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The multifunctional active elements which are an n-type GaN-based channel on the sapphire substrate
with InGaN flat-topped structure (a mesa) on top of channel surface are presented in the article. A mesa is
a graded layer with a molar Ga fraction varying from O at the cathode contact to 1 in the channel, forming
complex diode cathode. The structures with two types of doping profiles (uniform doping and doping profile
with a low concentration region) with carrier concentrations of 6-:1022 and 102® m-3 in the channel, and
lengths of 1.28 um, 2.56 um, and 5.12 um are considered. The diode simulation has been carried out by using
the Ensemble Monte Carlo Technique taking into account impact ionization and self-heating effect. The
model applied to analyze temperature distribution in diode is provided. The temperature effect on the diode
characteristics with direct current, as well as, the spectral (noise) characteristics of diode in conditions of a
strong electric field are investigated.

It has been found that possible modes of operation are determined by the impact ionization effect, as well
as the temperature and its redistribution in diode channel by self-heating effect. Impact ionization occurring
in a strong electric field leads to self-oscillation in a diode. In the diode with the length of 5.12 um it causes
non-uniform heating due to the emergence of a moving strong field domains. Self-heating in short diodes
leads to increasing threshold voltage which corresponds to current growing due to impact ionization. It has
been shown that it is possible to stabilize strong electric fields near the cathode using a doping profile with
a low concentration area, which contributes to a more uniform distribution of the electric field and temper-
ature. The considered diodes can be used as a source of high frequency noise, a Gunn-like oscillator or a
source of the high order harmonics in frequency multipliers.

Keywords: Graded layer, GaN, InGaN, Diode, Temperature, Electric field strength, Self-heating effect, Im-
pact ionization, Noise, Oscillation, Spectral density.
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1. INTRODUCTION

The use of nitride compounds (GaN, AIN, InN, BN,
and their alloys) in semiconductor electronic devices is
determined by their exceptional physical and electrical
properties. These materials possess a wide band gap,
high breakdown electric field strength, high melting
temperature and heat capacity [1, 2].

Moreover, their ability to form a high-density two-di-
mensional electron gas (2DEG) with high electron mo-
bility, which enables the development of high-frequency
and high-power electronic devices should be noted as
well [3, 4].

However, high current density flowing through ni-
tride-based devices, strong electric fields, and large opti-
cal phonon energies can lead to a significant tempera-
ture rise within the device. Self-heating effects become
substantial in submicron devices, where heat dissipation
is limited [5]. These effects are further enhanced in case
of ternary and quaternary nitride compounds and het-
erojunctions [6, 7].

The temperature increase in ternary and quaternary
nitride-based solid solutions is a result of their lower
thermal conductivity compared to binary compounds [7].
In compounds with a high indium content the band gap
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becomes narrower (0.7 eV in InN) and an increase in
temperature may lead to a higher carrier concentration
as a result of thermal generation and impact ionization.
In heterojunctions heat transfer is further complicated
by interface effects occurring at the boundary between
two different materials [8]. Thus, power density of some
parts of a device with low power dissipation can be order
of magnitude higher than the average power density of
the whole device.

The high melting temperature of nitrides, however,
does not guarantee their stability under operating con-
ditions. Stresses caused by different rates of thermal ex-
pansion of materials that form a device can lead to de-
vice failure [9]. This is primarily an issue for contact re-
gions, which are formed at significantly lower tempera-
tures. In fact, thermal degradation of contacts is the
main factor determining the operating temperature of
nitride-based devices.

All the abovementioned effects are present in ultra-
high-frequency devices, since their dimensions are quite
small and heat dissipation is limited. The formation of
strong electric field regions and impact ionization pro-
cesses often play a dominant role in their operation [10].
Therefore, accounting for self-heating effects becomes

https://jnep.sumdu.edu.ua

© 2026 The Author(s). Journal of Nano- and Electronic Physics published by Sumy State University. This article is
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.

Cite this article as: V.O. Zozulia et al., J. Nano- Electron. Phys. 18 No 2, 02006 (2026) https://doi.org/10.21272/jnep.18(2).02006


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
https://jnep.sumdu.edu.ua/
https://int.sumdu.edu.ua/en
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.21272/jnep.18(2).02006
https://doi.org/10.21272/jnep.18(2).02006
mailto:v.zozulia@karazin.ua
https://orcid.org/0000-0002-7371-5424

V.0. ZozuLIA, O.V. BoTsuLA, L.V. PAvLovA, O.V. DEGOVTSOV

essential for determining their characteristics and oper-
ating modes.

In order to investigate and understand mechanisms
responsible for the temperature-induced degradation of
nitride-based diode characteristics modeling and simu-
lation results of the self-heating effect in a planar diode
under strong electric fields and impact ionization, as
well as a possible approach to improving the diode per-
formance are presented in the paper.

2. STRUCTURE AND SIMULATION

A microwave high-frequency device consisting of a
semiconductor structure which contains heterogeneous
regions formed from different materials and operating in
a mode close to electrical breakdown has been selected
for analysis of their thermal parameters. A cross section
of the planar diode is shown in Fig. 1.
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Fig. 1 — The planar GaN diode structure with a InGaN-based
mesa

The diode contains a GaN channel formed on a sap-
phire substrate (1) and a complex cathode contact repre-
senting a mesa structure based on a graded InGaN layer
(2). The active region of the diode is a part of n-type chan-
nel located between the n~ region and the n* contact re-
gion of the anode.

The doping profile and composition distribution in di-
ode is shown in Fig. 2.
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Fig. 2 — Composition distribution z(x), and types of doping profiles:
1, 2 are the type 1; 3, 4 are the type 2; 1, 4 are 102 m-3,
2,3 are 6-102 m-3
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Two types of doping profiles have been considered.
The first is uniform doping (type 1), 1, 2 in Fig. 2. The
second one is doping profile with low concentration re-
gion (type 2), 3, 4 in Fig. 2. Carrier concentration in a
channel is 6 1022 and 1023 m -3 respectively. Diodes of the
lengths of 1.28 pm, 2.56 um, and 5.12 pm have been ex-
amined.

Due to presence of the n™-region, a high electric field
region or the cathode static domain (CSD) is formed near
the cathode. The doping concentrations in the low doped
regions are chosen to ensure stabilization of the CSD. An
active diode element with a CSD can be used both for gen-
eration of electromagnetic oscillations at frequencies
above 100 GHz and, under certain conditions, for gener-
ation of microwave noise. In conditions of strong electric
field the probability of impact ionization becomes signifi-
cant.

When the diode is used as a source of microwave
noise, impact ionization is one of the key factors. There-
fore, the self-heating effect of the diode becomes substan-
tial, and thermal analysis of the device is an essential
procedure.

The two-dimensional model of a diode corresponding
to the x-y coordinate plane in Fig. 1. is analyzed. The
composition distribution in the In.Gai-.N compound is

described by the relation z(x)=1-exp(—(x—x, )2 /26%),

where xo denotes the point corresponding to the interface
separating the cathode mesa structure and the diode
channel, and is the parameter defining the width of the
graded-composition layer. The value z =1 corresponds to
InN, while z = 0 corresponds to GaN. The n*-regions rep-
resent heavily doped contact areas, and the n™-region is
characterized by a low dopant concentration.

The diode model assumes that all metal semiconduc-
tor contacts are ohmic. To ensure this, the dopant con-
centration in the n*-regions is considered to be 5-10%¢
m ~ 3, which in practice provides contact behavior close to
that of an ohmic contact.

To determine influence of the self-heating effect on
the device performance, the Ensemble Monte Carlo
method has been employed self-consistently with the so-
lution of the Poisson and heat equations. The band struc-
ture model of In:Gai-:N included three lower conduc-
tion band valleys (I, I'1, and M-L valleys). For the con-
duction band valleys, the deviation of the dispersion re-
lation from the parabolic law has been taken into ac-
count.

It is assumed that the maximum bias voltage of the
diode corresponds to the onset of impact ionization,
which takes place in the graded cathode region. In these
conditions, the anisotropy of the valence band can be ne-
glected, and it can be described only by the heavy-hole
subband that defines the threshold voltage of impact
ionization.

Scattering of charge carriers by polar optical pho-
nons, deformation potentials of optical and acoustic pho-
nons, piezoelectric scattering, and scattering by ionized
impurities have been considered in this research. For
electrons, intervalley scattering has been taken into ac-
count as well. In the graded-composition region, scatter-
ing due to the alloy potential has been additionally in-
cluded.
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In the calculation region with dimensions LyXLy, a uni-
form grid is introduced:

2 ={(x.,)

where hx= Ly/Nx is the step along the x-axis; hy = Ly/Ny is
the step along the y-axis; and Nx, Ny are the numbers of
discretization layers.

x,=ih,y, = jh,0<i <N, +10< <N, +1} 1)

To determine the charge density p(xp,yp) at the grid

nodes and to reproduce the force acting on the particle at
point (x, y) the charge of the particle gz = @z/N has been
redistributed among the grid nodes xp, yp of the grid ac-

cording to its form factor W(x—x,,,y—y,,) using the CIC
method [11]. The distribution of electric potential has
been found from Poisson's equation, taking into account
the dependence of the dielectric permittivity &(z) on the
composition in the graded In,Gai..N layer in accordance
with [12].

The potentials o at the cathode contact and the po-

tential ¢, at the anode contact have been set to fixed val-

ues: . =0 and ¢, =Ap+V , Where Ag is the difference

in contact potentials due to the conduction band discon-
tinuity and the difference in chemical potentials of the
cathode and anode materials. Neumann boundary con-
ditions have been applied at the other device boundaries.

To determine the electric potential distribution

@(x,y) in the diode, equation (1) has been discretized on
the grid o, using a five-point stencil. To find the poten-

tial distribution at the nodes of @, the full multigrid

method (FMG) [13], previously employed for modeling
planar structures with graded-composition layers hav-
ing similar geometry, has been used [14].

In the graded layer of the cathode quasi-electric
fields determined by the coordinate dependence of the
band structure of the material's (the position of the con-
duction band energy minima, the effective mass, and the
nonparabolicity coefficient), act on the charge carriers as

well. Forces acting on electrons and holes F, and F ), are
the sum of the electric field forces and the quasi-electric
field forces:

E, Vm, + EEV(m;a)

F,=F,, -eV(AE,(x))+ e )
E .
F,=F, +eV(AE, (x))+ —Vm,, (3)

P

where AE, (r) and AE, (z) represent the coordinate-de-
pendent changes in potential energy caused by the varia-
tion in material composition. The magnitude of the elec-
tric forces £, and FEp has been determined consider-
ing the particle form factor by using the CIC scheme ac-
cording to the electrostatic potential values at the grid

nodes. The magnitude of the quasi-electric force has
been determined locally at the particle's position. The
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details of the mathematical model and material param-
eters correspond to [15-17].

The object under analysis is considered to be a lim-
iting case from the perspective of the methods currently
used for determining thermal regimes of nitride-based
devices. On the one hand, the total device length is com-
parable to ten mean free paths of the phonons. That al-
lows us to use the classical heat conduction equation. On
the other hand, the presence of interfaces between the
contacts and the active region of the diode, as well as the
boundaries between the active region and the substrate,
requires consideration of the thermal properties of inter-
faces, which can significantly influence heat transfer
and self-heating effects in diodes. That is exceptionally
important when electric field strength is maximal and
the impact ionization is present in the considered struc-
ture.

Based on these considerations, temperature distri-
bution in the diode is found by solving the heat conduc-
tion equation:

oT (r,t)
- —V~[kVT(r,t):|+F(r,t) 4)
where the thermal conductivity of the material
k(z(x),T(r)) and the volumetric heat capacity of the lat-
tice ¢ are the functions of temperature and the spatial
dependence of the material composition. The intensity of
internal heat sources and sinks F(r,t) is determined at
the nodes @, from the results of the Monte Carlo simu-

lation in the form:

4.
F(x,,y,)= wW(x,—x,,y,—y,)AE, 5
(x,.7,) ehxh),At,Z (X, =x,,%,-,) (5)

where the sum is calculated for all simulating particles
scattered during the time interval At with the absorption
(emission) of a phonon or as a result of impact ionization;
AE; is the change in the crystal lattice energy due to the
scattering of the i charge carrier. The efficiency of heat
flow, both at substrate-GaN interfaces and contact
metal-semiconductor interfaces, has been described by
the thermal boundary conductance (TBC) Ag [15]:

g5 =hy(,-T,) ®)

where gs is a heat flux across two material interfaces; 71
and 7> are temperatures of interface materials. A bottom
temperature of the substrate has been fixed at 300 K cor-
responding to the ideal heat sink. The other boundaries
are considered to be adiabatic, and Neumann bounda-
ries condition have been applied for them.

The temperature dependence of material properties
is applied as follows. The forbidden gap is

E (zT)=z-E"(T)+(1-2)-EX*(T)~b-z-(1-2), (7)

where b=1.64 is a bowing parameter [1], Eg["N(T) and

E;"N(T ) are the temperature dependencies of energy

gap of InN and GaN correspondently determined by em-
pirical Varshni's formula [1, 18]. The temperature de-
pendence of energy position of higher wvalleys in
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conductor zone is not taken into account. The threshold
energy of impact ionization involves (7) as a parameter.

The composition-dependent In.Gai - :N and tempera-
ture-dependent thermal conductivity coefficients k(z, T)
are determined by the relation:

z (l—Z) +Z-(l—z) - ®)
kInN (T) kGﬂN (T) bT >

k(z,T(x,y)) —(

7(2)22.7/1nN+(1_Z)'}/GaN ' )

The temperature dependence of the thermal conductivity of
binary compounds is determined according to [1, 6]:

k(T):ko[ 4 ]7, (10)

300K

where br=1.4 W/(mK) is the bowing parameter [2].

The lattice heat capacity of InGaN is considered to be
independent of temperature according to (9). The tem-
perature dependence is accounted for in all scattering
probabilities as well [15, 16]. The material parameters
used for temperature calculations are given in [1, 2, 6].
To find the solutions for heat equations, the FMG has
been applied on grids (1).

3. RESULT AND DISCUDION

The synchronic Monte Carlo method requires calcu-
lating the probability of scattering at each moment of
simulation, requiring the use of small time intervals.
The high scattering being intensive in GaN, the At
equal to 5:10-16 s is applied, and the heating time of di-
ode is set up to 13 ns, which is an compromise value to
estimate the temperature.

To examine the temperature effect, the simulation
has been carried out without taking into account IT and
self-heating effect. Diodes of the lengths of 1.28 pm,
2.56 um, and 5.12 um have been utilized.

The current-voltage characteristics (CVC) of diodes
of 1.28 um and 2.56 pm are shown in Fig. 3.
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Fig. 3 — Current-voltage characteristics of the diode: 1-8 with-
out self-heating, 1’-8 with self-heating; 1-4, 1-4’ for L,=0.64 pm,
L,=1.28 um; 5,5,6,6" for L.=0.64 um, L,=2.56 um; 7,7,8,8 -
L.=1.28 pm, L,=5.12 um; 1,1°,3,3,8,8 for Ng=10'7 cm3; 2,4-7,
2’,4-T7 for Ne=6-10'6 m3; 1,1’,2,2’ are type 1, 3-8, 3’-8 are type 2

IT is the main factor affecting CVC of diode structures
that influences possible modes of operation. It depends
strongly on the concentration of carriers. The region of
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sharp current grooving corresponds to uncontrollable stage
of II. The threshold voltage U, associated with that stage
also depends upon diode heating. For the high doping diode
(1023 m -3) Uy is sufficiently small. For small bias the distri-
bution of electric fields is defined by mesa, and almost iden-
tical in diodes of both types, as seen in Fig.4.
E_ E_ kV/icm
~400
3 7/ Ve
R ! 4
. /‘T \‘ ,\~
P pmN Yy 9

200

X, um

Fig. 4 — Electric field distribution in diodes of 1.28 um and
Ng=1022 m-3 with different doping profile: 1, 3 — type 1; 1,
3—type2;1,2-20V;3,4-25V

We can see a forming of unmoving (static) strong
electric field domain at the diode cathode simultane-
ously with the formation of a domain at the anode.

At higher concentration, if bias voltage is close to Up,
maximal electric field in diode type 1 is shifted towards
anode. That leads to more intense heating and tempera-
ture rise, as seen in Fig. 5.

Maximal temperature in the diode of type 1 is more
than 100 K higher than in the diode of type 2, which is
crucial for the practical implementation [19].

Using the region with low concentration near meza per-
mits stabilizing electric field and reducing the self- heating
effect. Decreasing the doping concentration leads to an
even greater reduction, as seen from Fig. 6, c).

The power spectral density (PSD) of output diode
current at different bias voltage is shown in Fig. 6. The
SPD obtained for diode without self-heating (SH) effect
are presented as well. The provided dependencies cover
all possible situations.
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T, K
500

S 400

300
0.0

Fig. 5 — Temperature distribution in diodes of 1.28 um,
U =25V, and different doping profile: a) — type 1; b), ¢) — type
2;a),b) = Ng=107cm~3;¢c) — Ng=6-1022 m~3

With relatively low DC bias, in initial stage of II, the
diode can remain stable. Electrons and holes are sepa-
rated by a strong electric field in CSD. The movement of
charge carriers through a diode results in noise at a fre-
quency inverse to the time of movement. In case of the
GaN-based diode of the length 1.28 um, the noise fre-
quencies are expected to be in the range over 200 GHz.

S, A’em’ 'S
10°

i 20V with SH 25V with SH

10™

20V with SH 25V with SH]
wemmns 80V wlo SH === 25V who SH

type 1 with SH type 2 with SH

--------- 30V type 1~ 30V type 2
— 40V type 1 40V type 2

d)

Fig. 6 — PSD for diodes of 1.28 pm (a,b,c) and 2.56 um (d): a),
b) are Na =102 m-3; ¢), d) is Na= 61022 m-3; a) is typel b) is
type 2
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In the diodes of both types, at 7'= 300 K and with a slight
change in the bias above Uy, microwave Gunn-like oscil-
lation is observed in the same range, as seen from Fig. 6.
However, they almost fully disappear at heating condi-
tion for a diode of type 1.

Thus, diode of type 1 can be applied as a source of
microwave noise if the electric field magnitude is suffi-
cient for IT to appear in the domain. The results obtained
for much lower concentrations and longer diodes are
shown in Fig. 6 ¢), d) while (Vg = 61022 m ~3) is obtained
from the diode simulation while accounting for the self-
heating effect. The noise generation in the diode of type
1 and of length 2.56 um is obtained in a wide frequency
band (from about 80 to 200 GHz), Fig. 6(d).

The diode of type 2 can be both the source of a micro-
wave oscillation and noise, at a certain bias range. More
general oscillation conditions are not discussed here, but
waveform of oscillation can contain many harmonic com-
ponents, so it is possible to use diode as an active ele-
ment of a frequency multiplier.

The simulation shows that the diode of length 5.12
um demonstrates the oscillation at the bias close to the
point of corresponding initial stage of IT forming a strong
electric field domain. The electric field magnitude be-
comes so high that it leads to uneven heating of the diode
even if doping concentration is not large, as seen from
Fig. 7.

1.0
X, pm

Fig. 7 — Temperature distribution in diodes of 5.12 um;
L:=1.28 ym, Ng=6-102m~-3; U= 70 V; tsim = 12.8 ns

4. CONCLUSIONS

The results of Monte Carlo simulation of self-heating
in the GaN diode with graded InGaN mesa have been
presented.

It has been shown that proposed diodes are multi-
functional active elements, which can be used for differ-
ent microwave applications. The best prospective use for
the diodes is to produce a microwave noise. Diodes with
a stabilized cathode domain can have a wide frequency
noise band which can be reconfigured by changing the
length of the diode channel.

In short-length diode, self-heating is a limiting factor
for utilizing a diode as an oscillator. It explains difficul-
ties associated with obtaining a microwave oscillation by
the GaN-based device.

A self-heating effect can be reduced by forming in
mesa a cathode region with low resistance, as well as
controlling the doping concentration. However, it can be
difficult to do in domain regime of a diode. Impact ioni-
zation occurring in a strong electric field is a factor of
heating. That being said, the simulations have shown
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that the oscillations appear at a point of initial stage II
and it permits to consider II as a factor facilitating ap-
pearance of an oscillation.

PSD in a self-oscillation mode contains many high
harmonic components of output current, that allows
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Edexr camopoasirpisauna 8 GaN gioni 3 sapisonnoo InGaN mesacTpykTyporo
B.O. Boayusa, O.B. Bouya, JI.B. I1asiosa, O.B. Jlerosios

Xapriscvkuil haulonanvHuli ynieepcumem imerni B.H. Kapasina, 61077 Xapkis, Yrkpaina

¥ crarri 3amponoHoBaHO 6araTodyHKIIIOHAIBH]I AKTUBHI eJIEMEHTH, 1[0 IIPEJICTABIISIOTH CO00I0 KaHAaI Ha
ocHoBl n-tumy GalN Ha camdipoBiil MIKIAIII 3 TII0CKOI0 cTPykTypoo InGaN (me3a) Ha moBepxHI KaHAITY.
Mesa siBstsie co06010 Bapi3oHHMIA IMIap 3 MOJISTPHOIO YacTKoI0 (Ga, 1o 3MIHI0eThCsT 3pocTatoun B 0 Ha KaTOTHOMY
KOHTAKTI 10 1 B KaHAIIl, yTBOPIOIOYN CKJIATHUM KaTox giofa. PosrisHyTo cTpyKTypH 3 ABOMA THIIaMHE Ipodi-
JIiB sieryBaHHs (PIBHOMIpHE JIeTyBaHHS Ta IIPO(IIb JeryBaHHs 3 00JI1aCTI0 HU3HKOI KOHIIEHTPATII]) 3 KOHIEH-
Tpallien HOCIiB 3apamy 6°1022 ta 1023 m—3 y KaHaJIi Ta DOBXKUHOWL 1,28 MEM, 2,56 MM Ta 5,12 mxm. Mogestio-
BaHHS 1072 IIPOBOMIIOCS 34 JOIIOMOro bararoyactTurroBoro meroxy Moure-Kapsio 3 ypaxyBauusam yaapHoi
iomisalrii Ta edpeKTy camoHarpisanusa. HaBemeHo TeMIlepaTypHy MOZENIb, 3aCTOCOBAHY [IJI AHAJII3Y POSIIOILILY
TeMrepaTypu B miofi. JlociiiskeHO BIUIME TeMIlepaTypy Ha XapaKTePUCTUKH J110/1a HA IIOCTIHHOMY CTpyMi Ta
CIIEKTPAJIbHI (IIIyMOBI) XapaKTEePUCTUKH TI0IiB B YMOBAX CHUJIBHOIO €JIEKTPUYHOIO IIOJIS.

Busissieno, 1110 MosxIMBI pexrMu poGOTH BU3HAYAIOTHCS BIUIMBOM yAAPHOI 10HI3AIll, BEJUYNHOIO TeMIIe-
paTypu Ta ii IIepeposmoaijioM Yy KaHaJIl Ji04a BHACTIIOK eeKTy caMOHATPIBAHHA. Y aapHa 10HI3allis, 110 Bi-
I0YBAETHCS B CHUJIBHOMY €JIEKTPUYHOMY II0JI1, IIPU3BOINTD /10 BAHUKHEHHS aBTOKOJUBaHb y mioni. Takuit pe-
JKHM Yy TloAl 3 po3mipoM 5,12 MKM JeMOHCTpye HEOJHOPIIHUN HArpiB Yepe3 BUHUKHEHHS PyXoMol obJacTi
cubHOro moJiss. CaMoHArpiBaHHS B KOPOTKUX JI0AX MPU3BOIUTE 0 30LJIBIIEHHS IOPOr0OBOI HAIPYTH, IO
BIJIIIOBiJIa€ 3pOCTAHHIO CTPYMY BHACJIIOK yaapHOI loHi3amii. Bysio mokasano, mo MoskHa crablioisyBaTt cu-
JIbHE eJIEKTPHUYHE II0JIs I00JIN3y KaTo1a BUKOPUCTOBYIOUH IIPO(IIb JIETYBAHHS 3 00JIACTIO HU3bKOI KOHIICHT-
pariii, 1o crrpusie GBI OJHOPITHOMY PO3IIOILITY eJIEKTPUYHOTO TOJIsI Ta TeMirepaTypi. PoaraauyTi miogu Mo-
JKyTh OyTH BUKOPHCTAHI SK JJKepPeJio BUCOKOYACTOTHOIO IIIyMy, TeHepaTopu ['aHHA abo sk [prepesia BHIIUAX
TapMOHIK y IIOMHOKYBAYaX YaCTOTH.

Knrouogi cioea: Bapizounwuit map, GaN, InGaN, liox, Temmeparypa, HanpyseHicTb €JIeKTPHYHOTO TI0JIS,
Edexr camonarpisaunsa, ¥Yaapsa ionisaiisa, [llym, Komusammsa, ['ycrura morysxHOCTI.
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