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Si-C bonding in films prepared by heterofullerene deposition
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We probed the electronic structure of mixed silicon-carbon SixC12x (x50.12) films prepared from free
silicon-doped fullerenes~heterofullerenes! deposited on silver thin film. The reactivity towards oxygen is also
discussed. X-ray photoemission and Auger spectroscopies suggest that electron transfer from silicon to carbon
atom is lower than in tetrahedral SiC compounds. Raman spectroscopy reveals a graphitization of the film
associated with the formation of Si-C bonding under strong laser irradiation.
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I. INTRODUCTION

SiC crystalline phases have been extensively studied
ing to their wide band gaps.1 In all SiC polytypes, the lattice
is formed by a periodic arrangement ofsp3 tetrahedral bond-
ing silicon and carbon atoms with a perfect chemical ord
ing. Amorphous silicon carbides (a-SixC12x :H) have been
also under research. These films are currently obtained by
radio-frequency~rf! glow-discharge2 technique or by plasma
enhanced chemical-vapor deposition.3 Such films have a
large hydrogen content as observed in a-Si:H and are mo
less described in terms of tetrahedral environment. SixC12x
compounds withxÞ0.5 are more complex and still debate
since topological and compositional disorders introduce b
the homonuclear and the heteronuclear bonds. The tend
of chemical ordering into ansp3 network prevails in Si-rich
films; conversely, the disorder increases in C-rich films.4 In
an earlier work, Mui and Smith5 discussed the compositiona
disorder in terms of chemical ordering. Assuming a fullsp3

hybridization, these authors calculated the occurrence
both the homonuclear and the heteronuclear bonds in t
models, namely, nonchemical ordering, chemical order
with phase separation, and chemical ordering with homo
neous dispersion. More recently, Finocchiet al.6 reported
molecular-dynamics calculations performed in a SiC sm
cluster. They found a spread of the bonding type with a la
homonuclear bond and a multiple hybridization. Convers
Monte Carlo calculations7 performed on amorphous stoichio
metric SiC gives rise to an ordering trend. In a previo
work, we studied SixC12x films with x50.5 produced by
low-energy cluster-beam deposition~LECBD!.8 Thin films
were obtained by the deposition of preformed neutral cl
ters produced in a laser-vaporization source. The gro
mechanism is more or less described in terms of balli
deposition where clusters are randomly distributed on
surface without noticeable rearrangement. The films are t
nanostructured with a partial chemical ordering. Three ty
of bonding were identified corresponding to Si-Si-, C-C
0163-1829/2002/65~12!/125321~10!/$20.00 65 1253
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and Si-C-rich regions, respectively. More recently, we ha
prepared thin films from the deposition of SiC heter
fullerenes. Fullerene9 structure can be looked upon as a
alternative route with respect tosp2- or sp3-hybridized lat-
tices. Fullerenelike structures are commonly reported for c
bon, expected in silicon,10–15 and currently observed in
SixC12x ~with x!0.5) compounds.16–20 SiqC2n2q hetero-
fullerenes with 2n532–100 andq,12 are obtained by a
substitutional doping of carbon with silicon. For examp
Si2C58 heterofullerene is derived from the C60 parent where
two carbon atoms are replaced by silicon atoms. This pa
deals with the electronic properties of SiqC2n2q hetero-
fullerenes probed by Auger electron spectroscopy~AES!,
electron energy loss spectroscopy~EELS!, x-ray photoelec-
tron spectroscopy~XPS!, and Raman spectroscopy. The ele
tronic structure is compared to those observed in silicon
silicon carbide crystals.

II. EXPERIMENT

Silicon-carbon mixed clusters are formed in a stand
laser-vaporization source. Further information is given in
earlier paper.20 Briefly, a Nd:YAG ~yttrium aluminum garnet!
laser operating at 532 nm creates a plasma from a Six̄C12 x̄
mixed target (x̄50.12). The mean stoichiometryx̄ is defined
as the percentage of silicon in the target. We use compo
rods processed by binding silicon and graphite powders
various proportions. The quenching of the plasma by
pulsed high-pressure helium burst ensures the cluster gro
in the chamber. The quenched plasma undergoes an adia
expansion through a nozzle giving a well-collimated be
formed by the mixing between clusters and helium. This
ometry permits spectroscopic studies as well as the dep
tion of neutral free clusters far from the laser source. Dur
the expansion, the cluster-growth process is controlled b
random stacking of Si and C atoms withx̄ proportion. Owing
to the statistic process~a Poissonian law!, each cluster has a
composition that differs from the initialx̄ value. Neverthe-
©2002 The American Physical Society21-1
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less, it is easy to demonstrate that the stoichiometry of e
individual free cluster SixC12x is nearly equal tox̄ as far as
the number of atoms inside the cluster becomes more
ten. In addition, the mean stoichiometry of the film deduc
from XPS (x̄50.1260.03) and Rutherford backscatterin
spectroscopy just coincides with the target one. We exp
that the large spreadDx5x2 x̄ for the smallest sizes do no
play a role for all the measurements mentioned below. N
ertheless, we must keep in mind that all the features
relevant to a ‘‘mean’’ effect and could not be related to t
properties of a particular heterofullerene. Prior to depositi
the cluster-size distribution is measured in a high-resolu
time-of-flight spectrometer equipped with a reflectron d
vice. Neutral clusters are photoionized by a pulsed Ar:F
cimer laser with 6.4 eV photon energy. Figure 1 displays
mass-size distribution of the SixC12x clusters.21 If the neutral
clusters have a low kinetic energy, the films grow followin
a simple ballistic model. They are nanostructured22 with a
high degree of porosity and can be compared to a ‘‘na
sponge’’ where the ‘‘elemental block’’ is the supported clu
ter itself. Contrary to the films partially crystallized, prepar
by laser desorption,23 the LECBD technique gives rise t
amorphouslike films.22 For all the experiments, the substrat
are maintained at room temperature. Contrary to other m
ods, the nature and the temperature of the substrate are
salient parameter for the film growth since the nucleation
totally achieved prior to deposition. Neutral clusters are
posited in an ultrahigh vacuum chamber (,331028 Pa)
and then transferredin situ in a microprobe of dual XPS
Auger CAMECA Nanoscan 100 type. XPS is performed u
ing AlKa x ray ~1486.6 eV! with a photoelectron energ
resolution fixed at 1 eV. For AES and EELS, the prima
electron energy is fixed at 2 keV~beam current 5 nA!. Since
the morphology of the film is nanogranular, the roughn
plays an important role for Auger spectroscopy. We use
Auger microprobe operating at different magnifications~100
nm up to 10mm spot diameter!. We do not observe any
significant effect in the position and the shape of the Au
peaks versus the magnification. This supposes that the ch
ing effect is low. In both the XPS and AES, the energy of t

FIG. 1. Whole size distribution for (SixC12x)N ionized clusters.
The arrows indicate the window depicted in Fig. 3. The main nu
ber of atomsN is about ten.
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ejected electron is measured with the same analyzer~cylin-
dric mirror analyzer! operating at the same pass energy. T
procedure ensures the best calibration in energy. We use
and AES together for determining the Auger parameter. T
method raises the difference in charging effect, which res
from incident x rays, versus electrons. Even though we c
not eliminate this dilemma, we checked on various meta
or insulator samples that the accuracy is better than 0.5
Unfortunately, the silicon part in our films is too weak
observe a good signal-to-noise ratio on theKLL transition.
Thus, we have analyzed the main transition correspondin
the LVV transition. During analysis, we have simultaneou
probed the oxygenKLL transition~see Fig. 2!. All the ana-
lyzed regions~100 nm up to 10mm) do not reveal signifi-
cant oxygen. Prior to deposition, the vacuum was down
331028 Pa. During the cluster deposition, the residual pr
sure increases up to 231027 Pa mainly due to the residua
buffer helium gas. The partial pressure of each componen
measured by a gas analyzer~HIDEN analytical!. The re-
sidual pressure due to the reactive components such
O2,CO,H2O,CO2 was less than 1028 Pa. Once the cluste
film was done, the cluster beam is stopped and the resi
vacuum becomes comparable to that observed prior dep
tion. The equivalent film thickness measured by a qua
balance monitor is about 50 nm and corresponds roughl
the stacking of 50–100 cluster monolayers. Owing to
porosity due to the nanogranular texture, the true thickn
does not correspond to the equivalent thickness dedu
from the quartz balance. The true thickness is measured f
Rutherford backscattering spectroscopy and Talystep m
surements and is increased by about a factor of 20–3
compared to the equivalent thickness. For XPS/AES m
surements, the substrate is a silicon wafer~111! coated by a
thick silver film ~200 nm! previously evaporatedin situ. This
thickness is large enough to prevent any contribution of
Si wafer during all the studies reported in this paper. Suc

-

FIG. 2. Auger and XPS surveys showing the relative low co
centration of oxygen. Despite the porous structure, the depos
film thickness is large enough to avoid the silver signal contrib
tion. We do not observe the Ag 3d contribution at 368.3 eV.
1-2
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procedure presents some advantages: a limitation of
charging effect, a good calibration24 ~the Ag3d 5/2
5368.3 eV is taken as reference!, and a low oxygen con-
tamination on the substrate~the residual atomic oxygen i
less than4%). Since the mean free path in the XPS/AE
experiment is less than 2–5 nm, we expect that the sig
arises from the top layer. In this paper, we report a h
concentration of carbon (88%)~i.e., 12% of silicon! in the
initial rod. This concentration is the best compromise b
tween a significant silicon signal and a good yield for t
heterofullerene production. Our sample is compared w
other reference samples, namely a silicon wafer~111! labeled
Si-2, a SiO2 quartz, a C60 film obtained by the deposition o
(C60)N clusters (N.2), and a wurtzite silicon carbide~la-
beled 2H-SiC!. Prior to the experiments, Si-2 and 2H-SiC a
chemically cleaned using methanol, water, and HF acid.25 In
addition, the core carbon lines are also compared with tha
freshly cleaved highly oriented pyrolytic graphite~HOPG!.
Raman-spectrometry measurements are performed at r
temperature using a DILORXY confocal micro-Raman
spectrometer. The heterofullerenes are deposited on
2-mm-thick cleaved lithium fluoride~LiF! substrate and then
coatedin situ with a 100-nm-thin silver film.26 The thickness
of the deposited SixC12x film is about 50 nm. Such sampl
geometry allows a Raman measurement through the hi
transparent LiF substrate, the silver film deposited over
heterofullerene film acting as a protection barrier towa
oxygen. Raman spectra are excited in the direction norma
the sample using the 514.5-nm line of an Ar1 laser. The
scattered light is also collected in the direction normal to
sample. The interface between the silver coating and the
erofullerene film is at the origin of a ‘‘surface-enhanced R
man scattering’’~SERS! effect very convenient for analyzin
our samples with the lowest possible laser fluence.8 Never-
theless, we have observed that the Raman cross section
fers for silicon and carbon atoms limiting the quantitati
aspect of the measurements. This is emphasized for S
spectroscopy.

III. RESULTS

A. Heterofullerenes: A brief overview

The fullerene structure is an alternative way to the c
ventional tetrahedral structure observed in bulk phase
small covalent clusters, the surface atoms provide unpa
electrons that destabilize the network. As a result, a sur
reconstruction occurs leading to a minimization of the
called surface-to-volume ratio~i.e., close to the sphere!
and/or a so-called ‘‘rehybridization’’ effect. This is well il
lustrated in the C60 fullerene with its spherical shape and i
mean hybridization (sp2.3) intermediate between graphit
(sp2) and diamond (sp3). Another way is the saturation o
the dangling bonds by hydrogen. This latter case correspo
to the a-SixC12x :H samples prepared by rf sputtering
chemical vapor deposition. In our case, our samples
hydrogen-free.27 The signature of the heterofullerenes h
been recognized by the careful analysis of the abunda
distribution and photofragmentation spectra. Figure 3 d
plays four narrow windows corresponding to the size dis
12532
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butions of SixC12x clusters deposited onto silver thin film
with x̄50, x̄50.12, x̄50.5, andx̄51, respectively. We re-
member that for small clusters, the statistic combinat
leads to a spread of compositions (DxÞ0). Figure 3~a! ( x̄
50) shows pure-carbon clusters. The fullerene signatur
partially recognizable by their parity: all the clusters have
even number of atoms. The selected window ranges betw
C62 and C78 ~the whole size distribution is depicted in Fig. 1!.
We have depicted three different heterofullerenes rang
from C622qSiq to C782qSiq with q50, 1, and 2, respectively
Upper values ofq are possible but cannot be directly o
served in the mass-abundance spectra owing to the m
overlapping~for q53, C57Si3 coincides with C64, for ex-
ample!. For comparison, Figs. 3~c! and 3~d! display SixC12x
clusters with a mean stoichiometryx̄50.5 and pure silicon

FIG. 3. Details of the mass-abundance spectra for different
ichiometries.~a! Distribution corresponding to silicon-free carbo
clusters.~b! Displays SixC12x clusters with the mean stoichiometr
x50.12; the symbol q50 corresponds to the pure carbo
fullerenes,q51 displays the fullerenes having one silicon ato
q52 displays fullerenes having two silicon atoms, respective
The periodicity is 8 amu.~c! Displays SixC12x clusters with the
mean stoichiometryx50.5, each peak corresponds to the statis
combination between the carbon and silicon isotopes; a fine an
sis reveals a 4 amu~Ref. 8! periodicity according to a Poissonia
law. ~d! Distribution corresponding to carbon-free silicon cluster
1-3
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P. MÉLINON et al. PHYSICAL REVIEW B 65 125321
clusters (x̄51), respectively. Forx̄50.5, all the combina-
tions between silicon and carbon atoms~with their own iso-
topes! give rise to a great number of peaks leading to a
amu periodicity. For the heterofullerenes, the periodicity
the peaks is 8 amu@see Fig. 3~b!#. It has been established th
such periodicity characterizes mixed Si-C clusters hav
even number of atoms as observed in pure fullerenes.20 Since
we deposit the whole size distribution, we are not able
characterize one selected heterofullerene. The observed
tures in our films arise from a collection of heterofulleren
with various sizes and compositions.

For instance, we illustrate the features of the hete
fullerenes through C58Si2 and C59Si. The details for the cal-
culation are given in Ref. 19. Figure 4~a! shows the symbolic
ball-and-stick representation of meta-C58Si2 ~left panel! and
para-C58Si2 ~right panel!. Figures 4~b! and 4~c! display the
theoretical valence-charge density for the highest occup
molecular-orbital ~HOMO! and lowest unoccupied
molecular-orbital ~LUMO! states, respectively. In meta
C58Si2, the creation of Si pairs involves a stabilizing ener
with respect to a pure isolated dangling bond~see Fig. 4~b!,
left panel!. The metaconfiguration is significantly mor
stable~0.76 eV! than the orthoconfiguration.19 This ‘‘rehy-
bridization’’ will be a signature of the heterofullerenes~with
two silicon atoms or more! and differs significantly from the
classical SiC phase. In addition, the dihedral angle betw
silicon and carbon atomsups is close to that observed in a
sp3 lattice (109°,47). This occurs since the dihedral ang
in the C60 parent (ups5102°) lies between that in thesp3

lattice and that observed in a threefoldsp2 (ups590°) lat-
tice @see Fig. 4~a!#. This explains the protuberance formed
the silicon at the surface of the fullerene sphere. For C59Si,
energy-level calculation shows the appearance of two lo

FIG. 4. ~a! Symbolic ball-and-stick representation of met
C58Si2 ~right panel! and para-C58Si2 ~left panel!. Theoretical
valence-charge density for HOMO~b! and LUMO ~c! states in both
C58Si2 isomers are also shown. We clearly see that lone orbitals
partially paired in meta-C58Si2. The details of the calculations ar
given in Ref. 19.
12532
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ized states~one donor and one acceptor! into the primitive
band gap of the C60 parent fullerene.19 This ensures that sili-
con provides a destabilization energy with respect on
pure C60 fullerene parent. All these features suggest that
silicon lone orbital offers all the characteristics of a dangli
bond as observed in amorphous silicon. Although such h
erofullerenes are stable enough to accommodate up to
silicon atoms, above this critical number, it has be
suggested20 that heterofullerenes undergo a phase transit
towards more conventional SiC lattices derived from t
crystalline form. Besides, the polarization of the Si-C bon
favors the chemical ordering insp3 SiC compounds while
Si-Si pairing in heterofullerenes suggests a trend towa
silicon ‘‘clustering.’’19

B. XPS measurements

The stoichiometry of the film is obtained by comparis
of the yield ratio for Si 2p, C 1s, and O 1s core-level lines,
respectively.28 The atomic oxygen deduced from the rat
between Si 2p and O 1s after correction is less than 4%, no
so far from the residual value observed in the silver thin fi
before deposition. In addition, a very weak oxygen comp
nent is observed in AES~Fig. 2!. The experimental core lev
els are reported in Table I. The position of the O 1s line
corresponds to that observed in CO or hydrocarbon m
ecules. The O 1s yield is low enough to neglect the oxyge
role in the carbon line analysis. As regards the stoichiome
we find x̄50.1260.03 close to the initial concentration i
the rod (x50.12). Figure 5~a! shows the Si 2p core-level
line observed in the SixC12x film. This line is located above
Si 2p in Si-2 and beneath that in 2H-SiC. Though the cha
transferDE between silicon and one oxygen atom is simi
to the transfer between silicon and carbon (SiC,DE
51.5 eV; Si-O2 ,DE53.4 eV), we expect that the presen
of some oxygen pulls up the core-level line at higher ener
The Si 2p core-level line observed in our film could b
slightly overestimated. Figure 5~b! displays the C 1s core-
level line observed in the Si0.12C0.88 film. The line is beneath

re

TABLE I. Core-level and electron-excited Auger lines for sil
con (Si2p ,LVV) and carbon (C 1s,KLL) observed in various
samples. For the sample labeled II we indicate the two contributi
after deconvolution.

Sample Si 2p
core-level
line ~eV!

Si LVV
line ~eV!

C 1s
core-level
line ~eV!

C KLL
line ~eV!

Si-2 99.8 91.3
2H-SiC 101.3 87.5 283.2 271.6
SiO 101.6
SiO2 103.2 78
Si0.12C0.88 ~I! 100.6 86.7 284.9 268.0
Si0.12C0.88 ~II ! 60% 100.6 84.7 284.9 267.5

40% 101.5
Si0.12C0.88 ~III ! 101.5 81.2 284.7 266.4
HOPG 284.8 268.8
C60 film 284.8 268.0
1-4
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that in SiC 2H-4 and just coincides with the threefold hybr
ized carbon~HOPG! and C60 film. Besides, it has been foun
that the C 1s core-level line in the fourfold lattice (C 1s
5284 eV in diamond phase! lies between graphite and sil
con carbide.29 The Si 2p and C 1s core-level shifts are also
reported ina-SiC and30,31 a-SiC:H in the carbon-rich region
This result is not adequate for a definitive conclusion.
need additional information derived from Auger spectra.

C. Auger spectroscopy

Figure 6~a! displays the siliconLVV lines observed in
Si-2, SiC 2H-4, and Si0.12C0.88, respectively. It is well known
that the Auger shift is enhanced compared to those obse
by XPS. This occurs owing to the strong extra-atomic rel
ation effects in the Auger process. The main band obser

FIG. 5. ~a! Si 2p core-level lines observed in Si-2, 2H-SiC, an
Si0.12C0.88, respectively. ~b! C 1s core-level lines observed in
HOPG, 2H-SiC C60 film, and Si0.12C0.88, respectively. The arrow
labeleda shows a shoulder attributed to the hydrocarbon conta
nation.

FIG. 6. ~a! Derivative SiLVV Auger signal observed in Si-2
2H-SiC, and Si0.12C0.88, respectively.~b! Derivative CKLL Auger
signal in 2H-SiC, HOPG, C60 film, and Si0.12C0.88, respec-
tively. The arrow labeled s shows the shoulder attributed to thp
component.
12532
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in our sample (E586.7 eV) is slightly shifted as compare
to SiC 2H-4~E587.5 eV! and significantly differs from that
observed in Si-2~E591.3 eV!. This result is surprising
since in a silicon compound, an increasing of the Si 2p core-
level shift in XPS~binding energy! must be correlated to a
decrease in energy~kinetic energy, KE! of the main SiLVV
Auger band. In our experience, we clearly see that Si 2p in
the cluster film is located beneath the position of Si 2p in
2H-SiC. If the chemical shift and the extra-atomic relaxati
were equivalent in both materials, the SiLVV band in our
cluster film should be located at higher KE with respect
2H-SiC. The opposite case is observed that corroborates
assumption of a ‘‘different’’ Si-C environment in our cluste
film. The Auger fine structure located at lower energy w
respect to the main band is close to those observed insp3

hybridized silicon compounds. This is also consistent wit
sp3 silicon bonding as predicted in heterofullerenes. One
to remember thatsp2 hybridization is associated to a shou
der as observed in C 1s in graphite.29 This shoulder is par-
tially due to the contribution of the self-convolution of thep
component in the electron density of states~DOS!. Figure
6~b! displays the carbonKLL lines observed in 2H-SiC
HOPG, C60 film, and SixC12x , respectively. TheKLL line in
our cluster film presents some striking similarities with th
in pure C60 film32 even for the satellite peaks at low energ
~especially the shoulder labeleds mentioned above!. This
shoulder, that indicates ‘‘graphite,’’ is less pronounced
both the SixC12x cluster film and the C60 film than in HOPG.
This indicates that pure C60 fullerenes and heterofullerene
have ap-s hybridization.

D. Electron energy loss spectroscopyÕ ESCALOSS

Since plasma peaks are related to the free-electron de
in the film, we probe mainly the coordinance and/or the ty
of bonding. Figure 7 displays plasma bands observed n
the Si 2p region ~electron spectroscopy for chemical anal
sis loss, ESCALOSS! and the plasma losses directly o
served by electron-energy-loss spectroscopy. We take the
gin of the energy (E50 eV) from the Si 2p main core-level

i-

FIG. 7. Si 2p core-level lines and satellite peaks correspond
to the plasma losses observed in Si-2, 2H-SiC, and Si0.12C0.88, re-
spectively. Plasma losses near the elastic electron-scattering s
observed in Si-2, 2H-SiC, and Si0.12C0.88, respectively, are also
displayed.
1-5
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P. MÉLINON et al. PHYSICAL REVIEW B 65 125321
line in order to eliminate the contribution of the core-lev
shift. Such a procedure gives us the plasma shift. In
SixC12x sample, the main plasma peak appears near 21
This peak can be compared to those observed in 2H-
~22.4 eV!, HOPG ~27 eV!, and C60 film ~27 eV!. The low
value ~21 eV! is mainly attributed to the low film density
This has been also reported in films formed by the deposi
of free carbon clusters~i.e.,x50! with a mean cluster size o
aroundN560 atoms@see Fig. 2~a!#.33 The main band nea
21 eV can be compared to thep-s transition by reference to
graphite. In addition, a weak but reliable band located at
eV in our SixC12x sample~only observed in the EELS spec
trum! is assigned top-p* transition by reference with the
graphite. Of course, this transition is not observed in 2H-S
since all electrons are assigned tos bonding.

IV. REACTIVITY

Finally, the type and the nature of the bonding can
readily probed through the reactivity between silicon a
another atom, such as oxygen. For this purpose, we introd
oxygen into our apparatus~about 200 Torr!. Figure 8 dis-
plays the evolution of the Si 2p @Fig. 8~a!# @C 1s Fig. 8~c!#
lines as a function of the exposure time@oxygen-free~labeled
I!, 108 ~i.e., 100s) ~labeled II! and 1012 ~i.e., 15 days! ~la-
beled III!# (1L51026 Torrs!. Roughly speaking, Si 2p
binding energy increases with the exposure time. The shi
correlated with the increase in the O1s line yield. These
effects are related to the silicon oxidation under oxygen
posure. We notice that the final position of the Si 2p line
remains unchanged after 1012 L. The core-level shift~re-
ferred to pure silicon Si-2! in SiO2(DE53.4 eV) appears
roughly at twice that in the sample labeled III (DE
51.7 eV). Our value~sample III! is close to that measure
in the SiO compound~Aldrich Company!. All the observed
lines are summarized in Table I. Contrary to silicon, the c
bon line does not change significantly under oxygen ex
sure@see Table I and Fig. 8~c!#. A careful analysis shows tha
Si 2p core-level lines can be decomposed with two m
lines located at 100.6 eV and 101.5 eV, respectively~Fig. 9!.
Prior to oxidation~sample I!, the Si 2p line is well fitted by
a line at 100.6 eV corresponding to our experimental data
Si-C bonding in the cluster film@Fig. 9~a!#. A careful analy-
sis reveals two shoulders located at 99 eV and 103 eV,
spectively. These satellite lines could be assigned to w
components corresponding to Si-Si~99.8 eV! and Si-O bond-
ing in SiO2 ~103.4 eV!. The Si-O bonding will be assigned t
the native oxidation in the film as observed in the XPS s
vey ~see Fig. 2!. This native oxidation is located at the su
face of the cluster film and partially disappears after ion et
ing in the dual XPS/AES apparatus. The sample labeled
@Fig. 9~c!# presents a shape asymmetry with a large shou
at low-energy~99–100 eV!. The spectrum can be modele
with one line located at 101.5 eV and a weak contribution
the region of 99–100 eV corresponding to Si-Si and/or S
bonding. Since the Si 2p spectrum remains unchanged wi
oxygen exposure, we believe that all the dangling bonds
satisfied with a Si-O bonding. It is interesting to note that
Si-O bonding is close to that in our SiO bulk sample rath
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than that observed in SiO2. The sample labeled II@Fig. 9~b!#
displays an intermediate case and could be decomposed
both the main lines observed in the samples I and III, resp
tively. In addition, two shoulders corresponding to Si-Si a
Si-O bonding in SiO2 are also observed. A plausible inte
pretation is the following one: since the clusters are not b
from tetrahedral bricks, it is not possible to build up a Si-O4
cell as observed in SiO2. This effect has been also observe
in pure silicon clusters.26 The oxidation state correspondin
to the label III is different from that observed by Ibrahi
et al.34 These authors studied the photo-oxidation
a-Si:C:H samples and found that interstitial oxygen did n
appear bonded to silicon. Since our samples are hydrog

FIG. 8. ~a! Displays the Si 2p core-level lines in our cluster film
after oxygen exposure in I~free sample!, II ~i.e., 100 s!, and III ~i.e.,
15 days!. For comparison, we have displayed other referen
samples, namely, Si-2, 2H-SiC, and SiO2. ~b! displays the SiLVV
derivative Auger lines in our cluster films after oxygen exposure
I ~free sample!, II ~i.e., 100 s!, and III ~i.e., 15 days!. We have also
displayed other reference samples, namely, Si-2, 2H-SiC, and S2.
~c! displays the C 1s core-level lines in our cluster film after oxy
gen exposure in I~free sample!, II ~i.e., 100 s!, and III ~i.e., 15
days!. We have also displayed other reference samples, nam
2H-SiC and HOPG.~d! displays the CKLL derivative Auger lines
in our cluster film after oxygen exposure in I~free sample!, II ~i.e.,
100 s!, and III ~i.e., 15 days!. We have also displayed 2H-SiC an
HOPG lines.
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FIG. 9. Si 2p core-level lines
at high resolution for Si0.12C0.88

labeled I, II, and III, respectively.
The deconvolution of the spectr
is shown with the residual signa
~dashed lines!.
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free, the dangling bonds can be satisfied by oxygen bridg
The oxidation can be also observed in the SiLVV Auger
spectra@Fig. 8~b!# since the extra-atomic relaxation energi
between silicon and oxygen are significantly enhanced w
respect to carbon. Prior to oxidation, the SiLVV Auger spec-
trum present some similarities with those in 2H-SiC@Fig.
8~b!# except the position of the main line~86.7 eV and 87.5
eV for SixC12x-cluster film and 2H-SiC, respectively!. After
oxygen exposure, the behavior of the Auger peak a
changes drastically. Finally, the Auger features are clos
those observed in the SiO2 sample. Nevertheless, the ma
line observed in the cluster film after oxidation~sample III!
is located at higher energy~81.2 eV! than that in the SiO2
sample~78 eV!. This result suggests that the oxidation is n
complete (Si-Ox ,x,2), in agreement with the XPS result
Figure 8~d! displays the CKLL line as a function of the time
of exposure. We see that the Auger spectra remain simila
agreement with the XPS data.

V. RAMAN SCATTERING SPECTROMETRY STUDIES

SiC bonding is often probed by Raman spectroscopy s
vibrational modes and electronic structure are strongly c
related together. At low laser fluence (P,1 mW), no notice-
able signal is observed in the cluster film Raman spect
near the 500–1000 cm21 region corresponding to the pho
non DOS for SiC compounds. However, the Raman sig
appears clearly~Fig. 10! by increasing the laser power up
10 mW ~the laser spot diameter on the sample is ab
2 –4 mm). This signal is attributed to the phototransform
tion of the clusters under laser irradiation35 leading to a dark-
ening of the irradiated area. The spectrum reported in Fig
corresponds to a steady state~at 10 mW!, where the spec-
trum remains stable under irradiation. After irreversib
transformation, three main regions are identified on the sp
trum. The region at high energy can be associated t
‘‘graphitization’’ effect. The amorphous carbon phase form
in this case is responsible of the two bands36 labeledG ~near
1580 cm21) andD ~disorder! near 1300 cm21. We also ob-
serve some bands at 766–815 and 965 cm21 that character-
ize Si-C vibrational modes. Such bonds appear under l
irradiation and suggest that heterofullerenes are metast
This is not surprising since pure carbon fullerenes (C60, C70!
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are also affected and polymerize under laser irradiation
our case, the polymerization process can be strongly favo
by silicon atoms with their lone orbitals. Two peaks labeleda
andb in Fig. 10 are not assigned. This suggests the remi
cence of the Si-C vibrational modes in the surviving het
ofullerenes prior to phototransformation. Moreover, a bro
band located down to 450 cm21 is the signature of Si-O-S
vibrational mode in SiOx compounds (0,x,2) and/or in Si
clusters. The presence of a Si clustering is surprising an
not reported from XPS and AES measurements. This s
gests that the phototransformation could promote a cluste
effect ~XPS spectra were recorded without phototransform
tion!. Moreover, we keep in mind that SERS spectrosco
strongly enhances the Si-Si contribution with respect to C
and/or Si-C ones. At last, 766–815 cm21 and 965 cm21

peaks can be compared with the Raman allowed peaks37 in
the 2H-SiC crystal~see Fig. 10!. The correlation between
these modes and those observed in our sample is outli
The sharpness of the bands after phototransformation
ports the idea of a well-ordered SiC region in our clus

FIG. 10. Raman spectrum of the cluster film after laser irrad
tion. The 2H-SiC allowed lines and their symmetries are also
ported for comparison.a andb arrows show unassigned bands. A
the onset of the irradiation, no significant signal is observed on
cluster film.
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films. These bands are largely independent of the polar
tion configuration as observed38 in porous SiC.

VI. DISCUSSION

In summary, the hypothesis of a carbon tetrahedral st
ture is not consistent with AugerKLL carbon features and
plasma losses. Nevertheless, the charge transfer shows
carbon atoms surround silicon. Since the observed ch
transfer is less effective than in SiC bulk, we expect t
silicon is weakly bound in heterofullerenes. This assumpt
will be discussed now. The striking differences between
sample and 2H-SiC are the following:~i! Si 2p in our
sample lies between those observed in Si-2 and 2H-SiC
spectively.~ii ! The Auger SiLVV line appears at lower en
ergy than that observed in 2H-SiC.~iii ! The fine structure is
close to those observed insp3 silicon compounds.~iv!
Plasma losses appear at lower energy with respect to 2H-
Features~i! and ~ii ! are the more intriguing. In most of th
silicon compounds, the core-level shiftsDEchem deduced
from XPS are well correlated to those observed in Au
transitions. We remember that the chemical core-level s
DEchem is usually obtained after summing two terms: t
shift of the core level of a solid-state atom as compared
free atomDEini and the polarizationDEf in due to the core-
hole screening effect after relaxation.DEini can be estimated
in tetrahedrally bonded materials characterized by an io
covalent bonding.39 However, it is difficult to calculate such
values in our cluster films. Nevertheless, using the dielect
model picture, we can estimate40 the extra-atomic relaxation
energyDEf in ,

DEf in5~121/e0!
e2

2de f f
, ~1!

wherede f f is a parameter that depends on the bulk plas
frequencyvp and the Thomas-Fermi wave vector of valen
electronsqTF , ande0 is the static dielectric constant. Assum
ing thatde f f varies slowly, one gets a value for the variatio
of the extra-atomic relaxation energyDEf in ,

dEf in5DEf in(SiC)2DEf in(clust) . ~2!

This formula holds as long as dynamical effects~when the
polarization of the electron cloud will not be complete! in the
mechanism of relaxation can be neglected. For exampl
has been found that dispersion minimizes the part of
relaxation energy in the total core-level shift for SiO2
compound.41,42 Since the silicon is surrounded by carbon
oms, the relaxation will be correlated to the relaxation ene
of the carbon lattice. We take the value for the fulleren43

(e0(C60)54.3) rather than the graphite (e0(HOPG)512) or

diamond phase44 (e0(diamond)55.7). Besides,e054.3 ranges
inside the values frequently observed in amorphous car
films with the same plasma frequencies. The shift betw
2H-SiC (e0(SiC)56.7) and the film becomes44

dEf in52~1/e0(SiC)21/e0(C60)
!

e2

2de f f
, ~3!
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dEf in50.04
e2

de f f
. ~4!

This calculation holds for silicon atom withde f f
50.74 Å,dEf in50.6 eV. It indicates that the Si 2p line in
our film would lie at 0.6 eV above that in 2H-SiC assumin
the same type of bonding~i.e., the same charge transfer!.
Since the Si 2p line in our cluster film is located beneath th
in 2H-SiC, the bonding is then different. The contribution
the initial state is more difficult to estimate. Taking our e
perimental data and Eq.~4! together,

dEini5ESiC(2p)2Eclust(2p)1dEf in51.3 eV. ~5!

Even though this value is overestimated, such an equa
indicates a large decrease of the chemical bonding in our
with respect on the bulk 2H-SiC.Eini increases as long as th
ionicity ~i.e., the electron transfer! increases. This is empha
sized in silicon since the ionization of a free Si atom pr
motes a 9.4-eV shift of the 2p level to deeper energy. A
small charge transfer in the cluster film can be related to
lone orbitals for silicon atoms inside the heterofullerenes
explains the larger Auger shift. As pointed out in the liter
ture, the Auger parameter45,46 ~AP! A is a common way for
determining the change in the extra-atomic relaxation. In
sudden approximation, the chemical shift in the Auger p
rameter is equivalent to twice the difference in dynam
extra-atomic relaxation energies of an atom in different
vironments. For silicon, one gets

A(clust)5Eclust(LVV)2Eclust(2p)52DEf in(clust) , ~6!

A(SiC)5ESiC(LVV)2ESiC(2p)52DEf in(SiC) . ~7!

One also defines

dA~SiC-clust!5A~SiC!2A~clust!52dEf in . ~8!

~The first bracket on the left-hand side of the equation
relevant to the Auger transition and the second on the rig
hand side to the XPS core level.! Such a procedure improve
the accuracy of the difference determination and reduces
systematic errors in theA determination. TheA gives
accurate46 Ef in from the analysis of the both Si 2p andKLL
transitions. Unfortunately, the too weakKLL signal-to-noise
ratio discards its determination. However, we can estimate
Auger parameter by analyzing theLVV transition. We as-
sume that theA shift determined from theLVV transition is
proportional to that defined fromKLL. Table II reports the
measuredA shifts compared to other reference states. Fr
Eq. ~8! dASiC-clust51.5 eV, which is consistent with the pre
diction given by Eq.~4!. Although, the Auger process em
phasizes the role of the screening~there are two holes! with
respect to the photoemission~with one hole!, the total level
shift is higher in the Auger spectrum.

Such a procedure can be also extended to the carbon l

A(clust)5Eclust(KLL)2Eclust(1s) , ~9!

A(HOPG)5EHOPG(KLL)2EHOPG(1s) , ~10!
1-8
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A(SiC)5ESiC(KLL)2ESiC(1s) . ~11!

For carbon, we take HOPG as reference besides the d
culty to measure accurately both the C 1s and theKLL tran-
sitions in the carbon-diamond phase. One gets~see Table II!
dAHOPG-clust50.7 eV, dAHOPG-C60

50.8 eV, and

dAHOPG-SiC521.2 eV. The Auger parameter in our film
~552.9 eV! is far from that observed in 2H-SiC~554.8 eV!
and differs slightly~0.7 eV! from that observed in HOPG
~553.6 eV!. ThedA difference between the SixC12x film and
the C60 film is negligible. This suggests that carbon in het
ofullerenes presents all the features observed in C60 while
silicon plays a minor role and does not affect significan
the host matrix.

Now, let us examine the oxidation process.DA increases
strongly (DA51.5 eV, 3.1 eV, and 6.1 eV for samples l
beled I, II, and III, respectively!. This indicates a decrease o
the screening and a large chemical shift as observed in
con oxides. The screening collapse is clearly emphasize
Eq. ~11! since the dielectric constant in SiO2 (e0(SiO2)

52.7) is lower than in SiC (e0(SiC)56.7). In the Penn
model, it holds

TABLE II. Auger parameters defined for each sample.

Sample A(Si)5Si 2p1LVV A(Si)5A(Si-2) A(C)

Si-2 191.1 0
2H-SiC 188.8 2.3 554.8
Si0.12C0.88 ~I! 187.3 3.8 552.9
Si0.12C0.88 ~II ! 185.7 5.4 552.9
Si0.12C0.88 ~III ! 182.7 8.4 551.1
SiO2 181.2 10
HOPG 553.6
C60 film 552.8
.

J

v.

e

al

tt
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e0511~\vp
2/Eg! ~12!

holds, wherevp and Eg are the plasma frequency and th
Penn gap, respectively. Since the plasma frequency does
vary significantly, the Penn gap increases with the oxidati
It is well known that the Penn gap increases with the cha
transfer,47 for example, if the sole electron~i.e., the dangling
bond! makes up a bonding with oxygen.

VII. CONCLUSION

Nonstoichiometric Si0.12C0.88 films elaborated by
SiqC2n2q heterofullerene deposition exhibit electronic pro
erties different from those observed in the SiC bulk pha
This SiC bonding is less stable than tetrahedralsp3 bonding
in the bulk phase. All the observed features can be mode
assuming a silicon atom surrounded by three carbon ato
The sole electron plays the role of a dangling bond and
be easily bound to oxygen. Such behavior is in agreem
with the structure predicted for the heterofullerenes. T
type of bond might be observed by the extended x-r
absorption fine structure~EXAFS! method performed on S
K edge. The correlation between local structural informat
and electronic structure will be discussed in a forthcom
paper. Besides, such heterofullerenes seem to be prom
for building new materials. The so-called rehybridizatio
which characterizes the heterofullerenes, modifies the na
of the dangling bonds. The electron-spin-resonance met
would be a powerful technique for this purpose.
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