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ELECTRONIC DEVICES: RESEARCH, DEVELOPMENT
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STATE OF THE ART AND OUTLOOK FOR DEVELOPMENT
OF HALL EFFECT SENSORS FOR ELECTRONIC DEVICES

The fast development of solid electronics is contingent on the fast development of sensor electronics, including Hall sensors for
different applications. The objective of this paper is to review classical and modern approaches to designing Hall sensors from
bulk structure to quantum dimensions. Practical applications, advantages and disadvantages of Hall sensors are presented. In
order to establish a theoretical basis for the development of Hall sensors, the study presents an overview of the mathematical
models for Hall effects in semiconductor materials. Based on the analysis of the presented mathematical models, the authors
offer recommendations for selecting the optimal material for Hall sensors with the highest sensitivity. This paper concludes

with the discussion of future prospects for the development of sensors based on the Hall effect.

Keywords: Hall sensors, Hall effect, semiconductor materials for Hall sensors.

The Hall effect plays a key role in the development of
modern electronic and sensor technologies. This physical
phenomenon, which involves the emergence of an
electric voltage perpendicular to the direction of current
and magnetic field in a conductor, has a wide range of
applications from macroscopic systems to quantum
nanodevices. Due to its ability to provide highly accurate
measurements of magnetic fields and changes in material
conductivity, the Hall effect is used in many fields of
science and technology, including the creation of sensors,
magnetic data storage devices, identification systems,
and in the study of fundamental physical phenomena at
the micro- and nano-levels.

The relevance of researching the application of the
Hall effect in various devices is driven by the need
for further technological advancements to enhance
the accuracy, sensitivity, and energy efficiency of
electronic systems. In the context of rapidly increasing
computational power and the miniaturization of electronic
components, studying this effect on macro-, micro-, nano-
, and quantum scales is crucial for developing innovative
solutions in modern technologies.

The aim of this work is to review and summarize
current achievements and mathematical models applied
to the Hall effect in sensor devices for various scales:
from bulk to macroscopic and quantum, as well as to
identify promising semiconductor materials and Hall
sensor designs.

Hall Effects — History and Development

The ordinary Hall effect (OHE), discovered by Edwin
Hall in 1879, is one of the fundamental phenomena in the
physics of semiconductors and magnetism. This effect
occurs when an electric current flows through a conductor

(or semiconductor) in the presence of a perpendicular
magnetic field. As a result, a transverse voltage, known as
the Hall voltage, is created, which is perpendicular to both
the direction of the current and the magnetic field [1].

When current passes through a conductor, free charge
carriers (electrons or holes) move in the direction of
the electric field. In the presence of a magnetic field,
these charge carriers are deflected by the Lorentz
force, leading to the accumulation of charges on one
side of the conductor. This accumulation creates an
additional electric field that opposes the Lorentz force.
In equilibrium, the Hall voltage that develops across the
conductor is proportional to the current, the magnetic
field, and the nature of the charge carriers [2].

The anomalous Hall effect (AHE) differs from the
ordinary Hall effect in that it arises not only due to the
action of the magnetic field on the charge carriers in
the conductor but also due to the internal structure of
the material, particularly the spin of the electrons. This
phenomenon depends on the spin polarization of the
electrons and can be significantly stronger than the OHE
in materials with a high degree of spin polarization [3].

The anomalous Hall effect was first observed in
the 1880s by Edwin Herbert Hall, but its “anomalous”
aspects became the subject of detailed study much later
when physicists began to understand the role of quantum
properties of materials, particularly electron spin. The
modern understanding of the anomalous Hall effect is
closely tied to the development of quantum mechanics
and solid-state physics in the 20th century [4].

The aforementioned Hall effects were discovered and
applied at the macro level, while other Hall effects were
identified at the micro level many years later. Among
these is the planar Hall effect (PHE), discovered in
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the 1960s. This variation of the traditional Hall effect
is observed in thin films or two-dimensional materials
when a magnetic field is applied parallel to the plane of
the sample, rather than perpendicular as in the classical
Hall effect. This phenomenon reveals the dependence
of the electric field intensity on the direction of the
magnetic field within the plane of the sample, unlike the
usual Hall effect where the field intensity depends on the
perpendicular magnetic field [5].

The planar Hall effect is closely related to the
phenomenon of anisotropic magnetoresistance, where
the material’s resistance changes depending on the
angle between the magnetic field direction and the
electric current direction. In many cases, the PHE can
be enhanced or modulated through spin-dependent
interactions in the material, making it significant for
research in the field of spintronics [6].

Theoretically, the PHE can be explained by the
dependence of charge carrier mobility on the magnetic
field and the anisotropy of scattering in the material.
These effects influence the distribution of charge carriers
in the sample and induce a transverse field intensity
similar to the classical Hall effect but with an additional
dependence on the orientation of the magnetic field [7, 8].

In 1971, the foundations for the spin Hall effect
(SHE) were laid. This quantum-mechanical phenomenon
enables the generation of spin current in semiconductors
and other materials without the use of external magnetic
fields. Much later, in 2004, with the development of
highly sensitive methods for measuring spin currents,
the effect was confirmed experimentally. The SHE arises
due to spin-orbit interaction in the material. When an
electric current flows through the material, electrons
with different spin orientations are deflected in opposite
directions due to the interaction of their spins with the
internal electric field of the crystal lattice. This deflection
creates a redistribution of spins, leading to the emergence
of a spin current perpendicular to the primary electric
current [9].

There are two main types of the SHE: intrinsic and
extrinsic. The intrinsic SHE arises directly from spin-
orbit interaction in the crystal lattice of the material. The
efficiency of this process depends on the symmetry of the
crystal and the electronic structure of the material. The
extrinsic SHE is caused by the scattering of electrons on
defects, impurity atoms, or interfaces. This effect depends
on the interaction between the spins of the electrons and
the atoms on which they scatter [10].

Later, in 1980, the integer quantum Hall effect
(IQHE) was discovered — a quantum mechanical
phenomenon observed in two-dimensional electron
systems at low temperatures and under the influence of
a strong magnetic field. IQHE is characterized by the
quantization of transverse (Hall) resistance and zero

longitudinal resistance. The effect was first observed by
Klaus von Klitzing during experiments that demonstrated
the quantization of Hall resistance with extraordinary
precision, allowing IQHE to be used as a standard
for measuring electrical resistance. The theoretical
explanation of IQHE is based on the concept of Landau
levels and quantum mechanics. In a strong magnetic
field, electron orbits are quantized, forming Landau
levels. Electrons fill these levels, and the Hall resistance
becomes quantized [11, 12].

In 1982, the fractional quantum Hall effect (FQHE)
was discovered — one of the most remarkable
phenomena in condensed matter physics, observed in two-
dimensional electron systems at very low temperatures
and under strong magnetic fields. Discovered by Daniel
Tsui and Horst Stormer, this phenomenon demonstrates
the quantization of Hall resistance not only at integer
values, as in the IQHE, but also at fractional values.

Unlike IQHE, which can be directly explained
through independent electrons, FQHE arises due to strong
correlations between electrons, forming complex many-
body states. FQHE was first observed in experiments
with two-dimensional electron gases in heterostructures
based on gallium arsenide (GaAs) [13]. The discovery
was made during the study of the integer quantum Hall
effect when it was noticed that Hall resistance plateaus
occurred at fractional fillings of Landau levels [14].

Although direct practical applications of the FQHE
have not yet been found, research into this phenomenon
deepens our understanding of quantum mechanics,
quantum electrodynamics, and the potential for creating
quantum computers based on qubits that utilize states
characteristic of the FQHE.

The inverse spin Hall effect (ISHE) was first
theoretically predicted in 1971. However, experimental
confirmation of the ISHE was obtained much later, in
20006, by the group led by Eiji Saitoh in Japan [15].

The ISHE is a fundamental phenomenon in spintronics,
which allows the conversion of spin current back into
charge current. This phenomenon is the reverse of the
SHE, where an electrical current through spin-orbit
interaction generates a spin current, separating electrons
with different spin orientations to opposite edges of the
sample [16, 17].

ISHE is crucial for the development of spintronics
because it enables the electrical detection of spin currents
without using ferromagnetic materials. This can be
utilized in various devices such as spin transistors, spin
logic devices, and sensors. Moreover, ISHE plays a key
role in studying spin phenomena and developing new
technologies for controlling spin states at the microscopic
level. ISHE has been investigated in a variety of materials,
including semiconductors, metals, and insulators. Recent
research focuses on finding materials with a high spin
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Hall angle to enhance conversion efficiency and develop
high-performance spintronic devices [18, 19].

The quantum spin Hall effect (QSHE) is one of the
key phenomena in modern condensed matter physics.
QSHE is observed in so-called topological insulators —
materials that behave as insulators in their bulk but have
conductive edge states where electrons can move without
energy loss. Electrons moving along different edges of
the sample have opposite spin polarizations, allowing for
the creation of spin currents without the use of external
magnetic fields. QSHE can be viewed as a variant of the
quantum Hall effect, but without the need for an external
magnetic field [20].

The QSHE was theoretically predicted in 2005
by physicists Charles Kane and Eugene Mele, who
developed a model describing this phenomenon in
graphene. The first experimental observation of QSHE
was made in 2007 in mercury telluride (HgTe) based
heterostructures [21].

Theoretically, QSHE is explained by the presence
of unusual topology in the electronic bands of the
material, leading to the formation of edge states that
are topologically protected. These edge states cannot
be localized or scattered by ordinary defects or
inhomogeneities in the material, making them ideal for
dissipationless electron transport [22].

The Bernevig—Hughes—Zhang model is one of
the main theoretical models describing QSHE. It was
developed for a system based on HgTe/CdTe quantum
wells and shows how quantum wells with band inversion
can lead to the emergence of edge states exhibiting
QSHE [23].

The quantum anomalous Hall effect (QAHE)
combines the QHE and the AHE without the need for an
external magnetic field. The QAHE is characterized by
a quantized value of the transverse electrical resistance
in the absolute absence of an external magnetic field,
resulting from internal magnetic orientation and strong
spin-orbit interaction in the material. The first theoretical
prediction of the QAHE was made in the 1980s, but

experimental observation was achieved only in 2013 in
systems based on thin films of Cr-doped (Bi,Sb),Te;,,
which are topological insulators [24].

The valley Hall effect (VHE) is a phenomenon
in solid-state physics that occurs in two-dimensional
materials with hexagonal symmetry, such as graphene
and transition metal dichalcogenides (TMDCs). The
VHE is characterized by the separation of charge
carriers belonging to different valleys of the energy
spectrum along opposite edges of the sample under the
influence of an electric field, without the application of
an external magnetic field. The VHE was theoretically
predicted and later experimentally observed in various
two-dimensional materials. One of the first materials
where the VHE was observed was graphene, followed
by similar effects being found in TMDCs such as MoS,,
WSe,, and others [25].

The photo-induced Hall effect (PIHE) is a
phenomenon where optical illumination of a material
leads to the emergence or modification of the Hall effect.
This phenomenon demonstrates how light can influence
the electronic properties of materials, particularly their
ability to conduct electric current in the presence of a
magnetic field [26].

Under the influence of light, charge carriers (electrons
and holes) can be generated in the material, altering
the distribution of electrons across energy levels and
affecting electronic conductivity. Optical radiation can
change the characteristics of the Hall effect in a material,
such as increasing or decreasing the Hall resistance [27]
or even affecting the magnetic properties of the material
[28]. PIHE offers the possibility to control the electronic
properties of materials directly through radiation, which
can be used in optoelectronics and quantum computing.
PIHE has been investigated in various materials,
including semiconductors [29], films [30], perovskites
[31], and two-dimensional materials [32].

Fig. 1 shows the timeline of the discovery of Hall
effects and Fig. 2 demonstrates the basic principles
of Hall effects including power sources, magnetic
inductance and Hall voltages.

1879 1881 1968 1971 1980 1982 1984 2007 2013 2014 2018
OHE AHE PHE SHE QHE FQHE ISHE QSHE QAHE VHE PIHE
Hall Effect:
| \/ | | | \\ | | a ects
| I | | | | I | | Time Line
1860 1880 1900 1920 1940 1960 1980 2000 2020 2040

Fig. 1. Timeline of discovery of Hall effects:

OHE — ordinary; AHE — anomalous; PHE — planar; SHE — spin; IQHE — integer quantum; FQHE — fractional quantum;

ISHE — inverse spin; QSHE — quantum spin; QAHE — quantum anomalous; VHE — valley; PIHE — photo-induced
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Fig. 2. Overview of the basic principles of Hall effects:

V,, — Hall voltage; /,, I,— electric current direction; B, B, — magnetic field inductance direction; /', — Lorentz’s force;
E — electric field; M, — spontaneous magnetization due to spin-orbit coupling
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Integration of Hall Effects

Examining the application of Hall effects at macro-,
micro-, and nanoscale levels reveals the growing
interest researchers have in this field. Over the past
seven decades, various Hall effect-based devices
have been extensively studied. In addition to classical
textbooks published several decades ago [33], which
predominantly focus on the ordinary Hall effect, books
and articles dedicated to quantum Hall effects — QHE
[34—-36] and QSHE [37] — have emerged in the early
twenty-first century.

Following the attempts to incorporate the Hall effect
into devices and circuits, several structured books [38,
39], industrial handbooks [40], and review articles [41,
42] have been published. In the 1990s and early 21st
century, partial reviews in specific areas, such as the
application of giant magnetoresistance in electrical
current measurement [43], were conducted. However,
those reviews were limited in scope, and the described
devices are now outdated and have been replaced by
digital solutions. Therefore, a modern review covering
all areas is timely and relevant.

Evidence from previous publications indicates the
utility of Hall effects in various applications. Among
macro devices, one can find insulators, converters,
circulators, phase detectors, and magnetometers.
Several decades ago, Honeywell, a leader in the sensor
industry, introduced specialized measuring devices [40].
These devices included Hall effect-based sensors for
measuring flow velocity, current, temperature, pressure,
speed, angle, revolutions per minute, position, and
more. Applications include sensors for office machines,
magnetic card readers, brushless DC motor sensors,
piston position detectors, and others (Fig. 3).

Advantages and Disadvantages of Hall Sensors

Hall sensors are widely used in various industrial
applications due to their ability to measure magnetic
fields without direct contact. Here are some key
advantages and disadvantages of Hall sensors.

Advantages

Non-contact measurement: Hall sensors measure
magnetic fields without physical contact, which reduces
wear and extends the sensor's lifespan.

Reliability: these sensors are generally reliable and
durable, capable of operating in diverse environments
without performance degradation.

Versatility: Hall sensors can be used in a wide range of
applications, including speed detection, position sensing,
and current measurement.

Galvanic isolation: they provide electrical isolation
between the measurement circuit and the current,
protecting against grounding potential differences and
enhancing safety.

Cost-effectiveness: Hall sensors typically offer a
good price-to-performance ratio and require minimal
maintenance over their operational lifetime.

Disadvantages

Sensitivity to external magnetic fields: Hall sensors
require relatively strong magnetic fields to operate, which
can limit their sensitivity and accuracy in some applications.
They may also be affected by external magnetic fields and
electrical noise, leading to measurement errors. Sensitivity
depends on sensor dimensions and material properties that
requires different sensors for different applications (i.e. for
weak and strong magnetic fields).
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Fig. 3. Hall effects and their applications in electronic devices
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Frequency range: Hall sensors have a limited
frequency range and can be more expensive compared to
other types of sensors, such as those based on resistive,
capacitive or inductive principles.

Need for external magnets: some types of Hall
sensors require an external magnet to operate, which can
complicate integration into existing systems.

Despite these limitations, the advantages of Hall
sensors often outweigh their disadvantages, making them
a preferred choice for various applications, including
automotive, aerospace, and industrial sectors. Their
ability to detect and measure magnetic fields without
direct contact is crucial in applications where mechanical
wear and environmental conditions might impact sensor
performance.

Overview of Hall Effect Mathematical Models

Classical Hall Effect Model

A model that describes the ordinary Hall effect is
shown in Fig. 2, a, where classical approach to the Hall
effect is based on a well-known set of assumptions and
equations. Let’s assume that free charge carriers in
semiconductor (conductor) are in a state of equilibrium.
The essence of the galvanomagnetic Hall effect can be
explained as follows: if an electric current /_is passed
through a relatively long plate (where />>d), made from a
semiconductor, such as one with n-type conductivity, and
the plate is placed in a magnetic field, then each electron
moving inside the plate experiences a Lorentz force.

Assuming that the magnetic induction vector B is
directed perpendicular to the plane of the plate, i.e., along
the z-axis, the Lorentz force is given by

F=e¢,vB, (D

where e, — charge of an electron;
v — average velocity of charge carriers in the
direction of the current /..

Under the influence of this force, electrons will be
deflected toward one of the longitudinal edges of the
plate, leading to an increase in their concentration at that
edge and a decrease at the opposite edge. This results in
a spatial separation of charges and the development of a
potential difference between the edges, which gives rise
to a transverse component of the electric field, known
as the Hall field intensity. As a result, in addition to the
Lorentz force, an electric interaction force begins to act
on the electrons, which can be defined as

F,=¢,E ©)

"

The accumulation of charges at the longitudinal edges
of the plate will continue until the action of the Hall
electric field on the charges is balanced by the Lorentz

force. The equilibrium condition will be expressed as
Ey: vB. 3)

Since the current /_flowing through a rectangular
plate of cross-sectional area bxd is related to the average
drift velocity of the charge carriers by the following
relation:

1

yv=—— 4
e,nbd @
the expression for electric field E, will be
1
E =——B. ®)
Y eynbd

From equation (5) it is now possible to get the Hall
voltage:
I.B R
eh:Eyb:_x :—hlB,
end d

(6)

where R, — Hall coefficient, which depends on the nature of
the material of the sensing element, R, = 1/e,n;
n — electron concentration per unit volume (if they
are main charge carriers).

Hall coefficient R, usually can be experimentally
measured by Van-der-Pauw method that allows to
determine the electrical conductivity, resistivity, charge
carrier concentration and the charge carrier mobility of
materials (bulk and thin films) as well.

Magnetoresistance Hall Model

To describe this model, the Drude model is used.
This approach allows for the assessment of the change
in resistance of a sample and is also applied in cases
where the scattering mechanism of carriers is unknown
or not important [46]. The equation of motion for the
momentum of a free carrier is
dp_ P f,

dt T M

where p — momentum of each free carrier;

T— mean free time of the carrier;

F — external force.

The velocity v of free charge carriers in 3D material is

V=v i+, y+v,z, ®
resulting electric field is

E=EX+E,p, ©)
magnetic field directed along z-axis is

B=B.:2, (10)

then equation (7) can be expressed as the equation of
motion

d 1), = Lz
me[——l——]v:q(E—i—va), (11)
dt
where m, — effective mass of the free charge carrier;

q — charge of the carrier (positive for holes, negative
for electrons).
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In the case of direct current along x-axis
d 1
F, :me[——f——]vx:q(Ex—i—vsz). (12)
d 1

In the stationary state equation (12) can describe the
charges velocity behavior:

MoV, _ _qE, :

- =q(E, +v,B.)—v, = oyt (13)
m,v qiE

ey _ y

- —q<Ey +vaz)—>vy = —0V,T, (14)

where o, — cyclotron frequency (in Hertz), which is
defined as

. (15)

For the stationary state and v =0 in the presence of
a magnetic field, the resistance tensor p, electric field £
and electric current j are defined thus:

(B E)=[P Py Pro P10 7)) (16)

Equation (16) shows that magnetoresistance highly
dependent on the isotropic properties of materials and
the direction of the magnetic field.

Dynamic Magneto-Conductivity Model
for Charge Carriers

In the case of a variable (oscillating) magnetic field,
the model requires a new approach. In this case, the
Drude model is combined with perturbation theory. The
quantum Hall effect is only noticeable in strong magnetic
fields; however, it is not considered in this particular
model. In this instance, equation (11) is modified as
follows:

v v 5L, =
E[E—F?]—q(E—I—VXB), (17)
where the value of the carrier velocity is
V=y,+eh +e,; (18)
v|IB
i M‘ | <1, (19)
2

where € — the term that defines the magnetic field perturba-
tion;
v, v, — the first and second terms that define the carrier
velocity, respectively;

v,— the term that is unrelated to the perturbation
(expresses the carrier velocity without the appli-
cation of the magnetic field);

g, 82— the first and second orders of the carrier velocity
perturbation, respectively.

For the case of zero approximation £° (absence of
magnetic field), equation (17) is

(20)

Assuming E is constant, we get dv, /dt =0 and
vy = 1 E, where p, — effective mobility of free carriers.

For the current density J = gnv we can transform
equation (20) thus:

2
Jy="11E—6,E.

21
m@
For the first-order approximation, equation (17) takes

the following form:

[dvl 5
m, —t+—|q

Vx B,
dt t

(22)

where B(t) = B, exp(—iot) and ¥, (¢) = ¥, exp(—iot).
Then from equation (22) we can find the velocity v,

L _WExB,

Vi = (23)

1—iwt
Finally, equation (21) for current density J 10 1s defined
through the tensor:

ook, By
1—iot

— -

xE . 24)

10 —

The second-order approximation is defined in a
similar manner. Thus, equations (17)—(24) show that the
current density for a variable magnetic field is a complex
value and must be taken into account in experimental
measurements. Equations (1)—(24) are fundamental to
the design of macro and micro Hall sensors and help to
find the most suitable semiconductor materials.

Devices Based on the Hall Effect
Macro-Devices

Currently, there is a large number of devices and
applications for the Hall effect, awaiting their classification.
The devices are divided into three categories: macro-
sized (> 1 mm), micro-sized (> 1 um), and nano-sized and
quantum (< 100 nm). Let us first examine macro-devices,
given that they were the first to emerge in this field.

PHE sensors are increasingly used in the biomedical
field, particularly in magnetic biosensor platforms for
detecting magnetically labeled biomolecules and cells.
The advantages of PHE sensors, such as their ability to
operate without external magnetic fields, make them
suitable for portable and cost-effective on-site testing
devices. For example, they have been used to detect beta-
amyloid biomarkers, a key factor in Alzheimer's disease
research, where their high sensitivity and low noise
level enable effective detection of low concentrations of
biomarkers [48, 49].

High-resolution magnetometry is another important
area where PHE sensors are used. Arrays of elliptical PHE
sensors have been developed to achieve exceptionally
low equivalent magnetic noise, making them ideal
for detecting subtle variations in magnetic fields. This
capability is crucial for applications requiring precise
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magnetic field measurements, such as geological and
archaeological research or specific types of industrial
equipment monitoring [50].

PHE sensors are increasingly being explored for
their applications in robotics, particularly in the fields
of localization and tracking. These sensors are used
in magnetic capsule endoscopy, where their ability to
accurately track the position of capsules within the body
is essential for diagnostic purposes. They are a vital
component in the development of magnetic tracking
systems that assist in precise navigation and manipulation
of robots, especially in complex and constrained
environments [51].

Micro-Devices

CMOS Hall effect sensors are widely used across
various fields due to their versatility, integration
capabilities, and cost-effectiveness. These sensors are
typically used for current sensing, position detection,
and non-contact switching. Their integration into CMOS
technology ensures high performance with low energy
consumption, making them particularly suitable for
compact devices.

In the automotive industry, CMOS Hall effect sensors
are used for position and speed measurements and
are incorporated in systems such as anti-lock braking
systems and engine synchronization. Such sensors are
also notably used in consumer electronics, such as
smartphones, for detecting magnetic fields and assisting
in navigation [52, 53].

A notable example of this is the linear 3D Hall
effect sensors from Texas Instruments designed for high
integration with built-in angle computation capabilities.
This integration simplifies system design by reducing
the need for complex external processing, which in
turn accelerates development time and enhances system
performance, providing high sampling rates and low
latency for real-time control [54].

The use of graphene Hall effect sensors is growing
in various industries due to their unique properties,
including ultra-high sensitivity and resistance to
environmental factors such as radiation and temperature.
These sensors are used in high-temperature power
electronics, electric machines, and drives, particularly in
the aerospace sector. Their ability to reliably operate at
temperatures up to 230°C allows them to be integrated
directly into machines or power modules, enhancing
design flexibility and performance [55].

Nano- and Quantum Devices

Nano-sized Hall effect sensors are being researched
and utilized in several cutting-edge programs due to their
high sensitivity and compact size. They are particularly
important for the development of biomedical devices,
where their ability to measure magnetic fields with high
precision is crucial. These sensors are integrated into
medical braces to monitor forces applied to the body,

aiding in the treatment of musculoskeletal disorders.
This approach not only helps understand the interaction
between the device and human skin but also allows for
the customization of medical treatments to improve
patient outcomes [56].

Additionally, these nanoscale sensors play a key
role in the development of next-generation electronic
devices, leveraging their small size and sensitivity to
enhance the functionality of compact systems. They
are designed for integration into various electronic
applications, including high-speed switches and sensor
arrays, where traditional Hall sensors may be unsuitable
due to size constraints [57].

While Hall effect sensors are well-known, there
are less familiar components based on the same effect,
such as amplifiers. Recently, a new nanoscale device
component called HAND (Hall effect nano-device)
has been developed and modeled. HAND is based on
the well-known Hall effect and may enable circuits to
operate at very high frequencies (tens of terahertz).
Further precise analytical models have been developed
to support the understanding of the device's functionality,
including addressing specific phenomena such as heat
transfer and the potential application of mega-magnets
within integrated circuits. This new device, combining
both the Hall effect and nanoscale dimensions, has the
potential to revolutionize computation speeds in the
world of microelectronics [58].

Material Selection for Hall Sensors

Choosing the right material for Hall sensors is crucial
as it directly impacts their performance, sensitivity,
durability, and suitability for specific applications.

The selected material should have good electrical
conductivity to ensure effective charge carrier flow,
which is vital for generating Hall voltage. High carrier
mobility is desirable as it enhances the sensor’s sensitivity
to magnetic fields. Stability under operating conditions
such as temperature, humidity, and exposure to chemicals
or radiation is essential for ensuring long-term reliability.
Economic factors, such as the cost and availability of
materials, also play a significant role in material selection,
especially for industrial production.

Commonly used materials include:

silicon — the most prevalent material for Hall
sensors due to its excellent semiconductor properties,
wide availability, and well-established processing
technologies. Silicon sensors can be easily integrated
into various electronic circuits [59, 60];

indium antimonide (InSb) — known for its high
electron mobility, making it very sensitive and suitable
for precise Hall sensors. However, it is less common than
silicon due to its high cost and more complex production
process [01];

gallium arsenide (GaAs) — provides higher
electron mobility than silicon and better stability
at high frequencies and temperatures. It is used in
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Parameters of some semiconductor materials

Band Effective mass : Lattice Mobility, " 1074
. Refractive
Semiconductor gap, index constant. V-s
eV nm
m, m, M, Wy,
. . 0.98(]])
Silicon (Si) 1.11 0.19(L1) 0.52 3.44 0.543 1350 480
Germanium (Ge) 0.67 1.58(1D 0.3 4 0.566 3900 1900
0.08(L 1)
. 5.56(][)
Selenium (Se) 1.74 0.12 3.72(L 1) 1
. 0.26(])) 3.07(1)
Tellurium (Te) 032 | 00381 | (5 | yesclh) — 1100 —
Gallium Nitride a0.318
(GaN) 3.5 0.2 — 24 c0516 150 —
Gallium Arsenide 1.43 0.07 0.5 3.4 0.5653 8600 400
(GaAs)
Indium Antimonide 5000
(InSb) 0.17 0.0133 0.18 3.75 0.64787 76000 (78000)
Indium Arsenide | 54 0.028 0.33 3.42 0.6058 30000 240
(InAs)
Zinc Selenide (ZnSe) 2.58 0.17 — 2.89 0.5667 100 —
Cadmium Sulfide 0.7(LL) a0.4136
(CdS) 2.53 0.2 s(l) 2.5 c 06713 210 —
Cadmium Selenide 2.5(1) a0.4299
(CdSe) 174 0.13 0.4(LL) - ¢0.701 300 -
Cadmium Telluride
(CdTe) 1.5 0.11 0.35 2.75 0.6477 600 —
Mercury Selenide
(HgSe) -0.15 0.045 — — 0.6085 5500 —
Mercury Telluride 100
(HgTe) 0.14 0.029 0.3 3.7 0.642 22000 (20000)
Indium Phosphide | »¢ 0.07 0.4 3.37 0.586 4000 650
(InP)
Graphene 0 0.01 — 2.6 2.46 200000 —
Zinc Oxide (ZnO) 3.37 0.24 — 2.0 4.6 200 —
CulnGaSe 1.04 — — 2.7 5.78 100 —
InGaAs 0.74 0.041 — 3.51 5.87 12000 —
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applications requiring very high sensitivity and fast
response times [62];

graphene — anew material in Hall sensor technology
due to its exceptional electron mobility and sensitivity.
It can operate over a wide temperature range and is
highly resistant to environmental factors. Graphene-
based sensors are particularly promising for advanced
applications in quantum and molecular electronics [63].

Materials such as aluminum gallium nitride (AlGaN)
and indium phosphide (InP) are used in specialized
applications where high performance is needed under
extreme conditions. Integrating magnetic nanoparticles
or quantum dots into traditional semiconductor matrices
can enhance magnetic sensitivity and tuning capabilities
of Hall sensors. Organic materials are being explored for
wearable flexible sensors, thus opening new possibilities
for medical electronics [64].

The parameters of semiconductors commonly used
in various devices, as well as some photo-conductive
semiconductors, are listed in Table 1.

The parameters of semiconductor materials presented
in Table 1 and the Hall effect mathematical model show
that the best decision to maximize sensor sensitivity is to
apply thin semiconductor materials with a higher electron
mobility p, and a lower hole mobility p,. While graphene
is a highly promising material, the 2D electron gas
behavior, which is common in the presence of quantum
effects, must be taken into consideration.

Conclusions

Analytical review of Hall effects has shown their
extensive applications in a variety of sensor devices,
ranging from macro to nano and quantum. Conducted
theoretical research has shown, that simple miniaturization
and the application of new materials alone will not satisfy
all current and future demands. A promising solution
would be to use different combinations of semiconductor
materials and modify their parameters (conductivity,
charge carrier concentration) by applying external
irradiation (e.g. photo-induced Hall effect) or another
form of influence.

A review of existing technological solutions has
shown that the Hall effect has wide applications in
macroscopic devices, such as magnetic sensors and
measurement systems. These devices are key elements
in various industries, including automotive, aerospace,
identification, and energy.

Examining the use of the Hall effect at the micro-
and nano-levels showed that this phenomenon serves
here as the basis for the development of highly sensitive
sensors capable of detecting extremely small changes in
magnetic fields and electrical parameters of materials. It
would be rather challenging to design a new, universal
wide-range Hall sensor that can operate in both weak
and strong magnetic fields, as well as being suitable

for miniaturisation and integration into new electronic
devices, such as smartphones and medical devices.

The prospects for applying the Hall effect in sensors
for quantum devices, including quantum computing
systems and sensors, were explored. The integration of
the Hall effect into quantum systems can significantly
improve the accuracy of measurements and the stability
of calculations in quantum processors, which is critically
important for the further development of quantum
technologies.

These research findings are essential for future
studies of the Hall sensor that operates under external
light radiation aimed at improving its sensitivity and
minimizing common disadvantages in comparison to
other types of Hall sensors.
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CTAH TA IIEPCIIEKTUBU PO3BUTKY CEHCOPIB XOJIJIA

JUIA EJJEKTPOHHUX ITPUJTAAIB

Cmpivkuil po3eumox meepOomilbHOI eleKMPOHIKU GUMALAE WBUOKO2O PO3GUMK)Y CEHCOPHOL eleKMpOHIKU, 30Kpemda
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JOCIIII)KEHHA MOXJIMBOCTI BUKOPUCTAHHA
MATEPIAJIIB HA OCHOBI CdTeSe JJIS JETEKTOPIB
[OHI3YIOUNX BUITPOMIHIOBAHD

IIpedcmasneno pesyibmamu KilbKiCHUX QOCTIONCEHb BNAUSY BMICHTY OOMIUOK MA CIMPYKMYPHUX OepeKkmis Ha enekmpopizuu-
ni ma oemexmopni enacmusocmi CdTe,, ,Se, i CdTe, 4sSe, )5, 30kpema 3 dooasannsm Mn, Mg, Zn. [Jociodnceno éniug oedex-
mie Ha NUMOMULL ONIP, KOHYEHMPAYIl0 BLIbHUX HOCIIB 3apsdy, pieenb Depmi, uac Hcumms HEPIBHOBANICHUX HOCTIE 3apsdy ma
epexmusHicms 300py 3apa0ie y demekmopax eunpominoeans Ha ocrosi CdTleSe:In npu memnepamypi 25°C. Bemarnoeneno
3anedxcHocmi enacmusocmeti 6i0 6Micmy OOMIUOK Ma 6aKAHCIU Kaomito ma menypy. Pozensanymo cnocioé 0ocseHenHs 6UCoKo-
OMHO20 CIAHY, XaPAKMepHo20 01 Mamepiany 0emeKmopHoi SIKOCMI.

Kmiouosi cnosa: CdTeSe, mooenosants, 0emekmopHi 61acmugocmi, enekmpopizuuri e1acmusocmi, degekmu cmpyKmypu,

2UOOKI Pi6HI.

Kpucramu va ocaoi CdTe 3 nobaBkamu Zn, Mn, Mg,
Se po3maaoThCA HUHI SK Marepiai Uil PeHTTCHIB-
CBKHX 1 raMMa-JeTeKTOPiB IPH KiMHATHII Temmepary-
pi [1-6]. KoedirienT po3nomiay IHHKY B TEIypHIi Kaj-
Mmiro Oibmmit 3a oguaMIo (1,35), i CdZnTe xapaxrepu-
3y€ThCS BIJICYTHICTIO KOMITO3MIIIMHOI OTHOPIAHOCTI K Yy
MIKpO-, TaK i y MakpoMaciiTadi, a TAKOXK HAsIBHICTIO BH-
COKHMX KOHIIGHTpAIIil CyO3epeHHIX IPaHuUIIb (IUCITOKAIIiH-
HUX CTIHOK) Ta BTOPUHHUX (ha3 (JIOMIIIIKH, 30aradeHi Teiy-
pom). Koedirmient cerperarii enementis Mn i Mg B CdTe
OnM3BKHUH 110 1, 1110 pOOUTS 111 IBa €TIEMEHTH OLTBII PIBHO-
MIpHO PO3MOIiICHUMH Y 3TUTKY [7, 8]. Temypua xagmito
i fioro cruias i3 cenenom CdTeSe MaroTh BUCOKHIA TIOTEH-
I1iaJ1 Il BUKOPHCTAHHSI B OIITOCICKTPOHHUX MPUCTPOSIX,
30KpeMa i B geTekTopax panianii [1, 9]. JlomaBanus Se 1o
CdTe mokparitye Taki eIeKTPOHHI BIACTHBOCTI Marepiaiy,
SIK 4ac KUTTSA HEPIBHOBOKHHUX HOCITB 3apsiILy, eICKTPOHHA
PYXJIMBICTB, @ TAKOXK JJO3BOJISIE PETY/IIOBATH 3a00pOHECHY
30HY, 1110 TAKOX POOUTH HOTO NMEPCTICKTUBHUM KaHANa-
TOM JUJISl 3aCTOCYBAHHS B JICTEKTOpax i BUCOKOC(EKTUB-
HUX COHSYHHUX enemenTtax [10, 11].

Ha po6oui XxapakTepHUCTHKH €ICKTPOHHUX IpHiIa-
IiB 3HAYHO BIUTUBAE HASBHICTH CTPYKTYPHUX AE(EKTIB,
SIKi MOJKYTh BH3HAUYaTH eNEKTPO(Di3UUHI Ta TETEKTOPHI
BJIACTHBOCTI Marepiaity. OMHUMH 3 HAWTIOIINPEHIIIHX Je-
¢exrib crpykrypu B CdTe € Bakancii kaamiro V., [12],
Tenyp Ha micui kaamiro Te, [13], Bakancii Tenypy Vo,
[14], cenen Ha MicITi KaaMit0 SeC d [15]. Ha#tOinb1ir mrki-
JMBHUMH CTPYKTYPHUMH Je(PEKTaMH AJISI TPAHCIIOPTHUX
xapakTepucTuk MarepianiB Ha ocHOBI CdTe 1 CdTeSe
MOXYTb OyTH BaKaHCii KaJIMit0 chd’ [12, 16], sixi 3HAUHO
3MEHIIYIOTh YacC KUTTS HEPiBHOBAKHUX HOCIIB 3apsy T
Ta e(peKTUBHICTH 300py 3apsaiB 1. [y KomneHcarii nux
JIBOKPATHO 3apsi/DKEHHX aKIETITOPHUX JePEKTiB BBOJIATD

JIETYBaJIbHI JOMIIIKU MIJIKMX TIOHOPIB, HanpuKia In [6].
Bynb-sikuii HamiBIIPOBAHUKOBHH MaTepial AETEKTOPHOI
SIKOCT1 TIOBHHEH MAaTH BHCOKHUI MUTOMHI Omip, a came
p=~10'° Om-cMm. Lle 3HAYHO YCKIAAHIOE €KCIIEPHUMEH-
TaJNbHE JOCIIIKCHHS BIUIUBY i-X CHEPreTUYHUX PIBHIB
E; B 3a60poHeHii 30Hi, TIEpepi3y 3aXOMIOBaHHA HEPIB-
HOBQKHUX HOCITB 3aps/ly G, Ta KOHLEHTpAIil 1edeKTiB
N, Ha yac UTTsS HEPIBHOBAKHMX EJIEKTPOHIB T, Ta [i-
POK T, EIIEKTPOHHY PYXJIMBICTb |1, , & TAKOXK Ha €PEKTUB-
HIiCTB 300Dy 3apsAiB IETEKTOPA 1) Ta HOTO MUTOMUIT Omip
p. ExcriepumenTanbsHi 3pa3ku MaTepiajiB 3a3BU4ail Mic-
TSTB IOMINIKH Ta IePEKTH y (HIKCOBAaHUX KOHIICHTPALLISIX,
1[0 HE A€ MOYKJIMBOCTI BUSHAYUTH IX MICLIE B 3arajibHii
KapTHHI 3MiHH €JIEKTPO(i3NIHUX Ta AETCKTOPHUX BIIac-
TuBOCTEH. KiNbKiCHI IOCITIUKEHHS TapaMeTpiB p, W, T,
T, Ta 1) 33 I0MIOMOTOK0 CKCIICPHMEHTATBHO BU3HAYCHUX
BeNMYUH E, G, N; N103BOJISIOTH 3pO3yMiTH MEXaHi3MH
3MiHH eNeKTPO(DI3UUHKX Ta ICTEKTOPHUX BIACTHBOCTEH
marepianiB Ha ocHOBi CdTeSe 3asexxHo Bix mapaMeTpiB
JIOMIIIOK 1 1e(heKTiB, a TAKOX 3’SICYBaTH iIHTEPBAIH 3MiH
IXHBOT KOHIICHTpAIIil, B MEXaX SIKUX MOXHA OJICPKATH
HAIiBIIPOBIIHHUK JETEKTOPHOI sIKOCTI. JlomaBaHHs cene-
Hy B CdTe [16], CdZnTe [17, 18], CdMnTe [3], CdMgTe
[1] mOKpaIyOTh BIACTHBOCTI MEPEHOCY BITBHUX HOCI-
B 3apsay. Jns 3’sCcyBaHHS MeXaHi3MiB BIIUBY CEJICHY
Ha eJeKTpo(i3nuHi Ta IETeKTOPHI BIACTHBOCTI ITUX Ma-
TepialliB MOAENbHI JTOCHIHKEHHS CITiJ] IOYWHATH 3 Haki-
npoctimoro 3 Hux — CdTeSe 3 BimomumM BMicTOM j€-
(bexTiB Ta TXHIX XapaKTEPHUCTHK.

Mertoto 11iei poboTu Oyno BU3HAYCHHS METOJOM
KOMIT IOTEPHOTO MOJICIIIOBAHHS ONTHMAIBHOTO BMICTY
JIOMIIIOK i CTPYKTYpPHUX Ae(DEKTiB, a TAKOXK XapakTepy ix
BIUIMBY Ha €JIEKTPO(DI3MYHI Ta JJIETEKTOPHI BIACTHBOCTI
CdTe(Mn, Mg, Zn)Se, BUXOJ4H 3 BIIACTUBOCTEH MaTe-

TeXHOJIOTisl Ta KOHCTPYIOBAaHHS B JICKTPOHHIH anapatypi, 2024, Ne 3—4

ISSN 2225-5818 (Print)
ISSN 2309-9992 (Online)

15



CEHCOEJIEKTPOHIKA

pianis CdTe ,Se, | Ta CdTe0 055€0,95» ICTOBAHNX 1HIiEM
Ta eKCIIEPUMEHTAIBHO TOCIHIKEHUX y [16].

Bukopucrani mojaeni Ta matepiaiau

Jnis mnocnipKkeHHs eNneKTpodi3MIHNX Ta IETEKTOPHHUX
BiactuBocteit marepianiB CdTeSe:In morpibHO 3HATH
MTOYATKOBHI CKJIAJl HOTO NE(EKTIB Ta TOMIIIOK. ABTOPH
[16] ineHTH}IKYBaTH TOUYKOBI J1e(DEKTH y BUNIISAI PiBHIB
SHepril B Mexkax 3a00pOHEHOT 30HU KPUCTAJIa B TBOX TH-
nax jerekropiB Ha ocHoBi CdTeSe, BupomeHnx y pi3HuX
ymoBax. Lli piBHI eHeprii, OTpuMaHi eKCIIepUMEHTAIb-
HO, TIPEJICTaBJICHO B Ta0muii. HaBeneHi TaM BeTUInHH
TEPEPIi3y 3aXOILIIOBAHHS G, HEPIBHOBAKHUX HOCITB 3aps-
Jly piBHAMHU JedeKTiB Bu3Hauanucs y [16] 3a momnomo-
roro metoauku DLTS (deep level transient spectroscopy)
1 MPH MOJICITIOBaHHI BUKOPUCTOBYBAIMCS JIJISl BCIX PiB-
HIB, 32 BUHSITKOM €JICKTPOHHOT MaCTKU £ = 0,87 eB. st
Hei Oysa NpuiiHATa BEMYMHA G,, OTPUMaHa 3a PE3yllb-
TaTaMu ekcriepuMeHTanbHoi Metonuku TSC (thermally
stimulated current), onyOJIIKOBaHHUMHY, HANPUKIIAL, Y
[19]. laHi 11t eHEpreTHYHUX PiBHIB, B TOMY YHCIII PO3-
MIIIIEHUX BCEpPENHI 3a00pOHEHOT 30HH, OJIep)KaHi 3a
Li€0 METOJMKOI TS MPSIMO30HHUX HAIiBIPOBITHU-
KiB, TOOpE y3TOMKYIOTHCS 3 BiZIOMOIO MOJIEILTIO PEKOM-
oinanii Lok — Piza, sika Oyna 3acTocoBaHa Jijisi 00YHC-
JICHHS Yacy JKUTTs HEPIBHOBOKHUX CIEKTPOHIB Ta Iii-
pok. OniepxaHi BETUYNHY T, TA T, BUKOPHCTOBYBAJINCh
JUTS. BU3HAUYCHHS €(PEKTHBHOCTI 300py 3apsiB JIETeK-
topiB M. Ciig 3ayBakKuTH, IO BEJIHMYHHHU Tepepisy 3a-
XOIUIFOBAHHS, BU3HAYeHi 3a gornomoror DLTS, 3a3su-
Yail Ha TPU-YOTHPH MOPSIKUA OUIBII BUMIPSHUX 33 Me-
toaukoro TSC, ToMy 00YHCIICHI 3 BUKOPHUCTAHHAM ITUX
JaHUX 3HAYCHHS Yacy )KUTTS HEPiBHOBAXHUX HOCIIB 3a-
psimy, a TaKoXK e(DEeKTHBHICTH 300py 3apsIiB 1| BUXOIATh
3Ha4HO MeHIIn. [IpeacTaBieHi HUKYE 3aJIeKHOCTI 1 B
BmicTy In, V., i Vi, po3paxoByBaiucs 3 BUKOPHUCTaH-
HSIM 3HAY€Hb G, OJICPIKAHUX 32 METOIUKOIO DLTS s
nuX aedeKTiB, Mo HAKIAAa€e JOJaTKOBI OOMEKCHHS Ha
BEJIMUUHY 300pYy 3apsiiiB.

3acTtocoBaHi (i3uuHI Moneil Ta ix ampooaris J1o-
knaHo onvcani B [20]. PIBHSHHS eJIeKTpOHEUTpaIbHOC-
Ti CKJIAJIAIOCS 3 YPaxyBaHHSIM BCIX IOMIIIOK 1 Ie(EKTIB,

Craao oepexmie ma domiwox y CdTe, ,Se,, i CdTe, 4sSe, s [16]

3apeecTPOBaHUX eKCIIepuMeHTanbHO Y [ 16]. Lle piBHAHHS
YHCENFHO PO3B’A3yBaoCs BitHOCHO piBHS Depmi F, mo-
TiM KOHIICHTpAIlii BUTBHUX EIEKTPOHIB 7 Ta JIPOK p BU-
3HAYaNUCs y HaOMKeHHI mapadonianux 30H. [upuna
3aboponenoi 3oum £ B CdTe,  Se 3anexno Bix BMicTy
Se nocmimkyBanacsy [9,21], a B il poOOTi po3paxoBy-
BaJjiacs 3TiJTHO 3 pe3ynbTaraMu poooTH [9] 3a popmyroro
E;=1,511-0,539x,

JIe X — BMICT CeJIEHY.

Toxi, BIAMOBIAHO, ISt CdTe0 9Se0 |, OTPUMAEMO

E,=1,457 ¢B, a us CdTeO 95860 0s — E;=1,484 ¢B

PyXJ'IHBlCTB eJ‘IeKTpOHlB K, p03anOByBaJ'IaC${ B Ha-
OMIKEHHI Yacy penakcarii iMImysbey (Tay-HaOImKCHHS)
3 ypaxyBaHHsSIM MEXaHi3MiB PO3CIFOBaHHSI Ha i0HI30BAaHUX
Ta HEHTpaNbHHUX IICHTPaX, ONTUYHUX, aKyCTHYHHUX Ta
1’ €30€1eKTPUYHNX (POHOHAX. PyXIMBICTh JIiPOK W, BBa-
Jaach HE3MIHHOIO 1 TpupiBHIOBanack 10 70 cm?/(B-c).
[MuToMy HpPOBIAHICTE PO3PAXOBYBAIHU 32 (HOPMYIIOO
eny, +epp, (e — 3apsn eneKkTpoHa), a MUTOMUHN OIip —
SIK o6epHeHy 1o Hel BennunHy. EQexkrtuBHicTs 300py 3a-
PsIIB 1 IETEKTOpa BH3HAYANH 32 PIBHIHHAM XexTa [22,
c. 489]. ABropu [9] peecTpyBain MakCUMaIbHUHN 30ip
3apsiliB y TIOCKOMY AeTekTopi Ha ocHoBi CdTe oSe |
3 BIJICTAHHIO MK €JIEKTpoiaMu d=1 MM i HarpyKeHic-
TIO eeKTpuaHOro mojist £=250 B/cm. Y mpoueci moze-
JIFOBAHHS HAMH CIIOYATKY 337aBaJINCh TaKi ) caMi rmapa-
MeTpH, a otiM d=5 mm, £=1000 B/cMm. Bci oneprxani
3aJIeKHOCTI 1 BiJl KOHIeHTpalii In Oynu npakTU4HO of-
HAKOBHUMHU 117151 000X BUIIA/IKIB.

Pe3ysibTaTn Moe/Il0BaHHSI Ta iX 00roBopeHHs

Sk 3a3Hauanocs BHIIE, [T ¢PEeKTUBHOI peecTparii
10HI3yOYMX BUIIPOMIHIOBaHb JETEKTOPOM HEOOXiJHO,
100 BEMTMYMHA TUTOMOTO OTIOPY P AETEKTOPHOTO Mare-
piany cranosuna ne menmre 10'° Om-cm. B po6ori [16]
OyJI0 OJIep>KaHO JIBa HAMIBIIPOBITHUKOBUX Marepialiu:
CdTe,Se,, 3 p=(4-5)10° Om-em Ta CdTe ,5Se o5
3p= (4 5) '10° Om-cm. To6TO HABITH OINOpy OCTAaHHbO-
TO HEIOCTATHBO JUTS MaTepially IeTeKTOpHOTI sikocTi. Ha
JIyMKY aBTOPiB, BUILUI HA OJIMH MOPSIIOK ITUTOMHU OITip

CdTe, 45Se,, (s TOACHIOETHCS GBI KOHLIEHTPALIIEO B

Konuentpauis N, e 3
E,eV o, cM? ITpupona nedexty
CdTe, 4Se | CdTe, o5Se o
5-1012—1-10™ 2-1012-2-1013 E.—0,01 1,6:1022 JleryBanbha somimika In,
2-1013 1-1013 E.—0,017 1,6-1071° MisxBy3snosuii, cnpuuunenuit Cl, Al, Ni
2,5-1013 1,25-1013 E,+0,14 5-10717 A-LIEHTp, KOMIIIEKC chd’—AleKBysn
2,7-1013 8,5-1012 E,+0,18 1-10716 A-nientp, kommiexe V4 —In
2-1013 3-10'2 E,+0,35 1,6-10°14 Baxancis kagmito V2
4-1013 9-10!2 E.-087 5,6-10712 EnexTpoHHA macTKa
7-1012 2-1013 E,+ 1,1 1-10°1 Baxancis renypy Vo,

16
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HBOMY BaKaHCIll TEIypy, a TAKOK HUKIOIO KOHIICHTpA-
i€ A-LEHTPIB, VC d 1 IIOOKOT eNeKTPOHHOT MAaCTKH
0,87 eB (muB. Tabmumro). B pobori [16] onepikanu ma-
Tepiand 3 (pIKCOBAHUMH KOHIICHTPAIISIMH JTOMIIIOK Ta
nedekriB. CTAaHOBHUTH IHTEPEC BCECTOPOHHBO TOCIIIN-
TH MOBEIIHKY p 3aJI€XKHO BiJl BMICTY V7, IETYBaIbHOTO
In, A-nienTpiB, MMOOKOT MacTKHU Ta V., B LIMPOKOMY iH-
TepBai 3MiH ix BmMicTy. Ha puc. 1, 2 mporeMoHCTpOBaHO
MOBE/IIHKY ITUTOMOTO OTIOPY 3aJISKHO BiJI KOHIICHTpaIlii
1H/Ii10, BaKaHCIH TeITypy Ta KaJAMito U1 000X MaTepiaiB.

3 puc. 1 MmokHA MOOAYHTH, IO BUCOKOOMHHM CTaH
(10° OM-CM) IS CflTeOﬁSeO’1 3a§esneqy€Tbcg y myxe
BY3bKOMY [lialTa30Hi KOHIIEHTpAIl JOMIIIOK iHIIfO0 Ta
cTpykTypHEX nedektiB — Bakanciit Cd i Te, Tomy oue-

a) T

Puc. 1. 3anexHocTi AecsATKOBOrO Jorapupma MUTOMOIO ONOPY Bifl BMICTY iHJiIO Ta BakaHCIH kaamito (@), a TakoX 1HAi0
Ta Bakaucii renypy (0) mis CdTe, ,Se

a) e i 6) P
| > [
lgp = f lgp rh“— [
| | 1 |
9 ' 9
H ”.,
8 | 81
I |
7| | 71
'. r ‘|
6 | ] 6
. | ' |
5 | | 1 5 | b i
’ J /5 | 10
4 1, /_,.-" | ’ ‘4 g 4 Il ./,.f | :;/ 8 g
3 I.-__\_\____\_\_\_\_\_ | ..H 3 ,Q,o 3 n:’_\____\_\_\_'_\_\_\_ | ./r"( 6 §
1,6 T | Py 2 \’Q 1,6 - _\-\-\_--""-—-_ rd 4 ’“\
Mg 2 0g TV Ry 4 2 NN
(II])’ 1013 Gy 5 0.4 = %6 N(In)’ 1013CM\?,8 0.4 e %

Puc. 2. 3anexHOCT] IeCATKOBOrO Jiorapudpma MATOMOTO OIMOpPY Bij BMICTY 1HJIIIO Ta BaKaHCIH kaamito (a), a TakoXk iHII0
Ta BakaHcii Teaypy (6) mua CdTe, o5Se,

BUJIHO, III0 HA MPAKTHUI[l TEXHOJIOTIYHO BAXKKO “BIIy4H-
TH” B HBOTO, 1100 OTpUMATH BiJNOBIAHHI Marepial.
Kpim Toro, npu MoaenoBaHHI JTBOBUMIPHUX 3aJICKHO-
cteit p(N(In)) mpu BMicTi IedeKTiB, HABEJJCHOMY B Ta-
OnmuIli, MaKCMMallbHa BEJMYKMHA ITMTOMOTO OTOpY P,
bt CdTeOQSeO’1 craoBmia 2,3-10° Om-cM, 4Oro SIBHO
HEJAOCTATHBO JJISl TOCATHEHHS ACTEKTOPHOI SKOCTI.
MopientoBaHHS TaKOXK MOKA3aJo, 110 3MiHa KOHIIEHTpa-
Ii1 MIJIKHX aKIENTOPiB A-IICHTPIB MPU3BOIUTS JIHIIIE 10
3cyBy 3anexnocredt p[N(In), N(V ), N(V7,)]. 3 inwmoro
00Ky, 301JIbIIICHHS BMiCTY HEKOHTPOJILOBAHOI €JIEKTPOH-
noi mactku 0,87 €eB B CdTe0’9SeO’1 MIPU3BOAMUTH HE JI0
3MEHILIEHHS TUTOMOTO OTOpY, SIK NPHUITYCKall aBTOPU
[16], a HaBIaKK — A0 JIESKOTO POIIUPEHHS BUCOKOOM-
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HOi 00JacTi. AHaIOTiYHA MOBE/AIHKA CIIOCTEPIraeThes
JUIS Matepiany CdTeO,%SeO’OS, B SIKOMY, OJTHAaK, KOHIICH-
TpamniifHi Aiama30HU BHCOKOTO IMTOMOTO OHOpPY JIEIIO
mmp1i (prc. 2) MOTpH Te, 110 BMICT 3ralaHo] eleKTPOH-
HOi TACTKM MEHINMH. MakcuManbHa BeJMuuHa p, JUIS
CdTe 45Sey g5 n0CATAE 5,3 10° Om-cM. Y BUKOPHCTOBYBa-
Hill MofeTi mpuitMaocs, o po3MoaiT Ne(eKTiB ixeas-
HO OTHOPiHUH, a CTPYMH BUTOKY BiJICYTHI, III0 € HEO-
CSDKHUM Ha MpakTHII. Buxomasau 3 Takoro anaisy, cra-
I0Th 3pO3yMUTMMHU IPUYUHH OZICPKAHHS MaTepiaiB 3 He-
JOCTaTHBO BUCOKMMH 3HadeHHsMH p. Jist CdTe oS¢ o5
PO3MipH BECOKOOMHOI 00JIACT1 3HAYHO OLTBIITI i BETUYH-
Ha p  BHUIIA, TOMy HOTO BUMIPSHUI TMTOMUH omip OyB
Ha nopsiok Oimbimid, ik CdTe, oSe . Takuii pesyinb-
TaT PO3XOIUTHCS 3 TyMKOIO aBTOPIB [ 16], siki cTBepaxKYy-
Basy, o 3HadeHHs p=~ 109 Om-cM He Branocs [ocsartu
4yepes HeOCTATHIO KOMITCHCAITit0 A-IIEHTPIB 1 BaKaHCii
kaaMito. 3 puc. 1 i puc. 2 MOXXHA TOOAYNTH, IO B 000X
Martepiayiax I KOMIIEHCAIlis IOMIIIKOIO In € mOBHOMO i
OXOILTIOE 00TaCTi BHCOKOOMHOTO CTaHY MiX HU3BKOOM-
HUMHM 00JIaCTSIMU 3 CJICKTPOHHUMH Ta IPKOBUMH THIIA-
MU TIPOBITHOCTI. 3 puc. 1, 6 Ta puc. 2, 6 TaKOX BHUIHO,
110 301/TBIIEHHS BMICTY BaKaHCiH TeTypy HE BIIMBAE HA
BHCOKOOMHUI cTaH 000X Marepiaib.

[TopiBHIOKOYH 3aJ1€)KHOCTI HA puc. 1 1 puc. 2, MOX-
Ha 3pOOMTH BHCHOBOK, IO OUTBII MPUIATHUM MaTe-
piasiom JUIsi BATOTOBJICHHS JICTEKTOPIB € CdTeO’95SeO’05.
Po3mistHeMo Horo 1eTeKTOpHI BIaCTUBOCTI.

Ha puc. 3 moxazani rpagiku eexkTuBHOCTI 300Dy 3a-
PSLITIB 1] 3JICKHO BiJT BMICTY JIETYBaIBLHOTO 1HIIIIO JUIS Pi3-
HUX KOHIIEHTpAIii BaKaHCiil TeIypy IpH KOHIICHTPALli-
SIX PEIITH JIOMIIIOK Ta Ae(EKTiB, HABSICHUX Y TAOIUIIi.
3 puCyHKa MO>KHA TIOOQYHTH, 1110 MPH MOYATKOBUX KOH-
LEHTPALisAX NePEKTiB, MPeICTaBICHHUX Y TaOmuIli, ehex-
THUBHICTB 300py 3apsAIiB JOCATAE TOCUTH BUCOKOTO 3HA-

n
0,9
0,8
0,7
0,6
0,5
04
0,3
0.2
0,1

Of‘

0,4

I E——

P

0,8
N(In), 10'3 cm3
Puc. 3. 3anexHicts ecpeKTHBHOCTi 36opy 3apsIiB y JleTeKTOpi

12

yeHHss — 0,95. 3MeHImeHHs MaKCUMaIbHOTO 3HAUYCHHS
edektuBHOCTI 300Dy 3apsaiB y pasu (3 0,95 no 0,2) mae
MicIle JIUIIe Micis 3017IbIICHHS BMIiCTy VTe Ha IiBTO-
pa nopsanku (3 2:10'3 10 6:10'#). 3asznaunmo, mo Benu-
Ki 3HaYCHHS 1 JUIA BUX1JHOTO MaTepiany oJep aHi 1mo-
TIpH TE, IO TIEPEPI3 3aXOMIIEHHS I PiBHA V. BU3Ha-
yapcst 3a Metoaukoro DLTS. Ile cBiguuTh Mpo BUCOKHIA
piBeHb TpaHCIIOPTHUX XapakTepucTHK y CdTe osSe; 5.

3aranbpHOBIIOMO (IUB., Hanpukian, [12, 20]), mo Ba-
KaHCI1 KaJMil0, SIKi CITyTYIOTh ITACTKAMH /IS HePiBHOBAXK-
HUX HOCIiB 3apaay B CdTe, moMiTHO 3HIKYIOTH 30ip 3a-
psiniB Yepe3 pekoMOiHalio HOCI{B Ha €HEPTCTHIHOMY
pieHi V., Ha puc. 4 npezncrasneno rpadiku edekTus-
HOCTI 300pYy 3apsliB 3aJICKHO BiJl BMICTY JIETYBaJIEHOTO
THJTIFO JUTsI PI3HUX KOHIIGHTPAIi BaKaHCIH KaaMil0 Ipu

a) 1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0

1,2

0,8
N(n), 1013 cm3

0) n
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0

O Y ) A

o o b —

N(In), 1013 cm3

Puc. 4. BanexHicTh e(I)eKTI/IBHOCTi 360py 3apsijiiB y ;LeTeKTopi
Ha OCHOBI CdTe0 95Se0 05 Bl plBH}I JeTyBaHHs iHAIEM
3a pi3HOT KOHIIEHTpAIlii BakaHCiil kaamiio (cM>):

Ha OCHOBI CdTeO 95Se0 05 Bl plBHSI JETyBaHHA 1HIIEM | g): [ —3-10'2; 2 —4-10'%; 3 — 5-1012; 4 — 6:10'2; 5 — 7-10'2;
3a pi3HOT KOHLIEHTpALii BakaHCiil Tenypy (cM™): 6—2810'2;, 7—9-102; 8 — 1-1013; 9 —1,1-10'3; 10 — 1,2-1013
1 —2-103%; 2— 4-10"3%; 3 — 6-10%; 4 — 8:10'%; 5 — 110" | 6): 1 — 1,75:10'3%; 2 — 2-10'3; 3 — 2,25-10'3; 4 — 2,5-10'3;
6—2-101%; 7—3-10'% 8§ — 4-10™%; 9 —5-10'; 10 — 6-1014 5—2,75-10"3; 6 — 3-10'3
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KOHIICHTPAIIISAX PEIITH AOMIIIOK Ta Ae(eKTiB, HaBele-
HUX y TaOIUIII.

_3 puc. 4, a BHJIHO, IO y CdTe y5Se 5 30LIBIICHHS
BMICTY BaKaHCii KaJMi0 HE BIUIMBA€ HA MAKCUMAIIbHY
BENINYMHY 300Dy 3apsAiB, a IPU3BOANUTS JIMIIIE 10 3CYBY
3anexxkHocTei M(N(In)) B 6ik BHIMX KOHIICHTpAIIii iH-
nito. Ha puc. 4, 6 HaBeigHO TaKi & 3aJIe)KHOCTI, 110 1 Ha
puc. 4, a, TUIBKH y Jiana3oHi OUTBII BUCOKUX KOHIICH-
Tparii iHait0 Ta A OUTBIIMX KOHIEHTPAIi BaKaHCIH
KaaMifo. 3 MOPIBHSIHHS LIUX PUCYHKIB 6aunMo, 10 Ha-
BiTh CyTT€BE 301IbIIICHHS BMICTY VC 4 HE TIPU3BOJIUTH J10
3MEHIICHHS e(EeKTUBHOCTI 300py 3apsaniB. [IpucyTHiit
JUIIE TaKUi caMuil 3CyB 3aleKHOCTEH 1) y Oik Oib-
IIMX 3HAUCHb BMICTY iHAII0, IPHUOMY IIMpHHA Tpadi-
Ka 3anexHocTi N(N(In)) 3anumaeTsess HE3MIHHO, 1 Ha
Bucoti N=0,5 cknanae npu6nusHo 1,4-10'3 cm3. Tomy
ipu 301TBIIICHHT KOHIICHTpAIlii BAKaHCIH KaIMIF0 3aBKIH
MOKHa 30€perTH BUCOKHUH PiBEHb 1 AETEKTOPA, 301IbITY-
FOYH TIPUOITU3HO TaK CaMO BMICT JIETYBaJIbHOTO 1HIIIFO.

Taxkum uynHOM, BBeneHHs B Marpuito CdTe HeBenu-
KO KIIBKOCTI Se po3B’s3y€e BiIoMy MpoOsieMy Jerpasia-
Ii1 IETEeKTOPHUX BIACTHBOCTEH IHOTO MaTepially uepes
peKoMOiHaIliI0 HEPIBHOBKHUX HOCITB 3apsly Ha eHep-
retuaHux piBHsx V.. [lomo HasBHOCTI BakaHCi# Tey-
py B CdTeSe, To0 3 puc. 3 6auumo, 110 Mpu KOHIEHTpaIlii
N(V3)=2:10"3 cm™3, 3adikcosaniii B excriepumenti [16],
30ip 3apsIiB 3HAXOAUTHCS HA BUCOKOMY DiBHI.

€IMHUM HEIOJIKOM JIOCIIDKYBAaHOTO MaTepialy
CdTeO,%SeO’O5 € HeBeITMKe 3MEHIIIEHHsI ITUPUHU 3a00PO-
HeHoi 30HM £ topiBHsHo 3 CdTe, a ocobmuso 3 CdZnTe,
10 TPU3BOUTH JIO 3MEHIIEHHSI TUTOMOTO OTOpY 1, 5K
HACJI/IOK, 10 301IBIICHHS CTPYMiB BUTOKY 1 €JIEKTPOH-
HUX IIyMIB y aMIUTITyAHUX CIIEKTpax AeTeKTopiB. [l
YCYHEHHSI 11i€1 Tpo0JIeMu HeOOXiTHO BBOJIUTH B MaTpH-
o CdTe 45S¢ 5 ETyBaNbHi CIEMECHTH, SKi 30LTbIIY-

10Th £, B HaIiBIPOBIJHUKOBUX CIOJTyKaX Ha OCHOBI
CdTe. Takumu eneMEeHTaMH MOXKYTb CIIyTyBaTH Mn [2,
3], Mg [1, 5], Zn [23, 24]. CdMgTe mMae BUCOKHIA CTY-
iHB KPUCTATIYHOCTI 3aB/ISIKU OJIM3bKUM ITapaMeTpam pe-
mritkn CdTe (0,648 um) i MgTe (0,642 um). Koedimient
cerperanii Mn i Mg y CdTe cranoButs 1,0 mopiBHSIHO 3
1,35 nnst Zn B CdTe, 1110 € BOXIIMBOO TIEPEBATOI0 TIepet
CdZnTe nns 3a0e3nedeHHs OJHOPITHOTO PO3MoniTy Mn
1 Mgy CdTe mo Bcbomy 00’eMy 3ITUTKA.

JI1st KOpEeKTHOTO BUBYCHHS IMOBEAIHKH MHUTOMO-
ro OINOPY ICJSI BBEICHHS ITUX J00ABOK Y MaTPHIIO
Cdo,95Teo,9sseo,os HEOOXiJTHO MaTH eKCIEePUMEHTAIb-
HO OTPUMaHI 3HAYCHHS BMICTY JOMIIIOK Ta JNe(eKTiB
y Takomy Mmarepiani. Ockinbku B podoti [16] He mocii-
mwrysannck Cd; Mn Te, sSe o5, Cd; Mg Te sSe o
Ta CdlfonxTeo,%SeO’OS, JUTSE IPUOITU3HOT OIIIHKH eJIeK-
TPOGi3NIHUX BIACTUBOCTEH TAKUX JTETCKTOPHUX MaTe-
piayiB mMpocTo 30UIBIIMMO IUPUHY 3a00POHEHOT 30HH
E; na 0,116 eB nopisusuo 3 Cdo,gsTeo,gsseozos’ TOOTO
1o 1,6 eB mpu xiMHaTHIN Temmeparypi, 0 BiAIOBixa€E
BBE/ICHHIO, HAIIPUKIIA, MAPTAHIIIO Ta IUHKY Y KITBKOC-
Ti, BignoBiaHo, 8,90 at.% ta 16,6 at.% [25], a MarHiro
puOIn3HO 6,44 at.% [8]. [Ipu 11bOMY JTHO 30HU MTPOBII-
HOCTI £, 3MIlly€TbCS BIIHOCHO €HEPrETHYHUX PiBHIB
JOMIIIOK 1 Ne(EKTiB, a Kpall BAIICHTHOI 30HH £, 3a11-
IIA€THCSI HE3MIHHNUM BiTHOCHO HHX [26]. Taky cromyky
MO3HAYMMO Yepe3 CdpoexTeogsseo,os’ e 3aMmicTb Me
Moxe Oyt Mn, Mg, Zn.

Sk Oyno mOKa3aHO BUIIE, MUTOMHUI OMip MPaKTHI-
HO HE 3aJICKHUTH BiJ KOHIICHTpAIlil BaKaHCIH Temypy,
TOMy Oyna po3paxoBaHa HOTO 3aJICKHICTh BiJl KOHIICH-
Tpalliil JIeryBajJbHOTO 1HAIF0 Ta BakaHCii kaamiro. Ha
puC. 5, a BUAHO, O Terep MOXKHA JTOCSTTH He0OXiqHOT
JUTSE OJIepIKaHHs Marepially IeTeKTOPHOT SIKOCTI BETTHYH-
mu p>10'2 Om-cm. JIiist 3MeHIIER s NIyMiB B aMILTITYI-

Puc. 5. 3anexnocTi jorapudma muTOMOro onopy (a) i KoHueHTpauii BiIbHUX POk p (6) Bl KOHIEHTPALIH 1HIi0 Ta BaKaHCiH
KaaMiro B miamasoni 2:10'2 < M(In) < 2:10"% em3; 1:10'2 < M(V ) < 5-1012
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Puc. 6. 3anexuicts piBasa Depmi CdlfoexTeO’%SeO’o5 Big
KOHIIEHTpALil 1HIIf0 Ta BAaKaHCIH KaaMifo

HUX CIIEKTpax 3BMYaliHO 3aCTOCOBY€ETHCS AETEKTOPHUM
Mmarepian 3 JIipkoBOIO NMpoBifHicTio. Ha puc. 5, 6 moka-
3aHa 3aJICKHICTh KOHIICHTpallii BUTBHUX JAIPOK BiJ] BMicC-
Ty 1HAIIO Ta BakaHCii kaaMito. [licns pizkoro cTpubOka
KOHIIGHTpAIIi{ IIpOK MPOBIAHICTH CTa€ AipKoBOIO. TakuM
YMHOM, 0611acTh 3 p> 101" OM-cM Mae HeoOXinHy juts jie-
TEKTOpa JIiPKOBY MPOBIIHICTb.

Ha puc. 6 npoaeMOHCTPOBAHO MOBEAIHKY PiBHS
®epmi B TaKUX Ke Jiama3oHax 3MiHM KOHIIEHTpalii In
i V4 [lomnore maro B npapiii 4aCTHHI PUCYHKA JEMOH-
CTpY€ MpOXO/KeHHsI piBHA Depmi depes3 cepeanHy 3a-
060poHEHOi 30HHU, TOOTO HOTO BiTHOCHO HEBEIHKY CTa-
Oinizarito B 6e3mocepe/Hii OIU3bKOCTI Bil PIBHS €J1eK-
TponHoi nactku £,—0,87 (=-0,116) B (nus. Tabnuiyo),
IO BiJINOBiJ]a€ BUCOKOOMHiH oOmnacTi. [TonoxenHs pis-
HS IT1€1 TACTKM HE 3MIHMJIOCS BIIHOCHO KParo BaJIEHTHOT
30HU NIPU PO3LIMPERHI £, a 301IbIIMIACH BIICTaHb 110
JTHA 30HU TPOBITHOCTI.

Slko mopiBHIOBATH 3aJ€KHOCTI MTUTOMOTO OTIOPY
(puc. 5, a), KOHIIEHTpAIIi] BUIBHUX HOCIiB 3aps Ty, 30Kpe-
Ma 1ipoK p,, (puc. 5, 6), i pieas @epwmi (puc. 6) B oHO-
My Jiamna3oHi 3MiH KOHIIEHTPALil aKIENTOPHUX CTPYyK-
TypHHX JIE(EKTIB V-, Ta JIEryBaIbHOI JOHOPHOI IOMiLI-
k# In, To MOJkHA TOOAYUTH, 1[0 HABITH HEBEIUKI 3MIHH
piBas Depmi (F=0,5 eB) npu3BoAATH 10 3MiHU BEINYH-
HU p, Ta p y KiJIbKa pa3iB. MoenoBanHs IoKa3aio Ta-
KOXK, 1110 301JIbIIICHHS BMICTY BCiX IOMIIIOK Ta e(heKTiB
Ha OIMH-J[BA MOPSAKH, TOOTO 3MEHIICHHS YUCTOTH Ma-
Tepialy, IPU3BOAUTH 10 HabaraTo OiNBIIOT 3aJIeKHOCTI
nonokeHHs piBHsA Depmi Bij cHiBBiAHOIIEHHS 10HI30Ba-
HUX aKIENTOPHUX 1 IOHOPHUX LIEHTPIB, TOOTO CTYICHS
KoMIeHcanii Matepiany. TakuM 4uHOM, TIPH 0P KaHH]
BHCOKOUHCTHX HAIIBIPOBITHUKOBUX CIIOIYK, BUTOTOB-
JICHUX 3 BUCOKOUMCTUX KOMIIOHCHTIB, Y HAIlIOMY BUIIa -
Ky Cd, Te, Se, Mn To1o, Habararo Jieriie cradini3yBaTu

piBeHs PepMmi BeepeanHi 3a00pOHEHOT 30HU i JOCSTTH
HEOOXiJTHOTO BHCOKOOMHOTO CTaHY.

Porb Se B crionykax Ha ocHoBi CdTe nosnsirae y 3HU-
JKCHHI KOHIICHTPAIIiT 10HI30BaHUX TIMOOKUX PIBHIB, IO
OyJ10 mokaszaHo, Hampukian, y [23, 27, 28]. 3 iHmoro
00Ky, 3MEHIIIEHHS BMIiCTy IMUOOKUX PiBHIB 3HAYHO 3BY-
Kye o0macth BucokooMHOTo crany [20]. [leBHO came
TOMY ITOBEJIIHKa TUTOMOTO OIOPY Ha pHcC. 2 Ta pUcC. 5, a
ta piBHs Depmi Ha puc. 6 TEMOHCTPYE TOMITHHN Ha-
XHJT 3QJICKHOCTEH BETMYMHM p 1 F BiJl KOHIIEHTpAIlii Jie-
TYBaJIbHOTO 1H/II0, 110 3HM)KYE HMOBIPHICTD OfIepKaH-
Hsl HEOOX1JHOTO BUCOKOOMHOTO cTany. B [29] Oyno mo-
Ka3aHo, 1110 JIJIsl BUPIBHIOBAHHS TAKOTO HAXWITy Ta PO3-
IIMPEHHSI BACOKOOMHOT 00J1aCTi HEOOX1THO BBOJIUTH JIO-
HOPHY JIOMIIIIKY 3 TTHOOKUM PiBHEM, PO3MIIIICHUM TIPH-
omuzno Ha 0,08 eB Bumie cepeanan 3a00pOHEHOT 30HMU.
[Tpu ubomy edeKTUBHICT 300pY 3apsiliiB 3HAXOIUIACH Y
mexax 0,7—0,8 HaBiTh MOMPH Te, 110 KOHIIGHTPAILis J10-
MIIIOK Ta Ae(eKTiB y Cdo’92Mg0’08Te OyJM 3HA4YHO BU-
mumu: npubmusHo 1016 cm—3. ToOTo moTpi6Hi moxans-
111 JTOCJTIDKEHHS Ta pO3pOOJICHHS TEXHOJIOT I O/1epKaH-
HsI MaTepiaiiB Cdl_xMexTel_ySey 3 JOJABaHHIM JOHOP-
HUX JIOMIIIOK, SIKi BHOCSATH Pi3HI NTHOOKI piBHI y 3a00-
POHEHY 30HY.

MopnemoBanHs e(h)eKTHBHOCTI 300py 3apsiiB y e-
ICKTOpi Ha OCHOBI Cdl'_xMexTep’%SeO,05 roKasasa IMpu-
HHATHY IJIs1 IETEKTOPiB MOBEMIHKY 1), CXOKY O HaBe-
JIeHUX Ha puc. 3 ta puc. 4. Hac KUTTS HEPiBHOBaKHUX
HOCIiB 3apsiy B Jiama3oHax KOHIIEHTpalii In 3 Buco-
KMM piBHEM 360py 3apsy 1 gocarae 7-107° ¢ s enek-
tponiB Ta 1,5-107% ¢ ana aipok. JJoOyToK pyXIHBOC-
Ti ENEKTPOHIB Ha 9ac XKUTTA AopisHIoe 5,7-103 ¢cm?/B,
[0 XapaKTepU3ye BUCOKI TPAHCIOPTHI XapaKTepHUC-
TUKU Marepiany. Y [9] ansg nopiBHSHHS OyBIO oep-
xano CdTeoSe, :In, sxuil map put=3,5-10" cm?/B.
HocmimpkyBanuii B wiid Haiii poborti Ta y [16] marepi-
aJI OZIePKYBAIH 3 BHCOKOYHCTHX KOMIIOHEHTIB: CdSe Ta
CdTe gucrororo 6N. TakuM YMHOM, HEOOX1THHH JIeTEK-
Topanii Matepian Cd;  Me Te 4sS¢ ;5 MOXKHa oxepxa-
TH, SIKIIIO BUKOPUCTOBYBATH BUX1THIH Me YHCTOTOIO HE
MeHIIe 6N, SIKUit He BHOCUTHME JJONATKOBI IIEHTPH PO3Ci-
FOBaHHs Ta pekoMOiHaIlii. [1y1si TOCSATHEHHS BEJIMKHX 3HA-
YeHB 1 Ta LT MOYKHA TAKOXK PO3IVILIATH TOOABKY IIHHKY
B CdTeSe, xoua koedimient cerperamii Zn B CdTe mo-
MiTHO OibIIH# 3a oguHuUIKO (1,35), 110 MOXKE CIIpHYH-
HSTH BUHUKHEHHsI HeomHopiaHocTi CdZnTeSe Ta nossy
JOIaTKoBHX NedektiB. [Ipu mpoMy Bxke Oyiu ofepiKaHi
Marepiaiy IeTeKTOPHOT SIKOCTI 3 BUCOKHM PO3PI3HEHHIM
OCHOBHOTO ITiKa B aMIUTITYJHHUX criekTpax [17] Ta Benu-
KMMH 3HAYEHHAMH [T IS e1eKTpoHiB — 1,910 cm?/B
i s mipok — 1,4-107* cm?/B [18]. Benenns ceneny B
CdZnTe npakTHYHO 3yMUHSIE YTBOPEHHS MiXK3CPECHHUX
CITOK, PETYIIO€ Cerperamito IHHKY y OiK OLTbII OJHO-
PIAHOTO CKIIaIy Ta Pi3KO 3HIKYE KOHIICHTPAIIIIO BKITIO-
yeHb Tenypy [30].

TTomanpmi TOCHIIUKEHHS 3a JOIIOMOTOK MOIEIIO-
BaHHJ CJIiJI CIPSIMYBAaTH Ha BUBYCHHS 3aKOHOMIPHOCTEH
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3MiHH eNeKTPO(DI3UYHKX Ta IETEKTOPHUX BIACTHBOCTEH
Cd, Me Te 17ySey (x>0, y<0,1) 3anexHO BiJ KOHIIEH-
Tparii eKCIepUMEHTAIbHO BU3HAYCHUX (DOHOBUX Ta JIie-
TYBJIBHHUX MIJKHX, @ TAKOXK IMTMOOKHUX JOHOPHUX JIOMi-
IIOK 1 Ie(EKTiB CTPYKTYPH.

BucnoBknu

TakuM 9MHOM, TOCTIKSHHS MOKA3ajH, IO JOAa-
BaHHS KIJIBKOX aTOMHHX IPOIEHTIB CEJIeHYy JIO BHCO-
kourcroro Marepiany CdTe 3a0e3mneuye BUCOKY edek-
THUBHICTH 300py 3apsiaiB (0,9—0,95) y BUTOTOBJIEHHX Ha
HOT0 OCHOBI JIETEKTOPaX raMMa- Ta PSHTI'€HIBChKUX BH-
MPOMiHIOBaHb. 3 BIJIOMHX CTPYKTYpHHUX Ne(PEKTIB y Ta-
KHX JICTEKTOPHHUX MaTepiajax CIOCTepiraroThCs BaKaH-
cii Tenypy Ta Kajamiro. 301IbIICHHS BMICTY BaKaHCIH Te-
Jypy y IISITh pa3iB BUKJINKA€ HEBEINKE 3MEHIIICHHS MaK-
CUMAaIIbHOI BEJIMYMHU €(PEKTHUBHOCTI 300py 3apsiIiB 10
Ninax = 0,8, @ MIJIBHUILEHHS HE MEHII HIX Ha TIOPAJIOK HE
BIUIMBA€ Ha BUCOKOOMHHU CTaH JACTECKTOPHOTO MaTepl-
airy. 30UTBIIEHHS BMICTY BaKaHCIH KaaMiro, MIKiITHBUX
JUTSL TOCSATHEHHS JICTEKTOPHOI SIKOCTI MepeBa)KHO1 O1JTb-
mocTi cnoiyk Ha ocHoBi CdTe, He MpU3BOAMTSH 710 3MEH-
IICHHS 1), IETEKTOPA. Y BUCOKOUMCTOMY MaTepiaji Ha
ocHoBi CdTeSe 3 3araibHOO KOHIICHTPAIII€I0 TOMIIIOK
Ta aedextip He Buie 1013 cM—3 MoxkHa oziepkaTu BUCO-
KOOMHHH CTaH 3 piBHeM Depmi modim3y cepeinHu 3a00-
POHEHOT 30HH Ta TUTOMUM OTIOpoM p > 1010 Om-cm ms-
XOM PO3IINPEHHsI 3a00POHEHOT 30HH 3aBISIKK BBEICH-
HIO B MaTpulio Zn, Mn, Mg uncrororo He Hux4e 6N y
KimpKocTi <10 at.%. s omepskaHHA TaKuX HAMiBIIPO-
BIJIHUKOBHUX CITOJIYK 1 BAPOOHUIITBA IETEKTOPiB BUCOKOL
SIKOCTI IT€BHI 3yCHJLIS CJTiJT TAKOXK HATIPABIISITH HAa PO3PO-
OneHns TexHonorii onepxkanas CdMnTeSe, CdMgTeSe,
CdZnTeSe, neropanux rIMOOKUMHE IOHOPaMH 3 PIBHEM
eHeprii BHIIEe cepeTuHI 3a00pOHEHOT 30HH.
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INVESTIGATING THE POSSIBILITY OF USING CdTeSe-BASED MATERIALS

FOR IONIZING RADIATION DETECTORS

O. 1. KONDRIK

The article describes the study of the properties of materials based on CdTe, Se_ suitable for X-ray and gamma radiation
detectors. The purpose of the study was to determine by computer modeling the optimal content of impurities and structural
defects and the nature of their influence on the electrophysical and detector properties of CdTe(Mn, Mg)Se, based on the
properties of Cdle, ,Se, ; and CdTe, ,sSe, o5 doped with indium. The values of concentrations N, activation energies E; and
capture cross sections of non-equilibrium charge carriers o; for i-th defects were used as input data for modeling. The author
studied the influence of defects on the change in resistivity p, concentration of free electrons n, and holes p,, Fermi level F, life
time of non-equilibrium charge carriers t and charge collection efficiency n of ionizing radiation detectors based on CdTeSe:In
at the temperature of 25°C. The paper also highlights the results of quantitative studies of the influence of the impurities and
defects content on the properties of Cdle, ,sSe, s with the possible additives of Mn, Mg, and Zn. The regularities of change
in p, F, n, depending on the content of indium impurities, cadmium and tellurium vacancies were established. The method of
achieving a steady high-resistance state was considered. The direction of further research is formulated in order to establish

the optimal composition of detector materials based on CdTe, Se with additives of manganese, magnesium, and zinc.

Keywords: CdTeSe, simulation, detector properties, electrophysical properties, structure defects, deep levels.
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HOCIIIJDKEHHS ITAPAMETPIB TJIHHIOYOI'O PO3PAAY
B KOAKCIAJIBHIN CUCTEMI EJIEKTPOIIB
3 TOHKUM KATOAOM

Tobyoosaro Opeiihoso-0ughy3iiny mooeib miilouo20 po3psody 8 KOAKCIANbHIl CUCmeMi 3 OieLeKMPUYHUMU KIHYSMU el1eKmpo-
0i6 npu nanpysi 800 B, memnepamypi apeony 300 K, pd = 2 Ila'm (p — muck pobouoeo 2azy, d — iocmans Misic en1ekmpooa-
mu). TIpu MoOentoeanHi niazmu 8paxo8y8anucs Rpoyec IOHI3ayii, NPYICHUX 3IMKHEHb, Nepe3apsONCAHHsL IOHI8 Ma 6MOPUHHOT
emicii kamooa. Po3paxoeano po3nooil NOmenyiay, KOHYeHmpayir 3apsodNceHux YacmuHoK ma eieKmpoHHULL CIpymM 630084
xamooa. Jlocniodceno 6niug onopy 6anacmnozo peaucmopa i 610KyeanbHoi EMHOCMI HA napamempu po3psoy.

Kmiouosi cnosa: mnuitouutl pospso, Ou@y3itini mooeni, MOOeno8ants Nia3Mu, KOAKCIAIbHA cucmemd, eiekmpoo, MOHKUL

Kamoo.

Pi3HOMaHITHI Ta30B1 pO3PSIIH JICKATh B OCHOBI (PyHK-
I[IOHYBaHHS 0araTb0X eJICKTPOHHMX 1 (POTOHHUX MpHIa-
JIiB Ta 10HHO-TIJIA3MOBUX TexHoJOTi. Cepen HUX Haii-
OLUTBII MOIIMPEHUM € TIIIOUNH PO3PS, 110 YaCTO 3rary-
€ThCS B HAYKOBO-TEXHIYHIH JiTeparypi [1-8], a po3mo-
BCIO/DKCHOIO MOJICTUTIO PO3PSITy — MOJAEIND 3 Napajeib-
HUMH JJUCKOBUMH eJiekTponamu [4—6]. [Ipote nesiki KoH-
¢irypariii eleKTPOIHNX CHCTEM, HAIIPUKIIAT KOaKCiah-
Hi CHCTeMH B JOBTUX TpyOKax Mayioro giameTpa, 3ajIu-
MAaTbCA HEJOCTATHBO BUBUCHUMHU Y€PE3 IXHIO CIienu-
¢iky. [Topsin 3 THM, 110 Garato TpyOIacTHX BUPOOIB 1MO-
TpeOyIOoTh I0HHO-TIA3MOBOTO 0OPOOIEHHS BHY TPILITHBO]
noBepxHi [3, 7, 8], IOCTiKEHHS TAKUX CUCTEM YCKIIaJI-
HEHE, 0COOIMBO KON HACTHCS PO BHYTPIIIHIO CTPYK-
TYpy PO3psizly, PO3HOJiNI €ISKTPUYHOIO TI0JIsl, KOHICH-
Tparii 3apsIKEHUX YaCTHHOK TOIIIO.

[Ipomecu, mo BinOyBarOThCSA B IUIa3Mi, € TOCUTH
CKJIQIHUMH Ta PI3HOMaHITHUMH, 10 POOUTH EKCIIepH-
MEHTaJIbHI JJOCIIDKSHHS I0CTaTHHO BUCOKOBAPTICHUMH.
ToMmy 111 BUBUCHHSI TUTA3MU aKTHBHO 3aCTOCOBYETHCS UH-
CeNIbHE MOJICTIIOBAHHSI, IKE BUKOPHUCTOBY€E BCIO MHOKH-
HY aHaJITHYHUX METO/IIB TEOPETHIHOT (Pi3UKH, 30KpeMa
BUPIIIEHHS TaK 3BaHUX KPAHOBHX 3a/1ad.

MeToro 11i€i poOOTH € CTBOPEHHS Ta JIOCIiKCH-
HSl MOJICJIi TJIIFOYOTO O3PSIy B JIOBTIHM KoaKcialbHIN
CUCTEMI EJICKTPO/IIB MaJIoro Jiamerpa npu pd~2 Ila-m
(p — THCK po6OYOTO Ta3y, d — BIICTaHb MiXK EIEKTPO-
JlaMH), [0 BIJIIOBIJa€ NpaBili YaCTHHI MIHIMYMY KpH-
Boi [lamena st 3anmanroBanHst po3psany. Lle mo3Bomnse
JIOCSITTH MIHIMAJIbHUX BUTPAT SHEPTii Ha MiATpUMaHHS
O3PSy, @ TAKOXK MiHIMI3Y€ 3ITKHECHHS 10HIB 3 MOJICKY-
JIaMHM Ta3y W BTpaTH €Heprii mijJ 4ac IuX 31TKHEeHb, 3a-
0e3Ieuyrour THM CaMUM € (DEKTUBHHI KIHETUYHHIA BIUTUB
10HIB Ha MIOBEPXHIO KaTo/1a, 1[0 BUKOPHUCTOBYETHCS B Oa-
raTbOX 10HHUX TEXHOJOTIsX.

Monesib po3psiiHOi cHCTEMU

MopenroBaHHS MPOBOAMIOCS ST KOaKCialb-
HO{ NWJIIHIPUYHOT CUCTEMHU 3 30BHINIHIM aHOJIOM.
HocnimkyBana po3psHa cucTeMa, MOJCNb SIKOi 30-
OpaxeHO Ha puc. 1, Mana Taki po3MipH: pajiyc KaTojia
r.= 15 MxM; pagiyc aHoma ra:5 MM; OChOBa JOBKHHA
B3JIOBX €JeKTpoAHOi cucteMu L =90 mm.

Posrisimanacst apronoBa miasma 3a BeTHUYHHHA THCKY
p=400 ITa ta remnieparypu 7=300 K. Hanpyra mix ka-
TOIOM Ta aHOJIOM — IOCTIHHa, Bennunnow U=800 B.
Omip GanacTHOro pe3ucTopa R, 3MiHIOBAaBCS B MEXaX
20—-8000 kOm.

J11st MozieIToBaHHS TIIFOYOTO pO3psiLy OyB 3aCTOCOBA-
HUH MIpoauHaMIYHIH miaxin y aperdoBo-audy3iiiHoMy
HaONMIKEeHHI 3 PO3B’sA3aHHSAM PIBHAHL bojiblMaHa,
OCKUIBKH BiH € MPOCTIINM y TIOPIBHSIHHI 3 METOJAMH,
o 0a3yroThCs Ha (i3HMYHIN KIHETUII 3 (POPMYBAHHSIM i
pO3B’si3aHHsIM PiBHSIHB bonbiMana s miei moneni. Sk

Puc. 1. Monenb po3psaHoi cucTeMU
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EHEPTETUYHA EJIEKTPOHIKA

MOKa3aHo B jociijpkeHHsx [1, 2, 9], neit miaxin 3a6e3-
neuye (pi3NYHO KOPEKTHI Pe3yNbTaTH B MEXaX 3a/1aHo-
rO Jiarasouy p,.

Fycruny enexrponis I', o6uucioBany muisxom
PO3B’s13yBaHHs Apeid-andy3iiHOro piBHIHHS IS r'yc-
TUHH €JICKTPOHIB Ta IXHBOI CEPeHbOI CHEePrii, HEXTYIO-
M TIPH [[bOMY KOHBEKII€I0 eJICKTPOHIB BHACIIAOK PYXY
piauHu:

L)+ VT, =R n

r,=-nuE-D,Vn, )

ne V — oneparop ['aminbsroHa;
n,, W, — KOHUEHTPALLs Ta PYXIUBICTh EIEKTPOHIB;
E — HampyxeHIiCTb €l1eKTpUYHOTIO IO,
D, — roediuient nudysii enekTpoHis;
R, — WBMJKICTH reHepauii eJeKTPOHIB BHACIINOK He-
[PYXKHUX 3ITKHEHb.

KoedimienT audysii eJIeKTpoHIB O0YNCITIOETHCS Ue-
pe3 eNEKTPOHHY PYXJIMBICTh 3 BHKOPUCTAHHSM CITIBBII-
HOIIICHHS

De:ueTe’

ne T, — Temrieparypa eJIeKTPOHIB.

3)

JJis MOCTIHHOCTPYMOBHX PO3PSIIB MPOLECH, IO
BiZI0yBaOThCSI B 00IACTI MPHUKATOAHOTO MaJiHHS Ha-
MPYTH, TOYHIIIE ONMUCYIOThCS TP BUKOPUCTAHHI KOEC-
¢imienTiB TayHceHa, a He KOSDIIEHTIB IBUIKOCTI
[2]. [Ipumyctumo, mo icHye M peakuiil, siki crpu-
SIIOTh 3POCTaHHIO a00 po3majy eJNeKTPOHHOI T'yCTH-
HH, Ta P HENpyXHUX €JICKTPOHHO-HEUTPAIbHUX 3i-
TKHEHb (3aranom P >>M). Tonl MBUIKICTh TeHEpAIil
€JIEKTPOHIB R, Ta BTpaTH €Heprii R, 3a1ar0Thcs CIIiB-
BiTHOIIICHHSIMH

M

R,=> x,0;N,[T|; )
i=1
]P

R =Y x,,N,[T |Ae,, ®)
j=1

Jie X, — MOJbHA YaCTKa JaCTHHOK, IO OepyTh y4acTs y j-i
peakuii;

o — koedinient TayHcenaa auis j-i peakuii;

N, — 3arajibHa UJIbHICTh HEUTPAIBLHUX YACTHHOK;

Ag ., — BTpaTH eHeprii nmpy MpoTiKaHHi j-1 peakitii.

CTOCOBHO HEENEKTPOHHUX YaCTUHOK, TO JUIS 3Ha-
XOJPKEHHSI IX MAaCOBOI YaCTKU PO3B’SA3y€ThCS PIBHSHHS
0 .
P (@) P V)0, =V-j; + R, (©)
Je j, — BeKTOp Au(py3ifHOro MOTOKY;
R, — BWpa3 MWBKUAKOCTI 17151 k-1 YaCTUHKH,;
U — YyCEepeIHEHUI 3a Macor0 BEKTOP LIBUAKOCTI PiIUHU;
p — HPOCTOPOBA IUIBHICTH 3apsy;
®, — MAacoBa YacTKa k-1 YaCTHHKH.

Bexrop audy3iiiHOro moToKy BU3HA4YAEThCS K

r=poVy

0

e Vk — 0araTOKOMITOHEHTHA MBUAKICTh AUQy3ii a7
k-1 yacTUHKM.
EnekrpocraTruHe mmosie 00YMCITIOEThCS K

—V-gue, VV =p,

1€ &, — JIeNIeKTPHYHA IPOHUKHICT BaKyyMY;

@®)

g, — BiJTHOCHA J[IeTICKTPUYHA IPOHUKHICTb;
V — eleKTpUYHUI MOTEHIiall.

[IpocTopoBa MIIIBHICTE P OOYUCITIOETBCS 3a Qop-
MYJIOFO
N
p=gq Zank—ne , ©)
k=1
Jle ¢ — OJVHUYHUH 3apsij;
Z, — 3apsiz;
I’lk — KOHLECHTpallsd CJICKTPOHI1B,
N — KIUIbKICTh YaCTHHOK.

Ha Binminy Big HU-po3psaaiB MexaHi3M MiATPUMKH
TAKOI'0 PO3PSALY — BUIIPOMIHIOBAHHS BTOPUHHUX €IICK-
TPOHIB 3 Karoza. [Ipu nonaganHi i0Ha €IEKTPOH 13 MEB-
HOI0 HMOBIPHICTIO BUITPOMIHIOETHCS 3 TOBEPXHI KaTO/A.
IToTiM i eNEeKTPOHU HMPUCKOPIOIOTHCS CHIBHUM EIICK-
TPUYHUM TIOJIEM TOONN3Y KaTofa, ¢ BOHU HAaOyBaOTh
JIOCTaTHBO CHEPTil IS iHiLiIOBaHHA 10HI3aIl].

Brparamu enexTpoHiB Ha TOPUSAX €JIEKTPOIHOI CHC-
TEMH MOXKHA 3HEXTYBAaTH 4€pe3 Te, 110 i JOBXKUHA 3Ha-
9HO Oifbla 3a AiaMeTp. EIeKTpOHH eMiTyI0ThCs KaTo-
JIOM BHACITiZIOK 10HHO-eJIeKTPOHHOT eMicii (y = 0,1), mo
MPU3BOUTH 10 TPAHUYIHOI YMOBH JIJIs TIOTOKY €JIEKTPOHIB

nI,=y (T n), (10)
P

a TIOTIK €HepTii eJIeKTPOHIB PO3PAXOBYETHCS SIK

nT =gy (I n), Q)]

Jie 1 — BEKTOP 30BHIIIHBbOI HOpMaJIi;
[, — rycTuna eHeprii eNeKTpoHiB;
I’ , — BekTop notoky 10HIB;
€, — cepenHs CHEpris BTOPUHHUX EJICKTPOHIB.

Peaxuyii nio uac 3imxknens yacmuHok

Peakiiis Tun peakuii

ITpy»He 31TKHEHHS €JIEKTPOHIB
3 aTOMaMi

et+Ar — et+Ar

Tenepaitist Ta raciHHs METacTaOILHO-

etAr <> et+Ar* R .
ro aroMa M1 €0 yaapy eJIeKTPOHIB

e+Ar — 2e+Ar" | lonizamis aToMiB yaapoM eJEKTPOHIB

lonizarist MeracTabiIbHUX aTOMIB

etAr* — 2et+Art .
YIApOM €NIEKTPOHIB

Ar'+Ar — Ar'+Ar I[Ipy>KHE 3ITKHEHHS 10HIB
Ar*+Ar — ArtAr' | PesonancHe nepesapspKeHHs 10HIB
ArFEAT® — Tonizanis ITeninra
— etAr+Ar’
Ar*+Ar — ArtAr T"acinHs MeTacTaOUTLHUX aTOMIB
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EHEPTETUYHA EJIEKTPOHIKA

HY, AT+ — 10H, € — EJICKTPOH).

Bubip aprony sk po6o4oro razy 3yMOBICHHN MOX-
JUBICTIO BUKOPHCTOBYBATH MiHIMaJIBHY KIUIBKICTB pe-
aKIlid, 0 MOXKYTh OyTH 3BelieH] 0 3 KOMIIOHEHTIB Ta
7 Gopmyrn, HaBeAeHNUX B Ta0auLi (Ar — aToM apromy,
Ar* — MertacTaOilIbHUNA 30y/PKEHUH CTaH aToMa apro-

Amnaui3 pe3yJbTaTiB MO/1€/IIOBAHHS

B mporieci MonenroBaHHS peKUM ICHYBaHHS PO3psi-
JIy BCTQHOBJIFOBABCSI 32 JIONIOMOTO0 0aJIaCTHOTO Pe3uc-
TOpa, BEIMYMHA ONOPY R, AKOTO BILIMBAE HA CTPYM PO3-
psAy Ta iHII XapakTepucTHKH. Hampyra po3psmy 3Ha-

xoauiiach B Mexax 118—250 B.

——— - ——

o0
S
Tlorenmian, B

o
S

=)

a) 6)
T 12 E2f o7
= L0 @ > 1,0
o 08 3 = 08
5 06 = 206
= e &
= 04 5 = 04
2 0,2 Z 02
2 o 2 0
5) 7, MM "
=22 e e ] %
S 20 : 1120 3
g 1,6 R =500 kOm| | g =
- ¥ 80 o= o=
212 ’ 12 g
= ] 2 =
z 0,8 140 © o
o ] = o
E 0,4 L;/\‘ E
2 0 10 <

0 1 2 3 4 5

7, MM

3a pi3HOro onopy 0agacTHOro pesucropa R,

7, MM

Puc. 2. Po3nofin KoHIEHTpaIlil eaekTpoHiB (/) Ta ioHiB (2), a TaKoXkK MoTeHIiany (3) B MXKEIEKTPOIHOMY MIPOMIKKY
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2 2,
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5 5 10!
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= =
5 10! S
- =100 |
0 1 2 3 4 5
7, MM
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o 107 | o 10
= = — _
< b ] R,=800xOm —
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Puc. 3. I'ycTnHa cTpymMy B MiKEIEKTPOJHOMY IIPOMIXKKY 3a Pi3HOTO ONOpPY 0aacTHOTO pe3ucTopa R,
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EHEPTETHUYHA EJIEKTPOHIKA

Po3rnstHeMO pe3yabTaTi MOJIETTIOBAHHS.

Ha puc. 2 noka3aHo po3nojiyl MOTEHIiany B MiXk-
ENIEKTPOHOMY IIPOMIXKKY (paiialIbHO MK KaTOZIOM 1 aHO-
JIOM), TP LIbOMY Ha pHC. 2, a, 6 — Yy BUMAJIKY ICHYBaHHS
J1a3MHM, Ha pucC. 2, 8, 2 — 3a 11 BiICYyTHOCTI. Y BCiX BH-
najakax y (opmMyBaHHI KpUBOI pO3NOLTY MOTEHIIANY B
MDXKEIEKTPOTHOMY IPOMIXKKY 3HAUHY POJIb Biirpae mo-
3UTHBHHI IPOCTOPOBUil 3apsiy ioHIB. Binomo, 1m0 pos-
MOAL MOTEHIlialy B KOAaKciaNbHiil cucTeMi (BakyyMHO-
MYy KOHJICHCATOP1) XapaKTepU3y€eThCs CHIIBHOIO HEOTHO-
PpiaHICTIO, TOOTO HANIPY>KEHICTh ENEKTPUYHOTO OIS TTO-
Pyd 3 BHYTPIIIHIM EIEKTPOAOM MAJIOTO JiaMeTpa CyTTe-
BO IIEPEBUIIY€ HAMPYXKCHICTh MO OUIS 30BHIIIHBOTO
CJICKTPOJA Ha BIMiHY BiJ] MOCTIHHOI BETUUHUHH HAIIPY-
KEHOCTI JUTsl TUI0CKOMapalieNIbHUX enekTpoaiB. ToOTo y
BaKyyMHil KoakciaJabHIl Ta MJIOCKIH cHCTeMax MOTEH-
iaJu PO3MOIUISIFOTECS TO-Pi3HOMY.

B pesynbrari mopenroBaHHs Oyi0 OTPUMaHO JaHi,
sIK1 BKa3yIOTh Ha Te, 110 PO3PsI IPH 3HAYCHHSIX ITapamMe-
Tpa pd, XapaKTepHHX JJIs [TPaBOi YaCTUHU 00JIaCTi MiHi-
MyMy KpuBux Ilamena, e mounHaeThCsS 3pOCTaHHS Ha-
MPYTH BUHUKHEHHS PO3PSAIY, MA€ BCI O3HAKHU THIIOBO-
r0O TIYOro po3psiay. XapakTep po3Moily MOTeHIlia-
Ty BKazye Ha (BakT (GOPMyBaHHS B MIKCICKTPOTHOMY
MIPOMDKKY O1JIsi KaTOJJHOTO IIapy MPOCTOPOBOTO 3apsTy
10HIB, JIe TCHEPYIOTHCS 10HU.

Posmonin moteHmiany Mae Tpu YaCTHHH: KaTOIHE
MaAiHHA 31 CTPIMKUM HapOIIyBaHHSIM MTOTEHITiaTy, Ma-
IIHHSA B 00J1acTlI HEraTUBHOI'O CBITIHHS 31 c1a0UM Ha-
POCTaHHSIM Ta aHOIHE MaJIiHHS 31 CITA0KUM CITaJaHHSM.

a)
= 10 " 244
S 08 240 %
« <
g 0¢ [ 7=20x0n] 02
=S R, =20 xOm =)
< b
= 04 232 &
=
202 228
2 9 224
40 60 80
L, Mm
B
) 145
8 143
=5 7 141 m
= 6 139 =
g 3 137 S
5 4 135 &
g 3 133 &
5 2 131 =
E 1 129
Z 0 127
0 20 40 60 80
L, Mmm

Puc. 4. Po3nonin koH1eHTpalii enekTpoHiB (/) Ta ioHIB (2), a TaKoK MOTeHIiany (3) B3IOBXK MOBEPXHI KaTroja 3a pi3HOro
onopy 6anacTHoro pesucropa R,

TakuM YMHOM CTBOPIOIOTHCS JB1 IPUEIEKTPOIHI 00J1ac-
Ti 3 IepeBayKaHHIM KOHIEHTpauii 10HiB. 3i 301IbIIeH-
HSIM TYCTUHH CTPYyMY 301IBIIYETHCS 00JIACTH HEraTHB-
HOTO CBITIHHSI Ta KOHIIGHTpAIlis 3apsKEHUX YacTH-
HOK B IIiif obmacri.

Posmopnin 3apsikeHNX YaCTHHOK HABKOJIO Karosia Ta
pajianbHUIA PO3IOJIT MOTEHITIATY ITOKa3ye, 1110 B IJ1a3-
MOBIi#l MOJIi TUTa3Ma 30CepeIKYEThCS B 001aCTi MaKCH-
MyMy KOHIIEHTpamii 3aps/HKEHUX YaCTHHOK, /¢ BinOy-
Ba€ThCA X OCHOBHA FeHepallist Ta TUQy3is 3 OAATBIIO0
JICIOHI3AIII€I0 HA eNIeKTpo/iaX. BaxIIMBO 3a3HAYMTH, 1110
MaliHHs OTEHITiaTy B IPHAHOAHIN 00IacTi He 3aBakae
mudysiitHoMy pyXy i0HIB.

Ha puc. 3 nokazaHo po3mo/Iisi 'yCTHHH eTIeKTPOHHO-
IO CTPYMY B MIXKEIIEKTPOTHOMY MPOMIXKKY (paliaibHO Y
MIPOMIDKKY BiJl KaTo/ia JI0 aHo/ia). 3 HaBEACHUX Pe3yiib-
TaTiB BUJHO, 0 IOMIHAHTHUM ITapaMeTPOM, KUK Hak-
CHJIBbHIIIE BIUIMBAE HA TapaMeTpH PO3psay, € TyCTH-
Ha cTpyMy. BoHa BH3HauaeThes TpH MOCTIHHINA HAIPY-
31 JpKepenia KUBICHHS HOMiHAIBHIM 3HAYCHHSIM OTIOpY
0aacTHOTo pe3ucTopa R,, o 0OMeKye CTPYM.

Ha pue. 4 nmoka3zaHo po3mnofisi KOHIEHTpAIlil 10HiB,
€JIEKTPOHIB Ta MOTEHIialy HA MOBEpXHi karoga. Kon-
LEHTPALlisl € HEPIBHOMIPHOIO B3I0BXK MOBEPXHi, TOOTO
3MOICTIHOBaHMH y BCIX BapiaHTaxX po3psi MOXKHA BiJHe-
CTH JI0 HOPMAJIBHOTO, OCKLIBKH €MICisl €JIeKTPOHIB BifI-
OyBaeThCs He MO BCiM TUIOIII KaTo/a.

HasiBHICTh iCTOTHOTO BIUTMBY CXEMH ITiIKIIOYCHHS
JOKEpena KHUBJICHHS Ta 6aJacTHOTO pe3ucTopa Ha Mpo-
TiKaHHS TIII0Y0T0 PO3psiy H, BIIMOBIIHO, HA pe3yJIbTa-

0)

. 12 184

£

g 1,0 1180 @

- 08 176 §

5 06 172 3

= 1 ]

5 0.4 168 =

z 0,2

2, 164

L, Mm

r)

. 114

Z 112

> {110 2

= {108 =

o= =

g 106 g

E 104 &
=

i

o

= 98

L, Mm

ISSN 2225-5818 (Print)
ISSN 2309-9992 (Online)

TeXHOJIOTisl Ta KOHCTPYIOBAaHHS B JICKTPOHHIN anapatypi, 2024, Ne 3—4

27



EHEPTETUYHA EJIEKTPOHIKA

TH MOJICJIFOBAaHHS BKa3y€ Ha Te, 10 HOMiHAJIbHE 3HA4YCH-
Hi R, BU3HAYA€ HE TUILKM BIACHE TYCTUHY CTPYMY, aie
Y TIOCTINHY Yacy CUCTEMH TIII0UOTO pO3psiay:

=R, C, (12)

ne C — CyKyITHa €MHICTb, SIKa MICTUTh TTApa3UTHY €M-
HICTh MOHTa)XY 30BHIITHBOTO OJIOKYBaJbHOTO KOHJICH-
catopa. Y po6orti [10] fioro emHicTh BKazana 1 nd,
y [11] — He Bu3Ha4YeHO. Y HAIOMY K BUTIAIKY HOTO €M-
HICTh Habararto MeHmIa 3a AuQy3idHy EMHICTH TUIA3MHU,
[0 BU3HAYAETHCS CYKYITHO KUTBKICTIO 3apsiB B Tiji
po3psimy. 3a3BHUail caMi €JIEKTPOIN TaKOK BUKOHYIOTb
pOIb GJIOKYBAJILHOTO KOHJIEHCATOPa, alie y MOJIEII, 110
PO3IISAIAETHCS, OJIUH 3 SIICKTPO/IIB Ma€ Mi3epHY ILJIONTY,
TOMY 1 OJIOKYBaJIbHI BIIACTHBOCTI Jy>Ke MaJIi.

Cuin 3a3HaYMTH, IO XO4a B €KCICPHMEHTAIHLHOMY
nociipkerHi [ 11] koHgeHcarop He 3raayeThesl, BCE OTHO
3pO3yM1JIO, 110 POJIb TAKOTO KOHJICHCATOPa MOXKYTh Bi-
JUTpaBaT MmapasuTHI EMHOCTI MOHTaXY €KCIICPUMEHTY.

[TuTanHs IPHCYTHOCTI CYKYITHOT EMHOCTI KOH/ICHCA-
TOpa € IPUHIUIOBUM. B nocmimkenHi [5] 3a3HaqaeThes,
10 B ITPOIIEC] pO3B’ sI3aHHs TUPEPEHITIHHAX PIBHSAHB 00-
paHoi MoJieIti OpaBcst JI0 yBard PeXXUM po3psiy. 3 1HIIIO-
ro 0OKy, icHyroTh Moyeni [13, 14], mo BpaxoByIOTh IO
CYTI Te X came, aje 3 MOIVIsTy BHHUKHEHHS KOJIMBAHb SIK
YaCTHHH MPOIECY MPOTIKaHHS po3psiay. TakuM YHHOM,
CTaOUIBHICTh CHCTEMH PO3PSIY PO3TISIAAETHCS 3 TOUKH
30py YacTOTHHX Ta ()a30BHX CITIBBIIHOIICHB. | BIUIHB
HOMIHAJIEHOTO 3HAYCHHS OTOpY 0axacTHOTO PE3HCTO-
pa R, Ta GIOKyBaJIbHOI €MHOCTI MOYKE MaTH BHpilIaIlb-
HE 3HAUCHHS JIJIS CTaOlIBHOCTI pO3psity, 0, BIACHE, i
MiATBEPKY€eThCs podoTamu [ 12, 13] 1 pe3ynbratamu Ha
HaBEJICHUX BUIE pucyHKax. [Ipu HaiimeHnIoMmy 3 po3-
DISHYTUX 3HAYEHb Onopy pesucropa R, = 20 xOwm cro-
CTepIraeThCsl HAUOUTBIIA TYCTHHA CTPYMY Ta HaiO11b-
ma HecTaOlIbHICTh PO3PaXyHKY, IO MPOSBISETHCS B iC-
TOTHHUX KOJMUBAHHSIX CEPEAHBOTO 3HAYCHHS MIITBHOCTI
CTpyMYy IIpH 3HaueHH1 OanacTHoro ormopy 20 KOMm, oTxe
HaHOUTBIION € 1 UMOBIPHICTH BHHUKHEHHS e(DeKTiB, 3a-
3Ha4YeHUX B podoTax [12, 13], a camMe aBTOKOJIMBAIBHO-
IO PSXKUMY B TIIIOUOMY pO3psijii. AJie JOBEJICHHS TaKo-
T0 3B’sI3Ky MOTPeOy€e MPOBEACHHS OKPEMOTO BUBUCHHI.

BucHoBkn

[IpoBeneHe g0 ciiIKEeHHS [TOKa3al1o, Mo po3podiieHa
npetihoBo-andy3iitHa MOAETH TIIOYOTO PO3PSILY Y KOAK-
claJIbHIH crcTeMi 3 TOHKAM KaToJIOM JI03BOJISIE €(hEKTHB-
HO MOJICITIOBATH PO3IIO/IiT OTEHITiaITy, KOHIICHTPAITIO 3a-
PSADKEHUX YaCTUHOK Ta HIIBHICTH CTpyMy. OCHOBHUM
mapaMeTpoM Yy JOCITI/KeHHI Oylio 3HaUeHHS omopy Oa-
JIACTHOTO PE3UCTOPA, 1110 HOPMYE CTPYM JKepesa KUB-
JICHHS Ta OJHOYACHO € BHYTPILIHIM OIIOPOM CHCTEMH
po3psy. [leBHY HecTabiTBbHICTE B CTPYKTYpi po3psiiy
BHSIBIICHO TPHU 3HAYEHHI OTMOpPY Pe3ucTOpa B jianaso-
Hi Bi1 20 10 100 kOM, 1110 XapakTepHO, HAPUKIIAJI, JIIsI
KOJIMBAJIbHUX IPOLECIB TeHepanii/pekomOinamii i0HiB 3
HEYCTAJICHUM TIePiozoM.

OTpuMaHi pe3ylbTaTH MOXYTh OyTH BHKOPHCTaHI
JUTSL ONTHMI3AIlii I71a3MOBUX TEXHOJIOTIH 00pOOKH BHY-
TPINIHIX TOBEPXOHb METAIIEBHX JICTANICH MaJIOTO JliaMe-
Tpa. [lomanbii TOCHiPKeHHS] MarOTh OyTH CIIPSIMOBaHi
Ha BUBYCHHS BIUTUBY KOJUBAIBHUX MTPOIIECIB 1 yTOUHEH-
Hs1 poJTi OJIOKYBaJIHOT EMHOCTI Y PO3PSIHINA CHCTEMI.
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STUDY OF GLOW DISCHARGE PARAMETERS IN A COAXIAL ELECTRODE
SYSTEM WITH A THIN CATHODE

Various gas discharges are the basis of many electronic, photonic devices and ion-plasma technologies. Among them, the glow
discharge is the most common and is often mentioned in the scientific and technical literature. In this study, we model a glow
discharge in a cylindrical coaxial system with dielectric electrode ends in the hydrodynamic drift-diffusion approximation.
The model parameters are: anode diameter 10 mm, cathode diameter 30 um, voltage 800 V, temperature of the working argon
gas 300 K, pd = 2 Pa-m (p — working gas pressure, d — distance between electrodes), which corresponds to the right side
of the minimum area of the Paschen curve for discharge ignition. The reactions of ionization of atoms by electron impact,
generation and quenching of metastable atoms, elastic collision of electrons with atoms and elastic collision of ions, resonant
recharge of ions, Penning ionization, and secondary ion-electron emission of the cathode are taken into account. The potential
distribution and concentration of charged particles in the interelectrode space are calculated within the framework of a self-
consistent problem, and the electron current density, concentration of charged particles, and potential along the cathode are
presented. The effect of the ballast resistor R, of the blocking capacity on the parameters and discharge mode is determined.
The obtained results can be used in plasma technologies to modify the internal surfaces of metal, hollow, long parts with

a small cross-sectional size.

Keywords: glow discharge, diffusion models, plasma modeling, coaxial system, electrode, thin cathode.
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CTAPTOBI XAPAKTEPUCTUKU I'PABITALIIMHMX TEITJIOBUX
TPYb 3 PI3bOBUM BUITAPHUKOM

Excnepumenmanbno 00cniodxceno cmapmosi meniosi xapakmepucmuky mMionux epasimayitinux mennosux mpyo (I'PTT) 3
Di3b008UM GURAPHUKOM, 3ANOBHEHUX YOMUPMA PIHUMU MENIOHOCIAMU, 5KI He 3amep3aiomb npu memnepamypax 0o —30°C.
Toxaszano, wo 3mina kyma naxuny I'PTT ne mac 3naunoeo 6niusy Ha memnepaniypy 6 30Hi Hazpigy (MaKcuManibHe KOTUGAHHs
ckaaoano 5°C onst memawnony). Bniue sminu memnepamypu Hagkonuubo2o nosimpsi (610 —30°C 0o +40°C) € dinvw cymme-
sum. Maxcumanvuuii wac cmabinizayii memnepamypHozo pexcumy (22— 24 xg) ompumano 0ns meniogoi mpyou 3 Memanoiom
npu memnepamypi nogimps 6 kamepi —30°C, minimanvruii (11—12 x¢) — ona I'PTT 3 i306ymanom ma H-newmarom npu +40°C.

Kniouosi crosa: menioobmin, mennoea mpyoa, Hu3bKOmeMnepamypHuti menioHocitl, Cmapmosa Xapakmepucmuxd, cmayio-

HAapHULl menio8uil pedxicum, wac cmaobinizayil.

OcHOBHA KOHIIETIIIS TEIUIOBUX TPYO BIiepIiie Oyra 3a-
nporonoBana [ornepom y 1944 pomi [1]. ['pairarmiitai
tertoi Tpyou (I'PTT) € ogHUM 3 BUAIB TEIUIOBHX TPYO
1 SIBILSIFOTH cO00F0 TBO(A3HUI TEIUIONepeaaBaIbHUM IPH-
CTpIH, SIKAH MPaLIOE MiJ Ti€r0 TpaBiTallifHUX CUI Oe3
BUKOPHCTAHHS KAIUSIPHUX CIEMEHTIB Ul MOBEPHEH-
H$l CKOHJIGHCOBAHOTO TEIJIOHOCIS B 30HY BUIIAPOBYBaH-
Hsl. 3aBJSIKH BHUCOKIHM €(eKTHBHOCTI (ha30BHX MEPEXo-
niB B 'PTT 3nilicHIOEThCS Tepeada BETMKUX 0OCSTiB
TEIUIOTH 3 BIZIHOCHO HEBEJIMKOIO PI3HUIICIO TeMIIepaTy-
PH B3I0BX TEIJI0BOI TPyOHU [2] Ta 3 HU3bKUM TEIIOBUM
oniopoM [3]. TPTT MaroTh LIMPOKHIA CIIEKTP MPOMHUCIIO-
BHX 3aCTOCYBaHb, 30KpeMa, B CUCTEMax OXOJOIKECHHS
CJIEKTPOHHOTO oONasHaHHs [4], cucTeMax pekymepauii
[5, 6], constunmnx BogoHarpiBadax [7] roio. Lle nosicHto-
€THCSI IPOCTOTOIO IXHBOT KOHCTPYKIIi1, HAAIMHICTIO, BH-
COKOI0 €(peKTHBHICTIO Ta HU3bKOIO BAPTICTIO.

Cooroani pocmipkenns ['PTT 3ocepemkeni mepe-
Ba)XHO Ha aHai3l TEIUIOBUX XapaKTEPUCTHK B CTaLlio-
HapHOMY TEIUIOBOMY pexxuMi pobotu. B podorax [8, 9]
JIOCITIKYBAJIUCS XapakTepucTuku Ta npouecu B ['PTT
3 pi3bOOBUM BHUIIAPHUKOM TPU PI3HUX KyTax HaXUITY.
[Toxazano edexruBHicTh podotu Takux ['PTT B cucre-
Max OXOJIOJDKEHHS €JIEKTPOHHUX MOJYIIB, IO Mpallfo-
I0Th B HAXWJIEHOMY MOJIOKEHH1. Y HU3L1 poOIT B OCTaHHI
POKH €KCIIEpUMEHTAIIbHO BUBUABCS BILTUB Koe(illieHTa
3allOBHEHHSI, TETUIOBOTO HABaHTaXKEHHS Ta MO (iKaiin
noepxHi Ha eexTuBHicTh I PTT. ABTopH [10] mposenu
eKCIIepUMEHTAIbHE AOCIIIKEHHS CTaJIeBOrO TEPMOCH-
(hoHa, 1100 OIIHNUTH BILJIUB CITiBBIIHOIICHHSI KOe]ilieH-
Ta 3all0OBHEHHSI, TEIUIOBOTO MOTOKY Ta TEMIIEPATYPH 0XO-
JIO/KYBAJIbHOT P1IMHY Ha HOTO €(heKTUBHICTB, SKE MOKa-

PoGoty BukoHaHO 3a miaTpuMku HarionansHoro douy 1o-
cnimkeHb Ykpainu (mpoekt Ne 2023.04/0055)

3aJ10, [0 HAMBHII 3HAYCHHS KOS(IIIEHTIB TEIJIOBI 1A~
4l J0CATAOTHCSA JUIA 3armoBHeHHS 35%. B poboTax [11,
12], ne mocnipKyBaBcsl BILTUB MoaudiKaiii moBepXHi
Ha TEIUIOBHH TOTIK, & TAKOX 3MIiHH, SIKI CITOCTEpIirau-
Cs1 BHACITIJTOK PiI3HUX CTPYKTYPHHUX (OPM Ta MaTepiais,
OyJI0 BCTAHOBIICHO, IO HAHOLITBIIT S(PEKTUBHIMU € TPH-
KyTHI KaHaBKHY 32 YMOB BUKOPHCTAHHS MiJTHOTO KOPITYCY.
V¥ [13] onrcano BrutuB MOmuUQiKallii TOBEepXHi Ha TEILIO-
By €(DeKTHBHICTh y BUIIAPHHUKY Ta KOHJIEHCATOPI TJI0C-
kux ['PTT 3 anHogoBaHOIO Ta 3BUYAHOIO MTOBEPXHEIO i
nokasaso, 1o terosuii omnip I'PTT 3 anHogoBaHoO 110-
BepxHeto Ha 12— 18% Hink4e, HiX 11151 3pa3ka 6e3 00po0o-
ku oBepxHi. Teruosa epexruBHicTs [ PTT 3 Moaudiko-
BaHUMHU MMOBEPXHSIMH TP PI3HUX KyTax HAXUITY Ta PiB-
HSX BXiJHOI MOTY>KHOCTI OCIHipKyBanacs y [14], Haii-
Oinbin epextuBHuMU BusiBuucst I PTT, mo npairoBanu
mpu KyTi Haxuiy 45—60° ta notyxnocti 200—250 Br.

OueBuIHO, MO0 MOIU(IKAILIS TOBEPXHi, YMOBH €KC-
IyaTarii, pobode cepeloBuIle Ta KoedilieHT 3amo-
BHEHHSI CYTTE€BO BIUTMBAIOTh HA TCIUIOBY C(PEKTHBHICTh
I'PTT. Ilopsan 3 uum, Qy’ke BaXXIMBUMH 3 MONISAY Ha-
JIHHOCTI poOOTH 0XOJIOIKYBAHOTO 3a joriomororo ['PTT
€JIEKTPOHHOTO O0JIaIHAHHSI € TAKOXK XapaKTEPUCTUKHU Te-
TUIOBUX TPYO IiJ] 4ac 3aIycKy Ta Mepexomy J0 CTallio-
HApPHOTO TEIUIOBOTO pexUMy poboTr. Hanpukia, aBro-
pu [15, 16] BusABMIH, 110 KYyT HAXUITy € OAHUM i3 (hakTo-
piB, 110 ICTOTHO BIUTMBAIOTH HA CTAPTOBI XapaKTEPUCTHU-
K1 TepMocudoHa. Ane ko Temiosi napamerpu I'PTT
BXKe J00pe BUBUEHI y PI3HUX acleKTax, TO CTapTOBi Xa-
PAKTEPUCTUKH 3aTUIIAI0THCS MAJIOIOCITIKEHUMU Yepe3
CKJIQJTHICTh TIPOBE/ICHHS €KCIIEPUMEHTIB.

MeToro 11i€i pOOOTH € eKCIIepUMEHTalIbHE OCITi-
JOKCHHS BIUTMBY OpIEHTAIlii B MPOCTOPI Ta TeMIepaTy-
pH OXOJIOJKYBAIBHOTO TOBITPS Ha CTapTOBI XapakTe-
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puctuky MigHUX TiHAPUIHUX [PTT 3 pi3n00oBUM BU-
NapHHUKOM, 3alIOBHEHHUX PI3HUMU HU3BKOTEMIIEPATYP-
HAMH TerutoHocisMu (MeTano, gpeon R141b, i300y-
TaH, H-TICHTaH), IPH IPUMYCOBOMY MOBITPSIHOMY OXO-
JIOIDKEHHI 30HU KOHJIeH callil.

KoHcTpykuisi ekcrniepuMeHTaJIbLHUX
3paskiB I'PTT

J1n1s mpoBeeHHS TOCTiPKeHb OYJI0 CTBOPEHO YOTHPU
excriepuMmenTanbHi 3pasku I PTT nosxunoro 260 MM Ta
30BHIIIHIM JlilaMeTpoM 12 MM 3 TOBIIMHOKO CTiHKH | MM.
Ha BHyTpimHIN CTiHII KOPIyCy B 30HI BUIIAPOBYBAH-
Hs (HarpiBy) ['PTT Ha nomxuHi 45 MM Hapi3aHO pi3b-
06y M11x0,5. O6uaBa KiHIli TpyOKH 3aBanbliboBaHO. B
IJIaJIKOMY 3aBajIbIIbOBAHOMY KiHI[i BUKOHAHO OTBIp JUIS
MpUETHAHHS 3allpaBHOI TPYOKH 30BHIIIHIM JliaMETPOM
2,5 MM 3 ToBIIMHOO cTiHKH 0,4 MM, sika Oyna npunasiHa
JI0 KOpITyCy BHCOKOTeMIleparypHuM mpunoeM I1Cp-45
(Temneparypa miaBiaeHHs 665—730°C) i3 3a0e3mneueH-
HSIM BaKyyMHOI IiineHOCTi. KpiM Toro, iHIIMHA 3aBaib-
IIbOBAaHUH KiHEIb TPYOU OyB MPOTMAsSHUIA 3 METOIO 3MEH-
IICHHSI pH3HUKY pO3repMeTH3allii 4epe3 MOTOHIIEHHS Me-
Taly Ta MOXJIMBHX AC(EKTiB, SIKi MOIJIM BUHUKHYTHU B
IpoIeci BaIbIIOBAHHSL.

Jls mpoBeZieHHs TOCIiKeHb O0yi10 00paHo YOTHPH
HaMOUIBII MEPCIEKTHBHI, 3 OISy Ha YMOBHU MOXKIIBO-
ro suxopuctanss I PTT, Temonocii, siki He 3aMep3aioTh
IIPY 3HIKECHHI TEMITEpaTypH HaBKOJIHIITHBOTO CEPEIOBH-
mia 10 —30°C, a came: metaHou, ppeon R141b, i300yTan
(dpeon R600a) Ta H-ieHTaH. OO’ €M TEIUIOHOCIS [T 3a-
MpaBKH cTaHoBHB 1,6—1,7 mi1, 110 BiAnoBiae koedirri-
€HTY 3alIOBHEHHS BHYTPIIIHEOTO 00’ €My 30HH HArpiBy
Ha piBHI 50—55%. Ha xoxuiit PTT 6ymo BcTaHOBIEHO
16 nar4ymkiB Temreparypu, 3 HUX I1SITh B 30H1 HAarpiBy,
TPH B 30HI TPAHCIIOPTY Ta BiCIM B 30H1 OXOJIOIKCHHSI.

PoOoua agijissnka
Ta eKCIePUMEHTATbHA YCTAHOBKA

s mpoBeneHHST eKCIICPIMEHTAIBHAX JTOCIIIKCHb
Oyna BUTOTOBJIEHA poOoYa JUISHKA, 3aralbHAN BHUIVIST
sikoi TipeictaBieHo Ha puc. 1. Ha koxxay I'PTT 7 Bcra-
HOBITIOBAJIMChH IMITATOP TEIUIOBOTO MOTOKY 2 B 30HI Ha-
rpiy (3H) ta pamiarop 3 B 30HI oxonomxkeHHus (30).
IMiTaTop TEMIOBOrO MOTOKY 2 SBJISIB COOOIO €JICK-
TPUYHHUI HarpiBad 3arajibHOI TEIUIOBOIO MOTYXKHICTIO
200 Br, sxuii ckitaaBcs 3 JBOX YaCTHH Ta MOHTYBABCS
Ha ['PTT. 1151 3MeHIIIEeHHS] KOHTAKTHOTO TETJIOBOTO OT0-
Py BUKOpHCTOBYBajach Teruronposigaa macta KIIT-8.

TerioTa BigBOAMIIACS 32 TOTIOMOT'OKO PajliaTopa, BU-
TOTOBJICHOTO 31 CTAaHAAPTHOTO MPOQLIIO, i3 3araIbHOO
KUTBKiCTIO pebep 5 mT. BUCOTOI0 20 MM, TOBIIHHOIO
Oinst ocHOBH 2,4 MM Ta 1,2 MM tipu BepiuHi. J{is MoH-
taxxy ['PTT B pamiarop TakoX BUKOPUCTOBYBaJach Te-
wronposigaa macra KI1T-8, dikcyBanacs BoHa 3a goro-
MOTOI0 IPUTUCKHUX TUTAHOK 4. JI71s1 301IbIeH s eek-
THBHOCTI TEIJIOBIIBEJICHHS Ha pedpa pajiaropa 3a J0-
MIOMOTOI0 CTPYYKHIB 5 MOHTYBAQJIUCHh JIBA BEHTHJISTOPH

Puc. 1. 3aranbuuii BUDIsg poo0o4oi UISHKH:

1 — I'PTT; 2 — imiTaTop TEIUIOBOTO MOTOKY; 3 — pajiarop;
4 — NPUTHCKHA TUIAHKA; 5 — CTPIKEHb KPIIIEHHS BEHTHIIATO-
piB; 6 — BEHTHJIATOPU

a)
8
7
3
: —1 >
\1\ \\\h“-“-{“‘ﬁ [ 1
5 4 10
6)

Puc. 2. KoncTpykTrBHA cXeMa eKCIIEpIMEHTaIbHOI yCTaHOB-
KU (@) Ta KaMepa 3 po3TallOBaHOK BCEPEIUHI POOOUOIO Ii-
nsukoro 3 'PTT (6):

1 —TPTT; 2 — narpiBay; 3 — paziaTop 3 BEHTWIATOpaMH; 4 —

TEII0i30JIs1List; 5 — IITATHB; 6 — J1aOOPaTOPHUIi OJIOK )KUBIICH-

HS1; 7 — KOMIUIEKC MOJYiB 300py nanux; 8§ — I1K; 9 — xanammn
IUIsL IpOTiB; /() — KITiMaTH4YHA Kamepa

ISSN 2225-5818 (Print)
ISSN 2309-9992 (Online)

TeXHOJIOTsl Ta KOHCTPYIOBAaHHS B €JICKTPOHHIN anapatypi, 2024, Ne 3—4

31



3ABE3INEYEHHSA TEIIJIOBUX PEXHWMIB

Gembird D40SM-12A 6, mo 3abe3nedyBanu BUTpATy
noBitps 3,08 CFM kokeH.

Jns IpoBeIeHHS eKCIIEPUMEHTAIBHUX JTOCIIIKCHb
BIUIUBY TEMIIEPAaTypH HABKOJIMIITHBOTO CEPETOBHIINA HA
craproBi Ternosi xapakrepuctuku [ PTT Gyro ctBopeHo
EKCTICpUMEHTAIbHY YCTaHOBKY (pHC. 2) Ha 0a31 HU3bKO-
TemmnepaTtypHoi kiriMatnaHoi kamepu MINI SUBZERO
MC-71 xomnanii TABAI ESPEC CORP. Kamepa n03Bo-
Js€ 3MIHIOBATH TemIeparypy ii pobodoro mpoctopy B
mmpokomy fiamaszoHi: Bix —70°C po +100°C ta miarpu-
MyBaTH 3a/laHy TeMIeparypy 3 TouHicTio +1°C.

PoGouy minsHKY po3TamoByBaI BCEPEIHHI KaMepn
Ha IITaTHBi, KU TO3BOJISIB BCTAHOBIIIOBATH CKCIICPH-
MeHTanbHuH 3pazok ['PTT minx pisHIMH KyTaMu Haxu-
Ty. JlpoTn gaTtumkiB TeMIepaTypy Ta APOTH >KUBICHHS
BCHTHJISITOPIB 1 HarpiBada BUBOIIIIMCH HA30BHI Uepes Ka-
HaJIU JUTs APOTiB B OOKOBIM CcTiHI Kamepu. Tepmonapu
i1’ €THYBAINCH A0 KOMILJIEKCY MOJYINIB 300py JaHUX
ICP Con 1-7018, sixi TepmocTadini3yBairuch 3a J0MO-
MOTOI0 BCTAHOBJICHUX BEHTUJISATOPIB, 00 BUKIIOYH-
TH BIUIMB HArPiBY €JICKTPOHIKM HA BHYTPIIIHI IEPETBO-
proBadi curHainiB Tepmonap. KoHTpons 3HaYeHb TeMIIe-
parypu BinOyBaBCs B peajbHOMY 4aci Ha TEpCOHAIb-
Homy komm’torepi (I1K) 3a momomororo mporpamMHOTO
3abesneuenns EZ Data Logger. Monyni 360py nannx
min’exnyBanucs 1o 1K 3a qormoMororo neperBoproBada
inTepdeticiB USB-RS485.

3MiHy Ta KOHTPOJIb IMiBECHOT TOTYKHOCTI 3a0e3me-
4yBaB JJabopaTopHUii OJIOK JKUBJICHHS. BeHTHIISTOpH IpH
MIPOBENICHHI JI0CII/PKSHb MPAIFOBAIN PH HOMIHAIBHUX
pobounx pexxnmax.

MeTtoauka npoBeaeHHs JI0CTiKeHb

BenmunHa nomycTHMOi TEMIIepaTypH B 30HI HATPiBY
I'PTT obupanacs na pisai (120+5)°C 3 oty Ha Te, 1110
TpaHUYHA TEMIIEPaTypa KOPILYCY SICKTPOHHUX KOMIIO-
HEHTIB (30Kpema, cBiTomionHi momxyni COB), st oxo-
JIOIKEHHSI SIKUX IUIaHYEThCS BUKOPUCTOBYBATH aHAJIO-
riuni I'PTT, B ymoBax excrryarauii cranoButs +100°C.

JocnigKkeHHsT TPOBOAMWINCH I TPHOX 3HAYEHb
TEMIIEpaTypy BCepeauHi kamepu f.: —30, +20, +40 °C.
3navyenHs —30°C ta +40°C BHU3HAYeHI K TPaHUYHI, a
+20°C — sk HaWOLIBII WMOBIpHA TeMIepaTypa HaB-
KOJIMIITHBOTO CePEIOBUINA B YMOBAX €KCILTyaTallii.

PoGoua ninsHkKa 3 eKCIEPUMEHTAIBHUM 3Pa3KoM
I'PTT MoHTyBaJIach Ha IITATHB i TICBHAM KYTOM Ha-
xwry ['PTT no ropuzonty (15°, 60°, 90°), sikuii KOHTpO-
JIFOBABCSI 32 JOMIOMOT OO0 EJIEKTPOHHOTO KyToMipa. [ToTim
BCTAHOBITIOBAJIOCS 3a[aHe 3HAYCHHS TEMIIePaTypH HOBi-
Tps B KaMepi Ta Ha IIOBEPXHi TEIIOBOI TPyOH, BMUKABCS
0ok xuBlieHHs i Ha HarpiBad [ PTT nomaBanack HE0O-
XiJTHa TETUTOBA MOTYXHicTh. BoHa cranoBmia 60 Bt s
BCIX cepiit ekcriepuMenTiB, okpiM Buniaaky ['PTT 3 i30-
OyTaHOM IpH TemIieparypi BcepeauHi kamepu +40°C,
KOJIM Yepe3 BHHUKHEHHST KPU30BUX SIBHII TETIOBHUIT TIO-
TiK 3HIKYyBanu 10 50 BT. [licns BcTaHOBIEHHS cTallio-
HapHOTO TEIUIOBOTO pekuMy (GyHKiionyBanus [PTT,

SIKMI BU3HAYaBCA 3a BETMUNHOIO TEMIIEPATypH, 3alnCy-
BAJIMCh 3HAYCHHS TEMIICPATypH MPOTSITOM MEBHOTO Tie-
piomy, miciIs 40To BUMHKAJIOCh KHUBJICHHS IMiTaTOpa Te-
IIOBOTO MOTOKY. CTarlioHapHUM BBa)KaBCS PEXKHUM, KOJIH
3MiHa TEMIEpaTypy B MICISIX BCTAHOBJICHHS TEPMOTIAp
He nepesuinyBana 0,5°C 3a 10 xB. Ilicis oxonomkeH-
HS €KCIIEPIMEHTAIBHOTO 3pa3Ka 0 TeMIIepaTypH IOBi-
TpsI BCEpeINHI KaMepH BCTAHOBIIIOBAIIOCH HOBE 3HAYCH-
HS TEMIIEpaTypH ¢, 1 IpoLec HOBTOPIOBaBCs. Takum un-
HOM TIOYEProBO MPOBOAUINCH JOCIIIKEHHS CTAPTOBUX
TEIJIOBUX XapakTepucTuk oopanoi I'PTT, posramosanoi
i/l OHUM KYTOM Haxmuiy, npu ¢, =—30; +20; +40 °C. Ilo
3aKiHYEHHIO cepil TaKUX BUMIpPIOBaHb KyT HaXWIy 3Mi-
HIOBAJIX i1 TPOBOMIIN AHAJIOTTYHY Cepil0 eKCIIEPUMEHTIB.

[Ticns oTpuMaHHS MacUBY IUCKPETHUX 3HAUCHb PO3-
noaiay Temneparypu 1o fosxuHi ' PTT y waci npoBoau-
JIM X OCEepeHEHHs [0 30HaX TEIUIOBOI Tpyou. 3a oTpu-
MaHMMH TEMIIEPaTypHUMHU Ta YaCOBUMM JAHUMHU OyIIH
noOyioBaHi rpadivyHi 3aJeKHOCTI CTAPTOBUX XapaKTe-
puctuk pociuimxenux I'PTT.

PesyabraTn gociigxeHb Ta ix 00roBopeHHs

Sk Oys10 3a3HAUEHO BHUIIIE, 0 CIIKYBAIACH CTAPTOBI
TEIJIOB1 XapaKTePUCTUKH YOTUPHOX 3pa3kiB [ PTT, 3a-
MpaBJICHUX, BIAMOBITHO, METaHOJIOM, ppeoHoM R141b,
1300yTaHOM Ta H-IICHTAHOM B YMOBAaX ITiJIBEICHHS Te-
moBoro motoky 60 BT, kpim Bunaaky I'PTT 3 i300y-
TaHOM TIpH tK:+4O°C, KOJIM TEIUIOBUM ITOTIK CKJIaJaB
50 Bt.

Ha puc. 3 mokaszaHo 3MiHy y Yaci 3Hau€Hb OCepeJiHe-
HOI TEMIIEPATYPH 30HHU HATPIBY 5, EKCTIEPUMEHTAIIBHUX
3paskiB [ PTT, 3anpaBieHuX pi3HUMU TEIUIOHOCISIMH, JUTS
PI3HUX 3HAYCHB TEMIICPATyPH OXOJIOJKYBAIBHOTO MTOBI-
Tps Ta opienTauii I'PTT B mpoctopi. [IpencrasineHi pe-
3yJBTATH CB1TYATh, 10 y CTAIlIOHAPHOMY peXKUMI (PyHK-
IIOHYBaHHS TEMIIEPATYPA Iy, MAHKE HE 3aJEKHUTh Bill
opientanii ['PTT B mpocTopi: MakcuMalibHA Pi3HHLS
cknagana 5°C npu tK=+4O°C s I'PTT 3 meTaHooMm,
po3TamoBaHuX Mij KyToM Haxmry 90° ta 15° (HHxK40r0
Oyma Temmeparypa Al BEpTHKAJIBLHOTO TIOIOKCHHS).

Po3niisiHeMo cTapToBi TeMIeparypHi XapaKTepHCTH-
KH JocipKkyBanux 3paskis ['PTT.

Ha rpadiky mis ['PTT 3 metanonom (puc. 3, a) npu
temnepatypi —30°C ta +20°C 9iTKO BUIHO MOMEHT “‘3a-
nmycky” (TIepexo/y Bijl peKUMY BHITAPOBYBAHHS JI0 PEKH-
MY KHUITiHHS), 110 TIPOSIBILIETHCS SIK ITIK TEMITepaTypH ITpH-
6m3Ho B MoMeHTH 4:00 Ta 3:30 BignosigHo. [1pu Tem-
niepatypi +40°C Takoro mka HeMae, 1o MOXKHA MOSICHU-
TH 3MIHOIO TEII0(QI3UIHUX BIACTUBOCTEH TEIIIOHOCIS Ta
TrcKy Beepenuni [ PTT. 3araiom BUHO, 0 HA 9ac BUXO-
JIy Ha CTaIliOHAPHHH PEKUM (QYHKIIIOHYBaHHS Maike He
BiuBae opienraitis ['PTT B mpocTopi, mpoTe 9iTKo crio-
CTepiraeThCst HOTo 3aJICKHICTD BiJl TEMITEPaTypH HABKO-
JIMIITHBOTO cepe/ioBHINa. Tak, mpu tK=+40°C yac cradi-
Jizauii craHOBUTH 61u3bKo0 12—14 xB, mpu £, =+20°C 11e
Bike 1718 xB, a mpu £,,=-30°C — 2224 xB. To0To, 31
3HIKEHHSAM TEMIIEPaTypU OXOJIOMKYBAIEHOTO MOBITPS
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Puc. 3. 3miHa y yaci 3HaYeHb OCEPEIHEHOT TeMIlepaTypu
30HU HArpiBy B MpPOIECI BUXOAY Ha CTAI[IOHAPHHUH PEXHUM
¢ynxuionysanus I'PTT 3 meranonoMm (a), ¢dpeonom R141b
(6), 1300yTaHOM (8) Ta H-TICHTAHOM (2) MPH PiI3HUX 3HAYCH-
HSIX TeMIIepaTypu HaBKOJIMIIHBOTO MOBITPS Ta KyTiB HAXUITy

(oeeene 15°; - - - - 60°; —— 90°)

Bix +40°C 1o —30°C uac Buxoxny ['PTT Ha pobounii pe-
JKUM 301JIbITYE€THCS MaliXKe BJIBIYI.

Amnarnoriuna kapTuHa crocrepiraerses st I'PTT 3
(dpeonom R141b (puc. 3, 6), ane BeTMuuHA MIKIB TEMIIE-
PaTypH £y TyT €0 HUKYA (TIEPErPiB CTAHOBUTE OJTH3b-
k0 4°C nipu ¢, =+20°C, Toqi AK U1 METAHOITY — OIH3b-
ko 11°C), a yac BUXO/ly Ha CTalllOHAPHHUU TETIJIOBUM pe-
JKUM CTaHOBHUTH 11—12 XB npu Temmeparypi MoBiTps B
kamepi +40°C ta +20°C ta 15-17 xB npu £,,=-30°C.
Criz 3a3HauuTH, 1110 OCHOBHA 3MiHA 3HAYEHb TEMIIEPaTy-
PH B KOHTPOJIbHUX TOYKaX BiA0yBa€ThCS MPOTATOM TEp-
KX 6—7 XBUJIMH y BCIX BHUIAJKaX.

Hua I'PTT 3 1300yTanom Ta H-nieHTaHOM (puc. 3, 6, 2)
CHTYallisl iHIIIa: TyT Bi/ICYTHI 03HAKU IIEPEXOAY BiJ] pEKH-
My BUIIAPOBYBaHH 70 PEXKUMY KHITIHHS, TeMIeparyp-
Hi KpUBI MaloTh IMaaKy (GopMy Ui JOAATHUX 3HAUCHD
TEeMIepaTypy OXOJIOKYBaJIbHOTO MOBITPS. Y BHIAIKY
K BiI’€MHOI Temnieparypu, konu £, =—30°C, cocrepira-
€ThCS JIMIIE TIEPETHH B TOYIII 3aMyCKy (OUTBIIT YiTKO BH-
paXeHH IS H-TIEHTaHy ). XapaKTepHHUH 4ac BUXOy Ha
CTalliOHAPHUH TETUIOBUH PEKUM B 000X BHITIAJKAX CTa-
HOBUTH 11—12 XB, KU He 3aJ€)KUTh aHl BiJ 3HAYECHD
TeMIepaTypy OXOJIOKYBaJIbHOTO MOBITPS, aHi BiJl opi-
enrauii ['PTT B mpoctopi.

3a pe3ynpTaraMu JOCITiIKEHb TaKOXK Oys0 modymo-
BaHO rpadiky 3MiHHU B yaci pi3HUILII 3HAUCHb TEMIIEepaTy-
PH y 30HaX HAarpiBy Ta OXOJIOMKEHHS ALy, 50, AKi OLTBII
HADISTHO JIEMOHCTPYIOTh MPOIECH, IO BiIOYyBArOThCS
BeepenuHi ['PTT, ta xapakrepu3yoTh e(heKTUBHICTH il
(yHKIIIOHYBaHHSI.

3 puc. 4, a BUJIHO, IO PI3HUILIS At3H—3O i I'PTT 3
METaHOJIOM MaiKe TiepecTae 3MIHIOBATHCS IICIIs 7 XB BiJT
MOMEHTY I0fIadi TEIIOBOTO IMOTOKY, [0 BKAa3y€ Ha CTa-
6inmizauito npouneciB Becepenuni I'PTT. Sk 1 Ha po3ms-
HYTHX BUILE PUCYHKaX JUId TeMIepaTypy B 30H1 Harpi-
BY, TYT TAKOX YiTKO BUTHO MOMEHT IEPEXO/1Y BiJl PEIKH-
My BHUNApOBYBaHHS A0 pexumy kuminas [PTT. B cra-
L[IOHAPHOMY TETJIOBOMY PEKUMI CiM 3 J1eB’ AT Tpadikis
PO3TAIOBYIOTHCS HILIBHO Y MPOMDKKY 3HaYE€Hb Aly, o
Bix 13°C o 16°C, a ochb At 3aJICKHOCTEH, OTPUMaHUX
npu 1, =-30°C i xyrax Haxmry 90° ta 60° cnocrepira-
€THCS SIBHE BIIXUJIEHHS BEJIMYUHNA Aty 50 B O1TBIITY CTO-
poHy. BpaxoByrouw, 1o a1 KyTa Haxuiay 15° mpwu it
TEMIIEPATYPi £ 3HAYEHHSA ALy, 5 HE BIIPI3HAIOTECS Bifl
3arajbHOr0 TPEH]Ly, MOYKHA IPUITYCTUTH, 110 L5l BiIMiH-
HICTh NOB’s13aHa 3 MPOIECAMH KUIIIHHS B 30H1 HarpiBy,
a came 3 YCKJIaJIHEHUM BUXOAOM IapH KpPi3b TOBILY Te-
IIJIOHOCIS, IO JeTaJIbHO orucano B [17].

3a BUKJIIOUCHHSM 3a3HAUCHUX BiAMIHHOCTEH, pi3HU-
1151 MK TEMIIEpaTypaMHy B 30HaX HarpiBy Ta OXOJIOKEH-
Hsl 3HAXOIUTHCSA B Mexax 13—16 °C mis BCIX 3HAYEHb
TeMIepaTypy HaBKOJHMIITHBOTO CEPEIOBHUIIA Ta OPiEHTA-
uii [PTT B mpocTopi, 110 BiMOBiIa€ TETIOBOMY OIOPY
I'PTT 0,22-0,27 °C/BT.
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Puc. 4. 3miHa y yaci pi3HHII 3HAYCHb TEMIICPATYPH Y 30HAX

HarpiBy Ta OXOJIO/PKCHHSI B TIPOIIECI BUXOJy Ha CTAlllOHAPHUI

pexxum ¢ynkuionyBanHs [ PTT 3 metanonom (a), ¢peoHom

R141b (6), i300yTaHoM (8) Ta H-IEHTAHOM (&) ITPU Pi3HUX 3HA-

YEeHHSIX TEMITEpaTypH HABKOJIUIITHHOTO TOBITPSI TA KYTiB HAXH-
7Y (oo 15°; - - - - 60°; —— 90°)

Xapakrep 3MiHHU B 4aCi BEUYUHU Al o TIiJT Yac 3a-
mycky I'PTT 3 ¢ppeonom R141b (puc. 4, 6) nemo Biapis-
HseThes. [Ipy BiT’eMHOMY 3HaYeHH1 TeMIIEpaTypH TOBi-
Tpst £, =—30°C pisHuLs Alyy 5 VIS BCIX KYTIB HAXUITY
I'PTT na 3—8 °C nepeBuIllye BeTUUNHHU, OTPUMAHI B yMO-
Bax JIOJaTHUX 3HauYeHsb £ [Ipore, sk 1 y nonepennsomy
BUNAKy, HaliMeHma pizHung (21°C) crmocrepiraerbes
i kyta Haxuay IPTT 15°, a naiiBumma (25°C) — mist
BEPTUKAJIBHOI OpieHTaIlii. BayKIMBOIO BiIMIHHICTIO Bij
I'PTT 3 MeTaHOIOM € Te, 110 cTadiTi3alis 3Ha9eHb Pi3HU-
I1i TeMIIepaTyp BiI0yBaeThCs MIBUALIE, IPOTATOM 5—06 XB
BiJl TOYATKY HArpiBy (3aJI€:KHO BijI TEMIIEpaTypH HABKO-
JIMIITHBOTO CEPeOBHUINA). [ 1oqaTHUX 3HAYCHb TEM-
HepaTypH OXOJIOMXKYBAIBHOTO MOBITPS pi3HULS Aty 30
3HaxonuThest B Mexkax 15— 18 °C. Le Bume, Hixk y [PTT
3 METaHOJIOM, Ta BKa3y€ Ha MEHIIy €(DEKTUBHICTh (DyHK-
rionyBaHHsA [ PTT 3 ppeonom 141b, TernoBuii omip sxoi
cranoBuTth 0,25-0,30 °C/BT.

SIxicHo iHmmoro € kapruna uist I PTT 3 i300yTanom. Ha
BiZIMiHY BiJl TEMIIEpaTypH B 30Hi HarpiBy (IUB. puc. 3, 8),
JI€ BU/IHO JIUIIIC I0YATKOBY TOUKY IIEPETHHY, III0 CBiTINTH
npo 3amyck ['PTT, na rpadiky puc. 4, 6 st Aty - ueit
MOMEHT IPOSIBIIAETHCS OLbI 4iTko. KpiM TOTO, 17151 BCiX
3HAYCHb TEMIIEPATYPU HABKOJIUIITHHOTO CEPEIOBUINA TYT
Jocuth noMiTHa (Ha BiaMiny Big I'PTT 3 ppeonom R141b
Ta METAHOJIOM) TEHJACHIIIS 10 3pPOCTaHHS Pi3HUI TeM-
nepaTyp npu 301IbIICHH] KyTa Haxuy. BaxkimuBoro Bif-
MIHHICTIO € TAKOK MEHIIINI yac cTaOlIi3amii BETHIHHA
At3H730’ SIKUUM B LIbOMY BUIIAJIKy CTAaHOBUTB 6—7 XB JUIsI
TEMIIEpaTypu HaBKOIHUITHBOTO MoBITpa —30°C Ta +20°C
Ta 11—-12 xB w1 +40°C. Pizaus At3H730 TYT MEHIIIA HIXK
y HonepeHiX BUNakax i craHoBUTh 12—16 °C (3anex-
HO BiJl YMOB), IpOTE if 3HAUCHHS TEIUIOBOTO TIOTOKY TYT
takox Hux4i (50 Bt potu 60 Br).

Hnsa TPTT 3 H-nienTanoM (puc. 4, &) AKiCHO KapTHHA
3arasiom cxoxa 3 'PTT 3 ppeonom R141b, a came Bifo-
KPEMJIEHICTIO 3HAYEHb Aly, - TIPH BiI'EMHHUX 3HAYEH-
HSIX TEMIIEpaTypu MOBITPS Ta TPUBAIICTIO cTabimizamii
(5-6 xB). [Ipote Bennunna Aty . He nepesuurye 23°C
npu £, =-30°C, a Ipu 101aTHUX 3HAYCHHSX TEMIIEPATY-
pax BCEPEIUHI KaMepH Alyy, o JUIS PI3HUX Opi€HTALlii
I'PTT B mpocTopi 3HaxoauThes B Mexax 12—16 °C, mo
BiAmoBinae TermaoBomy onopy 0,20—-0,27 °C/BT Ta Bka-
3ye€ Ha JIiNMIi TerionepeaaBanbhi xapakrepuctuk [ PTT
3 H-TICHTAHOM Y TIOPiBHAHHI 3 hpeoroM R141b (Temo-
Buii omip 0,25-0,30 °C/Br).

BucHoBKkH

TakuMm YHHOM, 32 pe3yNbTaTaMU MPOBENCHHUX TOCIi-
JOKEHb MOYKHA 3pOOUTH TaKi BUCHOBKHU.

1. H-ntenran € ontumansHuM TerutonocieM st T PTT
3 BXIJIHUM TEIUIOBUM TOTOKOM Ha piBHiI 50—60 BT B no-
CJILKYBaHOMY J1iara3oHi TeMIiepaTypH OX0JI0LKYBaIbHO-
0 NOBITps Ta opienTaii B mpoctopi. ' PTT 3 H-neHTaHoM
Ma€ TIAJKI KPUBI 3aITyCKy, HAWHIDKY1 3HAUYEHHS PI3HUILI
MDK TeMIIepaTypaMu 30H HarpiBy Ta OXOJIOKEHHS 1 MiHi-
MaJlbHUIA BIUTMB Opi€HTALIIT HA TEMIIEPaTypy B 30H1 HArPiBY.
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2. Yac BUXOAy Ha CTAI[iOHAPHHUH TEIUIOBHH PEXUM
pobotu I'PTT cyTTe€BO 3MIHIOETBCS 3aJISKHO BijJ TEM-
neparypy HaBKOJIMIITHBOTO cepenoBuia. [1pu Temnepa-
Typi +40°C mpouec cradimizamii s BCiX TEIIOHOCITB
OyB Haiikopotmum (11—14 xB), TO/i K IpU TeMIepary-
pi —30°C BiH TpuBaB 10 2224 xB.

3. Y I'PTT 3 i3o0yranom (¢ppeorn R600a) npu tem-
nepatypi noBiTps +40°C 301bIICHHS TETJIOBOTO MOTO-
Ky nonaz 50 Bt npu3BoanTh 10 BUHUKHEHHS KPU30BUX
SIBHIII, IO CBITYMTH PO MOYKJIMBI 0OMEKEHHS 3aCTOCY-
BaHHA ['PTT 3 i300yTaHoM 3 Koe(]illi€HTOM 3aITOBHEHHS
50-55% B ymMOBax BUCOKHUX TEMIIEpaTyp.

4. Bunus opienrarnii 'PTT y npoctopi Ha cTapToBi
Ta TETJIOBI XapaKTEPUCTUKU OyB HE3HAYHNM Yy BCIX PO3-
IISTHYTHX BUMaAKaX. MakcuManbHa pi3HUIS MiXK 3HaUCH-
HSIMH TEMIIEpaTypu MO TEIUIOBiH TpyOi mpu 3MiHI KyTa
Haxuity cknanana 5°C ans ['PTT 3 metaHonom, 110 mif-
TBEPAXKYE BUCOKY CTa01IbHICTh (pyHKITIOHYBaHHA [ PTT
HE3aJIeKHO BiJ| 11 MPOCTOPOBOTO MOJIOKEHHSI.

5.TPTT 3 H-nieHTaHOM Ta 1300y TAHOM XapaKTepu3y-
BAJIKCSI IIJIABHOIO 3MIHOIO B Yaci TEMIIEpaTypH B 30Hi Ha-
IpiBy, 06€3 YiTKO BHPAKCHUX MIKiB IEPEXOY Bill PEXKHU-
MY BHIIQPOBYBAHHS 10 PEXHUMY KHITIHHS, IO CBITUUTH
npo ixHi crienn(ivHi TemonepeaaBaIbHi XapaKTepUCTH-
ku nopiBHsHO 3 [ PTT 3 meTanonom ta ppeonom R141b.

6. TemmepatypHi miKu Mpy 3aIycKy OyIu HalHO1IbII
BupaxeHnmu st [ PTT 3 metanonom ta ¢ppeonom R141b
IpU TeMIIepaTypax OXOJOLKyBaJIbHOTO MOBiTps —30°C
Ta +20°C, 1110 HEOOX1/THO BPaXxOBYBaTH ITPH 3aCTOCYBaH-
Hi [PTT B yMoBaxX HU3BKUX Ta TIOMIPHUX TEMIIEpaTyp.
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START-UP CHARACTERISTICS OF GRAVITY HEAT PIPES
WITH A THREADED EVAPORATOR

The authors experimentally study start-up characteristics of copper gravitational heat pipes with a threaded evaporator filled
with four different heat transfer fluids — methanol, R141b refrigerant, isobutane (refrigerant R600a), and n-pentane — that
do not freeze at temperatures as low as —30°C. The heat pipes were 260 mm long, had a diameter of 12 mm, a thread length in
the evaporation zone of 45 mm, a thread pitch of 0.5 mm, and a fluid volume of 1.6—1.7 ml (filling ratio of 50—55%). It was
shown that changing the inclination angle (15°, 60°, 90°) does not significantly affect the temperature in the heating zone of
the heat pipe (maximum 5°C for methanol). More significant is the influence of the ambient air temperature (-30°C, +20°C
and +40°C). The maximum thermal regime stabilization time (22— 24 min) was observed in the heat pipe with methanol at an
ambient temperature of —30°C, while the minimum stabilization time (11— 12 min) was recorded for heat pipes with isobutane
and n-pentane at an air temperature in the chamber of +40°C.

Keywords: heat transfer, heat pipe, low-temperature heat transfer fluid, start-up characteristics, steady thermal regime,

stabilization time.
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BIIIMB TEMIIEPATYPHHUX YMOB EKCITJIYATAIIII
CBITJIOAIOAHUX MOJVYJIB HA IXHI EJIEKTPOOIITUYHI
TA EKCIUIYATAIIVHI ITAPAMETPU

Pozenanymo ennue HassHocmi y c8ima00i00HOMY MOOVIL GIOMIHHOCME MinC MeMnepamypamu OKpemux ceimuooiodie
Ha c8ima08ull NOMiK ma mepmin 1020 ciyxcou. Busnaueno, wo npu oyinyi eppexmusnocmi ma 006206iunocmi c8imaooi-
OOHUX MOOYi& HeODXIOHO 8paxo8yeamu CManoapmue GiOXujleHHs memnepamypu ceimnodiodie 6i0 cepeoHbo20 3HAYEHMS.
Ilpooemoncmposano, wo npu cmanoapmuomy sioxunenni memnepamypu na 20°C 6ioHoCHe 3HUNICEHHS CBIMA06020 NOMOKY
Moy modice cmanosumu 6auzvko 1%, a kooicne nioguujenns epadienma memnepamypu na 10°C — smenwumu mepmin 11020
cyacou Ginvue Hidic y mpu pasu.

Knrouosi crnosa: c8imno0ioOni Mooyii, e1ekmpoonmudni napamempu, memnepamyphi ymosu, HepieHOMIpHICMb memMnepamy-

CyuacHi CBITIIOTIOAN XapaKTePU3YIOThCS BHCOKOIO
eHeproeeKTUBHICTIO, 110 POOUTH iX OJHUMH 3 Haii-
OlTBII MEePCIEKTUBHUX JIXKEepeN CBiTjIa B 06ararbox ra-
ny3sx [1-3]. Citoniogn 4yacto 00’€IHYIOTh y CBIT-
JIOA10/IHI MOAYJI1, K1 € KIIFOYOBUMH KOMIIOHEHTaMH HO-
BHX OCBITIIIOBAIbHUX CUCTEM, 1110 320€3MeUYI0Th BUCOKY
e(heKTUBHICTb, CTa0LIBHICTD 1 HAAIWHICTH POOOTH B Pi3-
HuX chepax 3acTOCyBaHHS — BiJl TOOYTOBOTO J0 aBTO-
MOOIJTBHOTO Ta ITPOMHCIIOBOTO OCBITIIEHHS. CBITIOA10/THI
MOJTYJTi CKJIaJAl0ThCS 3 OJHOTO a00 JIEKIJIbKOX CBITIOMI-
ofiiB [4, 5], po3MillleHUX Ha 3arajbHii MiAKIaALi 3 iH-
TErPOBAHMMU €JIEMEHTaMH TETJIOB1IBEACHHS, a 4acTo i
3 IOJATKOBUMHU KOMIIOHEHTAMHU, TAKUMH K PE3UCTOPH,
10 OOMEXYIOTh CTPYM, ONITUYHI €JIEMEHTH Ta CUCTEMHU
kepyBaHHs. Takuii mixiJ 103BOJISIE PIBHOMIPHO PO3IIO-
JIUIMTH TETIO, MOKPALYIOYH TETJIOBUN PEKUM POOOTH
CBITJIONIO/IB, 3HIXKYIOUH PU3UK TIEPETPIBY Ta 301IbIIIY-
104M JOBroBiYHiCTh. KpiM TOTO, 00’ €1HAHHS CBITIIONIO-
JIiB Y MOAYJ b JO3BOJIsIE e(heKTUBHIIIIE KepYBaTH PO3IO-
JIIJIOM CBITJIa Ta JOCATaTH ONTUMAIbHUX ONTUYHHX Xa-
PaKTepUCTHK.

CBiT0A10/1HI MOJTYITi MOXHA IHTETPYBATH B Pi3Hi KOH-
CTPYKIIii 3 OKPAIICHUM TETIOBIIBEJICHHAM Ta ONTHMi-
30BaHUMH ONTHYHHUMH XapaKTepUCTHKamMH. BoHU Mo-
XKyTb OyTH pO3pOOJICHi I CEeU(IYHIX 3aCTOCYBaHb,
3a0e3neuyroun MOTpiOHUH piBeHb ICKPABOCTI, KOTIPHOI
TEMIIEpaTypH Ta HAMPSIMKY CBITIOBOTO MOTOKY [6, 7]. Lle
POOUTH IX HAJA3BUYAHHO THYYKUMH TSI BAKOPUCTAHHS B
PI3HOMAaHITHUX YMOBAX Ta CEPEIOBHUINAX.

OpHak eeKTHBHICTh Ta JOBITOBIYHICTh CBITJIONION-
HHX MOJYJIiB 3HAUHOIO MipOIO 3aJIeKaTh BiJ] TeMIIepaTyp-

PoGoty BukoHaHo 3a migTpuMku HanionansHoro ¢onmy no-
CHiJUKeHb YKpailHM B paMKaX I'DaHTOBOIO JIOCIiAHUIBKOIO
npoekty Ne2022.01/0037.

P, C8IMI06a eheKkmusHiCcmb, MepMil CIYHcOU, Menio8i08e0eHH .

HUX YMOB eKcIutyarauii cBitinoaionis [8—10], gxi B HUX
BHUKOPHUCTOBYIOTHCS. [lijBHIIIeHa TeMIIepaTypa MOXe He-
TaTHBHO BILTMBATH HA SJICKTPOONTUYHI [TapaMeTPH, TaKi
SIK CBITJIOBHH IOTIK Ta CIIEKTPAJIbHI XapaKTEPUCTHKH, a
TaKOK MPUCKOPIOBATH MPOIECH ACrpajallii, 0 B HUX
BimOyBaroThest [11—13]. [Ipu migBuiieHid Temmepary-
pi e(heKTUBHICTH CBITJIOBOIO BUIIPOMIHIOBAHHS CBITJIO-
JIOJIIB 3HIKYETHCSI Uepe3 301IbIIeHHS KITbKOCTI Oe3BH-
MPOMIHIOBAJIBHUX PEKOMOIHAILIH, 1110 3MEHIIy€ KUIBKICTh
(OTOHIB, SIKi BUITPOMIHIOIOThCS. TeMrepaTypa BIUTHBaE
i Ha CIEKTP BUIIPOMIHIOBAHHS Ta MOXE MMPHU3BECTH 0
3MIHH KOPEJIhOBAHOI KOJIBOPOBOI TEMIIEPATYPH CBITIO-
J1i0J1a, B1JT SIKOT 3aJICKUTB SIKICTh OCBITJEHHS, KPIM TOTO,
e Moxe OyTH BKpail HeOaXaHUM Y JIESIKHX 3aCTOCYBaH-
HSIX, TAKUX SIK, HAPUKIIA, MEIIYHE OCBITIICHHS a00 Xy-
JIOXHE TicBiuyBanHs [14—16].

3a nocnimpkeHHsAMH, 30kpema [17, 18], miaBuieHHs
temneparypu Ha koxHi 10°C 3HMKY€E TEpMiH CITyKOH
CBITIIOAIO/IB Y e (ToOTO nmpuOnu3Ho y 2,7) pas. Lle nuran-
Hs e O1TBIIIE 3aTOCTPIOETHCS IPU HEOTHAKOBIH TeMIIe-
parypi OKpeMHUX CBITIOAI0/IB Y CBITJIONIOJHOMY MOy
OCBITIIIOBAJLHOTO MPHUJIALY. Y TaKOMY BHITQJIKY 3arajlb-
HUUW TEPMiH CITyKOU CBITIIOJII0THOTO MOYJISI OLIHFOETh-
sl 32 TEMITEPATYPOIO HAMOIIBII HATPITOTO CBITIOIONA.
Came TOMy Ba)KJIMBE HE CEPE/IHE 3HAUYCHHS TEMIIEPaTy-
M BCIX CBITJIOIO/IB MOYJISA, & TEMIIEpaTypa HalOUTbIIT
HArpITOTO EJIEMEHTY, SIKa 1 BU3HAYAE CTPOK HOTO CITYKOH.

Mertoto 11i€l poOOTH € AOCHIDKCHHS BIUTUBY HasB-
HOCTI Y CBITJIOIIOAHOMY MOAY/1 BIIMIHHOCTEH MiXk TeM-
nepaTypaMu OKpeMHUX CBITJIOMIONIB Ha TXHI eKcIuTyaTa-
LiiHI Ta SNEKTPOONTUYHI MapaMEeTPH B aCHEKTaxX 3HU-
KECHHS TEPMiHY CITY’KOH, CBITIIOBOTO TIOTOKY Ta CBITJIO-
BOT €(EeKTUBHOCTI.
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3anexHicTh TepMiHy ca1y:K0U cBiT/IOAIOAIB
Ta IXHBOI CBIT/I0BOI e)eKTUBHOCTI
Bil TeMnepaTrypu

TepMiH city>k0H CBITIIOIOAIB CYTTEBO 3aJEKUTH Bij
iXHBOT po6ouOi Temneparypu. i miaBUIIEHHS MPU3BO-
JUTh JI0 TIPUCKOPEHHS JIErpafalifHuX MpoueciB y Ma-
Tepiajax CBITIOAI0/1a, IO CKOPOUYE TEPMiH HOTO CITyK-
6u. L5 3a1eKHICTh 4aCTO OMUCYETHCS EKCTIOHEHIIHHU-
MU 200 norapuMivHIMH MOACISIMH, 110 6a3yH0ThCA Ha
(h13MYHUX TPUHIUIAX TEPMIYHOI aKTUBHOCTI.

OHUM 3 IOIIUPEHUX MMiIXO/IB IS OMUCY 3aJICKHO-
CTi TepMiHy ciyk0u L Bix temmeparypu 7 € BUKOpH-
CTaHHS PiBHSIHHS AppeHiyca
L=1L,exp —ﬂ i—i—i

k\T, T.

(5

(M

ne L, — TepMiH ciy:x6u npu temneparypi 7;

E, — eHepris akTuBanii mpouecy Jaerpaianii;

k — xoncranta bonsumana, k=8,617-107 eB/K;

T M TeMIICpaTypa CKCIUTyaTalill.

Enepris aktusanii nerpanauii citiogionis £, Bijo-
Opakae Yy TIIMBICTh IXHHOTO TEPMIHY CITYKOU JI0 TEMTIIe-
parypu. UuM BHIIC €HEprisi akTHBAIIi1, TUHM OLIBIIO Mi-
PO¥O TeMITEepaTypa BILTUBAE HA TPUBAIICTH CITY>KOH CBIT-
nojiofa. 3HAYCHHS eHepril akTHUBAIT ISl CBITIOAIO/IB
BHJIMMOTO CBITJIA JIGKUTH B miarma3oHi Bix 0,6 eB (dep-
BOHI) 110 Onmm3bko 0,9 eB (cuHi). BpaxoByrouw, mo 6imi
CBITJIOI0/IM TTOOY/I0BaHI HA OCHOBI CHHIX 3 BUKOPHUCTAH-
HSIM CBITJIOKOHBEPTYIOUHX MaTepialliB — JIFOMIHO(OPIB,
TXHS €HEprisl aKTUBAIIIT € TOAIOHOKO JI0 CHHIX, aJie MOXKe
OyTH TPOXH BHIIOIO Yepe3 IOJATKOBI JIerpaIaliiiiHi mpo-
[IeCH Y JIFOMIHO(OPI.

BusHaueHHs aOCOMIOTHOTO 3HAUYCHHS TEPMIHY CITYK-
OU € TOCUTH CKIATHOI0 EKCIICPUMEHTAIBHOIO 3a/1a4CT0,
Ha BUPIMICHHS SKOT BAPOOHUKHU CBITIOIIONIB YaCTO BH-
TPavaroTh COTHI TOIMH BUTIPOOYBaHsk. [IpoTe BimHOIICH-
HsI TEPMIHY CJTY>KOHM OJHOTHITHUX CBITJIOMI0/IIB P EKC-
IUIyarallii 3a pi3HO1 TeMITepaTypy BiJTIOBIHO JI0 BUPaA3y
(1) Moxe OyTH OITUCAHO MPOCTOIO 3AJTECKHICTIO

2

ne L, L, — TepMiH cIlysKOH CBITIOMIO/IB 3a TEMIIEpaTy-
pu T, T, BIJITOBIIHO.

JI1s KiJIbKICHOT OIIHKY BIUTMBY CEPEIHBOT TeMIiepa-
TYpH Ta BIIXHMIICHb Bijl Hei Ha e()eKTUBHICTH CBITIIONION-
HOTO MOJYJISI MOYKHA BUKOPHCTATH 3aJICKHICTh CBITIOBO-
ro motoky @ Bix Temrieparypu. 3a3BHUai s 3a1€XKHICTD
OIMUCYETHCSI ITHIHHOI0 00 SKCITOHEHIIIHHO0 (PYHKITIE0.
JIyis cripoIeHHsI BUKOPUCTAEMO JITHIHHY 3aJ1eKHICTh

O(T) =D, [1-B(T—T)I, 3

ne O, — cBITIOBUI NOTiK NIy Temnepatypi 7 ;

B — TemneparypHuii KOe(DI[IEHT 3HIKEHHS CBITIIOBOTO I10-
TOKY;

T — poOouya Temrieparypa CBITIOAIONA.

Temmneparypuuii koedillieHT [ 3a3BUUail JIGKHUTH B
miamasoni Big 0,001 mo 0,005 K™ (1o BiATOBiTAE 3HU-
YKEHHIO CBiTIIOBOTO OTOKY Ha 0,1 —0,5% mpu miBuieH-
Hi TeMIIepaTypH Ha OAMH TPaayc).

Jlnst MomyIist, SIKMU CKIIAJIa€ThCs 31 CBITIOMIOMNIB 3
PI3HOIO TemIeparyporo 7;, MOKHA 3HAWTH TXHIO cepe-
HIO Temmnieparypy 7, 1 BIIXUICHHS BiJl HET TeMIIepaTypu
OKPEMUX CBITIOIIOIIB: ATI. = Tl.f T i SIKIIO 111 BIAXUIIEH-
HS “CHUMETpPUYHI”, 3aralbHUI CBITIIOBHIA MOTIK 3aJIKUTh
JULIE BiJl CEPENHBOT TEMIEPaTypH, 1 miaBuiueHus 7
3MEHIIY€E CBITJIOBHUHU MOTIK Ha BEJIMYHUHY, POTIOPLIHHY
B(T av T, ())‘

B ymoBax HepiBHOMIpPHOTO pO3MOALTY TeMIepaTypH,
KOJIM TeMIleparypa JesiIKuX CBITJIOAIONIB ICTOTHO BHUILA
abo mmwxk4a 3a T, , BIUIMB [UX BIIXUJIEHb CTA€ CyTTE-
BUM. J{J151 KiJIbKICHOT HOTO OIIIHKM YaCTO BUKOPHCTOBY-
I0Th JIUCTIEPCiI0 62 200 CTaHIaPTHE BiJIXMJIEHHS G TEM-
neparypu. IIpoananizyBaBiuu 3anexHicTb (3) 3 BHKO-
pUCTaHHAM po3KiIafeHHs B psi Teiiopa Ta BIIKUHYBIIN
HEe3HauHl WIEHU, OTPUMAEMO 3aJICIKHICTb, KA JO3BOJISIE
BHU3HAYUTH MOXJIMBHUU BIUIMB BIAXWIECHb TEMIIEpaTypH
Ha 3arajibHUM CBITJIOBUH MOTIK. JIJIis1 MEeBHOI cepeHbol
TeMIepaTypy 3HAYEHHS CBITIIOBOIO MOTOKY @ BiTHOCHO
®,, pO3pax0OBAHOTO 32 3ANEKHICTIO (3) 3 BpaXyBaHHAM
MOJKJIMBOTO 3HM)KEHHSI, TIOB’S13aHOTO 3 HAsIBHICTIO JIUC-
nepcii TeMIepaTypy 62, MOYKHA 3HANTH SK

O =D/D,~1-pc. 4
CBiTiIOBa €(PEKTHBHICTB 1] PO3PAXOBYETHCS SIK BiJTHO-

IICHHS CBITIOBOTO MTOTOKY JI0 CITOXKMBAHOT SJIEKTPHYHOT
MOTYXKHOCTI P:
n=ao/P. 5)
OcCKibKY 3arajibHa CII0KHMBaHA OTY>KHICTh MOJTYIIS
IIPU 3pOCTaHHI TEMIIEPATypHU 3aTHIIAE€THCS HE3MIHHOIO
(a00 HaBITh TPOXH 301TBLITYETHCS ), SHUKECHHS CBITIIOBO-
O MOTOKY NMPU3BOIUTH J0 3MEHIIEHHS CBITIOBOI e(ek-
TUBHOCTI CBITIIOMIOAHOTO MOTYJIsl. TakuM 4HHOM, HEepiB-
HOMIpHHUH pO3MOIiT TeMIIEpaTypH, 110 CIPUYNHIOE 3HU-
YKCHHSI CBITJIIOBOTO IIOTOKY OKPEMHX CBITJIOIOA1IB, HETa-
THBHO BIUTHBA€E HA 3araJIbHY CBITJIOBY €(DEKTUBHICTb CBIT-
JIOZIIOTHOTO MOJTYJIS.

BnuiuB rpagieHTa TeMnepaTrypu Ha TepMiH CIy:KOM
cBiT/1I0i0IHUX MOY.TiB

V CBITIIOMIOAHOMY MOJTYJTI JKEpeia CBIT/Ia 3a3BHYai
BHUKOPHUCTOBYIOTHCS CBITIIOION OHOTO THITY, YBIMKHEHI
MOCITIJIOBHO, TApaIeIbHO YW MOCITIIOBHO-ITapalIeIbHO,
TOMY BHXI1JI OJTHOTO 3 HUX TIPU3BOJIUTH IO HEOOX1THOCTI
3aMiHH CBITJIOMIOTHOTO MOIYJIS B IILIIOMY, TPH TOMY IO
OUTBIIICTh CBITIIOMIOIB 3aMIIAITHCS MPUIATHUMH 10
MOJTAJTBIIIOT SKCILTyaTallii.

J1J1s MOPIBHSIHHS TEPMIiHY CITY)KOUM HaMEHII Ta Hak-
OLTbLI HArPITHX CBITIIONIOMIB (L, Ta L, BiANOBIHO) BUKO-
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0 80 AT, K

Puc. 1. 3anexHicTh CIiBBiHOMICHHS TEPMiHIB CIIY>KOU Haii-
MEHIII HArpiTOTO CBITJIOAIONA Ta HAWOIIBII HATPITOTO BiJ
pi3HMLI 3Ha4YEHb TXHBOT Temneparypu mis T, = var

PHUCTOBYBaIacs 3aJeKHICTH (2). MozieIroBaHHS BUKOHY -
Bajiocs AJis OLIMX CBITJIOA10/IIB, TOOYIOBAaHUX HAa OCHO-
Bl CHHIX, ITPU IbOMY HE3HAYHE ITi/[BUIIICHHS €HEPTil aK-
THBAIIT B pe3yJIbTaTi HASBHOCTI B HUX JIFOMIHO(OPY HE
BpaxoByBaJiacs. BilmoBijHo, MpuiiMaiocs, o eHepris
axtuBarii gopisaroe 0,9 eB. Ha puc. 1 mokazano 3mo-
JIeTTbOBAHY 3aJI€KHICTh CIiBBIJHOIICHHS BEIUYIHMH Tep-
MiHy Ciyx0u L,/L, HalMeHII Ta HAHOUIbII HATPITHX
CBITJIOMIO/IB BiJl Pi3HUII 3HAYCHB TXHBOT TEMIICPATypPH
AT nj1st TphOX BapiaHTIB TEMIEpaTypy HAWOUIBIIT HATpi-
Toro citnoniona 7.

3 puc. 1 BuaHO, 0 M 3HAYHIH PI3HULI y TeMmepa-
Typi CBITJIOAIO/IB TEPMiH CITy>kKOM HAlIMEHIII HATPITHX 3
HUX MOXe OyTH 3HaYHO OUIBIINM, HIK HalOLIbII HArpi-
TUX: JUIS PO3DIISIHY TUX BUIIAIKIB KOKHE i IBUIICHHS AT
Ha 10°C 3HWXYE TEPMiH CIYKOHU CBITIONIOIB PUOTH3-
HO y 3,12 pa3za. [Ipu ubomy, uuM MeHwIe 7', TUM IIBHI-
1€ BiI0yBa€ThCs 3pOCTaHHA L |, a 3HAYUTh, HABITH HEBE-
nuke 3HadeHHs AT pH HU3BKiH TeMIiepaTypi eKcriya-
TaIil MOXe CyTT€BO CKOPOTUTU TEPMiH CITyKOH CBITIO-
niona. BogHodac ciijy 3ayBaskuTH, IO 1€ HE € KPUTHY-
HHUM, OCKUTBKH TEPMiH CITY)KOU CBITJIOMIOIB TIPH HU3b-
KHX TeMIieparypax € JoBoii BenukuM (1o 100 Tuc. ro-
e nipu 7=45°C). I1pu nigBuiieHHi po6ovoi Temmepa-
TYpH TEPMiH CITy>OH CBITJIOAIO/IB pi3KO Maae, 1o mo-
TpeOye 0coOIMBOI yBaru Mpu po3poOIeHHI CBITIONION-
HUX MOJYIIIB, MPU3HAYCHUX ISl BUKOPUCTAHHS Y KPU-
TUYHUX CKCIUTyaTaliiHIX YMOBAX.

Bapro mie 3BepHyTH yBary Ha BUIIa KU, KOJIH TEMIIe-
parypa HaliMEeHII HarpiTHX CBITIIONIO/IB 3HAYHO MEHIIIA
3a cTa”aapTHI poooui Temmeparypu (0—85°C). I xoua ko-
PpOTKOYACHI epeOyBaHHs MpH Temieparypax Hikae 0°C
HE € KPUTHYHUMH, TPUBaJIa poO0Ta 32 MEXKaMH PEKOMEH-
JOBAaHOTO TEMIIEPATyPHOTO Jialla30Hy IiABHIIYE PU3UK
JIOZIATKOBOT Jierpaaliii Marepiany (HarpHuKIam, MOXKYTh
TTOSIBJISITUCS] MIKPOTPILIIHHN Y KpUCTaJI Ta mapi GpoTolto-
MiHO(Opa, BHHUKATH POOJIEMH 3 KOHTAKTaMH TOIIO). 3
9acoM II¢ MOXKeE JIOJATKOBO 3MEHIIUTH O4iKyBaHHUIH pe-

CypC MPUCTPOIO, BILTMHYTH Ha CTAOLTBHICTD CBITIOBOTO
MOTOKY Ta JIOJIATKOBO 30UIBIINTH HMOBIPHICTh BiJIMOB.

BuiuB rpagieHTa Temneparypu Ha 3arajibHy
cBiT/I0BY e(peKTUBHICTH CBITJIONIOAHMX MOIYJIiB

HasiBHiCTB pi3HHII y TEMITEpaTypi OKPEMHUX CBITIOII0-
IIiB MOIYJIsI CYTTEBO BILTUBAE 1 HA HOT0 3araibHy edek-
TuBHICTB. [Ipu niaBUIIeHIi TemnepaTypi e(peKTUBHICTh
CBITJIOBOTO BHIIPOMIHIOBAHHS CBITJIOIO/IB 3HUKYETh-
cs yepe3 30UIbLIEHHS YacTKU Oe3BUIIPOMIHIOBAIIBHUX
pekomOiHalii. e o3Hadae, 110 OijbIlIa YacTHHA CIO-
JKUTO1 Heprii He IepeTBOPIOETHCS Ha CBITIIO, a PO3Cito-
€THCSl y BUVISAL TeIuia. Y pe3yibraTi 3MEeHIIYIOThCS 3a-
TaJlbHUN CBITIIOBHH MOTIiK MOAYJISI Ta €(DEKTHBHICTH BU-
KOPUCTAHHS €HEepTii.

Binnosigno 1o dhopmynu (4), g pi3HUX 3HAYEHb
TeMIIepaTypHOTo KoedilieHTa 3HWKEHHS CBITIIOBOTO
MOTOKY 3 OyJI OTpUMaHi 3aJIKHOCTI BITHOCHOTO CBIT-
JI0BOTO TIOTOKY @ | CBITJIOMIOMHOTO MOMYJIS, CEPENHSA
TEMIIepaTypa CBITIIOIONIB SIKOTO Ma€ CTAaHIAPTHE Bij-
xwieHHs 6. Ha puc. 2 BugHo, mo npu 6 =20 K 3amKkeH-
HS CBITJIOBOTO MOTOKY Moske ckianatu 0,01 Bij movar-
KOBOTO, TOOTO 0113bK0 1%. 31 301IbIIEHHSIM G Bi10yBa-
€TBCS TIOMITHE 3MeHIIeHHs D, 10 CBITYUTH MPO He-
TaTHBHUH BIUIMB TPAJIi€HTa TEMIIEPATYPH Y CBITIIOMION-
HOMY MoayJi. J{o Toro x, 4um Oibllie TeMreparypHHi

D T
0,99 -+
0,98
0,97 1

0,96 1

0,95 1

0 10 20 30 40 6, K

Puc. 2. 3aeXHICTh BiTHOCHOTO CBITJIOBOTO MOTOKY BiJl CTaH-
JTAPTHOTO BiJIXMJICHHS TEMIIEPATyPH CBITIOMIONIB ISl PI3HUX
3HaueHb TeMIeparypHoro koedimienta B (y K1)

0,94

Koe(iIieHT B, TUM CTPIMKIiIlIe 3HIKYEThCS BiIHOCHUH
CBITJIOBHH MOTIK CBITIAOA10/11B, IO BKA3y€ HA ITiJIBUILICH-
HS 9y TJIMBOCTI MaTepiary 0 TeMIIEpaTyPHUX KOJIUBaHb.

BucnoBkn

3anpornoHoBaHU y POOOTI MiAXiJl O BU3HAUCHHS
BIUIMBY TEMIIEpaTypHUX YMOB pOOOTH Ha eKCILTyaTalliiHi
Ta eJIEKTPOOIITHYHI TTApaMETPH CBITIIONIOTHIX MOJYJIIB
3 OUTUX CBITJIONIOJIB JIO3BOJIMB OLIHUTH TEPMiH IXHBOT
CITy>KOH, CBITJIOBHH MOTIK Ta CBITJIOBY €(DEKTHBHICTb.

3aIe)KHICTh TEPMIHY CITY)KOM CBITIOMIOAHUX MOJY-
JIB BiJl PI3HUII MK TeMIlepaTypaMy HalOULIbII Harpi-
TOrO CBITJIONIO/A 1 HAMMEHIII HAIPITOTO MOKA3ye, MO 31
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301IBIIEHHAM TEMIIEpaTypy eKCILTyaTanii Haio1IbI Ha-
rpitux cBiTnoaionis (Big 45°C no 85°C) TepmiH ciryxOu
MOJYJIIB CTa€ MEHII YyTIMBUM J0 Li€l TeMIepaTypHOi
pizHuLi. {715 po3mISTHY THX BUIA/IKIB KOKHE i IBUIICHHS
pizHuni Temneparypu Ha 10°C 3HIKYE TepMiH CIyX0H
cBiTIONIOAIB MPHOIU3HO y 3,12 pasza. OnHak HaBiTH MIpU
MEHIIIIH 9y TIMBOCTI 10 PI3HUII TEMIIEPaTyp 3arajbHuH
TEpMiH CIy>XOM CBITIOAIOIB IPH BUCOKHUX TEMIIEpaTy-
pax excIuTyaTanii 3HaYHO CKOPOUYEThCS.

s 3a6e3neueHHs eeKTUBHOI poOOTH CBITIOMIOA-
HHUX MOJYJIIB HEOOXiJHO 3MCHIITYBATH CTAaHIAPTHE BiIXU-
JICHHS TEMIIEPATypPH BiJl CEPEIHBOTO 3HAYCHHS IIIISIXOM
¢(CKTUBHOTO TEIUIOBIABEACHHS Ta MOKPAIICHHS KOH-
CTPYKIIil CHCTEMH OXOJIOJKCHHS. BUKOpHuCTaHHS CBiT-
JIOAI0/IB 3 HIXKYMM 3HAYCHHSIM TEMIIepaTypHuX Koedi-
IIEHTIB TAKOXX MOXKE 3HU3UTH UyTIHMBICTH A0 TEMIepa-
TypHHX (QIYKTYaIii, T IBUIILYFOYH 3araJIbHAN CBITIOBHUI
MOTIK Ta CBITJIOBY €(EKTUBHICTH CBITIAOMIOJHUX OCBIT-
JIIOBAJIBHUX MPUCTPOIB Ha TX OCHOBI.
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THE INFLUENCE OF OPERATING TEMPERATURE CONDITIONS OF LED MODULES
ON THEIR ELECTRO-OPTICAL AND OPERATIONAL PARAMETERS

Modern LEDs are characterised by high energy efficiency, which makes them one of the most promising light sources in many
industries. The efficiency and durability of LED modules largely depend on the temperature conditions of operation. Elevated
temperatures can adversely affect electro-optical parameters such as luminous flux and spectral characteristics, as well as
accelerate degradation processes. This article investigates the effect of temperature conditions of LED modules on their
electro-optical and operational parameters. The paper considers how temperature unevenness in the LED module affects their
luminous flux and service life. It is determined that when assessing the efficiency and durability of LED modules, it is necessary
to take into account the standard deviation of the LED temperature from the average. Given the presence of temperature
gradient between LEDs in a LED module, the service life of the latter is estimated by the temperature of the most heated
LED, as shown in this paper. The influence of the deviation of the LED temperature from the average on the overall luminous
efficiency of LED modules based on them is demonstrated. In particular, with a standard temperature deviation of 20°C,
the relative decrease in the module’s luminous flux can be about 1%. For the considered cases, an increase in temperature
unevenness by 10°C reduces the lifetime of the LEDs more than three times. To ensure the efficient operation of LED modules,
it is necessary to reduce the standard deviation of temperature from the mean value through effective heat dissipation and
improved cooling system design. The use of LEDs with lower temperature coefficients can also reduce the sensitivity to
temperature fluctuations, increasing the overall luminous flux and luminous efficiency of LED lighting devices based on them.

Keywords: LED modules, electro-optical parameters, temperature conditions, temperature unevenness, luminous efficiency,

service life, heat dissipation.
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BIIVIMB ITOBEPXHEBOI'O E®EKTY HA OIIIP EJIEKTPO/IB
EJIEKTPOXIPYPI'TUHMX IHCTPYMEHTIB

Jlocriodiceno enius nogepxrnegoco egpexnty Ha cepedosuwuya, sSIKi 3a1y4eni y npoyec npu npoeedenti e1ekmpoxXipypeiuHux empy-
uanv. Ompumano 3a1exACHOCmi IUOUHY NOBEPXHEGUX UAPiE eneKmpodie ma Oionoiunux mranun 6io yacmomu. I iubuna no-
6epxHeso2o wapy npu yacmomi 440 kly 011 6ion02iYHOI MKAHUHU € OOCMAMHBO B8EIUKOI0 — ONU3bK0 1 M, O Midi 6OHA cma-
noeums 0,1 mm. [nsa kpyenux ma npamoKymHux enekmpoois, 6ueomogieHux 3 Mioi ma ueipacasnoi cmani 410, pospaxosaro
onip 6 wupokomy yacmomuomy oianasoni (1 kl'y — 1 MI'y). Ilokazano, wo npu 30inbuleHHi 308HIUHbO20 NEPUMEMPA elleK-
mpooa, a 3Hauumby i eoeKmueHoT NIowi, 3MEHUYEMbCS U020 ONIP, WO CIMBOPIOE YMOBU OJis NIOGULYeHHsL e(heKMUSHOCMI eleK-
MpOXIpYP2IYHUX ITHCIMPYMEHMIG.

Kniouosi crosa: enexmponposioni cepedosunya, 2nubUHa nOBEPXHE8020 Wapy, eleKmpoxipypeiuri 6mpyuanHs, 6ionociuHi mra-
HUHU, CIPYM BUCOKOT yacmomu, popma enekmpoois.

Ha cporozaHi Bce mmpiie 3acTOCyBaHHS 3HAXOSTh Juig BUNaAKy MOLIMPEHHS CTPyMY, NIOKa3aHOMY Ha
HOB1 METOJI BUCOKOYACTOTHOT €NEKTPOXipyprii, AKki 3a- | puc. 1, 3 cucreMu piBHAHb MaKcBeia BUTIKA€ PiBHSIH-
BJSIKM CBOIM IepeBaraM 3aMiHIOIOThb TpaauliiiHi Me- | Hi [8]

TOJM, J1€ 3aCTOCOBYIOTbCS XIPYpridHi HUTKH Ta CKOO- 2

ku [1]. [HcTUTYT enexTpo3BaproBanHs im. €. O. Ilarona 5
HAH VYxkpainu crinbHo 3 ¢axiBusgMu MiHicTepeTBa 0Xo- dy

POHH 3/10pOB's YKpaiHu PO3pOOMIIH CIIOCIO, TEXHONOTIT | jeJ, — TycTHHA CTPYMY;
Ta BIANOBIJHE YCTaTKyBaHHA I 3aCTOCYBaHHS CTpY- j— yABHA OZMHULS;

My BHMCOKOI 4acTOTH B Xipypriuniil mpaxtumi [2—6].
BnpoBapkeHHSI HOBUX METO/IIB BUCOKOYACTOTHOT €JIeK-
TPOXIpYPrii, sIKi MalOTh sl CYTTEBUX IEepeBar HaJ[ Tpa- Le piBHSHHS Mae Take PilICHHS:

JIMIIAHAMU, HAIITOBXYIOTHCS Ha TPY/IHOIIII, OB’ s13aHi 3 . .

3a0e3nedeHHAM HpOXO}L/DKeHHH Bnco}llcoqaCTOTHoro cTpy- J-(v)=Jiexp(Ky) +J, exp(=Ky): @)

Z

= jopo/_, (1)

@® — KYTOBa 4acToTa.

My 4epes3 eJIeKTPOIU eJIEKTPOXipypridyHUX IHCTPyMEHTIB o _ N [ops N

1 OioNOriuHy TKaHUHY. K = jopc = (1 + ])\/ R (1 + J)kv 3)
PesynpraTu BHCOKOYAaCTOTHOTO HarpiBaHHs BHU3Ha-

4alOThCSl B OCHOBHOMY YacTOTOIO CTPyMy, posMmipamu | ;. _ [©OHO 4)

Ta (HOpPMOIO ENEKTPONPOBIAHOTO CEPEIOBUIA, EJIEK- 2
TPUYHUMH, MarHiTHUMHU Ta TETJIOBUMH BIACTUBOCTSI-
MU Marepiaiy.

Ha puc. 1 1pogeMOHCTPOBAaHO IIOUIMPEHHS CUHYCOI-
JIANBHOTO CTPYMY B OHOpiIHOMY mpoBinHomMy TiiBnpo- | J, (v)=J, (0)exp(—Ky)exp(—jKy). (5)
CTOpI, KOJIM BEKTOP TYCTUHH 3MiHHOTO cTpymy J (0) ma-
paenbHUid TpaHUYHIN MOBEPXHI.

I'ycTrHa 3MIHHOTO CTPYMY Y MONEPEYHOMY Nepepi-
31 IPOBIIHUKA PO3MOAISIETHCS HEPIBHOMIPHO, 3MEHIITY-
IOUUCh y HAIpPsSMKY BiJl 30BHIIIHBOI H10ro MOBEpXHi 10
ueHTpa. Lle aBuie Mae Ha3By MOBEpXHEBOTO eeKTy [7]. X
[Ipu 3a1aHKX BIACTUBOCTAX MaTepiany NpoBiTHUKA (TTH-
TOMO] €JIeKTPUYHOT MPOBIIHOCTI G Ta aOCONIOTHOT Mar-
HITHOT MPOHUKHOCTI [L) TOBEPXHEBUHN €(EeKT MPOSBISIE€Th-
Csl TUM CWJIBHIIIE, YUM O1JIbIIIe PO3MIpH ITPOBITHUKA Ta Y
Y1UM BHUILIC YaCTOTa CTPyMY. HOBerHCBHﬁ e(beKT CIO- | Puc. 1. TTommpeHHs] CHHYCOIAIBHOTO CTPYMY B OJJHOPITHO-
CTepiraeThCs y NPOBiAHUKAX OyIb-IKO1 PopMHU. My [IPOBIZHOMY HiBIIPOCTOPI

Sxmo ms y=0 ryctuna crpymy J (0), a st y — oo
BOHa JiopiBHIOE 0, TOJII MOXEMO 3arucaTu
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Puc. 2. YTBOpeHHS KOAryJsiiiHUX KiJElb Yepe3 it
MOBEPXHEBOTO €(eKTy IPU KOHTAKTHOMY IIPUBAPIOBAHHI
BIJIIIAPOBAHO] CITKIBKU 10 CYAMHHOI 000JIOHKM OKa

I'ycTiHA CTPYMY €KCIIOHEHI[ITHO 3MEHIIY€eThCs 31
301IbIIECHHSIM . BifcTanb, Ha SIKili BOHA 3MEHIITYEThCSI
B ¢ pasis, T00TO 10 1/e Bix 3Hauenns J (0) Ha rpaHuy-
HIl TIOBEPXHI, BiJioMa SIK TNIMOMHA MTOBEPXHEBOTO MIapy
i IOPiBHIOE

d=—= |—. (6)
k ity

Ha puc. 2, orpuMaHOMy 3a JOIOMOT00 MiKPOCKOIIa,
MIPOIEMOHCTPOBAHO HACIIAKH 11T TOBEPXHEBOTO e(heKTy
[IpU KOHTAKTHOMY IPUBapIOBaHHI BiIIIapPOBAaHOT CITKIB-
KH JI0 Cy/IMHHOT OOOJIOHKH OKa, a CaMe — KOaryJIsiiiHi
KUTBIA B MICIISIX IPOXOJKEHHSI CTPYMY, YTBOPEHi uepes
HEpiBHOMIpHE HarpiBaHHS TKaHUH [9].

Agtopu [10, 11] MozaentoBanu MPOXOMKEHHS 3MiH-
HOTO CTPYMY IIPH €JIEKTPOXipYPridYHUX BTPYUaHHSIX, ajie
IIpU LIbOMY BOHU HE BPaXOBYBaJId IOBEPXHEBUI €(eKT,
110 JICIIO 3HIKYE JTOCTOBIPHICTH 3aIPOIIOHOBAHUX MOJIE-
neil. BTiM 1ie € ay»xe BaXJIMBUM IIPH IIPOEKTYBAaHHI HO-
BHUX €NIEKTPOXIpypriuHUX IHCTPYMEHTIB, OCKIJIbKH Tepe-
IpiBaHHA KUBHUX 010JI0TIYHUX TKAHHUH MOXE IPU3BOAUTH
JIO TSDKKHX HACJIJIKIB, 30KpeMa JI0 HEKPO3y.

Mertoto wi€i po6oTH Oys0 po3poOIeHHS METOAMKHI
PO3paxyHKy €JIeKTPUYHHUX apaMeTpPiB eJeKTPOAIB eIeK-
TPOXIpYPTiYHUX iHCTPYMEHTIB 3 ypaxXyBaHHSIM IOBEPX-
HEBOTO €(EeKTY.

Po3paxyHok rInOMHU MOBEPXHEBOTr0 MIAPY
B €JIeKTPOoJaxX Ta 6i0JOriYHUX TKAHMHAX

HepiBHOMipHUI pO3MO/III TYCTUHHU CTPYMY T10 TIOTIe-
peYHOMY Tepepisy eNEeKTPOIiB BUKIIMKAE TIepEKOaryJis-
1ito, TOOTO TieperpiBanHs TKaHWHA. OCOOIMBE 3HAUCH-
Hs [Ie Ma€ B HEUPOXipyprii Ta oPTambMOoIIorii, Ie mics-
oreparliiHi HaciIKK IbOTO, CKOPIIII 32 Bce, OyIyTh BaXK-
KHMH 1 HE3BOPOTHUMH (HEBPOJIOTIYHI MMPOOIEMH, YIITKO-
JOKEHHS 30pOBOTO HEPBY TOIIIO).

YV BHCOKOYACTOTHIH €TEKTPOXipypTii TPaIUITIHHO 3a-
CTOCOBYIOTh aKTHBHI €JIEKTPOJIU MPSIMOKYTHOT, KPyIJI01
a0o iHmoi Gpopmu. B pobori [12] 3anpornoHoBaHO 3HU-
3WTH BIUIAB MTOBEPXHEBOTO e(heKTY, 301IBIIMBINM TICPH-
METpP KOHTAKTHOT IMMOBEPXHI eJIEKTPOXIPYPTiYHHUX €JICK-
TpoxiB (puc. 3).

a) 6) B)
1
4 \ 1 2
1 2 2

IPuc. 3. EnexrpoxipypriuHi eJaekTpoan 31 30UIbIICHUM MepruMe-
TPOM KOHTAKTHOI IIOBEPXHi:

a, 6 — TIPSIMOKYTHHH Ta KPYTJIMH eNeKTPOAH, BUKOHAHI 3a J0-

MMOMOTO0 MPOQITIOBAHHS, 6 — MPSIMOKYTHUN CIICKTPON Y BHU-

IJIS/T1 TTAKeTy OKPEMHUX eJIEKTPOJIB, 130IbOBAHUX OIUH BiJl OJI-
HOTO A1eNeKTPUKOM

(I — meTaseBa MOBEPXHSL; 2 — JICNEKTPHK)

Po3paxyHKH TTOBEpXHEBOTO IIapy IPH MPOEKTYBaH-
Hi CJICKTPOXipYPriuHUX €IEKTPO/iB JO3BOJSIOTH ONTH-
Mi3yBaTH MEPEKOarysiiio 0100TYHUX TKAaHWH, a TAKOXK
OTPHUMAaTH TOYHI 3HAUYCHHS ¢(PEKTUBHO] ILTOII €IEKTPO-
1B, Yepe3 sIKy MPOXOAUTH 3MIHHUN CTPYM.

B Ta6a. 1 npuseneHi nuToMa eIEKTPUYHA MPOBiA-
HICTh O, BIJIHOCHA MarHiTHa MPOHMKHICTH | Ta abco-
JIFOTHA MarHiTHAa IPOHUKHICTD [l €IEKTPOIIPOBIAHUX Ce-
PEIOBUIL, AKi 3aTydeHi /10 MPOIeCy MPHU eIeKTPOXipyp-
riYHUX BTpy4YaHHAX. CIHCOK IUX cepeaoBHIl chopMo-
BAHO 3 ypaxXyBaHHSM 1X BUKOPUCTAHHS IIPU IPOBE/ICHHI
€JIEKTPOXIpYprivHUX AOCHiIkeHs [13 — 15].

AOCOnI0THA MarHiTHa NMPOHHUKHICTh MaTrepiany BH-
3Ha4a€ThCA 32 (HOPMYIIOI0

TETRTIN )
JIE W, — MAarHiTHa IPOHUKHICTH BAKYyMYy,
po=4m- 107" Tu/m.
B Tada. 2 nuis pisHUX MaTepianiB HaBEJACHO 3HAYCH-

HSI MMOMHU MTOBEPXHEBUX INAPIB, OTPUMAHI 3 BUKOPH-
cranasM hopmyn (4), (6), (7).

Tabmui 1
Ilapamempu mamepianie [13—15]
Marepiaz CIC\S/[’/M Hy Flil/’M
30BHINIHIH Iap MIKipH 1,18
[kipa 1,18
ITigmkipanit xKup 1,19 ! 4m-1077
M’s130Ba TKaHHHA 0,34
Bionoriuni TKaHUHA 0,47
Mopceka Boja 4
Heip:xasna crans 410 | 1,74-10° | 700 | 8,7920-10*
Minp 5,70-107
Cpi6o 620100 | || 107
30710TO 4,50-107
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Tabmus 2
Tubuna nosepxne6oco wapy mamepianie 3a pisHoi uacmomu
I'mubHA MOBEPXHEBOTO APy, M
Yacrora,
I'n 6ioxoriuni MOpPCBhKa . . . HeipxKaBHA
mKipa Miab cpibio 30J10TO
TKaHUHU BO/A cranb 410
10! 2,3227-10% | 7,9618-10' | 1,4659-10% | 2,1091-102 | 2,0223:102 | 2,3737-102 4,5626-1073
102 7,3450-10" | 2,5177-10' | 4,6355-10' | 6,6696-107 | 6,3951-107 | 7,5064-107 1,4428-1073
103 2,3227-10! 7,9618 1,4658-10' | 2,1091-1073 | 2,0223-103 | 2,3737-103 4,5626-10*
104 7,3450 2,5177 4,6355 6,6696-10% | 6,3951-10* | 7,5064-10* 1,4428-10%
6,6-10* 2,8590 9,8003-107! 1,8044 2,5962-10* | 2,4893-10* | 2,9219-10~* 5,6162-107
103 2,3227 7,9618-107! 1,4659 2,1091-10* | 2,0222:10* | 2,3737-10* 4,5626-107°
4,4-10° 1,1073 3,7956-107! | 6,9883-10°! | 1,0055-10* | 9,6409-10° | 1,1316-10* 2,1752:1073
100 7,3450-1071 | 2,5177-10°" | 4,6355:10°" | 6,6696-10 | 6,3950-10° | 7,5064-1073 1,4428-1073

3 HaBeieHUX y TabJ1. 2 JaHUX BUJIHO, IO JIJIs 010710~
TYHOT TKAHWHM TIMOWHA TIOBEPXHEBOTO Iapy NpH ya-
ct1oTi 440 I '11, 110 € POOOUOFO IS ETNEKTPOXIPYPriuHUX
arapariB, CTaHOBHTB OJIM3bKO 1 M, a iyt mimi — 0,1 M.
OueBHIHO, 110 CTPYM BUCOKO{ YACTOTH TEUE B AYKE BY3b-
KOMY TIapi eJIeKTPOXIpypridHUX EJICKTPOIIB, Ki 0e3-
MOCEPETHLO KOHTAKTYIOTh 3 O10JOTTYHOI TKaHWHOFO.
BcepenuHi ux enexTpoliB CTpyM HE Tede, a HarpiBaH-
Hsl O10JIOTIYHOT TKaHWUHH BiJI0YBA€THCS 3aBISKH CTPY-
MY, SIKHH TPOXO/INTH Yepe3 OBEPXHEBUH MIApP €JIEKTPO-
JIB 1 TKAHUHY.

Po3paxyHok nmoBepxHeBOIo onopy
Ta ONOPY eJIEKTPOAiB 3 pPi3HOI0 (hopMOIO Hepepizy

Sk GyI10 ckazaHO BUILE, NTMOMHA TTOBEPXHEBOTO LIApy
3JICKUTh BiJI 4aCTOTH 3MIHHOTO CTpymy. Uum BuIe
4acToTa, TUM MeHIIa eeKTHBHA IUIOMIA MOIEPEYHOTO
nepepizy eJNeKTpoiB Se(b’ 4yepes3 Ky MPOTIKAE CTPYM.
Tounuit po3paxyHoK S o € CKJIAJIHAM, ajie HWOro MOXKHa
CHPOCTHUTH, AKILO NPUMTYCTUTH, 11O CTPYM Tede PiBHO-
MIpPHO TI0 BCiii NIHOMHI d ITOBEPXHEBOTO mrapy. Takim uu-
HOM, e€(peKTHBHA [LI0IIA TTONIEPEYHOTO Mepepizy eIeKTPo-
Jia, sIka CTBOPIOE MTOBEPXHEBUH OMip 3MIHHOMY CTPyMY,
MO>Ke OyTH BU3HAUE€HA MHOXKEHHSIM O Ha HOTO 30BHIIITHIH
niepuMeTp. Big epexkTUBHOT TUIOMII 3a1€KUTh 3HAYCHHS
MIOBEPXHEBOTO OIOPY eekTpoaa R IPY MPOTiKaHHI
4Yepe3 HbOTO 3MIHHOTO CTPYMY:

R sp=1/(S,,). ®)

Jiis1 enexTpo/ia KPyIiioro mornepevuHoro nepepisy pa-
JiycoM 7 e(heKTUBHA IJIOMIA JJOPIBHIOE

S ek 2mrd. 9)

Js enexTposa 3 MpSsMOKY THIM TOTIEPEIHIM Iepepi-
30M po3MipamH /1 X v e(peKTHBHA TIIOIIA CKIIATAE

Sep n~hv—(h—28)(v—28)=28(h+ v)— 482,

S AD

(10)

Ha puc. 4 HaBesieHO OTpHMaHi 3 BUKOPUCTAHHIM (hop-
My (8)—(10) 4acTOTHI 3aJI€KHOCTI MOBEPXHEBUX OI10-
piB TaKWX €IEKTPOJIiB, BUPOOJICHHX 3 MiJli Ta HEIp)KaB-
Hoi ctami 410.

a)
1
10 X: 440 2
§ X: 100 Y: 2,825 =
AR X 10 11,358 gm=T"
S Y:0,4442 T
K=y e =
: - -
S e
Bl —1 =
= 10 X: 440
o ¥:0,01916 L1
> A X100 _._._._,.--"'."‘-N
2102 : ¥: 0,009498 sat
2 10 Y:0,003591 =F
S |
a f
100 10! 102 10°
Yacrora, kI 11
0)
10?
=
= X: 1000 s 2
X: 440 : art
© 10! ¥ 4.468 Y: 6,703
By X: 100 o ae
= Y:2,165 4 ="
B 100
m
[}
el
& 1
g 10! X: 440 T
o Y:0,03117 L X: 1000
= X: 100 / Y:0,04588
5 Y:0,01613 4
107 — i
10! 102 103 10*

Yacrora, kl'11

Puc. 4. YacToTHa 3aJ1€XKHICTh TOBEPXHEBOTO OHOPY KPYIIINX

CJIEKTPOJIIB AiaMeTPOM 3 MM (&) Ta eJIEKTPO/IiB MPSMOKYTHO-

ro nepepisy po3mipamu 1X2 MM (6), BUpoOneHux 3 mii (/)
Ta HeipxkaBHOI cTaii 410 (2)
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10 5 W)
X: 100 = o S
Y:2,162 &= .
X: 10 2] Y: 4,499
100 Y:0,7073 - T
= ==t
o
£107!
E X: 40
o = V- 0,03052 o1 1
, X 10 Y- 001512 4= |
10~ ¥:0,005718 r__'__,.‘--"'_
T——— S,
10°3
100 10! 102 10%

Yacrora, kl'11

Puc. 5. YacToTHa 3aJIeXKHICTh OMOPY KPYIIHUX EIEKTPOIIB
JiaMeTpoM 3 MM Ta JOBXKHUHOI 15 MM, BUpoOIeHuX 3 miji (/)
Ta HeipxkaBHOT ctani 410 (2)

Ha BHCOKHX 4acTOTaX, KOJIU CTPyM IPOTIKA€E Ha MO-
BEPXHI MPOBITHHUKA, O MPOBITHAKA 3 IEPUMETPOM p 1
JIOBKHHOIO /[ MOYKHA HAOIIKEHO BU3HAYMTH SIK

R=Rg ,p'l/p, (11)
TOOTO OMip MPOBITHUKA OOEPHEHO MPONOPLIMHUHN Te-
pUMeTpy nepepisy.

Ha puc. 5 HaBeneHO 4acCTOTHI 3aJIEKHOCTI OMOPY
KpPYIJIMX €JEKTPOJiB, BUPOOJICHUX 3 MiJi Ta Heip)KaB-
Hoi craii 410.

3 puc. 5 BUAHO, IO NpH 301IbIIEHH] YaCTOTH OIip
€JICKTPOJIIB 3pOCTa€. 3MEHILUTHU OIip HAa BUCOKUX Yac-
TOTaX MOXHA 30UTBIIMBIIHM IEPUMETP, K 1€ BUTIKAE 3

dbopmynu (11).
BucHoBkHu

TakuM YHHOM, IPUBE/ICHA METOIMKA PO3PAXYHKIB J10-
3BOJISIE 3 yPaxyBaHHSIM ITOBEPXHEBOTO e(eKTy POBOH-
TH aHAJI3 OMOPY EJIEKTPOJIB KPYTIIOTO Ta MPSMOKYTHO-
TO Tiepepi3y 3 Pi3HOIO EJICKTPOIPOBIIHICTIO B ITHPOKO-
My dactoTHOMY piama3oHi (1 kI'm—1 MI'm). ITokazano,
10 30UIBIIECHHS 30BHINTHBOTO MEPUMETPY EIEKTPoa
3MeHIIye ioro omip. ToOTO, 3MiHIOIOUN (hopMy TIepepi3y
€JIEKTPOJIIB TaK, 00 301IBIIUBCS TIEPUMETP 1, BiIIOBII-
HO, e(heKTUBHA IIJIOIIA, Yepe3 Ky MPOTIKAE BHCOKOUAC-
TOTHUH CTPYM, MO>KHA 3MEHIIIMTH TXHIH OITip, IO ITi[BH-
IIUTh PIBHOMIPHICTh HarpiBaHHs O10JIOTTYHUX TKAHWH.
I1e 103BOIMTH CTBOPUTH YMOBH ISl ITiIBUIIICHHS ehek-
THBHOCTI POOOTH E€IEKTPOXIPYypridHUX IHCTPYMEHTIB.
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INFLUENCE OF SURFACE EFFECT ON THE RESISTANCE OF ELECTRODES
OF ELECTROSURGICAL INSTRUMENTS

The paper presents a study of the influence of the surface effect on the environments involved in electrosurgical interventions.
Taking into account the influence of the surface effect when designing new electrosurgical instruments allows reducing
overheating and necrosis of living biological tissues, which is of practical interest and is a topical task. The authors plot
frequency dependences of the depth of the surface layers of electrodes and biological tissues. For biological tissue, the depth
of the surface layer is at a frequency of 440 kHz is considerable, about 1 m. For copper, at such a frequency, the depth of
the surface layer is 0.1 mm. Using the example of round and rectangular electrodes made of copper and stainless steel 410,
in a wide frequency range (1 kHz — 1 MHz), the resistance values of these electrodes are calculated. The work shows that
increasing the outer perimeter of the electrode reduces its resistance. Thus, increasing the total length of the outer perimeter
of the electrode, allows you to increase its effective area conducting high-frequency current, which creates conditions for
increasing the efficiency of electrosurgical instruments.

Key words: electrically conductive media, depth of the surface layer, electrosurgical interventions, biological tissues, high

frequency current, shape of electrodes.
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BU3HAUYEHHS ITAPAMETPIB BIOJIOT'TYHOI TKAHMHHN
JUIA BAAY MOJAEJIFOBAHHA B EJIEKTPOXIPYPI'TI

3 euxopucmannam cneyianbHo CMEOPEHOI eKCNepuMeHmanbHOi YCMAaHOBKU GUIHAYEHO napamempu 6ion02iuHoi mMKAHUHU
SAK HABAHMAICEHHS eneKmpoKoazyaamopa. Bumipiosanns (hazoeo2o 3¢y8y midc 36apiogaibHUM CIMPYMOM MA HANPY20l0 Ha
e1eKmpoO0ax e1eKmpoKoazyiamopa 00360140 6CTNAHOGUMU, WO 1020 BETUYUHA 3a PI3HUX PIBHIE NOMYUCHOCII MA MPUBalo-
cmi 6nUBY 05l eKCHEePUMEHMANbHOT YCMAHOBKU 3 POOOUOK 4ACMOmMOK eleKmpoxipypeiuHol anapamypu He nepesuufye 1°.
3anpononosano esadcamu xapakmep iMneOanCy HCUGUX OIONOIUHUX MKAHUH YUCIMO AKMUBHUM, OCKITbKU 8 YCbOMY 00CTi-
021cysanomy 0ianazoni 6in GU3HAUACMbCA NEPEBAdICHO CBOECI0 AKMUBHOIO CKA006010, MOOI K peakmugha cK1adosa ¢ Hecym-
meeoro. Takuti nioxio 0036075€ UKOPUCMOBY8AMU O POIPAXYHKIG DIGHAHHA HUMCUUX NOPAOKIS, WO 3HAUHO CNPOWYE Mame-

MAMuyri MoOei.

Kuouosi cnosa: enekmpoxipypeis, 36aprogants, 0I0102i4Ha MKAHUHA, (aA308ULl 3C)8, IMNEOAHC.

CTBOpEHHSI iHHOBAIIITHOTO XipypriuHOTro 0013 JHAH-
HSI 3aBXKIH € aKTyaJIbHUM 3aBIaHHSIM, a B yMOBAaX BilfHH
CTa€ HaraJbHOI HEOOXiAHICTIO. JIMHAMIYHHIA PO3BUTOK
Cy4acCHOT MEIMITUHH 320€31eUyEThCSI BAKOPUCTAHHSIM T1e-
penoBuX 3700y TKIB €IEKTPOHIKU, MEXaHIKH, MEXaTPOHi-
KM, pOOOTOTEXHIKH, MaTepiao3HaBCTBA, XiMii Ta IHIITHX
ramy3eil. Hag3euuaitHo mepcrieKTHBHUM HATIPSIMKOM Xi-
pyprii BOa4aeThCs BIOCKOHAIICHHSI €JICKTPOXIpyprigHol
TEXHOJIOT1, SIKa YCHIIITHO 3aIPOBaKYEThCS JIJIS 3BapIO-
BaHHA Ta Pi3aHHs KUBUX O10JIOT1YHUX TKAaHUH 1 Xapak-
TEPHU3YETHCS BUCOKOIO IIBHJIKICTIO T JOBEICHOO eek-
TuBHicTIO [ 1, 2].

OnmHUM 3 HaBaXKITUBIIINX ACTIEKTIB MPOEKTYBAHHSI
SNIEKTPOXiPYPrigHOTO OONaTHAHHS € EKCIIEPUMEHTANb-
HI JTOCITIJDKEHHSI Ta TiepeBipka e()eKTHBHOCTI 3arporio-
HOBaHMX pPilICHb Ha MPakTHIli. BTim, ekcriepuMeHTH B
OMY HAIPSIMKY YCKIIQJHIOIOThCS Yepe3 HeoOXiHICTh
MaTu B PO3MOPSDKCHHI caMe JKUBI TKAHWHH, BIAaCTH-
BOCTI Ta peakii SK1X Ha eJIeKTPOXipypriuHy mpouery-
PY CYTTEBO BIAPI3HAIOTHCS BiJl BIACTHBOCTEH Ta peaKilii
010JIOTYHMX TKaHMH, AK1 BKe He € )KuBUMU. OUeBUIHO,
1110 HAsBHICTH a€KBaTHOI MaTeMaTUYHOI MOJIEII] KUBOT
TKaHMHU MOYKE 3HAYHO CIIPOCTHUTH MPOBEACHHS SKCIICPH-
MEHTAJIbHUX Ta HAJIArOJKYBAIbHUX POOIT 3 €IIeKTPOTEX-
HIYHOIO YaCTHUHOIO €JIEKTPOXiPYPriYHOro 00 HaHHS B
naboparopii. JlocsirHeHHS BUCOKOT €()eKTHBHOCTI 3aCTO-
CYBaHHS TAaKOTO OOJIaJIHAHHS MOXIINBE 32 YMOB IJTHOO-
KOTO 3HAHHS XapaKTEPUCTUK O10JIOTIYHUX TKaHHH, TOJI
SIK HEBI/IMOBIIHICTh HOTO PEKUMIB POOOTH 1M Xapax-
TEPUCTUKAM MOXKE 3aTO/IIATH IIKOY 30POB 10 Malli€H-
TiB. OCKUIBKH MPOLEC eNIEKTPO3BapIOBaHH: TKAHUHU Oa-
3y€ThCSl Ha BUKOPUCTAHHI ii €IEKTPHYHOTO OIOPY MPH
MPOIYCKaHHI €JIEKTPUYHOTO CTPYyMY, HEOOXIHO MaTH

YiTKE YSBICHHS, 30KpEMa, IPO XapaKkTep IBOTO OIOpy
Ta HOT0 3aJIeXKHICTh BiJl YaCTOTH CTPYMY.

VY [3, 4] omuCcyrOThCSl EKCHEPUMEHTAITBHO OTPUMaHi
3aJICKHOCTI IMIIEIAaHCY JKUBOT HE3MIHEHOI 01070T19HOI
TKaHUHHU BiJl YaCTOTU EJIICKTPHIHOTO CTPYyMY, IO MPOTi-
Kae Kpi3b Hei, Ta HAaBOIITHCS 3HAUYCHHS (ha30BOTO 3CYBY
MUK HalpyToro Ta CTpyMoM. Tak, [uist M’s130BOT TKAHUHH
Kponuka Ha yacToTi 1 kI'11 pa30Buii 3cyB cTaHOBUTH —55°,
a mpu 30UTBIIICHHI YacTOTH JI0 JIekuTbkox MI 11 BiH BCTa-
HOBITIOETHCSI Ha piBHI —65°. 111 gaHi cBiyare npo HasB-
HICTh B IMII€JIaHCI )KMBOT HE3MIHEHOI TKAHUHU CYTTEBOL
€MHICHOI CK11a10Boi. [IpoTe BayKIIMBOIO 0COOIMBICTIO PO-
00TH eNeKTPOXIPYyprivyHMX arapariB € Te, 10 B MpoLeci
3BapIOBAHHs CTPYKTypa Ta (Hi3UUHI BIACTUBOCTI 0ioi0-
TIYHUX TKAaHUH 3MIHIOIOTHCS, 1 TIPY IIbOMY Ha CHOTOJIHI B
HAYKOBUX ITyOJTiKaIIisIX BiZICYTHS iH(OPMAIILS LIIOJI0 XapaK-
Tepy 3MiH IMIIEAaHCY TKAHUH I1i]] 4ac eJIeKTPOKOaryIsLii.

Meroro 11i€1 poOOTH € eKCTIepUMEHTaIbHE BU3HAYEH-
HS IMIIEJAHCHUX BIaCTUBOCTEH HKHUBHUX O10JIOTTUHUX TKa-
HUH Ta OIlIHKA 1X 3aJIe)KHOCTI BiJl TIOTYXKHOCTI Ta TPH-
BaJIOCT1 €JIEKTPOXIPYPriuHOi mpoueaypu Ha poOoUYnx
yacTtoTax 001aJHaHHS.

ExcnepuMeHTaIbHA BUMIPIOBAJIbHA YCTAHOBKA

Jls1 BU3HAUEHHS IMIICIaHCHUX BJIACTUBOCTEH 0i0-
JIOTIYHUX TKAHUH B POIECI 3BAPIOBAHHS EIEKTPHYHNM
CTpyMOM OyIia CTBOpPEHA eKCIIEPUMEHTaJIbHA YCTaHOBKA
(puc. 1), sika 103BOJISIE BUMIPIOBATH (Pa30BUI 3CYB MiXkK
HAIPYTOH0, LIO MMiBOIUTHCS /10 3BaPIOBAHUX TKAHUH, Ta
CTPYMOM, IO IIPOXOUTH KPi3b HUX, HA POOOUIN 4YacTOTI
CJICKTPOKOATYJISITOPA.

YcTaHOBKA CKIIA/IAETHCS 3 IICKTPOXIPYPTiYHOTO ara-
para, BUMIPIOBIBHOTO IIIyHTa, ocimiorpada (B eKc-
MEPUMEHTI BUKOPHCTOBYBABCS IBOKAHAIBLHHUN OCIIHIIO-
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rpad Tektronix TDS2012C), macuBHOTO 3BaprOBaILHO-
ro enekrpoga (migHa mactuHa 100100 mMM), aKTHB-
HOTO 3BapIOBAIBHOTO €JeKTpofa (MiJHUN CTPIKCHD 3
nepepizoMm 5x6 MM) 3 (iKCOBaHOKO CHIIOKO MPHUTHUCKAH-
Hs1. JlochimKyBaHui 3pa3ok 010JI0T1YHOT TKAHUHHU PO3-
MIIIYETHCS MIXkK TACHBHUM Ta aKTUBHUM €JIEKTPOJaMH.

Ha pmuec. 2 nokasaHo crpouieHy CTPyKTYpHY CXEMy
eJIeKTPOXipypriyHoro amapata. BxigHuii Monynbs BH-
IpAMIIse Ta GIIBTPYy€e HAPYTy Mepexi. TpaH3uCTOpHUMA
peryasitop 3abe3neuye cTabigi30BaHUN piBEHb HAIPY-
T'H Il BUCOKOYACTOTHOTO iHBEpTOpa, Akuit aam ¢op-
My€e HeoOXiJTHI mapaMeTpH HampyTH IS 3BaploBalIb-
Hux enekrponis. Ilicns pasada crpymy (IC) Bumipro-
Badi CTPyMy Ta Halpyrd HOPMAJi3yIOTh BiATOBiAHI

Ocruunorpad
Kanan 1
Enextpo- Axrtusmmii | Kamam 2 _/H'I./
XIpYpriuHud  eaeKTpos
amapar
~ ) 3
JocnimxyBaHuit
3pa3ok
BumiproBanbHUii
Hynt [TacuBHuit
CJIEKTPOJT

Puc. 1. Cxema ekcriepuMeHTaIbHOI BUMIPIOBAIBEHOT

BHUMIpIOBaHI 3HAYCHHSI. YCTaHOBKH
Bxinauit
TpansuctopHuii .
MOZYJIb R o BU-inseprop - Enexrponn
(wxepeno PEryIsATOp
JKBJICHHS)

1

Y

Cucrema [%
KepyBaHHsI

BumiproBau
CTpyMy

BumiproBau
HaIpyru

Puc. 2. CopolieHa CTpYKTypa el1eKTpOXipypridHOro anapara

KaniopyBanHs ekcriepuMeHTAJbLHOI YCTAHOBKHU

J1s1 3HIKEHHSI BIUTMBY Hapa3uTHUX 1HAYKTHBHOCTEH
€JIEMEHTIB Ta MPOBIJHHUKIB YCTAHOBKH MPOBOJUBCS 1X
PO3paxyHOK 1 TIO/IalbIle KamiOpyBaHHS CTCHIA.

BumiproBaipHuid myHT omopom 2,5 OM ckiaja-
€Thcs 3 17 mapanenbHO 3’€HAHUX METaJIOTUIiBKOBUX
pesuctopiB tuny MFO2SFF omopom 43 Om koxeH
(puc. 3, a). IlapasuTHa iHIYKTHBHICTb MIyHTA L,, 3a
TaKOTO BHKOHAHHS CKJanae mpuomusHo 2 HlH [5-7].
[HIyKTHBHICTb BUBO/IIB KOMIIOHEHTIB L , 3HAXOUTHCS B
Mexax 2—7 HIH. Tox 3aranbpHa iHIYKTHBHICTH OHOTO
PE3MCTOPA PO3PAXOBYETHCA AK L, =L, + L, 1 CTAHOBUTH
a

) L, I 6)

MMD_"_Q

Puc. 3. CxeMu 3aMillleHHs] BAMIPIOBAJILHOTO LIYHTA (@) Ta €KBIBAJICHTHOTO O110pY (6)

R1 R1 Ly, Lpy

m,_fm

R17 L7,

— YO

4—9 ul'H. [HIYyKTHBHICTH CEKIIil myHTa 3 N Takux pe-
3HCTOPIB PO3PAXOBYETHCS SIK L Rz:L #/N>13a N=17 cra-
HOBUTH 0,24—0,53 HIH.

3aranpHa IOBKWHA 3’ €IHYBAILHUX TIPOBITHUKIB 30-
BHI KOPITYCY €JIEKTPOKOATyIsTOpa He NepeBuIye 15 cm,
BcepeauHi koprycy — 15—-20 cm. [liameTp npoBinHu-
kiB 0,5 MM. 3BijicH 3araibHa iHAYKTUBHICTH MPOBiIHU-
KiB L, cranoButh 6iu3bko 342-503 ul'H BianmosigHo
10 opMynH, HaBeneHoi y [6, 8, 9]:

21 pod
L, =2llIn|—(1+D)|—D+—+—|, 1
" [ d (1+D) 4 zz] W)
R1.1 Lp, RI2 Lps  R13
i YN 9o
R2.1 Ly  R22 Leps  R23

R17.1 LR17_2 R17.2 LR17‘3 R17.3

YO Y
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)_‘[eDZ,“‘I-(d/(zl))z;

d, | — niametp Ta 3arajibHa JJOBXKHHA BHBOIIB;

L — MarHiTHa IPOHUKHICTb (puiiMaeTbes L= 1,0).

B xoni xaniOpyBanHs cTeHa Gpa3oBUi 3CYyB MiXk Ha-
npyroto U, 0 MiBOJUTHCS 10 3BapIOBAaHUX TKAaHUH, Ta
CTpYMOM /, 1110 IPOXOJIUTH KPi3b HUX, BUMIPIOBABCS 3 BU-
KOPUCTAHHSM K HAaBaHTAXXEHHS €KBIBaAJIEGHTHOTO OIIOPY
3aMiCTh JOCIIJKYBAHOTO 3pa3Ka.

ExBiBaneHTHUI OIip HABaHTAKCHHSI BUKOHAHO SIK
TPH MOCIIZIOBHO 3 €IHaH1 CEKIIil, 10 CKJIaaaThes 3 17
napasnesibHO BBIMKHEHHUX METAJIOTUTIBKOBUX PE3UCTOPIB
tuny MFO2SFF onopom 430 Owm (puc. 3, 6). 3 ypaxyBaH-
HSIM BHUIIIE HABEJICHHUX MAHUX MAapa3UTHA iHAYKTHBHICTh
€KBIBaJICHTHOTO ONOpy cTaHOBUTH 0,72—1,59 ul'H, a cy-
MapHa rnapasuTHa iHIyKTUBHICTb CTeHa L, BIATIOBIAHO,
3HAXOAMThCS B Mexkax 342,93 504,77 ul'H.

Juia kaniOpyBaHHs CTE€H/a PO3PaxXOBYBAJUCS peakx-
TUBHHI OmMip eneKkTpuyHoro koia: X=2xnfL ta ¢azo-
BHIf 3CYyB M CTPyMOM Ta Hampyror: ¢=arctg(X/R)
(R — cymapHHUii aKTUBHUH omip kona, f — poboya Jac-
TOTA eNIEKTPOKOAryIsiTOpa). Pe3ynbraTtu po3paxyHKiB Ha-
BezieHi y Tadu. 1.

Ta6muiy 1

Tapamempu onst Kanibpysanms cmenoa

£, MI'n R, Om X, Om 0, °
0,44 75 0,95-1,39 0,72—-1,07
1,76 75 3,78-5,58 2,89-4,26
3,5 75 7,52-11,10 5,72-8,42

BumipioBanus pazoBux 3cyBiB, 3yMOBJIeHHX
Napa3suTHUMH iHAYKTHBHOCTSIMH €JIeMEHTIB
eKCIepHMMEeHTAJIBHOI YCTAHOBKH

BumipioBaHHS IPOBEAEHO 3a MOTYKHOCTI 50 yM. o1,
(mpu onTHMaNEHOMY HaBaHTaXeHHI 1 ym. on.~ 1 Br) Ta
eKBiBaJIeHTHOTO omopy 75 Om s ywacror 0,44 MI1,
1,76 MI't Ta 3,5 MI'i. MeToioM KypCOpHHX BHMIpIO-
BaHb 3a JIOMIOMOT0I0 ocnuiorpada BU3HAYCHO 3CyB (a3
MDX HaIpyrolo Ta CTpyMoM. BiamoBinHi ocummorpamu
qutst yactoru 0,44 MI'm mokaszano Ha puc. 4.

VY Tabu1. 2 HaBEeAEHO PEe3yNbTaTH BUMIPIOBAaHHS M-
MEeaHCHUX BIACTHBOCTEH MpPH HaBaHTaXXCHHI CKBiBa-
JICHTHUM OTIOPOM.

Tabmuis 2
Pesynomamu, ompumani npu kaniopysanui cmenoa
£, MI'n RI, Om U,B LA 0, °
0,44 75 125 1,6 1,27
1,76 75 130 1,76 3,05
3,5 75 135 2,2 7,71

0)

TR

CH1 S0.0Vew

b B - ¥

200VBs M 50,008
<10Hz

Puc. 4. OciuiorpaMu Hanpyru Ha myHTI (/) Ta Ha eKBiBa-
JICHTHOMY HaBaHTaxeHHi (2) Ha vacrtoti 0,44 MI'n1 y gaco-
Bomy MaciuTtadi 500 He/kiitiaKa (a) Ta 50 He/knituHKa (0)

STk ButHO 3 TA0:1. 2, BUMIPSIHI JIsI 3a3HAYEHUX YaCTOT
pu KanmiopyBaHH1 3Ha4eHHs ()a30BOT0 3CYBY, 10 3yMOB-
JIeH1 Tapa3uTHUMU 1HAYKTUBHOCTSIMH €JIEMEHTIB eKCIIe-
PUMEHTAIbHOT YCTaHOBKH, 3HAXOAATHCS B MEXaxX po3pa-
XOBaHMX 3Ha4eHb (AuB. TA0MI. 1).

ExcnepumenTajibHe 10CaizKeHHsT OioJIoriYHHX
TKAaHHH

JlociipkeHHS TIPOBOIMIIOCS 3 METOIO BU3HAYCHHS (ha-
30BOTO 3CYBY IIPH Pi3HHUX PIBHAX NMOTYKHOCTI Ta TPUBa-
JIOCTI €NIEKTPOXIPyPriYHOTO BILTUBY — Yacy eKCIIO3HIIIi .

Ockinbkw, 3riH0 3 [10, 11], BpogoBx yacy, 1o TpH-
Ba€ HaIll EKCIIEPUMEHT, 010JI0T1YHA TKaHWHA B JIOCTAT-
Hil Mipi 30epirae BIACTHBOCTI KMBOI TKaHWHH, OYIIO
MPUIHATO PIMICHHS BUKOPHUCTATH IS JOCIiHKCHHS
M’SI30By TKQHMHY CBIXK03a01iHOT CBUHI 31 3pi3aM# TOB-
IIMHOIO 5—7 MM.
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TaGws 3
Pesynbmamu excnepumenmy 0as uacy ekcnosuyii t = 0,12 ¢ ma nomyxcnocmi 10 ym. 00.
1 0,80 0,72 0,80 0,88 0,72 0,72 0,80 0,80 0,88 0,92
U 22,0 22,0 21,6 21,4 21,8 21,0 22,2 22,8 22,0 23,2
R 27,5 30,5 27,0 24,3 30,3 29,2 27,8 28,5 25,0 25,2
[0} 0,96 0,64 0,96 0,96 0,96 0,64 0,96 0,96 0,96 0,96
a) Ta6uus 4

Pesynomamu excnepumenmy na piznux uacmomax

P, U, R, °
= he YM.OIL. B LA OM ¢
: 0,44 MI'n
0,12 22 0,80 | 27,50
& 0,22 20 [ 076 | 2630
b g e 0,60 21 | 080 | 2625
LI LR L Viaviinasiiiniiioniiy : 1,10 10 20 0,80 25,00
: : : : : 2,40 18 0,80 22,50
i) 6,0 21 | 0,78 | 26,92
20,0 19 [ 072 | 2638
35,0 18 | 0,76 | 23,68
at 0,12 44 1,60 27,50
: 0,22 38 1,60 23,75
M 0.60 35 | 160 | 2188 |
1,10 50 30 1,60 18,75
30.00ns 2,40 24 1,60 15,00
L JL v . o . H FDH. rrern) 6,0 23 1,45 15,87
3 ohe B & PR 20,0 32 [ 040 [ 80,00
- 0,12 70 | 3,60 | 1944
.2 0,22 60 3,60 16,67
= 1 0,60 280 50 3,60 13,89
1,10 50 | 3,65 | 13,69
ki emg e e inand veil 2,40 50 | 3,70 | 13,51
1 W 1,76 MI'
2 =T 2 21 0,60 35,00
: ] 4 21 0,64 32,81
: : 1 10 25 19 | 0,64 | 29,69 2,54
e 3 30 17 | 068 | 25,00
R T I T A O S . 2 s 33 [ 1,00 | 3300 [ 3.16
CH1 1008 CH2 1.00vEw MSOns CH1 .~ 2.00v 10 28 1,08 25,93 2,54
<10Hz 2 38 | 1,20 | 31,67 | 381
Puc. 5. Ociunorpamu Hanpyru Ha IIyHTi (/) Ta Ha IOCTIiIKY- 4 75 30 1,20 25,00 3,16
BaHOMY 3pasKy Giosoriunoi Tkanunu (2) Ha yactoti 0,44 MI'y 10 40 1,20 33,33 3,81
yacoBoMy MaciTadi 500 He/kmiTuHKa (a) Ta 50 He/KiTiTHHKA (6) 3,5MI'
2 30 1,00 30,00 1,26
Ha pue. 5 300paskeH0 OCHMIOrpaMH HAlpyrd Ha 4 25 25 1,00 | 2500 | <l
IIyHTi (€KBiBAJIEHT 3BapIOBAJILHOTO CTPyMy) Ta Ha 6io- 10 16 1,00 | 16,00 | 1,26
norivnii TkaruHi st yactotu 0,44 MI 11, piBHSA IOTYX- 20 20 0,88 | 22,73 | 2,53
HOCTi 50 yM. 0J1., 4acy eKCHO3HIlii 2 ¢ y Pi3HUX YaCOBUX 2 42 1,68 | 28,57 | 505
Macmradax. 4 50 56 1,60 35,00 6,32
Pesynsraru gociimKkeHs HaBenaeHo B Taol. 3,4 (P — 10 40 1,60 25,00 3,79
BHXiJHA TOTYXHICTh CIEKTPOXipypTidyHOTO amapara, 2 75 40 1,60 | 20,00 3,16
I — cepenHiit ctpyM, R — cepenHiit omip, ¢ — ¢aso- 4 50 1,60 | 25,00 1,89
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BUIf 3CYB MiX Hampyroro i ctpymom). Bei mpeacrasie-
Hi JaH1 PO3paxOBYBAINCS SIK MaTEMAaTHUHE OUiKyBaHHS
3 10 BumiproBaHb 3a HOpMyIIOr0

M=% X,P.

SIk BugHO 3 Tabn. 4, Ha vacrori 0,44 MI'y s 1o-
Ty>KHOCTI B Mexax 10—280 yM. o11. Ta TpPUBAJIOCTI BIUTH-
By 0,12—35 ¢ da3oBwuii 3cyB MeHIIHA 3a 1°.

BucHoBknu

3HaueHHs (Pa30BOTO 3CYBY MiX HAINpyrolo, M0 Mij-
BOJIUTHCS JI0 3BAPIOBAHKX O10JIOTTYHUX TKAHWH, Ta CTPY-
MOM, II[0 IPOXOANTH KpPi3h HUX, OTPUMaHI MpH JOCIi-
JUKECHHI IMITeIaHCy O10JIOTiYHOT TKAaHMHM Ha 4acTOTax
0,44 MI'u, 1,76 MI'u, 3,5 MI, 3 Tounictio 10 1% 30i-
TalOThCS 3 PO3PAXyHKOBUMH JAHUMH Ta Pe3yabTaTaMU
eKCIIEPUMEHTAILHOTO BU3HAUCHHS (ha30BOTO 3CYBY Y
BUMAJKy BUKOPHCTAHHS CKBiBAJICHTHOTO HABAHTAXCH-
Hs. Lle 103BOJIsIE CTBEP/IKYBATH, IIO TP PO3B’A3aHHI
3a/1a4 MaTeMaTUYHOIO MOJEIIOBAHHS O10JIOrYHUX TKa-
HUH SIK HAaBaHTXCHHS CJICKTPOXipypridHOro anapara ix-
Hill IMIIETaHC MOYKHA BBAYKATH YNCTO aKTUBHUM. Takuii
MiAX1A O3BOJUTH BUKOPHCTOBYBATH ISl PO3PAXyHKIB
PIBHSIHHS HIDKYUX TOPSAKIB, [0 3HAYHO CIIPOIILY€E Ma-
TEMATHYH1 MOZJEIII.
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DETERMINATION OF BIOLOGICAL TISSUE PARAMETERS FOR SIMULATION

TASKS IN ELECTROSURGERY

le. D. DZIUBA, O. F. BONDARENKO

Ukraine, Kyiv, National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”
E-mail: bondarenkoaf@gmail.com

The problem of creating innovative surgical equipment becomes an urgent necessity in wartime. A promising direction in
surgery is the improvement of electrosurgical technology, which is successfully implemented for welding and cutting living
biological tissues and is characterized by high speed and proven efficiency. The important aspect of designing electrosurgical
equipment is experimental research and verification of the effectiveness of the proposed solutions in practice. However,
experiments in this area are complicated by the need to have living tissues at hand, the properties of which are significantly
different from the properties of dead biological tissues. So, an adequate mathematical model of living tissue can significantly
simplify experimental and adjustment work with the electrical part of electrosurgical equipment in the laboratory. The aim of
this work is to experimentally determine the impedance properties of living biological tissues and assess their dependence on
the power and duration of the electrosurgical procedure at the operating frequencies of the equipment for further use of the
obtained data in creating mathematical models. Using a specially created experimental device, the parameters of biological
tissue were determined as the load of the electrocoagulator. By measuring the phase shift between the welding current and
the voltage on the electrodes of the electrocoagulator, it was found out that its value does not exceed 1° at different levels of
power and duration of exposure for the experimental device with the operating frequency of the electrosurgical equipment.
As a result, it is proposed to consider the kind of the impedance of living biological tissues as purely active, since in the entire
studied range it is determined mainly by its active component, while the reactive component is insignificant. This approach
allows the use of lower-order equations for calculations, which essentially simplifies mathematical models.

Keywords: electrosurgery, welding, biological tissue, phase shift, impedance.
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