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In the present work we describe an investigation of the nucleation mechanism of polycrystalline diamond
films if the bias-enhanced-nucleatiBEN) method is used. Photoelectron spectroscopy with excitation ener-
gies in the ultraviolefultraviolet photoelectron spectroscofyPS] and x-ray regimegx-ray photoelectron
spectroscopyas well as electron energy loss spectroscopy are employed to monitor the nucleation process and
the subsequent diamond film growth. The deposition is perfoimsiu, thus avoiding surface contamination
with oxygen or hydrocarbons. The observation of the temporal evolution of composition and structure of the
deposited film and its interface with the underlying silicon substrate allow us to develop a qualitative model,
which describes the nucleation process. The BEN pretreatment leads, through the irradiation with low-energy
ions, to the codeposition of an amorphous carbon phase and the crystalline diamond phase. The presence of
both phases is readily apparent in the UPS analysis, which will prove to be an indispensible tool in the
structural characterization of the carbon phase present at the surface. There is no indication for the presence of
graphite or large graphitic clusters. A deconvolution of thesGad Si 2 core-level peaks does confirm the
presence of two carbon phases and the formation of a silicon carbide interface. With increasing deposition time
the contribution of diamond to the carbon film increases and upon switching to diamond growth conditions the
amorphous carbon phase is rapidly etched and only the diamond crystals remain and continue to grow. This
removal of the amorphous phase leads to a decrease in the overall carbon concentration at the surface by
18-30 % during the first 30 sec of the diamond growth period and was observed for a variety of pretreatment
conditions. A silicon carbide interfacial layer is formed early on during the BEN pretreatment and its thickness
is reduced considerably by etching during the diamond growth period. These results are summarized and
discussed in the framework of a qualitative model for the nucleation pro®3%$63-1827)03628-X]

INTRODUCTION the application of a rf bias voltage can be envisajetipart

from the technical challenges of the BEN method the ques-

For a long time the extreme properties of diamond havdions which have to be dealt with now concern the mecha-
sparked interest in its use for technical applications aparism or reaction pathways by which BEN proceeds. Or in
from the admiration of its beauty as a gemstone. But only thé@ther words, why does the BEN pretreatment prior to the
development of techniques to synthesize diamond and polydiamond growth process itself provide such a favorable en-
crystalline diamond films has allowed us to take advantag&ironment for the nucleation of diamond as opposed to the
of the exceptional properties of this material. The advance§iamond nucleation on an untreated Si or SiC substrate? This
made in the last few years with respect to the texture contrdiU€stion has been central to a number of recent publications
and high rate deposition of diamond films provide the mean@Nd different models have been proposed to describe the

; e i 1114 ;
to produce, for example, diamond windows of high optical Eggle"ﬁ;)sr; rg%%‘ég'ts?o'; %E;:flon q -Srhfhp;iseggff ar;?r
quality. A prerequisite for the growth of a polycrystalline P ' ' Y 9 et

. L . hedral amorphous carbdia-C),” or sp? amorphous carbon
dlamond film is a pretreatment of the supstrate n order tchas been supggested todplay)an img(z)rtant rF())Ie in promoting
p.rowde a surfacg structure and composmon_ which faVor%iamond nucleation, especially during BEN. However, most
diamond nucleatioh.The most frequently applied methods analytical methods frequently employed in the study of dia-

are an abrasion of the surface with a diamond paste, which {854 growth and nucleation are not sensitive to thin layers

a purely mechanical pr_etreatmzth, and the newly developeg noncrystalline or graphitic material formed at the substrate
bias-enhanced nucleati¢BEN).” The BEN method is ad-  gface prior to or during the early stages of crystal growth.
vantageous in several respects. It is a nondestrust®#u |t as already demonstrated by Belton and Schifi¢igat
method which leads to a high nucleation density and favorgyrface-sensitive methods such as x-ray photoelectron spec-
under certain deposition conditions the formation of nearlytroscopy(XPS) or electron energy loss spectroscaELS)
heteroepitaxial diamond films on 37.® The BEN method can be applied successfully to study diamond growth on dif-
involves the irradiation of the substrate with low-energy ionsferent substrate materials. But Belton and Schmieg also
which is usually achieved through the application of a dcpointed out that XPS alone is not sufficient to characterize
voltage to the substrate. The estimates for the ion energighe structure of the carbonaceous deposit and has to be
range from 30 to 150 eV, which results in a rather shallowsupplemented by other methods.

penetration depth of at most 2—3 monolayersAs an alter- In order to contribute to the development of a better un-
native for insulating substrates, such as ceramics or quartderstanding of the nucleation process we combined the depo-
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sition of diamond films using BEN with the subsequent TABLE I. Summary of time intervals after which the deposition
analysis of the deposit with photoelectron spectroscopy. Phovas interrupted and the film subsequently analyzed with photoelec-
toelectron spectroscopPES, with excitation energies in tron spectroscopy. The labeld—F, a—¢ are used for the identifi-
the ultraviolet [ultraviolet photoemission spectroscopy cation of spectra in the figures.

(UPS] and x-ray regime, allows the determination of the : : :
electronic structure which is closely connected to the local BEN pretreatment period Diamond growth period
coordination and chemical environment of the carbon atomg

. . X 3 min a 30 sec
and therefore sensitive to changes in the matrix structurg 6 min b 2 min
itself.2618t also allows, due to its surface sensitivity, moni- 75 min c 5 min
toring of the interface formation between the substrate an '9 min d 10 min
the growing film and has been applied successfully to inves- 12 min o 15 min
tigate the interface formation between amorphous hydroge- 15 min

nated carbon and a variety of substrate matetfadsprereg-
uisite for the experiment is the situ deposition of the
diamond film, which is transferred from the microwave
(MW) deposition reactor to the PES-analysis chamber with
out breaking the vacuum. Although it is well known that the

methane concentration was reduced to 0.8% and the dc-bias
voltage turned off for the diamond growth period. In order to

. . X S - establish stable plasma conditions at the beginning of the
diamond surface itself is stable in air for several weeks, thi P 9 9

o ) . . eposition and reduce the surface contamination of the sub-
is in our experience not valid for the interface and otherg, - " oo sample was subjected to a pure hydrogen dis-
m:grmedmte components formed in the course of the dE3p06harge with the deposition parameters given above for 2 min
sl 'g” process. 1o studv the BEN nucleati hanisyVithout and for 2 min with additional dc bias. In addition

. ur expenment to study the nucleation mechaniSim,; fiims were deposited using considerably higher methane
involves the observation of the temporal evolution of the film oncentrations of 16.7%otal flow: 96 SCCM, 24% (total

structure and chemical composition in the course of the BE . 0 . ;
pretreatment step and the subsequent diamond growth. T léjw' 66 SCCM, and 34.8%total flow: 46 SCCM during

information which can be deduced from the PES experimen € pretreatment step.

I t0 devel litati del for fil th and The film deposition was interrupted after certain time in-
aliows us 1o deveiop a guaiitative model for iim growth and.g, 5 ¢ lasting 3—15 min for the pretreatment period and 30
structure during BEN and its influence on the diamond film

sec—15 min for the subsequent diamond growth step and for
growth. each interval a new sample was prepared. The respective
deposition intervals are summarized in Table I. After a brief
EXPERIMENT pump down period the samples were transferred to the analy-
sis chamber. We were therefore able to observe the temporal
The experiment was performed in a vacuum system whiclevolution of the film composition and structure during the
consists of two interconnected units: the microwave deposientire deposition period, which includes the pretreatment and
tion reactor and the vacuum chamber where the photoelethe diamond growth step.
tron spectroscopic analysis is performed. This setup allows The photoelectron spectroscopy analysis was performed
us to transfer the samples from the deposition to the analysisn a Leybold EA11/100 system with a base pressure in the
chamber without breaking the vacuum and the surface cont0™ %-mbar range. Monochromatized K« (1486.6-eV
tamination can therefore be minimized. A carbon film as it isradiation was used to record the core-level spe@dPS).
produced after a few minutes of BEN shows after only briefA helium gas discharge lamp emitting light in the ultraviolet
exposure to air an oxygen concentration of at least 10%region (Hel, hv=21.22 eV and Ha, hv=40.82 eV} was
rendering the following analysis doubtful. Apart from the used to determine the valence-band spettiRS. The typi-
reaction of the film or interfacial layer with oxygen the ex- cal resolution was 0.1-0.2 eV for UPS and 0.8 eV for the
posure to air and adsorption of other contaminants is detriMXPS measurements. The spectra have been recorded using
mental to the very surface-sensitive UPS. constant retardation ratio for the UPS and constant pass en-
The microwave reactor consists of a quartz tube with aergy for the MXPS measurements and are presented here
diameter of 5 cm which intersects a microwave waveguidevithout background or satellite subtraction. The energies of
(2.45 GH32. The molybdenum substrate holder is electricallythe discussed spectral features are given with respect to the
grounded and an additional circular tungsten wire serves aSermi level Eg) and the Au 4/, core-level line(positioned
anode during the BEN pretreatment. The gas flow is reguat 84.0-eV binding energyof a clean gold sample.
lated by calibrated mass flow controllers and the base pres-
sure is in the 107-mbar range. The temperature of the
Si(100 substrate was adjusted via the microwave input
power and monitored by a one color optical pyrometer. The The temporal evolution of the valence-band spe¢if@
deposition parameters throughout the experiment were chepectrafor the BEN pretreatment is depicted in Fig(He!1,
sen as follows: a microwave input power of 630—650 W andHe11). The Hel spectrum is at the beginning of the BEBI
a substrate temperature of 790-800 °C, the total gas flomwnin deposition timgperiod dominated by a broad peak cen-
was 100 SCCMSCCM denotes cubic centimeter per minutetered at 6.7 eV and a shoulder located between 3.0 and 4.0
at STB, and the pressure 40 mbar. For the BEN pretreatmerg¢V. With increasing deposition time the main peak is shifted
step we chose a mixture of 2.4% methane in hydrogen and @ higher binding energies and the intensity of the shoulder is
dc-bias voltage of- 250 V was applied to the substrate. The reduced considerably, while a shoulder located at lower

RESULTS
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FIG. 1. Temporal evolution of the UPS-VB specfide! (left) period. The spectra are shown in order of increasing deposition time
and Heil (right)] excitation in the course of the BEN pretreatment from top (0.5 min) to bottom (15 min). A BEN period of 9 min
period. The spectra are shown in order of increasing deposition timgreceded the diamond growth in this case.
from top (3 min) to bottom(15 min).

structure of diamond’?® These observations strongly sug-

binding energies of about 2.5—-3.0 eV gains in intensity. Ingest the presence of diamond as well as an amorphous car-
the Hell VB spectra the same general evolution of the spechon phase during the BEN pretreatment period. There is no
tral shape is observed, with the exception of a small peak ahdication for the presence of graphite or numerous large
13.7 eV binding energy, which is well defined for depositiongraphitic clusters. However, apart from the pure carbon
times exceeding 7.5 min. The general shape of the spectfhases a contribution from SiQormed at the substrate-
recorded for short deposition times is very similar to the onegarbon film interfacgto the VB spectra has to be considered.
observed for various forms of amorphous carbbi? The A comparison with VB spectra of SiC, which are described
appearance of two overlapping and rather broad peaks is an the literature?® shows that the carbide phase does not
tributable to the excitation of photoelectrons from thver  contribute significantly to the VB spectra obtained for the
and p-7 bands, respectively. These bands are formeg by BEN films. This point will be addressed in more detail later
electrons which participate in chemical bonds of eith@r  on in connection with the results obtained for the diamond
7 symmetry and dominate the UPS spectra on account ajrowth step and the MXPS analysis.
their larger excitation cross section as compared to the We proceed now with the deposition of diamond follow-
lower-lying bands with predominantly charactef® In con-  ing a BEN pretreatment period of 9 min. The resulting VB
trast to the spectra of amorphous carbon the ones of graphipectra as a function of diamond deposition time are depicted
or films containing large graphitic clusters are dominated byin Fig. 2. Beginning with the film obtained after the 9-min
a number of narrow peaks which are related to direct transiBEN period we observe a shift of the main peak to lower
tions in the band structure of graphfeThe size of graphitic  binding energies of 7.0 eV, followed by an upward shift to
clusters which already exhibit VB spectra very similar to7.7+0.1 eV. At the same time the position of the valence-
graphite was estimated by Sch&lzo be around 2.5 nm, band maximumg,, with respect to the Fermi enerds; in-
which amounts to about 300—500 carbon atoms in a graphiticreases in the first diamond deposition step, but is reduced
cluster. again for subsequent deposition periods and a shoulder lo-

The VB spectra obtained for long deposition times show acated at about 2.7 eV gains in intensity. In theiHgpectra a
considerable reduction in the contributions from ther  similar development is observed and the characteristic dia-
band and the width of the main peak at 7.7 eV and beamond peak at 13.5 eV is well defined albeit still low in
already a strong similarity to the VB spectrum of intensity for the early deposition steps. Its intensity with re-
diamond?®?6 The shoulder which now appears at about 3 eVspect to the main peak increases in the course of the last
stems from surface states on a partially reconstructed diadeposition steps. The width of the main peak in thel lde
mond surface and is retained for the diamond film achievedvell as the Hal excited VB spectra is reduced considerably
after completion of the depositiofFig. 2). It is, however, with increasing deposition time and the spectra obtained af-
somewhat surprising that these states are already observedtet 15 min are those well known from polycrystalline dia-
this point of the deposition process. A study dealing with themond films and described in detail by Francz and Oelh&fen.
interaction of carbon with the diamond surface is currently The spectrum obtained after only 30 sec of diamond
under way and might enable us to resolve this question. Thdeposition differs from the amorphous carbon as well as the
additional peak in the He spectra at 13.7 eV is likewise diamond spectra and does most likely contain a substantial
characteristic for diamond and has its origin in the excitationcontribution from a silicon carbide or carbon enriched silicon
from a narrow band of mixed andp character in the band carbide phase. This claim is supported by a comparison with
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or carbon/diamond films formed in a deposition cycle with an ex- 286 284 282 D w4 m
tended BEN period of 15 min. The respective deposition times are binding energy (V) binding energy (eV)
indicated in the figure.

FIG. 4. Temporal evolution of the carbors tore level(MXPS,
data on the SiC valence-band spectra given in the literStureAl K@) in the course of the BEN pretreatment perideft-hand
and also by the information gained from the analysis of the?id® and the diamond growth periddght-hand sidg The spectra
C 1s and Si 2 core levels, which is described in the follow- are shown in order of increasing deposition time from bottom to
ing paragraphs. Specifically the shift in position of the most®P: A BEN period of 9 min preceded the diamond growth period.
intense peak, the shape of the low-binding-energy side of

this peak, and the shift in the position &f from 1.6(BEN, limit for a minority component with EELS is in our experi-
9 min) to 1.9 eV (BEN, 9 min plus diamond growth, 0.5 ence around 5-10 %, a number which is also given by Bel-
min) support this interpretation. ton and Schmied® Complementary to the information from

The same general development of the film structure durthe UPS spectra an analysis of the £ahd Si 2 core-level
ing the deposition process is observed if we chose an exines provides information about the local chemical bonding
tended pretreatment time of 15 min and a different plasmaf the elements. The results for the € dore level, which
adjustment which results in higher deposition rates duringorrespond to the series of films for which the UPS spectra
BEN. A selection of VB spectra for this series is shown inare shown in Fig. 2, are depicted in Fig. 4 as a function of
Fig. 3. Again we observe the deposition of an amorphousleposition time for the BENFig. 4@] and the diamond
carbon phase at the beginning of BEN and a decrease in trgrowth [Fig. 4(b)] periods.
contribution fromp- 7 states as well as an increasing contri- For the C 5 core level two distinct peaks are observed
bution from diamond. This development continues afterwhich are located at 284460.3 and 283.3 0.1 eV, respec-
switching to the diamond deposition after 15 min BEN, andtively, and stem from carbon which forms a homonuclear
after 15 min of diamond growth the typical diamond spec-bond (C-C) as in diamond, amorphous carbon, or graphite,
trum is obtained. For this series, however, contributions fronand the silicon carbide phase, respectively. The carbon peak
a carbide phase are not apparent in the UPS spectra owing i continuously shifted to higher binding energies during the
the extended BEN pretreatment period. BEN period and it gains in intensity with respect to the car-

These results are in agreement with the information on théide peak for deposition times exceeding 12 min. Switching
film structure which can be deduced from the electron energyo diamond deposition conditions we observe a considerable
loss spectroscopy. The loss spectrum is at the beginning afecrease in the half-width and the intensity of the carbon
BEN dominated by a peak located at 23 eV with respect tgpeak(Figs. 4 and » The contribution from the carbon phase
the primary beam energgp00 eVj, which can stem either peak increases with deposition time and after 15 min the
from an amorphous carbon phase or StDuring the BEN  carbide peak is barely perceptible and the typical symmetric
period the emergence of the characteristic diamond plasmatiamond C % peak has emergeFig. 4).
at 34 eV is observed and after the subsequent diamond On account of the large half-width of the G peak for
growth period a typical loss spectrum of diamond is ob-the BEN films the respective concentrations of differently
tained. As has been reported earfithe intensity of the bonded carbon atoms cannot be determined by a simple in-
7-7* shakeup peak located at 5.5-6.0 eV is very low,tegration procedure but a deconvolution of the core-level
which is indicative of a film structure with only small con- peak is required. However, a proper deconvolution of the
tributions from aromatic rings or graphitic clusters. Although C 1s peak poses a number of challenges and questions which
this points toward the presence of an amorphousave yet to be resolved.Unlike for metals, where extensive
sp3-carbon-rich network, the plasmon peak which is typicalresearch in recent years has led to a much improved under-
for the dense ta-C phase and located at about 30 eV is nstanding of the photoemission process and the corresponding
observed. It should, however, be noted that the detectioline shapes of the core-level peakshe behavior of most
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o T T T T 1 T T tions. An example for the deconvolution is included in Fig.
5. We conclude from the temporal evolution and a compari-
7 son with the spectrum obtained after the first diamond

diamond

growth /\ growth step that the narrow peak originates from the dia-

100%

90

80} . 3 mond phase while the broader peak is attributable to an

amorphous phase. This is at the same time in excellent agree-
ment with information obtained from the analysis of the UPS
spectra.

The oxygen concentration at the surface is below 2.0%
during the BEN pretreatment and reaches its highest level of
about 6% upon switching to diamond growth conditions. The
. oxygen concentration is again reduced to levels below 2%
BEN| diamond growth - ' for increasing lengths of the diamond growth period. This
30 L0 i i illustrates the presence of highly reactive surfaces with prob-
1 o w0 20 30 [ ] 288 28 284 28 ably a large number of dangling bonds, especially during the

deposition time (sec) binding energy (¢V) early stages of the diamond growth period. The oxygen ap-
FIG. 5. Ch . . . bears to be attached to the Si or the SiC of the interface,
. 5. anges in the surface concentration of carbon whic

forms homonuclea(C-C) bonds upon switching from BEN to dia- eading to the format!on of a mlxe_d S,[Oy pha_se. This can
mond growth conditions. The concentration is determined by a deb_e de?'UC_Ed from a S"th broadenlng of the Bideak on the
convolution procedure which allows a separation of carbon and!igh-binding-energy side of the main pefikive can expect
carbide contributions. An example for a deconvolution is given onthat the composition of the SiQ, component is rather
the right-hand side of the figure and the € Spectra correspond to  Poorly defined and therefore no distinct peak with a well-
the concentrations marked with a filled symbol. Assignment: con-defined chemical shift with respect to the main carbide peak
tinuous lines: spectra as measured; dotted lines: peaks obtain€@n be distinguished unequivocally.
from the deconvolution; broken line: Shirley background. The most dramatic changes with respect to thes€dre-
level peak, the relative surface concentration of the carbon
insulators is still only poorly understood. We are aware ofphase, and the UPS spectra occur immediately after switch-
the fact that therefore our deconvolution as described belowng from the BEN pretreatment to the deposition conditions
has to be rather rudimentary and it will mainly be used toappropriate for diamond growth. Even a rather brief interval
extract information on the relative concentration of the car-of only 30 sec of diamond growth is sufficient to trigger
bide and carbon phases. considerable changes in the film structure and composition.
A deconvolution of the C4 core-level peak using sym- The change in the concentration of the carbon phase was
metric Doniach-Sunjic functiori$ leads only to a satisfac- investigated for various pretreatment intervés-15 min
tory result if we assume that at least two peaks contribute tand plasma adjustments and the results are summarized in
the carbon phase peak and a third one can clearly be attrili-ig. 5. The reduction in the concentration of the carbon
uted to the SiC phase. For the carbide peak we only obseryghase is apparently independent of the deposition conditions;
changes in its intensity; the half-width as well as the pealit lies between 18% and 30% and is generally less pro-
position remain constant throughout the whole deposition perounced for higher initial concentrations. The example for
riod (BEN and diamond growdh On the other hand, consid- the deconvolution of the Cslpeak included in this figure
erable changes in the shape of the carbon phase peak also shows that the peak component assigned earlier to an
observed. Regarding the position of the carbon phase peamorphous carbon phase disappears in the early stages of the
(or its componenfs however, unfortunately does not allow diamond growth period. Except for this brief time interval
an unequivocal assignment of the components since it ithe carbon concentration increases during the BEN pretreat-
strongly influenced by a number of different effects such asnent as well as during the diamond growth period continu-
surface band bending, crystallite orientation, amorphicityously.
andsp?/sp® ratio 133 Following this detailed discussion of the film composition
The deconvolution suggests that the two majority compo-and structure we will now turn our attention to the evolution
nents are distinguished by their Gaussian half-widths, whiclof the interfacial region between the growing carbon film and
are 1.5-0.2 and 0.8 0.1 eV. The Lorentzian contribution, the silicon substrate. The Sp2core-level spectra are de-
on the other hand, is determined by the lifetime of the corepicted in Fig. 6 as a function of deposition time for the BEN
hole and can be assumed to be largely independent of tH&ig. 6(@)] and the diamond growtfFig. 6b)] periods and
chemical environment of the carbon atom. In agreement witlbelong to the same deposition series as thes @Qrid UPS
the literature a Lorentzian half-width®*>of 0.3 eV was used spectra discussed earlier. In all spectra two majority compo-
for all carbon core-level peaks. Fluctuations in the near onents can be identified, which are centered at 99.6 and 100.6
medium range order caused by bond angle and bond leng#¥, and can be attributed to silicon and SiC, respectively. A
distortions are known to lead to a broadening of the coredeconvolution of the Si2 peak yields the concentration of
level peaks in amorphous materials, e.g., amorphous silicosilicon carbide with respect to elemental silicon and the re-
or amorphous carbon. Throughout the deposition it is obsults are summarized in Fig. 7. In the course of the BEN
served that the peak with a smaller half-width of 0.8 pretreatment the carbide contribution remains unchanged,
+0.1 eV gains in intensity with respect to the broader peakwhile during the diamond growth period a continuous de-
which disappears after switching to diamond growth condicrease from 60% to about 25% is observed. If the formation
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FIG. 7. Concentration of SiC as a function of the deposition
time for the BEN and the diamond growth period. The thickness of
the SiC overlayer(right axis was calculated using Ed2). The
dotted line is a least-squares fit to the data.

FIG. 6. Temporal evolution of the siliconp2core level(MXPS,
Al Ka) in the course of the BEN pretreatment perigéft-hand
side and the diamond growth perigdght-hand sidg The spectra
are shown in order of increasing deposition time from bottom to
top. A BEN period of 9 min preceded the diamond growth period.

amorphous carbon phase as well as the formation of a SiC
of a homogeneous carbide layer is assumed, the measuréderface are observed. A graphite or predominantly graphitic
carbide concentration with respect to the contribution fromphase apparently does not participate in this growth process,
the underlying substrate is directly related to the interfaceand the absence of considerable contributions from this

thickness. The attenuation of the photoelectron curignt phase is confirmed by UPS and EELS. The contribution of
passing through a layer of material with a thicknesss  the crystalline diamond phase to the carbon deposit on the

described by surface increases with the BEN deposition time, which indi-
cates an increasing crystallite size and/or nuclei density. An

X analysis of the BEN deposit with scanning electron micros-

I(x)=|0exy{—|— ' (1) copy (SEM) shows the presence of roundish, ballas-type

, ) ) crystals lacking well-defined faceté whose size and num-

with | as the inelastic mean free path of the photoelectrong,gr jncrease significantly with the deposition time. We can
According to Seah and Dertthe mean free path amounts g, safely assume that these poorly defined crystals are in-
to about 2.0 nm for excitation energies around 1500 €V ageeq to a large extent composed of diamond. These overcriti-
they are provided by an Ak« source. The interface thick- ¢4 diamond nuclei subsequently serve as growth centers for

nessd is then related to the ratio of the intensitie®f the  he formation of the polycrystalline diamond film.

SiC and Si con_tributions to the SpZore-level peak by the The codeposition of an amorphous carbon phase is trig-

following equation: gered through the ion irradiation during the BEN pretreat-

1(Si0) ment. The ion energies involved are certainly below 100 eV

d=|n(—.+1) l. 2 (Refs. 7 and Pand their penetration depth in the growing
1(S)) film is therefore restricted to a few angstrofriEhe energies

The interface thickness remains constant with about 3.5 nrfif the ions are nonetheless sufficient to cause bond breakage,
during the BEN period and is reduced considerably to 2.0 nngnhance the surface diffusion of adsorbed species, and intro-

and then to about 0.5 nm in the course of the diamondluce structural disorder in a shallow surface layer. On the
growth period(Fig. 7). It can be concluded, that a carbide Otheér hand, the plasma chemistry, especially the high con-
interface of maximum thickness is formed in the early stage§entration of atomic hydrogen, is favorable for the formation
of the BEN period and subsequently removed partially dur0f diamond:” The interplay of these two factors favors the

ing the diamond growth period. codeposition of amorphous carbon and diamond.
Upon switching from BEN to diamond growth conditions
DISCUSSION the irradiation with energetic ions ceases and the amorphous

carbon phase is to a large extent removed through etching by
The experimental results described in detail in the precedatomic hydrogerisee Fig. 5. The diamond nuclei are, on the
ing section enable us to develop a qualitative model for thether hand, stable and continue to grow unhindered. The
mechanism of the BEN pretreatment, which is supported bynstability of amorphous carbon in a hydrogen-rich environ-
all spectroscopic methods applied in the current study. Durment has been shown by Olset al3® in an experiment,
ing the BEN period the codeposition of diamond and anwhich involved the sequential deposition of carbon and its
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exposure to hydrogen. The ion irradiation during BEN isfrom the ratio of silicon to silicon carbide, remains un-
therefore crucial to sustain the amorphous phase. The bene@ihanged throughout the pretreatment step. It is unaffected by
of BEN is apparently to provide an environment which pro-the continuing film growth and the ion irradiation, but
motes nucleation through the formation of a carbon phaseswitching to diamond growth conditions leads to a dramatic
which grows easily under these deposition conditions. The&lecrease in the carbide concentration and therefore the thick-
presence of a carbon phase other than diamond appears tofess of the interfacial layer. A part of the protective layer
the decisive factor which enables us to achieve the dramaticomposed of amorphous carbon and the diamond nuclei has
increase in nucleation densities as compared to other metheen removed under diamond growth conditions and the car-
ods. bide is now directly exposed to high fluxes of atomic hydro-
In view of the classical nucleation theorfshe codepo- gen. This could also lead to a carbide layer of uneven thick-
sition of the amorphous phase might supply the necessanyess, since the layer which is located beneath the diamond
local supersaturation in order to trigger the nucleation of thenuclei might remain mostly unaffected. This observation is
crystalline phase. At the same time an amorphous layer prazlso in agreement with our results on the removal of the
vides numerous defects which can again serve as local nuclamorphous carbon phase through etching and the carbon
ation centers and certainly changes in the adsorbed speciks/er can be pictured as a mold of amorphous carbon in
mobility on the surface also cannot be neglected. The ionwvhich the diamond nuclei are embedded.
irradiation during BEN would then only be required to de-
posit a thin carbon layer which serves as a mold for the
formation of critical diamond nuclei. A different model sug-
gests that the subplantatfbof ions leads to the formation of The experiment described here combinesithgitu depo-
an overdense region just below the surface of the carbon filmsition of diamond films and their analysis with photoelectron
and therefore drives the nucleation of diamond. Both modelspectroscopy, namely, UPS and MXPS, and EELS. The ob-
disagree on the driving force of diamond nucleation, but areservation of the temporal evolution of the film growth during
commensurate with the experimental results presented in thithe BEN pretreatment as well as the diamond growth period
study. lead us to a concise description of the nucleation process. In
Some additional information on the microstructure of thethe course of the BEN pretreatment an amorphous carbon
amorphous carbon phase can be gained from the UPS amthase of as yet uncertain microstructure as well as the crys-
EELS analysis and by comparison with other amorphougalline diamond phase are codeposited. The plasma condi-
phases which have been prepared by electron-beam evapotans and low-energy ion irradiation during BEN support the
tion or ion-beam deposition techniques. In the VB spectra @&odeposition of both phases. The formation of the amor-
contribution from thep-7 band, albeit smaller than usually phous phase is obviously beneficial for the nucleation of dia-
observed for electron-beam evaporated carbon, is readily apaond, although the underlying mechanism remains to be de-
parent. The amorphous carbon phase formed during the BEMrmined. If the low-energy ion irradiation is turned off and
period does not contain large graphitic clusters or olefinigplasma conditions supportive of good quality diamond
chains, since the VB and the EELS spectra both lack thgrowth are chosen, the amorphous carbon phase is removed
typical features associated with extendedonded or gra- by etching through the interaction with atomic hydrogen. A
phitic systems, respectively. The appearance pfaband SiC layer is formed in the early stages of the deposition
is, however, incompatible with the presence of a pure ta-(orocess and is unaffected by the continuing pretreatment, but
which has been suggested to act as a nucleation enhanciitg thickness is reduced considerably by etching during the
layer. Following the data presented here, we suggest that thdiamond growth period.
amorphous carbon phase formed during BEN is a strongly
cross-linked network formed afp? andsp® carbon without
extended graphitic regions but in which the diamond nuclei
are embedded. The presence of large amounts of hydrogen The authors wish to thank R. Steiner for his technical
cannot be discounted from our PES analysis, since PES support. We also gratefully acknowledge the financial sup-
insensitive to hydrogen, but appears unlikely in the light ofport of the present work by the Swiss Priority Program on
other investigations on the hydrogen evolution from amor-Materials Research carried out under the auspices of the tri-
phous hydrogenated carb¢a-C:H) films.*! national “D-A-CH"” cooperation involving Germany, Aus-
The carbide interface is formed already in the very earlytria, and Switzerland on the “Synthesis of Superhard Mate-
stages of the BEN pretreatment and its thickness, deducedls.”
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