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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-carbqiCSi, (x=0.12) films prepared from free
silicon-doped fullerenegheterofullerenesdeposited 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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[. INTRODUCTION and Si-C-rich regions, respectively. More recently, we have
prepared thin films from the deposition of SiC hetero-
SiC crystalline phases have been extensively studied owullerenes. Fullererfestructure can be looked upon as an
ing to their wide band gapsin all SiC polytypes, the lattice alternative route with respect &p?- or sp*-hybridized lat-
is formed by a periodic arrangementsyi® tetrahedral bond-  tices. Fullerenelike structures are commonly reported for car-
ing silicon and carbon atoms with a perfect chemical orderbon, expected in silicoi™* and currently observed in
ing. Amorphous silicon carbidesa{Si,C, :H) have been SkCi—x (with x<0.5) compound$®~?° SiqC,,_q hetero-
also under research. These films are currently obtained by tHellerenes with 21=32-100 andq<12 are obtained by a
radio-frequencyrf) glow-dischargétechnique or by plasma- substitutional doping of carbon with silicon. For example,
enhanced chemical-vapor depositiorsuch films have a SixCsg heterofullerene is derived from thes&parent where
large hydrogen content as observed in a-Si:H and are more &0 carbon atoms are replaced by silicon atoms. This paper
less described in terms of tetrahedral environmenCSi,  deals with the electronic properties of ;Sj, , hetero-
compounds withx 0.5 are more complex and still debated fullerenes probed by Auger electron spectroscOp¥S),
since topological and compositional disorders introduce boti¢lectron energy loss spectroscofsELS), x-ray photoelec-
the homonuclear and the heteronuclear bonds. The tendendn spectroscopyXPS), and Raman spectroscopy. The elec-
of chemical ordering into asp® network prevails in Si-rich ~ tronic structure is compared to those observed in silicon and
films; conversely, the disorder increases in C-rich fifris. ~ silicon carbide crystals.
an earlier work, Mui and Smiftdiscussed the compositional
diSOfd_er ir_1 terms of chemical ordering. Assuming a &f Il EXPERIMENT
hybridization, these authors calculated the occurrence of
both the homonuclear and the heteronuclear bonds in three Silicon-carbon mixed clusters are formed in a standard
models, namely, nonchemical ordering, chemical orderindaser-vaporization source. Further information is given in an
with phase separation, and chemical ordering with homogeearlier papef® Briefly, a Nd:YAG (yttrium aluminum garnet
neous dispersion. More recently, Finocatial® reported laser operating at 532 nm creates a plasma frony@;Sic
molecular-dynamics calculations performed in a SiC smalimixed target k=0.12). The mean stoichiometryis defined
cluster. They found a spread of the bonding type with a larges the percentage of silicon in the target. We use composite
homonuclear bond and a multiple hybridization. Converselyrods processed by binding silicon and graphite powders in
Monte Carlo calculatiorfgperformed on amorphous stoichio- various proportions. The quenching of the plasma by a
metric SiC gives rise to an ordering trend. In a previouspulsed high-pressure helium burst ensures the cluster growth
work, we studied SC;_, films with x=0.5 produced by inthe chamber. The quenched plasma undergoes an adiabatic
low-energy cluster-beam depositidchECBD).® Thin films  expansion through a nozzle giving a well-collimated beam
were obtained by the deposition of preformed neutral clusformed by the mixing between clusters and helium. This ge-
ters produced in a laser-vaporization source. The growtlometry permits spectroscopic studies as well as the deposi-
mechanism is more or less described in terms of ballistidcion of neutral free clusters far from the laser source. During
deposition where clusters are randomly distributed on théhe expansion, the cluster-growth process is controlled by a
surface without noticeable rearrangement. The films are therandom stacking of Si and C atoms wikIproportion. Owing
nanostructured with a partial chemical ordering. Three typeso the statistic proceds Poissonian lay each cluster has a
of bonding were identified corresponding to Si-Si-, C-C-,composition that differs from the initiat value. Neverthe-
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FIG. 1. Whole size distribution for (C,_)n ionized clusters. 100 200 300 400 500 600

The arrows indicate the window depicted in Fig. 3. The main num- eV

ber of atomsN is about ten. ) )
FIG. 2. Auger and XPS surveys showing the relative low con-

less, it is easy to demonstrate that the stoichiometry of eactentration of oxygen. Despite the porous structure, the deposited
individual free cluster SC,_ is nearly equal toc as far as  film thickness is large enough to avoid the silver signal contribu-
the number of atoms inside the cluster becomes more thaion. We do not observe the Agd3contribution at 368.3 eV.

ten. In addition, the mean stoichiometry of the film deduced

from XPS (x=0.12+0.03) and Rutherford backscattering ejected electron is measured with the same analfzgin-
spectroscopy just coincides with the target one. We expedairic mirror analyzer operating at the same pass energy. This
that the large spreafix=x—x for the smallest sizes do not procedure ensures the best calibration in energy. We use XPS
play a role for all the measurements mentioned below. Nevand AES together for determining the Auger parameter. This
ertheless, we must keep in mind that all the features argiethod raises the difference in charging effect, which results
relevant to a “mean” effect and could not be related to thefrom incident x rays, versus electrons. Even though we can-
properties of a particular heterofullerene. Prior to depositionpot eliminate this dilemma, we checked on various metallic
the cluster-size distribution is measured in a high-resolutioror insulator samples that the accuracy is better than 0.5 eV.
time-of-flight spectrometer equipped with a reflectron de-Unfortunately, the silicon part in our films is too weak to
vice. Neutral clusters are photoionized by a pulsed Ar:F exobserve a good signal-to-noise ratio on kL transition.
cimer laser with 6.4 eV photon energy. Figure 1 displays thelhus, we have analyzed the main transition corresponding to
mass-size distribution of the &, _, clusters? If the neutral  the LVV transition. During analysis, we have simultaneously
clusters have a low kinetic energy, the films grow following probed the oxygelLL transition(see Fig. 2 All the ana-

a simple ballistic model. They are nanostructéfedith a  lyzed regions(100 nm up to 1Qum) do not reveal signifi-
high degree of porosity and can be compared to a “nanoeant oxygen. Prior to deposition, the vacuum was down to
sponge” where the “elemental block” is the supported clus-3x 108 Pa. During the cluster deposition, the residual pres-
ter itself. Contrary to the films partially crystallized, preparedsure increases up tox2l0~’ Pa mainly due to the residual

by laser desorptioff the LECBD technique gives rise to buffer helium gas. The partial pressure of each component is
amorphouslike film$&?2 For all the experiments, the substratesmeasured by a gas analyz@dIDEN analytica). The re-

are maintained at room temperature. Contrary to other mettsidual pressure due to the reactive components such as
ods, the nature and the temperature of the substrate are nofa,CO,H,0,CO, was less than I0® Pa. Once the cluster
salient parameter for the film growth since the nucleation idilm was done, the cluster beam is stopped and the residual
totally achieved prior to deposition. Neutral clusters are devacuum becomes comparable to that observed prior deposi-
posited in an ultrahigh vacuum chambex3x10 8 Pa) tion. The equivalent film thickness measured by a quartz
and then transferreth situ in a microprobe of dual XPS/ balance monitor is about 50 nm and corresponds roughly to
Auger CAMECA Nanoscan 100 type. XPS is performed us-the stacking of 50—100 cluster monolayers. Owing to the
ing AlIKa x ray (1486.6 eV with a photoelectron energy porosity due to the nanogranular texture, the true thickness
resolution fixed at 1 eV. For AES and EELS, the primarydoes not correspond to the equivalent thickness deduced
electron energy is fixed at 2 kedeam current 5 nA Since  from the quartz balance. The true thickness is measured from
the morphology of the film is nanogranular, the roughnesfRutherford backscattering spectroscopy and Talystep mea-
plays an important role for Auger spectroscopy. We use asurements and is increased by about a factor of 20—-30 %
Auger microprobe operating at different magnificati¢h60  compared to the equivalent thickness. For XPS/AES mea-
nm up to 10um spot diameter We do not observe any surements, the substrate is a silicon wafell) coated by a
significant effect in the position and the shape of the Augethick silver film (200 nm) previously evaporateih situ. This
peaks versus the magnification. This supposes that the chartipickness is large enough to prevent any contribution of the
ing effect is low. In both the XPS and AES, the energy of theSi wafer during all the studies reported in this paper. Such a
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procedure presents some advantages: a limitation of the
charging effect, a good calibratith (the Aggsp
=368.3 eV is taken as referencend a low oxygen con-
tamination on the substraighe residual atomic oxygen is
less thand%). Since the mean free path in the XPS/AES
experiment is less than 2-5 nm, we expect that the signal
arises from the top layer. In this paper, we report a high
concentration of carbon (88%).e., 12% of silicon in the
initial rod. This concentration is the best compromise be-
tween a significant silicon signal and a good yield for the
heterofullerene production. Our sample is compared with
other reference samples, namely a silicon wgféd) labeled
Si-2, a SiQ quartz, a G film obtained by the deposition of
(Cso)n Clusters N>2), and a wurtzite silicon carbidéa-
beled 2H-SiG. Prior to the experiments, Si-2 and 2H-SiC are
chemically cleaned using methanol, water, and HF &tld.
addition, the core carbon lines are also compared with that of
freshly cleaved highly oriented pyrolytic graphitel OPG.
Raman-spectrometry measurements are performed at room
temperature using a DILORXY confocal micro-Raman
spectrometer. The heterofullerenes are deposited onto a
2-mm-thick cleaved lithium fluoridéLiF) substrate and then
coatedin situwith a 100-nm-thin silver filnf® The thickness
of the deposited SC;_, film is about 50 nm. Such sample
geometry allows a Raman measurement through the highly
transparent LiF substrate, the silver film deposited over the
heterofullerene film acting as a protection barrier towards
oxygen. Raman spectra are excited in the direction normal to
the sample using the 514.5-nm line of an*Alaser. The
scattered light is also collected in the direction normal to the
sample. The interface between the silver coating and the het- T ST e
erofullerene film is at the origin of a “surface-enhanced Ra- atomic mass units
man scattering(SERS effect very convenient for analyzing
our samples with the lowest possible laser flughbeever- . . T . -
theless. we have observed that the Raman cross section dﬁ;_t]lometrles.(a) Dlstrlputlon correspon@mg to S|I|con-fr.ee. carbon
b Lo S &Iusters.(b) Displays SjC, _ clusters with the mean stoichiometry
fers for silicon and carbon atoms limiting the quantitative, _ g 15. the symbolg=0 corresponds to the pure carbon

aspect of the measurements. This is emphasized for SERélerenes,q=1 displays the fullerenes having one silicon atom,
spectroscopy. q=2 displays fullerenes having two silicon atoms, respectively.
The periodicity is 8 amu(c) Displays SjC;_, clusters with the
Ill. RESULTS mean stoichiometrx=0.5, each peak corresponds to the statistic
combination between the carbon and silicon isotopes; a fine analy-
sis revead a 4 amu(Ref. 8 periodicity according to a Poissonian
The fullerene structure is an alternative way to the condaw. (d) Distribution corresponding to carbon-free silicon clusters.
ventional tetrahedral structure observed in bulk phase. In
small covalent clusters, the surface atoms provide unpairedutions of S{C,_, clusters deposited onto silver thin film
electrons that destabilize the network. As a result, a surfaceith x=0, x=0.12,x=0.5, andx=1, respectively. We re-
reconstruction occurs leading to a minimization of the so-member that for small clusters, the statistic combination
called surface-to-volume ratigi.e., close to the sphere leads to a spread of compositiondx#0). Figure 3a) (x
and/or a so-called “rehybridization” effect. This is well il- =0) shows pure-carbon clusters. The fullerene signature is
lustrated in the g fullerene with its spherical shape and its partially recognizable by their parity: all the clusters have an
mean hybridization §p>®) intermediate between graphite even number of atoms. The selected window ranges between
(sp?) and diamond ¢p°). Another way is the saturation of Cg, and Gg (the whole size distribution is depicted in Fig. 1
the dangling bonds by hydrogen. This latter case correspond&e have depicted three different heterofullerenes ranging
to the a-Si,C, ,:H samples prepared by rf sputtering or from Cg,_ Si; to Crg_Siy with =0, 1, and 2, respectively.
chemical vapor deposition. In our case, our samples arbpper values ofg are possible but cannot be directly ob-
hydrogen-freé’ The signature of the heterofullerenes hasserved in the mass-abundance spectra owing to the mass
been recognized by the careful analysis of the abundanceverlapping(for q=3, Gs;Si; coincides with G,, for ex-
distribution and photofragmentation spectra. Figure 3 disample. For comparison, Figs.(8) and 3d) display SiC; _
plays four narrow windows corresponding to the size distri-clusters with a mean stoichiometry=0.5 and pure silicon

FIG. 3. Details of the mass-abundance spectra for different sto-

A. Heterofullerenes: A brief overview
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TABLE I. Core-level and electron-excited Auger lines for sili-
con (Si,LVV) and carbon (C §,KLL) observed in various

a samples. For the sample labeled Il we indicate the two contributions
after deconvolution.

Sample Sid SiLVV C1ls CKLL
core-level line (eV) core-level line (eV)
line (eV) line (eV)

b Si-2 99.8 91.3

2H-SiC 101.3 87.5 283.2 271.6

SiOo 101.6

Sio, 103.2 78

Sip.1Lo.8s8 (1) 100.6 86.7 284.9 268.0

Sip1LCosgs (1) 60% 100.6 84.7 284.9 267.5

C 40% 101.5

Sig.18C0.88 (1) 101.5 81.2 284.7 266.4

HOPG 284.8 268.8

Cgo film 284.8 268.0

FIG. 4. (a) Symbolic ball-and-stick representation of meta-

CeSlp (right pane] and para-GSi, (left pane). Theoretical stateqone donor and one acceptonto the primitive

valence-charge density for HOM®) and LUMO(C) states in both 4 00y of the ¢ parent fullerend? This ensures that sili-
CsgSi, isomers are also shown. We clearly see that lone orbitals are

partially paired in meta-£Si,. The details of the calculations are con provides a destabilization energy with respect on the
given in Ref. 19. pure G fullerene parent. All these features suggest that the

silicon lone orbital offers all the characteristics of a dangling
— . — . bond as observed in amorphous silicon. Although such het-
clusters k=1), respectively. Fox=0.5, all the combina-  gofyllerenes are stable enough to accommodate up to 12
tions between silicon and carbon atofmsth their own iso-  gjjicon atoms, above this critical number, it has been
topes give rise to a great number of peaks leading 10 a 4, ggeste®? that heterofullerenes undergo a phase transition
amu periodicity. For the heterofullerenes, the periodicity Ofio\yards more conventional SiC lattices derived from the
the peaks is 8 amisee Fig. 8)]. It has been established that ¢ystalline form. Besides, the polarization of the Si-C bonds
such periodicity characterizes mixed Si-C clusters havingg,ors the chemical ordering isp® SiC compounds while

even number of atoms as observed in pure fulleréfgince  gj_g; pairing in heterofullerenes suggests a trend towards
we deposit the whole size distribution, we are not able t%ilicon “clustering.”®

characterize one selected heterofullerene. The observed fea-
tures in our films arise from a collection of heterofullerenes
with various sizes and compositions.

For instance, we illustrate the features of the hetero- The stoichiometry of the film is obtained by comparison
fullerenes through £Si, and GSi. The details for the cal- of the yield ratio for Si D, C 1s, and O I core-level lines,
culation are given in Ref. 19. Figuréa} shows the symbolic respectively’® The atomic oxygen deduced from the ratio
ball-and-stick representation of metagSi, (left pane) and  between Si p and O Is after correction is less than 4%, not
para-GgSi, (right pane). Figures 4b) and 4c) display the so far from the residual value observed in the silver thin film
theoretical valence-charge density for the highest occupiebiefore deposition. In addition, a very weak oxygen compo-
molecular-orbital (HOMO) and lowest unoccupied nentis observed in AESFig. 2). The experimental core lev-
molecular-orbital (LUMO) states, respectively. In meta- els are reported in Table I. The position of the © line
CssShy, the creation of Si pairs involves a stabilizing energycorresponds to that observed in CO or hydrocarbon mol-
with respect to a pure isolated dangling basde Fig. 4b), ecules. The O 4 yield is low enough to neglect the oxygen
left pane). The metaconfiguration is significantly more role in the carbon line analysis. As regards the stoichiometry,
stable(0.76 eV} than the orthoconfiguratioff. This “rehy- ~ we find x=0.12+0.03 close to the initial concentration in
bridization” will be a signature of the heterofullerenggith ~ the rod &=0.12). Figure &) shows the Si p core-level
two silicon atoms or moneand differs significantly from the line observed in the SC; _, film. This line is located above
classical SiC phase. In addition, the dihedral angle betweeS8i 2p in Si-2 and beneath that in 2H-SiC. Though the charge
silicon and carbon atomé,, is close to that observed in an transferAE between silicon and one oxygen atom is similar
sp® lattice (109°,47). This occurs since the dihedral angleso the transfer between silicon and carbon (QiE,
in the G, parent @,,=102°) lies between that in thep® =1.5¢eV; Si-Q,AE=3.4 eV), we expect that the presence
lattice and that observed in a threef@d® (6,,=90°) lat-  of some oxygen pulls up the core-level line at higher energy.
tice [see Fig. 4a)]. This explains the protuberance formed by The Si 20 core-level line observed in our film could be
the silicon at the surface of the fullerene sphere. FgSC  slightly overestimated. Figure(l displays the C & core-
energy-level calculation shows the appearance of two localevel line observed in the §{,Cy ggfilm. The line is beneath

B. XPS measurements
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Energy loss relative to Sizp line (eV) 80-70 6;;“:;;((:3;) 20-10 0
95 100 105 110 275 280 285 290 295 FIG. 7. Si 2 core-level lines and satellite peaks corresponding
Binding Energy (eV) Binding Energy (eV) to the plasma losses observed in Si-2, 2H-SiC, agd/Sh g5, re-

spectively. Plasma losses near the elastic electron-scattering signal
observed in Si-2, 2H-SIiC, and (3iCpgg, respectively, are also
displayed.

FIG. 5. (a) Si 2p core-level lines observed in Si-2, 2H-SiC, and
Sip1Lo.8s, respectively. (b) C 1s core-level lines observed in
HOPG, 2H-SiC G, film, and Sj ,.Cpgg, respectively. The arrow
labeleda shows a shoulder attributed to the hydrocarbon contami-
nation. in our sample E=86.7 eV) is slightly shifted as compared

to SiC 2H-4(E=87.5 eVj and significantly differs from that
that in SiC 2H-4 and just coincides with the threefold hybrid-observed in Si-2(E=91.3 e\). This result is surprising
ized carborfHOPG and G, film. Besides, it has been found since in a silicon compound, an increasing of the Bicdre-
that the C & core-level line in the fourfold lattice (Csl  level shift in XPS(binding energy must be correlated to a
=284 eV in diamond phagdies between graphite and sili- decrease in energikinetic energy, KE of the main SiLVV
con carbid€® The Si 2 and C Is core-level shifts are also Auger band. In our experience, we clearly see thatSir2
reported ina-SiC and®3'a-SiC:H in the carbon-rich region. the cluster film is located beneath the position of Bii#
This result is not adequate for a definitive conclusion. We2H-SiC. If the chemical shift and the extra-atomic relaxation
need additional information derived from Auger spectra.  were equivalent in both materials, the ISVV band in our
cluster film should be located at higher KE with respect to
2H-SIiC. The opposite case is observed that corroborates the
) . N ) ~assumption of a “different” Si-C environment in our cluster

Figure Ga) displays the siliconLVV lines observed in fjim. The Auger fine structure located at lower energy with
Si-2, SIC 2H-4, and i1 LCo gs, respectively. Itis well known  respect to the main band is close to those observespin
that the Auger shift is enhanced compared to those observadpridized silicon compounds. This is also consistent with a
by XPS. This occurs owing to the strong extra-atomic relaxsp? silicon bonding as predicted in heterofullerenes. One has
ation effects in the Auger process. The main band observeg remember thasp? hybridization is associated to a shoul-
der as observed in Cslin graphite?® This shoulder is par-
tially due to the contribution of the self-convolution of the
component in the electron density of stat€09). Figure
6(b) displays the carborKLL lines observed in 2H-SIiC,
HOPG, Gy film, and SiC, _,, respectively. Th&LL line in
our cluster film presents some striking similarities with that
in pure Gy film®? even for the satellite peaks at low energy

C. Auger spectroscopy

a SiLw

KLL

= =
2 g (especially the shoulder labelesimentioned above This
; > shoulder, that indicates “graphite,” is less pronounced in
i = both the SiC, _, cluster film and the g, film than in HOPG.
This indicates that pure ¢ fullerenes and heterofullerenes
have am-o hybridization.
e ] ! . . ] D. Electron energy loss spectroscopyESCALOSS
50 80 110 220 240 260 280 300

Since plasma peaks are related to the free-electron density
in the film, we probe mainly the coordinance and/or the type

FIG. 6. (a) Derivative SiLVV Auger signal observed in Si-2, Of bonding. Figure 7 displays plasma bands observed near
2H-SiC, and §j;,Cogg, respectively(b) Derivative CKLL Auger ~ the Si 2p region (electron spectroscopy for chemical analy-
signal in 2H-SIiC, HOPG, g film, and Sj/Cogs. respec- Sis loss, ESCALOSSand the plasma losses directly ob-
tively. The arrow labeled s shows the shoulder attributed torthe served by electron-energy-loss spectroscopy. We take the ori-
component. gin of the energy E=0 eV) from the Si » main core-level

Kinetic Energy (eV) Kinetic Energy (eV)
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line in order to eliminate the contribution of the core-level

shift. Such a procedure gives us the plasma shift. In our
Si,C,_, sample, the main plasma peak appears near 21 eV
This peak can be compared to those observed in 2H-SiC

g
|
o ]
I\ ]

(22.4 eV}, HOPG (27 eV), and G film (27 eV). The low 7 [ Sic, . ]

value (21 eV) is mainly attributed to the low film density. ‘E \\_\..V &

This has been also reported in films formed by the deposition 4 U\W’_ %

of free carbon cluster@.e., x=0) with a mean cluster size of & (D { Z

aroundN=60 atoms[see Fig. 22)].>* The main band near 2z _’J HSic |

21 eV can be compared to theo transition by referenceto £ .

graphite. In addition, a weak but reliable band located at 6.45 [ sio. 1

eV in our SjC; _, sample(only observed in the EELS spec- 2

trum) is assigned tar-7* transition by reference with the | L L 1 L
graphite. Of course, this transition is not observed in 2H-SIiC 45 100 105 110 50 80 110

since all electrons are assignedatdonding. Kinetic Energy (eV)

IV. REACTIVITY

Finally, the type and the nature of the bonding can be,a
readily probed through the reactivity between silicon and 5
another atom, such as oxygen. For this purpose, we introduc®

oxygen into our apparatu@bout 200 Tom. Figure 8 dis- & %
plays the evolution of the Sif2[Fig. 8@] [C 1s Fig. 8c)] ;, )
lines as a function of the exposure tiflexygen-freglabeled 2 5
), 1P (i.e., 100s) (labeled 1) and 132 (i.e., 15 days (la- é

beled 1I)] (1L=10 ° Torrs). Roughly speaking, Sip
binding energy increases with the exposure time. The shift is
correlated with the increase in the ®1line yield. These ] f
effects are related to the silicon oxidation under oxygen ex- 27’5 50 285 390 2-95 P
posure. We notice that th? final position of the P Bne Binding Energy (eV) Kinetic Energy (cV)
remains unchanged after 0L. The core-level shift(re-
ferred to pure silicon SiRin SiO,(AE=3.4 eV) appears FIG. 8. (a) Displays the Si p core-level lines in our cluster film
roughly at twice that in the sample labeled IIAE after oxygen exposure in(free samplg 1l (i.e., 100 $, and lll (i.e.,
=1.7 eV). Our valugisample ll) is close to that measured 15 day$. For comparison, we have displayed other reference
in the SiO compoundAldrich Company. All the observed samples, namely, Si-2, 2H-SiC, and $i@b) displays the SLVV

lines are summarized in Table I. Contrary to silicon, the carderivative Auger lines in our cluster films after oxygen exposure in
bon line does not change significantly under oxygen expol (free samplg Il (i.e., 100 $, and Ili (i.e., 15 days We have also
sure[see Table | and Fig.(8)]. A careful analysis shows that displayed other reference samples, namely, Si-2, 2H-SiC, and SiO
Si 2p core-level lines can be decomposed with two main(c) displays thg C & core-level Iinesj in our cluster film gfter oXxy-
lines located at 100.6 eV and 101.5 eV, respectivElg. 9.  9en exposure in [free samplg Il (i.e., 100 3, and Ill (i.e., 15
Prior to oxidation(sample }, the Si 20 line is well fitted by days)._ We have also dl_splayed other refere_nce_ samples,_namely,
a line at 100.6 eV corresponding to our experimental data foI?nH(;i:CCﬁZ?erfﬁgigje)rdéissgﬁ g:(%gul‘rle‘ i‘;ﬁg\éagzemgégﬁ r(i"zes
S."C bonding in the cluster filrfFig. Xa)]. A careful analy- 100 9, and Ill (i.e., 15 days We have also displayed 2H-SiC and
sis reveals two shoulders located at 99 eV and 103 eV, r OPG lines

spectively. These satellite lines could be assigned to weal '

components corresponding to Si{88.8 e\j and Si-O bond-

ing in Si0, (103.4 eV. The Si-O bonding will be assigned to than that observed in SYOThe sample labeled [Fig. 9b)]

the native oxidation in the film as observed in the XPS surdisplays an intermediate case and could be decomposed with
vey (see Fig. 2 This native oxidation is located at the sur- both the main lines observed in the samples | and Ill, respec-
face of the cluster film and partially disappears after ion etchtively. In addition, two shoulders corresponding to Si-Si and
ing in the dual XPS/AES apparatus. The sample labeled 116i-O bonding in SiQ are also observed. A plausible inter-
[Fig. 9c)] presents a shape asymmetry with a large shouldepretation is the following one: since the clusters are not built
at low-energy(99-100 eV. The spectrum can be modeled from tetrahedral bricks, it is not possible to build up a Si-O
with one line located at 101.5 eV and a weak contribution incell as observed in SO This effect has been also observed
the region of 99—100 eV corresponding to Si-Si and/or Si-QOn pure silicon clusters® The oxidation state corresponding
bonding. Since the Sif2 spectrum remains unchanged with to the label Il is different from that observed by Ibrahim
oxygen exposure, we believe that all the dangling bonds aret al3* These authors studied the photo-oxidation of
satisfied with a Si-O bonding. It is interesting to note that thea-Si:C:H samples and found that interstitial oxygen did not
Si-O bonding is close to that in our SiO bulk sample ratherappear bonded to silicon. Since our samples are hydrogen-
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FIG. 9. Si 20 core-level lines
at high resolution for $i;Coss
labeled I, 11, and Ill, respectively.
The deconvolution of the spectra
is shown with the residual signal
(dashed lines

Intensity (arb.units)

L Lo
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96 98 100 102 104 106 26 98 100 102 104 106 96 98 100 102 104 106
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free, the dangling bonds can be satisfied by oxygen bridgingare also affected and polymerize under laser irradiation. In
The oxidation can be also observed in theLSMV Auger  our case, the polymerization process can be strongly favored
spectra Fig. 8b)] since the extra-atomic relaxation energiesby silicon atoms with their lone orbitals. Two peaks labeded
between silicon and oxygen are significantly enhanced witlandb in Fig. 10 are not assigned. This suggests the reminis-
respect to carbon. Prior to oxidation, theLSiV Auger spec-  cence of the Si-C vibrational modes in the surviving heter-
trum present some similarities with those in 2H-SiElg.  ofullerenes prior to phototransformation. Moreover, a broad-
8(b)] except the position of the main lir@6.7 eV and 87.5  pang |ocated down to 450 ¢ is the signature of Si-O-Si
eV for SiC,  i-cluster film and 2H-SIiC, respectivelyAfter  \;iprational mode in SiQcompounds (6:x<2) and/or in Si
oxygen exposure, the behavior of the Auger peak alsQ,sters. The presence of a Si clustering is surprising and is
changes drastlca}lly. Fma]ly, the Auger features are closg ot reported from XPS and AES measurements. This sug-
t_hose observe_d in the Si@a_mple. Neve_rthe_less, the main gests that the phototransformation could promote a clustering
line observed in the cluster film after oxidati¢ggample 1) effect (XPS spectra were recorded without phototransforma-

s Ioc?te?dg at higr};fr enerlg(\,Bl.Z eV tr;]an thhat i'?dth? Si.@ tion). Moreover, we keep in mind that SERS spectroscopy
sample(78 eV). This result suggests that the oxidation is nOtstrongly enhances the Si-Si contribution with respect to C-C

complete (Si-Q,x<2), in agreement with the XPS results. and/or Si-C ones. At last. 766—815 ciand 965 crit
Figure 8d) displays the GKLL line as a function ofthetime o i< can be compared with the Raman allowed Péaks
of exposure. We see that the Auger spectra remain similar, i e 2H-SIC crystallsee Fig. 10 The correlation between

agreement with the XPS data. these modes and those observed in our sample is outlined.

The sharpness of the bands after phototransformation sup-
V. RAMAN SCATTERING SPECTROMETRY STUDIES ports the idea of a well-ordered SiC region in our cluster

SiC bonding is often probed by Raman spectroscopy since
vibrational modes and electronic structure are strongly cor- Si-Si region Si -C region C.C reglon
related together. At low laser fluencB€<1 mW), no notice-
able signal is observed in the cluster film Raman spectrum
near the 500—1000 cnt region corresponding to the pho-
non DOS for SiC compounds. However, the Raman signal
appears clearlyFig. 10 by increasing the laser power up to
10 mW (the laser spot diameter on the sample is about
2-4 um). This signal is attributed to the phototransforma-
tion of the clusters under laser irradiatfoteading to a dark-
ening of the irradiated area. The spectrum reported in Fig. 10
corresponds to a steady staw 10 mW, where the spec-
trum remains stable under irradiation. After irreversible
transformation, three main regions are identified on the spec-
trum. The region at high energy can be associated to a : ' :
“graphitization” effect. The amorphous carbon phase formed >80 1009 1 1300
in this case is responsible of the two batfdabeledG (near wave number (cm™)
1580 cni) andD (disordey near 1300 cm*. We also ob- FIG. 10. Raman spectrum of the cluster film after laser irradia-
serve some bands at 766—815 and 965 tithat character-  tion. The 2H-SiC allowed lines and their symmetries are also re-
ize Si-C vibrational modes. Such bonds appear under lasgjorted for comparisora andb arrows show unassigned bands. At
irradiation and suggest that heterofullerenes are metastabl@e onset of the irradiation, no significant signal is observed on the
This is not surprising since pure carbon fullerenegy( o) cluster film.

o D G 1

Raman intensty (arb. units)
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films. These bands are largely independent of the polariza- e?
tion configuration as observ&tn porous SiC. 5Efin:0-04d_ff- (4)
e
VI. DISCUSSION This calculation holds for silicon atom withdg¢¢

In summary, the hypothesis of a carbon tetrahedral struc-. 0.74 A 6E,=0.6 eV. It indicates that the Sig2line in

. . . our film would lie at 0.6 eV above that in 2H-SiC assuming
ture is not consistent with Augeé€LL carbon features and th? same type of bonding.e., the same charge transter
glaizrc?r? Ia(:grsnes&stlfr\éirrfzels?l?;);hesﬁqizrgiﬁgrigzzz/esgog\t];: ince the Si P line in our cluster film is located beneath that
transfer is less effective than i.n SIiC bulk, we expect tha%tn 2H-SIC, the bonding is then different. The contribution to
silicon is weakly bound in heterofullerenes. This assumptionheeri:Egﬁ[laf?;"a'Sar:goém'f:écu;;greS“mate' Taking our ex-
will be discussed now. The striking differences between ouP ») 109 '

sample and 2H-SiC are the followindi) Si2p in our SE. =E “E +SE.. =13 eV 5
sample lies between those observed in Si-2 and 2H-SiC, re- imi=Esicp = Eousizp ¥ OBm=1.3eV. (5
spectively.(ii) The Auger SILVV line appears at lower en-  Eyen though this value is overestimated, such an equation

ergy than that observed in ?H'SS'Q'{) The fine structure is  jngicates a large decrease of the chemical bonding in our film
close to those observed iap® silicon compounds.iv) ith respect on the bulk 2H-SiE;, increases as long as the
Plasma losses appear at lower energy with respect to 2H-SiGy ity (i.e., the electron transfeincreases. This is empha-
Featured(i) and (i) are the more intriguing. In most of the gjzed in silicon since the ionization of a free Si atom pro-
silicon compounds, the core-level shiftsE.;em dedyced motes a 9.4-eV shift of the 2 level to deeper energy. A
from XPS are well correlated to those observed in Augelsmg|| charge transfer in the cluster film can be related to the
transitions. We remember that the chemical core-level shifjone orbitals for silicon atoms inside the heterofullerenes. It
AEcpem is usually obtained after summing two terms: the eypjains the larger Auger shift. As pointed out in the litera-
shift of the core level of a solid-state atom as compared to g;re the Auger paramef&*® (AP) A is a common way for
free atomAE;,; and the polarizatiold E;, due to the core-  getermining the change in the extra-atomic relaxation. In the
hole screening effect after relaxatiakE;,; can be estimated sydden approximation, the chemical shift in the Auger pa-
in tetrahedrally bonded materials characterized by an ionorameter is equivalent to twice the difference in dynamic

covalent bonding” However, it is difficult to calculate such  exira-atomic relaxation energies of an atom in different en-
values in our cluster films. Nevertheless, using the dielectricyjronments. For silicon, one gets

model picture, we can estim&feahe extra-atomic relaxation
energyAEyi, , A ciusy = Eclustivv) ~ Eclustzp) = 2AEfin(ciusy» ~ (6)

2

AEg,=(1— 1/60)%, 1) A(SiC): ESiC(LVV) - ESiC(Zp) =2A Efin(SiC)- (7)
eff One also defines

whered.;; is a parameter that depends on the bulk plasma

frequencyw, and the Thomas-Fermi wave vector of valence OA sic-clusy = Acsic)~ A(clusy = 20Efin - 8

electrongytg, ande is the static dielectric constant. Assum-

ing thatd.¢; varies slowly, one gets a value for the variation

of the extra-atomic relaxation energyEy;, ,

(The first bracket on the left-hand side of the equation is
relevant to the Auger transition and the second on the right-
hand side to the XPS core leyeSuch a procedure improves
@) the accuracy of the difference determination and reduces the
systematic errors in theA determination. TheA gives
accuraté® E;;, from the analysis of the both Sip2zandK LL

5Efin: AEfin(SiC)_ AEfin(clust) .

This formula holds as long as dynamical effe@téen the
polarization of the electron cloud will not be complgie the

relaxation energy in the total core-level shift for SiO sume that the\ shift determined from thé& V'V transition is

compound#2Since the silicon is surrounded by carbon at-Proportional to that defined frotLL. Table Il reports the
oms, the relaxation will be correlated to the relaxation energy®aSuredA shifts compared to other reference states. From

of the carbon lattice. We take the value for the fulleféne di(i:[i((?% Zﬁ/sécndt;j;t:Eé(SAl )exltwhgfgrjst%%niij;eer;t F‘;‘;‘g;;gg erﬁ'
=4.3) rather than the graphitee =12) or A ' .

((j§0(c60) d h)é‘é _5 79 g .dd(HoiGi 3 ) phasizes the role of the screenitigere are two holgswith
diamond phas€ (eo(diamong=5.7). Besidesg,=4.3 ranges respect to the photoemissigwith one hole, the total level
inside the values frequently observed in amorphous carboghift is higher in the Auger spectrum
fZIII-TSSiVCVIt(Z Ot(ziec)szagj% ';Ingr?e f;i?rﬂusggéﬁég he shift between Such a procedure can be also extended to the carbon lines,
e? A(clust) = Eclust(KLL)_ Eclust(ls) ) 9
OEin=—(1legsicy~ Veo(c,y) 57— 3

" l o 2dest Amore)=EnopekLL) ~ Enopra(is) » (10)
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TABLE Il. Auger parameters defined for each sample. €= 1+(ﬁw§/Eg) (12)
Sample A(Si)=Si 2p+LVV A(S)=A(Si-2) A(C)

X holds, wherew, and E4 are the plasma frequency and the
Si-2 _ 191.1 0 Penn gap, respectively. Since the plasma frequency does not
2H-SIC 188.8 23 5548 yary significantly, the Penn gap increases with the oxidation.
Sio1Co.85 (1) 187.3 3.8 552.9  |tis well known that the Penn gap increases with the charge
Sio.1£Co.85 (1) 185.7 5.4 552.9  transfer! for example, if the sole electrajie., the dangling
Sip.1LCo.g8 () 182.7 8.4 551.1 bond makes up a bonding with oxygen.

Sio, 181.2 10
HOPG 553.6
Ceo film 552.8 VIl. CONCLUSION

Nonstoichiometric i1 Logs films elaborated by
SiyCan—q heterofullerene deposition exhibit electronic prop-
erties different from those observed in the SiC bulk phase.

For carbon, we take HOPG as reference besides the diffifhis SiC bonding is less stable than tetrahedsa bonding
culty to measure accurately both the € dnd theKLL tran-  in the bulk phase. All the observed features can be modeled
sitions in the carbon-diamond phase. One gs¢® Table )  assuming a silicon atom surrounded by three carbon atoms.
SALoPGelusi=0.7 eV, SAHoPG-c, = 0.8 eV, and The so!e electron plays the role of a dan_glin_g pond and can
SAnopesic=— 1.2 eV. The Auger parameter in our film be easily bound to oxygen. Such behavior is in agreement

(552.9 eV} is far from that observed in 2H-Si(554.8 eV} with the structure predicted for the heterofullerenes. This

and differs slightly(0.7 eV) from that observed in HOPG P€ of bond might be observed by the extended x-ray-
(553.6 V). The 5A difference between the &, film and absorption fine structureEXAFS) method performed on Si

the G, film is negligible. This suggests that carbon in heter-K €dge. The correlation between local structural information

ofullerenes presents all the features observed g \@ile and electronic structure will be discussed in a forthcoming
silicon plays a minor role and does not affect significantlyPaPer- Besides, such heterofullerenes seem to be promising
the host matrix. for building new materials. The so-called rehybridization,

Now, let us examine the oxidation procedsh increases which characterizes the heterofullerenes, modifies the nature
strongly’/ (AA=15¢eV, 3.1 eV, and 6.1 eV for' samples la- of the dangling bonds. The electron-spin-resonance method

beled I, 11, and Ill, respectively This indicates a decrease of would be a powerful technique for this purpose.
the screening and a large chemical shift as observed in sili-
con oxides. The screening collapse is clearly emphasized by
Eg. (11 since the dielectric constant in SiQ(€q(sio,)
=2.7) is lower than in SiC &y(sic)=6.7). In the Penn We wish to acknowledge Dr. B. Masenelli for helpful
model, it holds discussions.

Asicy= Esickir) — Esicis) - (11)
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