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Abstract: The aim of this work is to highlight the 
polarization mechanisms in the time- and frequency-
domains, and to implement the contribution of the 
polarization to the dielectric response into a charge 
transport model. To do so, Alternate Polarization 
Current (APC) and Dielectric Spectroscopy (DS) 
measurements have been performed on poly(ethylene 
naphthalene 2,6-dicarboxylate) (PEN), an aromatic 
polar material, providing information on polarization 
mechanisms in the time-domain and frequency-domain 
respectively. In the frequency-domain PEN exhibits 3 
relaxation  processes  termed  β,  β* (sub-glass transitions) 
and  α  relaxations  (glass  transition)  in  increasing  order  of  
temperature. Conduction was also detected at high 
temperatures. Dielectric responses were treated using a 
simplified version of the Havriliak-Negami (HN) model 
(Cole-Cole (CC) model), using 3 parameters per 
relaxation process, function of the temperature. The 
time dependent permittivity obtained from the CC 
model is then added to a charge transport model. 
Simulated currents issued from the transport model 
implemented with the polarization are compared to the 
measured APC currents, showing a good consistency 
between experiments and simulations in a situation 
where the response is essentially from dipolar processes. 
 
 
INTRODUCTION 
 
An activity of modeling charge transport in insulators 
under electrical stress [1] was initiated by Le Roy et al 
ten years ago. A one-dimensional and bipolar model, 
able to describe transport, trapping and recombination 
of electronic carriers (electrons and holes) on the basis 
of experimental results has been developed. This model 
already gives good results on low density polyethylene 
(LDPE). However improvements are still possible, 
especially in order to predict the behavior of the space 
charge for different dielectric materials, particularly 
polar ones, under any electrical stress. The study of the 
variation of the material permittivity (ε)  is  necessary  to  
take into account the polarization phenomena in the 
modeling. The permittivity depends on the experimental 
constraints (temperature, electrical field and polarization 
time) and its characterization can be done in the time-
domain (Thermo-Stimulated Depolarization Current 
measurements –TSDC as an example) and in the 
frequency-domain (Impedance Spectroscopy 

measurements). Whatever the characterization domain, 
time or frequency, the treatment of the experimental 
data to obtain the material relative permittivity remains 
difficult [2]. 
Poly(ethylene naphthalene 2,6-dicarboxylate) (PEN) 
has been chosen for this study as it is an aromatic 
polar polymer, and is known to give a significant 
response from dipolar mechanisms [3][4] for 
different measurements techniques. In our work, 
dielectric spectroscopy (DS) measurements, a well-
known technique for performing a complete 
characterization of the dielectric relaxations, were 
carried out in order to characterize the polar response of 
the material in the frequency-domain. This response is 
then fitted with the help of Havriliak-Negami functions 
and introduced into a charge transport model. The 
model results are validated at different temperatures by 
current measurements under a low field (Alternate 
Polarization Current -APC- [5]). 
 
 
DS MEASUREMENTS AND DATA PROCESSING 
 
Sample and measurement protocols 
 
Semi-crystalline PEN films were commercial 
TEONEX® Q51 films provided by DuPont Teijin Films 
Co. The melting temperature is of 269°C and the glass 
transition temperature of 121°C [6]. Test films of 188 
µm thickness were coated on each face with 16mm-
diameter circular gold electrodes. DS measurements 
were carried out using a Novocontrol spectrometer over 
a frequency range going from 10-1 to 106 Hz, and for a 
temperature range from -100 to 200°C by step of 5°C. 
 
Experimental results 
 
Dielectric results are shown in Fig. 1 as a function of 
frequency for different temperatures. The dielectric 
constant ε’   (Fig. 1a) weakly decreases over the 
frequency range, while it increases with the temperature. 
Fig. 1b shows the imaginary part of permittivity, 
dielectric loss, ε”   vs.   log(frequency) as a function of 
temperature. Three relaxation peaks are observed. The 
first   one,   called   β,   is   assigned   to   local   fluctuations   of  
ester groups (O-C=O)   similar   to   the   β-process in 
Poly(ethylene terephthalate) (PET) [7]-[8]. The second 
peak,  called  β*,  has  been  ascribed  to  the  relative  motion  
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of the two naphthalene rings present in the polymer 
chain [9]. The third peak, called  α,   has  been   related   to  
the glass transition of PEN, involving long-range 
cooperative segments motion [10]. The α-relaxation is 
naturally originating from a conformational collective 
rearrangement of the chains in the amorphous regions of 
the   material.   The   amplitude   of   the   α-relaxation peak 
decreases as a result of crystallization [11]. Conduction 
was   also   detected   after   α-peak at 150°C in the low 
frequency  range.  β  and  β*  peak  maxima shift to higher 
frequencies when the temperature increases (Fig. 1). 
However, these three relaxations never appear 
simultaneously at a studied temperature. It is then 
necessary to model the global dielectric response of 
PEN, working on different temperature ranges for each 
relaxation. 
 
Data processing by Cole-Cole functions 
 
An empirical model of Havriliak and Negami [12] has 
been used to describe the dielectric relaxations. The 
variation   of   the   complex   permittivity   ε*(ω)=   ε’(ω)-j 
ε”(ω)  is  given  by: 
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where  ω=2πf   is   the  electric   field  pulsation,  Δε=εs-ε∞ is 
the  dielectric  dispersion  of   the  relaxation,  εs and  ε∞ are 
the   relaxed   (ω=0)   and   unrelaxed   (ω=∞)   dielectric  
constant  values,  τ  is  the  relaxation  time  associated  with 
the   relaxation,   c1   and   c2   (0≤c1,   c2≤1)   are   shape 
parameters which describe the symmetric and the 
asymmetric broadening of the relaxation time 
distribution function, respectively. In the dielectric loss 
spectra of PEN, relaxation peaks are relatively 
symmetric. For this reason, we used the Cole-Cole 
function [13], a particular case of the Havriliak-Negami 
function with c2=1, to model the dielectric response. 
Taking into consideration the different relaxation modes 
and adding a conduction  term  to  ε*, a complete function 
is obtained: 
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where c is similar to c1 in the Havriliak-Negami 
function,  σ is ionic conduction term,  ε0=8.85.10-12F.m-1 
is the dielectric constant of vacuum, and s is a parameter 
related to the nature of the conduction mechanism 
(0≤s≤1). For PEN, 3 relaxations are observed (n=3), so 
there are 12 parameters that need to be fitted, and that 
are all temperature dependent. 
In order to fit the global dielectric loss response of the 
semi-crystalline PEN, we used an extrapolation method, 
that was first proposed by Coburn et al. [8] for studying 
the relaxations of PET, and widely applied on PEN [2], 
[14]. The fit by a Cole-Cole function was done for all 
the temperatures where the maximum of dielectric loss 
was well defined in the experimental frequency window.  
The dielectric losses vs. frequency in the temperature 
region   of   the   β-relaxation peak (from -80°C to -20°C) 
are presented in Fig. 2. It is to note that for this 
relaxation, the peak has been attributed in the literature 
as being the sum of two contributions,   β1 and   β2 [2], 
[15]. However, for sake of simplification and as we 
already have a large number of parameters to extract, 
we  fitted  the  β  relaxation as a unique contribution. 
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Fig. 1. Dielectric constant (a) and loss (b) vs. log(frequency) 
in PEN as a function of temperature 
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For  this  β  relaxation,  a  set  of  Cole-Cole parameters able 
to fit the dielectric loss and permittivity vs. frequency, 
was obtained. An example of comparison between the 
fit (line) and the experimental dielectric loss (symbols) 
vs. frequency at -50°C is given in Fig. 3a. The fit has 
been performed around the peak maximum (between the 
two vertical dashed lines on Fig. 3a) in order to avoid 
the possible contributions of other relaxations. These 
variations are described by equations (3)-(5): 
 

-100.263 7.796.10 TEH �'   (3) 
-30.065 1.452.10- TcE �   (4) 
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39.307-ln

Bk T
W �   (5) 

 
where T is the temperature, in K, kB=8.617.10-5eV.K-1 is 
the Boltzmann constant. The set of parameters is 
presented in Fig. 4 (open triangles).   ∆ε   and   c   follow  
nearly   a   linear   variation   with   temperature,   while   ln(τ)  
linearly increases with the reciprocal absolute 
temperature following the Arrhenius law. 
For  the  β*-relaxation peak, the best approximations were 
found for temperatures ranging from 85 to 110°C where 
the maximum of dielectric loss was well defined in the 
experimental frequency window. However, it is 
necessary  to  take  into  account  the  overlapping  β-process 
for high frequencies. This was done by adding to the 
contribution   of   β*-peak the extrapolation of the 
contribution   of   β-peak using equations (3)-(5) in the 
temperature region of β*-peak (filled triangles in Fig. 4). 
The experimental values of  ε”  in  this  region  were  fitted  
using the equation: 
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Fig. 3b shows   the   fit   result   of   β*-peak at 95°C 
performed in the region of frequency from 1 to 106 Hz, 
where   the   influence   of   α-process contribution can be 
neglected. By doing so for all the temperatures from 85 
to 110°C, a set of Cole-Cole  parameters  for  the  β*-peak 
was obtained. This set is presented in Fig. 4 (open 
circles), and fitted by equations (7)-(9). 
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Finally, the similar procedure was used to obtain the 
parameters related to the α-relaxation and the 
conduction. In this case we used the equation: 
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The  extrapolation  of   the  contribution  of  β-peak  and  β*-
peak was realized from equations (3)-(5) and (7)-(9) 
respectively in the temperature region  of  α-peak (filled 
triangles and filled circles in Fig. 4). Fig. 3c shows the 
fit result of dielectric loss at 150°C in full experimental 
frequency range with all contributions   (β,   β*,   α   and  
conduction). 
 
 
IMPLEMENTATION OF POLARIZATION IN 
THE CHARGE TRANSPORT MODEL 
 
Charge transport model and equations 
 
The charge transport model used to reproduce the 
behavior of space charge in PEN has already been 
presented in the literature [1] for polyethylene. It takes 
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Fig. 3. Dielectric loss for PEN as a function of temperature. 
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into account the injection of electronic charges 
(electrons and holes), their transport in the insulation 
volume, their trapping and recombination for each type 
of carrier. It allows having access to measurable 
macroscopic parameters that are net charge density, 
external current, surface potential, etc. 
The model is based on Poisson, transport and continuity 
equations. Until now, the permittivity was considered in 
this model as a constant, regardless of the experimental 
conditions. In order to implement the variation of the 
permittivity in the charge transport model, Poisson 

equation and the external current equation need to be 
rewritten as:  
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where ρ(x,t)   is   the  net  charge  density,   function  of   time  
and space, and jc(x,t) is the local conduction current. 
D(x,t) is the electrical displacement, which includes the 
polarization and is given in the frequency domain by 
[16]:  
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where  E  is  the  electric  field,  ε0 the vacuum permittivity 
and  ε*(ω)  the  material  permittivity  defined by Cole-Cole 
functions: 
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Including equation (14) into (13) gives: 
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An inverse Fourier transform is then necessary to 
change the permittivity response from the frequency-
domain to the time-domain. A particular attention 
should be paid during the data treatment on the 
sampling representativeness between frequency- and 
time-domain. Finally, applying the Laplace transform, 
taking into account E as a function of time and space, 
the electric displacement is obtained. 
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Current measurements at low fields (APC) 
 
In order to validate the charge transport model, which 
now takes into account the time-dependent permittivity, 
alternate polarization current (APC) measurements [5] 
were carried out on PEN samples. The experimental 
protocol is presented in Fig. 5. Samples were polarized 
successively under electric fields E0 and -E0 during 
several half-periods T/2. In order to avoid charge 
injection into the dielectric, very low electric field E 
was applied. The polarity change between each step 
decreases clearly the scattering of consecutive current 
[17]. In our study, test films of thickness 188 or 75 µm 
were coated on each face with a 60mm-diameter 
circular gold electrode. They were polarized under low 
electric fields, 0.05 kV/mm during 5 half-periods of 
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1000s for a temperature range from ambient 
temperature to 90°C. At very low and high temperatures 
(-80, 130 and 150°C), a higher field was chosen (1.33 
kV/mm during 2 half-periods of 1000s relative to 0.5 
kV/mm) in order to decrease the noise of measured 
current. 
 In a previous communication [3], we indicated that 
charges were not injected in PEN samples bulk under 10 
kV/mm if the temperature did not exceed 130°C. Fig. 6 
shows the normalized current densities obtained in PEN 
as a function of time for different temperatures. 
Depending on how many relaxation processes are at 
play, the polarization currents can be separated into 3 
temperature regions: -80°C, from 28.6 to 71.4°C and 
from 91.1 to 130°C. The measured polarization currents 
correspond to the contributions of relaxations  β,  β* and 
α   that   appear   consecutively when the temperature is 
increased. The current curve at 150°C differs from that 
at other temperatures. Conduction becomes dominant at 
high temperatures and APC measurements no longer 
reflect polarization processes only. 
 
Comparison of simulation and experimental results 
 
Simulations were performed for electric fields following 
the protocol used for APC measurements and for 
temperatures ranging from -80 to 50°C. In a first 
attempt to validate our model, the injection and 
transport contributions were not taken into account. At 

these low fields, and at relatively low temperatures, the 
conduction contribution should be low compared to 
polarization mechanisms and hence this hypothesis 
should hold. Hence, the external current in equation (12) 
is only due to the second part of the right hand side, i.e. 
to the variation of permittivity with time. Fig. 7 shows 
the comparison between simulated and experimental 
results (normalized currents) in the time-domain and for 
two temperatures: -80°C and 50°C. For both 
temperatures, at very low frequencies, the maximum of 
β- and   β*-relaxation peaks were well defined in the 
studied frequency-window. We can see that the 
simulations are in good agreement with the 
measurements in time-domain for two different 
temperatures, qualitatively and quantitatively.  
 
 
CONCLUSION 
 
Dielectric spectroscopy was used to characterize the 
polarization mechanisms in PEN. Three relaxation 
peaks   were   observed,   β,   β* and   α,   as   polarization  
contributions. The first two peaks are secondary 
relaxations,   whereas   the   α-peak is related to the glass 
transition of the material. Polarization processes were 
implemented in a charge transport model on the basis of 
experimental results provided by dielectric spectroscopy 
in the frequency-domain. These experimental data were 
fitted using Cole-Cole functions prior to an inverse 
Fourier transform to get the permittivity variation in the 
time domain. Validation of the charge transport model 
including polarization mechanisms was performed by 
comparing simulated external current and low fields 
current obtained in time domain, where the response is 
essentially dipolar. This result allows validating the data 
processing from the frequency-domain to the time-
domain. The implementation of the polarization in the 
charge transport model must now be used to account for 
the current values measured at short time and under 
high electric fields, or high temperatures, which are 
ascribed to polarization phenomena. 
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