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Diamond nucleation density as a function of ion-bombardment energy
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A low-pressure study on diamond nucleation on mirror-polished 08} wafers using defined ion-
bombardment energy is presented. The substrate was negatively biased to several tens of V in an electron
cyclotron resonance methane-hydrogen plasmaxatC 3 Torr for nucleation, and then exposed to a typical
hot-filament system at 40 Torr for subsequent growth. The nucleation density counted after the growth was
enhanced up te-10° cm™ 2 for a narrow bias-voltage range ef20— 50 V in the initial nucleation treatment.

The threshold and optimum ion energies for the nucleation enhancement were found to be 20-30 eV and
around 50 eV, respectively, just above the threshold for shallow ion implantation. Cross-sectional transmission
electron microscopy and selected-area electron diffraction for the deposits after the nucleation treatment re-
vealed that diamond crystallites with sizes smaller than a few tens of nm were embedded in a matrix of
amorphous carbon. The nucleation density as a function of ion energy was compared with the fractional
increase in carbosp® bonding caused by subplantation. The results confirm the nucleation pathway through
the ion-induced densification beneath a surface, which is largely different from the conventional condensation
of adsorbed species on a surface.
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[. INTRODUCTION energies, and high ion-to-neutral flux ratios specific to low
pressures are believed to be unfavorable for diamond depo-

Vapor-phase deposition of high-quality and oriented dia-Sition, where static conditions not far from thermodynamic
mond films on low-cost foreign substrates like Si wafers hagquilibrium are usually preferred. In fact, a previous study
been pursued to apply diamond films to high-performancéde€low 20 m_Torr hf_:ls showed that faceted diamond can only
electronic devices. The major goal is the heteroepitaxiaP€ grown with an ion-bombardment energy as low as a few
growth as in the case of other semiconductor films now ir€V-" In particular, the nucleation at such pressures is very
practical use. For this purpose, a primary difficulty lies in thedifficult, even with mechanical pretreatments, since the
nucleation on such foreign substrates without unfavorabldluxes of carbonaceous radicals required for a high degree of
mechanical pretreatments. This has mainly been ascribed BCaI. supersaturation inevitably decrease.. Some exqeptlonal
the large difference in the lattice constants and the surfaciudies have revealed that small crystallites with diamond

free energies for diamond and underlying substrates. Nume?‘—trlJCture embedded in amorphous matrix can be prepared

ous trials have been made to form an appropriate inten‘acunder lon bombardment with high kingtic energigs of tens to
. pprop . fundreds of eV This energy level is much higher than
""?Ye“ Wh'ch al!ows the system to a_pproach the Wetting conz o o several eV for normal diamond deposition, and is
dition, a criterion for nucleation with no potential barrier. ogen rejated to shallow ion implantation into a subsurface of
These include carburization, carbon coating, ion implantay fjm typical for diamond-like carbon film depositidf.
tion, and positive or negative substrate biasirig. a past However, the nucleation mechanism has not thoroughly been
decade, the electrical bias effects have been intensively inpyestigated with respect to the variation of ion energies. It is
vestigated in conjunction with the bias-enhanced nucleatiopecessary to obtain mechanistic insights into such an unusual
(BEN) technique which can achieve a high nucleation dennycleation process with well-defined ion energies, preferably
sity up to 16-10°° cm™2.2In the BEN technique, a negative to develop a superior pathway to the BEN.
direct-current(dc) bias up to a few hundreds of V is applied  In this study, the effect of ion-bombardment on diamond
to a substrate at moderate pressures of a few tens of Tomucleation on Si in electron cyclotron resonanCR)
Energetic ion-bombardment theiill be induced by a large plasma is presented. In particular, the relationship between
potential drop over the substrate surface has been considertite ion-bombardment energy and the nucleation density is
as the principal driving force for the nucleation systematically studied. A mirror-polished(800 substrate is
enhancement.® However, no decisive evidence for the ion- negatively biased to several tens of V in an ECR &
induced nucleation has so far been presented because of thlasma at 1 mTorr for nucleation, and then exposed to a
complicated gas-phase and surface processes in collisionglpical hot-filament(HF) chemical-vapor depositiofCVD)
high-pressure conditions. system at 40 Torr for subsequent growth so as to readily
As a matter of course, low-pressure conditions are desiredxamine the nucleation density. Here we selected an ECR
to simplify the definition and control of incident ion energy plasma source because it could provide a high ion flux even
and flux. The number of low pressure studies on diamondt a low ion energy, superior to an ion-beam source. It will be
deposition is very small because low radical fluxes, high iorshown that nanocrystalline diamond can be formed at rela-
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TABLE |. Summary of deposition conditions.

Surface cleaning Nucleation Growth

(ECR plasma (ECR plasma (HF)
PressurgTorr) 5x10°3 1x10°3 40
MW power/Filament temperatur@V or °C) 500 500 2150
H, concentration(vol.%) 100 50 99.2
CH, concentratior(vol. %) 0 50 0.8
Total flow rate(sccm 20 20 200
Substrate temperature (°C) ~450to 706 700 1000
Substrate dc bia€/) floating 0 to—100 floating
Duration (min) 10 60 90

&The temperature was elevated from#50 to 700 °C during this cleaning process.

tively low ion energies of 20—50 eV, just above the threshold . RESULTS

for shallow ion implantation. The results confirm the nucle- . . 0 0
ation pathway beneath a film surface caused by energetic ior" The |_nfluence C.Wb on Vp in the EC.R 50%Cl#-50%H,
asma is shown in Fig. 1. The experimental errovgfwas

bombardment. pia - " :
estimated to be within=1 V. For positiveVy,, V, increased

in proportion toVy,, thusVg, remained constant at around 10
V. In contrast, for negativ®¥y,, V, decreased from 10 to 0 V

An ECR plasma reactor consisted of a magnetron head, f@r Vi, from 0 to —30 V and remained constant at around 0
waveguide, a grounded chamber, and two electromagneti¢ for V;, exceeding—30 V. A possible explanation for the
coils. The microwavegMW) power of 500 W at 2.45 GHz variation ofV, with V, is given based on the current balance
was supplied through a quartz vacuum window located oetween the substrate and the chamber Wallhis result
the top of the chamber. A divergent magnetic field was proconfirms that/s, can be varied over a wide voltage range by
duced by the electromagnetic coils, and then the ECR poirapplying negativeVy,. An ion collision probability in the
at 875 G was set at 150 mm above the substrate. Prior t8heath is characterized by the ratio of a sheath thickness to
deposition, ann-type S{100) wafer was cleaned with ac- an ion mean-free path. The thickness of a static and colli-
etone in an ultrasonic generator, dipped in 1.5% hydrofluorisionless sheathd() is given by
solution diluted in deionized water for 30 s to remove native v 3

€ sh)

II. EXPERIMENT

oxide, and rinsed in deionized water. The substrate was then

mounted on a stainless steel holder equipped with a Mo elec- ds~Xp kgTe
trode and a Ta wire heater. The substrate temperafye (

was monitored using a thermocouple attached to the backvhere \p is the Debye lengthe the elementary electron
side of the substrate. The experimental conditions are givefhargekg the Boltzmann constant, arid the electron tem-

in Table I. The experiments included three sted3:initial ~ perature. Substitution ofp =0.08 mm andl,=3.5 eV mea-
exposure to an ECR tHplasma at 5 mTorr foin-situ clean- ~ sured in an ECR biplasma using a Langmuir probe into Eq.
ing of the substrate surfac€?) nucleation treatment in an (1) yieldsds in the range of 0.2 to 1.0 mm fdry, of 10 to
ECR 50%CH—50%H, plasma at 1 mTorr, anB) subse- 100 V. An ion mean-free path\{) at 1 mTorr and 300 K is
quent growth of the already formed nuclei in a mixture of estimated to be~10 mm, almost independent of ion ener-
0.8%CH,—99.2%H by HFCVD at 40 Torr. Note that a dc gies of interest, for symmetric, resonant charge-exchange
bias (V,) was applied to the substrate during the nucleatiorcollisions with neutrals in a §-N, systent:* This indicates
treatmentstep(2)]. The plasma potentialM,) at about 10 that the ion collision probabilityds/\;) in the present ex-
mm above the substrate was measured by the emissive properiments is much smaller than unity for any,. The in-
method using a Ta filament tip connected with an isolationcoming ions obtain a whol&/, during the sheath transit,
transformer, a volt slider, and an oscilloscope, to determin¢hus Vg, could correspond to the mean ion energy. In fact,
the sheath potentiay/s,=V,—V,,. The surface morphology under similar plasma conditions, a comparison of ion ener-
of the deposits was examined by field-emission scanningies measured by a probe and an ion energy analyzer re-
electron microscopySEM). The structure and the crystallin- vealed thai/gy, coincided with the mean ion energy within an
ity were examined by x-ray diffractiofXRD) measurement error of 0.5 eV at pressures below 10 mTorr.

with CuKa radiation (1.54 A) and micro-Raman spectros-  The number density of crystal islands after the growth in
copy with Art laser excitation(514.5 nm. Transmission the HF system could be greatly enhanced by the nucleation
electron microscopyTEM) and selected-area electron dif- treatment with high Cl concentrations, higfig, and nega-
fraction (SAED) were used to probe cross-sectional micro-tive V,,. Typical SEM images and Raman spectra for the
structures at the deposit-Si interface. A focal area of the eledeposits after the nucleation treatment witf= — 30,— 50,

tron beam for SAED was about 200 nm. The TEM sampleand —70 V and the subsequent growth are shown in Figs.
was prepared by Arion-beam thinning. 2(a)—2(c) and Fig. 2d), respectively. For a small range \gf,

@
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FIG. 1. Plasma potential in the ECR 50% ¢£H50%H, plasma FIG. 3. Diamond nucleation density after the nucleation treat-
at 1 mTorr as a function of substrate bias voltage. ment and subsequent growth as a function of substrate bias voltage.

Two sets of data obtained by the different growth methods, HFCVD
between—20 and—50 V, we could enhance the resultant (filled circles and MW plasma CVD(open circles, from Ref. 16
nucleation density up te- 108 cm 2. This is the same order &€ plotted. Two horizontal lines are the densities with scratching
of magnitude as reported in a similar low-pressure study b?n.d no treatment, respectively. The solid and dashed curves are
ion-beam depositiott: For V,= —30 and— 50 V [Figs. 2a) guides to the eyes.

and b)), faceted diamond crystals with sizes smaller thantreatment is shown in Fig. 3. Another set of data obtained by

2 pm are grown randomly and dispersed uniformly on thethe growth in a typical MW plasma is cited from our previ-

_ous study® and plotted for comparison. The two sets of data
%r the HF system and the MW plasma are in reasonable
agreement, suggesting that the results are highly reproduc-
ible. Besides, the identical nucleation density, crystal mor-
phology, and crystallinity by the two different growth meth-
ods also indicate that the nature of deposits after the growth
depends mainly upon that after the nucleation treatment. The
disagreement for the data ¥t=—20 V may be attributed

is very small. The Raman specffigig. 2(d)] corresponding
to Figs. Za)-2(c) exhibit signatures of cubic diamond at
around 1332 cm!, together with the broa line peaks at
1580-1600 cm® from amorphous graphitic carbon. The
crystallinity for V,=—50 V is the highest because the full
width at half maximum(FWHM) of the diamond peak is the

_l .
smallest (-9 cm 7). It should be noted that the crystal size, y, some inhomogenity of the deposit after the nucleation
morp.hology, and crystallinity in addlpon to the nuc_:leat|on treatment, caused by a small drift of ion energy in the vicin-
density after the growth under an eq“'V"?"‘?r_“HF enwronmen&y of the threshold for shallow ion implantation, as de-
depend oV, and henceV, during the initial exposure of - go ey [ater. The nucleation density\4}=0 V is as low as

the substrate to the ECR plasma. This indicates that the N3Rat without any pretreatment. However, it shows a large
ture of deposits after the growth indirectly reflects that afterincrease by three orders of rﬁagnitude ;/vith increasing

the nucleaﬂpn trgatment. . from 0 to —50 V, then decreases drastically fgp above
The relationship between the resultant nucleation densit 2 at

fter th th and th ik In the initial nucleati Y50 V. The maximum nucleation density: 10° cm~
after the growth and the negati¥g in the initial nucleation V,=—50V, is higher than~10" cm 2 obtained with the

conventional scratching pretreatment using diamond powder.
The thresholdvy, for the onset of nucleation enhancement
lies between—20 and —30 V with a narrowV, window
(20-30 V) for the nucleation enhancement. The variation of
nucleation density with ion energy has also been shown in a
similar low-pressure study by plasma-beam deposition,
where the density was maximized for ion energies close to
100 eV?

Raman spectra for the deposits after the nucleation treat-
ment are shown in Fig.(d4). The deposits only exhibited the
broad D and G line peaks at around 1350 and
1580—-1600 cm?, originating from amorphous graphitic
carbon, without showing a diamond peak. This is because the

T b crystallite sizes were too small to be detected, due to en-
Bl M (cm‘]ﬁOU hanced phonon scattering from the bo_undaries_ of the Bril-
louin zone!” and/or a small cross section of diamond for

FIG. 2. SEM images of diamond crystals after the nucleationvisible Raman scattering by a factor of one-sixtieth relative
treatment and subsequent growth wit® V,=—30V, (b) v,  to graphitic carbort® To further examine the Raman spectra
=-50V, and(c) V,=—70 V. (d) Raman spectra corresponding in Fig. 4@), the FWHM of theG line peak and the ratio of
to the deposits shown if@)—(c). the D peak to theG peak intensitieslp /1) are plotted in

Intensity (arb. units)
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tallite sizes and/or highly defective structures. The other
diamond features such 220 and{311 planes normally at

75.7° and 91.2° are not observed. The results strongly indi-
cate that diamond grains with low crystallinity are embedded

G FWHM (cm™)

[A]

o

P
Intensity ratio, 10/ I1G

10} J0s5 in a matrix of amorphous graphitic carbon.
I P Cross-sectional TEM bright-field images and SAED pat-
0 20 40 60 80 100 terns for the deposits after the nucleation treatment\Vipr

®) Negative dc bias (V) =—30 V are shown in Figs. 6 and 7, respectively. In a low

FIG. 4. Raman spectra for the deposits after the nucleation treamagnification imagdFig. 6@)], an amorphous carbon film
ment with various substrate bias voltagés.G peak FWHM(open  gphout 1um thick is seen to grow on the Si substrate. In a
circles gnd ratio of theD peak toG peak i_ntensitie$fi|led circles. high magnification image near the interface between the Si
The solid and dashed curves(in) are guides to the eyes. and amorphous filniFig. 6b)], many small particles occa-

) . . sionally showing crystal lattice fringes are embedded in the
Fig. 4b) as a function ofV,,. The trends in theG peak 5 mormhous carbon film. The particles are assigned to dia-
FWHM and thelp/I ratio for the change iV, are very  mond and other carbonaceous phases like graphite. The par-
similar. They show minimum forV, between 0 and ticle sizes are mostly estimated to be 20-50 nm by measur-
—50V, gently increase fov}, exceeding—50 V, and dras-  jng the size of dark domains. Furthermore, a SiC interlayer
tically increase atVy,=—100 V. An increase inG peak  aphout 15 nm thick is grown just above the Si, and many SiC
FWHM has been ascribed to an increasespf bond angle  crystalline particlesdark domainswith sizes smaller than
disorder of trivalent carbon atoms in a honeycomb networkp0 nm are located almost parallel to the interface between the
while an increase iy /1 ratio is correlated to a decrease in Sj and SiC interlayer. It is important to note that there is a
the average in-plane size of graphiip? domains:® Accord-  “plank” amorphous interlayer about 20 nm thick containing
ing to these relations, the following hypothesis can be obng particles between the amorphous film and the SiC inter-
tained with respect to the structure of cartsp? phase. For layer. The SAED pattern in Fig.(@ for the Si and deposit
low V;, (0 to —50 V), thesp? bond angle disorder was small shows somes-SiC diffraction spots just outside the Si dif-
and the size o6p® domains was large. For high, (—50—  fraction spots, in addition to a faint diffraction ring from
—100 V), an increasing ion-bombardment energy increase@-SiC. This means that a part of the SiC phase has a random
the amount and/or degree ep? bond angle disorder and orientation, but the rest has a preferred orientation with re-
enhanced the bond breaking 8f* domains toward small spect to the Si. In addition, a faint diffraction ring of dia-
domain sizes. mond {111} planes can be observednarked by a half-

XRD patterns for the deposits after the nucleation treatcircular dashed line The SAED pattern in Fig. (b) for the
ment are shown in Fig. 5. The diffraction patterns %§  crystalline particle region in the amorphous carbon film
except— 30 and—50 V have no definite features of diamond clearly shows the rotational symmetry of the rings corre-
other than reflections from underlying Si substrates. The difsponding to the{111 and {220 planes of diamond. The
fraction patterns fol,=—30 and—50 V show reflections broad intensity maximum for the diamond rings suggests
peaked at 43.7° and 43.4°, respectively, both of which argmall crystallite sizes and/or highly defective structures. The
assigned exclusively to thgl11} planes of cubic diamond results indicate that diamond nuclei with random orientation
normally observed at 43.9° and partly to ##01}; planes of were formed and then grown to a degree during the nucle-
graphite normally at 44.6°. The possibility of tHa00 ation treatment.
planes of lonsdaleite normally at 43.9° is precluded because The orientation between the SiC interlayer and Si sub-
a concomitant reflection from the primaf902 planes nor- strate was further examined by cross-sectional high-
mally at 41.2° is absent. The relatively low intensity of dia- resolution(HR) TEM. A HRTEM image of the SiC interlayer
mond{111} planes could presumably be due to small crys-containing crystalline SiC particleedark domaing corre-
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amorphous

FIG. 7. SAED patterns of the deposit corresponding to Fig. 6 for
(a) the deposit and the substrate, ghithe crystalline region in the
amorphous carbon film.

FIG. 6. Cross-sectional TEM images of the deposit after the IV. DISCUSSION
nucleation treatment witW,= — 30 V; (a) whole view and(b) in-

o Penetration of ions into a subsurface of a filseveral
terfacial view.

atomic monolayers below a surfaceccurs when the ion-
sponding to the sample in Figs. 6 and 7 is shown in Fig..8 bombardment energy exceeds a certain threshejji: (

The lattice fringes of th¢111} planes of3-SiC are nearly

aligned to the{111} planes of Si with a misorientation angle Ep=Eq—Ep, 2

of 10°. Unfortunately, a perfect exitaxy could not be ob-

served so far. A HRTEM image of several small particleswhereEy andEy are the displacement energy of constituent
embedded in the amorphous carbon film is shown in Figatoms and the surface binding energy, respectively. For
8(b). Small crystalline particles smaller than a few tens ofamorphous carbon films, theoretical values Kf in the

nm with lattice fringes close to the lattice spacing of therange of 20—30 eV are in good agreement with experimental
{111 planes of diamond were occasionally observed, inones?®**For ion energies belo,, the ions can only stick
agreement with the SAED resultBig. 6(a) and b)]. They to a surface. Diamond nucleation proceeds on a surface via
were randomly oriented and highly defective. It should benormal chemical processes of neutral radicals such as ad-
noted that the particles withl111} crystal faces parallel to sorption, migration, and clustering. The ion energy as low as
the incident electron direction can only be identified to beseveral eV can assist kinetic processes of adsorbed radicals
diamond by HRTEM. Therefore, the number density of dia-mainly by increasing their mobilities and formation prob-
mond crystallites may actually be much higher than that obabilities of clusters®??> However, the ions do not play the
served in the HRTEM image. It is considered that the amorprincipal role in the nucleation. For ion energies ab&yg
phous matrix was preferentially removed by etching and théhe implanted carbonaceous ions can cause a metastable in-
diamond crystallites with relatively high crystallinity were crease in local film density and produce desgg-bonded
enlarged to micron-sized crystals by subsequent growth urphase, the so-called “subplantatiof?” We believe that the
der a normal deposition condition. ion energy for the onset of nucleation enhancement in the
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FIG. 9. Diamond nucleation density replotted from Fig. 3
[HFCVD f(filled circles and MW plasma CVD(open circleg] as a
function of ion energy and normalized theoretical curves of(Bj.
for R/1J=0.4, 0.7, and 1.0.

whereR is the depositing fluxJ the ion flux,E, the activa-
tion energy of the density relaxation by thermal spike, pnd
a material-dependent paramefés the penetration probabil-

ity of ions:
f=1—ex;{ - )

whereE, is a spread parameter. By using the value&gf
=1.5eV, p=0.1, andE;=16 eV typical fora-C:H films®
together withE ;=20 eV, Ap/p can be obtained as functions
of R/J andE; . In Fig. 9, the nucleation density replotted as
a function of E; by taking Vg, for E; is compared to the
theoretical curves of E43) for R/J=0.4, 0.7, and 1.0. Each

E—E,
Ey

4

showing(a) a SiC interlayer nearly oriented to the Si substrate andcurve is normalized by its maximum to examine the trend

(b) diamond crystallites embedded in the amorphous carbon film.

present experiments just corresponds to the beginning of th

process. The excess energy of ions released by nuclear stop
ping will be dissipated as heat in a thermal spike. The opti—t

mum ion energy for a maximurap® fraction is determined
by a balance between an increass jii bonding by subplan-
tation and a competitive increase &p® bonding by ther-
mally activated diffusion or damage-enhanced diffusion o

atoms. A recent study suggested that this internal densifica

tion via physical processes is also applied to diamon
nucleatior®™ According to this study, some of small
diamond-like clusters among precipitate@® clusters in a
dense amorphous hydrogenated carbarC(H) phase are
grown to diamond nuclei through transformation of amor-
phous carbon to diamond at the amorphous-diamond inte
face by preferential atomic displacement. This process i

highly promoted by implanted hydrogen ions. The diamond®

crystallites are thus embedded in a matrix of amorphous ca
bon, in accordance with our TEM observations.

The fractional increase in film densitAp/p), associated
with an increase in percentage of carbgp? bonding, as a
function of ion-bombardment energ¥y) is expressed &%

Ap_ f
P (RIJ)—f+0.016(E, /Ey)>?’

)

ft

againstg; . A reasonable fit to a rise in nucleation density for
E; from 23 to 50 eV is obtained witR/J~1.0. In contrast,

2 sharp decrease in nucleation densityEpabove 50 eV is
escribed by the curves with smallefJ. It should be noted
hat R/J varies with E;, as expected from the Child-
Langmuir law: J<V32, This indicates thaR/J decreases
with increasingg; . Thus, the values dR/J are smaller than
hose ina-C:H depositioR>?® and almost equal to those in
c-BN depositior?’ This is mainly becaus&;~ 700 °C in the
yresent experiments was much higher th@g~room-
emperature ina-C:H deposition, so that adsorbed neutral
radicals should immediately desorb the surface, resulting in a
minor contribution toR. In fact, atV,=—30 V, the ratio of
the net deposited carbon flux ¥4L0'° cm 2s™ 1) derived
from the film growth rate by assuming a density of

g.s gcm 2 to the ion current density (3 mAcm) mea-

ured in an ECR K plasma using a Langmuir probe was
about 0.2. In spite of an underestimate due to the removed
flux by etching, this alternate flux ratio seems to support the
validity of R/J used in the calculation. Although the calcu-
lation may still include numerical errors in Eq8) and (4),

it enables us to understand how the nucleation density is
enhanced at specific ion energies at least qualitatively. Figure
9 shows that the trend in the nucleation density is related
with the density increment and hence the net increasgin
fraction for the variations oR/J as well asE; .
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The preceding results confirm the ion-induced nucleatiorECR 50%CH—50%H, plasma at 1 mTorr for the nucle-
process beneath a surface, not the conventional one onadion treatment, and then exposed to a typical HFCVD sys-
surface. Some of low-pressure studies using defined ion efem at 40 Torr for growing the formed nuclei to large crys-
ergies have demonstrated similar nucleation processegals. The nucleation density after the growth was enhanced
where small diamond crystallites are embedded in a matrixip to ~10® cm=2 for V,, of —20 to —50 V and sharply
of amorphous carbon filfi'* However, our ion energies decreased te-10* cm 2 for V,, exceeding—50 V. Plasma
(20-50 eV for the nucleation enhancement are totally lowerpotential measurement revealed that the threshold and opti-
than their ion energies100-600 eV) presumably for two mum ion energies for the nucleation enhancement were
reasons. First, a high-density plasma with a high ion-t020-30 eV and around 50 eV, respectively, just above the
neutral flux ratio tends to redud®/J and shift an optimum  threshold for shallow ion implantation. SEM and Raman
ion-energy range to lower energies, as indicated by(Bg.  spectroscopy revealed that the morphology and crystallinity
Second, a high substrate temperature has been shown to i#-diamond as well as the nucleation density after the growth
duce the critical radius of diamorfl,corresponding to the strongly depended oW, used in the nucleation treatment.
energy barrier for the nucleation. This reduction facilitatesCross-sectional TEM and SAED for the deposits after the
diamond nucleation even at low ion energies and low effinucleation treatment at an ion energy of around 30 eV dem-
ciencies of atomic displacement since small diamond-likeonstrated that diamond crystallites smaller than a few tens of
clusters can readily reach its small critical size. On the othepm with random orientation were embedded in a matrix of
hand, we could not observe any sign of diamond orientationamorphous carbon. The interface structure was interpreted
consistent with other low-pressure studies. This result igs, in the order of sequence, Si, SiC particles, SiC layer
rather different from that in the BEN technique. The crystal-nearly oriented to the Si, amorphous carbon, and amorphous
lites embedded in amorphous carbon films are randomly oricarbon containing diamond and nondiamond particles. The
ented, while those nucleated on Si steps can be oriented {griation of nucleation density with ion energy was well de-
the Si?*. If the nucleation pathway in the present study werescribed by the fractional increase in cartep bonding, as

broadly identical to the BEN, the orientation would be madethe possible nucleation sites, based on the subplantation
possible by further optimizing the nucleation treatment. model.

V. CONCLUSION
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