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Abstract: Quantum structures are ideal objects by which to discover and study new sensor mecha-
nisms and implement advanced approaches in sensor analysis to develop innovative sensor devices.
Among them, one of the most interesting representatives is the Yanson point contact. It allows the
implementation of a simple technological chain to activate the quantum mechanisms of selective
detection in gaseous and liquid media. In this work, a portable device for multipurpose research
on dendritic Yanson point contacts and quantum sensing was developed and manufactured. The
device allows one to create dendritic Yanson point contacts and study their quantum properties,
which are clearly manifested in the process of the electrochemical cyclic switchover effect. The device
tests demonstrated that it was possible to gather data on the compositions and characteristics of
the synthesized substances, and on the electrochemical processes that influence the production of
dendritic Yanson point contacts, as well as on the electrophysical processes that provide information
on the quantum nature of the electrical conductance of dendritic Yanson point contacts. The small
size of the device makes it simple to integrate into a micro-Raman spectrometer setup. The developed
device may be used as a prototype for designing a quantum sensor that will serve as the foundation
for cutting-edge sensor technologies, as well as be applied to research into atomic-scale junctions,
single-atom transistors, and any relative subjects.

Keywords: quantum sensor device; conductance quantization; Yanson point contact; cyclic switchover
effect; dendrite; Raman spectroscopy

1. Introduction

Quantum structures are ideal objects by which to discover and study new sensor
mechanisms and implement advanced approaches in sensor analysis to develop innovative
sensor devices [1–3]. They are able to provide the necessary conditions for the development
of sensor technologies based on new principles that are fundamentally different from
the methodology currently used to create traditional sensor devices. Among the wide
variety of sensors, chemical sensors using the principle of electrical conductance changing
under the action of an external agent attract the most attention [4–6]. These devices owe
their popularity to their unique parameters, which allow the implementation of highly
efficient sensor technologies. Among the advantages of chemical sensors, one can note
the high speed of operation, which allows real-time measurements, the portability, which
makes them easy to use and guarantees the ability to quickly move them where they are
needed, the high energy efficiency, which ensures offline operation without involving
external sources of energy, the low cost of production, and the high economic efficiency of
operation just to mention a few. Sensor technology has become one of the most dynamic
and promising areas in modern research and development. It has already contributed
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to the creation of a large variety of sensor devices, including nanosized ones, and their
everyday application. Using modern nanosensors to detect different gases and liquids is
now becoming a common practice [7,8]. Control over gaseous and liquid media is of great
importance for both the reliable operation of many technological cycles and the protection
of the environment [9–11].

Quantum structures and quantum sensor mechanisms make it possible to elevate the
technologies for the development of sensor devices to a qualitatively new level [12]. In
particular, this approach opens up unlimited possibilities for using the most common and
readily available materials to create sensors. For example, traditional metals that were
previously of little or no interest to sensor developers can now turn into high-tech objects
and inexhaustible sources of raw materials for the next generation of quantum sensors. A
typical example is an ordinary copper, which has proven itself in the creation of dendritic
Yanson point contacts [1,12]. This allows the implementation of a simple technological chain
to activate the quantum mechanism of selective detection in gaseous and liquid media. It
includes a series of technologically easily implemented operations, such as choosing copper
as a material for the bulk electrodes involved in the synthesis of dendritic Yanson point
contacts [13], launching the electrochemical cyclic switchover effect in the system of copper
electrodes [14], creating nanostructures in the form of dendritic Yanson point contacts,
observing quantum effects in their electrical conduction, and using them for selective
detection in gases and liquids [1]. The mechanism of selective detection in gases is based on
the energy principle of object recognition. Each quantum system is characterized by a set of
quantum states that have a certain energy. Knowing this set allows one to unambiguously
identify the analyzed object. In the process of the electrochemical cyclic switchover effect,
quantum transformations take place in the structure of the material of the conduction
channel of the dendritic Yanson point contact, which makes it possible to observe and
record quantum states in the electrical conductance of this unique nanostructured object.
Moreover, it turns out that the involvement of a gas or liquid in this process leads to a
characteristic change in the set of quantum states of the initial system [1,14]. As a result,
the set of these states becomes the key to identifying the agent to be detected.

At the initial stage of work on the discovery and study of the electrochemical cyclic
switchover effect [14], a modified device was used, a prototype of which usually serves
to produce the needle–anvil point contacts in the Yanson point-contact spectroscopy [15].
During the work, it turned out that in order to understand the complex quantum nature
of the electrochemical cyclic switchover effect, it is necessary to be able to simultaneously
obtain information (at least):

- about the electrochemical processes affecting the synthesis of dendritic Yanson point
contacts;

- about the electrophysical processes which can shed light on the quantum nature of
the electrical conduction of dendritic Yanson point contacts; and

- about all phases of the process, including control, visualization, and analysis of both
the synthesis itself and the byproducts formed during the synthesis of dendritic
Yanson point contacts.

To solve these problems, and to develop a methodology for promptly launching and
monitoring the electrochemical cyclic switchover effect, thus providing the necessary con-
ditions for its comprehensive study and for the development of elements of the technology
for its subsequent exploitation, it is necessary to have a device that allows multipurpose
research with the possibility of applying various in situ methods—that is, simultaneously
recording signals of different nature in a multichannel mode. At this stage of study of the
physicochemical processes occurring during the electrochemical cyclic switchover effect,
the information that is necessary for analysis of the processes of transformation of materials
at the atomic and mesoscopic levels, identification of sensor effects, and development of
quantum sensors can be obtained by using electrophysical, electrochemical, and optical
methods of research.
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The discovery of the quantum mechanism of selective detection in gaseous and liquid
media, as well as the wide opportunities for the development of innovative approaches to
designing quantum sensors, the operation of which is based on the original principle of
detection in dynamic mode that we proposed in Ref. [1], creates demand for development
of new devices and technological elements of the future quantum sensor technologies.

This predetermined the aim of this work, which is to design a device that provides
simultaneous measurements in a three-channel mode for recording electrophysical, electro-
chemical, and optical parameters of the quantum processes and objects under study. At
the same time, taking into account the prospects for the subsequent use of the device as
a prototype of sensor, the device should be small in size—that is, meet the requirements
of portability.

To our knowledge, the proposed device is a prototype developed for the first time for
the realization of a quantum sensor, the operation of which is related to the new mechanism
based on conductance quantization. The prospective pilot sample can be used to realize a
series of new original quantum and sensing properties of Yanson point contacts and new
effects arising from them. The quantum nature of the point-contact sensor response based
on conductance quantization realized in the proposed device will ensure a successful search
for novel quantum mechanisms of sensor analysis that have no analogues in the field of
sensor technique, as well as their subsequent study, development, and implementation. The
simplicity of construction and low cost of the point-contact sensor device will also stimulate
its wide application in sensor research into the detection of different gaseous agents. It will
establish a solid background for the development of principally new nanomaterial-based
technologies and devices.

2. Technological Requirements

In order for the developed device to provide comprehensive capabilities for perform-
ing a full set of operations in the above technological chain for the implementation of the
quantum mechanism of selective detection in gases and liquid media [1], it is necessary
to fulfill a number of technological conditions. First of all, the device must provide the
ability to create Yanson point contacts at a level comparable to the technological level of the
Yanson point-contact spectroscopy [15,16]. For this to be done, there must be a mechanism
for producing Yanson point contacts. This mechanism should be characterized by low
cost, ease of production, and reliability in operation. The prototypes of such a mechanism
are well known to the experts in the field of Yanson point-contact spectroscopy [12,15,16],
because they are an integral part of the technology. It should be noted that the composition
of the mechanism elements and its structure are determined by the method used to produce
Yanson point contacts. To observe and study the electrochemical cyclic switchover effect, it
is most convenient to work with contacts created using the “needle–anvil” method and
Chubov displacement technique [12,17]. The technology of the Yanson point-contact spec-
troscopy implies the use of specially designed devices to implement these methods [15,18].
Their operation is based on the principle of converting rotational motion into translational
motion. This principle is used by the electrode movement control system. This approach
allows us to simplify the design of the control unit located outside the device to ensure the
transfer of the angular momentum to the electrodes in order to create contacts inside the
device. The connection between the external controls and the electrodes inside the device
is provided by a system of cylinders that rotate around their own axis independently of
each other. This makes it possible to implement the transfer of the angular momentum
through standard small apertures in the device body, using the highly efficient and, at the
same time, simple technological elements of the Yanson point-contact spectroscopy [15].

The main element of the mechanism for implementing the needle–anvil method and
Chubov displacement technique in the Yanson point-contact spectroscopy is the differential
screw [18]. Its advantage is the possibility of moving the electrodes, between which a
contact is created, over long distances from each other. Usually, depending on the conditions
of the experiments, the magnitude of such displacements can reach 10–20 mm, which is a
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huge value, given that the mechanism is focused on creating structures in the nanometer
range. At the same time, when used in devices in the Yanson point-contact spectroscopy
a differential screw is combined with a gearbox, an extremely small displacement of the
electrodes can be ensured with a step of 25 nm [19]. As a result, when using the needle–
anvil method, the researcher can easily place the electrodes at a distance which is needed
to grow a single dendrite and launch the electrochemical cyclic switchover effect. This
technological feature is very important for the creation of dendritic Yanson point contacts.
In order to ensure the maximum concentration of the electric field in the small area between
the tip of the needle and the anvil, the electrodes must be located at a minimum distance
from each other. This guarantees the preferential growth of a single dendrite (Figure 1)
followed by the creation of a dendritic Yanson point contact at the point of contact between
the dendrite tip and the anvil.
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Figure 1. (a) Scanning electron micrograph (SEM) of a Cu needle tip after passing electric current
through the needle–electrolyte–anvil system. Distinct areas of growing dendrites are seen. The arrow
points to the most developed dendrite that will form a point contact. (b) SEM picture of the dendrite.

The next requirement for the device is the high airtightness of all its components and
connections. Its fulfillment makes it possible to control the experimental conditions inside
the research cell and fine tune them, which is very important for work in environments
with low concentrations of the analyzed substance. The preparation of the experiment
requires creating a vacuum inside the cell for the total degassing of the cell volume and
using distilled (ultrapure) water as a medium in which dendritic Yanson point contacts
are produced. The device for multipurpose research on dendritic Yanson point contacts
and quantum sensing must have a certain number of inlets that provide the transfer of the
angular momentum to the electrodes to create the contacts, electrical connection with the
electrodes, visual control of the processes occurring in the device, and connection of the cell
volume to the vacuum pump, which is capable of creating a vacuum of 10−2–10−3 mm Hg.
To make the device airtight, it is convenient to use standard vacuum seals, which are widely
used in the Yanson point-contact spectroscopy [15].

Because the device is meant to be focused on the study and registration of various
chemical agents, including those with a high chemical activity, its elements must be made
of chemically neutral materials. These materials must have a low adsorption capacity and
be characterized by the absence of porosity in order to avoid the accumulation of analyzed
substances and reaction products inside the test volume. Stainless steel, duralumin, silicone
and polyurethane seals, and inert plastics such as fluoroplastic can be considered for these
purposes. In addition, the body of the device must provide resistance to excessive loads
and deformations, for example, during the creation of a vacuum inside the cell. Based on
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this, preference should be given to a metal case. We chose duralumin of the D16T brand as
the material of the device body. To ensure chemical resistance, the manufactured duralumin
elements should be anodized in order to increase the thickness of the oxide layer because
aluminum oxide is quite strong and fairly inert.

Adaptation of the device for multipurpose research on dendritic Yanson point contacts
to the possibility of direct observation and registration of the dendrite growth/dissolution
and the results of its synthesis by using optical devices requires matching of the cell
dimensions with the parameters of the existing devices. These adjustments concern, first
of all, the geometric dimensions limited by the cell height. Solving this problem will
simultaneously ensure the fulfilment of the requirement of portability for using the device as
part of the sensor technologies. Taking this requirement into account, the form factor of the
device was inspired by the environmental and mechanical control stages compatible with
microscope-based spectroscopy systems [20,21]. To enable in situ Raman investigations, an
optical window was incorporated into the lid of our stage. It is possible to cover this window
with sapphire and quartz glasses. Al2O3 is widely used in protective optical windows,
sight glasses, prisms, and optical lenses in a wavelength range of 190–4500 nm. Sapphire
demonstrates a unique combination of a wide transmittance range (from ultraviolet to
infrared) and high transmittance, as well as strength and durability. According to the
results of the market analysis, it was decided to use sapphire glass.

3. Device and Elements of the Exploitation Methodology

The laboratory prototype of the device for multipurpose research on dendritic Yanson
point contacts and quantum sensing is made in the form of a quasi-rectangular block with
characteristic dimensions of 10 × 15 × 3 cm3. The general view of this device is shown
in Figure 2. The device is equipped with needle and anvil manipulators, with which the
electrodes can be moved toward each other and back, thereby forming a Yanson point
contact. The viewing window allows observation of the process of creation of a contact,
which greatly simplifies its control, and also makes it possible to study with a micro-Raman
spectrometer the reaction products in a given environment, which can be formed thanks to
the airtight gas connectors.
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Figure 2. The prototype of the device for multipurpose research on dendritic Yanson point contacts
and quantum sensing. 1, 2, electrode manipulators; 3, 4, gas connectors; 5, electrolyte capillary
connector; 6, electrical connector; 7, optical window.

To increase the capabilities of the device when conducting a variety of studies and to
ensure its quick adjustment to work in new conditions, the inside of the device is made in
the form of interchangeable cartridges. The development of the cartridge prototype was
carried out on the basis of a 3D model of the device synthesized by us. This approach
allowed us to select the optimal design solutions for using various types of manipulators to
create point contacts used in the Yanson point-contact spectroscopy. This applies primarily
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to the possibility of rapid implementation and interchangeability of designs by using the
needle–anvil method [12] (Figure 3a) or Chubov displacement technique [17] (Figure 3b)
to produce Yanson point contacts. In addition, the 3D model of the cartridge (Figure 3c)
made it easy to calculate the dimensions of the system components, electrical and vacuum
switching channels, and their relative position.
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Figure 3c shows a model of a cartridge equipped with holders for creating Yanson 
point contacts by using the Chubov displacement technique. When rods 1 and 2 rotate, 
the electrodes in the form of metal prisms fixed in holders 3 and 4 can approach each other 
or move away. This allows us to form a point contact 7, which is located in the cuvette 5. 
The design peculiarity is that the axes of the manipulator rods are at an angle of 10 degrees 
to each other. By moving both holders along the cuvette, we get the opportunity to create 
contacts between different parts of the electrode faces. This makes it possible to create 
many high-quality Yanson point contacts under identical conditions in the course of one 
experiment. Capillary 6 is located at the bottom of the cuvette. It fills the cuvette with pre-

Figure 3. Schematic image of cartridge, as part of the laboratory prototype of the device for mul-
tipurpose research on dendritic Yanson point contacts and quantum sensing, which allows the
creation of Yanson point contacts using both the needle–anvil and Chubov displacement tech-
niques. (a) Schematic view of the dendrite growth in the framework of the needle–anvil method.
(b) Schematic view of the Chubov displacement technique. (c) Cartridge. 1, 2, manipulator rods; 3, 4,
electrode holders; 5, cuvette; 6, capillary; 7, production of a Yanson point contact using the Chubov
displacement technique. I, current, V, voltage.

Figure 3c shows a model of a cartridge equipped with holders for creating Yanson
point contacts by using the Chubov displacement technique. When rods 1 and 2 rotate, the
electrodes in the form of metal prisms fixed in holders 3 and 4 can approach each other
or move away. This allows us to form a point contact 7, which is located in the cuvette 5.
The design peculiarity is that the axes of the manipulator rods are at an angle of 10 degrees
to each other. By moving both holders along the cuvette, we get the opportunity to create
contacts between different parts of the electrode faces. This makes it possible to create
many high-quality Yanson point contacts under identical conditions in the course of one
experiment. Capillary 6 is located at the bottom of the cuvette. It fills the cuvette with
pre-prepared electrolyte or pure water and then removes it. After the electrolyte solution
is removed, a thin film of the liquid under study remains on the surface of the electrodes,
which makes it possible to launch the cyclic switchover effect. Moreover, the capillary can
be used to supply gas and blow various gases and their mixtures through the electrolyte in
the cuvette.

Preparation and operation of the device for multipurpose research on dendritic Yanson
point contacts and quantum sensing when using the needle–anvil method can be presented
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as follows. Before the experiment, the electrodes for creating the contacts are mounted
inside the device. Then the device is closed and pumped out with a vacuum pump. This
operation is needed to clean the internal space of the device by removing components of the
environment and potential substances remaining there after previous studies. The duration
of the pumping process is 1–5 min. After that, the device cell is additionally cleaned with a
flow of an inert gas, for example, argon, and a drop of distilled water prepared for the study
of electrolyte solution or liquid is put into the place of the planned contact between the
needle electrode and the anvil through the capillary of the gas connector. When registering
sensor effects or studying the interaction of dendritic Yanson point contacts with a gaseous
medium, the corresponding gas agent is introduced into the internal space of the device.
Studies can be carried out both in a stationary gaseous medium and in the flow of the
analyzed gas. Then the device is connected to a setup with measuring instruments, which
allows measurements in a three-channel mode to record electrophysical, electrochemical,
and optical parameters of the studied quantum processes and objects. After that, the needle
electrode is moved toward the anvil electrode until a point contact with direct conduction
is created. The process of creating a contact is controlled by the electrical resistance of
the “needle-distilled water–anvil” system. A point contact is formed when the resistance
of the system falls below the resistance of a single-atom Yanson point contact of 12.9 kΩ.
Note that the electrical conductance of a single-atom contact corresponds to an elementary
conduction channel with the conductance value of one quantum. The launch of the cyclic
switchover effect can be started both at the moment of formation of direct electrical contact
and after mechanically breaking the initially created contact and placing the needle at the
minimum distance from the anvil.

Let us first consider the latter case. After mechanically breaking the initially created
contact, one can move the needle electrode away from the anvil with a step of 25 nm. One
step of the manipulator is equal to one turn of the rod at the gearbox and it provides a
distance between the electrodes that is enough to launch the cyclic switchover effect. We
found that the growth of a single dendrite can preferably take place at distances up to
hundreds of nanometers between the needle and anvil electrodes (Figure 1). Within this
range, it does not matter what distance is chosen to launch the cyclic switchover effect.
It should be noted, that the electrodes, especially the needle, are thoroughly treated and
prepared for experiments—that is their side surfaces are clean and smooth and do not
contain impurities or inhomogeneities that can provoke dendrite growth.

In the former case, one can create a Yanson point contact by using the methodology
described elsewhere (see, for example, Refs. [12,15,16,18,19]). After the creation of the point
contact, it is necessary to check its mechanical stability, and then, if it is sufficient, it is
possible to launch the cyclic switchover effect by sweeping current through the contact. This
technique is thoroughly described in Ref. [22]. Once the process of the cyclic switchover
effect is started, it becomes possible to register the characteristics of the quantum processes
of synthesis of dendritic Yanson point contacts. Depending on the tasks, the research can be
either focused on studying the quantum nature of the effects or aimed at selective detection
in gaseous or liquid media, which is based on the quantum mechanism discovered in
Ref. [1].

4. Device Tests, Results, and Discussion

The device for multipurpose research on dendritic Yanson point contacts and quantum
sensing was tested in atmospheric air. The aim of the first test concerning device function-
ality is the visualization of the processes under investigation and demonstration of the
possibility to obtain direct information about the synthesis products and transformation
of the materials in the working area. The research methodology corresponded to that
described above. The distance de between the tip of the needle electrode and the anvil
electrode during the electric current flow in the two-electrode system was shown to have a
substantial impact on the nature of the electrochemical processes.
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This discovery was made possible by the subsequent in situ optical investigations and
the ability to directly observe the area of contact creation through the viewing window in
the device body.

We found that if the needle (cathode) and anvil (anode) are sufficiently apart at the
start of the experiment, we have conditions that are identical to those in a typical two-
electrode electrochemical cell [23–26]. This distance is roughly a few microns on the scale
typical of Yanson point contacts. In this instance, dendrites develop over the course of a
lengthy experiment on the side of the needle that is not involved in the establishment of
dendritic Yanson point connections or direct interelectrode conduction. The lateral side of
the electrode develops a “coat” (Figure 4). The direction of the dendrite growth coincides
with the electric field lines.
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Figure 4. Needle electrode covered with a dendrite coat after experiment in atmospheric air. The
needle electrode and the anvil electrodes were spaced within a few micrometers from one another at
the start of the experiment.

We anticipated that nanocrystals of copper and copper oxide are possibly present at
the apex and lateral surface of the tip because of the formation of nanodendrites resulting
from the electrochemical reactions during the dendrite synthesis. Raman spectroscopy can
detect these compounds. We have used our stage as a demonstrator for identifying the
substances created during the electrochemical experiments (Figure 5). Examples of the
Raman results acquired with the Renishaw setup are displayed in Figure 6.

Micro-Raman experiments were performed in the device with a Renishaw inVia Raman
microscope spectrometer (Figure 5) including a detector working with a thermoelectric chip
cooled at −70 ◦C. Measurements were made at room temperature in the wavenumber range
between 500 and 4000 cm−1. A laser excitation of λexc = 633 nm (1.96 eV) was provided
by a helium-neon laser. The detector allowed registration of the low-frequency part of the
spectra (10–150 cm−1) and some anti-Stokes Raman lines by using a Bragg reflector for this
wavelength. The diameter of the laser spot on the sample surface was about 2 µm for the
fully focused laser beam with 50× objective magnification. Before the experiments on the
dendrite synthesis, the tip of the anvil electrode was generally found to be homogeneous
under a microscope without an extraneous microcrystalline phase. The Raman instrument
was calibrated against the Stokes Raman signal of pure Si at 520.5 cm−1 by using a silicon
wafer. The spectral resolution was 2 cm−1. In each optical experiment, several spectra were
recorded on different spots in the samples.
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Figure 6. Typical Raman spectra taken on different tip spots using laser excitation at 633 nm.

Table 1 lists the Raman frequencies obtained from the material covering the tip apex,
those described in the literature for copper oxides, and those estimated with density func-
tional theory (DFT) [27–30]. For this calculation, we employed the generalized gradient
approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional allowing effi-
cient computational cost and flexibility for calculating various physical properties. Ultrasoft
pseudopotentials were used for the two crystals. Geometry optimization was carried out
using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) and density mixing optimization
schemes with a force convergence threshold of 10−4. We implemented the relaxation
of both cell parameters and atomic positions. The cutoff energy was fixed at 440 Ry
(1 Ry = 13.60568 eV) for Cu2O and 600 Ry for CuO. Most of the experimental Raman modes
observed up to 620 cm−1 on the materials covering our point-contact tips correspond well
to CuO and Cu2O oxides signatures supported by experiments in literature and DFT calcu-
lations. We conclude that the dendritic material in our experiments can be identified as a
mixture of these two oxides. However, we cannot yet ascribe several bands at 51, 473 cm−1,
between 1000 and 1600 cm−1, and approximately 2900 cm−1 that we found in the tip spectra
to another copper phase. We also note that Debbichi et al. [31] have recorded the Raman
spectrum of Cu4O3, and found lines at 318 (m), 510 (w), 541 (s), and 651 (w) cm−1. Actually,
no such lines were noticed in our spectra. Additionally, we have observed several infrared
bands of copper oxides in the Raman spectra of the tips that were probably activated by
structural defects [32–36].
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Table 1. Calculated and experimental vibrational frequencies of CuO and Cu2O reported from
literature (†, Refs. [27,28,31,32]) and found in this work (*). Units are given in cm−1. s: strong
intensity; m: medium; w: weak.

Calculated
Frequencies

Mode
Symmetry

Experimental
Frequencies (†) Tip Frequencies (*)

CuO

153.1 Ag 147 (s) 148, 152 (s)

172.2 Au 163

203.8 Ag 220 (s) also in Cu2O 217, 224 (s)

293 Ag 296 (s)

323.2 Ag 324

346.5 Au 344 (w)

449. Au 438, 444 439(w)

520.9 Ag 515 524, 532 (m)

599.8 Ag 586 607 (m)

Cu2O

85 Eu 88 (w) 83 (m)

147.3 T1u 149 (s) 148, 152 (s)

341. A2u (silent) 350

500.5 T2g 515 (w) 524 (m)

614.7 T1u
609, 628 (s) also in
CuO 607, 629 (m)

The next portion of data that can be obtained by using the proposed device is in-
formation about the nature of the homogeneous and heterogeneous physical–chemical
processes taking place during the cyclic switchover effect. Because the reactions that occur
in the system have characteristic times at the level of milli- and microseconds, it is most
useful to examine the characteristics of electrochemical processes in the system under
investigation by using relaxation methods. It is well known that the most informative
relaxation technique is impedance spectroscopy [37]. With the device under consideration,
it is feasible to fully utilize this technique and collect a set of data for the investigation of
the processes that are taking place.

Therefore, in addition to the Raman spectrum, an impedance spectrum was measured
for the needle–electrolyte–anvil system in the frequency range of 100–200,000 Hz. The
measurements were performed by using a VERSASTAT4-500 potentiostat (AMETEK, USA).
Figure 7a shows the experimental (blue curve) and theoretical (red curve) frequency de-
pendences of the active and reactive components of the system impedance. The reactive
components of the system impedance for each of the frequencies are plotted on the ordinate,
while the active components of the impedance for the same frequencies are plotted on
the abscissa. Thus, in the presented coordinates, we experimentally obtain a frequency
profile of this system. The essence of the electrochemical impedance method is that the
system under study is modeled by a certain set of electrical elements and each element
is assigned a certain characteristic or parameter (Figure 7b) [37]. This makes it possible
to predict and track the subsequent behaviour of the system when its parameters and
experimental conditions change. For example, active resistance included in the circuit
in series with other elements reflects the resistance of the electrolyte located between the
electrodes. Capacitance and resistance connected in parallel characterize the capacitance
of the electrical double layer on the electrode surface and the resistance of the Faraday
processes, respectively. To check the correctness of the simulation, an analytical expression
is found for the impedance of the electrical circuit and explicit expressions are obtained for
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the frequency dependences of the active and reactive components for certain parameters of
the elements. If the theoretical and experimental curves in the specified coordinates agree
well, it is said that an adequate model of the system under study has been synthesized.

As expected, the hodograph obtained in our experiment has a form which is character-
istic of systems in which electrochemical processes play a significant role. The diameter of
the semicircle in the high-frequency region (Figure 7a) corresponds to the resistance of the
electrochemical reactions, and extrapolation to the abscissa axis at high frequencies (that is,
the projection of a point on the curve onto the abscissa axis) makes it possible to determine
the electrolyte resistance. In the system under study, the Faraday processes can occur both
at the tip of the needle and at the counterelectrode (“anvil”). Because the auxiliary electrode
is much larger than the working one, almost all the measured resistance is determined by
the processes occurring at the tip of the needle. Processing of experimental data using the
Ershler–Randles method [38,39] allowed us to estimate the parameters of the equivalent
circuit. It turned out that the resistance of the electrolyte is RE = 4000 Ohm, the capacitance
of the double electric layer at the border.
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Figure 7. Impedance hodograph (a) and equivalent circuit (b) of the system “copper needle in a
solution of copper sulphate with a concentration of 0.01 mol/dm3. The auxiliary electrode is a massive
copper plate. The specific Faraday resistance is (RF)sp = 0.75 Ohm cm2. The specific capacitance of
the double layer is (Cd)sp = 2·10−5 F/cm2. The electrolyte resistance is RE = 4000 Ohm. The specific
Warburg constant is WF = 25 Ohm cm2 s−0.5.

“needle point-electrolyte” is Cd = 5·10−10 F, the Warburg constant is WF = 106 Ohm s−0.5,
and the resistance of the Faraday processes is RF = 30,000 Ohm. By using the obtained capac-
itance value, it is possible to estimate the active surface of the electrode, which participates
in the electrochemical reactions, if we assume that the specific capacitance of the double
layer is about 20 µF/cm2 [40]. Moreover, knowing the resistance of the electrochemical
processes, it is possible to estimate the exchange current density at the metal–electrolyte
interface. It turned out to be equal to 180 A/m2. The exchange current density is a funda-
mental characteristic of the electrochemical activity of electrodes. Knowing this parameter,
we can synthesize analytical models of the electrode processes and predict the behaviour of
complex electrochemical systems that underlie the operation of the quantum sensors we
propose. The specific values of the obtained parameters are in good agreement with the
literature data [41], which indicates the correctness of the simulation and the reliability of
the presented results.

The purpose of the third test is to demonstrate the device operation in the regime of
cyclic switchover effect and obtain data about conductance quantization that can be used for
detection in liquid and gaseous media. The situation is different when the distance between
the needle (cathode) and the anvil (anode) is small enough. On the scale typical of Yanson
point contacts, this distance is approximately several dozens or hundreds of nanometers.
Under this condition, a dendrite starts to grow on the tip of the needle electrode (see
Figure 1), creating a Yanson point contact when it reaches the anvil electrode, and the cyclic
switchover effect is observed [14]. The cyclic switchover effect consists of consecutive
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cycles of growth and dissolution of the dendritic nanochannel of the Yanson point contact
as electric current flows through the “needle electrode–electrolyte–anvil electrode” system.
It should be noted that the cyclic changes are automatic with no external influence. The
detailed information about the quantum transformations in the crystalline structure and
the electric conduction in dendritic Yanson point contacts during the cyclic switchover
effect can be obtained from the dependence of resistance R on time t. One of the curves R(t)
measured during the device tests is presented in Figure 8a.

During the cyclic switchover effect, cyclic changes in the crystalline structure and
quantum electrical conductance of dendritic Yanson point contacts occur. During one
cycle, the electrical resistance of the Yanson point-contact changes, which manifests itself
in the R(t) curve in the form of areas of growth, decrease, and stabilization. Stabilization
of the electrical resistance of the dendritic Yanson point contact reflects the emergence of
a metastable quantum state with a certain energy. Metastable quantum states appear as
sections of constant conductance looking like steps in the dependence R(t) (Figure 8b).
They reflect the quantization of conductance and the electronic shell effect, which is re-
sponsible for the formation of the crystalline structure during the growth and dissolution
of the dendritic conduction channel of the Yanson point contact [14]. Similar behaviour
is also typical for copper point contacts obtained by mechanical manipulations in the
framework of the “break junction” technique [42] and for silver point contacts obtained by
electrochemical deposition [43]. In the process of numerous cyclic changes, the quantum
system of dendritic Yanson point contacts passes through its characteristic set of metastable
quantum states. The appearance of one or another quantum state is characterized by a
certain probability, which can be visualized as a conductance histogram of the dendritic
Yanson point contacts (Figure 9) [1,14]. The conductance histogram, similarly to a human
fingerprint, is an individual characteristic of the system of dendritic Yanson point contacts
under certain experimental conditions. A change in the conditions leads to a change in the
set of metastable energy states of the system, which can be detected and recorded in the
process of the cyclic switchover effect. Processing these data and plotting a conductance
histogram provides a practical implementation of the quantum mechanism of selective
detection in gaseous and liquid media [1], which underlies the operation of a quantum
point-contact sensor.
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Figure 9. Conductance histogram of dendritic copper Yanson point contacts grown in the drop of
ultrapure water in the ambient air. G is the conductance, G0 is the conductance quantum, n is the
number of counts.

Comparing the capabilities of the above research methods, we can see that optical and
physicochemical methods for studying point-contact sensor systems successfully comple-
ment each other. At the same time, Raman spectroscopy makes it possible to obtain detailed
information about the presence and properties of materials with a semiconductor type of
conduction, impedance spectroscopy effectively describes the behaviour of the surface of
the metallic conductors and the metal–electrolyte interface, whereas electrophysical mea-
surements allow studying electrical conductance of objects with direct electrical conduction
in the bulk and record quantum states of dendritic Yanson point contacts. A combination
of optical and physicochemical methods of research makes it possible to finely control the
state of the surface of the sensing element of a quantum sensor, which is the conduction
channel of the Yanson point contact. The presence of semiconductor layers or adsorbed
atoms that overlap and block the active centers on the electrode surface can affect the cyclic
switchover effect. Adsorption of atoms of the analyzed medium on the conduction channel
of a dendritic Yanson point contact significantly affects the set of metastable quantum states
of the system and results in a change in the profile of the chronoresistogram which is the
primary output characteristic of the sensor device [1].

Studying the kinetics of these mechanisms will lay the groundwork for future devel-
opment of quantum sensor technologies by illuminating the subtle mechanisms by which
analytes affect conductance quantization. These processes can be unveiled by manipulating
the composition of the material under study while employing optical and physicochemi-
cal experimentation techniques. The versatile device we designed makes sure that these
requirements are fully met. All of this demonstrates how well the devised tool works for
analyzing the needle–electrolyte–anvil system of nanostructured quantum sensors.

5. Conclusions

In this work, a portable device for multipurpose research on dendritic Yanson point
contacts and quantum sensing was developed and manufactured. With the aid of this
apparatus, one can produce dendritic Yanson point contacts and investigate their quantum
characteristics, which are amply demonstrated in the electrochemical cyclic switchover
effect. The device tests showed that it was possible to gather data on the composition
and characteristics of the synthesized substances, on the electrochemical processes that
influence the synthesis of dendritic Yanson point contacts, as well as on the electrophysical
processes that provide information on the quantum nature of the electrical conductance of
these point contacts.

Due to its small size, the device can be easily incorporated into a micro-Raman spec-
trometer setup, providing a variety of options to tackle novel research issues related to
Yanson point contacts.
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The testing of the device also showed that it was possible to observe the electrochemical
cyclic switchover effect and use the quantum mechanism of selective detection in fluids
that were both gaseous and liquid. It should be noted that the operation of the quantum
point-contact sensor is essentially different from that of the conventional conductive sensors.
As demonstrated in Ref. [1], observation of the cyclic switchover effect allows use of the
quantum sensory tool to selectively detect any gas agents, including noble gases. Quantum
point-contact sensors demonstrate absolute selectivity and a very high sensitivity (see
Refs. [1,12]). The main analytical instrument for the analysis of the studied medium is the
conductance histogram of dendritic copper Yanson point contacts. In our research, we
have shown that the device we propose for the first time provides the possibility of both
observing the cyclic switchover effect, as well as the conductance quantization, and getting
the data needed for the conductance histogram determination. It means that the device
can operate in the framework of the methodology based on the quantum mechanisms
of detection in liquid and gaseous media described in detail in Ref. [1]. This allows the
design of a system that can be used as a prototype for developing a quantum sensor
that will serve as the foundation for cutting-edge sensor technologies based on quantum
mechanisms and principles of detection in gaseous and liquid media. The proposed
device is a relevant development to be applied to research into the atomic-scale junctions,
single-atom transistors, and any relative subjects [44,45].

Author Contributions: Conceptualization, A.S., A.P., E.F. and G.K.; data curation, A.S., A.H., V.V.,
N.K. and E.F.; formal analysis, A.H. and V.V.; investigation, A.S., A.P., A.H., N.K. and G.K.; methodol-
ogy, A.S., A.P., A.H., N.K., E.F. and G.K.; supervision, E.F. and G.K.; writing—original draft, A.S., V.V.,
E.F. and G.K.; writing—review & editing, A.S., A.P., V.V., N.K., E.F. and G.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was partly supported by the NATO SPS Programme (Ref: SPS.MYP 985481) and
the NAS of Ukraine.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: G.K. and A.H. thank the PAUSE-Solidarité Ukraine program of the Collège de
France for the financial support to research at the Institut des Matériaux de Nantes Jean Rouxel, at
University of Nantes. The calculations were performed at the Centre de Calcul Intensif des Pays de la
Loire (CCIPL), Nantes.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Kamarchuk, G.V.; Pospelov, A.P.; Savytskyi, A.V.; Herus, A.O.; Doronin, Y.S.; Vakula, V.L.; Faulques, E. Conductance quantization

as a new selective sensing mechanism in dendritic point contacts. SN Appl. Sci. 2019, 1, 244.
2. Pospelov, A.P.; Belan, V.I.; Harbuz, D.O.; Vakula, V.L.; Kamarchuk, L.V.; Volkova, Y.V.; Kamarchuk, G.V. Selective detection of

complex gas mixtures using point contacts: Concept, method and tools. Beilstein J. Nanotechnol. 2020, 11, 1631–1643.
3. Kamarchuk, L.V.; Pospelov, A.P.; Harbuz, D.A.; Belan, V.I.; Volkova, Y.V.; Tkachenko, A.A.; Kamarchuk, G.V. Noninvasive

real-time breath test for controlling hormonal background of the human body: Detection of serotonin and melatonin with
quantum point-contact sensors. J. Breath Res. 2022, 16, 12.

4. Barsan, N.; Schierbaum, K. (Eds.) Gas Sensors Based on Conducting Metal Oxides: Basic Understanding, Technology and Applications,
1st ed.; Elsevier: Amsterdam, The Netherlands, 2018; 292p.

5. Thirstrup, C.; Deleebeeck, L. Review on electrolytic conductivity sensors. IEEE Trans. Instrum. Meas. 2021, 70, 1–22.
6. Mirzaei, A.; Kordrostami, Z.; Shahbaz, M.; Kim, J.Y.; Kim, H.W.; Kim, S.S. Resistive-based gas sensors using quantum dots: A

review. Sensors 2022, 22, 4369.
7. Taylor, M.L.; Giacalone, A.G.; Amrhein, K.D.; Wilson, R.E., Jr.; Wang, Y.; Huang, X. Nanomaterials for Molecular Detection and

Analysis of Extracellular Vesicles. Nanomaterials 2023, 13, 524. [CrossRef]
8. Busi, K.B.; Das, S.; Palanivel, M.; Ghosh, K.K.; Gulyás, B.; Padmanabhan, P.; Chakrabortty, S. Surface ligand influences the Cu

nanoclusters as a dual sensing optical probe for localized pH environment and fluoride ion. Nanomaterials 2023, 13, 529.

http://doi.org/10.3390/nano13030524


Nanomaterials 2023, 13, 996 15 of 16

9. Freddi, S.; Vergari, M.; Pagliara, S.; Sangaletti, L. A Chemiresistor sensor array based on graphene nanostructures: From the
detection of ammonia and possible interfering VOCs to chemometric analysis. Sensors 2023, 23, 882.

10. Chan, K.; Schillereff, D.N.; Baas, A.C.; Chadwick, M.A.; Main, B.; Mulligan, M.; O’Shea, F.T.; Pearce, R.; Smith, T.E.; van
Soesbergen, A.; et al. Low-cost electronic sensors for environmental research: Pitfalls and opportunities. Prog. Phys. Geogr. Earth
Environ. 2021, 45, 305.

11. Censabella, M.; Iacono, V.; Scandurra, A.; Moulaee, K.; Neri, G.; Ruffino, F.; Mirabella, S. Low temperature detection of nitric
oxide by CuO nanoparticles synthesized by pulsed laser ablation. Sens. Actuators B Chem. 2022, 358, 131489.

12. Kamarchuk, G.V.; Pospelov, A.P.; Kamarchuk, L.V.; Savytskyi, A.V.; Harbuz, D.A.; Vakula, V.L. Point-contact sensors as an
innovative tool in defense against chemical agents, environment and health risks: A review. In Functional Nanostructures and
Sensors for CBRN Defence and Environmental Safety and Security; Sidorenko, A., Hahn, H., Eds.; Springer: Dordrech, The Netherlands,
2020; pp. 245–270.

13. Kamarchuk, G.V.; Pospelov, A.P.; Kamarchuk, L.V.; Kushch, I.G. Point-contact sensors and their medical applications for breath
analysis: A review. In Nanobiophysics: Fundamentals and Applications; Karachevtsev, V.A., Ed.; Pan Stanford Publishing Pte. Ltd.:
Singapore, 2015; pp. 327–379.

14. Pospelov, A.P.; Pilipenko, A.I.; Kamarchuk, G.V.; Fisun, V.V.; Yanson, I.K.; Faulques, E. A new method for controlling the
quantized growth of dendritic nanoscale point contacts via switchover and shell effects. J. Phys. Chem. C 2015, 119, 632–639.
[CrossRef]

15. Khotkevich, A.V.; Yanson, I.K. Atlas of Point Contact Spectra of Electron-Phonon Interactions in Metals; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1995; 168p.

16. Naidyuk, Y.G.; Yanson, I.K. Point-Contact Spectroscopy; Springer: New York, NY, USA, 2005; 300p.
17. Chubov, P.N.; Yanson, I.K.; Akimenko, A.I. Electron-phonon interaction in aluminum point contacts. Fiz. Nizk. Temp. 1982, 8, 64.
18. Bobrov, N.L.; Rybal’chenko, L.F.; Khotkevich, A.V.; Chubov, P.N.; Yanson, I.K. Device for creation of a cooled point contact

between metal electrodes. In Bulletin of Inventions; USSR: Moscow, Russia, 1991; pp. 168–172.
19. Kamarchuk, G.V.; Khotkevich, A.V. Phonon spectroscopy in superconducting point contacts of tin and indium. Fiz. Nizk. Temp.

1987, 13, 1275.
20. Faulques, E.; Perry, D.L.; Lott, S.; Zubkowski, J.D.; Valente, E.J. Study of coordination and ligand structure in cobalt-EDTA

complexes with vibrational microspectroscopy. Spectrochem. Acta A 1998, 54, 869. [CrossRef]
21. Kalashnyk, N.; Faulques, E.; Schjødt-Thomsen, J.; Jensen, L.R.; Rauhe, J.; Chr, M.; Pyrz, R. Strain sensing in single carbon fiber

epoxy composites by simultaneous in-situ Raman and piezoresistance measurements. Carbon 2016, 109, 124. [CrossRef]
22. Kamarchuk, G.V.; Pospelov, A.P.; Savitsky, A.V.; Koval’, L.V. Nonlinear cyclic transport phenomena in copper point contacts. Low

Temp. Phys. 2014, 40, 1198. [CrossRef]
23. Devos, O.; Gabrielli, C.; Beitone, L.; Mace, C.; Ostermann, E.; Perrot, H. Growth of electrolytic copper dendrites. I: Current

transients and optical observation. J. Electroanal. Chem. 2007, 606, 75–84. [CrossRef]
24. Qiu, R.; Cha, H.G.; Noh, H.B.; Shim, Y.B.; Zhang, X.L.; Qiao, R.; Zhang, D.; Kim, Y.I.; Pal, U.; Kang, Y.S. Preparation of Dendritic

Copper Nanostructures and Their Characterization for Electroreduction. J. Phys. Chem. C 2009, 113, 15891–15896. [CrossRef]
25. Huan, T.N.; Simon, P.; Rousse, G.; Genois, I.; Artero, V.; Fontecave, M. Porous dendritic copper: An electrocatalyst for highly

selective CO2 reduction to formate in water/ionic liquid electrolyte. Chem. Sci. 2017, 8, 742–747. [CrossRef]
26. Wakerley, D.; Lamaison, S.; Ozanam, F.; Menguy, N.; Mercier, D.; Marcus, P.; Fontecave, M.; Mougel, V. Bio-inspired hydrophobic-

ity promotes CO2 reduction on a Cu surface. Nat. Mater. 2019, 18, 1222–1227. [CrossRef]
27. Balkanski, M.; Nusimovici, M.A.; Reydellet, J. First-order Raman spectrum of Cu2O. Solid State Commun. 1969, 7, 815–818, and

references therein. [CrossRef]
28. Narang, S.N.; Kartha, V.B.; Patel, N.D. Fourier transform infrared spectra and normal vibrations of CuO. Phys. C 1992, 204, 8–14,

and references therein. [CrossRef]
29. Gan, Z.H.; Yu, G.Q.; Tay, B.K.; Tan, C.M.; Zhao, Z.W.; Fu, Y.Q. Preparation and characterization of copper oxide thin films

deposited by filtered cathodic vacuum arc. J. Phys. D Appl. Phys. 2004, 37, 81–85. [CrossRef]
30. Zoolfakar, A.S.; Rani, R.A.; Morfa, A.J.; O’Mullane, A.P.; Kalantar-zadeh, K. Nanostructured copper oxide semiconductors: A

perspective on materials, synthesis methods and applications. J. Mater. Chem. C 2014, 2, 5247–5270. [CrossRef]
31. Debbichi, L.; Marco de Lucas, M.C.; Pierson, J.F.; Krüger, P. Vibrational properties of CuO and Cu4O3 from first-principles

calculations, and Raman and infrared spectroscopy. J. Phys. Chem. C 2012, 116, 10232. [CrossRef]
32. Yu, P.Y.; Shen, Y.R. Resonance Raman studies in Cu2O. I. The phonon-assisted 1s yellow excitonic absorption edge. Phys. Rev. B

1975, 12, 1377–1394. [CrossRef]
33. Cava, R.J. Structural chemistry and the local charge picture of copper oxide superconductors. Science 1990, 247, 656–662. [CrossRef]

[PubMed]
34. Tranquada, J.M.; Sternlieb, B.J.; Axe, J.D.; Nakamura, Y.; Uchida, S. Evidence for stripe correlations of spins and holes in copper

oxide superconductors. Nature 1995, 375, 561–563. [CrossRef]
35. Hans, M.; Erbe, A.; Mathews, S.; Chen, Y.; Solioz, M.; Mücklich, F. Role of copper oxides in contact killing of bacteria. Langmuir

2013, 29, 16160–16166. [CrossRef]
36. Sander, T.; Reindl, C.T.; Giar, M.; Eifert, B.; Heinemann, M.; Heiliger, C.; Klar, P.J. Correlation of intrinsic point defects and the

Raman modes of cuprous oxide. Phys. Rev. B 2014, 90, 045203. [CrossRef]

http://doi.org/10.1021/jp506649u
http://doi.org/10.1016/S1386-1425(98)00012-2
http://doi.org/10.1016/j.carbon.2016.07.064
http://doi.org/10.1063/1.4898792
http://doi.org/10.1016/j.jelechem.2007.03.028
http://doi.org/10.1021/jp904222b
http://doi.org/10.1039/C6SC03194C
http://doi.org/10.1038/s41563-019-0445-x
http://doi.org/10.1016/0038-1098(69)90768-6
http://doi.org/10.1016/0921-4534(92)90566-U
http://doi.org/10.1088/0022-3727/37/1/013
http://doi.org/10.1039/C4TC00345D
http://doi.org/10.1021/jp303096m
http://doi.org/10.1103/PhysRevB.12.1377
http://doi.org/10.1126/science.247.4943.656
http://www.ncbi.nlm.nih.gov/pubmed/17771881
http://doi.org/10.1038/375561a0
http://doi.org/10.1021/la404091z
http://doi.org/10.1103/PhysRevB.90.045203


Nanomaterials 2023, 13, 996 16 of 16

37. Orazem, M.E.; Tribollet, B. Electrochemical Impedance Spectroscopy, 2nd ed.; John Wiley and Sons, Inc.: Hoboken, NJ, USA, 2017;
Volume 768.

38. Ershler, B. Investigation of electrode reactions by the method of charging-curves and with the aid of alternating currents. Discuss.
Faraday Soc. 1947, 1, 269–277. [CrossRef]

39. Randles, J.E.B. Kinetics of rapid electrode reactions. Discuss. Faraday Soc. 1947, 1, 11–19. [CrossRef]
40. Bockris, J.O.M.; Reddy, A.K.N. Modern Electrochemistry. Volume 1: Lonics, 2nd ed.; Kluwer Academic Publishers: Dordrecht, The

Netherlands, 2002; Volume 825.
41. Bockris, J.O.M.; Reddy, A.K.N.; Gamboa-Aldego, M. Modern Electrochemistry, Volume 2A: Fundamental of Electrodics, 2nd ed.;

Kluwer Academic Publishers: Dordrecht, The Netherlands, 2002; Volume 2A, 764p.
42. Mares, A.I.; van Ruitenbeek, J.M. Observation of shell effects in nanowires for the noble metals Cu, Ag, and Au. Phys. Rev. B 2005,

72, 205402. [CrossRef]
43. Obermair, C.; Kuhn, H.; Schimmel, T. Lifetime analysis of individual-atom contacts and crossover to geometric-shell structures in

unstrained silver nanowires. Beilstein J. Nanotechnol. 2011, 2, 740–745. [CrossRef]
44. Zhu, Y.; Natelson, D.; Cui, L. Probing energy dissipation in molecular-scale junctions via surface enhanced Raman spectroscopy:

Vibrational pumping and hot carrier enhanced light emission. J. Phys. Condens. Matter 2021, 33, 134001. [CrossRef]
45. Xie, F.; Ducry, F.; Luisier, M.; Leuthold, J.; Schimmel, T. Ultralow-power atomic-scale tin transistor with gate potential in millivolt.

Adv. Electron. Mater. 2022, 8, 2200225. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1039/df9470100269
http://doi.org/10.1039/df9470100011
http://doi.org/10.1103/PhysRevB.72.205402
http://doi.org/10.3762/bjnano.2.81
http://doi.org/10.1088/1361-648X/abda7b
http://doi.org/10.1002/aelm.202200225

	Introduction 
	Technological Requirements 
	Device and Elements of the Exploitation Methodology 
	Device Tests, Results, and Discussion 
	Conclusions 
	References

