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In this work, carbon thin films have been experimentally produced by accelerating C60 ions on germanium
substrates at different deposition energies �from 50–1000 eV�. Adherence and chemical composition have been
studied in order to characterize the obtained material. On the other hand, molecular dynamics simulations have
been used to investigate the microscopic processes of the growth of carbon thin films obtained from the
collision of C60 molecules on germanium substrates. The Tersoff potential has been employed to describe the
atomic interactions. Some properties of the films have been studied as a function of the deposition energy
�from 10–1000 eV�: interface thickness, density profile from the substrate up to the film surface, etc. Experi-
mental and simulated results have been correlated to those obtained on silicon by similar methods. The results
show that the structural and dynamical properties of the films depend on deposition energy, as it was observed
on silicon substrates. For the studied energies, the simulated interface thickness is larger in germanium sub-
strates than in silicon ones. However, experimentally observed adherence is poorer on germanium substrates.
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I. INTRODUCTION

The deposition of hard carbon-based materials has been
extensively studied due to their technological usefulness.
Previous works have demonstrated that high pressures in-
duce polymerization or amorphization of solid C60.

1 The idea
of our method is to replace the high pressure and high tem-
perature by a dynamic process of deposition of fullerenes
with different energies, inducing covalent bonds between
carbon atoms of neighboring C60 molecules, forming films
with different short range organization depending on the ion
beam energy. We have deposited carbon thin films from a
C60 ion beam on silicon wafers and we have characterized
them.2–4 We have also studied, by molecular dynamics �MD�
simulations, the impact of C60 molecules on ideal diamond
and silicon �100� substrates and the subsequent growth of
carbon films. Simulated results on silicon agreed with experi-
mental ones.5 In particular, the low penetration depth of
carbon atoms into the substrate when using C60 molecules as
projectiles could be responsible for the experimentally
observed poor adherence to the substrate.6

It was proven that penetration depth increases going from
diamond to silicon substrates,5 as expected taking into ac-

count that the volume per atom is greater for silicon. Germa-
nium structure suggests that we could obtain still more pen-
etration on this substrate. This motivated us to grow carbon
films on Ge substrates in order to solve adherence problems
and to simulate this process by molecular dynamics to
achieve a better understanding of experimental results in an
atomic scale.

In this work we present the characterization of carbon thin
films experimentally obtained by accelerating a C60 ion beam
on germanium �100� substrates at deposition energies �Edep�
from 50–1000 eV. We also present MD simulations of the
growth of carbon films from C60 molecules on ideal germa-
nium �100� substrates at different Edep �from 10–1000 eV�.
The experimental and calculated results were compared with
those obtained for films produced on diamond and silicon
substrates.

II. EXPERIMENTAL

Fullerene powder �99.9% C60� is degassed at 200 °C dur-
ing several hours in order to eliminate oxygen. Thereafter,
the fullerenes are sublimated at about 600 °C and an electron
discharge is established between a hot filament and an anode,
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producing C60
+ . These ions are extracted from the discharge

region and accelerated, in a first stage, to an electrode in
order to separate the discharge zone from the deposition re-
gion. Finally, the ions are accelerated to the substrate by
another negative extraction potential,7 with deposition ener-
gies ranging from 50 to 1000 eV.

Mirror polished germanium �100� wafers were used as
substrates. The wafers were chemically cleaned with acetone
in an ultrasonic bath for 5 min before the deposition process.

The surface morphology of the obtained material was ob-
served by optical microscopy and some of the samples were
characterized by x-ray photoelectron spectroscopy �XPS� in
order to study chemical composition. XPS measurements
were carried out using the Mg K� line �h�=1253.6 eV� as
incident radiation. The spectrometer was calibrated consider-
ing that the binding energy of the Au 4f7/2 peak was at 84 eV
with respect to the Fermi level. High resolution XPS spectra
�pass energy=20 eV� of C 1s, Ge 3d, and O 1s were regis-
tered from the as-grown samples and after sequential appli-
cations of sputtering with Ar+ bombardment �4 kV,
5 �A/cm2�. The spectra were fitted by Gaussians functions
in order to identify the elements on the film surface.

III. COMPUTATIONAL MODEL

Verlet’s molecular dynamics algorithm with semiempir-
ical many-body Tersoff potential8 has been used to describe
the interactions between C60 molecules and germanium sub-
strates. Parameters given in the literature have been used for
C-C and Ge-Ge interactions. C-Ge parameters have been
interpolated as indicated in Ref. 8.

In order to avoid Ge-Ge bonds in an hypothetical CGe
compound with zinc-blende �ZB� structure, the parameters
defining the cut-off function for this interaction were initially
reduced from R=2.8 Å, S=3.1 Å, to the values R=2.7 Å,
S=2.9 Å. The dimensionless parameter �C-Ge not supplied
by Tersoff was fixed at 0.986, chosen to fit the heat of for-
mation of the mixed ZB-CGe alloy, estimated from ab initio
calculations9–11 to be of about 0.2 eV/atom.

In this way the potential allows the formation of a CGe
compound with ZB structure in a relative minimum energy,
though the most stable situation corresponds to phase segre-
gation. An amorphous C-Ge material containing bonds simi-
lar to those of ZB is expected to be present in the interface as
a result of the described experimental procedure, especially
for the higher deposition energies.

Taking into account the relative arbitrariness in the defi-
nition of the cut-off parameters, small variations around ini-
tial values were allowed after deposition in order to analyze
its effect: no significant structural changes were observed.

As projectiles we used single carbon atoms and C60 mol-
ecules thrown perpendicularly to the substrate surface at a
random location with deposition energies �Edep� in the range
1–100 eV for single C atoms and 10–1000 eV for fullerenes.
In the case of molecules, Edep refers to the translational ki-
netic energy of whole molecules generated with random ori-
entations and vibrating with atomic velocities corresponding
to a temperature of 300 K.

Ideal Ge�100� crystals were employed as substrates. The
number of atomic layers, each one containing 50 atoms, de-

pends on Edep, ranging from 12 to 20. The two bottom layers
were fixed to the equilibrium position representing a
semi-infinite crystal; the remaining layers were allowed to
move with full dynamics, applying periodic boundary condi-
tions in the layer’s �xy� plane. Before deposition of the mol-
ecules, the substrates were relaxed at T=300 K and P=0 for
about 1000 fs. C60 molecules were deposited at time inter-
vals of 5000 fs, in order to ensure that each projectile has
enough time to dissipate its energy to the substrate before the
next one hits the surface. The method of Berendsen12 was
applied in order to simulate the cooling of the system. For
further details see Ref. 5. We have analyzed structural and
dynamical properties as a function of the deposition energy:
interface thickness, coordination of the atoms inside the film,
density profile from the substrate up to the film surface, vi-
brational density of states, and pair radial and angular distri-
bution functions.

Mean densities across the films were calculated by sliding
a slice in small increments along the z direction, discriminat-
ing atomic species. Angular distribution functions were cal-
culated taking angles between bonds with Ge and C atoms as
vertices and discriminating by atomic coordination.

Thermal annealings at 1500 and 2500 K were performed
on some of the samples in order to study structural changes.
Temperature was raised at a rate of 5 K per fs, samples were
allowed to thermalize during 10 ps at the chosen annealing
temperature, and then they were cooled at a rate of 0.1 K per
fs up to 300 K.

IV. RESULTS

Samples of about 0.1–0.2 �m thickness were deposited
on Ge�100� wafers. Qualitative optical inspection indicates
that the surface of the films is homogeneous. However, a few
hours after the end of the deposition process, some parts of
the film begin to detach from the substrate, indicating poor
adherence. Figure 1 shows a micrograph of the film surface,
where delamination by buckling can be appreciated. This
result disagrees with the improvement in adherence expected
from the increasing of the penetration depth going from Si to
Ge. A probable cause for this behavior is suggested by MD
simulation results which will be discussed later in this sec-
tion.

Chemical composition of the films was analyzed by XPS.
Oxygen contamination was observed on the surface, but it
disappears after a few sequential applications of sputtering
with Ar+. Figure 2 shows XPS results for the C 1s signal
from a film deposited at 1000 eV. The best fitting was
achieved with two peaks centered at �283.8±0.1� eV and at
�284.6±0.1� eV, which are attributed to C-Ge and C-C con-
tributions, respectively.13 These results evidence the presence
of C-Ge bonds in the substrate-film interface.14 There are not
many theoretical publications about C-Ge materials. One of
the reasons for this is that germanium carbide is not a natural
material. However, the aforementioned XPS results have
shown the presence of C-Ge bonds, which prompted the
simulations presented in this work with the aim of achieving
a deeper understanding of the growth of these films in an
atomic scale. Therefore, this study could provide a theoreti-
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cal explanation of the experimentally observed poor adher-
ence.

Molecular dynamics �MD� calculations were carried out
to simulate the growth of carbon films from C60 molecules
thrown on Ge substrates. In order to decide the number of Ge
layers to be used in each simulation, penetration of single C
atoms was analyzed. Figure 3 shows statistical results of the
mean penetration depth of C atoms on Ge as a function of
Edep; results of C atoms on Si and diamond substrates are
also included for comparison. It can be seen that all of them
show a similar behavior: the mean penetration depth is ap-
proximately proportional to the deposition velocity. On the
other hand, the penetration depth increases going from dia-
mond to germanium.

The impact of individual C60 fullerenes on Ge substrates
was simulated by throwing vibrating molecules perpendicu-
larly to the surface. For each deposition energy in the range
10–1000 eV, statistical behavior was studied by generating
the projectiles with different orientations and impinging the
surface at random location. Figure 4 shows illustrative snap-
shots for three Edep, together with those previously obtained
on silicon and diamond for the sake of comparison. Three
different behaviors can be distinguished: at low Edep, the
molecules either bounce away or remain weakly bonded to
the substrate with little distortion of the molecular geometry;
at intermediate Edep, molecules form progressively more
bonds with the substrate and suffer an increasing distortion
of the fullerene cage; and at high Edep, molecules are frag-
mented. This behavior is common to all substrates, but dis-
tortion and fragmentation start at different Edep values for
each one. In the case of Ge, at low Edep there are statistically
more bounces than the observed ones on Si and diamond,
probably because C-Ge bonding affinity is the lowest one.
Besides, for Edep higher than 500 eV, mean penetration depth
of fragmented molecules is considerably higher on Ge than
on the other substrates, as illustrated in Fig. 4. This behavior
is in agreement with results shown in Fig. 3 about penetra-
tion of individual C atoms.

Figure 5 shows films grown on Ge substrates together
with previous results on Si.5 For Ge substrates, samples
grown up to 10 eV exhibit little distortion of the fullerene
cages and large intermolecular holes, yielding very inhomo-
geneous and low density films, nevertheless they are denser
than those grown on Si. For 200 eV and higher deposition
energies, the molecules are no longer recognizable: they
have been fragmented forming high density films. The film
density and the distortion of the Ge substrates increase with
deposition energy. This behavior is similar to that observed
on Si substrates.

Figure 6�a� shows density profiles corresponding to the
snapshots of Fig. 5 on Ge. The density of these films in-
creases together with the increasing Edep, from about 0.08 to
0.14 atoms/Å3 for 10 and 1000 eV, respectively. These val-
ues are similar to those corresponding to samples deposited

FIG. 1. Micrograph of delamination produced by buckling, ob-
served in the surface of a sample deposited on Ge at 200 eV
�100X�.

FIG. 2. �Color online� XPS spectra for the C 1s signals from
samples deposited on Ge at 1000 eV: experimental data �dots�, fit-
ting curves �solid lines�.

FIG. 3. �Color online� Calculated mean penetration depth of
individual C atoms in Ge�100� substrates as a function of the depo-
sition energy. Results calculated on diamond and silicon substrates
are also shown.
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on Si substrates for the same Edep. As a reference, the higher
value of density is comparable to the corresponding for dia-
mond �0.176 atoms/Å3�. For the sample grown at 10 eV, it
has to be stressed that the aforementioned value corresponds
to the average density. The observed inhomogeneity can be
attributed to the size of the analyzed area.

Figure 6�b� shows the interface thickness of films depos-
ited on Ge, estimated from density profiles, together with
previous results on Si.5 The interface thickness is defined as
the film region where C and Ge �or Si� densities are not null.
It can be seen that for Edep higher than 500 eV, the thickness

of the interface is considerably larger on Ge: not only be-
cause atomic C penetrates more on Ge �Fig. 3�, but also
because Ge atoms are sputtered from the substrate up to the
film �Fig. 5�. This result would suggest the possibility of a
better adherence of the films on Ge than on Si substrates.
However, as it was mentioned before, the experimentally ob-
served adherence on Ge was even poorer than that on Si.

The coordination of C and Ge atoms in the interface and
film regions was analyzed for different Edep. For low Edep, C
atoms are mainly three-coordinated, as they are in the
fullerene cage. As Edep grows, the number of four-
coordinated C atoms progressively increases: sp3 /sp2 ratio is
of about 0.7 at 1000 eV. On the other hand, Ge atoms are
essentially four-coordinated; nevertheless, there is an in-
creasing number of atoms with coordination five and six, as
Edep increases. It is noticeable that for Edep=1000 eV, the
number of Ge atoms along the interface with coordination
four, five, and six are approximately in the ratio 5:3:1. This
high percentage of five- and six-coordinated Ge atoms re-
veals an interface far from equilibrium, which is probably
the cause of the observed low adherence and film delamina-
tion �see Fig. 1�. In order to study a possible rearrangement
of atoms that releases stresses in the system, some samples
were annealed at 1500 and 2500 K. As described in Ref. 5,
annealing below 1000 K does not have any significant effect
on the atomic coordination of the films; between 1000 and
1600 K there is a bonding conversion process that seems to
saturate at 1600 K in the case of C60 deposited on Si sub-
strates. In the present case, a gradually convergent conver-
sion process is observed to continue at least up to 2500 K.
For C atoms there is essentially a conversion from four- to
three-coordination. This graphitization process has been ex-
perimentally observed and calculated in theoretical
simulations.15,16 For Ge atoms, the number of four-
coordinated atoms grows at the expense of six- and higher
coordinated atoms, whereas the number of five-coordinated
atoms remains practically unchanged. Some of these results

FIG. 4. �Color online� Snap-
shots of a C60 molecule thrown on
diamond �100�, Si�100�, and
Ge�100� substrates.

FIG. 5. �Color online� Films grown throwing C60 molecules at
10, 300, and 1000 eV on Si�100� and Ge�100� substrates.
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are summarized in Figs. 7 and 8, for samples grown at
1000 eV.

Structural changes as a function of Edep are also reflected
in radial and angular distribution functions and in velocity
autocorrelation functions. As an example of these changes,
Fig. 9 shows angular distribution functions for samples
grown at 10 and 1000 eV. Results for Si substrates are also
shown for comparison. At low Edep, the great majority of C
atoms are three-coordinated with angles corresponding to

hexagonal �120°� and pentagonal �108°� faces of C60 mol-
ecules. These peaks are more clearly observed on Si sub-
strates, where the majority of C60 molecules preserve their
identity in the film, as can be appreciated in Fig. 5. At high
energy, the peaks are broader and approximately centered at
hexagonal and tetrahedral �109°� angles for both substrates,
denoting the presence of amorphous carbon films. Similarly,
C-C pair radial distribution functions are comparable at high
energies, but broader peaks are observed for films grown on
Ge substrates at low energies.

V. CONCLUSIONS

Experimental and simulations studies of carbon thin films
deposited on Ge�100� substrates were carried out.

It was proven that it is possible to deposit carbon films
from C60 ion beams on Ge substrates. Besides, XPS spectra
for the C 1s signals evidence the existence of C-Ge bonds.

MD simulations show a noticeable increase of the atomic
penetration depth �for Edep higher than c.a. 500 eV� and of
the interface thickness going from Si to Ge substrates. How-
ever, experimentally obtained films on Ge present very low
adherence to the substrate for all Edep, similar or even lower
than that observed on Si substrates.

MD calculations results suggest that the observed poor
adherence could be attributed to the internal stress of the

FIG. 6. �Color online� �a� Density profiles of films deposited on
Ge�100�; �b� interface thickness as a function of Edep.

FIG. 7. �Color online� Number of n-coordinated atoms in as-
grown and thermal annealed film: �a� carbon atoms; �b� germanium
atoms.
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material, essentially in the interface. In fact, in this region a
high number of five- and six-coordinated atoms, especially
Ge, are present. Under these anomalous conditions the atoms
are weakly bonded. After thermal annealing, Ge atoms with
six- and higher coordination release stress but the high num-
ber of five-coordinated Ge atoms remains practically un-
changed. In fact, the experimental deposition process gener-
ates a far from equilibrium system. This kind of system
hardly reaches a complete relaxation after an annealing

process, as suggested by numerical simulations.
In conclusion, although XPS and MD simulations results

show the presence of a rich C-Ge interface, the films present
weak adherence to the substrate, which could be associated
to a high number of overcoordinated Ge atoms in the inter-
face.
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