Local heteroepitaxy of diamond on silicon (100):
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An extensivestudy of the interfacebetweenhighly orientedchemicalvapor depositiondiamondfilms and
silicon hasbheenperformedusing atomicforce microscopy(AFM), high-resolutionscanningelectronmicros-
copy (HRSEM), x-ray photoelectrondiffraction (XPD), and transmissionelectron diffraction. The initial
roughnes®f the silicon substraténasbeeninvestigatecby AFM. Hydrogenplasmahasbeenfoundto produce
pits on the biasedsubstratesurface.The local order of the 8-SiC grown on silicon (100 during the bias-
enhanceducleationstephasbeeninvestigatedoy XPD throughthe C 1s andthe Si 2p intensitymodulations.
Differencesin the XPD diffraction featureshavebeenstudiedandfound to be dueto the elementandenergy
dependenc®f the scatteringeffect. The preferentialorientationof the diamondnuclei with respectto the
silicon substratehasbeenquantifiedby comparisorof HRSEM picturesand XPD patterns Only 30—-40 % of
the crystalliteshave beenfound to be orientedrelative to the substrateat an early growth stageof a highly
orienteddiamondfilm. The partial heteroepitaxyof the diamondnuclei hasbeenconfirmedby transmission
electronmicroscopythroughelectrondiffraction and bright- and dark-field images.Simulationsof the XPD
patternsinduced by tilted and azimuthally rotated diamond crystallites have been performedin order to
reproducethe smeared-outeaturesof the experimentaliffractograms.The short-rangeorderof the diamond
lattice at this early growth stagehas beenfound. The amountof carbonon the silicon substratehas been
measurecdy x-ray photoelectrorspectroscopyand HRSEM. Comparingthe results,we postulatedthe exis-
tenceof carbondomainswhich are too small to be or becomediamondnuclei and are etchedaway by the

A study of the interface structure

hydrogenplasmaduring the growth process.

I. INTRODUCTION

During the pastdecadesignificantprogresshasbeenmade
in the growth of oriented diamond films. The microwave
plasma enhancedchemical vapor deposition (CVD) has
provedto be an efficient depositiontechnique.By a bias-
enhanceducleationstep,goodquality diamondis grownon
silicon substrate$-2 Textureddiamondfilms depositiori has
beenfollowed by the growth of diamondfilms which were
partially orientedwith respectto the substraté. At present,
diamondfilms are grown on silicon (100) with more than
80% of oriented crystallites relative to the silicon
substrate~’ However,a 5° to 10° tilt of the diamondcrys-
tallites relative to the silicon lattice is alwaysobserved:’

Due to the lack of appropriateinvestigationtechniques
very few studieshave beendone on the orientationof the
early growth stageof polycrystallinediamondfilms. Most
studies include scanning electron microscopy (SEM),>1°
atomic force microscopy! (AFM), or transmissiorelectron
microscopy (TEM).12 The limited magnification power of
SEM doesnot allow us to study the very early diamond
growth stagebut cangive quantitativeinformationaboutthe
amountof orienteddiamondcrystalliteson the surfaceafter
lessthanone hour of growth. The problemof AFM investi-
gationsis the tip convolutioneffect which doesnot allow a
sharp imaging of crystallites smaller than 0.3 um in
diameter!® Despiteits high resolution,TEM suffersfrom the
lack of statistics.In addition,the samplepreparations very
time consuming.

SEM studiesby Stoneret al.> haveshownthat only 50%
of the diamondgrainswere orientedrelative to the silicon
substrateafter the bias-enhanceducleationstep® This mis-
orientationis due to the large concentratiorof misfit dislo-
cationsat the diamond/siliconor diamond/SiCinterfacebe-
causeof the large mismatchbetweenthe two lattices.

In this study, we used AFM to investigatethe initial
roughnes®f the silicon substrateWe comparedx-ray pho-
toelectronspectroscopyXPS), x-ray photoelectrondiffrac-
tion (XPD), and TEM investigationgo studythe very early
stageof orienteddiamondgrowth on silicon. As opposedo
TEM, XPSandXPD arenonlocalprobesbut allow a chemi-
cal investigationof the top 40 A of the samplesurface We
will showthatinvestigationsby thesethreetechniqueshow
a ratherweakpercentagef orientednuclei at an early stage
of growth. After 15 h of growth, the diamondfilm showsa
very good orientationas measurecoy SEM and x-ray dif-
fraction (XRD).

We recentlyprovedthat heatingthe silicon substratén a
CH,/H, plasmato 800°C is sufficientto grow SiC oriented
with respectto the substrateand that the orientationof the
SiC layer or SiC islandsis independentf the useof a bias
during the pretreatment? While this previouspaperfocused
on the influenceof the nucleationparameter®n the orienta-
tion of the SiC layerandthe diamondnucleiat the beginning
of the depositionprocess,the presentpaperdealswith an
enlargedinterfacestudy of CVD diamondon silicon.

First, the roughnes®f the silicon surfaceat the beginning
of the growth processwill be investigatedoy AFM. Then,



we will show that the local order of the B-SiC grown on
silicon (100 canbe studiedby XPD, investigatingeitherthe
C 1s or the Si 2p intensitymodulationsDifferencesbetween
the carbonandthe silicon relatedXPD patternswill be dis-
cussed.

The smearedout featuresof the experimentaldiffracto-
gramswill be explainedin termsof the percentagef early
orienteddiamondnuclei. Simulationsof the tilted and azi-
muthal rotated diamond nanocrystalliteswill be shown.
ComparingXPS and high-resolutionscanningelectron mi-
croscopy(HRSEM measurementwe will finally postulate
the existenceof nondiamondcarbon domainsat an early
stageof growth.

Il. EXPERIMENT

Low-pressurediamondgrowth was performedon silicon
(100 substratesia microwaveplasmachemicalvapordepo-
sition in a tubulardepositionsystem.Silicon substratesvere
cleanedn acetonejntroducedin the plasmasystem,andthe
depositionwas started after the pressurein the chamber
reached10 ® mbar. Nucleationwas inducedby applying a
dc bias of —225V to the substratein a 2% CH,/H, gas
mixture plasmaand the depositionparameteravere chosen
in order to get an oriented growth of diamondon silicon
(100 (845°C, 1% CH, in H,). For early growth studiesthe
oriented diamond depositionwas stoppedafter 10 min in
order to get individual crystalliteswith a reasonablesize
(60—90 nm in diametey. The surfacemorphologywas mea-
suredby AFM (Nanoscopell, Digital Instrumentinc.). The
sampleswere scannedwith conventionalpyramidal Si;N,4
tips in the taping mode. The roughnessf the surfacewas
estimatedby root-mean-squaréRMS) value calculations.
The conductivity of the surfacewasinvestigatedoy a com-
binationof AFM andSTM. We usedconventionalAFM tips
which were coveredby a thin sputteredgold layer (200 A).
While scanningthe surfacein the contactmode,a biaswas
appliedto the sampleandthe currentflowing from the con-
ductingtip to the samplewas measuredand displayedas a
currentmap.

HRSEM was performedin a Hitachi S-900in-lensfield-
emissionmicroscope.The primary acceleratingvoltagewas
30 kV for high magnificationand the beamcurrentwas 2
x 10" A. The sampleswere cooledto 188 K in order to
avoid contamination.

X-ray diffraction measurements/ere performedin a Si-
emensD5000diffractometerusingthe Cu K« radiationand
choosingthe[111] diamondreflection.The polefigureswere
obtainedby scanningthe polaranglefrom 0° to 80° andthe
azimuthal angle over half a circle (0°-180°. In order to
determinethe full width at half maximum of the intensity
maxima,the angularstepwas 1° for both angles.

Transmissiorelectrondiffraction (TED) studieswereper-
formedin a 200-kV SiemensTEM with a resolutionof 0.21
nm. Only plan-view specimensvere usedhere becausahe
preparatiorof cross-sectionapecimengfor high-resolution
TEM) hasbeenhinderedby a defectrich interface.

The XPD experimentswere performedin a VG ES-
CALAB Mark Il spectrometemodified in order to enable
motorized sequentialangle-scanninglata acquisitiort® and
equippedvith aMg Ka (1253.6eV) andSi Ka (1740.0eV)

twin anode.In orderto scanthe electronemissiondirection
relative to the crystal axes,the sampleswerefixed on a go-
niometric manipulator which is capableof polar (0°< 6
<90°) andazimuthal(0° < $<360°) motions.By rotation
of the crystal, 3500 individual XPS spectrahave beenre-
cordedand fitted 16 The dataare stereographicallprojected
on a planeandrepresentedn a gray scale,with maximum
and minimum intensitiesas white and black, respectively.

Severaltheoreticalapproachesave beendevelopedfor
describingphotoelectrondiffraction!’ We apply the single
scatteringcluster (SSQ theory which was first derived by
Lee'® and thenimplementedby Kono etal.*® The intensity
from one particularphotoemitteris calculatedas the square
of a coherentsum of a primary, unscatterecphotoelectron
wave amplitude, and singly scatteredamplitudesfrom all
neighboringatomsin a cluster representingthe crystalline
orderof the sample.The form usedheretakesinto account
the exactsphericalwave form of the photoelectrorwave at
the scatterersite by using site-dependengffective complex
scatteringfactors. The power of the SSCcalculationsin de-
scribingthe experimentaliffraction in naturaldiamondhas
beenprovedby Klittel et al.?

lll. RESULTS

P-dopedsilicon (100 sampleswverefirst heatedo 780°C
in a hydrogenplasmaduring 3 min. Diamondnucleationwas
then enhancedby 8 min of dc bias treatmentin a 2%
CH,/H, gasmixture at a pressureof 20 mbaranda tempera-
ture of 780°C.2! Orienteddiamondgrowth was performed
during ten additionalminutesat a pressureof 40 mbar.

A. Surfaceroughness:AFM investigations

As-receivedsilicon substratesre coveredby an up to 40
A thick native oxide layer evenafter the cleaningprocedure
in acetoneAs an amorphousSiQ, is not an adequatesub-
stratefor the growth of orienteddiamondfilms, we removed
the layer by heatingthe substrateup to 780°C in a pure
hydrogenplasmaduring 3 min at 20 mbarin the CVD reac-
tor. With an etchingrate of 20 A per minute,2 min etching
is sufficientto cleanthesilicon. Threeminutesarenecessary
to reachandstabilizethe temperaturef 780°C. The hydro-
gen plasmaetchesthe silicon substraté” and increaseshe
surfaceroughnessFigure 1(a) showsthe untreatedsubstrate
surface.The roughnes®f the surfaceis lessthan1 nm (0.3
nm rms). After 3 min in a hydrogenplasma,the surface
roughnessncreasedy a factor of 4 (1.2-nmrms) andfea-
tures with a diameterof 20-30 nm appearedFig. 1(b)].
They aredueto the chemicaletchingof the silicon substrate
by the hydrogenplasma.

After 15 additionalminutesetchingin a hydrogenplasma,
the surfaceroughnessncreasedo 10 nm rms. Hillocks with
a diameterof 100 nm appearat the surface[Fig. 2(a)]. No
CH, wasintroducedin the gasmixture in orderto separate
the effectof roughnesandcrystalliteformation.However,if
adc biasvoltage(—225Vdc) is usedduringthe etching,the
roughnessncreaseso 3 nm rms only and pits with a diam-
eter of 100 nm appearon the surfacewith a density of 6
X 10° cm~2 [Fig. 2(b)]. This correspondsto the diamond
nucleationdensity. However, no direct correlationbetween
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FIG. 1. AFM imageof the (a) asreceivedsilicon surface,(b)
silicon surfaceafter 3 min in hydrogenplasmaat 780°C and 20
mbar.

thesepits and the nucleationsitescan be drawn, unlesswe
could prove the pits to be nucleationsites®®

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

As shownby AFM investigationsthe silicon surfaceis
rather rough before the enhancednucleationstep and the
roughnessincreasesduring the biasing step (not shown.
TEM measurementhiave been performed after the bias-
enhancedhucleationstep and the XPD measurementgre-
sentedhere have beendone after ten additional minutesof
oriented diamond growth (XPD diffractograms measured
just after the bias-enhanceducleationstep show the same
featured?). Due to the polycrystallinenatureof the film, the
orientationof an overlayerwith respectto the substratecan
only be understoodn termsof local heteroepitaxyor local
orientation.The combinationof TEM and XPD asit will be
presentedn the next paragraplis 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 investigationgperformedon the sample
after the bias-enhanceducleationstepshowsa high density
of kinks defectsin the silicon substrate(seeFig. 3). The
defectsare about100 nm in diameterand two micrometers
deep.Thedefectsdensityis comparablédo the densityof pits
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FIG. 2. AFM imageof the (a) silicon surfaceafter 15 min in
hydrogenplasmaat 780°C and 20 mbar (no bias, (b) silicon sur-
faceafter 15 min in hydrogenplasmaat 780°C and 20 mbar.The
substratewas biasedwith —225 Vdc during the treatment.No
CH, was introducedin the gas mixture in orderto separatethe
effect of roughnessand crystallite formation.

shown by the AFM picture of Fig. 2(b). A correlationbe-
tweenthe defectsin the biasedsubstrateand the pits dueto
the etchingby the hydrogenplasmaseemsprobable.

It is known from molecular-beangpitaxytechniqueghat
the growth of 8-SiC on silicon occurshby pit formationin the
silicon substratewith increasingdepositiontime, the silicon
surfaceis coveredby SiC which inhibits the silicon surface
diffusion. The silicon atomsneededfor the SiC growth are
then provided by open areason the surfaceleadingto the

FIG. 3. (a) TEM bright-fieldimageof the silicon substrateafter
8 min of bias-enhanceducleation The[220] reflectionof siliconis
enhancedThe contrastsare due to strain fields from dislocation
defects.



FIG. 5. Dark-field plan-viewimageof the silicon substratefter
8 min of bias-enhanceducleation.The[220] reflectionof diamond
is enhancedOnly the brightestpart of the crystallitesis heteroepi-
taxial grown diamond.

2. XPD investigations

XPD is based on the forward focusing effect of electrons
by atoms. So far, XPD was used by different groups to in-
vestigate single crystals and adsorbates on single crystals.
When investigating the early growth stage of diamond on

FIG. 4. (9) Electron-diffraction pattern of the substrate after 8 silicon, results have to be interpreted very carefully. The
min of bias-enhanced nucleation. Silicon reflections are indexedelectrons are collected from many different, small crystal-
S: heteroepitaxial textured, nanocrystalligeSiC; R: g-SiC[111]  lites, which have a small but finite dimension and interfere
reflection.(b) Electron-diffraction pattern of a diamond crystallite. on the detector position. The measured diffracted signal is
Silicon reflections are indexe@: heteroepitaxial3-SiC; D: het- the sum of signals coming from all these crystallites.
er_oepitgxial diar_nondR: Diamond[111] reflection with no simple By measuring and saving the @ peak and the Sig
orientation relation with the substrate. peak for all angles and with subsequent fitting, we get struc-

tural information about the growing diamond film, the SiC
formation of pits®* Our AFM measurements indeed do not interface, and the underlying silicon substrate in one mea-
show an atomically flaB-SiC/Si interface. surement. Figure 6 shows the fitted € [IFig. 6] and

But, our first TEM measurements did not show any cor-Si 20 [Fig. 6(b)] photoemission signals at normal incidence.
relation between the presence of defects in the silicon subthe C X core-level peak shows a C-C component at 968.8
strate and the presence 8fSiC. Moreover, as already men- €V kinetic energy(KE) and a C-Si component at 970.1 eV.
tioned, no evidence of diamond nucleation in these sites has"€ SiP core-level peak shows a Si-Si component at
been shown. Therefore, at present time, we cannot prove ther>4-6 €V KE and a Si-C component at 1153.3 eV. As the
direct correlation between the defects in the silicon substratg@MPle has _been transferred to air, both p?"""? show a weak
and the formation ofg-SiC or the nucleation of diamond shoulde_r wh|qh reflects the oxygen contamination.
crystallites. a. Orientation of the diamond crystallites with respect to

No continuous and homogeneo@sSiC layer was found the silicon (100) substrata-igure 7 shows the four x-ray
) . . . h lectron diffr rams rel he fi mponen
on the substrate investigated by TEM. Partially orlenteop otoelectron diffractograms related to the fitted components

: llites h b d onlv. Fi 4 of the XPS spectra. The four diffractograms have been nor-
B-SiC nanocrystaliites have been measured only. Figlae 4 o764 in order to enhance the intensity contréistensity
shows a TED pattern of a plan-view specimen from the sili-

g - ‘normalization over the azimuthal angles for each polar
con sample after the bias-enhanced nucleation step and Flgng|e_ The diffractogram of the C-C component of the
4(b) shows the TED pattern of a diamond crystallite. Siliconc 1 peak is shown in Fig. (8. The major features of the
reflections are indexedS stands for heteroepitaxig-SiC diffractogram structure prove the preferential orientation of
nanocrystallites an® for heteroepitaxial oriented diamond. the growing diamond crystallites with respect to €0
R points out the reflection without any simple orientation silicon substrate. As described in Ref. 14 this preferential
relation with the substratgg-SiC and diamond show a pref- orientation is already visible after few minutes of bias treat-
erential orientation with a weak tilt relative to the silicon ment. Figure ) shows the diffractogram of the Si-Si com-
substrate. The crystallites are partly composed by nonepponent of the Si@ peak. The structure of the diffractogram
taxial oriented diamond phas®). This is confirmed by the is similar to the one of clea(l00 silicor?® with the follow-
dark-field plane-view image where the bright crystals areng restrictions: slightly smeared out features and a rapidly
surrounded by a darker ha{fig. 5). Only the brightest part decreasing intensity with increasing polar anglesible on
of the crystals is heteroepitaxial diamond. In conclusionthe as-measured diffractogram before the normalizgtion
TED measurements performed after the bias-enhanced nucleeth indicating the presence of a nonhomoepitaxial overlayer
ation step point out the presence of mixed heteroepitaxialon top of the silicon substrat8.However, from the orienta-
nonepitaxial, and tilted diamond, respective8tSiC nano- tion of the different features in the diffractograiisg. 7) we
crystallites on the silicon substrate. can conclude that the diamond crystals are aligned with re-
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FIG. 6. (a) Fitted C s photoemission signal an¢b) fitted
Si 2p photoemission signal of the CVD diamond film after 8 min of

bias-enhanced nucleation step and ten additional minutes of ori-

ented growth.

spect to the silicon substrate. As we already proved the or
entation of thes-SiC relative to the silicorf100) substraté?

the orientation of the diamond crystallites relative to the sili-
con is confirmed by HRSEM performed on the same sub

(c)

FIG. 7. Photoelectron diffractograms of the CVD diamond film

20 nm

FIG. 8. HRSEM picture of the diamond crystallites after the
bias-enhanceducleationstep.

strate before the ten additional minutes of growth: Figure 8
shows parallel SiC stripe structut8snd textured diamond
crystallites. The stripe structure is not formed before the in-
troduction of CH in the gas mixturgnot shown and can
thus be associated & SiC deposition. Thg-SiC stripes are
parallel to the silicon substrate lattice confirming the orien-
tation of theB-SiC with respect to the substrate. TReSIC
stripes are seen all over the substrate surface proving the
formation of a rather complete SiC layer during the early
stage of growth.

The broad character of the maxima in the C-C diffracto-
gram|[Fig. 7(a)] are due to the weak scattering power of C
atom<° (see belowand the weak preferential orientation of

the diamond crystallite¥: Hence, the existence of a tilt be-
fween the growing diamond lattice and the silicon substrate

cannot be addresséd?® However, our measurements abso-
lutely rule out the experimental existence of the R45° theo-
tetical model proposed by Verwoéfcconsisting in the epi-
taxy of diamond on silico(100 through a 45° rotation of
the diamond lattice relative to the substrate. The C-C com-
ponent diffractogram and the Si-Si component diffractogram
are in phase involving no important azimuthal rotation of the
diamond lattice relative to the silicon lattice.

b. Orientation of thes-SiC layer with respect to the sili-
con (100) substrateWe already discussed the formation of
an orientedg-SiC layer or islands during the initial growth
phase of diamond on silicofi00) in Ref. 14. The growth of
heteroepitaxia3-SiC is confirmed by the diffractograms pre-
sented in Fig. &) and Fig. 7d). Figure 7c) shows the dif-
fraction pattern of the C-Si component fitted from the <C 1
core-level peak while Fig.(d) shows the diffraction pattern
of the Si-C component fitted from the Sp Zore-level peak.
With an anisotropy of 30%| max—!min/lmax] @long the 54°
polar angle, the3-SiC grown during the first minutes of ori-
ented diamond deposition can be considered as well oriented
[the anisotropy for the same polar angle oB-8iC single
crystal is 43%(Ref. 30]. Both diffractograms show an ori-
entation with respect to th@00) substrate allowing a struc-
tural investigation of thes-SiC through either the Cslor the

after 8 min of bias-enhanced nucleation and 10 min of orientedSi 2p peak. While the global features are similar for both

growth. Diffraction pattern of théa) fitted C-C component of the
C 1s core-level signal(b) fitted Si-Si component of the Sp2core-
level signal,(c) fitted C-Si component of the Gskore-level signal,
and (d) fitted Si-C component of the Sp2core-level signal.

diffractograms, we would like to focus on the fine-structure
differences shown by these two diffractograms and on the
comparison of the related SSC calculated diffraction pat-
terns.



FIG. 9. Plot of thelow indexdirectionsfor the diffractogramsof
diamond,s-SiC, andsilicon (100 surfaces.

While the C-Si diffraction pattern[Fig. 7(c)] showsrather
smearedout features,the Si-C diffraction pattern shows
much sharperdetails[Fig. 7(d)]. This is dueto the kinetic
energyof the collectedelectronsandthe elementdependence
of the forward scatteringand interferenceeffect® Silicon
scattersabouttwice asmuchascarbonfor forward-scattering
directionswhich leadsto importantdifferencesin the sharp-
nessof the diffraction patterns.This is particularly evidentif
the maximumin the[110] directionat the polar angleof 45°
is consideredlow index directionsare plottedin 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), therelativesharpnessf the[110] inten-
sity maximumof the Si-C diffractogramis clear.

Our experimentatesultsarein perfectagreementvith the
SSCecalculationsfor SiC presentedn Fig. 10. A clusterof
218 carbonandsilicon atomsdistributedover six layershas
beenusedand the diffraction patternhasbeenproducedby
the emissionfrom three carbonatomsin the caseof Fig.
10(a) andthreesilicon atomsin the caseof Fig. 10(c) dis-
tributedoverthreelayers.The positionof the carbon respec-
tively, silicon atomsis sketchedin Fig. 10(b), respectively,
10(d). Two diffractogramgotatedby 90° havebeensummed
in orderto simulatethe presenceof two S-SiC domainson
the substrat&® andthe diffractogramshavenot 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. The smearedout characterof the C-C scatteringpat-
tern. The weak scatteringpower of the carbonatomsdoes
not explain the lack of fine structurein the experimental
diffractogramsof the 8-SiC and CVD diamond.In compari-
son with the SSC simulated 8-SiC diffractogram and the
(100 naturaldiamonddiffractogram[seeFig. 14(a)], thedif-
fractogramsof Fig. 7 do not show any clear fine structure.
The following considerationsnadefor the C-C diffraction
patterncanbe extendedo the B-SiC diffraction patternwith-

®)

(d)

FIG. 10. B-SiC photoelectrondiffractogramsimulatedby SSC
theory calculations,(a) SSCdiffractogramproducedby carbonat-
omsphotoemitters(b) sketchof the carbonphotoemittersposition,
(c) SSCdiffractogramproducedy silicon atomsphotoemitters(d)
sketch of the silicon photoemittersposition. The diffractograms
havenot beennormalized.

out further restrictions.The smearedut featuresare due to
the presenceof nonorientedphasesmixed to the oriented
onesdepositedn the silicon substrateasmeasuredy TED.
Electronsof the slightly misalignedcrystallitesare averaged
dueto the large collecting area.Randomlyorientedcrystal-
lites increasethe overall background Thesetwo effectsare
responsibldor the ratherfuzzy look of the diffractograms.
The presencef nonorientectrystallitesis consistentvith
the HRSEM andthe TED measurementseeSec.lll B) per-
formedon the samesubstrateA HRSEM pictureis shownin
Fig. 11. The nucleationdensityis 6.3x 10® cm 2 and only
30-40 % of the 60 nm large diamond crystallitesare ori-
entedwith respecto the silicon substrateThis is consistent
with literature datal®3! However, after 15 h of deposition,
80% of the diamondcrystallitesare orientedwith respectto
the substrate As measurecby XRD, the meantilt of this
thick diamondfilm is only 5° relative to the substrate The

FIG. 11. HRSEM picture of the diamondcrystallitesafter the
bias-enhanceducleationstepand ten additionalminutesof depo-
sition undertypical conditionsfor orientedgrowth.



FIG. 12. [111] x-ray half-pole figure of the diamondfilm after
15 h of orientedgrowth.

pure rotational misorientationis only 4°3? The XRD half-
pole figure measuredfor the [111] diamond reflection is
shownin Fig. 12 andprovesthe very goodorientationof the
10 um thick diamondfilm.

Our resultsarein goodagreementvith the modelof evo-
lutionary selectionof specificcrystallite orientationsby Van
der Drift.3*3 A low percentagef orientedcrystallitesat the
beginningof the growth canbe changedo a highly oriented
film by choosingadequatalepositionparametersHowever,
thereis a limit to the minimum amountof orientedcrystal-
lites necessanat the beginning.In Fig. 13(a) we showthe
diffractogramof a samplewhich was only submittedto a
nucleationenhancingreatmentat 800°C during 8 min. No

FIG. 13. (a) Photoelectrordiffractogramsof the CVD diamond
film after 8 min of bias-enhanceducleationwithout previousheat-

ing in hydrogenplasma,(b) HRSEM picture of the samesubstrate.

(a

N—

(b)

FIG. 14. (a) Stereographiprojectionof the C 1s XPD intensity
at 968.8-eVKE of a natural(100) diamondsurface.Simulationsof
the misorientationof the diamond crystallitesby tilting and azi-
muthally rotating the diffractogramin (a). (b) Simulationsof the
azimuthalrotation, A ¢= *+8° and(c) simulationsof the tilting of
the diamondcrystallites,A = *+6°.

structurecanbe seenandin the HRSEM picture[Fig. 13(b)]
no orientationof the crystallitescanbe recognized.

Simulationsof the misorientationof the diamondcrystal-
lites have been performedby tilting (A#) and azimuthaly
rotating (A¢) the experimental(100) natural diamond dif-
fractogramshown in Fig. 14(a).?° The resulting diffracto-
gramswere summedandarithmeticallyaveragedising 30%
of well-orientedCVD diamonddiffractogramsand 70% of
tilted or rotated diffractograms.The resultis presentedn
Fig. 14(b). The fine structureis still visible evenfor an azi-
muthal rotation of A¢=*=8°. The intensity maxima are
much broaderthanthe experimentabnes[Fig. 7(a)]. Simu-
lations of the tilting of the diamondcrystallites[Fig. 14(c)]
area betterapproximationof the experimentatiffractogram
exceptthatthe[112] and[103] maxima(low indexdirections
plottedin Fig. 9) aredistinctevenfor A¢=*6°. A combi-
nation of both effects doesnot producea betteragreement
with the experimentaliffractogram.It seemsthat other ef-
fectsmay play a significantrole.

The bestsimulationshave beenobtainedby rotating the
SSCecalculateddiffractogramfor a 5 ML diamondclusteft®
shownin Fig. 15(a) with atilt of A¢=*6°. Theresulting
diffractogramis shownin Fig. 15(b). Theglobalfeaturesand
the intensity maximaare similar exceptfor the [103] direc-
tion wherethe experimentalntensityis weakerthanthe cal-
culatedone and for the curvedbandlike structurescentered



FIG. 15. (a) Photoelectrordiffractogramof a 5 ML carbonat-
oms clustersimulatedby SSCtheory calculations.(b) Tilted SSC
simulatedphotoelectrondiffractogram, A 6= *=6°. The diffracto-
gramshavenot beennormalized.

alongthe projectionof densecrystalplaneswhich areabsent
from the experimentaliffractogram.The lack of suchfea-
turesis typical for a long-rangedisorder.The good agree-
mentof the experimentadiffractogramwith the rotatedSSC
5-ML clusterdiffractogramdoesnot meanthat the diamond
crystallitesare only 5 ML thick, but that no longer range
orderexistsin the diamondlattice at 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 oriented diamond film
grownduring 15 h: the diffraction featuregypical for along-
rangeorder (high index intensity maximaand weak curved
bandlikestructureg arevisible despiteof the smearingout of
the pattern [Fig. 16(a)]. LEED shows broad spots [Fig.
16(b)]. The patterndoesnot allow a distinction betweena
(2x 1) andan(1Xx1) reconstruction.

C. Surface composition: correlated XPS and HRSEM
investigations

The HRSEMmeasurementsf the substrateafter 8 min of
dc biastreatmentandten additionalminutesof orienteddia-
mondgrowthallowsusto getquantitativeinformationon the
carbonphasegresentat the surface HRSEM quantification
have been comparedto XPS studiesof the surface.The
amountof carboncalculatedwith HRSEM (Fig. 11) on the
basisof a nucleationdensityof 6.3x 10° cm 2 andan aver-
age nuclei surfaceof 3.6x 10° nn? is 7-10 times smaller
thanthe amountof carbonphasesalculatedon the basisof
XPS measurementd=ig. 6). We concludethatthe majorpart
of carbonpresenton the sampleis not in the form of dia-
mond nuclei. We supposethe existenceof carbondomains

(b)

FIG. 16. (a) Stereographiprojectionof the C 1s XPD intensity
at 968-eV KE of a CVD (100 diamond surface after 15 h of
growth. (b) LEED patternof the samesurface(102.9-eVelectron
energy.

which aretoo small to be detectedoy HRSEM but are de-
tectedby XPS.It seemghattheseC-C domainsaretoo small
to be or becomediamondnucleiandarethenetchedawayby
the hydrogenplasmaduring the growth processFurthercon-
firmation stemsfrom the fact that the nondiamondphase
decreaserpidly with depositiontime. Thisis suggestinghe
existenceof a critical radiusof the nucleil? If the nucleihas
not reachedbhis size beforethe end of the biastreatment,t
will be etchedawayduringthe growth processHowever,we
arenot ableto estimatethe size of thesedomainsandto tell
without doubt if they have the diamond structureor not.
Using a combinationof AFM and STM, we are ableto in-
vestigatethe topographyandthe conductivity of the surface
in one measurement®reliminaryanalysisconfirm the pres-
enceof smalldomainson the surfaceof the silicon substrate,
which conductivity is different from the substrateand the
diamondcrystallitesconductivity. Figure 17(a) showsthe to-
pographyof the sampleafter the bias treatmentwith one
crystallite of 170 nm in diameter.Figure 17(b) showsthe
currentmap of the sameplace on the substrateAll around
the crystallite, which presentsa bad conductivity (black,
minimal currentthroughthe tip is 60 pA), small domains
with differencesn conductivity(grayto white, maximalcur-
rentthroughthetip is 600pA) aredisposedAs the measured
currentdependsn the tip gold coveragewe cannotspecify
the chemicalspeciespresenton the surface.Therefore,this
measuremerdoesnot consistin anindisputableproof of the
existenceof nondiamondcarbondomainson the surfacebut
confirmsthe presenceon the surfaceof domainswhich con-
ductivities are different from the diamondconductivity.
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FIG. 17. AFM/STM combination.(a) Topographyof the sample
after the bias treatment:one crystallite of 170 nm in diameter.(b)
Currentmap of the sameplace on the sample.Black color stands
for a bad conductivity (I = 60 pA) andwhite color for a good con-
ductivity (I=600pA): small domainswith differencesin conduc-
tivity arevisible all aroundthe diamondcrystallite.

IV. CONCLUSIONS

Surfaceroughnessstudy of the silicon substrateat the
beginningof the plasmaprocessandafter the bias-enhanced
nucleationstephasbeeninvestigated The hydrogenplasma
treatmentincreaseghe surfaceroughnessy a factor of ten.
Associatedto a bias application,the hydrogenplasmapro-
ducespits on the substratesurface.No correlationbetween
thesepits and nucleationsitescan be drawn.

The preferential orientation of 8-SiC grown on silicon
(100 during the first minutesof depositionhasbeenproved
by HRSEMandXPD. HRSEM showsthatthe 8-SiC formsa
rather completelayer on the silicon (100) and XPD shows
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address:

versity, Raleigh NC  27695. Electronic
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1H. Liu and D. S. Dandy, Diamond Relat. Matd. 1173 (1995.

that the orientationof the layeris not perfect.

The preferential orientation of the diamond crystallites
with respecto the silicon substrateat an early growth stage
hasbeenstudiedby TEM, HRSEM,and XPD, andquantified
by comparisorof HRSEM picturesandexperimentakcatter-
ing patterns At this early stageof growth, only 30—-40% of
the crystalliteshavebeenfoundto be orientedrelativeto the
substrate However, after 15 h of deposition,80% of the
diamond crystallites are oriented with respectto the sub-
strate.The tilt measuredy XRD is thenof 5°. This is con-
sistentwith the model of evolutionaryselectionof specific
crystallite orientationsby Van der Drift.

Simulationsof diffraction patternsinducedby tilted and
azimuthally rotated diamond crystallites have been per-
formedin orderto reproduceahe lack of fine structurein the
experimentabiffractogram.Conclusiondeadingto the exis-
tenceof a short-rangeorder (not more than5 ML) in the
lattice of the diamondnanocrystallitesafter few minutesof
growth havebeendrawn.

The structureof the 8-SiC interfacehasbeeninvestigated
throughthe fitted C-Si componenbf the C 1s peakdiffrac-
togramand throughthe fitted Si-C componentof the Si2p
peak diffractogram. Differencesin the diffraction features
havebeenstudiedandfoundto be dueto the kinetic energy
and the elementdependencef the forward scattering.The
amountof carbonon the silicon substratdhasbeenmeasured
by XPS and HRSEM. Comparingthe results,we postulated
the existenceof carbonislandswhich aretoo small to be or
becomediamond nuclei and are then etchedaway by the
hydrogenplasmaduringthe growthprocessThesizeandthe
natureof theseislandsarenot clear.A preliminary study by
STM/AFM hasbeendoneand confirmsthe existenceof do-
mains, the conductivity of which is different from the dia-
mondandthe silicon ones.
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