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In this paper we use density functional theory calculations to investigate the structure and the stability of
different SiC cagelike clusters. In addition to the fullerene family and the mixed four and six membered ring
family, we introduce a family based on reconstructed nanotube slices. We propose an alternative synthesis
pathway starting from SiC nanotubes.
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Carbon-based nanostructures exhibit many different lowdimensional allotropes 共fullerenes, nanotubes, etc.兲. This
leads to a wide spectrum of possible physical properties.
Adding silicon atoms to such structures is therefore of great
interest, both from a theoretical and applied point of view.
While it has been recently pointed out1 that such SiC nanostructures will be well-suited for applications in various important fields such as micro- electronics and catalysis, their
possible synthesis is still an issue: only SiC nanotubes have
been obtained2 and the tentative synthesis of SiC fullerenes
via the substitution of C atoms by Si atoms in carbon
fullerenes has failed 共see, e.g., Ref. 3兲. In this paper we use
density functional theory 共DFT兲 calculations to investigate
the structure and the stability of different stoichiometric SiC
cagelike clusters. We propose an alternative synthesis pathway starting from SiC nanotubes.
The DFT calculations are performed with the BigDFT
code,4 which uses a systematic wavelet basis set. The number of basis functions is chosen in such a way that our energy
results per Si-C pair are accurate within 1 meV. Geometries
are considered optimized when the forces between two atoms
are less than 2 meV/ Å. The exchange-correlation functional
used for the calculation is the PBE approximation,5 and the
pseudopotentials used are of the HGH form,6 in the Krack
variant.7 Isolated boundary conditions are used both for the
Kohn-Sham electronic orbitals and the calculation of the
electrostatic Hartree potential.8 Hence no supercell approximation is needed. The stability of a given SiC cluster is
classified in terms of the energy per SiC pair. All the structures we analyzed have SiC sp2-like bonds. For this reason,
we choose as a reference energy the energy per SiC pair of a
single SiC sheet. This is calculated with the BigDFT code
with explicit surface boundary conditions, which are again
consistently used both for the Kohn-Sham electronic orbitals
and the calculation of the electrostatic Hartree potential.9
In the recent years several theoretical studies have been
made on the stability of different cagelike clusters of SiC. In
the absence of experimentally characterized objects, both the
cage structure and the local chemical arrangement were investigated. Most of these studies were modeled on the basis
of carbon fullerene cages 共FC兲. Matsubara and Massobrio10
have studied the stability of C60−pSip heterofullerenes, in a
chemical arrangement which separates Si and C regions on
the cage surface. Other analyses of cages with this separated
Si/C local ordering have been carried out by Ray’s group.11,12
1098-0121/2010/82共3兲/035431共6兲

For a FC based structure, the Si/C separation is imposed by
the presence of pentagons in the original FC, that forbids the
realization of a fully alternating Si-C conformation 共each Si
having three C neighbors, and vice versa兲. Moreover, a study
of the dynamical stability of such cages13 has shown that
such cages tend to fragment due to the unstable character of
the Si part of the cage. At the same time, several
calculations14–16 have shown that the alternating conformation is the preferred for SiC nanotubes. Other studies17 have
been carried out by taking into account cagelike structures
without pentagons composed only of squares and hexagons
共4–6 cages兲. Such structures have six rhombi on their surface, and they are more or less deformed depending on the
relative position of the squares. Their conformation have
been originally pointed out in the case of BN clusters,18 and
a theoretical study of these compounds have revealed that
they are good candidates for high-stability stoichiometric
cages. Cage-like clusters of this shape have already been
analyzed for other materials 共see, e.g., Refs. 17 and 19–21兲,
showing a high stability with respect to other shapes. When
these squares are placed in a way that gives an octahedral
symmetry we obtain nano-octahedral structures which have
been shown to exist in several layered compounds.19 Such
structural arrangement permits the alternating Si-C conformation which, from the above mentioned nanotubes studies,
appears to be preferred for SiC sp2 bonding.
We start our analysis by considering SiC cages which
have same number of atoms as the carbon FC. Our study
focuses on stoichiometric compounds 共Si to C ratio of 1:1兲,
with fully alternating chemical ordering. Our choice to analyze fully alternating cages is motivated by two reasons. First
of all, from the above mentioned study,13 it is unlikely that a
dynamically stable stoichiometric cage will present a fully
segregated conformation. We prefer to focus on conformations in which the sp2 character of the bonding is preserved.
Second, we have also analyzed the possibility of partial Si-C
segregation, namely nonfully alternating ordering. Our results have shown 共see below兲 that these conformations are
energetically defavorable with respect to the Si-C-Si conformation. In addition, the predicted chemical ordering for SiC
nanotubes seems to be fully alternating. We will see in the
following that this fact will be of interest to explore synthesis
pathways of these cages.
In Fig. 1, we show different structures we have considered
with 30 SiC couples. All these structures are local minima in
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(a) 90 bonds, 719 meV

(b) 90 bonds, 679 meV

(c) 70 bonds, 744 meV

(d) 80 bonds, 736 meV

FIG. 1. 共Color online兲 Dependence of the energetic stability
from the chemical ordering. Different stoichiometric structures of
SiC cages of 60 atoms. The number of alternating Si共green兲C共black兲 bonds and the energy per SiC pair 共meV兲 are indicated. A
partially segregated chemical ordering is energetically defavorable
wrt a fully alternating one.

configuration space. In panel 共a兲 and 共b兲 we show structures
which have 90 Si-C sp2-like bondings, which means that
they are fully alternated. The energy per SiC couple is indicated, measured with respect to the reference of the SiC planar monolayer. In panel 共c兲 and 共d兲 we have presented two
examples of nonfully alternating structures, which show a
partial aggregation of carbon atoms in pentagonal structures.
The cage 共c兲 is a Si-doped FC. Both structures are more
energetic that the ones with 90 bondings. Other configurations which are nonfully alternating exhibit similar behavior:
partial Si-C segregation always tends to increase the energy
of the cage. This fact shows that the fully alternating sector
of the configuration space has tendency to preserve the SiC-Si conformation rather that to favor Si or C aggregation on
the cage surface.
We now concentrate our analysis cages 1共a兲 and 1共b兲. We
will see that these objects are actually representatives of
wider families of nanoscaled SiC cages. The cage of Fig.
1共a兲 has a somewhat cylindrical shape, with two “holes” at
the terminations. Such structures can be obtained from n
“slices” of an 共m , m兲 armchair-type nanotube, by recombining the dangling bonds at the terminations. This creates a
double-terminated single-walled SiC nanotube slice 共NTSn兲.
The termination contains m squares and one almost flat 2m
polygon on each side of the NTS 共e.g., a decagon for the
cage in Fig. 1共a兲, which is the NTS6 with m = 5兲. In the
bottom panel of Fig. 2 we have drawn the termination of
bigger NTSn共n ⱖ 12兲 cages of diameter m = 6 , 8 , 10. This
NTS termination is realized by deforming the original nanotube shape. These terminations are basically caps of the finite
tubes formed by reorganization of the dangling bonds. In

semi-infinite nanotubes, such behavior is also seen in other
elements such as BN 共Refs. 22 and 23兲 or AlN.24 In these
studies it has been pointed out that for the considered diameters, in the case of AlN such caps are formed simply when
the open finite tube are optimized, whereas on BN a barrier
prevents a rearrangement from a configuration in which the
dangling bonds form a 2 ⫻ 1-like reconstruction at the tube
end. This undeformed 2 ⫻ 1-like termination can be built also
in the SiC case from the raw cut as illustrated on the right
panel of Fig. 2. Due to the remaining Si-C dangling bonds,
for the cage of Fig. 1共a兲 such a termination is less stable than
the NTS termination where all the dangling bonds are recombined. However, as we will explain in the following, we may
determine a threshold diameter 共m0兲 of the cage. The NTS
termination will be unstable for diameters bigger that this
threshold.
We have considered NTSn families with n = 6 , 8 , 12,
18, 24 with different values of m. Each of these cages is a
local minimum in the configuration space of 2nm atoms. The
energies per SiC pair of the relaxed geometries are plotted in
Fig. 2. For each series of a given number of slices n there is
an optimal configuration which has the minimum value of
energy per pair. The value of such optimal diameter mⴱ increases with the length n of the cage family. Moreover, for a
given diameter the configuration with highest number of
slices has always a lower value of energy per SiC pair. This
means that, for any of the cages we have considered, two
NTS structures with the same diameter are potentially very
reactive since they would prefer to arrange in a bigger NTS
cage.
Thanks to these observations, we can draw several conclusions on the geometry of these structures. As the diameter
m of the cage increases, the curvature of the central part of
the cage decreases as 关O共1 / m兲兴, and its local ordering tends
to be more similar to the single SiC sheet, which is lower in
energy. This would favor cages of high diameters. For the
NTS cages, this mechanism is in competition with the deformation of the termination, which is more and more important, and energetically more costly as the diameter of the
cage increases. Such terminations have stretched/compressed
bonds and spherical form 关curvature of O共冑m兲兴. The optimal
diameter is reached when the stabilization energy induced by
the decrease of the curvature in the body balances the deformation energy generated in the termination. Moreover, at a
given diameter m0 the termination with a 2m0 polygon is less
favorable than a 2 ⫻ 1-like termination, whose energetic contribution is dominated by the stretching induced by the bond
reconstruction. For m ⬎ m0, we have thus found at least one
atomic arrangement of the termination which is lower in energy than the corresponding NTS. For creating NTS-type
SiC cages, one has thus to start from nanotubes with diameters which are smaller than m0.
To give a quantitative description of these considerations,
we can write the energy of a NTSn cage as the sum of the
energy of a slice in the internal part of the structure and the
energy associated with a deformed termination. The expressions for these contributions can be obtained from the isotropic shell model of elasticity theory, as has already been done
for monolayers of materials with hexagonal symmetry in 2d
lattices 共see, e.g., Refs. 25 and 26兲. Essentially, we found that
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FIG. 2. 共Color online兲 Energetic behavior of SiC NTSn families. Energy per Si-C pair of different NTSn cages as a function of their
diameter m. Each cage has nm Si-C pairs. The dotted line indicates the results from the model described in the Appendix. The correct optimal
diameter for each family is reproduced as a result of the balance between the energy of the body 关O共1 / m兲兴 and of the termination of the cage
关O共冑m兲兴. The structure and terminations of the NTS SiC cages are drawn for m = 6 , 8 , 10 diameters on the bottom panel. Such terminations
have stretched 共red/dark gray兲 and compressed 共blue/light gray兲 bonds. The termination appears more deformed as the diameter m increases.
An illustration of the 2 ⫻ 1-like termination is drawn on the right panel. The latter termination is predicted to be more stable for bigger
diameter 共m ⱖ 19兲.

the energetic behavior 共see the Appendix兲 is primarily driven
by the square of the curvature 共flexural rigidity兲, corrected by
terms which take into account stretching and compression
共Poisson ratio兲. These simple expressions provide us with a
simple energetic model 共see the Appendix兲, whose results are
plotted in Fig. 2, in agreement with DFT calculations. In
particular, the correct optimal diameter mⴱ for each family is
reproduced, which confirms our physical interpretation for
the existence of a minimum. Also the energy cost of a termination can be studied as a function of m with this model. As
already pointed out, for low diameters, the 2 ⫻ 1-like terminations are only metastable states and the polygonal termination will be preferred while NTSn cages of higher diameter will prefer a 2 ⫻ 1 reconstruction. The above model
gives an estimation of this critical radius of m0 = 19. We
stress that the determination of m0 presented here is based on
considering only the 2 ⫻ 1-like termination as an alternative
to the NTS one. Other kind of arrangements may be more
favorable than the 2 ⫻ 1 case for diameters around m0. The
important point here is that, whatever the actual picture is,
the polygonal termination of the NTS cages will not be
stable for high diameters. Also, the tendency of two cages
NTSn1 and NTSn2 to “fuse” in one longer NTS共n1 + n2兲 cage

is predicted by this model, with a energy gain which only
depends of the diameter.
Therefore, given a fully alternating chemical ordering, a
SiC cage tends to prefer a structural arrangement which
minimizes the local deformations with respect to the plain
SiC monolayer, in particular by minimizing its curvature,
which is easier for cagelike shapes. The reasons why this
occurs can be generalized to different sp2-like compounds,
explaining the different behavior of the termination depending of the material.
As a parameter of stability, we have also calculated the
HOMO-LUMO gap of the NTS cages. Results are indicated
in Fig. 3. The value of the gap are distributed around a value
of 2.1 eV, and are relatively constant as a function of the
diameter of the cages. It can be seen that, for each family
except the NTS6 cages, the value of the gap tends to decrease for cages which have diameter bigger than the optimal
diameter mⴱ. The NTS cages which have big diameter are
thus more reactive chemically. The NTS6 family slightly deviates from these trends 关mⴱ共6兲 = 5兴. The reason for this is
probably related to the relatively little number of slices. The
deformation induced by the termination is present throughout
the whole cage, and this makes the cages more reactive.
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cages, since there exist structures which are 共on average兲
locally more similar to the plain SiC monolayer, which has
pure, perfectly balanced, sp2 SiC bonding. Nonetheless, this
fact does not imply that NTS cages are not stable. Indeed,
due to their topology, the 4–6 conformations cannot be generated by local modification of the NTSn cages, nanotubes,
or SiC heterofullerenes. Only a global rearrangement of the
atomic position may connect the 4–6 cage to any of the
structures described above.
Our DFT analysis permits to draw several important conclusions on the synthesis pathways of SiC cages. As possible
candidates to synthesis, two families of SiC cages have been
considered, the NTSn and the 4–6 cages. The synthesis of a
stable stoichiometric cage will most likely be impossible by
substituting Si atoms on carbon FC. Indeed, at the beginning
of the process Si atoms would tend to aggregate, and the
recovering of the alternating bonding will become more and
more difficult as the Si:C ratio of the cage increases. This is
due to the fact that a spatially separated Si/C chemical ordering is energetically preferred at lower concentration.10 At a
critical Si concentration, the sp3-like Si-Si bondings will
tend to destroy the cage structure. The existence of such
critical behavior for dynamical properties of SipC60−p heterofullerenes has been already pointed out,13 in which a critical
value of p = 20 was predicted.
In contrast to problem associated to doped FC, NTS-type
cages can be obtained directly in an alternating bonding by
cutting a SiC nanotube in chunks. This can be done for example by using the established cutting techniques for carbon
nanotubes 共see, e.g., Ref. 27兲. The cut reconstruction, leading
to the closing of the cage with two polygons, is found to be
energetically defavorable for tube diameter bigger than 3.2
nm. For all of the cages analyzed in this study, which have
diameters lower than 2 nm, this reconstruction occurs spontaneously. Nevertheless as a consequence of the curvature
minimization, the NTS cages will always tend to unify into
bigger cages, locally more similar to nanotubes. This tendency should be properly taken into account during synthesis
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FIG. 3. 共Color online兲 HOMO-LUMO gaps of some cages belonging to the NTSn families, as a function of their diameter m.

In addition to the NTSn cages, we have considered the
family to which the cage 1共b兲 belongs. This is the set of 4–6
cages which have only squares and hexagons on the cage
surface. A case of particular interest is when the six squares
are placed along an octahedral symmetry. We have considered octahedral structures of 4–6 SiC cages of 36, 48, 108,
and 192 Si-C couples, and nonoctahedral cages of 18, 24, 30
couples. Results are plotted in Fig. 4, as a function of the
number of SiC pairs. Such cages have a value of energy per
pair lower than the most stable NTSn cage with the same
number of atoms. In contrast to the NTSn families, the energy per SiC pair decreases continuously with increasing
size. Since the cage surface is mostly made by hexagons, the
average local structure of these cages is close to the undeformed SiC sheet, and is only altered by the presence of the
6 squares. As for the NTS family, the energetic behavior is
primarily driven by the curvature of the cage.
Therefore, we have found that 共at least for some sizes兲 the
NTSn are not the preferred alternating conformation SiC
1400
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FIG. 4. 共Color online兲 Energy per SiC pair of the 4–6 cages. We have considered octahedral structures of 4–6 SiC cages 共filled diamonds兲
and nonoctahedral cages 共empty diamonds兲. The main contribution to the energy of these structures comes from the spheroidal curvature as
illustrated for the cages of size 96, 216, 384. This curvature decreases as the number of pair Nc increases 关O共1 / 冑Nc兲兴 共see the Appendix兲.
These structures have also stretched 共red/dark gray兲 and compressed 共blue/light gray兲 bonds located around the squares whatever their size.
The black dotted line indicates the result from the model fitted on cages with octahedral shape. The energies of the most stable NTSn cage
共filled circles兲 for a given number of pairs is indicated.
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FIG. 5. 共Color online兲 Different structures originated from the
cut of n = 6 slices of a 共5,5兲 armchair nanotube 共60 atoms兲. The
dangling bonds of the unreconstructed cut can recombine in a
2 ⫻ 1-like reconstruction or into the NTSn structure, which is more
stable since it has a bigger number of Si-C bondings, even tough is
more deformed.

to avoid an immediate recombination of the NTSn cage with
the original nanotube. Even though the NTS cages are not
the global minimum for the considered cage size, their particular topology protects them from structural rearrangements which will lead to more stable structures such as the
4–6 cages. The synthesis of SiC 4–6 cages has not been
achieved so far17 and should according to our findings require high temperature processes. The NTS cages on the
other hand could be synthesized by starting from existing
intermediate SiC nanostructures. Our results thus help to explain the lack of experimental evidence in producing stoichiometric SiC cagelike clusters and stipulate under which conditions the experimental synthesis of these interesting
nanoscale objects might be possible.
This work was performed using HPC resources from
GENCI-CINES 共Grant No. 009- c2009096194兲. Support
from the Swiss National Science foundation and CSCS is
also acknowledged.
APPENDIX: DESCRIPTION OF THE ENERGETIC MODEL
FOR THE NTSn CAGES

The NTSn SiC cages can be seen as suitable rearrangements of the structure which results from cutting a SiC
共m , m兲 armchair nanotube in chunks of n slices. As a conse-

quence, a cage which belongs to an NTSn has properties
which depend of the diameter of the original nanotube,
which is linearly dependent of m.
We have analyzed the structures in terms of their geometry such as to find a relation between the structural arrangement and the energetic stability, in particular by taking into
account the local deformation with respect to the undeformed SiC monolayer, which is lower in energy. In Fig. 5
the process of the creation of a NTS6 cage of diameter 5 is
sketched. The dangling bonds of the original nanotube tend
to recombine, first in a 2 ⫻ 1-like reconstruction, then by
deforming the structure such as to obtain the NTS termination.
This deformation has an energetic cost which may be
modeled as a function of the diameter. The curvature of the
internal part of the cage decreases when m increases
关O共1 / m兲兴, and this would favors cages of high diameters. As
described in the text, this mechanism is in competition with
the deformation of the termination 关curvature of O共冑m兲兴.
As a first approximation, we can model the energy of
NTSn cage of diameter m by the formula ENTS共n , m兲
= 共n − 6兲Eb共m兲 + 2Et共m兲. Here Eb is the energy of a slice in the
internal part of the structure, and Et is the energy associated
with a deformed termination, which we assume in our picture to have the thickness of three slices. The values of Eb
and Et are found by considering the energies of two NTS
cages with the same diameters and terminations. We took as
references the NTS12 and NTS18 families, and also NTS24
for higher diameters.
The form of the functions Eb and Et is obtained by expressing the energy of the cage surface within the isotropic
shell model of elasticity theory, as has already been done for
monolayers of materials with hexagonal symmetry in 2d lattices 共see, e.g., Refs. 25 and 26兲. The local energy of a single
slice of the body of a NTSn cage will then depend mainly of
the square of its curvature, which implies Eb共m兲 / m = Ab / m2.
For the 2 ⫻ 1-like termination, the energetic contributions
which does not take into account the curvature term should
be taken into account. These terms are related to the reconstructions and the surface stretching and compression, which
will be 共for high values of m兲 independent of m. We found
that a m dependence of the form Et共m兲 / m − Ab / m2 = Ct⬘ / m
+ Bt⬘ correctly fits the points. For the polygonal termination,
the energy behavior will be dominated by the square of the
curvature of the termination 共thus a term which is linear in
m兲 plus the effects from stretching and compression, which
we model the same way: in that case Et共m兲 / m = Atm + Ct / m
+ Bt. We found the interpolating parameters to be, in meV:
Ab = 3975, At = 187, Bt = 322 Ct = 4801, Bt⬘ = 992, Ct⬘ = 4037.

FIG. 6. 共Color online兲 Fusion procedure of two NTS6 cages into one bigger NTS12 cage. As a first stage, it is energetically convenient
to maximize the Si-C bonds. Eventually, the reduction of the deformation in the middle of the structure will complete the procedure.
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In agreement with the DFT calculations, the above model
also predicts that two cages NTSn1 and NTSn2 would always
have the tendency to “fuse” in one longer NTS共n1 + n2兲 cage,
with a energy gain which only depends of the diameter, since
∀m ENTS共n1 , m兲 + ENTS共n2 , m兲 − ENTS共n1 + n2 , m兲 = ENTS共0 , m兲
⬎ 0. The fusion procedure is sketched in Fig. 6 where we
have drawn the pathway from two NTS6 cages of diameter
m = 5 共left panel兲 to one single NTS12 cage 共right panel兲. The
reaction occurs via an intermediate structure corresponding
to two welded NTS6 共middle panel兲. For this diameter, the
welding reaction as well as the transformation of the two
welded NTSn into one NTS2n occurs spontaneously. As for
the cutting, the first step of the reaction 共the welding兲 is
driven by the SiC bondings while the second part of the

13 M.
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†luigi.genovese@esrf.fr
1

reaction is driven by the reduction of the deformation. It is
worth noticing that the reactivity of the welding will be
strongly affected by the alignment of the two NTSn.
The same kind of considerations can be applied to the 4–6
family. The average local structure of these cages is close to
the undeformed SiC sheet, and it is altered by the presence of
the six squares. The curvature induced by the squares forces
the structures to have spheroidal shape. We may then argue
that the main contribution to the energy of these structures
comes from the spheroidal curvature, by the relation E4–6
2
= A / deff
, where deff = 冑Nc + ␦. The a sphericity parameter ␦
takes into account the deviation of the cage from the pure
spherical form. We fit the parameters A = 40.663 eV, ␦
= 2.45, in good agreement with our results 共see Fig. 4兲.
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