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A chemical state resolved x-ray photoelectron diffraction study: Initial
stages in diamondlike carbon film deposition

R. G. Agostino,® O. M. Kiittel, P. Aebi, R. Fasel, J. Osterwalder,” and L. Schlapbach
Institut de Physique Universitede Fribourg, Perolles, CH-1700Fribourg, Switzerland

Thestructuralsensitivityof x-ray photoelectrordiffraction is greatlyenhancedby the acquisitionof
a full hemisphericatiffraction patternof chemicallyshifted corelevels. Complexsystemscanbe
studiedresolving the local order per elementand per chemical environment.This techniqueis
appliedto studythe earlieststagef hydrogenatediamondlikecarbonfilm depositionon Si(001).
Effects of the sampletemperatureandion doseon the structureof depositedayersare discussed.

INTRODUCTION

Diamondlikecarbon(DLC) films are mainly composed
of a net of tetrahedricallycoordinatedC atoms' Hardness,
wear, thermal,and optical featuresare closeto that of dia-
mond films while their preparationis much less critical
Using a mass and energy selectedion beam (MESIB)
source?? it is possibleto produceDLC films in ultrahigh
vacuum (UHV) adjusting sample temperature flux, inci-
denceangle,and kinetic energyof the incomingions. The
productionof Si:C, C:C, and C:H phasedakesplacein the
first stagesof DLC film depositionusing hydrocarbonions
on Si substratesThe structureandthicknessof thesephases
dependson depositiontemperatureand radical kinetic en-
ergy. SiC is foundin amorphousand 3-SiC phasesandC is
found in amorphoussp® andsp® phaseswith eventualem-
beddeddiamondnuclei? Different modelspredict that SiC
plays the role of a supersaturatedhilieu in which the dia-
mond is formed by thermal-spikeinduced precipitation®
However,a relation betweenthe SiC structureat the begin-
ning of the DLC film formationanddiamondnucleiproduc-
tion and orientationis not establishedet.

We have previously investigateddiamond films pro-
ducedby chemicalvapor deposition,single-crystallinedia-
mond, and highly orientedpyrolitic graphite,using conven-
tional full hemisphericalx-ray photoelectron diffraction
(XPD) aswell asothertechnique$.In this article, we present
a structuralstudyof DLC films obtainedby ion beamdepo-
sition of CH! (n=3,4) on Si(001) samplesusing MESIB
source.The kinetic energiesof the Mg K, excitedC1s and
Si 2p photoelectrons970 and 1154 eV, respectively,are
high enoughto guarantee direct interpretationof the XPD
patterns.® Intensity maximaoccurfor emissionanglescor-
respondingo emitterscattererdirections,atomicchains,or
high densityatomicplanes.This phenomenorknown asfor-
ward focusing makesthe techniquea uniquestructuraltool
which is able to probe the averagelocal order aroundse-
lectedemittersnearthe surface However,the applicationof
XPD to DLC films is not straightforward Usually, the films
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havean amorphousstructureanddifferent phasesoexistby
giving rise to a layeredstructurein which the stoichiometry
variescontinuouslyfrom the pure Si substratdo a hydroge-
natedC layer at the surface’ Thereare two main prob-
lemswhenapplyingthe XPD techniqueto the investigation
of theinitial statesof DLC growth:the emissionfrom atoms
in an amorphougphaseresultsin a nonstructuredXPD pat-
tern and both the C and Si photoemissiorsignalswill carry
informationfrom differentphasesi.e., Si:Si, Si:C, C:C, C:H.

The aim of this article is to showhow a deeperinsight
canbe gainedwhenapplying a fitting procedureto the core
level signalin orderto extractthe diffraction patternspro-
duced by single components.The structural sensitivity of
conventionalfull hemisphericalXPD is then improved by
the possibility to explorethe local orderarounda particular
elementin different chemicalenvironmentslin sucha way
we are able to study the interfaceformation and growth in
thin film depositionwhere different chemicalenvironments
coexist.If oneof the surfacephaseds orderedthenthe cor-
respondingpatternshowsdiffraction features.On the other
hand, amorphouslayers have an unstructuredpattern in
which only a smoothdependencef the intensity on polar
angleremains.However,the polar angledependencef the
averagedntensity of the chemicallyshifted componentar-
ries complementarynformation on the depthdistribution of
the chemicalspeciesdn the film/interfacesystem.

Therefore,we explore the C:Si-, C:C-, and C:H-rich
phasesfor the C atomsand the pure Si substrateand the
Si:C-rich phasefor the Si atoms.It is shownhow the struc-
ture of the buried Si(001) surface,of the SiC interlayer, of
the C-rich phasesandthe depthdistribution of the different
phasescan be characterizedMeasurementsloneas a func-
tion of temperaturere presented.

EXPERIMENT

The depositionand analysissystemis basedon a modi-
fied Vacuum GeneratorESCALAB Mark |l spectrometé?
with abasepressuref 2x10 1! mbar,equippedwith athree
channeltronhemisphericalelectron energy analyzer,a Mg
K, andSi K, twin anodex-ray source,a quadrupolemass
spectrometerand a low energyelectrondiffraction (LEED)
system.



During depositionandanalysisthe sampleis mountedon
a five-axis manipulator.Rotationsare computercontrolled
suchthat the photoelectroremissionanglesé (polar angle,
with respectto the norma) and ¢ (azimuthalangle canbe
sweptover the whole hemisphereabovethe sampleand a
seriesof spectracan be recordedautomaticallyon a prede-
termined set of angles(6,¢). The experimentalprocedure
consistan theacquisitionof theMg K, excited,C 1sandSi
2p x-ray photoelectrorspectrafor each(6,¢) setting.Up to
8000 spectraarerecordedwith a passenergyof 20 eV such
that the energyresolutionis practically only determinedby
theintrinsic width of Mg K, radiation.In orderto extractthe
chemically shifted componentsa Shirley backgrounds re-
movedfrom eachspectrumandthe emissionline is approxi-
mated by (up to 3) least-squareditted Gaussiancurves
whosecentersandfull widthsat half-maximumarekeptcon-
stant.Theintegralof eachGaussiarcurveis extractedasthe
intensity of the chemicallyshifted componentThe intensity
maps,(6,¢), are stereographicallyrojectedusing a linear
grey scalerepresentatioh Normal emissionappearsn the
centerwhile grazingemissionis plotted towardthe border.

The MESIB sourceis mounteddirectly on the analysis
systemwith the focus position identical to the one of the
electronenergyanalyzerusedin XPD. The sourceallows a
minimum energyof 5-10 eV, massesp to 2000a.m.u.,is
UHV compatible andhasa massresolutionof unity. Details
of the MESIB sourceare describedelsewheré. Deposition
wasperformedusinga CH; (n=3,4) beamat 120eV. The
pressureof the systemrisesto the 10~ ° mbar rangeduring
deposition.The p-doped Si(001) sampleswere cleanedby
meansof Ar* ion sputteringand annealing(1050K) proce-
dures. The sampletemperaturewas controlled by resistive
heating.Surfacecleanlinesandorderwerecheckedoy x-ray
photoelectronspectroscopyXPS and LEED, respectively.
Very low C contamination(<2% of a monolayey was
presenwhile no O, Ar, or othercontaminantsveredetected.
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FIG. 1. Typical Mg K, radiation(1253.6eV) excitedC 1s emissionspec-
trum from a hydrogenateatarbonfilm depositedon Si(001) at 670K. The
C:Si, C:C, andC:H componentdiavebinding energiesof 282.9,284.1,and
285.0eV, respectively Theraw dataareshownasanopencircle, thefitting
curveasa thick line, the Shirley backgroundasa thin line, the line compo-
nentsasdottedcurves,andthe differencebetweendataandfit asdots.
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FIG. 2. (a) Stereographiprojectionof the diffraction patternsrom the C:Si
C 1scomponenbf a DLC film obtainedby depositingl 6.8x 10'® ions/cnm2
at670K andsubsequenthannealingat 1070K for 10 min. Only one-fourth
of the solid angle above the sample surfaceis measured.The figure is
obtainedby exploiting the fourfold symmetryof the systempreviouslyveri-
fied by the acquisitionof azimuthalscans(b) Polarangledependencef the
differentazimuthallyaveragedC 1s components(c) C:Si azimuthalanisot-
ropy pattern(seethe text). The datarepresentatiomisesa linear gray scale
rangingfrom O (black) to the maximumanisotropy(white). (d) Azimuthal
scansextractedfrom the patternsof the different C 1s componentsThe
azimuthalscansaretakenat a polar angleof 54°+2°. The maximumof the
C:Si intensity at the azimuthalangleof 55° correspondso the [111] direc-
tion in the SiC lattice.

RESULTS AND DISCUSSION

As canbe clearly seenin Fig. 1, the C 1s line from a
hydrogenateaarbonfilm depositecon Si(001) containsdif-
ferentcomponentsin C:Si, C:C, andC:H phasesC 1s emis-
sion will result at increasingbinding energies?® i.e., at
282.85+0.15, 284.05-0.15, and 285.05+0.30 eV, respec-
tively. It is not possibleto distinguishsp? from sp* bonded
C atomsbecauseinding energiesarevery similar® A sys-
tematicerrorin thefitting procedurecanarisefrom the pres-
enceof mixed bondingin which C atomshavea chemical
environmentorrespondingeitherto the SiC phasenorto C
clusters.This gives rise to errorsin the evaluationof the
componentshinding energies,and the fact that the energy
separatiorbetweerthe C:C componentndthe C:Si compo-
nentis lower than that found in the literaturé® agreeswith
this picture.Neverthelessa decompositiorof the line shape
into three Gaussiarcurvespermitsus to follow the average
variationin the surfacechemistryas a function of tempera-
ture andion dose.

In Fig. 2(a) we showthe chemicallyresolvedC 1s XPD
patternfor the C:Si component.In this casethe film was
depositedat 670K with anion doseof 16.8x 10" ionscm ™2



FIG. 3. (a) Schematiaepresentationf the directionsof the principal scat-
tering pathsstartingfrom a C atomin a SiC unit cell. Thedirectionsl andk
are connectingthe C atomwith Si atomsat the centerand at the cornerof
theuppersurfacein theunit cell, respectively Their polaranglesare25° (k)
and54° (1) with respecto the normaln while they havethe sameazimuth.
Directionm connectgdwo C atomsandhasa polarangleof 45° with respect
to the normaln. Notethatit is alsorotatedby 45° with respecto directions
k andl. (b) Stereographigrojectionof the scatteringpath directionsin a
SiC lattice. The dot size is inversely proportionalto the emitter-scatterer
distance Directionsn, k, |, andm areindicated.

andsubsequenthannealecht 1070K for 10 min. Generally,
two kinds of anisotropiesare presentin the patterns:i(a) the
averagepolaranisotropywhich is mainly relatedto the depth
profile of the emitting species(seebelow) and (b) the azi-
muthalanisotropywhich resultsfrom the atomicorderin the
sampledregion. In Fig. 2(b), we depictthe azimuthallyav-
eragedpolar dependencef the three componentsNormal-
izing the intensity of eachazimuthat a fixed polar angleto
its meanvalue,i.e., to thevaluesof curve2(b), we obtainthe
azimuthalanisotropypatternshownin Fig. 2(c). The C:C
and C:H azimuthalanisotropypatternsare flat asit is ex-
pectedfor amorphousphases.In Fig. 2(d), comparingthe
azimuthalanisotropyof the different componentst a fixed
polarangle,we showthatno anisotropyis presenin the C:C
andC:H curves.

In the C:Si C 1s patternof Fig. 2(c) we find diffuse
diffraction maximawhich correspondo the first andsecond
nearest-neighborltom directions in a diamond or zinc-
blendelattice epitaxially grown on the Si substrateThe an-
isotropy, definedas (I nax—min)/Imax» Of the patternis 10.5%
along the polar angle of 54° [Fig. 2(d)]. The experimental
valué® of anisotropyfor the samepolar angleon SiC single
crystalsis 43%. From the valuesin our experimentwe can
concludethat in the C:Si phaselocal zinc-blendeorder co-
existswith amorphousregions,thereforehaving a coexist-
enceof B-SiC(001) clusterson Si(001) with an amorphous
SiC phaseln Fig. 3 the directionsn, |, k, m appearingn a
SiC unit cell [Fig. 3(a)] are mappedinto the stereographic
projection[Fig. 3(b)] to be comparedwith Fig. 2(c). In Fig.
3(b) many so-calledforward focusingdirectionsare marked
with a markersizeinverselyproportionalto the correspond-
ing atom-atom distance.Someof theseforward scattering
directionsonly appearabovea certainthicknessof the layer.
We estimatethe thicknessof the 8-SiC layerin Fig. 2(c) to
be smallerthan 5 A on averagebecausehereis no forward
focusingmaximumalong normal emission.Sucha forward
focusingmaximumis expectedfor a thicknessgreaterthan
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one unit cell wheretwo or more atomsare sitting on top of
eachother.

The polarangledependencef the azimuthallyaveraged
intensityfrom the threepatterng Fig. 2(b)] canbe relatedto
the depthdistributionof the emitting speciesAn elementary
model’ canbe drawntakinginto accounttheinelasticlosses
experiencedy the photoelectronn the solid andneglecting,
as a second-ordeeffect, the inelastic meanfree path (\)
dependencen the speciesoncentrationFor simplicity, it is
also assumedthat a particular speciesis located within a
depthintervalwith constanttoncentrationin this model,the
emittedintensity of one speciesasa function of polarangle
is given by:
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wherethe speciess locatedwithin aninterval z, z (Fig. 4).

On the otherhandthe sampleareaseenby the analyzer
varieswith cog6) ! sothatthefinal anglepolar dependence
of the intensityis:

A~ aaea 5

An exampleof depthprofile evaluationthroughthe I(6)
curvesis givenin Fig. 4 wherethe systematicevolution of
the calculated,azimuthally averagedntensity as a function
of polar anglefor different thicknessdistributions[Fig. 4(a)
and4(b)] is showntogethemwith the polarangledependence
of the experimentapatternsfor a hydrogenated layer[Fig.
4(c)]. The calculatedcurvesfit very well the experimental
1(0) [the dottedcurvesin Fig. 4(c)]. This makesit clearthat
we can get a qualitative depth profile where the values of
initial and final depth (z/* and z?") found by a fitting proce-
dure canbe relatedto the nearsurfacedepthinterval with a
given speciesA. The fit performedon the azimuthallyaver-
agedintensity curvesof Fig. 4(d) indicatesthat the C:Si is
thickest,extendingrom the surfacedownto 19.5A (\=16.0
A), while the C:C phaserangesfrom 1.4 to 6.2 A, andthe
hydrogenatedC layer, betweenl1.6 and 3.4 A, is closestto
the surface From theseresultswe find that Si from the C:Si
phaseextendsup to closeto the surfacecontainingthe C:C
phaseThisis consistentith the subplantatiormodel® The
very surfaceis H rich with the presencef a high fraction of
C:C bonding.

The Si 2p XPS emissionline (Fig. 5) canbe separated
into a Si:Si (bulk) and a Si:C component.The former is
centerecht 99.20+0.10eV in binding energywhile the latter
is at 100.00:0.20eV. The total intensity Si 2p XPD pattern
derivedfrom a completeset of Si 2p spectrarecordedafter
anion doseof 9.4x 10" ionscm 2 depositedbn the Si(001)
at 670 K is shownin Fig. 6(a). It is similar to the one of
cleanSi(001) (not shown), with the differencethat features
in Fig. 6(a) areslightly smearedut and intensity decreases
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FIG. 4. (a) Calculatedemissionintensityvs polaranglecurvesfor an emit-
ting speciesconfinedin a buried layer rangingfrom z to z (seethe tex?).
Thedensityof the speciesn the buriedlayeris assumedonstantThe depth
valuesare calculatedassumingan inelasticmeanfree path (\) value of 16
A. Curvesare calculatedfor a layer with fixed thickness(11.2 A) and
increasingdepthz . Note thatwith increasingdepththe intensity maximum
shiftstowardlower polarangle.(b) Calculatedemissionintensity curvesfor
increasinglayer thicknesswith fixed depth (z=1.6 A). Note that thicker
layershaveintensity maximaat lower polar angle. The emissionintensity
from a very thick layer (z=1.6 A, z=80 A) hasa maximum at normal
emission.(c) Experimentapolar angledependencef the azimuthallyaver-
aged C 1s componentsfrom a hydrogenatedcarbon film depositedon
Si(001) at RT (dottedcurve. The film wasannealedor 10 min at 1070K.
The solid line is obtainedby fitting. The maximafor eachcurvearemarked
by a vertical tick.

fasterwith polar angle.This is consistentwith the presence
of a layerwith a different structureon top of the orderedSi
structure.No other information can be extractedfrom the
patternconcerninghe differencesbetweerthe two phaseof
pureSi andSi:C hiddenin the Si 2p emissionline. This kind
of informationis obtainednow by splitting the signalinto the
chemicallyresolveddiffractogramsshownin Figs. 6(b) and
6(c). Like the Si 2p total intensity pattern,the signalcoming
from the Si:Si componenis similar to that of cleanSi(001)
exceptfor a faster decreaseof intensity with polar angle.
Comparingthis with cleanSi(001) experimentapatternswe
find that the anisotropyis quite high, varying from 25% for
[111]-like directionsto 34% along the normal. Thus the
Si(001) buriedsurfaceis well ordered On the otherhand,the
diffraction patternof the Si:C componentof the Si 2p line
[Fig. 6(b)] exhibits broaderstructuresand a different inten-
sity versuspolar angle behavior.We can distinguishsome
forward focusing maximawhich are locatedalong forward
scatteringdirectionsof the zinc-blendestructure.In this pat-
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FIG. 5. Typical Mg K, radiation(1253.6eV) excitedSi 2p emissionspec-
trum from a hydrogenatedtarbonfilm depositecon Si(001), at 670K. The
Si:Si and Si:C componentshave binding energiesof 99.2 and 100.0 eV,
respectively.The raw dataare shownasan opencircle, the fitting curveas
athick line, the Shirley backgroundasa thin line, andthe line components
asdottedcurves.

tern the anisotropiesare low, varying from 6% along the
surfacenormalto 12%alongthe[011]-like directions,show-
ing the coexistenceof amorphousand orderedSiC. We de-
ducethatthis Si:C pattern like the C:Si patternderivedfrom
the C Is emission [Fig. 2(a)], is related to epitaxial
B-SiC(00)) clusterson top of the Si(001) substratecoexist-
ing with a disorderedSiC phase t is worth noting that the
SiC structureis effectively revealedfrom both the C 1s and
Si 2p carbide componentsThe azimuthallyaveragednten-
sity, 1(6), of the Si:C componen{Fig. 6(d)] increasedrom
normal emissionup to #=58° and then slowly decreases
while the Si:Si componentshows a maximum at normal
emission.A fit within the model of layersof constantcom-
positionperformedfor the Si:C and Si:Si phasegivesemit-
ting regionsrangingfrom 1.8to 11.0A andfrom 5.7 A into
the bulk, respectively.

A seriesof similar C 1s and Si 2p chemicallyresolved
patternswere recordedfor Si(001) samplesat differention
dosesand substrateemperatureskor the first stageof hy-
drogenatedDLC film growth a nonstructuredSi:Si pattern
indicates that upon CH, depositionat room temperature
(RT), the Si(001) surfaceis amorphizedby sputteringef-
fects. At highertemperature$670 and 790 K) the diffusion
processallows a reorderingof the lattice and the Si(001)
bulk diffraction patternis recovered.From the very begin-
ning of the depositionprocessa SiC interlayeris formed.
Thicknessand crystallinity are strictly dependenton the
depositiontemperatureat RT, layersareamorphougSi:C Si
2p and C:Si C 1s componentpatternsare structurelessand
thin while at highertemperatureshey showthe presenceof
anepitaxial 8-SiC(001) coexistingwith a thickeramorphous
SiC layerasin the casesshownin Figs. 2 and6. The order-
ing processdoesnot involve the C:C phasewhich has a
disorderecdhaturefor all the depositiontemperatureandion
dosesinvestigatedso far. Furthermorefollowing the C:H C
1s componenintensity asa function of temperaturave find
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FIG. 6. Stereographigrojectionof the Si 2p XPD patternsfrom a hydro-
genateccarbonfilm depositedbn Si(001) at 670K. The patternsarefolded
exploiting the four-fold rotational symmetryof the system.(a) The total
intensity Si 2p XPD patternin which both pure silicon and carbidecontri-
butionsare presentDiffraction patternsof the Si:Si (b) and Si:C (c) Si 2p
componentextractedby the fitting procedureg(seethe text). No smoothing
procedures appliedto the data.(d) Polarangledependencef the azimuth-
ally averagedntensity of the componentsSolid lines aredrawnasa guide
to the eyeto point out the different behavior.
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thatthe H atomsboundto C areincorporatedn the film at
RT while only one-fourthof themremaincloseto the surface
at high temperatureThis is consistentwith other experi-
menté and theoreticalworks® The C:H components sys-
tematicallylessintensethanthe othertwo. Neverthelesst is
necessaryo includeit in thefitting procedureof all the pat-
ternsin orderto minimize the value of ¥ In all casesthe
C:H C patternsdid not showany diffraction features.

CONCLUSIONS

We have presenteda chemicalstateresolvedstudy of
DLC film by meansof an extensionof conventionalfull
hemisphericalXPD. By extracting the diffraction patterns
correspondingo severalchemically shifted componentf
the corelevels, we candescribethe local order of different
phasescoexistingin proximity of the surface.Moreoverwe
reportedon the developmentf theinitial stagesof the DLC
film formationon a crystalline Si substrateas a function of
ion doseandtemperature.
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