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Metal—organicchemicalvapordeposition(MOCVD) is a widely usedmethodfor the growth of compound
semiconductor surfaces using gas-phase precursors. In this work, we have used density functional calculations
and cluster models to investigate the growth of the In-rich indium phosphide surface resulting from the chemical
reaction of InH with the P-rich (2 x1) surface. In particular, the thermodynamics and kinetics of the individual
stepsinvolvedin thegrowthareconsideredhoroughly.The highestbarriercorrespondso theinitial reaction

involving InH; dissociationon the phosphoruglimer. The detailedmechanisms&swell asthe energeticof

the different stepsare discussed.

Introduction

ThepolarIinP(001)surfaces technologicallyvery important,
widely usedin optoelectronidevices high-powerelectronics,
and as a substratefor epitaxial wafer growth1=3 The surface
preparationis commonly carried out using metak-organic
chemical vapor deposition(MOCVD) using gas-phasdll/V
precursorssuch as phosphine/tertiarybutybhosphineand tri-
methyl indium. Undertypical MOCVD conditions,the layer-
by-layer growth of InP film on InP(001) wafer is normally
carriedout at a high substratetemperatureof ~600 °C. An
understandingf the growth procesghat governsthe epitaxial
film quality is clearly of fundamentaimportance.

Although the surface chemistry of indium phosphideis
complex,someof the surfacephasesavebeenwell character-

the bestof our knowledge therehavebeenno similar studies
of the In-rich surfacegrowth mechanismsin a future study,
we planto reportthe growth of a P-rich surfacestartingfrom

an In-rich surface.lt will be interestingto perform a similar
studyfor othercompoundsemiconductorsuchasGaAsto see
how the constituenatomsinfluencethe growth chemistryand
to understandthe mechanisticaspectsthat are common to

different compoundsemiconductors.

Theoretical Methods

A 4 x 1-sizedclustermodel(In13P1sH34) with two P dimers
wasusedasthe startingpointin our work. An importantpoint
to note hereis the natureof the truncatedbond terminations
used in our cluster models. Although typical cluster models use

ized. For example, the most common P-rich surface phase, InP-hydrogenatomsto terminateall of the truncatedbulk bonds,

(001)(2 x 1),is knownto havea hydrogen-stabilizedtructure
consisting of buckled phosphorus dimér$ The most common
In-rich phasehasa complex(2 x 4) reconstructiorinvolving
the presencef adatomdimers.The P-richandIn-rich surfaces
can be stabilized by annealingat about 300 and 650 °C,
respectivelyjn a UHV chamberandhavebeencharacterized

sucha schemeis not appropriatefor Ill =V semiconductors
because of the presence of dative bonding contributions between
the elements.To achievea properbalancebetweencovalent

and dative bondingin our clustermodel, two of the second-
layer indium atomsare terminatedwith phosphinemolecules,
while the remainderof the bulk In and P atomsare truncated

using spectroscopictechniques and surface stress measurértents. with hydrogens. We have shown previously that such a scheme
Although some reactivity studies on P-rich and In-rich surfaces Yields an appropriatelocal tetra-coordinatiorof the elements
have been done both experimentally and theoretically to improve while maintaininga properbalancebetweercovalentanddative

InP-baseddevices!! 18 the detailed mechanismof InP film
growthfrom the decompositiorof Il =V precursorss notwell
understood.Our objective is to understandthe kinetics and
thermodynamic®f heterogeneougas-phaseeactionsof the
precursomoleculeswith the P-richandIn-rich surfacedeading
to epitaxial growth.

In this paper,a mechanisticpathwayof the growth of the
In-rich surfaceover P-rich InP(001)-(2x 1) is presentedThe
pathwaycomprisesf severalstepsthat havebeenconsidered
individually. We uselnH3; asthe simplestprecursormolecule
andhavenot attemptedo investigatethe role of defectsonthe
growth chemistry. The whole study has been done using
computationallytractable reasonablgizedclustermodels.For
someof the key stepswith the largestbarriers,larger cluster
modelshave beenusedto ensureconvergencef results.To

* Correspondingauthor.E-mail: kraghava@indiana.edu.

bonding!®

Geometrieswere optimizedinitially with the densityfunc-
tional theory (DFT) methodusing the standardB3LYP func-
tionalt®-20 (Becke’sthree parameteexchangegunctional com-
binedwith the gradient-correctedorrelationfunctionalof Lee,
Yang, and Parr) in conjunctionwith the “sdd” basisse#!22
[Stuttgart-Dresden relativistic pseudopotential (Pd-core) along
with theassociatediouble-Zbasissetfor In; Dunning/Huzinga
double-¢ basis set (D95) for P and H]. All structureswere
optimizedwith theatomiccoordinategonstrainedrom thethird
layerandbelowalongtetrahedrabirectionswith In—P = 2.54
A: In—H = 1.76 A; P—H = 1.42 A. A careful vibrational
analysisat the B3LYP/sddlevel wasperformedto confirm the
nature of the stationarypoints and to get zero-pointenergy
corrections.The application of structural constraintsin the
clustersurfacemodelintroducesartificial forcesthat mustbe
accountedor properlyin the clusterfrequencycalculationsin
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Figure 1. Structureof the4 x 1-sizedclustermodel(InisPisH34) used
in the calculations(P, yellow; In, brown).

thiswork, to eliminatethe erroneougorcesduringthefrequency
calculations,nfinite massesvere assignedo the fixed atoms
in building the mass-weightedHessian. All minima were
confirmedto haveall positivefrequenciesvhile transitionstates
haveoneimaginaryfrequencyyielding the appropriateeaction
coordinateln orderto getmorereliablegeometriegandrelative
energiesadditional geometryoptimizationswere done using
an all-electron(18s/14p/9d)/[6s/5p/3diontractedoasissetfor

In atomsanda polarizeddouble€ D95** basissetfor P andH

atoms?3 Thesecalculationswill be denotedas“B3LYP/large”

in the rest of the paper. The transition state involved in the final

stepwas not optimized at this level becauseof convergence
problems.

Although the clustermodelas definedaboveis appropriate
for investigatingln insertioninto P dimers(leadingto P—In—P
linkages)it is too smallto studyln—In dimerformation.Hence,
asuitablelarger4 x 2-sizedclustermodel(Inz4P24H44), which
is the doubledunit cell of the intermediateafter secondinHs
adsorptionand subsequent, desorption(vide infra), was
consideredor studyingthe In—In dimer bondformation.

All of the calculationsverecarriedout usingthe Gaussian03
suite of programg*

Resultsand Discussion

Underthe typical conditionsusedin MOCVD, it is known
that the P-rich (2 x 1) surface has a hydrogen-stabilized
structureln particular,it consistsof acompletdayerof buckled
phosphorugdimerswith every other P atom terminatedwith
hydrogen.Thus,we startfrom a structureconsistingof H—P—
P: dimer units where*;” denotesthe presenceof a lone pair
on the “up” atom of the buckled dimer. The vapor-phase
precursomoleculeusedin our studyis InHz, andwe explore
a sequencef chemicalreactionsstartingfrom sucha P-rich
surfaceleadingto the growth of an In-rich surfacelayer.

The completemechanisntonsistsof four elementarysteps.
They arethe following: stepl, nonactivatedphysisorptionof
InH; followed by dissociativechemisorptionstepll, Intradimer
P—In—P bridge formation through ftesorption; step I, Inkl
adsorptionand interdimer P—In—P bridge formation through
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TABLE 1: Relative Energiesand Enthalpies (kcal/mol) of
all of the Specieslnvolved in Stepsl—IV?2

step | step Il
R1+InH; RC1 TS1 P1 P1 TS2 P2

AE. 0.0 —16.2 14.0 —29.9 0.0 190 —-11.8
AEp 0.0 —15.1 14.4 -27.7 0.0 18.0 —-14.0
AHgos 0.0 —-149 141 -274 0.0 173 -13.0
AH'298 —27.4 —-10.1 —404

step 1l step IV

pP3' P3 TS3 P4 R2 TS4 P5

AE. 00 —-45 289 11 00 (324 0.9
AEp 00 -50 273 -25 00 (305 -0.8
AHxps 00 —47 272 —-21 00 (30.3) 0.7

a AE. and AE, arethe B3LYP/largerelative energieswithout and
with zero-point correction (calculated from unscaled B3LYP/sdd
harmonic frequencies),respectively. AH,q3 are the corresponding
relativeenthalpiesat 298 K. The enthalpiegAH'295) Of the speciesn
stepll arerelative to the starting materials,viz. R1 and InHs. The
relative energiesof TS4 haveonly beencomputedat the B3LYP/sdd
level andarelisted in parenthesis.

H, desorption;step IV. In—In dimer bond formation. The
structureof the full modelthatwasusedin this studyincluding
all saturatingatoms/groupss shownat thetop left of Figure1l,
andasimplified two-layerrepresentatiofocusingon the active
sitesis shownat the top right of Figurel. In orderto maintain
the flow of the discussionwe will show only the simplified
structuresin eachof the individual steps.

The mechanisticstepscan be illustrated schematicallyas

below. We also list the computed reaction enthalpies (kcal/mol)

for eachmicroscopicreaction.The energetic®f theindividual
stepsaregivenrelativeto thereactingspeciesat thatstep.The
zero-pointenergiesaandthermalcorrectionsat 298K havebeen
computedfor all speciesusing B3LYP/sdd structuresand
vibrationalfrequenciesandthesecorrectionsvereaddedo the
reportedenergiesat the B3LYP/large level. The associated
energybarriersinvolvedfor eachstepwill bediscussedbelow.
The elementaryreactiong(stepsl —Ill) in the proposedyrowth
mechanismlead to the formation of —P—InH,—P—InH—P—
units along the <110> direction. Reaction IV involves a
couplingof two suchunitsto leadto theformationof anin—In
dimer. Table 1 lists the relative energiesncluding zero-point
correctionsandlargerbasisseteffects.

We now discussthe key points of eachreactionstep.

Step I. Nonactivated InHz Physisorption and Dissociative
Chemisorption. The structuresof the speciesnvolvedin the
individual stepsare shownin Figure 2, andthe corresponding
potentialenergycurvesare shownin Figure 3. Indane(InHs)
physisorbsonto a P-dimersite via dative bondingbetweerthe
lone pair of the“up” P atomof thedimerandthe vacantorbital

. AHgg=—14.9
Step la P—PH + InHg —— *p(InH;—PH
AHygg=—12.5
Step Ib *P(InH3)—PH —> *P(InH,)- PH2
AHp=-13.0
Step Il *P(InHy) + “PH, ™ H, + *P—in(H—PH
AHpge=18.1
Step lla *P—in(Hy—PH + InHy == *P(InHy)—in(H),~—PH e
Step b *P(InHz)—in(H),—PH + *P—PH —> H, + P—P—In(H—p—nH);—PH  AHas=21
NET: 2'P—PH + 2InH; = 2H,1 'P—P——In(Hy— p—in(H)7—PH  AHae=0606
Step IV ——— —
P P—In(H),—P Alygy07

2 (—p—In(Hy—p—InH—P— ) —= H +

—P—Ir— P—in(H)—P—

H
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Figure 2. The four elementary steps of the complete mechanism of In-rich surface growth on P-rich InP(R0I)farface. (a) Step |, nonactivated

InH; physisorptionand subsequentlissociativechemisorption(b) Stepll,
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intradimer P—In—P bridge formation via H, desorption(c) Steplll,

interdimer P-In—P bridge formation via kdesorption. (d) Step IV, kin dimer bond formation through tiesorption from reacting Intspecies.

of In. The resulting Lewis adduct(RC1) has a stabilization
energyof 15 kcal/mol andan In-++P bonddistanceof 2.80 A.
As expectedihe dativebondeddistances about0.30A larger
thanatypical In—P covalentdistance2.50A in P1 (videinfra).
Moreover,the complexis a metastableninimumandcanform
a more stablestructure(P1) via a hydrogenmigration to the

other P of the dimer, leading to the breaking of the dimer bond.

The correspondingenergybarrieris significant,~14 kcal/mol
with respecto the bareclusterandinH3, with thefour-centered
transition structure, TS1, leading to the formation of the
dissociateathemisorbegbroduct,P1. In thetransitionstructure,
the partially formedP-+-H (1.73A) andpartially brokenpP-+-P
(2.61 A) bonds are easily identified, while the migrating
hydrogenfrom InH3 showsan elongatedn---H distance(1.99
A). Theadsorptiorexothermicityof P1 with respecto thebare
clusterandInHs is 30 kcal/mol,andthe correspondinglesorp-
tion barrier is 44 kcal/mol. The transition structure was
confirmedby the presenceof one imaginaryfrequency(729i
cm1). The normal coordinatemotion correspondingto the
imaginaryfrequencyshowsthatit follows the expectedeaction
coordinate The P—InH, covalentbondlengthin P1is 2.50A.
The calculatedenergybarrierfor desorptionfrom P1 is much
greaterthanthat of dissociation(seestepll). Our resultscan
be compared with the results of RHissociative chemisorption
on an In—P mixed dimeraswell ason anIn—In dimer of the
In-rich InP(001)6(2 x 4) surfacereportedby Daset al.25 In

the former case,the barrieris about12 kcal/mol, whereasin
the latter caseit is about 20 kcal/mol. But the associative
desorptionbarrierwas considerablylessfor PH; chemisorbed
on the In-P dimer (30 kcal/mol) than that of IngHn the P-rich
surfacein the presentstudy,whereasor PH; chemisorbedn
In—In(43 kcal/mol) the valuesare somewhasimilar.

This elementaryreactionis the highestbarrier stepin the
overall mechanism. Zero-point and thermal corrections (298 K)
were calculatedusinga rigid rotor harmonicoscillatormodel,
and the stabilization enthalpy of RC1 is 15 kcal/mol. The
corresponding forward barrier is 14 kcal/mol, the exothermicity
is 27 kcal/mol,andthereversebarrieris 42 kcal/mol. To check
the reliability of our calculationsfor this crucial step, we
performedcalculationson a small 2 x 1-sizedclustermodel
(InsPsH17) aswell asa very large4 x 2-sizedclustermodel
(In20P24H40) andthe resultswerewithin 4 kcal/mol.

Vibrational spectroscopys anindispensiblgool for success-
ful identification and characterizatiorof the speciesinvolved
in varioussteps.Typically, computecharmonicfrequenciesre
too high compared to experiment, and we have previously used
empirical correctionfactors of about100 cm™ to take into
account systematic overestimation of the computed frequencies.
Forthespeciesnvolved,the stretchingrequencieguncorrected)
of the chemisorbednH, fragmentin P1 are 1784 and 1791
cm~1 andthe two surfaceP—H stretchingfrequenciesappear
at 2315and2380cm™! (the respectivebondlengthsare 1.421
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Figure 3. Reactionprofiles of the steps(a, stepsl andll; b, stepll;

c, steplV) of the completemechanisnof In-rich surfacegrowth on
P-richInP(001)(2 x 1) surfaceat the B3LYP/largelevel exceptTS4
where B3LYP/sddvalueshave beenemployed(seetext for details).
All relative enthalpiesarein kcal/mol.

and1.415A). ThephysisorbednHs frequenciesn RC1 occur
at1692,1716,and1740cm™1 andarered-shiftedwith respect
to barelnHs, asexpectedThe substrate-adsorbatestretching
vibrationin P1 occursat 365 cm.

Step Il. Intradimer P—In—P Bridge Formation via H»
Desorption. The InH, and PH, specieseacton the surfaceto
form anintradimerP—In—P bridgewith the desorptionof H..
Becauseof the large distancebetweenthe dimers,interdimer
P—In—Pbridgeformationat this stepis unlikely. The product
(P2) is stabilizedrelative to R1 and InH3 by about42 kcal/
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this exothermic step is ~18 kcal/mol, the corresponding
transition state TS2 occurssubstantiallybelow the transition

state TS1 for the first step (Figure 3a). Overall, at the zero-

point correctedevel, P—In—Pbridge-bondormationoverthe

phosphorusdimer (here called the intradimer In bridge) is

characterizedby anenergybarrierof 18 kcal/mol,an enthalpy
barrierof 17 kcal/mol, an exothermicityat 298 K of 13 kcal/

mol, and a reversebarrier of about30 kcal/mol.

Step lll. Interdimer P—In—P Bridge Formation via H;
Desorption. The growth of an In-rich layer also requiresin
insertionbetweenwo adjacentdimers.To investigatethis, we
optimizeda structure(P3') obtainedaftera secondnHs adduct
formation at the P site aligned toward the interdimer region
(Figure2c). Becausef the presencef a neighboringtrivalent
In siteformedin the previousstepandthe propensityof indium
to form bridging In—H—In linkages,the adductP3' containsa
hydrogenmigrating to the bridging position betweentwo In
atoms. However, P3' is easily transformedinto a slightly
exothermic ¢4 kcal/mol at B3LYP/large) tetrahydride substrate
phase(P3), which further undergoeslehydrogenatiomo form
an interdimerbridgedform (P4) as shownin Figure 2c. The
hydrogendesorptionAEy) is about3 kcal/molexothermicThe
desorptionbarrier, correspondingo the associatedransition
stateTS3, is about30 kcal/mol.As in othercasesthetransition
structurg(TS3) wasconfirmedby the presenc®f oneimaginary
frequencyandthe natureof its associatedeactioncoordinate.
At the zero-pointcorrectedevel, the energybarrier, enthalpy
barrier,and exothermicityat 298 K relativeto P3 are 27, 27,
and 2 kcal/mol, respectively.

It is of interestto comparethe interdimerIn insertionseen
in this stepwith the intradimerinsertionseenin the previous
step.lt is clearfrom ourwork thattheinterdimerinsertion(step
[ll) is energeticallymore expensive,kinetically as well as
thermodynamicallycomparedo intradimerin insertion(step
II) with an enthalpybarrierlarger by ~10 kcal/mol and less
exothermicby ~11 kcal/mol. This is clearly a consequencef
thelargerdistanceof theinterdimerP atomsthatmakest more
difficult to insertanindium in the interveningspace.

The intermediate(P3') is characterizedoy the H of InH3
disposedetweertwo In atomswith In--+H distancef 2.069

and 1.904 A. Itis also important to investigate the characteristic

frequenciesof the moieties P—In(H)—P and P—In(Hy—P
formed in this step. In the produly, the frequencies of bridged
InH, andInH moietiesoccurat 1776,1768,andat 1794cm™1,
respectively.For comparisonjn P3' the symmetricand anti-
symmetric stretching frequenciesassociatedwith the InH,
moietyresultingfrom partially dissociatednH; appeaiat 1814
and1834cm1,

Step IV. In—In Dimer Bond Formation through H,
Desorption from Reacting InH x Species.The previoussteps
consideredaboveleadto the formation of —P—In(H)—P—In-

mol. This step is exothermic by 12 kcal/mol. and the associated (H)2—P— groupson the surface As mentionecearlier,we have

energybarrierwith respectto P1 is 19 kcal/mol. In TS2, the
distance betweenthe two desorbinghydrogensis 1.00 A,
whereasthe In-+-H and P-+-H distancesare 1.96 and 1.80 A,
respectively.Thus, the bondswith the desorbinghydrogens
(P—H andIn—H) areelongatedy 0.38and0.20A, respectively.
The normalcoordinatemotion correspondindo the imaginary
frequencyat the transitionstateTS2 showsthatit follows the
expectedeactioncoordinateln the bridgedInH specieqP2),
the InH stretchingfrequencyoccursat 1795 cm™1. The two
substrate—adsorbatgretchingsoccurat low frequencies331
and 291 cm™1. The two surfacePH stretchesappearat 2305
and 2353cm™L. Although the zero-pointcorrectedbarrier for

useda larger cluster model with coupling betweentwo such
groupsto investigateln dimer formation on the surface.The
speciednvolvedin this stepareshownin Figure2d. The In—
In dimer formation in this stepis characterizey a barrier
heightof 32 kcal/mol at the B3LYP/sddlevel. The processs
slightly endothermic.However, this reactionoccurswith the
requirementof no additional externalenergyin the reaction
conditionsbecausehe reactionis energeticallywell belowthe
startingmaterials.

The reactant(R2) hasrows of alternatinginH, and InH
surfacespeciesalong <110> asthe P—In(H)—P—In(H),—P

moiety. The neighboring units are staggered with respect to each
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othersothatthe InH, of oneunit is alignedwith the InH of the
neighboringunit. The InH, groupstilt towardthe neighboring
InH unit to form partially bridgedbonds.This can be clearly
seenin the In—H distancesn InH; groupsof 1.73,1.86,1.73,
and1.89A atthe B3LYP/sddlevel. Thetwo longerbondsare
dueto theformationof theln---H bridgebondswhosedistances
correspondo 1.96and1.92A. Thefour stretchingfrequencies
for the bondsof terminalhydrogenswith In areat1792,1813,
1819, and 1824 cm™L. As expected,the two frequencies
associatedvith two In---H-+-In bridge bondsare red-shifted
significantly. R2 forms an In—In dimer bondedstructure(P5)
via the four-centeredransitionstructure(TS4). The transition
structure(TS4) is characterizedigorouslyasin othercasedy
its imaginaryfrequencyand the associatechormal coordinate
motion. Thedistancebetweertwo desorbinghydrogenss 1.091
A in thetransitionstate.The productP5 hasan H—In—In unit
with anIn—In distanceof 2.98A (2.95A atB3LYP/large)and
anIn—H distanceof 1.73A (1.75A at B3LYP/large).At the
final zero-pointcorrectedthermochemicalevel at 298 K, the
enthalpybarrierrelativeto R2 is 30 kcal/mol at the B3LYP/
sddlevel. At the B3LYP/largelevel, the exothermicity(AEp)
is about1.0 kcal/mol.

Overall, we havestartedfrom an appropriateclustermodel
representinga hydrogen-stabilizedP-rich InP(001) (2 x 1)
surface A sequencef reactiongnvolving the additionof two
moleculesof InHz followed by threeH, eliminationreactions
leadsto the formationof anIn—In dimerunit, the simplestunit
neededo form anIn-rich surface Althoughadditionalreactions
needto be consideredn thefuture,our paperprovidesthe basic
groundworkto understanda key growth stepleadingfrom a
P-rich surfaceto an In-rich surface.

Concluding Remarks

The mechanisnof In-rich surfacegrowth over the P-rich 2
x 1InP(001)surfacehasbeenstudiedhereatthe B3LYP level
of theory with two different basis sets. The structures, vibrational
frequenciesandrelativestabilitiesof the speciesnvolved have
beencomputedThekineticsandthermodynamicef eachstep
have also been investigated.The slowest step is the InHz
dissociationover the phosphoruslimer with a barrierof ~14
kcal/mol. Our resultsappearto be convergedwith respectto
clustersize (InsPsH17 andInzoP24H40). The B3LYP/sddresults
areconsistentvith thelargerbasisset(B3LYP/large).Interdimer
P—In—P bridge formation in the intervening space between two
phosphoruslimersalongthe <110> directionis energetically
more expensive, kinetically as well as thermodynamically,
comparedo intradimerP—In—P bridgeformation(stepll) with
a barrierlargerby ~10 kcal/mol andlessexothermicby ~11
kcal/mol. In conclusion,this study clearly setsthe framework
for the growth of In/V compoundsemiconductorsandit will
be interestingto seeif similar aspectsgovernthe growth of
othercompoundsemiconductorsuchas GaAs.
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