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In this work have been presented the result of investigation of K0,945Ag0,055NO3 

and K0,945Cs0,055NO3 single crystals were grown from aqueous solution of KNO3, 

AgNO3 and CsNO3 using isothermal crystallization method. Then, structural 

and phase transformations in samples were studied by X-ray and optical 

microscopy methods. It has been determined that in K0,945Ag0,055NO3 

monocrystal at T393K temperature, in K0,945Cs0,055NO3 monokrystal at 

T455K temperature the rhombic (II)  hexagonal (III) transformation occurs 

with the formation and growth of the III - modification crystal embryo within II 

– modification. The results obtained from the kinetic studies were determined 

that the temperature dependence of the conversion rate of II  III in 

K0,945Ag0,055NO3 and K0,945Cs0,055NO3 single crystals can be expressed by an 

empirical formula of 𝜐 = (𝑎𝛥𝑇 + 𝑏𝛥𝑇2 + 𝑐𝛥𝑇3) ⋅ 10−2 𝑐𝑚

𝑠𝑒𝑐
. 𝛥𝑇 = 𝑇𝑡 − 𝑇0 is 

temperature delay, 𝑇𝑡 − is transformation temperature and 0T  is 

equilibrium temperature between interconverting modification crystals. Based 

on the results of velocity measurements, the activation energy of IIIII 

polymorphic transformations were calculated. 

Keywords: single crystal, polymorphic 

transformation, modification, 

kinetics, activation energy 

 

 
K0,945Ag0,055NO3 və K0,945Cs0,055NO3 MONOKRİSTALLARINDA                                                                                      

QURULUŞ FAZA ÇEVRİLMƏLƏRİNİN KİNETİKASI 

XÜLASƏ 

İzotermik kristallaşma üsulu ilə KNO3, AgNO3 və CsNO3-ün suda məhlulundan K0,945Ag0,055NO3 və 

K0,945Cs0,055NO3 monokristalları yetişdirilmiş, rentgenoqrafik və optik mikroskopiya üsulları ilə həmin 

nümunələrdə quruluş faza çevrilmələri tədqiq olunmuşdur. Müəyyən edilmişdir ki, K0,945Ag0,055NO3  

monokristalında T393K temperaturda, K0,945Cs0,055NO3 monokristalında isə T455K temperaturda rombik (II)  

heksaqonal (III) çevrilməsi II – modifikasiya daxilində III -  modifikasiya kristalı rüşeyiminin yaranması və 

böyüməsi ilə gedir.  

Kinetik tədqiqatlardan alınan nəticələr MATLAB proqramı əsasında işlənərək müəyyən edilmişdir ki, 

K0,945Ag0,055NO3 və K0,945Cs0,055NO3 monokristallarında II  III çevrilmə sürətinin temperatur asılılığı 𝜐 = (𝑎𝛥𝑇 +

𝑏𝛥𝑇2 + 𝑐𝛥𝑇3) ⋅ 10−2 𝑠𝑚

𝑠𝑎𝑛
 

 emprik düsturu ilə ifadə oluna bilər. Burada 𝛥𝑇 = 𝑇ç − 𝑇0 temperatur yubanması olub, 

𝑇ç −çevrilmə, 𝑇0 −qarşılıqlı çevrilən modifikasiya kristalları arasında tarazlıq temperaturudur. Sürət ölçmələrinin 

nəticələri əsasında II  III polimorf çevrilmənin aktivləşmə enerjisi hesablanmışdır. 

Açar sözlər: monokristal, polimorf çevrilmə, modifikasiya, kinetika, aktivləşmə enerjisi 
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КИНЕТИКА СТРУКТУРНЫХ ФАЗОВЫХ ПРЕВРАЩЕНИЙ В                                                          

МОНОКРИСТАЛЛАХ K0,945Ag0,055NO3 и K0,945Cs0,055NO3  

РЕЗЮМЕ 

Монокристаллы K0,945Ag0,055NO3 и K0,945Cs0,055NO3 были выращены на водных растворах KNO3, AgNO3 и 

CsNO3 методом изотермической кристаллизации. После этого структурные и фазовые превращения в 

этих образцах были изучены методами рентгеновской и оптической микроскопии. Установлено, что в 

монокристалле K0,945Ag0,055NO3  при температурах T393K, в монокристалле K0,945Cs0,055NO3 при 

температурах T455K происходит переход ромбическое (II)  гексагональное (III) превращение с 

образованием и ростом III – модификация кристаллического зародыша внутри II – модификации. 

Результаты кинетических исследований были обработаны на основе программы MATLAB и 

установлено, что температурная зависимость скорости конверсии II  III в монокристаллах K0,945Ag0,055NO3 

и K0,945Cs0,055NO3 может быть выражена эмпирической формулой 𝜐 = (𝑎𝛥𝑇 + 𝑏𝛥𝑇2 + 𝑐𝛥𝑇3) ⋅ 10−2 см

сек
. Здесь 

𝛥𝑇 = 𝑇п − 𝑇0 температурная задержка, 𝑇п- температура превращения, а 0T  температура равновесия 

между кристаллами взаимопревращающихся модификаций. По результатам измерений скорости 

рассчитана энергия активации полиморфных превращений II  III. 

Ключевые слова: монокристалл, полиморфное превращение, модификация, кинетика, энергия 

активации. 

 

Introduction 

The investigation of structural transformations in potassium salts is of great scientific 

importance. Thus, the potassium salt crystals can be used as various converting devices, memory 

elements and heat radiation sensors. The structural transformation studies in the crystal and 

solid solutions of this substance can allow to determine its behavior in case of large dynamic 

loading (in the area of large deformation, explosions) or to eliminate the structural 

transformations during the application of this material. In addition, the results of the 

experiments can be applied in the methods of obtaining nanostructured materials. 

The study of structural phase transformations in nitrate compounds of alkali metals, 

including potassium and silver nitrate crystals, is of great scientific and practical importance. 

Despite numerous experimental results, there is still no complete theory of the polymorphic 

transformation process. On the other hand, these substances are used for different purposes in 

different areas of our life. This includes the wide applications of these substances in explosives, 

glass production, drug preparation, robotics, solid rocket fuel preparation and other fields. In 

addition, these substances are used in the preparation of various converter devices, as memory 

elements and heat radiation transmitters [1, 2]. These investigations require studying the growth 

morphology of the modification crystals that are mutually transformed during these 

transformations. That is why the kinetics of structural transformations in K0,945Ag0,055NO3 and 

K0,945Cs0,055NO3 crystals have been studied in this work. The first two crystals are rhombic at room 

temperature and rhombohedral after structural transformation. CsNO3 has a trigonal lattice at 

room temperature, and a cubic lattice after transformation. All three of these transformations are 

enantiotropic and they are single crystal-single crystal type [3-9]. The crystallographic results of 

the polymorphic modifications of all three crystals and the temperature ranges of existence are 

represented in table 1. 

 
  



Kinetics of Structural Phase Transformations in K0.945Ag0.055NO3 and K0.945Cs0.055NO3  Monocrystals 

5 

Table 1. Crystallographic parameters of polymorphic modifications of                                                                                   

KNO3, AgNO3 and CsNO3 and temperature ranges of existence 
C

o
m

p
o

u
n

d
  Symmetry 

 

 

 

 

Lattice parameters 
Phase 

group 

Existence 

temperature 

T,K 

R
ef

er
en

ce
  

a, Å b, Å c,  Å 

KNO3  

Rhombic 5,411 9,164 6,431 Pmcn 300-400 3, 4 

Rhombohedral 5,43 - 9,112 mR3  400-610 3, 4 

Rhombohedral 5,42 - 19,41 mR3  397-383 5, 6 

AgNO3 

Rhombic 6,997 7,325 10,118 Pbca 300-432,5 3, 7 

Rhombohedrik 5,203  8,522 mR3  432,5-438 3, 7 

CsNO3  
Trigonal  10,87 - 7,76 P3/m 300-434 3, 8 

Cubic   8,98 - - Pa3 434-687 9 

In order to investigate the mechanism of structural transformations in the solid solutions of 

the compounds mentioned, a number of experiments were conducted and the results based on 

experiments was investigated 11-13. 

Research method and research 

Single crystals of K0,945Ag0,055NO3 and K0,945Cs0,055NO3 solid solutions were obtained by 

isothermal crystallization method from aqueous solutions of "ЧДА" type KNO3, AgNO3 and 

CsNO3 compounds, respectively. The samples were needle-shaped and planar plate-shaped. 

The length of the needle is oriented in the 001 crystallographic direction. The crystallization 

process was repeated several times in order to obtain perfect crystals. Among the obtained 

crystals, 10.510mm3 crystals were selected for conducting microscopic studies. 

  Researches were carried out using a "Levenhuk C 310" type film camera in a MIN-8 brand 

polarizing microscope equipped with a special heater. The temperature of the crystal was 

measured using a copper-constantan thermocouple. The accuracy of the measurements was 

±10C at 1000C. Since the velocity measurements were carried out around the equilibrium 

temperature of the interconverting modification crystals, that temperature was determined first. 

It was determined that this temperature was 393 ±1K for K0,945Ag0,055NO3 and 455 ±1K for 

K0,945Cs0,055NO3.The temperature dependence of the new crystal growth rate during structure 

transformations was carried out by the method given in the work of 10.  

During the experiments, the following were strictly observed: 

1.  The speed of movement of the boundary separating two modifications was measured only 

in the 001 crystallographic direction. 

2.  Only the rate of single-crystal-single-crystal conversion was measured. 

3.  During the experiment crystals of the same size and shape grown under the same conditions 

were used. 

Measurements were made on six samples of each composition and the results obtained are 

given in table 2. 
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Table 2. Results from velocity measurements on K0,945Ag0,055NO3 and K0,945Cs0,055NO3  crystals 

Δ
T

,K
 

K0,945Ag0,055NO3 K0,945Cs0,055NO3 

To,K ּ t 10-2 cm/sec 
ּ h 10-2 

cm/sec 
To,K 

ּ t 10-2 

cm/sec 

ּ h 10-2 

cm/sec 

1  

 

 

 

 

393±1 

0,056 0,472  

 

 

 

 

455±1 

0,215 0,340 

2 2,514 1,883 3,912 2,157 

3 4,342 4,273 5,918 5,429 

4 6,523 7,681 9,650 10,138 

5 12,635 12,150 14,513 16,263 

6 18,240 17,717 23,420 23,783 

7 24,438 24,425 32,226 32,679 

8 32,525 32,314 44,745 42,432 

9 40,521 41,423 55,322 54,519 

10 52,241 51,793 66,356 67,423 

In figures 1 and 2 the graps of results obtained by the experiments and the empirical 

formula  are represented for the temperature dependence of the rate of structural 

transformations in K0,945Ag0,055NO3 and K0,945Cs0,055NO3 crystals, respectively. The experimental 

results are met with the theoretical calculations and it can be observed in graphs. 

 

Figure 1. Graph of temperature dependence of growth rate of III-modification crystal in IIIII transformation in 

K0,945Ag0,055NO3 crystal.           -empirical datas; -experimental datas 

 

Figure 2. Graph of temperature dependence of growth rate of III-modification crystal in IIIII transformation in 

K0,945Cs0,055NO3 crystal.         -empirical datas; - experimental datas 
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Conclusion 

The conclusion of the obtained results showed that the mentioned partial replacement leads 

to an increase in the conversion speed. At a temperature of 10K this speed is is 52  10-2cm/sec in 

K0,945Ag0,055NO3, and 66  10-2cm/sec in K0,945Cs0,055NO3. /sec, while  in KNO3 is 5x10-2cm/sec as 

shown in table 2. In other words, as a result of this substitution, the rate of structure 

transformation has increased approximately 10 times. We think that partial replacement of K+ 

ions by Ag+ and Cs+ ions in KNO3 causes the energy barrier height to decrease. So, the speed is 

determined by the factor of kT

E

e , where E is the activation energy of the process. The 

activation energy is calculated based on the velosity mesurement results.  

        In order to evaluate the process of polymorphic transformation in terms of energy, the 

equation [14] given by M. Folmer for crystal growth from the liquid phase with a two-

dimensional mechanism has been used: 

𝜐 = 𝜅1 𝑒𝑥𝑝( −
𝜅2

𝑇0
) 𝑒𝑥𝑝( −

𝜅3

𝑇0𝛥𝑇
) 

When this equation is applied to crystal growth during polymorphic transformation, k2-is a 

constant that takes into account the energy limit necessary for the transfer of molecules from the 

parent crystal to the surface of the newly grown crystal and it is equal  to 
𝐸

𝑅
. Here E is the 

activation energy per 1 mole, R is the universal gas constant. In the equation T0- is the 

equilibrium temperature between modifications, T – is the temperature delay. k1=Bd  and  - is 

oscillation frequency of molecules, d- is interatomic distance, B- is number of molecules passing 

from parent crystal to growing crystal surface, k3- is energy used for generation of two-

dimensional crystal embryo. The Folmer equation also agrees well with the results obtained from 

velocity measurements on K0,945Ag0,055NO3 and K0,945Cs0,055NO3 crystals and the dependence slope 

of ln on  
1

𝛵𝑜𝛥𝛵
-is a straight line. According to the inclination of that straight line, k2 and k3 

coefficients were determined, and the activation energy of IIIII transformation was calculated 

in the studied crystals. The obtained results are given in table 3. 
 

Table 3. Values of coefficients k2, k3 and activation energy in II→III transformation for                                                    

K0,945Ag0,055NO3 and K0,945Cs0,055NO3  single crystals. 

Content k2,deg-1 k3,deg-2 
Activation energy 

E, kJ/mol 

K0,945Ag0,055NO3 10877,5 4028,4 90,38 

K0,945Cs0,055NO3   12392,8 4121,9 102,98 

 

As can be seen from Table 3, the rate of rhombichexagonal transformation in the 

K0,945Ag0,055NO3 crystal increases as the temperature increases and the partial replacement of K+ 

ions by Ag+ ions in KNO3 leads to a decrease in the activation energy. So, while the activation 

energy of the rhombichexagonal transformation for potassium nitrate is 97.8 kJ/mol, for 

K0,945Ag0,055NO3 is 90.38 kJ/mol. On the other hand, the activation energy is 102.98 kJ/mol in the 

II→III transformation in the K0,945Cs0,055NO3 crystal. 
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In this paper, the magnetization of diluted magnetic semiconductor superlattices 

with a magnetic impurity of manganese is studied. It was found that the 

magnetization of a quasi-two-dimensional electron gas, depending on the degree 

of filling of the miniband superlattices, the molar concentration of the impurity, 

the exchange interaction constant and the spin splitting factor, changes sign and 

in a strictly two-dimensional case becomes positive. In a magnetic field, 

magnetization oscillates, and in strong magnetic fields the oscillations weaken, 

and their amplitude and frequency decrease. The contribution of the impurity to 

the magnetization is calculated. In a relatively weak magnetic field the 

magnetization associated with the impurity increases linearly and at a certain 

condition to the depending on the magnitude of the exchange constant and the 

impurity concentration changes its sign. 

Keywords: 

diluted magnetic semiconductor, 

II type superlattices, 

quasi-two-dimensional electron gas, 

magnetic impurity, 

magnetization, 

exchange interaction. 

 

НАМАГНИЧЕННОСТЬ ПОЛУМАГНИТНЫХ ПОЛУПРОВОДНИКОВЫХ СВЕРХРЕШЕТОК                                     

II ТИПА С ПРИМЕСЯМИ ИОНОВ Mn (марганца) 

АННОТАЦИЯ 

В данной работе исследуется намагниченность полумагнитных полупроводниковых сверхрешеток с 

магнитной примесью марганца. Найдено, что намагниченность квазидвумерного электронного газа в 

зависимости от степени заполнения минизоны сверхрешеток, молярной концентрации примеси, постоянной 

обменного взаимодействия и фактора спинового расщепления меняет знак и в строго двумерном случае 

становится положительной. В магнитном поле намагниченность осциллирует, причем в сильных магнитных 

полях осцилляции ослабевают, и их амплитуда и частота уменьшаются. Вычисляется вклад примеси в 

намагниченность. В относительно слабом магнитном поле намагниченность, связанная с примесью, возрастает 

линейно и при определенном условии в зависимости от величины обменной константы и концентрации 

примеси меняет знак. 

Ключевые слова: полумагнитный полупроводник, сверхрешетки II рода, квазидвумерный электронный 

газ, магнитная примесь, намагниченность, обменное взаимодействие. 

MANQAN İONLARI İLƏ AŞQARANMIŞ II NÖV YARIMMAQNİT YARIMKEÇİRİCİ  İFRATQƏFƏSLƏRİN 

MAQNİTLƏNMƏ ƏMSALI 

XÜLASƏ 

İşdə manqan ionları ilə aşqaranmış yarımmaqnit yarımkeçirici ifratqəfəslərin maqnit xassələri tədqiq edilir. 

Tapılmışdır ki, minizonanın dolma dərəcəsindən, aşqarın molyar konsentrasiyasından, mübadilə qarşılıqlı təsir 

sabitindən və spin parçalanması faktorundan asılı olaraq kvaziikiölçülü elektron qazının maqnitlənmə əmsalı işarəsini 

dəyişir və ikiölçülü halda müsbət olur. Xarici maqnit sahəsində maqnitlənmə əmsalının ossilyasiya etdiyi təyin 

olunmuşdur. Belə ki, güclü sahələrdə bu ossilyasiyalar zəifləyərək onların amplitudu və tezliyi azalır. Maqnitlənmə 
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əmsalına maqnit aşqarının verdiyi pay da hesablanmışdır. Göstərilmişdir ki, zəif maqnit sahəsində aşqarla bağlı olan 

maqnitlənmə əmsalı xətti olaraq artır və müəyyən şərtdə mübadilə qarşılıqlı təsir sabitindən və aşqarın molyar 

konsentrasiyasından asılı olaraq işarəsini dəyişir. 

Açar sözlər: yarımmaqnit yarımkeçirici, II növ ifratqəfəslər, kvaziikiölçülü elektron qazı, maqnit aşqarı, 

maqnitlənmə əmsalı, mübadilə qarşılıqlı təsir. 

 

1. Introduction 

Diluted magnetic semiconductor superlattices (DMSS), consisting of alternating layers of 

two materials that combine electronic and magnetic properties are perspective, and appear 

attractive both from the point of view of fundamental physics and technology. This is connected 

with to fact that superlattices exhibit many new electronic and optical properties, unusual for 

bulk samples, due to the presence of an additional periodic potential whose period is larger than 

the original lattice constant. In diluted magnetic semiconductor superlattices, it is possible to 

change the electronic potential after making the superlattice structure using external parameters 

such as the external magnetic field and temperature. Exchange interactions in such materials 

give rise to new spin-dependent phenomena, including giant spin band splitting and large 

Faraday rotation [2]. Due to the fact that in recent years it has become possible to quite accurately 

determine the values of exchange integrals, theoretical studies of the DMSS physical properties 

have received significant development. Changing the composition and impurities concentration 

in DMSS, lead to alteration the parameters of the band structure, i.e., magnetic impurities affect 

the properties of the semiconductor matrix; they also exhibit behavior characteristic of the 

paramagnetic and ferromagnetic phases with a change in the impurity concentration. The 

interaction between localized magnetic moments of an impurity and conduction electrons leads 

to a number of new properties, for example, the giant negative magnetoresistance at the 

semiconductor-semimetal transition [1]. All these effects have a common origin; they are caused 

by dsp exchange interactions. Many of theoretical and experimental works has been devoted 

to the study of the spin-dependent transport of charge carriers due to the reciprocity influence of 

transport and magnetic properties in DMS [2]. In recent years, using the MBE method, it has 

been possible to create layer systems with quantum wells and superlattices of good quality. 

However, there are significantly less studies in which low-dimensional systems are studied in 

the presence of a magnetic field and magnetic impurities [3-5]. As an example, we give 

heterostructures AlGaAsGaAs /  [6], where the impurity is manganese. The influence of the 

impurity localized magnetic moments is also manifested in the properties of two-dimensional 

electron gas in the DMS by changing the g  factor. The magnitude of the g  factor is affected by 

exchange interactions and temperature. Spin splitting reduces the g  factor and changes the sign 

[7]. In this work, the DMSS thermodynamic properties, namely, magnetization, are studied, since 

statistical characteristics significantly affect the magnetic and transport properties of low-

dimensional systems in the presence of a magnetic impurity. Impurity localized magnetic 

moments is also displayed in the properties of two-dimensional electron gas in the DMS by 

changing the g  factor [8]. The magnitude of the g  factor is affected by exchange interactions 

and temperature. Spin splitting reduces the g  factor and changes the sign. In this work, the 

DMSS thermodynamic properties, namely, magnetization are studied, since statistical 

characteristics significantly affect the magnetic and transport properties of low-dimensional 

systems in the presence of a magnetic impurity.  
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2. Energy spectrum and density of states of DMSS 

The possibility to create thin films, superlattices, and heterostructures of diluted magnetic 

semiconductors using molecular beam epitaxy in combination with the appearance of new 

properties of these materials makes low-dimension diluted magnetic semiconductors very 

important from the point of view of both basic research and applied sciences. In the 𝐶𝑑1−𝑥𝑀𝑛𝑥𝑇𝑒 

and 𝐻𝑔1−𝑥𝑀𝑛𝑥𝑇𝑒 compounds, the exchange interaction between conduction electrons and 53d  

impurity electrons Mn  is carried out in the mean-field approximation. For electrons in a given 

external magnetic field and for a given state of magnetic ions systems, in the case where the 

electron wave function is sufficiently delocalized and the influence of electrons on each of the 

magnetic ions can be neglected, the Hamiltonian has the form: 

exCB
HHHHH 

0 ,                                                              (1) 

where 
0

H  is the Hamiltonian of the electron in an ideal crystal; the term 
B

H  describes the 

influence of the magnetic field on the electron's state this is responsible for Landau quantization 

and spin splitting; 
C

H  describes the Coulomb interaction of carriers with impurities; and the 

term ex
H  corresponds to the exchange interaction between carriers and ions.  

Taking into account the electron spin B
z

  leads to an additional term in the Hamiltonian, 

where is )( 
zBz

  the projection of the intrinsic magnetic moment onto the field direction 

associated with the electron spin, z
 - spin operator with eigenvalue 21 , 0

2me
B

 - Bohr 

magneton, B - magnetic field induction. Since the spin operator commutes with the Hamiltonian, 

its 𝑧th component is preserved, and in the Schrödinger equation, the spin and coordinate 

variables are separated. Therefore, the complete eigenfunctions of the electron, taking into 

account the spin, are obtained by multiplying the wave functions without spin by the spin wave 

functions corresponding to certain values of the spin projection 21  In this case, an 

additional term is added to the energy eigenvalues, corresponding to the energy of the 

eigenmoment in the magnetic field. The difference from a non-magnetic semiconductor is the 

presence of exchange interaction. For exchange interaction, the Heisenberg spin model:  


nnex

SRrJH   )(


,                                                               (2) 

n-number of the magnetic )(
n

RrJ


  ion, exchange integral between conduction band 

electrons and impurity electrons,  - spin of mobile electrons with r


 radius vector, n
S - spin of 

magnetic impurity n
R  localized at a site (for manganese 25

n
S ). When the magnetic field is 

directed along z , then in ex
H , all manganese spin operators are replaced by their mean values, 

and for the conduction band, we have: 

A

A
H

cexc
30

03
 .                                                                    (3) 

Here  

xSNA
z


0

6

1
 ,                                                                        (4) 

where 0
N  is the number of cells per unit volume, the modification of the band structure 

caused by the s-d interaction will be described by a constant   equal to  SJS , x - the 
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molar concentration of the impurity. In the Schrödinger equation, in the effective mass 

approximation, the exchange potential mixes the orbital and spin degrees of freedom, which can 

lead to the scattering of electrons from one orbital state to another with a spin flip. The solution 

to the Schrödinger equation with Hamiltonian (1) taking into account (3) for the energy spectrum 

of semimagnetic semiconductor superlattices in a strong magnetic field parallel to the axis 

directed perpendicular to z  the layers, which quantizes the motion of the electron in the plane of 

the layer and removes the spin degeneracy for the energy spectrum, will have the form: 

ASBgakBNkN
Bzz

3)cos1()12(),,(
0

  .                 (5) 

Where ,...2,1N  are the Landau quantum numbers, z
k  is the quasi-momentum component 

along the axis z ,  
B

mm 



0 , 0

m  is the mass of a free electron, 
m  is the mass of the electron 

in the plane of the layer, 0
  is the half-width of the conduction band in the direction z

k , a  is the 

superlattice period in the direction z , g  is the factor that is determined from the band structure, 

and the rest are standard constants. It can be seen that each Landau level is distributed into two 

spin sublevels, and the magnitude of the distribution of the Nth level is the same and equal to 

Bg
B

  . In this work, manganese ions with spin 5/2 are taken as impurities, and then the 

energy spectrum (5) takes the form: 

)cos1(),(
2

5

2

1
)12(

0 zB
akTBfxBgBN    .                  (6) 

x - molar concentration of manganese, 
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- Brillouin function (at strong fields and low temperatures, this function tends to unity). 

Two quasi-continuous determines one quantum state in a magnetic field ( zy kk , ), three 

discrete quantum numbers: SN ,,  and the density of states is determined by the formula: 
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Here 2/1)( eBR  - magnetic length, ASBgBNkN
Bzz

3)12(),,(   ,  
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From (7) it is clear that the density of states has a feature every time the energy coincides 

with one of the Landau levels BN
N

 )12(  , i.e. oscillates with changing magnetic field. 

In the case of a degenerate electron gas, the density of states depends significantly on the 

relationship between the Fermi level and the width of the one-dimensional conduction band in 

the z
k  direction. Taking spin splitting into account significantly affects the behavior of the 

density of state, and at large values of the g  factor there is a linear dependence of the density of 

state on the magnetic field. 
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3. Magnetization 

The magnetization of an electron gas M , using the Gibbs method, can be found based on 

the explicit form of the grand thermodynamic potential ),,,( BVT  : 

,,

1

VTBV
M 












 ,                                                                         (8) 

where the grand thermodynamic potential in a quantizing magnetic field has the form: 

 




















SkkN

Тk

SkN

zy

z

eTk 0

),,,(

0
1ln .                                              (9) 

For a grand thermodynamic potential ),,,( BVT   we have: 
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Where  
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0
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integral is defined as: 
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If we move in (10) from integration over dZ  to integration over d  energy, then for we 

obtain [7]: 



























 


 








 SN

z

N

d
Tkd

Ndk

R

TVk

0

2

0 exp1ln
),(

)(2
.                         (12) 

The expressions are valid for any value of the magnetic field and the degree of degeneracy 

of the electron gas. 

Taking into account (12) in (8), for magnetization, we obtain: 
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In the case of a degenerate electron gas, for magnetization in the quantum limit )0( N  we 

have: 
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 ,             (14) 

here 0
Z  is given by formula (11). 

From (14) it follows that the magnetization of a quasi-two-dimensional electron gas, 

depending on the degree of filling of the miniband, the molar concentration of the impurity, the 

exchange interaction constant and the g  factor, changes sign and in a strictly two-dimensional 

case becomes positive. In a magnetic field, the magnetization oscillates, and in strong In 

magnetic fields, oscillations weaken, and their amplitude and frequency decrease. At low 

degrees of miniband filling, the magnetization has the form: 
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Mn
M

Za

eB
M 

0

22 


.                                                                     (15) 

The second term in equation (15) describes the contribution of the diluted magnetic 

semiconductor superlattces magnetization.  

For magnetization, Mn
M  we get: 
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where 
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In strong magnetic fields at low temperatures 
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Based on (17), it follows that with increasing magnetic field, the magnetization increases and 

then reaches saturation. At 1
0




Tk

Bg
, i.e. at weak magnetic fields and high temperatures, the 

magnetization will be: 
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From (18) it is clear that in a relatively weak magnetic field the magnetization increases 

linearly and at a certain magnetic field, but at 



g

xN
B





2

5
, i.e. depending on the exchange 

constant and the concentration of the impurity, the sign changes. 

4. Conclusion 

The magnetization of DMSS with a magnetic impurity of manganese is being studied. It was 

found that the magnetization of a quasi-two-dimensional electron gas, depending on the degree 

of filling of the miniband, the molar concentration of the impurity, the exchange interaction 

constant and the g  factor, changes sign and in a strictly two-dimensional case becomes positive. 

In a magnetic field, magnetization oscillates, and in strong magnetic fields the oscillations 

weaken, and their amplitude and frequency decrease. The contribution of the impurity to the 

magnetization is calculated. It is shown that this contribution in a strong magnetic field and at 

low temperatures increases with increasing magnetic field, and then reaches saturation as a 

result of the alignment of the spin of electrons and magnetic impurities in the averaged external 

magnetic field and the exchange field of the magnetic ion. In a relatively weak magnetic field, the 

magnetization associated with the impurity increases linearly and, at a certain magnetic field, 

depending on the exchange constant and the concentration of the impurity, changes sign. 
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The dielectric properties and power dissipation of PtSi/n-Si Schottky diodes of 

small area (8x10-6 cm2) were studied when the bias voltage varied in the range -

2V ÷ 4V at room temperature. The amplitude of the alternating signal (Vac) 

varied from 5 mV to 1x103 mV. Studies based on impedance measurements 

revealed the dependence of dielectric parameters (ε', ε″), ac-conductivity (σac) 

and power dissipation (P) only at Vac = 200 mV. The obtained result is 

explained by the inhomogeneity of polarization and surface states. 
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1. Introduction 

Most elements of modern solid-state electronics are based on contact structures with a 

Schottky barrier. The many advantages of these structures compared to n-junctions are of 

interest for the creation of multifunctional devices. Simple technology, a wide selection of 

materials, and the ability to manufacture densely packed structures are the basis for the 

fabrication of devices with low material costs and high performance capabilities.  

High speed due to charge transfer is carried out by the main charge carriers. Small dimensions of 

contact structure provide high packing density of elements on the crystal [1-3]. The 

miniaturization of semiconductor structures brings to the fore the task of rapidly improving the 

technology for obtaining and studying micro- and nanostructures and their rapid introduction 

into industrial production. The main goal of modern electronics is the development of 

multifunctional, stable, small-sized devices with low power dissipation. 

The multifunctionality of the devices is achieved due to the sensitivity of the device and the 

ability to control it when operating factors change in a narrow range [4]. Taking into account the 

relevance of the topic, we investigated PtSi/n-Si Schottky diodes with small geometric 

dimensions and equipped with a diffusion barrier. Platinum silicide was used as the metal film 

of the diode. Interest in silicide is due to its high conductivity and temperature stability. Besides, 

PtSi is of interest for infrared applications due to its high work function [4,6]. 
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Platinum silicide (PtSi) is formed due to chemical reaction between platinum (Pt) and silicon 

(Si). In such contact structure, the interface between silicide and silicon is formed in the 

semiconductor, which eliminates the influence of the environment and minimizes the density of 

surface electronic states [4-6]. 

An important role in the formation of barriers in contact structures is played by the crystal 

structure of the metal film and the crystallographic orientation of silicon [4-6]. The presence of 

silicides ensures the production of barriers with guaranteed adhesion of the metal to silicon and 

better mating of the lattices of the two materials. On the other hands reducing the size of devices 

puts forward the problem of the appearance of fluctuations in parameters. During the process of 

formation of a silicide compound on the surface of silicon, a rearrangement of atoms occurs 

continuously. As a result of the formation of the interfacial layer inhomogeneities are likely to 

appear, which can influence on the electrical and dielectric properties of this structure [7,8]. 

The purpose of studying the influence of an alternating signal on the properties of a PtSi/n-

Si Schottky diode is connected by the several reasons. Firstly, the studied diodes have a small 

geometric area (~10-6 cm2). Second, it is known that aluminum (Al) has a high diffusion 

coefficient. In order to prevent the penetration of Al through the silicide film, a diffusion barrier 

(an amorphous Ti10W90 alloy) was placed between PtSi and Al.  

Third. Previous studies of diodes revealed the presence of self-assembled patches with a 

high impurity concentration [9]. The surface states of a PtSi/n-Si Schottky diode and their 

distribution were previously studied by us as functions of temperature and frequency, the 

dielectric characteristics were studied as functions of frequency [10-13]. We have studied the 

dielectric characteristics of diodes with the simultaneous application of dc- and ac- voltage. 

Dielectric losses, which characterize the conversion of a part of electrical energy into thermal 

energy, are an important electrophysical parameter of contact structures. The magnitude of these 

losses indicates the features of the polarization mechanism. Dielectric losses usually change to a 

large extent when various kinds of impurities are introduced into the dielectric and are a 

sensitive indicator of changes in the structure of the dielectric. The study of dielectric losses and 

their dependence on structural defects and various factors (temperature, dc- and ac-voltage, and 

frequency of test signal, etc.) is of considerable interest for modern electronics [14]. Our previous 

studies were devoted to studying the dependence of the dielectric parameters of PtSi/n-Si and 

Pd2Si/n-Si diodes on frequency, temperature and illumination intensity based on admittance 

spectroscopy (20 mV peak to peak) [10-13]. 

 The obtained results revealed that the highest values of dielectric losses ε″ and 𝑡𝑎𝑛𝛿 corres-

pond to a frequency of 500 kHz and a temperature of 300 K. However, currently, the scientific 

literature does not pay attention to the study of the influence of amplitude of ac-voltage on 

dielectric parameters, resistance and conductivity and the power dissipation of PtSi/n-Si diodes. 

2.Materials and methods 

To fabrication the studied PtSi/n-Si diodes with small geometric dimensions (8x10-6sm2), the 

photolithography method was used. Characteristics of the semiconductor substrate are - 

monocrystalline silicon n-Si (111), a resistivity silicon wafer is 0.7 Ω·cm, diameter about 3 inches, 

thickness is 3.5 µm. A platinum film with a thickness of about 0.6 μm was obtained on a pre-

cleaned surface of single-crystalline silicon wafer. Then the Pt/n-Si plate was annealed at a 

pressure of 6×10−5 Torr at 773 K and in an atmosphere of N2 and H2 gases [10-13,15]. 
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 The amorphous Ti10W90 diffusion barrier was deposited on the silicide film (PtSi) by 

magnetron sputtering method [15-17]. On a semiconductor matrix, was fabricated 14 diodes, 

areas of which changed from 1x10-6 cm2 to 14x10-6 cm2) (Fig.1). Geometric area of investigated 

diode is A=8x10-6 cm2. 

    

Fig.1. The diode matrix (a) and cross section of PtSi/n-Si Schottky diode (b). 

The dependences of the dielectric properties, conductivity, resistance and power dissipation 

of a PtSi/n-Si Schottky diode on the amplitude of the alternating voltage were obtained as a 

result of measurements using an HP 4192A low-frequency impedance analyzer and an external 

pulse generator. 

A bias voltage (-2V ÷ +4V) and an alternating signal (500kHz, 5mV÷1x103mV) were 

simultaneously applied to the PtSi/n-Si Schottky diode. 

3.Results and Discussion 

To study the influence of the amplitude of the alternating signal (Vac) on the dielectric 

parameters of a PtSi/n-Si Schottky diode, measurements of the capacitance (C) and conductance 

(G) of the diode were carried out when changing direct (Vdc) and alternating voltage (Vac). 

It is known that complex permittivity can be described as [18-23] 

  i* �                   (1) 

where real (ε′) and imaginary parts (ε″) of complex permittivity, 𝑖 is the imaginary root of −1. 

At admittance 𝑌∗ measurements 𝐶 − 𝑉 and 𝐺 𝜔 − 𝑉⁄  , the following relation holds 
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where 𝐶 is measured capacitance, 𝐺 is measured conductance of investigated diode, 𝐶0 is the 

capacitance of an empty capacitor,   is the angular frequency ( f 2 ) of the applied electric 

field.  

With the aim of investigation the real (  ) and imaginary (ε″) parts of complex permittivity 

( 𝜀∗ ) of PtSi/n-Si(111) Scottky barrier diode have been calculated at different value of alternating 

voltage (𝑉𝑎𝑐) on the basis of measured C-V and G-V characteristics 
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C
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00 
   (3) 

where 𝑑𝑖 is the thickness of the dielectric gap, 𝐴 = 8x10-6 cm-2 is the rectifier contact area of PtSi/n-

Si Schottky barrier diode, 𝜀0 is the permittivity of free space charge (𝜀0 = 8.85 · 10-14 F/cm).  
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In the generalized model of the metal–semiconductor contact must be taken into account the 

presence of thin dielectric gap between contacting materials. In this respect, in the strong 

accumulation region, the maximal capacitance of the structure corresponds to the dielectric layer 

capacitance (Cac=Ci=ε'ε0A/di).  

By the using measured conductance of PtSi/n-Si Schottky barrier diode at the various 

amplitudes (𝑉𝑎𝑐) of ac-signal was calculated the imaginary part of the complex permittivity ε″ 

𝜀′′ =
𝐺𝑑𝑖

𝜀0𝜔𝐴
               (4) 

The loss tangent (tan) for PtSi/n-Si Schottky barrier diode can be expressed as 

𝑡𝑎𝑛𝛿 =
𝜀′′

𝜀′                 (5) 

The ac-electrical conductivity (ac) for PtSI/n-Si Schottky diodes was calculated by the 

following equation. 

𝜎𝑎𝑐 = 𝜔𝐶𝑡𝑎𝑛𝛿(𝑑
𝐴⁄ ) = 𝜀′′𝜔𝜀0            (6) 

Comparing the real and imaginary part of the impedance, the series resistance is given by [24] 

𝑅𝑠 =
𝐺

𝐺2+(𝜔𝐶)2             (7) 

Besides, to analyze the dynamics of charge carriers in PtSi/n-Si have been used the complex 

electric modulus, which is inversely proportional to the complex permittivity [25]. 

The main advantage of this method is that it suppresses the contribution from electrode 

polarization, which dominates the permittivity formalism. The real component 𝑀′ and the 

imaginary component 𝑀′′ are calculated from ε′ and 𝜀′′. 

𝑀∗ =
1

𝜀∗ = 𝑀′ + 𝑗𝑀′′ =
𝜀′

𝜀′2+𝜀′′2 + 𝑗
𝜀′′

𝜀′2+𝜀′′2             (8) 

It should be noted that the results of research into power dissipation due to dielectric losses 

are important in the fabrication of new devices.  

The power dissipated in the dielectric depends on the amplitude of the alternating signal 

(𝑉𝑎𝑐) , determine by dielectric losses [14,26-31] and described for device with parallel equivalent 

circuit (Schottky diodes) as 

𝑃 = 𝑉𝑎𝑐
2 𝜔𝐶𝑡𝑎𝑛𝛿       (9) 

In Fig. 2, 3 and 4 show the change in the real (ε'), imaginary (ε'') parts of the dielectric 

constant and loss tangent (tan δ) of a PtSi/n-Si diode with a Schottky barrier depending on the 

bias voltage and the amplitude of the alternating signal (Vac). 

As shown in Fig. 2a, Fig. 3a and Fig. 4a, the main parameters characterizing the dielectric 

properties ε', ε'' and tan depend on the bias voltage only in the range of 0-2.0 V at room 

temperature (T = 300K). At high values of the applied voltage, the values of ε', ε'' reach almost 

constant values. The studied parameters do not depend on the amplitude of the alternating 

signal, varying from 5 mV to 1x103 mV at a frequency of 500 kHz, with the exception of Vac = 200 

mV (Fig. 2b, Fig. 3b and Fig. 4b). It should be noted that when the amplitude of the alternating 

signal Vac = 200 mV the characteristics differ sharply from others. However, the nature of the 

dependence remains. Thus, it indicates that at Vac = 200 mV the polarization in PtSi/n-Si Schottky 

barrier diodes sharply increases. 
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Fig. 2. The dependence of the dielectric constant of PtSi/n-Si Schottky barrier diode: a) on dc-voltage ( 𝜀′ − 𝑉 ) for 

various amplitudes of 𝑉𝑎𝑐 and b) on amplitude of ac-voltage ( 𝜀′ − 𝑉𝑎𝑐 ) for various applied bias voltage 

A sharp increase in ε' indicates an increase in the intensity of polarization, that is, the 

accumulation of charge at the boundary of regions with different conductivities. The obtained 

result corresponds to the Maxwell-Wagner theory. 

 

Fig.3. The dependence of the dielectric loss of PtSi/n-Si Schottky barrier diode at room temperature: a) on bias volage ( 

𝜀′′ − 𝑉 ) for various amplitudes of 𝑉𝑎𝑐 and b) on amplitude of ac-signal (ε''-𝑉𝑎𝑐 ) for various applied dc- voltage 

As can be seen in these figures, the peak values on ε′′ − 𝑉𝑎𝑐 (Fig. 3b) and 𝑡𝑎𝑛𝛿 -𝑉𝑎𝑐 (Fig. 4b) 

observed at 𝑉𝑎𝑐 =200 mV, increase with increasing dc-voltage, the positions of the peaks do not 

shift. 

 

Fig 4. The dependence of tangent loss of PtSi/n-Si Schottky barrier diode at room temperature on: bias voltage a) ( 

𝑡𝑎𝑛𝛿 − 𝑉 ) for various amplitudes of 𝑉𝑎𝑐 and b) on amplitude of alternating signal ( 𝑡𝑎𝑛𝛿 -𝑉𝑎𝑐) for various applied voltage 
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The 𝑡𝑎𝑛𝛿 – 𝑉 characteristics have a peak only at 𝑉𝑎𝑐=200mV.  

The nature of the dependences 𝜀′′ and 𝑡𝑎𝑛𝛿 on bias voltage and amplitude of alternating 

voltage, the appearance of the peak and its position depends on polarization, conductivity, 

surface states, homogeneity of the medium, energy losses, degree of doping, etc. Besides, the 

capacitance and conductance of diode are extremely sensitive to the interface properties and 

series resistance. In this case, the contribution of surface states recharging at given frequencies of 

the alternating signal is of great importance. 

 

Fig 5. The variations of ac-electrical conductivity (σ𝑎𝑐ac) of PtSi/n-Si Schottky barrier diode at room temperature: a) on 

dc-voltage ( 𝑡𝑎𝑛𝛿 − 𝑉 ) for various amplitudes of 𝑉𝑎𝑐 and b) ac-voltage (𝑡𝑎𝑛𝛿 -𝑉𝑎𝑐) for various applied voltage 

The behavior of ac-electrical conductivity ( 𝜎𝑎𝑐) of the PtSi/n-Si Schottky barrier diode at 

different voltage and 𝑉𝑎𝑐 is presented in Fig. 5. It is noticed that the electrical conductivity 

generally increases with increasing voltage. However, at low and high value of amplitude (𝑉𝑎𝑐 ) 

𝜎𝑎𝑐 practically independent on 𝑉𝑎𝑐with the exception of 200mV. 

In the present paper according to a method by Nicollian and Brews [24], the real series 

resistance of PtSi-nSi Schottky barrier diode was calculated from the 𝐶 − 𝑉 and 𝐺 − 𝑉 

characteristics in strong accumulation region.  

The dependence of 𝑅𝑠 of investigated diode (PtSi/n-Si) on bias voltage and amplitude of 

alternating signal (𝑉𝑎𝑐 ) show in fig.6. 

 

Fig 6. The dependence of the real series resistance 𝑅𝑠 of PtSi/n-Si Schottky barrier diode at room temperature (500kHz): 

a) on dc-voltage (𝑅𝑠 − 𝑉) for various amplitudes (𝑉𝑎𝑐 ) and b) on ac-voltage (𝑅𝑠 -𝑉𝑎𝑐 ) for various applied dc-voltage 

 By the using real (  ) and imaginary (  ) parts of complex permittivity have been 

calculated the dependence of real ( 𝑀′ ) and the imaginary ( 𝑀′′) parts of electric modulus for 

PtSi/n-Si Schottky barrier diode on bias voltage and amplitude of alternating signal (Fig.7 and 

Fig.8) 
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Fig. 7. The dependence of the real part electric modulus (𝑀′) of PtSi/n-Si Schottky barrier                                                                  

diode at room temperature on bias voltage: a) 𝑀′  − 𝑉 for various amplitudes of 𝑉𝑎𝑐 and amplitude                                                     

of alternating signal; b) 𝑀′ -𝑉𝑎𝑐 for various applied voltage 

  

Fig.8. The dependence of the imaginary part of electric modulus (𝑀′′) of PtSi/n-Si Schottky barrier                                                     

diode at room temperature on bias voltage: a) 𝑀′′ − 𝑉 for various amplitudes of 𝑉𝑎𝑐 and amplitude of alternating 

signal; b) 𝑀′′ -𝑉𝑎𝑐 for various applied voltage 

It can be seen from figures 2-8 that all characteristics have features precisely at V=200 mV.  

As is know,    is a measure of energy loss and shows how strongly a material absorbs 

energy from an external electric field. The loss factor   is affected by both dielectric losses and 

conductivity. The peak in the    dependence and the sharp minimum on 𝑀′′ − 𝑉𝑎𝑐 shows an 

increase in relaxation losses at 𝑉𝑎𝑐 = 200 mV. 

In connection with the aim of the study the power dissipated (P) in the diode PtSi/n-Si was 

investigated. The dependence 𝑃 − 𝑉𝑎𝑐revealed an increase in power dissipation with increasing 

amplitude of the alternating signal (5mV÷1x103 mV). In addition, the dependence clearly shows 

a weak peak at 𝑉𝑎𝑐 =200 mV (Fig. 9). 

 

Fig.9. The dependence of the active power dissipated (dielectric losses) (𝑃) in the PtSi/n-Si                                                       

Schottky barrier diode on the amplitude of ac-signal 𝑉𝑎𝑐 
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The obtained dependence ( 𝑃 − 𝑉𝑎𝑐 ) may be due to the heterogeneous structure of depletion 

layer in PtSi/n-Si Schottky diode. This structure is identical to the Maxwell-Wagner structure of 

two-layer dielectric [32]. 

It should be noted that in our previous paper [33], devoted to the study of PtSi/n-Si Schottky 

barrier diode, the existence of self-assembled patches with different charge carrier concentrations 

was discovered. The sizes of these spots, similar to quantum wells, were estimated. These 

patches formed due to hexagonal voids in the crystal structure of Si(111), because the dimensions 

of these voids allow the penetration of platinum atoms at forming a contact. 

 We believe that the role of macrorelaxers is played by inhomogeneous sections of the 

PtSi/n-Si Schottky barrier diode and with the recharging of surface states [4,6]. The density of 

surfage states (𝑁𝑠𝑠 ) obtained by the high-low temperature method for the PtSi/n-Si structure re-

vealed the maximum value of 𝑁𝑠𝑠 about V=200 mV. That is, the 𝑁𝑠𝑠values give a wide peak when 

Ec - Ess = 0,22 eV. Studies in the [33] article showed the maximum loss tangent at 200 mV [10]. 

So, the features in the dependence parameters on 𝑉𝑎𝑐 for PtSi/n-Si Schottky barrier diodes 

revealed that the dissipation power at a voltage of 200 mV is associated with the presence of self-

assembled patches in the depletion layer of diode and the maximum density of surface states. 

4. Conclusion 

The dependence of real (ε') and imaginary (ε″) parts of complex dielectric permittivity and 

electric modulus ( 𝑀′ , 𝑀′′), dielectric loss ( 𝑡𝑎𝑛𝛿 ), ac-conductivity (σac) and series resistance (Rs) 

on bias voltage (V) and amplitude of alternating signal (Vac) were investigated for PtSi/n-Si 

Schottky barrier diode. With the increasing of bias voltage from -2V to 4V and amplitude of 

alternating signal (500kHz) in the range 5mV ÷1x103mV at room temperature on the all 

parameters have been observed features only at 𝑉𝑎𝑐=200mV. On the dependence of power 

dissipated on amplitude of alternating voltage revealed the strong dependence and a peak at 

𝑉𝑎𝑐=200mV also. 

The results obtained are in good agreement with previously obtained ones, where the 

presence of self-organized patches in depletion layer of PtSi/n-Si Schottky barrier diodes with a 

high doping degree was reported. Inhomogeneous sections of the PtSi/n-Si Schottky barrier 

diode and the recharging of surface states play a role of macrorelaxers. The value of the 

alternating signal amplitude (𝑉𝑎𝑐 = 200𝑚𝑉) causing a sharp change in the parameters corres-

ponds to the maximum value of the density of surface states. 
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This study focuses on developing an origami-structured triboelectric 

nanogenerator (TENG) fabricated from nylon and polysiloxane materials. The 

origami configuration exhibited a superior energy-harvesting capability 

compared to conventional single-layer designs. The device's output 

parameters, including voltage and current, were evaluated manually and 

under stand-alone operational conditions. The hand-operated TENG achieved 

a peak voltage of 21 V and a current of 2.8 μA. Under autonomous operation, 

these values were measured at 8.3 V and 1.04 μA, respectively. The results 

indicate that both external force and operational frequency have a pronounced 

effect on enhancing the output performance of the TENG. Wave-driven 

TENGs (W-TENGs) also demonstrated successful energy harvesting from 

ocean waves, effectively powering low-energy portable devices. These findings 

underscore the potential for sustainable energy generation in marine 

environments, positioning TENGs as a viable solution for self-powered marine 

environmental monitoring systems. 
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1. Introduction 

In modern times, the growing demand for portable electronic devices—such as smartpho-

nes, video cameras, laptops, smartwatches, navigators, and power banks—has significantly 

influenced daily life, allowing users to engage with technology in a convenient, safe, and efficient 

manner. This prevalence of devices necessitates reliable and sustainable energy sources to power 

them. Traditionally, batteries have served as the primary means of electric power supply; 

however, their limited lifespan and the environmental concerns associated with battery disposal 

have prompted researchers to explore safer and more sustainable alternatives. 

One promising technology that has emerged to meet these energy demands is the triboelec-

tric nanogenerator (TENG) [1-3]. TENGs are versatile devices capable of efficiently harvesting 

energy from various mechanical sources through the principles of contact electrification and 
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electrostatics. When two dissimilar materials come into contact and then separate, one material 

acquires a positive charge while the other acquires a negative charge (Figure 1).  

 

Fig. 1 The mode of operation for contact separation. (a) The pressing phase is when two insulators come into touch with 

one another due to an external force, creating a triboelectric charge on surfaces. (b) The releasing step causes electron 

flow between electrodes. (c) A change in the potential difference causes electron backflow when repressing with an 

external force. (d) The electron flow approaches equilibrium at the point of intimate contact once more is established. 

This electrostatic charge remains on the surfaces of the materials as long as they are non-

conductive, allowing for an electric current to flow when connected to electrodes [4]. This simple 

operational mechanism distinguishes TENGs from other energy harvesting systems, enabling 

them to capture energy from a wide array of sources, including human motion, ocean waves, 

and wind [5,6]. 

The efficiency and low production costs of TENGs position them as a significant power 

source for portable electronic devices. Their broad range of applications has spurred rapid 

development and innovation, leading to the creation of various structures and TENG-based 

sensors [5]. These sensors facilitate the acquisition of critical information related to 

environmental conditions, such as pressure, temperature, humidity, and wind speed, enhancing 

their usability in everyday life. Moreover, TENGs can effectively harness mechanical and wind 

energy for applications in military technology, outdoor activities like camping, and scientific 

research conducted in challenging environments, including mining and mountaineering. In the 

context of marine environmental monitoring, the increasing demand for sustainable and 

autonomous energy sources has led to significant interest in developing self-powered systems. 

Continuous, real-time data collection is critical for assessing and preserving marine ecosystems; 

however, traditional energy sources such as batteries require frequent maintenance and 

replacement, especially in remote and harsh ocean environments, limiting their effectiveness. 

This challenge has spurred interest in renewable energy harvesting technologies, with TENGs 

emerging as a promising solution [7]. 

The abundant and continuous motion of ocean waves presents a significant opportunity for 

energy harvesting, making water-based TENGs a viable candidate for powering autonomous 

monitoring systems. This study explores the development of a water-based TENG specifically 

designed for marine environmental monitoring. By leveraging an origami-structured TENG 

composed of nylon and polysiloxane materials, the research investigates its potential to convert 

ocean wave energy into usable electrical power. Additionally, the study examines the effects of 

external force and frequency on the TENG’s performance, along with the potential for wave-
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driven TENGs (W-TENGs) to power low-energy portable devices in real-world marine 

environments [8-12]. 

To enhance the output performance of TENGs, significant research has focused on 

increasing the contact area of triboelectric materials, which is crucial for optimizing energy 

conversion efficiency [13]. The development of origami structures that incorporate multiple 

layers represents a promising approach. By increasing the number of contact surfaces, these 

designs facilitate the generation of more charge carriers, thereby improving current output and 

overall power generation. 

This research work developed a three-layer origami structure TENG using nylon and 

polyurethane films. Comparisons were made between electrical measurements of a single-layer 

TENG and measurements of a three-layer TENG with an origami structure. The obtained 

electrical measurements show that the TENG with the origami structure yields better results, 

demonstrating higher voltage and current outputs. Consequently, this leads to an increase in the 

output power of the triboelectric nanogenerator. 

2. Materials and experiment 

2.1 Materials and fabrication of triboelectric nanogenerator  

In this study, we utilized nylon (specifically, nylon socks made from 100% nylon) and 

polysiloxane (PS) as triboelectric materials due to their favorable charge-generation properties. 

The preparation process began with the application of a nylon double-sided adhesive to a pre-

made aluminum foil substrate, ensuring good adhesion and stability for the triboelectric 

components. After applying the adhesive, the assembly was allowed to cure overnight, ensuring 

that the adhesive bond was strong and effective. The following day, we carefully cut 5x6 cm 

layers from the adhered nylon material and removed any excess to ensure a clean and uniform 

interface for charge generation. Simultaneously, we prepared the polysiloxane layer by 

employing a drop-casting method (Fig. 2a). In this process, a controlled amount of PS was 

applied onto a separate aluminum foil substrate, forming a uniform film. The drop-casted PS 

was allowed to dry at room temperature for a full day to ensure complete evaporation of the 

solvent and proper formation of the film (Fig. 2b). Once the drying process was completed, we 

also cut 5x6 cm sheets of PS to match the dimensions of the nylon layers. 

 

Fig. 2 a) polysiloxane solution; b) investigating of PS films by using drop casting method;                                                                   

c) triboelectric materials; d) prototype of origami structured TENG 
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The TENG was then assembled by combining the nylon and PS films with the aluminum 

foil, creating a layered structure that capitalizes on the triboelectric effect. The interaction 

between the nylon and polysiloxane surfaces is essential for effective charge transfer, with each 

material contributing to the overall charge generation mechanism. The resulting triboelectric 

materials (Fig. 2c), with their unique origami-inspired design, are illustrated in Figure 2d.  

2.2 Measurement of output performance of TENG  

Nylon and PS are used as dielectric materials and aluminum foil as metal electrodes in the 

manufacture of triboelectric nanogenerators. Nylon and PS are considered good triboelectric 

pairs because of their distance from each other in the triboelectric series [14]. Samples of both 

materials measuring 5x6 cm are cut and glued to the pre-prepared Al foil using double-sided 

glue. Tests on a triboelectric nanogenerator based on PS and nylon materials were performed 

using a digital multimeter (DMM6500 6-1 / 2 digit multimeter, Keithley). Temperature and 

relative humidity during the analysis were 30 ° C, and 53%, respectively. 

3. Results and discussion 

This research utilized nylon and polysiloxane (PS) materials to craft a TENG characterized 

by its innovative origami-inspired structure. We assessed the performance of the water-based 

triboelectric nanogenerator (W-TENG) through comprehensive testing and analysis using a 

digital multimeter (DMM). Our investigation focused on how the output parameters of the W-

TENG, including voltage and current, vary with frequency and applied force (Figure 3). To 

evaluate the efficiency and functionality of the W-TENG, we measured various electrical 

parameters under different conditions. As shown in Fig. 3, it was observed that increasing the 

amplitude of the external force from F=0.3 N to 1 N led to a substantial rise in the voltage output 

of the W-TENG, from U=1.3 V to 10 V (Fig. 3a). Simultaneously, the current increased from I=0.2 

μA to 1.54 μA (Fig. 3b). Figure 3c illustrates the relationship between the maximum values of 

voltage and current intensity of the W-TENG and the applied force.  

 

Fig. 3 External force dependence graphs of output parameters of origami-structured W-TENGs:                                                        

a) Voltage-time dependence of W-TENG; b) Current-time dependence of W-TENG;                                                                             

c) Force dependence of maximum values of voltage and current of W-TENG 
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These results clearly demonstrate that varying the amplitude of the external force signifi-

cantly affects the output parameters of the W-TENG. This strong correlation can be attributed to 

the enhanced interaction between the materials in the W-TENG, specifically nylon and PS . 

When the external force is increased, these materials come into more extensive contact with each 

other, resulting in a larger contact area. This increased contact area plays a crucial role in boosting 

the charge transfer process, as a greater number of charge carriers are generated on the surface 

during contact. The underlying mechanism driving this phenomenon is based on triboelectric 

effects and contact electrification principles. As the force applied to the TENG grows, the friction 

between the contacting materials intensifies, which leads to more significant charge generation.  

In TENGs, the effectiveness of energy conversion is highly dependent on the surface 

interaction of the materials involved. Enhanced surface interaction not only increases the charge 

density on the contact surfaces but also improves the efficiency of charge separation when the 

two materials come apart. This separation creates an electric potential difference, resulting in a 

higher voltage output. The relationship between the output parameters and contact area is 

critical; as the contact area increases, there is a corresponding rise in the density of static charges 

on the surface. This phenomenon is a direct result of the triboelectric effect, where the transfer of 

electrons occurs due to the frictional contact between dissimilar materials. Consequently, a larger 

contact area not only increases the quantity of generated charges but also enhances the overall 

efficiency of the energy harvesting process. 

Moreover, the greater mechanical deformation due to the increased force also contributes to 

the efficiency of the TENG. When subjected to higher external forces, the material’s structural 

flexibility allows it to bend or compress more, promoting even more substantial charge transfer 

through repeated contact and separation cycles. This dynamic response of the TENG to varying 

forces is critical for optimizing its performance in energy harvesting applications. 

As shown in Figure 4, the variation of the TENG's output parameters as a function of 

frequency exhibited a trend closely resembling that observed with changes in external force. 

Specifically, as the wave frequency increased from 1 Hz to 3 Hz, the voltage output of the W-

TENG rose significantly, from 6.9 V to 11 V (Fig.4a), while the current output increased from 0.6 

μA to 1.47 μA (Fig.4b). Figure 4c illustrates the relationship between the maximum values of 

voltage and current intensity of the W-TENG and the frequencies.  

 

 Fig. 4 Frequency dependence graphs of output parameters of origami-structured W-TENGs:                                                     

a) Voltage-time dependence of W-TENG; b) Current-time dependence of W-TENG;                                                                       

c) Frequency dependence of maximum values of voltage and current of W-TENG 
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This upward trend in output parameters is indicative of a strong correlation between the 

applied frequency and the TENG’s energy generation capabilities. The underlying mechanism 

for this frequency-dependent increase in output parameters can be attributed to the intensified 

material contact at higher frequencies. As the frequency of the applied force rises, the nylon and 

PS materials undergo more frequent cycles of contact and separation. These rapid cycles of 

interaction lead to a greater accumulation of triboelectric charges on the surface of the materials, 

thereby enhancing the overall charge density available for energy conversion. This effect is 

primarily due to the dynamic behavior of the triboelectric layers during high-frequency 

oscillations. With each successive contact, the speed of charge transfer and separation increases, 

causing a more efficient buildup of surface charges. As a result, the electric potential difference 

generated between the layers becomes larger, which directly translates to a higher voltage 

output. Concurrently, the faster charge movement also boosts the current output of the W-

TENG, as a greater number of electrons are displaced per unit of time. 

Additionally, the increased frequency amplifies the mechanical vibrations within the TENG 

structure. These vibrations cause more intense mechanical deformation of the triboelectric 

materials, thereby maximizing the contact area during each cycle. With a larger effective contact 

area, more charges can be generated and separated, leading to enhanced triboelectric 

performance. This mechanical amplification effect explains why the TENG exhibits a more 

pronounced response at higher frequencies, which is crucial for optimizing its efficiency in 

various energy-harvesting applications. At higher frequencies, the time interval between each 

contact-separation event is reduced, meaning that the system experiences less charge leakage 

between cycles. This reduction in charge dissipation ensures that the charges accumulated on the 

surface are more effectively utilized in generating electrical output, thereby improving the 

TENG’s overall energy conversion efficiency. 

 

Fig. 5 a) Practical operation of the W-TENG; b) W-TENG voltage and current versus time graphs (manual case);                            

c) W-TENG voltage and current versus time graphs (self-powered case) 

Experiments were conducted on the W-TENG prototype, fabricated as depicted in Figure 5, 

to evaluate its performance under different operating conditions. The output parameters of the 
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W-TENG, specifically voltage and current, were systematically tested under both manual 

operation and self-powered system conditions. In the manual operation mode, the maximum 

voltage achieved by the TENG reached 21 V, with a peak current of 2.8 μA (Fig.5b). Under the 

self-powered (real mode) conditions, the maximum voltage and current values were 8.3 V and 

1.04 μA, respectively (Fig.5c). These results clearly demonstrate the significant influence of 

external force and frequency on the enhancement of the TENG's output performance. The higher 

voltage and current values observed during manual operation can be attributed to more 

controlled and forceful interactions between the triboelectric layers, which lead to an increased 

contact area and more effective charge transfer. Conversely, in the self-powered mode, the 

relatively lower output is likely due to the variable and less intense force applied during natural 

operational cycles, which nonetheless still generates sufficient energy for low-power 

applications. 

Moreover, the study highlights the effectiveness of W-TENGs in harvesting energy from 

oceanic wave motion, showcasing their potential for sustainable energy generation in marine 

environments. Figure 6 illustrates the potential practical applications of these W-TENGs. These 

W-TENGs were able to successfully convert mechanical energy from ocean waves into electrical 

energy, which was sufficient to power portable electronic devices (Figure 6). This capability 

underscores the feasibility of deploying TENGs as reliable and eco-friendly energy solutions for 

offshore and marine-based applications. The successful implementation of wave-driven TENGs 

opens new avenues for renewable energy technologies, particularly in harnessing ambient 

energy from natural sources like ocean waves. The robust energy conversion mechanism of 

TENGs, based on the principles of triboelectric and electrostatic induction, makes them well-

suited for applications in remote or underwater environments where traditional energy sources 

are not viable.  

 

Fig. 6 Application areas of W-TENGs 

Furthermore, the scalability of TENG systems presents an opportunity to integrate these 

devices into larger networks for distributed energy harvesting, contributing to the development 

of self-sustaining power grids in marine and coastal regions. 
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4. Conclusion 

In this study, we explored the performance of a wave-driven triboelectric nanogenerator 

(W-TENG) utilizing nylon and polysiloxane (PS) materials, designed with an innovative 

origami-inspired structure. Through comprehensive testing, we investigated the effects of 

varying external force and frequency on the W-TENG's output parameters, such as voltage and 

current. The results showed a significant enhancement in the energy generation capabilities of 

the W-TENG as both the amplitude of the applied force and the frequency increased. These 

improvements were primarily attributed to the increased contact area between the triboelectric 

layers, leading to a more efficient charge transfer and a greater accumulation of surface charges. 

Our findings highlight the critical role of mechanical deformation and dynamic interactions in 

optimizing the performance of the W-TENG. The frequency-dependent behavior demonstrated 

that higher frequencies lead to intensified material contact and rapid cycles of charge transfer, 

which contribute to improved voltage and current outputs. Additionally, the successful 

performance of the W-TENG under manual and self-powered conditions further validated its 

versatility in different operational modes. In conclusion, the W-TENG's innovative design and 

the successful implementation of wave-driven energy harvesting underscore its potential as a 

promising technology for renewable energy generation. The correlation between the applied 

force, frequency, and output performance of the TENG points to a pathway for optimizing its 

efficiency, making it suitable for a range of applications from portable electronic devices to 

larger-scale marine energy systems. Future developments in material engineering and structural 

design could further improve the efficiency and scalability of TENGs, solidifying their role in 

advancing sustainable energy solutions in diverse environments. 
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Dielectric properties of high-density polyethylene/ α-Al2O3 (HDPE+ α-Al2O3) 
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ВЛИЯНИЕ Γ-ОБЛУЧЕНИЯ НА ДИЭЛЕКТРИЧЕСКИЕ СВОЙСТВА НАНОКОМПОЗИТОВ ПЭВП +Α-AL2O3 

AННОТАЦИЯ 

Представлены диэлектрические свойства композитных пленок полиэтилена высокой плотности/α-Al2O3 

(ПЭВП+ α-Al2O3) в интервале температур 20–110C и в диапазоне частот 25–106 Гц до и после облучения. 

Образцы облучались γ-лучами от 0 до 200 кГр. Матрица ПЭВП может привести к изменениям диэлектричес-

ких свойств, проводимости и релаксационного поведения. Следовательно, исследование электрического 

модуля как функции частоты и температуры в этой сложной системе имеет важное значение для раскрытия 

основных механизмов и потенциальных применений в электрических устройствах. Экспериментальные 

диэлектрические данные проанализированы формализмом электрического модуля. Представление электри-

ческого модуля показывает четко определенные пики релаксации.  

Ключевые слова: электрический модуль, диэлектрические свойства, ПЭВП, релаксация,  

YSPE+Α-AL2O3 NANOKOMPOZITLƏRININ DIELEKTRIK XASSƏLƏRINƏ Γ-ŞÜALANMANIN TƏSIRI 

XÜLASƏ 

Yüksək sıxlıqlı polietilen/α-Al2O3(YSPE+α-Al2O3) kompozitlərinin şüalanmadan əvvəl və sonra 20–110C 

temperatur diapazonunda və 25–106 Hs tezlik diapazonunda dielektrik xassələri məruzə edilmişdir. YSPE matrisi 

nümunənin dielektrik xassələrində, keçiriciliyində və relaksasiya davranışında dəyişikliklərə səbəb ola bilər. Buna görə 

də, bu mürəkkəb sistemdə elektrik modulunun tezlik və temperature asılılığını öyrənmək elektrik cihazlarında əsas 

mexanizmləri və potensial tətbiq sahələri aşkar etmək üçün vacibdir. Nümunələr 0-dan 200 kGy-ə qədər γ-şüaları 

vasitəsilə şüalandırılmışdır. Eksperimental dielektrik məlumatları elektrik modulu formalizmi ilə təhlil edilmişdir. 

Elektrik modulunun təsviri yaxşı müəyyən edilmiş relaksasiya piləri göstərir.  

Açar sözlər: elektrik modulu, dielektrik xassələri, YSPE, relaksasiya 
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Introduction:  

Polymer composite materials are widely used in microelectronics, electromagnetic 

compatibility, electromagnetic interference protection, and acoustoelectronics, as insulating 

systems for high-voltage applications, such as: cables, generators, motors, cast resin dry-type 

transformers [1]. The electrical and mechanical properties of polymers can be modified by 

adding inorganic nanofillers. Incorporation of nanosized particles improves the electrical and 

dielectric properties of polymers. Nanosized particles are more attractive because of the 

interesting properties that arise from the dimensions associated with the large surface area. The 

choice of the type and nature of micro- and nanoparticles used as fillers is determined by the 

given electrical, mechanical [2,4] and thermal [5,6] properties of the composite material. The 

introduction of nano-alumina oxide into the HDPE matrix may result in changes to the dielectric 

properties, conductivity, and relaxation behavior. Therefore, investigating the electric modulus 

as a function of frequency and temperature in this composite system is essential for unraveling 

the underlying mechanisms and potential applications in electrical devices. There are various 

methods to understand the dynamics of polymer composite materials. The method of dielectric 

spectroscopy is a good tool for studying the characteristics of materials. It should be noted that 

within the framework of the development of new polymer composite materials, it is necessary to 

have information about the dispersion of the real  and imaginary  parts of the complex 

dielectric conductivity, the temperature and frequency dependences of the tangent of the 

dielectric loss angle, and the basic laws of structural relaxation within the framework of the 

introduction of micro- and nanofillers into the polymer. The study of the electric modulus in 

polymer nanocomposites has gained significant attention due to its potential applications in 

various technological fields. In this context, the focus of our investigation is on the electric 

modulus of high-density polyethylene (HDPE) reinforced with nano-alumina oxide. Nano-

alumina oxide (α-Al2O3), with its unique electrical and mechanical properties, holds promise for 

enhancing the electrical performance of polymers [7].  

The irradiation of polymeric materials with ionizing radiation (gamma rays, X rays, 

accelerated electrons, ion beams) leads to the formation of very reactive intermediates products 

(excited states, ions and free radicals), which result in rearrangements and/or formation of new 

bonds. It is well known that irradiation enhance the electrical conductivity in insulating 

polymers. All materials have been found to break down at very high radiation doses, however, 

the range of doses under which a given polymer will maintain its desirable properties depends 

greatly on the chemical structure of the polymers. Indeed, below the destructive level of 

exposure, radiation treatment can impart many benefits and enhance properties of commercial 

value. 

Therefore, in the present research, the frequency and temperature dependences of electrical 

modulus of the composites based on high-density polyethylene containing nanoparticles of α-

Al2O3 before and after irradiation were experimentally studied to find the possibilities of 

controlled change in dielectric properties of composite materials. This article aims to provide a 

comprehensive analysis of the electric modulus in the HDPE/ α-Al2O3 nanocomposite system. 
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Experimental  

As a polymer matrix powdered PE2NT11-285D high-density polyethylene (Russia, Kazan) 

with melting point of 130°C, and a density of 947g/m3 was selected. The choice of HDPE 

(particle sizes of no more than 300μm) as the matrix was mostly based on the high dielectric 

properties and process ability of the material. α-Al2O3 (Sky Spring Nanomaterials, Inc. Houston 

United States) with partical size d=40nm, dielectric permeability of ε≈10, and a density of 

3,89g/cm3 was used as a filler.  

Film samples of unfilled HDPE and composites based on it were prepared using a process 

flow sheet involving the following procedures: 

 Mixing powders HDPE and α-Al2O3 to a visual uniform state in a porcelain mortar. 

 Pressing a homogenous mixture of component powders in a hydraulic press with heated 

plates at a pressure of 15MPa with holding at a temperature of 130°C for 5 min, and obtaining 

samples of composites in the form of discs with a diameter of 20mm and a thickness of about 90-

110nm. 

To ensure reliable electrical contact between the sample and the grounded stainless steel 

electrodes, pressing on the surface of the electrode made of a thin aluminum foil with a thickness 

of 7μm, followed by cooling in a water-ice mixture (quenching mode). 

Thus, 0-3 composites containing 0÷10vol%α-Al2O3 in the HDPE matrix were prepared. 

All concentrations given in this study are volumetric. The composite manufacturing mode 

allows one to obtain repeated electrophysical parameters for the bulk of the samples at the same 

concentration. Samples that had parameters different from the parameters of the main group 

(their number was small) were not taken into account in the analysis. 

Dielectric spectroscopy analysis of the virgin and gamma irradiated specimens was carried 

out through a broadband dielectric impedance spectroscopy analyze for understanding the 

variation of dielectric constant () and dielectric loss (tanδ) of the sample over a wide range 

frequency and temperature. The analysis of the behavior of the complex electric module was 

used to obtain additional information and to solve the usual difficulties associated with the 

influence of the nature of the electrodes, ohmic contact and the effects of space charge injection, 

so that the real and imaginary parts of the dielectric conductivity "hide" the relaxation in the 

frequency dependence of the imaginary parts of the dielectric conductivity. The complex electric 

modulus is defined by the equation M*. 

𝑀∗ =
1


=

1

−𝑗
=



2+2
+



2+2
= M + j  

In a low-conductivity system, the rapid increase in conductance at very low frequency is 

due to electrode polarization, and the effect of electrode polarization can completely mask the 

low-frequency relaxation. The "electrical modulus" formalism is used to study the dielectric 

relaxations to remove the electrode polarization effect and resolve the low-frequency relaxation. 

The electrical module is determined by the following formula 

𝑀′ =


2+2
   



2+2
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The materials were examined using parallel plate capacitors in a two electrodes system in 

the equivalent circuit of a resistor and a capacitor connected in parallel in a frequency range of 

25-106Hz at temperatures of 30-120°C and a measuring voltage amplitude of U=1V, using a 

special shielded and grounded heated “sandwich” measuring cell with a system of a measuring 

and potential electrode with a diameter of 14 and 20mm, respectively. Temperature 

measurements were conducted at a frequency of 1kHz. The samples were placed in the 

measuring cell with pressure exerting stainless steel electrodes. The temperature of sample was 

controlled intelligent digital temperature controller using a CH-B702 type (China). The centering 

of the electrodes was provided by a special mandrel in a heated chamber. The distance between 

the electrodes was determined by the thickness of the test samples. The measurements of 

capacitance C, dielectric loss tangent tanδ were conducted in a direction perpendicular to the 

plane of compression of the samples using an E7-20 broadband precision immittance meter. The 

accuracy of measurement is within 2-5%. 

Studies of the effect of filler concentration and of gamma irradiation of HDPE and 

composites based on it before and after exposure to these factors. The irradiation of 

nanocomposites were carried out at room temperature by  exposure at a dose rate of 5,65 kGy 

in an irradiator MRX--30 provided with (60Со) sourse. HDPE film and composite samples were 

irradiated to absorbed doses D=50 and 200kGy. 

Discussion 

Modulus spectra are frequently used for characterization of nanodielectric because these 

spectra are independent of electrode polarization effect, electrode material and the adsorbed 

impurities, and only give the bulk response of the dielectric material [8]. Fig 1. shows the real 

and imaginary parts of the electric modulus respectively obtained through equation (2) and (3) 

as a function of frequency for different volume percentage (up to 10%) of α-Al2O3 in different 

doses (0 kGy, 50 kGy,200 kGy). Measurements were made in the 25-106Hz frequency range, at 

room temperature for examined systems is presented. It can be seen that Fig1a the value of M 

increase with frequency up to 2*105Hz (for pure HDPE from 0.31 to 0.34, for HDPE+ 3%α-Al2O3 

composites from 0.30 to 0.32, for HDPE+ 10%α-Al2O3 from 0.27 to 0.30), then deacrease to the end 

of frequency scale. As expected, the real part of electric modulus of HDPE and HDPE+ α-Al2O3 

nanocomposites decrease with increase α-Al2O3 content: for 3% M=0.32 and 10% M=0.33. But 

value of M for 1% and 5% nanocomposites higher than pure HDPE( for 1% M=0.33, for 5% 

M=0.34) 

After 50 kGy exposure dose value of M decrease than 0 kGy irradiation for all tested com-

posite system. The reduction in the values of M′ with increasing dose results from the increase in 

the mobility of the polymer segment and charge carriers [8]. It is clearly seen that the real part of 

electric modulus increases slowly up to 103Hz, then increases high rate in comparison previous 

frequencies up to 2*105Hz and obtaion maximum value then decrease end to the frequency scale. 

The value of M decreases with an increase in volume content α-Al2O3 in the base mixture as a 

result of increase of the real part of complex dieletric permittivity and nature of all curves are 

similar. For all the studied composite samples there is a transition from low values to high ones, 

which implies the relaxation process. The value of M for pure HDPE decreases 1.76 times (from 

0.300 to 0.176) after 50 kGy irradiation. The maximum value of M for pure HDPE is 0.2.  
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a)                                                                                          b) 

 
c)                                                                                                         d) 

 

e)                                                                                                 f) 

Fig.1. Frequency dependence of real and imaginary parts of electric modulus of                                                                        

HDPE+ x%α-Al2O3 at different radiation doses:a,b-0kGy;c,d-50kGy; e,f-200kGy. 

At 200 kGy exposure dose value of the real parts of electric modulus for HDPE and HDPE+ 

10%α-Al2O3 are close to each other, 0.33 and 0.34 respectively. The nature of curve remains the 

same for HDPE+ 10%α-Al2O3 but peak shifts to high frequency (105Hz) after irradiation which 

can be attributed to the release of more trapped charge carriers[9]. The Mof other samples show 

a plateau in intermediate frequency (5*102 -2*105Hz) range and gets maximum value at 105Hz 

then decrease to the end of the frequency range. 

The frequency dependence of the imaginary parts of electric modulus M in alternating 

fields for pure HDPE and HDPE+ x% α-Al2O3 composite containing different amount of filler at 

D=0 kGy are given in Fig1b. It is found that M value firstly decrease with increase of frequency 

within (25-103Hz) frequency range, then remain constant intermediate frequency range 103 -

105Hz for all examined system, for 3% composites the value of Mincreases from 0.003 to 0.009 ( 

3times). 
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 At D=50 kGy exposure dose spectra of M exbihit electric modulus relaxation peak around 

104Hz which is attributed to PE local chain motion [10]. It can be seen from fig1d, the value of M 

decreases at 25-103 Hz frequency range, then increase up to 5*103 Hz and 104Hz, respectively, 

with the increase frequency value of M almost same for all examined system. The relaxation 

times can be calculated from the relation, x =1/2πfmax, for HDPE x=210-4s, for 1% x=310-4s, for 

3,5,10% x=1.610-5s. There observed an increase in the value of M of composite system. Similar 

observasions were made for PVDF/CaCu3TiO12 nanocrystal composite[11]. It should be noted 

that, with increasing irradiation dose up to 50kGy the value of M' increase 1.4 times measured at 

25Hz frequence than 0 kGy, for HDPE M' increases from about 0.007 to 0.005. 

From Fig.1f. it can be noted that after 200kGy irradiation peaks shifts to low frequency range 

in a 0, 1 and 3% composites. There is not peaks 5% and 10% composites. For 0, 1% specimens 

relaxation time is x =810-4s. Also value of M increases than 50 kGy irradiation dose in stuied 

samples. The value of M'' for 10% composites decreases from 0.25 to 0.005 and peak observed at 

5*106Hz.  

 

a)                                                                                b) 

 
c)                                                                                d) 

 
e)                                                                                 f) 

Fig.2. Temperature dependence of real and imaginary parts of electric modulus of                                                                              

HDPE+ x%α-Al2O3 at different radiation doses:a,b-0kGy;c,d-50kGy; e,f-200kGy. 
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Fig. 2 shows the variation of real (M') and imaginary (M'') parts of the electric modulus as a 

function of temperature for different volume concentrations of α-Al2O3 in different doses at 

costant frequency 103Hz . Measurements were made in the temperature range of 20C-110C. It 

can be seen from Figure 1a, the value of M' for pure HDPE and HDPE+1% α-Al2O3 composite 

almost does not change depending on the temperature, the value of M decreases with increasing 

temperature at higher temperatures (starting from 60C), at D=0kGy exposure dose, as the filler 

content increases in the in the HDPE matrix, at 10% composite the rate of decrease was greater 

than other samples. The increase of α-Al2O3 content results in lower values of M', implying that 

the real part of dielectric permittivity increases ceramic filler. The value of M'' increases as the 

filler content increase from 3% to 10% volume percentage in HDPE (Fig.2b.) which is a 

characteristic of Maxwell-Wagner-Sillar (MWS) relaxation.  

 In Fig.2c, d M' and M'' as a function of temperature is presented for all the examined 

systems, after 50kGy -irradiation. The value of M' decreases than 0 kGy irradiated samples. It 

can be seen one relaxation M'' as a function of temperature process, located in the high 

temperature range are clearly recorded, for pure HDPE, and HDPE +1% α-Al2O3 specimens is 

formed in the temperature range where transition occurs. Thus, values are very close to the glass 

transition temperature of the pure HDPE. In consequence it is reasonable to suggest the 

relatively slow dielectric relaxation process corresponds to glass/rubber transition.  

Fig.2e, f shows functions M'(T) and M''(T) for HDPE and HDPE+ x% α-Al2O3 after - 

irradiation at dose 200kGy. As seen in Fig.2e the value of M' higher than 50kGy irradiated 

samples. The imaginary part of electric modulus of 0;1 and 3% nanocomposites show plateau in 

low temperature range (T<80C), while a broad peak emerges in temperature range of 80-100C. 

Amplitude of peak decreases for 5% composite. Also, value of M'' increases from 0.009 to 0.045 

for 10% composite system than pure HDPE and there is not peak in HDPE+ 10% α-Al2O3 this 

temperature range (80-100C). It is well known (Aliev, Kh.S., at al., 2018) that - relaxation 

process is associated with glass to rubber transition. If sufficient thermal energy is provided to 

the polymer, then large parts of amorphous macromolecular chains can relax simultaneously in a 

cooperative motion. The whole process is characterized by glass transition temperature (Tg), 

which is considered as the temperature where transition occurs. In polymer matrix composite 

systems, glass transition is related to the chemical structure of the polymer chains and in many 

cases to the type of the applied filler. As a rule of thumb, glass transition temperature is taken as 

the temperature at which the - relaxation loss peak is recorded in the dielectric spectrum at 

constant frequency. 

 

Conclusion: 

The dielectric properties of nanocomposites “nonpolar HDPE/ α-Al2O3” were studied within 

the frequency range of 25–106 Hz. It was shown that the dielectric parameters of composites 

significantly depend on both the α-Al2O3 concentration in the polymer and the frequency of the 

electric field. The appearance of peaks at higher temperature reveals that there may be the MWS-

relaxation peak. 
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 The impact of γ-irradiation on the electrical and thermoelectret properties of 

HDPE/α-SiO2 nanocomposites was thoroughly studied, with a particular focus 

on the influence of varying filler concentrations ranging from 0% to 5% by 

volume. This research aimed to investigate how both the γ-irradiation and the 

addition of α-SiO2 nanoparticles affected the overall electrical behavior of the 

nanocomposite. Key electrical properties such as the dielectric constant (ε′), 

dielectric loss coefficient (ε″), and alternating current (AC) electrical 

conductivity (σ) were measured over a broad frequency range spanning from 

25 Hz to 1 MHz. Furthermore, the samples were exposed to absorbed γ-

radiation doses ranging from 0 to 200 kGy, to evaluate the dose-dependent 

effects. The results showed that increasing the filler concentration and 

irradiation dose significantly altered the dielectric and conductive properties, 

providing valuable insights into the optimization of nanocomposites for various 

electrical applications. These findings suggest that the controlled use of fillers 

and irradiation can be used to fine-tune the electrical performance of polymer-

based nanocomposites. 
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ВЛИЯНИЕ Γ-ИЗЛУЧЕНИЯ НА ДИЭЛЕКТРИЧЕСКИЕ СВОЙСТВА КОМПОЗИТОВ HDPE/ α -SiO2 

РЕЗЮМЕ 

Влияние γ-облучения на электрические и термоэлектретные свойства нанокомпозитов HDPE/α-SiO2 было 

тщательно изучено, с особым акцентом на влияние изменения концентрации наполнителя в диапазоне от 0% 

до 5% по объему. Целью исследования было выяснить, как γ-облучение и добавление наночастиц α-SiO2 влияют 

на общие электрические характеристики нанокомпозита. Основные электрические свойства, такие как 

диэлектрическая проницаемость (ε′), коэффициент диэлектрических потерь (ε″) и электропроводность 

переменного тока (σ), измерялись в широком диапазоне частот от 25 Гц до 1 МГц. Кроме того, образцы 

подвергались воздействию γ-облучения в дозах от 0 до 200 кГр для оценки дозозависимых эффектов. 

Результаты показали, что увеличение концентрации наполнителя и дозы облучения значительно изменяет 

диэлектрические и проводящие свойства, предоставляя ценные данные для оптимизации нанокомпозитов для 

различных электрических применений. Эти выводы предполагают, что контролируемое использование 

наполнителей и облучения может быть использовано для тонкой настройки электрической 

производительности полимерных нанокомпозитов.  

Ключевые слова: нанокомпозит, диэлектрическая проницаемость, электропроводность, частота. 
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-RADİASİYANIN YSPE/ α-SiO2 KOMPOZİTLƏRİN DİELEKTRİK XASSƏLƏRİNƏ TƏSİRİ 

XÜLASƏ 

Yüksək sıxlıqlı polietilen (YSPE) və onun əsasında alınan nanokompozit (YSPE/ α-SiO2) nümunələrinə -

şüalanmanın və termoelektret halının təsiri tədqiq edilmişdir. 0-5% həcmində doldurucunun konsentrasiyasının, 

udulma dozasının və termoelektret halının elektrofiziki xassələrə təsiri müəyyən edilmişdir.Dielektrik nüfuzluğu (), 

dielektrik itki faktoru (),elektrik keçiriciliyi () 25106Hs tezlik və 0-200kGr udulma dozası diapozonunda tədqiq 

edilmişdir. Nəticələr göstərmişdir ki, dolğu konsentrasiyasının və şüalanma dozalarının artması dielektrik və keçirici 

xassələri əhəmiyyətli dərəcədə dəyişir və bu, nanokompozitlərin müxtəlif elektrik tətbiqləri üçün optimallaşdırılmasına 

dair mühüm məlumatlar verir. Bu nəticələr göstərir ki, doldurucuların və şüalanmanın nəzarətli istifadəsi polimer 

əsaslı nanokompozitlərin elektrik performansını incə tənzimləmək üçün istifadə oluna bilər. 

Açar sözlər: nanokompozit, dielektrik nüfuzluğu, elektrik keçiriciliyi, tezlik. 

 

Introduction 

In recent years, one of the most promising and rapidly developing directions in science and 

technology has been the production of new nanocomposites. High-density polyethylene (HDPE) 

and composites based on it are considered indispensable materials in fields such as the atomic 

and electrical engineering industries, cryogenic technology, medicine, and more. Through 

various complex methods, nanoparticles are incorporated into the polymer matrix. Such 

composites exhibit several unique and promising properties (electrophysical, electret, optical). 

Due to these properties, they are valuable in the development of new sensors, photovoltaic 

converters, various detectors, piezoelectric materials, and more. Researchers [1, 2] have 

determined in their studies that adding inorganic nanoparticles to polymers significantly 

modifies the physical properties of polymer materials, enhancing their applications. 

Current research shows that composites obtained by adding nanoparticles at various 

concentrations, particularly in the range of 1-10%, into the polymer matrix demonstrate superior 

physical, chemical, mechanical, and dielectric properties compared to the original polymers [3]. 

In the current era, the interest in composites obtained by adding nanoparticle-based oxide 

materials to a polymer matrix continues to grow consistently [4]. The addition of ultrafine non-

organic particles, such as silicon dioxide (α-SiO2), to high-density polyethylene (HDPE) further 

improves the physical and mechanical properties of the polymer [5]. 

It should be noted that when obtaining a new polymer composite material, it is necessary to 

investigate the dielectric permeability (ε), dielectric loss (tgδ), and conductivity in both direct 

(σdc) and alternating (σac) fields after the addition of fillers. 

One of the modification methods for high-density polyethylene and the composites 

obtained from it (HDPE/α-SiO2) is their irradiation with various types of radiation. Composites 

modified by ionizing radiation are even more versatile as composite materials. The essence here 

is the dispersity of the structure and the formation of interphase layers. Due to these 

characteristics, the application of nanocomposites in micro- and nanoelectronics attracts 

considerable interest. 

The effect of γ-radiation varies depending on the type of polymer. It is known from the 

literature [6-10] that γ-radiation affects the structure of polyethylene and alters its 

physicochemical properties, causing irreversible changes in the molecular structure of the 

polymer. The mechanism of this modification depends on the radiation conditions; it either 

increases mechanical strength as a result of the construction process in the polymer molecule or 

leads to molecular fragmentation during the oxidation process. 
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The increase in dielectric permeability and conductivity in the alternating electric field of 

HDPE and its composites (HDPE + α-SiO2) after γ-irradiation is due to the increased density of 

free radicals and unsaturated bonds. In irradiated samples, the breaking of the molecular chain 

and the formation of free radicals lead to an increase in the density of unsaturated bonds. 

Conducting the Experiment 

In the conducted research, high-density polyethylene (HDPE) with a molecular weight of 95 

× 10³ g/mol, a crystallinity degree of 52%, a melting temperature of 130°C, and a density of 958 

g/cm³, marked as 20806-24, and various volumes (Ф=0.1, 3, 5%) of amorphous silicon dioxide (α-

SiO₂) nanofiller (Sky Spring Nanomaterials, Inc. Houston, USA) with a specific surface area of 

S=160 m²/g, a density of 2.65 g/cm³, and particle sizes of 20 nm, were prepared as composites 

using a thermal pressing method. The powdered high-density polyethylene (HDPE) was 

weighed on a scale in predetermined concentrations together with the nanofiller, then the 

polymer matrix and the nanofiller were mechanically mixed in a porcelain container until a 

completely homogeneous mixture was obtained. The resulting homogeneous mixture was 

subjected to a pressure of 15 MPa at a temperature of 130°C for 5 minutes using a hydraulic press 

and then cooled in an ice-water mixture [11]. The obtained samples had a thickness of 120-180 

µm and a diameter of 40 mm. Some of the samples were initially converted into a thermoelectret 

state, while others were irradiated with γ-radiation (D=50, 100, 200 kQr). The electrophysical 

properties (ε, tgδ, σ) of the samples were investigated before and after the thermoelectret 

formation and γ-radiation exposure. 

To obtain the thermoelectret: HDPE and HDPE+α-SiO₂ samples are heated from room 

temperature to 100°C and kept at this temperature between electrodes in an electric field for 30 

minutes. They are then allowed to cool to room temperature, and after cooling, they are freed 

from the electric field. The surface charge density is measured using a compensation method 

[12]. The gamma radiation exposure of polymer and composite samples was performed using 

the MPX-γ-25 device based on the 60Co isotope. The measurement of the electrophysical 

properties of HDPE and its composites was carried out at frequencies ranging from 25 to 106 Hz 

using an E7-20 type impedance meter, under a constant heating regime for the samples. 

The electrophysical properties of HDPE and its composites were clarified concerning 

frequency, temperature, and dose dependencies at various temperatures. 

Discussion of Results 

In Figure 1, the dielectric permittivity (ε′) dependencies of HDPE and HDPE+x%α-SiO2 

composites (Fig. 1a) and thermoelectrets (Fig. 1b) before γ-radiation (D=0) are presented as a 

function of various frequencies. It can be seen from the figure that the dielectric permittivity (ε′) 

values of the initial HDPE and 1% vol. α-SiO2 nanocomposites are significantly lower compared 

to the 3% and 5% vol. nanocomposites at 25 Hz. The dielectric permittivity of HDPE and 1% vol. 

α-SiO2 nanocomposites does not depend on frequency, meaning that with the increase in 

frequency, the value of ε′ changes slightly (decreases). The 3% and 5% vol. samples obtain high 

values at 25 Hz (5.34 and 6.38, respectively), and with the increase in frequency, it decreases 

rapidly up to 104 Hz, then weakens and stabilizes at the end (106 Hz). As the volume percentage 

of the filler increases (3%; 5%), the value of ε′ increases; however, in the HDPE+5% α-SiO2 

composite, the value of ε′ decreases approximately 1.97 times with increasing frequency. The 

parameter Δε′ = (ε′c - ε′∞), where ε′c and ε′∞ are the low and high-frequency dielectric permittivity, 

respectively, encompasses the entire range of dispersion and is equal to Δε′ = 3.66. 



R.S. Ismayilova, M.M. Guliyev, A.N. Nabiyeva, N.Sh. Aliyev, N.N.Mehdiyeva 

46 

In Figure 1b, it is evident that the character of the ε = f(ν) dependency does not change; the 

values of the dielectric permittivity of the initial and 1% vol. samples do not change with 

increasing frequency, while the ε′ values of the 3% and 5% vol. nanocomposites decrease as 

frequency increases. The ε′ values of the 3% and 5% vol. nanocomposites are 4.1 and 3.81, 

respectively, at 25 Hz. Only for the 5% vol. nanocomposite does the value of ε′ become smaller 

than that of HDPE and other nanocomposites after the frequency increases beyond 1 kHz (2.66 

and 2.18). In the thermoelectret composites (HDPE +5% α-SiO2), the total width of dispersion is 

also equal to Δε′ = 1.68. 

          

a                                  b 

Figure 1. The dielectric permittivity (ε) dependence on various frequencies of                                                                                 

HDPE and HDPE+α-SiO2 initial (a) and thermoelectret (b) composites. 

If we compare these graphs, we can see that the parameters of the initial composite samples 

differ from the values obtained for the thermoelectret composites; the dielectric permittivity of 

HDPE and HDPE +α-SiO2 nanocomposites is lower for the thermoelectret nanocomposites. At 25 

Hz, the value of ε′ for the 5% vol. samples of thermoelectrets is 3.81, while for the initial 

composites, it is 6.38. 

In Figure 2, the situation of these samples after irradiation with a dose of (D=200 kQr) is 

shown: it can also be seen that the dielectric permittivity of the initial composites (Φ=5%) is 

approximately 8 at 25 Hz; meanwhile, the dielectric permittivity of the thermoelectret is 

approximately 10, which is a noticeable value. 

             

a                                                                    b 

Figure 2. The dielectric permittivity (ε′) dependence on various frequencies of HDPE and HDPE +α-SiO2                                   

ordinary (a) and thermoelectret (b) composites after γ-radiation (D=200 kGr). 

From Figures 1-2(a,b), it can be seen that the effect of γ-radiation absorption dose (D=200 

kQr) on the dielectric permittivity of HDPE and HDPE +α-SiO2 composites (Φ=0-5%) is different. 

As the volume percentage of the filler and the absorption dose increase, the value of ε′ increases. 

This is most noticeable when the volume percentage of the filler is equal to 5%. Thus, as the 

volume percentage of the filler increases, the radiation resistance of the composite improves. 
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After irradiation with D=200 kGr, the following changes are observed in the dependency of 

Δε′=f(ν): 

1. In the 1% and 3% samples, the value of ε decreases from 5.34 to 2.52, and no frequency 

dependence is observed across all frequency ranges. 

2. After transitioning to the thermoelectret state and irradiation, the ε′ values of the 0% and 

3% samples increase slightly (from 2.85 to 3.02 for 0%; and from 2.52 to 4.63 for 3%), but no 

frequency dependence is observed. 

3. After irradiation, the value of ε′ for the 1% and 5% samples increases at low frequencies 

(from ε′ = 7.9 to ε′ = 9.79), then decreases up to 10^5 Hz, followed by stabilization, meaning the 

stabilization frequency of ε shifts toward higher frequency regions. 

 Based on the initial analysis of the obtained results, it can be concluded that after 

irradiation, the increase in ε′ and tgδ in HDPE and the composites based on it (HDPE +α-SiO2) 

after transitioning to the thermoelectret state can primarily be explained by the increase in the 

degree of polarization of the samples. 

Figures 3-4(a,b) show the dependence of the electrical conductivity of initial and 

thermoelectret polyethylene and the nanocomposites based on it on the volume percentage of 

the filler before (Fig. 3, a-b) and after (D=200 kQr) (Fig. 4, a-b) γ-irradiation, expressed as lg=f(). 

From the figure (Fig. 3a), it is evident that as the volume percentage of the filler increases, the 

electrical conductivity (σ) of the composites increases; across all frequency dependencies, the 

electrical conductivity of the HDPE +α-SiO2 composites is high. Conversely, after irradiation 

(D=200 kQr), the electrical conductivity of the thermoelectrets increases (changes); the 

conductivity of the initial HDPE and HDPE +1%α-SiO2 composites increases with increasing 

frequency up to the end of the frequency scale, while in the 3% and 5% volume nanocomposites, 

this increase continues up to 104 Hz and then stabilizes. 

In the thermoelectret polymer and nanocomposites (Fig. 3b), the conductivity of the initial 

(HDPE) and HDPE +1%α-SiO2 nanocomposites continues to increase significantly, with the 

conductivity of the 3% and 5% volume nanocomposites being even higher. 

After irradiation with a dose of D=200 kGr (Fig.4,a), there are no significant changes in the 

dependence lg=f() for the HDPE sample, while the conductivity values of the 1% and 5% 

volume samples are higher compared to HDPE and HDPE +3%α-SiO2 composites. 

 

a                                                               b 

Figure 3. The dependence of electrical conductivity (σ) on various frequencies of HDPE and HDPE +α-SiO2                              

initial (a) and thermoelectret (b) composites. 
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Differences in conductivity are also observed in the thermoelectret polymer and 

nanocomposites (Fig. 4b), as the conductivity values of HDPE and HDPE +1%α-SiO2 composites 

increase from 25 Hz to 106 Hz. In contrast, the conductivity of HDPE +5%α-SiO2 composites 

begins to increase from 25 Hz, but after 104 Hz, the increase weakens. During irradiation, the 

polymer chains break into smaller segments, during which the crystalline regions are disrupted, 

and the amorphous regions (phases) begin to increase. At high values of the irradiation dose, the 

polymer chains break, continually improving the amorphous phase and also generating free 

radicals, which contributes to the increase in electrical conductivity. 

 

a                                                                                          b 

Figure 4. The dependence of electrical conductivity (σ) on various frequencies of HDPE and HDPE +α-SiO2                       

ordinary (a) and thermoelectret (b) composites after γ-radiation (D=200 kGr). 

In Figures 5 (a,b), the dependence of electrical conductivity on the irradiation dose, lg=f(D 

is shown for HDPE, HDPE +α-SiO2 initial nanocomposites, and HDPE, HDPE +α-SiO2 

composites that have been transformed into thermoelectrets. From the graph, it can be seen (Fig. 

5a) that the electrical conductivity of HDPE and HDPE +1%α-SiO2 nanocomposites changes little 

with respect to the dose; however, in the 3% α-SiO2 nanocomposites, while conductivity 

decreases at a dose of 100 kQr, it increases relatively at a dose of D=200 kQr. The conductivity 

value in the 5% α-SiO2 nanocomposite is higher compared to the other composites. 

In the thermoelectrets (Fig. 5b), the conductivity values are even higher, especially as both 

the irradiation dose and the volume percentage of the filler increase, leading to an increase in σ. 

              

a b 

Figure 5. The dependence of electrical conductivity on the dose (D=0-200 kGr) for HDPE and HDPE +α-SiO2                          

initial (a) and thermoelectret (b) composites. 

In thermoelectret nanocomposites, the increase in crystalline regions leads to improved 

mechanical properties and enhanced chemical resistance. Certain changes occur in polyethylene 

and composites after γ-radiation. As the irradiation dose increases, defects, unsaturated bonds, 
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and free radicals generated from the degradation of the polymer chain increase, which 

contributes to the rise in dielectric permittivity. It has also been established that as the irradiation 

dose increases, the delocalization of carbonyl groups and charge carriers increases, leading to an 

increase in dielectric permittivity (ε). However, the dielectric permittivity of thermoelectret 

nanocomposite samples increases significantly. 

CONCLUSION:  

The effect of γ-irradiation on the electrophysical properties of YSPE+α-SiO2 nanocomposites 

with various concentrations has been studied. Based on the initial analysis of the obtained 

results, it can be concluded that after irradiation, YSPE and the composites derived from it 

(YSPE+α-SiO2) transition to a thermoelectret state, which is characterized by an increase in ε and 

tgδ. This increase can primarily be attributed to the enhancement of the polarization degree of 

the samples and the growth of electrical conductivity. After irradiation, a slight increase in the ε 

value for the 1% and 5% samples at low frequencies is observed, followed by a shift in the 

stabilization frequency of ε toward higher frequency regions. 
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In the work the volt-amper and volt-farad characteristics of PdSi-Si contact have 

been studied. The possibility for definition of series of important parameters for Pd, 

Si and PdSi by means of these characteristics has been considered. The linearity of 

the experimental dependence of 1/C2 on a voltage and equability of distribution for 

impurities in the near surface area of a semiconductor have been established.  

The value of the acceptor concentration determined from the slope of the current-

voltage characteristic coincides with the value calculated from the resistivity of 
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Conducted studies of the dependence of capacitance on voltage showed that in the 

range of 300 -106 Hz the capacitance practically does not depend on frequency 

During the measurement process, R < R was carried out, that is, the measurement 
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ВОЛЬТ-ЕМКОСТНЫЕ ХАРАКТЕРИСТИКИ КОНТАКТА PDSI-SI 

РЕЗЮМЕ 

В работе исследованы вольт-фарадные характеристики контакта PdSi-Si. Рассмотрена возможность определе-

ния ряда важных параметров для Pd, Si и PdSi с помощью этих характеристик. Установлены линейность экспери-

ментальной зависимости 1/C2 от напряжения и равномерность распределения примесей в приповерхностной области 

полупроводника 

Значение концентрации акцепторов, определенное по наклону вольт-амперной характеристики, совпадает со 

значением, рассчитанным по удельному сопротивлению кремния. 

Проведенные исследования зависимости емкости от напряжения показали, что в диапазоне 300-106 Гц емкость 

практически не зависит от частоты. 

В процессе измерения осуществлялось R < R, то есть выбирался предел измерения электрометрического 

усилителя. 

Ключевые слова: палладий, силициды, барьер Шоттки, диод, вольт-фарад, силицид палладия. 

PDSİ-Sİ KONTAKTIN VOLT-FARAD XARAKTERİSTİKALARI 

XÜLASƏ 

İşdə PdSi-Si kontaktın volt-farad xarakteristikaları öyrənilmiş, həmin xarakteristikaların köməyi ilə Pd, Si və PdSi üçün bir 

sıra vacib fiziki parametrlərin təyin edilməsi imkanlarına baxılmışdır. 1/C2 – nın gərginlikdən eksperimental asılılığının xətti 

xarakter daşıması və yarımkeçiricinin səthə yaxın oblastında ionlaşmış aşqarların bərabər paylanması müəyyən edilmişdir. 

Cari gərginlik xarakteristikasının oblastında müəyyən edilən qəbuledici konsentrasiyanın dəyəri silisiumun müqavimətindən 

hesablanan dəyərlə üst-üstə düşür. 

Kapasitansın gərginlikdən asılılığına dair aparılan tədqiqatlar göstərdi ki, 300-106 Hz diapazonunda tutum praktiki olaraq 

tezlikdən asılı deyil.Ölçmə prosesi zamanı R < R həyata keçirildi, yəni elektrometrik gücləndiricinin ölçmə həddi seçildi. 

Açar sözlər: palladium, silisidlər, Şotki barieri, diod, volt-farad, palladium silisid 
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Introduction 

More information about the mechanism of charge transfer is provided by studying the 

temperature dependence of the current-voltage characteristics. To measure the temperature 

dependences, the samples were placed in a thermostat, the power of which was supplied from 

an autotransformer. The sample temperature was controlled by a chromel aluminum 

thermocouple mounted directly on the plate. Before taking the temperature characteristics, the 

effect of heat treatment on the electrical properties of the devices was studied. It turned out that 

heat treatment of the structure up to 200 C does not cause irreversible changes in the electrical 

properties of PdSi 

 In order to prevent premature breakdown caused by an increase in the electric field at the 

periphery of the contact, diffusion guard rings with a depth of 0.5 μm were used. Although the 

breakdown voltage was increased from 12 to 30 V, there was no saturation when the palladium-

silicon silicide barber reversed current. 

 Physicochemical processes occurring at the palladium silicide-silicon interface greatly affect 

the uniformity of the contact. When PdSi is formed, the volume decreases by 13% compared to 

the volume of palladium and silicon reacting. Such differences in crystal chemical properties can 

create favorable conditions for the introduction of both palladium atoms and impurity atoms in 

the surface layer of silicon. We assume that the introduction of impurity atoms into the surface 

layer of silicon leads to inhomogeneity at the PdSi-Si interface. 

 The Schottky barrier height of PdSi-Si ideal diodes lies in the range of 0.70-0.79 eV. At the 

same time, the results of our measurements showed that the barrier height for PdSi-Si obtained 

by magnetron sputtering is 0.79 eV. It is for this reason that the breakdown voltage does not 

depend on the thickness of the palladium silicide obtained by magnetron sputtering, which 

indicates the homogeneity of the PdSi-Si contact.  

The work investigated the electrical properties of PdSi-Si structures obtained both by 

thermal evaporation and by magnetron evaporation. The current flowing through the Schottky 

diode was measured by the voltage drop across the output resistance of the electrometric 

amplifier connected in series with the diode under study and the power source. The amplifier's 

input impedances were pre-calibrated by comparing their nominal values with the reference 

impedances.The main difficulty in measuring high-resistance samples is the inability to directly 

measure the voltage on the sample, since connecting a voltmeter with a low input resistance to 

the sample leads to a significant current leakage through the voltmeter.In this work, a TR-1657 

digital voltmeter was used for measurements, which has an input resistance less than the 

resistance of the sample being measured. The voltmeter was connected in parallel to a chain 

consisting of two series-connected resistances of the amplifier input resistance Rg and the sample 

resistance Rn.  

During the measurement process, R < R was carried out, that is, the measurement limit of 

the electrometric amplifier was selected at which its input resistance turned out to be 

significantly less than the resistance turned out to be significantly less than the resistance of the 

sample and the voltmeter essentially recorded the voltage on the sample. 

 Figure 1 shows the current-voltage characteristic of the PdSi-Si contact obtained by thermal 

evaporation. 
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Fiq.VAX struktur   3000С, 2-3500С, 3-4000С 

 Measurements of capacitance-voltage characteristics (CVC) are among the most common 

methods for studying semiconductor devices [1]. Using these characteristics, a number of 

important physical parameters inherent in both structures and the materials from which they are 

made are determined. Of particular interest is the study of CV characteristics filmed in dynamic 

mode. The main advantage of this method is the possibility of direct measurement of C(U), 

∂C(U)/∂U and other characteristics, which can significantly increase accuracy. 

 The device is assembled according to the block diagram proposed in [2]. The structure 

under study (Fig. 2) is included in a bridge circuit to which a sinusoidal test signal UT =U0Sinωt 

with amplitude UT ≤ kT/q and sawtooth voltage U = αt + const is supplied. 

 

Fig.2 Cross section of a PdSi-p-Si based Schottky diode 

The load resistance value was selected from the condition RН > > (ωck)-1 for the test signal 

and the reverse for the sawtooth voltage. The signal taken from the load RН1, equal to UН = 

const (Y + jωC), after preliminary amplification, is fed to the detector to isolate the impedance 

components. The signal from the second arm of the measuring circuit, consisting of the reference 

capacitance SET and load resistance KN2, is supplied to the input of amplifier U2, amplified and 

rectified by the detector. The detected signals are fed to the inputs of the comparator and 

compared. The output of the comparator is connected through differentiating RC chains to the 
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input of the oscilloscope. In this case, the output voltage of the comparator remains constant as 

long as SET ≠ Cx, and the signal at the oscilloscope input is equal to 0. At some voltage offset, the 

reference capacitance SET = Cx(U) and a signal appears at the output of the comparator that 

unlocks the grids of the cathode ray tube of the oscilloscope. 

 Figure 3 shows an oscillogram of the capacitance-voltage characteristics of PdSi-p-Si 

structures at a frequency of 1 MHz. 

  

Fig. 3 Current-voltage characteristics of PdSi–n–Si structures 

Conducted studies of the dependence of capacitance on voltage showed that in the range of 

300 -106 Hz the capacitance practically does not depend on frequency and varies according to the 

law: 

С =(qεnNA / 2 )1/2 ( Vd0 + Vobr – kT / q )1/2  

The position of the Fermi level ξ, as well as the barrier height, can be calculated from the 

value of NA obtained from the slope of the dependence of S/c2 on U. 

Because the: 

 ξ = (kT/ q)ln(Nv/NA)  

 In the absence of bias voltage, the action of mirror image forces reduces the height of the 

barrier by: 

 

 Δ φBi = [q3 εn / 2π2(ε|n )2 ( φB - εf –kT/ q)]1/4  

And the superposition of the mirror image forces acting on the carriers and the electric field 

of the depletion layer leads to a shift of the barrier maximum by: 

xм=1/4 [q ε|n (φB - εf – kT/ q)/ 2π2(ε|n )2 NA]1/4 

The dependence of the I/C2 ratio on the applied voltage for the same diodes is shown in Fig. 

18. As can be seen from the figure, the experimental dependence of I/C2 on is linear, which 

indicates a uniform distribution of ionized impurities in the near-surface region of the 

3

3

5

6

3

3

5

5
U, В 

1

1 

2 

108 

48 

C, пФ 



Afsana E. Mammadova 

54 

semiconductor. The value of the acceptor concentration NA=IOI5 cm-3/ determined from the 

slope of the current-voltage characteristic coincides with the value calculated from the resistivity 

of silicon /ρ=IO Ohm*cm corresponds to NA=I.5.IOI5 cm-3/, which indicates the absence of 

doping and the formation of electrically active defects in the near-surface region of silicon during 

the formation of silicide 

Conclusion: the results of our measurements showed that the barrier height for PdSi-Si 

obtained by magnetron sputtering is 0.79 eV. It is for this reason that the breakdown voltage 

does not depend on the thickness of the palladium silicide obtained by magnetron sputtering, 

which indicates the homogeneity of the PdSi-Si contact. The work investigated the electrical 

properties of PdSi-Si structures obtained both by thermal evaporation and by magnetron 

evaporation  
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