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Abstract- In this paper, the numerical calculations of 

spatiotemporal characteristics of the charge transfer within 

solid insulating materials are performed by means of a two 

dimensional axisymmetric model. The solid dielectric 

material is supposed to be a non-ideal polyethylene. In this 

model, the continuity equations for fluxes of charge 

carriers are coupled with Poisson’s equation for computing 

electric fields affected by temporal and spatial variations 

of space charges in the dielectric material. An efficient 

stabilized finite element method for solving of these 

equations is represented, which provides wiggle free 

solutions without introducing much artificial diffusion. It 

was seen that the conductivity under applied electric field 

decreases over time. The electric field shows higher effects 

on the net charge density at positions nearer to the anode 

and the density of the charged species are higher at 

positions close to the both electrodes. The dependence of 

the charge transfer process on the amplitude of the applied 

electric field, solid dielectric dimensions and temperature 

is analyzed. In order to verify the model, the obtained 

results are compared with the existing experimental and 

simulation data, whenever possible.  

 

Keywords: Solid Insulating Materials, Space Charge 

Transport.  

 

I. INTRODUCTION  

Charge transport within solid dielectric materials is an 
undesirable phenomenon and potentially leads to 
unrecoverable damages of an insulation system [1, 2]. 
Different situations can be observed when analyzing time 
and space evolution of charge carriers depending upon the 
orientation of the dielectric in the applied field [3]. 
Generally, the presence of space charges within the bulk 
of insulation or even at insulation electrode interfaces can 
affect considerably the electric field distribution.  

Therefore, initially, an electric field concentration can 
locally induce accelerated damage and consequently it is 
able to trigger early insulation breakdown [4]. It is almost 
clear that the transport of space charges within solid 
dielectric materials may play a considerable role in 
weakening polymeric insulation. In related existing 
literature, the different possible scenarios of degradation 
mechanisms, thermally activated, but accelerated by the 
presence of space charges, are examined [5]. 

The problems of charge transport through dielectric 

materials are extensively studied in single and double 

injection cases, the spreading of charge packets, and the 

coupling of transport and dipolar responses [6-9]. Roy et 

al. used a specially developed pulsed electro acoustic 

apparatus low density polyethylene films under a high DC 

electric field and measured the electroluminescence and 

Space Charge (SC) distribution in bulk of solid dielectric 

material. Moreover, with the help of a numerical model of 

transport including the effect of charge trapping and 

recombination, they interpreted the observed behaviors of 

space charges [3]. 

Roy et al. introduced some numerical methods 

pertaining to the simulation of charge transport in solid 

dielectrics that are generally scattered over numerical 

analysis and computing literature [10]. They considered an 

example of a set of physical parameters needed to describe 

charge transport and introduced mathematical equations 

that must be solved [10]. Depending upon the orientation 

of the solid insulating dielectric in the applied field, space 

charged carriers show different situations. 

The present study will concentrate on temporal and 

spatial evolution of conductivity of solid dielectric 

material between two parallel plate electrodes along with 

other parameters. Thus, it will be shown that the charge 

transfer occurs mostly due to the axial (normal to the 

parallel plate electrodes surface) component of the electric 

field. Thus, charge transfer occurs mostly due to the axial 

(normal to the surface) component of the field. Such an 

arrangement is typical for barrier discharges [11]. 

The presented computer model is based on space 

charge formation and transfer process in a non-ideal solid 

dielectric material between parallel plate circular metallic 

electrodes. The material considered is polyethylene (PE). 

This computational model used to describe these 

phenomena takes the following physical parameters and 

processes into consideration: charge deposition profiles, 

charge drift due to a finite carrier mobility, deep trapping 

without release, and trap filling due to a finite trap density. 

Recombination processes involving mobile and trapped 

carriers are taken into account. 

Temporal and spatial evolution of space charge 

formation and transfer such as charged carries densities in 

dielectric media and conductive properties of polyethylene 
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are taken into account. Moreover, the effects of external 

parameters such as amplitude of the applied electric field, 

solid dielectric dimensions on charge transfer process are 

investigated. A finite element method based on Galerkin 

formulation of governing equations for the charge 

transport phenomena inside solid dielectric materials is 

applied. This method is powerful for these equations as 

they include non-smooth coefficient functions. 

Moreover, the convergence order can easily be 

improved by increasing the polynomial degree of the basic 

functions. Therefore, this powerful stabilized finite 

element method is applied to model to describe the main 

features of the space and time dependent behavior of the 

particles, the mean electron energy, and the electric 

potential inside solid dielectric material dominated by 

highly non-uniform electric fields due to space charge 

effects [12-14].  

 

II. SIMULATION MODEL 

A sample of a solid dielectric material is assumed to be 

placed between two parallel plate circular metallic 

electrodes. The cathode was located at the origin of the 

axial coordinate z = 0, and the anode was on the distance 

Sz from the cathode, as shown in the Figure 1. The 

theoretical description of charge transport in this solid 

dielectric material is based on a 2D simulation model with 

rotational symmetry, which is similar to the simulation 

model presented in the reference [11]. In this model, the 

dimensionality of the computer model could be reduced to 

a quasi three dimensional case which is a 2D simulation 

model with rotational symmetry. 

 

 
 

Figure 1. Geometry of sample of a solid dielectric material [11] 

 

When, due to internally generated carrier pairs, 

conduction occurs, there are at least two active species, and 

one of them or both may move. However, injection of one 

sign or of both signs of carrier may also occur. Single 

carrier transport might be characterized by some 

parameters such as energy barriers to injection and 

extraction, mobility, perhaps activation energy for 

transport, a trap density, a trap energy depth, a capture 

cross section, and a free carrier lifetime for deep trapping 

[15]. In this model, it has been assumed that the charged 

carriers are provided only by injection at the electrodes.  

Transport of charged carriers through shallow levels in 

solid dielectric materials is related to the structural 

disorder of the insulating material. Therefore, the 

conduction in the solid dielectric material would be due to 

a constant effective mobility. Moreover, It was assumed 

that the insulating material is not a perfect insulator, so its 

bulk conductivity  is due to hopping of charge carriers 

between localized states (traps) and it is determined by the 

effective mobility of their carriers [11]. 

The presented model is based on the continuity 

condition in terms of electrons and holes densities 

combined with the equations for the densities of charges 

trapped in deep traps as well as Poisson’s equation material 

in order to determine electrostatic field within solid 

dielectric as follows [11]:  
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where, ne, nh, net and nht are densities of electrons, holes, 

trapped electrons and trapped holes, respectively. Reht, Reth, 

Reh, and Retht are stands for recombination coefficients 

between mobile electrons and trapped holes, trapped 

electrons and mobile holes, mobile electrons and holes and 

trapped electrons and trapped holes, respectively. In 

addition, Te and Th are trapping coefficients for electrons 

and holes, respectively, ν is the attempt to escape 

frequency, φetr and φhtr are barrier heights for de-trapping 

of electrons and holes, respectively. V, ρ and ε (= ε0εr) are 

the potential across solid dielectric material, net charge 

density and the permittivity of the solid dielectric material. 

Methods to solve Poisson’s equation, which is an 

elliptic equation via finite differences, are compared and 

contrasted by Hockney et al [16]. The methods are 

including iterative techniques and direct matrix inversions. 

Among the fastest methods is a direct matrix inversion 

called cyclic reduction. Unlike Fourier transform methods, 

cyclic reduction may easily be generalized to cylindrical 

and spherical coordinate systems. Unfortunately, like 

Fourier transform methods, cyclic reduction requires that 

the potential equation be separable. Generally, the 

Equation (5) is not separable and cyclic reduction cannot 

be used. Instead, we choose a more general, but somewhat 

slower, method to solve this equation, which is based on 

iterative techniques. 

In many models, this computational inefficiency, 

owing to its advantages, is ignorable. Then, the used 

method is Dynamic Alternating Direction Implicit (DADI) 

method, which is an iterative technique devised by Doss et 
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al [17] that converges rapidly for equations similar to 

Equation (5). According to Doss et al, DADI is a factor of 

4 slower than a fast direct matrix inversion method for 

solving Equation (5) and the directional splitting in the 

scheme makes DADI easily vectorized for large 

simulations done on vector computers. 

Hewett et al [18], applied a variation of the method to 

solve a coupled set of elliptic equations arising from a 

reduced version of Maxwell’s equations, and their 

solutions required much less computer time than the          

bi-conjugate gradient method previously used [19]. DADI 

adds an artificial time dependence to convert Equation (5) 

into a parabolic equation as follows [17]: 

.[ ( , ) ]
V

z r V
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Then non-iterative ADI is used to advance the parabolic 

equations in time ‘t’. This parabolic equation is then solved 

along with Equations (1) to (4). DADI and other iterative 

techniques are usually used to solve for steady state 

problems in which the time derivatives approach zero. 

The components of the current density flowing 

between electrodes in solid dielectric media due to the 

applied electric field E(z,r,t) are as follows [10]: 
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where, ne and nh are densities of electrons and holes, 

respectively. The total current density, Jtotal(z,r,t) is 

obtained from Maxwell-Ampere equation that is: 
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where, the first term on right hand side is the conduction 

contribution (Je(z,r,t) + Jh(z,r,t)) and the second term is the 

displacement current [10]. Negative and positive charges 

appear in the bulk of the material due to injection from the 

electrodes that is described by Schottky’s law [11]:  
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where, Je(0,r,t) and Jh(Sz,r,t) are the electronic components 

of the current density injected from the cathode the current 

density at the anode due to injected holes respectively. φc 

and φa are the injection barriers for the cathode and anode 

materials, respectively and E(0,r,t) and E(Sz,r,t) stand for 

the electric field strength at cathode and anode surfaces, 

respectively [11]. 

In this work, the properties of the solid dielectric 
material such as charged carrier densities, and electric 
current and potential are assumed to be continuous with 
respect to space and time. Thus, a stabilization is achieved 
by means of a modification of the basic functions of the 
test space [12-14]. The resulting finite element method has 
proved to be applicable to model time dependent, spatially 
two dimensional of the charge transport phenomena inside 
solid dielectric materials. 

To solve the set of coupled Equations (1) to (4) and (6), 
a stabilized finite element method has been adapted. Based 
on [12-14], an upwind Petrov-Galerkin finite element 
method (PGFEM) has been used to achieve a stabilized 

spatial discretization of continuity Equations (1) and (2) of 
charged particles and the Poison’s equation with artificial 
time dependence where significant contributions of the 
first spatial derivatives can occur. This method takes into 
account the exponential approximation of Scharfetter and 
Gummel [20] for discretization of Equations (1) and (2) 
and (6) as well as second order standard finite difference 
approximation of the spatial derivatives of these equations. 

The solution of nonlinear coupled set of Equations (1) 
to (4) and (6) with the spatial grid spacing ‘h’ and the time 
step ∆t for each time step is obviated by applying the 
following time stepping scheme on the discrete space time 
mesh [20]: 
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For all k = 0, ..., N-1, the discrete representation of the 
continuity Equation (1) to (4) and (6) in time as follows: 
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where, the unknown densities at the time tk+1 are on the 
right hand side of these equations [20]. 

 

Table 1. Simulation data [11] 
 

Symbols Value 

Band mobilities, μb, cm2/Vs 
For electrons 8×10-13 

For holes 4×10-12 

Depths of shallow traps, eV  0.05 

Diffusion coefficient, De,h, cm2/s De,h = (kT/e). µe,h  

Recombination coefficients, cm3/s 

Reht 1.6×10-27 

Reth 3.2×10-26 

Reh 0 

Retht 4.8×10-26 

Densities of deep traps, cm-3 For electrons 6.25×1014 

For holes 9.375×1014 

Trapping coefficients, Te, Th, s
-1 

For electrons 10-3 

For holes 2×10-3 

Attempt to escape frequency, ν, s-1  6×1012 

Barrier height for de-trapping, eV 
For electrons 1.05 

For holes 1.05 

Barrier height for injection, eV 

 

For electrons (φc) 1.25 

For holes (φa) 1.23 

Material dielectric constant, εr  2.3 

Temperature, T, K  293 

Applied Electric Field, kV/mm Ea 100 
 

In the other hand, a numerical treatment of the 
Equations (1), (2) and (6) in space domain, i.e. (z,r), by 
means of finite element methods based on the associated 
weak formulation has been derived. Therefore, an 
appropriate trial space 𝒰 ⊂ ℋ 1 and test space 𝒱 ⊂ ℋ 1 has 
to be specified for each equation, where ℋ 1 denotes the 
space of functions which are square integrable on the 
interval [0, Sz]×[0, R] together with their weak derivatives. 
A complete discussion on this scheme is available in the 
presented work by Becker et al [21]. The boundary 
conditions in Hilbert spaces are defined as follows [21]: 
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Moreover, the Neumann conditions were used for all 

densities and for the electric potential on symmetry axis          

(r = 0) and on the outer boundary of the domain (r = R). 

 

 
 

Figure 2. Electric field distribution in 1 mm sample from cathode to the 

anode at different moments of time after voltage application 

 

III. RESULTS AND DISCUSSIONS  

The presence of space charge inside the solid dielectric 

causes distortions in electric field distribution in the solid 

dielectric and may affect the lifetime of the electrical line. 

The model describes injection, transport, and trapping. 

Results are presented here with simulation parameters 

presented in Table 1 [11]. When an electric field is applied 

to the solid dielectric material, reorganization of molecular 

chains in amorphous regions will take place due to induced 

mechanical stress. Figure 2 shows the electric field across 

a 1mm sample of polyethylene (PE) as a function of z 

(distance from the cathode) at different moments of time.  

The resulting electric field distribution indicates field 

reduction from the cathode electrode towards anode 

electrode. On the other hand, Figure 3 shows the net charge 

density (ρ = e (nh + nht - ne - net)) as a function of distance 

from the cathode (z) and different moments of time after 

voltage application. The absolute value of net charge 

density at the positions near to both electrodes is higher. 

The observed trend in the variations of net charge density 

is similar to the reported results in the some literatures      

[22-27], such as the experimental works by Zhou et al. 

[28]. They measured net space charge distribution within 

a solid dielectric material (Kapton®500HN) under various 

aging temperatures and immediately after short circuiting. 

They observed that the hetero charges are trapped near 

both electrodes and consequently the net charge density is 

higher in these regions. They stated that the Hetero charge 

increases the electric field near the electrodes and this will 

be helpful in the charge injection process from the 

electrodes. In the other hand, the net charge density is seen 

to reduce to zero and even negative values. Away from the 

anode and cathode, the variation in net charge density is 

almost similar at all moments of time, while the 

magnitudes are different. 
 

 
 

Figure 3. Net charge density distribution in 1 mm sample versus distance 

from cathode at different moments of time after voltage application 

 

Therefore, reduction in the electric field is due to the 

lower amounts of charged carriers in the bulk of solid 

dielectric material. The observed behavior of electric field 

is in agreement with the findings by Serdyuk et al. [11] for 

modeling of a sample solid dielectric material of 100 m 

length after a voltage application that shows a decrease in 

electric field along z-axis next to the cathode, which is 

followed by an increase next to the anode. It should be 

mentioned that the electric field close to the cathode is a 

little lower than the positions close to the anode. This is 

due to more number of negatively charged carriers injected 

from the cathode electrode in compared with anode 

electrode into solid dielectric material, which has more 

lowering effects on the applied field. 
 

 
 

Figure 4. Electric potential distribution in 1 mm sample at different 

moments of time after voltage application 

 

To complement the discussions on electric field across 
the solid dielectric material, the spatial variation of electric 
potential (E = grad V) at different moments of time are 
presented in Figure 4. The results are presented for three 
different positions along z-axis in solid dielectric material. 
It almost shows similar temporal variations for different 
positions. As is shown, the variations in the electric 
potential at lower steps of time (t = 4000 s) is lower. 
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Due to increased ionization, at the next time steps, the 

variation on the electric potential across the solid dielectric 

material increases. The variation of electric potential 

across the solid dielectric material appears to follow the 

variation of electric field (E) which is presented in           

Figure 2. However, the effect of electric field on the net 

charge density is higher at positions nearer to the anode, 

obviously due to greater ionization of traps in this region. 

 

 
 

(a) 
 

 
 

(b) 
 

Figure 5. Electron density in the PE obtained from the simulations for a 

1 mm sample, (a) versus distance from the cathode at different moments 

of time and, (b) versus time at the positions close to cathode (r = 0,        

z = 0.01 mm)  and anode (r = 0, z = 0.99 mm) after voltage application 

 

This axisymmetric model helps to understand the 

dynamic behavior of space charge inside the solid 

dielectric material. Both positively and negatively charged 

carriers injected from the anode and cathode electrodes 

into solid dielectric material apparently dominate space 

charge formation phenomena. Some efforts have been 

conducted on understanding of the steady state flow of 

charge inside homogenous solid dielectric material under 

conditions controlled by space charge [29-31]. Figure 5(a) 

shows the variations of electron density as a function of 

position (z) from the cathode at different moments of time.  

The transport of holes inside polymeric materials can 

only occurred via electron vacancies within or closely 

associated with the valence band. So, it is consequently 

confined to polymer chains and continuous movement of 

holes requires inter chain hole transfer via tunneling 

between closely adjacent polymer chains including chains 

in amorphous regions. Therefore, hole conduction process 

is more sensitive to morphology of polyethylene.  

The variations of hole density as a function of position 

(z) from the cathode at different moments of time are 

shown in the Figure 6(a). A relative reduction in electron 

density is clear at around z = 0.27 mm at all moments of 

time, i.e. 5.5×1019 m-3, 7.11×1019 m-3 and 1.02×1020 m-3 at 

t = 4000 s, 5000 s and 10000 s, respectively. These 

reductions occur in the hole densities of 7.107×1018 m-3, 

7.78×1018 m-3 and 5.93×1018 m-3 at the above mentioned 

time moments. This is due to that the electric field (Figure 

2) around this position reaches to its minimum, and 

consequently, ionization rate in the bulk of solid dielectric 

material reduces. The electron and hole densities show 

higher number of electron and hole at positions close to the 

both electrodes, which is due to higher ionization rate of 

traps close to the anode and cathode electrodes. The spatial 

variations of space charge densities are in agreement with 

the performed measurements by Fleming [32]. 

They selected a Low Density Polyethylene (LDPE) as 

an insulating material in 225 kV and measured space 

charge profiles in double laminate layers based on LDPE. 

His measurements were recorded in short circuit using the 

Pulsed Electro Acoustic (PEA) method. 

 

 
 

(a) 
 

 
 

(b) 
 

Figure 6. Hole density in the PE obtained from the simulations for a         

1 mm sample, (a) versus distance from the cathode at different moments 

of time and, (b) versus time at the positions close to cathode (r = 0,         

z = 0.01 mm) and anode (r = 0, z = 0.99 mm) after voltage application 
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As shown in Figures 5(b) and 6(b), the densities of 

electrons and holes next to the anode are a little lower than 

the cathode. This is, as seen in Figure 2, due to slightly 

higher electric field in the anode regions compared to 

cathode region that causes drift of charged particles to the 

anode more quickly than cathode. The electron density at 

the positions next to cathode (r = 0, z = 0.01 mm) and 

anode (r = 0, z = 0.99 mm) peaks almost at t = 8880 s and 

the corresponding peak values are 6.73×1019 m-3 and 

4.77×1019 m-3, respectively. 

The peak values of hole density next to cathode and 

anode with peak values of 7.26×1018 m-3, 5.38×1018 m-3, 

almost occurs at t = 3990 s. While as seen in these figures, 

holes density peaks earlier than electron density, both 

charged carriers are almost depleted at the same time. 

Moreover, the density of electrons is more than holes, 

which is due to higher number of negatively charged 

carriers injected from the anode and cathode electrodes 

into solid dielectric material. 

 

 
 

(a) 
 

 
 

(b) 
 

Figure 7. Conductivity in the PE obtained from the simulations for a       

1 mm sample, (a) versus distance from the cathode at different moments 

of time and, (b) versus time at the positions close to cathode (r = 0,           

z = 0.01 mm) and anode (r = 0, z = 0.99 mm) after voltage application 

 

The effective conductivity of solid dielectric material 

(σ = e (μe (ne + net) + μh (nh + nht))) is shown in Figure 7(a) 

as a function of position (z) from the cathode at different 

moments of time. As may be seen, the conductivity within 

the solid dielectric almost remains constant, except for 

those regions close to the cathode and anode electrodes. 

This is due to the higher amount of charged carriers near 

the electrodes. At t = 4000 s, t = 5000 s and t = 10000 s, 

the corresponding values for conductivity next to the 

cathode are 7.225×10-14 C/m.V.s, 6.970×10-14
 C/m.V.s and 

5.942×10-14 C/m.V.s which slightly lower than that next to 

the anode, i.e. 7.274×10-14 C/m.V.s, 7.016×10-14 C/m.V.s 

and 6.014×10-14 C/m.V.s. 

This is due to slightly lower amount of charged carriers 

next to the anode electrode (Figures 5 and 6). As was 

mentioned before, this is due to slightly lower field in the 

positions near to the cathode electrode, which results in the 

drift of charged particles to the cathode electrode slower 

than anode electrode. As time progresses, conductivity 

begins to be affected by the removal of charged carries 

within solid dielectric material, and consequently 

decreases. At greater distances from the cathode, 

conductivity is enhanced as well. Figure 7(b) shows the 

effective conductivity of solid dielectric material as a 

function of time at the positions next to cathode (r = 0,          

z = 0.01 mm) and anode (r = 0, z = 0.99 mm). 

The conductivity next to the anode after 30000 s of 
voltage application (σf) is reduced to 45% of its initial 
value, σi, and to 44% for next to the cathode. Thus, the drop 
in conductivity over the period of the voltage application 
(Δσ = σi - σf) close to the cathode is a little higher than 
anode. This can be due that the electric field (Figure 2) in 
the regions near to the cathode is a little higher than the 
region near to the anode in the bulk of solid dielectric 
material. Serdyuk et al observed a similar decrease in 
effective conductivity with time in modeling of a dielectric 
slab of 100 m length after a voltage application [11]. 

Figure 8 shows the evolution with time of the number 
density of electrons, holes, trapped electrons and trapped 
holes resident in the bulk of solid dielectric material. It 
may be seen that for every species, the trapped ones are 
more numerous and remain longer within the solid 
dielectric. The density of the trapped electrons (net) after 
30000 s of voltage application is reduced to 42% of its 
initial value, while to 43% for trapped holes (nht). 

 

 
 

 

Figure 8. Time history of number density of different spices in solid 

dielectric material as a function of time at r = 0 and z = 0.22 mm 

 

Thus, over the period of the voltage application, the 
drop in density of trapped electrons in the middle of 
dielectric slab is a little higher than trapped holes. As seen 
in the Figure 8, electrons and holes peak at respectively at 
t = 8880 s and 3990 s and leave the bulk of dielectric 
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material quickly (within 25000 s). On the other hand, the 
trapped ones linger for such a long time. This is obviously 
due to that the trapped ones remain in deep traps. 

 

 
 

Figure 9. Time history of recombination rate in solid dielectric materials 

as a function of time at different positions from the cathode after 

voltage application 

 

 
 

(a) 
 

 
 

(b) 
 

Figure 10. Time history of current density of, (a) Electrons and,            

(b) Holes as a function of time at different points along z-axis 

 

In this study, charged carriers recombination is 

introduced to explain electroluminescence phenomena in 

bulk of solid dielectric material. The total recombination 

rate due to different kinds of carriers is presented in the 

Figure 9 as a function of time at different positions from 

the cathode. As seen, recombination rate next to cathode 

after 30000 s of voltage application is reduced to 19% of 

its initial value, and to 20% for next to cathode. Reduction 

in the charged carriers (Figure 8) results in reduction of 

recombination. As seen, the recombination rate is mainly 

governed by trapped carriers rather than free carriers. It 

must be noted that there is a difference between 

recombination rate and luminescence yield. First, every 

recombination event does not necessarily result in 

luminescence yield. Secondly, the light emission does not 

necessarily originate from recombination processes [33]. 

The flow of current in dielectric insulators and the 

associated space charge effects are topics of considerable 

technical interest. As is shown in Figure 10, at positions 

along z-axis next to the anode and cathode, the electrons 

and holes current densities reach a maximum value soon 

after the number of electrons (Figure 5). In addition, holes 

in the bulk of the solid dielectric material (Figure 6) reach 

to their peak values, followed by a decrease and reaching 

to a quasi equilibrium state. 

The peak values of current density of electrons and 

holes next to the anode and cathode occur nearly at t = 

8880 s and t = 15 s, respectively. As shown, owing to 

higher electric field at the positions near to cathode in the 

bulk of solid dielectric material (Figure 2) and higher 

number of charged species in this region (Figures 5, 6), the 

maximum current density of electrons next to cathode is 

almost 27 times higher than that next to anode. 

It shows that the maximum value of current density of 

holes next to the cathode is more than 1000 times higher 

than that next the anode. The presence of trapped charges 

inside the bulk of dielectric material seems to fasten the 

setup of quasi equilibrium for the current. Moreover, these 

results indicate different variations in the dominant 

mechanism of the charging current at different points 

along z-axis. The variations in the current densities 

(electrons and holes) are higher at positions nearer to the 

cathode, evidently due to slightly higher amount of density 

of charged carriers in this region (Figures 2, 5 and 6).  

The temporal behavior of current density corroborates 

the experimental findings by Chen et al. [34]. They 

measured the current and space charge distribution 

simultaneously in cross linked polyethylene sample [35]. 

They observed multi current peaks at high fields. They 

showed that the different components of current density 

generally follow a decent trend [36]. So, they were 

expected that it should be from a response of dielectric to 

a dc voltage application. Their findings show that there are 

transient current peaks occurring within the first moments 

of time after the application of dc voltage. 

Moreover, they have stated that at the same time there 

are significant developments in space charge movement 

within the material. The experimental findings of Roy et 

al. [10] show only decreasing from their initial values 

along with the steady-state oscillations. Adamec et al. 

concluded that a weak polarization mechanism in 

polyethylene is dominant at short times and is a function 

of applied field [37]. Therefore, decreasing part of these 

curves corresponds to transport of charges (Figure 8). 
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Figures 11(a) and 11(b) show the increasing effects of 

applied voltage on the peak values of different components 

of current density (electrons and holes) in solid dielectric 

material at three different temperature values. The 

simulations are performed for the operating parameters 

presented in Table 1, except for the applied electric field, 

which is varied between 5 kV/mm and 100 kV/mm. As 

seen in these figures, at T = 273 K, T = 293 K and                    

T = 300 K, the electron current density at the applied field 

of Ea = 100 kV/mm are respectively 6, 6.3 and 144 times 

higher than that at the applied field of Ea = 5 kV/mm.  

These ratios for hole density are 7.4, 6 and 435, 

respectively. These findings corroborate with the 

experimental results by Lee et al. [22]. They studied the 

space charge behavior such as charge distribution and 

electrical conduction of maleic anhydride grafted LDPE. 

They observed that at higher temperatures and electric 

fields, the current densities are higher. Moreover, the lower 

applied electric fields (below 50 kV/mm) do not enhance 

the peak values of different components of current density 

significantly. 

Moreover, these obtained results corroborate 

computational and experimental results reported by Roy et 

al. [10]. The enormous increase in the current density of 

electrons and holes at higher temperatures is due to very 

large effects of higher temperatures on the injection of 

charged carriers into solid dielectric material from anode 

and cathode electrodes based of Schottky’s law, which is 

represented in Equations (10) and (11). 

These behaviors versus temperature variations are in 

agreement with the observed experimental results by Zhou 

et al. [28]. Their findings show that the space charge 

density continually increases with the increase of 

temperature. They performed their experiments under the 

same aging time. They concluded that the raising 

temperature promotes the electrode injecting charge. 

The effect of the length of the solid insulating material 

on the current density and its components looks to be an 

interesting study. As the length of the solid dielectric 

increases, for a given temperature, the residence time of 

charged particles inside the solid insulator is higher. Each 

electron suffers a larger number of ionizing collisions as it 

travels from the cathode to the anode, as a result, the 

production of charged carriers inside the solid insulator is 

much higher at higher lengths. 

Then, it causes increase in current density of electrons 

and holes and consequently the total current density inside 

solid insulator. As seen in Figure 12, while the applied 

electric field across the solid dielectric material is held 

constant at E = 10 kV/mm. With variation in the length of 

the solid insulator from 0.1 mm to 5 mm, the current 

density varies from 1.33×10-11 A/m2 to 8.99×10-9 A/m2 for 

electrons, 5.25×10-12 A/m2 to 3.83×10-9 A/m2 for holes and 

2.24×10-11 A/m2 to 2.30×10-8 A/m2 for total current, 

respectively. They show that the electron, hole and total 

current densities at the length of Sz = 5 mm are respectively 

676, 730 and 1026 times higher than that at the length of 

Sz = 0.1 mm. 

 

 
 

(a) 
 

 
 

(b) 
 

Figure 11. Variation with applied voltage of the peak values of, 

(a) The current density of electrons and, 

(b) The current density of holes for different temperatures 

 

 
 

Figure 12. Variation with length of dielectric insulator of the peak values 

of the current density corresponding to electrons, holes and total current 

 

IV. CONCLUSIONS 

A powerful stabilized finite element method has been 

successfully applied to study the spatio temporal 

characteristics of charge transfer within solid insulating 

materials via solving of the governing equations obtained 

from a two dimensional axisymmetric model. This model 

was developed for description of space charge including 

drift, diffusion, and source terms where steep variations of 

particle densities occur and space charge effect become 

dominant. As was seen, after voltage application, there is 

a decrease in electric field along z-axis next to the cathode, 

which is followed by an increase next to the anode at the 

all moments of time. 

The effect of electric field on the net charge density is 

higher at positions nearer to the anode. Moreover, our 

results showed that the variation of electric potential across 
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the solid dielectric material follows the variation of electric 

field. It was seen that the electron and hole densities are 

higher at positions close to the both electrodes. Moreover, 

the density of electrons is more than holes. In addition, this 

investigation confirms that the conductivity of a sample of 

solid dielectric material under applied electric field 

decreases over time. 

It was found that trapped carriers rather than free 

carriers mainly govern recombination rate. The maximum 

current density of electrons and holes next to the cathode 

is much higher than that next to the anode. Moreover, the 

variations in the current densities (electrons and holes) are 

higher at positions nearer to the cathode. There is an 

enormous increase in the current density of electrons and 

holes at higher temperatures. It was seen that at the lower 

applied electric fields, peak values of different components 

of current density are not enhanced significantly.  

 

NOMENCLATURES 

μb: Band mobility’s  
De,h: Diffusion coefficient 
Reht, Reth, Reh, Retht: Recombination coefficients 
Te, Th: Trapping coefficients 
ν: Attempt to escape frequency 
φc, φa: Barrier height for injection 
εr: Material dielectric constant 
T: Temperature 
Sz: Sample length 

Ea: Applied Electric Field 
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