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DEFORMATION-INDUCED EFFECTS IN INDIUM
ANTIMONIDE MICROSTRUCTURES AT CRYOGENIC
TEMPERATURES FOR SENSOR APPLICATIONS

The authors investigate deformation-induced changes in the electrophysical parameters of the indium
antimonide microcrystals at cryogenic temperatures in strong magnetic fields up to 10 T. It is determined
that for strongly doped InSb microcrystals, the gauge factor at liquid-helium temperature is GF, ,, = 72 for
the charge carrier concentration of 2-10'7 ¢cm™, while being GF , ,x = 47 for the concentration of 6:10"7 cm™>,
at ¢ = =310 rel. un. For the development of magnetic field sensors based on the magnetoresistive

principle, the effect of a giant magnetic resistivity reaching 720% at a temperature of 4.2 K is used.

Kmouesvie caosa: InSb whiskers, gauge factor, magnetoresistance, sensor.

Despite the rapid progress and significant ad-
vances in microelectronics, there remain a lot of
problems that require further detailed study of
the physical properties and possible applications
of whisker crystals. Modern cryogenic electron-
ics requires highly sensitive, high-speed devices
and components of integrated circuits, capable of
operating at various temperature intervals, includ-
ing the cryogenic temperature range. Principles
of cryoelectronics are used to build a number of
devices (cryotrons, quantum and parametric ampli-
fiers, resonators, filters, sensors, delay lines, etc.)
based on silicon technologies [1]. On the other
hand, apart from using traditional silicon whisker
crystals in modern microelectronics, scientists
carry on intensive studies of other materials and
structures. For instance, there is an ongoing work
on creating solid state electronics based on silicon-
on-insulator structures [2]. Using polycrystalline
silicon in manufacturing of microelectronic devices
makes it possible to create multilayer structures.
One of the advantages of such structures is that
the resistivity of the created layers varies within
a very wide range (several orders of magnitude).

However, the need for deep cooling and related
technological difficulties considerably restrict the
use of such materials. Moreover, one of the most
important areas of modern magnetoelectronics is
the study of the magnetoresistive effect (MR), and
in recent years the emphasis has been placed on the
phenomenon of giant magnetoresistance (GMR).
In the developed devices [1], in which there are
new effects due to the interaction of «magnetic
electrons» with artificially created nanosized struc-
tures, a combination of magnetism and electronics

is used, so they claim the birth of a new area of
magnetism and technology — magnetoelectronics.
In this case, InSb whisker crystals, due to their
morphology, high values of charge carrier mobil-
ity, structural perfection and high mechanical
strength, are a good model for studying the influ-
ence of external factors, in particular magnetic
field, for the concentrations corresponding to the
metal-semiconductor transition [3].

It is known that film materials using the
magnetoresistive effect, are sensitive to the elec-
tric current. Therefore, by changing the value
of the current one can change the amplitude of
the magnetoresistance. Thus, the authors of [4]
established the dependence of the magnetoresis-
tance of multi-layer materials based on Co, Ni or
Pt on the measuring current value. The obtained
results are explained [5] by the different effect
of the torque moment transfer by spin-polarized
charge carriers at different values of current. This
effect was anticipated by the authors of [6, 7] and
experimentally studied in [§—10].

On the other hand, the authors of [11, 12]
studied the manifestation of the magnetoresistive
effect in semiconductor-dispersed magnets. Here,
however, the magnetoresistance did not reach
high values (as opposed to InSb), which directly
affects the sensitivity of the devices developed on
their basis.

Previous studies conducted for InSb microcrys-
tals at cryogenic temperatures in strong magnetic
fields up to 14 T allowed detecting a number of
effects and to assess a number of electrophysical
parameters such as Shubnikov — de Haas (SdH)
oscillations (and their period) [13] and Dingle
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temperature [3], to detect GMR and negative
magnetoresistance, associated with significant
spin-orbital exchange interaction.

Moreover, the influence of external factors,
such as deformation, allowed to determine the
occurrence of the Berry phase [14] in the longi-
tudinal magnetoresistance, which was previously
observed by the authors of [15—17] in bismuth. It
is obvious that the deformation leads to a change
in the scattering mechanisms, and may also af-
fect electrophysical parameters in the transverse
magnetoresistance, in particular the GMR value.

The authors of this work aimed at studying
the deformation-induced changes in the electro-
physical parameters of the indium antimonide
microcrystals at the cryogenic temperatures in
strong magnetic fields up to 10 T, particularly
in the transverse magnetoresistance, in order to
investigate the possibilities of using such crystals
in the magnetoresistive sensors of deformation and
magnetic field, which could be used under difficult
operating conditions.

Experiment details

In order for the InSb whisker crystals to grow,
i.e., for the material to be transferred to the crys-
tallization zone, it was necessary to create a con-
centration gradient. This was achieved by creating
a temperature gradient between the dissolution
zone and the crystallization zone.

The whisker crystallization temperature was
720 K, while the evaporation zone temperature
was 850 K. While growing, the crystals were
doped with tin admixture, and the concentration
of charge carriers, determined by using Hall effect,
was from 6:10'6 to 6:10'7 ¢cm™3. The chosen InSb
whiskers were 2—3 mm in length and had lateral
dimensions of about 30 —40 um. Gold microwires
(10 microns in diameter) were pulse-welded to
the InSb micro-crystal to create eutectic contacts.

InSb whisker conductivity was studied in the
temperature range from 4.2 to 300 K. For these
studies, crystals were cooled down to the tempera-
ture of 4.2 K in a helium cryostat. The temperature
was measured by using a Cu—CuFe thermocouple,
calibrated with a CERNOX sensor.

The magnetic field effects of the whiskers were
studied using a Bitter magnet with the induction
of up to 14 T and the time scanning of field of
1.75 T /min in the temperature range of 4.2—77 K.
Stabilized electric current along the whisker was
created by the current source Keithley 224 in the
range of 1 —10 mA, depending on the resistance of
the crystal. CERNOX sensor was used to measure
magnetic parameters. Being weakly sensitive to
magnetic field induction B, the device has a varia-
tion of the output signal of about 1% at B=15T.

In order to evaluate the possibility of using
InSb microcrystals in mechanical sensors, the au-
thors used a technique of deforming the samples
by producing a difference between the linear ex-
pansion coefficients of the crystal itself and the
substrate on which it was fixed [18]. The uniaxial
deformation of microcrystals was carried out by
affixing the crystals on the substrates with HL.-931
glue with a polymerization temperature of 180°C.
According to this method, when the crystal is fixed
on the substrate, the thermal stress in the former
can be estimated by the ratio

15 o (T)-o.(T)
Gf(T):ZT[1_vs(T) =V, (T)

AGIAAGT

dt, (1)

were o, and o, are temperature coefficients of linear
expansion of the crystal and sub-
strate, respectively;

E,, E and v, v, are Young’s moduli and Poisson co-
efficients of crystal and substrate
materials, respectively;

t, and ¢, are the thickness of the crystal and
the substrate.

Parameter T, in this formula corresponds to
the technological temperature at which a rigid
connection is formed between the crystal and the
substrate, e.g., this may be the temperature of
adhesive polymerization.

To calculate the thermal deformation of the
whiskers, the authors used the temperature depen-
dences of the thermal expansion coefficients and of
Young's moduli for InSb and Cu from [19—21].

Assuming that the elastic coefficients depend
on temperature slightly in the temperature range
of 4.2—50 K, we can bring the formula (1) to the
following form:

& (1) =7[ o (T) -, (T)]dt,

were v is the coefficient that characterizes the ef-
ficiency of the transmission of deformation from
the substrate to the crystal, its value depending
on the geometry of the samples and the methods
of their fixation. In our case, the value of y is
calculated according to [18] and is equal to 0.7.

(2)

Experimental results

The use of semiconductor sensors based on the
piezoresistive effect remains the most common means
for converting mechanical quantities into an electrical
signal due to the high sensitivity and reliability of the
design [18]. Therefore, the focus of the experimental
studies of InSb semiconductor crystals at temperatures
of 4.2—300 K in strong magnetic fields (up to 14 T)
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Fig. 1. Temperature dependence of the resistance of
deformed InSb samples with different concentration of
charge carriers in the vicinity of the metal dielectric
transition (in cm™3):
1 — 6106, 2 — 2-10'7; 3 — 6-10"7

was on determining exactly how the deformation af-
fected the samples. Thus, Fig. 1 shows the temperature
dependence of the resistance of microcrystals fixed on
copper substrates with an average deformation level
e =—3-10"*rel. un. in the temperature range from
4.2 to 300 K.

Preliminary studies [3, 13] for free (not fixed)
InSb whiskers allowed estimating the gauge factor
(GF) at low temperatures, which can be deter-
mined by the ratio

_R-R
Rye

GF , (3)

were R is the resistance of the undeformed (free)
crystal;

R is the resistance of the deformed crystal;

¢ is the uniaxial strain acting on the crystal.

Fig. 2 presents the temperature dependences
of the gauge factor for these crystals calculated
from the experimental data. Throughout the en-
tire studied temperature range, strongly doped
crystals (Fig. 1) demonstrate the temperature
dependence of resistance that is typical for metal.
Piezoresistance manifests itself typically in these
crystals [22]: when subjected to compression de-
formation, the resistance of the crystals decreases.

At the temperature of liquid helium, GF, , =72 for
InSb microcrystals with a concentration of 2:10'7 cm™
and GF, , = 47 for the crystals with a concentration
of 6:10'6 cm™3, at € = —=3-107% rel. un. However,
for InSb microcrystals with a concentration
of 6:10'6 cm™3, gauge factor exhibits non-typical
properties: above the temperature of the liquid
nitrogen, it changes its sign from positive to
negative. The absolute value of the gauge factor
both at the temperature of liquid helium and in
the area of room temperatures reaches GF = 350,
which can be explained by the fact that the charge
carrier concentration approaches the values of the

dielectric state of the metal — dielectric phase tran-
sition. Apparently, this is caused by the fact that
the ensemble of charge carriers at low tempera-
tures becomes reduced, because the carriers are
being freezed out, and their transport is believed
to be caused by strong spin-orbit interaction in
the range of jump conductivity by twice localized
impurities [3, 13, 23].

Investigation of the behavior of the magnetic
resistivity at low temperatures can also help
understand the processes occurring in crystals
at low temperatures. Thus, the authors of [3]
noticed that magnetoresistance changes its sign
from positive to negative in the longitudinal di-
rection, which indicates a characteristic feature
of the studied samples. Another such feature was
described in [24]: magnetoresistance deviated
from the quadratic dependence in the range of
relatively weak magnetic fields.

The authors of [24] explained the emergence of
a negative magnetic resistivity by the formation
of «pairs», i.e., two states with paired spins, that
are relatively close to each other and distant from
others, which exist near the Fermi level.

In addition, the authors of both [3] and [25]
received high values of Lande g-factor (g = 60)
at a temperature of 4.2 K, indicating a strong
spin-orbit interaction.

a) GF
600 - e

400

1
o
[)
L)
—_

200

T T T T T T T

100 150 200 250 T, K
b)

GF

200

—200

—400

Fig. 2. Temperature dependence of the gauge factor
for InSb microcrystals with different concentration of
charge carriers (in cm™):

a) 1 — 210'7; 2 — 6-10'7; b) 6-1016

Tekhnologiya i Konstruirovanie v Elektronnoi Apparature, 2019, No 3—4

ISSN 2225-5818




SENSORS

In its turn, the deformation leads to the redistri-
bution of energy zones and to the manifestation of
the negative magnetic resistivity effect, associated
with a change in the density of states near the Fermi
level in the magnetic field. If the «pair» is ionized
once, its level is shifted upward when the magnetic
field increases. Some of the levels shift downward,
and others shift upwards, which leads not only to
the displacement of the Fermi level, but also to
the change in the density of states in its vicinity.

The authors of [13, 17] demonstrated that if
the chemical potential is equal to or lies slightly
below the second subband, then the increase of the
magnetic field B and the movement of the charge
carriers in the boundary zones cause the chemical
potential to shift, and due to this fact, the resis-
tance first drops sharply and then monotonously
grows. This is connected to the competing influ-
ence of the magnetic field on the magnitude of the
multiplier and the index in the expression of the
carrier dispersion probability at the Fermi level.

Fig. 3, a shows the experimental results on the
transverse magnetoresistance for deformed crystals
with a charge carrier concentration of 6-:10'® cm™
(which corresponds to the dielectric state of the
metal —dielectric phase transition). The figure
demonstrates that the deformation causes changes
in the conduction mechanisms inside the crystals,
which is reflected in the anomalous behavior of
the gauge factor. Thus, at low temperatures,
Shubnikov de Haas oscillations begin to manifest
themselves in InSb crystals for the transverse mag-
netoresistance, same as they do for the longitudinal
magnetoresistance.

For the deformed InSb microstructures with a
charge carrier concentration of 6:10'7 ¢cm™ (which
corresponds to the metal state of the metal —di-
electric phase transition), the magnetoresistance
significantly increases, reaching 250% (Fig. 3, b).

The probable reason for the growth of the mag-
netoresistance in such crystals is, obviously, the
release of «freezed-out» excess charge carriers due to
an increase in their mean concentration in the crystal,
and, consequently, an increase in average mobility.
This leads to the linearization of the characteristics
and a decrease of the temperature coefficient of re-
sistance of crystals in the 4.2—70 K range.

On the other hand, in the deformed InSb mi-
crocrystals with the charge carrier concentration
of 2:10'7 ¢m™3 (which corresponds to the metal-
dielectric phase transition), a giant magnetic resis-
tance was also observed, as well as its significant
increase in value (Fig. 3, ¢), reaching 720%. In
this case, however, the values of the temperature
magnetoresistivity coefficient were lower for the
temperature range of 4.2—70 K, which increases
the sensitivity to the magnetic field.
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Fig. 3. Transversal magnetoresistance of InSb whiskers
with different tin concentration (in cm™) for strained
samples at temperature range 4.2—70 K:

a — 610'% b — 610'7; ¢ — 2107

Application

The present stage of the development of new
branches of science and technology (space and
aviation technology, cryogenic technology, cryoen-
ergy, etc.) highlights the problem of creating
miniature highly sensitive mechanical, thermal,
and magnetic sensors with a special capacity to
operate at low temperatures [26 —31].

The studies on the influence of deformation and
magnetic field on indium antimonide microcrystals
with a charge carrier concentration from 6-10'6 to
6:10'7 cm™3 allowed identifying a number of effects
that make such materials suitable for use as basis
for the piezoresistive sensors and magnetic field
magnetoresistive sensors.

A photo of a standard physical quantity sensor,
developed during this study, is shown in Fig. 4.
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Fig. 4. Typical view of sensors of physical quantities

The temperature coefficient of resistance
(TCR) for such microcrystals was found to be
TCR = 0.004 Q/K (Fig. 1, curves 2, 3) at room
temperature (Fig. 2, a). Such samples can be
used to create mechanical sensors for two tem-
perature ranges: from 4.2 to 50 K and from 50
to 300 K, since there is a significant increase in
GF 550 = 720 at room temperature (Fig. 2, a).

For InSb crystals with a charge carrier con-
centration corresponding to the dielectric state
of the metal —dielectric phase transition, the
gauge factor is GF o = 350 and GF5,) = —350.
The temperature coefficient of resistance of such
samples is slightly lower (TCR = 0.001 Q /K).
The temperature-related change in the gauge factor
is linear (Fig. 2, b). Such samples can be used to
create piezoresistive sensors for a wide range of
temperatures.

The research on the magnetoresistance of de-
formed InSb microcrystals with a charge carrier
concentration from 6:10'6 to 6:10'7 cm™3 (covering
the metal —dielectric phase transition) at cryogenic
temperatures showed the following. The samples
with a charge carrier concentration of 6-10'6 ¢cm™
showed an instability of the temperature coef-
ficient of the magnetoresistance in the range of
4.2—70 K, caused by oscillation phenomena oc-
curing in the transverse magnetoresistance in mag-
netic fields up to 10 T. Such phenomena make it
impossible to use deformed InSb microcrystals in
magnetic field sensors at cryogenic temperatures.
The deformed InSb crystals with a concentration
of charge carriers of 6-10'7 ¢m™ demonstrated
a significant increase in the magnetic resistance
(up to 250%) at a sensitivity of 600 mV /T. The
temperature resistance (magnetic resistivity) for
the temperature range of 4.2—70 K in the fields
up to 10 T was TCR = 0.57 Q /K (Fig. 3, b). As
for the deformed InSb crystals with the charge
carrier concentration of 6:10'7 cm™ (which corre-
sponds to the metal —dielectric transition), there
was detected the giant magnetoresistance (which
increased up to 720%). The sensitivity to the
magnetic field here was 1500 mV /T. The tempera-
ture coefficient of resistance for the temperature
range of 4.2—70 K in the fields up to 10 T was
TCR = 0.46 Q /K (Fig. 3, ¢).

Conclusions

The studies on the influence of deformation on
the electrophysical parameters of indium antimonide
microcrystals at cryogenic temperatures in strong
magnetic fields (up to 10 T) allowed discovering a
number of effects that make such materials suitable
for use as basis for the magnetoresistive sensors of
deformation and magnetic field, that could function
under complex operating conditions.

It has been determined that the best option for
piezoresistive sensors that could function in a wide
temperature range (4.2—300 K) are the InSb mi-
crocrystals with carrier concentration of 6:10'® cm™
(which corresponds to the dielectric state of the
metal-dielectric transition).

Magnetic field sensors based on magnetore-
sistive principle were developed using the giant
magnetic resistivity effect reaching 720% at a tem-
perature of 4.2 K. Such sensors contain deformed
InSb microcrystals with a carrier concentration
corresponding to the metal-dielectric transition
(2:10'7 ¢cm™3). The developed microelectronic sen-
sor has ultra-high sensitivity to a magnetic field
of 1500 mV /T, and the simplicity of its design
provides low inertia and high performance at the
same time.

REFERENCES

1. Zutic 1., Fabian Ja., Das Sarma S. Spintronics:
Fundamentals and applications. Rev. Mod. Phys., 2004, vol. 76,
iss. 2, 323. https: / /doi.org,/10.1103 /RevModPhys.76.323

2. Holota V.I., Kogut I., Druzhinin A., Khoverko Y.
High sensitive active MOS photodetector on the local 3D
SOI-structure. Advanced Materials Research, 2014, vol. 854,
pp. 45—47. https: / /doi.org,/10.4028 /www.scientific.net /
AMR.854.45

3. Druzhinin A., Ostrovskii I., Khoverko Yu., Liakh-
Kaguy N. Negative magnetoresistance in indium antimonide
whiskers doped with tin. Low Temperature Physics, 2016,
vol. 42, pp. 453—457. https: / /doi.org /10.1063 /1.4954778

4. Nepijko S.A., Kutnyakhov D., Odnodvorets L.V.,
Protsenko S.I. Sensor and microelectronic elements based on
nanoscale granular systems. J. Nanopart. Res., 2011, vol. 13, iss.
12, p. 6263-6281. https: / /doi.org,/10.1007 /s11051-011-0560-3

5. Mangin S., Ravelosona D., Katine J.A. et al. Current-
induced magnetization reversal in nanopillars with perpen-
dicular anisotropy. Nat. Mater., 2006, no. 5, pp. 210—-215.
https: / /doi.org,/10.1038 /nmat1595

6. Berger L. Emission of spin waves by a magnetic mul-
tilayer traversed by a current. Phys. Rev. B, 1996, vol. 34,
iss. 13, 9353. https: / /doi.org,/10.1103 /PhysRevB.54.9353

7. Slonczewski J.C. Current-driven excitation of mag-
netic multilayers. J. Magn. Magn. Mater., 1996, vol. 159, iss.
1-2, L1-L7. https: / /doi.org /10.1016 /0304-8853(96)00062-5

8. Waintal X., Myers E.B., Brouwer P.W., Ralph D.C.
Role of spin-dependent interface scattering in generating
current-induced torques in magnetic multilayers. Phys. Rev.
B, 2000, vol. 62, iss. 18, 12317. https: / /doi.org /10.1103 /
PhysRevB.62.12317

9. Stiles M.D., Zangwill A. Anatomy of spin-transfer
torque. Phys. Rev. B, 2002, vol. 66, iss. 1, 014407. https: /' /
doi.org /10.1103 /PhysRevB.66.014407

10. Volkov S.O., Tkach O.P., Odnodvorets L.V.,
Huzhnya Ya.V. Magnetoresistive properties of nanosized film
materials: variation of measuring currents and minimization
of electronic noise. Journal Nano- And Electronic Physics,

Tekhnologiya i Konstruirovanie v Elektronnoi Apparature, 2019, No 3—4

ISSN 2225-5818




SENSORS

2016, vol. 8, iss. 3, 0303. http://dx.doi.org /10.21272/
jnep.8(3).03030

11. Druzhinin A., Ostrovskii I., Khoverko Yu.,
Yatsukhnenko S. Magnetic properties of doped Si<B,Ni>
whiskers for spintronics. Journal of Nano Research, 2016, vol.
39, pp. 43-54. https: / /doi.org,/10.4028 /www scientific.
net /JNanoR.39.43

12. Yatsukhnenko S., Druzhinin A., Ostrovskii I. et al.
Nanoscale conductive channels in silicon whiskers with nickel
impurity. Nanoscale Research Letters, 2017, vol. 12, iss. 78,
pp. 1-7. https: / /doi.org,/10.1186 /s11671-017-1855-9

13. Druzhinin A., Ostrovskii I., Khoverko Y. et al.
Peculiarities of magnetoresistance in InSb whiskers at cryo-
genic temperatures. Materials Research Bulletin, 2015, vol.
72, pp. 324-330. https:/ /doi.org,/10.1016 /j.materres-
bull.2015.08.016

14. Druzhinin A., Ostrovskii I., Khoverko Yu. et al.
Berry phase in strained InSb whiskers. Low Temperature
Physics, 2018, vol. 44, pp. 1189-1194. https:/ /doi.
org,/10.1063,/1.5060974

15. Murakawa H., Bahramy M. S., Tokunaga M. et al.
Detection of Berry’s phase in a bulk Rashba semiconductor.
Science, 2013, vol. 342, iss. 6165, pp. 1490—1493. https: / /
doi.org /10.1126 /science. 1242247

16. Veldhorst M., Snelder M., Hoek M. et al.
Magnetotransport and induced superconductivity in Bi based
three-dimensional topological insulators. Phys. Status Solidi,
2013, vol. 7, iss. 1=2, pp. 26—38. https: / /doi.org,/10.1002 /
pssr.201206408

17. Nikolaeva A., Konopko L., Huberc T. E. et al. Effect
of weak and high magnetic fields in longitudinal and transverse
configurations on maneto-thermoelectric properties of quantum
Bi wires. Surface Engineering and Applied Electrochemistry,
2014, vol. 50, iss. 1, pp. 57—62. http: / /dx.doi.org,/10.3103 /
S1068375514010128

18. Druzhinin A.A., Lavitska E.N., Maryamova I.1.,
Kunert H.W. Stress imposing during microcrystals charac-
terization at cryogenic temperatures. Advanced Engineering
Materials, 2002, vol. 4, iss. 8, pp. 589-592. https://
doi.org /10.1002 /1527-2648(20020806)4:8%3C589:: AID-
ADEMS589%3E3.0.CO;2-F

19. Xiaoling Zhang, Qingduan Meng, Liwen Zhang.
Dependence of the deformation of 128x128 InSb focal-
plane arrays on the silicon readout integrated circuit
thickness. The Open Electrical & Electronic Engineering
Journal, 2015, vol. 9, pp. 170—174. http:/ /dx.doi.
org /10.2174 /1874129001509010170

20. Liwen Zhang, Jiexin Pul, Ming Shao, Na Li.
Numerical simulation and analysis of thermal stress in 8x8
InSb detector integrated microlens arrays with underfill.
Journal of Convergence Information Technology, 2012,
vol. 7, iss. 8.

21. Botcharova E., Freudenberger J., Schultz L.
Mechanical and electrical properties of mechanically alloyed
nanocrystalline Cu—Nb alloys. Acta Materialia, 2006, vol. 54,
iss. 12, pp. 3333-3341. https:/ /doi.org,/10.1016 /j.acta-
mat.2006.03.021

22. Smith C.S. Piezoresistance effect in germanium and
silicon. Phys. Rev., 1954, vol. 94, iss. 1, pp. 42—49. https: / /
doi.org,/10.1103 / PhysRev.94.42

23. Druzhinin A., Ostrovskii I., Khoverko Yu. et al.
Variable-range hopping conductance in Si whiskers. Phys.
Status Solidi A, 2014, vol. 211, iss. 2, pp. 504—-508. https: / /
doi.org /10.1002 /pssa.201300162

24. Vanger A.I., Zabrodskii A.G., Tisnek T.V.
Magnetoresistance of compensated Ge:As at ultrahigh fre-
quencies in the metal-insulator phase transition region. FTP,
2000, vol. 34, iss. 7, pp. 774=782. (Rus). https: / /journals.
ioffe.ru /articles /37181

25. Litvinenko K.L., Nikzad L., Pidgeon C.R. et al.
Temperature dependence of the electron Landé g factor in
InSb and GaAs. Phys. Rev. B, 2008, vol. 77, iss. 3, 033204.
https: / /doi.org /10.1103 /PhysRevB.77.033204

26. Barlian A.A., Park S.J., Mukundan V., Pruitt B.L.
Design and characterization of microfabricated piezoresistive
floating element-based shear stress sensors. Sens. Actuators A,
2007, vol. 134, iss. 1, pp. 77-87. https: / /doi.org /10.1016 /.
sna.2006.04.035

27. Naumova O.V., Popov V.P., Aseev A.I. et al. Silicon-
on-insulator nanowire transistor for medical biosensors.
In EuroSOI International conference, 2009, Goteborg,
pp. 69-70. https: / /doi.org,/10.1007 /978-3-642-15868-1

28. Giinel H. Y., Batov I. E., Hardtdegen H. et al.
Supercurrent in Nb /InAs-nanowire /Nb Josephson junctions.
J. Appl. Phys., 2012, vol. 112, iss. 3, 034316. https: / /doi.
org,/10.1063 /1.4745024

29. Claeys C., Simon E. Perspectives of silicon-on-
insulator technologies for cryogenic electronics. In: Hemment
P.L.F., Lysenko V.S., Nazarov A.N. (eds) Perspectives,
Science and Technologies for Novel Silicon on Insulator
Devices. NATO Science Series (Series 3. High Technology),
vol. 73. Springer, Dordrecht. https: / /doi.org /10.1007 /978-
94-011-4261-8_23

30. Rife J.C., Miller M.M., Sheehan P.E. et al. Design
and performance of GMR sensors for the detection of mag-
netic microbeads in biosensors. Sensors and Actuators, 2003,
A107, pp. 209-218. https:/ /doi.org,/10.1016 /S0924-
4247(03)00380-7.

31. Lagae L., Wirix-Speetjens R., Das J. et al. On-chip
manipulation and magnetization assessment of magnetic
bead ensembles by integrated spin-valve sensors. J. Appl.
Phys., 2002, vol. 91, iss. 7786, pp. 7445—7447. https: / /doi.
org,/10.1063 /1.1447288

Received 23.05 2019

DOI: 10.15222 /TKEA2019.3-4.03
VIK 625.315.592

Ykpaina, Hamnionaapanuit yHiBepcuter «JIbBiBCcbKasg momiTexHiKay,

JIEGOPMAILINHO-CTUMYJIbOBAHI EOEKTU B MIKPOCTPYKTYPAX
AHTUMOHIAY IHAIIO 3A KPIOTEHHUX TEMIIEPATYP

JJIA CEHCOPHUX 3ACTOCYBAHD

I. I1. OCTPOBCBKHEH, H. C. ISIX-KATYH, O. A. IACHHKOBA

A. O. APY?>KHHIH, FO. M. XOBEPKO,

[Hoabmia, M. Bpouvias, IHCTUTYT HU3bKUX TeMIIepaTyp
Ta CTPYKTYPHUX AOCJiIKEHD

E-mail: druzh@polynet.lviv.ua

Y po6omi docaidxkeno Oepopmayitino-cmumyivosane 3MiHeHHs eACKMPOPI3udHUX naApamempie HUmMronodio-
HUX KpUcmaiie awmumonioy indito 3a xkpiozennux memnepamyp y cusvhux mazuimnux noasx (do 10 Ti).
Humxonodi6ni kpucmani InSb supowysarucs memooom xiMiuHux zazompancnopmuux peaxuii. Temnepamypa
3onu Kpucmanizayii cmanosuna 720 K, sonu eunaposysanns — 850 K. Jezysanns xpucmaiie 30iiicnio8anocs
JOMIWKOI0 02108d 8 NPOYUECT POCMY, d KOHUEHMPAuis HOClie 3apsdy, 32i0H0 3 docaidxenuamu Xoanda, cmanosuid
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6:10'6 — 6:10"7 cm3. [lan docnidxkens 6yau eubpani numxonodiéni kpucmaiu InSh dossxunoro 2—3 mm 3 no-
nepeunumu poamipanu 6ausvko 30 —40 mxm. Eaexmpuuni konmaxmu 00 HUmxonodionux xpucmanie InSb 6yau
cmeopeni 3a 0onomozoio mixpoopomie Au diamempom 10 mxm, sKi ymeopiooms eemexmuxy 3 MiKPOKPUCALIOM
ni0 4aAc IMNYILCHOZO 36APIOSAHHS.

Enexmponposionicmo wumxonodibnux kpucmanie InSb docaidxyeanracs ¢ dianasoni memnepamypu 6io 4,2 0o
300 K. Kpucmanu oxonodxyeanu é zeniesomy xpiocmami. Temnepamypy sumipioganu 3a 0onomozon mepmo-
napu Cu—CuFe, xari6posanoi 3a donomozoio cencopa CERNOX. /epopmayiio spasxie (¢ = =310 6ion. 00.
npu 4,2 K) cmeopiogaru 3a paxymnox pisnuui 6 K0eqhiyicnmax mepmMiunozo pouupenns Humxonooibnux Kxpuc-
manie ma mamepianry niokiaoku, 3axKpina0iouu KpUcmaiy Ha Mionit niokiaouyi ma oxon00XKyouu 00 HU3LKUX
memnepamyp.

Ha ocnoesi nopisuannus onopy dedpopmosanux ma nededhpopmosanux kKpucmanrie 6yiu eusnaveni xoeghiyicnmu
menzouymaugocmi. 3uauenns xoegiuicnma menzouymausocmi mikpoxpucmarie InSb sa memnepamypu pioxo-
20 zenito cmanosumv GF, o = 72 3a xonyenmpayii nociie sapsdy 2-10'7 cu™? ma GF, , = 47 3a xonyenmpa-
uii 6:10"7 cm3. Jlas spaskie InSb 3 xonyenmpauicio 6-10'° cu™ xoeghivienm mensouymausocmi 6ua6AAE Hemu-
1061 8AACMUBOCNE: BUUE MEeMNepAMYPU PIOK0Z0 A30My il 3MIHIOE CEIll 3HAK 3 NO3UMUBHOZ0 HA HE2ZAMUSHUU.
Ab6coniomne 3nauenns KoepiuicHma men3ouymiueocmi K 3d ei€6UX MeMNePAmyp, Max i 6 00LACmi KiMHAM-
1ot docsizae npubausno 350, wo MOKHA NOACHUMU HACIUKEHHAM KOHUeHmpayii nociie 3apsdy 0o ¢azosozo ne-
pexody «meman — OieeKmpurs.

Bcemamnoeaeno, wo 015 3acmocysanns 6 n'€30pe3ucmusHux 0amuukax, npaye3oamuux 6 WupoKxomy memnepa-
mypromy Odianasoni (4,2—300 K), caid euxopucmosysamu mikpoxpucmanu InSb 3 xonyenmpauicio nociie 3a-
pady 6:10% cu™>. [laa pospobru damuuxie maznimmozo nois 3 MAzHiMOPEIUCTIUGHUM NPUHUUNOM Oii GUKOPU-
CMOBYEMbCsL ehexm 2izanmcokozo Maznemoonopy, axuti docszae 7209 3a memnepamypu 4,2 K. Taxuii dam-
yuKx micmumo oegpopmosani mixpoxpucmaiu InSb 3 xonuenmpayicio nociie 3apady, wo 6i0nogioae memaneso-
My 60y nepexody <meman — Oiesexmpuxs> i cmanogumn 2-10'7 cu™>. Pospob.aenuil mixpoerexmponnuii damuux
Mae Hadsucoxy uymausicmo 00 maznimuozo noas (1500 mB/Ta), a npocmoma xoucmpyxyii 3abesneuye o0HO-
4ACHO HU3LKY THEPYIUHICINL Md UCOKY NPOOYKMUBHICTD.

Kniouogi crosa: numxonodibui kpucmanu, InSb, xoepiuicnm menzouymausocmi, mazHemoonip.
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YMEHBINEHUE IIYMOB N ITOMEX IIYTEM
PAIIMOHAJIBHOT'O BbIbBOPA 9JIEKTPOHHDBIX
KOMIIOHEHTOB B KAHAJIAX

C COCPEAOTOUYEHHBIMN [TAPAMETPAMU

I[TP11 BBICOKOCKROPOCTHOMN OBPABOTKE [JAHHDbBIX

Paccmompenvl memoovL u npasuia KOHCMPYuposanus paouoIeKmpoOHHoLY cpedcms, 0becneuusalouue chu-
JKenue wymoe u nomMex npu nocmpoenuu OUCKPemHo-andiozo8vlx Kanaios npeodpasosanus unpopmauuu
6 OuKHel 301He PAchpocmpanenus d1eKmponaznumuoi snepeuu. Janvt pexomenoayuu no 6vi6o0py KOMNo-
HEeHMOB8, MOHMAXKY Kabeael u coedunumenei, KOHCMpYUpOSAHUIo NEUAMHHIX Y3106 U PUIGMPAUUL NOMEX.

Knioueswvie caosa: aUCermHO-dHCZJZOZOGbHZ KdHdJl, 3/eKMpPOHHOe KOHCmMpYyupoedrue, nomexu, KOMnoHenmal,

neuammbovle naamol.

WNHTeHCHBHOCTD MIYMOB U TIOMEX YacTO CBsI3a-
Ha He TOJBKO C TMPUHIUMUAIBHON 2JIeKTPUIECKON
CXeMOli, HO ¥ C KQUeCTBOM KOHCTPYKTOPCKUX peliie-
HUil, TPUHSTHIX TIPU TIOCTPOEHUN CUCTEM TIepeaaun
1 06pabOTKH JaHHBIX B OJIMIKHEN 30HE PacpocTpa-
HEHWS 3JEKTPOMATHUTHOM SHEPruu, T/Ie PasMepbl
U3JTydaTesisi TOMeXW HAMHOTO MEHbIIE JTUHBI BOJI-
HbI u3jaydeHus. HeyaauHbie pelieHus MOBBIIIAIOT
yPOBeHb OMIMOOK TIPU TIPUEME U Tiepejiaue cooOte-
Huil (970, HAIIPUMEP, HEMOAXOAIIAS KOHCTPYKIIUS
U TEXHOJIOTUSI U3TOTOBJIEHNS BBIGPAHHBIX 3JIEKTPOH-
HBIX KOMIIOHEHTOB; He JIy4Ilasi paciaiika CUrHAJIb-
HBIX U 3€MJISTHBIX IPOBOJIHUKOB HAa KOHTAKThI CO-
eITHUTEJIEN; HEONITUMAIbHOE YUCJIO CJIOEB ITIedaT-
HOIT TIIAThI U UX YepejoBaHue).

Anaym3a qureparypsl B ctatbe [ 1], Takske mocss-
HIEHHOI KOHCTPYKTOPCKUM IIPUEMAM yMeHbIEHUST
HIYMOB U TIOMEX, MOKa3aJi, YTO UMEIOIIUecss paboThl
He 0XBATbIBAIOT BCE ACIIEKThI BbIGOPA KOHCTPYKIIUH,
3JIEKTPOPAINOIJIEMEHTOB W MATEPUATIOB, KOTOPbHIE
6e3 M3JUIIHUX 3aTpaT 06ecredynBalOT MUHUMAJIb-
HbIE MIYMbI U TIOMEXU B JIUCKPETHO-HETIPEPBIBHBIX
KaHaJiaX BBICOKOCKOPOCTHON 06paboTKU JaHHbIX. B
npojio/ukenre padoror [1], Toe paccMoTpeHbr Me-
TOJIbI YMEHbIIIEHUs NIYMOB TyTeM BbIOOpa paluo-
HAJIBHBIX 3JIEKTPOPA/IN03JIEMEHTOB, 3a3eMJIEHUST U
pacrpejiesieHust TUTAHUS, B HACTOSIIEN CTAThe I10-
Ka3aHbl BO3MOKHOCTHU 3alUThI 3JEKTPUUECKU KO-
POTKHMX KaHaJoB 00pa0OTKM JIAHHBIX OT M3Jydae-
MBIX W KOHAYKTHBHBIX TIOMEX, KOTOPBIE CBSI3AHBI C
MaTepuaIaMi ¥ KOHCTPYKIIMSIMHU TI€YATHBIX TIIAT,
0COOEHHOCTSMM TPUMEHEHNsST PUJIBTPOB U BbIOOPA
coeMHUTENE B MUPOKOM AuamnazoHe oT 10 xIir

[0 4aCTOT, [AJid KOTOPbIX MpUMEHNMa MOJ€EJib C CO-
CPEAOTOYEHHBIMU CONPOTUBJIEHUEM, WHAYKTUBHO-
CThIO 1 €MKOCTbBIO.

DOuabTpsl
EMI-¢punompuot

EMI-puabrpsr (EMI, electromagnetic inter-
ference) [2] ucnonb3yiorest ISt MOAABIEHUS DJIEK-
TPOMArHUTHBIX TTOMEX BO BTOPUYHBIX T[ETISIX TIOCTO-
STHHOTO TOKA 3JIEKTPOHHON anmapaTypbl, Ha NIMTHAX
TAKTOBOTO CHUTHAJA ¥ ITMHAX TEepeadyrd CUTHAJIOB.

LC-duabtpnl KpaiiHe 1oJie3HBI pU (HUIBTPa-
MU BBIXO/IHBIX HAIPSIKEHUI CTAONIM3aTOPOB UM-
Ty JIbCHBIX MCTOYHWKOB MuTanus. OIHaKO ecJiu cTa-
6MTI3aTOP C BBITIPSIMUTEJNEM PACIIOTIOXKEHDBI HA OT-
JIeJTbHOM TLIaTe, MOXKET 0Ka3aThCs MOJIE3HBIM pas-
MellleHre MoJ0OHBIX (DUJIBTPOB M B TOYKAX BBO-
Jla HATIPSDKEHWS] TTUTAHWS Ha TeYaTHBIX IJIATax C
JIpyTUMHU KackagaMmu. bBoJubie Toro, JIOKAaTbHBIE
BY-duabtpbl MoryT norpe6oBatbes Jaske Ha BbI-
BOJIaX NMUTAHMUA KaKAOH MUKpPOCXeMbl. Baxknas 3a-
Jlavya 1Py 3TOM — JOGUTHCST KaK MOKHO MEHDIIETO
WHJIYKTUBHOTO COTPOTUBJIEHUS 3€MJSTHOTO BBIBO-
Ja GUIbTPA 3JEKTPOMArHUTHBIX TTOMEX B BEPXHEH
YacTH 4aCTOTHOTO CIIEKTpa. XOPOIIMM BbIOOPOM B
JTAaHHOM ciry4ae 6yyT 6e3BbIBOIHbIE KEpAMUYECKHUE
KOH/IEHCATOPBI B CUJIY HU3KOW BEJIMYMHBI TTAPA3UT-
HOU MHIAYKTUBHOCTU. BajkHO TakKe, 4TOOBI COEH-
HEHUE BLIBOJIOB MMUTAHUS C IITMTHON 3eMJIN OBLIO BbI-
TTOJTHEHO MaKCUMAJTbHO KOPOTKUMH TIPOBOTHUKAMHU.
[TpoxomHoe oTBepcTHE Ha MMUHY 3eMJIN U OY/IET Ta-
KUM KPaT4ailliuM cOeIHHEHUEM.

Eme ogna pexoMenganms, Kacaomascs mpoeK-
TUPOBAHUS TOMOJIOTUU TIEYATHOW TIJIATHI: MOJIE3HO
YCTaHABJWBATh OTPAaHWYEHUS HE TOJbKO Ha JIJIU-
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HY, HO U Ha IIUPHUHY, W Ja’Ke HA TOJIIMHY IMeyaT-
HBIX TPOBOJHUKOB. DPPEKTUBHOCTD JIIOOOH CXEMbI
(busbrpa B 60JIBIION CTENIEHN 3aBUCUT OT KOMITAKT-
HOCTU KOHCTPYKIIMU U MCIOJIb30BAHUS TIUH 3€MJIN
0O0JIBIION TIJIOIA/IN.

Hcnonvszoeanue mexmnonrozuu MLCC

Duibtpol Ha 6a3e TEXHOJOTUH MHOTOCJONHBIX
kepamuueckux kougercatropos (MLCC) ynoGHbl
1 9P PEKTUBHDBI I/ 3AIUTHI OT BHENTHUX TIOMEX U
MTO/IaBJIEHNST COOCTBEHHBIX TTAPA3UTHBIX U3JTyuYeHUH
[3]. Ocobenno monyasapHbl OHU B CHUJIOBOI 3JIEK-
TPOHUKe 0J1arojapsi CBOUM HeOOJIbIIMM PasMepaM
1 CTOUMOCTH, HU3KOMY 3KBUBAJEHTHOMY IOCJE/0-
BaTEbHOMY COTIPOTHBJIEHUIO W BBICOKOU HaJIEXK-
HOCTH. ACCOPTUMEHT TaKNX (PUILTPOB JAOCTATOYHO
ITUPOK, 3TO MHOTOCJIOIHBbIE TTACCUBHBIE TTPOCTPAH-
CTBEHHBIE CTPYKTYPbI, H3TOTOBJEHHBIE TIO TEXHOJIO-
run X2Y; BapucTopHble (PUILTPBI; KOHAEHCATOP-
HbIe ¥ BAPUCTOPHBIE COOPKH; TPEXBBIBO/IHBIE YHIIbI;
n-(UABTPBI MTOBEPXHOCTHOTO MOHTAXKA; (DUIBTPHI
Mo MaiKy; puiabTpel ¢ pe3b6oii /I yCTaHOBKHU
Ha TaHesb; PUJIbTPBI UHAUBUYATbHBIX KOHPUTY-
panuii, BbITIOJHSIEMbIe TIOJ 3aKa3. 37ech, MpaB/a,
HY>KHO YYUTBIBATh 3aBUCHMOCTb EMKOCTH OT TTPUJIO-
JKEHHOTO HAMPSKEHUS MTOCTOSHHOTO WA MeJIEHHO
MEHSIONET0CcsT TOKA. JTO YCJAOXKHSIET 337a4y TOU-
HOTO BBIOOpA €MKOCTH KOHJIEHCATOPA M IPABUJIb-
HOTO BbI6OpA TUTIA MHOTOCJOWHOTO KOHIEeHCATOPa,
MTOCKOJIBKY CaMyI0 CHJIbHYIO 3aBUCHMOCTb €MKOCTH
OT HATIPSKEeHNS NMeI0T KOH/IEHCATOPBI U3 CETHETO-
KepaMHUUYecKOro MaTepraja ¢ HauboJIbInel [usJieK-
TPUYECKOI TMTPOHUIIAEMOCTHIO.

Koncrpyknus ¢unabtpoB Ha ocHoBe LC- nian
RC-1ieneii cpaBHUTEJLHO CJOXKHA, a IIPU MOHTA-
’Ke OHM 3aHUMAIOT MHOTO MecTa. MeHBNIyIo TJI0-
ajb 3aHUMAIOT (PUJIBTPHI HA OCHOBE CTAH/IAPT-
HBIX KepaMUYeCKUX KOHJEeHCATOPOB, HO [IJid KOH-
CTPYKTOPOB 60Jiee y06HBI MUHUATIOPHBIE TTPOXO/I-
Hble (PUABTPBI MPOCTON KOHCTPYKITUU, COCTOSIINE
13 KepaMU4ecKoro KoHjeHcaTopa W (eppUTOBOM
UHAYKTUBHOCTH. OHU 06J1a/1a10T GOJIBIIUM COTIPO-
TUBJIEHUEM W30JIAINH, a Majas cOOCTBEHHAs WH-
JyKTUBHOCTD C/IBUTAET HEKeJaTeJbHble PE30HAHC-
HbIe SIBJIEHUS TAJIEKO B BBICOKOYACTOTHYIO 00JIaCTh.
[Ipoxoamble KepaMIYecKie KOHIEHCATOPBI M3TOTaB-
JIUBAIOT U3 TOTO K€ MaTepuaJa u Mo TOH JKe TeEXHO-
JIOTUHU, YTO U CTaHJAPTHBIE, HO IIPOXOHbIE UMEIOT
Tpu mosioca (4eThIpe BHEIMHMX BBIBOJAA), WX IIa-
pasuTHasA WHAYKTUBHOCTD B YETBIPE Pa3a MEHbIIIE,
4yeM CTAH/J[APTHBIX, a 3HAYUT MEHbIE U WHIYKTUB-
HOe CONpOTHUBJIeHE ®L .

Ha puc. 1 mokasaHbl 3JIEKTPUYECKHE CXEMBI
O/THO3BEHHBIX MPOXOJAHBIX (PUIBTPOB HUKHUX Ya-
CTOT, a Ha pUC. 2 — BHENIHUU BUJ MUHHUATIOP-
HbIX ¢uabTpoB. Hanbosee skonomnuna C-cxema,
OHa MMeeT caMyIo HU3KYIO TTapa3uTHYI0 WH/IYKTHB-

noctb (puc. 1, @). [lna nemeil mUTaHUs €MKOCTb
dusbrpa BoiOUpaercs teM GOJIbIlIel, YeM MeHbIIe
COTIPOTUBJIEHWE HATPY3KH. B 3JIeKTpUUecKux Ie-
MSX TPU HU3KOM COTTPOTUBJIEHUN UCTOUHIKA TTOMe-
XU W BBICOKOM COTTPOTHBJIEHUN HATPY3KHU TIPUMEHSI-
ot L-C-cxeMy, TipuBejieHHyto Ha puc. 1, 6. B cuy-
Yyae TPOTUBOTIOIOKHOTO COOTHOIIEHHS COTTPOTHBIIE-
HUI, a TakKe KOr/la OHW HEU3BECTHDI W U3MEHS-
10Tcd B Tporiecce pabotbi, BoiOupaoT L-C-cxemy
Ha puc. 1, ¢. [IpumMenenue n-puabTpa mnpemnoa-
raetT HU3KOe COMPOTUBJIEHNE UCTOUYHNKA W HATPY3-
ku (puc. 1, 2). IlosgBieHne BTOPOro KOHAEHCATOPA
3HAYNTEIBHO YMEHBITAET YPOBEHb MOMEX HA BBIXO-
ne. T-puapTp mpeaHa3HAdeH IS TleTell KOMMYyTa-
IIUH TIPW BBICOKOM COTIPOTHBJIEHUY UCTOYHUKA U HAa-
rpysku (puc. 1, 0). KpoMe 01HO3BEHHBIX IPUMEHS-
10T CIBOEHHBIE - U T-cxeMbl. BHOCHMOE hrrbTpoM
3aTyXaHHe 3aBUCUT OT paboyeii 4acTOThbI U BbIGpaH-
Holi cxeMmbl. [lo yBesmuenmnto apdexTuBHOCTH 1O-

a) c 6) c I
— O——— 0
* T
B) r)
L c c L C
=T ==
1y Puc. 1. DuexTpuueckue
L cC L C-(a), L-C- (6, 6), n- (2)
e u T- (0) cxeMbI OHO3BEH-
—_?L_ HBIX TPOXOJHBIX (DUJIb-

TPOB HUKHUX YaCTOT

Puc. 2. OcnoBuble TUIIBI KOHCTPYK-
TOPCKOro OOPMJIEHUST MUHHATIOP-
HBIX QUILTPOB [4]:

a — pe3b6oBbIE, TePMETHU3UPOBAHHbIE KOMIIAYH/OM;
6 — 6e3pe3b6OBbIE, TEPMETH3UPOBAHHBIE METAJIIOCTEKISTH-
HBIM CITaeM; 6 — 0e3pe3b00BbIe, TePMETH3UPOBAHHDIE KOM-
HayHJOM; 2 — pe3b6oBble (e3 IeCTHUIPAHHOI TOJIOBKH;
0 — JIs1 TIPECCOBOH TOCAAKU; e — Jiist GOJIBIIOrO HAIpsI-
JKEHUsI M TOKA; /K — TJIa3KOBBIE
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JIaBJIEHUSI TTIOMEX CXEMbI PacIoJiaraloTcsi B MOCJIe-
nosarespoctt C — L-C - T — m.

K ocHoBHbIM mapamerpaM (uIbTPOB, HE3aBH-
CHUMO OT 3JIEKTPUYECKOM CXEMbI, OTHOCSATCS: 3JIEK-
TPUYECKAsT EMKOCTH, YPOBEHD TO/IABJIEHUS TOMEXH,
BHOCHMOE 3aTyXaHUe IMOJIE3HOTO CUTHAJIA, Jrara-
30H paGOuYNX TEMIIEPATYD, COMPOTUBJIEHNE U30JIsI-
1uu, pabo4yuii TOK, TEPMETUIHOCTD.

Konpercatopsl 1715t TpOXOIHBIX (DUIBTPOB HIK-
HUX YaCTOT TPUMEHSIOT TPyOUaTbie U MHOTOCJOM-
Hble aucKoBbie [5]. Kepamudeckuit matepuas BJiu-
SeT TakKe Ha TeMIepaTypHYIO CTaGUJIbHOCTD U Be-
JIMYUHY 9JIEKTPUUECKOI eMKocTh. B 3apy6exHoit
MPOAYKIIMU HAIILIA TPUMEHEHNE KEPAMUKA HA OCHO-
Be TUTaHATa 6apusi, U KOHJIEHCATOPBI BBIMTYCKAIOT-
cs Tpex Ipymi: cBepxcrabuibibie (¢ auanekTpu-
koM NPO), ubu npezie/ibHble N3MEHEHHUST €MKOCTH
He npesbiiaoT 30 ppm/°C npu KoJebaHUSIX TeM-
nepatypbl ot —55 0 +125°C; crabuabnbie (¢ au-
anekTpukoM X7R), ponyckarolie usMeHeHe eM-
KOCTH B Tipefenax =15%; KOHIeHcaTOphl 06IIero
[IPUMEHEHNUs], Ubsl IJIaBAOIasi eMKOCTb MOJKET M3-
MEHATHCS BILIOTH 710 90%.

WupyKkTUBHBIE 2/1eMeHTbl (DUIBTPOB HM3TOTAB-
JIUBAIOT B BHJE KOJEIl UM TPYOOK M3 TepMOCTa-
6unbHOTO (peppuTa, HAZETBIX HA CUTHAJTHHBIN BbI-
BOZ (pUsIbTPA.

[TpoxomHbie KOHAEHCATOPDI (UIBTPA TOJKHBI
MOHTHUPOBATHCS Ha BXO/IE M BBIXOJE JIJISI peajin3a-
U KaK MOXKHO 60Jiee KOPOTKOTO TIYTH TOKA BXOJI-
HOU Tienu 1o kopnycy. [Ipu aToM mosmken obecre-
YUBATBHCS HAJEIKHBIN 3JIEKTPUUECKUN KOHTAKT MEXK-
Iy KoprycoM U (hJiaHIeM KOHJIEHCATOPA M0 BCEMY
€T0 TEPUMETPY.

Hcnoavsosanue mexnonozuu MLV

@DuabTpbl APYroro BUjia — € MHOTOCJONHBIMHU
BapUCTOPAMM, U3TOTOBJEHHBIMU IO TEXHOJOTUH
MLV (multilayer varistor) [6], ¢ yabrpanuskoit
HKBUBAJIEHTHOW WHIYKTUBHOCTbIO — oOecreynBa-
10T caMy1o OBICTPYIO CPe/ld BCEX BAPUCTOPOB 3alllu-
TY OT 3JIEKTPOCTATUYECKUX PA3PSIOB U M€pEeHAIPsi-
>kenus. [lpumMepoM nmpumMenenus TexHogorun MLV
SIBJISIOTCS GaslaHCHble (PUIBTPbI — UHTETPAJIbHbBIE
O/IHOKOPITYCHBIE TIACCMBHbIE KOMIIOHEHTBI, COJep-
JKalue TPpU KOHJieHcaTopa ¢ (DYHKIUEN BapucTo-
pa, BKJIOUeHHbIE 10 GasaHcHOil cxeme (puc. 3).

B sTOM M3mesmu BbIBO/I 3a3€MIIEHUST UMEET [IBYX-
3JIEKTPO/IHYIO, KaK Obl pacileneHHy0, KOHPUry-
parmio, 4to o6ecrevynBaeT B3auMHYI0 KOMITEHCAIUIO
MapasuTHBIX MATHUTHBIX ITOJIEH.

Buemrnuit u BHyTpeHHUI BU/IbI (PUIBTPA U JIEK-
TPUYECKUE COEJMHEHUS] BBIBOJOB M306pa’KeHbl HA
puc. 4. Homunanst CV2 u CV 3 o1uHaKOBBI U BIBOE
npeBbimaioT HoMuHaa CV1. VX HanmpsKeHus Ipo-
6051 Tak)Ke pPaBHBI, HO BJIBOE YCTYIIAIOT HATIPsIXKe-
Huio npo6oss CV1.

cVv2

cvi

Il
L

I
CcVv3

Puc. 3. Cxema Gasnancuoro pujibTpa, u3roTaBIMBaeMo-
ro 1no texHojornu MLV

Buemuuit _

s [ W] [ ]

= =

CcV3

CcVv2

cVv1

Puc. 4. Crpykrypa 6amancHoro duabrpa [3]

OCHOBHbBIE IIPEUMYIIECTBA TAKOTO (PUIbTPA:

— 9KOHOMWUS TIOMIAAN TIeYaTHON TIJIAThI;

— II0JIHASI CUMMETPUYHOCTD T1JIed B CUJTY UeH-
TUYHOCTH KOMITOHEHTOB, U3TOTABIMBAEMbBIX B OJTHOM
TEXHOJIOTUYECKOM TIPOIIeCCe;

— TIIOCTOSTHCTBO XapaKTEPUCTHK (PUJbTpa IpHU
JIIOOBIX U3MEHEHUSX MM0JIE3HOTO CUTHAJIA, TIOCKOJIb-
Ky uepe3 OUIbTP NPOTEKAIOT TOJbKO TOKU TTOMEX
13-32 BKJIIOUEHUS M0 cXeMe MIYHTA.

[To Texmomorum MLV mHOTOCTOIHBIE BAPUCTO-
pPBbI Ha OCHOBE OKCHJA IIMHKA BBIMYCKAIOTCSI U OT-
JIEJIbHO OT (PUJIBTPOB U TOKE UCIIOJIb3YIOTCS /IS 3a-
IIATBI OT 3JTEKTPOCTATHUECKUX Pa3PSI0B UyBCTBU-
TeJbHBIX 3JIEKTPOHHBIX I€Teli: NHTErPaJbHBIX MU-
kpocxeM, 3atBopoB MOII-TpansncTopoB, HU3KOYa-
CTOTHBIX aHAJOTOBBIX M ITUMPOBBIX IENell yIpas-
JIeHUd, 1lerell MUTAaHUsI, BBICOKOCKOPOCTHBIX MOP-
TOB U JIMHUH TIepelaun JaHHBbIX. Bapucropnl yme-
HIAIOTCSI B CBEPXMAJIbIX KOPITyCaX.

Hcnoavsosanue mexnonozuu LTCC

Cyns 1o COBpEeMEHHBIM TEHJEHIINSM, pa3pa-
GOTYMKAM aTIapaTypbl CJegyeT HACTpauBaTh ceOst
Ha MONCK KOMIIOHEHTOB, COJEP KAIINX HECKOJIbKO
CXEMHBIX 3JIEeMEHTOB B OJHOM KOpImyce. 3/ech BU-
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JIUTCA TIEPCTIEKTUBHON TEXHOJIOTHS MHOTOCJIOWHO-
ro nuskoremmneparyptoro crekanus (LTCC, low
temperature co-fired ceramics) [7]: Hecko/bKO
CJIOEB TIOJJIOXKKH TIOCJIE Psifia TIJIAHAPHBIX TEXHO-
JIOTHYECKUX OTlepaliuii co6upaioT B TaKeT, JaMU-
HUPYIOT U TIOJBEPTAIOT CIEKAHWIO MIPU TEMIEPaTy-
pe oxoio 900°C, mocJie 4ero CTPyKTypa MOIJT0KKH
CTAHOBUTCSI KOMIIAKTHON OIHOPOAHOM. TexHoorus
LTCC rak:ke m03BOJISIET BCTPAaUBATh M COCPENOTO-
YeHHbIe KOMIIOHEHTBI BHYTPH OAHOPOJHOM CTPYK-
Typbl. Ilosyuarormascs TpexMepHasi KOHCTPYKITUS
(QyHKIIMOHUPYET TaK, KaK ecyn 6bI OHA COCTOSLIA U3
OJTHOTO CJIOST, HO 00JIAJIAeT JIYUIITUMU [TapaMeTPaMHu.

Baxneiimmm npeumytiectBoM LTCC-rexnosornn
SIBJISTIETCS BO3MOKHOCTh OOBEMHON HWHTETpAINH B
TPEXMEPHOM cpejie, 4TO 00JIErYaeT COBMEIIEHUE B
OJIHOM KopIryce GOJIbIIOTO YKcJIa TMacCuBHbIX (ak-
TUBHBIX M PEAKTUBHbBIX) KOMIIOHEHTOB, KOTOpbIE
MoryT cocraButh ¢uabtp (puc. 3). TnasHble 10-
CTOWHCTBA 9TON TEXHOJOTUU M TPOU3BOJUMBIX TIO
Hell U3aeni:

— xopoio noaxout (1 yA0BIeTBOPsieT Tpe6o-
BaHMAM K HAJEKHOCTH) U /I CEPUITHOTO, U /s
MacCOBOTO TIPOM3BO/ICTBA TIPU HU3KOH CTOMMOCTU
U3/IeJINN;

— obecIieynBaeT BBICOKYIO CTeleHb WHTETpa-
MU, YTO II03BOJISIET 3KOHOMUTH ILJIOLIA/b IIeYat-
HOW ILJIaThI;

— TapaHTHPYeT BBICOKYIO TOYHOCTb M TOBTOPSI-
€MOCTh TTapaMeTPOB KOMITOHEHTOB, UTO IPWBOIWT
K XOPOIIUM XapaKTEePUCTUKaM (PUJIbTPOB, 0COGEH-
HO GaJIaHCHBIX;

— YMeHbIIIaeT JIMHEHHbIE pasMepbl KOHCTPYK-
IIUI U pacIiIupsieT YacTOTHBIN JUaIa3oH co3/aBae-
MbIX puabTpoB g0 10 I'Ti;

— OTHOCUTEJbHO HU3Kas TeMIleparypa cIeKa-
HUS JAeT BO3MOKHOCTD MPUMeHEHUs BBICOKOKaUe-
CTBEHHBIX ITPOBO/IAIINX YePHUJ, a TaK:Ke 30JI0Ta U
cepebpa, MaTepraioB ¢ BBICOKON ITPOBOUMOCTBIO,
YTO TTOMOTAET MOBBICUTH TTOMEXOYCTOHYNBOCTD OT-
BETCTBEHHBIX MECT KOHCTPYKIIUH.

PaszpaboTunky, o/HaKO, HY>KHO UMETb B BUIY
HeoOXOMMOCTD I10/[aBJIeHUsI HeCKOJIbKUX HesKeJia-
TEJbHBIX PE30HAHCOB, KOTOPBIE MOTYT TMOSIBUTHCS
BCJI€/ICTBHE MTAaPA3UTHBIX PEAKTUBHOCTEN 3TOW MHO-
rOCJIONHOM KOHCTPYKIUU. UTOOBI He JIOMYCTUTD He-
JKeJlaTeJTbHble PEe30HAHCHI, HYKHO HA CTaJUU TIPO-
€KTUPOBAHUS TOJH30BATbCS TOJHON uHOpMa-
1ueil mpous3BouTeNss 00 9KBUBAJEHTHON CXeMe

Puc. 5. Buytpennwnit Bua 3axkondernnoro LC-dunbtpa,
BbIIOJIHEHHOTO 110 TexHosorun LTCC [7]

CS
|1
"
L1
I. L.
g
3D
T
GND GND

Puc. 6. DKBuUBaJeHTHAs] CXeMa KATYIIKU WHIYKTUBHO-
CTH, BCTPOEHHOI B KOHCTPYKTUBHBIH MOJYJIb 110 TEXHO-
aoruu LTCC [8]

KoMIioHeHTa. PaccMoTpum /i mpuMepa KaTylil-
Ky WHJYyKTUBHOCTH, WHTEIPUPOBAHHYIO C JPYTUMU
LTCC-koMmoHeHTaM1, cXeMa KOTOPOH TpeACcTaB-
JeHa Ha puc. 6. Kartymka paccmaTpuBaercs BMe-
CT€ C 3eMJISTHBIM CJIOEM, KOTOPDBIi PUCYTCTBYET BO
BCEX MOJYJSIX. B ee sKBUBaJIeHTHON cXeMe KpoMe
MEKBUTKOBOI eMkocTu C_ IOABUIUCDH JIOIIOJIHU-
TeJbHbIE, 110 CPABHEHWIO C OJMHOYHOW KATYIIKOI

UHJYKTUBHOCTH, eMKocTH: C, — MeX1y HeTIaMu
KaTyIIKA U 3eMAAHON mmnon; C,; — Mex1y Ier-
JIAMI KaTYIIKKM U NOAJMOKKON; C; — eMKOCTb I10/(-

JIOJKKH, 3alTYHTUPOBAHHAS COMPOTHBJIEHUEM yTeu-
ku R;. Bce aTn emkxoctu BMecTe ¢ MHYKTHBHO-
CTHIO MOTYT OBITh TIPUYMHON TIOSBIEHUS PE3OHAH-
ca TOU WJIM MHOI JTOOGPOTHOCTH B KaKOU-1160 TOY-
K€ YaCTOTHOM OCH.

Hcnoavzosanue ¢puivmpos-6ycun

Ha unum mofx/ao4eHnss UCTOYHUKA HMUTAHUS
UHOT/Ia MOXKeT ObITh T0JIE3HbIM NpuMeHenue dep-
puTOBOI GycHHBI: OHA 3 HEKTUBHO MOIABUT BHICO-
KOYaCTOTHBIN IITYM MUTAHUS, PA3/EJUT JUHUU aHa-
JIOTOBOTO U 1IU(POBOr0 MUTAHUS Y WHTETPAJTbHBIX
MUKpOCcXeM, 06pabaThIBAIONIUX CMEIIaHHbIE CUT-
HaJIbI, U HE HAPYIIUT U30JISAIUI0 MEXKIY JTUHUSIMU.

Deppurosbie GUABTPBI-OYCUHBI PEACTABISIOT
co60ii TTaCCUBHbBIE YCTPOICTBA, KOTOPbBIE (PUIBTPYIOT
HIYMBI B IIUPOKOM JinarazoHe 4yactotT. MeppuroBoe
KOJIBIIO YBEJIUYUBAET WHIYKTHUBHOCTD TTPOXO/ISIIE-
ro yepes Hero ydactka mposoja B coTHu (BILIOTH
710 Thicsun) pas [9], uro u obecreunBaer nojasJie-
HUE TIOMEX BBICOKOI YaCTOTbI. Bycuibl BK/IIOUAIOT-
€S TIOCJIE/IOBATENBHO C JIMHUEH TUTAaHUS U 06Pa3yIoT
C KOH/IEHCATOpaMy, 3a3eMJISIONIIMHA TITyMbl, (PUJIb-
TPBI HUKHUX YacCTOT, YTO JOTOJHUTETHbHO YMEHD-
HIaeT IIyM MMITyJTbCHOTO UCTOYHUKA TTUTAHUS.

[Ipu sTOM CieryeM UMETh B BUJLY, UTO IIPH TIPU-
MeHeHUr OYCUH He UCKJIIOYEeHbI OMUOKU C HeraTuB-
HBIMHM [TOCJIE/ICTBUSIMU, HAI[PUMED HEXKeJlaTe IbHbIi
pe3oHaHC n3-3a 06beuHEHNsT OYCUHBI C Pa3BA3bI-
BaONUM KOH/IEHCATOPOM [/t (DUIbTPAIUN HUXK-
HAX YaCTOT.
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Cxewma 3amernieHust ¢hpeppuToBOii 6YCHHBI COJIEP-
JKUT PE3UCTOPbI, KATYIIKY WHAYKTUBHOCTU U KOH-
JleHCaTop, T. €. UMNeanc 6yCUH MOKET HOCUTD UH-
JyKTUBHBIN, PE3NCTUBHBIN N eMKOCTHBIN XapaKTep.
[l yMeHbIIleHus BBICOKOYACTOTHOTO ITyMa GycHHA
JIOJDKHA PaboTaTh B PE3UCTUBHON OOJIACTH — TOT-
Jla KOMIIOHEHT JICHCTBYET KaK Pe3UCTOP M PacCeu-
BaeT 5HEPrUio MIyMa B BH/E TEILJA.

Mopenb dhepputoBoii 6YCUHBI MOMKET UCIOJIb-
30BaThCsl MPU aHaJIu3e cxeM (DUIbTPAIUU IITYMOB,
HaIpuMep, JJId ONpe/IeJIeHNS PE30HAHCHBIX YaCTOT
npu o6beJUHEHNN C €MKOCTSIMU cxeMbl. Ecum Ta-
Kyio OyCHHY WCII0JIb30BaTh B BepxHeM (1mocJieno-
BATEJIbHOM) ILJI€Ye JeIUTE/IS HAPSKEHNs, B HIK-
Hee (TapaJiie/ibHOe) MJIeY0 KOTOPOTrO BKJIIOYEH pe-
3UCTOP WJIM KOHJ/IEHCATOP, TO IOJYYUM IPOCTEN-
mit GUABTP IS TTOAABJIEHUS PAAMOYACTOTHBIX
ITyMOB, IPWYEM KPYTU3HA aMIIJIUTY/THO-4aCTOTHOU
xapakrepuctuku (AUX) duibrpa Gyzer 6osblieii
B CJIy4ae eMKOCTHOTO HIKHeTO Tieda. OHako 3a-
YaCTYI0 HUJKHEE TJIEYO0 B JieTuTe e BOOOIIEe OTCTYT-
CTBYeT — €T0 POJib UTPAIOT Tapa3UTHbBIE JIEMEHTDI
cxeMbl (BXO/IHASI EMKOCTb MUKPOCXEM, EMKOCTb /10~
PO’KEK ILIaThl U T. I1.).

[lnga usrotoBienus O6ycWH, TIpeHA3HAYEHHBIX
JUIsl MCIIOJIb30BAHUS B KadyecTBe 4UI-(DUIbTPOB,
BbIOUpAOTCS (ePPUTHI ¢ GOJIBIIUMU TIOTEPSIMU
Ha mepeMarHnmuuBanue (OCHOBHOE OTJIMYKME YHII-
pUIBTPOB OT YUIT-UHAYKTUBHOCTEN 3aKJII0YAETCS B
BbIOOpe Marepuasa). Uem yame (pepput nepemar-
HuyuBaercs (BbBINE YacTOTAa), TeM GOJbIlle HA HeM
TepsieTCsl IHEPTUH, BBIJIEJISIONelics B BUE TeTa.
Bce, uTo BbIIEISET TEILIO, SBJSETCS AKTUBHBIM CO-
MPOTUBJIEHNEM, a HEe KaTyIIKOW WHAYKTUBHOCTH.

[IpunsaTo HopMupoBaTh GYCHUHBI TI0 UMIIEAAHCY
Ha yactore 100 MI. Han6osnee mosanyto madop-
MaInuio /st pazpaborunka gaer AUX, umeroras-
CsI B JIOKYMEHTaX IPOU3BOUTENS HAPSIY C TEXHU-
YeCKUM OIMCAaHNEM KOMIIOHEHTa, ero TmapaMeTpa-
MU, PEKUMaMM IKCILIyaTalliu, CXEeMaMH BKJIOYe-
Hust u ap. AUX nokasbiBaer, B KakOi I0JIoce aK-
TUBHOE COTIPOTUBJIEHNE MTPE06IAAeT HAJl PEAKTHB-
HBIM U CHUIKAET JI0OPOTHOCTD Mapa3uTHBIX KoJeba-
TEJTHbHBIX KOHTYPOB.

[Tockosibky umnenanc eppura 3aBUCUT OT Psijia
B3aWMOCBSI3aHHBIX MTEPEMEHHBIX, €T0 TPY/IHO BbIpa-
3UTh AHAJIUTUYECKU, TIOTOMY BbIOPATD TIOAXOSAIIHI
MaTepuas JI0CTaTOYHO MpobieMaTUdHO. Bbibupas
OYyCWHBI TI0J] KOHKPETHYIO 33J/la4y, KOHCTPYKTOPY
MpaBUJIbHEE BCETO OIMPATHCS HA XapaKTePHUCTU-
KU CHCTEMBI.

Camoe TunmyHoe npuMeHenne 0yCuH — (QUIbTP
ananoroBoro nutanusi. Koraa sayrpenaue KMOII-
KacKaabl IMU(POBBIX CXeM IePEeKTI0YaAIoTCI, OHH
CO3/IAI0T MHOTO IIIyMa, KOTOPBIN pacrpocTpaHser-
cs TIO TIeNgM TUTaHusg. BepxHue 9acTOThI CIIEKTpa
3TOrO IlIyMa MOTYT ObITb HAMHOTO OOJIbIlIE TAKTO-

BOIl yactoThl I poBoil yactu. Ecan pagom nyx-
HO Pa3MECTUThb KaKHe-TO UyBCTBHUTEJbHbIE aHAJIO-
TOBbIE YCTPOMCTBA, TO OYCUHBI MOTYT OBITH XOPO-
HIMM PEleHueEM.

Kpowme atoro, 6ycrHbl 4acTO MPUMEHSIOTCS JIJIST
M0/IaBJIEHUs TAPA3UTHOTO U3JTyUYeHUs IIMHHBIX Ka-
6emseit. [lns aroii e y106HbI GyCUHBI B BU/IE TI0-
JIOTO ITWJIMH/IPA, KOJblla Wi Topa. Bosbiieil un-
JIyKTUBHOCTBIO M3 HUX 00JIaJa€T MHOTOBUTKOBAS
TopouaTbHasg 06MOTKA, HO Yallle BCETO BBIOMPAIOT
O6ycunbl B (hopMe TI0JIOTO IUJIUHAPA, B OTBEPCTHUE
KOTOPOTO TPONYCKAETCS TTPOBOJHUK WJU BBIBOJ
pajanoxkomnonenta. I1lojl MOHTa)X Ha MOBEPXHOCTb
OHM BBIITYCKAIOTCS U B BH/IE TIapaJlJiesIelThIIe/[a 1o
MHOTOCJIONHOI 1yieHouHo# TexHoorun [10]. Oqun
BUTOK OOMOTKH (POpMUPYeETCS Ha JIBYX CJIOSX TOH-
Koit mo10KK1. COTHU CJIOEB MPU CIIEKAHUHU COEIH-
HSIOTCSI ¥ (POPMUPYIOT 0OBEMHYIO KATYIITKY TIOBBI-
HIEHHOU WHIYKTUBHOCTHU C (DEPPUTOBBIM CTEPIKHEM
BHYTpH. HU3K0UaCTOTHAS KOHCTPYKITUS TTPEII0JIa-
TaeT pa3MelleHne CJ0eB B TOPU30HTATbHON TIOCKO-
cru, a g CBY-guanasona (csbime 1 I'Ti) npu-
MEHSIETCSI BEPTUKAJIbHASI CTPYKTYpa, KoTopas obe-
CTIIEYNBAET MEHBIIYI0 €MKOCTb MEX/Y BUTKAMU U
BBIBOJIHBIMU 3JIeKTpoiamMu. BeiiencTBue sToro pac-
mupsieTcss pabovast moJjoca 4acToT yun-guabrpa. B
3TOM cJiy4ae pa3Mepbl KOMIIOHEHTA MEHbIIe, a UH-
JIyKTUBHOE COTIPOTHUBJIEHHE HA BBICOKUX YaCTOTaX
60JIbIIe 32 CYET MCIOJb30BAHUS JIONOJHUTEIbHOMN
CTPYKTYPbI KaTYIIKH BMECTO OOBIYHOTO CILJIOIIHO-
ro heppUTOBOTO CTEPIKHS.

Dunprpytomuit apdeKT yBeJNUnBAETCS TIPU HC-
MOJIb30BAHUY ITYHTUPYIONIMX KOHEHCATOPOB, MO
KJTI0UAeMBIX K 3€MJIe; 3TOMY >Ke CITIOCOOCTBYET HU3-
KO€ BBIXO/[HOE COIIPOTUBJIEHUE UCTOYHUKA. Bbi6op
HOMMHAaJIa KOH/IEHCATOpa 3aBUCUT OT CIIEKTpa Io-
MeX U Y4aCTOThI 3aTyXaHUs.

Ycranoska puabTpoB 6JM3KO K UCTOUHUKY T10-
MeX yMeHbliaeT 3(p@eKTUBHYIO [JIUHY IIPOBOJAA-
AHTEHHBI C BLICOKOYACTOTHBIM IIIYMOM.

Bo160op 4ni-gpuabTpoB TPOU3BOAUTCS TIO TAKUM
OCHOBHBIM ITapaMeTpaMm:

— pa6ouunii AuarasoH 4acToT; UMIIeJaHC Ha Te-
crosoit yacrore 100 MTI'mt (1000 MTu ans CBY-
JIMAIa30Ha);

— COTIPOTHBJICHHE TIO TOCTOSTHHOMY TOKY, KOTO-
pO€ 3aBUCHUT OT JIJIMHBI YUIIa, YUCJIA CJI0eB B dep-
puTe, TOJIUHBLI ¥ KOH(PUTYpAIUU U MOXKET HaXO-
IUTbCS B TIpefiesiaX OT HecKoJbKkux MOM 10 He-
ckobKNX OM B 3aBUCHMOCTH OT THUIIA;

— MaKCUMAaJbHO JIOMTyCTUMBIH TOK;

— TIpe/ieJIbHBIN pabovuil TOK, BbIIIE KOTOPOTO
MPOUCXO/IUT HaChINeHNe (heppPUTOBOTO MaTepuasa
(IIpu HaCBIEHNN MMITEJAaHC CHIDKAETCA 10 25%);

— HOMHHAJIbHBII TOK, T. €. pa3pellieHHbIil 1o-
CTOAHHBII TOK yepe3 ynn-puabTp (Harpes He mpe-
Boimaet 20°C);
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— JIONTyCTUMOE OTKJIOHEHWE WMIIe/IaHca OT HO-
MHWHAJIA;

— pa3Mepbl KOpILyca;

— pabounii TeMIepaTypHBI UANA30H;

— aMILJIUTYAHO-4aCTOTHAs XapaKTEePUCTUKA.

[Mopsamok Bei6opa dusbrpa caemyiomuii. Onpe-
JIeJISIeTCST CIEKTP MoMeX, TpeOGyeMblil ypOBeHb WX
Mo/IaBJIeHHs M Juanas3oH pabounx TokoB. Ha arom
OCHOBAHWU MOKHO BBIOPATh MMIIEJAHC W JOIYCTH-
MOe COINpOTHBJEHNE (PUIAbTPA MO TOCTOTHHOMY
TOKY, 4TOObI He TIPEBBICUTD PACUETHOE TMaJIeHNe Ha-
MpsPKeHns. 3HaueHnus TOKAa W COMPOTUBJIEHUS OCO-
GeHHO BasKHBI IPU YCTAHOBKE YHTI-(DUIBTPOB B Iie-
[sIX MUTaHusi. BpiGpaHHBIN THI JOJIKEH obecrie-
YUTh paboTy puabTpa 6€3 HACHINCHNUS.

Hurbl MOHTHPYIOTCS Ha ILJIATY NAWKOM IIpu TeM-
nepatype 220 —240°C ¢ mocaeayiotnieli yabTpasBy-
KOBOH OUYMCTKON ocTaTkoB ¢uoca. Pexxum orepa-
uu: yactora Kosebanuii — ue 6osee 28 kI, Bpe-
Ms1 06paboOTKM — B IpejiesiaX > MUH.

Ka6ean u coeaunurenn

3asiaua 60pbObBI € TTOMEXAMU B COEIMHUTETBHBIX
KaGeJssiX XOPOIIO PENaeTcss ¢ MOMOIIbI0 (heppuTo-
BBIX YUN-(UIBTPOB, PA3MENIAEMbIX B TOUKAX IMPU-
coequHennda Kaobeseil [9].

B cBs3u ¢ TpysHOCTSIMU BBIOGOPA TOIXOJSIIUX
(puIbTPOB MOMKHO JaThb HECKOJbKO DPEKOMEH[a-
UH TI0 UX UCIOJIb30BAHWIO, YMEHBINAOIINX PUCK
OIIUOKU:

— CJIIyeT YCTaHABJIUBATD TIOCJIEI0BATEIHHO Ha
MPOBO/IE HE OJIUH, & MUHUMYM TPH (PUIbTPA, U3TrO-
TOBJIEHHBIX U3 PA3HbIX MATEPUAJIOB, YTO TIO3BOJIUT
MO/IABJISATh MTOMEXU B ITUPOKOM JUATIA30HE YACTOT
n 06ecIieynBaTh MaKCUMAJIbHbIE 3HAUEHUS TTOJTHBIX
COIPOTHUBJIEHWIT B 0671ACTU HU3KUX, CPEJHUX U BbI-
COKHUX YaCTOT;

— I10CJIE MOHTa’Ka IPOBOIUTD UCIIBITAHUS (PUJTb-
TPOB, IPOBEPATH 3(PPEKTUBHOCTD MTOAABJIEHUS T10-
MeX BO BCEM WMHTEPECYIOIIEM [[MAlla30HE YacTOT W
TOKOB.

[luisg Toro uTo6bl MUHUMU3UPOBATH MEPEKPECT-
HbIE TIOMEXU BHYTPH KabeJist, CUTHAJIbI, KOTOPbIE Tie-
penaioTcs 1Mo HeMY, JTOJIKHBI ObITh MPUOIU3UTE -
HO paBHbI KaK I10 TOKY, TaK U 10 Hanpsokeruio (¢
pasHuieil B npegenax 10 1b).

Pexomenryercsi BO3MOKHO IUPE UCTIOJIb30BATDH
dunprpylone coefuHUTENN. 3aMeHAa CTaHIapT-
HBIX COEJIMHUTEJENl HA COEUHUTESM CO BCTPOEH-
HBIMU (PUIBTPYIOIIUMU dJIEMEHTAMU — SKOHOMUYE-
cku acpderTBHOE pertenue /it 06ecIieYeHus dJeK-
TPOMArHUTHOI COBMECTUMOCTU TIPU CO3/IaHUU Ha-
JIE’KHBIX YCTPOMCTB € BBICOKOH MJIOTHOCTBIO KOMIIO-
HOBKHU. OHO JlaeT BO3MOXKHOCTb KOHKYPUPOBATDH C
apyrumu anajgoramMu IMC-ucnoHeHns, Ipu 3TOM:

— YMEHbIIAIOTCS 3aTPAThl HA 2JIEMEHTHYIO 623y
U KOMIIOHEHTDI;

— CHWXKaeTcsI Macca ammapaTyphbl;

— 9KOHOMWTCS CUCTEMHOE TTPOCTPAHCTBO;

— yMeHbIAeTcst BpeMs pa3paboTKH;

— obJieryaeTcss U ycKopsieTcss MoAuduKaIms u
MO/IepHU3AIIHS;

— CBOJATCA K MUHUMYMY M3MEHEHUS B TEXHMU-
YEeCKOH JJOKyMEHTAINN.

Ha puc. 7 nzo6paskeH MHOTOBBIBOJTHOU (DUJIb-
TPYIOIIUI COEIMHUTENTH C THE3/IOBBIMI KOHTAKTAMH.

DunpTpyolue COeIMHUTENN BBITYCKAIOTCS B
TePMETHYHOM HUCIIOJTHEHWH, a TaKyKe IS JKEeCTKUX
YCJIOBHI 3KCILTyaTaIUH.

B xadecTBe coequmuTeselt 11 BBICOKOCKOPOCT-
HOI TIepe/layil JaHHBIX MOKHO BbIOMpPATh Kak IU-
JITH/[pPIYECKIe KOHCTPYKITMH, TAaK U MOJLYJIbHBIE Ce-
pPUU PA3HBIX MPOU3BOANTEEH. DIEKTPUIECKUT CO-
eIUHUTENb — WU3AeNe JJeKTPOMeXaHNIecKoe, a
3HAYUT, TI0 CBOEH MPHUPO/IE OH cOUeTaeT B cebe psijl
(byHKIMIT ¥ KavecTB, BJUSIONIMX HA HAJIEKHOCTDH
paboThl: obecnieyerme (GPU3NIECKOTO KOHTAKTA C Ma-
JIBIM MIMIIETAHCOM B YCJIOBUSIX MEXAHWUYECKUX BO3-
JIEHCTBUI, BO3MOKHOCTb MHOTOKDATHBIX I[UKJIOB
COUJIEHEHUSI-PACUTIEHEHNS U TIpOYee.

[lust oGecriedeHusT ONTUMAJIBHBIX IapaMeTpPOB
pa3pabaTbiBaeMoii anmapaTypbl HEOOXOUMO He
TOJIBKO BbIOPATh MOAXOJSIINI COEIUHUTED, HO U
00€eCTIeYnTD ero MPAaBUJIBHYIO YCTAHOBKY M COEIUHE-
HUEe C 9JeMeHTaMU 3JeKTPUIecKoi cxeMbl. Kpome
TOT0, COBPEMEHHbBIE TEXHOJIOTHH COOPKHU 3JIEKTPOH-
HBIX YCTPOICTB HAKJIA/JBIBAIOT J[OTIOJHUTETbHBIE
TpeGOoBaHUsI HA TEXHOJOTMYHOCTD. Tak, HapuMep,
B OIIpeJIeIEHHBIX 3a/Iauax, KOrja maaTa coOupaercst
[0 TEXHOJIOTUU TTOBEPXHOCTHOTO MOHTa’Ka, ObIBa-
€T BaKHO B PaMKaX TOTO ke cO0POYHOro Mpoiiecca
o6ecTIeynTh W MOHTAXX COEJUHUTEJNEH, TTOCKOJIbKY
WHAaYe UX MOHTAX B OTBEPCTHS TOTPeOYeT OTO0J-
HUTEJbHbIX BPEMEHHBIX 3aTpPaT U PYYHOTO TPYya.

CurHaJibHbIE COEJIUHUTENH B COBPEMEHHBIX
YCTPOINCTBAX JIOJIKHBI B TIEPBYIO OUY€pe/b 06eCTieun-
BaTb BBICOKHI YPOBEHD TEJOCTHOCTH CUTHAJIA. ITO
3HAYUT, YTO CPEAU OCHOBHBIX IIPEbSIBJSEMbBIX K
HUM 3JIEKTPUYECKUX TPeOOBaHWIT — MaJjioe COIpPo-
TUBJIEHNE KOHTAKTa U MaJjible TIePEKPECTHBIE TTOMe-
XU, YTO YaCTO JOCTUTAETCS TIPOLyMAHHBIM PacIpe-
JleJIEHHeM CUTHAJIA 110 KOHTaKTaM U IIPUMEHEHUEM
9KPAHOB B KOHCTPYKINH. KpoMme TOTo, CUTHAJIbHbIE
COEIUHUTENN MAJOraGapuTHON TEXHUKHU JIOJIKHBI

Puc. 7. @unbrpyiomuii coepunurens [4]
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ObITh MAJIBIX PA3MEPOB, & 9TO O3HAYAET BBICOKYIO
MJIOTHOCTh KOHTAKTOB M GOJIBIIYIO OMACHOCTDb Te-
PEKPECTHBIX TTOMEX.

OcrasbHble TPeGOBaHUS, TaAKUE KAK PACUETHOE
YHUCJIO COYJICHEHUH, AMIEKTPUYECKAST MTPOYHOCTD,
JIOTTYCTUMBIN TOK, pabodee HATIPSKEHUE U P., [T
CUTHAJIBHBIX COEJMHUTEJICH He TaK BaskHbl. Ho mpn
3TOM CJIEAyeT YUYUTBIBATD, YTO WHOT/IA CUTHAJIbHBIE
KOHTAKTBI UCMOJb3YIOTCS [T HU3KOBOJBTHOTO TTHU-
TaHUS, TPUYEM B COBPEMEHHBIX W3JETHUSAX TOKO-
Basg HArPy3Ka MOXeT ObIThb 3HAYUTEJIbHOU, TT03TO-
My BEJMYMHA JIOMTYCTUMOTO TOKa, MPUXO/SIIErOCs
Ha OJIMH KOHTAKT, B 3TOM CJIydyae CTAHOBUTCS BaK-
HBIM TTapaMEeTPOM.

Kpome sToro, B yCa0BUSX PacCIIUpSIONIETOCS
npuMeHeHnusT GECCBUHIIOBBIX ITPUINIOEB OJHUM U3
BOKHEHIUX MMapaMeTpoB CTAHOBUTCS CITOCOOHOCTD
KOpITyca BBIJIEPKUBATH TMOBBIIIEHHBIE TEMIIEPATY-
pbl aiiku.

ITeyaTHbie maaTel

C Touku 3peHusi 60pPbOLI € NTyMaMu Ha JBYCTO-
pOHHeW MevYaTHOM IiaTe H/eaJbHBbIM pelleHueM
66110 ObI BbIJIEJIEHNE OJHON CTOPOHBI ILJIATBI TI0JI-
HOCTBIO TIOJ] MUHY 3eMJu. [IpakTndeckn aTo HEO-
CTIKUMO M3-32 CTPEMJIEHNI K MUKPOMUHUATIOPU3a-
MM KOHCTPYKITNU, HO TeM He MeHee, HY>KHO CTpe-
MUTBCS K TOMY, YTOOBI MO/ TMUHY 3eMJH ObLjIa OT-
BeJleHa KaK MOXKHO 6O0JIbIIast MOBEPXHOCTH ILJIATHI:
JKeJIaTeIbHO, UTOOBI «3eMJIel» 3aIlOJIHSINCh BCe,
Jla’Ke caMble He3HAUNTEJIbHbIE, YIACTKH, OCTABIINE-
CsI TIOCJIe TIPOKJIAIKI TIPOBOTHUKOB MEK3JIEMEHTHOM
cBsi3u. Bce OCTPOBKY NIMHBI 3€MJIN JIOJIKHBI ObITH
3JIEKTPUYECKHU COEIMHEHBI MEK/y cOO0M 10CTaTou-
HO IMUPOKUMU TTIEPEMBIYKAMU, TTOCKOJIBKY Y3KHE MO-
IYT CYIIECTBEHHO YMEHbITUTh 3(HEKTUBHOCTD UC-
MOJTb30BaHus MHUHBI. OYEeBUIHO, UTO B TAKOM CJIY-
yae TI0CJie aBTOMATUYECKON TPACCUPOBKU CJEAyeT
006s513aTeJIbHO MPOBO/IUTD PYUYHYIO JIOBOJKY.

B orsmume oT AByCTOpOHHEN ILJIAThl, MPU MIPO-
eKTUPOBAHUY MHOTOCJIOIHOW BIIOJIHE PEAThbHO BBI-
JIEJIUTD TIOJT «3eMJII0» OJWH CJIOW, W TI09TOMY IS
JIOCTHKEHUS PaccMaTpUBAEeMOH eI MHOTOCJION-
HBIE [JIaThl GOJIee TPEIIOYTUTEBHBI. Ecu oTiesnb-
HBIN CJION BBIJEJINUTDH 10]] NUTAHNE U CJIOW C IWHA-
MU TTATAHUSA U 3eMJIA PAa3MECTUTD PSIOM, TO TIOJIY-
YUTCS JOTOJHUTENbHAS TTapa3uTHAs eMKOCTb, KO-
TOpasi MOMOJKET Pa3Bia3Ke MCTOUYHWKA MUTAHUS TIO
BBICOKOII yactoTe. Ha BHEIIHUX CJIOSIX TOrZa MOK-
HO Pa3MeCTUTh TPACCHI COeNMHEHWH KOMIIOHEHTOB
MMOBEPXHOCTHOTO MOHTaXKA.

Ha mevaTHO# m1aTe peKOMEHAYETCS 3a3eMISAThH
KaK MIHUMYM TPETBHIO YacTh KOHTAKTOB COEIMHHU-
TeJisI, TIPUYeM 3T KOHTAKTBI CJelyeT YepeaoBaTh
C CUT'HAJIbHBIMU.

Bo3Mo:xHo, mpaBuJibHBIM TIpueMoM Gyzer uc-
MTOJTb30BAHUE PAa3/IeTbHBIX IITUH 3€MJIH JIJIT AaHATOTO-

BBIX ¥ TU(QPOBBIX TIEeTIell, TPUYEM 3TU MIUHBI JTyYIIle
pasHecTu JAPYT OT Apyra, 4To6bl MUHUMU3UPOBATDH
€MKOCTHYIO CBs13b MeX/Iy HuMu. Eciim ato peasnso-
BaHo, To ALII, ITAII u npyrue cxembl co cMellIaH-
HBIMH CUTHAJAMU CJEAyeT 3a3eMJIATh HA aHAJOTO-
BYIO IUHY TPOBOAHUKAMHA MUHWMAJIbHON JIJINHBI,
4TOOBI MCKJIIOUUTD ITOSIBJIEHNE PAa3HOCTU ITOTEHIIU-
JIOB MEX/y JABYMS 3€MJSHBIMHU IIMHAMH, TTPUBO-
JISIell K HeraTUBHBIM ITOCJIE/[CTBUSM.

BoiBozpr 1tMppoBOTO M aHATIOTOBOTO THMTAHUS
TaKyXe MOXKHO JIOTIOJIHUTEHbHO M30JMPOBATH JAPYT
orapyra (eppuroBoii 6ycunoii [1, puc. 3].

Ente ogHa omacHOCTb, 0 KOTOPOI#i CJIEyeT MTOM-
HUTH TIpH pa3paboTKe IMeYaTHBIX T1J1aT, 9TO UHTEPMO-
[Ty JISTINOHHDBIE SIBJIEHWS, BO3HUKAIOIIUE TIPU HEJIU-
HEITHOM 1peo6pa30BaHuu IMHPOKOIIOJIOCHBIX CUTHA-
JIOB WJIN CYMMBI HECKOJIBKUX 4acTOT. Pe3ybTaTom
npeo6pasoBanust OyyT HE TOJbKO YACTOTHBIE HCKA-
JKeHHsT B TIpefiesiaX IMOJIOChI YaCTOT BXOJIHOTO CHUT-
HaJla, HO U HOBble KOMOMHAIIMOHHbBIE YACTOTHI 3a
npejielaMu 3TOH TI0JIOCHI, YTO HApYHIUT TpeGoBa-
HUS K 3JIEKTPOMArHUTHOM COBMECTUMOCTH M yXY/I-
HIUT COOTHOINEHWME CUTHAJ /TIIyM KaHaJa o6paboT-
K1 wHOpMAIU. JTO SBJIEHHWE MOJYYNJIO Ha3Ba-
HUE TTaCCUBHOW WHTEPMOYJISAINY, MOCKOJbKY Te-
HEPUPOBaHNE HeKeTaTeTbHbIX YaCTOT MTPOUCXOIUT
BCJIE/ICTBHE HEJUHEITHOCTH BOJIbT-aMIIEPHBIX XapaK-
TEPUCTUK TTACCUBHBIX 3JIEMEHTOB. TUIMMYHBIMU HC-
TOYHUKAMW WHTEPMOYIAIMOHHDIX SBJICHUN SBJIS-
IOTCSI MeCTa COeNHEHUN Pa3JTMYHBIX MaTepHUasoOB.
[TockosbKy COOTHOTIIEHNE COCTABSIONUX KOMITO3H-
IMOHHOTO MaTepuaa BIMSIET HA yPOBEHb KOMOUHA-
IIMOHHBIX YaCTOT, TPAMOTHBIN UX BBIOOD MTO3BOJISIET
YMEHBINUTH TACCUBHYI0O WHTEPMOIYJSIUIO B TIPO-
eKTUPYEMbIX (PUIBTPAX, aHTEHHAX W JAPYTHUX HJEK-
TPUYECKUX TIETSX Ha MeYaTHBIX TIIaTax.

Cremyer TakKe OTMETHTDB, YTO BasKeH BBIOOD He
TOJBKO [MAJIEKTPUKA, HO W MaTepuaJa ITPOBOIHU-
ka. Hampumep, mpumeHeHue TOHKOTPOMUIHHOM
MeiHOH (hobru BMECTO (DOJIBIH CO CTAaHAAPTHBIM
npodueM MO3BOJUT YMEHBINUTD YPOBEHD MACCUB-
Hoit uarepmoysiu (o 15 16 [11]). D10 06b-
SICHSIETCSI T€M, YTO CpPeJHEeKBaJpaTUYeCcKoe 3Have-
rue mepoxosartocti (R ) TOHKOIPOGHIbHO# HoJTb-
I'M B 4 pa3a MeHbIIIE. RngMe TOTO, YEM BBIIIIE MPO-
(b IepoxoBaTocTH, TEM 60JIbIIE YPOBEHD BHOCH-
MBIX 1T0Tepb. C 3T0i TOYKM 3pEHUS JIy4Ille UCTI0JIb-
30BaTh HE 3JEKTPOJUTUYECKU OCAKIEHHYIO, a Ka-
TaHHYIO MeIHYT0 (POJBTY C TJIAJKON MTOBEPXHOCTHIO.

3akoueHue

[lus obecrieyeHus NMIMPOKOrO JMHAMUYECKOTO
JINANa3oHa B aHAJIOTO-IIMQPOBBIX KaHATaX BbICO-
KOCKOPOCTHOH 06paGOTKU JaHHBIX Pa3paGoOTIMKN
BBIHY K/IEHBI TIPEANPUHUMATD MEPBI M0 yMeHbIIle-
HUIO NITYMOB W TTOMEX, W 3/IeCh Ba’KeH MPAaBUJIbHBIIH
BBIGOP U KOPPEKTHOE MCITOIb30BaHUE 3JIEKTPOHHBIX
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KOMITOHEHTOB B IETAX, MPEXKIe BCETo, MUTAHUSA U
UMITyJTbCHBIX CUTHAJIOB. IJTO BaXXHO, MOCKOJBKY
OmMOOYHbIE KOHCTPYKTOPCKHE PEIeHMs TPUBOJISAT
K JIOTIOJIHUTEJbHBIM TTOMeXaM MT0JIe3HOMY CUTHAJTY .
Cobutro/ieHne U3JI0KEHHBIX METOJ/I0B U IPaBUJ I10-
3BOJIsieT 6€3 Upe3MEPHbBIX 3aTPaT CBECTH K MUHU-
MYMYy BJIUSTHHE 3JIEKTPUYECKUX TOMeX OT PabOThI
[IPOEKTUPYEMOI CUCTEMBI U 3JIeKTPOMArHUTHBIX Ha-
BOJIOK, 9KOHOMUT BPeMs Ha HAJIAJIKY TIPOEKTa, 00e-
CIIEYMBAET CO3/[AHME B KOHEYHOM HTOre GoJiee Ha-
JIEXKHBIX CUCTEM 0OPAaGOTKHU JTAHHDBIX.
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SMEHIIEHHA IMMIYMIB I 3ABA/] HIVIAXOM PAIIOHA/JIBHOI'O BUBOPY
EJEKTPOHHIX KOMIIOHEHTIB B KAHAJIAX 3 SOCEPE/JKEHIMIMNU
ITAPAMETPAMU ITPU BUCOKOIIBU/IKICHIN OBPOBIII JAHUX

Ipu npoexmysanni Girvwocmi padioeseKMpPOHHUX CUCIEM OCHOGHA Y6dzd NPUOLISLEMbCS PO3Pooui 6adcHe
6UpP0OIB, d NUMAHHS 3A00B0JICHHS UMOZU 3AXUCTY 610 3a6d0 3d3suuail 810xX00amev HA Opyeull NAaH, Wo U eu-
KAUKANO0 HeOOXIOHIcMb 6 nosasi danoi pobomu. Cmammio npucesueno memodam i npasuLam eieKmpoHHOZ0 KOH-
CIPYI08AHHS PAdIOeIeKMPOHHUX 3AC00T8, Wo 3abe3neuyromy 3HUXEeHHS wymie i nepewrod. Hadano npakmuuni
pexomenoauii w000 6uG0PY KOMROHEHMIB, MOHMAKY KAOEAi8 i 3'€0HY6aAUI8, KOHCIMPYIOEAHHS OPYKOBAHUX GY3NiI6
i Qhinompauii 3asad. Axmyaivricmo yux 3a60anb 06YMogieHd 0eKIAbKOMA OCHOGHUMU NPUUUHAMU, MAKUMU SK
nidsuuients weuoKodii HanieNPOsIOHUKOBUX NPULADLE T eAEKMPOHHUX CXeM 6 ULIOMY, IMEHUEHHs AMNATINYO PO-
6ouux cuzHanié yUMPOSUX NPUCPOLB, 3POCMANHL BNAUBY MIK3 COHAHL T KOMNOHYBANHS GY3Ni6 HA CIMIUKICMY
1 WeUOK00i10 eAeKMPOHHUX NPUCMPOT8 i cucmeM, MpPyYOOMICMKICMb i 8eIUKT MaAMePidavHi i Uaco8i UMPAmu Ha
NOWYK 1 YCYHEHHSI NPUUUH HU3LKOT 3A8A00CMIUKOCIT eAeKMPOHHUX NPUCMPOTS.

3 pocmom weudxodii i wiabHOCI KOMNOHYGANHHS eleMenmia 3abe3neuents 3a6a00CMitKOCI eAeKMPOMAZHIMHOT
63AEMO0TL MIXK PISHUMU NPUCTIPOSMU T CUCTNEMAMU CMAE HAUBAKAUSTWUM 3ABOAHHAM KOHCMPYIO8AHHSL
padioereKkmponHHux cucmem 6 yiiomy. B npoueci xoncmpyxmopcvkoi peanizauii 6ydv-axoi erekmponnoi cxemu
HeMunyue 8HOCAMbC 000amK06i NaApasumui napamempu pesucmuenozo, iHOYKMueHozo0 i EMHICHOZO xapaxme-
PY, AKI MOXKYMb 68 HENPUNYCMUMUX MEKAX NOZIPUUMU UEUOK00TI0 T 3a6A00CMITKICIG 8 Pealbiill KOHCMPYK YT,
Hasimv npuzsecmu 00 noenoi empamu npauezdamnocmi. Oco6aUB0 GeIUKUT GNAUE KOHCMPYKULS T MOHMAK
maromv na pobomy nadweudxicnux (GUCOKOUACIOMHUX) CXeM 1 NPUCMPOI8 — 6 MAKUX GUNAOKAX CUCMEM-
Ha weuokodis, 3ae6adocmitikicms ma eleKmpoMdzHimua CYMICHICING CMAMb OCHOGHUMU KPUMEPIIMU AKOCMI
eNeKMPOHHOT KOHCMPYKULL.

Knwouoei caosa: auCernZHO*deﬂOZOGUL‘Z Kandal, eleKmpornne KOHCMPYeanhns, 3616618% KOMNOHEeHmMu, apyfcoeaui
naamu.
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REDUCTION OF NOISE AND INTERFERENCE BY RATIONAL SELECTION
OF ELECTRONIC COMPONENTS IN LUMPED PARAMETER CHANNELS
AT HIGH SPEED DATA PROCESSING

When designing most electronic systems, the main focus is on the development of the devices themselves, while
the problem of meeting the requirvements for the interference protection usually take second place, which calls
for a need in this particular study.

The article is devoted to methods and rules for design of radio electronic devices, which reduce noise and
interference. The author provides practical guidance in the issues of choosing components, installing cables
and connectors, designing print nodes and interference filtering. The urgency of these tasks is caused by
several principal reasons, i.e., the increase of the speed of semiconductor devices and electronic circuits in
general, reducing the amplitudes of the working signals of digital devices, increasing effect of interconnects
and cascade layouts on the stability and speed of electronic devices and systems, the complex, costly and time
consuming process of finding and eliminating the causes of low noise immunity of electronic devices.

With the speed growth and the layout density of the elements, ensuring the noise immunity of the electromagnetic
interaction between different devices and systems becomes the most important task of designing the radio
electronic systems in general. When designing any electronic circuit, additional resistive, inductive and
capacitive parasitic parameters are inevitably introduced. This can critically affect the performance of the
real-life design by lowering its speed and noise immunity, even leading to complete failure. Design and
installation have a particularly strong influence on the operation of high-speed (high-frequency) circuits
and devices. In such cases, system speed, noise immunity and electromagnetic compatibility become the main

criteria for the quality of electronic design.

Keywords: discrete-analogue channel, electronic design, interference, components, printed circuit boards.
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N3MEHEHIA XAPAKTEPUCTUK KPEMHUWEBDBIX
OOTOIJIEKTPUHECKUX IITPEOBPA3OBATEJIEN
COJIHEUHBIX BATAPEUN TTOCJIE TOKOBbBIX
ITEPETPY3O0OK

Hccnedosano enusnue moxkosvix nepezpy3ok HA 60JbM-AMNEPHble U 60JbM-6AMMHbIE XAPAKMEPUCTNUKU,
a maxike Ha dneKMpudecKue napamempov PomoILeKmpuneckux npeobpazoeameneli CorHeunvlx damapei
HA OCHOGE MOHOKPUCMALIUYECKO20 KpeMHus. B pesyivmame ucnvimanuil, npogoouMvix 6 pexume uil-
KJUYECKUX MOKOBbIX Nepezpy3ok, YCMAanoe1eHo yxyoulenue 6cex OCHOGHbIX INEKMPUUECKUX NAPAMEMPOS.
IIposedeno cpasnenue duanasona eépemenu cpabamvi6anHus CAMOB0CCMAHABIUBAIOUUXCS Npedoxpanume-
zetl PolySwitch ¢ dnumenvrocmovio paseumus npobos pomoaiexmpuueckux npeoopazosame.ieil, u coeaam
661600 0 NEPCNEeKMUBe UCNONbI0BAHUSL MAKUX NPedoXparHumenell Kax cpeocms 3auumol 6 Heuwmamnvlx c-
MYayusx, C8A3AHHLIY C MOKOBHIMU NePeZPY3KAMU 6 CONHEUHbIY bamapesx.

Kmouesvle crosa: qbomoaﬂexmpuuecxud npeo6pa306ame/zb, 60Jlbm-dmneprnas xapaxkmepucmuxd, 60/1bm-

BAMMHASL XaApaxmepucmuxd, npobot, dezpadayus, camo8occmanasIusaOUUics npPedoxpanumes.

Cpeny MCTOYHWKOB HEHAEKHOCTH (DOTOITEK-
Tpuueckux npeobpasopareneii (MIATI) comHEUHBIX
Garapeii HanGoJiee HeKeTATeTHHBIMU SBJISTIOTCS TO-
KOBBIe TePerpy3Ku U BO3HUKHOBEHUE TEPETPEBOB,
BKJIIOYAsT 3aMBIKAHUST HETIOCPE/ICTBEHHO B HUX, a
TaKyKe KOPOTKHME 3aMBIKAHUS MEXKIAY WX COEIMHU-
TeIbHbIME KoHTakTamu [ 1 —3]. dusuueckumu rnpu-
YUHAMU TAKUX CUTYaIlUil MOTYT GbITh TIOBPEXK/IEHIE
KOPPO3Hel B TIPOTIecce IKCIIYATAIUU COCTABJISIO-
MUX WX DJIEMEHTOB, <«CKPBITbIE» MPOU3BO/ICTBEH-
Hble ieeKThl, HenCIpaBHble OJOKUPYIONIe U 06-
BO/IHBIE [THO/IbI WJIN JIETPAIAITIS U30JISIIINH TIO]T JIeii-
CTBUEM OKpYyKaromieil cpepr [2].

Bomipoc 06 ypoBHe gerpaaiiuil © COXPaHHOCTH
@Il mocsie BO3/IEHCTBUSA OTHOCUTENBHO BBICOKOM
TEMIIEPATYPbI B TEUEHUE OTPAHUYEHHOTO TPOMESKYT-
Ka BpPeMeHHM paccMaTpuBasicda B [4, 5], rme 6bLIO
YCTAHOBJIEHO CHIDKEHUE HATPSIKEHUS XO0JOCTOTO
X0/la ¥ TOKAa KOPOTKOTO 3aMBbIKAHUS KPEMHUEBBIX
DIII nocsie TepMudeckoit 06pabOTKU PA3HON JIJTH-
TEJIBHOCTH, TIPOBOJIUMOI TIPU TEMIIEPATYPE OKOJIO
300°C B armMochepHBIX YCIOBHUSAX.

B niocsieiHee BpeMs 3TOT BOIPOC UCCJIE0BAJ-
CSI B CBSI3U C TIEPCIIEKTHBOUN pelleHus 3aJa4u Mo-
BBINIIEHUS] HAJIEKHOCTH COJIHEYHBIX Gatapeil 1my-
TEeM WCIOJb30BAHUS CAMOBOCCTAHABIMBAIONNX-
ca npenoxpanuresaeii PPTC (polymeric positive
temperature coefficient device) tuma PolySwitch
B KavecTBe JIOTIOJTHUTEIBHBIX YCTPOUCTB JIJIST U30-
JIIMY HeaKTUBHBIX (3aT€HEHHBIX MK Ae(EKTHBIX )
obsacreil Kak oTaeabHbIx DI, Tak M UX MOAY-
geit [6]. B wacrHoctu, paccmarpuBajach mnpobJie-

Ma HECOOTBETCTBUS JIMAIIa30Ha paGOUNX TEMITEPATyP
17151 (POTOITEKTPUYECKUX MOy iell (MakcuMasibHast
persiaMeHTHpyeMas Temreparypa — okoso 80°C
[7]) u manGosiee pacnpocTpaHeHHBIX B HACTOSIIEe
BpeMst TuoB KomMmepueckux PPTC mnpenoxpanu-
TeJsielt, JJs KOTOpbIX 00JacTh (Da30BOT0 Iepexo/ia
(cpaGaTpIBaHus) OLEHNBAETCS BEJIUYMHAMU OPS/I-
ka 125°C [8, 9]. bbuio ycranoBjieno, uto npe6bi-
BaHue uccyaenoBanubix MIATI Ha OCHOBE MOHOKPH-
CTAJINYECKOrO KPEMHHMST Ha NMPOTSLKEHUN 6 4acoB
npu Temneparype 70 150°C B TEMHOBOM pexkiMe 1
TIPU OCBEIEHNU B PA30OMKHYTOM U KOPOTKO3aMKHY-
TOM COCTOSIHUSIX He TTPUBOIUT K 3HAYUTETbHBIM U3-
MEHEHUSIM UX OCHOBHBIX (DYHKIIMOHAJIbHBIX XapaK-
TEPUCTUK U M1apaMeTPOB.

B 10 ke Bpemst uccjieoBaHus TOCJIEACTBUI He-
MIOCPEJCTBEHHOTO MMPOTEKaHUsI OOJIBIINX TOKOB ue-
pe3 ob6patHo cMetennblil o DI, mpuBoasIIIIMX
K €ro HarpeBy M BBIXOJIy U3 CTPOSI, /IO HACTOSIIIETO
BPEMEHU MPOBOJIUINACH B OCHOBHOM B IIEJISIX YIJIy-
6JIEHHOTO M3yueHusT MeXaHnu3MoB mpob6ost [10, 11].
[Ipu ucnob30BaHUN COBPEMEHHBIX CPEACTB 3allu-
ThI OT TOKOBBIX I€PETPY30K, B YACTHOCTU CaMOBOC-
CTaHaBJUBAIONUXCS Npenoxpanuteneir [12], Bos-
MOKHO BO3HUKHOBEHME HEIITATHOW CUTYaIluu, KOT-
na gepes quoa DI HekoTOpOE HETPOIOJKUTETH-
HOe BpeMst Oy/ieT mporekarb 6oJibiioii Tok (4To co-
OTBETCTBYET pean3aliy pekuMa BpeMEeHHOTO TIPo-
6os1 [13]). Onnaxo Borpoc 06 ypoBHe Jierpajaiyu u
coxpanHoctu MIII mocsie KPaTKOBPEMEHHOTO BO3-
JIEMICTBUS TOKOBBIX TIEPErPY30K MOKA €Ill€ OCTAETCST
HEIOCTATOYHO M3y4YEHHBIM.
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B macrtosmeil paboTe mccienoBaNoch BJHSA-
HUE BPEMEHHBIX TOKOBBIX TEPETPY30K Ha BOJIBT-
aMIiepHble W BOJbT-BATTHBIE XapaKTEPUCTUKU (Do-
TO3JIEKTPUYECKUX TTpeobpa3oBaTesiell COMHEYHBIX
6arapeil U UX TeXHUYECKUE TTapaMETPhI.

O6pa3llbl U METO/JUKaA IKCIIEPUMEHTA

WccaenoBamucy obpasust DI, usrorossieH-
Hble HA OCHOBE MOHOKDPHCTAJLIMYECKOTO KPEMHUSI
K/b-10 ¢ mpocBeT0muM MOKPHITHEM Ha OCHO-
Be ITO-tirenkn [8, 14].

[ly1st perucTpanyy CBETOBBIX BOJIbT-aMIIEPHBIX
XapaKTePUCTUK TPUMEHSIICS CIEIHAJbHBIN 9KC-
MepUMEHTAIbHBI aBTOMATU3UPOBAHHBIN H3MepH-
TeJIbHbBIN KoMILIeKe [15], ucnosb3yiomiuii n3BecT-
HBIII MeToJi BoibTMeTpa-amiiepmerpa [16]. Cremng
ITO3BOJISII B KAUECTBE MCTOUYHMKA CBETA MCIIOIb30-
BaTbh €CTECTBEHHOE COJTHEYHOE M3JyueHue u obecrie-
YIBAJI BBITIOJIHEHUE YCJIOBUiT ocBerienHocT AM1,5.

Cocrosuue npo6ost A1 pgocrurasoch mogaveit
Ha HETO B TeYeHUe HECKOJIbKUX MUHYT IMOCTOSTHHOTO
HATPSDKEHUST 00PaTHOTO CMeleHus. JTO HalpsiKe-
HUE TIOCTETIEHHO YBEJIUYMBAJIOCH JI0 3HAUEHUS, TIPU
KOTOPOM HAaUMHAJIOCh PE3KOe HEeYIPaBJIsieMOe YBeJU-
yeHus Toka, rnocje dero MIII orkaouancs ot mc-
TOYHUKA HATIPSDKEHUS ¢ TIOMOIIBIO TIepPeKJIoYaTe .
Bpemennas 3aBUCHMOCTb TeMITEPATyPbl, MOJIYUYEH-
Hasl IPU peannsanuu Takoro npobos (puc. 1), cBu-
JIETEJBCTBYET O €TO TETJIOBOM XapaKTepe.
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Puc. 1. V3menenne Bo BpeMeHu Toka I U TeMmIiiepary-

pol T ®OIII npu NpunokeHU K HEeMy HalpsKeHUs

06paTHOTO CMeIeHMsI, HOCTATOYHOTO AJS HACTYIJICHUS
TETLIOBOTO TIPOGOst

BospneiictBue TOKOBOH Ileperpysku, COOTBeET-
CTByIOII[ee yYaCTKy PE3KOT0 BO3PACTAaHUS 3aBUCH-
MocTeil Ha puc. 1, 6bu10 KparkoBpemenubiM (He
IPEBBIMIAJIO 5 C).

[lus BpisBiIeHEsT HanboJjiee OOIUX 3aKOHOMED-
HOCTEW BJMSHUS TOKOBBIX TIEPETrPy30K Ha CBOM-
CTBa paccMaTpuBaeMbIX KpeMHHeBBIX MDIII ot-
6upaJnch 06pasIbl C OTAUYAIONIMMICS MCXOIHBI-
mu BosbT-amnepubiMu (BAX) u BoJbT-BaTTHBIME
(BBX) xapakTepuCTHKaMH, 4TO GBLIO CJI€ICTBH-
€M TIPEJILICTOPUH MX 3KCILIyaTallii M TEXHOJO-
ruyeckoro pasépoca npu usrotosienun (puc. 2).

[l n3yueHus BIUSHUS MIUKJINIECKUX TOKOBBIX
neperpysok Ha paborocrioco6Hoctb MIII axcrepu-
MeHTaJbHbIE UCCJEeIOBAHUS TTPOBOIIIICH B CJIEIY-
IOIEM TTOPSI/IKE:

— u3aMepsiyach ucxoaHas cserosasd BAX ucciie-
nyemoro ®IIT;

— uepe3 DIII npomnyckaacsg TeMHOBOU TOK B
HallpaBJIeHMH OOPATHOTO CMEINEHHSI €ro JAHoja,

a)
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40 F
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Puc. 2. Tummunbie cBeroBble BAX (a) u BBX (6)
nccae0BanHbIX 06pasinoB M III
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M TI0CJie BO3HWKHOBEHWS TETJIOBOTO MPo6Oosi, UTO
(pUKCIPOBATOCH KPUTUYECKUM YBEJUYEHNEM TOKA
U TEeMIIepaTypbl, OH OTKJIIOYAJICS OT MCTOYHUKA Ha-
MPSDKEHNS

— DIII B OTKJIIOUEHHOM COCTOSTHUH OXJIAXKIAT-
cs 10 KOMHATHOHN TeMITepaTypbl, 1 TIOBTOPHO U3Me-
pssach ero BAX.

[Tocnennue aBa MyHKTA, OMPEIEJSIONINE UK
TOKOBOI1 TTePeTPy3KH, TOBTOPSIJINCH HECKOJIBKO Pas.
B pesysbrare dukcumpoBaich 3HaYEHUS OCHOB-
Hbix napamerpoB BAX u BBX o6pasma ®III: Ha-
IIPSDKEHIE XOJIOCTOTO Xo4a V. (IIpH pasoMKHy-
toM DIII), TOK KOPOTKOTrO 3aMbIKaHust g M OT-
JlaBaeMasi BO BHEITHIOO TIeTIb 3JIeKTPUYeCKast MOTII-
HOCTb P.

JKCrnepHMEHTAIbHbIE PE3YIbTaThI
U UX 00CyKaeHHne

Ha puc. 3 noka3aubl THITUYHBIE PE3YIHTATHI U3-
mepennit BAX u BBX dotoanexkrpuueckux mpeob-
pasoBareJieif, KOTOpble ObLIN TOBEPTHYTHI OTIH-
CaHHBIM BBIIIIE TOKOBBLIM Iieperpyskam. Kax Buj-
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Puc. 3. Ucxoanbie BAX (a) m BBX (6) o6pasua
DIII (1) u noayuennsie nocae aByx (2) u Bocobmu (3)
IIUKJIOB TOKOBOHN TIEPETPY3KN

HO, KPaTKOBPEMEHHOE IPOTEKaHHe TOKa B COCTO-
SHUU TPo00sI B HAINpaBJIEHUH O6GPATHOTO CMelle-
HUS JIMO/1a TIPUBO/INT K YMEHBIIEHNIO TOKA U MOIII-
HocTH, TeHepupyeMbix MIIL. Itor acpdexT HOCUT
AJINTUBHBIN Xapakrep, T. e. GoJiblllee YNCJIO TO-
KOBBIX II€PETPY30K IIPUBOIUT K GOJIBIIIEMY CHILKE-
HHIO TOKA M MOIIHOCTH.

[Ipoananmaupyem NIpuBejieHHbIe HA pUC. 4 3a-
BucuMoctu mapamerpoB BAX n BBX doroamex-
TPUYECKUX IIpeoOpasoBareseil OT YuCIa IUKJIOB
11po6ost MITI asekTprdeckuM TOKoM (IrapamMerpbi
HOPMUPOBAHbBI HA UX 3HAYEHHsI, COOTBETCTBYIOIINE
HCXO/IHOMY cocTodgnuIo obpasua, Vo*, I¢-*, ff*
u P *). DKcliepuMeHTa/IbHble JaHHbIE AITPOK-

max
CUMUPOBAJINCh JTUHEWHBIMU 3aBUCHUMOCTAMU, I10-

Voc/Voc*

0 o-9b-90v o060
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Puc. 4. OxcnepnMeHTATbHBIE 3aBUCIMOCTH HATTPSSKEHUS
X0JI0CTOro Xo4a Ve, TOKa KOPOTKOTO 3aMbIKaHus I,
(daxrop sanosnenuss BAX ff n MakcuMaibHOU MOIIHO-

cu P, @SIII oT yncia QUKJIOB TOKOBOI II€PErpysKu
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JIyIEHHBIMU C HCIIOJIb30BAHUEM METO/Ia HAMMEHb-
IMUX KBaJPaToB.

OtmerumM, 4to dakrtop 3anonnenus BAX ff
OIIPE/IeJISITICS. B COOTBETCTBUM C M3BECTHBIM BbIPa-
skenneM [135]

ff — ]maxvmax
IscVoc
rae ImaX n VmaX — TOK u Hanpsikenue Ha BAX

®OIII, coorsercrByiomue P, .

B ta6umne npusesensr yepeanernbie mo 10 06-
pasiiaM 3HAYeHWs KOHTPOJHUPYEMBIX TTapaMeTpoB
@OIII. Kak BuAHO, BCe OHU MMEIOT TEHJEHIMIO K
YMEHBIIEHUIO C POCTOM YucJja IUKJI0B N mpeGbiBa-
nusg DI B cocrosinuu 1po6ost, OHAKO TIPU ITOM
HalpssKeHUe X0JI0CTOro xoja V- MeHee 4yBCTBU-
TEJTBHO K pocTy N, 4eM TOK KOPOTKOTO 3aMbIKAHUS
I ¢ v 1pyrue npecTaBieHHbIe HapaMeTpbl. ITO 06-
YCJIOBJIEHO, TIPEKJIE BCETO, TEM, YTO 3HAUEHWS MaK-
cuManbHOI MomHocTn P, 7 g)aKTopa ff cBasambl
HETIOCPE/ICTBEHHO C BEJMYNHON TOKA.

[IpuBeneHHbIE AaHHDBIE YKA3bIBAIOT HA TO, YTO
KPaTKOBPEMEHHBIE TOKOBbIE TIEPETPY3KU B 06paT-
HOM Hampasjenuu auoga MIII, B ornmvme ot pa-
3orpeBa MIII BHENTHNMA TETJIOBBIMU MCTOUHMKA-
MU, TIPUBOJAT K CYIIECTBEHHOMY CHUKEHWIO OT/a-
BaeMOU UM BO BHEIIHIOWO IIeMTb MOTITHOCTH ¥ JIeTpa-
JAIK IpYTUX TapaMeTpoB. B wactHocTH, mOJTY-
YeHHbIe PE3YJbTaThl MO3BOJISIOT MPOTHO3UPOBATD
yMeHbIIIeHne MAaKCUMaJbHONH MOIIHOCTH HA 3,5%
nocJe equHIIHOTO TIpo6osi MIIT B ob6paTHOM Ha-
npaBjeHun. IIpu aTOM yXy/IIeHne 2JI€eKTPUIECKUX
xapaktepuctuk MII] mox Bo3aeiicTBIEM TOKOBBIX
[eperpy30K HOCHUT aINTUBHBIN (HAKOIUTEIbHBIN )
Xapakrep.

B rta6iuue (3-ii cromGer) Takike HMPHUBEIEHDBI
JTaHHbIe 0 pa3bpoce 3HAYEHUI CPeJTHIX OTHOCUTEJb-
HBIX YMEHDINEHN KOHTPOJUPYEMbIX TTapaMeTPOB 3a

Ouenxa erusmus 6030elicmeus MOKOGbIX Nepezpy3ox
Ha napamempul kpemnuecozo DI

Cpennee oTHO-
cuteabHoe u3Me- | OTHOCHTE IbHAS
[Tapamerp M@III | Henue 3a onauH TOTPEIIHOCTh
POGOWHBII OLICHKU, %
LUK, %

Hanpsxenune
XOJIOCTOTO XO/a -0,5 1,5
Voc
Tok KOpOTKOro

-1,5 5,0
sambIKanua [ g
daxrop 3amoJ- —9 30
nenust BAX ff ’
MaxcuMabHas

-3,5 0,8
MOIIHOCTD P

OJIMH MPOGOITHBINA ITMKJI, CBSI3aHHBIX C Pa3IHUNEM
ucxoaubix BAX u BBX (puc. 2). Benmnunna ortno-
CUTEBbHON TIOTPENTHOCTH YKAa3aHHBIX MMapaMeTpoOB
(<5 %) cBugereabcTByeT 06 OGIHOCTH UCCIEI0BAH-
HBIX 3aKoHOMepHocTell aag M III, HezaBuCHUMO OT
MPEBICTOPUN UX SKCIIyaTallNy WU TEXHOJIOTHYe-
CKOro pa3bpoca mapaMeTpoB IIPU UX U3TOTOBJIEHHH.

Cremyer OTMETHTb, YTO HE3aBUCUMO OT (DU3H-
4ecKoil pupo/bl mpo6os (TenaoBoro, JTaBUHHOTO
wau tyaHesnsHoro [10, 11]) yBenmuenue Toka ve-
pe3 MIII mpuBOAUT K JOKATHBHOMY Pa30TPeBY €To
oTZienbHbIX o6sacteii. [ToBbiiienne Temmnepatypbl
Kak OTAeJbHbIX oOsacteil (ropsumx TOYeK), Tak
u Bcero MIII nmo3BossseT paccMaTpuBarh 3TOT de-
HOMEH B KayeCcTBe OCHOBaHWS IS UCIIOJIb30BaHU
MO3UCTOPHBIX dJeMeHTOB Tutia PolySwitch, naxo-
jpamuxcs B kKoHtakte ¢ MIII, kak TepMoceHcop-
HBIX TIpenoxpanutenei [8, 17]. Kak usBecrno, au-
arasoH BpeMeHU cpabaTbhIBaHUs MPeIOXPaHuTe el
PolySwitch cocraBsiser oT eAMHUI] MUJLTHCEKYH/T
J10 HecKOTbKNX cexkyHz [9, 18]. Bpems, B Teuenue
KOTOPOTO TPOUCXOJUT NPEANPOOOIHHBIA Pa3orpesn
DOII, omenmBaeTcss UHTEPBAJIOM B HECKOJBKO MU-
HYT, & JIUINTEJIbHOCTb PA3BUTUSI MPOOOS COCTABJIS-
er okoso 5 ¢ (cm. puc. 1). Ha ocHoBanuu moJy-
YEeHHBIX JaHHBIX MOKHO MPEAIOJOXKUTH, YTO MPH
BO3HUKHOBEHWW HEMITATHBIX CUTYAIIHIi, CBSI3aHHBIX
C TOKOBBIMU TIepPerpy3KaMy, YKa3aHHbIE MTPeI0Xpa-
HUTEJN MOTYT MUHUMHU3WPOBATh WX TOCJEICTBUS,
OTPAaHWYUB JeTPAJAIMOHHbIE M3MEHEHUs ITapaMe-
tpoB ®III B amamasone, rie 3T U3MEHEHUS He
MIPUBO/IAT K CYIIECTBEHHBIM U3MEHEHUSIM B paboTe
COJTHEYHBIX GaTapei.

BoiBo b1

Taxum 06pa3oM, HCCICIOBAHMS BIUSHHUS KPAT-
KOBPEMEHHBIX TOKOBBIX IMEPETPY30K HA BOJBT-
aMIIEpHBIE U BOJIbT-BATTHBIE XAPAKTEPUCTUKHU I
AJIEKTPUYECKUE TapaMeTpbl (hOTOIIEKTPUUECKUX
npeo6pasoBareieil CoJHEUHbIX OGaTapeil MMoxasa-
JIM, 4TO TaKWe TePETPY3KU MPUBOAT K aJINTHB-
Hoi (HakamaMBaeMoi) aerpajaiuu napameTpoB
®OIII. Ilpu atoM B MeHBIIIEH CTEMEHN CHUMKAETCS
Harnpsikenue xouocroro xoga (= 0,5% sa 1 muxi),
B 60JIbIIeil — TOK KOpPOTKOro sambikanus (= 1,5%
3a 1 muka) u momnocts (o 3,5% 3a 1 wukna).
WccaenoBannbie 3aKOHOMEPHOCTU HAGJIIOAAIOTCS
HEe3aBUCUMO OT IpeabicTopun akciryatanuu M1
MM TEXHOJIOTMYECKOTO pa3bpoca mapaMeTpOB IIPH
HUX U3TOTOBJICHUU.

CpaBHeHIe Juala30Ha BpeMeHH cpaOaTbIBAHMS
npenoxpanuteneir PolySwitch ¢ amurenpHOCTBIO
paszsutus npo6os DII] 103BOIUIO TTPETONOKUTD
[IEPCIEKTUBHOCTh MX MCIIOJIb30BAHUS B KAueCTBE
CPE/ICTB 3aIUTHI OT TOKOBBIX MEPETPY30K TIPU BO3-
HUKHOBEHUU HEITATHBIX CUTyaluii B pabore ¢hoTo-
AJIEKTPUYECKUX CHCTEM COJTHEYHBIX Oarapeil.
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Jocnidikennio enauey cmpymoeux nepesanmaikenv i JOKAJIbHUX nepezpieis Ha 0ezpadauio eaeKxmpuuHux xd-
paxmepucmux (homoeseKmpuuHux KOMNOHEHMi6 COHIUNUX Gamapei oCMAHHIM 4dCOM NPudiisemocs 6azamo
yeazu. Ile nos'szano, nacamneped, i3 3adauamu nidsuweHHss HAOIHOCE Md 008208T4HOCNE eKCNAYAMAULT YUX
sidnogmosanux dxepen erexmpuunoi emepeii. Ocobausy yeazy maki 00CAI0KeHHs NPueepmMaomv y 36'a3xy
3 N0sA6010 HOBUX Memodis i npucmpoie niosuwents HAOTUHOCE COHSUHUX Oamapeti wisxoM i3015uil Heax-
muenux (Oegpexmuux abo saminenux) obaacmet ixnix omoerexmpuunux xomnonenmis (Ghomoerexmpuunux
nepemeopIosayie i pomoesexmpuuHux Mooyiis ).

YV dawiii po6omi nasedeno pezyvmamu 00CHi0KeHb 6NAUSY CIMPYMOSUX NEPESAHMAKEHD HA GOLbM-AMNEPHT Md
BOLLM-GAMHT XAPAKMEPUCTNUKY Md eAKMPUUHT NAPAMEMPU POMOLSEKMPUHUX NEPENEOPIOSAUT8 COHAUHUX Od-
mapetl Ha 0CHOB1 MOHOKPUCTALIUHOZO KPEMHIIO.

IIpu sunpobysannax 6UKOPUCMOBYBABCS PEKUM UUKITUHUX CIPYMOBUX NEPesAnMAXerHb — NPONYCKAHHS Npo-
mszoM 0eKiNbKOX CeKYHO eAeKMPUUHOZO CMPYMy Npodow uepe3 360pOMHO KIIOUeHUT 0i00 (omoesexmpuu-
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1020 nepemeoplosatd 3 HACMYNHUM O0XO0N00XKeHHuaM 00 Kimuammoi memnepamypu. Ilicas KoKH020 UUKILY
BUMIPIOBANUCH GOJILIM-AMNEPHA MA 60JbM-6AMHA XAPAKMEPUCTIUKU.

B pesyavmami 0ocaidxenv CMAH06IEHO NOZIPUEHHA 6CIX OCHOBHUX €NCKMPUUHUX NApAMempis (homoenex-
mpuunux nepemeopiosaie (3menulenns Hanpyzu POo3iMKHYMOZO KOAd, CMPYMY KOPOMKOZO 3AMUKAHHS, (DaAK-
mopa 3an0GHeHHs. GONbM-AMNEPHOT XAPAKMEPUCTIUKYU T MAKCUMAILHOT NOMYHKHOCME) MA GUIHAUEHO AOUMUG-
Huil xapaxmep ixuix amin. IIposedeno nopieuannus dianazony uacy cnpayvosysanns 3anobixnuxie PolySwitch
3 mpuearicmio po3sumxy npo6oio HomMoeICKMPUUHUX NePemEoPIosanis. 3poOieno 6UCHOBOK NPO NePCReKmi-
8Y BUKOPUCTAHHS CAMOBIOH08M06AHUX 3anobixnukie PolySwitch sk 3acobie 3axucmy consunux 6amapei 6id
CMPYMOBUX NEPEBAHMNAKEHD.

Kaouosi crosa: gpomoerexmpuunuii nepemeoprosa, Goavm-dmMneprd Xapaxmepucmurd, 60Jbm-6dmud Xapax-
mepucmuxa, npo0it, dezpadayis, camos8iOHOBII0EANUL 3ANOOIHKHUK.
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CHANGES IN THE CHARACTERISTICS OF SILICON PHOTOVOLTAIC CELLS
OF SOLAR ARRAYS AFTER CURRENT OVERLOADS

Recently, much attention has been paid to the study of the influence of current overloads and local overheating
on the degradation of the electrical characteristics of the photovoltaic components of solar arrays. First of all,
it is connected with the tasks of increasing the reliability and durability of the operation of such renewable
sources of electrical energy. Such studies are of particular interest due to the recent emergence of new methods
and devices for improving the reliability of solar arrays by isolating inactive (defective or shaded) areas of
their photovoltaic components (photovoltaic cells and photovoltaic modules).

This paper presents the research results on the influence of current overloads on the current-voltage and volt-
watt characteristics and the electrical parameters of photovoltaic cells of solar arrays based on monocrystalline
silicon.

The testing was performed using the cyclic current overload mode, which is the flow of electric breakdown
current passed through the back-turned diode of a photovoltaic cell for several seconds. After that, the
photovoltaic cell was cooled to room temperature, and then its current-voltage and volt-watt characteristics
were measured.

The degradation (decrease) of all the basic electrical parameters of photovoltaic cells (open-circuit voltage,
short-circuit current, filling factor of the current-voltage characteristic, and maximum power) has been
established. The additive nature of the changes and the average relative decrease of the indicated electrical
parameters for one breakdown cycle are determined. Comparison of the response time range of the PolySwitch
fuses with the breakdown durations of photovoltaic cells is performed. The conclusion is drawn about the
prospect of using such resettable fuses as protection in emergency situations that are associated with current
overloads in solar arrays.

Keywords: photovoltaic cell, current-voltage characteristic, volt-watt characteristic, breakdown, degradation,
resettable fuse.
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HOBI KHUTU

CTY/ICHTIB.
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Marsm I. €., Minaiisiona I. A., Mimyk O. M., Pyaenko C. II., Crenenko
M. O., Cepaera b. K. ®i3uka i TexHika MOAYJSIIIHHOI MOJSIPUMETPIi:
monorpadis.— Kuis: Kadenpa, 2018.

MoHorpadisi 0XOILTIOE pe3yJbTaTd HAYKOBUX Ta IPAKTUYHUX JOCJi/DKEHDb SIBUII,
OB’ sI3aHUX 3 IIPUPOJHOIO Ta IITYYHOIO aHi30TPOINEI0 /lieJIEKTPUYHUX BJIACTUBOCTEN
y TBepAUX Tinax, iHAYKOBAHOIO Pi3HOMAHITHUMU BHYTPIIIHIMA Ta 30BHIIIHIMU YWH-
HUKMHU. Y Hill BUKJAQJ€HO 3HAUYHUI OOCAT DPE3YJbTAaTiB, OTPUMAHHUX 32 JOCJIi/KEHHS
HAITiBIIPOBiITHUKOBAX KPHUCTAJIB Ta YNCJEHHUX HEKPHUCTAIiYHUX MaTepiasiB. OCHOBHY
yBary 3ocepe/pkeHo Ha SABUINAX IIOABIHHOrO IIpOMEeHe3aJIOMJIEHHS Ta AUXPOI3My, IO Cy-
MIPOBO/KYIOTh B3aEMO/IIT0 JIIHIHO MOJISPU30BAaHOIO BUIIPOMiHIOBAHHS 3 aHi30TPOITHUMU
Matepianamu. IIpeacTaBieHo BUSIBIEHI OCOOIMBOCTI KiHETMKM Ta AWHAMIKH TEpPMOHA-
IPY’KEeHb, iHAYKOBAaHUX PpaJdiallifHMMNU HATrPiBaHHAMM Ta OXOJIO/KEHHSAMH, PE30HAHC-
HUX SIBUI HAHO- Ta MaKPOPO3MipHUX 006’€KkTax. OKpeMO BUKJIAJEHO pPe3yJbTaTH pO3-
poO6JieHHsS (Pi3UKO-TEXHIYHIX OCHOB MOYJISIINHOI TIOJSPUMETPIT, KA XapKTEPHU3YEThCS
i IBUIIIEHOIO BUSBHOIO Ta iH(OPMATUBHOIO 3[ATHICTIO MIOAO BUMIPIOBAHUX BEJTWYUH.
ITokasano, 1110 OTpUMaHUM pe3yJ/ibTaTaM BJACTHBAa HAyKOBa Ta [IPAKTUYHA 3HAYUMICTb Y
BUTJISI/IL IAaTHOCTHYHUX 32CO6IB Ta CEHCOPHUX 3aCTOCYBAHb.

[T HAyKOBIIiB-eKCIIEPUMEHTATOPIB Y ramy3sax (isuwku, Ximii, MaTepiaJo3HABCTBA,
6ioJiorii i MeIUIIUHU, JOCJiTHUKIB Ta iH)XeHepPiB-BUPOOHUYHUKIB, IO CIEIiali3yI0ThCs
Ha po3poO6Ii Ta [JiarHOCTHIII Pi3HOMAHITHUX TEXHOJOTIYHUX IIPOIECIB,
BUKJIJA4iB (Di3WKO-TeXHIYHNX Kadeap BUIMUX HABYATHHUX 3aKJIA/IiB, ACHipaHTiB Ta
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BIICOKOTEMIIEPATYPHI CEHCOPU JE®OPMAIIII
HA OCHOBI HUTROIIOAIBHMX KPUCTAJIIB
GOCDOIAY TAJTIIO

Iposedeno docaidxenis MeHIOMEMPULHUX XAPAKMEPUCTIUK HUMKONOOIOHUX Kpucmanrie ¢ochidy zanito
p-muny npogidnocmi, Jnezosanux uyunkom. Ha ocnoei uux xpucmanie cmeopeno cemcopu oepopmauii,
npauesdamui ¢ inmepeani degpopmauiii =1,2-107 6ion. 00. i wupoxomy dianasoni memnepamyp — 6id 20

do 550°C.

Kniouosi crosa: numixonodibui xpucmanu, ¢ocgio zariio, cencopu, degopmauis, memnepamypd.

3 pPO3BUTKOM CYYaCHUX TEXHOJIOTiHl i OCBO€EH-
HsM HOBOI TPOAYKINI CTAOTh [efaJi aKTyaJbHi-
HIMMU JIOCJIJIPKEHHSI BUCOKOTEMIIePATYPHUX IIPO-
necis. IIpu nboMy MakcuMaJibHA TeMIlepaTypa BU-
MipIOBaHOTO CepeIoBUINA MOXKe CTAaHOBUTH Bix 150
1o 1500°C, a vac BIJIMBY BHCOKOTEMIIEPATYPHOTO
cepefloBHINA — BiJl CEKYHJ [0 IECATKIB XBUJWH i
KiJTbKOX TOJMH. /IJ1d cCydyacHUX CEHCOPiB MeXaHiu-
HUX BEJWYUH XapaKTePHUM € 3aCTOCYBAaHHS MO-
HOKpHUCTaaiuHoro Kpemuiio [1, 2], skuii cepes iu-
MUX MarepiafiB B HaGiAbIIiNA Mipi y3To/Ky€eTh-
¢4 3 ICHYIOYNMH MiKPOEJEeKTPOHHUMY TEXHOJIOTiA-
MU. Y TOW ’Ke yac JJIsl CTBOPEHHSI BHCOKOTEMIIe-
paTypHUX CEHCOPIB MEXaHIYHUX BEJUMYMH JOLIJIb-
HO BUKODHUCTOBYBATH HAaIliBIIPOBIJHUKOBI Marepia-
Ju 3 GiJIBIIOI0, HiXK Y KPEMHi0, MTUPUHOI 3200-
poHeHoi 30HH. ToMy LiJIKOM 3aKOHOMipHUM € II0-
IIyK iHIIMX HaIiBIIPOBIAHWKOBUX MaTepiaJiB i mo-
CJIPKEHHSI TXHIX TEeH30METPUYHUX BJACTUBOCTEN
[3, 4]. 3okpema, [J1s1 CTBOPEHHSI BUCOKOTEMITEPA-
TYPHUX TEH30PE3UCTUBHUX CEHCOPIB MEXaHiYHUX
BEeJIMYUH y JIESIKUX BUIIQJKAX BUKOPHUCTOBYETHCS
Kapbia KpemHuiio [5], mpore TexHOJIOTiSI OTpUMAaH-
HSI IIbOTO MaTepiaJy JOCUTDH CKJAJHA, i TOMY TIpe/-
METOM J0CJIi/ZKeHb 06pano kpucrau docdiny ra-
JIi0 K G1JIbII TMTUPOKO30HHOTO HAMiBIPOBiIHUKA.

3 MEeTOIO CTBOPEHHS BICOKOTEMIIEPATYPHUX CEH-
copiB aedopmarii JOCTiKYBAJIUCh TEH30METPUIHI
xapakrepucTuku nutkonogionux kpucramnis (HK)
GaP p-tuny mposianocTi 3 kpucragorpadivroio
opienrarieio [111], sika criBragae 3 HAIPSIMKOM,
B AKOMY TEH30PE3NCTUBHUN e(dEeKT € MaKCHMAab-
HUM JIJIST 1TbOTO Martepiany. HutkonomiOui kpucraum
docdiny rasito BUpOITyBaJNCh METOOM Ta30TPaH-
CTIOPTHUX peaKkIiii y Hoaniit cucremi. Ak mxepe-

JIO 3aCTOCOBYBaBCA TOJiKpucTasivauii docdin ra-
JIiT0, CUHTE30BaHUI ITUM K& METOJIOM 3 BUXiJTHUX
Marepiamis. [ljig oTpuMaHHsg HUTKOMOAIOHUX KPHUC-
taniB GaP temmneparypa 30HU BUIIAPOBYBAHHS CTa-
nousa 900 —1050°C, a 3ouu Kpucrasisaiii — Ha
150 —300°C mmxve. KoHlleHTpalliss TpaHCTIOPTHO-
ro arenra (ifoay) ne nepesuntyBasia 0,3 mr,/ cM3, a
IIBU/IKICTD TIPY ONTUMAJbHIUX YMOBAaX POCTY CTaHO-
Busa 50— 100 Mr /rox. Buporieni kpucraan MaioTh
(bopMy TTpaBUIBHUX TPHU- UM MIECTUTPAHHUX TTPU3M,
BUTATHYTHUX B3/I0BXK KPUCTAIOTPadivHOTO HATIPSIM-
Ky [111]. IIpoBigHicTb Bupoiienux 6e3 crieliaJbHo-
ro aeryBanusg HK GaP — esextponna, mams orpu-
MaHHs KPUCTAJIB 3 AIPKOBOIO IIPOBIIHICTIO AK Jie-
ryioua JIOMilllKa BUKOPUCTOBYBABCS IIMHK.
TexHosOTiI0O CTBOPEHHSI OMiUHMX KOHTAKTiB /10
kpucramniB docdigy ramito i ixai BractuBocTi 10-
CTaTHbBO TOBHO OMUCaHo B [6], ofHaK cTBOpeHHs Ta-
KUX KOHTAKTiB /0 HUTKOMOAIOHUX KPUCTAJIB Mae
cBoio crienudiky yepe3 iXHIO MaJIy TLJIONLY IOTepe-
YHOTO Tepepi3y i yMOBU POOOTH TEH30PE3UCTOPIB.
Tomy 6ys10 po3p06JIeHO METOI CTBOPEHHST OMIYHIX
koHTaktiB 1o HK GaP p-tumny 3a gonomoroio cpi6-
HOI IacTH, JIETOBAHOI IIMHKOM, 3 TOJAJIbIIUM BIIa-
JIIOBAHHSIM T1ACTH y KpHcTa 3a temieparypu 650°C.
OTpuMaHi TaKUM YNHOM KOHTAKTH € OMiYHUMHU 1 Ma-
I0Th HU3bKUH OIip, MPOoTe /1Jjisi pOGOTH 32 BUCOKHX
temmepatyp (400—600°C) nmorpe6yiorh HaiiiHO-
TO 3aXUCTY, SIKUI CTBOPIOETHCS NLJISIXOM OCAKEH-
Hsl MIIJIBHUX IapiB Hikesio Ha cpibio. Takox pos-
POO6JIEHO METOAUKY CTBOPEHHSI KOHTAKTIB IIJISIXOM
eJIEKTPOXiMiYHOTO OcajiKeHHs 30J10Ta Ha Topiii HK.
CTpyMOBUBO/IU i3 30JI0TOTO MiKPOAPOTY NPUETHY-
iorbest 10 HK a6o ToukoBUM 3BapioBaHHSM 3 BEpPX-
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Puc. 1. 3anexnictb Koedinienta TensouyrauBocti HK

GaP p-tumy Binx nmromoro onopy npu 20°C

HiM IIapOM HIiKeJIIO YU 30J10Ta, a0 3aKPiIlIi00Th-
cs1 32 JIOMOMOTOI0 CPiGHOT TacT.

Tensomerpuuni xapaktepuctukn HK GaP
p-THUILy IPOBIAHOCTI JOC/IJKYyBAaIUCh y IIUPOKO-
My fianasoni temmeparypu (Big 20 xo 500°C) Ta
nedopmarii (e = £1,2:1073 Bign. ox.). Ilposeseni
JMOCTi/KeHHST TIOKa3aau, MO0 TMO3A0BXKHIN Koedi-
nient TensouytauBocti K gma HK GaP p-tumy
3 opientaiiieio [111] 36inbiyerbess 31 3pocTan-
HsaM uToMoro onopy (puc. 1), To6TO 3i 3MeHIIEeH-
HSIM CTYTIEHS JIETYBAHHS HAIiBIPOBIHUKOBOTO Ma-
Tepiany. KoedimieHT TeH304yTAMBOCTI ITUX KPHUC-
taniB nmpu 20°C mocTaTHLO BeJUWKUN, 30KpeMa
s HK 3 nutomum onopom 0,025—0,03 Om-cm
Besmunaa K 3unaxoxutbess B mexxax 90—95. Ak
BUIHO 3 pHMC. 2, y paiamasoni 3miam € Big 0 1m0

6
4 D%
5_ o
3
0\0.4— /
x 0
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= 3- /
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104, BimH. ox.
Puc. 2. 3anexxnicTb BifHOCHOI 3MiHM omopy Bix medop-

Manii posrarysanns g HK GaP p-tumy 3 pisaum mu-
TomuM omnopom (B Om-cM):

1 — 0,030; 2 — 0,025; 3 — 0,023

51074 BigH. om. IJIST TIUX KPHUCTAJIiB CIIOCTepira-
€TDbCS JiHilIHA 3aJeXHiCTh onmopy Bix medopmartii
(Tounime, BiHOCHOT 3MiHU OHOPY AR(S)/RO, e
AR(e) = R(e) — R,; R, — nouarkosuii ornip HK).

[l cTBOpeHHST BUCOKOTEMIIEpATyPHUX CEHCO-
piB aedopmanii Hai6impury yBary 6yJo Hpuiise-
HO JIOCJIi/PKEHHIO BILJTMBY TeMIlepaTypH Ha TEH30-
merpuyHi xapakrtepuctuku HK GaP. Ha pue. 3
A1l Hesakpinsenux kpuctanais GaP p-tumy 3 pis-
HAM TUTOMUM OIIOPOM HaBEJ€HO OTPHUMaHi TeM-
neparypHi 3aJjesKHOCTI BiJHOCHOI 3MiHH OIIOPY
AR(T) /R(20°C), ne AR(T) = R(T) — R(20°C).
Y Bciit gocaijpkeniit objacTti TeMmepatypu CIO-
crepirajach JoMminikoBa NpoBifHicTh. I[logBa wmi-
HiMyMy Ha TeMIlepaTypHiil 3aeXHOCTi BigHOC-
HOI 3MiHM OIIOPY JJIA 3pa3KiB 3 NMUTOMHUM OIIOPOM
p =0,01—0,08 OM'cM 3ymMOBJIEHA TEPEXOOM
BiJl pO3CiIOBaHHA HOCIIB CTpyMy Ha JOMIIIKaxX [0
pO3CifoBaHHS HA TEMJOBUX KOJWBAHHSIX TPATKIU.
3a3HaynMMo, IO XapaKTep OTPUMAaHUX TeMIlepa-
TYPHHUX 3aJIeXKHOCTEH omopy MikpokpuctaniB GaP
Y3TO/IPKYETLCS 3 JAHUMHU IIOJI0 TEMIIepaTypHOi 3a-
JIESKHOCTI €JIEKTPOIPOBIAHOCTI 06'€MHUX MOHOKPH-
CTaJIiB, JIETOBaHUX IIMHKOM [7].

3akpinnenns kpucranais GaP na Marepiamax,
KoedIl[ieHT TepMIiYHOTO PO3IIUPEHHST SKUX Oijib-
mmii, Hixk y dpocdiy ranio (a = 15,7107 1,/°C),
HalpuKJaJ Ha CTaJji, 3yMOBJIIOE BUHUKHEHHS Tep-
Miunoi sgedopmanii &, < 0, gka NIPU3BOJUTD /10
3MEHINIEHHST OTIOPY KPUCTAJiB Y TIOPiBHAHHI 3 BiJb-
HUMHU KPHUCTAJaMH, a TaKOX /10 3POCTaHHS TeMIle-
parypHoi 3aseskHoCTi oropy. TeMmIieparypHuii Ko-
edinient onopy HK GaP p-tumy 3 nutoMuM oro-
pom 0,03 Om-cM, 3aKpilyieHuX Ha cTajeBiil GaJili,
cranoBuTh npubausno +0,25% /°C y temmeparyp-
HoMy miamasoni Big 200 go 400°C.

40 - 1
o 30 1 )
& 20 4
(]
S 10 -
o 0
=
<10 A
84
=20 |
~
Z 30 4 3
<

—40 -

0 100 200 300 400 500 600
T, °C

Puc. 3. 3anexxnicth BifHOCHOI 3MiHM OmOpY Bif TeMIre-
parypu miaga HK GaP p-tuny 3 pisHUM HOUTOMUM OIIO-
pom (B Om-cm):

1 —0,01; 2 — 0,04; 3 — 0,08
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T, °C
Puc. 4. TemnepaTypHa 3aJeKHICTDh Bi/[THOCHOT BEJTMUNHU
koedinienra Tenzouyrausocti HK GaP p-tuny 3 pisnum

nuroMuM onopoM (B Om-cm):
17 — 0,030; 2 — 0,025; 3 — 0,023

400 500 600

Ha Besmmuny koedittienTa TEH309yTIUBOCT] KPHC-
tasiB docdiLy ramio JOCUTh iCTOTHO BIIUBAE TEM-
repaTypa HaBKOJIMIIHBOrO cepepoBuiia. ITposeneni
JTOCJIiJPKEHHS TIOKa3aJId, 1110 JIJId 3aKPITlJICHUX KPUC-
tanis GaP p-tuny 3 p = 0,01 —0,03 Om-cm koe-
(pinieHT TEH30YYTIAMBOCTI IIOMITHO 3MEHIIYETD-
¢ 3 migBunieHHsM Temmeparypu Big 20 go 300°C
i Maii>ke He 3MiHIOETBCS B inTepBaii 300 —550°C
(puc. 4), ne remueparypuuii KoedillieHT TEH30UYT-
suBocrti He niepesuiye —0,03% /°C. Bemmunna xo-
edimienta Tenzouyrmsocti HK GaP p-tuny B 06-
gacti remrepatyp Big 300 1o 500°C st nux Kpuc-
TaJiB gopisHioe 40— 50.

Ha puc. 5 HaBesieHo rpa/lyoBajibHi XapaKTepuc-
TUKHN pO3po6JeHnX ceHcopiB aedopmaiiii B giamna-
3oHi Temmepatyp 20 —550°C. Crig 3a3naunTi, 1110
Yy BCbOMY JIOCJII/I)KYBAHOMY [lialla30Hi TeMIepaTyp
cerncopu Ha ocHosi HK GaP p-tuiy 3 nutoMum oro-
pom 3 0,003 —0,03 OM'cM MaroTh JTiHITHY 3aJ€X-
HicTh omopy Bia Jedopmariii cTUCKaHHS Ta PO3TS-
TyBaHHS B 00JIaCTi * 5-107% BizgH. oj.

Buponieni HK GaP moskna 6e3mnocepeinbo BH-
KOPHUCTOBYBATH SIK YyTJIMBi €JeMEHTU TEH30PE3UC-
TOPIiB, OCKiJIbKH BOHU MalOTh HEOOXi/Hi /IJIsT 1[bOTO
po3Mipu, a iXHS MOBEpXHs He MOTpebye 0/IaTKO-
BO1 MexaHiuHOT 06po6Kku. Po3pobiiena TexHoJ0ris
CTBOPEHHS BUCOKOTEMIIEPAaTyPHUX HaIliBIIPOBiHU-
KOBUX TeH3ope3ucTopiB Ha ocuoBi HK GaP p-tuiy
METO/JIOM Ia30TPAHCIIOPTHUX Peakliil XapaKkTepusy-
€ThCA TOCTAaTHHOIO IIPOCTOTOIO, BiICYTHICTIO TPYILO-
MiCTKMX TEXHOJIOTiYHUX olepalliif i JJocTaTHbO Be-
JINKUM BiJICOTKOM BHKOPHUCTaHH:S HaIliBIIPOBiJHU-
KOBOTO MaTepiasy, IIPUYOMY SIK BUXiJHUU Marepi-
aJl BUKOPUCTOBYETbCS TOJIKpucTamiyauii docdisn
raJjifo, CUHTE30BaHUH 3 BiAIIOBiIHUX CKJIAJIOBUX.
Higki iHmi TeXHOJIOTiYHI MeTOJAU He MOXYTb 3a-
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Puc. 5. I'paxyioBaibHi XapaKTepHUCTHKH CEHCOPiB [ie-
dopmariii Ha ocnoBi HK GaP p-tuny 3a pisnux temre-
paryp (B °C):

1 — 20; 2 — 100; 3 — 300; 4 — 550

Ocnogni napamempu po3pooieHux cencopieé Ha 0CHOGE
HK GaP p-muny nposionocmi

[Tapamerp 3HaueHHs

Poamipu, MrM:
— MIMpUHA I'paHi 20—40
— TOBIIUHA 20—40
— JTOBXKUHA 4—10
[Muromuii omip, Om-cMm 0,02—0,03
Omip mpu 20°C, Om 150—600
Temmneparypuuii KoedilrieHT oro- n

o/ /o 0,15—-0,17
py, %,/°C ( )
KoedinieHT TeH30uyTAMBOCTI TIpU -
20 +(80—95)
Temmeparypauii KoediIienT TeH- _ .
3ouyTtauBocti, %/ °C (0,02-0,03)
Po6ounit gianazon temneparyp, °C 20—550
MakcumasibHa BigHocHa aedop- 0508
Mauig, % ’ ’

6e31eunTN TaKy BIUCOKY CTPYKTYPHY /IOCKOHAJICTD
YyTJUBUX €JIEMEHTIB TEH30PE3UCTOPiB, a OTXKe, i
IXHIO BUCOKY ME€XaHiuHy MillHiCTb.

OcCHOBHiI XapaKTepUCTUKN PO3POOJIEHUX TEH-
3opesuctopiB Ha ocHoBi HK GaP p-tuny nasene-
Hi y TaGamIi.

Sk

OT:xe, 3a CBOIMU TE€H30METPUYHUMHU XapaKTe-
PUCTUKAMU 3a MiJBUIIEHUX TeMIepaTyp, Mexa-
HivHUMM BJacTUBOCTAMHU Ta po3Mmipamu HK GaP
p-TUIy 1poBinHOCTi 3 opieHTamiero [111] € npu-
JaTHUMU JJIS CTBOPEHHSI BUCOKOTEMIIEPATyPHUX
ceHcopiB gedopmariii. [IpoBeneni BuMipioBaHHS
MOKA3a/J1 MOXKJWBICTb pOOOTU CEHCOPiB HA OCHO-
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Bi HK GaP y cratmunux Ta AUHAMIYHUX PEXH-
Max Tpu nuKJIiuHifl gedopmarii. Bonn Butpumy-
10Th He Menrre HixK 108 [UKJIIB 3HAKO3MiHHOI /1e-
opmarii € = * 51074 BigH. ox. Ge3 pyiiHyBaHHS
i 3MIHUA XapaKTEePUCTUK.

BUKOPUCTAHI JI’KEPEJTA

1. Kosun C. A., ®enynos A.B., [layrkun B.E., Bapunos
M. H. MukpoaJyiekTpoHHble JaTunky (PU3NYEeCKUX BEJUYUH Ha
ocHoBe MOMC-rexnonorun / / KOMIIOHEHTBI M TEXHOJO-
run. — 2010.— Ne 1.— C. 24—27.

2. JIpyxunin A.O., Map’amosa 1.M1., Kyrpakos O.II.,
Jlax-Karyit H.C. Hurkomozi6Hi KpucTaam KpeMHilo /ISl CeH-
copHOi esiekTpoHikn ,// ismka i Ximisg TBepmoro Tima.—

4. Antorun E.A. BoicokoTemiiepaTypHbie pr6OpPbI Ha OCHO-
Be dochuaa rasansa: MUTAKCUATbHAS TEXHOJIOTHS, KOHIIET-
1UsI JIETUPOBaHUs, dJIeKTpudeckue coiictBa / [luc. ... a-pa
¢bis.-mar. nayk. — Canxr-Ilerep6ypr: ®TU um. A.U. Modde
PAH, 2009.

5. Muxaiinos I1. I'. MccnenoBanus 1o CO3/1aHUIO BBICO-
KOTeMIIepaTyPHBIX CEHCOPHBIX 3JIEMEHTOB U CTPYKTYp / /
Mukpocucremuas texanka. — 2004. — Ne 8. — C. 38 —44.

6. Jpyxunin A.O., Map’amosa I.M1., Kyrpakos O.II.
JlaTuvKy MeXaHiYHUX BEJIMYUH HA OCHOBI HUTKOIIOAIOHUX Kpuc-
TaJliB KpeMHilo, repmaniio ta cnomyk A;Bs.— Jlbsis: Buu.
JIbBiBChbKa mouritexnika, 2015. — 232 c.

7. Papayunan C.U., Makcumon 0.U., Herpeckyn B. B.,
Mpmmkun C.JI. docdupn rammms. — Kummmnaes: WH-T nmpuk.
dusuku, 1969.

2011.— T. 12, Ne 4. — C. 1078 —1084.

3. llsapr 10.M. ®i3nuyHi ocHOBM HaMiBIPOBiAHUKOBUX
TIpHUJIA/IiB eKCTpeMasbHOI estekTpoHiku / luc. ... n1-pa pis.-mart.
nayk. — RuiB: IH® im. B. €. Jlamkapbosa, 2004.

[ama nadxodxenns pyxonucy
0o pedaxuii 30.05 2019 p.

DOI: 10.15222 /TKEA2019.3-4.26
YK 625.315.592

A. O. APY)KHHHUH, H. H. MAPBAMOBA, A. II. KYTPAKOB

Ykpauna, Haionasnbubiii yHUBepcuTeT «JIbBOBCKas MOJUTEXHUKAY
E-mail: druzh@polynet.lviv.ua

BBICOKOTEMIIEPATYPHBIE JATUNKN JEDGOPMANINN
HA OCHOBE HUTEBU/IHbBIX KPUCTAJIJIOB ®OCDUIA I'AJIJINA

IIposedeno uccaedosanue MeH30MEMPUUECKUX XAPAKMEPUCTIUK HUMESUOHBIX KPUCALI068 (ochudd eannus
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HIGH TEMPERATURE STRAIN SENSORS BASED
ON GALLIUM PHOSPHIDE WHISKERS

The paper presents a study of tensoresistive characteristics of p-type GaP whiskers with [111] crystallographic
orientation coinciding with the direction of the maximal piezoresistive effect for this material. The authors
present a newly-developed technology of creating the ohmic contacts to GaP crystals that allows using these
crystals at high temperatures (400—600°C). Tensoresistive characteristics of p-type GaP whiskers were
studied in the strain range of =1,2-1073 rel. un. These studies show that the gauge factor for these crystals at
20°C is rather large. Thus, for p-type GaP crystals with a resistivity of 0.025—0.03 Q-cm, the gage factor is
in the range of 90—95.

The study of tensoresistive properties shows that in the temperature range of 20—300°C for p-type GaP
crystals with the resistivity of 0,01 —0,03 Q-cm, the gage factor decreases as the temperature rises, but in the
temperature range of 300 —550°C for this crystals, very slight temperature dependence of the gage factor was
observed. In this temperature range, the temperature coefficient of gage factor is no more than —0,03% /°C.
In the temperature range of 300—500°C, the value of gage factor is high (40—50). It could be noticed that
in the entire investigated temperature range, the strain sensors based on p-type GaP whiskers have the linear
resistance vs. strain dependence in the strain range of £5,0-107% rel. un. The developed strain sensors based on
p-type GaP whiskers have high mechanical strength at the static and dynamic strain (more than 103 cycles),
which makes them operable in dynamic mode.

Keywords: whiskers, gallium phosphide, sensor, deformation, temperature.

TexHosOTisT Ta KOHCTPYIOBAHHS B eJIeKTPOHHIN anapatypi, 2019, Ne 3—4
ISSN 2225-5818 Py P paryp 29




CEHCOEJIEKTPOHIKA

REFERENCES

1. Kozin, S. A., Fedulov A.V., Pautkin V.Ye., Barinov
I.N. [Microelectronic sensors of physical quantities based
on MEMS technology]. Components & Technologies, 2010,
no. 1, pp. 24-27. (Rus)

2. Druzhinin A., Maryamova I., Kutrakov A., Liakh-
Kaguy N. Silicon whiskers for sensor electronics. Physics
and Chemistry of Solid State, 2011, vol. 12, no. 4,
pp. 1078-1084. (Ukr)

3. Shvarts Yu.M. Fizychni osnovy napivprovidnykovykh
pryladiv ekstremal'noyi elektroniky. Diss. dokt. fiz.-mat. nauk
[ Physical basics of semiconductor devices of extreme electron-
ics. Dr. phys. and math. sci. diss.]. Kyiv, V.Ye. Lashkaryov
ISP, 2004. (Ukr)

4. Anyutin E.A. Vysokotemperaturnyye pribory na
osnove fosfida galliya: epitaksial’naya tekhnologiya, kont-

septsiya legirovaniya, elektricheskiye svoystva. Diss. dokt.
fiz.-mat. nauk [Gallium phosphide-based high-temperature
devices: epitaxial technology, alloying concept, electrical
properties. Dr. phys. and math. sci. diss]. St Petersburg, Ioffe
Institute, 2009.

5. Mikhailov P.G. [Research on the creation of high-
temperature sensor elements and structures]. Microsystem
Technology, 2004, no. 8, pp. 38—44. (Rus)

6. Druzhynin A.O., Mar’yamova 1.Y., Kutrakov O.P.
Datchyky mekhanichnykh velychyn na osnovi nytkopodibnykh
krystalio kremniyu, hermaniyu ta spoluk A,B; [Sensors of
mechanical quantities based on whiskers of silicon, germa-
nium and A;B; compounds]. Lviv, Publishing house Lviv
Polytechnic, 2015, 232 p. (Ukr)

7. Radautsan S.I., Maksimov YU.I., Negreskul V. V.,
Pyshkin S.L. Fosfid galliya [Gallium phosphide]. Chisinau,
Institute of Applied Physics, 1969, 123 p. (Rus)

Omnuc cTarTi A4S QUTYBaHHS:

Jdpyxunin A. O., Map’samosa I. ., Kyrpakos O. II.
Bucokoremmeparyphi cercopu gedopmaiiii Ha OCHOBI HHT-
KOmoAi6HNX KpucTaaiB ¢ocdiay ramio. TexHoJ0rns u KOH-
CTpyHpOBaHue B 2JIeKTPOHHOI ammapatype, 2019, Ne 3-4,
¢.26-30.http: / /dx.doi.org /10.15222 /TKEA2019.3-4.26

Cite the article as:

Druzhinin A. A., Maryamova I. 1., Kutrakov A. P. High
temperature strain sensors based on gallium phosphide
whiskers, Tekhnologiya i Konstruirovanie v Elektronnoi
Apparature, 2019, no. 3-4, pp. 26-30. http:/ /dx.doi.
org,/10.15222 /TKEA2019.3-4.26

HOBI KHHUTHA

[Ipusnaueno s iHXKEeHEPIB,

B. II. 3aiikoB, B. I. Memepsxkos, 10. 1. JKypaBaboB. IIporHozyBanus
MOKa3HUKIB HA/[iHHOCTI TepMOEJEeKTPUYHHX OXOJIO/’KYIOUNX MPUCTPOIB.
Kuwra 4. [lunamika pyukuionysauns ogHokackaauux TEIT: monorpadisi.—
Opneca: Iloaitexnepioguka, 2019. (poc. MoBOIO)

Kuury npucBsiueHo 10CTiKEHHIO OCHOBHUX MMapaMeTpiB, MOKA3HUKIB HAMIMHOCTI Ta
JAMHaMiKu (DYHKIIOHYBaHHSI TEPMOEJEKTPUYHUX 0XosoKyounx mnpuctpois (TEID) B
MpoIieci 1X BUXO/Y Ha CTalliOHAPHWH PEXUM POOOTH B Pi3HUX CTPYMOBHX PEXKMMAX PO-
60TU. 3ampOMOHOBAHO AMHAMIUHY MO/eh (DYHKIIIOHYBAHHS OXOJIOIKYIOUOr0 TepMOeie-
MEHTa, 1[0 BPAXOBYE MACy i TEMJIOEMHICTh 06’€KTa OXOJIOMKEHHS Ta KOHCTPYKTUBHUX i
texnoJoriunux enementiB (KTE). ITokasano, gk BiuBae TeroeMHuicts i Maca KTE na
Yac BUXO/Y IPHUCTPOIO HA CTAIliOHAPHUI pesknM po6oTu. Takosk AOCTiIKEHO AMHAMIKY
¢yrxmionysaraa TEIl 3 3amaHO0 KiTbKiCTIO TepMOEJEMEHTIB 3 ypaXyBaHHIM KOH-
CTPYKTHBHUX 1 TEXHOJIOTiYHUX eeMeHTiB. PosriasayTto mobymnoBy TEII 3 3amarum yacom
BUXO/ly Ha CTallioHapHUIl pekuM pobotu. [locuimxeHo BB Ha XapakTepuctuku TEIL
napaMeTpuvHux (haKTOPiB, TAKUX SIK CEPEIHBOOO EMHA TeMIlepaTypa TiJKH TepMoeJe-
MeHTa, e(DeKTUBHICTD BUXIHUX TEPMOETEKTPUYHIX MaTepiaJiB, KOMOiHAIlis TapaMeTpiB
BUXiTHUX MaTepiasiB NMpHU iXHiil OJHAKOBIN ePEKTUBHOCTI. PO3rISHYTO AMHAMIKY MPO-
1ecy BUXOAy Ha crarioHapamii pexkuMm po6otu TEII 3 ¢dikcoBanoo reoMerpi€io rijok
TEPMOEJIEMEHTIB 32 33aHOT0 TEIJIOBOIO HABAHTAKEHHA Ta Iepernaja TeMIlepaTypu.
OTpuUMaHO CIIiBBIIHOIIEHHS JJIS1 OIIHKH TEMIEPAaTypH TEIIONOTIMHAIOYOTO CIai0 B
nportieci Buxoay TEII Ha ctarionapuuii pexxuM. KpiM 11bOro, IIPOBEIEHO OIiHKY BILJIUBY
Ha auHaMmiky ¢ynkuionyBanusa TEII temnoBigBoanol 31aTHOCTI pagiaropa.

HayKOBIIiB,
CTIEIiaTbHOCTEN, IO 3aUMAIOTLCS NMUTAHHIMHU HAAIHHOCTI €JEMEHTIB eJeKTPOHIKH i B
oMy PEA, a TakoX po3poOKOIO i MPOEKTYBAHHAM TEPMOETEKTPUYHUX MPUCTPOIB.

~

a TaKOX CTYJAEHTIB BiANOBIJHUX

/
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SURFACE ZnSe:Ca LAYERS
WITH HOLE CONDUCTIVITY

The authors investigate the effect of treating n-ZnSe substrates with boiling aqueous Ca(NO,), suspension
on their electrical and luminescent properties. Base substrates were cut from bulk pure zinc selenide
crystals grown from a stoichiometric melt by the Bridgman method. It was found that the Ca-doping
of the substrates causes an almost complete “quenching” of the low-energy orange emission band with a

maximum near ho,,, .
band.

Keywords: zinc selenide, p-type conductivity, ionization energy, concentration, luminescence.

Despite the fact that zinc selenide has all the
necessary physical and technological parameters
for creating devices and instruments for short-wave
electronics, this material still remains outside the
scope of mainstream research. The main reason
for this is that obtaining crystals and (or) lay-
ers with hole conductivity and preferential edge
luminescence in the room temperature range is
technologically difficult [1]. This is due to the
large number of intrinsic and uncontrollable im-
purity defects, as well as the tendency of 11— VI
compounds to self-compensate, which ultimately
leads to preferential electron conductivity of
ZnSe [2]. Moreover, a theoretical analysis of the
defect formation mechanisms in cadmium and
zinc sulfoselenides allowed the authors of [3] to
determine the temperature value (700 K), above
which it is impossible to obtain impurity hole
conductivity in these materials using traditional
equilibrium methods. In such a case, therefore,
p-type layers must be created by lower-temperature
nonequilibrium methods — laser annealing, ion
implantation, annealing in activated chalcogen va-
pors (or a combination thereof) [2]. A significant
breakthrough in obtaining p-ZnSe was made by
the authors of [4, 5], who suggested doping ZnSe
layers created by molecular-beam epitaxy with
nitrogen, activated by a radio-frequency discharge.
It is this technology that made it possible to cre-
ate the first blue-green laser structures based on
IT— VI compounds [6].

Further studies have shown that the efficiency
of doping with the desired type of impurity (ac-

~ 1,95 eV and a significant increase in the efficiency of the edge blue luminescence

ceptor or donor) can be significantly improved
by the simultaneous introduction of an opposite
type of impurity [7, 8]. On the other hand, the
end result of this co-doping is difficult to predict,
since the complex process of defect formation
depends on many factors, i.e., the technology for
producing the base material and the ensemble of
point defects, the method and mode of introducing
compensating impurities, as well as their type and
combinations. etc. In this regard, all the methods
discussed above are far from simple, hard to pre-
dict theoretically, require complex and expensive
equipment, as well as extra annealing of defects
created due to the exposure to laser or ion fluxes.

With this in mind, doping these compounds
with isovalent impurities (IVIs) exhibiting a sig-
nificantly different behavior from that of typical
donor and acceptor impurities [4, 5, 9] may be
promising. One of the features of an IVI is that
it generates its intrinsic point defects (IPD) of a
certain type, not always creating their own local
levels in the forbidden zone of the semiconductor.
The type of TPD (donor or acceptor) determined
by the electronegativity factor X, and the atom
of a semiconductor compound replacing it, and the
concentration of the resulting IPD can be commen-
surate with the concentration of the introduced IVI
[6]. Using the results of [5, 6], we can conclude
that inequation X, < X, must be fulfilled to
generate self-defective acceptor centers. This con-
dition is true for a number of elements from group
IT of the periodic table (Be, Mg, Ca, Ba), whose
integration into the cationic (zinc) ZnSe sublattice
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stimulates the appearance of additional zinc vacan-
cies V, and interstitial selenium Sei. Our choice
of calcium as an IVT is based on the fact that the
difference in the electronegativities of Ca and Zn
are fairly strong [5], and the solubility of calcium
salts in water is the highest compared to similar
salts of the other elements mentioned above [10].

Another feature of the IVI is an increase in the
edge radiation efficiency, whether the energy zone
structure is direct or indirect [11, 12]. This effect,
in particular, is observed experimentally in single-
crystal CdTe and ZnSe substrates doped with
group II elements with magnesium and calcium [7,
15]. Note that, regardless of the type of IVI used
(Mg and Ca) and the method of its introduction
(vapor phase or solution), the luminescence spectra
is dominated by the edge emission band at a doped
substrates temperature of 300 K. In our opinion,
the conclusions the authors of these works made
about the hole conductivity of the obtained layers
was not sufficiently substantiated.

Thus, in this study, we analyzed the electro-
physical properties of the ZnSe:Ca diffusion layers,
using the above-considered mechanisms for the
formation of acceptor centers and the determina-
tion of their main parameters.

Samples and research methods

The substrates were 4x4x1 mm plates cut from
a bulk ZnSe crystal grown from a stoichiometric
composition melt. In the room temperature range,

11075, A
371 1
2+
! [¢] © 2.
(<10%)
| |
1 2U,B

Fig. 1. I—V characteristics of the ZnSe:Ca layer with
Ni contacts (1) and the substrate with In contacts (2)
obtained at 300 K

(insert presents a schematic drawing of the substrate after
annealing)

the substrates had a weak electronic conductivity
of 6, = 107 Q ecm™'. Before doping, the plates
underwent mechanical and chemical polishing in
solution CrO5:HCI = 2:3, which gave their surface
a mirror-like aspect. Doping was carried out by an
hour-long annealing of the substrates in a boiling
aqueous suspension of the Ca(NO,), salt. After
that, their surface layers changed the electron
conductivity to the hole one, which is confirmed
by the signs of thermoelectric power and by the
fact that the contact becomes rectifying. Then,
Ni was sprayed onto one of the large sides of the
plates in strips, which served as ohmic contacts
(OC) to the finial layer. A schematic representa-
tion of the substrates that have passed the stage
of annealing and OC deposition is shown in
Fig. 1 (see insert).

The linearity and symmetry of the current-
voltage characteristics (/ — V) shown in Fig. 1 of
the Ni contacts confirms their resistivity and the
hole conductivity of the obtained layers (for clar-
ity, the values of the parameters of dependence 2
are multiplied by 103). At the same time, similar
contacts to n-ZnSe substrates have non-linear I — V
characteristics, which indicates the presence of
a potential barrier between nickel and zinc sel-
enide layers. Meanwhile, the above experimental
facts are not at all consistent with any of the
metal-semiconductor contact models (Schottky or
Bardeen) [16], which calls for additional research
beyond the scope of this work. Fortunately, this
does not prevent us from determining a number of
parameters of the obtained layers, in particular,
the ionization energy E, and concentration N, of
electrically active acceptor centers. The former can
be found from the temperature dependence of the
specific conductivity.

Electronic conductivity o, or resistance p, are
related to the concentration p, and mobility p, of
equilibrium holes by a simple ratio [17]

o, =1/p, = ewp,. (1)

Note that the dependency o,(T) is actually
determined by the stronger dependence of the fac-
tors in (1) that vary with temperature according
to the law [17]

w(T) ~ T"; py ~ T% *exp(=E,,/ (nkT)). (2)

Here m changes from —3 /2 to 3,/2 depending
on the scattering mechanism, and n=1 or n=2 for
a strongly or slightly compensated semiconduc-
tor. Note also that in our case it is much easier to
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Fig. 2. Temperature dependence of the ZnSe:Ca

diffusion layer resistance

measure the resistance of the layer R , which then
allows you to easily calculate p; (or o,) according
to the formula

pp=1/<5p=Rps/l=Rplod/l, (3)
[, d — length and thickness of the diffusion layer;
I, — width of the Ni contact (see the insert in Fig. 1).

The correctness of this approach is due to the
fact that the diffusion p-layer is isolated from the
substrate by an n-ZnSe i-layer with the lowest pos-
sible conductivity, which electrically unties them.
The ionization energy of electrically active centers
in the p-layer can be found using expressions (1)
and (2), assuming that ¢, (T) is determined mainly
by the exponential factor, i. e., actually by p,(T).
This is confirmed by the data in Fig. 2, which
shows that the experimental dependencies Rp(T),
plotted in coordinates In R, - 103/ T, are straight
lines with the energy slope corresponding to the E,
slope. The calculated values of the activation ener-
gies with regard to the weakly compensated p-layer
are given in Table and correlate with the depth
of the acceptor levels of alkali metal impurities
E,~ 110—120 meV and singly charged zinc va-
cancies Vy, from E, = 150 —200 meV [2, 17]. The
uncontrolled alkali metal impurities are likely to
be present in small quantities in the Ca(NO,), salt.

The main parameters of p-ZnSe:Ca layers

Using the parameters at the break points B, and
B, on the curve of Rp(T) dependence at which the
Fermi level crosses the level of the correspond-
ing center, we can determine the concentration
of electrically active acceptor centers using the
formula [17]

N,=N_ exp(-E, /(kTp)). (4)

Effective density of state in the N, valence
band is easily calculated by the formula

N, =2(2mmkt / 12) (5)

If we know that, for ZnSe, m; =0,6m, [2],
we can calculate that N, = 810! ¢cm™ (for 300 K).
We can then find N, given its dependence on 7" and
the corresponding E, and Tj values (see Table 1).
Due to the absence of a horizontal plot on the
graph of the dependence RP(T) corresponding to
the “depletion” of the acceptor center, the free
holes concentration should be calculated by the
formula

pO ~ \/NuNa1 / 2 - €Xp (_Ea1 / (ZkT)) (6)

Substituting the required values of N, N,
E, and T =300 K into formula (6), we find that
po =810 c¢cm™3, which, given the hole mobility
W, = 30 cm?/(V-s) [2], leads to the conductivity
value 6, =4 Q -em™!. The diffusion layer thickness
is easy to find by substituting the experimental
and calculated parameters [, [, Rp and o, into
expression (3). For this sample, the diffusion layer
thickness was determined to be approximately
0.15 um.

In conclusion, we note that a sufficiently high
hole conductivity of the obtained layers cannot
be due to the new chemical compound formed as
a result of treatment in the Ca(NO,), aqueous
suspension. This is confirmed by a number of ex-
perimental facts. Firstly, the differential reflection
spectra of the base and doped ZnSe substrates are
identical, which indicates that their energy band
structures are the same [15]. Secondly, there is a B
band in the photoluminescence spectra of ZnSe:Ca
layers, the shape and energy position of which
are similar to the edge emission band of the base

Euo | Eg | Tpis [T | Naps N9 Po» d,
Parameter | oV Imev| K | K | em® | em? | em™ pm
Value 110 | 200 | 320 | 380 | 1,6:10'8| 3-10'7 | 8:10'7 | 0,15
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Fig. 3. Luminescence spectra of base (1) and Ca-doped (2)
n-ZnSe substrates obtained at 300 K

substrates (Fig. 3, for clarity, the values of the
parameters of dependence 2 are multiplied by 0.2).

Of particular practical interest is the fact that,
in doped samples, the B-band is dominant, and
its efficiency at 300 K is almost an order of
magnitude greater than it is in base substrates
(see Fig. 3). Therefore, we can assume that the
observed transformation of the emission spectra is
associated with the rearrangement of an ensemble
of point defects in ZnSe, caused by the introduc-
tion of Ca impurity. We also draw attention to
the fact that the exciting radiation of the N,-laser
(%,,~ 0,337 pm) penetrates to a depth of less than
0.1 um, as a result of which it does not excite
the luminescence in the base substrate and the
observed emission spectrum is actually determined
by the ZnSe:Ca layer diffusion (curve 2 in Fig. 3).

Conclusion

Thus, the research results convincingly indicate
the possibility of creating p-type surface layers on
n-ZnSe substrates by annealing them in a boiling
aqueous suspension of Ca(NO,), salt. In this case,
the conductivity is controlled by acceptor centers
with activation energy values of 0.11 eV and
0.2 eV and estimated concentration of 10'® and
3-10'7 cm™3, respectively. The presence of an effec-
tive edge emission band at 300 K in the lumines-
cence spectra of ZnSe:Ca layers is also practically
important. Further research, in our opinion, should
be focused on studying the mechanisms of defect
formation and luminescence, as well as directly
determining the thickness of diffusion ZnSe:Ca
layers and holes in them.
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ITOBEPXHEBI HIAPU ZnSe:Ca 3 AIPKOBOIO ITPOBIAHICTIO

HAocridxkeno eniue 06pobxu niokaaounok n-ZnSe 6 kuniauii 6o0nii cycnensii coni Ca( NO;), na ixui exexmpuuni
ma mominecuenmui eaacmueocmi. Bazosi nioxaadunxu eupisaniuce 3 06’ emnuux 0e300MIWKOBUX KPUCALIE
cenenioy UKy, eupowenux memooom bpidixmena i3 posniasy cmexiomempuunozo ckaady. Bemanoeneno, wo
06pobra npuzeodums 00 noscu 6ipf<060i' nPosIOHOCE NOGEPXHESUX ULAPIE NIOKAAOUHOK, GeauduHd Kol 3d
300 K cxaadae o, ~4 On!-cm™!. Bnauenns enepeii ionizauii eiexmpuuno AKMUSHUX AKUENMOPHUX UeHMPIs,
3uatioeni 3 memnepamypuoi 3anexKHocmi onopy R, rezoeanozo karvyicm wapy ceﬂemay yunKy, dopisnioromo
E, = 0,11 eB ma E_,, = 0,2 eB. 3nauenus 1xmx KOHUEeHMpayill, po3paxoeani 3 GpdxyeaHHﬂM xapcmmepf
HUX MOUOK 3AAMY HA 2pADIKY 3ANeKHOCII R, (T), cxaadaiomy 0asn 6idnosionux yenmpise N, = 1,6:10'8 cu™
ma N,, = 310" cu™. Ouinouna KOHueHmpaum BLIGHUX OIPOK 6 OMPUMAHUX WAPAX 34 300 K aopzemoe
Py = 810" cym?. Bemanosaeno, wo aezysans noOKAAOUHOK KATOUIEM BUKIUKAE NPAKMUUHO NOBHE <2ACTHHS>
HU3LKOEHEPZETNUUHOT NOMAPAHUEBOT CMY2U BUNDOMIHIOBAHHS 3 MAKCUMYMOM nobausy ho, = 1,95 eB i 3naune
36ivuwenns epexmusnocmi Kpauwoeoi 6AaKUmMHOT cMyeu JOMIHECUEeHYil.

max

Knouosi crosa: cenenio yunxy, 0ipkosa nposionicmo, enepeis 10Hi3ayii, KOHYCHMPAyis, JOMIHECUEeHUIs.
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ITOBEPXHOCTHBIE CJIOU ZnSe:Ca C JBIPOUYHOI ITPOBOJNMOCTbBIO

Hecceaedosano enusmnue obpabomiu nooroxex n-ZnSe e xunsueti 600noti cycnensuu coru Ca(NO;), na ux srex-
mpudeckue u aoMunecyenmnvie ceoticmed. baszoevie no00I0KKU 6bIpe3asuct u3 006eMHbIX OECIPUMECHBIX KPU-
CMANA08 CeleHUOd UUHKA, 6bIPAWeHHbIX Memodom Bpudxmena uz pacniasa cmexuoMempuueckozo coCmasd.
Yemanosaeno, umo o6pabomxa npusodum x noseaenuto Obipounoll nposooUMOCHIU NOGEPXHOCHBIX CI0e6 NO0-
n0Kex, seauuuna komopot npu 300 K cocmasasem o, = 4 Onl-em™!. Snauenus snepeuu uonusayuu s1exmpu-
UECKU AKMUGHBLX AKYENMOPHVLX UCHMPOS, HATIDEHHbIE U3 MEMNEPAMYPHOU 3AGUCUMOCIU COnpomusLenus R, ne-
2UPOGANI020 KANLYUEM CLOSL ceaenuda yunxa, pasuvt E,, = 0,11 aB u E_, = 0,2 2B. 3nauenus ux KOHueHmpd*
yutl, paccuumanmwle c yuemOM xapafcmepmnx mouex USJZOMd Ha 3a6ucuMocmu R ( T), cocmasasiom 0as coom-
eemcmeyrowux uyenmpos N, = 1,610’ cu™® u N, = 3107 cm™. Ouenounas KOquHmpauuﬂ €606001bIX Obl-
POK 8 NONYUEHHBIX CIOAX npu 300 K paena p, = 8 1 0"7 cm3. Yemanosaeno, umo zezuposanue nO0N0KEK KATb-
Uuem 8bl3vi8dem NPAKMUUECKU NOJIHOe <2dULeHUE» HUIKOIHEP2eMUUeCKOll OPAHKesol NOJIOCHL USAYUeHUS C MAK-
cumymom 66ausu hw,,. = 1,95 3B u 3nauumenvnoe yeeauuenue dppexmuenocmu Kpaesou zoaydol noiocul
JHOMUHECUECHUUU.

max

Kmoueswvie caosa: cenenuod UUHKA, aprOHHaﬂ npoeoaumocmb, IHepZUsl UOHUIAUUU, KOHUEHMPAUUS, TTOMUHECUCHUUS.
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BBICOKOMH®OPMATUBHBIM KOMILJIEKCHBIN
METO/I OIIPEJAEJEHUA TUIIA MOTOPHOTO MACJIA

DKcnepumMenmanvHo NoKA3AH0 HAJULUEe KOPPEAAUUOHHDLY 3AGUCUMOCTNEN MEKDY MUNOM MOMOPHOZO MACAA
u ezo peppaxmomempuueckumu u nexmpogusuveckumu xapaxmepucmurxanu (Kodgpuyuenmom nperom-
JleHUsL, YOCNLHLM CONPOMUBLEHUEM U OUILEKMPUUECKOU NPOHUYaeMocmyio). TIpedaosxenvl cnocobul onpe-
oenenus muna MOMOPHOZ0 MACAA, OCHOBAHHbIE HA USMEPEHUU YKAZAHHBIX XAPAKMEPUCTIUK, d MAKKE NPO-
MOMUNLL NOPMATMUBHBIX USMEPUTNETLHLLX YCMPOUCcme, pedrusyiowue smu cnocodwvl. ITokasano, wmo mou-
HOCMb Udenmuuxayuu munda MOMOPHOZO MACIA 3HAUUNENLHO YBEAUUUBAECA NPU O0HOBPEMEHHOM Yueme
YKA3AHHBIX PUIUYECKUX XAPAKMEPUCTUK.

Kuioueswvie crosa: umnedancuas CNREeKmpocKonus, noeepxﬂocmezﬁ NAA3ZMOHHDBLU PE3OHAHC, MOMOPHOE MdAC-

Moropnaoe macaio (MM) gaBisgercs OgHUM U3
OCHOBHBIX (DYHKITMOHAJHHBIX 3JIEMEHTOB J[BUTATEJIS
sHyTpennero cropanus (JIBC), onpeznensionum ero
HETIOCPE/ICTBEHHYI0 paGoTy, U3HOC JieTaieil 1 CPOK
AKCILTyaTallK. JTO, B CBOIO OYEPE/lb, TIPEAbSBIISICT
MOBBIIIEHHbIE TPEGOBAHUS K KAuyecTBY U COOTBET-
cTBUI0 MM 3asBJIEHHBIM TIPOU3BO/IUTEIEM SKCILITY-
aTaIMOHHBIM XaPAaKTEPUCTUKAM, OIIEPATUBHbII KOH-
TPOJIb KOTOPBIX TT03BOJIsIET Hanbosee dpdHekTHBHO
npoBoauTb akciryaTaiuio [[BC. OcHOBHBIME KpU-
TEPUAMU KauecTBA BblIIycKaeMoro MM gBisioTCs
3HAYEHNS ero KHHEMATU4YeCKOH BSA3KOCTH, COOTBET-
crBytonue pabore [[BC B pa3inuHbIX TeMieparyp-
HBIX PeKMMax: MPHU 3alyCcKe W B PeXuUMe TIporpe-
TOTO /BUTATEsS. BBIAESIOT MUHEPATbHBIE, TOJIY-
CUHTETUYECKUE W CUHTETUIECKHE MACJa C COOTBET-
CTBYyIoIEH KJaaccudukaimeir KHHEMaTH4eCKO Bsi3-
koctu 1o SAE (Society of Automotive Engineers):
15W-40, 10W-40 n SW-30.

CranmapTHble BUCKO3UMETPUYECKUE METO/IbI
KOHTpOJIs KuHeMaTnueckoi Baskoctu (ISO 3104-94
v JIp.) HE Y/IOBJETBOPSIOT KPUTEPHSAM MIPOBEACHUS
3KCIIPECCHOTO aHAIN3a, MMOCKOJIbKY TPYAHO MOJ/a-
I0TCS aBTOMATU3AIH, TPEOYIOT 3HAYNTENbHBIX 00D~
eMOB TIP0o0, 3aTpaTHbI 110 BPEMEHU M UCIIOJIb3YIOT
rabaputHoe 060pyZ0BaHNE. JKCIPECCHBIC METO/IBI
KOHTpOJsI MM cBsi3aHbl, KaK IPaBUJIO, ¢ HAXOXK/Ie-
HIEM KOPPEJSIMOHHBIX 3aBUCUMOCTEH MEXIY WH-
TepecyIoleil IKCILTyaTallMOHHOM XapaKTePUCTUKOM
7 HEKOTOPBIM (PU3MUECKUM TTapaMeTPOM, KOTOPBIH
MO>KHO OTIEPATUBHO W3MEPUThH. /|71 omepaTHBHOTO
onpejeIeHnsT KUHeMaTuueckoil Bsaskoctu (ruima)
MOTOPHOTO MacJia HAMU TPEJJIaTraeTcss MCII0JIb30-

70, yae/szoe conpomueienue, auaﬂeicmpuuecxaﬂ nponuuyaemocmao, Koacbd)uuueﬁm npejlomMienus.

BaTb JBa 3JIEKTPOPU3MUECKUX MTapaMeTpa — yJIeJib-
HOE COINPOTUBJIEHUE W JMIJIEKTPUUYECKYIO TPOHU-
11aeMOCTb, M OJIUH ONTHYEeCKUH — Ko3(pPuUImeHT
npesoMJieHus. llpeanosoxenne o CymnecTBOBAHIN
KOPPESAIMOHHON 3aBUCUMOCTHA MEKAY KMHEeMATH-
YeCKOl BA3KOCTbI0 MM 1 eTo y/IeTbHBIM COITPOTUB-
JIEHUEM cJieiyeT u3 o61mux Gpuanieckux coobpaxe-
HUI: ueM GOJIbIlle BSI3KOCTb JKUJKOCTU, TeM 0OO0JIb-
1TIe 3aTPY/IHEHO JBUKEHNE HAXO/ANNXCS B HEll HO-
cuteneli 3apgaaa. Hammdme ske KOppessaimm MexIy
BSI3KOCTBIO W TUIJIEKTPUIECKON TTPOHUIIAEMOCTHIO,
a Takyke K03 PuIlmenToM npenomyieHnst MM o0y-
CJIOBJIEHO Pa3JNYUSIMH XMMHUYECKOTO COCTaBa pac-
CMaTPUBAEMbIX THIIOB MM — BBICOKOMOJIEKYJISIP-
Hble HACBIIEHHbIE ITUKJINYECKUE U apOMaTHUeCKUe
YTJIEBOJIOPO/IBI B COCTaBe MUHepaJbHbIXx MM [1],
nosroJiecpuHb! 1 osuadupst hocdopHoit 1 Kpem-
HEBOI KHCJOT B COCTaBe cuHTeTnueckux MM [2]
1 UX CMech KaK OCHOBa IOJyCHHTeTH4Yeckoro MM.

enpio qanHoil paboThI SIBJISLIACH TIPAKTHYECKAS
peanm3aius BbICOKOMH(OPMATUBHOTO KOMILJIEKCHO-
ro Merojia onpeneneHud tuna MM, OCHOBaAaHHOTO
Ha M3MEePEeHNN YKa3aHHBIX XapaKTEPUCTUK, C M3TO-
TOBJIEHHEM U anpobalueil COOTBETCTBYIONUX TOP-
TATUBHBIX U3MEPUTEJNbHBIX YCTPONCTB.

OcoGenHocTu u3MepeHust 3J1eKTpodpusnIecKux
XapaKTepPHCTHK MOTOPHBIX MaceJ

[To cBOMM 3JIEKTPUYECKUM CBONCTBAM MOTOPHBIE
MacJia OTHOCSITCS K KJIacCy KM/KUX JUDJEKTPUKOB.
B cooTBETCTBHU € PEKOMEH/IAIUSAME MESK/YHAPO/I-
HOI anekTporexunueckoii komucenu (IEC) usme-
peHus 3IeKTPOPU3NUECKUX XaPAKTEPUCTHK HJIEK-
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TPOU3OIANMOHHBIX JKUAKOCTel (B TOM umcae Mo-
TOPHBIX MaceJ1) IPOU3BO/IUTCS 10 METOIUKAM, OITH-
caHubIM B [1, 2].

B [3] npennaraercs onpeaenenne JuaaeKTpuie-
CKOU TIPOHUIIAEMOCTH € U Y/IEJbHOTO COMPOTHBJIE-
HUS p IIO pe3yJbTaTaM U3MEPeHUl 3JeKTPUUYECKOi
emMkoctu C 1 cOnpoTuBjeHns R KOH/€HCATOPHOM
3JIEKTPOXUMHUYECKON SUYEeKH, 3aI0THEHHON rccJe-
nyeMoil sKuakocTbio. HemocTtaTkoMm aTOTO CIOCO-
6a SBJISETCS WCIIOJIb30BaHNe ITOCTOSTHHOTO BHEII-
HEro HaIpsiKeHUsl, TMPUKJIAIbIBAEMOTO K 3JIEKTPO-
JlaM STYEfKM, TIOCKOJIBKY B JIAHHOM CJIy4yae TIpUa-
JieKTpo/ibie 3(P(EKThI HA TPAHUIIE PA3/IEJIa «IJIeK-
TPOJI — KUAKOCTb» JOCTATOYHO CUJIBHO MCKAKAIOT
pe3yJIbTaThl U3MEPEHWH YAeIbHOTO COTIPOTUBIIEHUS
uccseayeMoro pactBopa (IOrperHocTb u3MepeHuii
Moxxer gocturatb 100%).

B [4] emKoCTHOI TOK U TOK IIPOBOJAMMOCTU U3-
MepSIOTCS TIPU TIPUJIOKEHUU K UCCJEIyeMOMy 00-
pasily IIepeMEeHHOT0 HAIPSKEHUS Tpariellen/IaabHO
¢ OopMBI, UTO CYIIECTBEHHO CHIKAET BJIUSHUE MPU-
3JIEKTPOIHBIX adpdeKkToB. EMKOCTHOH TOK ompee-
JISIOT BO BpeMs pocTa,/ craja HalpsKeHWs, a TOK
MIPOBOANUMOCTH — B IepUO CTaGUIbHOCTU HAIIPSI-
skenust. [Tomo6Hoe BpeMeHHoe pas/eieHe COCTaB-
JITIONUX TTOJTHOTO TOKA YIIPOIIAET MPOIELypPy W3-
MepeHUs €MKOCTH U COIPOTUBJIEHUS 3JIEKTPOXU-
MUYECKON STYEHKN U COOTBETCTBYIOIINX UM 3HAue-
HUHN AMDJIEKTPUYECKON TTPOHUIIAEMOCTH 1 YeTbHO-
ro compotuBJenusa. HemoctaTkoM TaHHOTO CIIOCO-
6a, Kak U TPEebIAYIIEro, SBJSETCS MPUHIUITNAb-
Has HEBO3MOYKHOCTb IIOJIHOTO WCKJIIOYEHUS BJIM-
SHUS TPUAJIEKTPOIHBIX IPOIECCOB HA PE3YJbTa-
TBI M3MepeHUil, TOCKOJbKY BeJnYmHa R ompese-
JISeTCST Ha MHTEPBAJIaX C MOCTOSHHBIM 3HAUEHHEM
BHEIIHEr0 HAINPSIKEHHs, T. €. B KBa3UCTaI[MOHAP-
HOM pexxkume. [Ipu 3TOM NOrpentHocTb u3MepenHust
BeJIMYMHBI R, 110 HAlIUM JaHHBIM, MOJKET COCTaB-
asarb qo 10 —15%.

[y onipeneneHust IMaJIeKTPUYECKO TpOHUIIae-
MOCTH U Y/IeJIbHOTO COITPOTUBJIEHUS Mbl IIPE/IJIAaraeM
HCIIOb30BATh CUHYCOUIATbHBIN TTepEMEHHBIN TOK,
YTO B ITOJTHOHM Mepe MCKJIOYAeT BJIMSHNE MPUIJIEK-
TpoJAHBIX 3(hEKTOB Ha TPOIECC TIepeHoca 3apsia
yepes3 sUeiiKy 6Jiaroiapsi OTCYTCTBUIO BPEMEHHBIX
YYIaCTKOB C TIOCTOSTHHBIM 3HAYEHUEM HATPSIKEHUS
Ha Heli. B aToM ciydae mporekaronuil aaexkTpuye-
CKUIl TOK MMeEeT aKTUBHYIO U PEAKTUBHYIO COCTaB-
JISIONTHE, TIO9TOMY JIJIST ONIpe/ie/IeHNs BeTnIuH R u
C HeoOX0UMO U3MEPHUTDH IIOJHOE CONPOTHBJIEHIE
(uMrie1aHC ) UCTIO/Ib3YEMOiT KOH/IEHCATOPHOM 2JIeK-
TPOXUMHUYECKON STUEHKM.

B mpeamosnoskenun 1BYyX3JIeMEHTHON 3KBUBa-
JICHTHOU CXEMbl TaKOM S4YelKHU, 3al0JIHEHHOH 00-
pasioMm MM [5], ana akrusnoii (Re) n peakTus-

moii (Im) cocTaBSIOMNX MMTIeaHCA MOKHO 3aITH-
caTh CJEAYIOIINe BbIPAKEHNU:

R

6= ———: 1)
ARPCPR*V? +1
2nCR?v
m=——oH8%7—" 2)
A7PC?RWV? +1

rae v — 4YacCToTa IIEPpEMEHHOI0 TOKa.

Vsmepus Re u Im, us cucremsl ypasaennii (1) u
(2) MoxxHO onpeeTh CKoMble 3Hauenns R u C, a
3HAasI ILIOINA/(b 3JIEKTPOAOB S U paccTosiHHE d MEXK-
Jly HUMU, HAWTU 3JeKTpoU3NYecKue mapaMeTphl
JIU3JIEKTPUYECKOI TPOHUIIAEMOCTH U Y/IEJTBbHOTO CO-
MIPOTUBJIEHUS UCCJIEYEMON TIPOODI:

e dC. S (3)
S g, d
S
:R_» (4)
PR

€ €y — AUBJICKTPHUYECKAs IIPOHUIIAEMOCTD BaKyyMa.

N3amepuresbHasi cxemMa, peajn3yomast
PeIJIOKEHHDI coco0 OnpeaeaeHus
aaekTpodusnYecKux xapakrepuctuk MM

Usmepenne nmnenanca MM 1poBoANIOCH TI0
cxeMe, rokaszanHoi Ha puc. 1. I'eneparop I' osa-
eT Ha JeJUTe]Ib HanpsoKeHnus (COCTOSIMIT U3 KOH-
JIEHCATOPHOM sueiiku Z, 3all0oJIHEHHOU uccienye-
MbIM MM, U CONPOTHBIIEHHSI HATPY3KH R, ) BXOJ-
HOE CUHYCOUJIAJIbHOE HANpsDKeHue (PUKCUPOBAH-
HO#1 4aCTOTHI.

BxomHoe u BBIXOJHOE HAIPSLKEHUs IeJHUTe-
JiS CUHXPOHHO OIU(POBYIOTCA ABYXKaHAJIHHBIM
a"asoro-udposbiM peobpasosatesem (AII) u
MOCTYTIAIOT HA BXOJ] YCTPOWCTBA MATEMAaTUYECKOI
o6pa6orku (YMO) BXOAHOrO ¥ BBIXOJHOIO CUI'HA-
JIOB, TJIe OTIPeJIeJITIoTC uX aMIutyasl A, B u da-
30BbIil caABUT A@. BXoaHOe M BBIXOJHOE HAIPSIKe-
HUS CBSI3aHBI COOTHOLIEHHEM

U

Uin — out Z,
Z+R,

ALII | YMO (— 5BM

= s

Puc. 1. Bsok-cxemMa MOPTAaTHBHOTO W3MEPUTENS
uMIeaHca
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rae U,

in? Uout — KOMILJIEKCHbIEC 3HaY€HHUA BXOJHOIoO MU

BBIXOHOTO HAIPSDKEHUS  JICJUTEJI,
Uin=A-exp(]Qt),
U, =Bexp(j(wt+Ae)).

Z — moJaHoe comnporusaenue (uMmenanc)
STYEHKH.

out

OTCIO,ZZ[a ImoJsrydaeM BbIpasKeHue

Z= R,

%exp(jA(p) -1 ,

(4)

Kylla BXOAAT 3Hauenust A, B, olpeiesieHHble
YCTPONCTBOM MaTeMaTU4eCKoil 06pabOTKH, U C/IBUT
da3 A¢ Ha PUKCUPOBAHHON YACTOTE U3MEPEHUIA.

OtMeTuM, 4TO JIJIST TPEJAOTBPAIIECHUS ITYyHTHPYIO-
11ero BJAMSIHUS BXOAHBIX KackaJoB ALl Ha pesyJib-
TaTbl U3MEPEHNI UMITeJaHCA BBICOKOOMHON KOH/IEH-
CaTOpHOI siueliku onu@pPoBKa BBIXOJAHOTO HATIPSI-
JKEHMST JIeJINTEJIS IPOBOIUTCS IIOCJIE TTOBTOPHUTES
HaIPSKEHUST Ha OCHOBE INPENU3UOHHOTO OIepaliu-
OHHOTO YCHUJIUTEJISI CO CBEPXHU3KUM BXOJIHBIM TO-
koM (OPA129). Takske /il yMEHbIIEHUST BIUSHUS
Ha pe3yJIbTaThl U3MePEeHNH «3(PUPHBIX» MTOMEX BbI-
MOJIHEHO 9KPaHNpOBaHue Bcell U3MepuTeIbHON cXe-
Mbl. /{7151 onipesiesieHust y/1eJIbHOTO COITPOTUBJIECHUS
U IM9JIEKTPUYECKOI TTPOHUIIaeMOCTH 06pa3iioB MM
ObLJI UCIOJIb30BaH HMOPTATUBHBIN M3MEPUTENb HM-
nexanca [6], msrorosaennsiii B MMDII um. B. E.
Jlamkapésa HAH YkpauHbl B COOTBETCTBUH C IIPU-
BEJIEHHOI BbIIIEe OJIOK-CXEMOI.

Ha puc. 2 npejcraBjieHbl TUTIOBBIE IKCTIEPUMEH-
TaJbHbIE YACTOTHDBIE 3aBUCHUMOCTU COCTABJISIONUX
MIIeIaHCca [IUJINHAPUIECKON KOH/IEHCATOPHON sTUeii-
KM, 3aT0JTHEHHOU o6pasiioMm MM, u anmpokcuMupy-
TOIIe UX KPWBbIE, COOTBETCTBYIONINE MO/IEJTbHBIM
soipaskernam (1) u (2) 11a [ByX2J1eMEHTHOM 9KBH-
BaJIEHTHOI CXeMbI SJ4eiiki. PacueTHble 3HaUeHMSI T1a-
paMeTpoB: yaeabHoe cotripotuBienue 26,53 [Om ey,
JIU3JIEKTPUYeCcKas mocTosguHas 2,38.

Kak BuanO u3 puc. 2, ONTUMAJIbHBIM AJSI W3-
MEPEHUN UMTEeAHCa SBJISETCS YaCTOTHBIN WHTEP-
Bas 10—100 T'u, u npu onpenenenun anaeKTpodu-
3WYECKUX XapaKTepucTuk MM mocTaTouHO IIPOBO-
JINTH N3MEPEHUs Ha O/[HO¥ (DUKCUPOBAHHOI YaCTO-
Te W3 TOTO auara3ona. B cBoio ouepennb, MPaKTH-
YeCKH TIOJTHOE COBIAJI€HUE SKCIIEPUMEHTAJIbHBIX U
MOJIETbHBIX KPHUBbIX (BemunHa CpeaHeKBagpaTh-
YEeCKOTO OTKJIOHEHUSI B ONTHMAJbHOM YACTOTHOM
Juanasone He npesbimaer 0,7%) CBUIETENbCTBY-
eT 06 OTCYTCTBUM BJIMSIHUS TPUIJIEKTPOJIHBIX 3(]-
QeKTOB Ha TIPOIECC TMTPOXOXKIEHUS 3JTEKTPUIECKO-
TO TOKa Yepe3 KOHAEHCATOPHYIO sT9eliky. B mporus-
HOM CJIydyae B 5KBHBAJICHTHOH cxeMe S4elKu Kpo-
Me napameTpoB R u C npucyrcrBoBasiu Obl U APY-
rue KOMIIOHEHTHI (éMKOCTb JBOWHOIO 3apsioBOrO
CJI0SI, COTPOTUBJIEHUE TIepeHocy 3apsija, auddy-

a)

s —w— OKCIIEpUMEHT
O 5 _A_ ATIPOKCHMAIIU
E
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a'd

[}

=

g 14

=
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=

=
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Puc. 2. TumoBble akciepuMeHTATbHBIE YACTOTHBIE 3aBU-
cumoctr aktuBHON (@) 1 peakTusHOl (6) COCTaBAAIOIMX
UMITIe/IaHCca TIUJIMH/PUYECKOI KOHJEHCATOPHON sSTYeiiku,
3anosiHeHHO 06pasiiom MM Akvilon CLASSIC 15W-40

3MOHHBIII UMIEAHC), a alllPOKCUMAINs SKCIIEPU-
MEHTAIbHBIX AaHHbIX Bbipaxkenusmu (1), (2) ne
ObLj1a 6bI CTOJIb TOYHOM.

Omnpenenenne xapakrepuctuk MM ontuyeckum
MeTO/I0M

OcHoBHbIMU U HanboJjiee PaCIPOCTPAHEHHBIMU
ONTUYECKUMI METO[aMHU JIUArHOCTUKKM KauyecTBa MO-
TOPHOTO MacJia siByisieTcsi doromerpus [7], dayo-
peciieHTHbI ananu3 [8], mHppakpacHas Dypbe-
cuekrpockorust [9, 10] u aromHo-aGcopOimoHHast
criekrpomerpust [11]. OHako HU OIMH U3 HUX HE MO-
JKeT ObITh UCIIOJIb30BAH JIJIsI IIPOBEJIEHUS KCITPECCHO-
ro aHa/m3a MM, TIOCKOJIbKY MO0 He 00JIa/1aeT J0CTa-
TOYHOHN TOYHOCTBIO U3Mepenuii (dhoromerpus), 6o
TpeOyeT CIOKHOTO U JIOPOTOCTOSIIIETO 060PY/IOBAHUS .
AJbTepHATUBHBIM METOJIOM iMarHocTuku MM gBaig-
€TCs1 METO/l, OCHOBaHHbII Ha 3¢ deKTe IOBEePXHOCTHO-
ro nazmonnoro pesonanca (IIP) [12]. TIpu6opsr,
UCIIOJIb3YIoIue B cBoeil pabote sisyienue T1T1P, uys-
CTBUTEJTBHBI K MAJIBIM KOHIIEHTPAIIUSIM UCCJIETYEMbIX
serects (0,01 —2 ur /min) [13, 14] u xapakrepusy-
IOTCSI BBICOKOU TOYHOCTBIO u3Mepenuii [15].
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Puc. 3. Onrrueckas cxema B reomerpun Kpeumana [16]:

! — nasep; 2 — 1mpusMa; 3 — MeTaJIMyecKas ILIEHKA;
4 — doronpueMHUK

s vabmonenust spieans [P ucnosbayior
onTuYecKkyio cxemy KpeumaHa: MOBEpPXHOCTHbIE
IJTA3MOHBI BO36Y K/IAI0TCS B TOHKOI MeTaJIJTMIeCKOIT
IJIEHKe, HAHECEHHON Ha paGovyio I'PaHb IPU3MBI
MIOJTHOTO BHYTPEHHETO OTPA’KEHHUS U KOHTAKTUPY-
IOTI[ell ¢ UCCJIelyeMbIM BEIECTBOM, MOHOXPOMATH-
YEeCKUM P-TIOJIIPU30BAHHBIM CBETOM Jia3epa Orpe-
JileJIeHHOI inHbL BoJiHbl (puc. 3). Menomen ITITP
MIPOSIBJISIETCS. B TOM, YTO IIPH YIJIax MaJeHus Jyda
0, 6OJIBIIMX KPUTHYECKOTO, B METAJIITYECKON TLJICH-
Ke TI0/1 JIefiCTBUEM JIa3€PHOTO M3JIy4YeHHsT BO30OYXK-
JIATOTCS TIJIa3MOH-TIOJIIPUTOHHBIE KOJIEOAHUST JIEK-
TPOHOB TIPOBOJMMOCTH, TIPU ITOM PE3KO YMEHbIIa-
eTCsl MHTEHCUBHOCTD OTPaskeHHOro cBeta (koaddu-
[[MEHTAa OTPasKeHUs), usMepeHHass (hOTONPUEMHU-
KOM TIpU OIIPe/Ie/IEHHOM PE30HAHCHOM YTJe Tajie-
Hust 0 (puc. 4). Besmunua pe3oHaHCHOTO yriia 3a-
BUCHT OT BBICOKOYACTOTHOH /IM3JIEKTPUYECKO TTPO-
HUIAEMOCTH € BEIIECTBA HAa TOBEPXHOCTH METaJIIH-
4ecKoil TieHKn (@ Takske MOKa3aTelisi ero mpesioM-
JIEHUs 1, TIOCKOJIbKY € = n?). YBesuueHue moka-
3areJisi TPEJIOMJICHUST MPUBOAUT K COOTBETCTBYIO-
IIeMY C/BHTY PE30HAHCHOTO yTIJla Ha BeJNMYnHy A0
B CTOPOHY GoJblinX yrjaos najgenus (cM. puc. 4),
a €ro yMeHbllleHe — B CTOPOHY MEHbBIIHNX YIJIOB.

B miporiecce XxpaHeHus U 9KCILIyaTalii MOTOP-
HOTO MacJjia BCJIEJICTBUE OKUCJIEHHS TIPU KOHTAKTe
C arpecCUBHBIMH U BBICOKOTEMIIEPATYPHBIMU Cpe-
JIAMU PACTET €ro ONTHYecKas IIOTHOCTb U TIOKa-
3atesib npesomsenus [17]. B [18] Buepsbie Oblia

1,0

X \\
E 0,8 B \
: \ pe
=1 v
= 0,6 B i 7
° Vs
= \ 7
) \
S04 f \ /
= /
2 \/
8 0,2 = N i / AO
2 /

O 1 1

35 60 65 0,°

Puc. 4. Pedpaxromerpuueckas xapaxrepucruka [IITP mo

(cnaownas aunus) w nocie (uwmpuxosas aunus) us-

MEHEHUS MOKa3aTeIs IpeaoMIeHns (IusIeKTpudecKoil
HPOHMIAEMOCTH) HMCCJIELYEMOTO BEIIECTBA

MOKa3aHa BO3MOKHOCTb JMArHOCTHKUA MOTOPHOTO
MacJia ¢ noMoirbio Meroza IIITP. 3to mossoanio
OTNpefieTNTh He TOJBKO YPOBEHD JErpaJalliid Mac-
Jla, HO U HaJM4Ke 4acTuil, o6pa3oBaBIIUXCS B pe-
3yJIbTaTe U3HOCA, & TAKKe UX 0O0BEMHYIO KOHIIEH-
Tpanuio. MOXKHO MPEIIOJN0KUT, YTO TTOCKOJbKY
MM pa3HbIX TUIIOB UMEIOT Pa3HbIi cOCTaB, 3Haye-
HUS WX BBICOKOYACTOTHOH UAJEKTPUYECKON TPO-
HUIAEMOCTH TaKsKe Gy/IyT Pa3JndarhCsi, YTO MO3BO-
JIUT TIO €€ BEJTMYNHE MTPOBECTH UX WACHTUMOUKAIIIIO.

Pedpakromerpuueckie XapaKTepUCTUKU W 3HA-
YEeHUS] PE30HAHCHOTO yTJia it 06pasiioB MOTOP-
HBIX MaceJs U3MEpSJU C TIOMOIIbI0 TOPTATUBHOTO
[TITP-pedpakTomerpa «Ilnazmon-71» [19], paspa-
6orannoro B UMII. Ilepes onpenenennem 0, Bbl-
MOJTHSIJIN ATIITPOKCUMAIIMI0 XaPAKTEPUCTUKH OTPa-
sxenng R(0) mosmmHoMOM 2-ii cTeneHn B OKPECTHO-
cti uaMepenHoro muanmyma [20], 4To mo3BOISIO
MTOBBICUTH PAa3peMNIaioNlyio YIJIOBYIO CIIOCOOHOCTD
oripeiesieHus MUHUMYMa ¢ 75" 10 6”'. AGcommoTHas
MTOTPENTHOCTh U3MEPEHUS PE30HAHCHOTO yTJa CO-
craBjsiyia +24", 4TO COOTBETCTBYET aGCOJIIOTHOM
rorpenrHocTy mokasaress npejaomaerus =0,00008.
N3amepennbie pedpakToMeTpUYECKUE XapaKTepH-
cruku IIIIP nByx tunos MM (B BUIE 3aBUCUMO-
CTH HATIPSKEHUS Ha BbIxojle horonpueMHnka U oT
yria 0 majieHus cBeTa Ha TPAHUIIE «CTEKJO — Me-
TaJLJT» ) TIPUBE/ICHbI HA PHC. J.

[lns moctpoennsa pedpakToMeTpUUECKON Xa-
paktepuctuku IIIIP u omnpenesenusi pe3oHaHc-
HOTO yTJia uccJeayembie o6pasiiel MM 1o ovepe-
I TPOKAYMBAJNCDH HITPUIEBBIM aBTOMATU3UPO-
BaHHBIM HACOCOM 4Yepe3 M3MEPUTETbHYI0 SYEHKY
[TITP-pedpakTomMeTpa, KoTOpasi obecreuynBaia ux
KOHTAKT C TTOBEPXHOCTHIO METAJJINIECKON TIIEHKH
YYBCTBUTEJLHOTO 3JieMeHTa. Pedppakromerp, HacoC
u pesepByapbl ¢ o6pasiiamu MM paszmemnianuch B
tepMmoctare npu Temneparype 20°C [ ymMeHble-
HUS TEMIIEPATyPHOH MOTPEITHOCTH PE3yIbTATOB M3-
Mepennii [21].

3HaueHre MOKA3aTess MPEeJOMJIEHUs s 06-
pasiia MM 6bL10 paccYuTaHO IMyTeM YHCJIEHHO-
—¢— CHUHTETHYECKOE

U,B ~
—e— MUHEpAJIbHOE

2,5
2,0
1,5
1,0

0,5

0

35 60 65

T 1
0,°
Puc. 5. Pedpakromerpuueckue xapakrepuctuku [1IIP
JIByX THIIOB MOTOPHBIX MaceJi: cunrerndeckoro Castrol
Magnatec u murepasbHoro Akvilon Classic
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rO MOJIEJIUPOBAHUSI COOTBETCTBYIOIUX PedPaKTO-
METPUYECKUX XapaKTEPUCTHK C HCIIOJb30BaHUEM
M3MEPEeHHOTo 3Hadenus 0. , HoKazaress HpPeIoM-
JIEHUST CTEKJISTHHOU tpusMbl . = 1,59994, niumbi
BoTHBI A = 850 HM W oOIpezieJIeHHBIX TIOATOHKON
OITHMYECKUX KOHCTAHT 30JI0TOH ILJIEHKU TOJIIMHON
d = 48«3 um uyBcTBUTENBHOTO 3jemenTa I[TTTP-
cencopa (mporpamma WinSpall 3.0). Uucsennoe
MO/IE/TUPOBAHYE BBITIOJHSLIN, TPUMEHSS (POPMYJIbI
Dpenens u MareMaTHIeCKil (popMasn3M MaTpPHIL
paccesnusa [[xxkonca [22]. 3nauenus mokasaTess
MpeJIOMJIEHNST UCCTelyeMbiX 1Tpo6 MM sexxanu B
auanasone ot 1,46 mo 1,48.

OG6cyx1eHne NOIyYeHHbIX Pe3yIbTATOR

C ucnosib30BaHNEM OMMCAHHON METO/IUKY TI0JTY-
YeHUs 3JEKTPUYECKUX W ONTUYECKUX XapaKTepH-
ctuk MM 1 yKasaHHbBIX U3MEPUTEIbHBIX YCTPOUCTB

OBLI TOJTyYeH MACCUB 3HAYEHUN JUAJIEKTPUYECKON
MOCTOSTHHOW, y/I€JTLHOTO COTIPOTUBJICHNS 1 K03 du-
1ueHTa npesjgomaenus s 28 o6pasios MM pas-
ubix Tunos (cM. TaGauiy u puc. 6).

W3 anmanmsa ganHbIX HA puc. 6 BUAHO, YTO U/IEH-
tuduranusa tuna MM Bo3MOXHa IIyTeM HU3Mepe-
HUS y/IeJTbHOTO COTIPOTUBJIEHUS Win KoadduiireH-
Ta npenomienus. [lpuuem mo pedpaxromerpude-
CKOMY M3MEPEHUIO YBEPEHHO HAEHTU(UINPYIOTCS
Bce 14 mcciemoBaHHBIX 0O6PA3IOB CHUHTETHIECKUX
MM (cm. puc. 6, 6). Takke MOKHO TOBOPHTb O
TEH/IEHITUN YBEJNYEHUS YAeTbHOTO COPOTUBIIEHNUS
MIPU TIepexo/ie OT CUHTeTHYecKnX MM K MacjaM Ha
MuHepaJbHoii ocHose (puc. 6, @). B 10 ke Bpems,
He TTPOCMATPUBAETCS 3aMETHOH KOPPEJSIUU THTIA
MM c¢ BeJUYMHON JUBJIEKTPUUECKOU TTPOHUIIAE-
moctu (puc. 6, 6). Anamusupys puc. 6, ¢, MOK-

Aaexmpuyeckue u onmuyeckue napamempor 06paszuoe MM pasuvix munog

g\;‘)c;ggsgé Tun moroproro mMacia / [usiekTpuvecKast yaef;;{;eeH;?’Ipo_ Koaddumment
S TOproBasi MapKa MTPOHUIIAEMOCTD TOM e IPeJIOMJIEHUS
MuHepaJbHble MacJsa
1 (m1) Bars, 15W-40 2,36 11,6 1,48501
2 (M2) Munepasnbroe 15W-40 2,33 21,1 1,48653
3 (M3) Jioke 15W-40 2,36 40,8 1,48850
4 (M4) Akvilon Classic 15W-40 2,38 26,53 1,48854
5 (M5) Yuko 15W-40 2,31 8,06 1,48651
6 (M6) Grom-Ex 15W-40 2,34 8,02 1,48350
[TosrycUHTETUYECKIE MACIa
7 (m-c1) Spuedrn, 10W-40 2,31 32,1 1,48250
8 (m-c2) Shell Helix HX7 10W-40 2,27 15,17 1,46900
9 (n-c3) JIEOJI long life SL-CF Jlugep 2,32 12,68 1,47953
10W-40
10 (11-c4) Akvilon extra 10W-40 2,30 41,80 1,48451
11 (1-¢5) Liqui Molly 10W-40 2,29 8,85 1,47202
12 (11-c6) Mobil Ultra 10W-40 2,37 6,79 1,47804
13 (m-c7) Z1C X5 10W-40 2,25 15,8 1,47100
14 (11-c8) XADO 10W-30 2,32 5,57 1,47201
CunreTnyeckue Macja

15 (c1) Mobil Super 3000 5W-30 2,32 3,84 1,46603
16 (c2) 2,27 6,70 1,46651
17 (c3) Toyota genuine SW-30 2,28 6,35 1,46658
18 (c4) 2,41 3,52 1,46653
19 (c3) HUNDAI super extra SW-30 2,37 7,10 1,46600
20 (c6) ELF 900 NF 5W-40 2,34 4,75 1,46708
21 (c7) Mobil Super 3000 X1 5W-40 2,28 8,15 1,46523
22 (c8) ELF 900 SXR evolution SW-40 2,45 2,12 1,46550
23 (c9) Motul 8100 X-cess SW-40 2,31 5,99 1,46450
24 (c10) Castrol Magnatec A3,/ B4 S5W-40 2,35 3,34 1,46507
25 (c11) Aral Hight Tronic SW-40 2,47 1,92 1,46553
26 (c12) Castrol Edge 5SW-40 2,36 7,83 1,46521
27 (c13) Mobil Super (new) 3000 5W-40 2,38 3,35 1,46526
28 (c14) Motul 8100 x-cess NEW 5W-40 2,39 5,42 1,46655
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HO 3aMETHTb, YTO M3MeHeHne KoadduimenTa npe- | HUITb MYTEM HCIOJb30BAaHUS OJHOBPEMEHHO JBYX
JIOMJIEHUS TIPU TI€PEX0/ie OT CHHTETUYECKIX Maces | XapaKTePUCTHK — ONTUYECKOW U 3JTEKTPUYECKON.
K MUHEPAJbHBIM TTPOUCXO/UT JIOCTATOYHO TIJIABHO Kaxk BugHO 13 puc. 7, 061acTh PacrioNoXeHus
yepes 00J1acTh MOJyCHHTETHYECKUX Maces. B ¢Bf- | Toyek, COOTBETCTBYIONMX CUHTETUYECKUM MacJiaM,
31 C 3TMM MOTYT BO3HUKaTh 3aTPYy/JHCHUA B WJEH- | YeTKO OrpaHUYeHa U yJaJieHa OT BCeX IPyrux o0pas-
THdUKAIME 06paslioB, Y KOTOPBIX 3HAYEHUS KO- | 1IOB, YTO MO3BOJISIET YBEPEHHO U OTHO3HAYHO U/IEH-
s duimenTa npeoMIeHus JeKaT B NepexoHol | THhUIMPOBATh 3TOT THIT MaceJ. [Ipu aToM ob6actn
o6sracTi. DTOT HEOCTATOK OTYACTH MOKHO YCTpa- | TOUeK J/1s1 00pasIoB Maces ¢ MUHePAJIbHOI cOCTaB-
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Puc. 6. Imarpammbl 3HaueHuil yaeabHoro comporusienus (a),
JIMBJIEKTpUYECKOii mponuiaemoctu (6) n koadpduimenta mpeaomie-
Hust (6) 06pPa3IoOB MOTOPHBIX MacCes PAa3JHYHBIX THUTIOB

JIFIONENl — TIOJYCUHTETUYECKUX U
MUHEPAJbHBIX — TPUMBIKAOT JPYT
K JIpYTY 110 ocu abCIuce, pa3inyasch
IJIaBHBIM 06pPa30M BEJTMYNHON KO3(]-
(putmenta npesomseHNUS.

OtTMeTuM, YTO TPEICTAaBJIEHHDBIN
Ha puc. 7 crocob uaeHTUOUKAIIYT
tuna MM He gBisieTcss ONTUMAJIb-
HBIM C TOYKHW 3PEHUS «3KCIIPECCHO-
CTH» aHAJM3a, MOCKOJbKY Tpefyer
NpOBe/IeHUs] OJIHOBPEMEHHO OTITH-
YECKUX M 3JIEKTPUYECKUX U3Mepe-
HUM, O/THAKO 3TOT HEJIOCTATOK KOM-
MEHCUPYeTCsT BBICOKOH pacro3HaBa-
TEJbHON CIOCOOHOCTBIO. 3aMeTHM
TaK)Ke, 4YTO, YYUTBIBAS WU3BECTHOE
3JIEKTPOAMHAMIYECKOE COOTHOIIIE-
nne n ~ e Mexay Koaddunuen-
TOM TIPEJIOMJIEHUSI # U KBa3WCTaTHU-
YeCKOU MNAJIEKTPUYECKO TTPOHHUIIA-
€MOCTBIO CPeJibl €, MOKHO OBLJIO ObI
0KU/IATh KOPPEJSIIIMOHHON 3aBUCHU-
MocTu Mexxay TuinoM MM u ero aua-
JIEKTPUYECKOI TTPOHUIIAEMOCTDIO, TIO-
JI06HO M306pasKeHHo Ha puc. 6, 6,
OJTHAKO 9TOTO OOGHAPYKEHO He OBLIO
(em. puc. 6, 6). Ilpuuunoit orcyT-
CTBUSI YKA3aHHOW KOPPEJSIUN MOT-
JIo ObITh HAJWYKME PA3JUYHOU JUC-
IIEPCUU OTHOCUTEJBHOM JU3JIEKTPU-
YeCcKOo#l TpoHuIaeMocT 06pasiioB
MM, 1nockosbKy onpezieieHue  BbI-
MOJTHAJIOCh B CYIIECTBEHHO Pa3Jiu-
YAIOIUXCST CIEKTPAJbHBIX JIHAIla30-
Hax — repueBoM (MeToZOM mMIIE-
JaHCMeTpun) U TeparepiieBoMm (me-
togom ITITP). Kpome Toro, norper-
HOCTb U3MEPEHUsl [U3JIEKTPUIECKOI
npoHuiiaeMocT o6pasinoB MM co-
craBJisiyia 70 3%, B OTJIMYNE OT OYeHb
MaJION TIOTPEITHOCTU OIpe/eeHUs
ko3 duImenTa MpesOMIEHN, Xa-
PaKTEPHOM /T ONTUYECKUX H3Me-
pernit (0,006% B Hamem ciayuae).
MoXXHO TIPEATIONOKUTD, YTO B CJIy-
yae yMEHbINEHHS TOTPEITHOCTU U3Me-
peHus 2J1eKTPoPU3NIECKUX XapaKTe-
puctuk MM 1pu ucto/ib30BaHuu 60-
Jiee TOYHBIX MOCTOBBIX CXEM U3Mepe-
HUST IMIIE/IAHCA KOPPEJISIIIUS MEXITY
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KoaddbunmenT npesomiaenus

Puc. 7. Pacnipezenenne uccieayemMbix o6pasiioB MOTOP-
HBIX MaceJs B IEKAPTOBBIX KOOpWHATaX K0a(hduImenTa
MIPEJIOMJIEHUST W Y/IEJIbHOTO COMTPOTUBJICHUS

turoM MM u ero AusJAeKTPUYECKON TTPOHUIIAEMO-
CThIO MOJKeT ObITh BbIsiBJIeHa [23].

BbiBo b1

Taxum o6pa3oM, OKa3aHa BO3MOKHOCTD H/ICH-
TUUKAIME THITA MOTOPHOTO MacJa (MuHepaIbHoOe,
MOJIyCUHTETHYECKOE, CHHTETHYECKOE) TyTeM KOM-
TIJIEKCHBIX M3MEPEeHUi ero pedpaKkToMeTpuIecKoi
u asiekTpodusnueckoii xapakrepuctuk (koadduiru-
eHTa TIPEJIOMJICHHS] U Y/IEJTbHOTO COTPOTHBJIEHNUS )
6s1arojiapsi HQJIMUUIO ONpE/eJIeHHBIX KOPPeJIsIn-
OHHBIX 3aBHCHMOCTeNl Mexay Tunom MM mn o6ou-
MH yKasaHHbIMU dusnuecKuMu napamerpamu. Ilpu
3TOM Hambosee TOYHO ITHM METO/IOM MOXKHO BBIS-
BUTb YMCTO CUHTETUYECKHUE MOTOPHBIE MacJla 1 Mac-
Jia ¢ MUHEpaJbHOI cocrasistonieii (mosrycuHrern-
YecKre U MUHepaJsbHbie). Pe3yJ ibTaThl Mcc/Ie10Ba-
HHSI MOTYT OBITh MCIIOJIb30BAHbI KaK /IS WEHTH-
(pukanuu TuUna MOTOPHOIO Macja, Tak U JJIS BbI-
saByeHns ¢panrbcudurara.
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BUCOKOIH®OPMATUBHNN KOMIVIEKCHUI METO/] BUSHAUEHHS
TUITY MOTOPHOI'O MACTNJIA

Excnepumenmanvno noxazamo HAs6HiCMb KOPEASUIUHUX 3AACKHOCMEl MiK MUnoM MOMOPHOZ0 MACMULA Md
020 pehpaxmomempuunumu i erexmpoghizuunumu xapaxmepucmuxamu (Koeiuienmomn 3aioMACHHS, NUMO-
MUM ONOPOM T DLeAEKMPUUHOIO MPOHUKHICTIO ). 3ANPONOHOEAHO CNOCOOU SUIHAUEHHS TNUNY MOTROPHOZ0 MACMUILA,
3ACHOBANT HA BUMIPIOBAHHT 3ASHAUCHUX XAPAKTMEPUCTIUK, d MAKOX NPOMOMUNYU NOPMAMUSHUX SUMIPIOSATILHUX
npucmpois, wo pedrizyiomv yi cnocoou. /as 6U3HAUEHHS NUMOMOZO ONOPY ma OieeKMmpuuHol NPOHUKHOCTI
BUKOPUCTNANO MeMOO IMNeOAHCHOT CheKmpOCKONil, a 01s U3HAUEHHS KOePIUICHMA 3AI0MACHHS 3ACMOCOBAHO
npucmpii Ha 0CHOBL eheKmy NosepxHes020 NAA3IMOHHO20 pe3oHaucy. Ilokasano, wo mounicmy idenmudhixauyii
MUnY MOMOPHOZO MACMULA 3HAUHO 30LNLWYEMBCSL, AKUO 00HOUACHO 8PAXOBYEAMU 6KA3ANT (DI3UuHi Xapaxmepu-
cmuxu. IToxazano, wo 3a3nauenum KOMNAEKCHUM MemoOJOM HAUOIIbW MOUHO MOKHA GUABUMU, 3 00H020 GOKY,
YUCTNO CUHMEMUYUHT MOMOPHT MACTAULA, 4 3 THUWOZ0 — MACTRULA 3 MIHEPAILHOW CKAA006010 (HANIGCUHMEeMUYHI
ma minepanvni). Pesyavmamu 00caioxens mMoxyms Oymu eUKOPUCAN 8K 015 10eHmugikayii muny momopmo-
20 Macmuad, max i 04 8UIGAEHHs (ParbcupiKamy.

Kniouoei caosa: imnedancna cnexmpockonis, nosepxuesuti naAasMOHHUL Pe30HaANC, MOMOPHE MACTUILO, NUTROMULL
onip, OieseKmpuuna NPOHUKHICMb, KOePIUiEHM 3ANOMICHHS.

DOI: 10.15222 /TKEA2019.3-4.36
UDC 532.538; 539.21; 621.38
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HIGHLY INFORMATIVE INTEGRATED METHOD FOR DETERMINING
THE TYPE OF ENGINE OIL

The presence of correlation dependences between the type of motor oil and its refractometric and electrophysical
characteristics (refractive index, specific resistance and dielectric constant) is experimentally shown. Methods
for determining the type of engine oil are proposed, based on the measurement of these characteristics, as
well as prototypes of portable measuring devices that implement these methods. Impedance spectroscopy was
used to determine the resistivity and dielectric constant, and a device based on the effect of surface plasmon
resonance was used to determine the refractive index. It is shown that the accuracy of identification of the
type of motor oil increases significantly with simultaneous consideration of all above physical characteristics.
It is shown that this complex method can most accurately detect, on the one hand, purely synthetic motor oils,
on the other hand, oils with a mineral component (semi-synthetic and mineral). The results of the studies can
be used to identify the type of motor oil as well as to detect forgery.

Keywords: impedance spectroscopy, surface plasmon resonance, engine oil, resistivity, dielectric constant,
refractive index.
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