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Abbreviations and Symbols

Au - Gold

BCT - Bipolar Charge Transport

BOPP - Bi-axially Oriented Polypropylene

CCD - Charge coupled device

CHL - Chemiluminescence

CL - Cathodoluminescence

cps - Counts Per Second (cp2s, Counts per 2 seconds)
EL - Electroluminescence

FL - Fluorescence

HVAC - High Voltage Alternate Current

HVDC - High Voltage Direct Current

ITO - Indium Tin Oxide

LDPE - Low Density Polyethylene

LIMM - Laser intensity modulation method

LNT - Liquid Nitrogen Temperature (-185 “C in practice)
MEH-PPV - Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
PDs - Partial Discharges

PE - Polyethylene

PEA - Pulse electro-acoustic method

PEEK - Polyether Ether Ketone

PEN - Polyethylene Naphthalte

PET - Polyethylene Terephthalate

PHL - Phosphorescence
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scem - Standard Cubic Centimeter per Minute
SCLC - Space Charge Limited Currents

SPs - Surface Plasmons
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General Introduction







General introduction

Insulating polymers are used in a variety of applications in electrical engineering, such
as cables, generators, transformers, capacitors, from personal computers to car
manufacturing, from living facilities to military installations [1, 2]. Electrical ageing and
breakdown in insulating polymers is of fundamental interest to the researchers, the design
engineers, the manufacturers and the customers. In this respect, Partial Discharge (PD) is a
harmful process leading to ageing and failure of insulating polymers. However, with the
development of the materials and apparatus, PDs can be weakened or avoided in some
situations, e.g. extra high voltage cables, capacitors, etc. Therefore, there is urgent demand
for understanding electrical degradation mechanisms under high energy particles or electric
field intensity, pushing the limit of electrical properties in insulating polymers.

Electroluminescence (EL) along with cathodoluminescence (CL), is an exciting field of
research for probing insulating polymers, because it gives insight into electrical ageing and
breakdown process, since firstly reported in 1967 by Hartman [3]. They are original
techniques, contributing to uncover the nature of charge transport mechanisms and electrical
ageing. It provides a very interesting information, of photophysical nature, revealing excited
states in the polymer, coupled to the electrical behavior of the material, especially with
charge carriers in the material that are at the origin of the excitation through the exchange of
kinetic or potential energy. Various physical and chemical mechanisms have been involved
in the aging of electrical insulations under DC and AC stress [4, 5]. Electroluminescence
(EL) is a phenomenon involving physical processes such as charge injection, extraction, and
transportation, but also chemical reaction through excited states. Electric fields can produce
excited or ionized states, some of which have a non-zero probability for light emission during
their relaxation and for chemical reaction in their excited states. Hence, on one hand, EL can
be a probe of charge excitation and recombination processes, on the other hand, it may
provide information on the nature of defects and luminescent sources. EL is associated with
electrical ageing and could provide the signature of excited species under electric field.
Because interfacial electronic states are very important in charge transfer at the electrode-
dielectric interface, it should impact on the EL features, especially under AC stress.
Therefore, EL can also gather information and be used to probe the physical/chemical
processes occurring inside dielectrics or at the metal-dielectric interface.

However, the essence of EL and the links between EL and electrical ageing or
breakdown are still debatable. Hence, CL is a supplementary technique with another
excitation source for probing insulating polymers. Insulating polymers, such as polyolefins,
have a large band gap (approximately 9 eV), with deep trapping centers mainly due to
structural defects, impurities, or additives. EL can originate from hot electron carriers and/or
recombination of charge carriers. CL is excited with electron beams and can provide
information with more energy level as a reproduction of EL. Investigations are carried out

to identify the excitation processes.
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This work was developed in Diélectriques Solides et Fiabilité (DSF) research group of
Laboratoire Plasma et Conversion d’Energie (LAPLACE), University of Toulouse III Paul
Sabatier, Toulouse, France. The scholarship for the Ph.D. of Bo QIAO is supported by China
Scholarship Council (CSC).

The dissertation is divided into the following six parts:

Chapter 1: introduces the insulating polymers and their electrical applications, reviews
the state of the art of luminescence processes in insulating polymers, such as
photoluminescence, electroluminescence, cathodoluminescence, chemi-luminescence and
charge recombination-induced luminescence. The electrical ageing, degradation and
breakdown processes of insulating polymers are presented. The diagnostic techniques for
electrical ageing or pre-breakdown signals are developed, such as space charge measurement
and electroluminescence for probing the dielectrics. The relationship between
electroluminescence and electrical ageing is addressed. The objectives of this work
approaches to inferring the electrical ageing mechanisms are introduced at the end of this
chapter.

Chapter 2: introduces the experimental materials, several insulating polymers, such as
Polyethylene, Polypropylene and Polyethylene Naphthalte. The experimental methods and
setups, such as gold and Indium Tin Oxide (ITO) coating setups, luminescence excitation
setups and other inspection equipment.

Chapter 3: investigates the -electroluminescence (EL) in Bi-axially Oriented
Polypropylene (BOPP), evidences the excitons formation under stress, and analyzes their
relationship to electrical ageing. The samples are prepared with sandwich structure metalized
with gold electrode. EL is detected under both DC and AC electric stress. The field
dependence of EL and time dependence of current under DC stress, and the field dependence
and phase-resolved EL under AC stress, are carried out and discussed. Through spectral
analyses the common spectra of both Polypropylene and Polyethylene infers that their EL

mechanisms follow the same route and come from the same or similar luminescent centers.

Chapter 4: specially investigates the impact of the electrode during the EL. measurement
of insulating polymer films. In this chapter, Polyethylene Naphthalalte (PEN) thin films are
deposited with two type of electrodes: i.e. gold and ITO. The PEN films metallized with
gold are also measured with a red-censoring optical filter cutting wavelength longer than
620 nm. All the measurements are carried out on two electrodes (gold and ITO) of PEN films
and compared to gold electrode with red optical filter. The cross-validation proves that the
red emission of the spectra comes from the gold electrode. Furthermore, the red emission of

the spectra come from the Surface Plasmons effect at the surface or interface of the electrode.

Chapter 5: further studies the cathodoluminescence (CL) of the insulating polymers
with electron beam energy up to 5 keV. The CL spectra of polyolefin such as Polyethylene
and Polypropylene are similar with the same wavelength of the peaks at approximately 570
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nm and shoulders, which is also the same with EL of these molecules. The source of each
peak and shoulders in both CL and EL spectra are identified. With the identified elementary
components we reconstructed the CL and EL spectra and discussed the mechanisms of both
CL and EL. Two aromatic polyesters, i.e. Polyethylene Naphthalte and Polyether Ether
Ketone are irradiated with electron beams and evidenced that the CL spectra is a
reproduction of EL spectra.

General conclusion and perspectives: conclude the achievements in this work and
anticipate the future works in this domain.
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1.1 Insulating polymers and electrical applications

Polymers are frequently found in our surroundings from personal computers to car
manufacturing, from living facilities to military installations. More specifically, some
insulating polymers are widely used with their electrical insulating properties to electrical
engineering applications [6]. Polymers play a very significant role as insulating media with
electrical properties because of their ease of processing, mass production, cost effectiveness
and stress withstanding. They are either purely amorphous materials, or partly crystalline.
Structural disorder, as well as chemical disorder, containing by-products, chemical defects
of the polymeric chain, etc, and interfaces between crystalline or amorphous units [7], are
unavoidable factors that contribute to their electrical and photo-physical properties, and
provide them with complex behavior. Polymers are often manufactured for strengthened
properties, for example, cross linked Polyethylene (XLPE) is produced to achieve higher
dielectric strength and thermomechanical stability.

1.1.1  Polymeric materials in electrical engineering

Polymers are always developed with special chemical and mechanical properties to meet
some particular requirement, in spite of which, the electrical properties should overshadow
the other properties. There are two kinds of polymers according to their electrical properties:
conducting (or semiconducting) polymers and insulating polymers.

It is well known that the metal has a strong electronic conductivity, whereas most of the
polymers are on the contrary, underlying their use as excellent insulators. However, there
still exist some conductive or semi-conductive polymers which have a narrow band gap.
Conductive polymers, more precisely, intrinsically conducting polymers, such as
polyacetylene (Its high electrical conductivity was discovered by Hideki Shirakawa, Alan
Heeger, and Alan MacDiarmid in the 1970s [8] and recognized by the Nobel Prize in
Chemistry in 2000) and phenylene vinylene (PPV, a famous family of semiconducting
polymers and extensively used in organic light emitting diodes), are organic polymers that
conduct electricity, which have metallic conductivity or can be semiconductors. Most of the
conductive polymers are not pure polymers but compounds, while even polymers themselves
are not pure at all because of their degrees of polymerization and catalyst and impurities
during the manufacturing process. The electrical and photo-physical properties can be fine-
tuned using the methods of organic synthesis and advanced dispersion techniques.
Conductive polymers or conjugated polymers have drawn attention of scientists and
encouraged the rapid growth of this field. Since the late 1980s, organic light emitting diodes
(OLEDs) and organic photovoltaic cells have emerged as important applications of
semiconducting polymers [9-13]. Consequently, the electroluminescence features in
materials for OLEDs has been investigated extensively and deeply [14-17]. For instance, |
worked on OLEDs during my Master period [18], using synthetic size-controlled ZnO
quantum dots (approximately 7 nm) to improve the luminous efficiency of MEH-PPV light
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emitting diodes. In general, in OLEDs there are still two basic problems or challenges: the
“luminescent efficiency” and “stability” of materials and devices. The “luminescent
efficiency” can be improved by specially designed structure such as electron or hole injection
layers and transport layers, or by special materials such as using phosphorescent materials
to replace fluorescent materials with higher luminescent efficiency. The “stability” or in
another words “electrical ageing” is also a basic issue for insulating polymers in electrical
applications. The ageing mechanism of semiconducting polymers and insulating polymers
can be merited from each other.

On the other hand, the insulating polymers are famous for their applications as insulators
and dielectrics, which are materials whose internal electric charge do not flow freely and
make it very hard to conduct an electric current under electric field. Of course a perfect
insulator does not exist, because defects are still present that assist charge transport. Also,
conduction of insulations may become substantially non-linear at high electric field, with
significant current leakage. But generally the limitation of insulations in terms of electrical
stress is the breakdown phenomenon when the applied voltage (or rather electric field)
exceeds a certain value. Some materials are designed to serve as safe insulators under low
or moderate voltages, while some are developed to be used under high or extra-high voltages
(HV or EHV). With the booming development of high-voltage direct current (HVDC) in
Europe and Asia [19-23], it is pressing to develop researches on ageing and breakdown
mechanisms and develop insulator with high electrical insulation properties. Hence, the
electrical ageing and breakdown of insulating polymers is still an area of much interest for
scientists, engineers, enterprise developers and consumers. Although the bulk conductivity
of most polymers is very low, it is important and common to evaluate insulating materials
through electrical strength, resistivity, dielectric losses and permittivity using different
measurement methods. In the present Ph.D. research work, we propose to investigate the
mechanisms of material ageing and pre-breakdown phenomena of insulating polymers using
electroluminescence along with other luminescence techniques. The optical information
gained in the approach relates physical/chemical signatures of the material to excitation of
the species by electrical charges.

1.1.2  Electrical applications and development of insulating polymers

The development of electrical insulating polymeric materials is closely associated with
the development of electrical apparatus [1]. The latest electrical apparatus require some
electrical insulating polymeric materials with high thermal and electrical properties. In turn,
the advanced electrical insulating polymeric materials improve the performance and service

time of electrical apparatus.

Up to 1920s, only naturally raw products such as rubber, asphalt, mica, cotton or fabric
were generally used as insulations. As for electrical industry mineral oil-impregnated paper
was utilized in transformers, capacitors, and underground cables at voltage up to 70 kV [24].

Then the first synthetic insulating materials, named phenolic (Bakelite®) and alkyd resins,
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were utilized in insulating varnishes. The insulating polymers show gradually their
advantages on traditional and latest specific electrical applications, for example the
development of widely used paper-insulation and polymer-insulation seen in Figure 1-1 for
cable industry. Polymer insulation has been gradually taking place of oil-impregnated paper
especially in HVAC cables [25]. There are intensive ongoing researches for extension of
polymer insulation to HVDC, as it is widely believed that polymer-insulated cables offer
significant advantages over the traditional oil-impregnated paper cables.
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Figure 1-1 Evolution in time of paper and polymer insulation rating voltage. Polymer-insulated medium-
voltage AC cables appeared in the late 1960s, from [1].

The insulating polymer films are used as dielectrics of capacitors and resonators.
Commercially manufactured capacitors typically use a solid-dielectric material with high
permittivity as the intervening medium between the stored positive and negative charges.
Insulating polymers are used for capacitor application, not for their high dielectric
permittivity but for the low film thickness providing high density of stored energy. For
instance, the state-of-the-art in high energy density metalized film capacitors employs
commercially Bi-axially Oriented Polypropylene (BOPP), with a high breakdown strength
at about 600 kV/mm [26], low dielectric losses, and high availability. A dielectric resonator
is an electronic component that exhibits resonance of the polarization response for a narrow
range of frequencies, using more and more specific insulating polymeric materials.

The insulating polymers have also been widely used as insulators on electrical equipment
such as cables, transformers, circuit breakers, and so on, to support and separate conductors
without allowing current through themselves, more precisely, without electrical failure. For
example, cross-linked Polyethylene (XLPE) has been widely used in high voltage cables,
such as the booming HVDC systems.
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A general historical description upon the research carried out contributing to the
development of high-field polymer dielectric materials during last 50 years has been made
in the literature [1]:

»  From 1960s to 1970s, this is the early days of modern synthetic polymeric insulation. Some
polymers with excellent dielectric strength such as cross-linked Polyethylene (XLPE) were
invented and fundamental studies were brought into focus.

=  From 1970s to 1980s, it was realized that polymeric insulation age under functional stress
and came what was called the treeing era. Electrical and water trees were investigated in
order to understand the electrical ageing in dielectrics.

»  From 1980s to 1990s, appeared some new concepts in high-field phenomena, such as band
theory for describing the electronic properties of partially crystalline materials and field-
limiting space charge for describing conducting in polyolefins. It was also the dawn of space
charge measurement, i.e., the direct measurement of internal charge density distribution in
bulk insulation. Several techniques such as laser-induced method and pulsed electroacoustic
method were introduced. We shall present these techniques in the course of this chapter.

*  From 1990s to 2000s, polymeric insulations dedicated to HVDC applications appeared as a
new need [27]. The insulating materials for HVDC cables were investigated deeply, such as
XLPE. Mechanisms and theories of space charge and electrical ageing were simulated and
studied.

=  From 2000 to present, came the nano age [1]. The booming of study on nanocomposite
materials clearly mark the decade. In addition, lessons learned from space charge
measurements, e.g., the bipolar nature of transport and significant injection of electronic
carriers, and from electroluminescence measurements, e.g., charge recombination, have been

used in an attempt to provide a complete description of insulating polymers.

Hence, throughout the history of the research of insulating materials, the research trends
are from macroscopic to microscopic [28], from simple polymer to composite [29], from
ordinary application to high performance [25].

Until now, with the development of materials and apparatus, electrical ageing, degradation,
and breakdown especially under high or extra-high voltage are still of great importance to
investigate. In this case, luminescence appears as a family of techniques useful to probe
insulating polymers and specifically to understand the mechanisms of electrical ageing. We
systematically studied the various aspects of luminescence processes and carried out the
implementation of the measurements in insulating polymers to uncover the luminescence

mechanisms and relationship with the initiation of electrical ageing.
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1.2 Luminescence processes in insulating polymers

Luminescence is light emission due to excitation sources not due to heat, in another words
“a form of cold body radiation”. According to various excitation sources, there are several
methods allowing the production of luminescence from dielectrics: Photoluminescence (PL,
including Fluorescence and Phosphorescence, UV induced luminescence) [30, 31],
Electroluminescence (EL, electro induced luminescence) [32-34], Cathodoluminescence
(CL, or called electron beam induced luminescence, EBIL) [35-37], charge Recombination
induced Luminescence (RL) [31, 38, 39], Chemiluminescence (CHL, thermo oxidation
ageing induce luminescence) [40], Triboluminescence [41], and Thermoluminescence.
Luminescence is generated respectively from the excited states produced by UV photo
absorption, electric field, high kinetic electron beam, energy release due to recombining
charges, thermal energy/chemical reaction, and mechanical energy. PL, CHL, RL, EL, and
CL have features as shown in Table 1-1 as demonstrated bellow. All the luminescence
techniques below have been applied for the characterization of insulating polymeric
materials. The detailed information on luminescence excitation setups and measurement

methods will be given in Chapter 2.

Table 1-1 Overview of luminescence techniques in insulating polymers, adapted from [42].

Luminescence type Promotion of excited state
Photoluminescence Absorption of photon
PL (mild UV)
Chemiluminescence Chemical reaction
CHL (typical: oxidation of polyolefins)
Recombination induced luminescence Recombination between trapped carriers
RL (no kinetic energy)
Electroluminescence Mixture of excitation processes
EL induced by electric field
Cathodoluminescence Hot electron impact and processes
CL or Electron beam induced luminescence induced by irradiation
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1.2.1  Photoluminescence - optical excitation

Photoluminescence is light emission from the materials after the absorption of photons
(electromagnetic radiation). This process can be described quantum mechanically as: the
material absorbs photons, to be excited to excited states at high energy level, then release
back to the ground state, meanwhile emitting light. The time between absorption and
emission may vary from femtoseconds to milliseconds or even to minutes or hours under
special circumstances. The relative short and relative long time between absorption and
emission lead to fluorescence and phosphorescence respectively. The emitted light has a
lower energy and therefore longer wavelength than the excitation light. The mechanism of
photoluminescence has been known for many years and pertains to classical physical theory.

1.2.1.1 Fluorescence

Fluorescence occurs when an orbital electron of a molecule, atom or nanostructure
releases back to its ground state by emitting photons after being excited to a higher quantum
state.

Excitation process: So +hvegy = S (1-1)
Light emission process: S1 = Sy + hvgy, + heat (1-2)

Here, hv is photon energy with h (Planck’s constant) and v (frequency of the light). State
So 1s called the ground state while state S; is its first excited state. During the emission
process, not all the energy is converted to light emission, some of which can undergo with
non-radiative relaxation, dissipated as heat. In spite of that, relaxation of S; can also occur
through interaction with a second molecule through fluorescence quenching. Molecular
oxygen is an extremely efficient quencher due to its unusual triplet ground state in
phosphorescence.

The emission efficiency is defined by the quantum yield, Y as:

number of photons emitted _ ky

(1-3)

number of photons absorbed - Yiki

Here, k¢ is the rate constant of spontaneous emission of radiation, }; k; the sum of all
rate of excited states release. Because the excitation states are only singlet states in

fluorescence, its quantum yield Y is always less than 1 (100%).
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Figure 1-2 Fluorescence process of the materials [43].

1.2.1.2  Phosphorescence

Phosphorescence occurs when materials do not emit light immediately after being excited,
due to the energy transition in quantum mechanics. Hence phosphorescent materials can

“store” absorbed energy for a certain time.

Excitation process: So +hvegy = S (1-4)
Transition process: ST, (1-5)
Light emission process: T; = So + hvey, + heat (1-6)

Here, hv, Sy, S;, and heat mean the same as in formula (1-1) and (1-2), while T; is a

triplet state, S a single state.

During the phosphorescence process, the material is excited to higher energy states, then
undergo an intersystem crossing into energy state of higher spin multiplicity, usually triplet
states, S; = Ty, see Figure 1-3. The transition T; = S, is normally a spin-forbidden
transition, which is why the lifetime of triplet states (phosphorescence) is longer than that of

singlet states (fluorescence).
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Figure 1-3 Fluorescence and phosphorescence processes of the materials [43].
1.2.2

Electroluminescence - electric field excitation

Electroluminescence is an electro-optical phenomenon under electric field. Electric stress
performs as the excitation source. It is an optical output of recombination of injected
electrons and holes and a series of physical/chemical processes. Electroluminescence in
organic semiconductors was firstly reported in 1963 [44] and exploited as organic light
emitting devices. On the other hand, electroluminescence in insulating polymers was firstly
reported in 1967 [3]. So far, EL in Polyethylene (PE) [45], Polypropylene (PP) [46],
Polyethylene terephthalate (PET) [47], Polyethylene Naphthalte (PEN) [48], Polytherimide
(PEI), Polyimide (PI), Polyethersylfone (PES), Polyvinyl Chloride (PVC), et. al. [1, 2], have

been observed and studied. The mechanisms of EL in insulating polymers are demonstrated
bellow.

1.2.2.1  Electroluminescence mechanism in insulating polymers

In electroluminescence (EL), electrical energy is transformed into photons. In order to
radiate in the visible portion of the spectrum, the luminescence center must have an excited
state of > 2 eV higher than the ground state. Two processes are of interest: how the radiative
system is excited and the energy relaxation or light generation.

a) Excitation process

With electric field as excitation source, it follows different excitation processes. The
energy band diagrams of insulation, semiconductor and conductor are shown in Figure 1-4.

We consider firstly the effect of electron promoting from the valence band to the conduction
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band (band-to-band transition) or from the ground state impurity level to the conduction
band which occurs in semiconductors with a band gap of about 1-3 eV. It could not play any
role in large band gap materials (beyond 5 eV) that are insulators. Therefore, the excitation
energy has to be brought by other processes. There are two possibilities for that.

o conduction
band gap transition™® ‘ recombination
() e e o
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Figure 1-4 Energy band diagrams of materials

One excitation process is the inelastic collision of energetic electrons, a so-called hot
electron. The kinetic energy is directly involved in the excitation process.

The other excitation process is bipolar charge carrier generation and subsequent electron-
hole recombination which does not involve carrier kinetic energies, but does involve their
potential energies [7]. The excitation process in insulating polymers occurs at localized given
molecular orbit or at luminescent centers, leading to the formation of excitons. An exciton
is a bound state of an electron and a hole that are attracted to each other by the electrostatic
Coulomb force, which is regarded as an elementary excitation that can transport energy.

b) Relaxation process

Relaxation of excited groups can follow two different pathways involving radiative and
non-radiative transitions [49]. The radiative and non-radiative transitions both have physical,
i.e. reversible pathway and chemical, i.e. irreversible pathway as shown in Figure 1-5. Along
the non-radiative pathway, excitons release to thermal energy through oscillations. Along
the physical radiative pathway, a molecule “AB” is excited into a non-dissociative states
“AB*” and returns to its ground states by a reversible process during which light is emitted
as energy release. Hence, the wavelength spectrum of light emission is a direct reflection of
the energy release. Along the chemical pathway, the intermediate processes occurs before
the relaxation of the excited states. An important question in the analyses of EL in insulating
polymers is the identification of the emitting groups. In case of chemical pathway, it could
provide a key to understand ageing mechanism at play. In case of physical pathway, EL

Bo QIAO, LAPLACE, University of Toulouse, 2015 23



Chapter 1

reveals the presence of excited states which can potentially initiate chemical reactions, in
parallel to the physical relaxation pathway. So in both case, EL is considered as a potential
ageing warning.

Physical Chemical
Pathway Pathway
Reversibility Irreversibility
Radiative and Radiative and
nonradiative nonradiative
relaxation to the relaxation of
ground state By-products

Figure 1-5 Energy release of an excited molecule

The most frequent transitions during relaxation processes [49] are demonstrated below:

(1) Fluorescence emission, from singlet to singlet transition involving two electrons with
opposite spin number:
'AB*—>AB, + 'hv (1-7)
(2) Phosphorescence emission, from triplet to singlet transition involving two electrons with
the same spin number:
3SAB*—>ABy+ *hv (1-8)
(3) Complex formation with fluorescence or phosphorescence of an excimer (excited state of a
pair of molecules):

'AB*+AB)—'(ABAB)* (1-9)
I(ABABy)* -+ AB¢+AB(+'*hv (1-10)
(4) Complex formation with fluorescence or phosphorescence of an exciplex:
'AB*+CDy—'(ABCDy)* (1-11)
'(ABCDg)* -+ AB¢+CDg+'*hv (1-12)
(5) Relaxation by internal conversion:
AB*—-ABy+nkT (1-13)
(6) Relaxation by quenching:
AB*+Q-AB+Q* (1-14)
(7) Relaxation by energy transfer:
AB*+CDy—>ABy+CD* (1-15)

where:
ABy and CDy stand for molecular ground states,

AB* and CD* stand for molecular excited states,

24 Bo QIAO, LAPLACE, University of Toulouse, 2015



State of the art

L3AB* stand for the first excited singlet or triplet state,

3hy is the photon energy radiated by fluorescence (1) or phosphorescence (3), kT is the thermal
energy, Q is a quencher.

¢) Possible luminescent centers

The pure carbon chain with C-C or C-H single bonds in insulating polymers cannot
perform as luminescent centers in UV-visible domain, because the energy level transitions
in these bonds are 0 — ¢* and n— o* transitions at extreme ultraviolet domain with high
energy. Hence, the chromophores should be some unsaturated bonds, like n—n* transition
in C=C bond and other conjugated structures. Furthermore, some auxochromes like -OR, -
NR2 and -CHj3 (R stands for any group) will influence the absorption with red shift or blue
shift. In insulating polymers like polyolefins, there are two types of possible chromophores
which play the role of luminescent centers: one is intrinsic molecular chromophore groups
that exist in the carbon chain, the other is additives, impurities or by-products that are

extrinsic centers in the materials.

Therefore, in a polyolefin polymer like Polyethylene or Polypropylene, there is normally
no emission from the repeat unit due to the aliphatic structure of the chains. So, if
luminescence is detected, it is necessarily due to some types of possible chromophore groups
in the carbon chain of Polyethylene as shown in Figure 1-6: carbonyl, dienone, hydroxyl,
double bond, conjugated double bond and vinyl. Some additives and residues can be present
in materials due to compounding or to processing techniques. Examples are antioxidant and
residues associated with peroxide crosslinking of Polyethylene as shown in Figure 1-7,
which provides another possible family of luminescent centers.

However, which chemical structure is actually excited and act as the chromophore under
electrical field is still unknown according to previous works. It is difficult to localize the
definite luminescent centers by experimental and simulations. Nevertheless, spectral
analyses can help to investigate the source of the light emission. Works are carried out to
uncover the nature of luminescent centers in these insulating polymers.
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Figure 1-6 Six typical chromophore structures that may occur in the carbon chain of Polyethylene: carbonyl,

dienone, hydroxyl, double bond, conjugated double bond and vinyl. Taken from [50].

CH,
>Z< . ||
C—CH]

C(CH3) 5 C(CH3) 5

Anti-oxidant Acetophenone
(@]
T [
| C
O—t—n  O-
| Benzophenone
CH,

Cumylalcohol

Figure 1-7 Chemical structure of possible additives and residues.[39, 51]

1.2.2.2  Comparison of EL in insulating polymers and in organic semiconductors

In semiconducting polymers used in OLEDs, two basic problems or challenges are the
luminescent efficiency and stability of materials and devices [52, 53]. The EL in insulating
polymers aims to investigate the stability or electrical ageing of polymers. Hence, they are
investigated for different applications. The comparison between EL in insulating polymers
and EL in organic semiconductors according to conductivity, intensity of light emission,
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device structure, DC vs. AC, spectral analyses, luminescent centers and electric field is
shown in Table 1-2.

Table 1-2 Comparison between EL in insulating polymers and EL in organic semiconductors*.

Dielectric EL Organic semiconductor EL
Conductivity Very low* Between insulators and
conductors*
Device structures Sandwich structures and others Sandwich structures and others
Thickness of EL layer Commonly 10-250 pm Commonly 10-100 nm
Intensity of light emission Relative low signal Strong light emission
Electrical field Tens to hundreds kV/mm* Tens to hundreds kV/mm*
EL intensity much stronger under Normally under DC
AC than under DC
Spectral analyses No fluorescence contributions Emission spectrum correlated to
fluorescence and/or
phosphorescence
Luminescent centers Chromophore groups in carbon Chromophore groups in polymers
chain or additives or residues

*The electrical and EL properties of both dielectrics and organic semiconductors vary depending on materials
nature.

a) Device structures

EL insulating polymers and EL in organic semiconductors are both measured by
fabricating sandwich structures as shown in Figure 1-8. OLEDs have other function layers,
such as electron/hole injection layers and barrier layers to improve the luminescent
efficiency. The Al and ITO electrodes are normally used in OLED for cathode and anode,
respectively. In dielectric EL, structure like Au-insulating polymer-Au are most often carried
out under electric stress owing to the good conducting quality of the electrode.
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Electrode Electrode

Electrode Electrode
OLED Dielectric EL

Figure 1-8 Basic OLED device and Dielectric EL structure. Commonly the thickness of semiconductor is 10-
100 nm; the thickness of insulation is 10-250 um.

b) Luminescent centers and intensity

For the luminescent centers in insulating polymers, there may exist some types of
unavoidable chemical chromophore groups in the carbon chain of polyolefins and other
insulating polymers and some unavoidable additives during the manufacturing process.
These groups or additives may play a role as luminescent centers distributed in insulating
polymers. However, the intensity of the light emission is very weak. Sensitive and effective
optical detection methods have to be developed while the difficulty is related to their
implementation in a high voltage environment. Partial discharge or gaseous discharge has to
be avoided, by immersing the samples in a liquid insulating medium, or by increasing the
chamber pressure, or by evacuating the chamber down to secondary vacuum. Three main
topics in dielectric EL are still debatable: namely the excitation mechanisms, the nature of
luminescence centers, and the relationship between EL and ageing.

However, in organic semiconductors there are numerous chromophore groups in the
molecular structures such as conjugated structure in conjugated polymers [16, 17, 54, 55].
This makes organic semiconductors emit much stronger intensity of light. In order to be
used in OLED, the improvement of luminescent efficiency along with tuning the emission
wavelength is of great interest to study.

¢) Spectral analyses

In semiconducting luminescent polymers, the absorption, photoluminescence, and
electroluminescence peaks have a close relationship with each other, which can be seen in
Figure 1-9. During the photo-physical processes, either with single luminescent peak or with
multi peaks, the materials absorb light with a higher energy (shorter wavelength), excited by
photons, then a series of energy transfer processes, emitting light (photoluminescence) with
a lower energy (longer wavelength). Under electric stress, the materials emit light with a
little red shift and similar spectra curve compared to PL, which infers that electric excitations
operate with the same function as photon excitations. In bipolar injection model, the
electrons inject into the luminescent materials from cathode, and transfer along with Lowest
Unoccupied Molecular Orbital (LUMO) energy levels to the luminescent centers; the holes
are injected into the luminescent materials from anode, and transfer along with Highest
Occupied Molecular Orbit (HOMO) energy level to the luminescent centers. The
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recombination of electrons and holes generates excited states, which go back to the ground

level with releasing light emission.
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Figure 1-9 Absorption, photoluminescence, and electroluminescence of some luminescent polymers, with

single luminescence peak in BTPEP-family materials, taken from [56]; or multi luminescence peaks in PPVs

materials, taken from [57].

On the contrary, in insulating polymers, the electroluminescence has little relationship
with fluorescence, according to the research progress until now. Under high electric field
about tens to hundreds of kV/mm, the process of the electron exciting the luminescent center
cannot be interpreted on the basis of the photo-physical properties of the materials, which is
different with the case of semiconducting polymers. The example of Polypropylene (PP) is
shown in Figure 1-10 and Figure 1-11 results being issued from the present thesis. From
photoluminescence measurements in Figure 1-10, the fluorescence peaks at 328 nm and the
phosphorescence appears at about 472 nm. The electroluminescence in Figure 1-11 appears
dominated by a crest at approximately 580 nm. As far as OLEDs are concerned, it is claimed
that due to spin state consideration, the probability of obtaining triplet state following a
recombination event is normally 3 times higher that obtaining a singlet state. So normally,
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OLEDs should emit mainly in the phosphorescence region. Quenching by oxygen could be
one of the reasons for the lower apparent efficiency for fluorescence-type EL. The reason
for the absence of fluorescence in the EL spectrum of insulations is not really known at
present. It could be due to a different excitation process, €.g. impact excitation with an energy
transfer less than the expected value for obtaining a singlet state or to the low possibility of
recombination on luminescent species at the origin of fluorescence. For instance,
electroluminescence in insulating polymers can be reproduced when the materials are
irradiated with an electron beam (Cathodoluminescence, CL), which was firstly evidenced
in the literature [45].

The withstanding of materials - electrical ageing of both insulating polymers and organic
semiconductors is of significance to investigate and to improve. Hence, what is the nature of
electroluminescence in insulating polymers, and the relationship between
electroluminescence and electrical ageing, will be investigated in this work.
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Figure 1-10 Photoluminescence of Polypropylene, (a) fluorescence excited at 230 nm at room temperature, (b)

phosphorescence excited at 250 nm at liquid nitrogen temperature, [58].
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Figure 1-11 Electroluminescence spectra of Polypropylene film under 50Hz AC stress, [58].
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The dissertation mainly focuses on insulating polymeric materials. Nevertheless, some of
the physical and chemical mechanisms in conducting or semiconducting polymers can be
transferred and adapted to the mechanisms in insulating polymers, while the study of
electroluminescence in insulating polymers can also contribute to understanding the nature

of EL and its relationship with ageing.

1.2.2.3  Development of electroluminescence measurement methods

In the first reports on EL from insulating polymers [32, 59, 60], the electrode configuration
was needle electrode inserted in a polymer as shown in Figure 1-12 a. The electrode
configuration is easy to be carried out and well contacted with each other. The field is
divergent field from the needle electrode to the plane electrode. There are several drawbacks
in using needle electrode configuration: First, the emission is localized to the region close to
the tip and overall emission is generally weak. Second, the field is highly divergent, which
prevents analyses of the process with controlled field. Third, care should be taken when
molding the needle as voids can be present at the vicinity of the tip. Finally, material

deterioration can occur around the tip leading to change in time of the analyzed light.

Various electrode configurations are illustrated in Figure 1-12 besides the needle plane
geometry for divergent field. In Figure 1-12 b, this is a concentric ring form geometry for
divergent field. In Figure 1-12 c, this is a plane geometry for uniform field, while the light
emission is detected in the direction perpendicular to the direction of electric field. In Figure
1-12 d, this is a plane geometry, while the light emission is detected in the direction parallel
to the direction of electric field.

Electrode configuration as Figure 1-12 b with an inner and an outer electrode has been
used in [61] to investigate the EL from surface layer of insulating polymer. The polymer
configuration is so much like the dielectrics applied in the cables. At the same time, the field

is divergent.

Electrode configuration as Figure 1-12 ¢ has been employed for investigating the surface
EL phenomena under stepped AC voltage [62], since the surface/interface plays an important
role during the EL phenomena. The configuration has also some obvious advantages of
optical and imaging detection. However, complex surface processes may occur.

For a deeper insight into excitation and relaxation mechanisms, efforts are put for
collecting more light intensity. This is achieved in EL experiment under uniform field
configuration by using polymer films metalized with semi-transparent electrodes sandwich
structure [63] as Figure 1-12 d. Both two brass electrodes have polished surfaces. The lower
electrode is a disk, while the upper one is a ring with an inner diameter of 20 mm where light
emission is detected. Semi-transparent layers are most often made of gold, typically 30 nm
in thickness, as a good compromise between optical transmission and electrical conductivity
and lack of oxidation of the electrodes. The light emission, detected through a ring electrode
arises from an area of several cm?, and is more easily detected as with needle electrode.
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Because of the uniform field and uniform light emission, the theoretical model is easier to
be built and the charge injection and transport and EL mechanism are easier to be analyzed.

C d

Figure 1-12 Electrode configuration cross section for EL measurement (the black stands for electrode, while
the blue stands for insulating polymer). (a) Needle-panel electrode, (b) Concentric ring electrode, (c) Surface
EL, (d) Uniform field electrode.

1.2.2.4  Historical overview of electroluminescence in dielectrics

In 1967, Hartman et al. [3] firstly studied the light emission from polymer films such as
Polyethylene, Polyimide, PET, and PTFE under electric field at room temperature. Authors
inferred that the electrons are introduced by the field either from the electrodes or from the
bound states within the polymer.

In 1977 and 1979, AC electroluminescence and breakdown of Polyethylene adjacent to
the tip of a needle electrode were found at liquid nitrogen temperature (77K) by Shimizu, et
al. [32, 64, 65]. The luminescence was considered to be caused by the recombination
between positive and negative charges injected from the point electrode, instead of by partial
discharges.

In 1980 and 1981, light emission was detected at the tip of a needle electrode inserted in a
polymer under divergent field by using a photomutiplier (PM) and an image intensifier,
cooled to -20 ‘C, by Laurent and Mayoux [59, 66]. This work confirms that trapped gases
play an important role and that space charge is at the initiation of radiative phenomena. Later
in 1985, the density of the injected and trapped carriers was estimated to be 10! /cm®. The
nature of the light emitting centers seems to be related to the structure of the polymer bulk

because different polymers have different luminescence spectra [67].

In 1986 and 1987, both near ultraviolet and visible light emission in Polyethylene subjected
to highly divergent field at room temperature were reported by Bamyji et al. [60, 68]. It was
suggested that UV radiation causes photo-degradation of the polymer which results in both
scission and formation of a micro-void in which partial discharge can occur and cause tree
propagation. It was realized later that UV-light was due to discharge in the ambient. In 1993,
the thermoluminescence and electroluminescence were both recorded in Polyethylene at
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elevated temperature, while the luminescent centers for the two processes are quite different
[69].

In 1988, EL in epoxy was recorded under impulse voltage by Stone et al. [70]. In 1994,
EL in Polyethylene 2,6 Naphthalate was investigated under uniform field, DC and AC stress
and pulsed voltage by Mary et al. [71]. In the next few years, other insulating polymers such
as Polypropylene (PP) [40], Polyvinyl Chloride (PVC), and Polytetrafluoroethylene (PTFE)
[72] were investigated.

In 1993, two basical types of thin film light emission — photon radiation from the polymer
itself and from the metal electrode (Surface Plasmons) - were distinguished in metal-
insulator-metal structures by Laurent ez al. [73]. The question of light emission from Surface
Plasmons is discussed later on in the chapter.

In 1998, the spectra of light emission in polyolefins were particularly analyzed by
Teyssedre et al. [38]. The spectral features are closely associated with the
electroluminescence mechanism. The chemical nature of the luminescent centers was

discussed by a comparison with the photoluminescence spectrum.

In 1999, Tiemblo, et al. [74-79] investigated chemiluminescence in Polypropylene at great
length, which provide a spectral features of light emission entirely through chemical route.
The intensity and spectra distribution of EL depending on ageing time was achieved [80],
which give another evidence to the relationship between EL and electrical ageing.

In 2000, photo-, cathodo- and electro- luminescence spectra were compared between them,
whose relationship with electrical ageing was investigated [31].

In 2004, charge carries transport in XLPE was characterized by both transient space
charge and electroluminescence measurement [81]. Light emission was interpreted as an
interfacial phenomena, probably a hot carrier effect associated with heterogeneities in the
interface.

In 2008 and 2009, Bamji et al. summarized luminescence and space charge in polymeric
dielectrics [82, 83]. He described the characteristics of electroluminescence in polymeric
insulation subjected to AC voltage and showed its relevance to space charge injection. The
electroluminescence was also distinguished from other types of luminescence. In 2008,
evidence of hot electron induced chemical degradation in electroluminescence spectra in
polymer was found by Teyssedre and Laurent [45]. Electroluminescence and electrical
ageing can be associated in an implicit scheme, opening the way for defining safety limit in

terms of electric stress applied to a material for a given application.

In 2011, EL measurements of Polyethylene in different gas environments were
investigated. The presence of gas molecules plays a crucial role on the formation of EL in
insulating polymers [84]. A charge transport model allowing the description of EL in PE
films under AC stress is proposed. Experiment and simulation fit nicely and the time
dependence of EL intensity is accounted by the charge behavior [85-87].
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In 2012 and 2013, Laurent et al. summarized charge dynamics and its energetic features
in polymeric materials [42, 88]. Two models have been introduced describing bipolar space
charge limited current in transient and steady states. The nature of electroluminescence was
discussed in order to understand its relationship with electrical ageing.

In 2014, electroluminescence of a Polythiophene molecular wire suspended between a
metallic surface and tip of a scanning tunneling microscope was studied by Reecht ez al. [89].
Though Polythiophene is conductive polymer, it directly proves the theoretical simulations
with single molecule wire, paving the way towards single molecular optoelectronic

components and electroluminescence mechanisms.

More and more efforts on experiments and simulations are made to uncover the nature of
EL in insulating polymers and its direct relationship with space charge, electrical degradation,
ageing and breakdown.

1.2.3 Cathodoluminescence - electron beam excitation

The Cathodoluminescence (CL) phenomenon is a luminescence processes that occurs
after the excitation of matter by an electron beam [90]. CL is a contactless spectroscopic
technique based on detection of infrared (IR), visible, and ultra violet (UV) luminescence
excited by energetic electrons [91]. CL analyses enables characterization of materials with
high spatial resolution. With the development of electron microscopy, the image and
spectroscopy of CL have proven to be a useful technique for chemical, electrical and
structural analyses of luminescent materials. Historically, luminescence spectroscopy has
been a widely used sensitive tool to characterize the nature of excitons, impurities and native

point defects in electrical materials.

Electron beam in vacuum can be accelerated by electric and magnetic field in an electron
gun to achieve a high energy. Exposure of a solid to an electron beam with several keV
energy induces a number of processes in the specimen, which lead to the formation of
secondary and backscattered electrons, and also generate characteristic radiation and X-ray,
and Auger electrons [90]. The secondary electrons and backscattered electrons analyses has
also been used in scanning electron microscope (SEM) and transmission electron microscope
(TEM). However, CL is just the light emission from the material under electron beam

irradiation as shown in Figure 1-13.
The cathodoluminescence process consists three steps:

1) The energy loss of impinging electrons;
2) The excitation of luminescent centers;

3) The emission of photons.

The deceleration of electron beam generates secondary electrons and plasmons with an
energy of 20-30 eV. The secondary electrons do not leave the sample in turn generate

electron-holes pairs [90]. It is noteworthy that upon excitation of luminescence by an
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electron beam, the energy of excitation considerably exceeds the bandgap width of any
material. Therefore, the excitation is inherently similar to the optical excitation in the region
of fundamental absorption and electro excitation under electric stress. The excitation of
luminescent centers can occur not only via direct excitation of a center, but also as a result
of radiative and non-radiative transitions from higher lying energy states. As a consequence,
CL spectra often demonstrate a larger amount of emission bands than other luminescence

spectra, which will also be proved in our work.

The energy losses of electrons due to their deceleration in the materials are estimated
theoretically accounting the absorption energy and reflection processes in a wide energy or
wavelength range. When the insulating polymers are radiated in the electron beams, visible
light -cathodoluminescence, can be detected and spectrally analyzed along the other

luminescence techniques.

electron beam gun

atoms, molecules

_ ions,
excited particles

Figure 1-13 Schema of formation of electrons and radiations with electron beam excitation on the surface of

the sample.

1.2.4 Other luminescence excitation sources
1.2.4.1  Chemiluminescence - chemical process

Chemiluminescence is the light emitted during a chemical reaction. It is a well-known
process in polyolefins where oxidation reactions lead to the formation of C=0 bonds (triplet
ground state). Owing to thermal degradation of polyolefins being studied with aim of
understanding its kinetics and its mechanism, Chemiluminescence (CHL) [74, 76, 77, 92-
95] phenomenon in polyolefins has been particularly investigated, but there is still no clear
and conclusive description of how the degradation occurs. Tiemblo, et al. have investigated
Chemiluminescence in Polypropylene at great length [74-79]. During CHL measurement,
the samples were heated in a special-design multi-purpose chamber. The samples were
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deposited in a glass vessel in contact with the heating resistor, in isothermal conditions for
time up to 8 h and temperature up to 165°C. The light emission was continuously
registered, during the sample heated with a heating resistor.

The light is generated during the last step of chemical reaction from C=0* to C=0 with a
typical signature at 415 nm [74]. The CHL curves correspond to the spectra performed along
the oxidation process. The overall intensities shown by the spectra evolve with time in the
same way as in the integral CHL curves. Consequently, CHL is corresponding to the thermal
oxidation of the insulating polymers.

1.2.4.2 Recombination luminescence - recombination process

Radiative recombination of charge carriers on luminescent centers is one of the main
mechanisms for light excitation mediated by an electrical stress. In EL, charges are
recombined either following impact ionization by hot carriers or due to bipolar injection
(electrons injection from the cathode and holes injection from the anode) [39, 96, 97].
Recombination luminescence can be detected through placing the samples contacting to a
cold plasma for surface treatment as an alternate way for material charging [38]. Plasma-
induced luminescence (PIL) is recorded after excitation by the plasma discharge. The PIL
has complex contributions according to different test and treatment time.
Chemiluminescence, UV-induced luminescence, and recombination-induced luminescence
all can be decomposed after the plasma treatment [78, 79]. The part of the recorded signal
recorded long (tens of seconds) after discharge switch off has been proven to arise from
recombination-induced luminescence as it is the sole possible excitation mechanism. Again,
the emissions due to RL appear in the phosphorescence domain; they appear as due to
chromophores present in the material, but the spectrum does not match that of EL. The
spectra due to recombination luminescence have been achieved and analyzed in
Polyethylene, Polypropylene, and epoxy resin among other materials [38, 39, 96-98].
Dynamic bipolar charge recombination model has been put forward to understand the
mechanisms of recombination process [99]. The recombination luminescence are recorded
after discharge switch off. Because the recombination mechanism has also a close
relationship with light decay kinetics, these luminescence techniques can be used to infer

chemical nature of the luminescent centers acting as recombination centers.

In order to investigate the recombination induced luminescence (RL) , setup as shown in
Figure 1-14 [96] was designed. The surface of the sample is subjected to a cold plasma for
charge deposition. The sample is contacted with a temperature controlled holder able to
operate at a temperature from that of liquid nitrogen to 180°C. A cooled photomultiplier and

a CCD camera are used to investigate the EL characteristics and spectral distribution.
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Figure 1-14 Recombination induced luminescence measurement setup, from [96].

1.2.4.3  Surface Plasmons effect - electrode interface process

Surface Plasmons (SPs) is an effect that always exists during the electroluminescence
measurement of the gold-metalized insulating films. Surface Plasmons (or more precisely
surface plasmon polaritons, SPPs) are electromagnetic excitations that propagate along the
interface between a metal and a dielectric medium. In order to explain the SPs effect, let’s
make a stone thrown into the water as an analog. A stone thrown into the water produces
waves spread out symmetrically in all directions along the surface of the water. When two
stones are thrown into the water at different places and times, the symmetry patterns of the
propagating wave can be changed. Similarly, Surface Plasmons bounded to a metal/dielectric
interface can be excited by different sources [100]. SPs are polarized along the surface of
the metal, closely related to the roughness of the interface as shown in Figure 1-15.

The electroluminescence from a metal-insulator-metal or metal-insulator-ITO centered at
about 750 nm has been observed by Canet and Laurent [73, 101, 102]. It exists theoretically
at all the metal-insulator rough interfaces under electrical field, which influences light
emission excited by electric field. It is called light-emission tunnel junctions which is due to
the metal electrode, contrasting to the thin-film devices light emission which is due to the
film itself. The space-charge limited current provides excitation conditions of Surface
Plasmons at the positively biased electrode surface above the trap-filled limit voltage. An
electron tunnel loses its energy to a collective excitation of junction, then in the presence of
the surface roughness, it may radiate. Otherwise, the electrons are injected by elastic
tunneling and they enter the metal as hot carriers. The hot-carriers distribution relaxes
through emission of photons, thermalized electrons, or emission of SPs which couple to
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external radiation through surface roughness. Anyhow, the light emission has no relationship
with the insulators in the interlayer. When a semi-transparent electrode is used, both surfaces
can contribute to the light emission.

The spectral distribution of light emitted by SPs depends on the surface roughness of
electrode itself and the energy distribution of charge injection/extraction produced by the
field. Hence, the roughness of electrode surface and the field applied on it are two key factors.
Under AC stress, due to alternative injection at the surface of electrodes, high density of
carriers always exists here. So under AC low field, the energy distribution meets the
requirement of SPs. However, under DC stress, charge injection starts, then due to screening
effect, the current density of injected carriers is much less than in the AC case, which makes
it very difficult to emit light. Consequently, the SPs from Ag or Au electrode has been
verified under AC electric stress [46, 103, 104]. In chapter 4, we comprehensively
investigated the impact of the nature of the electrode.

dielectric &1 E 7 ‘

Z=0 HlV E

Figure 1-15 The interface along the x-y plane between a metal (bottom) and a dielectric (top).
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1.3  Electrical ageing, degradation, and breakdown

Since the electrical insulating polymeric materials are closely associated with electrical
apparatus, the devices failure can be studied through focusing on electrical stress —induced
processes pertaining to polymeric materials. As will be shown below, such processes are
split into those representing intrinsic limits of materials, such as short term breakdown,
which should normally not occur under service conditions with appropriate design, and those
resulting from slow evolution of the material, termed ageing, which are more subtle to
analyze and to anticipate: ageing can be considered as acceptable if it does not lead to failure
of the insulation within the expected life of the system. In many parts of the world, in
particular in the industrializing countries such as Brazil, China, India and South Africa, the
growing demand of energy has already led to transmitting electric power of several Gigawatt
(GW) across distances of thousands of kilometers. As a consequence, there exists an urgent
demand for understanding the electrical ageing of insulations used in these electrical
applications. Therefore, there is great interest in understanding the ageing, degradation and
breakdown of electrical insulation in an effort to improve its long term withstand (lifetime
or service time) and efficiency. However, after more than 50 years of research the gap
between electrical breakdown of insulating polymeric materials and engineering breakdown
is still tremendously large even fruitful efforts have been taken.

1.3.1  Classification and mechanisms of electrical ageing

1.3.1.1  Ageing, degradation and breakdown based on time to failure

As refer to electrical ageing, we have distinguished three situations: ageing, degradation,
and breakdown, according to the time to failure as shown in Figure 1-16. Though there is
not perfectly clear distinction between these processes, one can separate them, as depicted
in the figure according to their time scale of occurrence. The book “Electrical degradation
and breakdown in polymers” by Dissado and Fothergill [105] systematically demonstrates
the physical and chemical structures of polymers and their breakdown mechanisms. The
electrical breakdown is a process occurring within 1 second or less, the electrical degradation
from a few seconds to a few days, the electrical ageing from a few days to years. The
electrical breakdown happens when subjecting the material to intense electric field, without

providing the time for the material to change under the effect of the electrical stress.
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Figure 1-16 Indicative times and electric fields over which various electrical breakdown and degradation

mechanism are operative, adapted from [105].

In electrical degradation, with a milder stress, there is an effective deterioration of the
material through one of the mechanisms explained in the following. The difference between
breakdown and degradation is that breakdown is sudden and catastrophic, after which the
insulation can not withstand the service voltage, whereas degradation is a process that take
places during a period of time. We can distinguish them from the effect, speed, evidence,
place, and size as shown in Table 1-3. The degradation exists with electrical trees and water
trees [105]. If these trees are sufficiently conductive, it may also lead to breakdown. Failure
has full probability to occur, and this goes with an effective degradation, such as erosion of
the material. Finally, ageing encompasses a family of hypothetical processes likely to
produce a weakening of the material. At the same time, the processes are not as well
identified as for breakdown or degradation, and it is difficult to diagnose. Its size can be
nano scale or molecular scale and has many potentially contributory factors and uncertainty.
The ageing rate is assumed to increase in region of high space charge concentration, high
electric stress, and free volume that allow high local current. Its identification and impact on
insulation performance need to be known, as it may represent the major part of the insulation
life when the earlier failure processes have been fixed.
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Table 1-3 Characteristics of Breakdown, Degradation and Ageing Processes, adapted from [106].

Breakdown Degradation Ageing
Effect Catastrophic, insulation cannot be ~ Leads to breakdown May lead to
used afterwards degradation
Speed Fast: occurs in << Is Less than required service ~ Continuous process:
life: hours — years whole service life
Evidence | Direct observation: normally by Observable directly: may Difficult to observe:
eye-hole through insulation require microscopy or may even be difficult to
physic-chemical prove existence
techniques
Place Continuous filament: bridge Occurs in weak parts: may  Assumed to occur
electrodes form fractal structures through insulation
Size >mm: dependent on energy of >pm: may form larger >nm, molecular scale
event structures
Examples | Thermal, electromechanical, Electrical trees, water Bond scission and
mixed mode avalanche and trees, partial discharges nano-voids formation
intrinsic non-electrical changes
(oxidation)

The consequence of ageing phenomena is materialized, at the macroscale, by life laws, as
used for example for the electrical insulations used in high voltage cables: L = AE™ where
E is the applied field, A and n are parameters that are tentatively estimated based on
hypothetical ageing models. The value of the exponent n is very important in life estimation,
and it is one of the main quantities required by designers and for specification purpose. It is
therefore necessary to understand the mechanism behind the ageing process in order to
diagnose, prognosticate, and improve its electrical properties and lifetime.

1.3.1.2  Ageing, degradation and breakdown - Kinetic energy of carriers

Hot electrons i.e. carriers with kinetic energy, play a significant role in electrical
breakdown processes of polymers, which will also be shown in the electrical tree growing
process in Figure 1-18. Hot electrons are particles that attain a kinetic energy from being
accelerated by a high electric field. Hot electrons or holes, where “hot” means Eyin >> kr, can
generate excited states under electric stress. The term ‘“hot electron” was originally
introduced to describe non-equilibrium electrons or holes in semiconductors. More broadly,
the term describes electron distributions by the Fermi function, but with the elevated
effective temperature. If the power input into the electronic system exceeds the rate of energy
loss, then the carriers heat up and their velocity distribution f (v) deviates significantly from
the equilibrium Maxwellian form. The time-dependent distribution function f(t, r, v) can be
determined by solving the Boltzmann transport equation,

Bo QIAO, LAPLACE, University of Toulouse, 2015 41



Chapter 1

o .08 L . _ (a_f)
e TVt 5, = G coll (1-16)
where a is the acceleration and the collision integral is the right hand is a linear functional

on f.

Hot electrons are very mobile because of its high effective temperatures. Therefore, hot
electrons can tunnel through the materials instead of recombining with holes or conducted
to a collector. Consequently, it can excite and/or damage the dielectric materials, which is
called “hot carriers degradation”. Hot electron process is a pathway leading to electrical
breakdown. The hot electrons in insulating polymer can arise from high energy electron
beams (a few keV) or high electric field (from tens to hundreds of kV/mm), which are both
investigated in this work. In addition, hot electrons is also of great importance for studying
of all modern semiconductor devices. For example, hot-carrier injection into the gate
dielectric in silicon field-effect transistors is somehow a nuisance. This unwelcome effect
gives rise to degradation of transistor characteristics and may lead to circuit failure [107]. It
is also the saturation of drift velocity under high electric stress.

For the electrical breakdown process, there are three main pathways that are considered
to lead to final breakdown, namely “electrical”, “thermal”, and “electro-mechanical”, as
shown in the breakdown period of Figure 1-16.

The three pathways of electrical breakdown are listed in Table 1-4. Firstly, the application
of high voltage can cause localized electron avalanches in the materials, which is named
“intrinsic breakdown”. Secondly, large and continuous current through the sample generate
thermal energy to melt and to oxidize local area to cause breakdown, which is named
“thermal breakdown”. Thirdly, electric field causes mechanical stress in the material which
directly damages the sample, named “electro-mechanical breakdown”.

Table 1-4 Pathways to electrical breakdown.

Breakdown Pathway to breakdown
Intrinsic breakdown Avalanche of electrons
Thermal breakdown Thermal runaway

Electro-mechanical breakdown Mechanical stress

Within the above processes, intrinsic or avalanche breakdown is directly triggered by the
kinetic energy of the carriers. Intrinsic breakdown refers to the electric field which will cause
breakdown of a “perfect” material in a very short time, for example, without the effect of
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high field ageing. The literature [108] reviews the historic advancement of intrinsic
breakdown theories in detail.

Electron avalanche is a process in which a number of kinetic electrons are subjected to
strong acceleration by an electric field, subsequently collide with other atoms and ionize
them (impact ionization). The released additional electrons accelerate and collide with
further atoms, releasing more electrons. In order to evaluate the rate of avalanche of electrons,
M is given as a multiplication factor of initial electrons:

1

1—f;{12 adx

M = (1-17)
where X; and X are the positions that the multiplication is being measured between, and «
is the ionization constant. Considering the electric field and substituting the voltage gradients

into the equation, it results in:

M=——3z (1-18)
1-[r]

where V is the applied voltage, Vgr is the breakdown voltage and n is an empirically derived
value. It can be seen from the formula that the multiplication factor is highly dependent on
the applied voltage. When the applied voltage increases to near breakdown voltage, the
multiplication factor approaches infinity, resulting as breakdown. Breakdown is not the sole
process in which the kinetic energy of carriers is critical to the materials. Let's consider the
diagram in energy of Figure 1-17 in which processes in the dielectric are derived according

to the energy of the carriers.

When we consider the kinetic energy of electrons in the materials as shown in Figure 1-17,
under kinetic energy of 0 eV it is considered trapped charges in the materials. Then above a
kinetic energy at about 8 eV intrinsic breakdown occurs. Hence, there is a threshold kinetic
energy for electrical ageing, furthermore, there is a threshold electric stress for electrical
ageing. In general, the position of the electrode Fermi level within the band gap and relative
to impurity states can critically affect the breakdown field.
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Figure 1-17 Schematic representation of the electron energy distribution in a large bandgap insulator under
an electric field, taken from [7].

1.3.1.3  Electrical tree growth - electrical ageing and degradation processes

In presence of cavities within the insulation, discharges within the gaseous medium
present in cavities, so-called 'partial' discharges (PDs) since they do not bridge the gap
between the electrodes, produce alteration of the walls of the voids and subsequent growth
of the voids, as a form of degradation process, which leads to breakdown. However, in the
case of a cavity-free polymer, how does the electrical ageing indeed take place and grow? In
this situation, electrical ageing takes place above a critical level of stress. It grows through a
number of different stages as shown in Figure 1-18 before leading to ultimate failure of the
dielectric. At the initial stage, electric field induced space charge center lead to alteration of
the microstructure and of the local chemical composition, which play a role as nano-voids
enlarge to micro voids. It is thought that degradation at a microscopic scale leads to the
formation of micro voids which can develop into larger cavities, up to the point where the
cavity size is just enough to sustain micro discharges which will ultimately lead to the failure
through the propagation of an electrical tree.

The initiation of the degradation of polymers is still unclear or debatable. So far, local
molecular re-configurations and chemical changes are considered to play an important role.
Furthermore, it is significant to diagnose the initiation of electrical breakdown. It was
evidenced experimentally that threshold of light emission is inferred to the onset of the
electrical ageing, which will be demonstrated in section 1.3.3. Electrical stress can initiate
material degradation reactions through energetic processes such as “partial discharges”
and/or “hot electrons”. “Partial discharges” take place depending on the time scale and
specific situation, such as micro void formation or enlargement. “Hot electrons” and other
sources could generate excited states and become a common feature in the early stage of

electrical ageing.
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Figure 1-18 Postulated steps in electrical ageing for a cavity-free polymer submitted to an electric field in the
absence of partial discharges in the surrounding medium, taken from [4].

1.3.2  Electrical ageing or pre-breakdown diagnosis

Search for pre-breakdown warning signs in insulating polymers has been the subject of a
great deal of work in the past few decades [45]. Electric and acoustic signals emitted in the
presence of discharging in internal cavities or during electrical treeing propagation have been
used for long time to diagnose defects and to monitor ageing. Partial discharges and treeing
phenomena are considered to be the main sources of the electrical degradation and
breakdown of polymers used in high voltage applications. Numerous works have been
carried out to solve the problem. Nowadays, long-term material degradation in discharge-
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free situation is of more and more importance due to the improvement of the production
processes and demand for higher efficiency and high energy density. It has been more and
more important to search for pre-breakdown signals. The methods to diagnose pre-
breakdown warning signs are shown in Table 1-4.

One available way that has been opened in recent years is the space charge diagnosis in
electrical ageing. However it is still not deeply understood and how it affects ageing is still
debatable. Widespread approach has been carried out through comparing the space charge

distribution under different electric field, temperature, and environment.

Another way is to probe ageing is to investigate the light emission of materials under
electric stress which is called electroluminescence. Under electric field, some excited states
have a non-zero probability to relax visible photons because the energy involved in covalent
bond breaking is roughly of the order of a few eV, i.e., in the range of visible wavelength.
Electrical ageing is accompanied by a change in the physical, chemical and structural
features of the dielectric. By investigating the characteristics of light emission under an
electric stressed material, it is possible to unravel the leading deterioration process in

insulating polymers.

Electrical ageing does not start throughout the polymer volume but a localized process,
which can also been evidenced by chemical analyses, such as thermal gravimetric analyses
(TGA) and infrared (IR) spectra analyses. Ageing proceeds through the molecular
dissociation of some of the original constituents of the material and the formation of the new
chemical bonds, which can be detected with chemical analyses.

Table 1-4 Methods to diagnose electrical ageing or pre-breakdown warning signs.

Methods Characteristics
Partial discharge detection From micro-void at atmosphere
Space charge diagnosis Charge transport and accumulation
Electroluminescence test Optical signals to uncover mechanisms

1.3.2.1  Partial Discharge detection

During diagnose the electrical ageing of insulating polymers under electric stress, partial
discharge phenomenon always occur at atmosphere. The term “Partial Discharge” (PD) is
defined firstly by IEC 60270 Partial Discharge measurement as a localized electrical
discharge that only partially bridges the insulation between two conductors, which may or
may not occur adjacent to a conductor [109]. PD always results from breakdown of gas in a
cavity or electrical tree channel, or from breakdown along an interface or surface. The PD
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phenomena exist extensively in the industrial electrical applications operating in
atmospheric environment. The PD testing is widely applied in cable systems. A big challenge
during diagnosis is that PD occurs always without immediate failure. Indeed, some sources
of PD can continue for years before causing failure, which makes it more difficult to
diagnose.

Discharge occurs in cavities and/or micro-channels. When the material is subjected to an
electric field, owing to the existence of some cavities in its bulk, the field in the cavity is
stronger than in its surrounding dielectric as shown in Figure 1-19. The amplification of the
field varies depending on the shape and location of the cavity. As the voltage is raised, the
field in the cavity increases rapidly and reaches its threshold, then the gas can breakdown.
The resistance of the cavity changes from very high to zero, along with zero of the cavity
field and transient change in the electric field distribution. However, the PD can’t cause the
material failure immediately but partial breakdown, until the electric tree grow through the
dielectric and bridge the two conductors.

Ground Shield

Dielectric

Conductor

Figure 1-19 Equipotential plots for an 0.8 mm diameter cavity in an XLPE cable with 6.4 mm thick dielectric,
from [109].

Along with the PD phenomenon, a transient current change results in a voltage pulse at a
few nanoseconds (10s), which propagates in both directions away from the PD source. Its
nanosecond scale also limits the diagnostic task. Nevertheless, number of advances have
been carried out [4, 109-122] since firstly reported with a wide-band Partial Discharge
detector in 1975 [122]. When dealing with PD, three stages are needed to collect sufficient
information for evaluation: detection, classification, and location [114]. Detection is usually
performed with a classical discharge detector having a bandwidth of 250 kHz. It shows the
presence and the magnitude of PD under observations. Classification recognizes the defects
causing the discharges, e.g. internal or surface discharges, corona, treeing, etc. It is vital to
estimate the harmfulness of the PD. Location is to locate the position of PDs in a dielectric.
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This is very difficult to achieve and also differs from sample to sample, resulting in
calibration difficulties.

According to the source of PD and the formation process of PD, the PD could be
eliminated or at least relieved by dealing with the gas in the void and the interface or
electrical tree. For example, putting the dielectric sample in a vacuum environment, pumping
out the air from the void and interface, making a better dielectric interface, could relieve the
PD at the maximum extent.

With the development of advanced materials synthesis processing and understanding of
the mechanism of PD and electrical ageing, insulating polymers are pushed to their electric
limit in order to meet the requirement of the high-voltage cables, high density capacitors, etc.
Solutions have been implemented to strengthen the insulation against PD even when they
are not avoidable.

1.3.2.2  Space charge diagnosis

When the polymeric insulation is under electric field, space charges accumulate in the
insulation material. The space charges may distort the electric field profile and influence the
steady-state current. When the space charge density is sufficiently high, the local field
strength may be strong enough to exceed the breakdown threshold of polymeric insulation,
leading to electrical breakdown or dielectric failure. Space charges have been recognized as
harmful to DC applications, while they also play important role in long term electrical ageing
of polymers under AC field. The electron energy distribution in an insulator under an electric
field shown in Figure 1-17 has already been commented. Below the band edge, the trapped
space charge has a very low mobility, while above the band edge, the space charge is mobile
and electrons can gain kinetic energy from the electric field and be excited. Nevertheless,
there still exists a gap between the space charge distribution and electrical ageing in

insulating polymers.

In the last three decades, a significant effort has been directed to measure and model the
internal space charge distribution in dielectrics. Internal space charges move under the
influence of the electric field. At the same time, ionic dissociation can take place and charges
can be transferred at these interfaces.

A significant effort has been done to understand the internal space charge distributions in
dielectrics, due to the development of a number of methods which give detailed information
on space charge distributions [123]. The space charge diagnostic methods have been

addressed in Table 0-6 in the annexes at the end of the dissertation.

In 2014, Villeneuve-Faure et al. [124] developed a new method derived from atomic force
microscopy (AFM) — the electrostatic force distance curve (EFDC), to realize 3D charge
localization. It is a powerful method with high spatial resolution in 3 dimensions. The main
advantage is its high sensitivity to charge localization. Boularas et al. [125] carried out
simulation of electrostatic forces at play in the method to analyze force distance curves
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modification induced by electrostatic charges. This is a great work toward the 3D charge
localization.

With all these methods focusing on different materials, the internal space charge
distributions can be directly carried out. Among that, the Pulsed electro-acoustic (PEA)
method has been widely used in space charge measurement. Bipolar charge transport model
(BCT) has been evidenced with both experimental and simulations along with the carriers
injection at the electrodes. However, how these space charge make an effect under the
electric field, and what is the relationship between the space charge and electrical ageing,
are still debatable and need more experimental and simulation evidences by e.g. probing
energetic processes associated to space charges.

Profiting by the development of the space charge measurement methods not only in space
but also in time scale, a lot of works on space charge distribution measurement and
simulation have been carried out. Some space charge transport and trapping theories such as
mechanism for space charge limited currents (SCLC) and bipolar charge transport (BCT)
model are demonstrated in the annex at the end of the dissertation.

1.3.3  Electroluminescence and electrical ageing

The dielectric materials could be subjected not only to electrical stress but also to thermal,
mechanical, chemical and environmental stresses [2], which all make contributions to the
electrical degradation, ageing, and breakdown. Among them, luminescence, especially
electroluminescence can provide information for pre-breakdown or ageing warning signs
and could be an important way to diagnose electrical ageing. Electroluminescence plays a
significant role in the insulating polymer under field stress. In addition, the partial discharge
can also give rise to transient luminescence and can also be employed to monitor the growth
and propagation of electrical treeing and breakdown, while the electroluminescence is
continuous, sensitive, and relatively stable under AC or DC field. Therefore, the light
emission or electroluminescence is not due to partial discharge but chemical/physical
processes internal samples.

EL is a technique to detect the initiation of electrical degradation and breakdown in
insulating polymers. What’s more, EL is, so far, the only direct experimental evidence of the
existence of potentially dangerous excitation energy in insulating polymer during ageing.
EL detected in many different polymers [126] under AC and DC field exhibits a threshold-
like character, which means that the light emission increases super-linearly with the applied
field above a critical value. Luminescence measurements were carried out in different
insulating polymers, such as in Polypropylene as shown in Figure 1-20 for example. The
voltage was increased in steps of a few hundred volts on a 18 um thickness sample. The
onset field for EL emission can be found at about 10kV/mm under AC stress in this example.
Typically the field threshold reported for polymeric materials is of the order of 10 to 30
kV/mm under AC stress.
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Figure 1-20 EL intensity vs. field characteristics Polypropylene under AC stress at different frequencies. EL

Threshold is at about 10 kV/mm. The dotted line is the noise level of the measurement. Light intensity is given

in photomultiplier counts per 2 seconds.

Under DC stress, field threshold is generally higher as listed in Table 1-5. The higher field
threshold reported for DC is due to fundamentally different conditions for the excitation.
With the hypothesis of EL due to charge recombination, EL under AC appears as a near-
electrode effect, charges injected under one polarity in a given half-cycle of AC stress
recombine with previously injected charges of opposite polarity during the previous half-
period of stress. The description is somewhat substantiated by modelling of EL as a function
of the AC waveform (square, triangle, sine, with or without offset) and voltage offset based
on bipolar charge injection, trapping and recombination. With the model it was shown that
the charge recombination would occur in a region within a few nm from the electrode [85,
87]. Conversely, under DC, EL excitation requires that charge of one polarity are transported
through the bulk to meet and recombine with charges of the other polarity injected at the
counter electrode.

The injected carriers are responsible for the subsequent EL. The EL is due to the
recombination of carriers of opposite polarity - electrons and holes. During this process, the
energy released through radiation or energy, which is the initiation of electrical ageing and
breakdown [59, 127].
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Table 1-5 Onset of electroluminescence in gold-metallized materials submitted to a DC field, adapted from
[126].

Material Field (kV/mm™)
Low-density Polyethylene (LDPE) 110
Cross-linked Polyethylene (XLPE) 60
Bi-axially Oriented Polypropylene (BOPP) 200
Polyethylene terephthalate (PET) 400
Polyethylene Naphthalte (PEN) 150
Polyetherimide (PEI) 170
Polyimide (PI) 350
Polyethersulfone (PES) 350

The onsets of EL in different insulating polymers are different due to their intrinsic
electrical properties. It is noteworthy that the insulating polymers have the onset EL
characters under DC stress as in Table 1-5. It infers that EL corresponds to the onset of
excitation mechanism which is universal among the insulating polymers. The onset of EL in
some polymers may vary a little depending on material formulation.

In summary, EL onset voltage is a warning of electrical ageing which occurs at initial
stage of electrical tree growth as shown in Figure 1-18. However, until now there is still no
evidence for the exact relationship between EL and ageing. Bamji et al. [68] propose a
degradation mechanism due to the UV contributions measured in EL of polymers. However,
it seem that the UV they measured was due to discharges in the environment of the samples
as no UV emission has been reported by other authors when carrying out measurements in
vacuum. Zeller [128] considers the EL emission as a proof of the existence of excited states,
but with no major implications for polymer ageing which rather would be related to the non-
radiative chemical pathways. More evidences of both experimental and simulations should

be furnished to support and uncover the correlations between EL and electrical ageing.

Hence, so far, the threshold of EL is a direct correlation between EL and electrical ageing.
On the other hand, spectra analyses is an elegant way to understand physical or chemical
process in the materials, which can be used to uncover the nature of luminescence and the
relationship between EL and electrical ageing. This is also the main aim of the dissertation.
With luminescence techniques, we can carry out light emission from each single process,

such as recombination process and chemical reaction process, for analyzing. This provides
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more information of EL, which proves EL is a multi-excitation involving physical and

chemical processes under electric stress.
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1.4 The aim of the dissertation: approach to inferring

the electrical ageing mechanisms

Electrical pre-breakdown or ageing warning signs are very important because the
engineering of insulating materials needs knowledge of safety service limits in terms of
applied electric tresses, while all the polymers are known to be sensitive to electrical ageing
that decreases their electrical abilities to sustain a certain electric field. Electric and acoustic
diagnosis methods during the discharge of internal cavities have been developed to test the
defects in materials and monitor ageing. However this is only used in the presence of local
field enhancement and micro-voids. Nevertheless, the electrical ageing and degradation is
thought to be due to charge trapping, charge transport, and charge recombination or energy
dissipation.

Therefore, electroluminescence and cathodoluminescence, along with other luminescence
techniques which will be used in the following, as approaches to inferring the electrical
ageing mechanisms, are to uncover the nature of physical and chemical processes and bridge

the gap between the space charge and electrical ageing in insulating polymers.

The excitons formation in insulating polymers will be evidenced. Field dependence under
DC and AC stress, spectral and their component analyses, and spectral analyses between
different samples will be carried out. The impact of the nature of the electrode will be
analyzed, and the source of the light emission, i.e. interface states and Surface Plasmons,
will be investigated. The cathodoluminescence and electroluminescence will be compared
and investigated. Each component of spectra will be identified and spectral reconstruction
will be carried out.
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2.1  Experimental materials

2.1.1  Polyolefins
2.1.1.1  Polyethylene

Polyethylene (PE) is the most common plastic, and the one with the simplest chemical
structure, a polyolefin, composed of monomers - C,H, -, with the chemical formula
(CyH,),H,. The mechanical properties of PE depend significantly on the extent and type of
branching, the crystal structure and the molecular weight. Until now, different categories of
PE have been synthesized based mostly on their density and branching, such as Ultra-high-
molecular-weight Polyethylene (UHMWPE), Ultra-low-molecular-weight Polyethylene
(ULMWPE),  High-molecular-weight ~ Polyethylene = (HMWPE),  High-density
Polyethylene (HDPE), High-density cross-linked Polyethylene (HDXLPE), Cross-linked
Polyethylene (XLPE), Medium-density Polyethylene (MDPE), Linear low-density
Polyethylene (LLDPE), Low-density Polyethylene (LDPE), Very-low-density Polyethylene
(VLDPE), Chlorinated Polyethylene (CPE), etc [2, 129]. These materials are designed for
special or extreme applications.

The tested PE samples in the dissertation are, on the one hand, peroxide cross-linked PE,
termed XLPE films. It was peeled from a HV cable having a 15 mm thick insulation layer.
Such XLPE cables are issued from EU project Artemis [130] in which database for electrical
ageing markers were looked for. The thickness of XLPE film is 150 pm. It is available in
roll form up to 15 m long and 8cm wide. Samples are stored in plastic bags at atmospheric

pressure.

The other PE being investigated is additive-free LDPE films of 50 pm thickness. The
samples were provided by ABB.

Figure 2-1 XLPE insulation in a power cable.

There exist some types of defects in the carbon chain of Polyethylene which have been
shown in Figure 1-6 in chapter 1: carbonyl, dienone, hydroxyl, double bond, conjugated
double bond and vinyl [50] for example. Some additives [39, 51] are often added in the
sample, especially antioxidant that prevent attack of the polymer by dissolved oxygen at the
processing stage (e.g. during polymer crosslinking at high temperature 190 °C) or in service
conditions as materials are designed to continuously endorse temperature of 90°C In case of
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peroxide cross linked PE, crosslinking by-products are dissolved in the polymer such as
cumylalcohol, acetophenone, or a-methylstyrene and also water and hydrogen. Some of

these by-products have also been shown in Figure 1-7 in chapter 1.

2.1.1.2  Polypropylene

Polypropylene (PP) is another polyolefin, composed of monomers -C3Hg-, with the
chemical formula (C3Hg),,H,, widely used in industries since invented in the early 1950s.
The commercial production of PP began in 1957 in USA and 1958 in Europe [131, 132]. It
is a thermoplastic polymer widely used in a variety of applications including packaging,
textiles, and electrical equipment components, such as capacitors and electrical accessories.
It is liable to chain degradation from exposure to heat, UV radiation, and under electric field.
Samples are extruded between two rolls and manufactured in thin films for capacitor
applications with high breakdown strength.

When Polypropylene film is extruded and stretched in both the machine roll direction and
across machine roll direction, it is called Bi-axially Oriented Polypropylene (BOPP). All the
PP measurements are carried out in the dissertation on BOPP films of 17.8 pm thickness
supplied by KOPAFILM, Germany. The films were provided with different roughness for
the two faces, to favor oil impregnation. There are some large (from rough outside of the
BOPP roll as seen in Figure 2-2) and small (from smooth inside of the BOPP roll as seen in
Figure 2-2) crater-like structures on the two surfaces of the BOPP films, which will be
discussed in detail in chapter 3. The only known additives contained in the BOPP films under
study are penta-erythritoltetrakis (3,5-di-tert-butyl-4 hydroxyhydrocinnamate) and calcium
stearate [133]. The former is known as Irganox 1010, which is a sterically hindered phenol
used as an antioxidant to abstract unstable radicals. Calcium stearate is a lubricant and an
acid scavenger used to neutralize any hydrochloric acid generated from reactions between
the hindered phenol and residual chloride-containing catalyst [133].

rough

smooth

Figure 2-2 Diagram of Bi-axially Oriented Polypropylene roll.
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2.1.2  Polyesters
2.1.2.1  Polyethylene Naphthalte

Polyethylene Naphthalte (PEN, Poly(ethylene 2,6-Naphthalte)) is a polyester with good
barrier properties and a static dielectric constant of 3.4. It is an aromatic polyester of the
same family as Polyethylene Terephthalate (PET) but with two aromatic rings instead of one,
as shown in Figure 2-3, making it a candidate for replacement of PET with higher thermal
stability [134]. The PEN samples tested in the dissertation are transparent, with a thickness
of 25 um, supplied by Dupont (Dupont Teijin Films Teonex® Q51).
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Figure 2-3 Chemical structure of (a) Poly(ethylene-2,6-Naphthalte) (PEN) and (b) Polyethylene terephthalate
(PET).

2.1.2.2  Polyether Ether Ketone

Polyether Ether Ketone (PEEK) with chemical structure as shown in Figure 2-4 is a
thermoplastic polymer in the polyaryletherketone (PAEK) family, used in bearings, pumps,
and cable insulation, due to its robustness. The PEEK samples tested in the dissertation are
transparent with a thickness of 50 um, supplied by Goodfellow Cambridge Limited.
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Figure 2-4 Chemical structure of Polyether ether ketone.
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2.2 Experimental setups

In the dissertation, the Edwards system and Univex 350 G system are utilized to deposit
gold (Au) and Indium Tin Oxide (ITO), respectively. Atomic Force Microscope and Optical
Microscope are used to characterize the surface of the polymer films. Ultraviolet-Visible
Spectrophotometer is used to measure the transmission and absorption of the polymer film
and electrodes. The luminescence analyses system is a lab-made test bench to measure the
photoluminescence (including fluorescence and phosphorescence), electroluminescence,

and cathodoluminescence from solid materials.
2.2.1  Samples preparation
2.2.1.1  Gold metallization setup

During current and EL measurements, electrodes must be deposited on samples to apply
a controlled electric field. Besides, the deposited electrodes must be partially transparent in
the UV-visible domain in order to collect light. In Figure 2-5, it is the picture of Scancoat 6
SEM sputter coater for gold metallization from Edwards. The system is a compact bench-
top sputter coater designed to coat a wide variety of specimens with a high quality,
conductive metal (such as gold) film. The films are deposited uniformly (the center area of
the metallization is a little thicker than its edge), even over re-entrant surface, as a deposit
rate of 0.1 nm/s.

The insulating polymer films are provided with gold electrodes having a diameter of 50
mm and thickness of 30 nm (the center area is about 30 nm, while the edge area is about 26
nm.). The parameters of the sputtering process are listed in Table 2-1. The sputtering rate is
about 0.1 nm/s. The sputtering pressure is about 0.15 mbar in Argon gas. The voltage and
current are 1 kV and 10 mA, respectively.
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Figure 2-5 Gold metallization setup, Scancoat 6 from Edwards.

Table 2-1 Parameters of the sputtering process of gold.

Sputtering Value

Rate 0.1 nm/s
Gas Argon
Pressure 0.15 mbar
Voltage 1 kV
Current 10 mA
Time 300 s

2.2.1.2  Indium Tin Oxide coating setup

In Figure 2-6, we can see the Univex 350G glove box system made by Oerlikon Leybold
Vacuum used to deposit Indium Tin Oxide (ITO) on the surface of polymer films. Figure
2-6 a (1) shows the control system, including the operating system in Figure 2-6 b and power
controller in Figure 2-6 c, while Figure 2-6 a (2) shows the deposit system, in which the
polymer films are provided with ITO electrode.

During the deposition processes, the temperature of the polymer films, the electric power
on the ITO target, and the flow rate of Argon and Oxygen could be adjusted to achieve the
best conditions for deposition. The parameters of the sputtering process are shown in Table
2-2.
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Table 2-2 Parameters of the sputtering process of ITO.

Sputtering Value
Temperature 30 °C
Rate of Argon 50 scem*
Rate of Oxygen 1.2 scem™
Pressure 5.5%10 mbar
Power 150 W
Time 18.5 min or 33.5 min*

* “scem” means standard cubic centimeter per minute.

* Sputtering time 18.5 min and 33.5 min are set for thickness of 110 nm and 200 nm, respectively.

In the dissertation, the ITO (diameter 50 mm) thickness of 110 nm and 200 nm are
deposited on the PP and PEN respectively in order to achieve the best transparency and
conductivity. The transparency of ITO is approximately 89%, while the surface electric

resistance per centimeter is approximately 30 Q/[].
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Figure 2-6 Univex 350G ITO-deposition experimental setup.
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2.2.2  Luminescence setups

All the luminescence experiments were carried out in a special-design multi-purpose
chamber as shown in Figure 2-7. It mainly contains five systems:

1) excitation source system (electric field, electron beams, photons, and plasma),
2) optical detecting system (PM system and CCD camera system),

3) optical path controlling system,

4) temperature controlling system,

5) and pumping system.

The excitation source system and the testing system are two core parts for luminescence

measurements, while the other systems are auxiliary components.

The testing system also contains three parts according to the optical axis: optical axis No.1
photo and electron beam excitation sources; optical axis No.2 a cooled photomultiplier (PM)
working in photon counting mode for integral light detection; optical axis No.3 a grating
monochromator (4.5 nm in resolution) coupled to a liquid nitrogen cooled charge coupled
device (CCD) camera for spectral analyses which covers the wavelength range from 230 nm
to 840 nm. It is a light proof dark chamber connected to a turbo-molecular double pumps
system to achieve high vacuum at 10”7 mbar in order to avoid gaseous discharges during
measurements. Samples can be placed on the holder which contact to a heating resistor, a
nitrogen reservoir, and a temperature sensor, to control the temperatures from liquid nitrogen
temperature up to 180 °C. The multi-purpose chamber is designed to accommodate different
kinds of luminescence excitation as described below.
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Figure 2-7 Luminescence experimental setup.
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Chapter 2

2.2.2.1  Three Excitation sources
a) Electric field excitation

During electroluminescence (EL) measurement, the configuration of Figure 2-8 was
installed in the chamber and put under high vacuum. All the measurements are carried out
at room temperature. Light detection is carried out by two systems -PM and CCD. The two
electrodes HV ring electrode (inner diameter 30 mm) and ground flat electrode (diameter 50
mm) are connected to the high voltage and ground respectively. The ring electrode allows
the light emission analyses from the center of the sample.

3
Polymer Gold : Silicone rubber

Figure 2-8 Configuration of EL measurement.

Direct current (DC), alternating current (AC) and pulse current (PC) are applied to the
dielectrics. The AC and DC power supply system are shown in Figure 2-9 and Figure 2-11,
respectively. The AC power supply consists of an oscillograph, a pulse/function generator
and a high voltage amplifier (20 kV amplification from Trek, Germeny). The amplification
factor is 2000. Three kinds of AC voltage waveform (Sinusoidal, square and triangular) as
in Figure 2-10 of AC can be used to investigate the EL characteristics. The phase of AC
voltage can be synchronized with the computer which can achieve the phase-resolved EL of
the materials. The phase-resolved EL of insulating polymers will be analyzed in Chapter 3
and Chapter 4. The DC power supply is a 35 kV source from Fug, Germeny. DC current is
measured using a Keithley 617 programmable electrometer. The DC voltage by increase-
steps of a certain value as shown in Figure 2-12 is applied to the materials. With this
equipment and PM system, the EL characters and current vs. field, phase-resolved EL, and
spectra can be diagnosed. With CCD camera the spectra can be achieved under both DC and
AC electric field.
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Figure 2-9 AC power supply. From top to bottom: an oscilloscope, a pulse/function generator and a high

voltage amplifier. The amplification factor is 2000.
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Figure 2-10 Three kinds of voltage waveform.
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Figure 2-11 Keithley 617 programmable electrometer and DC power supply (voltage up to 35 kV, current up
to 1 mA).
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Figure 2-12 Applied DC voltage by increase-steps of a certain value.

b) Optical excitation

During photoluminescence (PL) measurement, the samples mounted into the chamber at
ambient atmosphere were excited by a xenon source coupled to an irradiation
monochromator as shown in Figure 2-13. The Xenon lamp has a power of 150 W from Jobin-
Yvon. It is coupled to an excitation monochromator (double pass monochromator HD10UV
from Jobin-Yvon with 1200 lines/mm). The bandwidth of the excitation light source is 4 nm.
The xenon lamp was turned on with an exhaust gas system to exhaust ozone produced by
the UV from the lamp. The excitation wavelength varies form 200 nm to 700nm and is set
manually. The bandwidth of the irradiation window can be adjusted from 0.2 nm to 4 nm.
Coupling between the sample, the excitation source, and CCD camera, was achieved by
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optical path through the quartz lenses window of the chamber. In prior to testing samples in
photoluminescence measurements, the chamber was evolved and filled in with Helium at
atmosphere. PL measurements were performed at liquid nitrogen temperature especially for
phosphorescence (PHL) and at room temperature especially for fluorescence (FL),
respectively. The phosphorescence can be achieved according to the delay time through
controlling the switch on/off of the shutter placed in front of the irradiation source.

There is a high pass filter at 300 nm in front of the CCD camera in order to cutoff the
excitation light of wavelength shorter than 300 nm. The emission spectrum is integrated
under different time (from 10 to 300 seconds) by the CCD camera, which proves enough to
have a good resolution.

Another filter has a sharp cut-off at 620 nm enabling light detection with “red rejection”.
It is used in EL measurement as discussed in Chapter 3 and Chapter 4. Both of the two filters
can be changed from outside, i.e. without opening the chamber.

Figure 2-13 The xenon lamp with an excitation monochromator from Jobin-Yvon.

c¢) Electron beam excitation

During cathodoluminescence (CL) measurement, we use a home-designed electron beam
gun as shown in Figure 2-14 mounted into the chamber as shown in Figure 2-7, providing
electrons of up to 10 keV in energy. The filament is at high voltage and the anode at the
ground. The distance between the electron gun and the sample on the holder is about 40 mm.
The axis of the gun is at 50° to the normal of the sample plane rendering possible light
detection along the normal to the samples. The beam current is about 0.5 pA. Experiment

were also carried out under a vacuum better than 10 mbar, at ambient temperature.
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Emission spectra and light intensity were recorded for different electron beam energies and
for different radiation time with the same beam energy.

Filament

- Wehnelt
> = % Anode

—

Polymer
|

Figure 2-14 Schema of the core of the electron gun. The diameter of the hole at the anode is 1 mm.

Figure 2-15 shows the circuit diagram of the excitation source during the
cathodoluminescence measurement. The AC voltage supply provides the energy to heat the
filament and emit electrons from the metal by thermionic emission. Hence, the AC voltage
or current dominates the number of excited electrons. The DC voltage supply accelerates the
electron beams, which dominates the energy of excited electron beams. Hence, the electron
beam average energy can be achieved according to the DC voltage. The capacitor is to avoid
the burnout of the filament. R; and R are to obtain the border of filament voltage. R3 is to
ensure that the Wehnelt of electron beam accelerator is biased negatively in respect to the
anode (at ground).

! :

AC -

Filament

\
e

= =

Figure 2-15 Circuit diagram of the excitation source (R;=72.2Q, R,=72.2Q, R3=275kQ.).

DC

During the CL measurement, the AC and DC power supplier as shown in Figure 2-15 are
to control the number and energy of the electrons, respectively. Prior to measurement, a
calculation curve has been established, with the AC voltage source or the AC current
provided by the electron gun. The DC current vs. AC voltage and current are plotted in
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Figure 2-16 and Figure 2-17, respectively. From Figure 2-16 and Figure 2-17, the DC current
increases very sharply with the increase of the AC current and AC voltage. There appears a
threshold at about 1.1 A of AC current. From 1.1 A to 1.9 A, the DC current booms. On the
other hand, the DC current increases little with the DC voltage. The counts of electrons are
independent from their energy of 2-5 keV. Both the energy and the counts of electrons affect
the intensity of light emission. The electron beam energies with several keV are used in the
following. Hence, during the CL measurement of materials AC voltage of 120 V and current
of 1.68 A are applied on the filament to achieve enough electrons.
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Figure 2-16 DC current vs. AC voltage.
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Figure 2-17 DC current vs. AC current.
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During the CL measurement, the light emission in the red domain is detected due to
incandescence of the filament. Examples of spectra are shown in Figure 2-18. They were
obtained on the electrode (anode) in the absence of sample. For an AC voltage of 0.5 kV, it
is only due to incandescence and no electrons exit the electron gun. The emission spectrum
due to incandescence has been corrected from the CL spectral distribution irradiated with
electron beam energy up to 5 keV in the dissertation.
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Filament current (A):
1901 122
—1.28
- 120 4 — 135
[72]
o
-
L 90
2
)
c
3 60
£
30
04

200 300 400 500 600 700 800
Wavelength (nm)

Figure 2-18 Spectra of filament, incandescence emission from the filament is at about 1.28 A.

2.2.2.2  The photomutiplier detector - photons counting

The photomultiplier (PM), type of Hamamatsu R943-02, as shown in Figure 2-19, is used
to count photons emitted by the material. It allows to observe resolved luminescence in time.
It operates at a controlled temperature of -30 °C by a Peltier cooling system. This
temperature has the effect of reducing the thermal emission of electrons from the
photocathode, which implies extremely low noise (a few counts per second). The spectral

response of the photocathode of the photomultiplier does not vary a lot.

The signal transmitted by the PM is pre-amplified and then passes through a set of
amplifier/discriminator and is finally transferred to a computer via a card of "fast"
acquisition pulse counter from ORTEC. The integration time (dwell time) is variable from
micro-seconds to several minutes. We have carried out with our materials, which is generally
appropriate for photoluminescence, electroluminescence and cathodoluminescence along

with other luminescence measurements.
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Figure 2-19 The photomultiplier with cooling system of Hamamatsu R943-02.

2.2.2.3  The monochromator and CCD camera - spectra acquisition

The CCD camera (Charge Coupled Device) from Princeton Instruments (LN /CCD-1100-
PB) works at a controlled temperature of -110 °C. This camera is associated with an imaging
spectrograph (type: Jobin-Yvon CP200) which ranges at 200 lines/mm. It covers a spectral
range between 190 nm and 820 nm. The sensitive part of the camera has a resolution of 1100
x 330 pixels, each covering on area of 24 x 24 pm, summing information over the 330 rows.
The spectral resolution is 4.5 nanometers. The CCD camera works either in spectral
detection mode or in imaging mode. The output of the monochromator extends over the
length of the detector at 1100 pixels, i.e. a point per 0.573 nm.
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Figure 2-20 CCD camera with cooling system from Princeton Instruments (LN / CCD-1100-PB).

2.2.2.4  Ultraviolet-visible spectroscopy

The Ultraviolet-visible spectroscopy is used to measure the absorption or transmission
spectroscopy of the samples in the ultraviolet-visible spectral region. In the dissertation, we
used Ultraviolet-visible spectrophotometer - HP8452A from Hewlett-Packard as shown in
Figure 2-21. It is complementary to fluorescence spectroscopy, which derive from the
absorption energy transition from excited state to the ground state. The absorption spectra
and emission spectra could be considered together. The UV-vis spectroscopy covers the
wavelength range from 190 nm to 820 nm both on absorption and transmission modes.
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Figure 2-21 Ultraviolet-visible spectrophotometer, type of HP84524.
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Electroluminescence and relationship to electrical degradation

Synopsis

In this chapter, gold-metalized Polypropylene thin films are submitted to DC and AC
electric fields and gold-metalized Polyethylene thin films are submitted to AC electric field
in conditions where gaseous discharges in ambient are avoided emit light in the visible part
of the optical domain. Phase-resolved EL is compared between different electrodes (gold
and ITO) with/without filter. Two spectra components of the light with different features

have been unraveled being due to the electrode and to the polymer itself.

The EL spectra along with photoluminescence and absorption spectra of polyethylene are
compared with that of polyethylene. These excited states provide a route for a series of
reactions associated with chemical degradation of the polymer during its ageing under high
field. Finally, it will show that similar excited species are generated in Polyolefins pointing
towards a generic origin of these excitations in the materials.
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3.1 Introduction

The degradation mechanisms of polyolefin such as Polyethylene and Polypropylene under
an electrical field are still the matter of debate. There is a reasonable understanding of the
deterioration process in the situation where electrical discharges are present: chemical
reactions are started following the interaction between the active species of the (partial)
discharge —ions, energetic electrons, metastables, UV radiation etc., and the polymer [135].
For some applications under high fields —like capacitors and high voltage cables, the
presence of partial discharges is to be absolutely avoided. In spite of that, the use of polymers
is limited by their long term withstanding to electrical stress [136].

Different hypotheses have been put forward for explaining the ageing but none has found
a firm theoretical and experimental basis. Electro-mechanical or electro-kinetic effects have
been envisaged as ageing-driving mechanisms. Among electro-kinetic processes, some
involve the relaxation of kinetic energy (hot carriers effects) or potential energy (charge
recombination). Both imply the formation of excited states and therefore of light emission.
The formation of excited states opening the way to chemical reactions, we investigated in
this chapter the way whereby such excited states can be created, considering the field
conditions (DC field, AC field with consideration of the phase patterns...) in which the
material is excited and trying to infer their nature based on electroluminescence emission

spectra.
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3.2 Experimental

3.2.1  Samples

Measurements were carried out on Bi-axially Oriented Polypropylene (BOPP) films (see
Figure 3-1) of 17.8 um thickness supplied by KOPAFILM, Germany. These are “hazy” films
with rough surfaces to promote impregnation of capacitors. Both surfaces of the films were
metallized with semi-transparent layers of gold deposited by cold sputtering (thickness: 30
nm, diameter: 50 mm), or alternatively by sputtering transparent Indium Tin Oxide (ITO)
layers (thickness: 110 nm, diameter: 50 mm). Observation of the film surfaces using an
optical microscope in reflection and transmission mode clearly shows the differences in
roughness and transparency of the two surfaces, respectively, cf. Figure 3-1 and Figure 3-2.
In reflection mode and because of the small thickness of the films, it is not easy to distinguish
features appearing on the both faces of the films (Figure 3-1 a and b). For this reason, films
were gold-metallized providing pictures shown in Figure 3-1 ¢ and d.

Figure 3-1 Optical microscopy of a: BOPP film from the rough surface, b: BOPP film from the smooth surface,
¢: Au-BOPP-Au from the rough surface, and d: Au-BOPP-Au from the smooth surface. Reflection mode. The
red marks indicate a scale of 500 um.
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Figure 3-2 Optical microscopy of a: BOPP film from the rough surface, b: BOPP film from the smooth surface,
c: Au-BOPP-Au from the rough surface, and d: Au-BOPP-Au from the smooth surface. Transmission mode.
The red marks indicate a scale of 100 um.

SN

Figure 3-3 SEM image of the surface and the opposite side of BOPP sheet, taken from [137].

It can be seen clearly from Figure 3-1 there are elongated structures of different scale on
each surface. Large (500 um) and small (100 um) crater-like structures define respectively
rough and smooth surfaces. Their transmittance and thickness both vary in different film
area as shown in Figure 3-2, which is due to the physical structure of BOPP. A number of
studies on the surface morphology of BOPP films with crater-like structure have been
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reported since the 1980s [138]. The SEM image of the surface and the opposite side of PP
sheet can be seen in Figure 3-3. The depth of these structures formed during the stretching
process of BOPP has a good relationship with the chill-roll temperature as shown in Figure
3-4. The shape of the crater is closely related to the shape of crystal grains formed at the
surface of BOPP. B crystals with lower density in PP sheet change into a crystals with a
higher density after stretching the sheet which contains both a and f crystals. An explanation
to the formation of crater-like surface roughness of BOPP films is based on the difference
between the densities of a and B crystals — however the complete mechanisms for crater
formation are not yet fully elucidated [138]. By the way, the crater structure is possible to
design as it is required by controlling the trans-crystal structure in the surface layer of PP
sheet. The thickness, roughness, density, and components of BOPP range at different regions
of crater because of the crystal grain.

&—FP

W Die

Extruder

Chill-roll

Opposite side
of chill-roll

PP sheet

Figure 3-4 Schematic diagram of PP sheet forming machine, taken from [137].

3.2.2  Light analyses set-up

Light emission analyses was performed at room temperature under high vacuum (about
5x1077 mbar) in order to avoid partial discharges in the ambient atmosphere. Light detection
is carried out by two systems: a cooled photomultiplier (PM) working in photon counting
mode for integral light detection, and a grating monochromator (4.5 nm in resolution)
coupled to a liquid nitrogen cooled charge coupled device (CCD) camera for spectral
analyses which covers the wavelength range from 300 nm to 850 nm. PP films with both
sides metallized with semi-transparent gold or ITO layers were sandwiched between two
brass electrodes (the rough surface of BOPP films on the top), as shown in Figure 2-8 in
chapter 2. The upper electrode has a ring shape in order to allow light emission analyses
under AC or DC field up to breakdown. Photoluminescence are also carried out in the same
chamber with a xenon lamp coupled to an irradiation monochromator of wavelength from
200 — 700 nm. Transmittance is measured by an ultraviolet-visible spectroscopy as

demonstrated in chapter 2.
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3.2.3  Stressing

Owing to the high dielectric strength of BOPP, DC electric field values up to 420 kV/mm
(DC stress) and 246.4 kV/mm (all the AC fields in the text are crest values) could be applied
to the samples.

For DC stress, the voltage was increased by step of 14 kV/mm lasting for 600 seconds up
to a level of 280 kV/mm, then by step of 28 kV/mm up to 420 kV/mm (or until breakdown
occurs). Charging current and electroluminescence were recorded simultaneously along the
process of voltage application.

For AC stress, when recording EL-field characteristics, the voltage was increased in steps
of 11.2 kV/mm lasting 40 seconds up to a level of 67.2 kV/mm, then by step of 22.4 kV/mm
to 246.4 kV/mm. Also phase-resolved EL patterns were recorded, resolving the phase of the
AC signal into 200 segments and integrating the light for 400 seconds, i.e. for 2 seconds per
segment.
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3.3 Results

3.3.1 Field dependence of EL and time dependence of current under
DC stress

Light emission is detected above a field of 300 kV/mm under DC electric stress as shown
in Figure 3-5 where electroluminescence (EL) intensity is plotted at different voltage steps
within 60 seconds after voltage application. EL exhibits a transient character with a
decreasing intensity in a matter of some seconds after voltage application. However, a weak
level of light is still detected at the end of these 60 seconds steps. The current as function of
time under DC electric stress is plotted in Figure 3-6. The transient current decreases very
fast during the first 100 seconds then decreases slowly. The current increases with the
increment of the electric field, which is demonstrated more intuitively in Figure 3-7.

The field dependence of the light emission and current averaged over 30 seconds at the
end of the voltage steps is shown in Figure 3-7. The current is increasing super-linearly with
the increase of the field but the current-voltage characteristic has a slope that tends to
decrease from 200 kV/mm and on. It can also be seen that the light starts to level off above

200 kV/mm, but stays near the base line (noise of the photomultiplier) even at 420 kV/mm.

Such behavior is typical of the DC EL detected in polyolefin films. It has been reported
in [139] that DC EL in Polyethylene films has a transient character decreasing in a matter of
seconds after voltage application and being undetectable after some time. Above a given
field, a constant level of light emission is still detected at longer time. A discussion of this
effect has been given in [139]. DC EL can be excited upon charge recombination or hot
electron effects. However, in the absence of preexisting charges, bipolar recombination
needs the crossing of fronts of charges of opposite polarity (charge transit time) and this
would appear as a time shift between voltage application and light detection. A decaying
transient EL appearing at the moment of voltage application is therefore hardly explainable
by recombination mechanisms except in the case where ions accumulated near the electrodes
recombine with injected carriers. Experimental evidence of such mechanism has not been
given so far. Hot electrons on the other hand are likely to be generated above a sufficiently
high field by injection of carriers from the electrodes, leading to a decreasing light emission
due to field screening at the electrode as soon as injection is copious.
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Figure 3-5 Electroluminescence vs. time within 60 seconds after voltage application under different DC fields
(gold electrodes, cp2s stands for counts per 2 seconds dwelling time).
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Figure 3-6 Current as function of time during the first 600 seconds. The current is measured on a 20 cm’

electrode area.
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Figure 3-7 Current and electroluminescence vs. field (average values over 30 seconds at the end of each

voltage step, gold electrodes).

Under such high electric fields, both mechanisms of charge recombination and hot
electron effects could co-exist. The first could dominate at high fields where the field
maximum is located in the bulk of the films (see [140]) and where the copious charge
injection ends up with recombination domains located near both electrodes: this could lead
to a continuous emission of light due to recombination domains continuously fed by the
copious injection. On the other hand, hot electrons are particles that attain a kinetic energy
accelerated by an electric field. Hot electron effects could dominate short after transient
voltage and generates excited states (due for example to the step voltage application) because
there is an unbalanced field at this moment.

Further indication in favor of a recombination-dominated electroluminescence at long
time is provided by the shape of the current vs. voltage characteristic: the slope is decreasing
from the field at which EL is detected and on. An analyses of the current-voltage
characteristic of low density Polyethylene (LDPE) reported in [140] has shown that such
shape is only reproduced in charge transport modeling when charge recombination is
considered. It seems that qualitatively the same mechanism is at play in BOPP. However,
the DC EL in BOPP thin films is much fainter and the threshold is much higher than in
LDPE. This is maybe due to the higher dielectric strength, a lower current which leads to
less probability of excitation, thinner thickness and probable lower contents of chemical
defects in BOPP films.

Despite the high field strength, the detected DC-EL in BOPP is extremely faint and could
not be further analyzed.
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3.3.2 Field dependence and phase-resolved EL under AC stress

The AC-field dependence of the light emission at different frequencies of the AC voltage
is shown in Figure 3-8 and Figure 3-9 (a) for two different Au-BOPP-Au samples. The
threshold of EL in BOPP films is approximately 10 kV/mm. The EL intensity increases a
little with the increase of the frequency. The EL emission is considered due to the injection
and recombination of charges. The higher frequency makes it possible that more injection
occurs at a certain time. The threshold does not change with the frequency, which is an
intrinsic property of the material.

Although the light intensity and the shape of the characteristics vary, there is a common
feature in that the curves exhibit a typical upward convex shape in the low field region (that
we called “bump” for simplicity), increasing with an increase in frequency as indicated by
the arrow in Figure 3-8 and Figure 3-9 (a). This “bump” has already been reported when
testing different types of gold metallized polymer films under AC stress [126]. It was also
shown that the “bump” in the EL-field characteristics can be suppressed by using a low band
path optical filter as shown in Figure 3-9 (b) with a sharp cut-off at 620 nm enabling light
detection with “red rejection”. The transmittance of the optical filter is shown as Figure 3-10
with a high light transmission rate of wavelength from 300 nm to 620 nm. It infers that the
red component emission contributes the “bump” in the EL intensity vs. field curve.

It is clearly shown that the “bump” of the EL vs. field characteristic is associated with an
emission in the red part of the spectrum and can be rejected by the filter in Figure 3-9 (a)
and (b). This emission has been attributed in previous studies to the relaxation of Surface
Plasmons excited by charge injection/extraction at the interface between gold electrodes and
the material [126]. Surface Plasmons excited in metals can radiate light in the red part of the
optical spectrum upon decay. A further evidence of the involvement of Surface Plasmons is
provided by the fact that the “bump” is not detected when using ITO electrodes as shown in
Figure 3-9 (c). Therefore, the comparison of BOPP films with Au or ITO electrodes has been
done and plotted in Figure 3-9 (a) and (c). The ITO electrodes appear the same effect of
suppressed of the “bump”, which implies that the “bump” is due to red component emission,
more precisely due to Surface Plasmons effect of the Au electrodes. We will further address
this effect in the chapter 4.
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Figure 3-8 EL intensity vs. field characteristics of Au-BOPP-Au under AC stress at different frequencies. The
dotted line is the noise level of the measurement. Light intensity is given in photomultiplier counts per 2 seconds.
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Figure 3-9 EL intensity vs. field characteristics of BOPP films under AC stress at different frequencies. (a) Au-
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90 Bo QIAO, LAPLACE, University of Toulouse, 2015



Electroluminescence and relationship to electrical degradation

100

f s ARFARRAAATVM
- IR

K H

80 - ! l‘l
60

40 -

Transmittance (%)

20

|
, \

e

T T T T T T T 1 M 1
200 300 400 500 600 700 800
Wavelength (nm)

Figure 3-10 Transmittance of the filter.

In order to investigate the relationship of EL intensity and curve with voltage waveform,
we carried out phase-resolved EL measurements. The AC phase-resolved EL is reported in
Figure 3-11 for the same conditions as in Figure 3-9. Figure 3-11a shows a significant shift
of the EL crest from 12.6 (112 kV/mm) to 13.2 (157 kV/mm) which is not detected when
using a red filter, or when using ITO electrodes, i.e. when rejecting the emission due to
Surface Plasmons effects. This further substantiates the existence of two contributions to the
light emission with specific field dependency. Another striking fact is the dissymmetry in
the amplitude of the EL peaks detected under positive and negative voltages when using the
red filters or the ITO electrodes. This might also be related to the non-symmetric topology
of samples surface for example. However, no such relation to the roughness could be shown.
In fact, electroluminescence measurements on similar samples often revealed some
discrepancies when focusing on the light intensity during each half cycle and we will not
comment further this observation.
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3.3.3

The EL is measured under a relatively high electric field, especially when acquiring
spectra. Eventually breakdown occurs during EL recording; the fracture pattern was
analyzed in some instances. For example, in BOPP films, the breakdown area is burnt and
carbonized as shown in Figure 3-12. From numerous breakdown samples, we consider the
edge of crater-like structure is the weakest area for electrical breakdown. The chemical

AC EL Spectral analyses

structure is a reason for electrical breakdown.
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Figure 3-12 Optical microscopy of Au-BOPP-Au film after breakdown. Reflection mode. The width of the

breakdown area is about 500um.

Spectral analyses was not possible under DC stress due to the very low level of light. It
has been realized under AC stress only. The emission spectra of Au-BOPP-Au samples are
shown in Figure 3-13. The spectra in Figure 3-13 (b) are after eliminating the red emission
at 56 kV/mm. The emission spectrum can be analyzed as composed of two contributions
with different field dependencies: a contribution in the red part of the spectrum, centered at
800 nm and dominating the emission spectrum at low fields, and another one centered at
about 570-580 nm, dominating the emission spectrum at high fields. The existence of the so-
called “red component” has been reported in our different investigations of EL in metallized
polymer films and was attributed to an interfacial effect involving Surface Plasmons [103,
126]. This will be discussed in detail in chapter 4. The peak of spectra at 570-580 nm is the
bulk emission from the BOPP films.

The UV-vis transmittance spectra of BOPP films and BOPP films with gold electrodes
are shown in Figure 3-14. BOPP mainly absorbs Ultraviolet light of wavelength lower than
250 nm and absorb little light in visible domain. Note that there exists amount of reflection
of light on the surface of the BOPP films during the transmittance testing.
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3.4 Discussion

34.1 EL characteristics and phase-resolved EL

The EL intensity of BOPP films under DC stress is very faint because the high dielectric
strength makes the charge injection very low then very low current go through the materials.
However, under AC stress the EL intensity is relative high because the alternative current
makes more charge injection to the materials. The EL intensity increases a little with the
increase of the frequency. It is interesting that with the increase of the electric field the EL
increases nonlinearly with a threshold at a certain electric field of approximately 10 kV/mm.
The threshold of EL vs. field is an intrinsic property of the material.

As for the phase-resolved EL, the phase advance will decrease along with the increase of
the electric field. The crest of EL intensity is the crest of recombination of charge carriers.
The injected electrons combine with the residual holes injected during last period, which
makes the crest of recombination in advance of applied voltage. The electrode is another
factor that affects the advance of the phase of EL under AC stress. The red component
emission contributes relative strong intensity at low AC electric field. Hence, the EL
intensity is a sum of both light from material itself and from the red component emission.
The red component emission makes the EL crest in phase-resolved EL advanced due to its
relative strong intensity at low field. The analyses will be demonstrated in detail in
Polyethylene Naphthalate in chapter 4.

3.4.2 EL and PL Spectral analyses

34.2.1 Polypropylene

EL emission spectrum can be analyzed as composed of two contributions with different
field dependences: a contribution in red domain of the spectrum, centered at 750-800 nm,
dominating at low field, and another one centered at about 570-580 nm, dominating at
relative high field. The red component emission is due to Surface Plasmons or interface
states, the intensity of which varies from sample to sample. They have the same wavelength
crest at about 570-580 nm and the same spectra shape except the red emission component,

implying they derive from the same or similar luminescent mechanism.

The origin of the main component of the EL emission spectrum at 570-580 nm is worth
discussing. The BOPP films contain antioxidant and some other additives and their presence
could play a role in the emission process.

One straightforward experiment to check for possible contributions in the emission is to
record the UV-induced luminescence spectrum. The UV-absorption spectra, photo-induced
fluorescence emission and photo-induced phosphorescence emission of BOPP films are
shown in Figure 3-15 and Figure 3-16. The UV-induced fluorescence (FL) spectrum is
excited at 230 nm and taken at room temperature. The UV-induced phosphorescence (PHL)
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spectrum is excited at 250 nm at liquid nitrogen temperature and is recorded during the
natural decay of the phosphorescence (i.e. UV excitation beam off). The phosphorescence
of polyolefin quench with the existence of oxygen molecules at room temperature, therefore
cannot be detected during light emission analyses. Hence, the EL in BOPP films is due to
chromophores not the same with fluorescence and phosphorescence in optical excitations.

Figure 3-16 (a) has shown the UV-absorption spectrum of a film with an absorption
maximum at 200 nm and two absorption shoulders at 230 nm and 280 nm. Absorptions at
200 nm and 230 nm are typical of m—>n* transitions in C=C double bonds that are present in
polyolefin films through the phenyl ring of Irganox as well as unsaturations of the polyolefin
chain. The absorption at 280 nm is rather due to the n—n* transition in carbonyl compounds.
Figure 3-16 (b) shows the fluorescence emission (transition from the first excited singlet
down to the singlet ground state of the excited species) which is at maximum when excited
at 230 nm and 280 nm (corresponding to the absorption maxima). Such kind of photo-
induced emission is typical of fluorescence with a residual oxidation [38]. Figure 3-16 (c)
shows the phosphorescence peak excited at 250 nm (transition from the first excited triplet
down to the singlet ground state of the excited species - a forbidden transition associated
with a long life time > ms). It exhibits a maximum at 472 nm and two shoulders at 440 nm
and 500 nm which have been associated with the presence of unsaturated carbonyls of the
di-enone type [38]. Anyway in the context of our discussion, it appears that the EL and CL
spectra are not organized around the same components as those revealed in
photoluminescence, except may be for the shoulder at 328 nm visible in the CL spectra. A
contribution of the natural fluorescence cannot be ruled out.
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Figure 3-15 (a) photo-induced fluorescence emission with maximum excitation light of wavelength at 230 nm
at room temperature and (b) photo-induced phosphorescence emission with maximum excitation light of

wavelength at 250 nm at liquid nitrogen temperature of BOPP films.
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34.2.2 Polypropylene and Polyethylene

Very close similarities exist between the emission spectra of PP and those obtained on
Polyethylene (PE). The LDPE samples exhibit photoluminescence spectra with two
maximum excitation light at 230 nm and 280 nm as shown in the two intersections of three
white lines in Figure 3-17, which has the same peaks with the BOPP samples in Figure 3-16.
The maximum emission spectra is at 328 nm. PE and PP have very close photo-physical
properties with photo-induced phosphorescence (transition from excited triplet to singlet
ground state in unsaturated species responsible for the emission —see [38]) emission spectra
peaking at about 450 nm. In addition, these materials exhibit similar recombination-induced
spectra peaking at 505 nm [38] that correspond to the lowest lying triplet states involved in
phosphorescence emission.

5 Photoluminescence Intensity

475 L ,
400 450
450
425

400

Emission Wavelength (nm)

0
220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 300
Excitation Wavelength (nm)

Figure 3-17 Photoluminescence spectra distribution of LDPE films under different excitation light. The
emission wavelength vs. excitation wavelength is plotted. The colors from blue to red mean the
photoluminescence intensity from low to high.

The EL spectra of LDPE film and XLPE film are measured and plotted in Figure 3-18 and
Figure 3-19, respectively. Owing to the similarity between the two polymers, the 570-580
nm EL component in PP could be attributed to the same origin as for PE.
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Polyethylene and Polypropylene are both polyolefins with similar chemical structures. It
can be seen from the EL spectra that they are organized around the same components,
although with less apparent contributing shoulders in EL likely due to the low level of light.
The fluorescence and phosphorescence emission peak at 328 nm (excitation wavelength 230
nm) and 472 nm (excitation wavelength 250 nm), which is similar in PP and points towards
generic species common to both materials as being responsible for the photo-induced
emission. It can be seen that they are identically pointing towards a generic excited state in
both materials upon high field material degradation. The electroluminescence features in PP
and PE reveal their excitation transport and relaxation processes under electric field. PE and
PP are both polyolefin, with similar Carbon chain bonds, maybe following the similar

degradation route.

100 Bo QIAO, LAPLACE, University of Toulouse, 2015



Electroluminescence and relationship to electrical degradation

Under electric stress, excitons form and release with light emission. An exciton is a bound
state of an electron and an electron hole which are attracted to each other by the electrostatic
Coulomb force. It is an elementary excitation of materials that can transport energy under
electric field. An electron is excited from the valance band into the conduction band, leaving
behind a positively charged electron hole. The decay of excitons, i.e. the recombination of
the electron and hole, is accompanied by light emission with corresponding energy.

The formation of excitons and subsequent relaxation through a dissociative pathway is
one of the likely mechanisms for EL in PP and PE. Indeed, the fate of excitons formed upon
recombination of electron/hole pairs has been investigated in Polyethylene materials using
density functional calculations and ab-initio molecular dynamics simulations. Two situations
were investigated where excitons are self-trapped along a chain [141, 142] or trapped at
chemical defects [142]. The relaxation can occur following different pathways depending on
the case. When the exciton is trapped on a chemical defect, the relaxation pathway depends
of the nature of the chemical defect leading to trapping of the charges, non-radiative
recombination or homolitic bond-breaking. This is of course the last process that is relevant
for damage. When the exciton is self-trapped along a chain, C-H bonds breaking is promoted
according to a recent calculation [143]. With the opening of a chemical route, by-products
could be produced in excited states and be responsible for emission in a wavelength range
that is not typical of the initial chemistry of the polymer. The electroluminescence features
could reveal such degradation process.
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3.5 Conclusion

Polyolefin thin films emit light when submitted to DC (weak light emission) or AC
(stronger light emission) under uniform field configuration. The electroluminescence versus
field characteristic together with the spectral analyses confirms the existence of two
contributing mechanisms in the emission process. One is due to an interfacial effect
involving Surface Plasmons excited at the metallic electrode upon charge
injection/extraction. It is best identified at low field and high AC frequency, with the
appearance of a bump in the EL-filed plot that disappears with red censoring.

The other one is related to excited states (excitons) of the polymer promoted upon charge
recombination or hot electron effects. Interestingly, we have shown the electroluminescence
spectra of BOPP and PE are organized along the same components, indicating the same
excited species are at the origin of the emission in both materials. The excitonic states
generated under high field in polyolefins (PE and PP) seem to have a common origin which

is likely linked with the macromolecular backbone.
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Impact of the nature of electrodes

Synopsis

The aim of this chapter is to analyze the impact of the nature of different electrodes on
electroluminescence features through EL field characteristics, spectral analyses, and phase
angle analyses under AC field. In this way, the origin of the red emission should be unraveled.
Polyethylene 2, 6-Naphthalte (PEN, an aromatic polyester), is particularly suitable for
understanding electroluminescence in polymeric dielectrics, not only because it gives a high
performance with physical, thermal, and chemical characteristics but also EL intensity of
PEN under AC and DC field is relatively strong.

One of the unresolved questions in the EL spectrum of insulating materials in general is
the occurrence of red emissions under AC electric field when using e.g. silver or gold as
metal electrodes. Surface Plasmons (SPs) effects and/or charge recombination on surface
states have both been advocated as possible origins for such emissions. In this contribution,
EL of 25um Polyethylene 2, 6-Naphthalte (PEN) films are investigated using Indium Tin
Oxide (ITO) and gold (Au) electrodes separately, the singularity of ITO being that it does
not exhibit the SPs effects characteristic of noble metals (e.g. gold) in the visible domain.
EL spectra and EL-field characteristics were recorded under DC and AC fields, as well as
phase-resolved EL patterns. Emission spectra from ITO-PEN-ITO do not reveal the red
emission contrary to that of Au-PEN-Au. Results are discussed regarding both the origin of
the emissions, and the consequences that SPs-mediated emissions may have on EL features
such as EL-field characteristics, spectra, and phase patterns.
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4.1 Introduction

The electroluminescence (EL) of insulating polymers is an exciting field of research
because it gives insight into electrical ageing and breakdown processes. Various physical
and chemical mechanisms have been involved in the aging of electrical insulations under
DC and AC stress [4, 5]. Electroluminescence (EL) is a phenomenon involving physical
processes such as charge injection, extraction, and transportation, but also chemical reaction
through excited states. Electric fields can produce excited or ionized states, some of which
have a non-zero probability for light emission during their relaxation and for chemical
reaction in their excited states. Hence, on one hand, EL can be a probe of charge excitation
and recombination processes, on the other hand, it may provide information on the nature of
defects and luminescent sources. Because interfacial electronic states are very important in
charge transfer at the electrode-dielectric interface, it should impact on the EL features,
especially under AC stress. Therefore, EL can also gather information and be used to probe
the physical/chemical processes occurring at the metal-dielectric interface.

Furthermore, electromagnetic properties at metal-dielectric interface undergo an
increasing interest in a booming area of sciences called “plasmonics”. Surface Plasmons
(SPs, or more exactly Surface Plasmon Polaritons, SPPs) are electro-magnetic excitations
that propagate along the interface between a metal and a dielectric. It can be excited by a
supply of energy, either photon or electron irradiation on a rough (not perfectly smooth)
surface [ 144]. Therefore, SPs effect can be expected at a dielectric/metal interface submitted
to an electric field. For these reasons, electroluminescence phenomena observed in the red
region (600-850nm) in insulating polymers with noble metal electrodes (Au, Ag) have been
attributed to SP emission [126]. SP processes should not be present in indium tin oxide (ITO),
a transparent conducting oxide used as electrode in electroluminescent devices.
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4.2  Experimental

All the measurements were performed on PEN films of 25 pum thickness supplied by
Dupont (Dupont Teijin Films Teonex® Q51). These PEN films were metallized with ITO
electrodes (thickness: 200 nm, diameter: 50 mm) or Au electrodes (thickness: 30 nm,
diameter: 50 mm) by sputtering. Samples, sandwich structures were designated as Au-PEN-
Au and ITO-PEN-ITO.

Figure 4-1 PEN samples metalized with ITO (left) and Au (right) electrodes.

EL experiments were performed at room temperature, under high vacuum (10”7 mbar) in
order to avoid gaseous discharges. Light detection is carried out by two systems: a cooled
photomultiplier (PM) working in photon counting mode for integral light detection, and a
grating monochromator (4.5 nm in resolution) coupled to a liquid nitrogen cooled charge
coupled device (CCD) camera for spectral analyses which covered the wavelength from 200
nm to 850 nm.

For field-dependence EL under DC stress, the field was increased in steps of 20 kV/mm
lasting for 10 min from 20 kV/mm to 300 kV/mm. For field-dependence EL of Au-PEN-Au
and ITO-PEN-ITO under AC stress, the field was increased in steps of 16 kV/mm lasting for
80 seconds from 16 kV/mm to 272 kV/mm under frequency from 1 Hz to 60 Hz. For field-
dependence EL of Au-PEN-Au with filter under AC stress, the field was increased in steps
of 8 kV/mm lasting for 80 seconds from 8 kV/mm to 80 kV/mm, then in steps of 16 kV/mm
lasting for 80 seconds from 80 kV/mm to 256 kV/mm under frequency from 1 Hz to 60 Hz.

For phase-resolved EL, the measurements were carried out at field of 272 kV/mm under
frequency from 1 Hz to 50 Hz; and at frequency of 40 Hz under field from 160 kV/mm to
272 kV/mm.
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4.3 Results
4.3.1 Field dependence of EL under DC and AC stress

In Figure 4-2, the EL and current vs. field characteristics of PEN under DC stress are
plotted for different electrodes. EL vs. field of PEN under AC stress at different frequencies
is also shown in Figure 4-3. Under DC stress, there is no significant difference between two
kinds of electrodes. The EL thresholds are both at about 160 kV/mm (though slightly lower
for Au-PEN-Au). However, under AC stress, it can be seen clearly that there is an
embossment of the characteristic for the Au-PEN-Au sample in the low field region,
increasing with an increase in frequency, which does not exist in the ITO-PEN-ITO. It was
shown previously that this embossment can be eliminated from the EL spectrum of several
polymers with Au electrodes using a cut-off optical filter in the red part of the spectrum
[126]. Figure 4-3 (c) shows the characteristics obtained when using a low pass filter cutting
at 620 nm (cf. Chap. 2). The UV-visible transmittance spectra of the filter and of a PEN film
are shown in Figure 4-4. Clearly the embossment is removed and the characteristics have the
same shape as that obtain with ITO electrodes. The impact of red-censoring EL on AU-
BOPP-Au or of changing from Au to ITO electrodes presented in the previous chapter in
Figure 3-9 goes in the same direction and the effects are even much clearer than with PEN,
presumably because PEN has more efficient emission from the material. These features
constitute a first indication of the existence of several contributing processes, with distinct
field dependencies, to the EL of insulating polymers.
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Figure 4-2 Electroluminescence intensity and current vs. field characteristics of Au-PEN-Au and ITO-PEN-

ITO under DC stress. The dotted line is EL noise level. “cp2s” stands for counts per 2 seconds. Data are taken

after 10 min under constant voltage.
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Figure 4-4 Transmittance spectra of filter and PEN.

4.3.2 Phase-resolved EL under AC stress

Interpretation of the EL dependence on voltage waveform can give us information on
charge injection and extraction as well as transport and recombination. During the phase-
resolved EL measurements, using a cooled photomultiplier to collect the optical signals, the
counting dwell time was set suitable for phase-resolved EL measurements with 200 data
points in one cycle under AC voltage waveform, and an integration time of 2 seconds per
memory channel. The noise level is the same as in Figure 4-2 and Figure 4-3, and is
negligible for these measuring conditions under AC.

The frequency-dependence phase-resolved EL is shown in Figure 4-5. There exists an
advance of the EL crest comparing to the voltage crest. However, the advancement does not
vary with the applied frequency. However, for the field-dependency phase-resolved EL,
Figure 4-6 shows the phase-resolved EL patterns of PEN with the two kinds of electrodes
under study for sinusoidal waveform voltage. The advancement decreases with the
increment of the field.
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The light is emitted twice in one voltage cycle as is typical in EL experiments. In one EL
cycle, EL intensity increases relatively slowly with the voltage ramping up, then it decreases
more rapidly after the crest of voltage. The EL phase angle, defined as the distance between
the voltage maxima and EL wave crest is not the same for the three cases. With a red
emission light cut-off filter, the phase resolved EL of Au-PEN-Au is more similar to ITO-
PEN-ITO, which infers that the red component makes contributions to the left shift phase
angle.

The average phase angles for positive and negative voltage half cycle are plotted in Figure
4-7. EL phase angle of Au-PEN-Au changes drastically from 32.4 © at low field (160 kV/mm)
to 1.8 © at high field (272 kV/mm); that of ITO-PEN-ITO gradually decreases from 18.0 ° to
9.0 °; that of Au-PEN-Au with filter gradually decreases from 23.4 ° to 14 °.

—a— Au-PEN-Au
304 324 —e— |ITO-PEN-ITO
—a&— Au-PEN-Au with filter
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Figure 4-7 Phase angle of Au-PEN-Au, ITO-PEN-ITO, and Au-PEN-Au with filter under AC stress of 40 Hz.

Under AC field, injected charges either are trapped or recombine with carriers of opposite
polarity trapped during the previous half cycle. EL is emitted in advance to the crest voltage
because the recombination rate of carriers is at maximum there. Interestingly, it can be seen
that EL phase angle depends on field and it also depends on electrode nature. EL phase angle
has also indeed some relationship with the red component emission. Given the relatively
enhanced contribution of red emission at low field, the results tend to show that the phase
angle of EL from SPs would be larger than that from PEN emission.

As to the advance of phase of EL, in the literature [85] Baudoin ez. al. simulated the phase-
resolved EL in insulating polymers (especially Polyethylene), based on charge injection
transport and recombination model. A hopping mobility of electronic carriers between traps
with an exponential distribution in depth was used. The comparison between simulation and
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experiment is plotted in Figure 4-8. During one circle of sinusoidal waveform voltage there

are several steps for charge transport, trapping, de-trapping, and recombination processes:

a)

b)

d)

Att=0ms (under zero applied voltage), electric field at the reference electrode is negative
(because the net density of charge is positive due to the previous accumulated positive
charge within the positive half cycle) and hence electrons begin to be injected and holes
begin to be extracted. Injected electrons are then trapped and some of them recombine
with trapped holes: hence, the recombination between injected electrons and trapped holes
increases in time.

Att=3 ms, electric field at the cathode, recombination rate, injection current for electrons
and extraction current for holes are practically at their maximum. The net density of
charge begins to be negative and the electric field at the cathode reaches progressively the
applied field. This appears prior to the maximum of the applied field.

Between t = 3 ms and t = 9 ms, negative carriers are majority carriers in all the cells close
to the cathode and this homocharge induces a lowering of the applied field. In this time
interval, the recombination rate between injected electrons and trapped holes decreases,
i.e. the EL intensity decreases.

Between t =9 ms and t = 13 ms, the electric field at the reference electrode is positive,
positive carriers are injected but the net charge density remains negative, acting as an
heterocharge that enhances the electric field at the reference electrode relative to the
applied field. The recombination between injected holes and trapped electrons begins to
increase.

At t = 13 ms, the electric field at the reference electrode, recombination rate, injection
current for holes and extraction current for electrons are practically at their maximum.
The net density of charge begins to be positive and the electric field at the electrode
reaches progressively the applied field. As previously, this feature appears before the
maximum of the applied field.

Between t = 13 ms and t = 19 ms, positive carriers are still injected and reduce the
electrode field. Injection current for the holes decreases and hence the recombination
between injected holes and trapped electrons decreases.

On the other hand, the impact of the electrode, more precisely Surface Plasmons effect,

makes another contributions to the phase shift of the EL. The red component emission from

Surface Plasmons has a relatively more contributions under low electric field according to

field dependence of EL in Figure 4-3. Hence, the red component emission reaches to the

crest of the light emission under relative low electric field, which makes an advance shift in

phase-resolved EL.

Moreover, the delay mechanism of EL crest under sinusoidal, triangle and square

waveforms of voltage are shown in the annexes at the end of the dissertation, which is due

to the rate of the voltage-change. These are supplementary results for phase-resolved EL

mechanisms.
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Figure 4-8 Comparison between EL measurement and simulated charge recombination rate for Polyethylene
under sinusoidal waveform, simulated by Baudoin et. al. in [85]. The applied field is 60 kV/mm, and the
frequency is 50 Hz.

4.3.3  Spectral analyses

The emission spectra of the PEN samples with Au or ITO electrodes under DC stress are
shown in Figure 4-9 in order to identify and analyze the light components. The shape of the
spectra is fully consistent with those reported earlier, with bands at 500, 578, 618 and 675nm
[80]. In both two graphs of Figure 4-9, normalized at 578nm, the bands at 618nm and 675nm
are strengthening with the increase of the field. In the same time, the contribution of the wide
band at approximately 500 nm clearly decreases. In brief, the two spectra follow the same
trends with the field. In order to make clear the relationship between electroluminescence
spectra and photoluminescence (PL) spectra of PEN, the PL spectra of the PEN films are

measured and plotted in Figure 4-10 at room temperature. The fluorescence spectra peak at
432 nm.
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Figure 4-9 Spectra of (a) Au-PEN-Au and (b) ITO-PEN-ITO under DC stress, Spectra normalized to the
intensity at 578nm (ELs78,m=100).
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Figure 4-10 Fluorescence spectra of PEN at room temperature.

Under AC stress as in Figure 4-11 the spectra of PEN with Au and ITO electrodes are
obviously different. Under low field as in Figure 4-11 (a) and (b), the maximum EL intensity
of the broad peak in Au-PEN-Au sample is at about 650 nm, while that of ITO-PEN-ITO
sample is rather flat from 450 nm to 650 nm. The EL intensity of the former is also much
stronger than the later under the same field. Hence, there exists an additional red component
emission (600 nm-750 nm) in the Au-PEN-Au samples, which does not exist in the ITO-
PEN-ITO samples and which is also not observed in both two samples under DC stress. It is
tempting here to associate the emission in the red to the process at the origin of the
embossment in Figure 4-3. From Figure 4-11 (c) and (d), in the high field range, the spectra
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are almost the same with different electrodes, demonstrating that the red component has a
higher contribution to the EL of low field.

PL spectra of the PEN films at liquid nitrogen temperature are measured and plotted in
Figure 4-12. Fluorescence at 432 nm at room temperature of PEN are plotted in Figure 4-10.
Phosphorescence at 578 and 638 nm and fluorescence at liquid nitrogen temperature are
plotted in Figure 4-12. Due to the low queching at low temperature, the spectra show more
in detail with higher PL intensity. It can be seen that the electroluminescence of PEN is
correlated to phosphorescence at approximately 578 nm and not fluorescence at
approximately 410 nm. This infers that the electroluminescence is a phosphorescence
process. Furthermore, in chapter 5, we will prove that cathodoluminescence can reproduce
both the PL spectra and the EL spectra.

40
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Figure 4-11 EL spectra of Au-PEN-Au and ITO-PEN-ITO under AC stress, frequency: 60 Hz. Intensity is given
in counts for an integration time of Smin. (a, c) Au-PEN-Au, (b, d) ITO-PEN-ITO; In (a, b), only spectra with

low intensity are shown for sake of clarity.
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Figure 4-12 Photoluminescence spectra of PEN film at liquid nitrogen temperature for two excitation
wavelengths. Adapted from [145].

4.4 Discussion

The PEN films and BOPP films are both detected with red component emission under
electric field. The origin of the “red component” in different insulating polymers has also
been discussed in several papers [42, 72, 103, 126]. There are many experimental facts
inclining for an emission process occurring at the electrode/polymer contact due to charge
injection/extraction at the interface. Two emission processes have been advocated in the
literature. A first one is linked with the surface states at the contact polymer/metal acting as
recombination centers for the injected carriers (changing sign in each half cycle of the AC
stress) [72]. A second possibility is the radiative relaxation from Surface Plasmons (SPs)
excited by the injection/extraction processes at the electrode surface [42, 103, 126]. SPs are
coherent electron oscillations at the surface of the metallic electrode and can relax radiatively
[146]. Along a perfectly smooth interface, the momentum ks, of SPs is parallel to the
interface and is always greater than the momentum kpn of photons, precluding light emission
from SPs (the momentum of both particles, photons and Surface Plasmons, must match for
the conversion to occur). Along a rough interface however, the translational invariance of
the SP momentum is broken and its components parallel to the interface can match the
momentum of photons. Therefore, SPs can radiate at a rough interface. Actually, the fact
that the red emission is not detected using ITO electrodes, a material that cannot sustain
Surface Plasmons in the visible domain, inclines associating the red emission to the SPs
process. However, plasmonics has a further capability, which is to boost luminescence from
molecules in close contact with metallic domains [147]. Even if luminescence from surface
states is unlikely due to the existence of a quasi-continuum of energy levels at the interface
favoring non-radiative relaxation, a weak light efficiency can be greatly enhanced through
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plasmonics. Hence, surface-enhanced luminescence can be the process whereby light from
surface defects is magnified, boosting therefore luminescence from charges injected
alternatively at the electrodes and recombining on surface states or defects from the surface.
The red component emission is a universal phenomenon that can impact the EL measurement
of insulating polymers with metal electrode.

Whatever the precise mechanism of emission, we have shown that there are two
components in the emission spectra. The “red component” dominates at low field and is
responsible for the “bump” of the EL vs. field characteristic and contributes the phase angle
in phase-resolved EL. It has been cross-proved that the red emission has correlation with the
electrode not with the bulk materials.

There are many experimental facts inclining for an emission process occurring at the
contact of electrode/polymer under AC, due to charge injection/extraction at the interface
[42]. This also explains the fact that the red component is not detected under DC because
the EL comes from the bulk of the sample in that case, contrary to the AC case where charge
exchange is mainly occurring at the contact. The fact that the red component is not observed
with ITO electrodes under AC is another evidence that its source is located at the contact.
But there are still two possibilities: either the electrodes themselves are involved in the

emission process, or the interface states.

4.4.1 Surface/interface states

In the interface between gold and PEN, there are interface states due to structural disorder,
along with possible chemical disorder due e.g. to oxidation. Both of them may lead to
specific emission spectra. Under AC field, with the injection and extraction of charge carriers,
these states can act as recombination centers and could emit red emission as postulated in
[72]. Though the surface states of PEN metalized with Au or ITO should be almost the same,
SPs in Au could produce surface enhanced luminescence [147], boosting therefore

luminescence from charges recombination on surface states.
4.4.2  Surface Plasmons

The other possibility is direct emission from Surface Plasmons (SPs). Indeed, it is
established that SPs, that are coherent electron oscillations can relax radiatively [146]. The
optical red emission due to SPs from Cu, Ag, and Au was investigated by P. Dawson ef al.
[148]. The SPs has a close correlation to the surface/interface structure of the electrode. The
surface roughness of our PEN film is shown in Figure 4-13. The root mean square roughness,
i.e. Rq, s 21.1 nm, the average roughness, i.e. Ra, being 14.5 nm, the maximum of roughness,
i.e. Rmax, being 331 nm, which should be almost the same with the roughness of electrode.
The interface under study possesses different scales of roughness, providing the conditions
for coupling SPs and light. More sharp tips at nanoscale may improve the light emission due
to SPs. In chapter 3, the BOPP films appear with crater-like surfaces, which also have a
rough surface. The polymers appear different rough surface at micro-scale due to
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manufacturing processes. Hence, the surface structure enhanced SPs is universal among the
polymer-Au electrode structures under electric field.

The spectral distribution of light emitted by SPs depends on the surface roughness of
electrodes itself and the energy distribution of charge injection/extraction produced by the
field. Hence, the roughness of electrode surface and the field applied on it are two key factors.
Under AC stress, due to alternative injection at the surface of electrodes, high density of
carriers always exists here. So under AC low field, the energy distribution meets the
requirement of SPs. However, under DC stress, charge injection starts, then due to screening
effect, the current density of injected carriers is much less than in the AC case. The peak of
current density happens in each half cycle as modeled in [85]. Hence, we consider that the
red emission is mediated with SPs effect.

50 um

Figure 4-13 Topography of a PEN film obtained by AFM. The size of the image is 50X 50um?. Statistics on the
image are as follows: root mean square roughness Rg=21.1 nm, average roughness Ra=14.5 nm, max.

amplitude Rmax=331 nm.

Bo QIAO, LAPLACE, University of Toulouse, 2015 119



Chapter 4

4.5 Conclusion

Electroluminescence characteristic and spectra under DC and AC stress have been
investigated in Polyethylene Naphthalte (PEN) with gold and ITO electrodes. Under low AC
field, an additional red emission component is revealed with Au electrode and not with ITO.
The red emission is added to the original EL intensity and spectral distribution of PEN. It
can be removed by using a 620 nm cut-off filter, accompany with the embossment in EL and
left shift of phase angle. Hence, it may derive from a new source. We have proposed that
Surface Plasmons at the surface of gold emit the red emission whereas ITO electrodes cannot
radiate light due to its optical properties. The roughness of electrode surface and the energy
distribution of charge injection/extraction produced by the field are two key factors that
should affect Surface Plasmons.

Phase-resolved EL is emitted twice in one AC sinusoidal waveform field cycle. EL
intensity peaks are in advance of voltage maxima, the phase advance depending on the field.
This 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 crest. More interestingly, with
Au electrodes the phase angle changes with field more drastically than with ITO. At the
ramping region of field, the SPs-mediated red emission exists and may contribute an
additional light, result in their different phase angles. This can be an indirect evidence of
SPs-mediated red emission. Further work is needed to fully understand the SPs-mediated red
light emitting process.
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Cathodoluminescence, a reproduction of the electroluminescence

Synopsis

In this chapter, the nature of luminescent centers involved in electron beam induced
luminescence i.e. cathodoluminescence (CL) of two types of polyolefin thin films -
Polypropylene and Polyethylene, along with aromatic polyesters —Polyethylene Naphthalte
and Polyether Ether Ketone, are investigated, comparing wavelength-resolved emission
spectra to those obtained under electric field excitation named electroluminescence (EL).

The CL mechanisms in insulating polymers will be analyzed. The CL and EL spectra
components will be identified and quantitatively characterized. Eventually we will show that
both CL and EL spectra of polyolefins can be reconstructed quantitatively in a series of
elementary spectra involving unsaturated groups, which can be a breakthrough to uncover
the nature of both EL and CL mechanisms in insulating polymers and its correlation to

electrical ageing.
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5.1 Introduction

Insulating polymers are used in a variety of applications in electrical engineering, such as
cables, generators, transformers and capacitors [1, 2]. Electrical ageing and breakdown in
insulating polymers is of fundamental interest to the researchers, the design engineers, the
manufacturers and the customers. In this respect, Partial Discharge (PD) is a harmful process
leading to ageing and failure of insulating polymers. However, with the development of the
materials and apparatus, PDs can be weakened or avoided in some situations, e.g. extra high
voltage cables, capacitors, etc. Therefore, there is urgent demand for understanding electrical
degradation mechanisms under high energy particles or electric field intensity, pushing the
limit of electrical properties in insulating polymers.

Electroluminescence (EL) is an exciting field of research for probing insulating polymers,
because it gives insight into electrical ageing and breakdown process, since firstly reported
in 1967 by Hartman [3]. They are original techniques, contributing to uncover the nature of
charge transport mechanisms and electrical ageing. It provides very interesting information
of photo-physical nature, revealing excited states in the polymer, coupled to the electrical
behavior of the material, especially with charge carriers in the material that are at the origin
of the excitation through the exchange of kinetic or potential energy. Various physical and
chemical mechanisms have been involved in the aging of electrical insulations under DC
and AC stress [4, 5]. EL is a phenomenon involving physical processes such as charge
injection, extraction, and transportation, but also chemical reaction through excited states.
Electric fields can produce excited or ionized states, some of which have a non-zero
probability for light emission during their relaxation. Hence, on one hand, EL can be a probe
of charge excitation and recombination processes, on the other hand, it may provide
information on the nature of defects and luminescent sources. EL is associated with electrical
ageing and could provide the signature of excited species under electric field. Because
interfacial electronic states are very important in charge transfer at the electrode-dielectric
interface, it should impact on the EL features, especially under AC stress. Therefore, EL can
also gather information and be used to probe the physical/chemical processes occurring
inside dielectrics or at the metal-dielectric interface.

However, the essence of EL and the links between EL and electrical ageing or breakdown
are still debatable. Especially, there are contributions in the EL spectrum that are not
interpreted due to the impossibility to excite such levels by other means and produce the
same emission bands. We investigate more specifically in this section light detected when
exciting the material under electron beam. Although cathodoluminescence (CL) is known
for very long [90, 149], thorough investigations of CL from polymeric materials are seldom.
The interest of analyzing CL in the perspective of interpreting EL spectra as the main
excitation source is clearly identified, being optical signature produced by impact of
electrons of high kinetic energy [37, 90, 91, 150, 151]. Hence, CL is a supplementary
technique with another excitation source for probing insulating polymers.
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5.2  Experimental

The cathodoluminescence measurements are all carried out in the special-designed multi-
purpose chamber demonstrated in chapter 2 in detail. In this chapter, we investigated
polyolefin family, i.e. Bi-axially Oriented Polypropylene (BOPP), additive-free Low
Density Polyethylene (LDPE) and Cross-linked Polyethylene (XLPE), along with two
aromatic polyesters i.e. Polyethylene Naphthalte (PEN) and Polyether Ether Ketone (PEEK).
These materials has been introduced in chapter 2 in detail. Attempts of cathodoluminescence
measurements have been made also on Polyimide films. However, no light could be detected
for this kind material presumably because of its strong absorption in the UV-visible region.
For these reasons the results on Polyimide are not reported here.

5.2.1 Materials

Measurements were carried out on different polyolefin materials, being Bi-axially
Oriented Polypropylene (BOPP) films of 17.8 um thickness supplied by KOPAFILM,
Germany, Cross-linked Polyethylene (XLPE) films of 150 um thickness peeled from high
voltage cables and issued from EU Artemis project [130], and additive-free Low Density
Polyethylene (LDPE) of 50 um thickness provided by ABB. BOPP films are “hazy” films
with rough surfaces to promote impregnation of capacitors, which is demonstrated in chapter
3. Measurements were also carried out on two aromatic polyesters: PEN films with a
thickness of 25 pm supplied by Dupont (Dupont Teijin Films Teonex® Q51) and PEEK
films with a thickness of 50 um supplied by Goodfellow Cambridge Limited. These

materials are widely used in electrical and electronic industry.
5.2.2  Light analyses setups

Both cathodoluminescence (CL, or called electron beam induced luminescence) and
electroluminescence (EL) analyses were performed at room temperature under high vacuum
(about 5x107 mbar) in a specially-designed multipurpose chamber in order to avoid
discharges in the ambient atmosphere. Light detection is carried out by a grating
monochromator (4.5 nm in resolution) coupled to a liquid nitrogen cooled charge coupled
device (CCD) camera for spectral analyses which covers the wavelength range from 200 nm
to 850 nm. Both surfaces of samples were metallized with semi-transparent layers of gold as
shown is Figure 2-8 in chapter 2 deposited by cold sputtering (thickness: 30 nm, diameter:
50 mm) for EL measurement. Otherwise, these samples don’t need any pretreatment for the
CL measurement.

Electron beam gun which provides focused electron beams as shown in Figure 2-14 in
chapter 2 was used to provide electron beam of energy up to 5 keV for the
cathodoluminescence measurement. The filament is set to a negative high voltage and the
anode at the ground. The distance between the electron gun and the sample on the holder is

about 40 mm. The axis of the gun is at 50° to the normal of the sample plane rendering
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possible light detection along the normal to the samples. The irradiation area is about 1 mm?.
The beam current is about 1 pA. Emission spectra were recorded for different electron beam
energies from 2 keV to 5 keV and for different radiation time up to 210 seconds with the
same beam energy.

The specially-designed electrodes - a ring electrode connecting to alternate current (AC)
supply and a plane electrode connecting to the ground as shown in Figure 2-8 in chapter 2,
provide uniform AC electric field for the electroluminescence measurement. The light
emission from the center of the ring electrode through the center hole of the mask can be
recorded by the CCD. The internal diameter of the ring electrode is 20 mm, the external
diameter 40 mm. EL spectra were recorded under AC electric stress at 50 Hz frequency
under field up to 250 kV/mm for BOPP and up to 45 kV/mm for LDPE.

Photoluminescence (PL) measurements can be also achieved in the same specially-
designed multipurpose chamber at ambient atmosphere, excited with a xenon lamp which

covers the wavelength range from 200 nm to 700 nm.
5.2.3  Electron beam energy, beam current and CL intensity

Electron beam with energy values from 0.5 keV up to 5 keV are irradiated to the samples.
During CL measurements, the beam energy was increased from 0 keV to 0.5 keV, then by
step of 1 keV lasting for about 30 seconds up from 2 keV to 4 keV, then lasting for more
than 400 seconds at 5 keV. Light emission from the samples were recorded simultaneously
along the process of electron beam energy irradiation shown as beam energy, current and
CL intensity vs. time in Figure 5-2 (a) and (b) for BOPP and XLPE, respectively. Both
electron beam current and CL intensity are decreasing with the irradiation time, except for
the step at 0.5 keV, where in fact only the incandescence is involved and no electrons exit
the gun for current measurement. At the beginning of the irradiation period beam current
and light emission decrease very fast and then after a certain time it decreases slowly and is
almost stable (cf. result for 5 keV). The beam current at 2 keV is negative which is due to
secondary electron emission from the materials. Below a crossover point for the energy of
the electron beam, the net electron emission from the surface of the material is higher than

the incident electron beam such that the surface of the materials gets charged positively.

The transient beam current and CL intensity infers that the reaction between electron
beams and materials change with time. There are two possibilities: firstly the potential
involved by trapped electrons on the surface of the sample repel the electron beams and
decrease the irradiation; secondly the irradiation of samples induces degradation on the
surface of the materials leading to a decrease the CL intensity.
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Figure 5-1 CL intensity and beam energy vs. time during the CL measurement, (a) BOPP and (b) XLPE.

5.2.4  Electrical field and EL intensity

EL intensity were recorded under AC stress at different fields a short time after voltage
stabilization as shown in Figure 5-2 (a) and (b). Voltage was increased by step of 5.6 kV/mm
lasting for 40 seconds up to a level of 33 kV/mm, then by step of 22.4 kV/mm from 44.2
kV/mm to 223.4 kV/mm for BOPP samples. Voltage was increased by step of 1.3 kV/mm
lasting for 40 seconds up to a level of 13 kV/mm, then by step of 2.6 kV/mm up to 57 kV/mm
for XLPE samples.

The EL intensity increases non-linearly with the increment of electric stress. The EL
intensity decreases with the time under electric stress. However, the EL intensity is much
more stable than that of CL. Electron beam and electrical field are two excitation sources
that both excite the material. The spectra of them will be compared and analyzed in next
section.
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Figure 5-2 EL intensity and electrical field vs. time during the EL measurement, (a) BOPP and (b) XLPE.
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5.3  CL spectral analyses of insulating polymers

5.3.1  Polypropylene and Polyethylene

In order to investigate common features in luminescence of PE and PP, we reproduced
CL spectra of PP and PE films in Figure 5-3 for different e-beam energies. Figure 5-3 (a)
and (b) are the CL spectra of BOPP, while Figure 5-3 (c¢) and (d) are the CL spectra of XLPE.
They are quite well-resolved and reveal a relatively strong emission when comparing to AC
EL (intensity is about x600 that of AC EL spectra in Figure 3-13). The CL emission is due
to the energetic carriers injected in the samples during the electron beam irradiation. A main
peak at 573 nm and several shoulders at lower wavelengths 505 nm, 415 nm and 320 nm are

evidenced.

For PP samples, a main peak at about 573 nm and several shoulders at lower wavelength,
1.e. 505 nm, 415 nm, and 328 nm are evidenced; for PE samples, the main peak is also at
about 573 nm but the shoulders components are weaker than in PP. The main peak in CL
spectra also has the same wavelength vs. that in EL spectra, which infers that EL also derives
mainly or partly from hot electron carriers. Both the BOPP films and XLPE films contain

antioxidant and some other additives, but the nature is not the same in the two materials.

CL spectra exhibit high sensitivity to impurities, point defects, structural modifications,
etc [90]. Exposure of materials to electron beam with energy of some keV induces a number
of processes in the samples, which lead to the formation of characteristic radiation and
bremsstrahlung, and Auger electrons, which were studied in detail in [152, 153]. The
electron beam can excite the deep traps to excited states or create electron-hole pairs at
luminescent centers, which could then go back to ground level through transition,
simultaneously emitting light. From normalized CL spectra of PP in Figure 5-3 (b), we can
see that the shoulders have a dependence on the electron beam energy. These shoulders will
be analyzed and decomposed below.
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Figure 5-3 CL spectra of BOPP and XLPE, (a) Spectra of BOPP films under different electron beam energies
with irradiation time 10 seconds, (b) Normalized spectra of BOPP films from (a), (c) Spectra of XLPE films

under different electron beam energies with irradiation time 10 seconds, (d) Normalized spectra of XLPE films

from (c).

In order to uncover the correlations between CL intensity and irradiation, we investigated
the time-resolved spectral analyses of both BOPP and XLPE. CL spectra were carried out
after different irradiation time with electron beam as shown in Figure 5-4 (a) and (c). The
relative intensities of the four peaks or shoulders are not evidently variable as shown in
normalized intensity in Figure 5-4 (b) and (d), while CL intensity of both BOPP and XLPE
decreases a lot within about 60 seconds and then decrease slowly with the irradiation time
as shown in Figure 5-5. The samples emit much less light after about 60 seconds. It can be
speculated that at that time the samples have been almost aged. In our experiment, the
irradiated area on both PE and PP samples have turned to be light brown from transparent,
which directly proves that they have been aged during the electron beam irradiation. Along
with the CL intensity decreasing with time, we can infer the CL emission is accompanied by
electrical degradation of the insulating polymers. Furthermore, the CL spectrum - especially

the main peak at 573 nm may be a signature of electrical degradation in these polymers.
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We have compared the normalized CL spectra of PE and PP in Figure 5-6. Their spectra
both contain the same main peak at 570-580 nm. However the three shoulders in PE are
weaker than those of PP.
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Figure 5-6 Normalized CL spectra of XLPE films and BOPP films from Figure 5-3.

5.3.2  Aromatic polyesters

CL spectra for insulating polymers have also been proved a reproduction of EL in two
aromatic polyesters: Polyethylene Naphthalate and Polyether Ether Ketone. It is a universal
technique for probing polymers.

5.3.2.1  Polyethylene Naphthalte

The PEN films are irradiated under electron beams with energy from 2 keV to 5 keV. The
CL spectra of PEN are plotted in Figure 5-7. The spectra intensity increase with the
increment of beam energy. However, according to the normalized spectra we can see that
the relative intensity at approximately 430 nm increase much faster than the peak at 631 nm.
The peak at 430 nm is exact its photoluminescence crest as shown in Figure 4-10 and Figure
4-12 in chapter 4. The peak at 631 nm and two shoulders of phosphorescence have also been
achieved in EL spectra investigated in Chapter 4. The CL is a reproduction of both PL and
EL, but with more spectra information and higher resolution.
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Figure 5-7 CL spectra of PEN films, (a) Spectra of PEN films under different irradiation electron beam energy,
(b) Normalized spectra at 631 nm of PEN films from (a), (c) Spectra of PEN films after different irradiation
time, (d) Normalized spectra at 631 nm of PEN films from (c).

5.3.2.2  Polyether Ether Ketone

The Polyether Ether Ketone (PEEK) films are irradiated under electron beams with energy
from 2 keV to 5 keV. The CL spectra are plotted in Figure 5-8. The CL intensity increases
with the increment of the electron beam energy. From the spectra normalized at 496 nm, the
peak at 622 nm decreases with the increase of the electron beam energy. During the
irradiation time 240 seconds, the 622 nm peak decreases much faster than 496 nm peak, and
then disappears as seen in Figure 5-8 ¢ and d. This could be similar to PEN, the two peaks
depend on different mechanisms. The CL contains PL components at approximately 490 nm

and other components, which demonstrates that CL in insulating polymers is a reproduction
of both EL and PL.
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Figure 5-8 CL spectra of PEEK films, (a) Spectra of PEEK films under different irradiation electron beam
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Figure 5-9 PL Spectra of PEEK (a) at room temperature and (b) at liquid nitrogen temperature.

5.4 Spectral reconstruction of polyolefins on the basis

of elementary components

5.4.1 Identification of elementary components in spectra of polyolefin

In order to investigate the origin of the CL spectra peaks of PE and PP, we compared CL
and EL spectra of PP to emission spectra produced using different excitation sources. These
are Fluorescence (FL) obtained in photoluminescence experiments, Chemi-luminescence
(CHL), recorded along thermal oxidation [74] and Recombination-induced Luminescence
(RL) [38] of PP films as shown in Figure 5-10. For the peak at about 570 nm, it has not been
identified according to previous works. However, it has a direct correlation with electrical
degradation according to our experiments forward. The symmetrical component peaking at
573 nm is extracted from the CL spectra of BOPP as shown in Figure 5-11.

The FL in Figure 5-10 can account for the component at 328 nm in CL. The photo-induced
luminescence derives from a physical process and does not contribute to the electrical ageing.
The UV-visible transmission spectrum of BOPP films reveal an absorption maximum at 200
nm, and two absorption shoulders at 230 nm and 280 nm as shown in Figure 3-16 (a) in
chapter 3, which are exactly the same two excitation peaks for the Fluorescence.
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The CHL spectrum shown in Figure 5-10 was obtained on commercial PP film, 17.8 um
thick during the thermal oxidation at 125 °C [74]. It involves formation of carbonyl functions
with a typical peak at 415 nm. We consider that the spectrum is characteristic of PP in the
early stage of the oxidation process (when isolated carbonyl groups are being formed) [154].

The RL has been investigated by contacting the samples with a cold plasma in Helium
powered at a frequency of about 5 kHz [38]. The light emission is due to the recombination
of deposited charge carriers. It is at 505 nm [74], inferring the charge recombination
luminescence. In recombination-induced luminescence experiments where the light comes
from charge recombination on the natural chromophores of PP the emission is broad and

peaks at 505 nm as shown in Figure 5-10 [38].
Consequently, the EL and CL spectra of PP could be interpreted as the superposition of

four contributions: the fluorescence of the natural chromophore, a chemiluminescence

component, the phosphorescence of enone compounds among the natural chromophore
which act as recombination centers, and a fourth component at longer wavelengths

tentatively attributed to excitation of by-products of the PP molecules.
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Figure 5-10 Spectral components associated with the fourth elementary processes. FL: Fluorescence spectrum
—taken from Figure 3-16; CHL: chemiluminescence spectrum -taken from reference [154]; RL: recombination-
induced luminescence —taken from reference [38]; Peak 4: unknown component —derived from fitting CL

spectrum. Note that the spectra have been smoothed for eliminating noise.

Bo QIAO, LAPLACE, University of Toulouse, 2015

135



Chapter 5

100 ——CL
—— Peak 4

80 |

2

‘@

<

7}

E 60+ /

- r]

o 4

© 40

£ I

o

2 /
- /
0

. r v T T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Figure 5-11 The symmetrical component peaking at 573 nm extracted from the CL spectra of BOPP.

5.4.2  Correcting the EL spectra for the SPs contribution

The emission spectra of EL and CL are superimposed for PE and PP in Figure 5-12 (a)
and (b). It is evident that they are all organized around a common component peaking at 573
nm, with the extra-contribution in the red part of the spectrum for EL. We then corrected the
EL spectra for SPs contribution according to our previous analyses on CL and EL excitation
mechanisms; the difference in light intensity between EL and CL above 573 nm was entirely
assigned to SPs related emission. Emission spectra due to SPs in metal-insulator-metal
structure of different nature as plotted in Figure 5-13 are compared to the calculated SPs
component from Figure 5-12. The luminescence due to radiative decay of SPs at the surface
of gold can have different spectral features depending on the roughness scale of the surface
and the conditions of excitation [148]. SPs excited at the surface of electrodes in the
configuration of our experiments are thought to be due to charge injection/extraction at the
interface metal/dielectric. For a given excitation condition i.e. the applied field, the intensity
of the light can change from sample to sample (depending on details at a microscopic level)
but the spectral shape has always been reported with maxima at 750 nm and decreasing

intensity into the visible domain.
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Figure 5-13 Emission spectra due to SPs related emission in Metal-Insulator-Metal structure of different
nature. Low field EL spectra of (1) Ag-Polyethylene Naphathalate-Ag, (2) Ag-PE-Ag and (3) Au-PE-Au, (4)
due to surface plasmon in a MIM structure. From [42]. (5) SPs from BOPP in Figure 5-12 (b), (6) SPs from
XLPE in Figure 5-12 (a).

5.4.3  Reconstruction of EL and CL spectra with four components

We reconstruct the emission spectra of CL and EL on the basis of the previous analyses.
The spectra associated with fluorescence, chemiluminescence and recombination-induced
luminescence are shown in Figure 5-10. The fit to CL and EL spectra of PP and PE films are
shown in Figure 5-14 a, b, c, and d respectively. All the spectra are nicely reproduced. The
relative contribution of each elementary component is given in Table 5-1. The different
mechanisms do not contribute with the same weight in both processes: fluorescence and

chemiluminescence have a stronger relative contribution to the CL spectrum.

The EL and CL spectra of both PE and PP sample are reconstructed from the four previous

components as shown in Figure 5-10. The shape of each elementary component has been

Bo QIAO, LAPLACE, University of Toulouse, 2015 137



Chapter 5

approximated by a Gaussian peaking at the same wavelength during the peak fitting
processes. The Gaussian function is as follow:

—(x—b)?
f(x) = qae 2c2 (5-1)

Where a stands for the intensity, b for the wavelength and c for the width. The peak of the
Gaussian function is the same with that of the elementary component spectra.

Then “Least square method” is programmed in “Matlab” to verify if the difference of
fitting spectra and original spectra is at the minimum. W is the difference between the sum
of the four spectra and the target spectra (EL or CL spectra).

— V799 2
W = ¥3Z2000@ * V1) T D * Vo) T C* Y300 T d * Ya) — Vs0)”  (5-2)
where, a, b, ¢ and d are four unknown parameter; yi(x), y2(x), Y3(x) and yax) are intensity of the
four elementary spectra; ys(x) is the intensity of the target spectra. We Program in “Matlab”

to calculate to achieve W to be the minimum, and get a, b, ¢ and d.
Hence, the simulation spectra are as:
Simulation=a*FL+b*CHL+c*RL+d*EL. (5-3)

The weight of each elementary component in the best fitting figure is calculated with
integration method in “Originlab” (integration of the area of the curve) and demonstrated in
Table 5-1.
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Figure 5-14 Reconstruction of the CL and EL spectra in PP and PE films on the basis of four elementary
components. FL stands for fluorescence, CHL for chemiluminescence, RL for recombination-induced

luminescence and peak 4: unknown component associated to the generation of by-products in excited states.

Table 5-1 Relative contributions of the four elementary components in CL and EL spectra in PP and PE films.

Fluorescence o Recombination-
Chemiluminescence | | Polymer by-
of natural L. induced
. in its early stage . products
Luminescence chromophore luminescence
Materials | type Peak max at 415 Peak max at
Peak max at Peak max at 505
nm 573 nm
328 nm nm
CL 1.5% 25% 1% 72.5%
PP
EL 0% 7.7% 5.2% 87.1%
CL 0.3% 8% 0.2% 91.5%
PE
EL 0% 11.5% 8.5% 80%
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5.4.4  Reconstruction of EL spectra with SPs contribution

EL spectra were acquired under AC stress for collecting enough light to be analyzed. In
such a case, we have shown that Surface Plasmons (SPs) [155] developing at the metallic
electrodes contribute to the EL at low electric field through a broad spectral component
peaking at about 750 nm [42]. From samples to samples, there is some variation of the SP
contribution to the light intensity. SPs dominates the spectra at low field and their relative
contribution decreases for an increasing field. We are therefore forced to consider a fifth
elementary component in the EL spectra when compared to the CL spectra.

The Surface Plasmons effect is universal in all the not perfect smooth dielectric-metal
interfaces under electric field, which is also unavoidable during the electroluminescence
measurement. The nature of impact of the electrode has been studied in chapter 4, Surface
Plasmons and interface states are important factors to impact the light emission. Therefore,
electroluminescence spectra of both PP and PE films are reconstructed using five elementary
components: i.e. Fluorescence, Chemiluminescence, Recombination-induced Luminescence,
Peak 4, and Surface Plasmons, which is plotted in Figure 5-15. The contributions of
elementary components are calculated with integration method in “Originlab” and
demonstrated in Table 5-2. It can be seen that from samples (PP) to samples (PE) there is
some variation of the SP contribution to the light intensity. Even in the samples, for example
PP, the SP contributions can also be variable, which is due to the diversity of the surface

structures of films.
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Figure 5-15 Reconstruction of the EL spectra in PP and PE films on the basis of five elementary components.
FL stands for fluorescence, CHL for chemiluminescence, RL for recombination-induced luminescence, peak 4:
unknown component associated to the generation of by-products in excited states, and red emission associated

to Surface Plasmons.

Table 5-2 Relative contributions of the five elementary components in EL spectra of PP and PE films.

Fluorescence . . Recombination- Surface
Chemiluminescence | | Polymer by-
of natural L. induced Plasmons
hromophore in its early stage luminescence products Peak max at
. c
Materials P Peak max at 415 Peak max at
Peak max at Peak max at 505 750 nm
nm 573 nm
328 nm nm
PP 0% 5% 4% 60% 31%
PE 0% 9.9% 7.4% 68.8% 13.9%

5.4.5 Discussion

These results and their interpretation raise several points. Comparing the general shape of
the emission spectra, it appears that EL spectra are less resolved and appear broader when
compared to CL. This is certainly due to the level of light that is much less in EL than in CL
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(BOPP CL is 600x stronger than BOPP EL in the conditions of our experiments). Now, the
analyses allows discussing the relative contributions of each of the four elementary
components (and Surface Plasmons component) to the material luminescence in CL and EL.

Table 5-1 and Table 5-2 show the contributions of the different components. Fluorescence
contributes little, almost 0%, to electroluminescence, especially comparing to
cathodoluminescence spectra. It imply that electroluminescence in insulating polymer is not
due to chromophore in the samples but a mixture of chemiluminescence, Recombination-
induced luminescence, and other components. The shoulder components are much less
evidenced in EL when compared to CL. In the latter case, there is a dependency of the
chemiluminescence component on the beam energy which can be explained taking into
account the severity of the degradation mechanisms. Excitation conditions under electric
field are much less severe and this can explain the small contribution of the shoulder
components to the EL spectra. It will be especially interesting to monitor the evolution of
the shoulder components vs. time/field in EL experiments as a probe for the onset of hot
electron processes and extent of degradation through oxidation reaction. As regards the latter
process, the contribution of chemiluminescence in the EL spectra is somehow variable from
sample to sample. However, the degassing time of the samples has not been controlled either
in cathodo- or electro-luminescence experiments. The concentration of residual oxygen in
the samples at the beginning of each experiment is probably different from sample to sample.
The oxygen molecules that react with excited states of the polymer are those dissolved in
the amorphous part of PP. Note also that chemiluminescence is a very sensitive technique
with a quantum yield for light emission of 10~ in polyolefins.

The fluorescence of the natural chromophores of PP has been considered as an elementary
component in the emission spectra of PP but not their phosphorescence. The first reason is
bound to the fact that such extra component was not needed to approach the emission spectra
but also to the fact that phosphorescence at room temperature is easily quenched by the
oxygen molecule due to its paramagnetic property. This is why the phosphorescence
emission of the natural chromophores is revealed by decreasing the temperature which acts
in two ways, decreasing both the oxygen mobility in the polymer network (especially below
the glass transition temperature) and its reactivity. Experiments at different temperatures
should give some answer to the question. Now, the component of the emission spectra due
to charge recombination is also in the domain of the phosphorescence of the natural
chromophores of PP. Indeed charge recombination preferentially occurs on those
chromophores acting as deep traps [28] which are of unsaturated carbonyls of the enone and
di-enone types in PP. Ionization will preferentially affect these species because of the
presence of a non-bonding electron on the oxygen atom which is the first ionization level in
enone compounds [156].

Upon recombination, the excited state will be a triplet level excited directly through the
recombination process or indirectly by transfer from the first excited singlet state. This
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explains why recombination processes give rise to phosphorescence of specific

chromophores even at room temperature.

The main component in the emission in CL or EL has not been identified. We think it is
a signature of material degradation either through the formation of by-products under an
excited form or through their excitation upon charge recombination. Indeed, the fate of
excitons formed upon recombination of electron/hole pairs has been investigated in a cousin
material (Polyethylene) using density functional calculations and ab-initio molecular
dynamics simulations. Two situations were investigated where excitons are self-trapped
along a chain [141, 143] or trapped at chemical defects [142]. The relaxation can occur
following different pathways depending on the case. When the exciton is trapped on a
chemical defect, the relaxation pathway depends of the nature of the chemical defect leading
to trapping of the charges, non-radiative recombination or homolitic bond-breaking. This is
of course the last process that is relevant for damage. When the exciton is self-trapped along
a chain, C-H bonds breaking is promoted according to a recent calculation [142]. With the
opening of a chemical route, by-products could be produce in excited states and be
responsible for emission in a wavelength range that is not typical of the initial chemistry of

the polymer. The main peak in electroluminescence could reveal such degradation process.

The electroluminescence and cathodoluminescence of polyolefins appear with the same
spectral peak at about 570-580 nm, even with different contributions of shoulders. This
implies the generic mechanism of electrical ageing in polyolefin materials. In
cathodoluminescence, the kinetic energy of electrons in the beam is the main source of
excitation. They lose their energy through a diversity of channels among which impact
excitation and impact ionization of the molecules. Impact excitation on the natural
chromophores of PP will generate excitonic states that will further relax to their ground states
(generating fluorescence and/or phosphorescence emission depending on the nature of the
exciton) or react with the dissolved oxygen. It follows the possibility to emit light through
the formation of carbonyl functions (chemiluminescence). Impact ionization will be a source
of positive charges and there is the possibility of geminate recombination (generating light)
when the incoming electron has already lost its kinetic energy, being trapped in the vicinity
of the positive charge. Recombination can also occur between trapped electrons and trapped
holes in diffusive recombination processes. In recombination processes, the emitting species
will be those able to act as recombination centers i.e. those providing deep traps for electric
charges. In insulating polymers, these centers are bound to CO species. Owing to the
chemical degradation of the material under the electron beam, all these recombination
processes can concern by-products leading to new components in the CL spectra. The CL
experiment provides therefore the full set of excitation. In electroluminescence, the all set of
processes can also be involved depending on the experimental conditions. We have shown
that recombination between charges of opposite polarity provides the conditions for EL in
polyolefins [42]. It has to be realized that recombination opens the way to
chemiluminescence as well through the excitonic states created by the recombination process
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itself that can react with dissolved oxygen. Because a chemical pathway is open through
reactive excited species, recombination can further affect newly formed chemical groups. In
case of hot electron processes and although the kinetic energies is not comparable in CL
experiments (a few eV in EL vs. a few keV in CL), there is still the possibility for impact
processes, with or without ionization. Impinging electrons with a kinetic energies of a few
eV will not have the energy require for impact ionization (15 eV) but they can excite species
that will relax through fluorescence and phosphorescence emission, or be stabilized to form
transient ions (negative attachment -see [ 154]) able to subsequently dissociate into molecular

fragments.

There is a great similarity between electroluminescence and cathodoluminescence spectra
in insulating polymers although one cannot clearly distinguish the different shoulder
components and there is an extra-component in the red part of the spectra in
electroluminescence spectra. In electroluminescence, the all set of processes active in CL
can also be involved depending on the experimental conditions. In case of hot electron
processes [157] and although the kinetic energies is not comparable in CL experiments (a
few eV in EL vs. a few keV in CL), there is still the possibility for impact processes, with or
without ionization. Impinging electrons with a kinetic energies of a few eV will not have the
energy require for impact ionization (15 eV) [158], but they can excite species among which
the natural chromophores that will relax through fluorescence and phosphorescence
emission, or be stabilized to form transient ions (negative attachment) able to subsequently
dissociate into molecular fragments [154]. A priori, all the components present in CL have
to be envisaged in EL.

To end up, we underline the analyses does not consider more complex situation such as
reabsorption of the emission, transfer process, etc. Moreover, it is well known that a
luminescent species can have a slightly different emission spectrum depending on its
environment, being chemically or physically modified. This is of particular importance in
semi-crystalline polymer like PP where the microstructure changes on a micrometer scale.
This can explain some slight changes in the emission spectra in addition with some
experimental parameters that can differ, i.e. width of the entrance slit of the dispersive
system, etc.
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5.5 Conclusion

Electroluminescence (EL) and Cathodoluminescence (CL) of Polyethylene and
Polypropylene, along with two other aromatic polyesters, have been recorded and compared.
We have shown that the CL and EL spectra of PP along with PE involves several bands
already identified with other excitation sources and related to carbonyl and unsaturated
groups. Cathodoluminescence is a reproduction of electroluminescence for insulating
polymer. Emission spectra of PE and PP exhibit the same contributing processes, pointing
towards chain defects and degradation products as luminescent species. The common and
unique feature of EL and CL spectra is the appearing of a band at about 570 nm, inferring
that they derive from the same luminescence mechanisms and physical/chemical processes
due to the same unsaturated groups.

The elementary components in both EL and CL spectra of polyolefin materials are
identified. Eventually we quantitatively reconstruct the EL and CL spectra on the basis of
elementary components: Fluorescence, Chemiluminescence, Recombination-induced
Luminescence, and a luminescence peak associated to electrical ageing. The reconstruction
spectra fit quite well with the CL and EL spectra. The analyses of spectra components
uncover the nature of electroluminescence and generic electrical ageing mechanisms in
insulating polymers, especially the initiation of electrical ageing through location at
chemical structures of nano-scale in the materials.
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General conclusion and perspectives

General conclusion

Electroluminescence and cathodoluminescence along with other luminescence-family
techniques are carried out for probing polyolefins, i.e. Polyethylene and Polypropylene and
other insulating polymers, i.e. aromatic polyesters - Polyethylene Naphthalte and Polyether
Ether Ketone.

The firstly chapter reviews the advanced experimental and theoretical achievements on
luminescence mechanisms and electrical ageing, degradation and breakdown processes. The
insulating polymers and their electrical applications are introduced. Luminescence with
different excitation sources such as photoluminescence (optical excitation) - fluorescence
and phosphorescence, electroluminescence (electric field excitation), cathodoluminescence
(electron beam excitation), chemiluminescence (plasmas induced chemical oxidation
processes), and recombination induced luminescence (plasmas induced recombination
processes) are reviewed and their mechanisms and physical/chemical processes are
demonstrated. In addition, Surface Plasmons (SPs) are demonstrated as an unavoidable
electrode-dielectric interface process. The concept, classification and mechanisms of
electrical ageing, degradation and breakdown are presented and analyzed. The diagnostic
methods for pre-breakdown signs are reviewed, such as partial discharge detection, space
charge diagnostic methods and luminescence techniques. The relationship between electrical
ageing and electroluminescence are described and analyzed. The onset of
electroluminescence is exactly the threshold of electrical ageing. Spectral analyses is an
elegant way to represent the physical and chemical processes in the materials under stress
and to uncover the relationship between electroluminescence and electrical ageing.

Chapter two presents the experimental materials and techniques used in the work.
Polyolefin materials, cross-linked Polyethylene (XLPE), additive-free low density
Polyethylene (LDPE), Bi-axially Oriented Polypropylene (BOPP), and aromatic polyesters
-Polyethylene Naphthalte and Polyether Ether Ketone and their chemical structures are
introduced. The setups for gold and Indium Tin Oxide (ITO) metallization are described.
The electrical and optical properties such as thickness, transparency and electric resistance
per centimeter of gold and ITO are demonstrated. The luminescence diagnostic system with
different excitation sources and other inspection equipment are illustrated.

Chapter three is a topic on excitons formation in polyolefin films under electric stress and
its relationship to electrical degradation. Sandwich structures with BOPP are carried out and
analyzed under both DC and AC stress. Field dependence, phase-resolved EL and spectral
analyses are carried out and discussed. Spectral analyses of Polypropylene is compared to
that of Polyethylene. The same spectral main peak at approximately 570 nm of them infers
that the similar chemical structures and defect of them and EL in polyolefins follow the same

physical or chemical route under electrical field.
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In order to uncover the nature of electrode effect during EL measurement chapter four is
investigated on electroluminescence of Polyethylene Naphthalte (PEN). The electrode
interface effects in other polymers such as Polypropylene are also discussed. The Surface
Plasmons and/or interface state can be considered the source of the red component emission
at approximately 750 nm in EL spectra.

Further thorough study is carried out in chapter five on cathodoluminescence of above-
mentioned insulating polymers. Thin films of PP, PE, along PEN and PEEK were irradiated
under electron beam up to 5 keV to be excited. We could reconstruct EL and CL spectra of
both PE and PP using four elementary components: i.e. Fluorescence, Chemiluminescence,
Recombination-induced Luminescence, and main component of the EL spectrum at 570nm
reported above and constituting an ageing marker. For the first time the nature of both EL
and CL in polyolefins is uncovered, containing four basic components with different relative
contributions. Identification of these spectral components is helpful to interpret the nature of
light emission from polyolefins and other insulating polymers and to bridge the gap between
space charge distribution and electrical ageing or breakdown.

Through researches on EL and CL in several insulating polymers, i.e. polyolefins and
aromatic polyesters, excitons formation and relaxation processes under electric stress and
kinetic electrons are evidenced. More importantly, the spectral components analyses and
reconstruction uncovers the nature of luminescence and its correlation to the initiation
electrical ageing. In the future, luminescence measurement can be developed to be a standard
method to probe and analyze insulating polymers.

Future works

Future works are recommended to further enhance the understanding of
electroluminescence and electrical ageing. The diagnostic method for initiation of electrical
ageing under electric stress is of significance. Electroluminescence is an elegant way to

evidence and uncover the mechanisms of initiation of electrical ageing.

1. The EL intensity under AC stress is much stronger than that under DC stress. Experimental
and simulations are interesting to carry out for comparison of EL between under DC stress
and under AC stress.

2. Itis still of great significance to locate the luminescent centers in accurate chemical groups.
The chemical groups in the carbon bone chains and residual are interesting to investigate.

3. More works should be carried out to apply the EL techniques on checking the state of

ageing of system in service.
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Annexe A: Space charge diagnostic methods

Table 0-1 Overview of space charge diagnostic methods, r is the method’s resolution, t the sample thickness,

adapted from [123].
Method Disturbance Scan mechanism  Detection process r(um) t(um)
Thermal pulse method Absorption of short Diffusion according ~ Voltage change >2 ~200
light pulse in front to heat conduction across sample
electrode equations
Laser intensity Absorption of Frequency- Current between >2 ~25
modulation method modulated light in dependent steady- sample electrodes
(LIMM) front electrode state heat profile
laser induced pressure Absorption of short Propagation with Current between 1 100-
pulse method (LIPP) laser light pulse in longitudinal sound sample electrodes 1000
front electrode velocity
Thermo-elastically Absorption of short Propagation with Current or voltage 1 50-70
generated LIPP laser light pulse in thin  longitudinal sound between sample
buried layer velocity electrodes
Pressure wave Absorption of short Propagation with Voltage or current 10 5-200
propagation method laser light pulse in longitudinal sound between sample
metal target velocity electrode
Non-structured acoustic HV spark between Propagation with Voltage between 1000 <10000
pulse method conductor and metal longitudinal sound sample electrode
diaphragm velocity
Laser generated acoustic ~ Absorption of short Propagation with Voltage between 50 <3000
pulse method laser light pulse in thin  longitudinal sound sample
paper target velocity
Acoustic probe method Absorption of short Propagation with Between sample 200 2000-
laser light pulse in thin  longitudinal sound electrodes 6000
paper target velocity
Piezo-electrically Electrical excitation of ~ Propagation with Current between 1 25
generated pressure step piezoelectric quartz longitudinal sound sample electrodes
method plate velocity
Thermal step method Applying two Thermal expansion Current between 150 2000-
isothermal sources of the sample sample electrodes 20000
across sample
Electro-acoustic pulse Force of modulated Propagation with Piezoelectric 100 <10000
method (PEA) electric field on longitudinal sound transducer at sample
charges in sample velocity electrode
Photoconductivity Absorption of narrow  External movement — Current between >1.5 -
method light beam in sample of light beam sample electrodes
Space charge mapping Interaction of Parallel illumination =~ Photographic record 200 -
polarized light with of sample volume or
field movement of light
beam or sample
Spectroscopic Absorption of exciting ~ External movement  Relative change in >50 -
measurement radiation in sample of radiation source the observed
or sample spectrum
Field probe method None Capacitive coupling ~ Current 1000 <20000
to the field
*Some parameters have been advanced with the developments of the techniques.
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Annexe B: Space charge transport and trapping theory

Profiting by the development of the space charge measurement methods not only in space
but also in time scale, a lot of works on space charge distribution measurement and
simulation have been carried out. In recent years, the rapid development of computing
facilities and database also make contributions to the space charge analyses.

Theoretical models for charge transport in insulating crystals were reported in pioneering
work by Mott and Gurney [159], which provided a mechanism for space charge limited
currents (SCLC). Among these space charge transport theories, bipolar charge transport
(BCT) model has been widely used to simulate time or space evolution of space charges in
insulating polymers. It is performed to investigate the relationship between space charge
accumulation and conduction, electroluminescence, charge packet formation, electrical

breakdown, and surface potential decay properties, etc.

The value of the forbidden gap (between conduction band and valence band, seen in
Figure 0-1 and Figure 0-2) in insulating alkanes, such as PE and PP, as derived from
calculation or experimental measurement, is approximately 9 eV. The theoretical and ideal
conductivity in pure insulating alkanes should be very low at 10* S/m. However, due to
chemical disorders or amorphous phase, by products, impurities, and defects, there exist
many trapping centers in the insulating polymers. As a consequence, trapping and de-
trapping processes can be possible. These shallow traps and deep traps make critical
contributions to the transport, trapping, de-trapping, and recombination processes of space

charge.
Conduction band Mobile
'y - electrons n,,
D. 54 B,
W Trapped
r Y + Electrons n..
Sg S':l
Trapped h 4 h 4
holes n
ht 52
D B
Mobile i ] v v
holesn,, Valence band

Figure 0-1 Bi-polar model. Conduction is by free charges in transport level - conduction band, associated with
an effective mobility. “S”, “B”, and “D” stand for recombination, trapping and de-trapping coefficients
respectively. “n” is the carriers density in transport and trapping levels.
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Figure 0-2 Schematic representation of density of state in a disordered material. Shallow and deep traps are
related to physical and chemical disorder respectively, taken from [28].

The recombination process of space charge can be indirectly proved by detecting the light
emission in insulating polymers under electric field. The light emission process in insulating
polymers can be represented using space charge recombination model as shown in Figure
0-3 involving thermal de-trapping and tunneling processes to recombination [160-163].

Conduction band
(a)

~ Y
. i shallow electron trap
Excited states of
recombination
centre

Deep electron trap

Recombination centre

Valence band

Figure 0-3 Charge recombination processes: (a) thermal de-trapping; (b) tunneling, from [51].
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The nature of conduction process or transport of charges in insulating polymers is still the
matter of debate. With the development of computing tools, understanding of space charge
mechanisms, and the improvement of advanced investigation techniques, more and more
theories have been uncovered and developed.

Aside those space charge diagnostic methods presented above, diagnositc methods
through electroluminescence along with other luminescence techniques have been pushed as
a new way to understand the phenomenon of charge injection and transport in dielectrics and
its links with the degradation and ageing under divergent field and uniformed field [66, 164].
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Annexe C: Some interesting phase-resolved EL

The PEN films metalized with gold were applied with three waveforms of voltage:
sinusoidal (in Figure 0-4), triangle (in Figure 0-5 and Figure 0-6) and square (in Figure 0-7
and Figure 0-8). The three waveforms of voltage are generated by a pulse/function generator,
amplified by a high voltage amplifier and display on an oscilloscope, which are
demonstrated in chapter 2.

Interestingly, the three waveforms of voltage can be carried out to uncover the phase-
resolved EL in insulating polymers. The triangle and square voltage are also of alternative
current (AC) but at very special situations. Their differences are the rates of change of
voltage (Rv):

a) The Ry of sinusoidal voltage follows the curve of sinusoidal curve.

b) The R, of triangle voltage is a fixed value.

c) The Ry of square voltage is at the maximum (according to the rate of voltage-change of
the pulse/function generator) at the beginning of each half period and zero during each
half period.

The crest of EL under triangle voltage of different frequency and intensity is always at the
field positive-negative change time. The rate of change of triangle voltage is at a very low
value about 3-10 kV'mm'*s'. The crest of EL under square voltage delays with the
increment of field and the frequency. However, the relative delay time should be the same
at different frequency under the same electric field. The electrode-insulation-electrode is like
a capacitor. For the power supply, there is a maximum current, [, at 20 mA, that it can

. d . o
support. Under electrical voltage, the current, | = Cd_‘t,’ where C is the capacitivity of the

material, | < [ ..

However, there appears advancement of EL crest under sinusoidal voltage. The phase-
resolved EL wunder sinusoidal voltage in insulating polymers consists of multiple
mechanisms. These results based on the rate of voltage-change can be supplementary to
study the advancement mechanisms of phase-resolved EL under sinusoidal voltage.
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Figure 0-4 Au-PEN-Au under sinusoidal voltage.
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Figure 0-5 Au-PEN-Au under triangle voltage at different frequency.
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Figure 0-7 Au-PEN-Au under square voltage at different frequency.
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Title: Electrical ageing of insulating polymers: approach through electroluminescence and

cathodoluminescence analyses

Abstract: Electroluminescence (EL) of insulating polymers is a subject of great interest because it
is associated with electrical ageing and could provide the signature of excited species under electric
field. Electrical ageing and breakdown in insulating polymers is of fundamental interest to the
researchers, the design engineers, the manufacturers and the customers of electrical apparatus. In
this respect, Partial Discharge (PD) is a harmful process leading to ageing and failure of insulating
polymers. However, with the development of the materials and apparatus, PDs can be weakened or
avoided in some situations, e.g. extra high voltage cables, capacitors, etc. Therefore, there is urgent
demand for understanding electrical degradation mechanisms under high electric field, which can
be triggered by energetic charge carriers.

In this work, Electroluminescence, EL, and cathodoluminescence, CL, excited under electron
beam, along with other luminescence-family techniques are carried out for probing polyolefins and
other insulating polymers. In order to uncover the excitons formation in Polypropylene (PP) and
Polyethylene (PE) thin films, the field dependence of EL and current under DC stress and field
dependence of EL and phase-resolved EL under AC stress, are investigated. The EL spectra of both
PP and PE have the same main peak at approximately 570 nm, pointing towards similar chemical
structures and defects in both polyolefins, and same route to degradation. This main peak can be
complemented by an emission at approximately 750 nm dominating at low field. Electrode effect
on the EL of Polyethylene Naphthalte (PEN) was investigated to understand the origin of the red
emission at 750 nm. Through field dependence of EL and phase-resolved EL of Au or ITO
electrodes, we proved the red component is due to the nature of electrode, more precisely Surface
Plasmons and/or interface states.

Further thorough study was carried out on cathodoluminescence of insulating polymers. Thin
films of PP, PE, along with Polyethylene Naphthalate (PEN) and Polyether Ether Ketone (PEEK)
were irradiated under electron beam up to 5 keV to be excited. We could reconstruct EL and CL
spectra of both PE and PP wusing four elementary components: i.e. Fluorescence,
Chemiluminescence, Recombination-induced Luminescence, and main component of the EL
spectrum at 570 nm reported above and constituting an ageing marker. For the first time the nature
of both EL and CL in polyolefins is uncovered, containing four basic components with different
relative contributions. Identification of these spectral components is helpful to interpret the nature
of light emission from polyolefins and other insulating polymers and to bridge the gap between
space charge distribution and electrical ageing or breakdown.

Through researches on EL and CL in several insulating polymers, i.e. polyolefins and a
polyester, excitons formation and relaxation processes under electric stress and kinetic electrons are
evidenced. More importantly, the spectral components analyses and reconstruction uncovers the
nature of luminescence and its correlation to electrical ageing. In the future, luminescence

measurement can be developed to be a standard method to probe and analyze insulating polymers.

Key words : Electroluminescence; Cathodoluminescence; Hot electrons; Insulating polymers;
Space charge; Electrical Ageing; Electrical Degradation.



Titre: Une approche du vieillissement électrique des isolants polymeéres par mesure
d’électroluminescence et de cathodoluminescence

Résumé: L’électroluminescence (EL) de isolants polymeéres est étudiée car elle peut permettre
d’approcher les phénoménes de vieillissement électrique en fournissant la signature optique
d'espéces excitées sous champ électrique. Le vieillissement et la rupture diélectrique dans les
isolants polymeres est d'un intérét fondamental pour les chercheurs, concepteurs et fabricants de
dispositif du génie électrique. A cet égard, les décharges partielles (DPs) sont un des principaux
processus conduisant au vieillissement et a la défaillance des isolants. Cependant, avec le
développement des matériaux et procédés, les DPs sont évitées dans certaines situations, par
exemple, les cables haute tension, les condensateurs, etc. Par conséquent, le besoin reste prégnant
pour la compréhension des mécanismes de dégradation électrique sous forte contrainte électrique,
qui peut étre initiée par des porteurs énergétiques.

Dans ce travail, I’EL, la cathodoluminescence (CL) excitée sous faisceau d'électrons, ainsi que
d'autres techniques de luminescence ont été appliquées a la caractérisation de polyoléfines et
d'autres polymeres isolants. Afin de comprendre la formation d'excitons dans des films minces de
Polypropyléne (PP) et Polyéthyléne (PE), la dépendance en champ de I'EL et du courant sous
contrainte continue, et de I'EL et de sa résolution selon la phase sous contrainte AC, sont étudiées.
Les spectres d'EL du PP et du PE ont le méme pic principal a environ 570 nm, ce qui implique des
structures et des défauts chimiques similaires pour les deux matériaux, et le méme processus de
dégradation. Le pic principal peut étre complété par une émission a environ 750 nm dominante a
faible champ. L'impact de la nature des électrodes a été étudiée sur du PEN pour comprendre
l'origine de 1'émission dans le rouge. A travers la dépendance en champ de 1'EL et sa résolution
selon la phase avec des métallisations or et ITO, on montre que 1'émission dans le rouge est liée a la
nature des électrodes et correspond a I'excitation de plasmons de surface ou d'états d'interface.

Une étude plus approfondie est effectuée sur la cathodoluminescence d'isolants polymeres. Des
couches minces de PP, PE, ainsi que de Polyethylene Naphthalate (PEN) et de Polyether Ether
Ketone (PEEK) ont été irradiés par faisceau d'électrons jusqu'a 5 keV. Nous avons pu reconstruire
les spectres de CL et d'EL du PE et du PP a partir de quatre composants élémentaires: fluorescence,
chimiluminescence, luminescence induite par recombinaison, et composante principale du spectre
d'EL a 570nm décrite plus haut et considérée comme signature du vieillissement. Pour la premicre
fois, la nature de I'EL et de la CL de polyoléfines est décomposée en quatre composantes de base
avec des contributions relatives différentes. L'identification de ces composantes spectrales est utile
pour interpréter la luminescence de polyoléfines et autres isolants polymeres, et établir les liens
entre distribution de charge d'espace et vieillissement diélectrique.

A travers ces recherches sur I'EL et la CL dans plusieurs isolants polymeres, i.e. polyoléfines
ou polyesters, la formation d'excitons et les processus de relaxation d'énergie sous contrainte
électrique et électrons énergétiques sont mis en évidence. Surtout, I'analyse en composantes
spectrales et la reconstruction des spectres donne accés aux mécanismes d'excitation de la
luminescence et & une corrélation avec le vieillissement électrique. A l'avenir, les mesures de
luminescence peuvent devenir une méthode standard pour sonder et analyser les isolants polymeres.

Mots clés: Electroluminescence; Cathodoluminescence; Porteurs chauds; Isolants polymeéres;
Charge d'espace; Vieillissement électrique; Dégradation électrique.



