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ABSTRACT In this paper, the stability, geometric and electronic properties of boron doped small fullerenes
C20, C24, C28 were investigated using density functional theory (DFT) methods. Average bonds lengths were
calculated and the stability of optimized structures was estimated. An analysis of one-electron spectra and the
density of states (DOS) allowed us to define the mechanisms for the change in the band gap and to determine
the dependence of this parameter on the concentration of boron atoms. The established dependence of the
band gap on the concentration of impurity atoms suggests the possibility of controlling the refractive index
of the considered nanomaterials by doping with different concentrations of boron atoms, which indicates the
applicability of such an approach to the construction of heterostructures in general and photonic crystals in
particular. The obtained results can be useful for the fabrication of the novel optoelectronic devices which are
used in infocommunication systems for the manipulating and transformation of optical signals.
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1. Introduction

Improving the efficiency and reliability of information transmission systems is one of the most important vectors of
the development of modern infocommunication technologies. Information transmission technologies using visible light
as a signal carrier have become widespread. In this case, it is possible to implement a communication channel not only
based on optical fiber, but also wirelessly, the so-called Li-Fi. Optical fiber technology, characterized by extremely high
transmission capacity, the values of which can range from tens of Gbit/s to hundreds of Tbit/s [1–3], has now firmly
entered the modern world. Li-Fi technology is only developing and is not so widespread yet, but it is high promising and
is characterized by a sufficiently high transmission capacity and the possibility of application in air transport and medical
facilities where Wi-Fi cannot be used cause of safety issues [4–6]. The above methods of information transmission, of
course, require technical implementation using various optoelectronic devices. Heterostructures, and especially, photonic
crystals, can be a basis for the construction of such devices, for example, optical switches [7,8], filters [9–14], logic adders
and subtractors [15, 15–20], logic gates [21, 22].

Photonic crystals are structures characterized by a periodically (quasi-periodically) changing refractive index. The
concept of a photonic band gap, analogous to the concept introduced to describe the behaviour of electrons in solids
with a band gap, is used to describe the behaviour of photons in such structures. This corresponds to a certain range of
wavelengths (frequencies), and photons with a wavelength (frequency) value within this range are unable to pass through
a crystal [23–25]. The periodicity (or quasi-periodicity) of the refractive index changing determines the existence of
such zones. The distinction between one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) photonic
crystals is made on the basis of whether the refractive index changes along one, two or three orthogonal vectors (Fig. 1).
It is also noteworthy that photonic crystals can be used to slow down optical pulses. Indeed, the speed of optical pulses
can be reduced by more than 100 times [26, 27].

The selection of appropriate materials for heterostructures fabrication and the implementation of the technological
process of its fabrication represent significant challenges. Carbon nanomaterials offer significant promise in this regard.
Researchers have constructed different composites with the periodically changing properties using carbon nanotubes [28–
34], graphene [35–41], and fullerenes [42–46]. These materials are advantageous, because structures with periodically
changing physicochemical properties based on them can be obtained by doping different regions with impurity atoms.
Boron atoms can act as an impurity, and this choice has a number of advantages: little distortion of the topology of the
nanostructure due to a relatively small difference in the atomic radii of boron and carbon atoms, a significant effect of
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FIG. 1. Schematic illustration of one-dimensional (a), two-dimensional (b) and three-dimensional (c)
photonic crystals consisting of two phases with different refractive indexes n1 and n2

even small amounts of impurity on the electronic properties of the material, and a well-established technology for doping
carbon materials with boron atoms [47, 48].

In previous studies [49, 50], the concept of refractive index control was proposed. It is based on the relationship
between the refractive index and the energy gap. By controlling the energy gap with the help of substituting boron atoms,
it becomes possible to control the refractive index. The problem of the influence of substitution of carbon atoms by boron
atoms in small fullerenes on electronic and optical properties is poorly studied. So, in the present work, we propose
to consider the physicochemical properties of small fullerenes C20, C24, C28 doped with boron atoms in the context of
heterostructures fabrication.

2. Materials and methods

2.1. Description of the investigation objects

The investigation objects were small fullerenes C20 with a point symmetry group Ih, C24 with a point symmetry group
D6d, C28 with a point symmetry group D2. The concentrations of boron impurities were 15, 25 and 50 %. The structures
corresponding to these concentrations were designated as BC5, BC3 and BC, respectively. The chosen concentrations are
not arbitrary: a similar approach is widely used for planar and tubular carbon nanostructures [49–53].

It should be noted that the case under consideration is more specific in that neither graphene nor carbon nanotubes
generally contain pentagons in their structure. The features of the structural characteristics of fullerenes lead to the devia-
tion from the strictly defined structures BC5, BC3 and BC that are observed in boron-carbon nanolayers and nanotubes. It
will be demonstrated subsequently that in BC5 C20 each boron atom is surrounded by either five or six carbon atoms; in the
BC5 nanotube, as indicated by the designation, there are precisely five carbon atoms around each boron atom. However,
when defects (vacancies) are introduced into the graphene structure and pentagonal fragments are formed, it is possible to
form fullerenes by convolution [54]. It is precisely due to this interconnectedness of various carbon nanostructures that it
is possible to extend the approach previously used for graphene and carbon nanotubes to fullerenes. In certain instances,
multiple variants of the mutual spatial arrangement of impurity atoms were contemplated, with the structures designated
as Type A and Type B, respectively.

2.2. Details of the computer modeling

The study was carried out using the methods of DFT [55] at the level of theory B3LYP/6-31G. 6-31G basis set
is widely used for computing structural and electronic properties of boron doped carbon nanostructures in modern stud-
ies [56,57]. The initial fullerenes were optimized, after which part of the carbon atoms were replaced by boron atoms, and
reoptimization was carried out. The geometry of the obtained structures was characterized by the average bond lengths
C–C dC–C, B–C dB–C and B–B dB–B. It was also calculated the value of the relative elongation of the C–C bond δdC–C:

δdC–C =
dC–C(doped) − dC–C(pure)

dC–C(doped)
· 100%, (1)

where dC–C(doped) is an average length of the C–C bond in doped fullerene, dC–C(pure) is an average length of the C–C
bond in pure one.

Important for possible practical applications is the determination of the stability of boron doped fullerenes. The
stability of the considered structures was evaluated by the bond energy Eb calculated by the formula

Eb = nE(C) +mE(B) − E(CnBm), (2)

where E(C) and E(B) are the energies of the isolated carbon and boron atoms, n and m are the numbers of the carbon
and boron atoms, E(CnBm) is the energy of the fullerene.

The next step in the investigation is the evaluation of the possibility of refractive index control by doping selected
small fullerenes with different concentrations of boron atoms. It should be noted here that the simplest way to change the
refractive index n in the framework of this problem is to change the band gap. Thus

n2 = Reε+ k2, (3)
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where ε is the permittivity, k is the imaginary component of the complex refractive index, which is responsible for
absorption.

The absorption α is determined by the conductivity of the sample σ according to the generally accepted formula:

α = σ/cnε0, (4)

where c is the speed of light and ε0 is a permittivity of a vacuum. The relationship between conductivity and the band gap
∆Eg is well-known:

σ∼ exp(−∆Eg/2kBT ), (5)
where kB is the Boltzmann constant, T is a temperature. All above described allows to control the refractive index of the
nanostructures under consideration.

The band gap ∆Eg was estimated as the difference between energy of the lowest unoccupied molecular orbitalELUMO
(the bottom of the conduction zone) and the energy of the highest occupied molecular orbital EHOMO (the maximum of
the valence band):

∆Eg = ELUMO − EHOMO. (6)
Such simple way of estimation of the band gap is suitable for heteroatom doped carbon nanostructures [58, 59].
In the case of spin degeneration of electronic states, the energy values of molecular orbitals corresponding to both

the spin-up state (alpha orbitals) and the spin-down state (beta orbitals) were considered. The band gap is calculated
separately for each type of orbital. The one-electron spectra and DOS were constructed using the GaussSum program [60].
The analysis of the charge distribution was carried out on the basis of calculations of the values of atomic partial charges
according to Mulliken [61].

It should be noted that the values of some estimated parameters for different types of structures corresponding to
the same concentration of impurity atoms were not considered separately, but rather, their average values were taken.
Therefore, if no indication is given that a parameter value pertains to a specific structure type (e.g., A or B), the value in
question represents the average.

3. Results and discussion

3.1. Geometry and stability

Optimized geometries of the pure and doped small fullerenes C20, C24, C28 are represented in the Fig. 2.

FIG. 2. Optimized geometries C20 (a), BC5 C20 (b), BC3 C20 (c), BC C20 type A (d), BC C20

type B (e), C24 (f), BC5 C24 (g), BC3 C24 type A (h), BC3 C24 type B (i), BC C24 type A (j), BC
C24 type B (k), C28 (l), BC5 C28 (m), BC3 C28 (n), BC C28 (o)

It was found that with the addition of 15 % of impurity atoms, the C–C bond length increases by 0.5 % in the case of
fullerene C24; for the rest of the considered fullerenes, this value practically does not change and the absolute value of the
elongation is several hundredths of a percent or less. An increase in the concentration of boron atoms leads to a decrease
in the average C–C bond length for C20 and C28 fullerenes, as evidenced by the monotonously decreasing nature of the
dependence of the elongation on concentration and negative values of this value over the entire concentration range from
15 to 50 % (Fig. 3a). In the case of fullerene C24, the elongation value is observed to lie in the positive region of the graph
between 15 % and approximately 20 % of the concentration of boron atoms. Upon further increase in the concentration
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of the impurity, the observed dependence is found to be consistent with that observed in the case of the other fullerenes
under consideration. Based on the dependence of the average length of the B–C bond on the concentration of boron atoms
(Fig. 3b), an increase in this indicator is observed with increasing concentration, reaching a maximum in the concentration
range from 30 to 40 % of the impurity and then decreasing. Neighboring boron atoms take place only in BC structures,
and the dB–B parameter is only applicable to these. For BC C20 and BC C24 fullerenes, the average B–B bond length is
on the order of 1.70 – 1.75 Å, depending on the type of structure. This value is 0.10 – 0.15 Å longer than the average
B–C bond length and approximately 0.20 Å longer than the average C–C bond length in BC C20 and BC C24. In BC
C28 fullerene, the value of the average bond length of B–B is more than 2.60 Å, which is 1.00 – 1.20 Å longer than the
average bond length of B–C and C–C in it. This is manifested in the appearance of octagons in the structure (Fig. 4),
which, hypothetically, could facilitate the intercalation process of this kind of material by atoms and molecules. This is
due to the fact that the potential barrier overcome by the particle during the intercalation process is lower for an octagon
than for a pentagon or hexagon.

FIG. 3. The dependences of the relative elongation (a) and the average length of the B–C bond (b) on
the concentration of boron atoms

FIG. 4. Three octagons that take place in the BC C28 structure; atoms forming octagons are highlighted
by yellow (carbon) and blue (boron) colors

Let us turn to the consideration of the stability of boron doped small fullerenes. The binding energy in such systems
decreases monotonously with increasing impurity concentration (Fig. 5), respectively, pure fullerenes are more stable.
However, the positive values of the binding energy over the entire concentration range under consideration indicate the
possibility of their practical production, as well as the benefits of being in these states compared to being in the state of
isolated carbon and boron atoms. Interestingly, the different spatial arrangement of boron atoms often has little effect on
stability. The binding energies of different types corresponding to the same concentration differ by 0.22 – 0.43 %.

3.2. The influence of the concentration of the boron impurity on the band gap

Having considered the geometric and stability-related issues, we shall now turn our attention to the electronic prop-
erties of boron doped fullerenes. The following section will examine the relationship between the band gap of these
nanostructures and the concentration of impurity atoms (Fig. 6).
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FIG. 5. The dependence of the binding energy on the concentration of boron atoms

In the case of fullerene C20, the addition of 15 % of the impurity leads to an increase in the band gap to a value of
3.007 eV for the spin-up electronic states. For the spin-down states, an increase is also observed, but relatively small, by
0.126 eV compared to the initial structure. In the region of 15 % of the impurity concentration, the maximum value of
the band gap is observed for both spin-up and spin-down states. In the range from 15 to 50 %, the function decreases
monotonously. For the spin-up states, the band gap of the BC3 C20 structure still has a greater value of the band gap
compared to pure C20; for the spin-down states, a different situation is observed – the band gap is smaller compared to
the original structure. In BC C20 fullerenes of both types, the electronic states are non-degenerate in spin, respectively,
the band gaps for the spin-up and spin-down states are identical. The addition of 50 % of the impurity leads to a decrease
in the band gap compared to the initial fullerene by 0.195 – 0.316 eV, depending on the spatial arrangement of the atoms.

Consider the case of fullerene C24. For the pure variant, the band gap is 1.864 eV. It is noteworthy that the electronic
states for all its derivatives considered are non-degenerate in spin. The addition of 15 and 25 % of impurity boron atoms
increases the band gap; the addition of 50 %, as in the case of C20, leads to its decrease to values of 1.801 eV (for type A)
and 1.531 eV (for type B), i.e. up to 1.666 eV, if we take the average value.

For fullerene C28, spin degeneracy is observed only in the case of the BC3 C28 structure. The addition of 15 and
50 % impurities of boron atoms makes it possible to decrease the band gap to values of the order of 1.30 eV. The addition
of 25 % of the impurity leads to an increase of the band gap. The values of this parameter for the spin-up and spin-down
states differ by 3.6 %.

3.3. Analysis of the one-electron spectra, DOS and PDOS

Following an overview of the general patterns of change in the band gap during doping of small fullerenes, it is
essential to examine the processes occurring with the electronic structure in greater detail. The objective of this analysis
is to examine the single-electron spectra and DOS for each nanosystem in greater detail.

Consider the case of fullerene C20. The comparison is made with a pure structure (Fig. 7a). An increase in the band
gap for the BC5 C20 case (Fig. 7b) for the spin-up states is associated with an increase in the bottom of the conduction
band of 0.314 eV and a decrease in the top of the valence band of 0.860 eV. For the spin-down states there is a decrease in
the top of the valence band by 1.070 eV, but at the same time there is a decrease in the bottom of the conduction band by
0.944 eV – these two processes have opposite effects on the band gap. Thus, in spin-down states, a decrease in the bottom
of the conduction band partially compensates for a decrease in the top of the valence band, so the increase in the band gap
is not as significant as in spin-up states.

We will now proceed to examine the BC3 C20 structure (Fig. 7c). In this case, two processes are observed for
both the spin-up and spin-down states: a decrease of the top of the valence band and a decrease of the bottom of the
conduction band. The values of the top of the valence band are essentially identical for the various types of states under
consideration, with a maximum difference of approximately 0.10 %. The value of the conduction band bottom for spin-up
states is 0.979 eV higher than that for spin-down states. The decrease in the bottom of the conduction band for spin-down
states is greater in absolute value than the decrease in the top of the valence band, which ensures a decrease in the band
gap compared to the initial structure. In contrast, for spin-up states, the decrease in the bottom of the conduction band
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FIG. 6. The dependence of the band gap on the concentration of boron atoms; in the brackets it is the
type of orbitals used for calculation of the band gap

is less significant in absolute value than the decrease in the top of the valence band, and therefore the band gap have the
greater value than in pure C20.

The qualitative mechanisms observed in the structures of fullerene C20 with a 50 % boron impurity (Fig. 7d,e) are
analogous to those observed in the structures with a 25 % impurity. These include a decrease of the bottom of the
conduction band and a decrease of the top of the valence band. However, in this case, the decrease in the bottom of the
conduction band is fully compensated for by the decrease in the top of the valence band, resulting in a further narrowing
of the band gap for both type A and type B structures. A comparison of the two structures reveals that the band gap of
type A is 0.121 eV smaller than that of type B.

We now turn to materials based on fullerene C24 (Fig. 8). In the case of BC5 C24 (Fig. 8b), there is an increase in
the valence band top of 0.269 eV, while the bottom of the conduction band increases by 0.355 eV. Consequently, the band
gap is observed to increase by 0.086 eV.

An increase in the impurity concentration to 25 % (Fig. 8c,d) results in an increase in the band gap to 2.130 eV for a
type A structure and to 2.216 eV for a type B structure. In the case of a type A structure, there is an increase in the bottom
of the conduction band and a relatively insignificant (approximately 0.30 %) decrease in the top of the valence band. It is
evident that these processes are responsible for the observed increase in the band gap. In the case of a type B structure,
a decrease is observed in both the bottom of the conduction band and the top of the valence band. A sufficiently large
decrease in the top of the valence band by 0.511 eV results in an increase in the band gap. Conversely, a decrease in the
conduction band bottom by 0.159 eV partially compensates for this.

The decrease in the band gap in BC C24 structures (Fig. 8e,f) is determined by a decrease in the bottom of the
conduction band. The positions of the bottom of the conduction band in structures of type A and type B differ by 0.72 %,
however, the band gaps differ by 17.6 %. This is due to a stronger decrease in the top of the valence band in the type A
structure, while in the type B structure it is not so significant.

Further we will examine a number of different variants of boron doped fullerene C28 (Fig. 9). Upon doping C28 with
15 % of the impurity of boron atoms (Fig. 9b), the top of the valence band increases by 0.470 eV and the bottom of the
conduction band increases by 0.210 eV. Therefore, the band gap is decreased by 0.260 eV. An increase in the band gap
in the case of the BC3 C28 structure (Fig. 9c) for both spin-up and spin-down states is associated with a more significant
increase in the bottom of the conduction band relative to an increase in the top of the valence band. For the BC C28

structure (Fig. 9d), a decrease in the band gap is realized due to the same mechanisms as in the case of BC5 C28, i.e. due
to a more significant increase in the top of the valence band relative to a smaller increase in the bottom of the conduction
band. However, if in the case of BC5 C28, there was an increase in the bottom of the conduction band by 4.60 %, then
here it was only by 0.62 %. At the same time, in the case of BC5 C28, there was an increase in the valence band top by
7.63 %, and in the case of BC C28 – by 4.95 %. As a result, the values of the band gap for structures with 15 and 50 %
impurities differ slightly (by 1.28 %).

3.4. Charge distribution analysis

The analysis of the charge distribution showed that in all the considered cases, the electron density shifts from boron
atoms to carbon atoms. A similar pattern also occurs for other carbon nanostructures: nanotubes [50] and nanolayers [51].
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FIG. 7. One-electron spectra and total DOS of the C20 (a), total DOS (green curve) and partial DOS of
boron atoms (blue curve) of the BC5 C20 (b), BC3 C20 (c), BC C20 type A (d), BC C20 type B (e)

We denoted the average charge on carbon atoms as Q(C), on boron atoms – Q(B). For the case of fullerene C20, the
maximum average charge on boron atoms is observed at an impurity concentration of 15 % and is 0.313; with increasing
concentration, this indicator decreases monotonously. For BC C20 structures, the difference in the considered indicator for
the two types is 1.7 %. The average charge on carbon atoms also decreases monotonously with increasing concentration,
from −0.055 for BC5 C20 to −0.242 for BC C20 type A and −0.238 for type B. For boron doped fullerene C24, the spatial
arrangement of boron atoms is crucial. At an impurity concentration of 15 %, the average charge on boron atoms is 0.308.
When switching to a concentration of 25 %, two options are possible: a decrease in this indicator by 19.8 % for type A
and an increase by 6.4 % for type B. The difference in the value of the average charge on boron atoms for the two types of
structures is 24.9 %. The average charge on carbon atoms decreases from −0.062 for BC5 to −0.082 for BC3 C24 type A
and −0.110 for type B. In the case of a 50 % impurity concentration, the average charge on boron atoms is 0.243 for type
A and 0.257 for type B; here, too, the minimum average charge on carbon atoms for all considered C24-based structures
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FIG. 8. One-electron spectra and total DOS of the C24 (a), total DOS (green curve) and partial DOS of
boron atoms (blue curve) of the BC5 C24 (b), BC3 C24 type A (c), BC3 C24 type B (d), BC C24 type
A (e), BC C24 type B (f)
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FIG. 9. One-electron spectra and total DOS of the C28 (a), total DOS (green curve) and partial DOS of
boron atoms (blue curve) of the BC5 C28 (b), BC3 C28 (c), BC C28 (d)

is −0.243 for type A and −0.257 for type B. In the case of fullerene C28, the maximum average charge on boron atoms
is for the BC3 structure and is 0.337; for BC5 and BC, the values of this parameter are 0.334 and 0.263, respectively. The
average charge on carbon atoms decreases monotonously from −0.056 for BC5 to −0.263 for BC.

Table 1 presents a compilation of the values of all the physical quantities discussed in the work.

4. Conclusion

In the present work optimized structures of boron doped small fullerenes C20, C24, and C28 with concentrations of
the impurity of boron atoms of 15, 25, and 50 % were obtained. The study of their stability, geometric and electronic
properties was carried out by calculations performed using methods of DFT. Single-electron spectra and DOS were also
obtained for all the structures considered.

Thus, it was found that small fullerenes doped with boron atoms remain stable enough for their practical production.
In the vast majority of cases, the substitution of carbon atoms with boron atoms leads to a decrease in the length of the
C–C bond. At the same time, the B–C and B–B bonds formed have a longer length compared to C–C. The doping of the
fullerene C28 with 50 % of the boron atoms impurity leads to a sufficiently strong distortion of its geometric structure and
the appearance of octagons in it.

The possibility of obtaining materials with different band gap widths from 1.311 to 3.007 eV by doping of the
considered small fullerenes with different concentrations of boron atoms was established. The change in this parameter
is associated with the restructuring of the electronic structure, the displacement of the bottom of the conduction band and
the top of the valence band. If in fullerenes C20 and C24 the determining process leading to a decrease in the band gap
was a decrease in the bottom of the conduction band, then in the case of fullerene C28 this was determined by an increase
in the top of the valence band. For all the considered nanostructures, it was established that the addition of 50 % of the
impurity of boron atoms leads to a decrease in the band gap. This may be due to the fact that the average charge on carbon
atoms and boron atoms in them is equal in modulus.

Ultimately, the present work demonstrated the possibility of controlling the refractive index of nanomaterials based
on small fullerenes by changing the band gap by doping the material with boron atoms. Thus, it is possible to construct
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TABLE 1. Geometric and electronic properties of boron doped small fullerenes C20, C24, C28. dC–C –
an average length of the C–C bond, dB–C – an average length of the B–C bond, dB–B – an average length
of the B–B bond, Eb – binding energy, ELUMO – energy of the lowest unoccupied molecular orbital,
EHOMO – energy of the highest occupied molecular orbital, ∆Eg – band gap, Q(C) – an average charge
on carbon atoms, Q(B) – an average charge on boron atoms

Structure dC–C, Å dB–C, Å dB–B, Å Eb, eV ELUMO, eV EHOMO, eV ∆Eg , eV Q(C) Q(B)

C20 1.4636 — — 155.67 –3.568 –5.401 1.833 0.000 —

BC5 C20 1.4636 1.5627 — 148.48
–3.254 (α)
–4.512 (β)

-6.261 (α)
–6.471 (β)

3.007 (α)
1.959 (β) –0.055 0.313

BC3 C20 1.4578 1.5883 — 142.71
–4.034 (α)
–5.013 (β)

–6.719 (α)
–6.726 (β)

2.685 (α)
1.713 (β) –0.086 0.258

BC C20 type A 1.4387 1.5851 1.7120 124.15 –4.208 –5.725 1.517 –0.242 0.242

BC C20 type B 1.4247 1.5881 1.7056 124.43 –4.384 –6.022 1.638 –0.238 0.238

C24 1.4651 — — 190.22 –4.146 –6.010 1.864 0.000 —

BC5 C24 1.4725 1.5448 — 179.13 –3.791 –5.741 1.950 –0.062 0.308

BC3 C24 type A 1.4586 1.5703 — 175.07 –3.900 6.030 2.130 –0.082 0.247

BC3 C24 type B 1.4543 1.5773 — 175.46 –4.305 –6.521 2.216 –0.110 0.329

BC C24 type A 1.4334 1.5778 1.7409 152.10 –4.555 –6.356 1.801 –0.243 0.243

BC C24 type B 1.4349 1.5860 1.6942 151.45 –4.522 –6.053 1.531 –0.257 0.257

C28 1.4579 — — 225.95 –4.569 –6.157 1.588 0.000 —

BC5 C28 1.4575 1.5631 — 214.13 –4.359 –5.687 1.328 –0.056 0.334

BC3 C28 1.4556 1.5713 — 206.03
–3.948 (α)
–4.227 (β)

–5.844 (α)
–6.054 (β)

1.896 (α)
1.827 (β) –0.112 0.337

BC C28 1.4043 1.5638 2.6052 182.82 –4.541 –5.852 1.311 –0.263 0.263

heterostructures in general and photonic crystals in particular based on considered nanostructures. This opens up new
opportunities for creating new and improving existing optoelectronic devices that can find their application in modern
infocommunication systems.
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