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KINETIC ASPECTS IN THE VAPOUR PHASE EPITAXY OF III V COMPOUNDS

Don W. SHAW
TexasInstrumentsIncorporated,Dallas, Texas75222, USA.

Successfulexploitationof the uniquepropertiesof Ill V compoundsemiconductorshasresultedin developmentof
severalnew devicesfor optoelectronicandsolid statemicrowaveapplications.Theseachievements,however,would not have
beenpossiblewithout majoradvancesin thetechnology for epitaxialgrowth of suchmaterials.Furtherimprovementsin
deviceperformancestogetherwith new applicationsof Ill V compoundsmustbe closely coupledwith evenmoreprogress
towardachievementof materialwith propertiesapproachingthetheoreticalvalues.Chemicalvapourdepositionhasemerged
asthemost commontechniquefor epitaxialgrowth. Although significant improvementscanbeobtainedthroughempirical
methodsof investigationof suchprocesses,it is recognizedthat in thelong run afirm fundamentalunderstandingis essential.
This realizationprovidesthemotivationfor detailed,basic studiesof thekineticsandthermodynamicsof epitaxialgrowth
by chemicalvapoul deposition.This reviewwill examinethe progress,both pastandprojected,in measurementand inter-
pretationof thekineticsof vapourphasedeposition01111 Vepitaxiallayers.Thescopewill be limited to near-atmospheric
pressure,openflow epitaxialsystemsutilizing chemicaltransport.To date,mostof thestudieshaveconcernedGaAs,GaP,
InAs, lnP,andtheiralloys. It hasbeendemonstratedfor GaAs,and for someof theothercompoundsaswell, that,de-
pendingon thegrowthconditions,epitaxialdepositionmay proceedin two fundamentallydifferentrate-limiting regimes.
At low temperaturesthe rateis limitedby a surfaceprocess;~shileathighertemperaturesmasstransportlimitationsappear
to prevail. l’or mass-transport-limiteddepositionthe sensitivity of thegrowthrate to variousoperatingparameterscan, in
manycases,bepredictedfrom theoreticalconsiderations,Investigationof kinetically limited growthoffersa pathtoward
a fundamentalunderstandingof theatomistic surfaceeventsthat result in epitaxialgrowth. The progressin theseareaswill
bediscussed;in addition,experimentaland theoreticaltasksfor future studieswill berecommended.

1. Introduction phaseepitaxy.In thepresentstudy an effort will be
madeto consolidatethe findings to dateandto assess

Chemicalvapourdepositionis now establishedas thepresentstateof understandingasappliedto vapour
themost widely employedapproachfor epitaxial phaseepitaxyof III V materials.The discussionwill
growth of theIII V compoundsemiconductors.In be limited to near-atmosphericpressure,openflow,
manycasesdevelopmentof newsemiconductordevices chemicalvapourdepositionprocesses.
basedon theuniquepropertiesof thesematerialswas Both scientificandcommercialmotivationsexist
achievedonly aftermajoradvancesin the technology for kinetic studiesof III V vapourepitaxy.With re-
for vapourepitaxy.As is often the casewith compound spectto the former,thereareanumberof features

semiconductors,eachstageof progressrequiredthe which makethe processeshighly attractiveexperimental
supportof relatively fundamentalinvestigations.This vehiclesfor studyof epitaxialgrowth in general.The
hasresultedin a considerablebody of basicdatare- most commonIII V processesareexothermicand
lated to thevapourdepositionprocesses;indeed,the consequentlydepositionproceedswithin a hot-wall
amountappearsto be disproportionatewhencompared apparatus.This featuresimplifies not only the ex-

with silicon vapourepitaxy.The kinetic studiesare perimental ratemeasurementtechniquebut also the
widely dispersedin thescientific andengineering interpretationof theresultingkinetic data.Important

literature;yettakenasa whole, theyprovidea solid cluescanbe obtainedrelatingto thegrowthmechanisms
foundationfor future investigations,which maylead of compoundmaterialsby investigatingthe influence
to detaileddiscriptionsof theactualatomistic events of thegasphasecompositionon the growth kinetics.
that proceedon thesubstratesurfaceduring vapour Polarsurfacesresultingfrom thenoncentrosymmetric
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crystalstructuresof III V materialspermit examination ic or equilibrium analysis.It is, of course,naive to
of epitaxial growthon surfaceswith ideally identical expectquantitativeagreementbetweenthe extentof
atomicgeometriesandpackingdensitiesbutwith depositioncalculatedfrom thermodynamicconsidera-
greatlydifferentchemicalproperties.Solid solutions tionsandthat experimentallymeasuredin openflow,
overwide compositionrangesare formedbetween epitaxial systems.The thermodynamicconsiderations
variousIII V compounds;hence,depositionof alloys are strictly applicableto equilibrium conditions,which
canbe a fruitful areafor study.The compositionof canbe approachedonly by operatinga depositionpro-
thesolid beingepitaxially depositedas relatedto the cessat ratesthat aregenerallytoo slow to be practical.
gasphasecompositionis becominga major areaof Instead,with typical systemsthegas velocitiesand
endeavor.Vapourdepositionof III V compounds reactantresidencetimesare suchthatonly a portion
canproceedunderconditionssuchasthat deposition of the gasstreamhasan opportunityto equilibrate
occursonly on the substratesurfaceandnoton the with thesubstrate.Furthermore,aswill be shown,the
substrateholderandotherextraneouspartsof the surfaceprocesses(i.e., adsorption,surfacereaction,
apparatuseventhoughall are at thesametemperature. desorption,etc.) maybetoo slow to permit reactant
Thus,it maybe consideredthatundertheseconditions, equilibration.Thus practicalprocessesare usuallymass-
thedepositionprocessis catalyzedby the substrate transferorkinetically limited. Nevertheless,evenunder
surface.In fact, epitaxial growthcanbe an excellent theserate-limiting conditions,thermodynamicanalyses
vehicle for studyingthe fundamentalnatureof heter- provide importantinformation.Forexample,theextent
ogeneouscatalysisin general.The catalysissurfaceis of gas phasesupersaturationunderwhich depositionis
relativelywell defined,beinga singlecrystal, and the occurringmaybe calculated.The stability andrelative
extentof reactionis easily measuredsincea portion concentrationsof various speciescanbe estimatedand
of the reactionproductsremainon thecatalystor the limiting temperaturesfor depositionascertained.
substratesurface.Theseare only a few of thefeatures In somecasesthecompositionof alloy depositsmay
that facilitateandmotivatekinetic studiesof III V be predicted.
materials. In general,with the exceptionof the limited useof

Froman economicpoint of view thekinetic results organometallicpyrolysissystems,III V vapourepitaxial
are appliedto optimizationof yield anddeposition processesusehalidetransportof thegroup III element.
efficiency. Successfulscale-upof thesedeposition Althoughiodine transportwaspopularin theearly
processesin conjunctionwitheverincreasinglevels daysof Ill V epitaxy,chloridetransporthasemerged
of automationrequiresa firm fundamentalunder- as themethodof choice. In a classicpaperFergusson
standingof thekinetic factorsin orderto assessthe andGabor[1] pre9enteda thermodynamicanalysis
sensitivity of the rateto variousoperatingparameters. of the Ga/As/I/H andGa/As/Cl/Hsystems.A table of
Improvedepitaxiallayerpropertiessuchassurface thermodynamicaldatacompiledfrom the literature
quality, crystalperfection,and theelectricaland op- or estimatedfor the gaseousandsolid speciesof in-
tical characteristicscanbe associatedwith a better terestbecamethebasisfor a largenumberof subsequent
understandingof the basicnatureof the deposition calculations.Later Hurle and Mullin [2] describedthe
events.In the following sectionsthe resultsof ac- resultsof a generalizedsetof calculationsfor the Ga/
cumulatedthermodynamicandkinetic investigations As/Cl/H system.The datawere presentedin a form
will be summarized.Theinterpretationof theseresults suitablefor predictionof the feasibility of GaAsepi-
will be discussedin termsof possiblerate-limiting taxial depositionfrom variousinput gas compositions.
regimesand depositionmodels. The thermochemicaldatausedin thesecalculations

cameprincipally from FergussonandGaborwith the
exceptionof the valuesof the standardenthalpiesof
formationfor GaAs(s),As4(g)and As~(g),whichwere2. Thermodynamicanalyses .

takenfrom a review by Thurmond [3]. Selectionof
thermochemicalvaluesfor use in equilibrium cal-

Fundamentalto investigationof anychemical culationsdeterminesto a greatextentthe validity of
vapourdepositionprocessis a thoroughthermodynam- theresults.Consequently,with almostevery new set
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of calculations,theold valuesarereassessedandany 3. Kinetic data
newly determinedvaluesare considered.Compilations
of thermochemicalvaluesfor the III V compounds Reliablekinetic studiesof openflow, CVD epitaxial
haveappeared[4 6]. growth arehinderedby the largenumberof operating

Equilibrium calculationshavebeenreportedfor variablesassociatedwith thesesystems.It is difficult
depositionof severaldiscreteIII V compounds, to isolateeffectsdue to a singlevariable.Forexample,
amongthesemay be cited: GaAs [1,2, 7 13], mostof the III V processesrequiresourcetransport,
GaP[14 16],and InP [13, 17]. In general,the cal- and investigationsof depositionrateas a functionof
culationsshowthat processesusinghalidetransport flow rateare complicatedby variationsin sourcetrans-
are exothermicand,assuch,theextent of deposition port rateor efficiency due to thesameflow ratevaria-
is expectedto increaseas the depositiontemperature tions.Fortunately,it is possibleto avoid most of the
is reduced.For GaAsgrowth usinga hydrogencarrier problemsby judiciousselectionof the experimental
the principal gaseousspeciesare GaCI,HC1, As4 and approach,e.g.,useof sourceprocesses,suchas the
As2, regardlessof whetherthe original sourceof arsenic reactionof HC1 with Ga,thathavebeendemonstrated
is AsH3,As, GaAsor AsC13. The possibleexistence to operateat closeto 100%efficiency [19,33]. Care
of GaC12 or Ga2Cl4 hasbeendebated.Althoughits must be exercisedin measurementsof depositionrate
presencehasbeensuspectedor detectedin hydrogen- asa function of substratetemperatureto ensurethat
freesystems[18], it hasgenerallybeenassumedto be thesourcetemperatureand,hence,its transportrate
absentunderordinarydepositionconditionsin a hy- remainsconstant.Extraneousdeposits,which may form
drogenambient.Ban [19] wasable to experimentally on thewalls of the reactoror the substrateholder, can
demonstratetheabsenceof GaC12 by monitoringin lead to irreproducibleratedataby competingwith the
situ the gas phasecompositionin the depositionregion substratefor reactantswithsubsequentdepletionof the
usingmassspectroscopyin conjunctionwith capillary incominggas stream.Fortunately,withmanyIII V
sampling.Usingtranspirationtechniques.Battatet al. epitaxial processesthe depositionis ratherselective
[20], found GaCl2 to be presentat temperaturesbelow over a wide rangeof conditionsand is essentiallycon-
900 K, which arewell belowthenormal deposition fined to thesubstratesurface.Undercertaingrowth
temperatures. conditionsthedepositionratewill be a strongfunction

A numberof thermddynamicanalysesof epitaxial of thecrystallographicorientationof the substrate.
depositionof solid solutionsof Ill V compounds Variationsin substratesurfaceorientationof a few
exist. Among thesemaybe cited the following: degreescandramaticallyalter therate.Consequently,
Gaxini As [21 25],Ga~Ini~P [26,27], GaAs~ the surfaceorientationmustbe accuratelyascertained

P1 [28, 29], Ga~Ali ~As [30], and IflA5xP1 ~[2
5, and reportedtogetherwith the experimentalresults.

70]. Such calculationspermitdeterminationof the In the conventionalmethodof measurementthe
equilibrium compositionof thedeposit asa function growth rateis computedby dividing theobserved
of thevapourcompositionor the compositionof a depositthicknessby theaccumulatedtime of deposi-
condensedalloy source. tion during a single run. Properuseof this approach,

Sinceepitaxial Ill V depositionfrom halide trans- however,requiresthat a seriesof depositionsbe made
port systemsrequiresa condensedsourcecomposed for varioustimeintervalsunderotherwiseidentical
of solid Ill V compoundsor liquid groupIll metals, conditionsto determineif thedepositthicknessis a
interpreationof a thermodynamicanalysisrequires linearfunction of time. It hasbeendemonstratedthat
considerationof theequilibria associatedwith the undersomeconditionsthe depositionratemaychange
source.This is particularlytrue for the widely em- with time [34]. An approachthat permits detection
ployed Ga/AsCl

3/H2 processfor GaAsdeposition andevaluationof ratevariationsin a given deposition
wherethesourceis initially liquid gallium; however, run is to periodicallyintroducesmallamountsof
prior to epitaxialgrowth it becomescoveredby a crust dopantimpurities into the gas stream[35 38]. After
or film of GaAs. The existenceof this crust must be depositionthe layeris sectionedandetchedto reveal
recognizedin analysisof theequilibria associatedwith differencesin electricalcharacteristicswithin the
the Ga/AsCl3/H2depositionsystem[12,31, 32]. depositcausedby theintentionalchangesin gas phase
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dopantconcentration.Thesechangesthusserveas Suchcontinuousratemonitoringsystemsaremore
timemarkersandallow evaluationof the growthrate preciseandrapidthan conventionaltechniques.Furthes-
asa functionof time. A moreprecisetechnique[39] more,effectsdue to smallvariationsin substrateprop-
consistsof gravimetricallymeasuringthe growthrate ertiesareeliminatedbecausemanyexperimentscan
continuouslyasthe layeris depositedby suspending be conductedon thesamesubstrate.Gravimetrictech-
thesubstratefrom a recordingelectrobalanceasil- niqueshavebeenappliedto investigationof GaAs
lustratedin fig. 1. The electrobalance,which contin- [31, 39, 40] andInAs [41] epitaxialgrowth.
uouslymonitorstheweight of thecrystalduring de- In additionto preciseratemeasurements,knowl-
position,is protectedfrom corrosivereactantsby a edgeof the actualvapourcompositionpresentin the
hydrogencounterfiow.By electronicallydifferentiating depositionregionis essentialfor proper interpretation
thebalanceoutputvoltageas a function of time the of the kinetic results.Usually this compositionis in-
actualdepositionrateis monitored.The systemis ferredfrom experimentalsourcetransportmeasure-
sensitiveto ratechangesof 0.003 0.005pm/mm. mentsandthermodynamicconsiderations.However,

ELECTROBALANCE~ ______Q

FLEXIBLE___ L ~~1)J
COUNTER

QUARTZ H2 WEIGHT
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2.5cml~~~. ___ 79cm
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HCI ~ ARSENIC
:0 —CRYSTAL HOLDER

FURNACE _______ 0 ~~—CRYSTAL
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REACTION THERMOCOUPLE
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Fig. 1. Gravimetric systemfor continuousgrowth ratemeasurementduringepitaxialgrowth [391(with permissionof the Electro-
chemicalSociety).
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Ban [19,42, 43] hasdemonstratedthat in situ mea- Thermodynamicanalysesshow that the extentof
surementscanbe obtainedby coupling a massspectro- GaAsdepositionusinghalidetransportshoulddecrease
meterto thereactorthrougha small quartzcapillary. with increasingsubstratetemperature.This behavior
Although,asyet,this continuousmethodof vapour wasindeedobservedin earlyinvestigations[8,9,45].
compositionanalysishasnot beencombinedwith a Evidently, therangeof investigatedtemperatureswas
continuousratemonitoringsystem;the resultsshould limited in thesestudies;andit hassubsequentlybeen
bevery beneficial. verified by many investigations[12,18,31,33,39,

It is well knownthat the rateof a CVD epitaxial 46 51] that two distinct regionsof temperaturebe-
processcanbe determinedby eithermaterialtransport havior exist.At higher temperaturesthe thermody-
or surfaceeventsor a combinationof both. This is namically predictedbehavioris observedandtherate
a result of the serial natureof thestepsleadingto increasesas thetemperatureis lowered;however,with
epitaxialgrowth. Transportof reactantsto thedeposi- additional temperaturereductiontheratepassesthrough
tion regionby theflowing gas stream,transferwithin a maximumandthenbeginsto decreaseasillustrated
the depositionregionof reactantsbetweenthebulk in fig. 2. The high temperatureratebehavioris qual-
gas streamand thesubstratesurfaceby diffusion or itatively similar to thatpredictedfrom thermodynamic
free convection,and the surfaceprocessesof adsorption, considerations;but,quantitatively,theabsoluterates
surfacereactionanddesorptionareseriessteps.If one are far belowthoseexpectedfor completeequilibra.
step is inherentlyslower than the others,it will deter- tion [33]. This is indicative of a mass-transfer-limited
mine the overall depositionrate.Dependingon the processwhich will be discussedin more detail later.
rate-determiningstep,CVD epitaxial processescanbe At low temperaturesthe rateincreasesrapidly with
categorizedasmasstransportlimited, masstransfer
limited, or kinetically limited (seeref. [44] for a more
detaileddiscussionof theselimitations). In the mass-

825 800 775 750
transport-limitedcategoryare includedprocesseswhere I I

the reactantresidencetimeswithin thedepositionre-
gion areof sufficient durationto permit equilibration
of essentiallyall enteringreactantswith the substrate. ~ ~

Such processesare rarelyencounteredin openflow, 100 — —

CVD epitaxyof Ill V compounds.The ratesof mass- /
transfer-limited(alsocalleddiffusion limited or mass -_ 80 . I {} ‘\

transportlimited Type II) processesare determined — — ~

by the rateof transferof reactantsor productsbetween ~ 60 ~ 0

thesubstrateand the bulk gasstreamthroughsome 4~’�—0_.~N~~
stagnantregion.The transferoccursvia gasphasedif- 4~ - /~ {~}~. -

fusion or convection,bothof which are physicalpro- n~9

cesses.Finally, kinetically limited processesexhibit E
rateswhich are determinedby a chemicaleventsuch /1/
asadsorptionor surfacereactionthat either involves I/i fooi~N
the surfaceasa reactantor takesplaceuponit. 20

The rate-limiting regimein which an epitaxialprocess /1
is operatingcan, in principle,be ascertainedfrom mea-
surementof thedepositionkineticsasa function of
temperature,flow dynamics,substrateorientation,etc. ____________________________________________
In general,determinationof the rate-limiting regime(s) 9 0 9.2 9.4 9.6 9.8 10.0

must be the principal initial objectiveof anykinetic 1O~/T(K I)

study. In theremainderof this sectionthe experimental . .Fig. 2. Effect of substratetemperatureon GaAsepitaxialde-
dataavailablefor III V depositionwill be discussed position ratesfor variouscrystallographicorientations.Data
with this objectivein mind, from ref. [331.
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increasingtemperature.This activatedbehavioris two setsof ratedatatakenfrom independentinvestiga-
characteristicof chemicalreactionsandis opposite tions. In one study [58] the ratesweremeasuredby
to that expectedfrom thermodynamicconsiderations, simultaneousdepositionon variouslyorientedsubstrate
In the low temperatureregion theprocessmustoperate slices; while in theother [35] thedatawere obtained
in a kinetically limited regime.Thiscontentionwill be by depositionon a hemisphericalsubstrateusingthe
supportedwithadditionalevidencebelow.The activa- cyclic doping techniquedescribedearlier. Although
tion energiescalculatedfrom thelow temperature different vaporcompositionswereusedin thetwo
slopesof therateversusreciprocaltemperaturecurves studies,theresultsare in fair agreement.In general,
obtainedby differentinvestigatorsare in goodagree- local rateminima are found on theplot at orientation
inent as shownin table 1. positionscorrespondingto the moredenselypacked

Thesevaluesfor GaAsmaybe comparedwith val- surfaces.The existenceof a local minimumat{ 111 ~
uesforf OOl} orienteddepositionof GaAsxPi x could not havebeendetectedin theslice-by-slicein-
(190kJ mol 1) [53] and InAs (230 kJ mol 1) [41]. vestigationunlessa very largenumberof high index
Examinationof fig. 2 revealsthat thecurvesfor various surfaceswere studied.On the otherhand,this is readily
orientationshavedifferent slopesin the low tempera- revealedby growth on hemisphericalsubstratessince
ture regionand,hence,different activationenergies. all orientationsare simultaneouslyexposedto deposi-
This is evidencethat the natureof the rate-determining tion. Although thetwo setsof datadisplayedin fig. 3
kinetic stepdiffers with the crystallographicorientation arein reasonableagreement,examinationof thelitera-
of thesurface.In somestudies[33,39] the f 11 l} B or ture revealsthat,unlike theeffectsof substratetern-
~11 !} As depositionratehasbeenfoundto be almost perature,substrateorientationeffectsdiffer widely
independentof temperature.As yet the significance from investigationto investigation.Most studiesfind
of this observationis not understood. that the ratesare verysensitiveto thecrystallographic

Theinfluenceof substrateorientationon theGaAs orientationat low temperatures,but largedifferences
growthkinetics hasbeenwidely investigated[9, 18,33, areobservedin therelativeratesof variousorienta-
35,46 51,54 59]. Fromfig. 2 it canbe seenthat tions [60]. Thesediscrepanciesmost likely resultfrom
sizeabledifferencesexist amongthe growth ratesof the fact that the ratesfor eachorientationare dif-
different surfaceorientationsin the low temperature ferent functionsof thevapourcomposition.For ex-
region. This is additionalsupportfor the conclusion ample,it hasbeendemonstratedthat the relative
that the processis kinetically limited at low tempera- growth ratesof thef 111} A and~111 } B orientations
tures.At highertemperaturesfig. 2 showsthat thedif- canbe ipvertedby varyingthegas phasestoichiometry
ferencesdiminish andtheratesfor all orientationstend underwhich the depositsarebeing formed [33, 55].
to converge.The ratesin this regionmay be interpreted Thusthe { 11 1}A ratedecreaseswith increasinggas
asbeing masstransferlimited and,as such,are not in- phaseGa/Asmole ratio while the{ 111 } B increases.
fluencedby eventsoccurringon thesubstratesurface. In general,the value of dataon growth rateas a func-
L.ow temperaturedepositionratesfor major low and tion of crystallographicorientationis severelydimin-
high index orientationsareillustratedin fig. 3 with ished withoutaccompanyinginformation on thevapour

compositionemployedin the deposition.ForIII V
materialsotherthan GaAs limited kinetic datawith

Table 1 respectto crystallographicorientationexists.Likewise
Activation energiesfor { 001 }GaAs epitaxy thereis little informationon the influenceof substrate

orientationon thecompositionof mixed III V alloys
System La (kJ mol ~) Reference depositedunderkinetically limited conditions.

If the growthrateat low temperaturesis kinetically
GaAs/AsCl

3/l-12 200 Calculatedfrom [52] . .
/ / / limited, thenthe rateshouldbe independentof the gas

a1 I s,H2 j,., [39] . . .

G /A Cl /11 170 r121 flow dynamics.Thisobservationhasbeenexperimentally
C

1AC11H 20 verified at leastat higherflow rates[31,33,46,52].,a
1 3’ 2 0 1311 The effectis illustratedin fig. 4 wherethetotal flow

Ga/AsCl3/H2 190 1491 .
_______________ rate and thusthegas velocity wasincreasedthree-fold
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Fig. 3. Gallium arsenidedepositionrateasa function oCcrystallographicorientation.Abscissarepresentsdeviationof substratesur-
face orientationin degreesfrom (001): (A) datafrom ref. [58] (depositiontemperature750°C);(.) datafrom ref. [351(deposi-
tion temperature755°C).

without significant variationsin the fOOl } deposition asa function of substratetemperature.The variation
rate. of the growthratewith increasinginitial arsenicpartial

The influence of vapourcompositionon theGaAs pressureis illustratedin fig. 5 for severalsubstratetern-
depositionratehasbeenstudiedin detail for thef 001 ~ peratures.By examinationof therate temperaturebe-
orientation[39]. A gravimetricratemeasurementsys- haviorit is possibleto ascertainwhich portionsof the
ternwasemployedand theeffectsof the initial arsenic curvesin fig. S weretakenat low temperaturesunder
andgallium monochloridepartial pressureswere studied kinetic limitations. The rateis foundto be a slowly
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Fig. 5. Gallium arsenide~001Iepitaxial depositionrateasa
Fig. 4. Effect of total flow rateon GaAsepitaxialdeposition functionof arsenicinitial partial pressureat severalsubstrate
rateat750°C. Data from ref. [33]. temperatures.After ref. [39].
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increasingfunctionof the initial arsenicpartial pres- and reduction,
surewhenkinetically limited. If thearsenicpartial 1 H2(g) + GaCl (g) + ~As4 (g) —~GaAs(s) + HC1 (g) -

pressureis held constant,the growthrateincreasesas 2

a function of the initial galliummonochioridepartial Thermodynamicanalysis[12] showsthatwhenhydro-
pressure.However,at low temperatures,the opposite gen is usedasa carriergas reductionshouldbe favoured,
is found;the rateactuallydecreasesasthe gallium the depositionequilibrium beingpromotedby the large
monochloridepartialpressureis increased[39, 611. excessof H2 - In additionmassspectroscopy[19] of the
This behavioris illustratedin fig. 6. Examinationof by-productsin the depositionzonerevealedonly HC1
rate temperaturecurves [39] revealsthat the inverse with no GaCl3. On theotherhand,processesusing Ar
dependenceof rateon gallium monochioridepartial or N2 as a carrier likely proceedvia disproportionation
pressureoccurswhenthe processis kinetically limited, with thetrichioridebeing formedasa reactionpro-
A similarbehavioris foundfor InAs deposition[41]. duct [18, 62].
As will be discussedin thenext section,this observa- In alloy depositionthe formationof mixed group
tion is an importantclue to thenatureof the deposi- V vapourspeciessuchas As~P,~,or As~Sb~hasbeen
tion mechanism. detected[63]. The relativestabilitiesof thevarious

In halidetransportsystemstwo overall reactions mixed speciesmay influencethecompositionof
leadingto depositionhavebeenassumed.UsingGaAs GaAs~P1 andGaAsxSbi x formedat different
as anexample,theseare disproportionation, temperaturesfrom a given initial gasphasecomposition.

3 GaC1(g) + ~ As4 (g) -~ 2 GaAs(s) + GaCl3 (g), Thekinetics of GaN depositionare detçrminedto a
largeextentby a slowhomogeneousprocess,the de-

_____________________________________ compositionof NH3. Althoughfrom an equilibrium
- I I I I I ~ .L.—~ point of view NH~should dissociatein thereaction

N—10897-56 8O2~—
0 880 zone,it is foundto exist principally in a metastable,

0.5 - As4 ATM ____~J~_~.. nondissociatedstate [43,64]. It is suspectedthat
i10

4 ATM - GaCl
3 - NH3 is an intermediatespeciesin the deposi-

768° tion of GaNwith a Ga/HC1/NH3system.

E - -

c;.J 754~
4. Models and mechanisms

— 740° -

725° In developmentof predictivemodelsand atomistic
711 mechanisms,identificationof therate-limiting regime

underwhich thekinetic datawasobtainedbecomes
crucial. If theprocessis masstransfercontrolled,

—0.1 ‘ 697° — . .

— modelscanbederivedto describethe fluid dynamics
— — andmasstransfercharacteristicsof the system.Such
— — modelsbecomeverybeneficial in optimizing thede-
— — position efficiency aswell astheuniformity in physical

0 05 — — propertiesof the layers.In akinetically limited regimethekinetic datacan be usedto developandtestpos-

— — sible surfacedepositionmechanisms.

At high temperatures(suchasthoseabovetherate

2xl0~ 5xl0~ 2 maximumin fig. 2) manyhalide-transportIll V epi-
P

0 (ATM) taxialprocessesexhibit rate behaviorthat is consistentGaCI with a mass-transfer-limitedregime. It is commonlyas-
Fig. 6. Gallium arsenidefool }epitaxial depositionrateasa sumedin suchcasesthat thesurfaceprocessesareso
function of gallium monochlorideinput partial pressureat
severalsubstratetemperatures[39] (with permissionof The rapidthat reactantsreachingthe substratesurfaceare
ElectrochemicalSociety). ableto reactto theextentthat theequilibrium partial
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pressuresexist there.Thedifferencebetweenthere- sorptionsites on thefOOl~surface.This may be illus-
actantpartial pressuresat thesurface(equilibrium tratedby the following simplified diagrams:
values)and thosein thebulk gas stream(input values)
becomesthe driving force for masstransfer.A useful ~
approachto modeling this stateof affairsis thatprop- Ga Ga Ga

osedby Sedgwick [65]. The flowing gas streamis di-
vided into two hypotheticalportions,oneof which is
assumedto equilibratewith the substratewhile the arsenicadsorption,
otherpassesby unreacted.The fraction (Sedgwick’si3)
of tile gasstreamthat equilibratesis determinedem- G!a
pirically from tile ratio of theexperimentallymea- 9£ _C?
suiedamountof deposition to thatcomputedfor Ga Ga Ga
completeequilibrationfrom thermochemicaldata.
The value of~3is dependenton the fluid dynamics
andthe transfercharacteristicsof the molecularspecies. GaCI or HCI competitiveadsorption.
Oncedetermined,it is usefulfor predictionof deposi- Tile Ga Cl Gabridgespresentin thecompetitively
tion ratesonly for a given setof gas streamvelocities adsorbedcomplexesarewell knownin gallium chemistry
and reactor-substrategeometricalconfigurations.This [67]. Since the sitesoccupiedby GaCl and HC1 are Un-
approachdoes,however,permit computationof the availablefor arsenicadsorption,thegrowth rate must
ratesasa function of thereactantinput concentrations. be retardedby increasedpartial pressuresof thesespecies
For a typical GaAsdepositionprocessa value of in agreementwith the observedbehavior.If we assume

— 0.09 wasobtained[39]. In orderto describethe that As4 is in gasphaseequilibrium with As2 andthat
effectsof reactorgeometryandfluid dynamicsin mass- the latter adsorbsdissociativelyon thef001 }surface
transfer-limitedIII V deposition,a considerablymore asdepictedabove,thenfor a Langmuir-typeadsorption
complexmodelis required.The finite elementtech- process,thefractionof thesurfacecoveredby adsorbed
niquehasbeenappliedto GaAsdepositionwith success arsenicis given by
[66]. Although the calculationsare complexandre-
quirea largescalecomputersolution,theycanbe ap- K

1!2 P1’2
plied withoutmaking assumptionswith regardto a — ______ As

2 As2

boundarylayershapeandthickness. (1 ÷K1’5
2~P~/~1- KGaCI ‘3GaC1 + KUCI ~~HCI)

At low temperaturesunderkinetically limited con-
ditions the ratedatamaybe used to obtain information Now if the molecularityof therate-limiting surface
concerningthebasicsurfacestepswhich determinethe step is greaterwith respectto adsorbedarsenicthan
epitaxial depositionrate. In principle, the atomistic with respectto the otherreactant,GaC1,thentherate
growth mechanismcan be ultimately resolved.At the will decreasewith increasinggallium monochiorideor
present,this goalhasnot beenachieved;however,the hydrogenchloride partial pressurewhenever
foundationhasbeenformed. Most of theefforts have 1/2 1/2

concentratedon GaAsepitaxy becauseof theconsid- KGaCIPGaCi~ 1 + KA~~As

2 + KHCI ~HCI

erableamountof kinetic dataavailablefor this material, or
As describedin the precedingsection,the GaAsgrowth 1/2 1/2
rate increasesratherslowly asa function of thearsenic ~2 ~ a a

input partial pressure.Onthe otherhand,when ki- whereK1 refersto the Langmuir adsorptioncoefficients
neticallylimited, the rateis inverselyproportionalto of tile subscriptedspecies.Unfortunately,thesecoef-
the gallium monochloridepartial pressureat high in- ficients havenot beendetermined.In fact, thereis
put values.The rateis also inhibited by additionof little information availableon reactantadsorption
HCI to the reactantgasstream.Theseobservationssug- isothermsfor GaAs surfaces.KirovskayaandUstalova
gestacompetitiveadsorptionprocesswith GaC1and [68] havestudiedtheadsorptionof Gal3, H2, and
HCI moleculescompetingfor theavailablearsenicad- their mixturesonf 311 } andfill ~(polarity undesig-
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nated)GaAssurfaces.It was concludedthat Gal3 ad- which would also be followed by arsenicadsorption
sorbsselectivelyon Ga atoms.Althoughthis result to continuethe process.Such mechanismsare,of
appliesto different orientationsfromf OOl}, it illu- course,highly simplified. More detailedmechanisms
stratesadsorptionof a galliumhalide ontosurface must takeinto accountthe two different(110>di-
gallium atoms. rectionson a fOO1} surfaceand shouldconsiderthe

Geometricalanalysisof surfaceadsorptioncorn- possibility of surfacereconstruction.Possibleme-
plexesis anotherapproachto interpretationof the chanismscan,in principle,be testedwith thekinetic
kinetic data. It maybe particularly usefulin accounting data. In fact, the reductionprocessdescribedabove,
for ratevariationsbetweendifferentsurfaceorienta- whencombinedwith thecompetitiveadsorption
tions.On thebasisof suchan analysis,Loyau [69]has concept,yieldsa rateexpressionthat is in qualitative
proposedthe formationof anabsorbedsurfacecom- agreementwith the experimentalresults.However,
plex, quantitativecomparisonis limited due to theunknown

adsorptioncoefficientsandkinetic rateconstants.Ad-
Cf~ 7C1 ditional progressin this arearequiresmoreexperimental

Ga data.
As

7 ~As

during GaAsepitaxy. In order for layer-wisecrys-
5. Summaryandrecommendationstal growth to proceed,it is necessaryto desorbthe

chlorineswhichwould tendto poisonthesurface. As a classthe III V semiconductorshavebeenthe
Severalplausiblemechanismsmaybe proposed objectof a considerableamount of fundamentalstudies

which involve competitiveadsorption.For example, relatingto theirvapourphaseepitaxial deposition.As
two adsorbedGaCl moleculeson adjacentsitescan might be expectedthebulk of theseactivitieshavecon-
undergoreductionaccordingto the following scheme: cernedGaAs;however,othermaterialssuchasInP, GaN,

InAs, andGaAsxPi ~ are receivingincreasingattention.
C

11 C1f Severalthermodynamicanalysesof III V vapourde-

Ga Ga. + H2 (g) position provide the fundamentalbasisfor additional
As’ As’ As experimentalendeavors.Theseanalysesarelimited

by theaccuracyof the thermochemicalvaluesupon
which they arebased.Existing valueshave,in several

Ga 7Ga + 2HC( (g) cases,beensubjectedto considerablerecentrevision as
As

7 ~As ~As more experimentaldatais accumulated.Nevertheless
/~N~ 7N. /N
////////////‘////////. for manycompoundsof interestonly estimatedvalues

are availableand additionalexperimentalinvestigations
The abovestepwould befollowed by arsenicad- aregreatlyneeded.

sorptionto continuethe process.In theabsenceof a A considerablekinetic databasehasbeenaccumulated
hydrogenambient,disproportionationasa resultof at leastforfOOl}GaAs vapourepitaxy from chloride
the approachof anothergaseousGaC1near thesame transportsystems.Dependingon the temperatureand
surfacecomplexmaybemore likely. This maybe vapourcompositionthedepositionmayproceedunder
representedby two fundamentallydifferentrate-limiting regimes.One

of theseis kinetically limited andkinetic studiesunder
theseconditionsprovide insight into the basicsurface

,Ga Ga~ + GaCI (g) processesthat occurduring deposition.Effects associated
As As’ - ~As with competitiveadsorptionof reactantson specificsur-

facesitesare evidentandthe possiblenatureof the ad-
sorbedcomplexeshavebeersexamined.Foradditional

,GaN
7Ga~ + GaCr3( g) understandingof thesurfacemechanismsleadingto

epitaxialgrowth,detailed,self-consistentkinetic data
for the otherprincipal crystallographicorientationsare
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required.This should be particularly fruitful with re- [221 H. Nagai,T. Shibataand H. Okamato,Japan.J. AppI.

spectto the two polarfill }surfaces.Kinetic behavior Phys.10(1971)1337.

similar to GaAs hasalso beendemonstratedfor InAs [231 S. Minagawa, H. Seki and H. Eguchi,Japan.J. App!.
Phys.11(1972)855.

andGaAs~Pi~- As yet the kinetic dataon thesema- [241VS. Ban andM. Ettenberg,in: ChemicalVaporDeposi-
terialsare limited,but as the databaseaccumulates,it tion, 4th Intern. Conf., Eds.G.F. Wakefield and
shouldbe possibleto evaluatethe effectsof atomic J.M. Blocker (Electrochem.Soc., Princeton, 1973) p. 5.

substitution,e.g.,indium for gallium, iodinefor chlorine, [25] J.B. Mullin andD.T.J. Hurle, J. Luminescence7 (1973)

or phosphorusfor arsenic.The possibility of substitu- 176.

tionssuchas theseand thekinetic effectswhich they [261H. Seki and S. Minagawa, Japan. J. AppI. Phys. 11(1972)850.
producemakethe III V semiconductorsextremelyar- [27] VS. BanandM. F.ttenberg,J. Phys.Chem. Solids 34

tractiveexperimentalvehiclesfor studynotonly of (1973) 1119.
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