the smallerthe partial pressurethe lower the diffusioncoefcient.
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Figure8.8: Eartial pressuredependencef the mean vfﬂue of the diffusion coefcients
DoN, (left) andthe diffusion coefcients = DoN, usingthe tted pressure
dependeng(right) calculatedwvith P %° (hollow) andP  %°732% (|led).

The meanvaluesfor the diffusion coefcients = DgN, for differentpartial pressures
from gure 8.7 areplottedin theleft sideof gure 8.8 The partial pressuralependences
1

1 : 3 -
veryobvious:insteadof P1yj g, /  DoN, it ismorelike PT,\CA’%?ZS “ [ " DoN;. Either
the valley spacingis not entirely diffusion limited, or the nucleationprobability behaes

strangely Thediffusioncoefcients arechangingaccordingly(right sideof g. 8.8), butthe
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meanvalue change®nly from about60nm to 42nm. However, for comparisorthe same
1

pressuralependeng (P13 g, / P DoN,) asonthe(001) Eurfacewasused.

Comparingdiffusion coefcients of the (113)surface” DoN, ;33 = (60  40)10 °m,
andthe oneof the (001)surface’” DoNy ooy = (0:9  0:3) m, thecoefcient for the (113)
surfaceis serenmagnitudesmaller Sincetheactivationenegy is alsomuchsmaller(0.4eV
for the(113)insteadof 2.7eV for (001),tah 8.1), thediffusionlengthsarein thesamescale
on bothsurfaceg50to 100nm).
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The (110) surfaceis called a non-polarsurface,becausesimply due to mathematical
reasonghe (110) andthe(Mz(l]é&z(llO)surfacesareidentical.lt hasanequalnumber
of arsenicandgallium atomsin its outerlayer.

Thef 110g planesarethe only cleavageplanesof GaAs,anda clean(110) surfacecan
bepreparedrery easilyby clearing. Dueto this simplepreparatiorthe (110)surfaceis often
usedto try out new measuremennethodse.g.the rst RAS measurementaeremadeon
this surface[95].

The(110)surfacepreparedy cleaving doesnotreconstrucbut relax:thearsenicatoms
at the surfacerelax outwardsafter taking % electronfrom the gallium atoms.Theresulting
surfaceunit meshis very small,consistingof only two atomswhich makesit relatively easy
to calculatesurfacepropertiesof this surface.

100 ,
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> B : 1
o 60 | :
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Figure9.1: DFT-LDA-Total enegy calculationfor the GaAs(110)surface] 39

Therefore the exactpositionsof theatoms bondlengths,interactionwith light, surface
phononsaswell asthe changedueto adsorbatethroughouthe periodictableof elements,
andmary moreaspectsare known to a greatdetail. Epitaxy on this surfacehowever, was
not of greatinterest sinceearly studiesdiscouragedhe useof the (110) surfacedueto very
small growth rates[96, 5]. Thesesmall growth ratesresultin very high, but anisotropic
lateral growth rates.Thesehighly anisotropiclateralgrowth rates[97] practically prevent
selectve areagrowth, which is neededor mary devices.Finally, the surfacesfor epitaxy
arenot prepareduy cleavagebut by wet chemicaletchingprior to epitaxy whichis harder
to doonthe(110)surface.

Theintereston epitaxyonthe (110)camebackin the mid-90s.Two topics,the“cleaved
edgeovergrowth” of a(001) quantumwell to producenearlyideal quantumwires,andalso
thefundamentainterestin thegrowth on high-index (11n)surfaceswerethedriving forces.
It was found that the (110) surface hassereral peculiarities:step-tunching(seesec. 3.3
[98, 99, 100, a two-monolayerstepregime, a single monolayerstepregime and nally
simplestep- ow growth [101]. All this with (1x1) symmetryi.e. a very simpleandsmall
surfaceunit mesh.

86
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9.1 Well-ordered Surfaces

Although the (110) surfaceshaws only (1x1) symmetry two differentRAS spectrahave
beenfound. TheseRAS spectraare relatedto two differentreconstructionsyhich have
beenpredictedby total enegy DFT calculationd39] (g. 9.1).

9.1.1 (1x1)Bulk Truncated Structure

This reconstructioris preparedeasily by clearzing in UHV. The arsenicatomrelaxes out-
ward, the gallium atominward dueto a chage transferto the arsenicatom. This wasalso
the rst surfacewhich wasmeasuredy RAS [95]. Also the RAS spectrumhasbeen rst

calculateconthis surface[102 103.
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Figure9.2: RAS spectraat roomtemperaturen MOVPE andUHV [104 andball andstick
modelof the GaAs(110)bulk truncatedsurface.

In MOVPE this surfaceis found at highertemperaturegypically abose 900K.

9.1.2 (1x1)Arsenic Terminated Structure

Total enegy calculationgproposecdh secondstructurewith (1x1) symmetryfor arsenicrich

conditions[39, 105. This surfaceis entirely coveredwith anarsenicmonolayer A some-
whatsimilar chemicalstructureis the antimory (Sb) monolayeron the GaAs(110) surface
[104], sinceSb s alsoa groupV element.Suchan arrangemenis also called Epitaxial
ContinuedMonolayerStructureg(ECLS).

Togetherwith arsenicrich conditionsin MOVPE anothertype of RAS spectrumwas
obsened,shovnin gure 9.3 Thisspectrums supposedo bethearseniderminatedstruc-
ture, but unfortunatelytherehave beenno otherstudiesusingRAS to verify this. However,
the RAS spectruncanbe comparedo the oneof anantimory terminatedreconstructionn

gure 9.3 The RAS spectraaresomavhatsimilar, if onetakesthe smallerbandgapof Sb
alloys, andthusashift to lower enegiesof surfacerelatedfeatureof the Sb-RASspectrum,
into account Essentiallythe RAS structuresat about2 eV andat 4.3eV arechangingsign
accordingly( g. 9.3) comparedo thebulk truncatedsurface(g. 9.2

VeryrecentlyDFT calculationof thearseniaich reconstructiorhasbeenperformedo
obtaintheRAS spectrun{106. Theagreemenis good,if thecalculatedspectrurnis shifted
alittle bit to higherenegies(g. 9.3).

A very earlywork usingLEED I/V curvessuggestedthat an arsenicrich surfacepre-
paredoy MBE is coveredby anarsenicadlayerandtherelaxationvanishg 107]. Evenmore,
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Figure9.3: RAS spectra(seetext) andball andstick modelof the GaAs(110) arsenicter-
minatedstructure.

it wasnot possibleto adsorbmorethanone monolayerof arsenicwhich strongly support
the ECLS model. Furtherevidenceof the existenceof an arsenicadlayerstructurecomes
from PES(PhotoElectrorSpectroscop) measurementsn decappedvBE growvn samples.
An (1x1) symmetryandno shiftsof thegallium core-level togethemwith two shiftedarsenic
core-larelswasreported 108, which agreesvell with the structurein gure 9.3,

9.2 Arsenic Desomption
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Figure9.4:RAStransientath =3.5eVandan Arrheniusplot for arsenicdesorption.

The arsenicdesorptionfrom the arsenicterminatedto the bulk truncatedsurfaceis a
secondorderreaction.The activationenegy determinedrom the Arrheniusplot is (2:4
0:3)eV.

9.3 Growth

Many interestingphenomenave beenreportedfor the GaAs(110) surface,which canbe
at leastpartly understoodoy the existenceof two differentreconstructionskFor example
doping with silicon yields n-type layer for growth temperaturedelon 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
betweem- andp-typedopingmarkssimply thetransitionbetweerthetwo reconstructions.

The existenceof anarsenianonolayeron the surfaceat arseniaich conditionscanalso
explainthelarge step-lunchingobsenedbelow at certaintemperatur@n vicinal (110)sub-
strateq498, 99, 100, becausegalliumis only easilyincorporatednthebulk terminatedsur
face Hencdargeareaf thearsenianonolayeterminatedsurfaceatarseniaich conditions
leadto a large gallium diffusionlengthandconsequentlyo very high lateralgrowth rates.
Sincethe separatiorof stepsis limited by the gallium diffusion length, the step-lunching
shoulddisappeasat highertemperaturesr lessarsenicrich conditions.But the disappear
anceof step-lunchingmaybealsodueto achangeof theterminationof the stepsandhence
achangan theenegy barriernecessaryor step-tunching.

However, the obsered doublelayer growth mode[10]] cannotbe explainedstraight
forward by the existenceof the arseniderminatedeconstruction.



10 (m) Surface

In the mid-ninetiesthe (ffé} surfacegot a lot of attentiondueto the growth of self-
organized‘quantumdiscs”by growing InAlGaAsin MOVPE on GaAs( [110 117].

The topographyof the plain (ffé& GaAssurface,however, is very muchdependenbn
growth conditions,e.g.during MBE growth it tendsto form facets[85, 90, 91]. However
after MOVPE growth the surfacesare atomically at with monoatomicsteps,which was
measurecdby AFM (g 10.1and[117). The LEED patternsof MOVPE grown samples
shavedno facetspots,con rming the AFM results.

Figurel10.1: Typical AFM imageafter 500nm buffer growth in MOVPE, shaving smooth
terracesandmonoatomicsteps.

After prolongedannealingwithout arsenicin MOVPE or UHV above 800K the (ffé&
surfacedevelopsfacets.Therefore at gallium rich conditionsthereis very likely no stable
surface.The facetscould be very easily detectedwith LEED. The RAS amplitudeof the
facetedsurfacebecomesery small, sothe facetsmustbe moreor lessisotropic (probably
f 111g planes).

[332]

L[TlO]

Figurel0.2: Calculatedtotal enegy of several reconstruction®f the GaAs (. 181@9 surface
[9]] (left) anda modelof thestable(1 1) reconstructiorfright).

Total enegy DFT-LDA-calculationsfound a stablesurface( g. 10.2 for arsenicrich
conditions.At more gallium rich conditionsfacetingwas predicted,asit was also found

90
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experimentally[90]. The proposedstructureof the stablep(1x1)reconstructions shavnin
gure 10.2 Thisreconstructioms somavhatsimilarto thearseniaich structureonthe (113)
surface(sec.8.1.2.

Figure10.3: Proposednodelfor the p(2x1) reconstructioron GaAs(. 181% from STM and
RHEED measuremeni{d 12.

An AFM, RHEED and STM study of (ffé& surfacesof in-situ cappedViOVPE grown
layersreportedvery smoothlayersin AFM, comparabldo the AFM imagein gure 10.1
STM in UHV onthedecappedamplegevealedmary holesandsomedisorderon the ter-
races.TheRHEED patternmeasure@n thesurfaceshadap(2xl)symmetry( g. 10.3. The
proposednodelof an arseniodimeralong[flO] in aunit meshdoesnotful Il theelectron
countingrule. Unfortunatelya p(2x1) structurewasnot includedin the DFT-LDA calcula-
tionsshovnin gure 10.2

The obsenration of large growth ratesduring ALE (up to 2.5ML/cycle), which did not
saturate|57] indicatesafacetingduringALE growth. Thusnoinformationaboutthearsenic
coveragecanbeextractedfrom thesedata.

10.1 Well-ordered Surfaces

10.1.1 p(1x2) Reconstruction

At very arsenicrich conditionsa p(1x2) reconstructiorwasfound. The RAS spectrumand
the LEED imageare shovn in gure 10.4 Clearly the unit meshindicatedin the LEED

imagescorrespondso ap(1x2)symmetry This unit meshis very smallbut long, astheright

sideof gure 10.4indicates.This makesit very hardto comeupwith areasonablstructural
modelfor this surface.A possiblestructureis the presencef an arsenicdimer on top of

an arseniclayer (asthe c(4x4) reconstructioron the (001) surface)or a missingad-atom
structureon anarseniderminatedayer(asonthef 111g surfaces).

Thepresencef thisreconstructionurnedoutto beagoodtestof our MOVPE systems,
sinceit reproduciblyappear®nly in the MOVPE systemwhich wasoptimizedfor yielding
very arseniaich conditions.However, attemperatureabore 750K this reconstructiorwas
not stableany more.

10.1.2 p(2x1) Reconstruction

The RAS spectrumnormally found in MOVPE is shovn in gure 10.5 togetherwith a
LEED-image.A p(2x1) symmetryis compatibleto the measured. EED images.Thereare
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Figure10.4: RAS spectrumatroomtemperatur@ndLEED imageof thearseniaich p(1x2)
reconstructiorafter MOVPE growth andin-situ UHV transferandthe p(1x2)
unit meshonthe ( 1818659 surface.
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bandsat semi-orderpositionsbetweenthe primitive (1x1) spots,but the primitive (1x1)
spotsarerelatively strong,indicatingdisorderon the surface.Therefore this reconstruction
isidenticalto the proposed(2x1)structurgproposedn [112 (seeg. 10.3, whichreported
ap(2x1)symmetrytogethemith alot of disorder

o N BN

1
N
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energy (eV)

Figure10.5: RAS spectrumat room temperatureand LEED imageof the lessarsenicrich
p(2x1)reconstructiorafter MOVPE growth andin-situ UHV transfer

Recentlyan(8x1) structure-liketheoneonthe(113)surfacediscussedh section8.1.],
but madeout of gallium dimers— hasbeenproposedandis now undercloserinvestigation
[113. However, thep(2x1)surfaceis usuallyobtainedatan AsHs partialpressuref 100Pa
andmore;thepresencef gallium dimersat suchconditionsseemsrery unlikely.

10.2 Arsenic Desoiption

Figurel10.6shovsatypical RAS transienfor anarsenialesorptiorexperiment After aslow
start(dueto the poorlayoutof the gas-switchingnanifold of the MOVPE systemused)the
arseniaesorptions exponentialWwith time. Thedesorptions a rst orderreactionike mary
desorptiorprocessesnthe (001)surface.
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Figure10.6: RAS transientat 3.75eV togethemwith t (dottedline) during arsenicdesorp-
tion andArrheniusplot for arseniadesorptiorfrom ( surface.

Theactvationenegy for arsenicdesorptions 1.55eV, which s very closeto thevalue
of 1.5eV onthe(113)surface(sec.8.2), althoughthe ordersof reactiondiffer (2ndorderon
(113), 1ston (Af4y).

10.3 SurfacesDuring Growth
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Figurel0.7:RAS spectraobseredduringgrowth at 783K (black)andstaticspectrggray)
anda phasediagramfrom GaAs(. ffé (right side). Thegraylinesin the phase
diagramare the phaseboundarieon GaAs (001). The AsHs partial pressure
wasalways100Pa.

Figure 10.7 (left) shows the two typical RAS spectraobtainedduring growth, together
with spectraof the static surfaces(in gray). The characteristicspectrum(black dotted)at
phasdll conditions(i.e.low temperatures/highMGa ux es)is similarto thatof the p(1x2)
reconstructionat675K (graydotted).Thisis similarto thebehaior of the(001)and(113)
surfaceswherethe phasdll RAS spectraesemblehe staticarseniaich RAS spectra.

However, asmentioneckarlierthegrowth rateduring ALE growth doesnotsaturatg¢57],
contraryto the caseof GaAs(113).Eitherthephasdll reconstructioronthe( surface
is notcompletelycoveredby adsorbateyr simply facetsappeaiduring ALE growth.
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The phaseboundarybetweerphasd andphasdll in gure 10.7is identicalto theone
betweenphasell andlll onthe (113)surface(g. 8.5 (blackline). However, both (113)
and(ffés surfacesshowv the samesmall deviation of the transitionto phaselll compared
to the (001) surface.That is, becausehe binding of surface speciesdependamostly on
the geometry(strain,bondlengthetc.) of the f 113y andf surfacesthanon different
reconstructionsf thesesurfaces.



11 (ﬁg) Surface

The AFM imageof abuffer layergrowvn onthe(ffé) surfacein gure 11.1is quitenoisy.
However, the noiseapparentlycomesfrom mary small structureson the surfaceitself and
large terracescanalsobe obsened. Comparedwith the (115) surface(sec.7 g. 7.1), the
( surfaceis smootherA similar nding wasreportedoy ScanningelectronMicroscogy
(SEM) micrographsof 180nm thick MBE grown buffer layerswhich measureda smooth
( surface,but aslightly rougherthe (115) surface[83].

At gallium rich conditionsin MBE and MOVPE the ffé) surfaceshows a tendeng
towardsfacetingalthoughit wasnotasstrongasonthe( surface.

Figurell.1:Typical AFM-image after 500nmbuffer growthin MOVPE.

Thesurfacesymmetrymeasuredhy LEED duringandafterMBE growth wasa primitive
(1x1) symmetry[83].

11.1 Well-ordered Surfaces

11.1.1 Arsenic Rich Reconstruction

This is the surfaceusually found in MOVPE at low temperatureskigure 11.2 shaws the
RAS spectrunmof this surface.Unfortunately no MOVPE to UHV-transfersucceededhus
no LEED imagesandno symmetryinformationareavailable.

11.1.2 LessArsenic Rich Reconstruction

AnotherRAS spectrumwasmeasureat highertemperatureHowever, this surfacewasnot
measuretroomtemperatureln any casethe RAS spectrumn gure 11.3is clearlyvery
differentfrom the one of the arsenicrich reconstructionn gure 11.2 Thereforethis is
really anew reconstruction.

A reconstructiorwith p(2x2) symmetrywas measurecdn a samplepreparedat less
arsenicrich conditionsby MBE [85]. Suchsymmetrywould allow for dimers.However,
the RAS spectrumof this surfacedoesnot resembleary of the RAS spectrameasuredn
MOVPE.

Neither arsenicdesorptionexperimentsnor a phasediagramof the (ff@» surfacewas
measured.
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Figurell.2:RAS spectrumof the arsenicrich reconstructionat room temperaturein
MOVPE.
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All investigatedGaAs surfaceshave shaved at leasttwo differentreconstructionsAt
lessarsenicrich conditionsnearly all surfacesare coveredby a reconstructiorof arsenic
dimers.The prototypefor thesereconstructionss the 2(2x4) reconstructioron the (001)
surface.Similar structuresarethe (8x1) reconstructioron the (113) surface,the p(2x2) on
the (115) surfaceandprobablyalsothe p(2x1)onthe(% surface.

Anothertype of arsenicrich reconstructiorconsistsof arsenicad-atoms.The p(1x1)
reconstructionsn the (113)and(115) surfacesaswell asthe arsenicnonolayeron top of
the (110) surfaceare suchstructuresThe (4x3) reconstructioron the (001) surfacemight
be anad-atomstructuretoo.

(113) (115 (0o1) (115 = (113) (110

Re(fyjo /M (107)

d AN O N MO
— ——7
P I e s
o N & O ®

2 3 4 52 3 4 52 3 4 52 3 4 52 3 4 52 3 4 5
energy (eV)

Figure12.1: RAS spectraatroomtemperaturef thetwo mostprominentreconstructionsf
different(hkl) surfaceqBlack: arseniaich, Gray:lessarseniaich).

The RAS spectraof thetwo mainreconstructiongor eachinvestigatedurfaceareplot-
tedin gure 12.1, grey linescorrespondo lessarsenicrich andblacklinesto very arsenic
rich conditions.As a generaltrendthe amplitudeof the RAS spectradecreasefom (001)
over (115)to (113). This may be dueto geometricareasonsfrom (001)to (113) the sur
facesbecomemoreandmoretilted towardsanisotropic(111)-like con guration. Thusthe
contribution of the dimersto the optical anisotroly becomesmaller If this theoryis true,
theRAS spectraof the(331)and(551)towards(110)shouldincreaseagainin amplitude.

TheRAS spectraof the(001),(115)and(113)suriacesof thearseniaich reconstructions
(blacklinesin gure 12.1) all featureminimaat2.5eV andat2.96eV (theE; transition)and
amaximumat4.0eV. However, theline-shape®sf the RAS spectraof (  ( and(110)
surfacesarecompletelydifferent.

The samecan be found by comparingthe lessarsenicrich surface(gray linesin g-
ure 12.7): (113), (115) and (001) surfacesare again quite similar, while the rest differs
strongly

The similarity of the RAS spectras mostlikely dueto a similar structureof the recon-
structions becausean RAS spectrumis mostly sensitve to the surroundingof an atomor
dimer It seemghatif anarsenicatomis boundon top of anarsenicmonolayerit causesa
signalat2.5eV, 2.96eV and4.0eV, andtheseenegiesdo notchangemuchwith symmetry
or orientation(the latteronly dampingtheamplitude).

Onthesewell-orderedsurfacesarsenicdesorptionvasinvestigatedThe Arrheniusplot
in gure 12.2(left) shows slow reactionratesfor the low-index (001) and (110) surfaces.
Thereactionratesareincreasingwith anincreasingilt upto thef 113y andf ffég surfaces,
while the activationenegy for arsenicdesorptioron the otherhanddecrease@able 12.1).
The arsenicseemdo be boundlesstightly on the high index surfacesandthereforecomes
off moreeasily Probablythis is dueto the strainon the arsenicboundson the high-index
surface andthestrainbecomedarger, the highertheir misorientatiortowards(001)surface.
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Figurel12.2: Arrheniusplots of thearseniadesorptior(left) andthe AsH; adsorptior{right)
onall high-index surfacesn this study

surface (113) (115) (001) (115) (113) (110)
reconstructions
arsenicich p(1x1) p(1x1) (4x3) & c(4x4) * p(1x2)* As-ML
lessarseniaich (8x1) p(2x2)* 22x4) & (2x4) p(2x2)* p(2x1) bulk term.
galliumrich - - (nx6) & (4x2) - ?7?
arseniadesorption
orderof reaction 2. 2. 0.& 1. ?? 1. 2.
activationenegy (1.50 0.02)eV (2.09 0.07)eV 2.6eV ?? (1.55 0.06)eV (2.4 0.3)eV
AsHz adsorption
orderof reaction 2. 2. 2. ?? 2. 2.
actvationenegy (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[110]
diffusionconstant (60 40)nm ?? (0.6 0.4)m ?? ?? ??
activationenegy 0.4eV ?? 2.8eV ?? ?? ??

Tablel12.1: Thedifferenttype of reconstructionsnthedifferentsurface§??:notmeasured,
*: structurenot known, —: doesnot exist).

The AsHz; adsorptionplottedin gure 12.2 (right) behaes quite differently The ad-
sorptionon (113) and (115) surfaceis very fast, becausdghesereconstructiongonsistof
ad-atomsEvery arsenicatomstickswheneerit impingeson thesurface.However, thevery
highactivationenegy of 4.09eV for the(115)surfaceis verypuzzling.Thisenegy is higher
thanthedesorptioreneny; it is evenhigherthantheactvationenegy for thedecomposition
of AsH; in thevaporphase.

The (110), ( , and (001) surfaceschangemuch slower, andalso have lower actva-
tion enegies.On thesesurfacesa reorderingof the reconstructiortakesplace,becausehe
arseniaich surfacesaremorecomple thanthe simplead-atomstructureon the (113)and
(115)surfaces.

Finally, thediffusionalong[lfO] directionwascomparedor the(113)andthe(001)sur
facesLikethearsenicthegalliumspeciegsiuringdiffusionseemso beboundlesstightly to
the (113)surfacethanonthe (001)surface(seetable12.1). However, thediffusionconstant
onthe(113)surfaceis muchsmallerthantheoneonthe (001)surface,andthustheresulting
diffusionlengthsarecomparable.
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B Compendium of the Methods Usedin
this Work

B.1 Epitaxial Growth

ALE — Atomic Layer Epitaxy

This is a specialgrowth mode using an alternatingsupply of precursorsin MOVPE, in
severalmaterialsystemsit is possibleto achiese a self-limiting growth rate,i.e. the growth
rateis constanfor a wide rangeof parameterg-However, self-limiting ALE growth is only
possiblewith specialprecursors.

In MBE a growth modeusingalternatingsuppliesis often called Migration Enhanced
Epitaxy (MEE). Usually MEE growth is not self-limiting.

UHV — Ultra-High Vacuum

Not a growth method but simply the abbreviation of Ultra-High Vacuum.

MBE — Molecular BeamEpitaxy

Growth usingmolecularbeamdsrom effusion cells (i.e. ovenswith only a small opening).
Dueto the useof molecularbeamghis methodrequiresUHV conditions.Many in-situ (i.e.
duringgrowth) investigationgrepossiblesincenearlyall UHV-basedurfacescienceneth-
odscanbeused.Usuallyan MBE growth chambeiis equippedwith a RHEED (Re ection
High Enegy ElectronDiffraction) measuremergystem.

MOMBE - Metal-Or ganic Molecular Beam Epitaxy

MOMBE is also called CBE (ChemicalBeamEpitaxy) or GS-MBE (GasSourceMBE).
Insteadof effusioncells,beamsof partly cracked precursorareused.Sincethe crackingof
precursorsisuallyproducesalot of methaneor hydrogenthe backgroundpressurealuring
growth is quite high (about10 7 Pa). Therefore,UHV-basedsurfacesciencemethodsare
dif cult to useduringMOMBE growth.

MOVPE — Metal-Or ganic Vapor PhaseEpitaxy

MOVPE is also called MOCVD (Metal-Omganic Chemical Vaporphase Deposition),
OMVPE (Organo-Metallic. .. ), or OMCVD. Many materialscanbe grovn by MOVPE,
suchassinglecrystallayers,coatingsor evensuperconductors.

The principleis very simple.Precursomoleculesaretransportedy a carriergasinto
a reactor In the reactorthe precursor(syare decomposedj,sually by heating,but plasma
dischage and other methodsare alsopossible.The precursorslecompos@andreleasehe
atomsor moleculesvhich aredeposited.

Therearemary differentlayoutsof MOVPE reactorsTherearedoublewall systemsor
hotwall reactorsthegasmayentervertically or o ws horizontallythroughthereactor The
sample(s)nayrotatealongdifferentaxes,or it is tilted towardsthe gas o w.
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All MOVPE reactorshave working pressuresiuring growth in the rangeof 100 up
to 100kPa. MOVPE processesising atmospherigressureare sometimesienotedas AP-
MOVPE,andlow pressurdOVPE, consequently P-MOVPE. A typical LP-MOVPE pro-
cesshasa pressuref 2 or 10kPa.

Thesepressuregarefar too high for the useof electronbasedmethoddor growth anal-
ysis. Thereforeonly optical and scanningprobemethodscanbe usedto analyzeMOVPE
growth.

VPE - Vapor PhaseEpitaxy

Thistermis oftenusedwith two meaning:rst asageneratlassi cationof growth processes
thatuseprecursoranda carriergas.However, VPE oftenmeansCI-VPE, a growth method
which usesAsCl; or HCI to etcha“solid” gallium sourceandto form in-situ GaCk which
decomposesnthehotsubstrate.

CI-VPE hastwo adwantages,rstly a very high growth rate. Secondly due to the in-
situ etchingduringthe heatingof the substrateno pretreatmenof the wafersis neededBut
nowadayssubstratesf good“epi-ready”quality arewidely used andinsteadof highgrowth
rateavery precisecontrolof layerthicknesss needed.

B.2 SurfaceScienceMethods

The methodsusedfor the investigationof the GaAssurfaceswill very briey reviewedin
this section togethemith ashortdiscussiorof their relevancetowardstheunderstandingf
the growth processin principle therearethreedifferentclasse®f methodsFirst the “tra-
ditional” onesusingelectronswhich needUltra-High Vacuum(UHV). Thentherearelight
basedmethods(X-Ray, visible or infra red (IR)), which only needa transparenambient.
And nally, sinceabouttenyearsthe new classof scanningprobemicroscope¢SPM) have
beenavailable.

Electronshave beenthe standardoolsfor surfacesciencesincethe beginning, because
by usingthe right enegy, their wavelengthcanbe tunedto the length scaleof interatomic
distancesFreeelectronsalsointeractvery directly with the boundelectronsof the target
atoms.However, electronsrequirea vacuumlessthan 10 3 Pa, otherwisetheir meanfree
pathbecomesoo short,andthey loseall theirinformationin scatteringevents Light andthe
SPMhowever, canbeusedatary pressureHencetheseareveryinterestingor investigation
in-situin MOVPE.

To investigatesampleswith traditional surface sciencemethods,transferprocedures
from MOVPE reactorsgo UHV chambersvereestablishedseeappendixC).

AES - Auger Electron Spectroscopy

Electronsof theinnershellsareexcitedandrelaxby an Auger processAs aresultanelec-
tronis emittedwhichhasacharacteristienegy. Theseelectronsaredetectedandfrom their
enepgy the presencef certainelementsanbe measuredUsually the excitationis doneby
electronswith enegiesof a few keV. Becauseof the useof electrons AES works only in
UHV.

Dependenbn the enegy of thetransitionused,the compositionof the rst few mono-
layerscanbe deducedrom an Augerspectrum.
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GIXD - Gracing Incidence X-ray Diffraction

X-rayswith awavelengthof the orderof theinteratomicdistancesreirradiatedat shallov
angleqtypical lessthan0:2 ) onto thesurface.ThediffractedX-raysaredirectly measured
by scanninga hemisphereawith the detector Therefore,GIXD is the optical equvalentto
LEED.

Many differentkinds of informationcanbe obtainedoy GIXD, apartfrom simplesym-
metry measurement3.hereis, for example,the crystaltruncationrod (CTR) whichtells us
aboutthe degreeof roughneson the surface. The intensity of differentdiffraction peaks
canalsobecomparedo calculatedeakintensitiesto decidebetweerdifferentmodelsfor a
surface.And sinceX-raysareonly weakly interactingwith matter GIXD canalsobe done
in-situin anMOVPE reactor

Theseare mary adwantagesvhich make this methodvery attractve for in-situ inves-
tigationsof MOVPE growth. But thereare somesevere disadantagesFirstly, the typical
high-intensityX-ray sourceis a synchrotronthus mary safetyconcernshave to be taken
into accountandonehasto applyfor beam-timgtypically availableonly for afew weeksa
yearandquite expensve). Secondlythewhole MOVPE reactorandsamplemountmustbe
extremelystable sincethe changeof theincidentanglemustbelessthanapercentThirdly,
the dataacquisitiontimesfor a scanto determinethe symmetryof a surfacearelong and
maytake severalhours(dependingon the numberof peaksscanned).

HREELS - High ResolutionElectron Energy Loss Spectroscopy

HREELS candetectvibrationson a surface,which are usually causecby adsorbatesThe
lossof thekinetic enegy of very slow electronglessthan10eV kineticenegy) is measured
with high accurag. Peaksin the resultingenegy lossspectrumcorrespondo elementary
excitationsof phononsor vibrationalmodesin therangeof 10 to 500meV. Sinceelectrons
arevery slow andmeasuremeritmesarelong (somehours)avery goodvacuumis needed.
Thus,to applyHREELSto anMOVPE grown surface,anMOVPE to UHV sampletransfer
systemis needed.

The correspondingptical method,|IR-spectroscop which measureslirectly IR actve
vibrations,is in principle a true in-situ method,but dueto very small signals,it is experi-
mentallyvery dif cult to use.

LEED - Low Energy Electron Diffraction

LEED hasits origin in the 1920s,becausats principle is simple. Electronswith kinetic
enepgiesbetweer20and200eV impingeperpendiculaonto a surface.Sincethede-Bioglie
wavelengthof suchelectrongs closeto theinteratomicdistance®nthe surface,agoodpart
of the electronsarediffracted.There ected, scatteredanddiffractedelectronsarefocused
onto aphosphorouscreen.

Thedistancedetweerthediffractionspotson the screerarereciprocalto the periodici-
tiesontherealsurface.lf thereis a gapevery two atoms,thenthe LEED imagewill have a
spotat onehalf of thereciprocalunit mesh.Thus,a LEED imageis shaving the periodicity
of the structureson a surface.By comparingmagesrecordecat differentenegies,onecan
alsogetinformationaboutfacets(if present).

The complicatedpart of LEED is quantitatve analysis.For that purposea specialset-
up, calledSRA-LEED (Spot-Pro le AnalyzingLEED) is used.Thechangeof thebrightness
of differentspotsin the LEED imagesat differentelectronenepiesis thencomparedvith
calculatedorightnesscurvesfor differentmodelsof the surface.
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SinceLEED needshigh vacuumconditions,it canonly be usedafter MOVPE growth,
with anMOVPEto UHV transfersystem.

RHEED (Re ection High Enegy ElectronDiffraction), a techniquerelatedto LEED,
is normally usedin MBE for in-situ measurementsf reconstruction@nd growth rates.
However, dueto its differentgeometryandenegiesonly symmetriegperpendiculato the
incidentbeamaremeasured.

RAS - Re ectance Anisotropy Spectroscopy

RAS measurethespectrablependencef thechangeof polarizationof linearpolarizedight
afterre ection from the surface[95, 114, 115. Usually only the real part of the comple
re ection is used.

RAS is a linear optical method.Thereforethe size of signalscanbe directly relatedto
thecoveragg(seesec.4). Thetime resolutionis of the orderof 50ms,atenthof thetime for
thegrowth of amonolayeywhich malkesRAS avery fastmethod.

RAS is very sensitve to the bondarrangemenbf a reconstructiorbut not to symme-
try. This makesdiffraction techniquesand RAS ideal complementarnpartnersto detecta
well-orderedreconstructionsincethereoftenexists differentreconstructionsvith thesame
symmetrywhich canbe separatedby their RAS spectra.

However, to interpretean RAS spectrumpnehasto have a setof referencdRAS spectra,
measuredn well-orderedreconstructionsvhich were characterizedyy other methods.In
thenearfuturegoodreferenceRAS spectramight alsobe obtainedoy calculations.

T0° [110]
\

[110]

Viewport

l state of
polarization
Monochromator Polarizer

Detector

@

Intensity

Time

FigureB.1: Principal set-upof the RASspectometes usedin thiswork [116.

RAS workswith ary transparentnedia.lt only needsanopticalportperpendiculato the
surface,andthe optical setupis quite simple.ThusRAS hasbecomehe standardechnique
for the analysisof MOVPE growth. However, RAS doesnot work on ary single crystal
surface.It needstwo perpendiculamain axeson the surface.Table B.1 lists the axesfor
differenthigh-index surfaces.Thegeneraformulais:

r r r
— pl[110] [xyz] (B.1)
r (hki) Mao] t MNxyz]

with (hkl), [xyz] and[110]beingthreeperpendiculadirections.
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ThereforeRAS workswell onmostfcc crystalssurfacesput notonthef 111g andf ff‘fg
surfaces.The main axeson thesesurfaceshave an angleof 60 , thereforeary anisotroy
signalat90 is canceledutdueto geometricaleasons.

surface direction — direction

(001) [110] [110]

113)  [149] [33%)

(114)  [119] [22f]  “A’-surfaces
115)  [1f9] [552)

(111) . hotpossible

(110) [110] [001]

(118 notpossible

118  [1fo] [332]

a1d  nfo [221] “B” surfaces
(1 [140] [552]

TableB.1: The two axesalongthe optical anisotrofy is measuredor differenthigh-index
surfaces.

The mostcommonset-upwhich is usedby mary groupsis shovnin gure B.1. In this
case linear polarisedlight is shoneonto the surfaceat 45 to the surfaceeigen-axis(see
tableB.1). There ectedlight is slightly elliptical polarised.The polarisationstateis anal-
ysedusinga photo-elastianodulator(PEM) andan analyser(polariserat 45 to the PEM
mainaxis orientation).The modulatorusuallyworks at 50kHz. The changeof polarisation
is now corvertedinto an intensity modulation,which is measuredy a Lock-In ampli er.
Thesignalfor realpartRe( r) isisat2! =100kHz, while thesignalfor imaginarypartcan
befoundat! =50kHz. Since r is thennormalisedo thetotal intensityr it is possibleto
make absolutemeasurementsge. thereis no needfor areferencesurface.

Aspnesand (X Berkovits X Luo et al.
Studna 1985 i etal. 1985 i 1994
m m

‘=1l
o=

| |
Polarizer mé Polarizer m Q( QICb
Detector “ | rev I -C K- %E_ \ |
l Detector “\ | S ) \ |
| ¢ 2@ |
2 T !
a < \ v

o

)

|
Rotating | |
Sample ai‘® Sample ﬁ Q( Sample @(

FigureB.2: OtherRASset-upusedin literature (after[ 116).

Therehave beenotherwaysof measuring--. Sincethe PEM is quite expensve, simple
set-upjust rotatethe sample( g. B.2 left). Suchset-upcan measureabsolutevalueswith
high accurag andarenot effectedby andnon-idealitiesSrom windows, if only the sample
doesnot wobbleduringrotation.Otherset-upusinga PEM just modulatedhe polarisation
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of theincidentlight, i.e. putthe PEM in theincidentbeam( g. B.2 middle). Thenonly a
singlepolarizeris neededHowever, theset-upshav hereis quitesensite to straylight, and
only therealpartof anRAS signalcanbe measured.

SPA - Surface Photo Absorption

This opticaltechniques a closerelative of RAS, andhasalsobeenusedin MOVPE. SFA
measureshe intensitypolarizedlight re ected by the surface.For high sensitvity theinci-
dentangleof thelight is closeto the Brewsterangle.

This techniquehasthe adwantageof beingableto measurehe anisotropicaswell as
the isotropic part of the surfacedielectric function. ThereforeSFA works evenon f111g
surfaceswhereRAS doesnot work. Also SFA canmadevery fastby usingmultichannel
detection(CCD), i.e. afull spectruncanbe measuredn lessthan100ms.

However, thereare alsosomeseveredisadwantagesFirstly, two optical viewportsnear
the BrewsterangleareneededSecondlyit is hard(if notimpossible)to measureabsolute
data.Usually only the changein the signalrelative to a referencesurfaceis recorded All
furtheranalysisreliesonthereferencesurface,or theresultscannotbe properlyinterpreted.
Thesetwo disadantagesliscouragereatlythe useof SFA.

SPM - ScanningProbe Micr oscopes

SPMis the namefor a whole classof methods.Using piezo-electricscanners sensoris
moved by a feed-bacKoop very closeto the surface.Therearedifferentmethodof main-
tainingafeed-backTheoldestandmostcommonlyuseds ScanningfunnelingMicroscopy
(STM). The sensoris a sharptungstenor platinumtip very closeto the surface.A voltage
differenceis appliedbetweenthe surfaceandthe tip. The resultingtiny tunnelingcurrent
(typically pA or nA) dependsxponentiallyon the distanceof thetip from the surface.The
surfaceis now scannedine by line, and from the tunnelingcurrent(or a feedbackioop,
which keepsthe currentconstantthe heightinformationof the surfacecanbe extracted.

STM works at pressureselov 10 ? Pa and above 10Pa, otherwisea glow dischage
takesplaceinsteadf propertunneling. AlthoughSTM atelevatedpressuresr temperatures
hasbeendone,up to now no successfuln-situ operationin an MOVPE reactorhasbeen
reported.

Another commonly usedtechniqueis Atomic Force Microscopy (AFM). The height
informationin this caseis the force of the surfaceon the probingtip. AFM is usuallyused
for ex-situ characterizationglthoughAFM canbe measuredn UHV, at elevatedpressures,
andevenin liquids. But againno resultsof in-situ AFM during MOVPE growth exists.

TDS - Thermal Desoiption Spectroscopy

TDS measureshe increaseof pressuravhile increasinghe sampletemperatureMore so-
phisticatedset-upsisemassspectroscopandconstanheatingrates At certainsurfacetem-
peraturesadsorbedcaitomsdesorbresultingin high (partial) pressurgises.Whenall atoms
aredesorbedhe pressuralropsagain,until the next speciexandesorb Thus,eachdesorp-
tion procesdeadsto apeakin the TDS spectrumFromthedesorptiortemperaturandpeak
shapethereactionorderandactivationenegiesof the respectre desorptiorprocesanbe
calculated However, the activation enegies have an uncertaintyof about50%, sincethe
pre-exponentiafactorhasto beguessedor the calculation[117] (seesec.4).

While TDS, in principle, works at arny pressurgaslong as partial pressureneasure-
mentsare possible) to my knowledge, TDS hasonly beenusedin UHV. (At atmospheric
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pressureconditionspartial pressuraneasurementsould be doneusing optical absorption
spectroscop wheresensitvities for C,H, of ppbcanbereached.)



C MOVPE —UHV Transfer System

FigureC.1: Overviav of the MOVPEto UHV transferchamberset-up.

FigureC.1shawv the systematiset-upof our UHV-MOVPE chambesysten{118. The
growth chambeiis equippedwvith angraphitesusceptoheatedoy aboronnitride resistorin
aninnerroundquartzliner tube.Samplesanbeeitherloadedby thefastentryor directlyvia
aKF- ange atthe MOVPE chamberDetailsof the transfersystemasonethe optimization
of the transferprocedurecanbe foundin [11§. Sincethe subjectof connectingMOVPE
to UHV is of specialinterest,asworks of othergroupsproved[119 120 43], a detailed
descriptionof the sampletransferprocedurausedis givenhere.

FigureC.2: Old set-upof thetransfermedanism.

In the rst experimentsthe whole MOVPE chambermwas evacuatedoy a strongpump
(eithera diffusion pumpor a rotary pump). This set-upis shavn in gure C.2 However,
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it turnedout thatthe residualhydro-carborfrom the growth procesgyoesinto the stainless
steelchambemvalls,andcamebackto thesamples surface whenthe MOVPE chambemvas
evacuatedTheHREELSspectrumn gure C.4shavedstrongC-H-contaminationgupper
spectrum).

With theseresultin mindtheset-upwaschangedThisnew set-upis shovnin gure C.3
A pumging line for puri ed hydrogenwas attachedo the transferchamberandthe high
vacuumpumping systemwas completelyremoved from the MOVPE chamber Only the
MOVPE processpump remained,which was regulatedby a throttle valve to a chamber
pressuref 10kPaduringMOVPE.

FigureC.3: Set-upof the optimizedtransfermetanism.

The sampleswere preparedin the MOVPE chamberwith an inner quartzliner tube
at standarcconditions:11/min of 10kPa H, Pd-difusedand200Pa AsHs. The buffer was
grown at900K with 0.5PaTMGaresultingin agrowth rateof 850nm/h.After buffer growth
the samplesverecooledunderan AsHz o w down to 475K andafterthatwith pureH, to
roomtemperature.

Beforetransfer the transferchambemwaspurgedthreetimesandthen ooded with Pd-
diffusedH, beforethe connectionvalve betweenthe MOVPE and transferchambermwas
openedAfter the samplewasloadedinto the transferchamberthe connectionvalve was
closedagain,theH, puge wasstoppedandthetransferchambemwasevacuatedy arotary
pump (usually reaching10 “Pa after two minutes).Then the secondvalve to the UHV
analysistransfersystemwas opened,and the samplewas transferedto one of the UHV
analysischambers.

AES measurementsf suchpreparedsampledave shovn no oxygenandonly very mi-
nor carboncontaminationThe C-H-vibrationrelatedpeaksfoundin HREELSweresmaller
thanthe oneof decappedBE growvn sampleg g. C.4).

RAS spectrabeforeandaftertransferin theanalysischambemvereidentical,con rming
thatthetransfermethodindeedpreseresthereconstruction.
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FigureC.4: HREELS measurementsf differentsamples EvacuatedVIOVPE meansthat
the MOVPE chambemwasdirectly evacuatedo transferthe sample.Optimized
transfermeanghetransfemprocessinderH, purge,asdescribedn thetext.
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