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The vibrational spectraof atomicallyflat hydrogen- andleuterium-passivateli(111)-(1 x 1) surfacesare
investigatedusingtheoreticaland experimentatechniquesAn unexpectedsotopicshift is observedor the
Si—H bendingmodewhenhydrogenis replacedwith deuteriumwith 6(Si—H) = 626cm™t andd(Si—D) =

537 cm L. The Si—H stretchingmode,in contrast,behavesas expectedwith »(Si—H) = 2083 cm* and
v(Si—D) = 1516 cm™ L. Density functional studiesrevealthat the modeobservedat 537 cm* is mostly a
phononmode,which resultsfrom the coupling of near-surfacghononswith the lower frequencybending
modeof thedeuteratedurface This couplingcauses shift in the orderingof the expectedsibrationalmodes
whenhydrogenis replacedy deuteriumWe alsosuggesthatsucha modearound535cm™* shouldbe seen
for many othersurfacesandis a generalfeatureof many monovalentlyterminatedSi(111) surfaces.

Introduction

Chemical modification of silicon surfacesusing organic
moleculesprovidesa possibleroute to highly orderedsemi-
conductordevicescontainingnovel functionality. Much of the
currentliteraturé 12 in this areahasconcentratean function-
alization of the Si(111) surfaceusing a two-stepalkylation/
chlorination techniquefollowed by reaction of the surface
with a Grignardreagent*~1° To achievewell-orderedlayers,
it is necessaryo beginwith ascloseto anatomicallyflat sur-
face as possible.An ideal starting point is the H-passivated
Si(111) surfaceobtainedby bufferedHF (or NH4F) etching?®
This processcreatesan almostatomically flat surfacethat is
ideal for further functionalizationdescribedabove?! 3! The
structureof the hydrogen-passivatesurfacethereforehasfar-
reachingimplicationsfor silicon surfacefunctionalization.

Determinationof surfacestructureis a difficult taskthatis
bestaccomplishedusing a combinationof theory and experi-
ment. In particular, surfaceinfrared vibrational spectroscopy
combinedwith quantumchemicalclustercalculationshasbeen
usedsuccessfullyas a probe of surfacestructuré32 for both
Si(100)andSi(111)surfacesFor example the structureof the
methylatedSi(111)surfacehasbeendeterminedrom HREELS
(high-resolutiorelectronenergylossspectroscopy§ andsurface
vibrational spectroscopy and was supportedby theoretical
calculations® The structuref the waterdissociatiorproducts
on Si(100) have also beenextensivelycharacterizedising a
combinationof theoreticalpredictionsandexperimentabbser-
vations32 In manysuchstudiesthe structuralassignmentsire
confirmed using isotopic substitution reactions, e.g., D,O
substitutedfor H,0.3? Using a force constantanalysis,it is
possibleto predictthe shift of the hydrogenvibrationalmodes
on deuterium substitution and then confirm the results by
observation.

*To whom correspondencehould be addressedE-mail:kraghava@
indiana.edu.

In this work, we have performedvibrational studiesusing
Fourier transform infrared (FTIR) spectroscopyalong with
gradient-correctedlensity functional theory and two-dimen-
sionalperiodicboundaryconditionsto determinethe frequency
shifts of deuteratedversus hydrogenatedSi(111) surfaces.
Indeed the experimentabbservatiorof a blue shift of the Si—H
bendingmode upon deuteriumsubstitutionsuggestghat the
natureof the surfacevibrational spectrumon suchatomically
perfectsurfacess more complexthan originally thought. The
theoretical calculationsreveal that, when adsorbatebending
vibrations (e.g., the Si—D bendingmode) are in the vicinity

but lower than selected surface phonon modes, a coupling takes

placethatsubstantiallyaffectsthe surfacephononspectrumin
the caseof deuteriumjt leadsto anincreaseof aphononmode
at ~537 cm1, i.e., at a frequencyseeminglytoo high for a
pure Si—D bendingmode.

Experimental Details

N-type (phosphorus-dope@4—34Q cm resistivity), (111)-
oriented,double-sidepolished silicon waferswerecutinto ~2
cm x 5 cm piecedor transmissionnfraredanalysisThenative-
oxide-terminatedsampleswere first cleanedusing the RCA
proceduré® andthenetchedn 10—20%HF(aq)(30s) followed
by a 2.5 min dip in 40% NH4F to obtain atomically flat
hydrogen-terminate8i(111)samplesvhich wererinsedin H,O
for 10 s34

D,0O immersionwas performedin a Teflon beakerinside a
dedicatedN»(g)-purgedflush box. Spectrawere recordedfirst
for the nativeoxide surfaceandthenfor a freshly etchedH/Si-
(111) surfaceithe latter allowedfor a comparisorof the D/Si-
(111) surfaceto the unoxidizedH/Si(111)surface After FTIR
analysisthe hydrogen-terminategurfacewasbroughtinto the
N2(g)-purgediush box, andthe atomicallysmoothSi—D surface
was preparedasreportedby Luo and Chidsey3°36

Anhydrousmethano(CH3;OH, 99.8%),methanole (CH;OD,
99+ atom % D), anhydrousmethyl-ds alcohol-d (CDsOD,
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99.9+ atom % D), deuteriumoxide (D0, 99.9 atom % D),
anhydrouspotassiunfluoride (KF, 99.99+-%), and deuterium
chloride35wt % in deuteriumoxide (DCI/D20, 99 atom% D)
were purchasedorm Aldrich andusedasreceived.Reactions
with D,O-containingsolutionswere performedin a dedicated
nitrogen-purgedbox, andreactionsvith methanolwerecarried
outin aseparataitrogen-purgedlush box thatcontainecheither
D,0 nor H,0. All H,0O is deionized18.2 MQ cm resistivity
water from a Millipore system.

Reactionsof silicon with methanol were performed at
~65 °C in (25 x 150) mm diameterglasstubes.Thesetubes
wereinitially cleanedwith aquaregia, followed by a 10 min
cleanin a piranhasolution,to removetracesof metallic and

The tubeswerethenrinsedwith H,0, dried, and broughtinto
a nitrogen glovebox where they were continually reused.
Separatgubeswere usedfor acidic H and acidic D species.
The tubeswerefirst exposedio 65 °C anhydrousCH;OH or
anhydrousCH3OD for atleast30 min to removetracesof H,O
and allow the Si—OH surfaceof the glasstubesto exchange
with thecorrespondin@cidichydrogenisotope Reactionsvere
performedin the dark (tubeswere wrappedwith Al foil) to
eliminatereactionpathwaysnvolving photogeneratedarriers.
After the desiredreactiontime, the solutionand samplewere
pouredinto a glassfunnel, and once dry, the sampleswere
cappedin cleantubesunderNx(g) purge,removedfrom the
glovebox,andcarriedto the spectrometer.
Spectrawererecordedn a pyroelectricdetector(DTGS)in
N2-purged Fourier transforminfrared spectrometergNicolet
6700andNexus670),with 4 cm~? resolution(from 400to 4000
cmY) in transmissiormodeat 74° and 10° incidence.These
anglesarechoserto be at Brewsterangleandcloseto normal,
but avoidinginterferenceeffectsmore pronouncedt precisely
normalincidencewhile still providinganelectricfield essentially
parallelto the surface Five consecutivdoops,eachconsisting
of 1000scanswereobtainedfor eachsample Referencesvere
eitheroxide-terminatedr freshly etchedhydrogen-terminated
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carbon-containing contamination from the surfaces of the glass. Figure 1. Ten-layer two-dimensional PBC model of the H-terminated
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Si(111)surfacewith thelargerspheresepresentingilicon atomsand
the small spheregepresentindiydrogenatoms.

periodic systems of this type. We have shown in previous studies
thatthe BLYP/6-31G(d,p)modelprovidesareliabledescription
of the vibrational propertiesfor thesesimilar systems:23

There are no readily available analytic second derivatives for
PBC.Thereforeto calculatethe harmonicvibrationalfrequen-
cies, the analytically obtainedforces were numerically dif-
ferentiatedusing symmetric displacementf the Cartesian
coordinatesith a stepsizeof 0.001A. This procedureesults
in a Cartesian force constant matrix which is then mass-weighted
anddiagonalizedo obtainthe vibrational frequencieqeigen-
values)andnormalmodes(eigenvectors)Theresultingfrequen-
ciesarefully periodicbut do not include phonondispersions,
resulting in I-point-only frequencies. The consequences of this
approximationhave beenpreviously described. Assignments
were then madeusing thesecomputedvibrationalfrequencies
withoutany othercorrectionsAll calculationsvereperformed
using a modified version of the Gaussian Development Version
suite of programs'3

Resultsand Discussion

surfaces, as appropriate. The absorbance spectra were processed

by subtractingwatervaporandCO,(g) peaksandoccasionally
by baselinecorrectionsto removedrifts.

Computational Details

Surfacesareintrinsically complexsystemswvhoselargesize

The geometryof the hydrogen-passivate8i(111)surfaceis
simplein form. While the structureof theunpassivate®i(111)
surfaceis a complex7 x 7 reconstructionunder ultra-high-
vacuumconditions hydrogenpassivatiorfrom a wet-chemical
preparatiorresultsin the formation of a nearly perfectl x 1
monolayeron the surfac@ with a hydrogenatom satisfying

and rigid structure present challenges to cluster-based modelingthe single danglingbond presentat eachsurfacesilicon. The

To overcometheseproblemswe haveusedperiodicboundary
conditions(PBCs)to simulatethe effect of aninfinite system
on a unit cell. The PBC implementationof Kudin and
Scuserig’ 3?which usesanatom-centeretasisfunction,was
usedfor all energycalculationsand geometryoptimizations.
As previously mentionedthe ground-statestructureof the
hydrogen- odeuterium-passivatesli(111)surfaceis the bulk
structurewith a single adsorbateatom per surfacedangling
bond2° This simple structurereducesthe numberof atomsin
the unit cell to oneuniqueatomperlayer. It is thuspossibleto
usea largernumberof layersto modelthe system.In our case
we have used 10 layersin addition to the upper and lower
surfaceadsorbateatoms,resultingin 12 atomsper unit cell,
Figure 1. The model was then completelyoptimizedwithout
constraintsisingthegradient-correcteBLYP densityfunctional
(composedof the B88 exchangefunctionaf® and the Lee—
Yang—Parr correlation functionaf) with the 6-31G(d,p}*
polarizeddouble-¢basisset. While hybrid functionalssuchas
B3LYP thatincludeexactexchangearegenerallymoreaccurate

PBCgeometryoptimizationwasaccomplishedisingthe BLYP
functional, which hasgiven reliable geometriesn paststud-
ies323 |t shouldbe notedthe bond distancesrom the BLYP
optimizedgeometry(2.40A for the Si—Si distanceand1.50A
for Si—H) are slightly longer then the observedvalues(e.g.,
the bulk value silicon—silicon distanceis 2.35 A). This 2%
increasen bondlengthhasbeenpreviouslydiscussed.

It is expectedthat if a hydrogenatom is replacedwith a
deuterium,the associatedribrational frequencieswill shift to
lower valueson the basisof the differencein thereducednass
of the total atomsparticipatingin the vibrationalmode.Under
the approximationthat the potential energy surfacedoesnot
changewith isotopic substitution,the natureof the shift for
modeghat are dominatedoy hydrogemrmotioncanbe predicted
by takingthe squareroot of theratio of the massesi.e., 1/v/2,
or approximately0.707,for hydrogento deuterium.This result
is expectedor boththe Si—H stretchandthe Si—H benddue
to thelight massof hydrogenTheactualshift mayvary slightly
dueto theinfluenceof cubicandquartictermsin the potential

than their GGA counterparts, they are far less cost-effective for energyaswell asthe contributionof otherheavieratomsin the
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Figure 2. FTIR spectraof the atomically smoothH/Si(111) surface
with aninfrared-lightincidenceangleof (a) 10° or (b) 74° off normal

andthe atomically smoothD/Si(111) surfacewith anincidenceangle
of (c) 10° or (d) 74° off normal.For clarity, the intensitiesof spectra

a and b have been divided by a factor of 2 relative to the scale provided.

TABLE 1: Experimental and Calculated Values for the
Infrared Vibrational Mode of the Hydrogen- and
Deuterium-Terminated Si(111) Surface (cm=?)

Si—H, Si—H, Si—D, Si—D, Si—D,

mode calcd obsd expected calcd obsd
stretching 2120 2083 1499 1525 1516
bending 628 626 444 412 n/of
coupling 4760 n/o n/o 519 537

@ The expectedvaluesare calculatedby multiplying the observed
Si—H valuesby 1/+/2 (~0.707).> The hydrogen-phononcouplingis
weak and can be consideredalmosta pure phononmode. For this

Fergusoret al.

(Figure2d) andnotfor 10° (Figure2c), sothedeuteratedurface
mustbe atomicallyflat with a monodeuteridéermination.The
experimentally observedfrequency of the Si—D stretch is
slightly red-shiftedrelative to previousmeasurementfor an
atomicallysmoothD/Si(111)surface® This redshifting implies
the presencef somesurface-boundmpuritiesthat reducethe
dipole couplingbetweemeighboringSi—D species>4446 The
FTIR spectraof our D/Si(111) samplealso demonstratehe
presencef a smallamountof oxidation(approximately3% of
the Si—O—Silongitudinaloptical andtransverseptical mode
areasobservedafter an SC1/SC2clean of the native oxide
surface)elativeto theinitial oxide-freeH/Si(111)surfaceThis
finding is consistent with this reduction in dipole coupling. The
observedSi—D stretchingfrequenciesare very close to the
expectedshift from simple massargumentswhich are 1499
and1473cm! onthe basisof the calculatedandexperimental
frequenciedor Si—H, respectively All theseobservationsre
consistentwith the well-understoodbehaviorassociatedvith
the silicon—hydrogenrstretchingmodeat 2083cm™1.

The bendingmodeis both more complicatedto assignand
more interesting. The experimentalvalue for the hydrogen
bendingmodehasbeenassignedat 626 cm~1. The dipole for

the Si-H bending motion is oriented parallel to the surface and
is, hence, observed at both angles of incidence. The assignment

is consistenwith the calculatedvalue of 628 cm™1. While the
computederrorsfor bendingmodesare typically smaller,the
nearly perfectagreementin this caseresultsfrom a fortuitous
cancellationof the inherenterror of the BLYP functionalwith

the neglectof anharmonicity.At first glancethe deuterium
spectrungivespuzzlingresults.The expectedshift by a factor
of approximately0.707 placesthe vibration inside the phonon

reason, there is very little change in either the intensity or the frequency regionat 444 cm~1 whereit may not be easily experimentally

of this modefor the H/Si(111) or O/Si(111)surfacesandhence,no
differencein absorptionis observed¢ n/o standsfor not observedut
of the noise.

vibration. Using thesevalues,the predictedisotopic shifts are
a validationof the surfacespectralassignments.

The infrared absorptionspectraof H- and D-terminatedSi-
(111)-(1x 1) shownin Figure2 confirmthatthe Si—H stretch
mode (vsi-n = 2084 cm™1) detectablewith 74° incidence
(spectrunb) andthe Si—H bend(dsi-n = 626cm™1) detectable
with 10° incidenceare polarizedperpendiculaand parallelto
the surface respectively With near-normaincidence(~10°),
the electric field is essentiallyparallel to the surface and
thereforecannotexciteperpendiculamodes suchasthe Si—H
stretch.Upon deuterationof the Si(111)-(1 x 1) surface,the

Si—D stretch is observed at 1514 ch{Figure 2d) as expected.

However,a strongandsharpmodeis alsoobservedt 537 cm=1
(Figure 2c,d), well abovethe expectedSi—D bendingmode
(~450cm™1). Thetheoreticalassignmenof the modesfor the
hydrogen- andleuterium-terminatedurfaceis shownin Table
1, with schematicof the modesdrawnin Figure 3. While all
surfacephononmodeswere inspectedonly thosemodesthat
havea non-negligible(displacementessthan0.1 amut’2 bohr)
contribution from the hydrogen/deuteriumare listed. The
calculatedhydrogenstretchingmodeis seenat 2120cm in
the calculatedspectrumThe higher-than-expecteaiccuracyof
the theoreticalvalue relative to the experimentallyobserved

observeddue to detector limitations. However, a clearly
observedeatureat 537 cm™! (Figures2 and4) is observedat
both 74°and 10°off normal, implying that the mode is oriented

parallel to the surface. If this peak corresponds to the deuterium

bending,it would indicatethe vibrationalfrequencydecreases
far lessthanexpectedSincethis occurrences ratherunlikely,
we investigatedthe possibility the modeis not the deuterium
bendingmode. Consideringthat the surfacehasfew defects,
therearea limited numberof otherpossibilities.For example,
the surfacemayalsocontainphononmodeghathavesignificant
intensity.However,sincethe observedabsorbancspectrumis
the differenceof two single beamspectrathe phononmodes
shouldbe the samein eachsurfaceand would be expectedo
cancel.If it is aphononmode,it mustthereforebe a modeof
significantly differentintensityrelativeto thatof the H/Si(111)
or O,/Si(111) referencesurface. Another possibility is the
couplingof the deuteriumbendingmodewith the near-surface
phononmodes.This phenomenolfii.e., couplingof near-surface
phononswith surfaceadsorbat@toms)hasbeenseenin several
previousstudies®23 For this mechanisnmto be in accordance
with the data,the coupling of the near-surfacgghononmodes
with the adsorbatdendingmustchangewith the masschange.

When the normal modes (eigenvectors)of the calculated
deuterium adsorbatespectrum are examinedin the lower
frequencyregion,the deuteriumbendingmodeis seenat 412
cm1, relatively closeto the expectedvalueof 444cm™1. This

value can be attributed partly to the cancellation of the opposing modeis dominatedby deuteriummotion (~90%) with only a

effectsof anharmonicityand bondlength overestimationThe
deuteriumspectrunis shiftedto 1514cm™t in theexperimental
spectrum (Figure 2a) and 1525 chin the theoretical spectrum
(Table 1, diagramin Figure 3a). The Si—D experimental
stretchingmode is seenonly for an incidenceangle of 74°

modestvibrationalcouplingwith the phononsn this regionof
thespectrumThisis clearlyanalogougo the hydrogenbending
modecalculatedat 628 cm™! (Table 1, diagramin Figure 3b)
andobservedat 626 cm~1. This modeis clearly not the mode
that correspondso the observedmodeat 537 cm. A closer
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a. Hydrogen and Deterium
Stretching Mode

b. Hydrogen Bending Mode
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¢. Near Surface Phonon Mode

1.1

d. Denterium Bending Mode

e. Weakly Coupled Deuterium -Bending/
Deuterium-Phonon Mode

Figure 3. Schematiof thelocal atomicmotionsin the key vibrationsconsideredn this study. The atomicdisplacementgindicatedby thelength

of the arrows)are scaledrelative to one another.

inspectionof the computedrequenciegevealsthe presencef
anothemrmodeat 519cm™ (Table1, diagramin Figure3e)that

computationaktudiesshowthatthe point at which the qualita-
tive natureof the mode changesij.e., the point at which the

corresponds to weak coupling between the near-surface phononéntrinsic modesare equalin frequency,occursfor adsorbate

andthedeuteriumbending.Unlike themodeat412cm™ (Table
1, diagramin Figure3d), this modeis mostly dominatedby the

opposingmotion of thefirst two layersof silicon atomswith a

significantly smallercontributionof deuteriumbendingmotion

andis polarizedparallelto the surface(asobservedexperimen-
tally). Thereis aweakercontributionof the deepesilicon layers.
A similar phononmodecanalsobe seenfor hydrogenat 476

cm~1 (Tablel, diagramin Figure3c) althoughthe couplingto

the hydrogen-bendnotion is significantly weaker.It is clear
thatthe couplingis strongeifor deuteriumyesultingin a higher
intensity for deuterium,makingit observabldor the latter.

We suggesthe following explanationfor the observations.

In the caseof deuteriumtheintrinsic deuteriumbendingmode
(expectedaround 440 cm™1, Table 1) is slightly lower in
frequencythan the intrinsic near-surfacephonon mode that
occursaround480-500cm™L. Thecouplingto the phononfrom
the lower frequencySi—D bend shifts the phononmode to
higherfrequency(computedat 519 cm™2, Table 1, diagramin
Figure3e)andallowsit to bedetectableln the caseof hydrogen,
the intrinsic bendingmode (~620 cm™1, Table 1, diagramin
Figure 3b) is significantly higherin frequencythanthe near-
surfacephononmodes.The coupling is much weakerdue to
the lighter massof hydrogenas well as the larger intrinsic

frequency difference and shifts the phonon mode slightly lower

in frequency.

Overall,in the caseof hydrogenthe observednodeat 626
cmt is mostly composedf Si—H bending,while in the case
of deuterium,the observedmode at 537 cm™! is mostly
composedof phononmotion. The differencesarise from the
factthat,on goingfrom H to D, theintrinsic bendmovesfrom
above the phononregion to below the phononregion. Our

atomshavingmassesaround1.6 amu.

The observationof suchan adsorbate-coupledear-surface
phonon mode can also be seenfor the chlorine-terminated
surfaceat 527 cm™! and for the methyl-terminatedsurfaceat
522 cm13 The intrinsic bending mode for both of these
adsorbatess alsolower in frequencythanthe intrinsic phonon
mode. The fact that the mode shifts only slightly with the
adsorbatde.g.,D vs Cl) is consistenwith a modecomposed
mostly of a phononwhosefrequencyblue shifts slightly, but
sufficiently high enoughwith differentadsorbateatomsto be
observableWe predictthata similar modeis likely to be seen
for othermonovalentidsorbatesn the unreconstructe8i(111)-
(1 x 1) surfacewith a massgreaterthan that of deuterium.
Fromthis combinedtheoreticalandexperimentakvidencewe
can assign the 537 cthmode of the D/Si(111) surface to near-
surfacephononsveakly coupledto thedeuteriumbendingmode.
If it is possibleto examinethe spectrumat lower frequencies,
we believethe deuteriumbendingmodewould appeararound
400 cm™1, asexpectedUnfortunately,no reliableinformation
canbe obtainedbelow460cm™1, dueto detectoresponsend
beamsplitterefficiency, makingit impossiblewith our current
spectrometesystemto explorethe true Si—D bendingmode.
Neverthelesgheseobservationgsonfirmthatthe simpleisotopic
exchangdrom hydrogento deuteriumleadsto a considerable
differencein the degreeof coupling betweenthe subsurface
phononsandthe surfaceadsorbates.

Figure 4 demonstrateshat the Si—D coupledphononand
bending mode can be observedfor other Si—D-containing
surfacesevenwhenit is dispersedamongdifferent adsorbate
species.The spectrain Figure 4 result from the exposureof
atomically smooth H/Si(111) to 65 °C solutions of neat
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Figure 4. FTIR spectrafor H/Si(111)surfacesfter a 3 hexposureo
a 65°C solutionof (a) CHsOH, (b) CH;0D, or (c) CDsOD. Reaction
with CH3OH or CH;OD producedsimilar amountsof surface-bound
Si—OCH; specieqi.e., similar peakareaswere observedor the CH;
stretchingmodesat 2832,2940,and2970cm™%, for the CH; umbrella
modes at 1190 cm, for the modes at 1085 criy which are comprised
of a C-0 stretchcoupledwith a CHs bendingmotion, and for the
Si—O0 stretchingmodesat 735 cm™2). The Si—H stretching(2083.7
cm1) and Si—H bending (626 cm™t) modeswere, however,only
observedon surfaceseactedwith CH;OH. For surfaceseactedwith
either CH;OD or CDs0D, no detectableSi—H modeswereobserved,
andonly the Si—D mode(1512cm™?) andSi—Si—D coupledphonon
andbendingmode (537 cm™1) were observedThe isotopicexchange

of the remaining StH sites (approximately 70% of a monolayer) after

reaction with either CEDD or CD;OD has been observed previouily
andis ascribedo eithera step-flowor a direct-exchangenechanism.
Reaction of H/Si(111) with CEDD produces a similar amount of-SD
surfacecoveragerelativeto CHs;OD, but spectralfeaturesattributing
to theformationof Si—OCD; sitesareobserved CD;s stretchingoeaks
at 2068, 2216, and 2224 cm%, a coupled CD; umbrellaand C—O
stretchingmodeat 1112cm™?, a coupledSi—O—C stretchanda CD;
bendingmodeat 1078cm™?, andSi—O stretchingpeaksat 735cm™2).
Very little observablesubsurfacexidationwasobservedafter any of
these reactions. For clarity, the spectral regions of48ID and 2006
2200cm™! havebeenreferencedelative to the native oxide surface,
while the spectralregionsof 700-1600 and 2800-3050 cm™! have
beenreferencedelativeto the freshly etchedH/Si(111) surface.

anhydrousCH3zOH, CH3zOD, and CD3OD. In these cases,
approximatel\80% of theinitial Si—H is removedandreplaced
with either Si—OCH;z; or Si—OCD;. This replacemenbccurs

randomly acrossthe surface,rather than in phase-separated

domains,on the basisof the red shift in the Si—H stretching

mode?3! The surfaces that result from this chemistry retain their

initial atomicallysmoothnatureasevidencedy the orientation
of theresultingmodeg(both Si—OCHz- andSi—H-related)and
the absenceof any detectabledihydride or monohydridestep
modes Despitethe differencein chemistryof the surfacesites
(70% Si—D and ~30% Si—OCH; or Si—OCD;), the coupled
Si—D bendingand near-surfacgghononmodesare almostthe
sameintensityrelativeto thoseof the smoothdeuteratedurface
(vide supra).Thefactthatthe couplingof theintrinsic bending
modesof the surfaceadsorbateso the phononmodedoesnot
shift with surfacecoveragevasalsoseenin our computational
studies of small clusters when one of the seven surface
deuteriumatomswasreplacedwith a methyl group.Sincethe
modeis mostly comprisedof phononmotion that is weakly
coupledto the surfaceadsorbateijt canbe understoodhat it
may not shift significantly due to relatively minor surface-
coveragehangesn theadsorbat@atoms Forthisto bethecase,
the splitting betweerthe near-surfac@hononmodecoupledto
a deuterium or methyl adsorbateshould not be large, in
accordancevith the observedspectraln the future, it will be

Fergusoret al.

interestingto explorethe natureof suchvibrationalinteractions
asa function of surfacecoverageandsurfacedisorderand for
othermore complexadsorbates.

Conclusions

To summarize,we have investigatedthe spectrumof the
deuteratedand hydrogen-terminatedSi(111) surface using
theoreticaland experimentatechniquesTo explainthe unex-
pectedpresencef a sharpvibrationalmodearound535cm!
for deuteratedchlorinated,and methylatedSi(111)-(1 x 1)
surfaces,it was necessanyto considerthe coupling of near-
surfacephononswith the bendingmode of the surface.This
phenomenomesultedin a shift in the orderingof the expected
vibrationalmodeswhen hydrogenwasreplacedby deuterium.
We haveassignedhe vibrational modesof both surfacesand
have offered a simple explanationfor the appearancef this
phononmodeon Si(111)-(1x 1) surfacesontainingadsorbates
heavierthanhydrogen.
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