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X-ray absorption spectroscopy and atomic force microscopy study
of bias-enhanced nucleation of diamond films
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The bias-enhanced nucleation of diamond on Si~100! has been studied by x-ray absorption
near-edge spectroscopy~XANES! and atomic force microscopy, two techniques well suited to
characterize nanometric crystallites. Diamond nuclei of;15 nm are formed after 5 min of
bias-enhanced treatment. The number of nuclei and its size increases with the time of application of
the bias voltage. A nanocrystalline diamond film is attained after 20 min of bias-enhanced
nucleation. At the initial nucleation stages, the Si substrate appears covered with diamond
crystallites and graphite, without SiC being detected by XANES. ©1998 American Institute of
Physics.@S0003-6951~98!02117-2#
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Diamond nucleation is a key step in the growth of d
mond thin films on Si wafers, because it affects strongly
growth rate, film morphology, and film quality. The applic
tion of a dc bias as a pretreatment is a common procedu
promote the formation of diamond nuclei on a Si surfac1

However, the mechanism of this bias-enhanced nuclea
~BEN! is still controversial.2–6

The nanometric size of the diamond nuclei makes co
mon characterization techniques in thin-film growth ambig
ous. Scanning electron microscopy~SEM! resolution is often
larger than the nuclei size. Raman spectroscopy pres
problems due to wave-vector uncertainty.7,8 Transmission
electron microscopy~TEM! lacks surface sensitivity. To
overcome these problems we have chosen atomic force
croscopy~AFM! and x-ray absorption near-edge structu
~XANES!.

Among the advantages of AFM are its high dynam
range, high resolution, the capability to evaluate the surf
roughness, and the possibility to study nonconduct
samples. With regards to XANES, the technique is very s
sitive to the local order in the material, is not limited by th
size of the crystallites, it does not require good conduct
samples, yields very different spectra for graphite and d
mond phases, and the absorption cross sections for ca
atoms withsp2 andsp3 hybridizations are similar.

The diamond films were grown in a 2.45 GHz ASTE
microwave plasma-assisted chemical vapor deposi
~CVD! system. The substrates were 2 in.~100! mirror-
polished Si wafers, that were immersed in a methane
hydrogen plasma during the whole process. Thin-film grow
was performed in two separate stages with different con

a!Electronic mail: marpoza@icmm.csic.es
b!Also at Lawrence Livermore National Laboratory, Livermore, Califo

nia 94551.
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tions. In the first stage of BEN pretreatment, nucleation w
favored by application of a negative dc bias voltage of 250
to the substrate in a mixture of 4% CH4 in H2 at a pressure of
17 Torr, with a MW power of 450 W, and the substrate he
at 850 °C. Four samples A, B, C, and D, corresponding to
10, 15, and 20 min of pretreatment time, respectively, w
prepared. In the second stage, growth was favored for 1 h at
40 Torr pressure, 1200 W power, and 0.5% methane in
drogen. Identical growth conditions were used for a set
samples labeled A8, B8, C8, and D8 corresponding to BEN
pretreatment times of 5, 10, 15, and 20 min, respectively

The morphology of the films was characterized by SE
using a HITACHI SC-410 microscope, and by AFM using
Nanoscope III system operating in the tapping mode at a
bient conditions with silicon cantilevers. The SEM imag
~not shown! obtained from samples A8–D8 reveal faceted
crystals indicating a certain influence of the nucleation ti
on the film surface morphology, although it is difficult t
obtain quantitative data. However, it is possible to obtain
average grain size and the root-mean-square~rms! roughness
values directly from the AFM images by the standard AF
software.

The Raman spectra were obtained with a DILORx–y
Raman spectrometer in the range 1200– 1800 cm21. The
quantitative analysis of the spectra has been performed
fitting the experimental spectra to a sum of Lorentzian a
Gaussian curves as described previously.9

The XANES experiments were performed at the Bea
line 8.2 of the Stanford Synchrotron Radiation Laborato
~SSRL!. The data were collected in the total yield mode
recording the sample current to ground. Simultaneously,
signal from a gold grid located upstream in the x-ray pa
was recorded for normalization purposes. A second norm
ization was performed by recording the signal from a cle
Si~100! wafer in the energy region under study, to elimina
5 © 1998 American Institute of Physics
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the absorption structure due to contamination in the beam
optics. Reference spectra were measured from a stan
type IIa diamond, a highly oriented pyrolitic graphi
~HOPG!, and a b-SiC single-crystal sample. All sample
were outgassed in vacuum to about 400 °C previously to
XANES measurements to eliminate the surface contam
tion.

Figures 1~a!–1~d! show AFM images of samples A–D
respectively, for which only the pretreatment stage was p
formed. Nuclei are clearly observed as protrusions on the
silicon surface. After 5 min of bias pretreatment nucl
around 50 nm wide and 15 nm high, are already formed.
nuclei diameter could be overestimated because of the
radius—typically, 10–30 nm—being tip convolution effec
relatively more important when the nuclei imaged a
smaller. In contrast, the nuclei height is a reliable measu
ment since it is not distorted by the tip geometry. Figu
1~a!–1~c! evidence that the nuclei density increases with
bias pretreatment time. It is also observed that after 20
@Fig. 1~d!# of bias treatment, most of the nuclei coales
forming a continuous film~see Table I!.

The AFM images from samples A8–D8, for which

FIG. 1. 434 mm2 tapping-mode AFM images of bias-enhanced pretrea
samples. Images~a!–~d! represent samples A–D, which correspond to bi
enhanced nucleation times of 5, 10, 15, and 20 min, respectively. In pict
~a!–~c! the diamond nuclei appear as bright dots. Picture~d! shows a granu-
lar continuous diamond film.
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growth was performed on pretreated substrates, show gr
lar faceted films. The data derived from the images are p
sented in Table I, indicating that the film surface roughn
and average grain size decrease as the biasing time incre
This fact implies that the grain size is inversely correlat
with the nucleation density. These data show that in orde
obtain flat diamond films it is convenient to employ larg
nucleation times.

Raman spectra from all the samples are presented in
2. The diamond characteristic peak at 1332 cm21 is only ob-
served for samples A8–D8. For the pretreated samples A–D
only peaks corresponding to microcrystalline graphite~1340
and 1390 cm21! and amorphous carbon (1500 cm21)
appear.9 According to the Raman spectra, samples A8–D8
would contain about 80% diamond and 20% graphite carb
and samples A–D would contain no diamond. However, R
man spectroscopy is not sensitive to nanometric grains,8 and
the information it yields comes mainly from the bulk of th
sample. The complementary XANES study described be
shows that the graphitic phases in samples A8–D8 are buried
beneath the diamond film.

Figure 3 displays the XANES spectra corresponding
samples A–D and A8–D8. Reference spectra from natur
diamond, HOPG, andb-SiC samples are also shown. Th
HOPG spectrum presents two characteristic peaks at 285
292 eV, due to resonances in the 1s→p* and 1s→s* tran-
sitions, respectively. The diamond spectrum presents the
sorption edge at 289 eV and a dip at 303 eV, which cor
sponds to a second absolute gap in the diamond b
structure.10 Theb-SiC spectrum is complex and composed

d
-
es

FIG. 2. ~a! Raman spectra of BEN pretreated samples A–D.~b! Raman
spectra of samples A8–D8 with similar pretreatment to A–D plus 1 h dia-
mond growth.
imated.
TABLE I. Data obtained from the AFM images.

Pretreatment Pretreatment11 h growth

Sample
Bias time

~min! Nuclei/mm2
Average nucleus

size ~nm!
Average nucleus

height ~nm! Sample
Roughness rms

~nm!
Average grain

size ~nm!

A 5 5 46613 1264 A8 70 450
B 10 25 49620 3668 B8 56 375
Ca 15 70 65633 2065 C8 54 300
D 20 Film Film Film D8 15 120

aIn this case, because of the collapse of the nuclei the final average nucleus size is overestimated whereas that of the nuclei density is underest

IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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several peaks in the 283–303 eV region. The XANES sp
trum from sample A exhibits the typical features of graphi
although wider than the HOPG reference due to the am
phous character of this graphitic phase. A small feature
289 eV is present, although hardly noticeable in the scal
the figure, that coincides with the diamond absorption ed
The spectrum obtained from sample B is similar, but now
diamond feature is clearly observed. For sample C, the
mond edge dominates and the dip at 303 eV is almost de
oped. Finally, the spectrum representing the D sample
similar to the diamond reference, except for the absence
well-resolved excitonic peak at the absorption edge. No f
tures resemblingb-SiC are observed. Thesp3-bonded car-
bon content for each sample was estimated from the rela
height of thes* absorption edge in diamond—at 290 eV—
and graphite—at 292 eV. Accordingly, the diamond cont
at the surface is 5%, 30%, 75%, and 90% for A, B, C, and
samples, respectively.

Samples A8–D8 present similar XANES spectra, wit
the characteristic features of diamond and without any g
phitic feature. The peak at 288 eV observed in samples8
and D8 is due to C–H bonding and disappears with vacu
annealing. The absence in the other two samples is du
slightly different outgassing times and temperatures.

The AFM and XANES results show that modera
nucleation treatments produce diamond nuclei. The num
of nuclei increases with the pretreatment time until a c
tinuous diamond film is attained. The continuous diamo
film formed by BEN is hardly detected by Raman spectr
copy due to the nanometric crystallite size. This is of pra
cal interest from the tribological standpoint because sm
grain diamond films have low friction coefficients.11

The XANES spectra of the pretreated samples do

FIG. 3. C (1s) XANES spectra of BEN pretreated samples A–D wi
diamond nuclei, samples A8–D8 with diamond film growth, and referenc
spectra from diamond, graphite~HOPG! andb-SiC.
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show any feature related to SiC, which some studies h
related to the diamond nucleation. Because of the surf
sensitivity of XANES, it would be possible that a SiC lay
is buried beneath the graphite phase. However, in that c
this SiC layer would not be directly related to the diamo
nucleation.

Our data show that graphite and diamond phases coe
from short nucleation times~i.e., 5 min!, the graphitic phase
content being reduced as the nucleation time increases.
scenario is compatible with the formation of diamond nuc
on top of the graphitic layer in agreement with Robertso
subplantation model.12 However, from our XANES results it
is not sure that a continuous graphite layer is formed bef
the diamond nucleation. It is possible that diamond nuc
are formed directly on silicon simultaneously with the fo
mation of graphite. In fact, the direct growth of diamond
Si has been reported from TEM observations of samples
pared under similar conditions.13

In conclusion, by combining AFM and XANES we
prove that the grains observed at the initial stages of b
enhanced nucleation are diamond nuclei. No SiC is dete
at any stage of the nucleation process. Moderate nuclea
pretreatment times~in the 5–20 min range! induce formation
of a high diamond nuclei density. A correlation between t
initial nucleation density and the final surface roughness
the diamond film grown is found. Long nucleation times r
sult in formation of a continuous film composed of nanom
ric diamond crystallites.
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