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Abstract: The progress of modern electronics largely depends on the possible emergence of previously
unknown materials in electronic technology. The search for and combination of new materials with
extraordinary properties used for the production of new small-sized electronic devices and the
improvement of the properties of existing materials due to improved technology for their manufacture
and processing, in general, will determine the progress of highly promising electronics. In order
to solve the problematic tasks of the miniaturization of electronic components with an increase
in the level of connection of integrated circuits, new forms of electronic devices are being created
using nanomaterials with controlled electrophysical characteristics. One of the unique properties
of fullerene structures is that they can enclose one or several atoms inside their carbon framework.
Such structures are usually called endohedral fullerenes. The electronic characteristics of endohedral
fullerenes significantly depend on the properties of the encapsulated atom, which makes it possible
to control them by choosing the encapsulated atom required by the property. Within the framework
of the density functional theory in combination with the method of the nonequilibrium Green’s
functions, the features of electron transport in fullerene nanojunctions were considered, which
demonstrate “core–shell” nanoobjects, the “core” of which is an alkali halide crystal—KI—and the
“shell” of which is an endohedral fullerene C180 located between the gold electrodes (in the nanogap).
The values of the total energy and the stability diagram of a single-electron transistor based on
endohedral fullerene (KI)@C180 were determined. The dependence of the total energy of fullerene
molecules on the charge state is presented. The ranges of the Coulomb blockade, as well as their
areas associated with the central Coulomb diamond were calculated.

Keywords: endohedral; fullerene; density functional theory; KI; C180; single-electron device

1. Introduction

Presently, it has become clear that the possibilities of silicon-based semiconductor
electronics are limited. It turned out to be impossible to increase the speed of electronic
systems and, at the same time, reduce the size and energy expended [1,2]. However, this
problem can be solved by creating new materials for electronic technology. In this case, it is
natural to first carry out the computer simulation and calculation of various electrophysical
properties of new materials before starting their synthesis. To solve the problems of the
miniaturization of electronic components with an increase in the degree of integration of
circuits, new types of electronic devices are being developed using nanomaterials with
controlled electrophysical properties [3–5].

At present, the use of different types of carbon nanostructures in various areas of life,
from the biomedical domain to solar energy, is widely known [6–17]. There are several
works, both experimental [18–21] and using computer simulations [22,23], on the study
of the crystallography of various alkali iodides grown in single-walled carbon nanotubes.
Since single-walled carbon nanotubes have a relatively simple atomic structure with well-
defined dimensions, they can be considered as test objects for testing theoretical hypotheses
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in the field of materials science of low-dimensional systems. In [18], the growth of MI
(M = Li, Na, K, Rb, Cs) inside SWNTs was studied by visualization using high-resolution
transmission electron microscopy. It was found that, inside SWNTs with diameters of
1.4 nm and 1.6 nm, encapsulated KI nanocrystals with the structures (2 × 2 × ∞) and
(3 × 3 × ∞), respectively, are effectively formed. In this case, for all iodides from Li to Rb,
the structure corresponded to fcc, and only for CsI to bcc. In crystals whose thickness did
not exceed 2–6 atomic layers, an increase in the lattice constant up to 12% was recorded,
which was interpreted as a decrease in the coordination at the crystal–carbon interface.
It is noted that defects in nanotubes and tube bending can significantly cause changes in
the crystal growth behavior and even block it completely in some cases. The possibility
of growing various low-dimensional objects (CdCl2, TbCl3, BaI2, ZrCl4) inside a carbon
nanotube was shown in [20]. In [22,23], an attempt was made to explain the previously
recorded experimental results from encapsulated KI and CsI nanocrystals using computer
simulation using the GULP program. It has been found that the electronic properties of
empty nanotubes, as well as the charge transfer in encapsulated materials play essential
roles in determining their crystal structures and electrical properties. Therefore, this may
extend to most “guest–host” systems.

Another type of low-dimensional system consisting of carbon atoms is fullerene—a
convex, closed polyhedron. As in SWNTs, other chemical elements (atoms, small molecules)
can be located inside the carbon cage. In this case, the fullerene is endohedral [24–26]. A
distinctive feature of endohedral fullerenes is their unusual electronic properties [26,27].
In [25], the synthesis, isolation, and electrochemical properties of endohedral fullerenes of
metal nitrides Gd3N@C82 and Gd3N@C86 were demonstrated.

There are several experimental works [25] in which it was demonstrated that fullerenes
could be used to create single-electron transistors (SETs), since this is resistant to changes in
electric charge. At present, SETs are promising devices in nanoelectronics, the mechanism
of action of which is realized based on the phenomenon of correlated electron tunneling and
Coulomb blockade. The main elements of the SET are the island and the control electrode.
The island must be necessarily separated by the tunnel transitions of the electrodes, the
so-called “drain+source”. The control electrode solely affects this island due to capacitive
coupling, which is a “gate”. At present, works are known in which the realized possibility
of using single molecules or atoms as single-electron devices is indicated [28,29].

The uniqueness of the endohedral fullerene lies in the fact that the carbon shell can be
considered negatively charged, while the object placed inside the carbon frame is like a
positively charged core.

Due to the fact that there were works on the introduction of alkali metal iodides into
carbon nanostructures, in order to create a single-electron transistor, the authors of the
work placed an alkali halide KI crystal inside the C180 endohedral fullerene. In this paper,
an attempt was made, within the framework of density functional theory and the method
of the nonequilibrium Green’s functions, to determine the values of the total energy and
the stability diagrams of the MEP based on endohedral fullerene (KI)@C180.

2. Geometry

It is known that one of the unique properties of fullerene structures is that they
can enclose one or more atoms inside their carbon framework. The electronic properties
of endohedral fullerenes essentially depend on the properties of the encapsulated atom,
which makes it possible to control them by selecting the encapsulated atom with the desired
property. The work [30] showed the effect of encapsulated alkali metals Li, Na, and K on the
electrical transport characteristics of a single-electron transistor based on Me@C60 (Me = Li,
Na, K). The geometry of nanodevices in the form of models of single-electron transistors,
the conduction channels of which are C180 fullerene and an encapsulated KI alkali halide
crystal, are located between two gold source–sink electrodes. Based on the parameters of
the encapsulated crystal, fullerene C180 was chosen, which was previously considered in
models of nanodevices forming a nanojunction of the “core–shell” type and is more optimal
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for the introduction of an alkali halide crystal. The crystal embedded in C180 fullerene
has a cubic structure with the chemical formula K4I4. The structure places two ions along
each edge for a total of eight ions. In Figure 1b shows, the purple spheres are K+ ions and
the dark pink spheres are I- halide ions. The source located on the right side of the entire
structure with a size of ~24.47 Å and the drain of a similar size located on the left consisted
of 460 gold atoms. The size of the quasiparticle scattering region was commensurate with
the size of the C180 molecules (with a diameter of ~11.97 Å). The nanodevice models under
consideration were placed in a nanogap ~17.13 Å in size. They were nanoobjects in the form
of endofullerenes. The distance from the fullerene surface to the electrodes was ~2.58 Å.
The primary geometric parameters of the considered nanodevices are shown in Figure 1.
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Figure 1. SET geometry: (а) C180-SET; (b) (KI)@C180-SET. Figure 1. SET geometry: (a) C180-SET; (b) (KI)@C180-SET.

The computer simulation of the electrical characteristics of the nanojunction was
carried out within the framework of density functional theory in combination with the
nonequilibrium Green’s functions method and local density approximation. In the process
of modelling, the charges (Q = −2, −1, 0, 1, 2) were chosen as electric charges for each
molecule. In addition, the quantum–chemical properties of the geometric structure of the
molecule were calculated, which corresponded to the stable ground state of the molecule at
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each value of the selected charge [28]. The choice of the charge values from −2e to 2e was
due to the fact that the state of small molecules with more than two additional electrons
becomes unstable. Geometry optimization was implemented in the Atomistix ToolKit
Virtual NanoLab 15.1 (Denmark, Syn-opsis) (ATK VNL) [29,31], which has already been
successfully tested in a series of computational works [32–41]. ATK VNL is the leading,
industry-proven platform for modeling materials, nanostructures, and nanoelectronic
devices at the atomic scale. It includes quantum mechanical methods such as density
functional theory (DFT) with LCAO or plane wave basis sets and semiempirical models,
a simulation engine for atomic-scale simulations using classical potentials, and a module
for simulating nanoscale devices and transport using the nonequilibrium method Green’s
functions (NEGFs).

Within the framework of DFT, the process of optimizing the geometry of fullerene nan-
odevices and mapping the interatomic interaction was carried out; the generalized gradient
approximation of Perdew–Burke–Ernzerhof was used as the exchange–correlation func-
tional, which allows describing such nanostructures with accuracy. The PBE functional is
the default exchange–correlation functional. It is recommended, in particular, for studying
molecules interacting with metal surfaces, although it is also reliable enough for volumetric
calculations. The generalized gradient approximation in the PBE and BLYP forms was
used in all the calculations. When optimizing nanostructures in the PBE functional, 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 0.05 eV/Å. To confirm that the
stationary points corresponded to the minima, the vibrational frequencies were computed.
To check the reliability of the parameters used in the calculations, we performed a geometry
optimization using a larger dnp basis. Despite the long computational time, as a result, the
energy changes were less than 0.05 eV, and the shifts of the atomic coordinates were less
than 10−3 Å.

The computer simulation of the electrical characteristics of the nanojunction was
carried out within the framework of the density functional theory in combination with the
NEGF method and local density approximation.

To calculate the nonequilibrium electron density, ATK uses the NEGF method. The
electron density is given in terms of the electron density matrix, which is divided into left
and right contributions:

D = DL + DR

The contribution of the left density matrix is now determined by the NEGF theory:

DL =
∫

ρL(ε) f
(

ε − µL
kBTL

)
dε

where
ρL(ε) =

1
2π

G(ε)ГL(ε)Gt(ε)

Is the spectral density matrix. Note that, while there is a nonequilibrium electron
distribution in the central region, the electron distribution in the electrode is described by a
Fermi function ƒ with an electron temperature TL.

Furthermore, in this equation, G is the retarded Green’s function, and

ГL =
1
i

(
ΣL −

(
ΣL
)t
)

is the broadening function of the left electrode, given in terms of the left electrode self-
energy, ΣL. A similar equation exists for the right density matrix contribution.

When optimizing the C180 fullerene, the bond length between neighboring C—C
carbon atoms was 2.049 Å, and the fullerene diameter was 11.97 Å. The distance from
the fullerene to the electrodes was 2.603 Å. In endohedral fullerene (KI)@C180, the C—C
bond length ranged from 2.049 to 2.02 Å, and the distance between the K—C and K—I
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atoms was 3.35 Å and 2.88 Å, respectively. When KI was introduced into the C180 cavity, a
slight change in its geometry was observed. The diameter of the fullerene (KI)@C180 was
11.964 Å, and the distance from the endohedral fullerene to the electrodes was 2.58 Å.

3. Results
3.1. Dependence of the Total Energy on the Charge State

Figure 2 shows the dependence of the total energy of the fullerene molecules on
the charge state. Based on the results of the total energy calculations, it is shown that,
with a negative value of the charge, the total energy was higher than with a positive
one. The total energy of fullerene with a neutral charge was −28,383.99233 eV, and for
endohedral fullerene (KI)@C180-SET, −31,556.29148 eV. Table 1 shows the numerical data
on the dependence of the total energy on the state of charges.

Inorganics 2023, 11, 55 5 of 11 
 

 

Г௅ = 1𝑖 ሺΣ௅ − ሺΣ௅ሻ௧ሻ, 
is the broadening function of the left electrode, given in terms of the left electrode self-
energy, ΣL. A similar equation exists for the right density matrix contribution. 

When optimizing the C180 fullerene, the bond length between neighboring C—C 
carbon atoms was 2.049 Å, and the fullerene diameter was 11.97 Å. The distance from the 
fullerene to the electrodes was 2.603 Å. In endohedral fullerene (KI)@C180, the C—C bond 
length ranged from 2.049 to 2.02 Å, and the distance between the K—C and K—I atoms 
was 3.35 Å and 2.88 Å, respectively. When KI was introduced into the C180 cavity, a slight 
change in its geometry was observed. The diameter of the fullerene (KI)@C180 was 11.964 
Å, and the distance from the endohedral fullerene to the electrodes was 2.58 Å. 

3. Results 
3.1. Dependence of the Total Energy on the Charge State 

Figure 2 shows the dependence of the total energy of the fullerene molecules on the 
charge state. Based on the results of the total energy calculations, it is shown that, with a 
negative value of the charge, the total energy was higher than with a positive one. The 
total energy of fullerene with a neutral charge was −28,383.99233 eV, and for endohedral 
fullerene (KI)@C180-SET, −31,556.29148 eV. Table 1 shows the numerical data on the de-
pendence of the total energy on the state of charges. 

 
Figure 2. The dependency of the total energy of molecules С180-SET and (KI)@С180-SET on their total 
charge. 

Table 1. Dependence of the total energy of fullerene molecules on the charge state. 

Charge (e)  −2 −1 0 1 2 
Total energy C180 

(eV) −28,384.88376 −28,384.93293 −28,383.99233 −28,381.36604 −28,377.70222 

Total energy 
(KI)@C180-SET (eV) −31,561.28651 −31,559.29156 −31,556.29148 −31,552.27425 −31,547.17969 

3.2. The Dependence of Total Energy on Voltage 

Figure 2. The dependency of the total energy of molecules C180-SET and (KI)@C180-SET on their
total charge.

Table 1. Dependence of the total energy of fullerene molecules on the charge state.

Charge (e) −2 −1 0 1 2

Total energy C180 (eV) −28,384.88376 −28,384.93293 −28,383.99233 −28,381.36604 −28,377.70222

Total energy (KI)@C180-SET
(eV) −31,561.28651 −31,559.29156 −31,556.29148 −31,552.27425 −31,547.17969

3.2. The Dependence of Total Energy on Voltage

Figure 3 shows the dependence of the total energy on the gate voltage (VG) for the
C180- and (KI)@C180-based SETs for different charge states. As can be seen, at VG > 0, the
state of negative charge (Q = −1, −2) showed a significant decrease in the total energy of
the SET, making it stable at positive values of VG. From Figure 3a for C180, we observe
that, when the voltage reached 8 V, the graphs related to the negative charges Q = −1,
−2 practically connect. However, when the fullerene KI was included in the cavity, the
electrical properties changed, and the graphs characterizing the negative charges Q = −1
and −2 intersect already at a voltage of ~2.5 V and E ≈ −15 eV (Figure 3b). At VG < 0, the
positive state of charge (Q = 1, 2) was more stable relative to the negative state due to the
shift in the levels of the highest free and lowest free molecular orbitals with the gate voltage.
In C180 fullerene, the graphs characterizing states with Q = 1 and 2 have an intersection
point at V ≈ −2.8 V and E ≈ −13 eV. In the (KI)@C180 system, states with positive charges
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Q = 1 and 2 have intersections at the points V ≈ −7.3 V and E ≈ −17 eV. We also observed
significant differences when comparing Figure 3a,b in systems with zero charge. Thus, the
energy maximum in C180 was fixed at ≈ −12 eV and in (KI)@C180, ≈ −14 eV.
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3.3. Coulomb Blockade in SET C180 and (KI)@C180

The Coulomb blockade of tunneling is a phenomenon that makes it possible to study
the electronic states in quantum dots and the transport effects associated with them [42–44].
Coulomb blockade blocks the passage of electrons through a quantum dot connected
between two tunnel contacts. The electron located at the point creates an additional
Coulomb potential barrier and is also repelled by the contacts’ electrons. By preventing an
electron from leaving a point, the Coulomb barrier prevents other electrons from reaching
it. The phenomenon of Coulomb blockade is observed when the Coulomb energy of a
quantum dot is much greater than the temperature and the distance between the quantum
dot levels [45].

In applied science, a single-electron transistor operating based on the Coulomb block-
ade effect is of great interest. A single-electron transistor consists of tunnel barriers separat-
ing the quantum dot from the source and drain regions. The effect of Coulomb blockade
was studied in single-electron transistors C180 and (KI)@C180—quantum dots separated
by tunnel barriers from the source and drain regions.

When the charge of the Coulomb blockade is overcome, it is transferred from to the
SET. To overcome it, it is necessary to apply sufficient charge energy by adjusting the gate
potential and the electrode voltage. For given values of the gate voltage and bias voltage
(VSD), the number of molecular energy levels within the bias window is given by the color
codes in Figure 4a,b.
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In Figure 4, the control gate electrode can be used to transfer the Coulomb island
from the conducting mode to the tunneling current blocking mode. In the bias voltage range



Inorganics 2023, 11, 55 8 of 10

−1.926 V ≤ VSD ≤ 1.926 V, by selecting the gate voltage in the interval−0.591 V ≤ VG ≤ 5.685 V,
one can put the C180-SET into blockade mode. In the absence of voltage on the substrate
(VG = 0 V), the Coulomb blockade occurs at a bias voltage equal to −0.941 V ≤ VSD ≤ 0.941 V.
To switch to the turn-on mode (KI)@C180-SET, it is necessary to apply a gate voltage in the
range from VGmin = −0.658 V to VGmax = 2.379 V at a set bias voltage of −0.858 V ≤ VSD ≤
0.934 V. At bias voltage values equal to VSDmin = −0.643 V and VSDmax = 0.737 V, there
is no voltage on the substrate (VG = 0 V), and no electric current passes.

Inside each Coulomb diamond, the equilibrium value of the number of excess electrons
∆N is indicated. The area of the Coulomb blockade is shown in dark blue and is indicated
by the number 0. If the operating point of the SET is inside this Coulomb diamond, where
there is no energy level to support electron transport, then the electron transport through
the transistor is not possible. Single-electron tunneling in transistors occurs in the area
represented by light blue and marked with the number 1.

The area of the Coulomb rhombus in fullerene with potassium iodide is significantly
smaller than in “pure” fullerene (see Table 2). The change in the diamond area of the
Coulomb blockade is related to the electronic structure of the encapsulated molecule. These
results can be useful in the design of the SET, since reducing the area of the Coulomb
diamond in the stability diagram can lead to fewer fluctuations, so the current fluctuation
as a trip limiter of the SET is reduced, and therefore, the SET can operate at higher speeds.

Table 2. The main parameters of the central Coulomb diamond according to stability diagrams.

VSDmin VSDmax ∆VSD VGmin VGmax ∆VG Diamond Area

C180 −1.926 1.926 3.853 −0.591 5.685 6.276 12.092

(KI)@C180 −0.858 0.934 1.792 −0.658 2.379 3.037 2.723

4. Conclusions

In this work, the electronic properties of the model fullerene C180 and endohedral
fullerene (KI)@C180 were studied within the framework of DFT + NEGF. Based on the
optimized geometric structures of these fullerenes, the dependences of the total energy of
the C180-SET and (KI)@C180-SET molecules on their total charge, the dependence of the
total energy on the gate voltage, and the stability diagram of a single-electron transistor
were determined. It was shown that the encapsulation of an alkali halide KI crystal in C180
fullerene led to a significant change in its electrical properties. It was shown that a large
source–drain voltage was required to bring the C180-SET out of the Coulomb blockade
mode compared to a transistor based on (KI)@C180. Due to the decrease in the area of the
Coulomb diamond on the charge stability diagram (KI)@C180-SET, it becomes possible to
increase the speed of integrated circuits based on them. The simulation results obtained in
this work can be useful in the creation of single-electron nanodevices.

Author Contributions: Conceptualization, L.M. and D.S.; methodology, A.I. and L.M.; software, D.S.;
validation, L.M. and A.I.P.; formal analysis, A.D.; investigation, A.I.; resources, D.S.; data curation,
A.I.P.; writing—original draft preparation, L.M. and A.I.; writing—review and editing, L.M. and A.I.;
visualization, A.I. and A.D.; supervision, L.M.; project administration, A.I.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Higher Education of the Republic
of Kazakhstan by Project No. AP09057911 “Experimental studies of the mechanisms of luminescence
of KI, RbI and CsI crystals at the activation by cations-homologues and low temperature deformation”.
In addition, the research of A.I.P. was partly supported by the RADON project (GA 872494) within
the H2020-MSCA-RISE-2019 call and COST Action CA20129 “Multiscale Irradiation and Chemistry
Driven Processes and Related Technologies” (MultIChem). A.I.P. thanks the Institute of Solid-
State Physics, University of Latvia. ISSP UL as the Center of Excellence is supported through the
Framework Program for European universities, Union Horizon 2020, H2020-WIDESPREAD-01–2016–
2017-TeamingPhase2, under Grant Agreement No. 739508, CAMART2 project.



Inorganics 2023, 11, 55 9 of 10

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cuevas, J.C.; Scheer, E. Molecular Electronics (An Introduction to Theory and Experiment), 2nd ed.; World Scientific Publishing Co.

Pte. Ltd.: Hackensack, NJ, USA, 2017.
2. Xiang, R.; Inoue, T.; Zheng, Y.; Kumamoto, A.; Qian, Y.; Sato, Y.; Liu, M.; Tang, D.; Gokhale, D.; Guo, J.; et al. One-dimensional

van der Waals heterostructures. Science 2020, 367, 6477. [CrossRef] [PubMed]
3. Sergeyev, D. One-dimensional Schottky nanodiode based on telescoping polyprismanes. Adv. Nano Reseach 2021, 10, 339.
4. Chuan, M.W.; Lau, J.Y.; Wong, K.L.; Hamzah, A.; Alias, N.E.; Lim, C.S.; Tan, M.L.P. Low-dimensional modelling of n-type doped

silicene and its carrier transport properties for nanoelectronic applications. Adv. Nano Reseach 2021, 10, 415.
5. Montanaro, A.; Wei, W.; De Fazio, D.; Sassi, U.; Soavi, G.; Aversa, P.; Ferrari, A.C.; Happy, H.; Legagneux, P.; Pallecchi, E.

Optoelectronic mixing with high-frequency graphene transistors. Nat. Commun. 2021, 12, 2728. [CrossRef] [PubMed]
6. Gaur, M.; Misra, C.; Yadav, A.B.; Swaroop, S.; Maolmhuaidh, F.O.; Bechelany, M.; Barhoum, A. Biomedical applications of carbon

nanomaterials: Fullerenes, quantum dots, nanotubes, nanofibers, and graphene. Materials 2021, 14, 5978. [CrossRef]
7. Yao, S.; Yuan, X.; Jiang, L.; Xiong, T.; Zhang, J. Recent progress on fullerene-based materials: Synthesis, properties, modifications,

and photocatalytic applications. Materials 2020, 13, 2924. [CrossRef]
8. Bellucci, S.; Saharian, A.A. Fermionic Casimir densities in toroidally compactified spacetimes with applications to nanotubes.

Phys. Rev. D 2009, 79, 085019.
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