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Abstract: The article presents the results of modeling quasi-stationary ultralow power electric fields (the order of tens of nanowatts) and 

establishes ranges of rational values of parameters (average density of electric voltage, specific potential) of these fields. As a result of 
mathematical modeling (based on a system of Gaussian equations) and subsequent numerical experiment, it is shown that an instantaneous 

increase in the average electric density of a quasi-static electric field in 2 times in one part of the field leads to an increase in charge 
redistribution time from 34 ns (at an initial density of electric tension of 17 nN/Ku.μm3) to 189 ns (at a density of electric tension of  

145 nN/Ku.μm3). This redistribution allows us to determine the range of rational values of the specific potential, which is 1.1… 9 nV/μm 2. In 

this case, the maximum specific power that can occur in such a field is 0.5… 0.77 nW/μm2. 
Keywords: ULTRALOW POWER ELECTRIC FIELD, MATHEMATICAL MODEL, GAUSSIAN EQUATION, ELECTRIC VOLTAGE 

DENSITY, SPECIFIC POTENTIAL 

 

1. Introduction 

 
The active growth of the number of products based on 

microelectronic devices and systems based on them is due to the 

significant technical and economic advantages of such devices, as 

well as technological advantages in the process of their manufacture 
[1]. However, further increase in the range and production of 

microelectronic devices and systems requires, in addition to 
expanding their functionality and operational capabilities, 

improving the technical and material base for their production, 
which primarily consists in the use of new composite materials and 

technologies of miniaturization and hybridization in manufacturing 
these devices. However, the miniaturization of electronic circuits, 

which is to reduce the size and distance between their components, 

along with the use of various mechanisms of electrical conductivity 
(conductors, semiconductors, dielectrics) and structural features 

(quantum dots, linear conductors, thin films, nanostructures, etc.) 
materials, as well as the operating parameters of these electronic 

circuits (voltage, frequency, etc.) leads to the emergence and 
accumulation in the materials of the components of these circuits as 

individual electric charges and electric fields created by them. 

In this case, such electric fields, which is a necessary physical 
phenomenon that occurs for any electrical devices, in addition to 

providing the basic functions of electrical circuits, such as: 
electrical capacity, memory elements, etc., can cause adverse 

effects. on these schemes: the effect of electrostatic "sticking" of 
moving microelements of mechanisms, attraction of microparticles 

of atmospheric moisture and dust, which significantly reduces the 
cooling and conductivity of circuit components and the most 

dangerous – electrostatic breakdown, which causes 

electromechanical destruction of electrical devices and, as a 
consequence out of order. 

A number of leading domestic and foreign scientists deal with 
the issues of measurement and research of electric fields in 

electronic devices, such as: S.V.Biryukov, V.V.Dovgusha, 
E.P.Dyakov, O.V.Masleeva, N.A.Shavrina, J.P.Booth, L.Cengel, 

F.Ollendorf, T.Vinh and others [2-4]. However, despite the 

scientific achievements of these scientists, the important issue of 
modeling electric fields of ultra-low power arising in 

microelectronic devices in order to establish limit values of the 
characteristics of these fields, exceeding which leads to electric 

breakdown. 
Therefore, modeling of dynamic and quasi-stationary electric 

fields of ultralow power to determine the power and energy 
characteristics of such electric fields that occur in microelectronic 

devices, with the possibility of obtaining and visualizing the spatio-

temporal distribution of these characteristics is an urgent task. 
The purpose of the study: to increase the efficiency of 

determining the characteristics of dynamic and quasi-stationary 
electric fields of ultra-low power, which take place in 

microelectronic devices, by their mathematical modeling, which 
allows high-precision and adequate determinations and spatial-

temporal visualization of power and energy characteristics of these 
fields. 

 

2. Characteristics, causes and propagation of 

ultra-low power electric fields 

 
As is known [5], the electric field is one of the components of 

the electromagnetic field that exists around bodies or particles that 

have an electric charge, as well as in free form when the magnetic 
field changes (for example, in electromagnetic waves). In the case 

where the electric field does not change over time, it is called an 

electrostatic field. Accordingly, the electric field, the distribution of 
charge (and, accordingly, energy) in which it is variable in space 

over time - is called a dynamic electric field. 
The electric field can be observed due to force and / or energy 

impact on charged bodies. The main quantitative characteristic of an 
electric field is its characteristic, such as intensity. At the same time, 

the energy characteristics are the voltage and potential of the 

electric field. 
It should be noted that the relationship between the main 

characteristics of the electric field can be expressed by certain laws: 
[6], which proves the existence of a correlated relationship between 

these characteristics. This relationship greatly simplifies the 
calculation and modeling of electric fields and their characteristics, 

both in space and time. 
The main sources of electric fields and electromagnetic 

radiation in a wide range are [7]: a variety of electronic devices and 

video display terminals (especially those running on cathode ray 
tubes) that accumulate static electricity on the surface of the 

monitor screen. 
Mechanisms of electric fields. The electric field is a special 

state of matter, different from "classical" matter, consisting of 
material particles. Like other fields, the electric field is continuous, 

that is, it exists at every point in space and changes smoothly. If the 
source of the electric field moves, it generates changes in the field 

that propagate in it at the speed of light. 

The electric field is a vector, that is, at each point in space it 
can be matched with a vector called the field strength (E), the length 

of which is proportional to the force with which the field acts on 
charged bodies, and the direction coincides with the direction of a 

single test charge. 
If the electric field is static, or changes over time very slowly, 

it can be given through one scalar function - the potential U. In this 

case, the voltage and potential are related by the equation: 𝐸  =
−∇𝜑. 

In a homogeneous electric field (ie, one where the voltage is 
constant, for example, in the field between the capacitor wrappers) 

the voltage between two points is equal to: 𝑈 = −𝐸  ∙ 𝑅  , where R is 
the vector connecting the field points. 

The electric field is created by charged bodies, in particular 
charged elementary particles. Such a field is potential. Its intensity 
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is determined by Coulomb's law. The lines of force of a potential 
electric field begin and end on charges or go to infinity.  

According to the law of electromagnetic induction, the 
electric field is also created by an alternating magnetic field. Such 

an electric field is a vortex. The power lines of the vortex electric 
field are closed. In particular, the vortex electric field is a 

component of the electromagnetic wave. When the charge is moved 

along a closed curve in such a field, the work performed is not equal 
to zero 

Thus, as a result of the analysis of the relevant information 
sources, it is established that the main characteristics of electric 

fields are as follows: voltage E, voltage U and potential φ. In this 
case, the established causes of these fields are: natural (eg, electric 

discharges, friction of dielectrics), artificial (mutual location in the 
space of conductors with electric current, sources of 

electromagnetic radiation) and others [8]. 

 

3. The mechanism of influence of electric fields 

of ultralow power on surface of materials and 

elements of electronic devices 

 
Electrical stability of the material and electrostatic 

breakdown. The electrical stability of the material (we mean 

dielectric materials, usually insulators) depends on [9]: the shape of 
the electric field; type of voltage and polarity; voltage action time; 

dielectric homogeneity; electrophysical characteristics; 
temperatures, etc. 

There are three types of breakdown of a solid dielectric [10]: 

1) electric - at a voltage of 102-103 kV/mm; 
2) thermal - at a voltage of 10-102 kV/mm; 

3) aging - at a voltage of 10 kV/mm and less. 
The strongest influence on the electrical strength of the 

material is carried out: the time of application of voltage, 
temperature, thickness. In general, the dependence of the 

breakdown voltage on the time of its application is called the volt-time 
characteristic (Fig. 1). 

 

 
Fig. 1. Volt-time characteristics of the material (for example, porcelain):  

I - electrical breakdown, delay in the development of the discharge channel; 
II - electrical breakdown, t <0.1 s, independent of temperature; III - thermal 

breakdown, t > 0.1 s, a sharp decrease in breakdown voltage over time;  
IV - aging, breakdown voltage Ubr changes little, the time to breakdown 

increases significantly 

 

On the curve (Fig. 1) can be divided into four areas. Areas I 
and II correspond to the electrical breakdown (voltage application 

time t < 0.1 s). The sharp increase in the breakdown voltage in 
region I is due to the delay in the development of the discharge 

relative to the time of application of the voltage. Region III is 
characterized by a sharp drop in breakdown voltage, which 

indicates the predominant role of thermal processes. Area IV - slow 

decrease in breakdown voltage with increasing time of action, 
which is associated with slow aging and degradation of the material.  

At the same time, the electrical strength of the dielectric Ebr 
increases with decreasing thickness (especially rapidly in the region 

of micron thicknesses). This effect is used in the insulation of 
capacitors, conductors, inputs and other elements. 

It is known [11] that the temperature also significantly affects 
the penetration stress of the material. Thus, from the dependence of 

the electrical strength of porcelain on temperature, Fig. 2, it can be 

seen [12] that up to a temperature of +75 °С the breakdown voltage 

of porcelain Ebr practically does not change (region A). A further 
increase in temperature leads to a sharp decrease in Ebr (region B). 

Under the influence of an electric field dielectric, the intensity 
of which is greater than some critical value Ecr, new physical 

phenomena occur in the dielectric, which are not peculiar to it, in 
particular [9]: partial discharges, accumulation of bulk charge, 

electroluminescence. 

 
Fig.2. Dependence of breakdown voltage on temperature for porcelain 

 

At the same time, the phenomenon of partial discharges has 
the greatest influence [13]. Partial discharges are breakdowns of 

defects in the material, ie air infiltrations, layers of oil, the electrical 
strength of which is below the solid phase. Partial discharge leads to 

the breakdown of only the weakened part, not the entire dielectric 
gap. 

The occurrence of partial discharges always indicates the 
local inhomogeneity of the dielectric. In this regard, the registration 

of the characteristics of partial discharges allows you to assess the 

quality of the material and detect local defects. The characteristics 
of partial discharges correlate quite well with the size and number 

of defects, ie allow to judge the degree of defect of the structure 
itself. 

Partial discharge occurs when the electric field strength (the 
so-called intensity of the beginning of the partial discharge), which 

is much less than the breakdown voltage of the entire interval. 

Single partial discharges are practically not harmful for isolation, 
they arise at constant voltage. But at alternating voltage (for 

example, already at a frequency of 50 Hz), even one partial 
discharge for half a period leads to 100 discharges per second. 

Thus, it is established that the main mechanisms of influence 
of electric fields of ultra-low power on the surface of materials of 

different electrical conductivity are accumulative and discharge 
[14]. At the same time, the combined nature of the electrical 

conductivity of most elements of electronic devices does not allow 

to determine a specific mechanism of action of the electric field on 
these elements. Therefore, the study of the effect of combined 

conductivity mechanisms on electricity is insufficient today. 
Therefore, conducting mathematical modeling of these mechanisms 

(especially the edge effects that occur in these elements) [15].  
 

4. Modeling of ultralow power electric fields 

distributed on the dielectric surface and in space 

 
To determine the spatial distribution of point electric charges, 

as well as complex electric fields with several sources, three main 
methods are used [16]: electrodynamic, energy, probabilistic. 

Electrodynamic method. The electrodynamic approach to the 
description of electric fields (EF) is based on the solution of 

Maxwell's equations for known sources of the electric field. In this 
case, the medium in which these fields propagate is considered 

homogeneous and isotropic. The group signal that determines the 
EF at the observation point P(x0, y0, z0) can be found as their 

superposition from m separate mutually independent sources. The 

basic model of the EF source is an elementary electric emitter 
(Hertz dipole) [17], Fig.3. 

General expressions for EF (Hertz dipole) in a spherical 
coordinate system have the form: 
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Fig. 3. Components of the electric field (Hertz dipole) 
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where I is the current in the emitter, l is the length of the emitter, r 

is the distance (dipole arm),  = 2/ is the phase coefficient. 

The presented formulas are written in such a way that the 

terms (/2r)n, where n = 1, 2, 3, characterize the components and 

depend on the ratio of wavelength and distance to the observation 

point r. 
From these formulas it follows that under the condition: 

r<</2 the component of lower degrees can be ignored and vice 

versa. 

The distance rcr = /2 is called critical or limiting. If the 

observation point is located at a distance much less than rcr, then the 

field is characterized by the near zone (induction zone), if r>>rcr, 

the far zone (radiation zone). The zone around rcr is called the 
intermediate zone. Table 1 shows the formulas for the near and far 

zones of the electric emitter [18].  
 
Table 1. Components of EF in the near and far zones for the electric emitter 

Near zone Far zone 

𝐻 
𝜑 =

𝐼𝑚 ∙ 𝑙

4𝜋 𝑟2  sin 𝜃 

𝐸 𝜃 = −𝑗
𝐼𝑚 ∙ 𝑙

4𝜋𝜔𝜀𝑟3  sin𝜃 

𝐸 𝑟 = −𝑗
𝐼𝑚 ∙ 𝑙

2𝜋𝜔𝜀𝑟3  cos 𝜃 

𝐻 
𝜑 =

𝐼𝑚 ∙ 𝑙 ∙ 𝛽

4𝜋 𝑟
 𝑒−𝑗𝛽𝑟 sin𝜃 

𝐸 𝜃 = 𝑗
𝐼𝑚 ∙ 𝑙 ∙ 𝛽2

4𝜋𝜔𝜀𝑟
 𝑒−𝑗𝛽𝑟  sin 𝜃 

𝐸 𝑟 =
𝐼𝑚 ∙ 𝑙 ∙ 𝛽

2𝜋𝜔𝜀𝑟2  𝑒−𝑗𝛽𝑟  cos𝜃 

 
Based on the formulas given in table 1, we can conclude that 

in the near zone the electromagnetic wave is not formed, which is 
why the near zone is called the induction zone or the guidance zone. 

Another feature of the near zone is that the impedance depends not 

only on the parameters of the medium, but also on the type of 

emitter: 𝑍𝑊
𝑒𝑙 =

1

𝑗𝜔𝜀𝑟
, ie the field is high impedance. 

In order to obtain a complete group signal at the point Р(x0, 

y0, z0), which is created by a set of radiations from m independent 

sources, it is necessary to vector sum the EF voltages: 𝐸  Σ =  𝐸  i
𝑚
𝑖=1 . 

For preliminary estimation of EF it is possible to use a 

technique of formal ordering of components of the concentrated 
noise, having arranged them in the form of hierarchical degrees. In 

addition, the use of an electrodynamic approach to the description 

of EF is complicated by the fact that the distribution of currents by 

the volume occupied by the radiating system is not always known 
[19]. 

Energy method. To implement the energy method, it is 
advisable to separately identify the noise-focused interference and 

time-focused interference. 
We define such interferences as an ensemble of n narrowband 

signals. Let's write the i-th narrowband signal as follows: 
𝑒 𝑡 = 𝐸𝑖 𝑡  cos 𝜔0𝑖 𝑡 + 𝜑0𝑖 𝑡  , 

where Ei(t), 0i(t) is the bypass phase and the phase of the radio 

wave field strength from the i-th source; 0і - circular frequency of 

the carrier. 

In this case, the noise, concentrated in the spectrum, is 

represented by the formula: 

𝑒 𝑡 =  𝐸𝑖 𝑡  cos 𝜔0𝑖 𝑡 + 𝜑0𝑖 𝑡  

𝑛

𝑖=1

. 

If the number of components of the group signal is large, the 
definition of EF is quite complex. It is advisable to divide the 

components of the spectrum-concentrated interference into discrete 
energy levels, then the narrowband signal will look like: 

𝑒 𝑡 = 𝐸𝑚𝑖𝐾𝑡 𝑡  cos 𝜔0𝑖 𝑡 + 𝜑0𝑖 𝑡  , 
where Еmi is the amplitude value of the field strength of the i-th 
signal at the point of reception, Ki(t) is a dimensionless factor that 

characterizes the law of change of the envelope. 
According to Parseval's equation, the specific energy of the 

process: 

𝑊𝑖 =
1

𝜋
  𝐴𝑖

2 𝜔  𝑑𝜔
𝜔2𝑖

𝜔1𝑖
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60 𝑃𝑖𝐷𝑖

𝜋𝑟𝑖
2  𝑉𝑖

2  𝑎𝑖
2 𝜔  𝑑𝜔

𝜔2𝑖

𝜔1𝑖
. 

Assuming that the i-th signal is concentrated in the band 

∆𝜔𝑖 = 𝜔2𝑖 − 𝜔1𝑖, within which the modulus of the normalized 

spectral function а( ) is constant. Let's simplify the previous 

formula: 

𝑊𝑖 =
60 𝑃𝑖𝐷𝑖

𝜋𝑟𝑖
2  𝑉𝑖

2𝑎𝑖
2∆𝜔𝑖 =

1

𝜋
 𝐴𝑖

2∆𝜔𝑖. 

Thus, the specific interference energy concentrated in the 
spectrum can be determined as follows: 

𝑊𝑖 =
60 

𝜋
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2
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𝜋
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2

𝑛

𝑖=1

∆𝜔𝑖 . 

Interferences are divided into impulse and fluctuation [20]. 

The difference between them is in determining the duration of the 
installation of transients. 

If the transients from the previous pulse do not overlap in time 
the transients from the next pulse, such interference is considered 
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pulsed. If the imposition of these transients creates a continuous 
random process, such interference is considered fluctuational. 

The probability of exceeding the amplitude noise, which is 
time-concentrated and which contains the fluctuation and impulse 

components of some level x0, is determined by its integral 
distribution function. It looks like: 

𝑝 𝑢 =  1 − 𝜈𝜏 ∙ 𝑒
−𝑥𝑓

2
𝛼𝑓

2𝑎
𝑓
2

+ 𝜈𝜏 ∙ 𝑒
−𝑥𝑝

2
𝛼𝑝

2𝑎𝑝
2
. 

fluctuation  pulse  

component     component 
where A is the instantaneous value of the amplitude of the 

interference; Aef - effective value of the amplitude of the 

interference, determined and averaged by the narrowband receiver; 
A and a are Weibull distribution parameters; v - average pulse rate, 

c-1;  
r - average pulse duration, s. 

The RMS value of the power of the noise, concentrated in 
time, allocated to the unit resistance: 

𝑝2 =  1 − 𝜈𝜏 𝑎𝑓
2𝐴𝑓Γ 

2

𝛼𝑓

+ 1 + 𝜈𝜏2𝑎𝑝
2𝐴𝑝Γ 

2

𝛼𝑝

+ 1 , 

where Г(а) is a gamma function. 
The values of р(u) and p2 depend on the specific conditions at 

a particular point in the definition. 

Probabilistic method. The probabilistic method is also used to 
estimate the EF. Information about the real EF can be subjected to 

statistical processing. 
The statistical characteristics of the EF depend on whether the 

EF is only under the influence of the field source or it is affected by 
a set of charges and interference. The idealized EF, which 

corresponds to the first case, can be taken as a reference, with which 
the real is compared. Thus, the real EF can be judged by comparing 

the statistical characteristics of the two sources. Thus it is possible 

to receive also a quantitative estimation of EF if to compare among 
themselves probabilities of excess of the set level by sources on an 

interval of supervision T. 
The advantage of this method is that the evaluation of the EF 

is carried out on the response of a particular source to a change in 
charge, which indirectly takes into account all measures of both 

technical and organizational nature, aimed at providing a stationary 

EF. 
In addition to the above, there are other methods and 

approaches to determining the EF. For example, the geometric 
representation of EF, and the approach based on elements of set 

theory, and so on. 
Thus, the main methods and means of determining the 

characteristics of point electric charges and electric fields 
distributed over the dielectric surface and in space are analyzed. As 

the most promising method, which is chosen as the basic in the 

research, the energy method is chosen, as one that allows with 
higher accuracy and relative simplicity of software implementation 

to model electric fields in a wide range of values of their 
characteristics. 

 

5. Discussion of simulation results 

 
As a result of the numerical simulation performed by Matlab, 

the results of modeling of quasi-stationary electric fields of ultralow 

power (of the order of tens of nanowatts) are obtained and ranges of 

rational values of parameters (average electric density, specific 
potential) of these fields are established. Thus, Fig. 4 shows the 

calculated dependences of the change in the distribution of electric 
charge in the surface layer of the dielectric plate (silicon 

DSP/Ssp<100><111>). 

 
Fig. 4. The dependence of the distribution of electric charge Δq in the 

surface layer of a plate with a thickness of silicon DSP/Ssp <100> <111> 
at different values of the initial density of the electric field strength jE: 1 - 17 

nN/Ku.μm3; 2 - 81 nN/Ku.μm3; 3 - 145 nN/Ku.μm3 

 
As can be seen from Fig. 4, the charge accumulated on the 

surface of the dielectric with increasing depth of the surface layer 
decreases significantly exponentially.  

In fig. In Fig. 5 shows the dependences of the accumulated 

electric charge on the dielectric surface from the time of its 
redistribution. 

 
Fig. 5. Estimated dependences of the accumulated electric charge on the 

surface of silicon DSP/Ssp<100> <111> from the time of its redistribution 
at different values of the initial density of the electric field strength jE:  

1 - 17 nN/Ku.μm3; 2 - 81 nN/Ku.μm3; 3 - 145 nN/Ku.μm3 

 
As a result of the calculations and the obtained dependences 

in the mathematical package Matlab determined that the maximum 
redistribution time of the electric charge on the surface of the 

silicon wafer DSP/Ssp <100> <111> is 189 ns (at a voltage density 

of 145 nN/Ku.μm3), then, as the minimum time is 34 ns (at an initial 
density of electric voltage of 17 nN/Ku.μm3). 

 

6. Conclusion 

 
Features of modeling of electric fields of ultralow power 

which is based on the decision of system of the analytical equations 

which are based on differential Laplace equations considering 
dynamics of change of EF and their sizes, and also influence of 

external factors (temperature, relative humidity, UV and gamma) 

are considered. radiation, mechanical deformation, surface friction, 
etc.). 

Involvement of a modern mathematical processor MatLab 
allowed to develop a dynamic computer model of formation and 

redistribution of ultra-low power electric fields under the influence 
of external factors in space and time, which allows high accuracy 

(discrepancy between mathematical modeling data and 

experimentally obtained data does not exceed 5,6%) and in real 
time to visualize the distribution of EF, as well as to determine the 

ranges of power and energy parameters of EF, compliance with 
which does not lead to electrical breakdown. 

It is established that the instantaneous increase of the average 
density of the electric voltage of a quasi-static electric field in one 

part of the field leads to an increase in the time of charge 
redistribution in the electric field from 34 ns (at the initial density of 

17 nN/Ku.μm3) to 189 ns electrical voltage 145 nN/Ku.μm3). This 

INTERNATIONAL SCIENTIFIC JOURNAL "MATHEMATICAL MODELING" WEB ISSN 2603-2929; PRINT ISSN 2535-0986

34 YEAR V, ISSUE 1, P.P. 31-35 (2021)



allows us to determine the range of rational values of the specific 
potential (1.1… 9 nV/μm2) and the maximum specific power (0.5… 

0.77 nW/μm2) in such a field. 
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