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Abstract. Dielectric losses are one of the main parameters of a dielectric. Generally, for 

many applications, they should be as low as possible; however, in the case of 

electromagnetic wave absorption, they should be high. This paper presents the results of the 

study on dielectric losses in FexOy nanocomposite films, which were investigated within a 

frequency range of 5 kHz to 5 MHz. It was demonstrated that the dielectric losses due to 

the applied AC signal decrease with frequency and increase with voltage. The analysis of 

the mechanisms of dielectric losses revealed that they are primarily caused by polarization. 

Dielectric losses resulting from conductivity were approximately two orders of magnitude 

lower, although they increase significantly with increasing applied voltage. This behavior 

correlates with the dependence of specific conductivity on voltage. The dielectric loss 

tangent (tan δ) and the dielectric loss factor (the imaginary part of the dielectric constant, 

ε'') are higher for the initial film compared to the annealed one. This difference can be 

attributed to the transformation of the film structure and its ordering during high-

temperature thermal annealing. Overall, dielectric losses within the investigated frequency 

range are mainly caused by relaxation (thermally activated) polarization, which is 

characteristic of disordered nanocomposite films. 
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1. Introduction 

Nowadays, dielectric materials, as core components of 

capacitors, are key to the development of new energy 

storage materials, which are widely used in micro-

electronic components, memory devices, capacitors, and 

other applications [1–3]. The specific capacitance and 

dielectric losses are among the most important 

parameters of capacitors. The development and design of 

high-performance dielectric materials is a research topic 

of practical significance in the field of inorganic 

materials [4, 5]. 

High dielectric constant and relatively low dielectric 

loss are essential for enhancing the performance of 

capacitance-based devices [6, 7]. Dielectrics with high 

dielectric constants and low losses are very attractive for 

applications in nanoelectronics and as supercapacitors. 

Over the past few decades, a giant dielectric constant has 

been reported in several material systems, which can be 

classified as follows: (1) doped ferroelectric ceramics;  
 

(2) epitaxial ferroelectric heterostructures [8]; (3) perov-

skite-related oxides, such as CaCu3Ti4O12 (CCTO) [9]; 

(4) non-ferroelectric transition-metal oxides, such as 

doped NiO [10] and TiO2 [11]; (5) metal-doped ceramics 

or composites [3]; and (6) metal-polymer composites 

[12]. For example, a giant dielectric constant coupled 

with low dielectric loss was observed in La-modified 

PbTiO3 (PLT) with A-site vacancies [3].  

The composites containing metal and silicon 

nanoparticles in a dielectric matrix are under intensive 

investigation [13–17]. Giant dielectric constant values 

(10
10

) have been obtained for the composite film 

composed of copper nanowires and amorphous SiO2 

[18]. Some composite materials demonstrate the 

appearance of negative capacitance [19, 20]. This 

unusual effect is promising for the use of composite 

materials in novel micro- and nanoelectronics devices. 

The electrical properties of dielectric and 

nanocomposite materials, particularly dielectric loss, can 

significantly impact the performance of electronic  
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devices, with low dielectric loss (tan δ(ω)) being 

essential for optimal functionality [21 – 24]. Most 

dielectric materials experience a gradual increase in 

dielectric loss as the temperature rises. Extensive 

research has been conducted on the mechanism of 

dielectric loss. The contributions of conduction loss and 

polarization loss (including interface polarization, dipole 

polarization, and defect-induced polarization) to 

dielectric loss have been addressed in [25]. Significant 

progress has been made in the study of materials with 

low dielectric loss and their mechanisms. The classical 

Debye model and its extended models (the Cole–Cole 

model, the Davidson–Cole model, and the Havriliak–

Negami model) successfully describe the dielectric loss 

behavior dominated by the polarization mechanism at 

low temperatures [12, 21, 23, 26]. However, when the 

dielectric material exhibits relatively high conductivity, 

the dielectric loss attributed to this conductivity cannot 

be ignored. Therefore, in analyzing the dielectric loss of 

nanocomposites, it is necessary to consider both 

polarization loss and conductivity loss. 

In many applications, the dielectric loss must be 

very low. For instance, in the case of dielectrics used in 

mm-wave detectors, dielectric losses limit the overall 

optical efficiency when transferring the mm-wave signal 

received at the antenna to the detectors [27]. Dielectric 

losses are also critical for on-chip spectroscopy, as they 

constrain the quality factor [28]. Among the widely used 

dielectrics and semiconductors with low losses are SiO2 

[45], SiNx [46, 47], amorphous Si [48], and silicon 

carbide [49]. This low loss tangent of 10
–5

 has been 

observed for a-Si [32] and silicon carbide [33] at 

microwave frequencies. 

On the contrary, when using nanocomposite materials 

as absorbers of electromagnetic waves, the higher the 

dielectric loss, the better. The most important properties of 

the primary material that determine electromagnetic 

absorption are the imaginary parts of complex permittivity 
  jr , permeability   jr , and conductivity 

 jr . However, no materials exhibit high values 

for all these parameters at all frequencies. Higher values of 

the loss factor (ε″) will result in a greater attenuation 

constant, leading to larger attenuation of the electromagnetic 

wave [34, 35]. 

Nowadays, a variety of microwave absorption 

materials are under intensive investigation to create an 

effective microwave absorber. Among these materials, 

ferrites, such as ferrospinels and hexaferrites, attract 

significant research interest due to their high magnetic 

loss and large Snoek’s limit [36]. So far, many ferrite 

microwave absorbers have been developed, including 

ZnFe2O4, BaFe12–xAlxO19 (x = 0.1…1.2), and Ce(FeTi)Ox, 

all of which show great potential in the field of 

microwave absorption due to their excellent magnetic 

and dielectric properties. Furthermore, researchers have 

found that cation substitution can influence the magnetic 

characteristics and microwave absorption performance of 

ferrite microwave absorbers [37, 38]. 

The results on the dielectric losses of alternating 

electrical signals in nanocomposite FeyOz films are 

presented in this work. The influence of high-temperature 

annealing on the dielectric losses of nanocomposite films 

has been demonstrated. The frequency and voltage 

dependences of the dielectric losses have been 

determined. The obtained results are explained in terms 

of both polarization loss and conductivity loss. 

 

2. Experimental 
 

Nanocomposite FexOy films were prepared using the ion 

plasma deposition method [39, 40]. The iron-containing 

target was used. The deposition was carried out in the 

atmosphere of argon and oxygen. During the ion-plasma 

sputtering process, Ar ions knock atoms out of the iron 

target. The iron atoms are oxidized as they move towards 

the substrate, and the degree of oxidation depends on the 

ratio of oxygen to argon gases supplied to the chamber 

during the sputtering process. 

The oxygen content in the gas environment during 

deposition remained unchanged at 18%. The films  

were deposited on p-type (100) silicon substrates (ρ = 

10 Ω·cm). The deposition was carried out in a vacuum 

chamber at pressure P = 6.7·10
–3

…1·10
–2

 Pa, substrate 

temperature was within 100…120 °С. The thickness of 

the initial (after deposition) film, determined by laser 

ellipsometry ( = 632.8 nm), was 46 nm. 

The two types of samples were investigated. One of 

them is the initial (post-deposition) nanocomposite FexOy 

film, while the other is the nanocomposite FexOy film 

that was annealed in the Ar atmosphere at T = 1000 °C 

for 30 minutes. 

After the film deposition, Al electrodes were 

formed on the surface using sputtering through the mask 

during thermal evaporation. The area of the metal 

electrodes was 7.85·10
−3

 cm
2
. The Al contact was also 

deposited on the backside of the Si wafer. Thus, MIS 

(Metal–Insulator–Semiconductor) structures were created 

with the nanocomposite FexOy film serving as the 

dielectric. 

The dielectric properties of FexOy films were 

measured using the Agilent 4294A semiconductor 

parameter analyzer within the frequency range of 5 kHz 

to 5 MHz, with the AC measuring signal of 50 mV rms. 

The variable DC bias up to –20 V (electric field  

E = 4.3·10
6
 V/cm) was applied during the impedance 

spectroscopy measurements. These measurements 

allowed us to obtain capacitance-voltage (C-V), and 

tan(δ)-V dependences. 

The DC current-voltage characteristics were 

measured in the dark by using the Keithley 2410 Source 

Meter. 

The analysis of the dielectric parameters was 

carried out under direct bias, applying a negative voltage 

to the upper metal electrode of the MIS structure to 

ensure the accumulation of majority charge carriers 

(holes) in the near-surface layer of the semiconductor, 

thereby eliminating the influence of the substrate. 
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3. Results and discussion 
 

It is well known that dielectric losses are caused by 

polarization and conductivity and largely depend on the 

concentration of impurities and structural defects [41]. 

The value of dielectric losses caused by defects can vary 

by order of magnitude, while the change in dielectric 

permittivity may be quite insignificant. 

Electromagnetic energy losses and their conversion 

into thermal energy are characterized by two para- 

meters: the dielectric loss tangent (tan(δ)) and the 

dielectric loss factor (the imaginary part of the  

dielectric permittivity, ε″). The dielectric loss tangent is 

expressed as 

   



 90tantan ,      (1) 

 
 

where  is the phase shift between the voltage and 

current and  is the dielectric constant (the real part of 

the dielectric permittivity). 

The studied MIS structures are capacitors with 

parallel plates and a composite dielectric film between 

them. In this type of capacitor, the capacitance is  

d

S
C

r


0
,       (2) 

where ε0 is the vacuum permittivity, εr is the dielectric 

constant, S is the area of the plates, and d is the dielectric 

thickness. 

The experimental capacitance-voltage (C–U) 

characteristics of the MIS structures with both initial and 

annealed FexOy nanocomposite films measured at various 

frequencies are presented in Fig. 1. 
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Fig. 1. Capacitance-voltage characteristics of the MIS structures with nanocomposite FexOy films: a) initial film, b) annealed film.  

Here and further for the interpretation of the colors, the reader is referred to the web version of this article. 
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Fig. 2. The dielectric constant dependences on the voltage with the frequency as a parameter: a) initial film, b) annealed film. 
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Fig. 3. Frequency dependences of dielectric constant: 1 – initial 

film, 2 – annealed film. 

 

 

As can be seen, the behavior of the C–U 

characteristics is quite non-monotonic. Firstly, they 

increase with increasing voltage, reaching a maximum 

value before decreasing. This behavior is notably 

different from that of MIS structures with ideal 

dielectrics. In the case of structures with ideal dielectrics, 

the capacitance in the region of surface accumulation of 

majority carriers remains constant and equal to the 

capacitance of the dielectric [42]. The decrease in 

capacitance in this region is caused by the non-ideality  

of the dielectrics, specifically their relatively  

high conductivity. We previously observed similar 

behavior in the C–U characteristics of MIS structures  

nanocomposite films containing Si nanoclusters  

in a SiO2 matrix [43] and Au nanoclusters in an Al2O3 

matrix [44]. 
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Fig. 4. Dependences of dielectric loss tangent on voltage with frequency as a parameter: a) initial film, b) annealed film. 
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Fig. 5. Dependences of dielectric loss tangent (a) and dielectric loss factor (b) on the frequency: 1 – initial film, 2 – annealed film. 
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The decrease in the capacitance with frequency is 

also observed. This behavior is explained by the 

exclusion of slower polarization mechanisms as frequency 

increases. A comparison of the C–U characteristics of the 

initial and annealed films shows that the annealed films 

exhibit higher capacitance. This phenomenon is 

attributed to the emergence of additional phase interfaces 

due to structural transformation and, consequently, a 

more significant influence of the space charge interface 

Maxwell–Wagner polarization mechanism. 

The dielectric constants of the films calculated 

according to Eq. (2) are shown in Fig. 2. The voltage and 

frequency behavior of the dielectric constant is similar to 

that of the C–U curves due to the linear relationship 

between r and C in Eq. (2). As shown in Fig. 2, the 

obtained values of the dielectric constant are within 

+5…–1. The frequency dependences of dielectric 

constant, determined at the voltage corresponding to 

positive Cmax, are shown in Fig. 3. The decrease in the 

dielectric constants is observed for both initial and 

annealed films. This frequency dependence of the 

dielectric constant is caused by the suppression of slower 

polarization mechanisms at higher frequencies due to 

their inertia. The gradual decrease in the dielectric 

constant with increasing frequency is characteristic of 

relaxation (thermally activated) polarization mechanisms 

[41]. A higher value of dielectric constant is observed for 

the annealed film, which can be attributed to the 

transformation of the film structure and some 

densification during thermal annealing. 

The dependences of dielectric loss tangent on the 

voltage, with frequency as a parameter, are presented in 

Fig. 4. As can be seen, the dielectric loss tangent in the 

low voltage region is higher for the initial film, while in 

the high voltage region – for the annealed one. 

The dielectric loss tangent and the dielectric loss 

factor as functions of frequency, determined at voltages 

corresponding to positive Cmax, are shown in Fig. 5. The 

dielectric loss factor was calculated from the 

experimental data for the dielectric loss tangent (Fig. 4) 

and the dielectric constant (Fig. 3) according to Eq. (1). 

As shown in Fig. 5a, the frequency dependences of 

tan() are nonmonotonic, with the higher values for the 

initial film. It is caused by the ordering of the film 

structure and the reduction of structural defects. In 

contrast, the dielectric loss factors monotonically 

decrease with frequency (Fig. 5b). At lower frequencies, 

the dielectric loss factor is higher for the initial film, but 

at higher frequencies, the values are approximately the 

same for both films. 

Another important mechanism of losses in 

dielectrics is electrical conductivity. The contribution of 

electrical conductivity to dielectric losses was determined 

according to the following equation [41, 45, 46]: 

0


 dc ,       (3) 

where dc is DC electrical conductivity, 0 is the 

permittivity of vacuum, and  is the frequency. 
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Fig. 6. Dependences of specific conductivity on voltage:  

1 – initial FexOy film, 2 – annealed film. 

 

 

The specific conductivity of FexOy nanocomposite 

films before and after high-temperature annealing are 

shown in Fig. 6. Based on the obtained results, several 

conclusions can be drawn: (i) the conductivity of the 

initial film is lower compared to the annealed ones up to 

the voltage V ≈ 10 V; (ii) at higher voltages (V > 10 V)), 

the conductivity ratio is reversed, meaning that the 

conductivity of the initial film is higher. 

The frequency and voltage dependences of the 

dielectric loss factor, obtained using Eq. (3), are shown in 

Fig. 7a, 7b, and 7c, respectively. The dielectric loss 

factor as a function of frequency was determined at the 

voltages corresponding to positive Cmax. 

As can be seen in Fig. 7, the dielectric loss factors 

caused by conductivity are significantly lower compared 

to those determined from polarization. Dielectric losses 

due to polarization are predominant. The influence of 

dielectric losses caused by conductivity increases with 

voltage (Figs. 7b, 7c). A comparison of the dielectric 

losses due to conductivity for the initial and annealed 

films (Figs. 7b, 7c) indicates that, in the lower voltage 

region, the losses are higher for the annealed film; 

however, at higher voltages, the dielectric loss factor is 

greater for the initial film.  

Based on the obtained results, we can conclude that 

the main mechanism of dielectric losses in FexOy 

nanocomposite films is due to polarization. For 

disordered nanocomposite films within the studied 

frequency range, relaxation (thermally activated) 

polarization is characteristic. The influence of losses 

caused by conductivity rises with the increasing applied 

voltage. Additionally, thermal annealing of the film 

significantly influences dielectric losses. 

In the case of amorphous and nanocomposite films, 

there are many electron traps in the bandgap [47]. Due to 

significant structural disorder, these electron traps, 

caused by lattice defects and impurities, have different 

atomic environments. As a result, the energy positions of 

the traps are widely scattered. The existence of the traps 

in dielectric films significantly influences both polariza-

tion and conductivity. The films also contain dipoles. 
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Fig. 7. Frequency (a) and voltage (b, c) dependences of loss 

factor: a) 1 – initial film, 2 – annealed film, b) initial film, 
c) annealed film. 

 
 

The presence of these dipoles in FexOy films may be 

caused by dangling Fe-O bonds resulting from differen-

ces in the electronegativity of Fe (1.8) and O (3.5) [48]. 

Relaxation of thermally activated electron and dipole 

polarizations are characteristic of such disordered films. 

These polarization mechanisms are relatively slow 

compared to quasi-elastic polarization [41]. Furthermore, 

in the case of the annealed films, due to the phase 

transformation and appearance of additional nano-

inclusions of crystalline phase and grain boundaries 

among nanocrystals and amorphous matrix, the space 

charge interface Maxwell–Wagner polarization 

mechanism plays a more significant role. 

 

4. Conclusions 

 

Dielectric losses in FexOy nanocomposite films were 

investigated within the frequency range of 5 kHz to  

5 MHz. FexOy films were deposited by ion-plasma 

sputtering. Impedance spectroscopy and DC 

measurements were used to determine the dielectric 

losses. Dielectric losses due to both polarization and 

conductivity were determined. It was found that 

dielectric losses due to polarization predominate. 

Dielectric loss factors due to conductivity are 

approximately two orders of magnitude lower compared 

to those determined from polarization. The influence of 

conduction losses increases with increasing applied DC 

voltage. In addition, thermal annealing of the film 

significantly affects the dielectric losses, namely, the 

losses are lower for the annealed film. The obtained 

results were explained by the significant role of 

relaxational thermally activated electronic and dipole 

polarizations, which are characteristic of disordered 

nanocomposite films. In the annealed films, due to the 

phase transformation and appearance of additional 

nanoinclusions of the crystalline phase and grain 

boundaries between the nanocrystals and the amorphous 

matrix, the space charge interface Maxwell–Wagner 

polarization mechanism plays a more significant role. 
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Особливості діелектричних втрат у нанокомпозитних плівках FexOy 

 

А.А. Євтух, А.І. Пилипов, Я.Ю. Мурий, О.В. Пилипова, С.В. Антонін, О.Л. Братусь 

 

Анотація. Діелектричні втрати є одним з основних параметрів діелектрика. Як правило, для багатьох 

застосувань вони повинні бути якомога нижчими, однак у випадку поглинання електромагнітних хвиль вони 

повинні бути високими. У цій статті наведено результати дослідження діелектричних втрат у 

нанокомпозитних плівках FexOy, які досліджувалися в діапазоні частот від 5 кГц до 5 МГц. Було 

продемонстровано, що діелектричні втрати, спричинені прикладеним сигналом змінного струму, зменшуються 

з частотою та зростають з напругою. Аналіз механізмів діелектричних втрат показав, що вони, в першу чергу, 

спричинені поляризацією. Діелектричні втрати, спричинені провідністю, були приблизно на два порядки 

меншими, хоча вони значно зростають зі збільшенням прикладеної напруги. Ця поведінка корелює із 

залежністю питомої провідності від напруги. Тангенс кута діелектричних втрат (tan δ) та коефіцієнт 

діелектричних втрат (уявна частина діелектричної проникності, ε'') вищі для вихідної плівки порівняно з 

відпаленою. Цю різницю можна пояснити трансформацією структури плівки та її впорядкуванням під час 

високотемпературного термічного відпалу. Загалом, діелектричні втрати в досліджуваному діапазоні частот в 

основному спричинені релаксаційною (термічно активованою) поляризацією, яка характерна для 

невпорядкованих нанокомпозитних плівок. 

 

Ключові слова: нанокомпозитні плівки, діелектричні втрати, поляризація, частота, напруга, іонно-плазмове 

осадження, відпал. 
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