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Abstract Trapping phenomena are essential features controlling the transport properties of insulating
materials. Depending on the energy depth, traps can either assist transport or lead to long-lasting
storage of charges. The consequences of charge trapping are non-linear phenomena and electric field
distribution distortion in the dielectric bulk. The important characteristics about traps are the nature
of the levels, their depth in energy, and their density. In this review, we discuss the different techniques
available to probe the energetics of traps, particularly in insulating polymers. The methods
implemented for approaching the characteristics of traps range from atomistic simulation based on
known physical/chemical defects, identification by spectroscopic techniques, and coupled optical-
electrical or thermal-electrical techniques. The review is focused on methods involving thermal or
optical excitation coupled to detection using electrical or luminescence response with questioning
about the physical hypotheses behind the analysis and the difference in response obtained through
the various approaches. The technical implementation of these methods is described, along with
examples of application. The differences in trap depth estimation from optical and thermal methods
is discussed as well as the impact of having distributed trap depths. The input of luminescence
techniques, which provide a fingerprint of chemical groups involved in charge recombination, is put
forward.

Keywords: polymer dielectrics, trapping phenomena, thermal excitation, electro-optical effects,
space charge
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1. Introduction

The electrical properties of insulating materials, especially electrical transport and breakdown are
most often described by concepts issued from semiconductor physics that are further adapted [1, 2].
Adaptation consists, for polymer insulators, in accounting for the disordered nature of materials.
Important fundamental processes that have been treated in this way are hopping conduction [3, 4, 5]
space charge control of the current [6, 7], mediation of injection processes by interfacial states [8],
long lasting charge storage, etc. One of the consequences of such phenomenon is space charge
buildup, i.e. local non-neutrality, leading to a poor control of the electric field, and non-linear
macroscopic behavior for conductivity. Besides stabilizing charges and depending on the depth of the
energetic levels, trapping phenomena control transport through for example shallow states and
promotion of charge injection at the electrodes.

The salient question in there is on the description of the energetic levels providing the specific
properties. This is even more challenging as the amorphous or partly amorphous nature of polymers
is combined to a chemical complexity and 'defects' cannot be singled out.

In this review, we start recalling three fundamental quantities related to traps, i.e. their nature, energy
and density. Trap spectroscopy has the objective to gather a maximum of information about these
guantities but none of the techniques used so far is able to give a complete picture and one of the
outlook is certainly to combine different techniques to get a full image. We continue by giving an
overview of the different methods and the pre-charging step, trying to clarify the landscape by
distinguishing between the techniques that do not involve a stimulation for charge detrapping from
those that do. Among the first category, surface potential decay and space charge decay are quite
familiar unlike charge recombination-induced luminescence. The two former ones lead to trap density
distribution but rely on numerous hypotheses that are hardly fulfilled. The latter one provides an
elegant way to infer the chemical nature of trapping centers. We then visit the methods that involve a
stimulation for charge detrapping being thermal or optical, the measured quantity being current or
luminescence. The discussion section treats some important questions linked to the intrinsic nature of
polymers where the overlapping of distributed processes complexifies the interpretation of results
from thermally stimulated methods. The notion of trap depth is also discussed in regards of relaxation
phenomena involving the physical disappearance of the traps, at relaxation temperatures that
correspond to the onset of local molecular motions of the polymer. Discrepancies also exist between
thermal and optical techniques when considering the depth of traps and this question has not found
a definitive answer up to now. Luminescence techniques are finally considered being able to identify
the chemical nature of trapping centers. Some ways to go forward for a better understanding of traps
are introduced in the summary.
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2. Traps in polymer dielectrics

The kind of defects can be to some extent put in relation to their impact on properties. Physical
disorder encompasses all conformational disorder forming the amorphous phase and its interface with
the crystalline part. In this respect, this is essentially through modelling that the properties can be
approached. The work carried out so far has been mainly on polyethylene. Disorder introduces shallow
trapping level, also designed as Anderson or mobility levels [9] at a depth of up to about 0.3 eV (this
separation between extended states from localized states is also termed mobility edge) in amorphous
polyethylene [10]. Because of the relative shallow nature of such traps, and high density, their role is
mainly a boost for electron transport. With a large density of localized states in interaction, carriers
can tunnel from one level to another one without undergoing a transition to the extended states. Hole
transport has been investigated as well. As an example, Unge and Christen investigated the hole and
electron mobility edges by molecular simulation, confirming that hole transport in LDPE could be
dominant [11]. Experimental verification of such state characteristics cannot be easily realized other
than by very macroscopic measurements like activation energy estimation for conduction. Here the
strict correlation to a single activated process is not verified since transport is often bipolar and other
processes are thermally activated as well, notably charge injection [12].

Asides these shallow energy levels representing a form of continuum, deep trapping centers have been
identified corresponding to chemical defects. In polymers, all sorts of chemical disorder can be thought
of, going from side chains, unsaturations, oxidized groups to additives, to reaction products and to
impurities. The chemical disorder is thought to control the space charge, and these energy levels are
often named deep traps, or "real traps" because their contribution to the conduction process is low,
as opposed to shallow traps that assist conduction [2]. The energy depth associated with such traps is
generally larger than for physical traps, but not systematically. For polyethylene, trap depths in the
range from 0.1 to 1.6 eV have been reported by molecular modelling for selected defects [13]. Also, a
given defect can be a trap for electrons and / or holes. The main effect of such levels is thought not to
contribute to transport since their density is much less than that of transport states. Rather, the
detrimental effect is to stabilize charges and contribute to the field redistribution: this can then
indirectly affect the apparent conductivity, notably through a modulation of the field at the interface
as well as the transport in the bulk owing to the non-linear phenomena introduced by shallow traps.
Deep trapping of charges also introduces hysteresis phenomena in the response of the material.
Ultimately, it is exploited in electrets — those materials capable of long-lasting storage of charges to
realize sensors and actuators [14]. However, for the case of insulators under DC stress it represents a
threat [15] since it goes with redistribution of the electric field and to strong local field enhancement
at polarity reversal. The energy released by carrier detrapping and recombination with carriers of
opposite polarity is a further process considered as a possible long term ageing route [16].

It is therefore important to find ways to identify traps into materials. Three essential features are to
be identified:
2.1. The nature of trap

The question is on the nature in terms of chemicals/point defect. As stated previously, many different
kinds of defects are present into polymers and are candidates as traps. However, their efficiency and
role can be very variable, depending on the energy level they generate and on the capture cross-
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section for carriers. The first level of experiments can be the chemical analysis of 'defects’. In
Polyethylene materials, the in-chain or side-chain imperfections, i.e. hydroxyl and ketone functions,
double or triple carbon-carbon bonds, branching and so on constitute the first level. Some examples
for such chemical groups [17] are given in Figure 1. In peroxide-crosslinked polyethylene materials, by-
products constitute a second family. The role of such in chain effects and residues has been relatively
well explored by molecular simulation [13, 18, 19]. Further candidates are antioxidant and related
reaction products [20]. The difficulty in the plethora of candidates is to identify which ones are active,
i.e. exhibit an effective capture cross-section. So, methods addressing specifically the propensity of
defects to store charges are looked: recombination-induced luminescence [21] is one of them and we
shall illustrate its potentialities in the following.
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Figure 1. Some in-chain defects in Polyethylene.
Reprinted from Chen et al [17] with permission from AIP Publishing.

2.2. The energy associated with the trap

Molecular modelling is one of the ways the trap energy can be anticipated. On the experimental side,
different methods have been implemented, consisting in pre-charging of the material using different
sources that can be ionizing radiation, corona discharge, application of a high DC field, electron
irradiation, etc. Then, the charges are released by either thermal or optical excitation as illustrated in
Figure 2. The energy necessary to release the charges is assimilated as the trap depth.

The external current is most often used as a probe of charge release. In case of thermal excitation the
technique is called thermally stimulated discharge current (TSDC) [22, 23, 24]; which has been
combined to thermally stimulated luminescence (TL) [25]. Current recording following optical
excitation is called photostimulated discharge (PSD) [26, 27, 28]. In the simplest of the cases, the
energy provided to the charges to overpass the barrier to conduction levels is considered as the trap
level. However, as will be shown later on, other processes may be active and the access to the trap
energy distribution is not straightforward.

Besides these two methods relying on the collection of the current upon charge release, charge
detrapping can be indirectly analyzed through luminescence measurements reflecting the radiative
recombination of charges that may follow the detrapping, as depicted in Figure 2.
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Figure 2. Processes involved in (deep) trap spectroscopy techniques on wide bandgap
materials: (1) thermal detrapping; (2) optical detrapping; (3) simple charge recombination;
(1+3) thermally activated recombination; (4, 5) charge recombination by resonant tunneling
with coupling to an excited state of the recombining center.

There are some advantages in analyzing charge recombination as there is no need to account for
charge transport to get a signal, but the kinetics is more complex and the qualitative and quantitative
nature of the response is depending on the recombining center.

2.3. The density of traps

The work carried out using chemical analyses in principle can provide density of potential traps if the
analysis is quantitative. It is however not easy to anticipate the efficiency of a given moiety to act as a
trap, as stated above. Alternatively, techniques such as TSDC, which are applied once the material has
been previously charged, may give information on the amount of charges, i.e. of occupied traps.
Inferring the total amount of traps supposes that a model linking the population of traps with the
detrapping rate from the occupied traps be available, which is not obvious. Quantitative information
on stored charge density can also be obtained from space charge distribution measurements, but again
the stored net charge is obtained, not the maximum density at trap saturation.

An order of magnitude of trap density can be given considering the first approach (analytical)
combined with molecular modelling [13, 29], cf. Figure 3. Here physical and chemical trap densities
were estimated as a function of the energy depth for low-density polyethylene. The approach has been
used to draw a continuous exponential distribution of trap depths as represented in Figure 3 [30].
Here, whereas physical traps could be considered as exhaustively accounted for, only some of the
chemical traps, constituted of insaturations and oxidized groups have been analyzed [18]. A much
broader family of chemicals should be investigated. Taking as 10 cm™ an order of magnitude of trap
density with depth larger than 0.8 eV, then stored charge density > 10° C/m?* would be obtained at trap
saturation. This is much larger than most of measurements reported so far using injecting electrodes.
One of the reasons is that the injection field is reduced by the already injected charge.
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Figure 3. Discrete distribution of electron traps density as a function of trapping energy. The
circles are molecular simulations results [13]. It has been approximated to a continuous
exponential distribution function represented as dash-dot line.

Reprinted from [30], with the permission of AIP Publishing.

Only experiments using focused e-beam for charging reported on charge densities of the order of
MC/m3 [31] and then the limit in charge amount would be the breakdown field. It means that, in
general, a priori only a very small fraction of traps is occupied, or charges are trapped in a non-uniform
way and the measurement “averages” their density over the spatial resolution of the experiments.

The above features have parallel effects in organic semiconductors: traps are inherent to organic
materials owing to the weak intermolecular interactions. Trapping has profound impact on device
performances [32]. Methods to probe it are however somewhat different as layers are usually thinner,
charge mobility much higher and trap states less deep compared to insulators.

In the following, we review the different techniques available to approach one or several of the
characteristics described above. Shallow or 'physical traps' forming a nearly continuum of states do
participate in transport without contributing to long lasting charge trapping. Besides, there is no
technique easily implementable to probe their density. For these reasons, we will focus here mainly
on the relatively deep traps induced by chemical defects.



Review: Trap Spectroscopy in Polymer Dielectrics — Revised Version.
Teyssedre et al 2021 J. Phys. D: Appl. Phys. https://doi.org/10.1088/1361-6463/abf44a

3. Overview of experimental techniques for trap spectroscopy

The characteristics of techniques addressed in this work are summarized in Table 1. The methods are
based on natural decay of potential or charge, or on either optical or thermal excitation. The detection
is either with electrical or optical signals. For each of the method, the nature of information gained,
advantage and drawbacks are given and supported by the description given in the following sections.

3.1. Families of methods

As a way of sorting the methods, we have chosen to introduce the distinction between techniques that
need an excitation vs. those that don’t need. The analysis of the natural decay of the charge constitutes
one way for approaching the charge traps characteristics. This constitutes a first family of techniques
in which isothermal charge decay [33, 34, 35], and more largely surface potential decay [36, 37, 38,
39] is employed. The change in potential vs. time is related to the release of charges from traps and
their drift in the insulation under the field produced by the charges. As the information gained is
integral, hypotheses have to be taken about the nature of charges and the charge release processes,
as well as on the processes at the charging step [40]. These aspects will be treated in section 4.1.

In recent years, with the development of charge distribution measurement techniques, the analysis of
the kinetics of charge release has been refined in order to provide information on the distribution of
trap depths endowing the charge release. The experiments then provide insights into hypotheses
taken for the macroscopic surface potential decay. The analysis has been initiated by Dissado et al.
[41], and refined with considering different hypotheses on the charge configuration [42, 43].

Optical emission in electrically stressed polymers has been related to space charge effects and has
been used as a proof of energy release to investigate the dissipation mechanisms under field [44].
Among the various ways of exciting light, charge-recombination induced luminescence (RIL) consists
in analyzing the light decay following bipolar charging of the material [21, 45]. Here the information
gained is mostly on the mechanisms of charge recombination: the nature of chemical groups involved
and the kinetics of charge release without requiring their transport. Luminescence has previously been
applied to a variety of pre-irradiation methods, particularly with y-rays [46, 47]. The specificity of the
method we will describe here is that the surface of the material only is charged.

The last three methods addressed consider the response of a pre-charged material to a stimulated
discharge using either optical or thermal excitation. We will discuss the fundamental differences
between the two excitation ways and the reasons for the differences in obtained trap distributions.

Scanning with optical excitation is expected to provide directly an estimate of the trap depth
corresponding to the onset of current increase when increasing the light energy (Figure 2, path 2).
However, we shall see in section 5.3 that other processes active in photoconduction may contribute
to the response [48]. In the case of thermal stimulation (TSDC or TL), a kinetic analysis is necessary.
This may not be straightforward in case of distributed processes [49] as discussed in section 6.1. When
the response is a collected current, as in TSDC, it corresponds to the space-averaged transport current
in short-circuit conditions. It is therefore sensitive to the initial position of detrapped charges and to
their fate along the path to the collecting electrode. This makes a difference with TL than involves
charge recombination phenomena without long-range transport. We discuss how the information
gained by TL can be exploited complementarily to TSDC [50] as it probes recombination events and
the chemical nature of recombination centers.
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Surface potential decay
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= Hypotheses: thermal activation of charges

hypoth for th lysi
from traps with no retrapping ¥ many hypotheses for the analysis

Decay of space charge distribution

= Excitation: none
] ) ) © access to trap depth spectrum
= Detection: space charge density profile o o
$ control of the initial charge distribution

= Hypotheses: thermal activation of charges (unipolar vs. bipolar)

from traps with no retrapping

Charge recombination — induced luminescence

Methods without stimulation

= Excitation: none (isothermal) & information on the nature of recombining
= Detection: luminescence centers from the emission spectrum

= Hypotheses: thermal activation of charges | < Nno information on trap depth

from traps with recombination on $ quantitative analysis not easy with
recombining centers luminescence

Photo-stimulated discharge

= Excitation: monochromatic light .
& direct access to trap depth spectrum

= Detection: current (collecting V) % coupled thermal excitation

= Hypothesis: photo-detrapping of charges

. . $ sensitivity, quantitative aspects (transport
from traps with no retrapping .9 pects ( port)

Thermally stimulated currents

& sensitivity

= Excitation: T ramp-u .
p-up & trap depth from thermo-current analysis

= Detection: current .
$ thermal cycling

= Hypotheses: thermo-detrapping of charges

from traps with no retrapping $ detrapping vs. trap destruction

$ analysis for distributed processes

Thermo-luminescence

= Excitation: T ramp-up & same as TSC

= Detection: luminescence & information from the TL emission spectrum

Methods with optical or thermal stimulation

= Hypotheses: thermo-detrapping of charges
from traps with recombination on
recombining centers

¢ same drawbacks as TSC

$ T-dependent luminescence quantum yield

Table 1. Main trap spectroscopy methods and associated characteristics.

3.2. Pre-charging step

Whatever the probing method, traps need to be populated for being probed. Different methods are
used to create charges into the sample, and they substantially affect the way the response is analyzed
and the information gained. We can distinguish homogeneous vs. localized charge deposition in the
depth of the sample and unipolar vs. bipolar charging.
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3.2.1 Surface charging

A simple way of depositing charges consists in creating a discharge in the gas in the environment of
the sample. A corona discharge under DC (Figure 4) will generate charges of desired polarity, in a
controlled amount by controlling the surface potential. Electrons and ions are deposited; the
monitoring of the potential decay following charging can be a way to analyze discharge kinetics and
hence detrapping features. However, this is through a global approach and obtaining a spectrum in
energy is not straightforward or requires severe hypotheses on the distribution. A missing link can be
the mechanism whereby deposited ions transfer their charges to the material. As positive or negative
ions are considered as the main source of charges, a charge exchange process is considered at the
surface [14, 51]. This leads to consider in modelling that the deposited charges are injected into the
material in the course of the charge decay. Also, the discharge can possibly modify the surface
properties of the material, notably with creating oxidized groups or oxidized molecules [52, 53].

Needle electrode
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Charging voltage |  Grid acceleration  ,° ® Grid deceleration

\ ----i-------*—-___ Mesh grid
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. ~
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L <«+—— Backside grounded
\ electrode

Induced charges

- @ electron @ neutral molecule
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Figure 4. Principle of charging by corona discharge. The potential Vb set to the mesh grid is the
steady state potential of the surface. Note that with a negative charging voltage, both
electrons and negative ions are deposited.

Reprinted with permission from Li et al [39] Copyright 2015 IEEE.

Instead of applying a DC corona discharge, a homogeneous AC discharge can be created and then
bipolar charging is achieved. By using mild RF discharge in Helium, it was shown that luminescence
signal from both surface modification and radiative charge recombination could be obtained [45]. The
control of the discharge limits surface modification. Activation of the material is presumably from the
deposited charge by the plasma, but it was reported also that the UV from the discharge may activate
as well [54], which tends to show that it is not only a surface analysis method.
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3.2.2 Application of a DC field

Charges can be created at the surface by applying a DC field to the sample provided with electrodes.
In comparison to other methods, the charging (position, nature and amount of charges) is tributary on
charge exchange processes at the electrode and on transport in the material bulk. In principle, it leads
to bipolar charging with positive and negative charges generated at different positions and different
amounts. Besides charges generation/motion, the field induces orientation of dipoles, which
relaxation can contribute to the response besides charge detrapping. TSDC has long been used to
probe such dipole relaxation to investigate dynamic processes in polymers and disordered media, the
analysis of which being relatively more simple as the issues of charge transport and localization of the
response need not to be handled [55, 56, 57].

3.2.3 Electron beam implantation of charges

Charges can be generated by direct implantation with an electron beam. This is one of the ways
electrets are formed [14]. By adjusting the energy of the incident electrons, the depth at which primary
electron deposition is achieved can be controlled, a further advantage being that both the amount of
charges and the position are controlled. For 30 keV electron energy, Sessler reported (as measured)
implantation depths of less than 10 um in films of FEP or Polyimide (PI) [58]. For PI, electron deposition
goes beyond 150 um under 130 keV electrons [59]. However, electron implantation goes with energy
deposition, which is responsible for the so-called radiation induced conductivity [58]. Electron-holes
pairs are created, which can be in far greater concentration than primary electrons, leading to defect
creation to the polymer chains besides a modification of the transport properties in respect to virgin
samples [60]. The same holds for proton irradiation [61]. Therefore, this way of charging cannot be
considered as fully non-intrusive.

3.2.4 lonizing radiation

lonizing radiations, being X-ray [62, 63, 64] or y-ray [46, 47, 65, 66], have been used in the context of
charge trapping analysis mainly in conjunction with luminescence measurements, being isothermal
luminescence or thermoluminescence. Here the effect of irradiation was not considered as a possible
source of damage, even though doses as high as 1IMGy were used for Polyethylene as an example [66].
However, high energy electron beam irradiation (few MeV) is a way of radiation crosslinking of
polymers [67, 68]. With already a few tens of kGy, the melting point and infrared spectra of
polyethylene are modified, showing that structural modification is at play [69, 70] while thermoplastic
polyester films for example are stable up to the MGy range [71, 72]. Therefore, care should be taken
with the interpretation of some of the data with radiation-induced charging. A difference with previous
methods is that in principle samples are homogenously excited as ionizing particles loose only a
fraction of their initial energy.

10
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4. Techniques without stimulated detrapping

4.1. Surface potential decay

Isothermal surface potential decay (SPD) is a well-known and robust technique to analyze the
propensity of materials to relax charges. In the vast majority of experiments, charges are provided by
corona discharge using a grid controlling the initial potential set at the surface of the material [36].
Other methods like contact charging [73], application of a DC voltage [74] or e-beam implantation are
more seldom or dedicated to investigating the effect of a specific environment as with e-beam
implantation [75]. Once the sample surface is charged to a given potential, the surface of the sample
is scanned using a voltage probe and the decay of the potential is monitored as a function of time [36].
A variant of the technique is the mirror image method consisting in recording the image of the
potential created by previously implanted charges in a scanning electron microscope [76]. The image
is formed by the deviation of low energy electrons.

The surface potential decay kinetics is the only information accessible for tempting to access to trap
characteristics. The information is macroscopic, i.e. there is no in-depth resolution of the charge.
Therefore, a number of processes have to be hypothesized as reviewed by P. Molinié [36, 77]. First,
three mechanisms are considered responsible for surface charge decay, i.e., bulk neutralization, which
is in general the investigated process, gas neutralization by ions present in the environing air, and
surface conduction due to the fact that experiments are usually realized with a limited surface area.
The contributions from these different processes has been discussed recently by Zhang [78]. A second
family of hypotheses is on the nature of charges: dipolar processes as well as charge motions can be
at the origin of the SPD as observed for example for epoxy material [73]. Since only the discharge step
is probed in SPD, the distinction between the two processes is not as obvious as for
charging/discharging current measurements for example. Finally, the fate of charges is to be modeled:
the deposited charges are primarily ions during the corona discharge and therefore there is some form
of charge exchange from deposited ions to presumably electronic carriers, being electrons or holes,
transported or being trapped in the sample bulk. Though, as mentioned previously, this charge
exchange has been considered [14, 51] in most of the works this step is forgotten: it may be considered
that the deposited charge is progressively 'injected' into the bulk and acts as a finite source of charge
during the discharge process [79, 80] or the process is included in charge trapping on deep surface
states [39].

Since its discovery by leda and coworkers [81], the crossover of the surface-potential decays of
polymers has attracted considerable attention and has stimulated the development of various models,
not necessarily involving trapping phenomena [75]. The crossover phenomenon corresponds to a
faster decrease of the potential when the charging potential is higher. Models considering only the
drift of charges with a possible field dependent mobility but without involving trapping / detrapping
processes in general do not fit to experimental potential decay curves. Access to trap depth is given
when detrapping processes are at play. The simplest way of analyzing SPD for trap depth estimation
purpose is to consider that the decay is controlled by charge detrapping, i.e. the characteristic time
constant for transport is shorter than the detrapping time. An image of the trap distribution is obtained
with considering the following set of equations:

11
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tdV /dt o« k, TN(E.(t)) 1
and E; = k, Tin(vt) (2)

where E; is the trap depth, k, the Boltzmann's constant, T the temperature, and t the characteristic
time of potential decay. Here v is the attempt-to escape frequency in the frame of semiconductor
physics model [33, 39, 82]. An equation of the form similar to Eq. (2) was derived in the frame of
dispersive transport with a different expression for the attempt to escape frequency [36, 83, 84]. It
corresponds to the general assumption that as time elapses, charges trapped in shallower states are
progressively released and the charges emitted at a given time correspond to a preferential trap depth
or energy demarcation [85].

Because the response is global, many assumptions are made when analyzing the surface potential
decay rate. One of them is on the nature of decaying charge, dipolar vs. moving charges, as mentioned
above. The refinement of models encompasses retrapping probability [85], consideration of different
populations of traps, bipolar processes and possible charge recombination phenomena, various forms
of 'injection' law, etc. With the advent of charge distribution measurement techniques, new
information was brought and support from experiments could guide the theory. As an example, the
crossover phenomenon was reconsidered with injection of charges from the ground electrode and
bipolar charge transport and trapping [79]. Here the injection was taken with a Schottky law both for
the charges at ground electrode and for those deposited by corona.

With the analysis succinctly presented above, in principle a continuous distribution of trap levels can
be obtained. An underlying question is the presence of multiple processes controlling the decay, one
related to the surface and one to the bulk of the material. In general, it is considered that charges
trapped at the surface occupy deeper levels: it can be because the surface contains effectively chemical
defects such as oxidized groups, etc. Actually modification of the surface may have strong effects on
the charge stability [86, 87] and the discharge kinetics can be sensitive to the depth of deposited
charges [88]. The alternative is that the appearance of deep traps reflects the 'injection' process at the
surface.

An example of trap distribution obtained on low density polyethylene (LDPE) for positive and negative
corona charging is shown in Figure 5 [39]. Here the potential decay has been fitted to a double
exponential function, supposing that two populations of traps control the decay. The charges were
supposed to decay independently. A OD model was implemented in which detrapping is the only
process controlling SPD. The two populations would reflect physical and chemical traps into the
material. Though nice results are produced, with distinct distributions, the analysis is biased by the
hypothesis of double distribution each of them following an exponential decay for the SPD and by the
fact that surface charge exchange processes are completely ignored. This kind of analysis has been
repeated in recent years in different groups [78, 89, 90, 91] for different purposes.
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Figure 5. Bold lines: trap density distribution deduced from SPD analysis using 0D-model in 25
um-thick LDPE after positive (red) or negative (black) corona charging, supposing a double-
exponential potential decay. Dashed lines: analysis of the same experimental data without

double distribution hypothesis. Adapted from Li et al [39] and Shen et al [82].
Reprinted from [82], with the permission of AIP Publishing.

4.2. Space charge decay

The analysis presented above for SPD finds a parallel in the discharging step in space charge analysis.
As it is necessary to get a good time resolution in space charge profiles acquisitions, and to record
profiles repeatedly, essentially measurements by pulsed electroacoustic (PEA) method were
implemented for that purpose. Data recording needs charging/discharging steps in space charge
measurements, which does resort to current use of such technique. In respect to SPD presented above,
the charging is achieved mainly by applying a DC field. Therefore, the charging time can be substantially
longer than using corona contact, meaning that charges can drift during the charging time and occupy
more the volume at the initiation of the discharge. Space charge measurements can be achieved too
after charging with an electron beam [92, 93] and this may constitute an interesting alternative for the
purpose of trap spectroscopy using low implantation depth of charges.

The first attempt to exploit space charge data for the purpose of extracting trap depths was that of
Dissado et al [41], using results obtained by pressure wave propagation method applied in divergent
field configuration with wire embedded in an epoxy matrix. Charges injected and trapped in the very
vicinity of the wires are supposed to be thermally promoted directly from the trap level they occupy
to an energy state. Then, they move almost instantaneously to the electrode and are extracted due to
the high residual field. Besides, the number of trap states per unit volume per unit energy interval is a
constant No. The decay is then entirely controlled by charge detrapping, and discharge models adapted
from those initially developed for isothermal current discharge [33, 94] could be derived. With a typical
decay curve of the total net stored charge Qu as plotted in Figure 6, quantities such as the minimum

and maximum occupied trap levels, Amin and Anex., the initial stored charge Quo or the rate of charge
decay can be determined:
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Qu(t =0) = Quo = eNp[Amax — Amin] ®)
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Here, s represents the charge resorption rate, expressed in % per decade in time.

=
o
1

Normalized charge (Q, /Q,,)
o
(6]

o
o

Figure 6. Experimental decay curve of total space charge amount as a function of time. From
the analysis of the curve, minimum and maximum occupied trap state energy and discharge
rate are deduced. Adapted from Dissado et al [41].

This initial analysis has been exploited for space charge measurements obtained by PEA for comparison
purpose of different materials [95, 96]. Like for potential decay, the analysis of charge decay gives
indication on the trap distribution in the range around 1eV. This corresponds to detrapping times in
the range minutes to hours.

A different approach of the charge decay was initiated by Mazzanti et al. [42]. By supposing that
charges are localized near the electrodes, which can be actually verified since space charge
distributions are handled, the discharging time-dependent mobility of charges could be determined:

€ dQu(b)

0’0 dr ®

u(t) =

where ¢is the dielectric permittivity of the material. In case where the distribution of initial charges is
uniform, a factor 2 appears in the right hand term [97]. The conversion from a time-dependent mobility
to a (occupied) trap depth distribution was achieved considering different hypotheses, as e.g. discrete
or continuous trap distribution, or considering apparent trap controlled mobility, Eq. (5).

Using space charge decay method, the derived energy span for the trap depth is in the range around
leV like in the previous analysis. The method was applied mainly to compare different materials using
the same experimental procedures, as with XLPE with different formulations [42, 96, 98].
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The technique is often employed in situation where charges are previously generated by applying a DC
field, which may result in bipolar charging. Then, the absolute value of the charge is derived vs. time
of depolarization. Tzimas et al [95] analyzed the decay of space charge amount in XLPE using two top
hat distributions representing shallow and deep traps, and with attempting to differentiate the
contribution from positive and negative space charges. It appeared that negative charge traps were in
greater amount than positive ones (in unaged samples), and the energy depth was less. However, this
kind of analysis could be implemented in situation where a single space charge domain is obtained
after polarization by choosing the poling conditions. This should lead to more reliable results than
those obtained by integrating positive and negative charge densities.

The isothermal methods presented above provide estimates in trap depths in the range 0.8 eV to
1.1 eV in LDPE as reviewed by Haque [99]. This reflects some form of consistency such presented.
Table 2 represents and update and a correction to this previous review.

. Energy Method / o
Material (form) Shape of Distribution Reference
span (eV) (Sign of charge)
LDPE 0.85-1.03 PEA charge decay 2 levels Zhou et a/ [100]
LDPE 0.85-1.01 Integral charge decay Discrete (2 main levels)  Haque et o/ [101]
Montanari et al
LDPE 0.80-0.86 PEA charge decay Discrete

[102]

0.85-1.10 SPD (+)
LDPE Double distribution Li et al [39]
0.92-1.15 SPD (-)

LDPE 0.93-1.11 Integral charge decay Exponential Haque et al [99]
LDPE/FEP interface 0.87-1.16 PEA charge decay Top hat Rogti et al [103]
Montanari et al
HDPE 0.83-1.07 PEA charge decay Discrete
[102]
XLPE (various) 0.88 -1.07 PEA charge decay Discrete Mazzanti et al [42]

Van der Born et al

XLPE (minicables) 1.08-1.22 PEA charge decay Discrete (o8]
0.75-1.1 PEA charge decay (+)

XLPE Double Top hat Tzimas et al [95]
0.70-1.17 PEA charge decay (-)

XLPE (various) 1.00-1.20 PEA charge decay Top hat Vu et al [96]
Epoxy 0.68-0.94 LIPP charge decay Top hat Dissado et al [41]
Polystyrene 0.85-1.10 SPD (-) Discrete Watson et al [85]

Table 2. Comparison of trap depth in LDPE and some other materials reported by different
researchers. The sign of charges is indicated when it is reported in the results or when results
resort to corona charging.
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The shape of the distribution in energy is not the same: about a top hat for Dissado et al [41], an
exponential distribution for Haque [99] and a discrete [101, 102] or a two-level distribution [100] for
others. Besides, the fact that the same span of energy is obtained can be in part due to the time scale
of experiments which is roughly the same in all of the methods (= 1 s to a few hours). Especially, the
low energy end of the distribution may depend on the switching time from charging to measurement.
Considering other materials, for XLPE, we reported deeper energy spans, typically 1.0-1.2 eV [96] than
those obtained by Mazzanti et al [42] but consistent with those of Van der Born et al [98]. All
considered, traps appear deeper in XLPE compared to LDPE presumably because of traces of
crosslinking by-products. For epoxy, reported data, at high fields, are in the range 0.68-0.94 eV [41].

4.3. Charge Recombination-Induced Luminescence

Charge recombination-induced luminescence —RIL- stands for the luminescence detected immediately
after bipolar charging of a dielectric without any stimulation, i.e. isothermal luminescence without
irradiation of any kind. Such effect is typical of situation where a critical degree of charging allows
carriers of opposite signs to interact. Common situations where it arises encompass contact between
an AC discharge and the surface of a film, charging of the sample under high field with the use of
contacting metallic electrodes, or irradiating the sample with ionizing radiation generating pairs of
charges. In all these examples, charges of both polarities are deposited (AC discharge), or injected (DC
field), or created (ionizing radiation). The luminescence must be analyzed in time to separate those
components that are due to long lived excited species formed during the charging step (typically t <
1), from the luminescence due to charge recombination which has a much slower kinetics being
controlled by the recombination process (geminate recombination and drift recombination). We will
illustrate these processes by taking two different examples being a contact between a cold AC plasma
and a dielectric surface, and the charging of a sample under a high electric field, before discussing the
contribution of this technique to the identification of trapping centers.

4.3.1 Identification of the RIL component in plasma-induced luminescence

Although the phenomenon of RIL is general and can be unraveled in most of the polymeric materials
[104], we will illustrate the effect by taking the example of polypropylene [45]. Tiemblo et al [105]
reported on Plasma-Induced Luminescence (PIL) measurements on polypropylene (PP) films after
contact with a cold plasma of helium run at a frequency of 5.5 kHz at atmospheric pressure. The
experimental arrangement allows integral and wavelength resolved light measurements to be done in
situ after discharge switch off. The kinetics of integral luminescence shown Figure 7 [45] is the sum of
three components: the photoluminescence of PP, with time constant corresponding to the lifetime of
triplet states excited by the UV of the discharge [54]; the chemiluminescence of PP [106] and the
luminescence due to charge recombination with a typical kinetics, giving a total light decay in time of
the form [21]:

(6)
1(t) = Ipsexp(—t/Tq) + Ipzexp(—t/T3) + lo3(1 + at)™

where | is the luminescence amplitude, lo; are pre-exponential factors, t is the time elapsed from the
end of the treatment, @ and m are adjustable coefficients and t; are time constants. The order of
magnitude of ais 0.1 st and m~1.
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Figure 7. Time dependence of plasma-induced luminescence (PIL) following a 5 s treatment of a
polypropylene surface at low temperature. Luminescence decay is the sum of three
components as indicated. Circles: experimental data.

Reprinted from [45], with the permission of AIP Publishing.

The reciprocal time dependence of the light amplitude can be attributed to electron tunneling to
positively charged luminescence centers [47, 107, 108, 109]. Such kinetic analysis allows to define a
time window where recombination is the sole contribution and therefore to isolate the emission
spectrum of the process as shown in Figure 8. Here the emission characteristic of radiative charge
recombination peaks at 510 nm. Its origin is discussed later on.
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Figure 8. Time dependence of plasma induced luminescence spectra for PP at LNT. Spectra are
normalized to the emission maximum. Integration time windows are given in the caption.
Wavelengths indicated on the spectra are real emission maxima or shoulders. Other structures
can be due to data smoothing procedure.

17



Review: Trap Spectroscopy in Polymer Dielectrics — Revised Version.
Teyssedre et al 2021 J. Phys. D: Appl. Phys. https://doi.org/10.1088/1361-6463/abf44a

4.3.2 RIL following DC charging

The deposition of charges of the two polarities at the surface (or in the volume using ionizing radiation)
constitutes an efficient way of revealing charge recombination processes. Interesting is the case where
charges are generated by the application of a DC field: delayed electro-luminescence was observed.
Although the phenomenon is observed in different polymeric materials [110, 111] it will be illustrated
with experiments performed on polyethylene naphthalate -PEN as this material is highly luminescent
when excited due to the aromatic ring structure in the repeat unit [112, 113]. This renders detection
of the luminescence much easier and therefore allows a much deeper insight.

Under DC stress, charges of both polarities are generated through charge injection at both electrodes
[114, 115]. Delayed luminescence is shown in Figure 9 [116]. Note that the experiment is realized using
a high voltage switch in order to disconnect the sample form the source. When the sample is grounded,
the delayed luminescence is observed but its decay is much faster [114, 117]. This situation is much
more difficult to handle, because the space charge formed during field application can generate a
much higher internal field when the electrode potential is set to zero. In fact, this field can be high
enough to induce sample breakdown [118].
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Figure 9. Time evolution of the luminescence observed in PEN during and after application of a
DC field of 310 kV/mm at room temperature.
Reproduced from [116]. © IOP Publishing Ltd. All rights reserved.

Two main effects could contribute to the light decay if we neglect the fluorescence lifetime which is
much too short (<< 1pus) to play any role in the considered time scale. One is due to the
phosphorescence lifetime of the PEN molecules that were excited during field application, according
to:

3k (7)
1
SPEN* —— PEN + 3hv

Where hv is the radiated light (h is the Planck’s constant and v the frequency).
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The other is due to charge recombination on luminescence centers, with a decay controlled by the
kinetic of the recombination process and the lifetime of the excited states, according to:

k (8)
PEN* + e (trapped) —— L3PEN*

where the rate constant k; is characteristic of the recombination mechanism. Then,

1,3k1 (9)
L3PEN* ——— PEN + 13hv

with a rate constant Zk; and 3k; for fluorescence and phosphorescence transitions respectively.

We have checked that the phosphorescence lifetime, of the order of 20 ms, cannot account for the
light decay that is therefore controlled by charge recombination. The analysis of the decay was
achieved considering a distribution of recombining electron-hole pair separation distances and
supposing that geminate recombination dominates. A mean distance of about 1.8 nm has been
obtained [116]. Being the sole mechanism at play, emission spectra could be acquired along the decay.

5. Techniques with stimulated detrapping

With using thermostimulated relaxation of a material, the experimental time can be considerably
shortened and a broader number of relaxation modes explored in a single spectrum compared to
isothermal decay. In addition, the possibility to 'freeze' a charge state by cooling may avoid the fast
detrapping from shallowest levels that occurs just after charging in isothermal conditions.

5.1. Thermally stimulated currents

Though the first reports on thermally stimulated discharge current (TSDC) date back to 1936, its
systematic use and kinetic analysis appeared in 1966 [119]. TSDC method has been very popular in the
years 70 to 90, to probe dipolar processes as well as detrapping of charges [120]. Van Turnhout -who
provided a considerable contribution to the topic - proposed a very extensive review of the method
applied to investigate charge stability in electrets [49], and only a brief outlook will be given here.

The principle of the method consists in charging the material at high temperature (e.g. by application
of a dc field on a metallized sample), followed by cooling to low temperature with the field still
maintained. Next, it is short-circuited and reheated at a linear rate of a few °C/min, the discharge
current generated being measured with an electrometer, and recorded as a function of temperature.
The pre-charging of materials is done using one of the methods described previously. However, as
dealing with current measurements, it must be ensured that the charges move over significant
distance relative to the electrodes to collect a measurable current. If charges are trapped at the very
surface and collected on the adjacent electrode, then the current is virtually null. This sensitivity to the
position of the charges is an issue for quantification purpose. One way to overcome the problem
consists in interposing an air gap between the non-metallized surface of the material and the
measuring electrode [121], but this limits the characterization to non-metallized films and may be
more difficult to implement than with short circuited electrodes. The heating can be made with a field
being applied; with as objective to drive the charges in a controlled direction, the method is called in
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principle TSC. Vanderschuren discussed the differences in the results of TSC and TSDC in case of dipolar
processes [122].

The simplest expression of the TSDC glow curve is that corresponding to relaxing dipoles from a
homogeneous polarization of a dielectric with shorted electrodes.

1

P E, T E, ., (10)
J(T) = z exp = - X exp [ 5t fTo exp =1 dT

where J is the current density, P the polarization (P, the initial polarization, in C/m?), § is the heating
rate. The relaxation time t(T) has a Arrhenius time dependence:

E
©(T) =19 exp# (11)

where 1, is the frequency factor, E, the activation energy and k the Boltzmann's constant. In case of
TSDC resulting from moving charges, with or without detrapping, the situation is far more complicated.
The discharge current is obviously dependent on the initial charging state of the material. It seems that
only in very restricted situations the above analysis can be valid: that of an initial charge cloud close to
the surface without contacting it and discharge controlled by the mobility of charges under the effect
of their own field, up to the time internal charges reach one of the electrodes. An equivalent situation
is that of detrapping with fast retrapping [49]. For any other distribution and situation, there is no
tractable equation. There are limit cases of charges adjacent to one electrode and evacuated at that
electrode and the one with homogeneous distribution of charges that provide no external current. We
should mention the use of the Thermally Stimulated Conductivity —TSC- method that consists, most
often, in sensitizing the material with ionizing radiation and measuring the current under field. There
is a priori no need to consider non-homogeneous processes along the thickness, which may make the
analysis easier. However, ionizing radiations are highly intrusive [123] and detected traps may be not
relevant only to the initial material state, particularly in polymers that are sensitive to irradiation.

Chiefly, the methods for the determination of the thermal activation energy or the frequency factor
can be divided into three categories: those making use of heating rate variations, those based on
geometrical approximations of the glow peak and among various others, the Garlick's and Gibson's
initial rise method [124]. According to the latter, the initial rise of a glow peak follows an Arrhenius
equation, which slope gives the thermal activation energy [123].

The first method is based on the following relation between heating rate and glow curve parameters:

8.E,P,

= ~am (12)
m kT2

where Jn, Pm and T, are respectively the peak current, the area under the glow curve and the peak
temperature. It is not a very precise method as the peak position is not so much sensitive to the heating
rate, and a very good control of temperature under different heating rates is necessary. The second
one supposes that the hypotheses behind the model are fulfilled during all the depolarization process.
In the case of Debye peak with a single relaxation time, the time dependence of the relaxation time is
obtained from:
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P(T) lfTTf](T')dT' (13)
J 8 M

o(T) =

where P(T) is the remaining polarization at a given temperature. Then the activation energy can be
obtained from the regression line on 7(T*) according to Eq. (11). Figure 10 shows an example of peak
analyzed using this method [125]. The pure Debye-like peak obtained with the fitted activation
parameters is represented as solid line.

Finally, the initial rise method provides the activation energy from the low temperature side of the
glow curve, when nearly all the polarization remains in the dielectric, cf. second term in Eqg. (10). This
last method is more robust as it considers only the initial rise of the glow curve.
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Figure 10. Example of experimental fractional polarization TSDC peak (solid line) analyzed as a

Debye-like peak using the rising of the peak and Eq. (13) and computed using Eq. (10).
Ea=1.34 eV; Tm = -45.8°C. Reproduced from [125]. © IOP Publishing Ltd. All rights reserved.

If the frequency factor were known, the activation energy would be deduced easily from the relation
between peak temperature, and activation parameters:

exp — (14

Behind this analysis, there is one fundamental question related to the pre-exponential factor that is
supposed either constant or specific to the process involved. A resolution of the glow curve following
Eg. (13) may lead to values for the frequency factor 1, that are extremely small, with a vexing question
about its physical meaning. It has been proposed that t, which in the frame of semiconductor physics
is a phonon frequency or a vibrational frequency of the lattice, is not reduced to k,T/h in Arrhenius-
Eyring equation, but contains an entropy term that accounts for the multi-excitation steps necessary
to overcome a potential barrier [126, 127]. The higher the barrier to overcome, the larger the number
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of intermediate steps, and hence potentially the higher the entropy term, leading to a relation
between the energy and entropy terms of the kinetics. This very general approach holds also for
transport processes.

The passage from a single relaxation to distributed relaxation processes is a difficulty in itself. Many
attempts have been proposed to resolve complex TSDC spectra into a distribution in relaxation times,
which can be in the activation energy, in the pre-exponential, or both [49, 122, 128]. Experimental
variants of the TSDC method exist to produce discrete distributions of processes like fractional
polarization —i.e. polarization in a narrow temperature window, or by step-by-step decomposition of
glow curves by first fitting the most prominent peak, subtracting it from the glow curve and then
continuing this procedure for the remaining side peaks until a satisfactory fit is achieved [129]. We
shall come back to this aspect in the discussion section. In the analysis of charge detrapping, this
difficulty combines with that linked to the incertitude on the position of the charges giving rise to a
depolarization current.

In the implementation of TSDC for trap spectroscopy purpose, many further difficulties can be met.
First, on a technical point of view, the heating rate must be perfectly linear, otherwise artefacts can be
produced as the recorded current is proportional to the heating rate. There may be coexistence of
different processes to the TSDC, one of them being the relaxation of orientation polarization that
produces a current of opposite sign to the charging current. A number of criteria have been proposed
to distinguish discharge due to dipoles from carriers detrapping, as the linearity with applied voltage,
the impact of the nature of electrodes or the impact of the polarization temperature. Still with the
coexistence of processes, the discharge can be not necessarily due to detrapping but to ohmic
conductivity leading to compensation of the stored charge.

At this stage, the resolution of the problem of reconstructing TSDC spectra should be done using fluid
models of transport, that provide without approximation the current and charge redistribution
corresponding to a set of hypothesized physical processes [130] with however the difficulty to identify
model parameters likely to describe the full process.

There are many examples of application of TSDC in the literature for trapping parameters estimation.
For example, Kojima et al [22] observed strong polarity effects on part of the TSDC features in
Poly(ethylene terephthalate) (PET) and could in this way separate dipolar processes from detrapping
in the response. They obtained a trap depth of the order of 0.65 eV. Interestingly, the activation energy
for dipole relaxation almost coincided with that for electronic carriers detrapping leading to consider
that thermal detrapping processes are strongly affected by molecular motion.

Rytoluoto et al [131] reported recently on TSDC from Polypropylene capacitors. Trap energies in the
range from 0.3 to 1.3 eV were obtained by multi-peaks fitting, with positive or negative contributions
to the glow peaks.

TSDC from polyethylene materials was discussed mainly on a qualitative basis regarding the sign of the
TSDC current and the comparison of corona vs. DC field charging [132]. The initial rise method was
used in TSC of X-ray irradiated HDPE to probe oxidation effects on the material. Trap depths in the
range 1to 1.5 eV were obtained above room temperature with the method, and tentatively attributed
to detrapping from different structural regions [133].
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5.2. Thermally Stimulated Luminescence

Thermally Stimulated Luminescence— often called Thermoluminescence (TL) consists in analyzing the
light produced by a material during a linear heating rate once sensitized. In the core of the literature
about the topics, particularly over the recent years, research on TL is dominated by application to
scintillators in which trap depth as well as quantitative aspects are important features. In these cases,
the sensitization is made using high-energy ionizing radiations. Materials for such application are
usually inorganic crystals, organic crystals or doped organic materials, with in recent years the
proposition of using common plastics as Poly(ethylene naphthalate) [113, 134]. There are
comparatively few research reports dealing with TL following DC field application or more generally
net charge implantation. Nishitani et al performed simultaneously TSDC and TL measurements after
applying a high DC field to PE samples at low temperature (90K) [135].

TL can be viewed as a complementary method to TSC or TSDC [25, 123]. Wintle pointed out the
inconsistency between results of the two techniques [136, 137], inconsistency that can be explained
in part by the fact that the latter probes both dipole and charge relaxation whereas the first is sensitive
mainly to charge relaxation, and more precisely charge recombination. Therefore, looking at the
details, the techniques can be viewed as complementary more than contradictory.

With considering simple hypotheses, a relatively tractable equation can be derived for the TL glow
curve [138]. The hypotheses taken are provided in Figure 11 with detrapping electrons, from a single
detrapping level, recombining with trapped holes.

A N total trap state concentration
E, An h n traps occupied by electrons (initially no)
Y N, n /V\v,\,_) m available hole states (for recombination)
Anm Eiis the trap energy
moY A, retrapping probability

Am recombination probability

Figure 11. Scheme of processes involved in thermoluminescence in its most simplified
assertion. Reproduced from [138]. © I0P Publishing Ltd. All rights reserved.

It is considered that the rate at which electrons escape from the traps is roughly governed by the
vibrational frequency S at which electrons interact with the lattice within the trap and the trap depth
E:. The overall escape rate is proportional to S exp —E;/kT. We suppose that there are more accessible
holes than detrapped electrons (m>>n) and a strong recombination probability (A»>>A,), then the glow
TL curve is described by:

TL(T) = & S exp— Lt ar 1s)
(T) = nySexp T X exp —5 | eXP—im dT
To

where 6 is the heating rate. This equation exactly corresponds to the one for Debye peaks for dipoles

and it reflects first order kinetics, Eq. (10). When fast retrapping is effective and traps are far from
saturation, then second order kinetics holds, and analytical solutions can be found with some
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hypotheses. In the general cases, only general order kinetics can be applied. Eg. (15) then becomes
[139]:

-b
E. o1 (16)
B ]

TL(T) = nyS Et><1+b 1SfT
(T) = nyS exp T ( )5Toexp

where 1<bs2 is the kinetic order parameter (b=2 for second order kinetics).

In practice and in the context of TL applied to dosimetry, first order kinetics satisfactory describes TL
glow curves; however, for different reasons the fitting parameters do not have the simple meaning of
trap depth and escape frequency [140].

The different methods of analysis of TL curves have been reviewed by Kirsch [139] whereas Kivits and
Hagebeuk [141] discussed about the accuracy of the approximations made. In principle models for TL
belong to the same families as those for TSDC curves, with an extra parameter that is the kinetic order.
The initial rise method provides activation energy whatever the kinetic order, but does not provide
information on the order. The information on the order is brought by the width of the glow curve.
Linearization or curve-fitting methods are used to extract kinetic parameters. A number of artefacts as
too low or two high activation energies have been discussed by Chen [142]. They correspond grossly
to the case where first or second order kinetics seems in operation, but the detailed mechanisms are
more complex.

Isothermal luminescence decay, like presented in Section 4.3, can be a way to check the order of the
kinetics [143]. A recent work on long-lived phosphors points to the equivalence in the mechanisms
controlling isothermal luminescence decay and TL [144]. In general, the analysis of overlapping
detrapping processes is more precise through TS techniques compared to isothermal ones [139]. Using
the spectral analysis and recording distinctly the decay in different spectral windows can provide more
precise resolution [145].

In principle TL more closely reveals detrapping events than TSC/TSDC, as transport is not involved and
other thermally activated processes like dipolar relaxation do not produce light while they produce a
current. However, recombination may occur without excitation to the extended states. The charge
transfer can occur via tunneling between spatially correlated electron and hole trapping centers within
defect complexes, corresponding to geminate pair recombination or across randomly distributed
centers; this latter type of recombination is known as localized recombination [146, 147]. The latter
model involves three states, namely the ground and the excited state of the donor, and an undefined
state of the acceptor center; recombination occurs via the excited state on stimulation by heat or light.
The power law decay behavior observed for ground state tunneling has generally been explained by a
distribution of donor—acceptor (d—a) separations (tunneling distances). It can be anticipated that the
optical or thermal energy involved in the recombination process is less than the trap depth. Jain et al
[147] computed TL curves considering a distribution of tunneling separation distances, such
distribution in separation being previously used to explain the power law decay of isothermal
luminescence [108, 109]. The glow curves have much slower decay than the first order kinetics TL
curves. However, the story does not tell about the apparent activation energy.
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As mentioned previously, the analyses of TL and TSC have been combined in several studies to provide
a more complete view of the processes at play. The fact that peaks appear in the same temperature
range is not a proof of the same origin in the processes. Markiewicz et al [50] realized simultaneous
measurements of TL and TSC on LDPE, using optical bleaching and treating materials in different
conditions such as forced oxidation (see Figure 12) or attack by fuming nitric acid. As shown in Figure
12, oxidation has opposite effects on peak magnitude. It was concluded that molecular motions could
drive geminate pair recombination in TL while TSC was not due to charge detrapping but to dipoles
motion. Suzuoki [148] reported on the decrease of TL intensity after oxidation of high density PE. They
ascribed the feature to deepening of charge traps after oxidation. Optical bleaching consisting in
redistributing charges in traps by using light indeed showed that higher energy is necessary (3.0 vs.
1.9 eV) to induce a decrease of the TL activity.

T T
-150 -100 -50

TL (arb. units)

T T T T
-150 -100 -50
Temperature (°C)

Figure 12. Simultaneous measurements of TSC (top) and TL (bottom) on Low Density
Polyethylene after exposure to 02/0: mixture at 40°C for (1): 0 h, (2): 25 h; (3): 150 h.
Reprinted by permission from Springer Nature Customer Service Centre GmbH: [Springer]
[Thermal Analysis] [50] (1991).

A noticeable difference between TL and TSC is the fact that TL is more effective at low temperature,
presumably for the higher probability of radiative de-excitation than at high temperature, while TSC
should not in principle follow temperature-dependent efficiency.

5.3. Photostimulated Discharge

Photo-stimulated current spectroscopy (PSC), also called photo-stimulated discharge method (PSD),
consists in charge release from their traps induced by irradiation of the sample with monochromatic
light. This technique can be seen as the optical equivalent of the TSCD method. The first papers dealing
with PSD theory and measurements on insulators and semiconductors date back to the early 1970
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[149, 150], and a small number of papers have been published since then, which implies that PSD is a
relatively confidential technique compared to TSDC.

The first step of the experiment consists in traps filling with methods as charge injection from the
electrodes under high electric field or irradiation by corona discharge or electron beam described
previously. The trapping level can also be filled using photo-injection of electrons from the lighted
electrode into the material bulk [150] with application of an appropriated electric field. Photoemission
and transport are then accelerated by the applied external field and a fraction of the electrons is
trapped in deep stable traps at the energy Er(Figure 13a). It can be also necessary to maintain low
temperature to avoid thermal emptying of the traps.
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Figure 13. Idealized energy band diagram for Au/SiO2/Si structure.
Reprinted from [150], Copyright (1972), with permission from Elsevier.

The second step consists in the excitation of the charges trapped in defect centers to the conduction
band. The photons energy needs to be higher than the energy Ec-Er (Figure 13b). The external current
is recorded as a function of time for a fixed wavelength (Time resolved photo-depopulation) or during
wavelength scanning at a constant rate (Spectrally resolved photo-depopulation). In a first
approximation the trap depth corresponds to the long-wavelength cut-off of the PSD peak for wide-
band materials, while for narrow-band materials the peak of the spectrum corresponds closely to the
trap depth [151].

Typical PSD spectra obtained on a polyimide (PI) film charged under electron beam irradiation [28] are
shown on Figure 14. Two dominant trap depths corresponding to a photon energy of 2.67 eV (465 nm)
and 3.20 eV (390 nm) are observed.

The difficulties in the interpretation of the PSD data (as well as to compare the results obtained from
different authors) lie in the large number of factors that can affect the PSD current:

5.3.1 The experimental parameters linked to the PSD setup

An arc lamp associated with a monochromator is often used to produce quasi-monochromatic light.
The spectral energy distribution of the light is taken into account by normalization of the recorded PSD
current [26], especially when working in the near UV-range. Filtering of the infrared part of the
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irradiation spectrum avoids heating of the sample. Thermal de-trapping can then be considered as
negligible when PSD is performed. The bandwidth of the produced quasi-monochromatic light, which
is directly related to the spectral resolution of the PSD method, is of a few nanometers (from 4 to 20
nm) in most of the published papers. Finally the scanning rate used for spectrally resolved photo-
depopulation (continuous scanning from low to high energy) should be small enough to allow the traps
to be completely emptied for each energy level, otherwise the PSD currents can be overestimated, due
to the detrapping of the shallower traps under the irradiation of higher energy photons [152].
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Figure 14. PSD spectra of polyimide charged under electron beam irradiation.
Reproduced from permission of Eur. Phys. Lett. [28].

5.3.2 The experimental parameters linked to the sample and electrodes

The metal nature of the electrodes, through the work function, directly influences the PSD response.
Ma et al [153], studying the photo-stimulated discharge spectrum of polypropylene films, showed that
the position of the peak is shifted to the longer wavelengths when Au (work function of 5.1 eV) is
replaced by Al (work function of 4.28 eV) for the electrode facing to the light irradiation. The thickness
and geometry of electrodes are also important parameters. To ensure the light penetrating into the
material under study, the transmittance of the illuminated electrode has to be taken into account. For
example a 23 nm-thick gold layer shows transmittance of approximately 40% [154]. However, the
transmittance of a metal layer is depending on the light wavelength, with an important decrease in
the near-UV range. In order to improve the signal-to-noise ratio in PSD measurements, transparent
and conductive material like Indium Tin Oxide (ITO) could be used as illuminated electrode [155].
Another way is to use a fingered or structured electrode facing to the irradiation light. The PSD signal
is higher because of higher light penetration within the material bulk. On the other hand, one of the
indirect effects of using such fingered electrode is that electric field can be enhanced locally due to
edge effects, and as a consequence charge injection and trapping at these “hot points” can be

27



Review: Trap Spectroscopy in Polymer Dielectrics — Revised Version.
Teyssedre et al 2021 J. Phys. D: Appl. Phys. https://doi.org/10.1088/1361-6463/abf44a

substantially increased [153]. Finally, the interpretation of PSD signal can be difficult in the case of non-
uniform spatial and energy distribution of the traps, because the penetrating depth of the incident
light into the material depends upon the wavelength. For example, the penetrating depth is estimated
at about 7.2 um at the wavelength 470 nm and 3.3 um at 370 nm in polyimide [154].

5.3.3 The additional physical processes that can be at play

When dealing with photoconduction, optical excitation can take various forms, ranging, besides photo-
detrapping of carriers, from photo-injection of carriers at the electrode-dielectric interface, excitation
of m electrons in conjugated groups with bound electron-hole pairs creation, which dissociation can be
field-aided [156, 157, 158, 159]. Even though charge release from traps is the main mechanism behind
the PSD current, it appears that some of these processes combining optical excitation and field
application can be at play also in photo-discharge experiments [48].

For example Mellinger et al [26] studied the photo-stimulated discharge in some polymer electrets
(polytetrafluoroethylene (PTFE), polyethylene terephthalate (PET) and polypropylene). They
concluded that the external photo-effect must be taken into account only when using pressed-on
electrodes at short wavelengths (under 260 nm). Furthermore, the authors assume that the interaction
of excitons and trapped charges leads to a change in the charge distribution and further annihilation
of trapped charge. In a recent study of the photocurrent spectra of polypropylene films under different
electric and geometrical conditions, Ma et al [160] showed that when a local strong positive electric
field exists near the finger electrode photoemission from finger electrode is observed, and partially
contribute to the PSD peak located at 270 nm [160].

The recent improvement of the PSD method concerns the development of new methodologies as the
step scanning method and the combined calibration—scanning method [152], or the use of optical
parametric oscillator (OPO) laser as irradiation source that allows to reach higher energy resolution, at
around 0.01 eV [48]. The step scanning method consists in irradiating the sample by successive
wavelength step (i.e. step-by-step mode from low to high energy), step duration being equal to the
time necessary for the photocurrent at each wavelength to decrease nearly to zero. It can then be
considered that trapped charges at each energy are completely released. The charge distribution can
be obtained by the integrals of PSD currents at each wavelength [152]. As an example, the trap
distribution for polyethylene film using the step scanning method is represented in Figure 15.

Improvement of the understanding of charge trapping phenomena can also be obtained by combining
PSD and other techniques as space charge measurements, since PSD current is closely related to the
trapped charge distribution in both energy and space [26, 161]. One can also cite a technique called
Exhaustive Photo-Depopulation Spectroscopy (EPDS) consisting in realizing Capacitance versus Voltage
(C-V) measurement coupled to photo-discharge. This can be a way to overcome some of the problems
found in photo-discharge measurements [162].

As mentioned by van Turnhout [49], optical stimulation can be used directly as a diagnostic tool for
trap-level spectroscopy in those materials in which light efficiently releases electrons and holes from
their traps. Phosphors used as scintillators have been particularly considered through the PSD
technique [163] and extended to Optically Stimulated Luminescence — OSL, as briefly described in the
next section.
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Figure 15. Trap distribution in polyethylene by the step scanning method.
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Reproduced from [152]. © IOP Publishing Ltd. All rights reserved.

Over the years, the PSD method has been applied to various organic and inorganic materials. Table 3

summarizes some representative results from the literature on PSD method applied to inorganic and

organic dielectric materials. In the field of polymers, Polyimide has notably been considered, for its

sensitivity to photon stimulation, imparting it with photoinjection and photoconduction properties

[159]. Trap depths are particularly large in those polymers containing aliphatic chains, such as PP, PE

or PTFE. Conjugated polymers as Polyimide (though the results from different sources are not
consistent) or Polycarbonate exhibit comparatively lower trap depth, and PET falls in-between. In

general, trap depths are substantially lower in inorganic materials compared to polymers.

Materials Thickness  Trap filling method PSD peaks/ energy band Ref.
Photoinjection 0.93 eV Brodribb et al
K| 1. -
§  Anthracenecrystal >MM (LY + electric field) 127 eV [149]
[
® 0.4 eV
Photoinjecti B i /
s Tantalum oxide Ta20s 480 nm otomje.ctl(.)n 1.1 eV (large and broad rodribb et a
2 (UV + electric field) [149]
s band)
o
o
£ Thermal SiO: 2.5t04.2 Photoinjection 2.13 eV UCITES G2l
pm [150]
Polvcarbonate 3.5 um Photoinjection Broad band at around 0.5 Brodribb et a/
y =M (UV + High field) eV and beyond 1 eV [149]
(%]
© 4.97 eV fi doped LDPE
2 Al203 nano powder - Direct electric field eviorindope . Zhu et al
g8 TETlene 140 um (40 kv/mm) Trap levels are deeper with [152]
£ P AlLOs contents
(%)
c .
&  Cellular polypropylene 70 pm External field 4.6,5.6and 6.3 eV Mellinger et
5 al [26]
Corona discharge or Mellinger et
Polytetrafluoroethylene 18 um st 4.6 eV al [26]
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Polyethylene . Mellinger et
terephthalate 16 um Corona discharge 4.1eV al [26]
. L 4.05 eV (300 nm) 3.65 eV
Polyimide 25 um Direct electric field (340 nm) and 4.9 eV (253 Yue et al
(40 kv/mm) [61]
nm) bands
L Corona discharge or 2.67 eV (broad peak) and Ma et al
Polyimide >0 um electron beam 3.20 eV (shoulder) [28]
Polvimide 30 um Direct electric field Mainly distributed in the He et al
Y W (40-50 kV/mm) range of 1.92 eV—3.88 eV. [48]
Low Density Direct electric field He et al
Polyethylene 70 um (50 kV/mm) 4.80t0 5.90eV [164]
Bi-oriented Direct electric field Ll ELE QAL LY ENT Boudou et al

18 um double peak 5.4 eV/6.1 eV

(165 kv/mm) (narrow)

Polypropylene [165]

Table 3. Non exhaustive PSD results for organic and inorganic insulating materials reported by
different researchers.

5.4. Optically stimulated luminescence

The basis of OSL measurement is to stimulate a pre-irradiated sample with light of a selected
wavelength and to monitor the emission from the sample at a different wavelength. Different modes
of stimulation, ranging from continuous wave, linear modulation and pulses are available. The method
was reviewed by McKeever [166]. OSL is a relatively new technique that has been developed over the
last 20 years for dosimetry purpose [167]. The idea behind OSL is to propose a faster and easier readout
of information in dosimetry than TL can provide, with light excitation replacing the generation of a
linear heating rate. As shown for previous methods for probing traps, a cascade of events can be at
play, and models for analyzing the induced light are various. The light decay does not follow simple
exponential decay, the curve shape being dependent upon sample, absorbed dose, wavelength of
stimulation and temperature. OSL under CW illumination can be considered as a variant of charge-
recombination Induced luminescence described in section 4.3. Notably, a decay kinetics of the same
shape as shown above was reported [168, 169, 170]:

17
I(t) =A(1 +Bt)™? an

where p is in the range 1 to 2 and A and B are constants, possibly temperature-dependent.

OSL was reported to be sensitive not only to recombining defects but also to the band tail states to
which the electrons are excited [170, 171]. An advantage of OSL put forward compared to TL is to avoid
generating a reproducible heating scheme, along with avoiding thermal quenching effects [166]. The
method anyway reveals that the response is temperature dependent, and a number of processes
explain this temperature dependency: the fact that the charges recombination can be via the
conduction band or through donor-acceptor like process, the mediation of shallow trap levels and the
competition with non-radiative de-activation processes [168]. Therefore, the OSL is either enhanced
or reduced when the temperature is increased. These features show that the competition of all these
processes should be resolved in order to access to an estimation of trap depth based on such method.
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6. Discussion

6.1. Distributed traps in thermostimulated techniques

In inorganic materials, activation energies obtained by TS techniques could be identified in terms of
defects, being a single kind of defect or as discrete distributions [172]. Owing to the disorder
introduced into polymeric materials, the activated processes necessarily involve some distribution in
energy. This has led to the development of different variants of model for glow curves involving a
distribution in energy. Whereas the direct problem, i.e. computation of a TS peak based on a given
distribution is tractable, the inverse problem, i.e. the identification of the distribution in processes
(time constants and amplitude) at the origin of a discharge peak is far from being simple. Based on two
examples, we would like here to point on the difficulty in handling distributed processes in TS methods.

TSDC has been used to analyze relaxation processes in polymers: the processes, corresponding to local
motions of polymer chain or to segmental motions associated with the glass transition, do not obey
single Debye-like relaxation process and it is generally admitted that a distribution in relaxation times
is at play [173]. On fundamental aspects, there is still some controversial about reasons for non-
exponential rule of the relaxation associated to the glass transition temperature [174, 175]. Similar
reasoning has been adopted for trap spectroscopy and a continuous distribution in trap depth could
be produced from glow TSDC peak supposing the pre-exponential factor is fixed for all contributing
processes [176].

One method put forward to analyze such complex response consists in using fractional polarization in
TSDC, i.e. apply the polarization in a narrow window in time/temperature such as to isolate a narrow
distribution in relaxation times [56, 177, 178]. A series of 'elementary' TSDC peaks is obtained, each of
them being analyzed as a single Debye-like process. Then, activation parameters can eventually be
used to obtain a continuous distribution in relaxation times. Such analysis was achieved with changing
the width of the temperature window, from 0, to 5 at 10°C [125]. An appealing result was obtained:
the activation energy range depends on the width of the polarization window, i.e. on the underlying
distribution of relaxation times. The narrower the distribution in relaxation times, the larger the
estimated activation energy. This trend tends to show that the energy obtained in case of distributed
processes is clearly dependent on the distribution itself. In the same vein, Chen [179] demonstrated,
using numerical simulations, that very low effective values of the activation energy and frequency
factor may be evaluated due to the occurrence of two or more TL peaks in close vicinity to each other.

Further argument about this question is brought by recent computations of glow TL curves achieved
with the Gaussian distribution in activation energies and considering different widths in the
distribution [180]. Once TL glow curves were obtained, it was analyzed by the initial rise method.
Figure 16 illustrates the distributions taken and the activation energy obtained (in red) for each case.
Surprisingly, the deduced activation energy falls into the shallowest values in the distribution whereas
we could expect that the mean activation energy is obtained. Only with very narrow width in activation
energy distribution (1% of the mean value) a good estimate of the mean value could be obtained. It
must therefore be concluded that in case of distributed processes, most certainly an underestimate of
the real activation energy is produced.
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Figure 16. Activation energies (in red) predicted with using the initial rise method in computed
TL curves. The initial distribution was Gaussian with different width o. In all cases, the initial
rise method provides the shallowest level in the distribution. Reprinted figure with permission
from [180], Copyright (2013) by the American Physical Society.

6.2. Trap depth vs. molecular motions

In our point of view, molecular motions in polymers may make the analysis of trap distribution more
complicated than in other solid insulations.

We have shown that the activation energy of the process, the trap depth, can in principle be deduced
from thermostimulated curves. However, the peaks observed in TL or TSDC curve can also correspond
to the physical disappearance of the traps, at relaxation temperatures that correspond to the onset of
local molecular motions of the polymer. In that case, the deduced activation energy does not
necessarily represent trap depth.

Dobruchowska et al [181] investigated in detail this phenomenon, known as 'wet dog' effect. The
comparison was made between the positions of the TL maxima and the secondary molecular
relaxations in different poly(alkyl methacrylate)s and polystyrene doped with various chromophores:
pyrene, carbazole and perylene. Though the strength of the TL peak for a given relaxation depends on
the nature of the dopant, it was confirmed that most of the TL maxima correspond well to the onset
of molecular motions, what affords evidence for a significant contribution of the molecular motions to
the charge carrier detrapping process. However, the activation energies obtained in TL tend to be
substantially lower than that deduced from impedance spectroscopy. It was argued that the activation
energy determined from the TL experiment is in fact the energy required to initiate releasing of the
charge carriers from the traps, but not necessarily the energy that is sufficient to activate the entire
molecular relaxation process. Another example of close correlation between TL peaks and relaxation
processes was reported for Polyethylene terephthalate [182].

As quoted by Perlman [52], the detrapping of charge may be a dual process that arises from both a
lowering of trap depth with molecular motion plus thermal excitation of the charge out of the trap.
Since charge release in polymers is so intimately connected with molecular motion, it may be that
some of the activation energies mentioned are not those due to charge affinity of various atoms, or
groups of atoms, but rather are to be associated with molecular vibration and rotation.

A further complication is, in our opinion, the problem of the variation of the quantum efficiency of the
emission as a function of temperature in case of TL analysis. Luminescence techniques have as
drawback to be very sensitive to the nature and environment of emitting groups, therefore rendering
guantitative analysis difficult, especially for materials in the solid state. As far as polymers are
concerned, the luminescence yield can be substantially temperature dependent [183, 184].
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Phosphorescence, which corresponds to the relaxation of long-lived excited states involving spin
forbidden transition, is sensitive to energy relaxation by non-radiative pathways like quenching by
molecular oxygen. The emission intensity decreases with the increase in temperature as mobility of
chains makes the interactions with dissolved molecular oxygen easier [185]. In this way, luminescence
processes can be sensitive to molecular motions.

Up to now, though some works report on the quenching effects for inorganics [140] it seems not to
have been considered in the literature on TLin polymers. It is probably due to the fact that wavelength-
resolved spectra have been reported scarcely [186, 187], such that little was known about the origin
of the emission. As we have shown that the luminescence involved in TL is phosphorescence, and that
the phosphorescence itself varies strongly with temperature because of quenching effects, there is no
reason to consider that the quantum efficiency of TL is not dependent on the temperature. Thus, the
lower the temperature is, the greater the probability for a recombination event to be radiative.

Figure 17 shows the TL curves obtained for crosslinked polyethylene before and after correction from
the temperature dependence of the main emission at about 450 nm in photoluminescence
experiments [188]. The difference in the two thermograms is considerable. The main peak occurring
at low temperature becomes a shoulder after correction. For the thermally treated sample, two
transition regions appear at about -120°C and -60°C. It is tempting to associate these with the y and B-
relaxations of polyethylene that occur in the respective temperature regions according to dynamical
mechanical analysis [189].
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Figure 17. Thermoluminescence curve obtained after excitation of crosslinked polyethylene by
a plasma discharge. Reprinted by permission from Springer Nature Customer Service Centre
GmbH: [Springer] [188] (2002).

This goes with questioning about the intimate relation between the activation energy deduced from
detrapping and for dipolar chain motion reported by Kojima et al for PET [22]. From a practical point
of view, this has no real consequence when the information expected is the effective depth controlling
the stability of charges and the kinetics of detrapping. It should be verified, through e.g. a checking of
consistency of the response obtained by other techniques, like isothermal methods, that processes are

33



Review: Trap Spectroscopy in Polymer Dielectrics — Revised Version.
Teyssedre et al 2021 J. Phys. D: Appl. Phys. https://doi.org/10.1088/1361-6463/abf44a

effectively thermally activated. Of course, on a physical standpoint the significance is not the same
whether molecular motions surrounding trapping center or electronic levels associated with a given
molecular group control charge stability. This difference can perhaps be the source for the apparently
conflicting results obtained from thermal and optical excitations in terms of trap depths.

6.3. Difference between thermal and optical excitation techniques

Recently He et al [164] reported on a substantial difference in trap energies, i.e. 0.8 eV vs. 4.0 eV for
thermal vs. optical excitation, even though the discharge process apparently arises from the same
distribution of traps. The effect was explained by a "thermal erosion" of traps in the case of thermal
(TSC) method, and it was considered that PSD could more truly characterize the intrinsic properties of
traps of the polymer. The term "erosion" is a big vague and it can be supposed it corresponds to the
thermal destruction of traps. Instead of using photobleaching for neutralizing occupied shallower
traps, Suzuoki et al [190] used partial heating technique followed by PSD measurements in the
correlation between experiments. Again, the energy obtained by optical excitation appeared larger
than under thermal excitation. They interpreted the differences in activation energy obtained by initial
rise method in TSC and PSD as due to direct traps modification induced by molecular motions under
the effect of temperature rise while optical methods probe a frozen configuration.

Figure 18 shows several possible optical mechanisms occurring in insulators [166]. Transition of type
(4) is that corresponding to the optically stimulated release of previously trapped charges. This is of
relatively low energy compared to the band gap.

Figure 18. Possible optical absorption transitions in an insulator: (1) ionization (excitation
across the band gap); (2) exciton formation; (3) defect ionization; (4) trap ionization; (5)
internal intra-center transition.

Reprinted from [166], Copyright (2001), with permission from Elsevier.

In inorganic crystals, it is considered that the optical trap depth Ej, i.e. the defect ionization energy can
be substantially larger than the thermal trap depth E; by an amount corresponding to the lattice
phonon vibration energy. An approximation is given as Eq/E: =g¢/€s, where go and & are the high
frequency and static dielectric constants. Braunlich et al [123] depicted a scheme for optical and
thermal ionization energies of an occupied trap based on Franck-Compton principle in case of strong
electron-lattice coupling. It applies to the case of large changes in equilibrium lattice coordinates and
energy of the defect state during capture or ejection of the electronic charge carrier. The thermal
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ionization energy is lower than the optical one by an amount related to the lattice reorganization
energy. A fundamental aspect to treat in optical excitation is the efficiency of the excitation of charged
traps. This is traditionally defined as capture cross-section oo(A) when dealing with semiconductors.
Grimmeiss et al [191, 192] discussed optical versus thermal activation energy- or phosphors. The
absorption coefficient is directly related to g, (A). For deep levels in and insulator and parabolic band,
an expression of the following form has been used [166]:

DN)=CJEy————————=
90(4) ® hv(hv — nEy)?

Here hv is the excitation energy and n = 1 — m,/m * with my the free carrier rest mass and m* the
effective electron mass. Figure 19 shows the computed cross-sections considering an optical gap Eo
and different values of n. It shows that the peak in absorption wavelength can be at significantly larger
energy than Ep. This is a possible contribution to the relative large values (overestimates) of the
measured trap depth with optical excitation. However, in general, such photoionization cross-sections
are not documented in the literature.
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Figure 19. Optical photoionization cross-section spectra computed using Eq. (16)
for E0=0.8eV and 17=0.96 or 0.70.

Another feature to account for is the specificity of energetic levels into organic materials. Because of
the relatively small interactions between chains, molecules essentially retain their identity in the
condensed state and thus the solid-state description and the related band structure do not necessarily
apply with the same strength as for inorganics. This coupled with the fact that there is fluctuation in
the local structure and composition may make transport and optical properties substantially
dependent on disorder and localized states more than extended states [193]. Example of specificities
of polymers is with side groups containing macromolecules as polystyrene: though they contain nt
electrons, there is no conjugation path along the main chain [194]. These groups should contribute to
the optical and electronic properties of the material by introducing internal transition level, depicted
as (5) in Figure 18. The photoemission threshold is at about 7eV, but electron energy losses appear in
the 4-7 eV range presumably due to electronic excitation as revealed by low energy backscattered
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electron spectroscopy [195]. Because of the narrow bands for extended states characteristic of
inorganic materials, on the one hand, and of the disorder introduced in the material, the cross-section
spectrum can be something different from the one plotted in Figure 19. Certainly the investigation of
the energetics of such charge states would be an interesting aspect to be treated by chemical physics
methods. Secu and Polosan [196] used XPS measurements combined to DFT computations to explain
the double peaks in TL from Alg3, an organic semiconductor: states acting as traps would be relaxed
triplet states from two Alg3 isomers. Upon thermal activation, electrons would be excited to the
conduction band and would relax subsequently to produce photoluminescence.

The differences and consistencies between unstimulated and stimulated techniques are worth
addressing. In luminescence, we have shown that isothermal and thermally stimulated responses
provide the same emission spectra, pointing to the same nature of recombining centres. For the case
of dipolar processes in polyethylene, Fischer and Rohl [197, 198] proposed a model with a distribution
in activation energies which very satisfactorily accounted for both isothermal discharge currents and
TSDC. Also Hoang et al [199] recently reported on consistent results in trap depth between isothermal
discharge currents and TSDC from the literature. Though in fact unstimulated methods involve thermal
release of traps like do thermally stimulated techniques, comparison in terms of trap distribution is
not so common. Charging for TSDC for example is generally achieved at high temperature and the
stored charge is frozen by cooling. In unstimulated methods, charging and discharging are done in
isothermal conditions. The charge distributions, which determine the hypotheses to be used for
analyzing the charge decay can be different. Though unstimulated methods are easier to implement,
there is no external stress applied on the charges, more hypotheses need to be done about discharge
mechanisms and the response is tributary to the kinetics of processes at the test temperature.
Comparatively, stimulated methods provide a more global and fast response and may help in
identifying overlapping contributions.

6.4. Information gained on the nature of traps

Most of the techniques described above give access to the energy distribution of trapping levels
without pointing to the chemical nature of the trap. Only those techniques relying on luminescence
detection could provide a way to infer their nature through the acquisition and analysis of the emission
spectrum. It could be TL or RIL which in fact yield the same emission spectra [188] demonstrating the
same deep traps act as recombination center in the two experiments.

6.4.1 Polyolefins

The charge recombination-induced luminescence spectrum shown in Figure 8 for commercially
available polypropylene is remarkably similar to the one obtained for polyethylene [21]. This feature
is strong indication that the same species act as recombination centers in both materials. Identification
of the electronic transitions involved in recombination has been done considering the
photophysical/photochemical properties of these materials available from an abundant literature
[200, 201, 202, 203]. The fluorescence emission, at about 340 nm in photoluminescence was
associated to the presence of unsaturated carbonyls of the enone type (-CH=CH-CO-).
Phosphorescence emission (450 nm) was ascribed to the presence of unsaturated carbonyls of the di-
enone type (-CH=CH-CO-CH=CH-R or -CH=CH-CH=CH-CO-R) that also provide recombination centers.
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The structured phosphorescence emission and the excitation conditions are related to the coexistence
of (m,m*) and (n,mt*) electronic transitions in poly-enone sequences since carbonyls have a non-bonding
orbital n due to a nonbonding mt electron on the oxygen atom [204], 205, 206].

Charge recombination on these chemicals gives rise to light emission mediated by specific electronic
transitions as compared to photo-induced phosphorescence, peaking at 510 nm and extending over
the long wavelength tail of the phosphorescence spectrum. The later does not involve ionization of
the center. Poly-ene sequences -(CH=CH)n- provide hole traps, with energy levels located in between
0.5 eV (n=1) and 1 eV (n=2) from the top of the valence band [207]. Poly-enone sequences -(CH=CH)p-
CO- are polar and provide deeper traps located at about 1 eV (n=1) from the band edge for both
electrons and holes [207]. These polar sequences provide adequate sites for recombination processes.
The reason why charge recombination on such luminescent centers would give rise only to
phosphorescence emission in the region of the lowest lying triplet states lies in the configuration of
the orbitals in carbonyl compounds [205, 206].

6.4.2 Crosslinked and grafted polyethylene

The method of identification of deep trapping centers using RIL was pushed by experiments on
chemically modified polyethylene. Specific materials were prepared containing chemicals, either
grafted or not on the polymer backbone. The by-products formed by peroxide crosslinking of PE, see
Figure 20a, constitute one of the families [188, 208].

We also investigated reaction products of a commercial antioxidant [20] and finally specific molecules
grafted onto polymeric chains [104] with expected role of voltage stabilizer [209, 210] that could be
interesting for DC applications. We give the example of two chemically modified XLPE, one with grafted
styrene at 5% and the other with a grafted benzophenone derivative at 1%. The chemical formulation
of the grafted species is given in Figure 20b.
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Figure 20. Chemical formulation of (a) main by-products of cross-linking reaction with dicumyl-
peroxide as crosslinking agent and (b) of the grafted species investigated as voltage stabilizers.
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The RIL spectra are given in Figure 21 with a comparison to the photoluminescence spectra. It appears
that, for grafted groups, the RIL and photoluminescence spectra (dominated by phosphorescence in
all cases) match very well. It is therefore clear that these chemicals play the role of deep trapping
levels. In case of 'pure' XLPE material (and of benzophenone-grafted LDPE) the phosphorescence
spectrum contains structures spaced in energy steps that correspond to the aromatic C=0 vibrational
frequency at about 1730 cm™. This structured spectrum appears typical of acetophenone [208]. The
vibronic structure is not so evident in the RIL spectrum. A peculiar feature of acetophenone is that n-
1+ and 1-Tu+ triplet levels are close lying, implying significant change in phosphorescence lifetime, as
well as quantum yield, depending on the environment [211, 212]. The emission from m-r*x states of
substituted acetophenone has a more diffuse structure, and a redshift of the order of 10-20 nm may
appear [213, 214]. A possible explanation of the current photoluminescence results is that when
acetophenone is present as a free species, emission would be mostly from an n-mtx state. When
acetophenone is bound, relaxation would involve m-rtx states. It is suggested that the RIL spectrum
would reflect the formation of -+ states, again as the lowest lying triplet states available and mainly
bounded acetophenone would be active as trapping center.
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Figure 21. Comparison of the recombination-induced luminescence (Rec IL) and
photoluminescence spectra (PL with indication of excitation wavelength) for (a): XLPE, (b): XLPE
with grafted benzophenone, (c): XLPE with grafted styrene groups.

The study on different reaction products of Santonox, a common antioxidant for polyethylene,
revealed that part of the luminescence spectrum of XLPE, and even essentially the all spectrum in case
of thermally treated films, can be explained by the introduction of the antioxidant and subsequent
reaction of it [20]. Those molecules are also very active in RIL. Therefore, peroxide by-products are not
the only chemicals to be considered when attempting to identify trapping centers in XLPE. The fact
that crosslinking agents are easier to investigate as they can move relatively freely within the insulation
and their chemistry is relatively simple may explain why they have been more specifically considered.
On the other side, AO-related reaction products constitute immobile, non-volatile chemicals,
homogeneously distributed within the insulation. They can assist conduction and provide also deep
trapping sites for charges, as inferred also considering space charge and conduction measurements
[215].

It is noticeable than in the investigated family of polyethylene and extending to polypropylene, RIL
seems to involve only triplet states. In photoluminescence, the probability of creating a triplet state
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depends on the rate of intersystem crossing from singlet states. It can be very low, especially when
the difference in energy between the singlet and triplet states is large. Conversely, the probability of
creating a triplet excited state in a charge recombination event is theoretically three times as large as
the probability of creating a singlet excited state [216]. This means that species known to be non-
phosphorescing may be so because of excitation limitations under UV irradiation and they may behave
in a completely different way regarding emission yield excited by electrical charges.

6.4.3 Polyethylene naphthalate

In a polymer like Polyethylene naphthalate containing in-chain chromophores, the emission spectra
are a priori more simple. In photoluminescence of PEN at room temperature, cf. Figure 22a, mainly
fluorescence is observed peaking at 430 nm [112, 217, 218]. When cooling to low temperature (around
-120°C), phosphorescence, i.e. relaxation of triplet states is clearly revealed in the form of a doublet
(580, 618 nm). The fluorescence appears blue shifted and several bands appear in it, most probably
due to the vibronic structure of the emitting groups. Electroluminescence under DC field, Figure 22b
shows very clear temperature dependence: at low temperature it is dominated by the
phosphorescence of the material (relaxation of triplet states) while at room temperature new bands
appear, and were ascribed to the formation of degradation by-products under the effect of the field.
These effects have been discussed elsewhere [219]. The case of RIL spectra is interesting to comment
here. The total light decay following plasma interaction at low temperature follows remarkably the
same kinetics as when switching off the field, cf. Figure 9 [116]: The decay can be fitted to a hyperbolic
law (3™ term in Eq. (6)) without need to add other contributions [220]. It was not clear if the spectrum
obtained in different time intervals during the isothermal decay could evolve in time.

The main difference compared to the EL spectra obtained either under continuous excitation or during
the decay is the presence of a clear fluorescence emission. The absence of fluorescence in the EL
spectrum has been related to the possible excitonic dissociation under the effect of the field [218,
221]. However, this is not really supported by an invariance of the spectrum during the decay following
excitation under field, except if very large field is retained locally long after DC application because of
space charge-induced field. Another possibility is EL dominated by processes occurring near the surface
of the material, where a degraded layer may be present. However, this latter possibility is supported
neither by the difference between EL spectra under AC/DC stress nor by the results for RIL spectra:
under plasma excitation, the very near surface is probed and if such degraded layer was present it
should be revealed. One may argue on the fact that in these experiments and in the particular case of
PEN the UV from the discharge produce ionization of the material deeper in the bulk and that part of
the excitation is made this way.

The results from TL are further appealing. In these experiments, the heating was not tightly controlled
and only trends about qualitative evolution of the signal during heating could be obtained. We can see
in Figure 22c that during heating, the ratio of phosphorescence to fluorescence contributions is
increasing. This behaviour appears counter-intuitive if one considers the evolution of the response in
EL or PL versus temperature.
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Figure 22. Luminescence spectra of PEN using various excitation sources. RT stands for room
temperature, LT for low temperature (about -120°C). (a) Photoluminescence with excitation at
260 nm; (b) Electroluminescence spectra under DC field of 310 kV/mm. In red: spectrum
recorded during the decay; c) PIL spectra of PEN: ITL 3 min after end of plasma interaction and
during heating (TL) at different temperatures (approximate temperatures with 20°C intervals).

An explanation for these qualitative differences in the charge-induced response of the material comes
from the density of excited states: excited states can be produced by impact excitation if energetic
carriers are available or by charge recombination —with, following simple spin multiplicity rules [222]
a probability of 75% for producing a triplet state rather than singlet state. A further route for
fluorescence is the possibility of delayed fluorescence following excitation of triplet states. Triplet
excitons can take part in a bimolecular annihilation process known as exciton fusion. This process can
result in the formation of one singlet exciton from two triplet excitons [223, 224]. As the charges are
released, the density of triplet excited states would be decreasing, hence the delayed fluorescence
decreasing faster than the phosphorescence.

7. Summary and Outlook

With the multiplication of techniques and variants for probing trap distributions in dielectrics, the
guestion of the validity of the hypotheses taken in the analysis and the consistency of the results
obtained with different techniques clearly arose. When the detected signal is an electrical current,
there is an obvious need to take into account the fate of charges from their traps to the detected
electrode to obtain quantitative information. Most often as when dealing with TSDC technique or
potential decay, the initial position of the charge and their nature are not known and retrapping
processes are ignored. When using space charge measurement methods, the position of charges is
accessible, but only in scarce works their effective motion is taken into account. In addition, part of
the signal can be due to dipole motion and is not representative of trapped space charges.
Luminescence detection does not require the motion of charges over significant distances to provide
a signal related to charge detrapping. As the luminescence process involves a recombination centre,
an extra information can be obtained through the emission spectrum, characteristic of the
recombining centre, and presumably of the site stabilizing the charge. A drawback of luminescence is
the difficulty in being quantitative as the emitted light is dependent upon the probability of having a
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radiative charge recombination. Combining TSDC and TL is a way to discriminate events related to
charge detrapping.

The intrinsically disordered nature of polymers from both chemical and structural standpoints let
obviously expect having traps of different characteristics coexisting. The fact that double top-hat
distribution (though top-hat shape presumably reflects only a rough approximation of the actual
distribution) can apparently fit potential decay as well as space charge decay [39, 79, 101] in different
conditions for the same material reflects this distributed nature. It also provides support to charge
transport models based on two trap levels — deep and shallow — accounting for long lasting charge
storage and for transport properties [12]. In the specific case of thermally stimulated methods, we
showed that having overlapping distributed processes, as often appears in polymers, does lead to an
underestimate of trap depths. Therefore, the energies obtained in this way should be considered as
an apparent trap depth.

Irrespective of the method considered, a further issue to be solved is the quantitative aspect of the
data obtained in terms of trap density. As stated in the introduction, what is reasonably accessible is
an amount of occupied traps after a charging event. But the total trap density is difficult to approach.
With the OD model applied to potential decay, trap densities spanning over 9 orders of magnitude are
reported depending on materials [39, 90], which is not explained.

A very appealing question is the difference in trap depth that is generally obtained considering optical
and thermal excitation. Several works achieving comparison on the ways of stimulating charge
detrapping concluded on very substantial differences in the two approaches, and so far, there has been
no convincing study reconciling the two approaches. On the thermal excitation side, it is argued that a
'wet dog' effect, i.e. detrapping due to dynamic destruction of the trap with the movement of the
polymeric chains is at play, impeding the charge release through classical scheme with jump over the
barrier representing the barrier depth. This view is supported by the consistency between relaxation
temperatures of the polymer and temperature inducing charges release. On the optical excitation side,
the difficulty is to estimate the actual efficiency of detrapping. This is traditionally defined as capture
cross-section when dealing with semiconductors. The excitation cross-section is not necessarily at
maximum for an energy corresponding to the trap depth. Because of the narrow bands for extended
states characteristic of inorganic materials, on the one hand, and of the disorder introduced in the
material, the excitation cross-section spectrum is not necessarily at maximum for the energy of the
trap and can be shifted to higher energy.

Trap spectroscopy methods are really necessary today, with the area of nanocomposite and
'nanodielectrics' in which many questions are still open. Introducing nanocharges improves many of
the properties of dielectrics, including an apparent reduction in space charge build-up and in electrical
conductivity but so far there is no definitive explanation on the mechanisms. Space charge
measurement methods can't reach the resolution expected to probe internal interfaces. Sophisticated
methods as (true) trap spectroscopy can be one solution. Deeper charge traps when introducing
nanocharges into polyethylene was reported by Hoang et al [199] as example and attributed to
polymer nanofillers interfaces. More complex view on the impact of nanofiller amount on shallow and
deep traps was recently given by Mi et al [225] based on TSDC data with possible interference with
polymer morphology. Technically, trap spectroscopy methods can be applied to nanocomposites
exactly in the same way as for polymer matrix since nanoscale resolution is not reached. For reaching
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convincing interpretation, it is important that the chosen method provides quantitative information
on traps amount and it is still a difficult question. Besides, a combination of methods may help in
distinguishing processes appearing near the electrodes, like field screening induced by deep charge
traps, from those related to the dielectric bulk.

We see two lines of thinking for improving our understanding of the information gained by trap
spectroscopy techniques.

First, coupling trap spectroscopy methods and space charge profile measurements may provide a step-
by-step information on if -and how- charge redistribute in the course of scanning. For example, TSDC
from dipolar processes can be distinguished from those from space charges release in this way [226].
Using space charge profile measurement methods having the required resolution, it may also be
possible identifying the different candidate processes (photogeneration, detrapping,
photoconduction) to photo-stimulated discharge, along with evaluating if the photoexcitation goes
with material discharges, which is not necessary the case if one have in mind retrapping events
occurring in OSL [168]. The approach could then be used to compare thermal and optical stimulation
techniques using the same pre-charging conditions to evaluate if the same trapping centres are
activated characterized by different activation energies or if the probed trap populations are not the
same. The way electrodes used impact the response is worth investigating. Probably, the PSD method
is the one the most sensitive to the electrodes configuration owing to the possibility of photoinjection
for example, and the perturbation can be introduced both at the charging step and the probing step.
For SPD, there is virtually no effect since experiments can be made on a free surface. Crossing the
experiments can be a way to identify perturbations introduced by the type of electrodes used. In turn,
changing the electrodes (and the polarity) can be a way to probe different kinds of traps.

For a different evaluation of trap depths, on must consider modelling methods based on molecular
dynamics: such methods now have come to mature age, enabling to identify the ionization energy of
a molecular defect in a particular chain arrangement. The methods formerly have been applied to
probe various electron traps in polyethylene related to in-chain defects, and a discrete set of levels
was computed, limited by the kind of defects considered, as discussed in section 2. Out of chemical
defect-containing polymers, the technique was applied to probe electronic properties of various
polymers as Polystyrene, Poly(methyl methacrylate), or Poly(ethylene terephthalate) [227],
fluorinated polymers [228] and Polyimide [229] that contain unsaturated bonds. It was also extended
to interfaces in nanocomposites [230, 231]. A step forward with modelling approaches is being
achieved with combining density functional theory and GW-BSE (GW-Belthe-Salpeter equation) in
order to compute the optical properties of materials, in particular energy levels involved in excited
states [232, 233]. These approaches are very relevant to the problem of traps identification treated in
this review, notably regarding photostimulated detrapping and luminescence processes upon charge
recombination.
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