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Structure of Si atomic chains grown on the SiÕCu 110 c 2Ã2 surface alloy
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The surfaceatomicstructureof Si atomicchainsgrown on the Si/Cu~110! surfacealloy hasbeeninvesti-
gatedby a combinationof different experimentaltechniques.For Si coveragesbelow 0.5 monolayersthe
low-energyelectrondiffraction ~LEED! patternshowsa c(232) reconstruction,correspondingto the forma-
tion of a surfacealloy. Upon further Si deposition,the LEED patternevolvestowarda (232)-like structure
with streaksalong the @001# direction.Scanningtunnelingmicroscopy~STM! imagesshow the presenceof
linear atomicSi chainson top of the surfacealloy layer. We presentan atomicmodel for the surfacetermi-
nationbasedon theSTM imagesandon themainatomicdirectionsof the(232)-like phasefoundby a simple
analysisof the Si 2p full hemisphericalx-ray photoelectrondiffraction patterns.This modelconsistsof linear
atomic Si chainsrunning along the @1I 10# surfacedirection formed on top of the surfacealloy. The chains
presentsmall (232) domains,which arenot in phasewith respectto eachother.After heatingthe(232)-like
phaseup to 250°C, a quasi-(334) structureis developed.This structureconsistsof similar chainsexhibiting
a different periodicity.Furthermore,we haveusedsynchrotronradiationphotoemission~x-ray andultraviolet
photoemissionspectroscopy! to gatherinformationaboutthe electronicstructureof the atomicchains.
I. INTRODUCTION

Theinterfaceformedby depositingSi on a Cu substrateis
of greattechnologicalandfundamentalimportance.The na-
tureof theSchottkybarrieris a fundamentalproblemin solid
statesciencewith important applicationsin the microelec-
tronicstechnology.This is the reasonwhy, in the last years,
manymetal–semiconductorinterfaceshavebeenstudiedby
meansof surface-sensitivemethods,such as x-ray photo-
emissionspectroscopy~XPS!, Auger electronspectroscopy,
or ultraviolet photoemissionspectroscopy~UPS!.1,2 How-
ever,despiteits technologicalimportanceandthegreatnum-
ber of works devotedto this topic, no agreementhasbeen
foundin explainingtheorigin of theSchottkybarrierandthe
aspectsdominatingtheir magnitude.The role of the thick-
nessandthenumberof defectsat the interfacecouldplay an
importantrole in theheightdetermination.3,4 For this reason,
it is importantto learnmoreaboutthefirst stagesof interface
formationandparticularlyaboutdefectsat theinterface.Fur-
thermore,a wealth of information is already available on
metal-on-semiconductorinterfacesbut just a few works deal
with the reverseddeposition sequence,as in the present
paper.3,4 Hence,we have investigatedthe growth and the
interfacedevelopmentpreviousto the Schottkybarrier for-
mationof Si depositedon a Cu~110! surface.Moreover,the
Si–Cu interfacehas recently acquiredgreat importancein
microelectronics. The transition from Al – to Cu–
interconnectsin semiconductormanufacturingis rapidly tak-
ing place. Two primary factors drive this transition, the
lower resistivity and the increasedelectromigrationresis-
tancethat Cu offers relativeto Al.5 Thus,understandingthe
structural properties, growth mechanisms,and different
phasesbetweenSi andCu is an importantissuefor the mi-
croprocessortechnology.
On theotherhand,anothermotivationfor this work is the
fundamentalstudyof a systempresentinga low-dimensional
structure.Linear atomic chainsare of great importancebe-
causethey canbe thoughtasone-dimensionalsystems.The
formation of atomic lines on well-characterizedsurfaces
givesvaluableinformationaboutself-organizationprocesses
andelectronconfinementalongthe chains.Recently,atomic
dimmerchainshavebeenreportedfor groupIII andIV met-
als depositedon Si~100!.6,7

Recentlyit hasbeenshownthat room temperaturedepo-
sition of 0.5 monolayers~ML ! of Si depositedon a clean
Cu~110! surface leads to the formation of a c(232)
superstructure.8 Thesurfaceatomicstructureof theoverlayer
hasbeenresolvedby meansof full-hemisphericalx-ray pho-
toelectrondiffraction ~XPD!8 and quantitative low-energy
electron diffraction ~LEED!.9 It consistsof an alternative
substitutionof theoutmostCu atomsfrom the@1I 10# rowsby
the depositedSi atoms.The Si atoms are slightly inward
relaxedwith respectto the Cu atoms.This atomic arrange-
ment can be regardedas a surfacealloy and it is schemati-
cally representedin Fig. 1~a!. In this figure, shadedcircles
representthe deposited Si atoms. The (131) and the
c(232) surfaceunit cellsarealsodrawn.Figure1~b! repre-
sentsthe correspondingLEED pattern.In this paperwe are
interestedin the structuresthat are formed upon further Si
depositionon the c(232) surfacealloy, i.e., for Si cover-
agesrangingbetween0.5 and0.8 ML. A priori severalpos-
sibilities canberegarded.Thearriving Si atomscouldeither
form an orderedstructureby bondingto Si atomsfrom the
surfacealloy in order to form a structurecloseto a Si bulk
crystalor form amorphousSi clusters.

We haveobservedthat depositionof about0.2 Si ML on
top of the c(232) superstructure@i.e., 0.7 ML of total Si
coverageon clean Cu~110!# leads to the formation of a
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streaked(232) LEED pattern overimposedon the c(2
32) pattern from the surfacealloy. Streaksin the LEED
pattern are associatedwith one-dimensionaldisorder, and
thus,local probesshouldbeemployedfor this typeof study.
As will be shown, the LEED streaksare relatedto a spot
shapeelongatedalongoneof the high symmetrydirections.
Thus, from now on, we will call this structure quasi-
(232). FurtherSi depositionleadsto anunstructuredLEED
patternindicating that the surfacelong-rangeorder is lost.
By combiningseveralexperimentaltechniques@LEED, scan-
ning tunnelingmicroscopy~STM!, XPS, XPD# we will find
out what is the surface atomic structure of the quasi-
(232) phaseand the atomic origin of the LEED pattern
streaks.We will seethat this structureconsistsof Si atomic
chainsrunningalongthe @1I 10# surfacedirection,with theSi
atomsplacedon a centerfcc site position.Furthermore,an-
nealingof thequasi-(232) phaseleadsto theformationof a
complicated(334) LEED pattern.STM and XPD experi-
mentson this phasehave revealedthat similar chains,but
with different periodicity, arealsopresentin this case.

Hence, information about surfaceterminationand local
orderhasbeengatheredby STM, aboutthe long-rangeorder
at the surfaceby LEED, and information aboutthe adsorp-
tion site has beendirectly derived from full-hemispherical
angle-scannedXPD. Furthermore,we haveusedsynchrotron
radiationphotoemission~XPS and UPS! to characterizethe
electronicstructureof the atomicchains.

The paper is organizedas follows. First, a generalde-
scriptionof thegrowthof Si on Cu~110! basedon theLEED
patternevolution is given. Second,the two most important
orderedphasesaredescribedon thebasisof theSTM images

FIG. 1. ~a! Schematicrepresentationof thec(232) Si/Cu~110!
surfacealloy. Shadedcirclesrepresentthe depositedSi atoms.The
(131) andthec(232) surfaceunit cellsaredrawn.~b! TheLEED
patterncorrespondingto the c(232) surfacealloy. The beamen-
ergy is 70 eV. ~c! The LEED patterncorrespondingto the quasi-
(232) structure.The beamenergyis 70 eV. The arrow indicates
the fractionalspot ~1,1/2!. ~d! The LEED patterncorrespondingto
the (334) structure.The beamenergyis 60 eV. The arrow indi-
catesthe fractionalspot ~2/3,3/4!.
andXPD data,andan atomicmodel is proposed.Finally, a
general discussionabout the electronic propertiesof the
chainsformedin both phasesis made.

II. EXPERIMENTAL DETAILS

Experimentswere performed in three different experi-
mentalsystems.Oneis equippedwith STM andLEED I –V
techniques.The secondwith an ESCA-UPSanalysissystem
where XPD patternshave been recorded.Finally, experi-
ments were performed at the LURE ~Laboratoire pour
l’Utilisation du RayonnementElectromagne´tique! synchro-
tron radiation facility. All the STM imagespresentedwere
recordedin topographicmode,and they havebeenslightly
filtered ~smoothed!. Full-hemisphericalXPD patternswere
performedusinga VG-ESCALAB Mk II spectrometermodi-
fied for motorized sequentialangle-scanningdata acquisi-
tion. PhotoelectronspectrawererecordedusingMg Ka ra-
diation (hn51253.6 eV). Synchrotron radiation photo-
emissionspectrawere performedat the SA72 beamlinein
the Super-ACO ~LURE! storagering. The photon energy
rangewasvaried from 15 to 400 eV usingdifferent grating
monochromators.Typical resolution ~beamline plus ana-
lyzer! wasaround200 meV at 100-eVphotonenergy.

The cleanCu~110! surfaceconsistsof rows of Cu atoms
running along the @1I 10# direction and presenting a
(131) LEED pattern. This surfacewas preparedby the
standardmethodof repeatedcycles of Ar1 sputteringand
annealingat 600°C Si was evaporatedin the 10210-mbar
rangefrom a liquid nitrogencooledelectronbombardment
evaporationcell which was calibratedbefore and after ex-
perimentswith a quartz microbalance.Also, the Cu to Si
x-ray photoelectron spectroscopy~XPS! intensity ratios
matchedthe onesexpectedfor the coverages.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. LEED pattern evolution with coverage

Figures1~b!–1~d! showthe LEED patternsof the differ-
ent orderedstructuresat the Si–Cu~110! interfacefor sub-
monolayercoverage.In all of them,the electronkinetic en-
ergy was set to 70 eV. Figure 1~b! shows the c(232)
superstructureobtainedafter depositingapproximately0.5
ML Si at room temperature~RT!. The real spacec(232)
unit cell responsiblefor the LEED patternof Fig. 1~b! is
sketchedin Fig. 1~a!.8,9 As hasalreadybeenindicated,this
structurecorrespondsto anorderedsurfacealloy. This LEED
patternhaslow backgroundintensity indicatingthat the sur-
face alloy presentswell-ordered and extendedterraces.10

FurtherSi deposition~around0.8 ML of total Si coverage!
on this overlayer leads to the formation of the streaked
(232) LEED pattern representedin Fig. 1~c!. The back-
groundhassignificantly increasedwith respectto the previ-
ouscase.Streaksin a LEED patternindicatethat thesurface
structureis one-dimensionallydisordered.11 In this figure an
arrow indicatesthe position of the ~1,1/2! LEED spot.This
spot is stronglyelongatedalongthe @001# direction,albeit a
maximumof intensityis foundfor the1/2 fractionalposition.
For this reasonthis structurewill be referredto as quasi-
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(232). The LEED patternof Fig. 1~d! was obtainedafter
heatingthe quasi-(232) structureof Fig. 1~c! up to 250°C.
As in the previouscase,the high backgroundintensity and
streaksindicate one-dimensionaldisorder.A quasi-(334)
periodicity is observedin Fig. 1~d!. Thearrowon this figure
indicatesthe positionof a ~2/3,3/4! fractionalspot,which is
narrower along the @1I 10# than along the @001# direction.
Next, we will focus on describingthe morphologyof both
orderedphasesand on finding the atomic geometricalar-
rangements,which accountfor theseLEED patterns.

B. The quasi-„2Ã2… phase

Figure2~a! showsa generalview of the surfacepresent-
ing the quasi-(232) symmetry.The total scannedarea is
3803200Å 2. In this imagewe observethatthegeneralmor-
phology of the surface consists of close-packedatomic
chainsextendingalong the @1I 10# surfacedirection present-
ing many defectssuchas vacanciesor unresolvedclusters.
All theseimperfectionsareresponsiblefor an increaseof the
LEED backgroundintensity. Details of this surfaceis pre-
sentedin Fig. 2~b!. The total scannedareaof this imageis
45342Å 2 andsomechainsareseenclosely.Theyaresepa-
ratedby different distancesalongthe @001# direction.These
distancesareindicatedin the figure,where‘‘ a2’’ represents
the modulusof the surfaceunit-cell vector of the substrate
alongthe @001# direction(a253.61Å). Themostfrequently
found distanceis 2a2 . As will be discussednext, this is the
reasonfor thestreaksalongthe @001# observedin theLEED
pattern.The image also shows that the chains are not in
phasewith eachother and they are about100 Å long @see
alsoFig. 2~a!#.

In order to understandmoreaboutthe formationprocess
andtheatomicstructureof thechainswehaverecordedSTM
imagesfor coveragesslightly higher than the surfacealloy
~i.e., at around 0.55 ML !. Thus, it is easierto isolate an
individual chain,avoidingconfusiondue to the coalescence
of chains,which complicatesthe analysisof the structure.
Figures3~a!–3~c! showSTM imagesrecordedfor a Si cov-
erageof 0.55ML. In theseimagesinformationaboutthefirst
stagesof the formation of the quasi-(232) chainscan be
gathered.Figure3~a! correspondsto a STM imagerecorded
at 400 mV and with a scannedareaof 3303280Å 2. Two
terraces,showing the c(232) structure separatedby a

FIG. 2. TopographicSTM imagesof thequasi-(232) structure
formedfor 0.8 Si ML depositedon Cu~110!. Bias voltage80 mV,
tunnel current0.9 nA. ~a! Generalview of the surface.The total
scannedareais 3803200Å 2. ~b! Regionof the imageshowingthe
existence of chains on the surface. The scanned area is
45342Å 2.
monoatomicstep, are visible on the image. Additionally,
some linear chains running along the @1I 10# direction are
visible on the terraces.The averagelength of the chainsis
around80 Å. The separationbetweenconsecutivechainsis
variable, ranging from 2 to 4 times the distancebetween
@1I 10# Cu rows. Interestingly, it can be noticed that the
chainsstartat a defector unresolvedcluster,which is imaged
asa protrusion.All thosefactssuggestthat the chainsform
by Si surfacediffusion on the alloy terracesuntil the diffus-
ing Si atomfinds a defect~e.g.,cluster,vacancy,or oxygen
atom!. This defectactsasa nucleationpoint thatanchorsthe
diffusing Si andmakesthe formationof Si chainspossible.
This couldalsobethereasonfor theabsenceof continuityof
the chains visible in Fig. 2~b!. We can confirm that the
chains grow independentlyof each other and finally coa-
lesce.Since the growth has startedat different points, an-
tiphasedomainsare formed.This can be seenin Fig. 3~b!,
wherethe separationbetweenthe threevisible chainsis dif-
ferent.Similar behavior~atomic chainsstartingat a defect!
hasbeenreportedfor thegrowthof SnandPbon Si~100!.6,12

For the caseof Sn, this fact hasbeenassignedto a different
atomicadsorptionsite of the first atomof the chain.6

Figure3~c! showsa detailof the imageof Fig. 3~a! where
the chain structure is appreciated.The scannedarea is
100350Å 2. In this imagean atomically resolvedc(232)
terraceis observed.The brilliant spotson the terracescorre-
spondeither to Si or Cu atomsbecauseonly oneof the two
differentatomsthat form thec(232) unit cell is imagedby
the STM ~seeFig. 1!.10 On top of the terracetwo atomic
chainsshowinga periodicstructurearevisible. The starting
point of bothchainsappearsasanextendedfeature,possibly
indicatingthestartingdefectfrom which thechainis formed.
The distancebetweenthem is three times the distancebe-
tween@1I 10# rows ~i.e., 3a2). Figure3~d! presentsa profile
alongoneof the chainsindicatedin Fig. 3~c! by a line. This
figureshowsthat theperiodicitybetweenbumpsin thechain
and in the surfacealloy terraceis the same,i.e., twice the
modulusof the unit-cell vectora1 (a152.55Å). The same
distancebetweenbumps along the chain is found in Fig.

FIG. 3. TopographicSTM imagesof thesurfaceafterdeposition
of 0.55Si ML on Cu~110!. Biasvoltage400mV, tunnelcurrent1.5
nA. ~a! A generalview of the surface.The total scannedareais
3303280Å 2. ~b! Thescannedareais 150375Å 2. ~c! Thescanned
areais 100350Å 2. ~d! Profile alongthe line representedin ~c!.
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2~b!. Thecorrugationin thechainis around0.1 Å, similar to
the corrugationin the terrace.The height of the chain with
respectto the terraceis around0.7 Å. Although this value
could be strongly affectedby the different electronicstruc-
tureof thechainwith respectto thesurfacealloy, its magni-
tudeis closeto what is expectedfor a singleatomdeposited
on theterrace.Thus,theSTM imagessuggestthat thechains
consistof individual adatomseverytwo Cu bulk atomsalong
the @1I 10# direction. Along this direction the periodicity is
constantand it is at the origin of well-definedspotsin the
LEED patternof Fig. 1~c! alongthis direction.

Summarizingthe structural information obtainedby the
STM analysis,thequasi-(232) surfacestructureconsistsof
atomicchainsrunningalongthe@1I 10# surfacedirection.The
distancebetweenatomic bumpsis always twice the lattice
parameteralong the @1I 10# direction but the separationbe-
tween chainsis variable,most of them are distant by two
lattice distancesalongthe @001# surfacedirection.However,
theSTM imagesdo not give usanyhint abouttheregistryof
the chainswith the substrate.

Full hemisphericalXPD is a powerful techniquefor ob-
tainingstructuralinformationof surfaceoverlayers.A visual
inspectionof XPD patternsrecordedat high kinetic energies
permitsoneto distinguishthedirectionswhereenhancemen
of emissionis produced.13 Thesepeakscan be associated
with forwardscatteringdirectionsand,thus,theycorrespond
to the main bonding directionsof the sampleunder study.
More details about the XPD techniqueand the measuring
procedurecanbe found in Refs.14 and15. Figure4~a! dis-
plays the experimentalXPD patternobtainedby measuring
theXPSCu3p emissionintensityof a cleanCu~110! sample
whereasFig. 4~b! hasbeenrecordedfor Si2p for anapproxi-
matecoverageof 0.8 ML Si andit correspondsto theLEED
patternof Fig. 1~c!. Theexperimentalkinetic energiesfor the
Cu3p and Si2p emissionlines are 1179 and 1153 eV, re-
spectively.The patternshavebeenazimuthallyaveragedac-
cording to the twofold rotational symmetryof the system,
and normalizedwith respectto the meanintensity for each
polar emissionangle.The angulardistributionof the photo-
electronintensity is plotted using the stereographicprojec-
tion. Thecenterof theplot correspondsto thesurfacenormal
and the outer circle representsgrazing emissionalong the
surface~90° off-normal emission!. It is importantto remark
that the intensityhasbeenmeasuredup 88°. The @1I 10# azi-
muth correspondsto the horizontal direction. In the XPD
patternfrom Fig. 4~a! the main Cu~110! crystallographicdi-
rectionsarefound.This patternhasbeendeeplydiscussedin
Ref. 14. In Fig. 4~b! intenseforward scatteringpeaksare
observedat polar emissionanglesof 60° with respectto the
surfacenormalandat 55° off with respectto the azimuthal
@1I 10# direction~horizontaldirectionin the figure!. They are
labeledin Fig. 4 with capitalletters.Thesefour forwardscat-
tering peakscorrespondto the low-index ~011! crystallo-
graphic direction of the Cu crystal. Interestingly,for polar
emissionangleshigher than 60° with respectto the surface
normal, the XPD pattern shown in Fig. 4~b! presentsthe
samefeaturesas the Cu3pXPD patternfrom Fig. 4~a! and
correspondingto the clean surface.The XPD techniqueis
giving information about the local environmentaroundan
emitteratom.As patternsfor Si andCu emitteratomsshow
the samefeatures,onecanaffirm that the Si emitting atoms
in the quasi-(232) structurehavethe sameatomicenviron-
mentasthe Cu atomsin the cleanCu~110! surface.Further-
more, the absenceof forward scatteringemissionfor polar
anglessmallerthan60° indicatesthat the emitting Si atoms
do not havea scattereratom on top of them.Examiningin
detail the atomicstructureof the Cu~110! surfaceandof the
c(232) surfacealloy, we can concludethat the emitter Si
atom responsiblefor the diffraction patternis the Si atom
from the surface alloy which is underneaththe atomic
chains.This situation is illustrated in Figs. 4~c! and 4~d!,
where the main bondingdirectionsresponsiblefor the for-
ward scatteringpeaksof Fig. 4~b! areindicatedandlabeled.
Thus, the photoemissionintensity of the Si2p atomsfrom
the surfacealloy is forward focusedby the adatomsin the
chains. Thesefacts clearly indicate that both emitter and
scattererSi atomsare placedat a centerfcc position of the
secondandtop layer,respectively,asshownin Figs.4~c! and
4~d!. This affirmationcanbe madewithout any calculation,
becausewe dealwith high-energyforward scatteringpeaks,
in which the main contributionis geometrical.13

The STM andXPD techniquestogethergive information
aboutthe geometricalpositionof the scatters,not aboutthe
chemical nature of them. Thus, several possible models
emergefrom theseexperimentalresults.We cannotdistin-
guishwhetherthe scatteratomof the topmostlayer is either
a Cu or a Si atomor a mixtureof bothof them,i.e., whether
thechainsaremadeof Si, Cu,or bothatomsaremixedin the
chain.A Cu atomat the surfacelayer would indicatea sur-

FIG. 4. Full angleXPD patternof the ~a! Cu3d emissionfrom
a clean Cu~110! surface.Electron kinetic energyis 1179 eV. ~b!
Si 2p emissionfor a film 0.8 ML thick depositedon Cu~110! at
room temperature.Electronkinetic energyis 1153eV. Low index
crystal directionsand labelsfor the main forward scatteringpeaks
are indicated.~c!, ~d! Schematicrepresentationin top ~c! andside
view ~d! of the bondingdirectionsresponsiblefor the peaksof ~b!.
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facesegregationprocess.If this is thecase,thesurfacelayer
will end in a double-layeredsurfacealloy. However this
model is unlikely becauseits formation will implicate RT
diffusion towardthesurfaceof thedeepCu atoms.Themost
probablemodel is to supposethat the extraSi atomsdepos-
ited occupycenterfcc positionsat thesurfacelayer.To have
information about the atomsin the chainswe havestudied
the Si and Cu XPS intensity as a function of the coverage.
We haveseenthatasSi is depositedtheCu XPSsignalgets
constantlyattenuated,indicatingthat the depositedSi atoms
remainon the surface.

Finally, and combiningall the above-presentedinforma-
tion by different techniques,we can proposean atomic
model for the surfacestructure.We can concludea quasi-
(232) symmetryderivedfrom the LEED pattern,the pres-
enceof chainsandtheinteratomicdistanceobtainedby STM
images,a centerfcc adsorptionsitederivedfrom XPD, anda
Si terminationof this structurefrom XPS analysis.All these
findingsallow usto drawa uniquegeometricalmodelfor the
surfacetermination.This modelis schematicallyrepresented
in Fig. 5. Black filled circles representSi atomsfrom the
chains,shadedcircles Si atomsfrom the surfacealloy, and
emptycirclesCu atoms.

Oncewe havea modelfor the geometricalsurfacetermi-
nation,we will focuson understandingtheLEED streaks.As
discussedpreviously,theLEED patternis samplingthelong-
rangeorder at the surface.The fact that the spotsbecome
streakedwith Si coveragesuggestsone-dimensionaldisor-
der. However,this disorderis not reflectedin the XPD pat-
tern, which probes short-rangeorder. The origin of the
streaksbecomesevidentby analyzingthe STM images.Fig-
ure6 showsa sketchof thesurfaceterminationderivedfrom
the image of Fig. 2~b!. The hairline representsthe (232)
unit cell. The dark balls representthe Si atoms from the
chains.Although the most likely separationbetweenchains
is 2a2 , otherdistancesalongthe@100# surfacedirectionsuch
as3a2 and4a2 arefound on the images~seeFig. 3!. How-
ever,alongthe @110# row direction~alongthe Si chains!, all
atomsareseparatedby 2a1 Å . Thus,theseparationbetween
chainsis not constantalong the @100# direction suggesting
that every chain is formed independentlyfrom eachother
andthat an enhanceddiffusion mechanismalongthe atomic
rows at this temperaturecould be responsiblefor the higher

FIG. 5. Schematicrepresentationof the proposedmodelfor the
(232) surfacestructure.Left part, top view. Right part,sideview.
Black filled circles representSi atoms from the chains, shaded
circlesrepresentSi atomsfrom thesurfacealloy, andemptycircles
representCu atoms.
degreeof order observedalong the @110# direction. Other
irregularitiesalong @100# originate from different domains,
as representedin the upper-rightpart of Fig. 6. In this case
the chainsareshiftedby onepositionandthen,they do not
matcheachotheranymore.All theseirregularitiescausethe
loss of long-rangeorder along the @001# direction and as a
consequencethe appearanceof streaksin the LEED pattern
along this direction. Furthermore,the discussedfeaturesin
the XPD patternof Fig. 4~b! ~labeledas A–D! show equal
intensity insteadof a symmetrybreakingbetweenA–C and
B–D ~Fig. 4! as could be derivedfrom Fig. 5. That is, not
only the A andC directionsaredetectedas they shouldbe,
correspondingto a perfect,single-domain(232) structure
but alsoB andD directionsareappreciated.Theexistenceof
four symmetrydirections,evidencedby the presenceof four
forward scatteringpeaksis additionalproof of the existence
of different domains.

Thepresenceof differentdomainsat thesurfaceandone-
dimensionaldisorderis responsiblefor the elongationof the
LEED spots.The diameter,d, of the orderedstructurescon-
tributing to theLEED pattern,i.e., theislandsize,is approxi-
matelydeterminedthrough11

d50.88al/„wA~a22 l 2l2!…,

wherea is the periodicity alongthe studieddirection~in our
case2a2), l theelectronwavelength,l thediffraction order,
andw the full width at half maximum~FWHM! of the dif-
fraction spotexpressedin radians.Performingthesecalcula-
tionsfor the~1,1/2! spotof Fig. 1~c! we obtaina meanisland
width value of 26 Å for the quasi-(232) structure.This
value correspondsto four scattersseparatedby a distance
2a2 alongthe @100# direction.Theresultcanbecomparedin
fair agreement~within error barsfrom piezoincertitudeplus
standarddeviation! with the measuredisland size of 37 Å
alongthe @100# directionin severalSTM images.This is an
indicationthat the origin of the width of the spotsis related
to the islandsize.

FIG. 6. Schematicrepresentationof the image2~b!, indicating
the origin of the one-dimensionaldisorder.
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C. The quasi-„3Ã4… phase

Figure 1~d! showsthe streaked334 LEED patternob-
servedafterdepositingaround0.7ML Si andthenheatingup
the surfaceto temperaturesaround 250°C. This structure
will be referredto asthe quasi-(334) phase.

The generaltopographyof the surface,as observedby
STM, consistsof linearstructuresvery similar to thosefound
for the quasi-(232) surface.Figure 7~a! is a STM image
showing a generalview of the surface.The total scanned
areain this image is 4803480 Å 2. The chainsare longer
along @1I 10# than for the quasi-(232) phasebut more or-
deredalongthe @100# surfacedirection~perpendicularto the
chains!. Figure7~b! showsdetailsof thosechains.The most
frequent spacingbetweenthem is ‘‘4 a2 ,’ ’ although other
longer distancesare found. An analysisof severalimages
showsthatonecanfind differentdistanceswhich arerespon-
sible for the streaksin the LEED pattern,as illustrated in
Figs.7~b! and7~c!. Figure7~c! showsa profile alongthetwo
main surfacedirectionsas indicatedin Fig. 7~b!. The upper
curvecorrespondsto a cut alongthe @1I 10# directionandthe
lower onealongthe @001# direction.

Moreover, the full hemisphericalXPD pattern data re-
cordedon this phasereflectthesamesymmetryasthat found
in Fig. 4 ~datanot shown!, suggestingthepresenceof a simi-
lar chain structure.Thus,one can concludethat the atomic
structurefor both the 232 and the 334 phasesis similar
but the atomic periodicity within the chain is different. A
tentativeexplanationfor this longerperiodicity could be re-
latedto theselectiveSi diffusion towardtheCu bulk. Indeed,
we havereportedin a previouswork that annealingof the
232 phase~0.6 Si ML ! to temperatureshigher than200°C
inducesSi diffusion towardthebulk.16 Additionally, theXPS

FIG. 7. TopographicSTM imagesof thesurfaceafterdeposition
of 0.8 Si ML on Cu~110! andposteriorannealingat 250°C. Tunnel
current0.8 nA. ~a! Generalview of the surface.The total scanned
areais 4803480Å 2. Bias voltage480 mV. ~b! Detail of the linear
chains.The scannedareais 62362Å 2. Bias voltage400 mV. ~c!
Profilesalongthe indicateddirectionsof ~b!.
ratio Si2p/Cu3d is smaller than the ratio found for the
quasi-(232) coverage,indicating that someSi atomshave
disappearedduring the annealingprocedure.

In orderto haveanadditionalproof aboutthechaincom-
position of the quasi-(334) phasewe haveperformedion
scatteringspectroscopy~ISS! at very low energy ~1 keV!.
Due to the high neutralizationprobability of the ions, this
techniqueis extremely surface sensitive.17 In Fig. 8 ISS
spectraarepresentedcorrespondingto the cleanCu surface
~top!, to the surfacealloy ~center,0.5 Si ML !, and to the
quasi-(334) phase~bottom, 0.8 ML Si!. Inclusion of Cu
atomsin the chainswill preservethe ratio of Si/Cu atomsat
thesurface,andthentheISSCu to Si signalratio will be the
samewith respectto the surfacealloy. However,this is not
observedin Fig. 8. The attenuationof the Cu peakfor the
quasi-(334) phaseindicatesthat the chainsformed on the
surfaceare Si chains.The Cu signal is coming from the
Si–Cu surfacealloy, which is visible becauseof the very
openfcc~110! structure~seeFig. 5!. This observationis in
agreementwith the XPS ratio evaluation,and it is an addi-
tional proof for theSi compositionof the(334)-like chains.

D. Someconsiderationsabout the electronic structure
of the chains

The XPS techniquegivesinformationaboutthe chemical
speciespresentin the surfaceregion of a sample.Figure 9
representstheSi2p core-levelphotoemissionspectrafor the
different structuresunderstudy.The photonenergywasset
at 180 eV. The upperspectrumcorrespondsto the c(232)
surfacealloy. The two maximaaresplit by 0.6 eV andthey
correspondto the Si2p1/2 andSi2p3/2 components.These
componentsareindicatedin Fig. 9 by two parallelthick lines
separatedby 0.6 eV. On the left-handsideof thespectruma
shoulderindicatesthe presenceof small componentswhich
areshifted.A previoushigh-resolutioncore-levelphotoemis-
sion study10 hasshownthat the Si2p peakcan be decom-
posed in four different peaks, associatedwith different
atomic environments~islands,clusters!. The main peakhas
been taken as energy referenceand it correspondsto the
surfacealloy. Due to the high degreeof orderof the surface
alloy, theSi2p core-levelpeakis very narrow~Thenarrow-
estFWHM reportedin literaturefor a Si 2p corelevel peak

FIG. 8. Low-energyion scatteringspectroscopyspectraof the
cleanCu~110! surface,c(232), and quasi-(334) structuresas a
function of the reducedenergy~kinetic energy/primaryenergy!.
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in thesolid stateis reportedin Ref.10 for this surfacealloy!.
The binding energy of the Si2p level measuredfrom a
Si~111! crystal~bulk peak! in our experimentalconfiguration
is 0.62 eV shifted with respectto the surfacealloy peak
towardthe high binding energysideof the spectrumandits
binding energy is marked in Fig. 9 by a dotted line. We
believethat this differenceis relatedto extra atomic relax-
ationeffectsratherthanto a chargetransferprocessfrom Cu
to Si. Corelevel shiftsup to 5 eV inducedby screeninghave
been theoretically predicted for a Si adatom on a high-
densitymetalsurface~jelium!.18 Additionally, a 0.4-eVshift
in theSi2p peakfrom a metallicErSi1.7 exclusivelyinduced
by extra-atomiceffectshasbeenreported.19 The surfaceal-
loy is similar in thesensethat in bothmaterialsSi atomsare
forming a metallic bidimensionalsystem.

The centralspectrumin Fig. 9 correspondsto the quasi-
(232) phase.The maximum of this peak appearsshifted
with respectto the surfacealloy by 0.54eV, andits binding
energyis very closeto theSi bulk bindingenergy.Thepeak

FIG. 9. Si 2p core level photoemissionpeak for the c(232)
surfacealloy, quasi-(232), andquasi-(334) structures.The best
fit is representedby a thin solid line overlappingthe experimental
points.The dottedvertical line representsthe positionof a bulk Si
crystal.The thick lines at the bottom of every spectrumrepresent
the main componentsof the Si 2p1/2 andSi 2p3/2 split by 0.6 eV.
correspondingto the surfacealloy is still presentand it is
visible asa shoulder,indicatingthat the quasi-(232) phase
is not destroyingthe surfacealloy but growing on top of it.
This observationis in agreementwith themodelproposedin
Fig. 5 where the surfacealloy exists below the Si chains.
Moreover, the XPS peak has broadened,indicating higher
disorderwith respectto the surfacealloy phase.The shift of
0.54 eV toward higher binding energiesindicatesthat the
atomicenvironmentof Si in thequasi-(232) phaseis closer
to that of Si bulk. Si atomsin the chainshavetwo Si atoms
from the surfacealloy asneighbors~seeFig. 5!. It is impor-
tant to note the possibility at this energy to also find the
signal from amorphousSi clustersassociatedwith defects.

Whenthe quasi-(334) phaseis formed ~lower spectrum
in Fig. 9!, themaximumof theXPSappearsat 0.35eV from
the energyreference,i.e., 0.2 eV shiftedtowardlower bind-
ing energieswith respectto the quasi-(232) phase.This
indicatesthat the Si atomsof the chainsfeel strongerthe
metallicity of the surfacealloy underneath.Furthermore,the
c(232) structureis alsovisible andwell resolved.Peaksare
narrowerindicating that this structurepresentsa higher de-
gree of order than the quasi-(232) phase.Although the
maximumappearsat 0.35eV from the surfacealloy peak,a
shoulderis seenat 0.54 eV indicating that someSi chains
with a 232 periodicity arestill presentin the surface.

It is very difficult to obtain information about the elec-
tronic structureof individual chains.STM is a techniquethat
couldoffer this information.However,it is not clearwhether
the tunnelingcurrentcomesfrom the metallic surfacealloy
that supportsthe chainor from the Si chain itself. Thus,we
did not interpretchangesin thechaintopographyinducedby
thebiasvoltage,indicatingtheabsenceof localizeddangling
bondsor p-type states.However, we have measuredsyn-
chrotronradiationultraviolet photoemissionspectrafor dif-
ferentstagesof the growth. In Fig. 10 we showthe valence
bandevolutionfor differentSi coveragesrecordedin normal
emissionfor a photonenergyof 21 eV. Thebottomspectrum
correspondsto thecleanCu surfaceandit is characterizedby
the strongemissionof the 3d levels at around22.3 eV of
binding energy. The surface alloy phaseis electronically
characterizedby the appearancein the valencebandof two
newstates,labeledasSi1 andSi2 in Fig. 10.Both havebeen
deeplydiscussedin a previouspublication.20 In thatwork, by
meansof local densityof statescalculations,the Si1 peaks
wereassignedto two-dimensionalstatescharacteristicof this
surfacestructure.The stateSi1 consistsof two closepeaks
locatedat 20.9 and21.2 eV of binding energy.Thesetwo
peakshavehigher intensity when the c(232) LEED spots
aresharper,for anapproximatecoverageof 0.5 ML ~surface
alloy formation!. ThepeaklabeledasSi2 consistsof a broad
structurecenteredat around23.0 eV. We also find a net
increasein thetotal numberof countsat theFermi level with
coverage,indicating that the formed alloy is metallic. Si1
statesdisappearwhenthequasi-(232) phaseis formed,and
thepeaklabeledasSi2 increasesstrongly.We know thatthis
peak has an important contribution from Si2p states.20 A
very tiny state,labeledas Si3, appearsin the quasi-(232)
phaseat 21.5 eV. This peakmay be characteristicof the Si
chains.This statedoesnot dispersewith photonenergy~data
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not shown!, indicatingits bidimensionalcharacter,andthere-
fore, may be assignedto a surfacestatecharacteristicof the
Si-chains. The Si3 state disappearsat the quasi-(334)
phase.It is clearfrom thefigurethat thenumberof countsat
the Fermi edgedropswhenSi chainsareformed.This is an
indication of a predominantSi–Si semiconductingbonding
betweenthe Si in the chainsand the metallic Si from the
surfacealloy.

Si chainshavebeenreportedasa metastablereconstruc-
tion of the cleavedSi~111! 231. The surfacestructureis

FIG. 10. Valencebandphotoemissionspectrarecordedat nor-
mal emissionfor the different structuresindicated.Photonenergy:
21 eV.
characterizedby quasi-one-dimensionalzigzagchainsof Si
atomsbondedby p orbitals.21,22 For this reasonthe chains
havebeencalledSi p chains.TheSi p chainsexhibit impor-
tant electroniceffects if the tunnel voltage is reversed,in-
ducedby bondingandantibondingstates.22 However,this is
not thecasefor theSi chainspresentsat theSi–Cu interface.
We did not find anychangein thechaintopographyinduced
by the bias voltage. Moreover, for the Si p chainsat the
Si~111! 231 surfacethe corrugationwithin the chainvaries
from 0.05 to 0.6 Å, dependingon the bias voltageand tip
sharpness.21 In the caseunderstudy, the corrugationwithin
the chain for any tried voltageis around0.1 Å ~seeFig. 3!.
Both the absenceof electroniceffectsand low corrugation,
indicatethe lack of localizedstateson the Si chainsformed
on theSi–Cu interfaceandsuggesta high hybridizationwith
the substrate.

IV. CONCLUSIONS

Si deposited on the ordered and well-characterized
Si/Cu~110! surfacealloy forms Si chainscharacterizedby a
streaked(232) LEED pattern.Thesechainsrun along the
@1I 10# surfacedirectionandtheyform (232) domainswith-
out coherencebetweenthem. The combinationof experi-
mentalresultsfrom different techniquesallowsus to present
an atomicmodel for the geometricalstructureof the chains.
Thesurfacealloy structureis preservedandtheSi chainsare
grownon top of it in a centerfcc position.Similar chainsare
found after heatingthe quasi-(232) phaseup to 250°C but
exhibiting a (334) periodicity.
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Kreutz, L. Schlapbach,T. Abukawa, and S. Kono, Surf. Sci.
331, 1002 ~1995!.

14J. Hayoz,Th. Pillo, R. Fasel,L. Schlapbach,andP. Aebi, Phys.
Rev.B 59, 15 975 ~1999!.
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