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Electron transport in core-shell type fullerene nanojunction
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Abstract.  Within the framework of the density functional theory combined with the method of non-equilibrium Green’s
functions (DFT + NEGF), the features of electron transport in fullerene nanojunctions, which are «core-shell» nanoobjects made
of a combination of fullerenes of different diameters Cxo, Cgo, Caso, placed between gold electrodes (in a nanogap), are studied.
Their transmission spectra, the density of state, current-voltage characteristics and differential conductivity are determined. It
was shown that in the energy range of -0.45-0.45 eV in the transmission spectrum of the “Au—Cig—Au” nanojunction appears a
HOMO-LUMO gap with a width of 0.9 eV; when small-sized fullerenes Cy, Cgo are intercalation into the cavity Cigo the gap
disappears, and a series of resonant structures are observed on their spectra. It has been established that distinct Coulomb steps
appear on the current-voltage characteristics of the “Au—Cig—Au” nanojunction, but on the current-voltage characteristics “Au—
Cao@Cis—Au”, “Au—(C0@Cs0)@Cis—Au” these step structures are blurred due to a decrease in Coulomb energy. An increase
in the number of Coulomb features on the dI/dV spectra of core-shell fullerene nanojunctions was revealed in comparison with
nanojunctions based on fullerene Cso, which makes it possible to create high-speed single-electron devices on their basis. Models
of single—electron transistors (SET) based on fullerene nanojunctions “Au—Cig—Au”, “Au—Cg@Cig—Au” and “Au—
(C20@Cg0)@Cig0-Au” are considered. Their charge stability diagrams are analyzed and it is shown that SET based on Cgo@Caso-,
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(C20@Cg0)@C180- Nanojunctions is output from the Coulomb blockade mode with the lowest drain-to-source voltage.
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1. Introduction

Recently, the potential of traditional silicium-based
semiconductor circuitries has been exhausted, there are
many problems are unsolvable without the use of
fundamentally new physical and technological ideas. One of
these problems of electronics is increasing the speed of
electronic systems while reducing their size and energy
consumption (Cuevas and Scheer 2017, Xiang et al. 2020).
The solution to this problem and the further development of
electronics largely depend on the possibility of the
emergence of new materials of electron technology. The
search and synthesis of new materials with unusual
properties used to create new small-sized electronic devices,
and the modernization of the properties of existing materials
by improving the technology of their manufacture and
processing will mainly determine the progress of promising
electronics. To solve the problems of miniaturization of
electronic components with an increase in the degree of
integration of integrated circuits, new types of electronic
devices are being developed using nanomaterials with
controlled electrophysical properties cpoitctamu (Chuan et
al. 2021, Sergeyev 2021, Montanaro et al. 2021).

With the discovery of graphene (Novoselov et al. 2004,
Castro Neto et al. 2009) and other two-dimensional atomic
crystals (Dragoman et al. 2019 Huang et al. 2020, Kiraly et
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al. 2020, Sahoo and Wei 2019) it was proposed and
implemented that exotic materials of electronic technology,
consisting of isolated atomic planes can be assembled in the
construction of heterostructures made by layers of pre-
selected sequence — van-der-Waals heterostructures. This
means that if we consider two-dimensional crystals as
similar to Lego blocks, it becomes possible to create a huge
variety of layered structures with specified properties (Geim
and Grigorieva 2013).

In terms of miniaturization of electronic components,
one of the widely used materials are carbon nanomaterials —
carbon nanotubes (CNT), fullerenes, graphenes and related
structures (Morozov et al. 2008, lijima 1991, Kroto 1985,
Geim 2009, Dragoman 2017, Murali 2012, Marani et al.
2017). They have such unique properties as ultra-small
dimensions, good electrical conductivity, high emission
characteristics, high chemical stability, and the ability to
attach a variety of chemical radicals to themselves (Eletskii
1997), which allow them to create new types of promising
electronics elements on their basis (Kumar 2018,
Kharlamova 2013, Sergeyev 2018). Note that in addition to
CNT, octagraphene nanotubes also have interesting electric
transport characteristics that allow them to be used in the
future to create electronic devices (Sergeyev 2020a).

For the subsequent miniaturization of electronic devices,
two-dimensional (2D) magnetic materials with strong
magnetization at room temperature (~ 300 K) are known to
be a promising material. Spin valves (Davis et al. 2021,
Wang et al. 2021), spin field-effect transistors
(Gyanchandani et al. 2021, Zhu et al. 2021) and magnetic
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tunnel junctions with spin filtration (Dagiq 2021, Yang et
al. 2021), which are the basic elements of spintronics
(Hirohata et al. 2020). are created on the basis of such
materials.

It should be noted that one of the promising directions in
terms of miniaturization and improving performance is the
use of superconducting materials in integrated circuits.
Based on the phenomenon of superconductivity, active
elements of ultra-sensitive receiving and transmitting
devices — detectors, mixers, generators, parametric
amplifiers, frequency converters, etc. have already been
implemented (Miao et al. 2021, Bal et al. 2021,
Kalashnikov et al. 2018). There have been created switches
and current limiters (Martini et al. 2006, Dalessandro et al.
2007), various magnetic field sensory elements and
detectors, including for magnetocardiography and
magnetoencephalography (Wang et al. 2020, Faley et al.
2012), voltage reference (standard volt with an accuracy of
about 10°°) (Burroughs et al. 1999), and also the core of a
quantum computer — qubits (quantum bits) (Cattaneo et al.
2021, Lee et al. 2019, Macha et al. 2014). Josephson logic
elements, characterized by high speed (low switching time)
and low energy consumption, are a worthy alternative for
creating integrated circuits of digital electronics (Likharev
2012, Tolpygo 2016). Josephson elements are also
successfully used to create and implement ultra-sensitive
receiving devices of the millimeter and sub-millimeter
wavelength range. The high nonlinearity of the electrical
characteristics of Josephson junctions made it possible to
create receiving devices whose maximum sensitivity is
limited by the quantum limit (Kornev 2017, Sergeyev 2012,
2013).

The creation of nanocircuits in which the role of
functional elements is performed by individual molecules is
also promising. This is one of the alternative approaches to
the development of electronics — single electronics,
theoretically predicted by D. V. Averin and K. K. Likharev,
based on the effect of correlated tunneling of single
electrons (Averin and Likharev 1986, Likharev 1999). The
essence of this effect is the Coulomb blockade of electron
transport and the ordered movement of elementary charges
arising due to their interaction through an electric field. The
construction of a SET is a three-electrode tunneling device
consisting of a conducting islet molecule with a small
intrinsic capacity, connected to the source and drain
electrodes by tunnel junctions with a small capacity and
conductivity.

The effect of correlated tunneling of single electrons has
already been observed in various materials, for example, in
metals, in semiconductors, in superconductors, in carbon
nanostructures, molecular structures. Graphene-based
transistors are considered to be promising SET
(Khademhosseini et al. 2021, Fried et al. 2020) and organic
molecules (Gaurav et al. 2019, Anu et al. 2018). Currently,
various single-electron molecular devices have been
experimentally implemented: a SET, a memory cell, and
logic elements. Further development of the technology of
single-electron molecular devices will allow creating
memory cells with a long storage time, high data recording
density and low power dissipation, as well as highly

sensitive chemical and biochemical sensors.

In single-electron devices, the current flow significantly
depends on the electronic structure of the molecule, since
they have discrete electronic levels that can be open or
closed for electron transfer in the system. This means that
for the SET design, it is necessary to select molecules with
unique functional properties, including structurally resistant
to charge changes. One of such materials is fullerene-like
materials. They have a number of remarkable characteristics
for creating a SET, including chemical resistance, high
strength, rigidity and good electrical conductivity. The
remarkable thing is that depending on the fine features of
molecular symmetry, fullerene-like materials can be
dielectrics,  semiconductors, have  metallic  and
superconducting properties. These properties, combined
with the nanoscale geometry, make them unique materials
for their application in creating a SET. For example, the
influence of electronic vibrational modes on the process of
correlated electron tunneling in SET based on two
covalently connected Cyo fullerene molecules was studied in
the work (Pasupathy et al. 2005, Champagne et al. 2005), a
combined method was used to study the electric transport
characteristics of SET, considering the combination of
electrostatic control of a Coulomb Island made of Ceo
fullerene with a mechanically controlled nanojunction.

It is known that the transport of quasiparticles through
individual molecules is strongly modified by the charge of
one electron and the quantization of energy levels. These
effects, which determine the transfer of electrons through
nanosized molecules, are used to create a SET. As such
SET molecules, individual Cso molecules are successfully
used in combination with gold electrodes (Ward et al. 2008,
Nakajima et al. 2015). Such SETs with a single Ceo
molecule represent a quantum “mechanical” system, due to
the quantized oscillation of the Cg behaves like a high
frequency nanomechanical generator (Park et al. 2000).
Over time, it became clear that several factors significantly
affect the electric transport properties of nanoscale devices,
for example, changes in the molecular conformation,
settings between the Coulomb blockade of weak coupling
and the Kondo modes of strong coupling and the material of
the electrode of the nanodevice. Usually, gold (Au) or other
noble metals with good electrical conductivity are used as
the electrode material in nanodevices, since they exhibit
reduced variability of transport characteristics due to their
inert nature. It should be noted that in recent years,
fullerene-graphene layered nanostructures consisting of a
combination of fullerenes (Ceo) and graphene layers have
been actively studied (Devi 2019, Ceron et al. 2019,
Artyukh and Chernozatonskii 2020). Such nanomaterials
are promising for solving several applied problems, such as
the creation of high - efficient solar cells and an electric
energy storage device (supercapacitors) (Cardenas-Jiron et
al. 2019, Chen et al. 2016, Kang et al. 2019). A fragment of
such fullerene-graphene layered systems is “graphene —
fullerene — graphene” nanojunctions, where graphene is
used as an electrode material. The adsorption and
thermoelectric properties of such hybrid nanocontacts are
studied in the works (Koh et al. 2015, Gehring et al. 2017).

Currently, the Non-Equilibrium Green’s Functions
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(NEGF) method is widely used to describe the transport
characteristics of a molecular transistor. In the works
(Sergeyev et al. 2021, Nasri et al. 2018), the transport
properties of a molecular transistor on fullerenes were
calculated using the NEGF method and the effects of
electrode materials (gold, platinum, graphene) were shown
on the transport properties of such a transistor.

It is known that one of the unique properties of fullerene
structures is to enclose one or more atoms inside its carbon
frame. Such structures are commonly called endohedral
fullerenes (Akasaka and Nagase 2002). The electronic
properties of endohedral fullerenes significantly depend on
the properties of the encapsulated atom, which makes it
possible to control them by selecting the encapsulated atom
desired by the property. In a previous work (Sergeyev
2020b), we demonstrated the effect of encapsulated alkali
metals Li, Na, K on the electric transport characteristics of a
SET based on Me@Ceo (Me = Li, Na, K).

Recently, molecular clusters made of fullerenes have
attracted particular interest for the creation of SET
(Hosseini et al. 2018). It is also known that layered (quasi)
two-dimensional nanostructures also have good properties
for creating single-electronics elements (Chuan et al. 2021,
Mouafo et al. 2020, Sergeyev and Duisenova 2021). It is
reasonable to think about what properties fullerene
transistor structures have, where small-radius fullerenes are
placed inside a larger-radius fullerene forming a «core-
shell» type nanojunction. Here, a small — radius fullerene
acts as the core, and a large-radius fullerene acts as the
shell. The geometric shape of such molecular structures
resembles the famous Russian nesting doll — matryoshka,
which is a wooden doll, inside which there are similar
smaller dolls.

In the present work, the electric transport characteristics
of “Au—Cigo—Au”, “Au—Cgo@Cig0—Au” and “Au—(C0@Cso)
@C1g0—Au” nanojunctions are modeled and analyzed within
the framework of the density functional theory (DFT) in
combination with the method of nonequilibrium Green
functions (DFT + NEGF), and the properties of SET based
on them are discussed.

2. Geometry of fullerene nanojunctions

The geometry of the “Gold — Fullerene — Gold” model
nanodevices, the conduction channels of which are fullerene
Cigo and fullerene matryoshkas Cgo@Ciso, (C20@Cs0) @C1so,
located between two gold electrodes, is shown in Fig. 1(a)-
(c). The nanodevices under consideration are nanoobjects in
the form of endofullerenes placed in a nanogap with a size
of ~17.13 A. The distance from the fullerene surface to the
electrodes is ~2.58 A . The size of the electrodes is ~ 24.47
A x 24.47 A and consist of 460 gold atoms. The size of the
scattering region of quasiparticles is commensurate with the
size of Cigo molecules (with a diameter of ~ 11.97 A). The
main geometric parameters of the considered nanodevices
of the «core — shell» type are shown in Figs. 1(a)-1(c).

Fig. 2 shows the electron densities of fullerene
nanodevices. As can be seen, the electron density of
endofullerenes Cgo@Ciso, (C20@Cs0)@Cas0 Significantly
exceeds the electron density of fullerene Cigo. It is obvious
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Fig. 1 The geometry of nanodevices: (a) Au—-Cigo—Au; (b)
Au—Cgo@Cis0—Au; (C) AU—(C20@Cs0) @C1s0—AU

that this is the contribution of the electrons of encapsulated
fullerenes with small diameters. The electron density in the
center of endofullerene nanodevices is almost twice that of
a fullerene device. For example, in a Cgo@Ciso- device, the
electron density reaches up to ~710 A3, and in (C20@Cso)
@Cuso it is ~850 A -3, when in a Cyg0- device it is — 420 A3
(Fig. 3).
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Fig. 2 Electronic densities of nanodevices: (a) Au—Cigo—
Au; (b) Au-Cgo@C1g0-AU; (C) AU—(Czo@Cgo)@Clgo—AU
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3. Fundamental equations

The procedure for optimizing the geometry of fullerene
nanodevices and describing the interatomic interaction was
carried out within the framework of the DFT, the
generalized gradient approximation GGA-PBE (Perdew et
al. 1996, Ferre et al. 2016) was used as an exchange-
correlation functional, which allows us to describe such
structures most accurately. When optimizing the
nanostructures, the parameters of the atomic configuration
were relaxed until the forces on all the atoms of the
molecule became less than the specified threshold value of
0.05eV/A.

Computer-generated simulation of the electrical
characteristics of the nanojunction was carried out within
the framework of the density functional theory in
combination with the method NEGF and using the local-
density approximation (LDA) (Smidstrup et al. 2017,
Brandbyge et al. 2002, Stokbro 2008, Ganjia et al. 2008).
Modeling of the electric transport properties of the
nanojunction is realized in the Atomistix ToolKit with
Virtual NanoLab program. (Fundamental equations of this
method are described in detail in our previous works
(Sergeyev 2020c, Sergeyev and Shunkeyev 2018)). To
calculate the current-voltage characteristic (CVC) and
differential conductivity, the transmission spectrum
(function) T(e) of the considered nanojunction is first
determined:

T(¢) = tr[[LGTRGY] = tr[TRGTEG1], 1)

where I'*®(g) is the broadening matrix (the broadening
function) of the left (right) electrode, G(g), GT(g) are the
retarded and advanced Green functions, € is the energy.
The CVC of the nanostructure is calculated on the basis of
the well-known Landauer equation, which indicates the
fundamental relationship of the electric current with the
transmission spectrum (Landauer 1970):
WV Ve T Te) = 27T £ (52) -

kpTRr

e X

kpTy,
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where e is electron charge, h is Planck’s constant, f(¢€)
is Fermi energy distribution function of quasiparticles, kg
is the Boltzmann’s constant, T, , Ty are current
temperatures and pg, p; are electrochemical potentials of
the right and left electrodes.

The differential conductivity of the nanostructure was
obtained by calculating a self-consistent current at a number
of applied biases Vjgs, Vg and performing numerical
differentiation:

1V oo TLTR)~1(VE s TLTR)
U(Vbias' TLJTR) = s Vbl' _Vbz‘ S . (3)
as as

4. Results and discussions

The evolution of the transmission spectrum of fullerene
nanodevices with an increase in the bias voltage from -3 V
to 3 V is shown in Fig. 4. The bias voltage increased in
increments of 0.3 V. The transmission spectrum of
fullerenes uses the energies of the molecular orbit for the
applied bias voltage to determine at which energies the
electron transport will be strongest. The spectra were
constructed for HOMO (Highest Occupied Molecular
Orbital) — LUMO (Lowest Unoccupied Molecular Orbital)
energies relative to the Fermi level energy, which was
considered as zero energy (gr = 0). Fig. 4 shows various
applied voltages with different color fills (from the color
black (-3 V) to the color army green (3 V)).

With an increase in the value of the bias voltage, the
intensity of the transmission spectrum also increases. It is
known that the greater the number of peaks in the
transmission spectrum, the higher the indicators of the
transport of quasiparticles through the nanodevice
consideration. At positive energy, the intensity of the
transmission spectrum of the Cigo-nanodevice nanodevice
energy peak prevails relative to the intensity at negative
energy. Maximum peak T(e) observed at energy 1.35 eV.
The transmission spectrum of the Cigo-nanodevice shows
that a noticeable weakening of the conductivity occurs near
the Fermi energy. In the energy range of -0.45+0.45 eV, the
Cigo molecule does not pass quasiparticles, forming a
HOMO-LUMO gap equal to 0.9 eV, however, when small-
sized fullerenes Cgo and Cy are introduced into Cigo, this
gap disappears and a series of peak resonant structures
appear on the transmission spectrum of Cgo@Cisgo-,
(C20@Ce0) @Cigo-nanodevices. In the energy range of -
0.45+0.45 eV, the Cig molecule does not pass
quasiparticles, forming a HOMO-LUMO gap equal to 0.9
eV, however, when small-sized fullerenes Cg and Cy are
introduced into Ciso, this gap disappears and a series of
peak resonant structures appear on the transmission
spectrum of Cgo@Cis0-, (C20@Cgo)@C1s0- nNanodevices.
Also, in the energy range of -1.81+0.89eV, no current flows
through the Cigo-nanodevice ( T(g) ~0). Cg@Ciso-,
(Co0@Cg0)@Cigo- nanodevices are a resonant tunnel
structure, so their transmission spectra have complex
resonant peaks (Figs. 4(b) and 4(c)). As can be seen, the
introduction of Cyo and Cgo molecules into the Cigo fullerene
cavity simultaneously enhances the resonance effect, which
leads to an increase in the resonance peaks on the spectrum.
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Fig. 4 Evolution of the transmission spectrum of
nanodevices with an increase in the bias voltage from -
3V to 3V: (@) Au-Ciso-Au; (b) Au-Cg@Cis0—Au; (C)

AU—(Co0@Csg0) @C130—AuU

Given that the conductivity is directly proportional to the
transmission, it can be concluded that a current flows well
through the endofullerenes Cgo@Ciso, (C20@ Ce0)@Caso, less
than Cgo.

The results of modeling the CVC and differential
conductivity are shown in Figs. 5 and 6, respectively. (CVC
and the differential conductivity of the nanostructures under
consideration are calculated using the Egs. (2) and (3). The
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CVC of Cigo- nanodevice has distinct stepped sections —
“Coulomb staircase”. These step structures arise with the

period AV = Ce (there C,i, — junction capacitance with

lower conductivity (with greater resistance). The appearance
of a stepped Coulomb staircase on the CVC is explained by
the existence of a spatial correlation of the acts of tunneling
of individual electrons in a nanodevice with two tunnel
transitions formed in the area where gold electrodes are in
contact with a fullerene molecule (Fig. 1). For the
interpretation of the operation of such nanojunctions, the
single-electron nanocapacitor-recharging model is used.
From the theoretical consideration of electron transport in
such nanojunction, when a charge enters a quantum dot (a
fullerene molecule), a charge is established on the
polarizable surface of the nanostructure, causing a powerful
Coulomb attraction between two closely spaced charges
located at the electrode-molecule interface. After that, there
is a restriction of electron transport — a Coulomb blockade,
i.e., the total charge blocks the input of one elementary
charge into the Cig molecule and the output of one
elementary charge from the Cigo molecule. However, with
an increase in the bias voltage, an electron is removed from
the molecule, and another electron replaces its place. In the
voltage range of -0.37+0.37 V, electronic transport is
impossible due to the Coulomb blockade and the current in
the Cigo junction is zero. At first glance, it seems that the
blocking of electrons occurs in a relatively wide voltage
range from -0.84+0.84 V, but this is not the case. As can be
seen from Fig. 5, a small current with an amplitude of ~0.3
WA flows in the voltage intervals [-0.84; -0.37] and [0.37;
0.84].

Indistinct (smeared) “Coulomb staircase” are observed
on the CVC of Cgo@Cis0-, (C20@Cs0)@Cis0- Nanojunction.
Probably, this is due to a decrease in the Coulomb energy

2
EC=§—C due to an increase in the intrinsic electrical

capacity of the molecules Cgo@Cigo, (C20@Cs0)@Ciso.
Assuming that the shape of the fullerene is spherical, to
estimate the intrinsic electrical capacity of the fullerene
molecule Cig0, We use the formula of the electrical capacity
of a spherical capacitor: (4)

C =4ngyr 4

where &, =885-107'* F/m, r =1,  ~5985 A is
radius of the Cigo fullerene molecule. The calculated value
of the capacity of the Cigo molecule (according to the
formula (4)) is 6.66-102°F. To calculate the intrinsic
electrical ~ capacity of Cgo@Cis, (C20@Cg0)@Ciso
molecules, we use the formula for the electrical capacity of
conducting concentric spheres, assuming the shape of all
types of fullerenes to be spherical:

4egT Ty

) 5
(r, —m1) ©)
where r, > r; are radiuses of concentric spheres (radiuses
of a fullerene molecule (rs,, ~ 4.118 A, "= ~1.99 A).

The intrinsic electrical capacity of the Cs@Cis0 molecule is
14.69-10%° F, and of the (C20@Cg0)@C1s0 molecule —
~12-10%° F, which is almost twice as much as the electrical
capacity of the Cig0 molecule. An increase in the capacity
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Fig. 5 Current-voltage characteristics of nanodevices (the
orange dotted line marks the ideal CVC of the
nanocapacitor in the case of the Coulomb blockade
effect)
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Fig. 6 — dl/dV characteristics of nanodevices based on Cisgo
molecule

leads to a decrease in the Coulomb energy and an increase
in the influence of thermal fluctuations.

Coulomb ladders of the CVC on the dl/dV spectrum are
observed in the form of an oscillation with a constant
voltage period AV (Fig. 6). On the dl/dV spectrum of the
Cigo nanojunction in the voltage range from -3 V to 3 V, we
observe 8 distinct peak structures. The AV value varies
from 0.64 V (4V,,) to 0.81 V (4V,53). Here, the AV period
indices show the corresponding peaks of the dl/dV spectrum
that determine its value. The average value of the period
Cigo is the nanojunction A4V,, =~ 0.73B. A noticeable
deviation AV from the mean value AV, is observed
when it is negative V};,s between peaks 2 and 3 (4V,; =
0.81V), when it is positive V,;,s between peaks 6 and 7
(4V¢, = 0.8V). The voltage period determines the width of
the Coulomb step in the CVC, i.e., the larger AV, the wider
the Coulomb step in the CVC. The deviation (blurring)
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from the ideal rectangular shape of the Coulomb staircase
on the CVC appears itself on the dl/dV spectrum as an
increase in the width of the peak. (Note that the narrower
the peaks of the dl/dV spectrum, the more distinct the shape
of the Coulomb staircase on the CVC). For example, the
blurring of the CVC in the range 4V, appears stronger,
where the width of the seventh peak is 0.75 V.

The differential conductivity of the Cgo@Cigo-nano-
junction has 7 peaks, the value of the voltage period varies
from 0.47V to 1.04V. There is a significant spread in the
value AV. The average value of the period Cgo@Cisg is the
nanojunction AV, ,, = 0.74V. One of the features of the
dl/dVv spectrum is the merging of the sixth and seventh
peaks, which leads to a significant reduction of the period to
AVy, = 0.47V. Note that the period spread is also observed
between the third and fourth peaks AV, =~ 1.04V.

We observe a similar behavior of the differential
conductivity (C20@Cgo)@Cig0, Where there is a significant
spread of the period value over the voltage from 0.55 V to
1.07 V. What is more, a strong spread AV occurs at a
positive bias voltage, and at a negative bias voltage, the
period AV is more stable, and on average is ~ 0.61 V. As
can be seen, there is a significant increase in the period
AVy, = 1.07V between the sixth and seventh peaks of the
dl/dV spectrum. This change in the CVC is reflected by a
strong blurring of the Coulomb step, which shows the weak
influence of Coulomb effects in this voltage range. In the
di/dv  spectrum of Cgo@Cigo- and (Ca0@Ceo)@Cugo-
nanojunctions the width of the peak is narrower at negative
Vpias, than at positive V,;,s, and accordingly, the CVC at
negative V,;,s appear more distinctly Coulomb steps than
at positive Vp;qs-

According to the results of the calculations, fullerene
nanojunctions have two ballistic channels. This means that
they have a conductivity value of 2Go (here Go is the
conductance quantum).

For comparison, it should be noted that four (Nasri
2018) and six Coulomb features are observed in the di/dV
spectrum of Cgo-nanojunctions with Pt- and Au-electrodes
(Sergeyev et al. 2021). This shows that single-electron
transport occurs faster in the considered fullerene
nanojunctions of the «core-shell» type than in Ceo-
nanodevices with Pt-, Au- and graphene electrodes.

Consider the operation of the charge stability diagram
(Coulomb rhombuses (diamonds)) SET based on Ciso,
Cs0@C1g0 and (C0@Cso) @Ci1so (Fig. 6). SET, represents the
molecular structures considered in Fig. 1, with the addition
of a control gate electrode to the lower part of the device -
gate. The gate is separated from the main structure of the
SET by a thin layer of dielectric ~3.7 A. Dielectric constant
of the dielectric is 10go. The distance from fullerenes to the
dielectric surface is ~1.8A. It is known that the transport of
a charge in a SET occurs when it overcomes the Coulomb
blockade region. One of the options for the electron to
overcome this bandgap is to supply sufficient charging
energy by adjusting the gate and source-drain potentials. As
the gate voltage changes, the HOMO and LUMO levels
shift. When a positive gate voltage is applied, the LUMO
level shifts below the Fermi level of the electrode and
subsequently attracts an electron, which is responsible for
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Fig. 7 Charge stability diagrams for (a) Ciso-, (b)

Cgo@Cago-, and (¢) (C20@Cso)@C1so-based SETs. 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), red (4)

the negative charge of the molecular islet, whereas with a
negative gate voltage, the HOMO level shifts above the
Fermi electrode level, as a result, the electron escapes from
the island and charges it to a positive one. For the specified
values of the source-drain and gate bias voltage, the number
of molecular energy levels inside the window is given by
color codes (Figs. 7(a)-7(c)). The equilibrium value of the
number of excess electrons AN is indicated inside each
Coulomb diamond. The area of the Coulomb blockade is
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Table 1 Parameters of the central Coulomb diamond

Vspmin Vspmax AVsp Vemin Vemax AVes Diamond Area
Ciso -2.041 2.079 4.12 -0.618 571 6.328 13.036
Cso@ Ciso 0.973 -0.896 1.869 3.09 5.914 9.004 8.414
(C20@Cs0)@ Cis0 0.973 -0.935 1.908 2.997 5.833 8.83 8.424

represented in dark blue and is indicated by the number 0. If
the SET operating point is located inside this Coulomb
rhombus, where there is no energy level to support
electronic transport, then the transport of electrons through
the transistor is impossible. Single-electron tunneling in
transistors occurs in the area represented by a light blue
color and marked with the number 1. The inclined lines
between these regions correspond to the threshold voltages
at which SET opens and current transport becomes possible,
i.e., single-electron transport is blocked until the voltage
reaches the threshold value V;, or Vi, (Fig. 7). Behind
the dark blue (Coulomb blockade region) and light blue
regions (single-electron tunneling region), multi-electron
tunneling occurs.

The optimal value of the gate voltage V¢ for controlling
the SET modes based on Ciso, Cso@Caso and (C20@Cso)
@Cigo is in the intervals of -3.41+8.42 V, 0.28+8.6 V and
0.22+8.43 V, respectively. Outside the specified interval,
relatively high drain-source voltages must be applied to exit
the Coulomb blockade mode Vsp. Note that the Vsp(Ve)
dependence has special points where a negligibly small Vsp
voltage is required to exit the Coulomb blockade mode into
the single-electron tunneling mode, for example, for Cigo-
SET these points are Vg ~-3.41 V; -05V,; 5.7V, 843V,
for Cgo@C1s0-SET — Vs ~0.28 V; 3.1V; 5.9V; 8.6 V and
for (Czo@Cgo)@Clso-SET — Vg ~0.22 V; 3.02 V; 5.82 V;
8.43 V.

At zero gate voltage, the data of the stability diagram of
fullerene transitions correlate well with the data of the IV-
and dl/dV-characteristics of fullerene transitions. For
example, the diagram shows that the Coulomb blockade
effect of the Cigo-junction occurs in the voltage range -
0.37+0.37 V, and in endofullerene transitions, the blocking
of electron transfer is observed in the range ~ -0.1+0.1 V.

The ranges of the Coulomb blockade associated with the
central Coulomb diamond, as well as their areas extracted
from Fig. 7, are presented in Table 1. The areas of Coulomb

diamonds are calculated using the formula for determining

the area of the rhombus: Diamond Area :M.

2

Maximum and minimum values of the drain-source bias
voltage of Cig-, Cgo@Cuiso-, (C20@Cg0)@Cigo-nano-
transistors are manifested at a gate voltage of 2.74 V, 45V
and 4.41 V, respectively. A comparative study of the table
shows that the area of the central diamond of the Coulomb
blockade of the C1g0 molecule is 1.5 times larger than other
molecules.

These results can be useful in the design of the SET,
since a decrease in the area of the Coulomb diamond in the
stability diagram can lead to smaller fluctuations, so,
current fluctuations as a limiter of the SET operation are
reduced and, therefore, the SET can operate at higher
speeds.

5. Conclusions

Thus, in this framework the electric transport properties
(transmission spectra, CVC, differential conductivity,
electron density) of the model nanojunctions “Au—Cigo—
Au”, “Au—Cg@Cigo—Au” and “Au—(C@Cs)@C1s0—Au”
were studied within the framework of DFT + NEGF. It is
shown that the matryoshka combination of fullerenes with
different diameters leads to a significant change in their
electrical properties. The following results were obtained:

* An increase in the number of resonant peaks of the
transmission spectrum was revealed when Cgz, Cgo
fullerenes of small radius were introduced into the Cigo
fullerene cavity.

* In the range of -0.45+0.45 eV, a HOMO-LUMO gap
is formed in the transmission spectrum of the “Au—Cigo-Au”
nanojunction, its width is 0.9 eV. In the case of the
introduction of small-sized fullerenes into Caigo, though, this
gap disappears and a series of peak resonant structures
appear on the transmission spectrum of Cgy@Ciso-,
(C20@Cso) @Ciso-nanojunctions.

It is shown that distinct step structures of Coulomb
origin appear on the CVC of the Cigo- nanojunctions. On
CVC of Cgo@Ciso-, (C20@Cs0)@Caso-nanojunctions these
step structures are «smeared» due to the weakening of the
Coulomb energy associated with an increase in the intrinsic
electrical capacities of the molecules.

+ 8 peak structures of Coulomb origin with a period of
0.73 V appear on the dl/dV spectrum of the Cigo-
nanojunction, and 7 peak structures with periods of 0.74 V
and 0.61 V, respectively, appear on the spectrum of
Ceo@Ciso-, (C20@Cs0)@C1s0-nanojunctions, respectively.

* It is shown that the output of the C1g0-SET from the
Coulomb blockade mode requires a large source-drain
voltage compared to transistors based on Cg@Cigo-,
(C20@Cg0) @Ci1g0- Nanojunctions.

* Reducing the area of the Coulomb diamond on the
charge stability diagram Cgo@Caso-, (C20@Cso)@Cag0-SEt
allows you to increase the performance of integrated
circuits based on them.

The simulation results obtained in this work can be
useful in creating high-speed single-electron nanodevices.
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