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ELECTROMAGNETIC COMPATIBILITY OF SEMICONDUCTOR DEVICES
EXPOSED TO TRANSITION RADIATION

Abstract. The subject of the paper is an analysis and a physical model of the occurrence of reversible failures in
semiconductor diodes (when current-voltage characteristics of the devices are influenced by electromagnetic radiation
(EMR)). The model is based on the mechanism with which the energy of currents induced by external EMR is converted
into the energy of natural electromagnetic oscillations of solid-state components of radio units (transition radiation effect).
The aim of the paper is to justify experimental studies on the basis of the proposed physical model of reversible failures
(occurrence of negative resistance sections in current-voltage curve of semiconductor diodes). We determined external
electromagnetic radiation and semiconductor device parameter ranges with which this physical model can be applied. We
conducted some experiments to study the influence of pulsed electromagnetic radiation on the current-voltage
characteristics of direct current diode sections. The experiments justified the presence of areas with negative differential
resistance characteristic for the natural oscillation generation mode (an increase in forward current when the voltage drops).
Our objectives are to perform experimental study of interactions between the currents induced by external EMR and
electrostatic oscillations of a semiconductor structure. Such interactions results from conversion of energy of moving
charges (induced currents) into energy of electromagnetic oscillations under conditions of transition radiation when the
particle flux goes along the normal to a semiconductor structure boundary. The methods used are analytical methods, i.e.
solving Maxwell's equations and medium equations in the framework of the hydrodynamic approach. The following
results were obtained. Experimental studies of behavior of semiconductor components of electrical radio units exposed to
strong pulsed electromagnetic fields have been carried out. The nature of changes in the performance of semiconductor
components has been studied. It has been shown that the impact of pulsed electromagnetic radiation is accompanied by
currents in the conductive elements of the units. We define here a certain type of reversible failures of semiconductor radio
units. Failures of this type occur due to interaction between the external radiation induced currents and own fields of radio
equipment components. Such failures occurs in presence of transition radiation (when the current is directed along the
normal to the boundary of the unit). We argue that such interactions lead to energy losses in induced currents due to
excitation of natural oscillations in the units, i.e. the units enters an oscillation generation mode, which is characterized by a
change in the current-voltage characteristics of radio devices. With the results of comparative analysis of the experimental
and calculated data obtained in this work, it is possible to use the proposed physical model of reversible failures and
calculated derived relationships to determine criteria of occurrence and quantitative characteristics of reversible failures in
semiconductor diodes exposed to pulsed electromagnetic radiation (occurrence of S-shaped sections of direct current).
Conclusion. The results obtained can be used to assess electromagnetic compatibility of active electronic devices
(millimeter/submillimeter amplifiers, generators and transducers of electromagnetic oscillations) exposed to external pulsed
electromagnetic fields. A comparative analysis of quantitative estimates of reversible failures of semiconductor devices
depending on the spatial configuration of the affecting field (the induced current is normal to the structure boundary) allows
us to solve the problem of optimizing the degree of distortion in the operating characteristics of these devices.

Keywords: electromagnetic radiation; semiconductor structures; surface oscillations; charged particles; decrement of
oscillations.

Meanwhile, interactions of this kind actually
determine the degree of deviation of the output
characteristics from the normal values and the
possibility of recovery of component normal

Introduction

The whole variety of failures that occur in

external factors is divided into categories: reversible and
irreversible [1-3]. Irreversible failures lead to complete
cease of equipment functioning. They occur when the
changes in equipment internal parameters of the go
beyond the permissible limits (when exposed to external
electromagnetic radiation (EMI), irreversible failures
usually occur due to thermal breakdown of
components). Reversible failures are characterized by a
temporary interrupt in functioning leading to a
distortion in the output characteristics.

Available theoretical and experimental results of
studies of the EMR impact on electrical radio equipment
(ERE) mainly relate to irreversible failures [2]. At the
same time, there are still many open questions as to
what degree interaction between induced EMR currents
and natural electromagnetic oscillations occurring
directly in ERE components, may affect the
performance of the ERE.

functioning, i.e. reversibility criteria for the failures.
Here we propose and verify a physical model of
reversible failure occurrence in semiconductor diodes
(from impact of electromagnetic-radiation-induced
currents on current-voltage characteristics of the devices).
This model is based on the mechanism converting the
energy of currents induced by external EMR into the
energy of natural electromagnetic oscillations of solid-
state components of radio equipment (transition radiation
effect). We also describe our experimental studies of the
impact the pulsed electromagnetic radiation has on the
current-voltage characteristics of direct current sections
of diodes. The results of the comparative analysis of the
experimental and calculated data obtained in this work
make it possible to use the proposed physical model of
reversible failures and the calculated ratios obtained on its
basis to determine the criteria for occurrence of reversible
failures as well as their quantitative characteristics.

© Knyazev V., Serkov A., Breslavets V., Yakovenko 1., 2019

109



Advanced Information Systems. 2019. Vol. 3, No. 2

ISSN 2522-9052

Task solution

Problem formulation. In [5], a model is proposed
for converting the energy of currents induced by
external EMR into the energy of natural electromagnetic
oscillations of solid-state components of the ERE,
which leads to the occurrence of reversible failures in
the latter (temporary alterations in their performance).

The possibility of this energy conversion is
determined by the effect of transition radiation. This
effect takes place when the induced current (the
direction vector of the affecting EMR electric field
strength) is perpendicular to the boundaries of the
semiconductor device (in particular, diode) and
manifests itself in the following [4].

When a charge moves in a material medium, the
produced electromagnetic field is determined not only
by the magnitude of the charge and its speed, but also
by the dielectric properties of the medium. If these
properties change when a charge with a constant speed
crosses the interface between the media (semiconductor
structure), the field created by the charge changes, the
field partially separates from the particle and the
separated portion can be radiated into space. The
resulting radiation received the name of transition
radiation. As a result, the electromagnetic-radiation-
induced particle flux passage through a semiconductor
structure leads to continuous process that converts the
energy of the charges into the energy of natural
oscillations of the field. The structure switches to
oscillation generation.

Thus, the electronic system loses some of its
energy, i.e. an increase in current is accompanied by
drop in voltage, which leads to negative resistance
sections in the current-voltage curve. This mode (of
generation and instable oscillation) is characteristic for
exponential increase in the amplitude of the natural
oscillations of the structure (= exp(+y¢)), where y is

the instability increment.

The results of beam instability studies
(determination of instability increment) obtained in [5]
let us to estimate the radiation energy of natural
oscillations and to obtain the calculated relationships
between the parameters of the impacting pulsed field,
the semiconductor device parameters and the degree of
deviation of device I-V curve within the direct current
section.

The radiation power AP,,; of natural oscillations
of a semiconductor device exposed to an external field
(in the presence of induced current) can be defined as
particle flux translational motion energy loss (kinetic
energy) during the passage of a particle flux through the
surface wave field localization region.

AR 4 =AWKun/At’ ()

where AW, = (mv2/2)~(nobV); mv2/2 is the kinetic
energy of a particle of the beam induced by an external
impulse; n,,,v,e,m are respectively concentration,
drift velocity, charge and mass of the beam electrons,
V' is the volume occupied by the induced current (the
volume of the solid-state structure). In the beam

instability mode, the drift velocity v=vyexp(+y¢),
therefore:

2
AP qq = mvy~y (nypV) ()

-1

where v~ ((o% / 0)12)-1 is the increment of the beam

instability of the surface oscillations of a structure within

the semiconductor device having natural frequency o; (a

surface polariton) [6]; o) = \/4nezn0b / m is the plasma

frequency of the electrons of the flux induced by the
external electromagnetic radiation; t is the time the
charge drifts through the oscillation localization region.

Thus, the energy AW,,; radiated during At

a rad —
the time of exposure to an external EMR voltage pulse —
is determined by the following equation:

AW, gq = AP g A yq =

2 (2] 2) -1
=my 'Y(O)b/(x)l)"t (MopV )AL 44 -

€)

The parameters determining the value of AW,

can be estimated using the existing experimental
relations between the characteristics of the currents
induced in the structures under study [7-10] (i.e.
concentration 7y, drift velocity v, and Langmuir

frequency o, of the induced current electrons) and the
parameters of the external pulsed electric field

(amplitude E, and duration Az, ). Own frequencies

oy are determined by the parameters of the structure of

the semiconductor device under study (carrier
concentration, dielectric permittivity and dimensions).
For high frequency and pulsed semiconductor diodes

studied here, the frequencies ; falls within the

submillimeter range.

With relation (3), it is possible to estimate the
energy losses the currents induced by external EMR
experience due excitation natural oscillations of metal-
semiconductor-dielectric structures constituting
semiconductor diodes. It is obvious that the generation
mode in semiconductor devices leads to the occurrence
of S-shaped direct current sections with negative
differential resistance on the I-V curves for the device
[11] because negative resistance characterizes the
amount of energy the solid-state electronic system
losses with radiation - (Fig. 1, section A-B) i.e.

dde—U<0; dU <0; dI >0.
dl

Thus, due to the exposure to external
electromagnetic radiation, an increase in the forward
current is accompanied by a decrease in the voltage on
the diode. The presence of a negative resistance region
on the I-V curve characterizes the possibility that a kind
of reversible failure occurred (temporary change in
current-voltage characteristics) resulted from the
transformation of the induced current energy into
oscillation energy, which 1is radiated into the
environment.
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U
Fig. 1. I-V curve of the diode (direct current)
(A-B is a distortion of the current-voltage
characteristic due to exposure to EMR)

As a result, the energy loss of the induced current
during the exposure to a voltage pulse Abipp in the

experiment can be estimated by the following equation:

AWyaa = AP Alyag = Lrag Uraa Alyaa 4)

where /,,;1s the magnitude of the direct current of the
diode in the section A-B (Fig. 1); U, is the voltage in

the section A—B (Fig.1) during the exposure to external
EMR.
Objective:

1. Experimental assessment of the degree of
distortion of the current-voltage characteristics of
semiconductor  diodes  exposed to  external
electromagnetic radiation.

2. Determination of the presence of negative
resistance direct current sections, depending on the
parameters of the diode and external EMR.

3. A comparative analysis of the calculated data
obtained on the basis of the physical model and
experimentally obtained data (Figure 1.)

The object of the study is the current-voltage
characteristics of the following semiconductor devices
exposed to pulsed electromagnetic radiation: a 2D922B
planar silicon diode diode with Schottky barrier and a
KD409A silicon epitaxial diode. These units are used in
high-speed impulse devices for converting alternating
voltage. Electrical characteristics and parameters of the
diodes are provided in Table 1.

The scheme of the experiment and its results.
Experimental studies of pulsed electromagnetic field
impact on function of semiconductor devices have been
carried out using Reference Standard of Ukraine for
pulsed electric and magnetic fields (REMP Standard)
developed at Molniya Research and Design Institute,
NTU “KhPI” [6].

The experimental equipment consisted of a high-
voltage pulsed power supply (HVPPS) being discharged
to a field-forming system (FS) in the form of a
symmetric closed stripline (SL) (Fig. 2).

Table 1 —The Electrical Parameters of the Diodes and
the Requirements to the REMP Parameters

Characteristics 2D922B KD409A
Electrical  |Direct reverse | T1=25°C | 0,5 (Urey=10V) same at
parameters  fcurrent, mcA Urev=24B
T,=100°C |10 (Urev=10V)
[Total capacity, pf 1,0(Uiey=0) | 2,0(U,e,=15V)
Inductance, nH 1,0 4,0
Performance [Constant reverse voltage, V
Limitations 10 24
Direct  forward | T;=35°C 15
current, mA T,=100°C 10 25
Pulsed forward | T=25°C
current, mA 500
tluog 10mes, O > 20
T,=100°C 250
JAmbient temperature, °C -60° C to +100° C

Parameter Magnitude

1 Electric field strength, kV/m from 1073 to 200

2. Magnetic field strength, A/m from 0,1 to 530

3. The duration of the pulse, ns, max. 1

4. Pulse duration at 0.5, mcs, max. 100

5. Working volume dimensions

(lengthxwidthxheght), mm, min.: 300x500%150

_,f_._,_,_//_,_,_,_.__7/_ 0

Fig. 2. Symmetric closed SL

The HVPPS generates discrete high voltage pulses
with temporal parameters provided in Table 1, the
amplitudes of these pulses to ensure generation of
necessary levels of £ and H fields taking into account
FS transformation.

The main requirement to FS is to generate £ and
H fields with uniform structure, certain directions of
field vectors and amplitudes that can be easily
calculated from geometrical sizes of FS. Guidelines of
the stripline type are the most suitable to this
requirement.

A flat TEM-type electromagnetic wave propagates
along the SL and has a definite direction of the vectors
of £ and H fields in any transverse section of the SL
(Fig. 3). The SL dimensions determine the dimensions
of the working volume where the test object is located
(the connection circuit of a semiconductor diode). In
this case, the dimensions of the SL are chosen in such a
way that the wave impedance of the SL be 50 Q.

During the experimental studies of EMR impact on
the performance of semiconductor diodes, we used an
SL-24 strip line with a height of 24 cm working with
nanosecond pulses, since the mechanisms of external
electromagnetic field influence studied here are
implemented in this time range.
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Fig. 3. The SL electromagnetic field vector directions.

In the experiments, one of the indicated diodes was
sequentially connected to a direct current source and
resistances, one of which (R, ) allowed the current of

the diode (I) to be changed, and the other (R, =50Q)

provided matching mode with a cable connection to an
oscilloscope (recorder) (Fig. 4).

.
-

to the recorder

.
-

screen

power supply

Fig. 4. The scheme of the experiment

The circuit, with the exception of the diode, was
placed in a shielded volume and was taken out of the
field-formation system (FFS). The object being exposed
to a pulsed electromagnetic field (diode) was itself
located between the plates of the stripline (Fig. 5).
Fig. 5 shows the variants of the arrangement of the
diode relative to the acting external field.

In the course of the experiment, we studied the
influence of a pulsed electromagnetic field on current-
voltage characteristic of the diode when the intensity
vector of the external electric field is directed parallel to
the direct current of the diode (this case corresponds to
Cherenkov radiation mechanism), Fig. 6.

Fig. 5. Variants of the test object location
within the field formation system

417

E

Fig. 6. The vector directions of the direct current diode
and the external field under transition radiation

The direct forward current of diode / increased
from 5 to 30 mA. The temporal parameters of a field
strength pulse generated in the SL system:

- front duration - 0.5 ns;

- field strength pulse duration ( A;,,, ) - 500 ns.

During the experiment, we studied the effect of a
pulsed electromagnetic field with field strength
amplitudes E = 10,20 and 30 k¥ /m on the level of the

resulting voltage pulse (U) at the test object (diode).
Each step of increase in the current of the diode
with an interval Al =5mA was accompanied by the
impact of an EMR pulse in the field formation system.
The evolution of the amplitude of the voltage pulse
(U) at the diodes depending on the step-by-step change
in the forward current (/) with simultaneous exposure to
an external EMR was recorded with an oscilloscope.
Thus, we obtained the ratios of the voltage pulse U
amplitude to the level of direct current at diode / for
each of the indicated levels of the applied EMR (E =
=10,20 and 30 k¥ /m ) and determined the shapes of the

corresponding sections of the I-V curve.

The ratios of the voltage pulse amplitudes to the
levels of direct current at the diodes are provided in
Table 2. The data obtained shows that with increase in
the current a decrease in the amplitude of the voltage
pulse is observed, which corresponds to the I-V curve
section with negative resistance of oscillation generation
region (section A-B in Fig. 1).

The indicated diode types were chosen for the
experimental studies because the working range of their
parameters (current and voltage within the direct bias
section) with electric field strength pulse duration in order
of several hundred ns and the pulse amplitude about 10—
30 kV/m determines the range of the radiation energy of
natural electromagnetic oscillations of the semiconductor
structures of the device components to be 107-107 J. The
radiation energy determined on the basis of the proposed
physical model of reversible failures of semiconductor
devices falls within the same range.

Table 2 —Evolution of the voltage pulse amplitude U (mV)
of KD409A epitaxial silicon diode and 2D922B
silicon planar direct current diode with
Schottky barrier as a function of I (mA)

KD409A Voltage pulse amplitude U(m B)
%‘ifgé ?Fgf)‘t E=10kV/m | E=20 kV/m | E=30 kV/m

5 950 1450 1650

10 930 1430 1620

15 910 1400 1600

20 840 1390 1580

25 800 1350 1450

30 740 1290 1410

2D922B Voltage pulse amplitude U(m V)

Direct lmay | ES10KVim | E=20kV/m | E<30 kV/m

5 1550 2950 3200

10 1520 2910 3150

15 1490 2870 3090

20 1450 2800 2950

25 1440 2760 2940

30 1410 2700 2820
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The analysis of the current-voltage characteristics
obtained experimentally indicates the presence of
sections with negative differential resistance similar to
the calculated direct current section of the physical
model of reversible semiconductor device failures
(section A-B in Fig. 1) because under the experimental
conditions the increase in direct current was
accompanied by a decrease in the total (including the
external influence) voltage at the diode.

In this case, the deviation character of the current-
voltage characteristic obtained during the experiment
did not depend on the pulse amplitude of the impacting
voltage.

This mode of growth of radiation energy of
electromagnetic oscillations of semiconductor devices
due to the energy of induced currents is, in our opinion,
determined by the mechanisms of beam instabilities.

Analysis

Let us present a comparative analysis of the values
of radiation energy of natural oscillations of
semiconductor diodes 2D922B and KD409A obtained
experimentally and quantitative estimates of the
magnitude of the radiation energy obtained by
calculation based on the physical model of reversible
failures of semiconductor devices proposed here.

It was found experimentally that an increase in the
forward current of diode 2D922B within the range
Al ~5-30mA (the amplitude of the impulse of the
acting voltage falls within Ey ~10—30kV/m ) leads to

a drop in the amplitude of the voltage pulse at the diode
within AU ~1550—2800mV . This means that a section
with negative resistance appear on the I-V curve of the
diode (section A-B in Fig. 1.)

When the pulse duration A, ~500ns, the
range of radiation energy determined using equation (4)
AW, =0,6-107° =1,2:10757 .

For KD409A diode, with similar parameters of the
acting pulse and in the same direct current ranges, the

drop in the voltage amplitude at the diode is within
AU ~950-1400mV , and the radiation energy is
AW,y =0,3-107° —0,8-1075 .

Let us determine now the energy losses of charged
particle fluxes induced by external pulsed radiation,
occurring due to the excitation of natural oscillations of
solid-state structures, using the physical model of
reversible failures proposed here (equation (3)).

The parameter levels that determine AW,,; can be
estimated using the existing experimental dependencies
relating the induced current magnitude in silicon
structures constituting the objects under study (diodes)
[7] to the levels of external electric field strengths E,

(i.e., the concentration of electrons of the induced
current (Langmuir frequency of electrons of the induced

current 0)% = 4neznb / m ) and drift speed v )).
When changing the parameters of the acting pulse,

similar  to that wused in the experiment

(Eg ~10=30 kV[m , At;y,, ~500ns ) for the studied

silicon diodes 2D922B and KD409A the values of the
parameters falls within the following ranges:
ny ~ 1010 =102 cm™ | vy ~ 10°—107 <2,
s

wp ~107s71 .
The natural frequencies (surface polaritons) of the

o structures constituting the diodes are determined
from the magnitudes of the Langmuir oscillations

0 =\l4nezno /m, i.e. electron concentration #y in

semiconductor component constituting the diodes:
o = oy =100 —10M 571 7.

While the value of AW, is 10771077
according to (3).

The comparative analysis of the experimental and
calculated data shows that the transition radiation
energy for the studied semiconductor devices (diodes) is

determined by one order of  magnitude

AW, 4 ~107 -107J with a general tendency of

increase in the radiation energy depending on the
physical parameters of the component materials and
characteristics (amplitude increase) of the applied
voltage pulse.

Conclusions

1. We have justified the experimental procedure
for studying a physical model proposed in [5] and
describing the occurrence of reversible failures (the
effects the current induced by electromagnetic radiation
has on current-voltage characteristics of semiconductor
devices). We have also determine the ranges of external
electromagnetic radiation parameter values at which this
physical model can be applied (electric field strength
amplitude E<100kV/m and pulse duration

Aty =10° =107 ns ).

2. The experimental studies were performed to
determine the impact pulsed electromagnetic radiation
(with electric field strength amplitude

E=10-30kV/m and pulse duration A, ~500ns )

has on the current-voltage characteristics of direct
current sections of diodes (namely 2D922B silicon
planar diode with a Schottky barrier and KD409A
silicon epitaxial diode). They revealed the presence of
negative differential resistance sections in the curve,
characterizing the mode of generation of natural
oscillations in these devices (increase in direct current
accompanying the voltage drops)

The results of a comparative analysis of the
experimental and the calculated data obtained here
make it possible to use the proposed physical model of
reversible failures and the calculated relationships
derived from it to determine the criteria for the
occurrence of reversible failures in semiconductor
diodes exposed to pulsed electromagnetic radiation (the
occurrence of S-shaped sections of direct current curve)
and quantitative characteristics of such failures.
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EnekTpoMarniTHa cymMicHiCTh HANiBIPOBIHMKOBHMX NPUJIANIB B YMOBAX NEPEXiTHOr0 BUIPOMiHIOBAHHSI
B. B. Kns3es, O. A. Cepxos, B. C. bpecnagen, 1. B. SIkoBenko

AHorauis. IIpexverom BuBYeHHS € aHami3 mnpoueciB 1 (i3MYHA MOJEIb BHHHUKHEHHS OOODOTHHX BiZIMOB
HaIliBIIPOBIHUKOBUX OB (BIUIMBY HAaBEAEHUX €IEKTPOMArHiTHUM BHIpoMiHtoBaHHAM (EMB) crpymiB Ha BOJIBT-amIepHi
XapaKTepUCTUKK NpunaaiB). Jlana Mozelb 6a3yeThesl HA MEXaHI3Mi IIepeTBOPEHHs eHeprii HaBeneHuX 30BHiHIM EMI cTtpymiB B
€HEpPril0 BIACHUX €JEKTPOMArHiTHUX KOJIMBaHb TBEPIOTIJIBHUX KOMIUICKTYIOUMX pPajioBUpoOiB (edekTi mnepexismHoro
BUIIPOMiHIOBaHHS). MeTa - O0OIpyHTYBaHHS ITOCTAHOBKH €KCIIEPUMEHTAIBHHUX JOCIIKEeHb Ha 0a3i 3armporoHOBaHoi (i3myHOl
Mozieni 00OpOTHHUX BiAMOB (TOsiBM OONacTel BOJBT-aMIEPHHUX XapaKTEPUCTHK HAIiBIPOBIIHUKOBUX [IOIIB 3 HEraTMBHUM
ornopoM). BuzHadeHo obnacti mapameTpiB 30BHIIIHBOIO €JIEKTPOMArHiTHOIO BUIIPOMIHIOBAHHSI 1 HAITBIIPOBIIHUKOBUX IPHIIAIiB
Ipy  SAKUX peali3yerbcsd naHa (isuuHa wmoznens. IIpoBeneHO eKcHEepUMEHTalbHI [JOCHIMKEHHS BIUIMBY IMITYJIbCHOI'O
€JISKTPOMArHITHOrO BUIIPOMIHIOBaHHS HA BOJIBT - aMIIEPHI XapaKTEPUCTHKHU JUISTHOK MPSAMOro CTpyMy JHioniB. Bonu mokasann
HAsBHICTb JUISHOK 3 HETaTUBHUM JH(EpeHLiaIbHUM ONOpOM, IO XapaKTePU3YIOTh PEXHM TI'eHepalii BIaCHUX KOJIMBaHb
(30ipIICHHST TIPSMOTO CTPYMY IpH MaJAiHHI Hamnpyrs). 3aBAaHHSI: €KCIEPUMEHTAIbHI JOCIIDKEHHS B3a€MOJii HaBeJIECHHX
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30BHIMHIM EMI cTpymiB 3 €leKTpOCTaTMYHMMM KOJMBAHHSIMHU HAIliBIIPOBIIHUKOBOI CTPYKTYPH, 3aCHOBaHa Ha peaiizanii
MIEPETBOPEHHS €HePrii pyXOMHX 3aps/iB (HaBEJEHUX CTPYMIB) B CHEPril0 €EKTPOMAarHiTHUX KOJIMBaHb B YMOBAX IHEPEeXiJHOro
BUIIPOMIHIOBAHHS, KOJIM IOTIK YaCTUHOK PYXaeThCs 110 HOpMali IO MEXI HaIiBIIPOBIAHMKOBOI CTPYKTYpH. BukopucroByBaHi
METOAM: AHATITUYHI METOAM pillleHHS piBHAHb MakcBeia i pIBHSHb CEpellOBHINA B paMKax TIiApOJMHAMIYHOIO IiJXOZNy.
OtrpuMaHi HacTynHi pe3yabTaTh: IIpoBeleHO EKCIIEPUMEHTaNIbHI IOCHi/UKEeHHS (DyHKIIOHYBaHHS HAaIliBIPOBIHUKOBUX
KOMIUIEKTYIOUHX €JIEeKTPOpaioBUPOOiB B YMOBAX BIUIMBY CHJIBHUX IMITYJIbCHHMX €JIEKTPOMArHITHHX HOJiB. BuB4YeHO xapakrep
3MiH Mpane3ZaTHOCTI HAIIBIIPOBIJHUKOBUX KOMIUIEKTYIOUHX €JEMEHTHOi 0a3u TexHIuHHX 3aco0iB. [loka3zaHo, m0 BIUTUB
IMITYJIbCHOT'O €JIEKTPOMarHiTHOrO BUIIPOMIHIOBAHHS CYIPOBOJUKYETHCS BHHUKHEHHSIM CTPYMIB B IIPOBIZHUX €JIEMEHTaX BUPOOIB.
BusnaueHo oauH 3 TuniB 0OOPOTHHX BiJMOB HAaIlBIIPOBIAHMKOBOI €JIEMEHTHOI 0a3M eleKTpopalioBUpOOiB, 3aCHOBAHMN Ha
B3a€MOJIIT CTPYMiB, HABEJICHUX 30BHIIIHIM BUIIPOMiHIOBAHHSM, 3 BIACHUMH HOJISIMHU CTPYKTYp, KOMIUIEKTYOuMX Bupi0. IToniGHi
BIZIMOBH PpeEaJli3ylOThCSI B YMOBaX IEPEXiJHOrO BHUIPOMIHIOBAaHHS (CTPyM CIIPSMOBaHUH 110 HOpMali J0 MEXi CTPYKTYpH).
IMokazaHo, 110 JJaHa B3a€MOJIS NPOBOAUTH /IO CHEPrEeTUYHUX BTPAT HABEJEHMX CTPYMiB Ha 30y/KEHHS BIACHUX KOJIMBAaHb
CTPYKTYpH, TOOTO MOSIBI PeXXUMY IeHepalii KOJMBaHb, SIKUH XapaKTepH3yeThCS 3MIHOIO BOJNBT - aMIEPHHX XapaKTEPUCTHK
panioBupoOiB. Pe3ynbTaTi NOPIBHAIBHOTO aHalli3y, OTPUMAHHUX B JJaHii poOOTI eKCIEepHMEHTAIbHUX I PO3PaXyHKOBUX JIAHUX,
JIO3BOJISIIOTh BUKOPUCTOBYBATH 3alpONOHOBaHY (i3M4HY MOzENIb OOOPOTHHX BiZMOB i OTpUMaHi Ha 1 OCHOBI pO3paxXyHKOBI
CIIBBIHOLIEHHS JUIS BU3HAYCHHsI KPUTEPIilB BUHUKHEHH 1 KiIIbKICHUX XapaKTepUCTUK OOOPOTHHX BiJJMOB HaIiBIPOBIJHUKOBUX
JioliB B yMOBAaX BIUIMBY IMITYJICHOI'O €JI€KTpOMarHirHoro sunpomiHioBaHHs. (ITosBi S-nofiGHUX IUISHOK HPSIMOTO CTPyMY).
BucHoBku. Pesynbraty, orpuMaHi B po0OTi, MOXKYTh OyTH BUKOPHCTaHI IPH OLHII €JIEeKTPOMArHITHOI CyMiCHOCTI aKTMBHHX
palioeNneKTpoOHHUX HpHiIaziB (IIiCHIIIOBaviB, TeHEPATOPIB 1 IEePeTBOPIOBAYIB EIEKTPOMAarHiTHUX KOJIMBAHb MiIIMETPOBOTrO Ta
CyOMiTIMETPOBOro [iana3oHiB) B yMOBax BIUIMBY 30BHIIIHIX IMITYJIBCHMX eJeKTpoMarHitHux nomis. IlpoBenenuii B poGori
MOPIBHSUIBHUN aHalli3 KUIbKICHUX OLIHOK OOOpOTHMX BiJJMOB HAIliBIIPOBIAHMKOBMX HPHJIAAIB B 3aJ€XHOCTI BiJl IPOCTOPOBOI
koH(iryparii BmBae nons (HaBeJEHUI CTpPYM HOPMAalbHMII KOPAOHI CTPYKTYPH) JO3BOJISE BUPIIIYBATH 3aJadi ONTHUMi3alil
CTYIEHS CIIOTBOPEHHS pOOOUNX XapaKTePUCTHK JaHUX IPUIIAJIB.

Knaro4doBi ciaoBa: enexkTpoMarHiTHe BHUIIPOMIHIOBAaHHS; HalliBIPOBIJHUKOBI CTPYKTYpH; IIOBEPXHEBI KOJIMBAHHS,
3aps/LKEHI YaCTUHKY; A€KPEMEHT KOJIUBaHb.

DJIeKTPOMArHUTHASI COBMECTHMOCTD MOJIYNPOBOHMKOBBIX TPHOOPOB B YCJIOBHSIX MEPEXOAHOT0 H3Ty4eHHSI
B. B. Kns3es, A. A. Cepkos, B. C. bpecnasen, 1. B. SIkoBenko

AHHoTanus. IIpeaMeToM H3ydeHHs SBISETCS aHAIU3 MPOLIECCOB U (hHU3MUYECKass MOJETIb BOSHHKHOBEHHS 0OpaTHMbBIX
OTKa30B IOJYIIPOBOJHUKOBBIX MMONOB (BIMSHUS HABEICHHBIX JJICKTPOMArHUTHBIM u3lydeHueM (OMI) TOKOB Ha BOJIBT-
aMIepHBIC XapaKTePUCTUKU NprOopoB). laHHas Monens 6a3upyeTcs Ha MEXaHU3Me NPeoOpa3oBaHHsl YHEPTHMU HABEICHHBIX
BHEIIHUM OMI TOKOB B OJHEPrUI0O COOCTBEHHBIX JJICKTPOMATHWUTHBIX KOJNEOAHWH TBEPHOTENBHBIX KOMILICKTYIOLIHMX
pamuonznenuii (3ddexre nepexomHoro usnydeHus). Leap - 060cHOBaHNE MOCTAHOBKU SKCIEPUMEHTAIIBHBIX HCCIIEIOBAaHUI Ha
6a3e NPELIOKEHHOH (HM3MUIECKOH MOIEeNH OOpaTUMBIX OTKa30B (MOSIBICHHUS OOJACTeH BONBT-aMIEPHBIX XapaKTEPHCTHK
HOJYIPOBOJHUKOBBIX [IMONOB C OTPULATEIBHBIM CONPOTHBICHHEM). OnpeneneHsl 00JacTH IapaMeTpoB  BHELIHEro
9JIEKTPOMArHUTHOTO W3JIy4CHHS W IIOJYNPOBOIHUKOBEIX NPUOOPOB IPU KOTOPBHIX peanu3yercs NaHHas (HU3HUUecKas MOZCIb.
ITpoBeneHb! SKCIEPHUMEHTATBHBIE HCCIEAOBAHMS BIMSHUS UMITYJIBCHOTO 3JIEKTPOMArHUTHOIO M3JIydeHHs] Ha BOJIBT — aMIICpPHbIE
XapaKTePUCTUKU YJaCTKOB MPSMOro TOKa JuoxoB. OHM IOKa3aly HalIUM4YHe yJacTKOB C OTPULATENBHBIM IH(depeHIHaIbHBIM
COIIPOTHUBJICHUEM, XapAaKTEPH3YIOIUEe PEKUM TeHEPAIMH COOCTBEHHBIX KoNeOaHUH (yBeNIUYEeHHE IPSIMOro TOKa MM HaJeHUN
HANpsOKeHMs). 3agayva: dSKCIePUMEHTAIbHBIE MCCICHOBAHMS B3aUMOJACHCTBHS HABENCHHBIX BHeIIHMM OMI TokoB ¢
9JIEKTPOCTATUYECKIMH KOJICOaHMIMH HOIYIPOBOJHUKOBOH CTPYKTYpHI, OCHOBAaHHAs Ha PealU3alliy IIpeoOpa3oBaHMs SHEPrUr
JBIDKYIIMXCSL 3apsIOB (HaBEICHHBIX TOKOB) B 9HEPTHIO JIEKTPOMArHUTHBIX KOJIEOAHHIl B YCIOBUSX IEPEXOIHOIO HM3IIyUESHHUS,
KOrZa MOTOK 4YacTHI[ IBIDKETCS II0 HOPMald K TpaHHIE MOIYNPOBOIHHKOBOH CTPYKTYpHl. LICroOmb3yeMble MeTOAbI:
QHAJIMTHYECKUE METOMbl PEeLICHUs ypaBHEHHH MakcBelUla U ypaBHEHMH Cpeibl B paMKax THAPOJMHAMHYECKOro IOIXOJa.
ITonydensl  ciepyromue — pe3yJabTaTbl:  IIpoBeNeHbI  OKCHEPUMEHTANbHBIC  MCCIESNOBaHUMSA  (HYHKIMOHHPOBAHMS
HOJYHIPOBOJHUKOBBIX ~ KOMIUICKTYIOIIMX — OJEKTPOPAIHOM3ICINH B  YCIOBUIX BO3NEHCTBHMSL CHJIBHBIX — MIMITYJIBCHBIX
9JIEKTPOMArHUTHBIX Monedl. V3ydeH XapakTep H3MEHEHUH paboTOCIOCOOHOCTH IOMYNPOBOJHUKOBBIX KOMIUIEKTYIOLIUX
9JIEMEHTHOH 0a3bl TEXHHYECKUX CPeACTB. IIOKa3aHO, 4YTO BIMSHUE MMITYIbCHOTO 3JICKTPOMATHUTHOIO —H3JTy4eHUS
COIIPOBOXKIAETCS] BOSBHUKHOBEHUEM TOKOB B MPOBOJISIIMX dIEMEHTaX n3zenuid. OnpeneneH OfUH U3 THIOB 00PAaTUMBIX OTKa30B
HOJYIPOBOIHUKOBOM 3JIEMEHTHOH 0a3bl JIEKTPOPAJMOU3EIUH, OCHOBAHHBIH Ha B3aUMOJCHCTBUM TOKOB, HABEIECHHBIX
BHEIIHNM H3JIy4e€HHEM, C COOCTBEHHBIMH IIOJISIMH CTPYKTYP, KOMIUIEKTYIONMX u3neinue. [1onoOHbIe OTKas3hl peaiu3yroTcsl B
YCIOBHSIX TIEPEXOAHOrO HM3JIydeHHs (TOK HaIpaBleH [0 HOPMaJM K TIpaHuLe CIpYKTypsl). Iloka3aHo, 4TO JaHHOE
B3aMMOJCHCTBHE IIPOBOIUT K DHEPreTHYECKMM IIOTEPsIM HABEICHHBIX TOKOB Ha BO30YXKIEHHE COOCTBEHHBIX KOJICOAHMI
CTPYKTYpHI, T.C. HOSBICHHIO PEXKUMA T'eHEpAlMU KOoIeOaHWH, KOTOPHIH XapaKTepH3yeTcs HU3MEHEHHEM BOJBT — aMIIePHBIX
XapaKTEePUCTUK PaJMOU3EIUH. Pe3ynbTaThl CpaBHUTEIFHOIO aHAIN3A, OTYyYSHHBIX B HACTOSIICH paboTe SKCIepUMEHTATBHBIX
U PacyeTHBIX JAHHBIX, II03BOJLSIIOT HCIONB30BATh NMPEIOKEHHYIO (DH3HMIECKYI0 MOJIEIb 0OOPATUMBIX OTKA30B M IIOTydYEHHbIE Ha
€€ OCHOBE pACUYETHbIE COOTHOLICHHUS JUISL OIPENCNCHHs] KPUTEPUEB BOZHUKHOBEHMS M KOJNMYECTBEHHBIX XapaKTEPHCTHK
00paTUMBIX OTKAa30B IOJIYIPOBOIHHKOBBIX IIMOOB B YCIOBHSIX BO3ACHCTBHS HMITYJILCHOI'O 3JIEKTPOMArHUTHOTO H3JIYYEHHS.
(TosiBIICHHIO S —00pa3HBIX yIaCTKOB IPSIMOTO TOKa). BBIBOABI. Pe3ynbTaThl, MOMy4eHHEIE B paOOTe, MOTYT OBITH HCIIOIb30BAHbBI
IPH OLEHKE JJIEKTPOMArHUTHOH COBMECTHMOCTH AKTHBHBIX PAJMO3IEKTPOHHBIX HPHOOPOB (ycHiuTeneil, reHepaTopoB U
npeoOpa3oBaTeneil IEKTPOMarHUTHBIX KONeOaHWH MMJUIMMETPOBOIO M CyOMHJUIMMETPOBOIO JIMANa30HOB) B  YCIOBHSX
BO3JICHCTBUSI BHEIIHMX HMITYJIbCHBIX OJEKTPOMArHUTHBIX monedl. IIpoBeneHHBII B pa0oTe CpaBHUTENBHBIA aHAIH3
KOJIMYECTBEHHBIX OLICHOK OOpPAaTHMBIX OTKa30B IOMYIPOBOJHUKOBBIX INPHOOPOB B 3aBHCUMOCTH OT IPOCTPAHCTBEHHOH
KOH(GUI'ypaluy BO3JEHCTBYIOIIEro Moist (HaBeJSHHBI TOK HOpPMalleH TIPaHHLE CTPYKTYpPhI) MHO3BOJISIET pEIIaTh 3aladd
ONTHMHM3aLMH CTENEHH HCKaXXEHUS Pa0OUNX XapaKTePHCTHK JaHHBIX IPHOOPOB.

KawoueBble cioBa: QJICKTPOMAarHuTHOE U3JIy4CHUE; ITOJTYIIPOBOAHHUKOBBLIC CTPYKTYPHI; IIOBEPXHOCTHBIC KOJ'[e6aHI/I${;
3apsHKCHHBIC YaCTULBI; ICKPEMEHT KoJie0aHuii.
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