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  Abstract- Poly(ethylene naphthalate) is a semi-crystalline 
polymeric material having high field withstanding and strong 
luminescence properties owing to its aromatic structure. Because 
of these two features it is the insulating polymer having strongest 
electroluminescence -EL yield investigated so far. EL is detected 
in an electric field regime where strong non-linear conduction 
properties have been identified. The light excitation mechanism, 
though not completely elucidated could be charge recombination 
with a contribution from impact excitation. It is believed that 
copious space charges effects are at play in the field regime when 
EL is detected. The EL spectrum shape evolves with field and 
some of the bands were ascribed to electrical ageing of the 
material. All of these features make of PEN a fascinating model 
material for investigating fundamental processes at play under 
high fields in insulating polymers.  
 

I.    INTRODUCTION 
 

Poly(ethylene 2,6-naphthalate) -PEN is an unsaturated 
polyester structurally similar to the most commercially 
important polyester PET - Poly(ethylene terephthalate) [1]. 
PEN is competitive with PET in certain performance-driven 
markets based on its superior strength, heat stability and 
barrier properties to gases [2]. 

Whereas PET is widely and even massively produced for 
many applications ranging from textile, to packaging and to 
capacitors, PEN is relatively newer, more expensive such that 
its superior properties are not necessarily exploited. Replacing 
a phenyl ring by a naphtyl ring, cf. Fig. 1, has some 
consequences on the mechanical properties, making the 
polymer chain stiffer [1] and leading in general to a shift to 
higher temperature of characteristic transitions. It also has a 
great impact on the photo-physical properties of the material, 
PEN being a very efficiently luminescent material. Many 
recent studies focus on the application of PEN to scintillators 
for radiation detection [3, 4]. Detailed investigations of the 
optical properties of PET and PEN were reported by 
spectroscopic ellipsometry, in terms of their optical, 
electronic, and vibrational response and with consideration of 
anisotropic response in bioriented films [5]. 

From the dielectric properties point of view, Ohki et al. [6] 
made recently a comparative study on the (low field) dielectric 
properties of PET and PEN: due to similar chemical 
structures, PET and PEN have many parallel dielectric 
properties mainly controlled by an increase by about 50°C 
(from ≈70 to ≈120°C) [7] of the glass transition temperature. 
Both are polar materials, producing relatively high dielectric 
losses in a given frequency range [6, 7].  

We have investigated the high field behavior of PEN over 
the last 20 years, considering especially its 
electroluminescence properties [8-11]. Indeed, owing to its 
high luminescence yield, strong non-linear behavior at high 
field and high field withstanding, it has been considered as a 
model material for electroluminescence analysis. Our purpose 
in this communication is to review the behavior of PEN under 
high electric field in relation to its photo-physical properties. 

 
II.   STRUCTURE AND OPTICAL PROPERTIES OF PEN 

 
A.    Microstructure and dynamics 

PEN is a semicrystalline material that can be easily obtained 
in a broad range of crystalline degree, ranging from purely 
amorphous to ≈ 60% crystallinity by thermal annealing. The 
glass transition temperature Tg is at about 125°C, and the 
melting point at about 270°C. Upon heating of amorphous 
material, cold crystallization occurs in the range 160-180°C 
[12].   

For PEN, four relaxation peaks (labelled β, β*, α and ρ) have 
been reported by using different experimental techniques 
(Dielectric Electrical Analysis, Dynamic Mechanical Analysis 
or Thermally Stimulated Depolarization Current). Fig. 2 
shows an example of relaxation map obtained by impedance 
spectroscopy [13].  

The β relaxation, which is observed at the lower 
temperature, is assigned to the local motion of ester groups 
(O−C=O) of the polymer chain [13-15]. For Hakme et al. [16], 
the asymmetric shape of the β relaxation is due to the 
overlapping of two symmetric relaxations β1 and β2, which 

 
Fig. 1. Molecular structure of the (a)  poly(ethylene terephthalate) –PET 

and (b) poly(ethylene naphthalate) –PEN [5]. 
 



amplitudes strongly depend on the humidity content, the 
drawing ratio and the stretched temperature. The β* relaxation, 
observed at a temperature between the β-peak temperature and 
Tg, is related to the relative motion of the two parts of the 
naphtyl ring or is thought to be due to the presence of COO-
groups adjacent to the naphtyl ring in different configurations 
[17, 18]. The α relaxation is clearly related to the glass 
transition of PEN, involving long-range cooperative segments 
motion. Finally the interpretation of the ρ peak, observed at a 
temperature higher than Tg, is more difficult. For Martinez-
Vega et al. [19] the ρ-peak is linked to the cold crystallization 
process. For Canãdas et al. the ρ-peak is directly linked to the 
rearrangement of the amorphous-crystalline interphases, 
which can act as traps for charges [12]. Hoang et al. [20], by 
coupling TSDC and space charge measurements, concluded 
that the ρ-peak is predominantly associated with the release of 
the negative charges trapped in the material, associated with a 
structural change due to an annealing phenomenon.  

 
B.    Optical and electronic properties 

The existence of a naphtyl group in PEN, instead of the 
phenyl ring in PET, leads to a significant shift of the 
characteristic absorption bands to lower energies, as well as a 
characteristic split in all of them [5]. The main absorption 
peaks of PEN in the UV-vis region are found at ≈3.4 eV (365 
nm), 3.6 eV (345 nm), 4.3eV (290 nm) and 5.1 eV (240 nm). 
The 2 lowest energy peaks are attributed to the electronic 
transition of the non-bonded electron of the carbonyl O atom 
from the n state to the π* unoccupied valence state orbital (n→
π* transition). The other two peaks are splitted in three 
components each and correspond to the electronic transition 
due to the π→ π* excitation of the π-electron structures. 
Because of these features, the PEN films are strongly 
absorbing: for a 25 µm thick film, all the light is absorbed 
under 380 nm, see Fig. 3 [10].  

The photoluminescence spectrum of PEN has been reported 
in different works [8-10]. At room temperature, the 
fluorescence emission shows a peak at 430 nm, irrespective of 
the excitation wavelength: the spectrum remains strictly 

unchanged when exciting in the range 220-360 nm [10]. Fig. 3 
shows an example of spectrum obtained at low temperature 
(about -110°C) [9]. The fluorescence exhibits a structured 
emission with bands at 390, 412 and 430 nm. It has been 
associated to a 1(π, π*) fluorescence transition of an excimer 
state formed between two adjacent naphthalene-dicarboxylate 
units [21-23]. A weak phosphorescence emission, not detected 
at room temperature, is visible in Fig. 3 with peaks at 578 and 
638 nm. The emission has been assigned to a 3(π, π*) 
phosphorescence transition originating from the monomeric 
units [22, 24]. The low yield of PEN phosphorescence is due 
to a low probability of intersystem crossing between 1(π, π*) 
and 3(π, π*) states as detailed in [24]. 

The various transitions and energy band diagram for PEN 
are represented in Fig. 4 [8, 9]. The relative positions of the 
energy levels are from quantities given above, considering 
particularly data from Cheung et al. [24]. 
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Fig. 4. (a) The electron transitions for dimethyl 2,6-naphthalene dicarboxylate 
in ethanol solution (taken from [24]). (b): Tentative energy band diagram for 

dimethyl 2, 6-naphthalene dicarboxylate. The order of magnitude of the 
energy gap has been inferred on the basis of the transition σ─>σ* of C atoms. 

 
II.   ELECTRICAL PROPERTIES 

 
A.    Current-voltage characteristics 

PEN is a polar material, as manifested by the large 
amplitude of relaxation peaks shown in Fig. 2. For this reason, 
reaching conduction current is not a straightforward task as the 
transient current is dominated by polarization contributions 
(see below). Long charging times are needed to avoid 

 
Fig. 2. Dielectric loss factor map of biaxially oriented PEN heat-treated at 

250°C showing the 3 relaxation processes: β, β* ad α. From [13]. 
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Fig. 3. In blue: UV-vis absorption spectrum of a 25µm thick PEN film [10]. 

In red: Photoluminescence spectrum of PEN measured at -110°C. The 
phosphorescence region is magnified for clarity. From [9]. 



orientation current, but charge build up can be at play. Indeed, 
in the high field range, 300 kV/mm or so, evidence of massive 
space charge build was reported with a continuous decrease of 
the charging current over days [25]. Chavez et al. investigated 
the field dependence of conductivity for PEN with various 
degrees of crystallinity as obtained with 'intermediate' 
charging times of 2 h at each voltage level, cf. Fig. 5 [26]. A 
ohmic regime is evidenced up to about 80 kV/mm. As shown 
below, a second change in conduction regime occurs at about 
140 kV/mm [27]. Surprisingly the crystallinity does not 
influence much the resistivity with a variation by a factor of 
less than 2 between the two extreme values in the ohmic 
region (2.9 vs. 5.7 1016 Ω.m).  
 
B.    Polarization and space charges 

Space charges were measured on PEN in very different 
conditions and using different methods. Because PEN is polar, 
and owing to the slow release of dipoles in the glassy state, the 
space charge measured in volt-off contains a response due to 
orientation polarization [20, 27]. By laser-induced pressure 
pulse -LIPP measurements on relatively thin samples (50 µm), 
homocharges were detected near the both electrodes, in similar 
amount, for fields in the range 100-225 kV/mm. By light-
induced modulation method -LIMM similar space charge 
profiles with homocharges at both electrodes were detected in 
25µm thick films under 200 kV/mm, cf. Fig. 6 [28, 29]. 
Fukuma et al. [30] investigated transient charge processes by 
pulsed electro-acoustic -PEA method in 75 µm thick PEN 
films under ramped/square signal with various rising rate, at 
fields up to 200 kV/mm. Here negative charges were 
dominant, in high density – of the order of 50 C/m3, and 
occupied the all thickness, cf. Fig. 7. Most of the charges 
appeared to be released quickly but transient processes in EL 
and charge measurements during voltage rising revealed the 
presence of stored positive charges near the electrodes. All the 
above experiments were carried out at room temperature. 
More recently Hoang et al. [20] carried out space charge 
measurements by PEA after previously charging the film (188 
µm thick) at 170°C under a field of 10 kV/mm. After cooling, 
the space charge is frozen. The charge profile appears 
dominated by negative charges occupying the volume. For a 
polarization temperature of 130°C no charges were detected.  

 
III.   ELECTROLUMINESCENCE PROPERTIES 

 
A.    Electroluminescence under DC stress 

The EL-field and current-field characteristics can be 
recorded simultaneously under DC stress using a home-made 
set-up [8]. Example of such results is given in Fig. 8. Here a 
step-up voltage was applied, keeping relatively short time 
(5min) at each step in an objective to limit charge build up 
into the material. Once the maximum field of 300 kV/mm was 
reached the field was stepped down with 2.5 min duration at 
each step. During stepping up the stress, a clear threshold for 
EL detection is found at about 140 kV/mm. The current rises 
sharply beyond the threshold for EL detection. Beyond the 
field threshold, the EL appears proportional to the applied 
field and it is such over 5 decades in signal [9]. When stepping 

down the voltage, the characteristic is clearly not symmetrical: 
even though EL is still proportional to current for fields 
beyond 180 kV/mm, the drop is faster than the rise. More 
importantly, a change of sign of the current is observed when 
the applied field is less than about 140 kV/mm. Still with 

 
Fig. 5. Current-voltage characteristics for 70µm thich PEN films in 

amorphous state (diamond) and semi-crystalline state(40% crystallinity) 
(square, triangle) [26]. 

 
Fig. 6. Space charge profiles obtained by LIMM measurement on 25µm 

thick PEN after polarization under 200 kV/mm for different times. From 
[29]. Note that image charges are not detected by LIMM. 
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Fig. 7. Space charge profiles obtained on 75 µm thick PEN film by PEA 
measurements under fast varying stress. Profiles correspond to different 
times during the 5 ms rising time from 0 to 200 kV/mm followed by a 

plateau. The period of signal is 50 ms. From [30]. 
 



decreasing the applied field, the EL tends to rise and reaches a 
steady value well above the noise level even at zero volts. 
These features are the sign that there is a slow release of 
previously generated charges, in large amount for inducing 
substantial field redistribution. The EL can be due to bipolar 
charge recombination if one resorts to some of the space 
charge patterns featuring homocharge build-up at each 
electrode, or to impact excitation if the field at the electrode is 
the driving process for current and EL. The monitoring of EL, 
current and EL spectrum for several days under high field 
indicated that strong field distribution occurs under DC stress 
[25]. The analysis of light decay following DC charging of the 
material indicated that charge recombination seems to be a 
major mechanism in EL excitation [31]. The memory effect of 
previous DC stressing on field-strain curves [28, 29] is a 
further mark of charge build up at high field in PEN.  

 
B.    Electroluminescence under AC stress 

In view of the large space charge effects likely to occur in 
PEN at high fields, it is interesting to consider the case of AC 
stress. The effect of frequency on the EL phase patterns has 
been investigated along with the EL-field characteristics. A 
feature of EL under ac stress, not specific to PEN, is the 
occurrence of surface plasmons emission when using gold 
electrodes [32]. Recent characterization achieved using ITO 
electrodes allows getting rid of these effects [33]. Typically 
EL-field characteristics obtained on PEN are shown in Fig. 9. 
Compared to DC stress, the EL threshold is found at at a much 
lower field (about 30 kV/mm), and the increase of the EL with 
field is much milder. The EL is in advance in respect to the 
peak voltage; the advance of phase tends to decrease with 
increasing the field (from 18° to 9° when going from 160 to 
270 kV/mm). The EL under AC is controlled by the 
recombination of injected carriers and trapped carriers with 
opposite charges. Injected charges either are trapped or 
recombine with trapped carriers of opposite polarity from last 
half field cycle, generating advance of EL peak. Compared to 

DC, AC-EL is presumably localized next to the electrode upon 
injection/extraction of charges. It is more sensitive to electrode 
nature and interface properties than DC-EL.  

 
C.    Electroluminescence spectra 

We finally consider the spectral distribution of EL in PEN. 
A typical EL spectrum obtained with 25 µm thick film 
provided with semitransparent silver electrodes is shown in 
Fig. 10 for different DC fields. The spectrum has been 
interpreted as constituted by 3 main contributions [10, 25]:  

-Bands at 578 and 638 nm: They correspond to the 
phosphorescence of the material, cf. Fig. 3. The EL spectrum 
obtained at low temperature is clearly dominated by these two 
bands. The 638 nm band is probably overlapped by other 
contributions in EL spectra recorded at room temperature.  

-Bands at 618 and 675 nm (620-680 nm in Fig. 9): Both 
strengthen, with respect to the phosphorescence of PEN, as the 
field increases. We detected an identical evolution of these 
two bands as a function of field, which means that they are 
probably paired. Note the shift by about 40 nm with respect to 
phosphorescence of PEN. They do not appear in the EL 
spectrum at low temperature. These bands most probably 
originate from the degradation: chemical groups derived from 
the polymer's structure would be formed.  

0 100 200 300

101

103

105

107
 Current
 EL

Field (kV/mm)

C
u

rr
en

t 
(p

A
),

 E
L

 (
cp

s)

Noise level

300 200 100 0

 Current x(-1)

C
ur

re
nt

 in
ve

rs
io

n 
at

 1
40

kV
/m

m

 
Fig. 8. EL and current vs. field characteristics obtained for a 25 µm thick 
PEN at room temperature. A step-wise increase/decrease of the field was 
applied, with steps of 10kV/mm. The steps duration were 300 s in step-up 

and 150 s in step down. Reported current and EL data are averaged over the 
last 200 s in step-up and 100 s in step-down. The current is obtained for an 
electrode area of 20 cm². A change of sign of the current occurred during 

step-down as indicated by vertical line. 
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Fig. 9. EL-field characteristics under sine ac stress at different frequencies. 
In inset: EL phase patterns for 40 Hz frequency and different fields [33]. 
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Fig. 10. EL spectra obtained under different DC fields  

in 25µm thick Ag-metallized PEN. 



-Band at 500 nm: It has been initially attributed to a tail of 
the fluorescence spectrum [8]. Its relative lowering for 
increasing field would be explained by quenching of excited 
states by the field: the excitons formed in the singlet state 
would be dissociated rather than relax. A problem is that its 
spectrum does not really match with the fluorescence of PEN. 
So an alternative would be that degradation products at the 
surface of PEN, as e.g. oxidized groups would be responsible 
for the emission. It would explain why this band tends to be 
larger under ac stress when the EL is more related to interface 
effects.  

PL measurements on UV-aged PEN films showed the 
appearance of a new band in the region of 500 nm which 
corresponds to the EL spectrum at low field and so there is a 
possible common origin [10]. Its relative decrease as the field 
increases remains to be explained. Work is in progress for 
clarifying this behavior. 

The evolution of the EL spectrum as a function of stressing 
time under 340 kV/mm has been exploited to infer the 
maximum field in the material [25]: the spectrum evolved as if 
the field was increasing. With considering the total EL 
variation, current as a function of time and EL spectrum shape 
evolution, we showed that the maximum field could exceed 
400 kV/mm and that the charge density could be of the order 
of 300 C/m3 over 70% of the thickness after stressing 
continuously for several days. Such amounts are perfectly 
compatible with order of magnitudes of charge density given 
above.  

The relation between EL spectrum shape and field 
magnitude is relatively well understood. However, the origin 
of the emission, particularly the longer wavelength doublet is 
not yet identified. The best reproduction of the EL spectrum 
has been obtained using electron beam irradiation, so-called 
cathodoluminescence -CL spectrum, cf. Fig. 11 [11]. Intense 
luminescence is obtained comparatively to EL; however the 
spectrum evolves quickly due presumably to degradation 
under impinging electrons. The evolution in time of the 
spectrum is similar to that obtained under applied field. The 

main difference is that fluorescence is clearly detected at the 
beginning of the irradiation. The consistency of EL and CL 
spectra points to EL excitation by the impact of hot electrons.  

 
IV.   CONCLUSION 

 
We have reviewed works carried out by our group over the 

last 20 years about the behavior of Poly(ethylene naphthalate), 
particularly as regards the high field behavior. PEN is a good 
model material for its high field withstanding, for the 
coexistence of polarization and transport properties and for its 
relatively intense luminescence activity. We have given some 
evidence that at high fields space charges are settled into the 
material and impart to the material memory effects of 
electrical pre-stressing, through electroluminescence on one 
hand and through it electro-mechanical behavior on the other 
hand. A more complete characterization from the space charge 
standpoint at high field would be useful to discriminate 
between bipolar or unipolar space charge build-up.  

Regarding ageing effects, we have touched the possibility 
that part of the signatures found in EL is related to ongoing 
chemical modification of the materials during excitation by an 
electric field. Identification of the nature of the emitting 
species would constitute a direct proof of electrical ageing 
process with a fingerprint of processes and by-products.  
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