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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 0 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 1023 m – 3 in the channel, and 

lengths of 1.28 m, 2.56 m, and 5.12 m 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 m 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. 
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1. INTRODUCTION 
 

The use of nitride compounds (GaN, AlN, 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 

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.O. ZOZULIA, O.V. BOTSULA, L.V. PAVLOVA, O.V. DEGOVTSOV J. NANO- ELECTRON. PHYS. 18, 02006 (2026) 

 

 

02006-2 

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. 
 

 

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. 
 

 
 

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 1023 m – 3;  

2, 3 are 6·1022 m – 3 

 

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 m, 2.56 m, and 5.12 m 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 InzGa1 – zN compound is 

described by the relation ( ) ( )
2 2

01 exp( / 2 )z x x x = − − − , 

where x0 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 5·1024 

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 InzGa1 – zN included three lower conduc-

tion band valleys (Γ, Γ1, 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 Lx×Ly, a uni-

form grid is introduced: 
 

( ) , , ,0 1,0 1h i j i x j y x yx y x ih y jh i N j N = = =   +   + (1) 

 

where hx = Lx/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. 

To determine the charge density ( , )p px y at the grid 

nodes and to reproduce the force acting on the particle at 

point (x, y) the charge of the particle qL = QL/N has been 

redistributed among the grid nodes xp, yp of the grid ac-

cording to its form factor ( , )p pW 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 InzGa1-zN layer in accordance 

with [12].    

The potentials
C at the cathode contact and the po-

tential 
А at the anode contact have been set to fixed val-

ues: 0С =  and 
A V = + , where  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
h using a five-point stencil. To find the poten-

tial distribution at the nodes of 
h  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 
nF  and pF , are 

the sum of the electric field forces and the quasi-electric 

field forces: 
 

 ( )( )
( )* *

* 1 2

e e ee
n En C

ee

m E mE
F F e E x

Em





 + 
= −   +

+
, (2) 

 

 ( )( ) *

*

p

p Ep V p

p

E
F F e E x m

m
= +   +  , (3) 

 

where ( )
C
E x  and ( )

V
E x  represent the coordinate-de-

pendent changes in potential energy caused by the varia-

tion in material composition. The magnitude of the elec-

tric forces 
EnF  and EpF  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 

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: 
 

 

( )
( ) ( )


 =    + 

,
, ,

T r t
c k T r t F r t

t
 (4)

 
 

where the thermal conductivity of the material 

k(z(x),T(r)) and the volumetric heat capacity of the lat-

tice c 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 
h  from the results of the Monte Carlo simu-

lation in the form: 
 

( , ) ( , )L
p p i i p i p i

ix y

q
F x y wW x x y y E

eh h t
= − − 


 ,  (5) 

 

where the sum is calculated for all simulating particles 

scattered during the time interval Δt with the absorption 

(emission) of a phonon or as a result of impact ionization; 

ΔEi 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) hB [15]: 
 

 
= −

1 2
( )

S B
q h T T

,
 (6) 

 

where qs is a heat flux across two material interfaces; T1 

and T2 are temperatures of interface materials. A bottom 

temperature of the substrate has been fixed at 300 К 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 
 

( ) ( ), ( ) 1 ( ) (1 )InN GaN

g g gE z T z E T z E T b z z=  + −  −   − , (7) 

 

where b = 1.64 is a bowing parameter [1], ( )InN

gE T and 

( )GaN

gE 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 valleys in 

https://www.google.com/search?q=Varshni%27s+Formula+%28Empirical%29&sca_esv=8efe466fbfa838b2&ei=DvRAaY_VHtG2i-gPxsK_wQ0&ved=2ahUKEwjQqPfrtcGRAxV32gIHHbkMJkcQgK4QegQIAxAB&uact=5&oq=formula+Forebigen+zone+temperature+dependence+&gs_lp=Egxnd3Mtd2l6LXNlcnAiLmZvcm11bGEgRm9yZWJpZ2VuIHpvbmUgdGVtcGVyYXR1cmUgZGVwZW5kZW5jZSBI1XNQAFiuYnAAeACQAQCYAbEBoAHrDKoBBDEuMTK4AQPIAQD4AQGYAgqgAvYJwgIHECEYoAEYCsICBBAhGBXCAgUQABjvBcICCBAAGIAEGKIEmAMA4gMFEgExIECSBwMxLjmgB8slsgcDMS45uAf2CcIHAzIuOMgHD4AIAA&sclient=gws-wiz-serp&mstk=AUtExfBlc8G8iRZzHk43OVuzVLiq1DsmbZd0CGqlfMFIamVKickes3A4naiZQtyNFOjaHrkfW_eSx4fVkESXx8fG_a-rjytaG6oUdq1DQii07FYWWt2BguOs7nwsVvNJJ3pqk0462Xs38DsjrP2T9pfCPcwBaL9yt6eUJVT4Qrr5B_uhM9P1hpI6Towborciq6TsmZCh&csui=3
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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 InzGa1 – zN and tempera-

ture-dependent thermal conductivity coefficients k(z, T) 

are determined by the relation: 
 

( )
( ) ( )

1

1 1
, ( , ) ,

( ) ( )InN GaN

T

z z zz
k z T x y

k T k T b

−

 −  − 
= + + 
 

   (8) 

 

( ) ( )1InN GaNz z z  =  + −   . (9) 

 

The temperature dependence of the thermal conductivity of 

binary compounds is determined according to [1, 6]: 
 

( ) 0
300

T
k T k

K


 

=  
 

,   (10) 

 

where bT = 1.4 W/(m·K) 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 t  

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 II and 

self-heating effect. Diodes of the lengths of 1.28 m,  

2.56 m, and 5.12 m have been utilized.  

The current-voltage characteristics (CVC) of diodes 

of 1.28 m and 2.56 m are shown in Fig. 3. 
 

 
 

Fig. 3 – Current-voltage characteristics of the diode: 1-8 with-

out self-heating, 1’-8’ with self-heating; 1-4, 1’-4’ for Lx=0.64 µm, 

Ly=1.28 µm; 5,5’,6,6’ for Lx=0.64 µm, Ly=2.56 µm; 7,7’,8,8’ - 

Lx=1.28 µm, Ly=5.12 µm; 1,1’,3,3’,8,8’ for Nd=1017 cm-3; 2,4-7, 

2’,4-7’ for Nd=6·1016 m-3; 1,1’,2,2’ are type 1, 3-8, 3’-8’ are type 2 
 

II 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 

sharp current grooving corresponds to uncontrollable stage 

of II. The threshold voltage Up associated with that stage 

also depends upon diode heating. For the high doping diode 

(1023 m – 3) Up 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. 
 

 
 

Fig. 4 – Electric field distribution in diodes of 1.28 m and 

Nd = 1022 m – 3 with different doping profile: 1, 3 – type 1; 1, 

3 – type 2; 1, 2 – 20 V; 3, 4 – 25 V 
 

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 К 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.  
 

 
a) 

 
b) 
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c) 

 

Fig. 5 – Temperature distribution in diodes of 1.28 m, 

U = 25 V, and different doping profile: а) – type 1; b), c) – type 

2; a), b) – Nd = 1017 cm – 3; c) – Nd = 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 m, the noise fre-

quencies are expected to be in the range over 200 GHz.  
 

 
a) 

 
b) 

 
c) 

 
d) 

 

Fig. 6 – PSD for diodes of 1.28 µm (a,b,c) and 2.56 µm (d): a), 

b) are Nd = 1023 m – 3; c), d) is Nd = 6·1022 m – 3; a) is type1 b) is 

type 2  

In the diodes of both types, at T = 300 К and with a slight 

change in the bias above Up, 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 II to appear in the domain. The results obtained 

for much lower concentrations and longer diodes are 

shown in Fig. 6 c), d) while (Nd = 6·1022 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 m 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 

µm demonstrates the oscillation at the bias close to the 

point of corresponding initial stage of II 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. 
 

 
 

Fig. 7 – Temperature distribution in diodes of 5.12 m; 

Lx = 1.28 m, Nd = 6·1022 m – 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 

obtaining high frequency oscillation by harmonic ex-

tracting. The obtained estimates can be improved by 

considering longer heating periods, which is the subject 

for our future investigations. 
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Ефект саморозігрівання в GaN діоді з варізонною InGaN мезаструктурою 
 

В.О. Зозуля, О.В. Боцула, Л.В. Павлова, О.В. Деговцов 
 

Харківський національний університет імені В.Н. Каразіна, 61077 Харків, Україна 
 

У статті запропоновано багатофункціональні активні елементи, що представляють собою канал на 

основі n-типу GaN на сапфіровій підкладці з плоскою структурою InGaN (меза) на поверхні каналу. 

Меза являє собою варізонний шар з молярною часткою Ga, що змінюється зростаючи від 0 на катодному 

контакті до 1 в каналі, утворюючи складний катод діода. Розглянуто структури з двома типами профі-

лів легування (рівномірне легування та профіль легування з областю низької концентрації) з концен-

трацією носіїв заряду 6·1022 та 1023 м – 3 у каналі та довжиною 1,28 мкм, 2,56 мкм та 5,12 мкм. Моделю-

вання діода проводилося за допомогою багаточастинкового методу Монте-Карло з урахуванням ударної 

іонізації та ефекту самонагрівання. Наведено температурну модель, застосовану для аналізу розподілу 

температури в діоді. Досліджено вплив температури на характеристики діода на постійному струмі та 

спектральні (шумові) характеристики діодів в умовах сильного електричного поля.  

Виявлено, що можливі режими роботи визначаються впливом  ударної іонізації,  величиною темпе-

ратури та її перерозподілом у каналі діода внаслідок ефекту самонагрівання. Ударна іонізація, що ві-

дбувається в сильному електричному полі, призводить до виникнення автоколивань у діоді. Такий ре-

жим у діоді з розміром 5,12 мкм демонструє неоднорідний нагрів через виникнення рухомої області 

сильного поля. Самонагрівання в коротких діодах призводить до збільшення порогової напруги, що 

відповідає зростанню струму внаслідок ударної іонізації. Було показано, що можна стабілізувати   си-

льне електричне поля поблизу катода використовуючи профіль легування з областю низької концент-

рації, що сприяє більш однорідному розподілу електричного поля та температурі. Розглянуті діоди мо-

жуть бути використані як джерело високочастотного шуму, генератори Ганна або як джерела вищих 

гармонік у помножувачах  частоти. 
 

Ключові слова: Варізонний шар, GaN, InGaN, Діод, Температура, Напруженість електричного поля, 

Ефект самонагрівання, Ударна іонізація, Шум, Коливання, Густина потужності. 
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