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Bridging C¢q by silicon: Towards non-Van der Waals Gy-based materials
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We report the three-dimensional packing qof,€lusters stabilized by the addition of Si. X-ray absorption
spectroscopy reveals that Si atoms are in an unusual environment: betweeg,twuitl ten or more carbon
neighbors. According tab initio calculations, the cohesive energy is about 2 eV per Si atom, much higher than
the Van der Waals binding energy between twg,.CExperiment and calculations both indicate a charge
transfer from Si to G,. Eventually, the film may have a local decahedral symmetry.
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[. INTRODUCTION laser vaporization source, following the low-energy cluster-
beam deposition technique described in details elsevthere.
Endohedrally dopédand pristine G, have been exten- Briefly, both targetg§a monocrystalline silicon rod and a flat
sively studied over the past decade both for their supercordisk obtained by pressingsgpowde) are independently va-
ducting and molecular semiconducting behaviors. Pristingorized by two Nd:YAG lasers. The resulting plasma is then
Ceo is mainly linked by Van der Waal§/dW) bonding, re-  quenched by a pulsed high pressure helium burst, which en-
sulting in a fcc crystal whereas finite size clusters gf@ay  sures the cluster growth in the source chamber, until the
be icosahedrdl,decahedral, or close-packéds the VAW  cjyster/carrier gas mixture is expanded through a conical
bonding limits the potential applications of such compoundspozzle. Let us remind the reader that a particularity of this
an outstanding effort has been carried out for the functionaltacnnique is that nonsteady state structures can be obtained.

ization of these fullerenes. Several chemical routes such §g;5cent jonized clusters are characterized in a time-of-flight
halogenation, cycloaddition and alkylatfohead to new mass spectrometBiA thin film (=100 nm) is obtained by

tabl mpounds. However, except some studi n sili- i, . -
stable G, compounds. However, except some studies on s neutral cluster deposition on a silver-coate€200 nm) sili-
con heterofullerened,only a few experiments involving

group IV elements have been reported sc*far. con wafer, maintain_e_d at room temp_e_rature, in ultrahi_gh
In this paper, we deal with a new and simple way forvacuum(UHV)ﬁgondmons‘. Prior deposition thg vacuum is
stabilizing G packing by addition of silicon atoms between dpwn t0 3<10 ) Pa. During the cIuﬁs;er deposmon, the re-
Ceo. On the basis of both x-ray absorption aal initio ~ Sidual pressure increases up 20" Pa mainly due to
calculations, we report on the 3D packing of,&lusters the re3|dyal buffer helium gas. The residual pressure.due to
where two G are linked by a silicon atom. We show that the reactive components such ag, GO, H0, and CQ is
such a compound may have a decahedral symmetry. Silicdgss than 10° Pa. After deposition, the residual vacuum
transfers electrons towardgdand makes a cohesive energy becomes comparable to the one observed prior deposition.
of up to 2 eV per Si atom. We find that silicon is linked to Auger electron spectroscopy and x-ray photoemission spec-
10-12 carbon atoms. This is, to our knowledge, the firstroscopy measurements do not reveal any significant amount
observation of such an unusual environment with respect tof oxygen in the film. The film stoichiometry (120.6 sili-
the tetrahedral lattice commonly observed in SiC com-con atoms per g moleculg is estimated from both the ,©
pounds. These results confirm what was expected from ouind the Sj, core levels yield measured by x-ray photoemis-
previous study of a g+ Si film with Raman spectroscofly. sion spectroscopy. Raman spectroscopy measurements, on
This paper is organized as follows. In Sec. Il, we presensimilar sample$,allow us to ensure thatdmolecules were
briefly the experimental setup used to produce the samplgot damaged during the deposition and are still present in the
and the analysis protocol. In Sec. Ill, we show extendedilm without noticeable amorphous carbon component. The
x-ray absorption fine structur&XAFS) results and propose sample is then transferred in UHV from the deposition cham-
some environments of silicon atoms. In Sec. IV, we study théher to the SA32 station of the LURE synchrotron facility
stability of different structures withb initio calculations and  using an appropriate UHV transfer device. The local envi-
the results are discussed in Sec. V. ronment around silicon atoms is probed by EXAFS at the Si
K edge, using a standard experimental procedure.
Fluorescence-yield spectra are acquired at different tempera-
tures of the sample which is cooled down from room tem-
The sample is a g+ Si film obtained by deposition of perature to about 170 K. The latter is below the orientational
(Cs0)nSi clusters produced in a sophisticated double-targephase transition temperaturé«£250 K) corresponding to a

II. EXPERIMENT
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reduction of the rotational freedom degrees observed in prissurvive after deposition. The g+ Si g(R) displays three
tine Cgo.*° shells. The ones located at 2.2 and 3.5 A, respectively, are
related to the first and second carbon neighbors. As shown
lll. EXAFS RESULTS below, g(R) can be well fitted assuming the contribution of

two Cg located on both sides of silicon. The third peak lo-
ated at 4.5 A is also unusual. This peak appears in all the
ata acquisitions and cannot be obtained from the typ C
eighbors. This shows that additionak,Care needed far
from the silicon atom. Such a structure can be obtained with
a decahedron made of sevegy@olecules(see Fig. 3 and

The observation of the X edge reveals a shift in our
cluster-film towards higher energy, close to the one observe§
in a SiC crystal. This clearly indicates a charge transfer fromn
silicon towards carbon. The experimental EXAFS signal
x(K) is obtained from the absorption specitéE). Figure 1
shows the experimental(k) of the G+ Si sample, to be
compared with silicon diamond and silicon carbide. The
pseudoradial distribution functiong(R) are also given in 0.107
Fig. 1. They(k) of the G+ Si sample is remarkably well
structured, as evidenced by the oscillations up to 11 akd
the features of§(R) up to 5 A. This implies that the sample
is locally well ordered around silicon atoms. The experimen-
tal y(k) of Fig. 1 corresponds to low temperature measure-
ments =170 K) but surprisingly it appears that the EX-
AFS signal does not depend on temperature, in the range of Lt
170 to 300 K, as can be seen in Fig. 2. This point is dis- !
cussed below. -0.10 . .

Another important result is that silicon atoms in thg,C Kk (A-l)

+ Si sample are obviously not in the same local environment
as in silicon diamond or silicon carbide. Instead, we can FIG. 2. Experimental EXAFS signajg(k) of the G+ Si film
think of a silicon surrounded byggmolecules, since theqg  at 170 K(solid line) and at 300 K(dotted ling.
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sible orientations of the §5. Thus, trying to fit the experi-
mental EXAFS signal, we restrict our investigations to a lim-
ited number of configurations corresponding to the highest
symmetry positions. Our calculations are done with @ C
defined by its two C-C bond lengths: 1.40 A for the
hexagon-hexagofHH) edges, and 1.45 A for the pentagon-
hexagon edges. EXAFS simulations are done with abe
initio self-consistent real space multiple-scattering code
FEFF™® using self-consistent scattering potentials. Except
dSiCso (the distance, center to center, between Si and the near-

est Go), déiceo (the distance, center to center, between Si and
the 5 Gy, and an edge-energy shitE,, no adjustable
parameter is used. In particular, we use neither Debye-Waller
factors, nor any amplitude reduction facﬁﬁ. For each con-

figuration, the distances antlE, are hand optimized. The
simulation is robust since a good fit is obtained with these

FIG. 3. View of a decahedral cluster ofgdark ballg with a Si
atom (white bal) at its center.

Fig. 6 below: a planar pentagon of & plus a Gy on each
side, along the fivefold pentagon axis. If we put a silicon
atom at the center of the pentagon, we then havegg close )
to the silicon and five g far from it. This structure has only adjustable parameters'. .
already been predicted forggclusters in gas phasend The results of EXAFS simulationisy(k) and g(R)] for
calculations on (Gy)y clusters are in favor of icosahedral or SOMe selected configurations are given in Fig. 4. The edge
decahedral structurds® The usual fcc structure of bulkgg ~ configuration corresponds to the two nearegq facing the
is discarded, because doping with Si in interstitial Stes ~ Silicon atom with a HH edgefour nearest neighbors, the
unable to reproduce the EXAFS Spectra_ closest distance between Si and GSICZZSS A, i.e.,
Even within the decahedron structure, there is an infinitedsic,,=5-93 A) and the five other g facing the silicon
number of configurations, corresponding to the different posatom with a pentagonal fadéhe closest distance between Si
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We note that the simulations results do not depend on the
precise orientation of the faces of eackyCi.e., the rotation
angle on the bond axis. For example, concerning the penta-
gon configuration, we obtain practically the sany€k)
whenever the pentagonal faces are eclipsed or staggered.
Thus, EXAFS is unable to give the precise orientational or-
der, if there is one. However, if we cannot claim thag @re
totally frozen, we expect that the only rotation axis is the
Ceo-Si-Cqp bond axis. A rotation on another axis strongly
disturbs the geometry and consequently the EXAFS signal.

FIG. 5. View of the HH-edge structure obtained by relaxation of As mentioned previously, since this latter does not change
the hexagon-configuratiofsee text The silicon atom is in light for temperatures between 170 and 290 K, it shows thgt C
gray. are not freely rotating. This “freezing” is due to the presence

of silicon in the film, because at room temperature fullerenes
and C in the Oy, 02) plane isd4.=4.86 A]. The hexagon- are H)ee to rotate and orie_ntationally diso_rderec_i _in pri_stine

Ceo-—~ Moreover, the freezing must be quite efficient since
facing in this case the silicon atom with a hexagonal A the Debye-Waller att_e_nuation hardly changes with increasfing
nearest neighborslg=2.54 A, i.e..dsc =5.35 A). The tempera_ture. _In addmon_, we cannot expect EXAFS to give

i - o o the configuration of the five g farther away. Indeed, there is

pentagon configuration is the same apart from the two neagnly a slight difference iny(k), depending on whether the
est G facing in this case the silicon atom with a pentagonalj,e Cso face the Si atom with a pentagonal or a hexagonal
face (10 nearest neighborsdsic=2.52 A, ie., dsc,  facel®
=5.53 A). The value ofAE, is 4 eV for the hexagon- We can sedFig. 4) that the edge configuration gives an
configuration and 3 eV for the pentagon-configurafibft. ~ EXAFS signal very different from the experimental one,
All these configurations are close to the “idealg§Xecahe- whereas the two other configurations are in quite good agree-
dron, where the gz-Cgq distance, center to center, is taken to ment, they(k) of the hexagon-configuration being slightly
be the one in the fcc crystal (10.02 A), corresponding tocloser to the experimental ofiéThe conclusion is the fol-
dsic,,=5.27 A. lowing: silicon atom has 10—12 nearest carbon neighbors,

configuration is the same apart from the two nearegf C

FIG. 6. View of (a) the two
nearest g of the relaxed
pentagon-configuration, anit) of

the pentagon of the 5 farggin
the (Oy,02z plane. The two
—_~ views are represented separately
- 0.002 for clarity. Difference electron-
°$ ) density profile(c) for the relaxed
> pentagon-configuration. The two
> markers correspond to the limits
g 0.000 of the G.
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which is quite unusual in SiC compounds, the distadge 40 @)

=2.53 A being very different from the well known covalent hu
20 /\ tlu
0 T T T T /\' /I\
0 2

SiC bonding one (1.88 A).
-4 2

IV. CALCULATIONS

eDOS (states/eV)

To study the stability and electronic properties, we per-
form ab initio calculations, within the local density approxi-
mation to the density functional theof@FT-LDA) (Ref. 18 60
on two G molecules with a Si atom. The role of the five Il (b)
surrounding G is neglected and will be discussed in a forth- 40
coming paper. We adopt a pseudopotential apprdaatd a | E,
pseudo-atomic-orbitals(PAO) expansion of the wave 20 - :
functiong® using thesiesTa code?® Structural relaxation is ] /\/\ /\/\
obtained by minimization of the total energy, using a conju- 0 . . ' : vV .
gate gradient method. Upon relaxation, the pentagonal struc 4 2 0 2
ture is found to be stable with only a slight deformation of Energy (eV)
the Gsp. The mean distance between Si and the carbon atoms o
of the pentagonal faces idgc=2.59 A. This value is in FIG. 7. EDOS of(a) Cep, and (b) of the G+ Si film. The
good agreement with the results of the EXAFS simulationsCUrves are shifted so that the,HOMO h, coincides with the
The cohesive energy of the relaxed structure, compared teP"responding peak ofg+ Si. Er indicates the Fermi level ith).

two relaxed QO m0|eCU|eS pIUS a Si|iC0n atom |nf|n|te|y fal’ could be regarded as the dual of the Frank Kasper pzﬁage
from one another, is about 2 eV, much more than the 0.28 e¥he free clusters structures are not preserved upon deposition
VdW binding energy? This configuration is metastable, there is no straightforward explanation for the observed
since the structure obtained by relaxation of the hexagomtructure. However, the film growth is not epitaxial and does
configuration is about 1 eV more stable. This structurenot lead to crystalline g. The film also differs from usual
(called the HH edgkis very different from the input one, the amorphous nanogranularggfilms because it is clearly lo-

Si atom being above a HH eddeee Fig. 5, with a Si-C  cally ordered around silicon atoms. The growth gf;@nd
distance dgic=1.95 A close to the one in bulk SiC Cg+ Sifilms on Au1ll) is currently under investigation us-
(1.88 A). Itis the same result as with a Si atom and a singléng scanning tunneling microscopy.

Cso. The initial hexagon-configuration is not even meta- Figure 6 gives some views of the relaxed pentagon-
stable and, according to our calculations, there is no energ§onfiguration, in a decahedral environment, and shows the
barrier for the Si to move away from its initial position, on difference-electron-density profifé, along the Gy-Si-Cgo

the middle of the G,-Cso bond axis, to its relaxed position, axis, integrated on perpendicular planes. The electronic
above a HH edge. depletion near the silicon atom shows that there is a charge

transfer from the silicon atom to the;gmolecules. The elec-
tronic density of statesEDOS of the relaxed pentagon-
V. DISCUSSION configuration and the one ofgg, for comparison, are given
in Fig. 7. It indicates again a charge transfer from Si tg C

. . . ecause the & LUMO (tq,) is now partially occupied. This
with the EXAFS results is the pentagonal one, ruling out th L wo i .
hexagonal one. It still remains to understand why the HHG_'transfer 's in agreement with the edge energy-shift experi

. T - mentally observedSec. Il). There are also some electronic
edge configuration is not observed experimentally. Furthefevels splittings coming from both the symmetry lowering

researches on the growth mechanism and the nucleation prgqq the chemical hybridization.

cess could provide an explanation. At this stage, let us note |, conclusion, we report the formation of an unusual Si-C
that if Si is inserted between twoggin preformed (Gn  bonding with silicon having ten or more carbon neighbors, in
free clusters it is not amazing to have a decahedrajgreement with our previous Raman stlidib initio calcu-
environment In addition, in a decahedral cluster offve  [ations show that this bonding stabilizes the structure, with a
can expect two molecules to face each other with a pentag@sain in energy of 2 eV per silicon atom and a charge transfer
nal face. Indeed, Gunnarsen al?® pointed out that for two  from Si to Gso- Moreover, EXAFS spectroscopy suggests
Ceo this configuration must be the most stable one. Althougtthat Si is embedded indgclusters having a decahedral sym-
this orientation is not observed in fccggerystal (it is for- metry. Works are in progress to detail the growth mechanism
bidden by symmetry it could stabilize a decahedral cluster of the film, as well as its electronic, structural and conductive
of Cg. Si can then be inserted between twg, @ading to  properties.

the pentagon configuration. This scenario can explain the

structure of the film, if the clusters do not fragment upon ACKNOWLEDGMENTS

impact on the substrate. The film obtained by cluster depo- The authors are indebted to the “Structure et dynamique
sition could then locally have a decahedral symmetry and itles systmes complexes{SESQ project supported by Re
questions the existence of a quasicrystalline phase. Since tlggon Rhaes-Alpes and CNRS for use of computer time and
film is composed by “covalent” atoms, this quasicrystal to E. Artacho for guidance in using theesTA code.

Energy (eV)
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From the present results, the configuration compatibl
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