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ABSTRACT At the nanoscale, even a single atom change in the structure can
noticeably alter the properties, and therefore, the application space of materials.
We examine this critical behavior of nanomaterials using fullerene as a model
structure by a first-principles density functional theory method coupled with
nonequilibrium Green's function formalism. Two different configurations, namely,
(i) endohedral (B@Cso and N@Cqp), in which the doping atom is encapsulated
inside the fullerene cage, and (ii) substitutional (BCs9 and NCso), in which the
doping atom replaces a C atom on the fullerene cage, are considered. The
calculated results reveal that the conductivity for the doped fullerene is higher
than that of the pristine fullerene. In the low-bias regime, the current (I) voltage (V)
characteristic of the endohedral as well as the substitutional configurations are
very similar. However, as the external bias increases beyond 1.0 V, the substitu-
tional BCsg fullerene exhibits a considerably higher magnitude of current than all
other species considered, thus suggesting that it can be an effective semiconductor

in p-type devices.

SECTION Nanoparticles and Nanostructures
olecular nanoscale electronic devices have at-
tracted a great deal of attention in recent years.'

M Experimental and theoretical studies aimed at un-
derstanding the underlying physics of molecular and nano-
electronic devices®> have begun to shed light on electron
transport mechanisms through molecules and engineered
nanomaterials and help identify appropriate molecular and
nanoscale architectures for effective functional elements in
electronic devices. Among others, carbon fullerene is one
of the most stable and well-known nanoscale molecular
structures. Furthermore, its structure and electron transport
properties have been the subject of extensive studies for its
potential applications as spin valves*” and electro-mechan-
ical amplifiers® to name just a few. Carbon fullerenes are
composed of a sheet of linked hexagonal rings separated by
pentagonal (sometimes heptagonal) rings that help curve
the structure into a spherical empty cage. By far the most
common one is the Buckminster fullerene, Cgp, discovered

accidently at Rice University in the late 1980s.” It has a high
symmetry of icosahedra, I, in which all the C atoms are
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Electronic structure of BCsy. (C in yellow and B in green)

equivalent with sp” hybridization. Ceo, however, does not
exhibit “superaromaticity”, i.e., the electrons in the hexagonal
rings do not delocalize over the molecule. Therefore Cg often
acts as a semiconductor quantum dot with an energy gap of
about 1.5 eV.® Since Cq, is a true nanoscale single molecule, its
electronic structure and energy levels can be considerably
affected by modifying a single atom in its structure. Thus,
doping of fullerenes can be generally expected to change their
electronic conductivity due to modification in the density of
states near the Fermi surface. Indeed, a recent experimental
studyg has shown that the NCso molecule acts as a molecular
rectifier in a double barrier tunnel junction via the single
electron tunneling effect.

Following the semiconductor analogy, one may find that B
and N atoms substituting C atoms in the fullerene cage can act
as an “acceptor” and a “donor”, respectively, thus modifying

Received Date: March 18, 2010
Accepted Date: April 27, 2010

DOI: 10.1021/z100360t | J. Phys. Chem. Lett. 2010, 1, 1584-1589



THE JOURNAL OF

Puysicar CHEMISTRY
Letters

¢ ¢ ° | Au-Cg-Au ==
® © © ¢ ¢ ¢ ® ¢ ¢ ¢ ¢
® © © ¢ ¢ O ® © ¢ ¢ ¢ ¢
® © © ¢ © ¢ ® ¢ © ¢ ¢ ©
® © ¢ ¢ ¢ ¢ ® © © 6 ¢ O
@ © © © ¢ ¢ ® © ¢ ¢ ¢ O
® ©®© © & ¢ ¢ ® © © 6 6 6
® © ¢ ¢ ¢ ¢ ® © 0 ¢ ¢ O
® ® ¢ ® ¢ ¢ ® ® ® @ ¢ ©
® ® ¢ & ¢ ¢ ® ® 0 ® ¢ ¢
® ® ¢ ® ¢ ¢ ® ® 0 @ ¢ ¢
[ ] [ ] . [ ] [ ] @

(2)

pubs.acs.org/JPCL

+0,000000
+0,000002
+),000033
+0,000766
+0,015031
+0,297428

Figure 1. (a) A schematic illustration of the Au—Cqo—Au system. (b) A charge density contour plot of the Au—Cgo—Au system, in units of
electrons/bohr.” (c) The structural configuration of BCso. Atomic symbols: Au in magenta, C in yellow, and B in green.

its electron transport properties similar to those in Si. In order
to realize such p- and n-type doped fullerenes, there have
been several attempts in the recent years to synthesize BCso'°
and NCso.!' These experimental efforts have been comple-
mented by several theoretical studies focused mainly on the
calculations of the stability and electronic properties of BCso'*
and NCso.'>14

While BCs9 and NCsq offer a substitutional approach to
modifying electronic structure of fullerene for electronic device
applications, endohedral fullerenes encapsulating atoms or
molecules inside the fullerene cage provide an alternative
and additional approach to altering the electronic properties
of fullerenes, not available in bulk semiconductors or any other
materials. Generally, noble gas'® or metal'® endofullerenes
have been characterized. A few studies have also focused on
N-encapsulated endofullerene. These studies suggest that mole-
cular nitrogen can be considered as a van der Waals molecule
trapped inside the fullerene cage.'” Surprisingly, B-encapsu-
lated endofullerenes have not yet been investigated, although
encapsulation of a smaller boron atom inside the cage can be
expected to form a stable B@Cgo endofullerene.

In this paper, we consider B- and N-doped fullerenes,
namely, the B@Cq, and N@C,o endofullerenes and the
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substitutional derivatives, BCso, and NCsq, where the dopant
atom has replaced one carbon atom on the cage. The aim of
the present study is twofold: (i) to understand the effect of a
single-atom change in nanoscale structure on electronic
structure and electron transport and (ii) to determine the
effect of the chemical nature (B vs N) as well as the geome-
trical position (i.e., substitutional vs interstitial) of the dopant
on current—voltage (i.e., I—V) characteristics of fullerenes.

The electron transport calculations were performed with
the use of density functional theory®®~® (DFT) together with
the nonequilibrium Green's function (NEGF) method.***° A
schematic illustration of the central scattering region of the
model architecture is shown in Figure 1.

There are two C—C bond lengths (Rc—c) in the optimized
fullerene configuration: 1.45 A for pentagons (type I) and
1.40 A for hexagons (type 1I), which compare well with the
previously calculated values of 1.45and 1.37 A, respectively.'®
Similarly, the calculated gap of about 1.3 eV between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is in agreement with
the previous studies."”

In the endofullerenes (B@Cqo and N@Cg), both B and N
atoms occupy the center of the fullerene cage, with bond
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Figure 2. The current—voltage characteristic of Cgg, BCs9, NCso,
B@Cego, and N@Cep.

lengths, Rg_c or Ry_c, of 3.58 A. There appears to be no
distortion in the surrounding cage due to the atomic dopants.
For the substitutional fullerenes, BCs9 and NCso, the overall
distortion in the cage induced by the substituted dopants is
found to be small in agreement with previous studies.'* The
structural distortion in the substitutional derivatives is also
reflected in the electronic polarization; the calculated value of
the dipole momentis 0.71 and 1.62 debye for BC59 and NCsg,
respectively.

We begin with a pristine Cgo molecule to benchmark our
results, since its electronic transport properties have been
studied extensively.°"** An inspection of the calculated
current (I)—voltage (V) characteristics of Cgo, shown in Figure 2
suggests a metal-like conduction in the low bias range of
—1 to +1 V. With the increase in the external bias to 2 V, a
significant increase in current occurs. This can be interpreted
in terms of the transmission function, which characterizes
the intrinsic transport characteristics of the system.

The transmission function as a function of the applied bias
and the density of states for the Cgo molecule is shown in
Figure 3. In general, every transmission peak in the bias
window corresponds to a certain molecular orbital (MO),
including the intrinsic orbitals of the molecule and the hybri-
dized orbitals of the molecule with the gold leads. For
Au—Cgp—Au, a large HOMO—LUMO gap reflects itself in a
vanishing transmission near the Fermi region. The closest
transmission peak at —0.8 eV is due to the HOMO-derived
states, whereas the peak at ~0.8 eV is due to the LUMO-
derived states (Figure 3) resulting in significantly higher
currents at the higher bias relative to those at lower ones.
Note that the bias-induced shift of the MOs results in a shift
of transmission peaks, as shown in Figure 3. These results
are consistent with previously reported theoretical studies
on Ceo-21’22

Figure 2 also show the I—V characteristics of B- and
N-doped fullerenes, where substantial device conduction
was predicted for BCsq at higher bias. Specifically, the current
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rises at a much faster rate for BCso. Also, the magnitude of the
current (I) for BCse at higher bias voltage, (e.g., 2 V), is
significantly higher than those in other fullerenes (Figure 2).
In the low-bias range (< 1 V), the current remains nearly the
same in the pristine and doped fullerenes (Figure 2). It
appears that the role of the substitutional B is significantly
different from either substitutional N or encapsulated B and N
in the cage in determining the electronic transport properties
of the doped fullerenes.

Analysis of MOs indicates that the atomic dopants at
the endohedral site in the cage contribute to the formation
of HOMOs and LUMOs in B@Cgo and N@Cg. There exist
interband states induced by B and N in the vicinity of the
Fermi level (as also seen in the calculated density of
states—not shown here). Boron appears to couple with
contact Au atoms, whereas nitrogen couples with the C
atoms in the cage to form the states near the Fermi energy.
We note that the charge transfer between the endohedral
dopants (B, N) and the fullerene cage is found to be
negligibly small.

For BCso, an examination of the transmission functions
(Figure 3) reveals the appearance of diffusive transmission
peaks near the Fermi region. This is further confirmed by the
calculated density of states (see Supporting Information).
Interestingly, the MOs near the HOMO of BCs9 and NCsg are
dominated by the contact Au orbitals. Moreover, the peak
at —0.6 eV for BCso is rather delocalized within the gold
contact, leading to a very diffusive transmission without
showing a distinguishable peak. One can then conclude that
the coupling of the Au contact and BCse 0Opens the electron
transport channels due to the delocalized Au—B hybrid states,
resulting in rather high currents for the case of substitutional B
relative to the case of substitutional N in the fullerene cage.
A stronger tendency of boron MOs to hybridize with Au
orbitals has been shown to be due to the electron deficient
nature of B in our previous studies on the electronic transport
of boron nanostructures.”’

Itis tempting to interpret the calculated results of the effect
of the B and N substitutions on the I—V characteristics of
fullerene in terms of the bulk semiconductor physics. The
considerably larger magnitude of the current for BCsq relative
to NCso at higher bias voltages suggests that the doped
fullerene molecule shows a better “hole” conduction than
“electron” conduction. Although, the present study focuses on
the calculations of current due to “electron transport”, the
ease of “hole” conduction over electron conduction in doped
fullerene can be also understood from the electronic structure
and electron transport of the pristine fullerene. The electrons
in the hexagonal carbon rings are known to be highly localized
and do not lend themselves easily to participate in electron
transport. Thus the fullerene molecule does not offer suffi-
cient electron charge carriers for transport. Any additional
electron, for example the one available from the substitution
of a C atom by N, thus acts as an electron trapped on a
semiconductor quantum dot, yielding nonvanishing—albeit
small—current. Substitution by an electron deficient atom,
such as B, which creates a hole in fullerene structure, attracts
electrons from the adjoining carbon atoms as well as the
metal electrodes in the bonding region, which in turn move
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Figure 3. The bias-dependence of transmission functions of Cso, BCs, and NCso. Zero of the energy is aligned to the Fermi energy.

easily at higher external bias. Thus, a hole-assisted electron
transport mechanism in B-doped (p-type) fullerene appears to
provide a higher electron conductivity. This suggests that
fullerene can be an attractive candidate for p-type (B-doped)
nanoelctronic devices.

The transport properties of substitutional fullerenes, BCsq
and NCso, were also studied previously.** The DFT-based
calculations using the contact-fullerene distance of ~3.5 A
find a nonlinear I—V characteristic for the doped fullerenes in
the bias window of 0—1 V.>° On the other hand, similar
calculations** on BCse and NCsy find that doping by B and N
leads to a higher HOMO—LUMO gap and a smaller tunneling
current with respect to that in the pristine fullerene. These
findings are in stark contrast with the findings of the present
study, which suggests the presence of midgap states asso-
ciated with dopants in the HOMO—LUMO gap of Cgq. It
should be pointed out that the previous study** used asym-
metric electrode architecture, considering three layers of Au
(100) in the left lead and two layers of Au (100) in the right
lead in the device architecture with the contact—fullerene
distance tobe 2.1 A. Therefore, we suggest that the results of
their calculations may be an artifact of the device model used
in their calculations.
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In an attempt to understand the effect of atomic level
changes on the electronic structure and electron transport of
molecular and nanoscale architecture, we have performed
first-principles electronic structure calculations on Ce and its
B- and N-doped derivatives. The cage structure of Cgq allowed
two different configurations, namely, endohedral (B@Cgyo and
N@Ceso) and substitutional (BCso and NCso), to be investi-
gated. The calculated results clearly reveal that, at the nano-
scale, even a single atom change in the structure brings about
noticeable changes in the electronic and geometrical struc-
tures. Furthermore, the electron transport property of the
nanoscale system gets substantially modulated by a single-
atom change in the structure. Specifically, B and N doping of
fullerene appears to lead to higher current than the pristine
fullerene. However, the substitutional derivatives, BCso and
NCso, in which the dopant atom occupies a site previously
occupied by a C atom on the C¢o wall, give higher magnitude
of current than the endohedral derivatives, B@Cqo and
N@Cqo. This is attributed to the dominance of hybrid states
involving the contact gold atoms in forming the MOs near the
Fermi region, which opens new transmission channels for the
substitutional dopants. Finally, the calculations predicta much
higher value of current for BCs¢ compared to all other species
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considered here, suggesting its application as an effective
p-type semiconductor in electronic devices.

METHOD

The electron transport calculations were performed with
the use of DFT together with the NEGF method. The current
via a molecule can be obtained as

e

=7 [ deEnE-m) —SE-w) )
where ¢, and u, are the electrochemical potentials in the two
contacts under an external bias V, and f(E) is the Fermi—Dirac
distribution function. The transmission function, T(E,V), is an
important intrinsic factor describing the quantum mechanical
transmission probabilities for electrons. The semi-infinite effect
of the left (right) electrode is taken into account by introducing
the self-energy 3 (ZR) in the effective Hamiltonian.®® It is
worth noting that the transmission depends on both the
electron energy E and applied external bias V.

The local spin density approximation (LDA) of the ex-
change and correlation functional,>*” to DFT, incorporated
in the SIESTA program package was used.”® Double-§ basis
sets with polarization orbitals were used for all atoms. We
used pseudopotentials for gold, which incorporates scalar
relativistic corrections. The employed pseudopotentials are
the standard in DFT calculations, and they describe the elec-
tronic structure of gold reasonably well. The bias-dependent
electron transmission and current are calculated from the
NEGF method based on the Keldysh formalism, as imple-
mented in the SMEAGOL program.*®>® A schematic illustra-
tion of the central scattering region of the model architecture
is shown in Figure 1, where semi-infinite face-centered cubic
gold contacts are represented by four 6 x 6 R gold bilayers
along the (001) direction on either side of the contacts. In
order to eliminate the interfacial effects introduced by thiol
groups, generally used in quantum chemical calculations, gold
atoms are directly bonded to Ceo. The hexagonal faces of Cgg
are parallel to the gold contact layers with a separation
distance of 2.4 A. The gold atoms in the contact electrodes
are fixed at the bulk value of a face-centered cubic structure,
and the distance between the two (left and right) gold contact
layers is ~11.9 A; the device architecture considered is just a
parallel plate vacuum capacitor in the absence of Ce.

SUPPORTING INFORMATION AVAILABLE The details of
the theoretical method, structural properties of pristine and
doped fullerenes, density of states of doped and pristine Cgo, and
the bias-dependence of transmission functions of BC¢q and NCep.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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