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Annotation

bolometer, and a source of microwave radiation.

By measurements on single nanocrystals of indium antimonide in the interelectrode nanogap of a scanning probe microscope, current-voltage
characteristics with quasiperiodic current pulsations, are explained in the model of Bloch oscillations in a perfect nanocrystal, and individual sharp
peaks - conductivity resonances, explained in the model of quantum-size limitation of the wave process of electron transport in a deep potential hole.
The mutual influence of radiation from two statistical ensembles of nanocrystals from the same batch was experimentally studied and established. It is
assumed that this radiation is entangled photons. It is proposed to use nanocrystals in nanoelectronics as a single-electron memristor, a single-photon
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Introduction

The most studied objects in the areas of nanotechnology and
nanoscience are nanoparticles, with their characteristic sizes less
than 100 nm, and, in particular, quantum dots (QD), which are
understood not only as zero-dimensional formations, in their true
physical meaning, but also, in general, any nanoparticles with sizes
less than 10 nm [1-4]. (In our opinion, it is more correct to apply to
them the term “quantum-sized particle” (QP), which we first used
in [5]). The fundamental distinguishing property of QD and QP is
size quantization, which manifests itself in the properties of the
band structure as the dependence of electron energy on size. This
manifestation is most simply observed in optical properties directly
related to the properties of the band structure, the study of which
is the subject of most studies. In this case, a model of dimensional
limitation of exciton motion is used. However, as shown in our work
[51, the size limitation of the motion of an electron and an exciton
are competing processes when, for example, photoluminescence
is worse, the better the size quantization parameters of the QD.
The physical reason for this is the rapid decay of the exciton due
to the predominance of the motion of the “light” electron over its
Coulomb approach to the hole. Fundamental manifestations of size
quantization in a quantum-sized nanoparticle are associated with
its conductivity. In a quantum dot, as a quasi-zero-dimensional
formation, the conductivity is determined by the recharging of the
nanocapacitor and the ballistic jump of the electron, which was
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first studied theoretically and experimentally by Nobel laureate
A.L. Ekimov. With collaborators in works that have become classics
[6]. At the same time, specific manifestations were discovered -
the Coulomb blockade and Coulomb “ladder”. This model is used
in theoretical calculations and assessments of real structures
with reduced dimensionality [7]. A quantum-sized particle, in
fact, is not a zero-dimensional formation, having the properties
of an extended potential well. Its conductivity is more complex,
determined by several physical processes [8]. This issue has been
considered theoretically in a number of works [7,9-11]. Studies of
electron transport in semiconductor nanoparticles mainly concern
their arrays [12-14]. Reports of experimental studies of electron
transport in individual semiconductor nanoparticles are extremely
rare. In [14], such a study was carried out on individual quantum
dots of PbS nanocrystals using scanning probe microscopy using
one or two monolayer films of nanocrystals.

We have studied options for step-by-step single-electron
transport - emission-injection penetration of an electron into a
quantum-sized particle and tunneling from it, a specific process
of its movement in it, like an extended potential well [8,15,16].
We consider the movement of an electron inside a QP as a wave
oscillatory process between its boundaries, including several
specific variants - quantum resonance, Bloch oscillations,
and Coulomb limitation. This movement inside occurs until a
probabilistic tunnel transition occurs into the nanogap between
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the nanoparticle and the electrode. We call the quantum resonant
motion of an electron quantum conductivity with its description
by the quantum thread model [15]. The quantum-dimensional
nature of conductivity implies the passage of physical processes in
the crystal structure of a nanoparticle, which is actually a perfect
nanocrystal (NC). The term “nanocrystal” appeared, apparently,
immediately after the word “nanotechnology” was first named and
published (N. Taniguchi, 1974). However, it began to be widely
used in the literature not so long ago, when research began on
semiconductor nanoparticles of various shapes. Several reviews
are devoted to the topic of nanocrystals, for example, [17]. The
production and study of semiconductor nanocrystals is currently
an important scientific and technical problem.

In recent years, there has been increased interest in one of
the phenomena predicted by the theory - quantum entanglement.
The Nobel Prize was awarded in 2022 for experiments with
entangled photons. We attempted a similar experiment on indium
antimonide quantum dots, as reported in our work [5].

The importance of this research work is due to the relevance
of solving issues of determining the properties of semiconductor
nanocrystals, which can be elements of nanoelectronics, in
particular, for supercomputers and photonic computers. It should
be noted that on application issues, most works are devoted
to the optical properties and photoluminescence in quantum
dots. Applications in nanoelectronics are still in the stages of
fundamental research.

The novelty of this research work is that studies of the
properties of single semiconductor nanocrystals are extremely
rare in the literature. This especially applies to the properties of
quantum conductivity and photonic entanglement in nanocrystals.

This paper presents the results of our continued research in
the areas of possible manifestations of quantum conductivity
and photonic entanglement in the most interesting object
for this purpose - quantum-sized nanoparticles of indium
antimonide, which have the best size quantization parameters
of all semiconductors. NC-InSb nanocrystals were produced by
colloidal synthesis and had sizes in the range of 3 — 7 nm with an
approximately Gaussian distribution with a maximum of 5 nm.
The technology and control of properties are described in our work
[18]. Measurements of current-voltage characteristics (CVC) were
carried out on scanning probe microscopes SOLVERNano (120
nA/5V) and NANOEDUCATOR (50 nA/2V) in the field emission
mode from a probe with a gap of ~5 nm using the methods
described in our work [19].

Thus, in contrast to works known from the literature, in
our present work, important new physical phenomena of
quantum conductivity and oscillations, expressed in the form
of quasiperiodic oscillations and resonant current peaks in the
current-voltage characteristics, were experimentally studied on
single nanocrystals. The manifestations are explained in models of
Bloch oscillations and de Broglie waves in a nanocrystal as a deep,
extended quantum well.
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Electron transport, quantum conductivity and oscilla-
tions

Figure 1a shows typical current-voltage characteristics for
NC-InSb, which have features in the form of individual sharp
peaks and quasi-periodic current pulsations (curves 1, 2). CVC
cr. 1* has the least manifestations of features. Curves 3 and 4 are
test ones, showing the absence of observable features for simple
options - InSb submicroparticles and contact of the probe with the
ITO electrode. We explain the differences in the types of current-
voltage characteristics (Figure 1a) by the degree of manifestation
of size quantization.

The current-voltage characteristics of nanocrystals (NC) with a
weak manifestation of size quantization (curve 1%, Figure 1a) have
regions limited by the processes of tunneling overcoming barriers
during the injection of an electron into the nanocrystal and its
emission from it [15,16]. Electron transport inside a nanocrystal
occurs by its field drift. Under the influence of an external constant
field in a nanocrystal, an electron in the space of the band diagram
E(k) makes a jump-like motion (Bloch oscillations) along the
k_axis near the origin of coordinates in the scheme of reduced
repeating Brillouin zones and oscillates on a limited segment
of the x axis along the field F_with an amplitude a_~ Eg (20F )
(q is the electron charge, E, is the band gap of the semiconductor
nanocrystal) [7].

If we assume that ax is equal to the nanocrystal lattice constant
a,, and the field is F_ ~ V/a, (V is the potential difference across
the NC, a_ is the nanocrystal size), then we can estimate the quasi-
period of voltage oscillations on the current-voltage characteristic
—QAV~E, /2, for NC-InSb — 0.08 eV. An estimate from experiments
(such as Figure 1a) gave values of ~ (0.08 + 0.02) V. It is necessary,
however, to note that Bloch oscillations practically do not appear
in bulk crystals due to the scattering effect of defects and thermal
vibrations of the lattice. However, in nanocrystals, due to their
high structural perfection in an extremely small volume, Bloch
oscillations can be observed experimentally, just as, for example,
in superlattices [20]. The manifestation of Bloch oscillations,
thus, characterizes the structural perfection of NC-InSb and, in
connection with this, the possibility of quantum conductivity.

The movement of an electron through a nanocrystal is
described by the solution of the Schrédinger equation and the de
Broglie wave process. In the simple case of a one-dimensional one-
electron process in a deep rectangular extended potential well at a
linear distance of one of the nanocrystal sizes an, the values of the
allowed electron energy levels £, and the probability K* of electron
passage through the nanocrystal, as an extended potential barrier,
can be obtained in the following form [7]:

1
(2

E,, ~h*k(8ma )"~ 0.37k*(m/m )'a 2,
K*~ exp[—-4mna (2mE,, )2/h] ~ exp[—4V *],
Where: £, ~ (£, — qV) — kinetic energy of the electron; V*
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Figure 1: a: Current-voltage characteristic: 1.1*.2 — NC-InSb; 3 — submicro-InSb test; 4 — ITO test; b — Conductivity peaks, numbers above the curves — calculated values of

dimensions an for cases k = 1 (single and bottom) and k = 2 (top).

~ (k, — 2.7Va >m/m )"/? — dimensionless parameter depending
on voltage V — potential difference (voltage drop) across NC; h —
Planck’s constant; k — quantum number; m is the effective mass of
an electron in a nanocrystal semiconductor; m_— mass of a “free”

electron; E Ekn — in electronvolts, a_— in nanometers.

kin?

The formula for the current-voltage characteristic, when the
current is limited by the probability of an electron passing through
a nanocrystal, can be written based on formula (2) in the following
form:

I < K* ~ exp[—4V*] ~ | exp[—4V*] 3

Conductivity G can be estimated by differentiating the current-
voltage characteristic of formula (3):

G ~dl/dV ~ —4l(dv*/dV) ~ 5.4(1/V*)a m/m, 4)

As follows from formula (4), the condition for conductivity
resonance will be V* ~ o.

Figure 1b shows typical characteristics of differentiation of
the current-voltage characteristics and, accordingly, conductivity
peaks dI/dV = G in the observation zones of resonant current
peaks. The numbers on top of the peak curves indicate the sizes an,
calculated from the resonance condition k* ~ 2.7Va *m/m . These
values correlate satisfactorily with the data of actually measured
sizes, taking into account the actions of resonant modes of the 1st
and 2nd orders.

Experimental values of G fluctuate in the range (1 + 2)¢107° S
(Figure 1b). These data can be compared with theory by calculating
the values of G using the formula (4). The calculation showed that
the G values are approximately an order of magnitude lower than
those measured experimentally. In this regard, we proposed to use
the quantum thread model [21]. In this model, taking into account
the single-electron nature of the current, G ~ K'g?/h ~ 4¢1075K* S,
where: q is the electron charge, K is the number of quantum steps.
The ratio an/ao can be taken as the number K. In our case, a /a_
~10. Then: G ~ (1 + 4)*107° S, which corresponds to experiment.

IgMin Researchin TECHNOLOGY

A deep, extended one-dimensional potential well of a quantum-
sized particle can be considered as a single-electron nanoresonator,
to which two physical models are applicable: a quantum oscillator
and an electrodynamic generator. In the electrodynamic model:
an electron accelerates in the field of a nanocrystal, increasing its
energy, then is reflected from the boundary of the nanocrystal and
then flies in a decelerating field, releasing energy in the form of
electromagnetic radiation (EMR). When exposed to external EMR,
the nonequilibrium quasi-free electron is heated by the electric
field of the wave [22]. In this case, the field value, estimated in
our case, at a minimum, as (104 + 10%) V/cm, is one to two orders
of magnitude higher than the values of the minimum limit of the
heating effect calculated in [22].

In the quantum oscillator model, the radiation frequency is
v~ E,_/h ~ 5010 Hz — under the conditions a, = 5 nm and m/m_ =
1 (under quantum resonance conditions). The time of the electron
transport period calculated from the values of the single-electron
current is (2+5)107?s. The radiation frequency is ~(0.2 + 0.5)*10*
Hz, which, in fact, must be multiplied by the number of oscillations
during the flight of the electron.

It seems to us that, due to the resonant state of motion of a
single electron in a nanocrystal, the radiation should be strictly
parameterized and interact only with a medium similar to the one
that produced it. We would call the photons carrying this radiation
and the information “hardwired” in it wandering, believing
that they can be likened to entangled photons. In this case, the
interaction of two identical samples should appear, located at
some distance from each other and devoid of any interaction of an
obvious nature - electric and electromagnetic-wave.

We carried out such an experiment on two identical NANOEDU-
CATOR scanning probe microscopes. First, the current-voltage
characteristics of each sample were measured when switched on
separately, and then when switched on simultaneously. On each
of the samples, 25-30 points (NC) were selected in the same zone,
the current-voltage characteristics were measured and statistical
analysis was carried out. Figure 2 shows typical current-voltage
characteristics of NC-InSb samples without interaction (curves 1
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and 2) and with their interaction with supposed radiation (curves 1*
and 2*). The current-voltage characteristics with the manifestation
of resonance (characteristic resonance peaks) are significantly
relatively shifted (Figure 2a). The current-voltage characteristics
without them did not change qualitatively (Figure 2b).

Table 1 shows statistical data on changes in the current-voltage
characteristics, from which it follows that the positions of the peaks
(voltage values) have significantly shifted towards larger values.
At the same time, for the same reason and taking into account
the limited voltage range (no more than 2 V), the proportion of
the current-voltage characteristic without peaks has increased
significantly.

We explain the observed phenomenon by the fact that in
the range of nanocrystals of the same batch, there will always
be absolutely identical in shape and size emitting absolutely
identical photons at the same time, which may be equivalent to the
phenomenon of entanglement.

Thus, the results of studying the current-voltage characteristics
of InSb nanocrystals suggest that they can exhibit the phenomena
of quantum conductivity and mutual influence of parameterized
radiation of photons that are absolutely identical, generated
by identical single nanocrystals, which, in this regard, can be
considered similar to entangled photons.

About entangled photons

In recent years, many publications have appeared on entangled

Table 1: Data on changes in the current-voltage characteristics of remotely interacting
nanocrystals.

Measurement of current-voltage Sample 1 Sample 2
characteristics of two identical samples, one ata one at a
individually and together time | 9ether| . together
Number of dots (nanocrystals), of them with | 25 25 25 25
strongly pronounced spikes none of them 11 3 12 3
have any spikes at all 4 11 4 11

Average values of spike voltage on the current-voltage characteristic, number of
samples in parentheses

Intervals on the current-voltage 0.77 (6) 2) 0.71 (5) 0)
characteristic: 0.5+1 V 1.29 (10) 1.56 (8) 1.22 (10) 1.42 (8)
1+1.5V
152V 1.71 (5) 1.77 (6) | 1.72 (6) | 1.92 (6)
&0 5 a
i b
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Figure 2: Typical current-voltage characteristics of QP-InSb samples without interaction
(1 and 2) and with interaction with supposed radiation (1* and 2*). a — current-voltage
characteristics with characteristic resonant peaks; b — without them.

photons, methods, and devices for their production, for example,
[23-25]. Typically, interacting pairs of photons are produced
from laser radiation of super-short (single-photon) duration. Our
research leads us to the conclusion that nanocrystals, under certain
conditions, can be sources of photons with properties similar to
entangled photons

The phenomenon of entanglement is inherent in the states of
an electron, transmitted in the properties of the photons emitted
by it. An electron, as a quantum mechanical particle, is constantly
in motion and emits photons depending on how it moves. In the
crystal structure of a quantum-sized nanocrystal, an electron
moves resonantly, exhibiting the properties of a quantum oscillator
and emitting parameterized microwave radiation. Moreover, its
movement spatially (structurally, geometrically) is complex and,
therefore, confusing.

Figure 3 fragmentarily displays some possible options for the
movement of an electron in a quantum-sized nanocrystal. Being in
a nanocrystal, an electron, in the quantum particle model, moves
between its boundaries along atomic orbitals, shown in Figure
3 by large circles. In these orbitals, it is quasi-free and has spin.
Possible options for its movement are A-B-C, A-D-C, and some
other, more complex ones. In addition, the plane of motion can
change its angle. All this determines the uncertainty (confusion,
entanglement) of the states during the movement of the electron.
However, the resonant nature of the movement will determine the
choice of its path in favor of the curve that is minimal in size. That
is, we can assume that it will move along the A-B-C curve.

The resonant nature of electron motion in a nanocrystal
is due to the de Broglie wave process and reflections of waves
from crystallographic planes and boundaries of the nanocrystal.
The transport process is single-electron with manifestations of
quantum conductivity and oscillations, and electron-photon
interaction and generation are single-photon.

At certain sections of this movement, the electron experiences
inhibition (points O1 and O2), emitting a photon with certain
specific properties of an electromagnetic wave. The physical
essence of the phenomenon, in our opinion, in this case, is that
an electron in a nanocrystal, oscillating resonantly in time and
space, creates single-photon (more precisely, photon) radiation
with strictly fixed parameters (frequency, polarization, coherence,
phase relationships and perhaps something else). Such radiation
most likely interacts only with an electron in the same state as

Figure 3: Fragmentary display of electron motion options in the atomic structure of a
nanocrystal.
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the one that emitted it, that is, with exactly the same nanocrystal.
In this case, the uncertainty will be expressed in the statistical
difference between the technologically specified properties of the
nanocrystal and the quantum mechanical states of the electron in
it. If it is possible to find two absolutely identical nanocrystals, then
only statistically on a large number of nanocrystals of a random
sample. In this case, the interaction of two identical samples
located at some distance from each other should appear.

In fact, in our case, perhaps this manifestation is not quantum
mechanical entanglement. But thanks to tightly parameterized
single-photon radiation, which interacts only with its “native”
environment, it is possible that its manifestation is similar to
quantum entanglement. What we call hard parameterization can
be explained as follows.

An incandescent light bulb emits “chaotic” light, which can be
characterized by two parameters - power and energy. The emission
of an LED can also be characterized by its wavelength. Laser
radiation - coherence, monochromaticity, polarization, etc. Single-
photon radiation of a nanocrystal has all of the listed parameters
and, in addition to them, perhaps some others. We need to look
at Figure 3 and imagine the state of the electron at the bifurcation
points O1 and O2, in which for an instant (almost zero time
interval) the speed is apparently equal to zero, the spin is probably
also equal to zero, the field vector abruptly changes direction, well,
and so on - something else. In the quantum mechanical model,
this phenomenon is caused by the interaction of the de Broglie
wave with the atomic plane. The time interval of photon action,
in this case, can be estimated at 1074 + 1072 seconds, that is, the
interval for which quantum entanglement researchers “fight” in
experiments with photons of laser radiation.

This simplified consideration leads to the idea that we
may be talking about a new type of radiation — single-photon
superparameterized radiation from a quantum-sized medium. It
can well be defined by the term “superlight”. Its main property is
that it does not interact (is not absorbed) with any medium other
than the quantum-sized one, which, among other things, has
bifurcation electronic states.

Possible applications of indium antimonide nanocrystals
in nanoelectronics

The basis of the element base for nanoelectronics is a single-
electron transistor, in which noticeable changes in potentials are
obtained by manipulating single electrons. Another promising
element is a memristor - an electronic component that maintains
internal non-volatile resistance for a long time after the external
electric field is removed.

Our version proposes a conducting nanocell with quantum-
sized particles, which can be an element of a single-electron
transistor, memristor, or single-photon pair. A conductive nanocell
consists of 2, 3, or 4 electrodes in the form of converging strips of
film metal of nano-sized widths and gaps between them [26]. Such
a nanocell can become the basis for the formation of a nanocircuit

IgMin Researchin TECHNOLOGY

chip based on the single-electron and single-photon principles.
In this case, the following nanoelements will be workers in the
nanocircuit.

The memory element is an electronic memristor:
Theoretically, a memristor was proposed in 1971 [27]. The
memristor effect consists of changing the resistance of the element
under the influence of voltage and maintaining it after its removal
[28]. Methodological foundations for the use of memristors in
microelectronics have been created.

According to the current state of technological work in this
direction, nano-sized oxide materials are used, which change
their structure and, accordingly, resistance under the influence
of voltage. It is clear that with this method the performance of
the element will not be high. A semiconductor nanocrystal (NC)
in its initial state does not conduct and becomes conductive if an
electron is injected into it, which, however, under the influence of
a field, tunnels out of it after some ultrashort time of its resonant
movement into the NC. If this time limits the influence of voltage,
then the electron will remain in NC as in a deep, extended potential
well. The nanocrystal will be charged with an electron, and this state
will remain until a voltage pulse of longer duration than during
recording is applied. Such a memristor can be called electronic.

The optocoupler elements are a single-photon
emitter and a recorder: As follows from the above data,
charge oscillations occur in a quantum-sized nanocrystal due to
the resonant motion of an injected electron. In this case, such a
quantum oscillator emits photons in the far-infrared and terahertz
spectra. In the same nanocrystal, under the influence of radiation,
electronic “heating” occurs, causing a change in the position of
the resonant peak on the current-voltage characteristic. The effect
manifests itself as a photon bolometer. In addition to the ultra-
high (picosecond) speed, the radiation of such an optocoupler
is parameterized, and it can be expected that it will not respond
to external influences, which is important for protection against
parasitic influences.

Conclusion

The purpose of the work is to study the properties of indium
antimonide nanocrystals as elements of nanoelectronics.

Electron transport in an indium antimonide nanocrystal,
manifested by individual resonant current peaks in the current-
voltage characteristic, is caused by the de Broglie wave process of
electron motion in the nanocrystal as a deep, extended potential
well. The resulting quantitative relationships are explained in the
quantum thread model.

Quasiperiodic current oscillations are explained in the model
of Bloch oscillations, the manifestation of which is due to the high
perfection of the nanocrystal and the absence of the influence of
phonons in the three-dimensional quantum-size nanostructure.
The probabilistic fraction of the number of samples with well-
defined current ripples ranged from 15% to 65%, depending on the
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semiconductor used and the size of the nanocrystals. Moreover,
the higher the size quantization parameter, calculated using a
formula similar to the expression for the de Broglie wavelength,
the greater it is.

One of the important conditions for the use of nanocrystals

is the creation of a conducting nanocell with one or more
nanocrystals placed between its electrodes. Such a nanocell can
become the basis for the formation of a nanocircuit chip based
on single-electron and single-photon principles. In this case, the
workers in the nanocircuit will be an electronic memristor, a nano-
optocoupler made of emitting and recording nanocrystals.
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