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Adsorption of phosphineon indium phosphidecompoundsemiconductorsurfacesis a key processduring
the chemicalvapor depositionof this material. Recentexperimentalinfrared studiesof the In-rich InP surfaces
exposedto phosphineshow a complexvibrational patternin the P—H stretchregion, presumablydue to over-
lapping contributionsfrom severalstructuralspeciesWe have performeddensity functional calculationsusing
finite-sizedclustermodelsto investigatethe dissociativeadsorptionof PH; on the In-rich InP surface We find that
initially PH; forms a dative bond with one of the surfaceln atomswith a binding energyof approximatelyll
kcalmol-1 at298K. Theln—PH; bondlengthis 2.9A, 0.3 A greaterthanthe In—P covalentbondlengthcomputed
for In—PH, speciesproducedby hydrogenmigrationto a neighboringatom. However,the dissociationprocess,
thoughexothermic,involvesa significantactivationbarrierof ~23 kcal mol~1, suggestinghe possibility of meta-
stabletrappingof thedativebondedPH; moleculesindeed a carefulvibrationalanalysisof differentP—H stretching
modesof the surface-bound®H; and PH, units gives excellentagreementvith the observednfrared frequencies
and their relative intensities. Moreover, at higher temperaturesthe frequency modes associatedwith PH;
disappeareither due to desorptionor dissociationof this molecule,an observationalso well supportedfrom
the computed thermochemicalparametersat different temperatures.The computed energy parametersand
infraredanalysisprovidedirectevidencethat PH; is preseniasa dativebondedcomplexon the InP surfaceat room
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temperature.

1. Introduction

Chemisorptiorof moleculeson a semiconductosurfaceis a
key procesghatcanpassivatéhesurfaceandalterits electronic
andoptical propertiesIn many casesthe initial adsorptionis
governedy theformationof adativebondedcomplexbetween
an electron-richcenterin the substratenoleculeandan empty
surfacedanglingbond!~* However,suchdative bondedcom-
plexesare,in generalmetastableind,therefore eitherdesorb
from the surfaceor dissociateinto a thermodynamicallymore
favorablestate As a consequencehe exampleof molecularly
adsorbedspecieson semiconductosurfacesobservedat room
temperaturarelimited, especiallywhenthe substratenolecule
is a simple hydride.

Bozsoetal. showedhatammonialissociatesntheSi(100)-2
x 1surfaceatatemperaturaslow as90K.5 Phosphin@dsorption
on Si(100) surfacehasalso beenextensivelystudiedand, like
ammoniajs knownto chemisorlmolecularlyfollowed by rapid
dissociationinto PH, and H at 200 K.6 The stability of the
dissociatedspeciesat room temperaturehas been recently
confirmedby Schofieldandco-workeraisingatomicallyresolved
STM images’-8 In comparisonadsorptionof arsineon silicon
surfaceshas received relatively minor attention. The lone

* Authorstowhomcorrespondenamaybedirected E-mail: kraghava@
indiana.edurhicks@ucla.edu.
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experimenby Kipp etal.? andacoupleof theoreticalvorks'©11
suggest possibledissociatiorof AsH; atroomtemperatureln
the caseof primary and secondaryamines,the initial dative
bondeccomplexundergoesl—H dissociatiorat300K.3 Tertiary
amineswhichlackanN—H bond,do notdissociatendinstead
remainboundto the surfacein a dative bondedstate?

OntheGe(100)-2x 1 surfaceNH3 adsorbsnolecularly,and
thisformis stablebetweerl30and200K, afterwhichit desorbs
preferentiallybecausef its low binding energyrelativeto the
dissociatiorenergybarrierasshownin arecentlustercalculation
by Mui et al.’2 Barring a single theoreticalcalculation! very
little is knownaboutPH; andAsH; adsorptioron Ge.However,
unlike Si, all substitutedaminesare stableas dative-bonded
complexe®n GesurfacesThis stabilityis attributedto thehigh
binding energyof the aminemoleculesandlow protonaffinity
of thesurfaceln particular Bentandco-workerscomputedhis
binding energyto be approximately25 kcal/mol usingdensity
functionaltheory!*
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In contrastthe detailedmechanisnof molecularadsorption
andsubsequerissociatioroncompoundgemiconductasurfaces
suchasgallium arsenideg(GaAs) and indium phosphide(InP)
hasreceivedrelatively minor attention.The experimentastudy
by Apenetal. suggestshatarecombinativelesorptiorof (NH,
+ H) is the dominantreactionchannelfor ammoniaon GaAs-
(100)attemperatureabove250K.5 Presencef both PH; and
PH, onthis surfacefollowing PH; adsorptiorat 140K hasalso
beenreported1” For AsHz, White and co-workersobserved
thatdissociativedsorptions theprimaryreactiorchannestarting
from 140K.181°However,in arecentinfraredstudycombined
with ab initio clustercalculations,Fu et al. found that dative
bondedarsineis presenion GaAssurfaceevenat 300K.20 As
for InP,exceptn afewkineticstudies?!-22adsorptiorof hydride
precursorson this surfacehasnot beenthe focus of detailed
investigationg324

It is thusclearthat molecularlyadsorbedstateson semicon-
ductorsurfacesre,in generalfransienintermediate$or group

V hydridesand thereforearenotobservedtroomtemperature.

They are only stabilized when one or more hydrogensis

substitutedand the resulting complexeshave relatively high

binding energy.In this paper,we investigatethe adsorptionof

PHs on the In-rich InP(100)-6(2x 4) surfaceusing ab initio

guantunchemicaklustercalculationsThiswork combinedwith

ourrecentlyreportedsurfacenfraredspectré® providesdefinitive

informationaboutsignificanttrappingof theinitial dativebonded
complexatroomtemperatureThebindingenergyof phosphine
in thiscomplexis relativelylow (~11kcal/mol),whichsupports
theknownpoorstickingprobabilityof themolecule?! In addition,
this weakly bound complexis only a metastablestate since
dissociatiorof phosphingesultan amorestablesurfacespecies.
Despiteall thesefacts, the dative bondedstateis prevalentin

equilibriumatroomtemperatureggresumablylueto highkinetic
barrier for PH; dissociationcoupledwith the relatively low

thermodynamigcstability of the dissociatedoroducts.

2. Computational Details

The In-rich surfaceof InP exhibits relatively complexsurface
reconstructionskFor examplethe 6(2 x 4) surfaceconsideredn
this studyhasoneln—P adatomdimerontop of four surfaceln—In
dimersin eachunit cell26 A cluster model has beendesigned
accordinglythatrepresentsucha surfacestructure Thisis shown
in Figurel. Thismodelis sufficientlylargeandretainsall thesalient
featuresof the reconstructedsurface?’28 In 1ll-V compound
semiconductorgachoneof thebulk Il andV atomsarefour-fold
coordinatedsharingthree covalentand one dative bond between
them. To achievea properbalancebetweencovalentand dative
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Figure 1. An optimizedclustermodelfor the In-rich InP surface.
Note thatthe four In—In dimersare parallelto the [110] axisand
perpendiculato thedirectionof theIn—P mixeddimer.Colorcode:
green(In) andyellow (P).

bondingin our clustermodel,two of the second-layephosphorus
atomsare terminatedwith lone pairs, while the remainderof the
bulk In and P atomsare truncatedwith hydrogensWe usedthe
standard3LYP hybriddensityfunctionalavailablein theGaussian
03 quantum chemistry suite for optimization and vibrational
analysis?®—31 We employedthe all-electron (18s/14p/9d)/[6s/5p/
3d] contractedasissetfor thesurfacandiumatomstheDunning—
Huzinaga(11s/7p/1d)/[6s/4p/1d¢ontractechasisset (D95**) for
phosphorusthe D95** polarizeddouble-Zbasissetfor the surface
hydrogematomsandthe D95 double<¢ basissetfor theterminating
hydrogenatoms32~34 The remainingindium atomswere treated
using the pseudopotential-base@DD basis set to make the
computationgeasible3® In sum,thedifferentbasissetsusedin this
study havebeendenotedas“GEN” basis.Startingfrom the third
layer,all theln andP atomsalongwith theirattachedd atomswere
frozenalongtetrahedratirections(In—P = 2.54A, In—H = 1.76
A, P—H=1.42R), while theremainingatoms(in thetoptwo layers,
theadatomsandthe adsorbateatoms)werefully allowedto relax.
We noticedin anearlierstudythatthe neglectof anharmonicityin
the vibrational analysis (along with other deficienciesin our
theoreticalmodels) leadsto a systematicoverestimationof the
computedP—H stretchingrequencie®y approximatelyl 10cm~1.36
We have, therefore, uniformly shifted down all the calculated
frequenciesby this correctionfactor to comparethem with the
experiment.
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structure 1

TS1

structure 2

Figure 2. Surfacestructuresafter phosphineadsorptioron the In—P mixeddimer. The dativebondedcomplex(1, left), transitionstatefor
dissociation(TS1, middle), and the dissociatedspecieg2, right) are shownhere. The distancesarein A.

Shownlaterin Figure6aaretheinfraredspectraf thephosphine-
adsorbedndium phosphide)(2 x 4) surfaceatroomtemperature.
In particular,spectrarecordedusingtwo different polarizations(s
andp) for light propagatioralongthe[110] directionareshown.In
theinsetof Figure 6a,the deconvolutedandsin the P—H stretch
region, the focus of this study, are also shown. This part of the
spectrunshowsacomplexpatterrcontainingnineoverlappingands
within 150cm™1. Theexperimentasetupfor recordinghesespectra
canbe foundin reference25.

3. Resultsand Discussion

3.1. Surface Structure. 3.1.1.PH3; Adsorptionon the In—P
Mixed Dimer. The 6(2 x 4) surfacehastwo different binding
sites,the In—P mixed dimer andthe In—In dimers.We begin
our discussiorconsideringPHs adsorptionon the In—P mixed
dimer.Presencef alonepaironthePatomintroducesnuneven
chargdlistributionwithin thisdimer.Thisresultsin anelectron-
rich, nucleophilic“up” atom (in this caseP) and an electron-
deficient, electrophilic*down” atom. Similar dimer buckling
and zwitterionic characternwere also observedon Si and Ge
surfaces? Structurel in Figure2 presents dative-bondedin—
PHs speciesesultingfrom interactionof PH; lone pair with the
down-buckledn atom.Thedativebondformationis exothermic
with respectto the entrancelevel (bare surface+ gas-phase
phosphine)This is illustratedin the potentialenergydiagram
presentedh Figure3. We computethebindingenergyto be8.5
kcal/mol at the BALYP/GEN level. For comparisonfu et al.
reportecthebindingenergyof arsineon GaAssurfaceto be 9.3
kcal/mol?°

Note that though density functional theory is effective in
modelingstronginteractionssuchascovalentbonding,it may
notadequatelylescribeéheweakeiinteractionsn dativebonded
complexesvherevanderWaalsor dispersiorforcesmay play
a role. For this reason,the accuracyof the binding energy
calculationwasfurtherassessely consideringHsIn—PHs asa
modelsystem Applying the samemodelchemistryusedin this
work (B3LYP/GEN), phosphinebinding energyin Hzln—PH;
wasfoundto be10.0kcal/mol.However,CCSD(T)single-point
calculationson the B3LYP optimized geometry,using extra
polarizationfunctionson P andH atoms,ncreasehecomputed

18
| TS1
- 14.4
= 9r
B L
£
©
g surface + PH,
= 0
> |
©
< u
w 8.5
S 9
E | structure 1
[9]
Y |
—16.7
“18F structure 2
=27

Figure 3. Potentialenergydiagramfor phosphineadsorptiorand
dissociationon the In—P mixed dimer.

bindingenergyby 2.5kcal/mol.A tablelisting phosphindoinding

energiesitdifferentlevelsof theorycanbefoundin theSupporting
Information.In an earlierstudy?’ Chailletet al. alsoobserved
a changein PH; binding energyof approximately3 kcal/mol

whenshiftingfrom HF to MP2calculationsTheseesultlearly
illustratetheimportanceof usingpost-SCFmethodsandlarger
basissetsin computingbinding energyin suchsystemsWe,

therefore suggesthat the actualsurfacebinding energiesare,

on average2—3 kcal/mol higherthanthosecomputedhere.

The In—PHs dative bond lengthis 2.87 A, consistentwith
previousabinitio studieson Hsln—PH;z thatfound In—P bond
lengthtobe2.92A.37 Binding of phosphin@lsocausesignificant
changesin dimer buckling. Due to the more electron-rich
environmentow,theln atommovesup vertically, reducingthe
dimertilt anglefrom 7.4° in the baresurfaceto 3° in structure
1. Musgraveet al. observeda similar reductionin dimertilting
from 18°to 13° dueto adductformationonthesiliconsurface®®

(37) Chaillet,M.; DargelosA.; MarsdenC. J. NewJ. Chem.1994,18, 693.
(38) Widjaja, Y.; Musgrave,C. B. Surf. Sci.2000,469, 9.
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structure 3
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structure 4

TS 2

Figure 4. Phosphinedsorptiorontheln—In dimers.Thestructureontheleft (3) showsdativebondedphosphinesnall four surfacedimers.
Thesecond TS2) andthethird (4) structureqpartially truncatedor clarity) represenphosphinadissociatioron the phosphorusideof the

mixed dimer. The distancesarein A.

Dissociationof PH; leadsto the migrationof oneH atomto
the neighboring phosphoruscenter, and the remaining PH,
fragmentowformsacovalentoondwith thehostin atom.This
hasbeenshownas structure2 in Figure 2. The In—P mixed
dimerlengthchange$rom 2.64A in 1t02.79A in 2, asexpected
fromits shiftfrom covalento significantlydativebondechature.
Also notableis a changen thedirectionof dimertilting in this
new structure The vertical positionof the In atomnow makes
thePatomdownbuckled reversingheorderfoundin eitherthe
bare surfaceor the dative bondedcomplex. The dissociated
productis only 8.2 kcal/molmorestablethanthedativebonded
stateThisrelativelylow stabilityof thedissociatedpecieselative
to the molecularcomplexis alsoobservedn othercompound
semiconductosurfaceg°TS1in Figure2 representatransition
structurethat connectghe two minima, 1 and 2. Note thatin
TS1, the dimer tilt angleis almostzero, which justifies the
intermediateatureof thisstate PH; decompositioms associated
with a very high activation barrier, 11.9 kcal/mol above the
entrancechannel(23 kcal/molabovethe complex1). A similar
highbarrierwasalsoreportecearlierfor arsineadsorptioronthe
GaAssurface?® The high barrierindicatesa slow dissociation
processespeciallyatroomtemperatureNotethatin 2, thelone
paironPH, is projectecawayfrom themixeddimersite.Similar
orientationswere also found for NH, and PH, groupson Si
surfaces?!

3.1.2.PH3 Adsorptionon the In—In Dimers. PH alsobinds
to the surfaceln—In dimers.The associatedinding energyis
similar to that of the mixed dimer. However,all four indium
danglingbondsin this layer are not equivalent.This is dueto
the nonequivalentlocal environments(symmetry breaking)
createdby the presenceof the In—P mixed dimer on the top.
Phosphinéindingis slightly stronger(by 1.2 kcal/mol)on the
In—In dimeratthecationsiteof themixeddimer(referto structure
3in Figure4). This sideof the surfacecontainsa chainof five
indiumatomsalongthe[110] direction.Thelong metallicchain
stabilizeselectronpairsdonatedby phosphinenoleculesmore
effectivelycomparedo theothersidewhereaphosphoruatom
is sandwichedetweentwo In—In dimers.This extrastability
is alsoreflectedin the correspondinglative bondlengths.The
In—PH; distanceis alwaysshorteron the indium side of the
adatomdimer (2.90 A vs 2.94 A). In addition, the stronger
coordinationrmakedone pair electronson the P atomto beless
effectivein screeningthe nuclearcharge.This is reflectedin
shorteP—H bondlengthsandhighersymmetricstretchingnodes
for phosphinemoleculesadsorbedn this side.

30
B TS2

20 23.0

._.
(=]
I

surface + PH,

—8.3
structure 3

Relative Energy (kcal/mol)
|
= o
|

th
(=
I

204

B structure 4

-30
Figure 5. Potentialenergydiagramfor adsorptiorandsubsequent
dissociatiorof phosphingatthe P-sideof the mixeddimer)onthe
In—In dimers.

After phosphinedissociation,one of the hydrogenatoms
migratego theneighboringdimersiteandinsertsin betweeran
In—In dimer bond to produceln—H—In, a three-center-two-
electronbond. This new bondingstateis shownasstructure4
in Figure4. A similar bridgedhydride structurewas reported
earlierfor atomicH adsorptioronthelnP surface®® Thebridged
In—Hp bond distancestypically vary from 1.95 to 2.05 A.
Comparedothemolecularcomplex(structured), thedissociated
productis 11—12kcal/molmorestablewhenthe PH, groupis
positionedat the phosphorusideof the mixeddimer (structure
4). A completepotentiakenergydiagranfor phosphinedsorption
andsubsequendissociationon the metaldimer siteshasbeen
displayedn Figure5. Thekinetic barrierfor the dissociatioris
20.5 kcal/mol abave the entrancelevel. We found a second
conformationalsomerfor structuret basednadifferentspatial
orientationof the PH, group. This new conformeris listed as
structureb in Table1. 4, in which the PH, lone pair is facing
a neighboringphosphinemolecule,is slightly more stable(by
1 kcal/mol)than5. The additionalstability comesfrom a weak

(39) Raghavachark.; Fu,Q.; Chen,G.; Li, L.; Li, C.H.; Law, D. C.; Hicks,
R. F.J. Am.Chem.So0c.2002,124,15119.
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Table 1. Different P—H Stretching Frequencies(cm™?) at the
In—In Dimer Sites

Structure Mode Theory  Expt.
3 O PH,s 2202 2285
2307 2301
g :.: g PH,* 2328 2327
2337 2339
4 Q PH,* 2255 2262
s J ...OW PH,™ 2268 2262
Q9 @& nhHIh 111 a
5 AR
PH,$ 2232 2226
- 0g® G% PHy 2240 2242
D@ @ In-H-In 1124 a
6 Q PH,* 2253 2262
P ... & prH~ 2264 2262
cs . .Oe) In-H-In 1228 a
7 Q PH,* 2235 2226
e J ... PH, 244 2242
5s B ) - In-H-ln 1235 a

@ Theexperimentaspectrunyieldsabroadbandatthisregion(1150—
1300cm™Y).

hydrogen-bondingteractiorbetweerthePH, andthePHz group
on the neighboringdimers?°

Ontheotherhand,phosphinelecompositiorat the In-sideof
themixeddimer(structures$s and7 in Tablel) is lessfavorable
boththermodynamicallyby 3—4 kcal/mol)andkinetically (by
1—-2kcal/mol)dueto thefollowing reasonThedistancéetween
two neighboringn atomsontheunreconstructebhP (001 )surface
is 4.14A. This may be contrastedvith the In—In dimer bond
distancewhichis computedobe2.93A ontheoptimizedcluster
(Figurel).Hydrogennsertioninto themetaldimerbondexpands
the distancebetweertwo indium atomsto a valuemuchcloser
to thesurfacdatticeconstantind,thereforereleasesubstantial
amountof strainon the In—P back-bondsThis effectis more
prominentat the P-side becauseof greaterln—H-—In bond
distanceNotethat,thoughthemolecularcomplexis morestable
ontheln-sideof themixeddimer,thestability orderis reversed
in thedissociatedpeciesOverall,thehighactivationbarrierfor
productformation makesdissociationevenlesslikely on the
In—In dimersthan on the In—P mixed dimer at 298 K. The
possibility of simultaneouslissociationof all four phosphine
moleculesis thusunlikely at room temperature.

3.2 Vibrational Analysis. 3.2.1. Dative BondedPHs. The
vibrationalspectrdor gas-phasphosphin€Cs;,) showsonemode
with A; characteat2321cm™! anda doubly degeneratenode
with E characterat 2326 cm~ 141 In surface-adsorbe®Hs,
however,the overall point group symmetryis reducedto Cs.
This removesthe degeneracyof the E mode, so that three
vibrational lines are predicted.PH; in structurel exhibits a
symmetricstretchingmodeat 2319 cm™! with relatively high
intensity. Two asymmetrionodesof low intensities split only
slightly,arecomputecat2337and2340cm™1. Thesedrequencies
arelistedin Table2. The absoluterequenciesandthe splitting
betweerthesymmetri@andasymmetrienodeshavebothchanged
from gasphaseto surfaceadsorbedspeciesWe explainthese

(40) QueeneyK. T.; Chabal,Y. J.; RaghavachariK. Phys.Rev.Lett. 2001,
86, 1046.

(41) Tarrago@G.;LacomeN.; Levy, A.; Guelachvili,G.;BezardB.; Drossart,
P.J. Mol. Spectrosc1992,154, 30.
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Figure 6. (a) ExperimentallyrecordedsurfacelR spectraafter
phosphineadsorptiorat roomtemperaturgusingpolarizedlights).
(Inset) P—H stretchregion of the correspondingunpolarizedIR
spectrum(b) Thedipolederivativevectordor symmetricstretching
of phosphineon In—P (left) and In—In dimers(right).

Table 2. Different P—H Stretching Frequencies(cm™2) at the
In—P Mixed Dimer Site

Structure Mode  Theory  Expt.

PH;* 2319 2319

1
0 0,00
. .@. . PH, 2339 2339

2 AR PH,* 2238 2226
{ J .@. @® rus 247 24
o0 09 2279 -

changessresultingfrom the substantiatifferencein thelocal

dielectricenvironment.Thesecomputedfrequenciesand their

intensitiesshowexcellenagreemenuith theexperimentapeaks
positionedat 2319and 2339 cm™1, respectively(inset, Figure
6a).

Ontheln—In dimers,wehaveconsideredheadditionof one,
two, andfour phosphinenoleculesatatimeto studypartialand
fully saturatedsurfacedanglingbonds.The symmetricstretch,
whenonly onePH; moleculeis presentappearsat2312cm1,
This modedoesnot accountfor any of the spectralfeaturesn
the experimentalR spectraSurprisingly,the presencef one
more PH; group on the neighboringdimer brings this mode
downby 15cm™L. Thispromptedusto saturatell four dangling
bondson the surfaceto monitor the caseof completesurface
coveragdstructure3). Undertheseconditions we find thatthe
positionof the symmetricmodeultimately dropsdownto 2292
cm! (atthe P-side) andtheintensityassociatesvith thismode
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appeardo be very high. We assignthis modeasthe oneseen
at2285cm1 in the experimentAn analogousymmetricPHs

stretchingmodeon the In-side of the mixed dimer appearsat

2307cmL. Like the previousmode this onealsohasrelatively

highintensityandis closeto theexperimentabandseerat2301

cm~L. We,thereforesuggesthat,assoonasphosphings exposed
to the surface,it saturatesll the surfacedanglingbonds.The

intermediatesurfacestructuregontainingoneor two phosphine
moleculehavevery minoror almostno contributiontowardthe

observedR spectra.This predictionis also supportedoy the

observatiorthatthespectrapatterrdoesnotchangesignificantly

at different phosphinedosage® The asymmetricstretches
correspondingo the two symmetricmodesstatedaboveare

computedat 2329 and 2337 cm™?, respectively both of them

having very weak intensities. Thesetwo modesshow good

agreementvith two weak bandsobservedat 2329 and 2339

cm™1, respectively.

Wewill nowsupportheabovespectrahssignmentbasedn
thefactthatthedipolemomenterivativewith respecto nuclear
displacementalonganormalmodeis relatedto theintensityof
IR absorptionForthis,wereferto Figurebathatshowsthatthe
peakat2319cm™tisequallys- andp-polarizedvhenlight travels
alongthe [110] direction. Recallthat this is alsothe direction
of theln—In dimerbondsandperpendiculato theln—P adatom
dimerbond.We haveassignedhis particularfrequencycoming
from the symmetricstretchingof PH; moleculeon the In—P
adatomdimer.In this situation,thedirectionsof thetwo dipole
derivativevectors,uyx andu,, areparallelto the directionof s-
andp-polarizedlight, respectively(left partof Figure6b), and
hence this moderespondgo both polarizations.On the other
hand, the band at 2285 cm™! almost disappearswhen an
s-polarizedight is used.Our calculationssuggesthatthis band
is produceddy the symmetricP—H stretchingof the phosphine
moleculesadsorbedn the In—In dimer sites.As shownin the
right-handside of Figure6b, the netdipole momentderivative
producedby the correspondingnodehascomponentg, and,
which only respondto a p-polarizedlight. This explainsthe
absencef any bandat this positionwhenan s-polarizedight
is used.

The splitting betweenthe symmetricand asymmetricPH
stretchingmodesin phosphineontheln—P adatomdimeris 20
cm~1. Howeverjn caseof theln—In dimersthesplittingbetween
thetwo modesincreaseso 40 cm™2. It would beinterestingin
this contextto look at this differenceon other semiconductor
surfacesHamersetal. reporteda splitting of approximately20
cm~1for dativebondedohosphinenthesilicon surface® How-
ever,thephosphindrequencie®nthis surfacearealittle lower
(2270and2290cm™1, respectivelyjhanontheindiumphosphide
surface This may be duethedifferencein theelectronicnature
of thesetwo surfacesthe Si surfacebeingmore electronrich.

3.2.2. After PH3 Dissociation. The isolated P—H bond in
structure2 exhibitsa singlestretchingmodeat 2279cm=1. No
distinctpeakis clearlyvisibleatthispositionin thedeconvoluted
infraredspectraHowevers,it is possiblethatthis peakis buried
underthe nearbyvery intensebandat 2285cm™2. The mixed
dimer length in the dissociatedproductis 2.79 A, a value
somewherén betweerin—P covalent(2.59A) anddativebond
(2.89A) distance Previously,for hydrogenadsorptionon the
P-rich InP surface,it wasfound thata four-fold coordinated®
atom exhibits an isolatedP—H stretchat 2301 cm™?, while a
three-foldcoordinated® atomwith alonepaironit produceshe
samemodeat2225cm~1.3642ThereforethesingleP—H stretch

(42) ChenG.;Cheng,S.F.; Tobin,D. J.;Li, L.; RaghavacharK.; Hicks, R.
F. Phys.Rewv. B2003,68.

Dasetal.

at 2279cm1 in the dissociatedspeciess consistentwith the
intermediatebondingstateof its phosphorustom.

Now we discussvibrations of the phosphoruddihydrogen
speciegresenton the surface All of them exhibit symmetric
and asymmetricstretchingmodesthat are separatedby ap-
proximately 10 cm~%. However,the absolutefrequenciesas-
sociatedwith thesemodesdependon the position and spatial
orientationof theindividual PH, units. In this context,onecan
noticethatthe PH, groupsin structure2, 5, and7 arealmost
geometricallyequivalentForexamplethePH, groupin 2 exhibits
symmetricandasymmetricvibrationsat 2238and2247cm2.,
This may be comparedo the correspondingnodesin 5 and?7.
In structure5, thesetwo modesappeaiat 2232and2240cm™1,
respectivelyWhile in structure7, theyappeaat2235and2244
cm™ 1, respectivelyln theexperimentalR spectrayefoundone
relatively broadbandat 2242cm™1 andlower frequencypeaks
at2226cm ! and2219cm™1. We assignthesethreepeaksas
resultingfrom symmetricandasymmetriovibrationsof the PH,
groups,describedin structures2, 5, and 7. We note that the
assignmenof thetwo lower-frequencynodess tentativesince
theagreemenbetweerexperimentndtheoryis only moderate
in thesecasesand dueto their relatively low intensitiesin the
experiments.

OntheotherhandthePH, groupsn structuregt and6é exhibit
a differentsetof vibrations.As we mentionedearlier,they are
involvedin somekind of interdimerhydrogenbondformation.
As aresult,thecorrespondingtretchingnodesareblue-shifted
by approximately20—25cm~1. Forexamplethesymmetricand
asymmetricvibrationsin 4 appeaat2255and2268cm=1. These
modesarethe origin of the bandobservedat 2262cm1 in the
experimentallyecordedpectraThevibrationsof PH; molecules
in 4—7 do not produceany additionaldistinct modes.Overall,
we seethatthe higherfrequencieg>2280cm™1) arein general
producedy phosphinemoleculedativebondedo the surface.
OntheotherhandthePH, groupsareresponsibldéor bandsseen
in between2220-2260cm™1. In the latter case the lone pair
associateavith the P atomeffectively screenshe nucleusfrom
thehydrogenThiseffectis reflectedn higherP—H bondlengths
(in PHy) andlower frequencies.

Finally, we focuson the stretchingvibrationsof the bridged
metalhydridegproducedy phosphinelissociatioronthemetat-
metaldimersites.We alreadyknow thatIn—H—In distancesn
structuregt and5 areonaverag®.1A greatethanin structures
6 and 7 (vide supra).This differenceis also reflectedin the
correspondingtretchingvibrations Forexamplethis particular
modein 4 (and5) is predictedo appearat1111lcm (and1124
cm™1), while it is shiftedupwardby approximatelyl20cm=1in
6 (and 7). The theoretical results are consistentwith the
experimentabpectrunthatshowspresencef a broadbandat
this region.However,dueto thelow resolutionof this spectral
region,it is not possibleto quantitativelyassignindividual In—
H—In stretchingnodesIn addition,we seethatontheInP(100)
surfacethe PH, groupscanbeorientedin avariety of different
ways. Thesealternateconfigurationswill leadto a variationin
the In—H—In bonddistanceswvhich explainsthe broadnes®f
thisband.Also notethatbridgedhydridestretchesreseeronly
whenap-polarizedight is used.Thisis easilyunderstoodince
thesdn—H—In bondsareall parallelto the[110] axisandduring
vibrationstheirdipolemomentshangenly alongthisparticular
axis.

In a previousstudy, using a clusterunit approximatelyhalf
of the size of the model adoptedhere, Raghavacharet al.
computedfrequenciesaround 1350-1400 cm~* for the In—
H—In stretching(ref 39). In the currentstudy, we find two
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differencedrom theearlierresults First,theabsolutdrequency
is shifteddownby approximatelyl00cm™1. In addition,we see
alargersplitting of 120cm~1 whenthepositionof thelIn—H—In

groupis shiftedfrom anionto thecationsideof themixeddimer
(4 and5 vs 6 and 7). To determinethe impactof the adatom
dimer on thesevibrations,we completelyremovedthe In—P

dimer from the top and recalculatedhe In—H—In stretching
modewhichappeareat1423cm*. Thissuggestthatthestrain
duetothepresencef theln—Pdimerbringsdownthisparticular
stretchingfrequencysignificantly. Additionally, to verify the
splitting, we replacedheln—P dimer,first with aP—P andthen
with an In—In dimer at the top and observeda differenceof

~150cm™tin thelIn—H—In stretchingfrequenciesn thesetwo

casesThesearemuchlargerthanthesplitting of about40cm1

seerin thepreviousstudy Henceweconcludehatthedifference
seenn the previousstudyresultsfrom usingatruncateccluster
modelthat yields somewhadifferent frequencies.

3.3. Effect of Temperature. The temperature-dependent
infraredspectran reference&5 showthatthebandsat2285and
2319cm1, arisingfrom molecularlyadsorbed®H; molecules,
completelydisappeaat 453 K. This indicatestotal absencef
dativebondedstructuresitthishighertemperaturelounderstand
this processwe havecomputedthe Gibbsfree energychange
(AG) for the initial complex formation at three different
temperatures.

surface + PH— surface—PH 1)
AG =AH —TAS 2)
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Theseresultsare presentedn Figure 7. At room temperature,
AG is negativeand favorsthe processof surfacedative bond
formation.Howeverthedativebondedstatebecomecreasingly
unfavorableathighertemperaturesinceAG becomesnoreand
more positive. For example,we computethe AG valueto be
—3.3 kcal/mol at 298 K, but it becomed.9 kcal/moland 3.1
kcal/mol at 453 and 543 K, respectively. The computed
thermochemicaparametersery well supportthe temperature
dependencef theexperimentalR spectraWhile ourcomputed
binding energiesof the complexesare low, dative bonded
complexeswith similarly smallvaluesof binding energyhave
beenimplicatedon other semiconductosurfaces:20

Thehighbarrierfor phosphinelissociatiormakeshenumber
of phosphinemoleculegraversinghisbarrierto besignificantly
low at roomtemperatureOn the otherhand,the sameprocess
is accompaniety astrongthermodynamiciriving forcewhich
favorsthedissociatedpeciesConsideringhepresencef both
suchfactors,it is expectedhattherewill be somepopulation
of the PH, speciessvenat 300 K.

4. Conclusions

In conclusionwe presentheretheinitial atomicstructureof
indium phosphidesurfacesafter phosphineexposureat room
temperatureThe surfaceemptydanglingbondsarecompletely
saturatedforming dative bondswith the precursomolecules.
Despiteits low bondstrength,it is possibleto trap this dative
bondedstateat room temperaturébecausenf the high kinetic
barrierfor phosphinelissociatiorandtherelativelylow additional
stability of the dissociatedproducts. Partial dissociationof
phosphineis still possibleat room temperatureas evidenced
fromthepresencef infraredmodesassociateavith thePHand
PH, speciesHowever theequilibriumis mostly shiftedtoward
the dative bondedstate.The assignmenbf three of the most
intense peaks observedat 2285, 2301, and 2319 cm™?, all
originating from symmetricstretchesof molecularlyadsorbed
phosphinesis consistentwith this picture. Our observations
unprecedentesincethe dativebondedstateof PH; is knownto
completelydissociateon Si and GaAssurfaceswvell belowthe
roomtemperatureThiswork is alsoanimportantstartingpoint
toward establishinghe completemechanisnof convertingan
In-rich surfaceinto a P-rich domainby phosphineadsorption.
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