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Abstract

Utilizing first-principles calculations, we studied the electronic and optical properties of C,4, C12XsYe, and X;,Y, fullerenes
(X =B, Al; Y =N, P). These fullerenes are energetically stable, as demonstrated by their negative cohesive energies. The energy
gap of C,4 may be tuned by doping, and the B;,Nj, fullerene was found to have the largest energy gap. All of the fullerenes had
finite optical gaps, suggesting that they are optical semiconductors, and they strongly absorb UV radiation, so they could be used
in UV light protection devices. They could also be used in solar cells and LEDs due to their low reflectivities.
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Introduction

The discovery of carbon nanostructures [1] has provided a
new platform for the development of nanoscience and nano-
technology. Fullerenes, discovered by Kroto et al. [2], are
allotropes of carbon. Ever since fullerenes were first reported,
they have been the focus of much research, due to not only
their fascinating properties but also their wide range of appli-
cations. They are employed, for example, in sensing devices
[3], photovoltaic devices [4], molecular switches [5],
spintronics [6], medical imaging [7], radiotherapy [8], and
drug delivery [9]. Inserting a foreign atom into a fullerene
influences its structural, electronic, and nonlinear optical prop-
erties [10—13]. The chemistry of the fullerenes, of which
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buckminsterfullerene (Cgy) was the first to be discovered
and is still the best known, has rapidly become an active area
of research. Cg is the smallest fullerene with all five-
membered rings disjoint. Likewise, C,4 can be considered
the smallest fullerene to be composed of four- and six-
membered rings and to have all of its four-membered rings
disjoint [14]. Fullerene structures consisting of X,)Y,, (X=B,
Al Si,Zn; Y =N, P,C, S;n=12, 24, 36) are considered to be
magic fullerenes; among them, fullerene cages with » =12 are
the most stable. Hybrid semiconducting fullerenes formed
from group III and V atoms, such as B;,N;,, B1,Py»,
Alj)Ny,, and Alj,P 5, show very good stabilities and physical
properties [15]. These fullerenes are special not only because
of their adsorption characteristics but also due to their low
attractiveness to electrons and the wide gaps between their
highest occupied molecular orbitals (HOMOs) and their low-
est unoccupied molecular orbitals (LUMOSs) [15]. In addition,
they are used in light emitting diodes (LEDs) and fast micro-
electronic devices [16].

B,N;, was detected by laser desorption time-of-flight spec-
trometry and synthesized by Oku et al. [17, 18]. This fullerene
is an excellent adsorbent and sensor for a number of molecules.
Wau et al. [19] studied (AIN),, cages and reported that Al;,N;,
was the most energetically stable of them. Indeed, Al;>N;, has
received a lot of attention from researchers due to its large
energy gap and special thermophysical properties [20]. It was
found that fluorination can markedly decrease the large
HOMO-LUMO gap of Al,Ny,, changing it from an intrinsic
semiconductor to a p-type one [21].
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Boron phosphide (BP) is a typical refractory semicon-
ductor [22]. There is a strong covalent bond between the
B and P atoms in the BP system, and its zinc blende
structure is very stable, allowing BP to be used in elec-
tronic devices operated at high temperatures. Several
groups of researchers have investigated various proper-
ties of Al,P,, clusters [23, 24]. AIP clusters are interest-
ing to study due to their high vibrational frequencies.
The vibrational progressions in their photoelectron spec-
tra have been examined.

Investigations of systems containing C, B, and N atoms
[25] and C, Al, and N atoms [26] have also been carried out.
Doping B,N;, cages with C atoms has major effects on the
physical and chemical properties of these cages. Carbon-
based fullerenes doped with B or N (known as BCN fuller-
enes) are p-type or n-type semiconductors [26]. Besides their
configurations and heats of formation, the electronic and
chemical properties of AIN-substituted fullerenes have also
been studied.

The optical properties of one- and two-dimensional
carbon allotropes have been investigated by researchers
in relation to their potential use in optoelectronics [27,
28]. Their optical responses can be tuned, resulting in
diverse applications such as UV light protection, artificial
photosynthesis, and light-to-energy conversion. However,
the optical properties of fullerenes have scarcely been
studied. Ching et al. [29] investigated the optical proper-
ties of Cgy and found it to possess a low static dielectric
constant with a value of 4.4. To the best of our knowl-
edge, the optical properties of doped derivatives of Cyy
fullerene have not yet been reported. In this paper, we
describe a systematic study we performed on the elec-
tronic and optical properties of C,y, C;2X4Yg, and
X12Y 1, fullerenes.

Computational methods

All calculations were performed within the framework of den-
sity functional theory (DFT) using the Siesta 3.2 package [30].
The generalized gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof (PBE) functional was adopted to
treat the exchange correlation part of the density functional,
and the double-zeta polarized (DZP) basis set was used along
with the Troullier—Martins norm-conserving pseudopotential
to obtain the minimum-energy structure as well as to explore
the electronic and optical properties of fullerenes. Unrestricted
spin-polarized DFT calculations were performed to examine
the spin splitting in these systems. Brillouin zone sampling
was achieved using an 8 X 8 x 8 Monkhorst—Pack set of &
points to optimize the systems, and a kinetic energy cutoff of
300 Ry was adopted.
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The cohesive energy per atom (E.;,) was calculated using
the relation
Econ = Esystemf[nEC +mEx + IEY]
n+m+1,

(1)

where Eygem is the total energy of the fullerene and Ec, Ex,
and Ey are the total energies of the isolated C, X (=B, Al), and
Y (=N, P) atoms, respectively. Here, n, m, and / are, respec-
tively, the number of C, X, and Y atoms.

The ionization potential (/) and the electron affinity (A) of
each fullerene were calculated using the formulae

[ = E(N-1)-E(N) )
A=EN)-EN +1), (3)

where E(N—1), E(N),and E(N + 1) are the assigned energies
ofthe (N—1), N, and (N + 1) electron systems, respectively.

Chemical reactivity parameters such as the chemical hard-
ness (1), chemical potential (1), and electrophilicity index (E)
were determined for each system using the following relations:

n=1I1-A (4)

p=-0A 5
2

E:g_nv (6)

where / is the ionization potential and A is the electron affinity
of the molecular system.

The functions used to study the optical properties of the
fullerenes were deduced from the frequency-dependent com-
plex dielectric function, € =¢&;(w) + ie5(w), where €(w) and
€5(w) represent the real and imaginary parts of the dielectric
function. Fermi’s golden rule was used to obtain the imaginary
part of the dielectric function due to interband transitions with
the aid of the Kramers—Kronig relations, and the real part of
the dielectric function was then derived from the imaginary
part. The real and imaginary parts of the dielectric function
were used to calculate other functions such as the absorption
coefficient (c(w)), the optical conductivity (o(w)), the reflec-
tivity (R(w)), the refractive index (n(w)), and the electron en-
ergy loss (EEL) function (L(w)) as follows:

/.
meh[ﬁ@+%@fwﬂ @)
ow) = =i~ |e(w)1] (8)

2

Rw) = [ Ver(w) +igz(w)-1 (9)
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2
n(w) = [ 6%(w)+5§(w)+51(w)} V2 (10)

L(w) = &2/ [el(w) + &3 (w)], (11)

where w is the frequency of the electromagnetic radiation.

Results and discussion

The optimized structures of the pristine fullerene C,4 and its
doped derivatives are presented in Fig. 1. C,4 fullerene has a
stable geometry consisting of four- and six-membered rings.

From the pristine C,4, we generated a database of two differ-
ent classes each comprising four compact structures. These
two classes of fullerenes derived from pristine C,4 have the
molecular formulae C1,X4Y ¢ and X;,Y 1,, respectively. The X
and Y atoms considered here are taken to be the first two
members of group III (i.e., B and Al) and group V (i.e,, N
and P) in the periodic table, respectively. The C,XY fuller-
enes contained 14 C-C, 4 C-X, 14 X-Y,4 C-Y, 0 X—X, and 0
Y-Y bonds. A previous study of C;,B¢Ng fullerenes (with
four- and six-membered rings) [25] concluded that a stable
structure was formed by maximizing the number of C-C
and B-N bonds and minimizing the number of B-B and N—
N bonds. Structures with more C—C and X—Y bonds are also

Flg. la-i Optlrmzed geometries ofa C24, b B12N12, Cc C12B6N6, d B12P12, € C12B6P6, fAl]zN]z, g C12A16N6, h A112P12, i C12A16P6
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Fig. 1 (continued)

possible. However, we considered C,XsY s systems because
they yielded the largest HOMO-LUMO gaps, indicating that
this configuration is more stable than the others.

Stability

In the work discussed in the present paper, the stability of ful-
lerene molecules was explored in terms of the cohesive energy
per atom. The cohesive energy per atom (E,) of each fullerene
is presented in Table S1 of the “Electronic supplementary
material” (ESM). Previous studies have also defined the stabil-
ity of fullerenes and metal clusters using the cohesive energy/
binding energy [31-35]. The cohesive energy is also important
for understanding trends in the formation of fullerene molecules
[33]. All of the studied fullerenes can be considered to be stable
systems due to their negative cohesive energy values per atom
[36]. This means that the fullerene structures do not readily
collapse into their individual atoms spontaneously. The pristine
fullerene C,4 is energetically the most stable fullerene as it has
the most negative cohesive energy. Introducing dopants into
C,4 reduces its stability, as observed from the more positive
E.on, values of the heterofullerenes as compared to pristine
C,4. The effect of doping on the stabilities of C;,XY and
X12Y 1, systems can be summarized as follows: BN doping >

@ Springer

BP doping > AIN doping > AIP doping. The negative Eqy
values of the fullerenes suggest that they could be synthesized
via chemical vapor deposition or molecular beam epitaxy
methods [37].

Electronic properties

The electronic properties of the fullerenes we examined in-
cluded their HOMOs, LUMOs, and energy gaps (£,). The
stability and reactivity of any system is related to its energy
gap, which is energetically equal to the difference between the
HOMO and LUMO of the system. Increasing the energy gap
of a system improves the stability of the system and decreases
its reactivity, and vice versa. The energy gap of C,4 was cal-
culated to be 1.18 eV. Among the heterofullerenes, only
C»AlgNg (1.08 eV) had a slightly smaller energy gap; the
others had much larger energy gaps than C,4. For the
carbon-containing heterofullerenes (C1,X4Yy), the energy
gap was found to increase in the order C;,AlgNg (1.08 eV)
< C12A16P6 (1.77 eV) < C1,BgPg (1.94 eV) < C,BgNg
(2.19 eV). However, the energy gaps of the X;,Y, group
exhibited the following trend: Al;,Py, (1.99 eV)<B,P}>
(229 CV)<A112N12 (280 eV) <BlzN12 (490 CV) Notably,
in both groups (C1,XsYe and X1,Y1;2), BN doping
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significantly enhanced the stability of C,4, with B;,N;, show-
ing the greatest change in stability. For the X,Y, fullerenes,
the energy gaps calculated by Beheshtian et al. [38] (using the
B3LYP, X3LYP, O3LYP, M05, and M06 functionals and the
6-31 G* basis set) and by Rad et al. [15] (using the B3LYP
functional and the 6-31G(d,p) basis set) agree well with the
trend mentioned above. Differences in values derive from dif-
ferences in the level of calculation used. In our case, calcula-
tions were performed with the PBE functional and the DZP
basis set. The B1,N;, fullerene, which presented the largest
E,, had the greatest electrical resistivity and was therefore the

most stable (least reactive) [39]. It is worth noting that for the
X12Y |, fullerenes, a definite correlation was observed be-
tween £, and the sizes of the atoms in the fullerene: larger X
and Y atoms led to smaller £, values, and their valence elec-
trons were more likely to take part in chemical reactions and
electrical conductivity. On the other hand, no such trend was
observed for the C;,XY fullerenes, which may be due to the
participation of the C atoms and the reduced proportions of X
and Y atoms.

The density of states (DOS) and projected density of states
(PDOS) of each fullerene are depicted in Fig. 2. According to
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Fig. 2 (continued)

their DOSs and PDOSs, all of the fullerenes are nonmagnetic as
they show no spin splitting. The pristine C,4 has energy states
spread across the specified energy range. In the case of B,N,
(Fig. 2b), the energy states of the B and N atoms contribute
mostly to the LUMO and HOMO, respectively. The contribu-
tion from the B atoms gradually increases in the low-energy
region of the valence band (VB) and almost overlaps with the
energy states of the N atoms. However, the conduction band
(CB) region is completely dominated by energy states of the B
atoms, although there is a smaller contribution from the N
atoms. From Fig. 2c, it is clear that the energy states in the
HOMO and LUMO of C;,BgNg derive primarily from the C
atoms, followed by the N and B atoms. For B|,P;, (Fig. 2d), we
observe that energy states of both the B and the P atoms take part
in the total DOS (TDOS), but the P atoms contribute more than
the B atoms except for the two peaks near to the LUMO level.
The energy states of the B and P atoms overlap in the LUMO,
while the HOMO is dominated by states originating from P
atoms. For the C;,B4P¢ system (Fig. 2e), the contributions of
the atoms to the HOMO and LUMO decrease in the following
order: C atoms > P atoms > B atoms for the HOMO and C
atoms > B atoms > P atoms for the LUMO. B and P both
contribute significantly to the VB, but it is dominated by the
contribution from the C atoms. In the CB region, the
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contribution from the C atoms decreases with increasing energy
from 5.29 eV whereas the contributions from the P and B atoms
rise. For Al;,Ny, (Fig. 2f), the main contributors to the HOMO
and LUMO are the N and Al atoms, respectively. The ampli-
tudes of the energy states in the HOMO are much stronger than
those in the LUMO. In addition, the VB region is mostly com-
posed of N-atom states, whereas their contribution gradually
decreases in the CB region until Al-atom states dominate. In
C,AlgNg (Fig. 2g), the C atoms contribute the most to the
HOMO, followed by the N and Al atoms. However, in the
LUMO, Al atoms provide the greatest contribution. Energy
states of the Al atoms are found throughout the CB region, but
they are suppressed in the VB region by energy states of the C
and N atoms. Alj,P, (Fig. 2h) exhibits the same trend as
Alj,N,, except that the P atoms in Alj,P;, play the role of
the N atoms in Al;,Nj,. Lastly, for C;,Al¢P¢ (Fig. 21), it is clear
that the energy states in the HOMO and LUMO derive from all
three atomic species. In the HOMO, the C atoms make the
greatest contribution, followed by the P and Al atoms, while
the largest contribution to the LUMO comes from the Al atoms,
followed by the C atoms and then the P atoms. Moreover, in the
CB region, the Al atoms present the highest peak amplitudes,
whereas in the VB region, the C atoms show the strongest peaks,
except from —2.7 to —1.0 eV, where the P atoms dominate.
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Chemical reactivity

The chemical reactivity parameters of these fullerenes were also
examined. The chemical hardness (1) and the electrophilicity
index (E) [40—44] are presented in Fig. 3, while the ionization
potential (), the electron affinity (A), and the chemical potential
(1) are shown in Fig. S1 of the ESM. These parameters are not
only useful for analyzing the reactivity [45] but also for study-
ing the reaction mechanism [46]. They can also be used to
explore fullerene toxicity [47] and some excited state phenom-
ena [48-51]. The results of our study show that the ionization
potentials of C,X¢Y¢ systems are lower than those of X;,Y 1,
systems, which indicates that the former systems are easier to
oxidize than the latter. In addition, the electron affinities of
C12X6Y¢ fullerenes differ from those of X;,Y, fullerenes.
Hence, the redox characteristics of C,4 may be tuned by
substituting X and Y atoms for C atoms, resulting in C,XsY¢
heterofullerenes. Chemical hardness is a measure of chemical
stability that can be investigated via the maximum hardness
principle (MHP) [52-54]. Systems with large energy gaps are
known to be hard and difficult to polarize since they require
more energy to get them excited. On the other hand, it is easy to
polarize systems with small energy gaps, which makes them
more reactive than hard systems as they readily offer electrons
to an acceptor [55, 56]. In the present work, the chemical hard-
ness and the HOMO-LUMO gap were found to show the same
trend for X,Y > and C,X¢Y fullerenes, i.e., ) and E, are
correlated. It is clear from Fig. 3 that B1,N;, has the highest
chemical hardness. Also, B1,N;, has the highest ionization po-
tential and the lowest electron affinity. The electrophilicity in-
dex is defined as the ability of a system to gain electrons, which
depends not only on the chemical hardness but also on the
chemical potential of the particular system (given in Eq. 6). It

10
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Bi2Ny

C12B6Ng -

:
=
R
--]

Ali2Np2
AlLi2Py2
Cn2AlgPs |

C12B6Ps -
C12Al6Ng -

Fig. 3 Chemical hardness and electrophilicity index values of the
fullerenes

provides insight into the kinetic and thermodynamic properties
of a system, and is also a good indicator of chemical stability,
because the MHP corresponds to the minimum electrophilicity
principle (MEP) [57]. Among these fullerenes, B1,Ny, is the
least electrophilic. The correlation between the MHP and MEP
indicates that harder systems are less electrophilic. Thus,
B5Nj, obeys both the MHP and the MEP. Furthermore, the
chemical hardness is correlated with the electrophilicity index
for all of these fullerenes except C,,AlgNg and Al;,P;,. Upon
switching from C;,AlgNg to Al;,P,, we can see that both n and
E increase. To get a decrease in F, there needs to be either a
negative change in ;i (i.e., Ap®) or a negative change in 7 (i.c.,
An). Now, when we shift from C;,AlgNg to Al;,P5, we can see
that both 7 and E increase (i.e., show positive changes), so we
get a positive change in E, i.e., an increase in £, which leads to
the discrepancy. However, as we go from Al;,P;; to C1,AlgPg,
we notice that 7 increases and £ decreases.

Optical properties

The optical properties of the Cy4, C15X6Ys, and X;,Y 1, ful-
lerenes were analyzed by introducing an average electric field.
Fullerenes are isotropic molecules, so they show similar re-
sponses to an electric field applied uniformly in all directions
(parallel as well as perpendicular). The optical properties for a
particular system are of great importance because they carry
information about the occupied and unoccupied orbitals of the
electronic structure [58]. The frequency-dependent dielectric
function e(w) is the central parameter in this respect, since it
provides insight into how electromagnetic radiation influences
the linear response of the system [59]. Here, £(w) relates to the
interactions of photons with electrons. Figure 4a and b show
the variations of the real part of the dielectric function for the
X12Y 12 and C,X4Y fullerenes, respectively, along with Coy4.
The magnitude of the static dielectric constant for pristine C,4
is 1.22, which decreases considerably to 1.18 for C;,BsNg and
increases for C1,AlgNg (1.27), C12B6Ps (1.34), and C,Al¢Pg
(1.45). On the other hand, turning our attention to structures
that do not have any C atoms, we can see that the magnitude of
the static dielectric constant is low for B;,N;, (1.11) and
A112N12 (120) than for C24, but it is hlgh for BIZPIZ (141)
and Alj,P;; (1.58). The first absorption peak in the optical
spectrum represents the optical transition threshold, which
corresponds to the energy gap between the highest occupied
and the lowest unoccupied energy states of the fullerene, oth-
erwise known as the optical gap. From the relevent spectra of
the imaginary part of the dielectric function (Fig. 4c, d), it is
apparent that the optical gaps of the C-atom-containing BN,
BP, AIN, and AIP heterofullerenes increase in the order
C12BgPs (2.22 eV) < C13BeNg (2.37 eV) < C12A16N6
(2.82 eV) =C,AlgP¢ (2.82 eV) < Cyy (3.06 eV). For the ful-
lerenes containing only BN, BP, AIN, and AIP, the optical
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gaps increase in the order Bi,P15 (3.09 eV) < Al)Ny,
4.74 eV)<A112P12 (4.83 eV)<B5N;» (5.64 eV). It should
be noted that the amplitude of the absorption spectrum of the
imaginary part of the dielectric function is high in the low-
energy region and gradually decreases with increasing photon
energy in the high-energy region. In addition, an important
finding is that all of the C-containing heterofullerenes possess
smaller optical gaps than their pristine C-only counterpart,
while the heterofullerenes without any C atoms exhibit the
highest optical gaps. The presence of an optical gap implies
that these fullerenes are optical semiconductors [60, 61]. We
have seen that the optical gap of pristine C,, can be tuned from
the visible to the UV region of the electromagnetic spectrum
by selecting the dopant appropriately. The first dominant peak
(optical gap) of pristine fullerene occurs between the visible
and UV regions. On the other hand, the first peak of each of
the C1,X¢Y ¢ fullerenes falls within the visible region, while
that for each X;,Y, fullerene is in the UV region.
Interestingly, we can see that the optical gap of C,4 is redshift-
ed with respect to those of C1,XsY and blueshifted with
respect to those of X;,Y, heterofullerenes. Specifically,
B,N,, which has the highest optical gap, has a lower dielec-
tric constant than C,4 and X,,Y, fullerenes and a first high
peak that is shifted towards higher energy, indicating that it
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Fig. 4a-d Real (¢1; a, b) and imaginary (e5; ¢, d) parts of the dielectric function for the X;,Y 15 (a, ¢) and C1,XsY (b, d) fullerenes

has a large energy gap. Hence, it can be inferred that Bj,N,
could be used in short-wavelength optoelectronic devices due
to its low dielectric constant and large energy gap.

The photon energy dependence of the absorption coef-
ficient of each fullerene of interest is depicted in Fig. 5a
and b. The carrier mobility of a particular system and the
direction in which charge transport takes place in that sys-
tem can be elucidated from its absorption spectrum. It is
clear from the close-ups of the absorption spectra (insets in
Fig. 5a and b) that the onset of absorption is redshifted
(i.e., towards lower energies or higher wavelengths) for
C12X¢Y fullerenes when compared the onset of absorp-
tion for the pristine fullerene. However, the onset of ab-
sorption for the X;,Y, fullerenes shows a different trend.
It shifts to lower energy for B;,P, and Al;,P;,, while the
other X;,Y, fullerenes present blueshifts. The absorption
starts between the NIR and visible regions of the electro-
magnetic spectrum for pristine fullerene. Again, the onset
of absorption shifts to the infrared region for the systems in
which half of the C atoms in C,, are replaced with X and Y
atoms. Among the X;,Y, fullerenes, absorption begins in
the infrared region for Al;,P,, between the NIR and the
visible region for B,P,, in the visible region for Al;,Nj,,
and in the UV region for B;;N,. Note that the onset of
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absorption for Bj,P1, (1.77 €V) almost overlaps with that
for C,4 (1.83 eV). All of the studied fullerenes absorb
strongly in the UV region irrespective of the dopant used,
which suggests that these systems could be used in UV
light protection devices. The pristine fullerene shows
absorption between 3 and 29 eV, and the steepest peak is
located at 12.75 eV. For the C,AlgPg, C12AlgNg, and
C1,B¢Pg fullerenes, the primary peaks occur within the
energy range 3—15 eV; outside of this range, the absorption
coefficient consistently decreases. For C1,B¢Ng, the stron-
gest peaks are distributed from 3 to 24 eV. It is apparent
that the highest absorption coefficient of pristine fullerene
is greater than the highest peaks of the C;,XsY¢ fullerenes.
It can be observed that Al;,P;, has the largest absorption
coefficient, followed by B;,P;, and then C,4. Upon close
observation, it is clear that the highest absorption peaks for
B1,Nj;, and Al{,N;, occur at 14.55 eV and 9.89 eV, respec-
tively, similar to that of C,4 (12.75 eV). This means that,
depending upon the doping performed, there are blueshifts
and redshifts of the maximum absorption coefficient of
C,4. The optical conductivity of each system as a function
of photon energy is shown in Fig. 5c, d. The optical con-
ductivity was investigated to monitor the relative changes

that occur in each system when it encounters electromag-
netic radiation. Absorbing this radiation polarizes the sys-
tem due to the occurrence of charge redistribution. It is
worth noting that the optical conductivities of the fuller-
enes mimic the trend seen for their absorption coefficients,
as is evident from Fig. 5. The only distinction lies in their
peak amplitudes, with the peak heights in the absorption
spectra exceeding the peak heights in the optical conduc-
tivity spectra.

Values of the reflectivity and the refractive index for the
Co4, X12Y 12, and C 5 XY s fullerenes are presented in Fig. 6a—
d. The highest refractive index (7,,,x(w)) of the pristine fuller-
ene occurs at an optical frequency of 2.76 eV and has a mag-
nitude of 1.29. Among the C;,XY fullerenes, it is clear that
C,AlgP¢ has the most intense refractive index peak, which is
situated at 2.58 ¢V in the visible region, followed by
C,AlgNg. Among these C-containing heterofullerenes, the
nmax(w) values of the B-doped fullerenes occur in the visible
region. Observations of the refractive index curves of X;,Y,
fullerenes indicate that the 7,,,,(w) values for all of them occur
in the UV region. The P-doped systems C;,X¢Yg and X;,Y,
show the highest coefficients of 7,,,x(w). From Fig. 6a, b, it is
apparent that the highest value (0.029) of the reflectivity
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Fig. 6 Reflectivity (R), refractive index (n), and electron energy loss function (L) values of X;,Y 1, and C,,XsY fullerenes

(Rmax(w)) for pristine fullerene is found at 3.09 eV, which
indicates that C,4 reflects photon, whose energy lies in the
borderline of visible and UV region. All of the C1,X4Yg
fullerenes have lower R,.(w) peak coefficients than Cy,
and C1,B¢Ng presents the lowest coefficient of all. As the
energy increases above 13.74 eV, the reflectivity becomes
almost zero, with some negligible peaks for pristine fullerene.
All of the C;,XsY¢ fullerenes and C,4 reflect in the visible
region, except Ci,AlgPs, which reflects in the UV region.
Further, only C;,Al¢P¢ exhibits a blueshift with respect to

@ Springer

C,y; redshifts are observed for other members of the
C12XsYs family. Among the X;,Y, fullerenes, Al;,P, ex-
hibits its R, (w) (0.118) at 6.36 eV, which is higher than those
of both C,4 and the other fullerenes of this class. For the full
set of fullerenes studied, the strongest reflectivity peaks occur
in the UV region. X;,Y, systems show substantial reflectivity
below 11.0 eV; above that, the reflectivity is trivial. Notably,
the presence of N in C,X4Y and X;,Y; results in very poor
reflectivity coefficients (C,,B¢N¢ and B1,N, have the lowest
coefficients in the two subgroups, respectively), as can be seen
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from Fig. 6a, b. All of the fullerenes show low reflectivity
values and relatively high refractive index values. These char-
acteristics make them well suited for use in optoelectronic
devices such as LEDs and solar cells.

The electron energy loss (EEL) function (L) provides a
measure of the energy lost by an electron as it moves
through a system. The peaks observed in the EEL spectrum
relate to plasma resonance, and the corresponding frequen-
cy is known as the plasma frequency. Figure 6e, f portray
the EEL spectra of C1,XsYg and X;,Y, fullerenes along
with that of C,y4. It can be seen that the prominent peaks of
all the heterofullerenes, irrespective of the dopant atoms
present in them, occur at energies below 15.0 eV, and the
strongest peaks are blueshifted with respect to that of C,4
towards the high-energy (UV) region. Eventually, the
highest absorption peak of C,4 as well as its doped counter-
parts, issituated in the UV region. It is worth noting that the
Lnax(w) values for the doped systems are lower than that of
their pristine counterpart. An exception is observed in the case
of Al;,P;,, which has a much higher L,.(w) than C,4 does;
indeed, it is the highest L, (w) value among all the fullerenes
studied here. Overall, it is clear that doping causes various
changes to the parameters of C,4, and the greatest changes
are observed upon switching from C,4 to Alj,Py5.

To sum up, studying the electronic and optical properties of
Ci2X6Yg and X;5Y 1, (X=B, Al; Y =N, P) fullerenes affords
valuable insights into the effects of introducing different dop-
ant atoms on various properties of pristine C,4 fullerene, as
discussed above. For instance, B1,N, appears to represent an
extreme case when studying electronic properties, whereas
Al;,P, displays the most interesting optical properties.
B 5N, shows the largest HOMO-LUMO gap, and thus the
highest electrical resistivity. The DOS plot for B|,N;, (Fig.
2b) indicates that its VB is dominated by contributions from N
atoms, which influences the HOMO by shifting its energy
states towards lower energies. B atoms contribute the most
to the CB, which affects the LUMO by shifting its energy
states towards higher energies. This behavior leads to a rela-
tively wide HOMO-LUMO gap for B|,N;,. Also, doping
with B and N leads to enhanced charge conjugation. On the
other hand, the reason for the intriguing optical properties of
Al;,P, is the increased charge localization caused by Al and
P doping. This means that that this system shows more ionic
character than fullerenes containing B and N. Further, Al and
P have larger atomic radii than B and N, respectively, which
means that the valence electrons of Al and P atoms are less
tightly bound to their respective atomic nuclei than in the case
for B and N atoms. Hence, it is clear that systems with Al and
P atoms are easier to polarize than those with B and N atoms.
This finding is again strongly supported by a study of the
HOMO-LUMO gaps of the fullerenes of interest, which
showed that Al|,P, has the smallest gap, i.e., it is the most
reactive of all the X;,Y, fullerenes.

Conclusions

We have presented a detailed investigation of the electronic and
optical properties of C,4 fullerene and its doped counterparts,
C12X6Yg and X,Y(, (X=B, Al; Y=N, P), using first-
principles calculations. All of the systems examined were found
to be thermodynamically stable according to their cohesive en-
ergy values. Calculations of their electronic properties indicated
that the energy gap of Cy4 is significantly affected by doping.
DOS plots implied that all of these fullerenes are semiconduc-
tors with finite energy gaps. Among all of the systems consid-
ered, B1,N;, showed the highest resistivity. The redox charac-
teristics of Cp4 could be tuned by doping this pristine system to
produce heterofullerenes of formula C1,X¢Y s, as confirmed by
their lower ionization potentials than and their differences in
electron affinity from X,,Y, systems, which provides the basis
for exploring C,XY s fullerenes further. The optical properties
of C,4 and its derivatives provide useful information for future
studies. All of the heterofullerenes and the pristine system pre-
sented optical gaps that make them suitable for use as optical
semiconductors. In addition, the optical gap of C,4 can be tuned
from the visible region to the UV region. Given its low dielec-
tric constant and high energy gap, B;,Nj, appears to be partic-
ularly applicable to use in optoelectronic devices. Upon analyz-
ing the absorption spectra of these fullerenes, they were found
to strongly absorb UV radiation, and their low reflectivity
values across a wide range of energies show that these materials
could potentially be used to create new optoelectronic devices
such as LEDs and solar cells. Their electron energy loss spectra
were also observed to be influenced by the introduction of
dopants into Cpy.
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