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Local heteroepitaxy of diamond on silicon „100…: A study of the interface structure
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An extensivestudyof the interfacebetweenhighly orientedchemicalvapordepositiondiamondfilms and
silicon hasbeenperformedusingatomicforcemicroscopy~AFM!, high-resolutionscanningelectronmicros-
copy ~HRSEM!, x-ray photoelectrondiffraction ~XPD!, and transmissionelectron diffraction. The initial
roughnessof thesilicon substratehasbeeninvestigatedby AFM. Hydrogenplasmahasbeenfoundto produce
pits on the biasedsubstratesurface.The local order of the b-SiC grown on silicon ~100! during the bias-
enhancednucleationstephasbeeninvestigatedby XPD throughtheC 1s andtheSi 2p intensitymodulations.
Differencesin theXPD diffraction featureshavebeenstudiedandfound to bedueto theelementandenergy
dependenceof the scatteringeffect. The preferentialorientationof the diamondnuclei with respectto the
silicon substratehasbeenquantifiedby comparisonof HRSEMpicturesandXPD patterns.Only 30–40% of
the crystalliteshavebeenfound to be orientedrelative to the substrateat an early growth stageof a highly
orienteddiamondfilm. The partial heteroepitaxyof the diamondnuclei hasbeenconfirmedby transmission
electronmicroscopythroughelectrondiffraction andbright- anddark-field images.Simulationsof the XPD
patternsinducedby tilted and azimuthally rotateddiamondcrystallites have beenperformedin order to
reproducethesmeared-outfeaturesof theexperimentaldiffractograms.Theshort-rangeorderof thediamond
lattice at this early growth stagehasbeenfound. The amountof carbonon the silicon substratehasbeen
measuredby x-ray photoelectronspectroscopyandHRSEM.Comparingthe results,we postulatedthe exis-
tenceof carbondomainswhich are too small to be or becomediamondnuclei andare etchedawayby the
hydrogenplasmaduring the growth process.
I. INTRODUCTION

During thepastdecadesignificantprogresshasbeenmade
in the growth of orienteddiamondfilms. The microwave
plasma enhancedchemical vapor deposition ~CVD! has
proved to be an efficient depositiontechnique.By a bias-
enhancednucleationstep,goodquality diamondis grownon
silicon substrates.1–3 Textureddiamondfilms deposition3 has
beenfollowed by the growth of diamondfilms which were
partially orientedwith respectto the substrate.4 At present,
diamondfilms are grown on silicon ~100! with more than
80% of oriented crystallites relative to the silicon
substrate.5–7 However,a 5° to 10° tilt of the diamondcrys-
tallites relativeto the silicon lattice is alwaysobserved.8,9

Due to the lack of appropriateinvestigationtechniques
very few studieshavebeendoneon the orientationof the
early growth stageof polycrystallinediamondfilms. Most
studies include scanning electron microscopy ~SEM!,5,10

atomic force microscopy11 ~AFM!, or transmissionelectron
microscopy ~TEM!.12 The limited magnificationpower of
SEM doesnot allow us to study the very early diamond
growthstagebut cangive quantitativeinformationaboutthe
amountof orienteddiamondcrystalliteson the surfaceafter
lessthanonehour of growth.Theproblemof AFM investi-
gationsis the tip convolutioneffect which doesnot allow a
sharp imaging of crystallites smaller than 0.3 mm in
diameter.13 Despiteits high resolution,TEM suffersfrom the
lack of statistics.In addition,the samplepreparationis very
time consuming.
SEM studiesby Stoneret al.5 haveshownthat only 50%
of the diamondgrainswere orientedrelative to the silicon
substrateafter the bias-enhancednucleationstep.5 This mis-
orientationis due to the largeconcentrationof misfit dislo-
cationsat the diamond/siliconor diamond/SiCinterfacebe-
causeof the largemismatchbetweenthe two lattices.

In this study, we used AFM to investigatethe initial
roughnessof the silicon substrate.We comparedx-ray pho-
toelectronspectroscopy~XPS!, x-ray photoelectrondiffrac-
tion ~XPD!, andTEM investigationsto study the very early
stageof orienteddiamondgrowth on silicon. As opposedto
TEM, XPSandXPD arenonlocalprobesbut allow a chemi-
cal investigationof the top 40 Å of the samplesurface.We
will showthat investigationsby thesethreetechniquesshow
a ratherweakpercentageof orientednuclei at anearly stage
of growth.After 15 h of growth, the diamondfilm showsa
very good orientationasmeasuredby SEM and x-ray dif-
fraction ~XRD!.

We recentlyprovedthat heatingthe silicon substratein a
CH4/H2 plasmato 800°C is sufficient to grow SiC oriented
with respectto the substrateand that the orientationof the
SiC layer or SiC islandsis independentof the useof a bias
during thepretreatment.14 While this previouspaperfocused
on the influenceof thenucleationparameterson theorienta-
tion of theSiC layerandthediamondnucleiat thebeginning
of the depositionprocess,the presentpaperdealswith an
enlargedinterfacestudyof CVD diamondon silicon.

First, theroughnessof thesilicon surfaceat thebeginning
of the growth processwill be investigatedby AFM. Then,
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we will show that the local order of the b-SiC grown on
silicon ~100! canbestudiedby XPD, investigatingeitherthe
C 1s or theSi 2p intensitymodulations.Differencesbetween
the carbonandthe silicon relatedXPD patternswill be dis-
cussed.

The smearedout featuresof the experimentaldiffracto-
gramswill be explainedin termsof the percentageof early
orienteddiamondnuclei. Simulationsof the tilted and azi-
muthal rotated diamond nanocrystalliteswill be shown.
ComparingXPS and high-resolutionscanningelectronmi-
croscopy~HRSEM! measurementswe will finally postulate
the existenceof nondiamondcarbon domainsat an early
stageof growth.

II. EXPERIMENT

Low-pressurediamondgrowth wasperformedon silicon
~100! substratesvia microwaveplasmachemicalvapordepo-
sition in a tubulardepositionsystem.Silicon substrateswere
cleanedin acetone,introducedin theplasmasystem,andthe
depositionwas startedafter the pressurein the chamber
reached1026 mbar. Nucleationwas inducedby applyinga
dc bias of 2225V to the substratein a 2% CH4/H2 gas
mixture plasmaand the depositionparameterswere chosen
in order to get an orientedgrowth of diamondon silicon
~100! ~845°C, 1% CH4 in H2!. For early growth studiesthe
orienteddiamonddepositionwas stoppedafter 10 min in
order to get individual crystalliteswith a reasonablesize
~60–90 nm in diameter!. The surfacemorphologywasmea-
suredby AFM ~NanoscopeIII, Digital InstrumentInc.!. The
sampleswere scannedwith conventionalpyramidal Si3N4
tips in the tapingmode.The roughnessof the surfacewas
estimatedby root-mean-square~RMS! value calculations.
The conductivityof the surfacewas investigatedby a com-
binationof AFM andSTM.WeusedconventionalAFM tips
which werecoveredby a thin sputteredgold layer ~200Å!.
While scanningthe surfacein the contactmode,a biaswas
appliedto the sampleandthe currentflowing from the con-
ducting tip to the samplewasmeasuredanddisplayedasa
currentmap.

HRSEMwasperformedin a Hitachi S-900in-lensfield-
emissionmicroscope.The primary acceleratingvoltagewas
30 kV for high magnificationand the beamcurrentwas 2
310211 A. The sampleswere cooledto 188 K in order to
avoid contamination.

X-ray diffraction measurementswereperformedin a Si-
emensD5000diffractometerusingtheCu Ka radiationand
choosingthe@111# diamondreflection.Thepolefigureswere
obtainedby scanningthepolar anglefrom 0° to 80° andthe
azimuthal angle over half a circle ~0°–180°!. In order to
determinethe full width at half maximumof the intensity
maxima,the angularstepwas1° for both angles.

Transmissionelectrondiffraction ~TED! studieswereper-
formedin a 200-kV SiemensTEM with a resolutionof 0.21
nm. Only plan-viewspecimenswereusedherebecausethe
preparationof cross-sectionalspecimens~for high-resolution
TEM! hasbeenhinderedby a defectrich interface.

The XPD experimentswere performed in a VG ES-
CALAB Mark II spectrometermodified in order to enable
motorizedsequentialangle-scanningdata acquisition15 and
equippedwith aMg Ka ~1253.6eV! andSi Ka ~1740.0eV!
twin anode.In order to scanthe electronemissiondirection
relative to the crystalaxes,the sampleswerefixed on a go-
niometric manipulatorwhich is capableof polar (0°,u
,90°) andazimuthal(0°,f,360°) motions.By rotation
of the crystal, 3500 individual XPS spectrahave beenre-
cordedandfitted.16 The dataarestereographicallyprojected
on a planeand representedin a gray scale,with maximum
andminimum intensitiesaswhite andblack, respectively.

Severaltheoreticalapproacheshavebeendevelopedfor
describingphotoelectrondiffraction.17 We apply the single
scatteringcluster ~SSC! theory which was first derivedby
Lee18 and then implementedby Kono et al.19 The intensity
from oneparticularphotoemitteris calculatedas the square
of a coherentsum of a primary, unscatteredphotoelectron
wave amplitude,and singly scatteredamplitudesfrom all
neighboringatomsin a cluster representingthe crystalline
orderof the sample.The form usedheretakesinto account
the exactsphericalwave form of the photoelectronwaveat
the scatterersite by using site-dependenteffective complex
scatteringfactors.The powerof theSSCcalculationsin de-
scribingthe experimentaldiffraction in naturaldiamondhas
beenprovedby Küttel et al.20

III. RESULTS

P-dopedsilicon ~100! sampleswerefirst heatedto 780°C
in ahydrogenplasmaduring3 min. Diamondnucleationwas
then enhancedby 8 min of dc bias treatment in a 2%
CH4/H2 gasmixtureat a pressureof 20mbaranda tempera-
ture of 780°C.21 Orienteddiamondgrowth was performed
during ten additionalminutesat a pressureof 40 mbar.

A. Surface roughness:AFM investigations

As-receivedsilicon substratesarecoveredby anup to 40
Å thick nativeoxide layer evenafter the cleaningprocedure
in acetone.As an amorphousSiOx is not an adequatesub-
stratefor thegrowthof orienteddiamondfilms, we removed
the layer by heating the substrateup to 780°C in a pure
hydrogenplasmaduring3 min at 20mbarin theCVD reac-
tor. With an etchingrateof 20 Å perminute,2 min etching
is sufficientto cleanthesilicon.Threeminutesarenecessary
to reachandstabilizethe temperatureof 780°C. Thehydro-
gen plasmaetchesthe silicon substrate22 and increasesthe
surfaceroughness.Figure1~a! showstheuntreatedsubstrate
surface.The roughnessof the surfaceis lessthan1 nm ~0.3
nm rms!. After 3 min in a hydrogenplasma,the surface
roughnessincreasedby a factor of 4 ~1.2-nmrms! and fea-
tures with a diameterof 20–30 nm appeared@Fig. 1~b!#.
Theyaredueto thechemicaletchingof thesilicon substrate
by the hydrogenplasma.

After 15additionalminutesetchingin ahydrogenplasma,
thesurfaceroughnessincreasesto 10 nm rms.Hillocks with
a diameterof 100 nm appearat the surface@Fig. 2~a!#. No
CH4 was introducedin the gasmixture in order to separate
theeffectof roughnessandcrystalliteformation.However,if
a dc biasvoltage(2225Vdc) is usedduringtheetching,the
roughnessincreasesto 3 nm rmsonly andpits with a diam-
eter of 100 nm appearon the surfacewith a density of 6
3109 cm22 @Fig. 2~b!#. This correspondsto the diamond
nucleationdensity.However,no direct correlationbetween
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thesepits and the nucleationsitescanbe drawn,unlesswe
could provethe pits to be nucleationsites.23

B. Surface and interface orientation: Correlation between
TEM and XPD investigations

As shownby AFM investigations,the silicon surfaceis
rather rough before the enhancednucleationstep and the
roughnessincreasesduring the biasing step ~not shown!.
TEM measurementshave been performedafter the bias-
enhancednucleationstepand the XPD measurementspre-
sentedherehavebeendoneafter ten additionalminutesof
oriented diamond growth ~XPD diffractogramsmeasured
just after the bias-enhancednucleationstepshow the same
features14!. Due to thepolycrystallinenatureof the film, the
orientationof an overlayerwith respectto the substratecan
only be understoodin termsof local heteroepitaxyor local
orientation.Thecombinationof TEM andXPD asit will be
presentedin thenext paragraphis ideal for the investigation
of the interface.While TEM is a very local probe, XPD
averagesthe whole sample area and in addition, allows
chemicalinformationto be obtained.

1. TEM investigations

TEM bright-field investigationsperformedon the sample
after thebias-enhancednucleationstepshowsa high density
of kinks defectsin the silicon substrate~seeFig. 3!. The
defectsareabout100 nm in diameterand two micrometers
deep.Thedefectsdensityis comparableto thedensityof pits

FIG. 1. AFM imageof the ~a! as receivedsilicon surface,~b!
silicon surfaceafter 3 min in hydrogenplasmaat 780°C and 20
mbar.
shownby the AFM picture of Fig. 2~b!. A correlationbe-
tweenthe defectsin the biasedsubstrateandthe pits dueto
the etchingby the hydrogenplasmaseemsprobable.

It is known from molecular-beamepitaxytechniquesthat
thegrowthof b-SiCon siliconoccursby pit formationin the
silicon substrate:with increasingdepositiontime, thesilicon
surfaceis coveredby SiC which inhibits the silicon surface
diffusion. The silicon atomsneededfor the SiC growth are
then providedby openareason the surfaceleading to the

FIG. 2. AFM imageof the ~a! silicon surfaceafter 15 min in
hydrogenplasmaat 780°C and20 mbar ~no bias!, ~b! silicon sur-
faceafter 15 min in hydrogenplasmaat 780°C and20 mbar.The
substratewas biasedwith 2225 Vdc during the treatment.No
CH4 was introducedin the gasmixture in order to separatethe
effect of roughnessandcrystallite formation.

FIG. 3. ~a! TEM bright-field imageof thesilicon substrateafter
8 min of bias-enhancednucleation.The@220# reflectionof silicon is
enhanced.The contrastsare due to strain fields from dislocation
defects.
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formation of pits.24 Our AFM measurements indeed do n
show an atomically flatb-SiC/Si interface.

But, our first TEM measurements did not show any c
relation between the presence of defects in the silicon s
strate and the presence ofb-SiC. Moreover, as already men
tioned, no evidence of diamond nucleation in these sites
been shown. Therefore, at present time, we cannot prove
direct correlation between the defects in the silicon subst
and the formation ofb-SiC or the nucleation of diamon
crystallites.

No continuous and homogeneousb-SiC layer was found
on the substrate investigated by TEM. Partially orien
b-SiC nanocrystallites have been measured only. Figure~a!
shows a TED pattern of a plan-view specimen from the s
con sample after the bias-enhanced nucleation step and
4~b! shows the TED pattern of a diamond crystallite. Silic
reflections are indexed.S stands for heteroepitaxialb-SiC
nanocrystallites andD for heteroepitaxial oriented diamond
R points out the reflection without any simple orientati
relation with the substrate.b-SiC and diamond show a pre
erential orientation with a weak tilt relative to the silico
substrate. The crystallites are partly composed by non
taxial oriented diamond phase (R). This is confirmed by the
dark-field plane-view image where the bright crystals
surrounded by a darker halo~Fig. 5!. Only the brightest part
of the crystals is heteroepitaxial diamond. In conclusi
TED measurements performed after the bias-enhanced n
ation step point out the presence of mixed heteroepitax
nonepitaxial, and tilted diamond, respectively.b-SiC nano-
crystallites on the silicon substrate.

FIG. 4. ~a! Electron-diffraction pattern of the substrate after
min of bias-enhanced nucleation. Silicon reflections are index
S: heteroepitaxial textured, nanocrystallineb-SiC; R: b-SiC @111#
reflection.~b! Electron-diffraction pattern of a diamond crystallit
Silicon reflections are indexed.S: heteroepitaxialb-SiC; D: het-
eroepitaxial diamond;R: Diamond@111# reflection with no simple
orientation relation with the substrate.
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2. XPD investigations

XPD is based on the forward focusing effect of electro
by atoms. So far, XPD was used by different groups to
vestigate single crystals and adsorbates on single crys
When investigating the early growth stage of diamond
silicon, results have to be interpreted very carefully. T
electrons are collected from many different, small cryst
lites, which have a small but finite dimension and interfe
on the detector position. The measured diffracted signa
the sum of signals coming from all these crystallites.

By measuring and saving the C 1s peak and the Si 2p
peak for all angles and with subsequent fitting, we get str
tural information about the growing diamond film, the S
interface, and the underlying silicon substrate in one m
surement. Figure 6 shows the fitted C 1s @Fig. 6~a!# and
Si 2p @Fig. 6~b!# photoemission signals at normal incidenc
The C 1s core-level peak shows a C-C component at 96
eV kinetic energy~KE! and a C-Si component at 970.1 eV
The Si 2p core-level peak shows a Si-Si component
1154.6 eV KE and a Si-C component at 1153.3 eV. As
sample has been transferred to air, both peaks show a w
shoulder which reflects the oxygen contamination.

a. Orientation of the diamond crystallites with respect
the silicon (100) substrate.Figure 7 shows the four x-ray
photoelectron diffractograms related to the fitted compone
of the XPS spectra. The four diffractograms have been n
malized in order to enhance the intensity contrasts~intensity
normalization over the azimuthal angles for each po
angle!. The diffractogram of the C-C component of th
C 1s peak is shown in Fig. 7~a!. The major features of the
diffractogram structure prove the preferential orientation
the growing diamond crystallites with respect to the~100!
silicon substrate. As described in Ref. 14 this preferen
orientation is already visible after few minutes of bias tre
ment. Figure 7~b! shows the diffractogram of the Si-Si com
ponent of the Si 2p peak. The structure of the diffractogram
is similar to the one of clean~100! silicon25 with the follow-
ing restrictions: slightly smeared out features and a rap
decreasing intensity with increasing polar angle~visible on
the as-measured diffractogram before the normalizatio!,
both indicating the presence of a nonhomoepitaxial overla
on top of the silicon substrate.26 However, from the orienta-
tion of the different features in the diffractograms~Fig. 7! we
can conclude that the diamond crystals are aligned with

d.

FIG. 5. Dark-fieldplan-viewimageof thesilicon substrateafter
8 min of bias-enhancednucleation.The @220# reflectionof diamond
is enhanced.Only thebrightestpart of the crystallitesis heteroepi-
taxial growndiamond.
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spect to the silicon substrate. As we already proved the
entation of theb-SiC relative to the silicon~100! substrate,14

the orientation of the diamond crystallites relative to the s
con is confirmed by HRSEM performed on the same s

FIG. 6. ~a! Fitted C 1s photoemission signal and~b! fitted
Si 2p photoemission signal of the CVD diamond film after 8 min
bias-enhanced nucleation step and ten additional minutes of
ented growth.

FIG. 7. Photoelectron diffractograms of the CVD diamond fi
after 8 min of bias-enhanced nucleation and 10 min of orien
growth. Diffraction pattern of the~a! fitted C-C component of the
C 1s core-level signal,~b! fitted Si-Si component of the Si 2p core-
level signal,~c! fitted C-Si component of the C 1s core-level signal,
and ~d! fitted Si-C component of the Si 2p core-level signal.
ri-

-
-

strate before the ten additional minutes of growth: Figure
shows parallel SiC stripe structures10 and textured diamond
crystallites. The stripe structure is not formed before the
troduction of CH4 in the gas mixture~not shown! and can
thus be associated tob-SiC deposition. Theb-SiC stripes are
parallel to the silicon substrate lattice confirming the orie
tation of theb-SiC with respect to the substrate. Theb-SiC
stripes are seen all over the substrate surface proving
formation of a rather complete SiC layer during the ea
stage of growth.

The broad character of the maxima in the C-C diffrac
gram @Fig. 7~a!# are due to the weak scattering power of
atoms20 ~see below! and the weak preferential orientation o
the diamond crystallites.21 Hence, the existence of a tilt be
tween the growing diamond lattice and the silicon substr
cannot be addressed.27,28 However, our measurements abs
lutely rule out the experimental existence of the R45° th
retical model proposed by Verwoerd29 consisting in the epi-
taxy of diamond on silicon~100! through a 45° rotation of
the diamond lattice relative to the substrate. The C-C co
ponent diffractogram and the Si-Si component diffractogr
are in phase involving no important azimuthal rotation of t
diamond lattice relative to the silicon lattice.

b. Orientation of theb-SiC layer with respect to the sili
con (100) substrate.We already discussed the formation
an orientedb-SiC layer or islands during the initial growt
phase of diamond on silicon~100! in Ref. 14. The growth of
heteroepitaxialb-SiC is confirmed by the diffractograms pre
sented in Fig. 7~c! and Fig. 7~d!. Figure 7~c! shows the dif-
fraction pattern of the C-Si component fitted from the Cs
core-level peak while Fig. 7~d! shows the diffraction pattern
of the Si-C component fitted from the Si 2p core-level peak.
With an anisotropy of 30%@Imax2Imin /Imax# along the 54°
polar angle, theb-SiC grown during the first minutes of ori
ented diamond deposition can be considered as well orie
@the anisotropy for the same polar angle on ab-SiC single
crystal is 43%~Ref. 30!#. Both diffractograms show an ori
entation with respect to the~100! substrate allowing a struc
tural investigation of theb-SiC through either the C 1s or the
Si 2p peak. While the global features are similar for bo
diffractograms, we would like to focus on the fine-structu
differences shown by these two diffractograms and on
comparison of the related SSC calculated diffraction p
terns.

ri-

d

FIG. 8. HRSEM picture of the diamondcrystallitesafter the
bias-enhancednucleationstep.
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While theC-Si diffraction pattern@Fig. 7~c!# showsrather
smearedout features,the Si-C diffraction pattern shows
much sharperdetails @Fig. 7~d!#. This is due to the kinetic
energyof thecollectedelectronsandtheelementdependence
of the forward scatteringand interferenceeffect.30 Silicon
scattersabouttwiceasmuchascarbonfor forward-scattering
directionswhich leadsto importantdifferencesin thesharp-
nessof thediffraction patterns.This is particularlyevidentif
themaximumin the @110# directionat thepolarangleof 45°
is considered~low index directionsareplotted in Fig. 9!. In
the @110# direction,an electronemittedby a carbonatomis
only forward scatteredby carbonatomswhile an electron
emitted by a silicon atom is forward scatteredby silicon
atoms.In Fig. 7~d!, the relativesharpnessof the @110# inten-
sity maximumof theSi-C diffractogramis clear.

Ourexperimentalresultsarein perfectagreementwith the
SSCcalculationsfor SiC presentedin Fig. 10. A clusterof
218 carbonandsilicon atomsdistributedover six layershas
beenusedand the diffraction patternhasbeenproducedby
the emissionfrom three carbonatoms in the caseof Fig.
10~a! and threesilicon atomsin the caseof Fig. 10~c! dis-
tributedoverthreelayers.Thepositionof thecarbon,respec-
tively, silicon atomsis sketchedin Fig. 10~b!, respectively,
10~d!. Two diffractogramsrotatedby 90°havebeensummed
in order to simulatethe presenceof two b-SiC domainson
thesubstrate16 andthediffractogramshavenot beennormal-
ized. ComparingFigs. 10~a! and 10~c!, it is clear that the
diffractogramsglobal featuresare similar but that the fea-
tures of the Si-C simulateddiffractogram @Fig. 10~c!# are
sharperthan the one of the C-Si simulateddiffractogram
@Fig. 10~a!#.

c. Thesmearedout characterof the C-C scatteringpat-
tern. The weak scatteringpower of the carbonatomsdoes
not explain the lack of fine structurein the experimental
diffractogramsof theb-SiC andCVD diamond.In compari-
son with the SSC simulatedb-SiC diffractogramand the
~100! naturaldiamonddiffractogram@seeFig. 14~a!#, thedif-
fractogramsof Fig. 7 do not showany clear fine structure.
The following considerationsmadefor the C-C diffraction
patterncanbeextendedto theb-SiCdiffractionpatternwith-

FIG. 9. Plot of thelow indexdirectionsfor thediffractogramsof
diamond,b-SiC, andsilicon ~100! surfaces.
out further restrictions.The smearedout featuresaredueto
the presenceof nonorientedphasesmixed to the oriented
onesdepositedon thesilicon substrate,asmeasuredby TED.
Electronsof theslightly misalignedcrystallitesareaveraged
due to the largecollectingarea.Randomlyorientedcrystal-
lites increasethe overall background.Thesetwo effectsare
responsiblefor the ratherfuzzy look of the diffractograms.

Thepresenceof nonorientedcrystallitesis consistentwith
theHRSEMandtheTEDmeasurements~seeSec.III B! per-
formedon thesamesubstrate.A HRSEMpictureis shownin
Fig. 11. The nucleationdensity is 6.33108 cm22 and only
30–40% of the 60 nm large diamondcrystallitesare ori-
entedwith respectto the silicon substrate.This is consistent
with literaturedata.10,31 However,after 15 h of deposition,
80%of the diamondcrystallitesareorientedwith respectto
the substrate.As measuredby XRD, the meantilt of this
thick diamondfilm is only 5° relative to the substrate.The

FIG. 10. b-SiC photoelectrondiffractogramsimulatedby SSC
theorycalculations,~a! SSCdiffractogramproducedby carbonat-
omsphotoemitters,~b! sketchof thecarbonphotoemittersposition,
~c! SSCdiffractogramproducedby silicon atomsphotoemitters,~d!
sketch of the silicon photoemittersposition. The diffractograms
havenot beennormalized.

FIG. 11. HRSEM picture of the diamondcrystallitesafter the
bias-enhancednucleationstepand ten additionalminutesof depo-
sition undertypical conditionsfor orientedgrowth.
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pure rotationalmisorientationis only 4°.32 The XRD half-
pole figure measuredfor the @111# diamond reflection is
shownin Fig. 12 andprovesthevery goodorientationof the
10 mm thick diamondfilm.

Our resultsarein goodagreementwith themodelof evo-
lutionary selectionof specificcrystalliteorientationsby Van
derDrift.3,33 A low percentageof orientedcrystallitesat the
beginningof thegrowthcanbechangedto a highly oriented
film by choosingadequatedepositionparameters.However,
thereis a limit to theminimum amountof orientedcrystal-
lites necessaryat the beginning.In Fig. 13~a! we show the
diffractogramof a samplewhich was only submittedto a
nucleationenhancingtreatmentat 800°C during 8 min. No

FIG. 12. @111# x-ray half-polefigure of the diamondfilm after
15 h of orientedgrowth.

FIG. 13. ~a! Photoelectrondiffractogramsof theCVD diamond
film after8 min of bias-enhancednucleationwithout previousheat-
ing in hydrogenplasma,~b! HRSEMpictureof thesamesubstrate.
structurecanbeseenandin theHRSEMpicture@Fig. 13~b!#
no orientationof the crystallitescanbe recognized.

Simulationsof themisorientationof thediamondcrystal-
lites have beenperformedby tilting ~Du! and azimuthaly
rotating ~Df! the experimental~100! natural diamonddif-
fractogramshown in Fig. 14~a!.20 The resulting diffracto-
gramsweresummedandarithmeticallyaveragedusing30%
of well-orientedCVD diamonddiffractogramsand 70% of
tilted or rotateddiffractograms.The result is presentedin
Fig. 14~b!. The fine structureis still visible evenfor an azi-
muthal rotation of Df568°. The intensity maxima are
muchbroaderthan the experimentalones@Fig. 7~a!#. Simu-
lationsof the tilting of the diamondcrystallites@Fig. 14~c!#
area betterapproximationof theexperimentaldiffractogram
exceptthatthe@11̄2# and@103# maxima~low indexdirections
plottedin Fig. 9! aredistinct evenfor Df566°. A combi-
nation of both effectsdoesnot producea betteragreement
with the experimentaldiffractogram.It seemsthat otheref-
fectsmay play a significantrole.

The bestsimulationshavebeenobtainedby rotating the
SSCcalculateddiffractogramfor a 5 ML diamondcluster16

shownin Fig. 15~a! with a tilt of Df566°. The resulting
diffractogramis shownin Fig. 15~b!. Theglobalfeaturesand
the intensitymaximaaresimilar exceptfor the @103# direc-
tion wheretheexperimentalintensityis weakerthanthecal-
culatedoneand for the curvedbandlikestructurescentered

FIG. 14. ~a! Stereographicprojectionof theC 1s XPD intensity
at 968.8-eVKE of a natural~100! diamondsurface.Simulationsof
the misorientationof the diamondcrystallitesby tilting and azi-
muthally rotating the diffractogramin ~a!. ~b! Simulationsof the
azimuthalrotation,Df568° and ~c! simulationsof the tilting of
the diamondcrystallites,Du566°.
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alongtheprojectionof densecrystalplaneswhich areabsent
from the experimentaldiffractogram.The lack of suchfea-
tures is typical for a long-rangedisorder.The good agree-
mentof theexperimentaldiffractogramwith therotatedSSC
5-ML clusterdiffractogramdoesnot meanthat thediamond
crystallitesare only 5 ML thick, but that no longer range
orderexistsin thediamondlatticeat this early growth stage
due to the high density of misfit dislocations.This short
rangeorderis not sufficientto producea low-energyelectron
diffraction ~LEED! pattern.

The situation is different for an orienteddiamondfilm
grownduring15h: thediffraction featurestypical for a long-
rangeorder ~high index intensitymaximaandweakcurved
bandlikestructures! arevisible despiteof thesmearingout of
the pattern @Fig. 16~a!#. LEED shows broad spots @Fig.
16~b!#. The patterndoesnot allow a distinction betweena
(231) andan (131) reconstruction.

C. Surface composition: correlated XPS and HRSEM
investigations

TheHRSEMmeasurementsof thesubstrateafter8 min of
dc biastreatmentandtenadditionalminutesof orienteddia-
mondgrowthallowsusto getquantitativeinformationon the
carbonphasespresentat the surface.HRSEMquantification
have been comparedto XPS studiesof the surface.The
amountof carboncalculatedwith HRSEM ~Fig. 11! on the
basisof a nucleationdensityof 6.33108 cm22 andanaver-
age nuclei surfaceof 3.63103 nm2 is 7–10 times smaller
thanthe amountof carbonphasescalculatedon the basisof
XPSmeasurements~Fig. 6!. Weconcludethat themajorpart
of carbonpresenton the sampleis not in the form of dia-
mond nuclei. We supposethe existenceof carbondomains

FIG. 15. ~a! Photoelectrondiffractogramof a 5 ML carbonat-
omsclustersimulatedby SSCtheory calculations.~b! Tilted SSC
simulatedphotoelectrondiffractogram,Du566°. The diffracto-
gramshavenot beennormalized.
which are too small to be detectedby HRSEM but are de-
tectedby XPS.It seemsthattheseC-Cdomainsaretoosmall
to beor becomediamondnucleiandarethenetchedawayby
thehydrogenplasmaduringthegrowthprocess.Furthercon-
firmation stemsfrom the fact that the nondiamondphase
decreasesrapidlywith depositiontime.This is suggestingthe
existenceof a critical radiusof thenuclei.11 If thenucleihas
not reachedthis sizebeforethe endof the bias treatment,it
will beetchedawayduringthegrowthprocess.However,we
arenot ableto estimatethesizeof thesedomainsandto tell
without doubt if they have the diamondstructureor not.
Using a combinationof AFM andSTM, we areable to in-
vestigatethe topographyandthe conductivityof the surface
in onemeasurement.Preliminaryanalysisconfirm the pres-
enceof smalldomainson thesurfaceof thesilicon substrate,
which conductivity is different from the substrateand the
diamondcrystallitesconductivity.Figure17~a! showstheto-
pographyof the sampleafter the bias treatmentwith one
crystallite of 170 nm in diameter.Figure 17~b! showsthe
currentmapof the sameplaceon the substrate.All around
the crystallite, which presentsa bad conductivity ~black,
minimal current through the tip is 60 pA!, small domains
with differencesin conductivity~grayto white,maximalcur-
rentthroughthetip is 600pA! aredisposed.As themeasured
currentdependson the tip gold coverage,we cannotspecify
the chemicalspeciespresenton the surface.Therefore,this
measurementdoesnot consistin an indisputableproof of the
existenceof nondiamondcarbondomainson thesurfacebut
confirmsthepresenceon thesurfaceof domainswhich con-
ductivitiesaredifferent from the diamondconductivity.

FIG. 16. ~a! Stereographicprojectionof theC 1s XPD intensity
at 968-eV KE of a CVD ~100! diamond surfaceafter 15 h of
growth. ~b! LEED patternof the samesurface~102.9-eVelectron
energy!.
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IV. CONCLUSIONS

Surfaceroughnessstudy of the silicon substrateat the
beginningof theplasmaprocessandafter thebias-enhanced
nucleationstephasbeeninvestigated.The hydrogenplasma
treatmentincreasesthe surfaceroughnessby a factor of ten.
Associatedto a bias application,the hydrogenplasmapro-
ducespits on the substratesurface.No correlationbetween
thesepits andnucleationsitescanbedrawn.

The preferentialorientationof b-SiC grown on silicon
~100! during thefirst minutesof depositionhasbeenproved
by HRSEMandXPD.HRSEMshowsthattheb-SiC formsa
rathercompletelayer on the silicon ~100! andXPD shows

FIG. 17. AFM/STM combination.~a! Topographyof thesample
after the bias treatment:onecrystalliteof 170 nm in diameter.~b!
Currentmapof the sameplaceon the sample.Black color stands
for a badconductivity(I560pA) andwhite color for a goodcon-
ductivity (I5600pA): small domainswith differencesin conduc-
tivity arevisible all aroundthe diamondcrystallite.
that the orientationof the layer is not perfect.
The preferentialorientation of the diamond crystallites

with respectto the silicon substrateat anearly growth stage
hasbeenstudiedby TEM, HRSEM,andXPD, andquantified
by comparisonof HRSEMpicturesandexperimentalscatter-
ing patterns.At this early stageof growth, only 30–40%of
thecrystalliteshavebeenfound to beorientedrelativeto the
substrate.However, after 15 h of deposition,80% of the
diamondcrystallites are orientedwith respectto the sub-
strate.The tilt measuredby XRD is thenof 5°. This is con-
sistentwith the model of evolutionaryselectionof specific
crystalliteorientationsby Van derDrift.

Simulationsof diffraction patternsinducedby tilted and
azimuthally rotated diamond crystallites have been per-
formedin orderto reproducethe lack of fine structurein the
experimentaldiffractogram.Conclusionsleadingto theexis-
tenceof a short-rangeorder ~not more than 5 ML! in the
lattice of the diamondnanocrystallitesafter few minutesof
growth havebeendrawn.

Thestructureof theb-SiC interfacehasbeeninvestigated
throughthe fitted C-Si componentof theC 1s peakdiffrac-
togramand throughthe fitted Si-C componentof the Si 2p
peak diffractogram.Differencesin the diffraction features
havebeenstudiedandfound to bedueto the kinetic energy
and the elementdependenceof the forward scattering.The
amountof carbonon thesilicon substratehasbeenmeasured
by XPSandHRSEM.Comparingthe results,we postulated
the existenceof carbonislandswhich aretoo small to be or
becomediamondnuclei and are then etchedaway by the
hydrogenplasmaduringthegrowthprocess.Thesizeandthe
natureof theseislandsarenot clear.A preliminarystudyby
STM/AFM hasbeendoneandconfirmstheexistenceof do-
mains,the conductivity of which is different from the dia-
mondandthe silicon ones.
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20O. M. Küttel, R. G. Agostino,R. Fasel,J. Osterwalder,and L.

Schlapbach,Surf. Sci. 312, 131 ~1994!.
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