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Buckminsterfullerene (Cgp) is @ molecule fully formed of carbon that can be used, owing
to its electronic and mechanical properties, as “clean” precursor for the growth of carbon-
based materials, ranging from m-conjugated systems (graphenes) to synthesized species,
e.g., carbides such as silicon carbide (SiC). To this goal, Cgo cage rupture is the main phys-
ical process that triggers material growth. Cage breaking can be obtained either thermally
by heating up the substrate to high temperatures (630°C), after Cgo physisorption, or
kinetically by using supersonic molecular beam epitaxy techniques. In this work, aiming
at demonstrating the growth of SiC thin films by Cgp supersonic beams, we present the
experimental investigation of Cgg impacts on Si(111) 7 x 7 kept at 500°C for translational
kinetic energies (KEs) ranging from 18 to 30 eV. The attained kinetically activated synthesis
of SiC submonolayer films is probed by in situ surface electron spectroscopies (X-ray
photoelectron spectroscopy and ultraviolet photoelectron spectroscopy). Furthermore, in
these experimental conditions, the Cgp-Si(111) 7 x 7 collision has been studied by com-
puter simulations based on a tight-binding approximation to density-functional theory. Our
theoretical and experimental findings point toward a kinetically driven growth of SiC on Si,
where Cgp precursor KE plays a crucial role, while temperature is relevant only after cage
rupture to enhance Si and carbon reactivity. In particular, we observe a counterintuitive
effect in which for low KE (below 22¢V), Cgo bounces back without breaking more
effectively at high temperature due to energy transfer from excited phonons. At higher KE
(22 < K < 30eV), for which cage rupture occurs, temperature enhances reactivity without
playing a major role in the cage break. These results are in good agreement with ab initio
molecular dynamics simulations. Supersonic molecular beam epitaxy is thus a technique
able to drive material growth at low-temperature regime.
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Introduction

The synthesis of carbon-based thin films and nanostructured
compounds, such as carbides and graphene, on top of semicon-
ductor or metal surfaces represents a serious challenge to the
production of electronic devices and materials coating. Several
methods, mainly based on the chemical vapor deposition (CVD)
of organic molecules or molecular beam epitaxy (MBE), have been
successfully developed to obtain large area carbon-based materials
with the common feature of working at very high temperatures.
For example, the low energy deposition of fullerene on silicon has
been deeply studied with experimental approaches, mainly using
standard techniques (Sakamoto et al., 1999; De Seta et al., 2000;
Sanvitto et al., 2000; Balooch and Hamza, 1993). MBE, in particu-
lar, has shown to be a viable approach to silicon carbide (3C-SiC)
synthesis at about 800°C, using fullerene (Cqp) as carbon precursor
and silicon as a growth substrate (Sanvitto et al., 2000; De Seta
et al., 2000). The required high temperature, however, leads to
structural defects at the nano- and micro-scale, mainly due to high
lattice mismatch between SiC and Si and due to increasing thermal
diffusion through the SiC film. Moreover, only amorphous Si films
can be achieved at 800°C, and postdeposition thermal treatments
at higher temperatures are necessary to improve crystallinity.

At room temperature, the most common process at the
fullerene-surface interface, be it metallic or semiconductor, is
represented by physisorption. Chemisorption is a viable way only
on reconstructed silicon surfaces (both Si(111) 7 x 7 and Si(100)
2 x 1) due to the presence of several dangling bonds on the
surface, the most reactive for fullerenes being the 7 x 7 recon-
struction of Si(111). Furthermore, to induce cage breaking on the
top of the surface, one needs to increase the substrate temperature.
Finally, subsequent to rupture, the most common outcome on
Si(111) 7 x 7 surfaces results in the formation of several new Si-C
bonds up to the synthesis of silicon carbide (SiC) at 800°C.

To overcome the temperature issues, in a previous work (Veruc-
chi et al., 2012), we reported the room temperature (about 20°C)
synthesis of nanocrystalline 3C-SiC with fullerene on Si(111)
7 x 7 surface by the so-called supersonic molecular beam epitaxy
(SuMBE) technique. Using this approach, the Cq translational
kinetic energy (KE) can reach values up to 30-35 eV by aerody-
namic acceleration due to isoentropic expansion in vacuum. We
demonstrated that the cage rupture after impact with the silicon
surface is driven by charge excitations to the excited levels of
the system and the 3C-SiC synthesis is activated by the extra
precursor KE content for both high and low (room T) substrate
temperatures (Verucchi etal., 2002; Verucchi etal., 2012). At room
temperature, where thermal contribution to observed processes
is negligible, out-of-thermal-equilibrium conditions achieved by
SuMBE induce chemical processes at the silicon surfaces, over-
coming activation barriers toward the synthesis of ordered SiC.
Moreover, by using Cgo supersonic beams at 20 eV, we have shown
that a polycrystalline 3C-SiC thick layer can be grown on Si(111)
7 x 7 at 750°C (Verucchi et al., 2002). This is due to the unques-
tionable ability of the high fullerene KE to induce cage breaking,
synthesis of carbide as well as implement film structural order also
in conditions where influence of temperature (and thus thermal
equilibrium conditions) is significant.

In order to better identify the role played by temperature on SiC
growth on Si by SUMBE, in this work, we present the experimental
and ab initio investigations of supersonic Cgp impacts on Si(111)
7 X 7 at temperature of 500°C, where MBE approach is not able
to induce SiC formation (De Seta et al., 2000). This regime is
intermediate between the room temperature experiments, which
gave evidence of nanocrystalline SiC island formation, and the
full synthesis regime at 750-800°C, where all the carbon precur-
sors were transformed into an ordered uniform layer. Synthesis
of SiC by SuMBE is thus expected also at 500°C, but interplay
between fullerene KE and substrate temperature can be better
addressed.

Using photoelectron spectroscopy and low-energy electron
diffraction (LEED), we explore the chemical, structural, and elec-
tronic changes induced by varying the supersonic C¢p beam KE
at fixed substrate temperature. Experimental results point toward
a SiC growth model driven by fullerene KE and where, surpris-
ingly, temperature effects do not affect critically the cage rupture.
Furthermore, aiming at modeling the interaction between Cgp and
Si surface for several initial KEs and different temperatures, in
this work, we also show first-principle simulations based on the
density-functional tight-binding (DFTB) method (Matthew et al.,
1989; Elstner et al., 1998;Frauenheim et al., 2002) within the Born-
Oppenheimer approximation. Classical molecular dynamics sim-
ulations of Cey impacts on Si have been already carried out by
Averback (Hu et al., 2000) using a lower accuracy description of
the atomic interaction through a Tersoff potential (Tersoff, 1988).
However, classical molecular dynamics is not suitable for reactive
problems out of thermal equilibrium, where bonds break and form
as in our case. At variance, a DFTB-based approach has been
recently applied to study high KE impact dynamics of fullerenes
on graphite (Galli and Mauri, 1994) and room temperature growth
of SiC (Taioli et al., 2013), displaying an accuracy comparable to
density-functional theory (DFT).

Gaining insights on the chemical-physical mechanisms
involved in SiC epitaxy by SuMBE and understanding their
dependence on externally tunable parameters, such as the Ceo
beam KE and the substrate temperature, is at the basis to control
and improve SiC synthesis even at room temperature and to
transfer this technique to produce other materials (Taioli, 2014).
Indeed, the study of the Cs cage breaking dynamics on metallic
or semiconductor surfaces can reveal new paths toward the
epitaxial growth of materials by our SUMBE approach directly on
substrates already employed in the electronic device production,
thus suitable for very large scale integration production.

Materials and Methods

Experiments have been performed at the IMEM-CNR laboratory
in Trento in a tailored deposition in situ characterization facility
operating in ultra-high vacuum (UHV). A detailed description of
the SUMBE deposition technique can be found in the study by
Milani and Iannotta (1999). On the computational side, DFTB
calculations have been performed using the DFTB + code (Aradi
et al., 2007; Elstner et al., 1998) within the self-consistent charge
framework that leads to an improved description of the Coulomb
interaction between atomic partial charges.
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Surface and Structural Characterization

Chemical and electronic surface properties have been probed by
means of X-ray photoelectron spectroscopy (XPS) and ultravi-
olet photoelectron spectroscopy (UPS). The UHV chamber is
equipped with a CLAM2 Electron Hemisperical Analyzer, an
MgKoa. X-ray source, and a helium discharge lamp, thus the exci-
tation photon for XPS is at 1253.6eV and for UPS the Hel at
21.22 V. The total resolution allowed by the analyzer is 0.95 eV for
XPS and 0.1 eV for UPS. Spectra were acquired at normal electron
acceptance geometry. Core-level binding energies (BEs) have been
calculated using as a reference the Au surface after sputter clean-
ing, i.e., the 4f 7/2 Au level at 84.0 eV, while in UPS the spectra
are referred to the Fermi level of a gold foil in electric contact
with the sample. Core levels have been analyzed by Voigt lineshape
deconvolution after background subtraction by a Shirley function
(Hiifner, 1995). The typical precision for peak energy positioning
is £0.05 eV, uncertainty for full width at half maximum (FWHM)
is less than 5% and for area evaluation is about 2.5%. Surface
structural characterization has been performed by LEED operated
at50eV.

Thin Film Deposition

Substrates for Cgp deposition were obtained from a Si(111) wafer
(resistivity 1.20 x 10 Qm) cleaned by a modified Shiraki pro-
cedure (Verucchi et al., 2002). The silicon oxide film was then
removed in vacuum by several annealing cycles, until a complete
Si(111) 7 x 7 surface reconstruction. The entire procedure was
checked by analyzing LEED images, and no traces of oxygen and
carbon were detected from XPS analysis. Submonolayer (sub-ML)
Ceo films were deposited on clean and reconstructed Si(111) 7 x 7
surfaces kept at 500°C, using different precursor KE ranging from
18 to 30 eV. The deposition times were adjusted in order to reach
a similar thickness for all the films for ease of comparison, with
an average coverage of 0.5 ML (+0.1 ML). The Cgo supersonic
source is made of two coaxial quartz capillary tubes, resistively
heated by a tantalum foil. The experiments were carried out using
a free-jet expansions of H; in which the seeded fullerene particles
are highly diluted (about 10~ in concentration) and can reach
a KE up to 30eV, with an average growth rate on silicon of
about 0.1 A/min having the supersonic beam perpendicular to
the substrate. Fullerene KEs of about 18, 22, 25, and 30eV have
been employed, as measured from time of flight analysis (Verucchi
et al., 2002).

Theory
DFTB is based on a second-order expansion of the density appear-
ing in the full DFT approach to electronic structure calculations.
In this approach, the energy of a system of atoms is expressed as a
sum of tight-binding-like matrix elements, a Coulomb interaction,
and a repulsive pair-potential. The parameters appearing in the
formulae expressing these contributions are evaluated using high-
level electronic structure methods and are highly transferable
to different physical and chemical environments (Slater-Koster
parameters).

The advantage of using DFTB with respect to other ab ini-
tio methods, such as DFT, is due to the computational cost of
this approach to electronic structure that is about two orders of

magnitude cheaper than the corresponding full DFT calculation
(Garberoglio and Taioli, 2012). As a result of this substantial speed
gain, DFTB may be used (i) to investigate much larger systems
than those accessible by DFT, (ii) to follow their dynamics for
much longer timescales, and (iii) makes it possible to perform
several tests by tuning the main parameters affecting the impact
at an affordable computational cost.

In our simulations, the Si substrate is represented by eight
silicon bilayers cleaved along the (111) direction.

According to the dimer adatom stacking fault model (DAS)
(Takayanagi et al., 1985), only the first silicon bilayer partic-
ipates into the superficial reconstruction, resulting in a 7 x 7
reconstructed surface. This reconstructed surface, represented in
Figure 1, turns out to be optimal for our applications, showing
high reactivity due to the presence of 19 dangling bonds on the
surface (12 adatoms, six rest atoms, and one atom at the center of
the hole in the unitary cell) and to its metallic character (Cepek
et al, 1999). The computational supercell used in the impact
calculations is hexagonal and, after optimization of both atomic
positions and lattice vectors, measures 23.21 A along the short
diagonal and 26.79 A along the large one. Fullerene was separately
optimized and initially placed at 5A distance on the top of the
silicon substrate and the cell size along the collision direction,
perpendicular to the surface plane, was set to 50 A to avoid spuri-
ous interaction among periodic images. The Brillouin zone was
sampled at the [-point only, due to the large number of atoms
in the unitary cell (848). Atomic interactions between chemical
species were treated by the semirelativistic, self-consistent charge
Slater—Koster parameter set “matsci-0-3” (Frenzel et al., 2009). To
help and enhance convergence of band structure calculations, we
employed a room temperature Fermi smearing of the electronic
density. Molecular dynamics simulations were performed in the
micro-canonical ensemble (NVE), setting the time step to 1fs to
enforce total energy conservation and each simulation lasted 2 ps.

5%
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‘. / &D - »
sl ATV
NG
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FIGURE 1 | Calculation supercell showing the reconstructed Si(111)
7 X 7 surface. At some distance from the surface, we report the incoming
Cgo molecule.
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Finally, the last silicon bilayer was kept fixed during the dynamic
evolution to simulate the presence of a silicon bulk.

As a second step of our analysis, we increased the substrate
temperature up to 500°C to gain some insight on the role of
temperature on SiC growth obtained via SUMBE. In particular, our
goal was to find out the temperature effect on Csy cage mechanical
stability.

Results

Photoemission

High-resolution C1s core levels for thin films deposited at increas-
ing beam KE’s are shown in Figure 2. They are all characterized
by the presence of a main peak that is not fully symmetric but
has a weak shoulder at lower BEs whose intensity increases sig-
nificantly with beam KE. The lineshape analysis of core levels
has been carried out by introducing the main component at
285.2eV (FWHM of 1.1eV) and up to two more features at low
BE (with fixed FWHM of 1.0 and 0.9 eV), in particular at 284.1
and 283.2 eV. Peak positions do not change as the fullerene KE

¢ Cls
— Fit

Intensity (a.u.)

IIIII||lIIIIlllllllllllll]lllllllll]

288 286 284 282
Binding energy (eV)

FIGURE 2 | C1s core level spectra (normalized in height) of
submonolayer films grown at Cg kinetic energies of 18, 22, 25, and
30eV. Green component corresponds to physisorbed fullerenes, blue
component to chemisorbed cages, and red component to broken fullerenes
and formation of silicon carbides.

increases. Previous experiments (Verucchi et al., 2012; Taioli et al.,
2013) on the impact of supersonic fullerene on silicon at room and
higher temperatures have shown that the molecule can undergo
different paths, going from physisorption with intact cages to
chemisorption, cage rupture and formation of new compounds,
such as SiC, whose intensity increases with the precursor KE. The
main peak at higher BE, P1, reflects the presence of unperturbed
and physisorbed fullerenes, while the peaks at 284.1 and 283.2 eV
can be identified as related, respectively, to chemisorbed species
and to the formation of SiC occurring after cage breaking. The
higher is the Cgo KE, the more intense is the contribution from
“totally reacted” molecules (see Table 1), i.e., the fraction of
fullerenes leading to new species on the surface. The contribution
from physisorbed molecules is always the main one. This is quite
surprising, since the 30 eV precursor KE is the same as used in
SuMBE room temperature experiments (Verucchi et al., 2012),
where physisorbed species are <30 and 50% of the total Cls area
at coverages of 0.30 and 0.65 ML.

Chemisorbed fullerenes (peak at 284.1 eV) are present for all
films and increase with precursor KE, while SiC-related species
(peak at 283.2 eV) are present only from the C¢p KE of 22 eV and
significantly increases only at 30 eV. The peak at 283.2eV has a
BE between that of 3C-SiC (Sakamoto et al., 1999; Mélinon et al.,
1998) and non-stoichiometric SiC (Liu et al., 1995), thus it can be
attributed to SiCs showing low structural order. The impossibility
to achieve reliable results from the analysis of the Si2p core level
(due to the prevailing and masking contribution coming from the
bulk silicon on all surface components) makes any comment on
the carbide stoichiometry purely speculative.

The valence band photoemission is reported in Figure 3,
together with reference spectra for comparison from a clean sil-
icon surface, a thick fullerene film and a completely synthesized
SiC film by means of SuMBE at higher substrate temperatures.
Si(111) 7 x 7 valence band is characterized by weak and broad
structures, the one at about 0.9 eV related to the surface states,
and a metallic character evidenced by the presence of signal at
about 0 eV. Ce thick film shows intense and different bands, rep-
resenting the different © and ¢ molecular orbitals. In particular,
we found at about 2.0 eV the highest occupied molecular orbital
(HOMO). At low beam KE, the features related to the clean silicon
surface completely disappear, while the HOMO and the other
molecular Cgo bands are clearly visible. This is expected since
the @ and ¢ bands are reported to be fully developed (Ohno
et al, 1991) also at this low coverage (less than 1 ML). There
are, however, significant discrepancies between data found in
literature, in particular with the work of Sakamoto et al. (1999).
HOMO and HOMO-1 molecular levels (at 2.2 and 3.5eV) are
not fully developed and slightly shifted toward higher BEs with
respect to the bulk organic film (2.0 and 3.3 eV). Moreover, the ¢

TABLE 1 | Peak area% (+3) on total C1s emission.

Ceo KE (V) % P1 (285.2 V) % P2 (284.1 eV) % P3 (283.2eV)
18 93 7 0
22 82 14 4
25 77 18 5
30 60 27 13
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FIGURE 3 | VB spectra of submonolayer films of Cg at different kinetic
energies (18, 22, 25, and 30 eV) and at a process temperature of 500°C.
For reference, VB spectra from a 3C-SiC film, the clean Si substrate, and a
Cgo multilayer are also reported. Spectra are plotted with a vertical shift to
better compare them.

bands in the 5-8 eV energy region loose some of their distinctive
characteristics, most notably the shoulder at 5.2V disappears
and the bands at 6.9 and 8.1 eV are no longer clearly resolved.
For precursor KEs of 22 and 25eV, a new peak appears in the
UPS spectra between the HOMO and HOMO-1 structures (see
arrow in Figure 3), probably is present also in film at 18eV
but very weak. A similar peak has been actually observed and
identified as related to the strong chemical interaction with the
surface (Sakamoto et al., 1999; De Seta et al., 2000). In the highest
KE case, the valence band structure changes strongly and only
a small residual of the original molecular m structure can be
found in the 0-5¢eV energy range. At BE of about 6-8 eV, the G-
bands disappear and a broad structure is formed, reminding of the
analogous structure of not-crystalline SiC (Aversa et al., 2003) in
which the mixed C2p-Si3s orbitals (“sp-like” band in cubic SiC)
are predominant with respect to the p-like C and Si orbitals at
about 3 eV (Mélinon et al., 1998). This suggests that SiC synthesis
is clearly achieved at 30 eV Cgo KE, even if we are dealing with a
partially formed carbide, as demonstrated by the differences with
the SiC valence band in Figure 3 (top curve).

There is a fair agreement between XPS and UPS data, suggesting
that a Cgo KE of 22 eV highly improves chemisorption processes,
while the cage rupture and SiC synthesis is at least partially
achieved at 30 eV, where formation of defected carbides probably
occurs.

LEED

From a structural standpoint, the interaction of Cgy with silicon
surface at 500°C leads to quite a few changes, but not to the
appearance of new extraspots related to the formation of ordered
compounds. Figure 4 shows the LEED patterns of Si(111) clean
surface and of the system after Cq impact at the lowest and
highest KE, respectively, taken for a primary electron energy of
50 eV. The clean surface is characterized by the well-known 7 x 7
reconstruction pattern of Si(111) (Figure 4A), with bright spots
within a high contrast background, typical of a clean and ordered
surface. Upon low KE impact of fullerene, the reconstruction
pattern disappears and only the 1 x 1 hexagonal pattern is visible
(Figure 4B), with spots having lower brightness and sharpness.
At highest energy impacts, the LEED pattern undergoes further
modifications, with hexagonal pattern losing spots and becoming
more similar to a triangular one. The extra spots (Verucchi et al.,
2002) related to the formation of ordered 3C-SiC islands do not
appear, a result that is in complete agreement with both XPS and
UPS results, where formation of a not fully developed and defected
carbide is clearly detectable.

Theory

The first step of our computational analysis is the simulation of
the impacts with the silicon surface kept at room temperature.
Depending on the initial KE (Kgg), we were able to identify
three regimes: (i) for Ko < 75 €V surface penetration does not
occur with the cage undergoing simple distortion; (ii) between
100 and 150 eV, we found strong Ceo cage distortion and surface
penetration; (iii) above 175 eV, the cage starts to break up and Si-C
bond formation occurs with small surface damaging.

Thus, by using DFTB to describe interatomic forces in the Ceo-
silicon surface collision, the minimum impact KE to obtain heavy
damage of the silicon surface and fragmentation of the Cg) cage
is predicted to be well above 200 eV, slightly below Averback’s
findings. Movies of the full trajectory for 50 and 175 eV initial KE
can be found in the Videos S1 and S2 in Supplementary Material.

We point out that there is an important discrepancy between
simulations and experiments in the assessment of the precursor
KE inducing cage break. In this regard, it is clear that DFTB
is missing a comprehensive explanation of the cage break. The
reason of this discrepancy was already identified and thoroughly
discussed in Taioli et al. (2013). In that analysis, non-adiabatic
effects and, specifically, the failure of the Born-Oppenheimer
approximation was found responsible for this important discrep-
ancy between simulation and experiments to determine cage
rupture KE threshold. In this regard, due to very fast collisional
times for the KE under investigations, electronic and nuclear
motion do not decouple, as assumed within the framework of the
Born-Oppenheimer approximation, as electrons do not relax fast
enough to the ground state of the instantaneous positions of the
nuclei. Thus, electronic and nuclear dynamics should be treated
on an equal quantum mechanical footing.
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FIGURE 4 | LEED patterns (at 50 eV) of (A) a clean Si(111) 7 x 7
surface, (B) a submonolayer film of Cgo at KE of 18eV, and (C) a
submonolayer film of Cgo at KE of 30eV.

However, in this work, our goal is primarily to investigate
the role that temperature might play in the SiC growth by
SuMBE. While we underline that a proper non-adiabatic quantum
treatment of the collision processes, intertwining electronic and
nuclear motion, should be used, in this analysis of temperature
effects on growth this approach can be ruled out by two factors,
namely physics and computational cost. First, the effect of temper-
ature on the electrons is provided by the Fermi-Dirac distribution.
In this statistics, temperature appears in the exponential factor at
denominator and plays the role of “smearing” or increasing the
electronic population in the excited states of the system. How-
ever, a temperature enhancement of 800 K corresponds to about
0.06 eV. The energetic distance between electronic orbitals close
to the Fermi level in fullerene is much higher (of the order of
1 eV, corresponding to about 12000 K). Thus, the effect of a small
temperature increase, such as that investigated in our work, on the
electronic motion can be safely neglected, while nuclear motion is
quite sensitive to temperature effects. Second, the computational
cost associated with non-adiabatic simulations, at least two orders
of magnitude larger than using DFTB, is unaffordable for screen-
ing the Ceo-silicon impact for several KEs and different temper-
atures. Thus, the use of DFTB is totally justified to investigate
temperature effects in the case of high KE fullerene impacts on
a silicon surface.

MD simulations (Zhang et al., 1993; Kim and Tomdnek, 1994)
indeed show that a break may occur if the total internal energy
stored in the Cgo cage is between 30 and 40 eV. The internal energy
is defined as the total KE of the fullerene bouncing back after the
impact minus the center of mass KE. A temperature increase may
help to destabilize fullerene by exciting substrate phonons, which
can transfer energy to Cg, eventually resulting in a lower cage
breaking KE.

Thus, we performed a temperature dependent investigation of
the internal KE after the impact, when fullerene bounces and
leaves the silicon surface, in the same range of initial KEs pre-
viously examined at a temperature of 500°C. The system was
thermostated to this temperature by a Nose-Hoover thermostat
for 1 ps to reach thermal equilibrium and then NVE ensemble with
a Fermi smearing corresponding to 500°C was adopted during the
impact molecular dynamics run.

Surprisingly, the results point toward a not significant effect of
temperature on the internal KE for all the impinging KEs.

The results are reported in Figure 5 and demonstrate that the
fullerene internal energy for the impinging KEs under investiga-
tion (from 25 to 175eV) at room temperature conditions ranges
from 13 to 28¢eV (blue diamonds). For the assessment of the
internal KE, we chose a molecular dynamics step corresponding
to a maximum of the oscillating total KE immediately after the
collision. A substrate temperature increase to 500°C (red dia-
monds) of course results into a higher final internal KE with
respect to the room temperature case (blue diamonds) due to
enhanced thermal fluctuations. However, this increase is not such
to cause the rupture in the 25-175eV energy range as much
of the energy is spent by fullerene to increase its translational
KE for leaving the surface, as shown by the evolution of the
center of mass KE of Cg after impact (see blue and red circles in
Figure 5).
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FIGURE 5 | Fullerene total internal kinetic energies after bouncing
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diamonds) and 500°C (red diamonds) as a function of the initial Cgg
kinetic energy. Furthermore, we show the center of mass kinetic energies
for both 20°C (blue circles) and 500°C (red circles) substrate temperatures.
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FIGURE 6 | Total interaction potential energy (eV*100) as a function of
time (fs) for different kinetic energies (eV) and temperatures (K). The
potential energy curves for 800 K are shifted up in energy by 600 eV for the
sake of visibility.

We point out that the interaction potential energy of Cep as a
function of the distance from the silicon surface is not a quantity
at our disposal (just the total interaction potential energy is, as
shown below). This analysis could be in principle performed using
classical molecular mechanics, where all the interactions terms are
analytically known and are singly computable within the reach of
this theory. However, in the conditions at which Csp-Si collision
occurs, we are abundantly out of thermodynamic equilibrium
with bonds breaking and forming. Thus, we are forced to use a
“first-principles” technique, explicitly including electronic motion
in a self-consistent way, to have a reliable description of the high
KE impact. In DFTB, single terms of the potential energies are not
a direct output, particularly as a function of the distance between
Ceo and the silicon surface. In principle, one could perform a very
expensive analysis to obtain this quantity, consisting in repeat-
ing all calculations at different KEs and temperatures as follows.
Indeed, one could calculate separately the interaction potential
energy of the isolated Cq and silicon slab at each position, keeping
fixed the atomic coordinates as by simulations of Cep approaching

the surface. Finally, one could subtract the sum of these two
separate contributions from the total interaction potential energy
of the real interacting system at all distances, thus obtaining the
Ceo-silicon slab interaction potential energy as a function of the
distance. Such a calculation is of course unfeasible due to the
computational scaling of our approach.

The plot in Figure 6 represents the total interaction potential
energy, a quantity computable by DFTB, for three different KEs
and two different temperatures as a function of computing time,
which is somehow proportional to the distance of Cep from the
silicon surface (see Figure 1). In this plot, the potential energy
curves for 800K are shifted up in energy by 600 eV for the sake
of visibility. From Figure 6 one can clearly see that, at the point
where Cg starts experiencing the interaction with the silicon sur-
face (below 100 fs), the total interaction potential energy changes
abruptly only in the case of high KE (350 eV, orange and cyan lines
for the cases of ambient temperature and 800 K, respectively). For
this KE, Cep is completely fragmented. Furthermore, in this high
KE regime, the difference between the total interaction potential
energy at ambient temperature and 800K is clearly visible at all
times. At variance, for low KE (25 eV, green and violet curve for
the cases of ambient temperature and 800 K, respectively), where
Ceo is just physisorbed on the silicon surface, the total interaction
potential energy shows little change with time and is almost
independently of temperature. Finally, at intermediate regimes
(175 eV, red and black curve for the cases of ambient temperature
and 800 K, respectively), where Cg is partially fragmented, the
change of the total interaction potential energy again seems to be
due more to kinetic effects than to temperature, however showing
larger fluctuations with increasing temperatures with respect to
the ambient temperature impact.

To further enrich our discussion about temperature effects on
SiC growth by SUMBE, we performed the calculation of the mean
squared displacement (MSD) as a function of impinging Csy KE
and time for different temperatures. This quantity provides of
course a measure of the dispersion or diffusion of carbon atoms
of the Cgp molecule. These results are sketched in Figures 7A,B.
In Figure 7A, we report, in particular, the behavior of the MSD of
Cso carbon atoms at ambient (black curve) and 800K (red curve).
From this figure, one safely concludes that temperature effects are
relevant only at high KE regimes, when the cage is fragmented
(350 eV) or partially broken (175 and 260 eV).

In Figure 7B, MSD is sketched as a function of time (or, which
is the same, of Cgo approaching the silicon surface). Again, MSD
is almost constant or slightly increasing at low KE regimes (25
and 175eV) while is divergent at 350 eV, meaning that Cgo is
completely fragmented. Furthermore, MSD is larger at higher
temperature with a sharp increase at long times. This analysis
clearly points toward a cage break model that is almost indepen-
dent on temperature with kinetic effects playing a major role.
Temperature effects become important only after cage rupture.

Discussion

Experimental results of Cgp supersonic impact on Si(111) 7 x 7
at 500°C show a picture completely different from what was
observed using the same deposition technique at higher and lower
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(K). (B) Mean squared displacement (A%) of Cgq carbon atoms as a function of
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energy (eV).

substrate temperatures, evidencing an unexpected mechanism of
interaction between the precursors and the surface. From previous
experiments (Verucchietal., 2002, 2012), as well as theoretical cal-
culations (Taioli et al., 2013), one finds a clear indication of a kinet-
ically driven growth mechanism leading to sub- or thick SiC layer
formation already at room temperature, with temperature factor
not playing a major role. Raising the silicon substrate tempera-
ture to 500°C should generally result in a higher silicon-carbon
reactivity, with increasing carbide percentage over physisorbed
fullerene. Core level and valence band analysis (Figure 2) point
toward a completely different situation with respect to our expec-
tations. Indeed, the great majority of species present on the surface
after impact are unperturbed Ceo up to high KE, whereby a reac-
tivity increase is found in terms of percentage of chemisorbed
fullerene and carbide formation. Valence band spectra suggest
the same behavior, with molecular bands having characteristics
more similar to physisorbed fullerene with Cgo cage breaking and
carbide synthesis clearly evident only for the 30 eV KE case. Nev-
ertheless, we achieve formation of defected SiC and not ordered
cubic 3C-SiC, as observed in previous experiments at 750-800°C
(Verucchi et al., 2002) and room temperature (Verucchi et al.,
2012).

At 500°C, Cep KE is crucial, with a threshold for SiC syn-
thesis and cage breaking identified at about 30 eV. However, it

is clear that chemical reactivity is different from both 750°C
and room temperature cases. This may represent a surprising
result, assuming that the higher the substrate temperature the
easier should be the cage breaking. Indeed our calculations clearly
indicate that the internal energy for a fixed value of the Ceo
initial KE is slightly higher if temperature is raised up to 500°C
(see Figure 5). This trend is confirmed for all KEs investigated.
However, our computational analysis shows that a major part
of both the increasing KE and temperature is spent to eject
more effectively the fullerene at the expense of an enhanced
reactivity. This can be clearly seen in the low and intermediate
(below 150eV) KE regimes, where increasing the temperature
corresponds to enhance proportionally the center of mass KE of
the Cqo bouncing back from the surface instead of the internal
energy of the system, responsible for the cage break. A similar
effect was observed in the collision of SF¢ from GaSe surface
where an uptake of energy was identified (Boschetti et al., 1992).
Additionally, at high KEs, when fullerene gets trapped within
the silicon substrate and thus do not bounce back, temperature
effects start to be more effective in transferring energy from
silicon to fullerene vibrational modes, as reported in Figure 5, in
perfect agreement with our experimental results. However, this
is not enough to justify cage opening. Thus, both calculations
and experimental results clearly point toward a kinetically driven
fullerene cage breaking and SiC synthesis, with a KE threshold not
critically affected by temperature below the well-known value of
750°C (Verucchi et al., 2002).

In conclusion, we have analyzed in details the impacts of ener-
getic supersonic Cgp on the reconstructed Si(111) 7 x 7 surface
at 500°C by means of experiments and ab initio simulations.
Surface chemical and structural characterization carried out at
increasing fullerene KE (18 eV to 30 eV) has shown the presence
of physisorbed, chemisorbed, and reacted molecules, the latter
leading by the formation of SiC, probably defected cubic carbide
or non-stoichiometric species. Compared to previous experiments
with substrate kept at room temperature, we do not find an
enhancement in reactivity with increasing temperature. DFTB
calculations reveal that the excess of initial KE is spent more
effectively to increase the translational KE (center of mass KE)
and substrate temperature helps this process via phonon transfer,
at least in the low and intermediate KE regime. Only for higher
KE, when cage rupture occurs, the reactivity starts to be relevant,
as shown in our MSD analysis, demonstrating that this process is
kinetically driven. While our discussion has been limited to the
case of SiC growth, we believe that SUMBE may represent a more
general approach to grow materials in the low-temperature regime
even on metals, notably nickel and copper, in which carbide
formation may compete energetically with -conjugate structures,
such as graphene (Batzill, 2012; Lu et al., 2011).
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