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In this work, within the framework of the density functional theory, the transport properties of a sin-
gle-electron transistor (SET) based on metallofullerenes Me@Ceo (Me = Li, Na, K) were investigated by
simulation. The optimization of Li@Ceo, Na@Ceo, K@Cso molecules was carried out using the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional and the generalized gradient approximation (GGA),
which allows the most accurate description of such structures. Electrostatic difference potential, molecular
energy spectrum, and total energy of a SET based on Me@Ceo were calculated. It was found that a SET
based on K@Cso is more stable than other considered SETs based on Cgo, Li@Cgo, Na@Cgo. The dependences
of the total energy of molecules Me@Ceo (Me = Li, Na, K) on their total charge are determined, as well as
the dependences of the total energy on the gate voltage Me@Ceso-SET. Due to the instability of the state of
small molecules with additional electrons of more than two, during the simulation, the values of — 2, — 1, 0,
1, 2 were chosen as the total electric charges for each molecule. It is shown that the energy of a negatively
charged metallofullerene under consideration is lower than that of a neutral one, and vice versa, the ener-
gy of a positively charged metallofullerene is greater than that of a neutral one. It was found that at nega-
tive transistor gate voltages, positive charge states (+ 1, + 2) are more stable compared to negative charge
states (— 1, — 2) due to a shift in the HOMO (highest occupied molecular orbital) and LUMO (lowest unoc-
cupied molecular orbital) with a change in gate voltage. The stability diagrams of SETs based on Ceo,
Me@Cso were analyzed, and it was also shown that the area of the Coulomb diamond SET on the stability
diagram depends on the radius of the encapsulated atom. The results obtained can be useful in the calcula-
tion of new types of SETs based on metallofullerenes.
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1. INTRODUCTION

After the discovery of one of the allotropic forms of
carbon — fullerene, intensive studies of its physicochem-
ical properties began to solve a wide range of applied
problems [1-3]. Fullerene has a structure consisting of
carbon atoms, which are located at the vertices of regu-
lar hexagons and pentagons, covering the surface of a
sphere or spheroid. The unusual electrophysical proper-
ties of fullerenes makes them a very promising material
for electronics. For example, crystalline fullerenes are
the semiconductors with a band gap of 1.2-1.9 eV [4, 5],
and Ceo crystals doped with alkali metal atoms have
metallic conductivity and go into a superconducting
state at temperatures of 19-33 K, depending on the type
of alkali metal [6-8]. Among fullerenes, the most com-
mon and chemically stable is the Ceso molecule, repre-
senting in the form of regular truncated icosahedron.
The Cso molecule has extremely high symmetry and due
to these positions of all carbon atoms in it are complete-
ly equivalent. Fullerenes due to structural resistance to
charge changes are one of the promising nanomaterials
that are used to create a single electron transistor (SET)
[9, 10]. For example, in [11], the influence of electronic
vibrational modes on the process of correlated electron
tunneling in SET based on two covalently linked Cro
fullerene molecules was studied, and in [12], combined
method was used to study the electron transport of SET,
taking into account the combination of electrostatic con-
trol of Coulomb Island from fullerene Ceso with a me-
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chanically controlled nanojunction. At present, the Non-
Equilibrium Green’s Functions (NEGF) method is wide-
ly used to describe the transport characteristics of a
molecular transistor (see e.g. [13-15]). In [16], within
the framework of the extended Hiickel method in com-
bination with NEGF, the transport properties of a full-
erene molecular transistor were calculated and the in-
fluence of electrode materials on the transport proper-
ties of such a transistor was shown. Recently, molecular
clusters from fullerenes have been of particular interest
for creating SETs [17]. It is known that one of the
unique properties of fullerene structures is to enclose
one or more atoms inside their carbon skeleton. Such
structures are commonly called endohedral fullerenes
[18]. The electronic properties of endohedral fullerenes
substantially depend on the properties of the encapsu-
lated atom, which allows to control them by selecting
the necessary by properties encapsulated atom.

In this work the results of a model study of a single-
electron transistor based on endohedral metallofuller-
enes Me@Ceso (Me = Li, Na, K) were presented.

2. COMPUTATIONAL DETAILS

The geometry of the studied SET models is present-
ed in Fig. 1. Metallofullerenes Me@Ceo (Me = Li, Na, K)
protrude as the central island of SET. The areas
Source, Drain, Gate SET are formed of gold. The width
of the electrodes is 14 A. Other geometric dimensions of
SET are shown in detail in Fig. 1.

© 2020 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.12(3).03017
mailto:serdau@rambler.ru

D. SERGEYEV

The optimization procedure for the geometric struc-
tures of the metallofullerenes under consideration was
carried out in the framework of the density functional
theory (DFT), and the generalized gradient approxima-
tion GGA-PBE [19] was used as the exchange-
correlation functional, which allows the most accurate
description of such structures. To calculate the electro-
static difference potential, molecular energy spectrum,
and total energy of fullerenes, DFT in the local density
approximation (LDA) was applied. During the simula-
tion, the values — 2, — 1, 0, 1, 2 are selected as the total
electric charges for each molecule. The choice of pre-
cisely these values of charges is due to the instability of
states of small molecules with additional electrons of
more than two.

As is known, the lower the charge energy, the easier
and faster the system to overcome the Coulomb block-
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ade. To calculate the charging energy and affinity of
metallofullerenes, we calculate the total energy of the
charged system. To do this, we determine the total en-
ergy of the system E¢ with charge ¢:

E' =E(N)-E(N-1)=E°—E*, (1)

where E° is the energy of the neutral system with N
electrons and E*! is the energy of the positive ion with
N — 1 electrons. The affinity energy is given by

EA=E(N)-E(N+1)=E°-E. )

Quantum chemical calculations to optimize the ge-
ometry of nanodevices and their physical parameters
were performed using the Atomistix ToolKit with Virtual
NanoLab software package using the DFT method [20].
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Fig. 1 — Geometry of SET's based on endohedral metallofullerenes: a) Ceo; b) Li@Ceo; ¢) Na@Cso; d) K@Coeo

3. RESULTS AND DISCUSSION

Fig. 2 shows the calculated values of the total energy
of fullerene molecules depending on the charge state.
Large energy values (from — 9615 eV to — 9435 eV) are
explained by the fact that the total energy of the mole-
cule is represented as the sum of the energies of elec-
trons and nuclei; therefore, it is much higher than the
energy of individual single-electron levels of the molecule.

As can be seen from Fig. 2, in fullerene and metallo-
fullerenes placed in a nanogap, the negative ion of the

molecule is more stable. The energy of a negatively
charged fullerene is lower than that of a neutral one,
and vice versa, the energy of a positively charged full-
erene is greater than that of a relatively neutral one.
With a neutral charge, fullerene has a total energy of
—9449.18 eV, and metallofullerenes Li@Ceo, Na@Ceo,
K@Cso have —9460.79 eV, —9459.1 eV, —9611.01 €V,
respectively. Among the considered models of SETs
based on metallofullerenes, a more stable system is
SET based on K@Ceo.
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Fig. 2 — Dependences of the total energy of Ceo and Me@Ceo
(Me = Li, Na, K) molecules on their total charge

Fig. 3 shows the dependences of the total energy on
the gate voltage for different states of charge. It is known
that if the total energy of a certain state of charge is
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the lowest at a specific gate voltage, this means that the
molecule is most stable in this state of charge corre-
sponding to this voltage (see e.g. [21]). In general, when
a positive gate bias voltage increases, negative-charge
states (i.e. — 1, —2) show a significant decrease in the
total energy, making them more stable with positive
gate voltages.

However, at negative gate voltages, positive charge
states (i.e., + 1, + 2) are more stable than other charge
states due to a shift in the HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied mo-
lecular orbital) levels with the gate voltage. When a
positive gate voltage is applied, the LUMO level shifts
below the Fermi level of the electrode and subsequently
attracts the electron, which is responsible for the nega-
tive charge of the molecular island, while when the
gate voltage is negative, the HOMO level shifts above
the Fermi level of the electrode as a result of the elec-
tron escaping from the island and charging it positive-
ly. SETs based on the reviewed endofullerenes are
more stable than Ceo-SET.
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Fig. 3 — Dependence of the total energy on gate voltage for SET based on: a) Ceo, b) Li@Ceo, ¢) Na@Ceo, d) K@Ceo. Differently
charged states of the molecule are shown by different colored curves: blue (- 2), green (— 1), red (0), turquoise (+ 1), and violet (+ 2)

It is known that charge transport in SET occurs
when it overcomes the Coulomb blockade, therefore,
sufficient charge energy can be supplied to overcome

the Coulomb blockade by adjusting the gate potential
and the source-drain. For the given gate and source-
drain bias values, the number of molecular energy lev-
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els inside the bias window is given by color codes in
Fig. 4a-d. As can be seen from the charge stability dia-
gram, SET based on fullerene and metallofullerenes
shown in Fig. la-d, at zero voltage, the gate bias, and
source-drain bias is not possible since the SET operat-
ing point is inside the Coulomb diamond (the dark blue
region indicated by the number 0), where there is no
energy level to support electron transport.

Pure fullerene conducts electric current more effi-
ciently when the shutter is negatively shifted compared
to the case when it is positively shifted, i.e. to transfer
the Ceo-SET from the OFF state to the ON state, either
Vemin=—2.119V or Vimax=6.887V must be set (see
Table 1). To open SET (switching from the OFF state to
the ON state) based on metallofullerenes Li@Cso,
Na@Ceo, K@Ceo0, a small positive bias voltage Vg ~ 2.6-
2.7V is sufficient in comparison with the Ceo-SET.
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The ranges of the Coulomb blockade associated with
each pendant diamond, as well as their areas extracted
from Fig. 4, are presented in Table 1, as was done in
[22]. A comparative study of Table 1 shows that the
area of the center diamond of the Coulomb blockade of
K@Cso molecule is lower than other molecules.

From Fig. 4 and Table 1 it is clear that the area of
Coulomb diamond Me@Ceo-SET in the stability dia-
gram depends on the radius of the encapsulated atom:
the larger the radius of the atom, the smaller the area
of Coulomb diamond. These results can be useful in the
construction of SET since a decrease in the area of the
Coulomb diamond in the stability diagram can lead to
smaller fluctuations, therefore, the current fluctuations
as a limiter of the SET trigger are reduced and, there-
fore, SET can operate at higher speeds.
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Fig. 4 — Charge stability diagrams for Ceo- (a), Li@Ceo- (b), Na@Ceo- (c), and K@Ceo-based SETs (d). The number of charge states in
the bias window for given bias potentials is given by the specific color. The color map is: blue (0), light blue (1), green (2), yellow (3),

and red (4)

Table 1 — The main parameters extracted from the central Coulomb diamond from the stability diagrams presented in Fig. 4

VSDmin VSDmax AVsp VGmin VGmax AVe Diamond
area
Ceo — 3.058 3.078 6.136 —2.119 6.887 9.006 27.63
Li@Ceo — 2.952 2.971 5.923 —5.912 2.66 8.5672 25.986
Na@Ceo —2.929 2.968 5.897 —5.914 2.715 8.629 25.443
K@Ceo — 2.966 2.968 5.934 —5.965 2.5697 8.562 25.403
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4. CONCLUSIONS

Thus, in this work, within the framework of the
DFT, the geometric structures of Me@Ceo metallofull-
erenes (Me = Li, Na, K) were optimized and electrostat-
ic difference potential, molecular energy spectrum, and
total energy of SET were calculated based on them. It
was found that the most stable system among the re-
viewed Me@Ceo is K@Cso-SET. The dependences of the
total energy of Me@Cso molecules (Me = Li, Na, K) on
their total charge, total energy on the gate voltage
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¥ pobGori B pamkax Teopii (pyHKITIOHATBHOI IIIJIBHOCTI 32 JOIIOMOTOI MOIEJIIOBAHHS JOC/IIIMKEHO TPAHC-
HOPTHI BJIACTHUBOCTI 0mHOeJIeKTpoHHOoro Tparaucropa (SET) ma ocHosi merasodymepenis Me@Ces (Me = Li,

Na, K). Onrumizamis wmonexyn Li@Ce, Na@Ceo,

K@Cso mpoBOamIIacs BHUKOPHUCTOBYIOUM OOMIHHO-

ropessmiviauyt  gyrkiionan Perdew-Burke-Ernzerhof (PBE) Ta ysaranbHeHe HaGIuskeHHS TpajieHTa
(GGA), 110 703BOJTHIIO HAUOIIBII TOYHO OIMCATH IOIIOHI CTPYKTYPHU. PO3paxoBaHO eJIeKTPOCTATUYHUN Pis-
HULIEBUI IIOTEHIIAJ, CIIEKTP MOJIEKYJIApHOI eHeprii Ta moBHy eHepriio SET ma ocroBi Me@Ceo. Byso Bera-
mosieno, mo SET ma ocmoBi K@Ceo € Olmpbir critikmm, Hixk inmn posriasHyTi SET ma ocmosi Ceo, Li@Ceo,
Na@Ceo. Busnauarorsest 3asmesxeocTi moBHOI eHepril mosteryst Me@Ceo (Me = Li, Na, K) Bij ix moBHOro 3aps-
Iy, a TAKOK 3aJIe’KHOCT1 MOBHOI eHeprii Bix mampyru 3atBopa Me@Ce-SET. UYepes HecTabLIbHICTE CTAHY
MaJIuX MOJIEKYJI 3 IOJATKOBUMHU €JIEKTPOHAMHU OlJIbIIe JBOX, ITiJ] Yac MOJIEIOBAHHA Besmuunu — 2, — 1, 0, 1,
2 Oynm 0o0paHl K IIOBHI €JIEKTPUYHI 3apsaan IS KOXKHOI MoJieKysn. Ilokasamo, 10 eHepris HeraTUBHO 3a-
PSAIMKEHOr0 PO3TJIAHYTOr0 MeTasioyIepeHa HIKJYA, HiK eHepria HeMTPaJIbHOrO, 1 HABIAKH, €Heprid II03M-
THBHO 3apsi/IKeHOro MeTasodyiepeHa Olyibina, Hixk eHepris HeiTpasbHoro. Byso BusBiieHo, 110 ipy Hera-
THBHUX HAIIPYrax 3aTBOpPA TPAH3UCTOPA CTAHU IIO3UTUBHOTO 3apsny (+ 1, + 2) e GLIbIN CTIMKUMIE ITOPIBHSIHO
i3 cramaMu HeraTHUBHOTO 3apsay (— 1, — 2) uepes amimenas HOMO (Buima 3amoBHeHA MOJIEKYJISApHA OpOi-
tasp) Ta LUMO (Hmxya HesaliHATa MOJIEKYJIApHA 0pOiTaib) 31 3MiHO0 HAampyru 3aTBopa. Jliarpamu criiiko-
cti SET na ocuosi Ceo, Me@Ceo Oy ipoanasrizoBani. Taxosk Oysio mokasawo, mo mioma SET mHa ocHoBl Ky-
JIOHIBCBKOT'O JlaMaHTa Ha JiarpaMl CTifKOCTI 3aJIeKUTh BLJ pajiyca 1HKarcyJiboBaHoro aroma. Orprmani
pe3yIbTaTH MOYKYTh OyTH KOPUCHUMMU I po3paxyHKy HoBux Tumis SET Ha ocHOBI MeTanodyiepeHis.

Kmiouori ciosa: Ommoenekrpounuii Tpausucrop, Oymnepen, iarpama crifikocti 3apsay, KysmoHiBchbrumit

miamant, IToBHa eHepris.
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