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Surface atomic structure of c 232 -Si on Cu 110
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The technologicalimportanceof Schottkybarriershasled to manyexperimentsof metal-on-semiconductor
systems.Herewe presentanexampleof the inversecaseby depositinga semiconductoron a metal,studying
the very early stagesof themetal-semiconductorinterfaceformation.We showthat 0.5 monolayersof Si on
Cu~110! form an orderedc(232) overlayerand resolveits geometricalstructure.Using full-hemispherical
x-ray photoelectrondiffraction,we find thatSi atomsform analmostcoplanarlayer, replacingoneout of two
Cu surfaceatoms.
I. INTRODUCTION

Due to the important technological applications of
Schottky barriers,1 many metal-semiconductorinterfaces
havebeenstudiedin the past.Many electronicdevicesare
actually basedon the rectificationpropertiesof such inter-
faces.Most of thework carriedout until now hasbeenper-
formedby depositingmetalfilms on semiconductorsurfaces
~M/S!. For low coverage,which is theconcernof thepresent
study, this leads to orderedstructuresand many different
combinations of metals and semiconductorshave been
studied.2,3 However,whena semiconductoris depositedon a
metal surface ~S/M!, poorly ordered alloys are usually
formed from the very beginningon the growth, rendering
interfacestudiesby surfacetechniquesdifficult.4,5 It hasbeen
reported6 thatM/S depositionleadsto theformationof inter-
facesmuchwider thantheonesfor S/M systems.Thevaria-
tion of thedepositionsequencenot only affectsthe interface
morphologybut alsothe chemistryof the interfaceandthus
different compoundscanbe formedwhenthedepositionor-
deris reversed.4 Thus,thestudyof orderedinterfacesformed
by the inversionof the depositionsequencecan shinelight
on the understandingof the fundamentalmechanismsof the
interfaces’formation.Particularly,the understandingof the
inequivalencebetweenthesequencesof deposition~M/S and
S/M! is of greatinterestfor the comprehensionof the initial
stagesof Schottky barrier formation and, therefore,more
fundamentalinformation about the structural propertiesat
the very early stagesof S/M depositionis required.7

Very little aboutS/M interfaceshasbeenreportedin lit-
erature.As far as we know, there is only one exampleof
ordered surface structuresobtained by S/M deposition.6

There,Si andGe were depositedon Cu~111! and the elec-
tronic structurewasstudiedby angle-resolveddirect andin-
verse photoemission.Orderedstructureswere found upon
annealingthedepositedfilms. Theaimof thepresentwork is
to report on the existenceof a nonpreviouslyreportedor-
deredsurfacecrystalline phasethat appearsfor submono-
layer Si depositionon Cu~110! at room temperature,and to
presentan atomicmodel for the surfacetermination.

II. EXPERIMENT

ExperimentswereperformedusingaVG-ESCALABMK
II spectrometermodified for motorized sequentialangle-
scanningdata acquisitionand with a basepressurein the
lower 10211 mbar region. Photoelectronspectrawere re-
corded using Mg Ka radiation (hn51253.6eV). The
Cu~110! surfacewas preparedby the standardmethodof
repeatedcyclesof Ar1 sputteringandannealingat 600°C.
Si was evaporatedin the low 10210 mbar range from a
liquid-nitrogen-cooled electron-bombardmentevaporation
cell that wascalibratedbeforeandafter experimentswith a
quartzmicrobalance.Also, theCu to Si x-ray photoelectron
spectroscopyintensity ratiosmatchedthe onesexpectedfor
the coverages.

After depositionof around0.2 Si monolayers~ML !, a
c(232) low-energyelectrondiffraction ~LEED! patterncan
be observed.At this coverage,the fractional spotsfrom the
superstructureare wide and elongatedalong the ^1I10& sur-
facedirection.Thesehalf orderspotsbecomenarrowerwith
coverageand they reacha maximumof intensity for a Si
coverageof 0.5 ML. After this coveragethe spotsbecome
strikesalongthe ^001& direction.Theexperimentspresented
hereafterwereperformedfor a total Si coverageof 0.4ML,
just before the saturationcoverage,in order to avoid the
presenceof the strokedhigh coveragephase,which could
affect the experimentalresults.

The cleanCu~110! surfaceconsistsof rows of Cu atoms
running along the ^1I10& direction and presentinga (131)
LEED pattern.In this work, 1 ML will be consideredto be
the numberof Cu atomspresenton these^1I10& rows ~i.e.,
1.0931015 atoms/cm2!.

III. RESULTS AND DISCUSSION

Full-hemisphericalx-ray photoelectrondiffraction ~XPD!
is by now a well-establishedtechniquefor obtainingstruc-
tural informationof surfaceoverlayers.8,9 A visual inspection
of XPD patternsalreadyallows us to distinguishthe strong
emissiondirectionsthatcanbeassociatedwith forwardscat-
tering directionsand thus, allows us to identify the main
bonddirections.More detailsaboutthe XPD techniquecan
be found in Ref. 10. Figure 1~a! displaysthe experimental
Si 2p XPD patternfor approximately0.4ML of Si/Cu~110!.
The patternhasbeenazimuthallyaveragedaccordingto the
twofold rotationalsymmetryof the system,andnormalized
with respectto the meanintensity for eachpolar emission
angle. The angulardistribution of the Si 2p photoelectron
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intensity is plotted using the stereographicprojection.The
centerof the plot correspondsto the surfacenormalandthe
outer circle representsgrazing emissionalong the surface
~90° off-normal emission!. In all patternsshown the ^1I10&
azimuthcorrespondsto the horizontaldirection.Due to the
low Si coverage~around0.4 ML ! and the low photoioniza-
tion crosssectionfor Si 2p emissionusingMg Ka radiation,
the signal is ratherweak. In order to shortenthemeasuring
time andsinceintensitiesat anglesfrom the surfacenormal
up to 50° did not showanisotropy,intensitieswereonly col-
lectedon an outercircle ~anglesfrom 88°–50° off normal!.
The lack of anisotropyfor nongrazingemissionanglesis a
clear indication for the absenceof Si diffusion towardsthe
bulk thatwould leadto forward scatteringintensitymaxima
at nongrazingangles.

In theexperimentalXPD patternshownin Fig. 1~a!, four
strong peaksof enhancedintensity appearat very grazing
emissionangles.Thesepeakscorrespondto the forward fo-
cusingdirectionsalongthe ^1I10&- and^001&-typedirections.
Thesemaximaaresurroundedby high intensity fringes that
aredue to the first-orderinterferencemaximaof the photo-
electrondiffraction process.11 Such first-order interference
fringescontaindirect informationabouttheemitter-scatterer
distance.All the strong forward focusing peaksappearat
emissionanglesashighas88degreesoff thesurfacenormal,
indicating a planar or nearly-planarSi overlayer. Similar
XPD patterns,exhibiting first-orderinterferencefringessur-
rounding the forward scatteringpeaksat grazing emission
angles,have beenreportedfor Na adsorbedon Al ~100!.12

This kind of patternrepresentstheatomicenvironmentof the
Si atomsat the surface,and thus, it is possibleto conclude
that Si atomshaveneighboringcoplanaratomsalong ^1I10&
and ^001& directions.As a complementto the XPD experi-
ments,low-energyion-scatteringspectroscopyspectra(Ekin
51 keV) at grazingincidenceangle~datanot shown! indi-
catethecoexistenceof CuandSi atomsin thetopmostlayer.

Consideringall the information gatheredfrom the ins-
pection of Fig. 1~a!, an atomic model for the
c(232)-Si/Cu(110) surfacecan be drawn. The only pos-
sible way of arrangingSi andCu atomswithin the (131)
Cu~110! surfaceto form a c(232) structure,respectingthe
forward scatteringdirections with meaningful interatomic
distancesin the lattice, is schematicallyshownin Fig. 2. In

FIG. 1. XPD patterns of the Si 2p emission from the
c(232)-Si-Cu(110) structureat a kinetic energyof 1156eV. ~a!
Experiment,~b! SSCcalculation.The main surfacedirectionsare
indicated.The small arrow indicatesa forward scatteringdirection
relatedto a highercoveragestructure~seetext for details!.
this model,Si atomsreplacesubstitutionallyoneout of two
Cu atomsin the @1I10# surfacerows.

Interestingly, this kind of atomic structure has also
beenfoundin metallicepitaxialfilms ondifferentfcc metals,
forming the so-calledmagneticsurfacealloy.9,13–15 Particu-
larly, many studies have been carried out for the
c(232)-Mn/Cu(100) interface,whereit hasbeenreported
thatMn atomsreplaceCu surfaceatoms.TheMn atomsare
at a slightly different vertical position.It hasbeenproposed
recentlythat thebucklingof theMn atomsmaybemagneti-
cally driven14 andthat local interactionsstabilizethesurface
reconstruction.15 Analogously,a completedeterminationof
the atomicpositionsof a nonmagneticsurfacealloy may be
importantfor theunderstandingof thebasicmechanismsfor
surfacealloy formation.

In order to accuratelydetermineatomic distancesin the
structuralmodelproposedabove,calculationshavebeenper-
formedusingthesinglescatteringcluster~SSC! formalism.16

The resultsof the calculationshavebeencomparedwith the
experimentby meansof an R factor (RMP) basedon the
spaceof multipole coefficients.17 Besidesthe distancez be-
tweenthe topmostCu layer and the planecontainingthe Si
atoms,the effective mean-free-pathL of the Si 2p photo-
electrons,the surfacevibrationalamplitude^uj

2& andthe ef-
fective inner potentialV0

17 responsiblefor refractionat the
surface potential step have been refined in the R-factor
analysis.Figure3 showstheR-factor valueasa function of
theSi-Cu layer spacingz.18 Theminimumof thecurvecor-
respondsto z520.0560.1 Å , which meansthat the Si at-
oms are locatedslightly below the topmostCu layer. It is
worth noting that Si atomsare around0.06 Å smaller than
Cu atoms,19 anda geometricalreplacementof theCu atoms
by Si is thus sensible.The experimentalXPD pattern@Fig.
1~a!# is verynicely reproducedby theSSCcalculationshown
in Fig. 1~b!, which hasbeendoneusingthestructuralmodel
presentedabove~Fig. 2! andusesthebest-fitparameters.All
the experimentalfeaturesand particularly the interference
fringes that contain information about the interatomicdis-
tancesarewell reproducedin the calculation.

FIG. 2. Top and side views of the atomic model for the
c(232)-Si-Cu(110) structure.Si andCu atomsarerepresentedas
filled and opencircles, respectively.The surfaceunit cells of the
(131) surfaceandof the c(232) reconstructionare indicated.
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However,looking closerto theexperimentalXPD pattern
of Fig. 1~a!, we notice four very weak forward scattering
peaksat polar emissionanglesof 60°, which arenot repro-
ducedin the SSCcalculation.Oneof thesefour symmetry-
relatedweakmaximais indicatedby a small arrow in Fig.
1~a!. Thesefour little peaksbecomestrongerwith increasing
coverage~datanot shown!.20 Therefore,theymaybe related

FIG. 3. R factor curveobtainedby comparingSSCcalculations
with the experimentalSi 2p XPD patternasa function of the dis-
tancez betweenCu andSi layersindicatedin Fig. 2.
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to the (232) structurethat we find for higher coverages.20

They correspondto the ^011& crystallographicdirectionsof
thecleanCucrystalandthus,asmallnumberof Si atomshas
an atomic environmentsimilar to that of a Cu atom in the
secondlayer. This either indicatesSi diffusion towardsthe
secondCu layer or, more likely, that someSi atomsare
adsorbedin hollow siteson top of the c(232) Si-Cu layer.
Then, the maxima are due to electronsfrom Si emitters
within thec(232) layer scatteringfrom Si atomsin hollow
sites.20

In conclusion,wehaveshownthat0.5ML of Si deposited
onCu~110! formsanorderedc(232) superstructureby sub-
stituting oneout of two Cu atomsin the first Cu layer. The
position of the substitutionalc(232) Si layer is slightly
below the top Cu layer. Si-Cu~110! thus representsthe
first example where the atomic structure of an ordered
semiconductor-on-metalinterfaceis resolved.
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