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1. Introduction
1.1. Early history

The most important concepts of electrostatic energy storage came very early in the history of electrostatic capacitors and
include Benjamin Franklin’s realization that the water of the Leyden Jar (1746) was not necessary to energy storage. This
resulted in Franklin’s flat metallic foil-glass capacitors of the early 1750s. Electrolytic capacitor technology started with Pol-
lak who, in 1887, submitted a patent on an electrolytic capacitor that included a complete and thoroughly modern descrip-
tion of its function [1]. The first patent on a “self-clearing” capacitor dielectric (i.e., recovery from breakdown of the
dielectric) dates back to 1900 by Mansbridge [2]. Thus by the turn of the 20th century, many of the key technologies used
in present electrostatic energy storage were known; however, the storage media, dominated by wax paper-metal foil for fil-
ter applications (1876) [3] and silver-mica (1909) for radio frequency (RF) coupling, were of very low energy density. Even
early electrolytic capacitors were of low energy density, as they consisted of a bulk liquid electrolyte between metal elec-
trodes. The modern wound electrolytic capacitor with an electrolyte-impregnated separator was patented in 1927 [4].

The first application of polymers in capacitor technology was lacquer applied to paper in order to improve insulation
resistance and inhibit moisture-related electrolytic corrosion of metalized paper capacitors (Bosch, WWII). The first polymer
film capacitor was based on lacquer separated from paper employed as a 2.5 pum, polymeric dielectric by the Bell System
around 1954. Polymer technology evolved rapidly after about 1950, and by 1959, capacitors were being manufactured with
polyethylene (PE), polystyrene (PS), polytetrafluoroethylene (PTFE), polyethylene terephthalate (PET), and polycarbonate
(PC) films, and later, biaxially oriented polypropylene (BOPP), which presently dominates high energy density applications.
Fig. 1 presents a timeline of the early capacitor development history. The early history of capacitors after the mass market for
consumer electronics (radio) constitutes a search for improved technologies with greater energy density and reduced cost.
This search is still on with increased operating temperature added to the list of important criteria. Presently, the search for
improved technology is motivated largely by consumer (e.g., hybrid/electric vehicles and consumer electronics) and
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Fig. 1. Early history of capacitor development.

industrial applications (e.g., variable speed drives and other forms of power conversion), although military applications of
such technology motivates a great deal of military funding.

1.2. General background

A capacitor or condenser is a two-terminal device that stores electric charge in proportion to the electric potential
between its terminals, i.e., Q = CV where Q is the charge, C is the capacitance and V is the electric potential. Capacitors store
electrostatic energy, given ¥4CV? within a dielectric between the two terminals. The dielectric can be a ceramic, polymer film,
electric double layer at a liquid-conductor interface, etc. In a parallel-plate capacitor in which the dielectric is housed
between the two terminal electrodes spaced by a distance d and with cross-sectional area A, C = ¢A/d, where ¢ is the absolute
dielectric constant. The electrostatic energy density within the dielectric if it is linear, i.e., if ¢ is independent of the electric
field E = V/d, is V4¢E>.

Polymer dielectrics found in metallized film capacitors form the focal point of this review. The choice of polymers (over
ceramics) in many capacitive energy storage applications is motivated by the need for “graceful failure” of the dielectric at
high fields. Metallized polymers offer the only scalable self-clearing capacitor technology that meets this need. Fig. 2 shows a
schematic of such a metallized capacitor winding (left) and a bank of capacitor windings found in a typical hybrid electric
vehicle.

The “push” for improved capacitor dielectrics centers on three high-level (component-level) requirements:

e Improved maximum operating temperature to facilitate improved thermal management in power electronics, heat
sinking to engine cooling loops in automotive applications, improved performance in military systems, etc.

e Increased operating electrostatic energy density, which means increased dielectric constant with low loss and without
reducing operating field. This is important for pulsed power applications, power electronics, etc.

e Increased thermal conductivity, especially in the plane of the film transverse to the direction of extrusion, i.e., transverse
to the machine direction. In many applications, most heat flows along the film to the end connections, and thermal
conductivity in the axial direction of the capacitor is very important.

Heavier Metalization On Edge

L___Unmetalized vViargin__|

Film Offset
End View

Fig. 2. (Left) Single-section winding showing more heavily metalized edges region, lightly metalized active region, and an unmetalized margin. The two
layers are offset so that the heavily metalized region at the top protrudes beyond the layer below. (Right) A bank of metallized capacitor windings found in a
typical hybrid electric vehicle.
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Fig. 3. Spectrum of fundamental-to-applied attributes that is used to evaluate a successful capacitor material. On the right is a selected listing of the current
standard materials, recently studied materials, and emerging polymer subclasses.

Needless to say, these component-level requirements translate to specific materials-level attributes, including constraints
on the dielectric constant, dielectric breakdown field, dielectric loss, defect content (and their effects), electronic structure,
glass transition and melting temperatures, polymer morphology and rheology, intrinsic thermal conductivity, etc. Moreover,
areas in need of improvement are not independent. Properties such as thermal conductivity need to improve in parallel with
increased dielectric constant and certainly cannot decrease in exchange for greater dielectric constant for a film dielectric to
be viable in power applications. While a general solution that meets the needs of all high energy density applications does
not (and may not) exist, any improvement over the present technology for specific applications must be consistent with
majority of the materials-specific needs, i.e., new materials must be evaluated in the context of likely applications. Fig. 3
shows the material requirements for polymeric capacitor dielectrics grouped within classes of properties/behaviors arranged
hierarchically, going from fundamental to more practical aspects in a spectrum of evaluation steps that, hopefully, will lead
to useful materials. At the most basic level, potential candidates are required to have favorable dielectric and electronic prop-
erties, which are the attributes that may be determined/estimated by first-principles computations. More empirical (com-
putational and/or experimental) methods are needed to assess material properties at higher levels of complexity, e.g.,
structural morphology, metal/polymer interfaces, and degradation/aging processes. Film formability and capacitor perfor-
mance, the highest-level properties in the hierarchy, are largely determined by appropriate experimental methods as theo-
retical/computational approaches for these aspects remain inadequate. For a prototype capacitor material to become widely
useful, it must “pass” these successive evaluation steps.

1.3. Present state-of-the-art

The market for high energy density dielectrics, such as polymer films, is rarely sufficient to motivate manufacture solely
for that purpose, and nearly all commercial dielectrics are based on consumer or commercial technology, although special
material grades are often manufactured for dielectric applications. The manufacture of dielectric films requires advanced
manufacturing technology to obtain uniform thickness over a wide web of film processed at high speed with available film
thicknesses from sub-micron to tens of microns depending on the polymer. Table 1 summarizes the properties of some

Table 1
Properties of common capacitor dielectrics, including the glass transition temperature (Tg), melting temperature of the polymer crystals (T;,), fraction of
crystallites in the morphology, relative dielectric permittivity (¢€), dielectric loss, and the dielectric breakdown field (Epq).

Polymer T, (°C) T (°C) Crystallinity € Loss (@25 °C) (%) Epg (MV/m)
BOPP <25 160 >0.6 2.25 0.02 720
PET 75-80 255 ~0.5 32 0.35 570
PC 145-150 215-230 <0.3 29 0.07 450
PPS 120 285 ~0.4 2.8 0.03 500

PEN ~125 265 ~0.4 ~3 0.40 500
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common capacitor dielectrics. The two most common capacitor film dielectrics are PET, which is available in sub-micron
thickness, and BOPP, for which the minimum thickness is about 3 pm. PET has the greater dielectric constant that is accom-
panied by frequency and temperature dependent loss. BOPP has very low loss and the highest breakdown field (~700 MV/m
for areas in the range of 1 cm?) of commercial capacitor films but has low dielectric constant (2.2) and requires appreciable
derating at operating temperatures above about 80 °C. BOPP has the greatest energy density at breakdown (5 J/cm?) of
present capacitor films and is the most common capacitor dielectric for high energy density applications. The need for high
temperature dielectrics for surface mount applications has been addressed by polyethylene naphthalate (PEN) and polyphe-
nylene sulfide (PPS) dielectrics, which can withstand temperatures generated during Pb-free wave soldering. PPS is more
suitable for precision applications, with very low dielectric loss and absorption, as well as excellent capacitance stability
with temperature. PEN is more suitable for “general purpose” applications where precision is not essential.

1.4. Recent activities

Given the low dielectric constant and high breakdown field of BOPP, search for new polymers with increased dielectric
constant may be more promising than for those with increased breakdown field. This notion has resulted in a great deal
of activity in recent years, which can be grouped into three broad classes: (1) exploiting the attractive features of polar poly-
mers such as polyvinylidene fluoride (PVDF) and its variants [5-11], (2) multilayer capacitors in which more than one dielec-
tric layer (of different polymer types) are placed between electrodes [12-16], and (3) filling a polymer with high dielectric
constant particles or nanoparticles [17-25]. While each approach provides some benefit, all such attempts along these lines
have suffered from certain drawbacks. The dielectric losses of PVDF and its variants are high while the breakdown field of
filled polymers is low. The multilayer film approach offers the flexibility to mix dielectrics in ways that may be beneficial.
Still, concerns related to this technology remain and center on manufacturing cost (line speed) and dielectric performance
(over single layer dielectrics) for applications to metalized film capacitors. Overall, no system based on these concepts
provides a clear benefit over the present materials over a wide range of applications. Each of these three material classes
is discussed in some detail in Section 3.

1.5. Rational computation-driven searches for higher energy density dielectrics

The advent of computational methods provides the opportunity to search for novel dielectrics at reasonable cost [26-28],
which extends significantly the reach of purely empirical Edisonian attempts at materials discovery. Modern computational
methods have evolved from merely supporting and explaining measurements in a post hoc manner to guiding the design of
new materials, provided methodologies are available to compute properties of interest. These strategies, when combined
synergistically with experimental synthesis and characterization, provide complementary information that can accelerate
initial screening and identification of promising candidates. At the most fundamental level, computational quantum
mechanics, e.g., density functional theory (DFT) [29,30], can be used to determine properties of dielectrics at the scale of
a crystalline unit cell [31]. Such properties include the physical and electronic structure, dielectric constant, thermodynamic
stability, and intrinsic breakdown field [26,27,32-39]. In addition, impurity states in the band gap caused by typical chemical
impurities and charge injection barriers at metal-polymer interfaces can be computed under somewhat idealized conditions
[40-43]. Larger scale morphological features of polymers can be accessed at the present time only using molecular dynamics
(MD) simulations based on empirical inter-atomic potentials or force fields [44-47]. Such simulations can predict crystal
structure, semicrystalline morphology and provide rough estimates of glass transition temperature and dielectric loss,
although the latter is presently limited to the GHz range [48-51]. In addition, an emerging class of methods, often referred
to as “data-driven”, use various forms of multivariate analysis on experimental or computational data based on variables
with a physical relationship to the properties being predicted [52-56]. Such systems are “trained” on available data and then
used to predict properties of interest for polymers for which data are not available. These methods can be used to search for
materials with attractive properties within a chemical subspace, and, in some cases, may provide the only option to predict
properties for which no fundamental approach is available (such as glass transition temperature and melting temperature).

1.6. This review in a nutshell

The primary objectives of this review are two-fold. First, we attempt to provide an overview of the present state-of-the-
art pertaining to capacitor dielectrics appropriate for high energy density applications. Second, we (hopefully) provide the
community with a balanced view of the challenges and opportunities surrounding capacitor material development/discov-
ery in a practical context, including the importance of synergy between experimental and emerging computational
approaches. Thus this review should allow a new researcher (e.g., a graduate student or a practicing engineer) entering
the field to obtain a snapshot of various critical aspects of this emerging field in one comprehensive narrative.

The rest of this manuscript is organized as follows. Section 2 is devoted to several essential properties and phenomena
that are relevant to high energy density polymeric capacitor dielectrics. In particular, this section will cover dielectric
properties, electronic properties, dielectric degradation/aging, structural morphology, issues related to film formation and
rheology, the metal/polymer interface, and capacitor performance. The flow presented in Fig. 3 is followed in this discussion
as we move from fundamental to more practical property/behavior classes that are used to evaluate capacitor materials.
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The relevance of each property or phenomena is discussed, and the present experimental and computational state-of-the-art
for characterizing the property/phenomena is described in detail. Gaps in the present state-of-the-art are also discussed.
Throughout the discussion in this section, attention is focused on the “standard” polymer dielectric materials used in capac-
itor applications. Section 3 describes some of the recently considered materials, including PVDF-based dielectrics, multilayer
dielectrics, nanocomposite dielectrics, and functionalized polyolefins, while Section 4 discusses emerging large scale
computation-driven search strategies that have revealed new organic and organometallic polymer dielectrics. Section 5 cap-
tures the opportunities going forward, largely with respect to required computational and experimental methodology
development.

2. Key properties of polymeric dielectrics
2.1. Dielectric properties

Given that the electrostatic energy density of a linear dielectric is given by %¢E?, the dielectric permittivity ¢ and the
greatest electric field to which the dielectric can be subjected during service are important quantities. Since maximum ser-
vice field is a function of application, the breakdown field of a dielectric, Epg, is often used as a proxy, although E,, is a func-
tion of the voltage waveform and sample area, both of which should be specified. We therefore begin our discussion with
these basic of dielectric material properties, before moving on to more practical aspects that may make a particular capacitor
dielectric attractive.

2.1.1. Real part of the dielectric permittivity (or the dielectric constant)

Mathematically, the macroscopic dielectric tensor € is a frequency-dependent complex quantity that describes the polar-
ization response of a solid insulator to the presence of an external electric field E, i.e., ¢o€E = €,E + P where P is the polar-
ization and ¢, is the vacuum permittivity. The dielectric permittivity comes in two parts. The real part of € is related to the
energy stored, while the imaginary part is a measure of dielectric loss (the ratio of the real to the imaginary parts is referred
to as the loss tangent). For an isotropic material, the off-diagonal elements of € vanish while the diagonal elements are equal.
In an anisotropic polycrystalline material (which may be viewed as isotropic at the macroscopic scale), the orientational
average of the dielectric permittivity is the average of the diagonal elements of €.

The polarization response of a solid material to an external field is not instantaneous but occurs after some delay. Under
an AC field, this delay, or “friction”, manifests as loss and is captured by treating the dielectric permittivity as a complex
quantity € = € + ie” with the loss related to the imaginary part (other sources of loss are separately discussed later). The
dielectric permittivity can be measured experimentally over a wide range of frequency by dielectric (or impedance) spec-
troscopy. Computational methods are also available to compute € accurately, but only under specific situations as discussed
in the latter part of this section. Such computational capabilities can be used to screen dielectrics. Indeed, this approach (i.e.,
searching for materials with high dielectric constant) has dominated computation-driven dielectrics design attempts in the
recent past [26,27,32,33,57,34-36].

We first consider the real part of €(w) (where w is the frequency) whose components are given by,

oP, 4n Smap
(@) =1+ agS e (AN oma 1
(@) =1+ ToE, 0o ; T (1)

T T T T T T T T T T T T T T T T T
Dipole relaxation

Atomic relaxation 1
Electronic relaxation

Real part of €

Imaginary part of €

! ! ! ! !

102 10* 108

! !

108 10" 10" 10™ 10'®
Frequency (Hz)

Fig. 4. Schematic of the real and imaginary parts of the orientationally averaged dielectric permittivity. The electronic relaxation is connected to the
electronic part of the dielectric constant.
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Fig. 5. Calculated and measured dielectric constants of some typical materials, including binary compounds and polymers, i.e., polyethylene (PE), poly
(ethylene oxide) (PEO), polyethylene terephthalate (PET), polyoxymethylene (POM), and isotactic polypropylene (iso-PP).

Here, the first two terms comprise the electronic part and the last term describes the ionic part of the dielectric response. In
the last term, €2 is the volume of the unit cell of the single crystal material under consideration, which acts as the normal-
ization factor for the sum taken over all infrared active phonon modes, indexed by m. @y, -0 is the phonon frequency at the I"
point (q=0), i.e., the center of the first Brillouin zone, and S, is the mode oscillator strength defined though the Born
mode-effective charges. In principle, the ionic part of the dielectric response can include bond stretching motions (occurring
at THz frequencies) as well as bond rotations, i.e., dipole rotations (occurring at GHz frequencies). In the case of polymers,
relaxation processes occur at much lower frequencies (kHz-MHz frequencies) as a result of long timescale chain movements
which cause resonances in the dielectric spectrum that are shown schematically in Fig. 4. In the following, for ease of dis-
cussion, we consider just the orientational average € of the permittivity tensor €,,, which is related to the absolute dielectric
constant ¢ as € = ¢/¢€p.

At frequencies close to optical that are well above the bond stretching and bond rotation frequencies, the last term in Eq. (1)
drops to zero, and the dielectric permittivity is caused by the electronic response. This is termed as the optical or the electronic
part of the dielectric permittivity, €q.. At low (i.e., in the limit of zero) frequencies, called the static limit, both the electronic
and ionic parts contribute to the dielectric response which is denoted here as €jonic. The state-of-the-art method used to com-
pute both €jec and €ionic (and hence the total permittivity, € = €qec + €ionic) is the DFT perturbation [31], which provides a good
estimate of the total dielectric constant, €, as shown in Fig. 5. This figure presents the total static dielectric constant of some
materials, including binary compounds and common polymers, computed at the limit w — 0 using the Vienna Ab-initio
Simulation Package [58,59], a widely used DFT code. As can be seen, the calculated data are in good agreement with the mea-
sured data, implying that this computational technique can be used effectively to study dielectrics [26,27,32,33,57,34-36].

When morphology is important, larger scale computations can be carried out based on MD simulations using empirical
force fields (when available), and the dipole-dipole autocorrelation function is used to extract €jonic. Although €ge. cannot be
obtained from an MD computation, it depends little on morphological aspects and can be obtained from a DFT computation.

2.1.2. Imaginary part of the dielectric permittivity (or the “intrinsic” loss tangent)

While the real part of the dielectric permittivity can be computed with reasonable accuracy, this is not the case for the
imaginary part. Fig. 4 indicates schematically resonances in the dielectric response that are expected as a result of electronic,
bond stretching, bond rotation and longer timescale relaxation. These resonances correspond to peaks in the imaginary part
of the permittivity, and hence, peaks in the dielectric loss. Dipolar relaxation is a major contributor to dielectric loss in polar
dielectrics and tends to occur below MHz. Dipoles in polar dielectrics reorient to a greater or lesser degree in response to an
alternating electric field. Inevitably in a solid, such dipoles suffer from some friction with the polymer matrix which impedes
their reorientation in response to change in electric field, so that the reorientation process can be characterized by a time
constant or a distribution of time constants. When the frequency of the applied field causes a dipole to oscillate 45° out
of phase with the electric field, the dipole-induced dielectric loss is maximized, which causes a “dispersion” peak in the
dielectric loss. With increased temperature, the viscosity of a polymer usually decreases, which decreases the reorientational
time constant and increases the frequency of a dispersion peak.

As a result of the low frequencies (below MHz) and the corresponding large timescales (above microseconds) involved,
capturing such losses using DFT computations is not practical at present. Hence, one resorts to MD simulations using empir-
ical force fields. Based on present computational capabilities, even these schemes can barely access frequencies in the MHz
range. For example, a typical MD simulation can access, at most, 1 us, making it barely useful in this context. While simu-
lations can be performed on more coarse-grained models to perform “scale bridging” into the timescales (or frequencies) of
interest, these do not include the necessary chemical detail for accurate estimates of the dielectric loss spectrum. At present,
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the most promising approach appears to be based on the empirical time-temperature superposition principle to aid in this
process [60]. This principle assumes that the system has one local relaxation process that is shifted to higher (lower) fre-
quency with increasing (decreasing) temperature. This assumption is applicable to many classes of polymers used for dielec-
tric applications for which the operating temperature is greater than ~1.2T, (where Ty is the glass transition temperature of
the polymer). Boyd [61] and Miiller-Plathe [62] have used these simplifications to calculate the dielectric relaxation function
(whose Fourier transform yields the frequency-dependent storage and loss modulii) across a broad range of temperatures for
some simple polymers, such as polystyrene. The outstanding issues are the applicability of these concepts to broader classes

of polymers, and the ability of these methods to reproduce (and eventually replace) experiments for predicting the dielectric
loss spectrum.

2.1.3. Dielectric absorption and conduction loss

Dielectric losses can also arise from other sources. When an electric potential is applied across a capacitor dielectric, a
small amount of charge flows from the electrodes into the dielectric over time. If the capacitor is shorted for a short time
(say, 15s) and left open circuit thereafter, a voltage develops across the capacitor as a result of charge coming out of the
dielectric and onto its electrodes. This dielectric absorption phenomenon is caused by several factors, including Maxwell-
Wagner polarization in an inhomogeneous (e.g., semicrystalline) dielectric, filling of shallow impurity states or traps (more
about this later) within the band gap, etc. Lowest dielectric absorption is found in amorphous, nonpolar dielectrics such as
polystyrene and Teflon. Dielectric absorption contributes to dielectric loss and is of concern in precision analog applications
but less so in high voltage applications.

Conduction is another source of loss. At room temperature, the effect of electrical conduction is negligible for most capac-
itors. However, the conductivity of an unfilled solid dielectric often increases by an order of magnitude every 10-20 K, fol-
lowing an Arrhenius relationship with an activation energy in the range of 0.5-1.5 eV. At elevated temperatures, conduction
can be important or even limit the useful temperature range of a dielectric. The dielectric loss tangent includes a term
o(E, T)/ew where o(E,T) is the field and temperature dependent conductivity. As a result of the inverse dependence on fre-
quency, this term always dominates dielectric loss at sufficiently low frequency and provides a method for determining
conductivity.

For many bulk polymers and some capacitor films, hopping, by which charged carriers (electrons) hop between “traps”,
appears to dominate carrier mobility [63]. At low electric field (<10 MV/m for many polymers), carrier mobility is thermally
activated, as the energy gained between traps is small compared to thermal energy, and conduction is Ohmic. When the
energy gained from the electric field as a carrier moves between traps becomes comparable (about 10 MV/m and above
for many polymers) with the thermal energy, it contributes appreciably to the detrapping process, resulting to a roughly
exponential increase of the conductivity with the electric field. For BOPP, the transition from Ohmic to nonlinear conduction
appears to be in the range of 100 MV/m [63]. When the electric field is sufficient high, the energy gained between traps
approaches the trap depth and activates the trapped carriers. At this point, aging process is very rapid, and the polymers
and insulators are in the pre-breakdown regime. This condition is also discussed as below. To first order, the effect of field
and temperature on conductivity appears to be multiplicative and of the general form
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Fig. 6. Fit to measured conductivity as a function of field and temperature for 7 um BOPP based the approximation in Eq. (2) with n = 1, which results in an
activation energy of 0.75 eV which is independent of field. Figure taken from Ref. [63] with permission from IEEE.
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Table 2
Summary of the theories of intrinsic breakdown.
Year Contributor Materials References
1932 von Hippel Alkali halides [65]
1934 Zener 1-Dimensional lattice [66]
1937 Frohlich Alkali halides [67-69]
1981 Sparks et al. Alkali halides [70]
1986 Cartier et al. Organic dielectrics (n-C3gH74) [71]
1994 Arnold et al. SiO, thin films [64]
2012 Sun et al. Covalent and ionic solids [37,38]

where y is the thermal activation energy of conduction (eV), q is the electronic charge (C), and kg is Boltzmann’s constant (the
approximation in the above expression holds at high frequencies). The other parameters are constants with n often 1 or %.
Measurements of the conductivity of BOPP are shown in Fig. 6, demonstrating Eq. (2).

In the case of polar polymers, a peak in dielectric loss usually occurs at a glass transition temperature (Tg). Thus for such
polymers, T, is relevant and ideally should fall outside the operating temperature range of the dielectric. Ty is also relevant to
film processing.

2.1.4. Dielectric breakdown field — general background

Since the maximum electrostatic energy density is achieved at the breakdown field, Ep4, and because the energy density
scales with the square of the electric field, the breakdown field is clearly important. Any dielectric will break down at suf-
ficiently high electric field, which can be caused by electron avalanche, thermal runaway, etc. In very broad terms, dielectric
breakdown field tends to decrease with sample thickness for a bulk dielectric, with increased dielectric constant, with
reduced hardness, etc. Breakdown of engineering polymer films depends largely on extrinsic factors such as chemical impu-
rities, which create impurity states in the band gap (to be discussed separately later). As a result, the dielectric breakdown
field of engineering materials is very difficult to predict and depends on many extrinsic factors such as surface roughness,
quality of manufacturing, and quality of raw materials. Before we delve into the intricacies of such extrinsic factors, we pro-
vide a concise description of intrinsic breakdown.

2.1.5. Intrinsic dielectric breakdown

While the engineering breakdown field of a material is determined by a multitude of often extrinsic factors, the intrinsic
breakdown field of a dielectric is the breakdown of a “perfect” material in a very short time, i.e., without the effects of dielec-
tric aging. Intrinsic breakdown is thus determined purely by the chemistry of the material (i.e., the atoms of which the mate-
rial is composed, the bonding between the atoms, and the arrangement of atoms). As a result, the intrinsic breakdown field
varies greatly with band gap, phonon density of states, etc. (see, for instance, Fig. 7). The intrinsic breakdown field provides
an upper bound (or the theoretical limit) to the engineering breakdown. The measurement of intrinsic breakdown is always
problematic, as “perfection”, even in crystalline materials, is difficult to achieve on a macroscopic basis. Electrode-material
interfaces are never perfect, and, in principle, the position of the electrode Fermi level within the band gap and relative to
impurity states can affect the breakdown field. Thus when metallic electrodes are employed, many tests must be carried out,
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and the intrinsic breakdown field is taken as the upper limit of the experimental data. More recently, intrinsic breakdown
has been measured using an intense optical field, which, for transparent materials, avoids electrode effects [64].

Since the intrinsic breakdown is a material property, it is computable, as it is determined purely by the chemistry of the
material, i.e., the elements the material is composed of, the atomic-level structure, and the bonding. The story of the theory
of intrinsic dielectric breakdown starts around 1930, when researchers such as von Hippel, Zener, and Frohlich started to
explain electrical breakdown, first using semi-classical theories and eventually using quantum mechanics. The essence of
the theory is that breakdown occurs when the electric field is sufficiently large that electrons in the high energy tail of
the electron energy distribution, which have sufficient energy to cause impact ionization, gain more energy from the field
than they lose to phonons. A historical and semi-technical description of the refinements of this theory from the 1930s to
modern times (culminating in a DFT based implementation) has been described recently [38], and is captured in Table 2.

The ability of modern quantum mechanical methods to calculate the electron-phonon scattering rates [72-74] has pro-
vided the basis to compute quantitatively the intrinsic breakdown field of any material [37]. Following Frohlich’s original
ideas, most theories of intrinsic breakdown start from the hypothesis of an electron avalanche at the intrinsic breakdown
field. A central tenet of this theory is that electron-phonon interactions provide the only relevant scattering mechanism
for charge carriers. Electrons gain energy from an external electric field between collisions with phonons. At low electric
fields, the electron energy distribution achieves steady state, as the energy gain from the external electric field is balanced
by energy loss from collisions with phonons. At a sufficiently high electric field, the electron energy increases indefinitely
until a threshold is reached at which a high-energy electron ionizes the lattice, leading to carrier multiplication. This process
is referred to as impact ionization, and the ensuing avalanche of electrons can damage the material (e.g., through bond
breakage). Within this framework, the breakdown criterion can be formulated as the lowest field at which the average elec-
tron energy gain from the field is greater than the average energy loss to phonons.

While quantum mechanical descriptions of intrinsic breakdown are well over 70 years old, until recently, the estimation
of the relevant parameters, such as the electron-phonon coupling function, has relied on approximations or empirical defor-
mation potentials [75-77]. Recent work in which the electron-phonon coupling function is computed from first principles
using density functional perturbation theory (DFPT) [31] has provided a first-ever generally applicable approach [37] to the
computation of intrinsic breakdown for a wide variety of insulators [37,39]. Computed data are compared to the best avail-
able experimental data in Fig. 8. As can be seen, the favorable agreement between calculations and experiments spans two
orders of magnitude in the breakdown field. While these calculations are time-intensive and require optimization, the
framework is now available to determine the intrinsic dielectric breakdown field of any insulator from first principles, which
paves the way for purely computation based initial-level screening of high electric field tolerant materials.

2.1.6. Engineering breakdown

Most engineering dielectric materials are composites (e.g., oil-paper, SFg-polypropylene film, etc.), polymers, liquids, or
gases. Gas breakdown is well understood on the basis of field-dependent, collisionally induced carrier generation,
attachment (in the case of electronegative species) and detachment. Under well-controlled conditions, the threshold field
for breakdown of gases is extremely sharp. In engineering situations, cosmic ray-induced carriers in the gas can affect the
statistics of breakdown, especially for electronegative gases (e.g., SFg) under transient conditions. Under inhomogeneous
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Fig. 8. Maximum experimental breakdown field versus the calculated intrinsic value [37] for a range of covalent and ionic materials. In the case of LiF, the
enthalpy of formation (6.39 eV) is much lower than the band gap (14.2 eV). Bond breakage will thus occur before impact ionization. The open circle in this
case is the result when the formation enthalpy is used in the calculations instead of the band gap. Figure reprinted from Ref. [37] with permission from AIP
Publishing.
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field conditions, gas breakdown often takes place in a step-wise manner, which can take 100s of ns to cross a gap of some cm
[78].

Breakdown in liquids and solids is complicated by the fact that ultimate (avalanche) breakdown only occurs in a gas. Thus
a gas channel must form within the liquid or solid prior to catastrophic breakdown. In the case of intrinsic breakdown, this
occurs in a single step within a very short time. Under most engineering conditions, the precursors to breakdown can
develop over anything from nanoseconds to years, and the phenomena of greatest concern are usually those which develop
over longer periods of time. Liquid breakdown is a very complex subject which involves bubble formation, carrier multipli-
cation, and extension to form a gas channel within the liquid, the details of which vary with the field inhomogeneity, applied
voltage risetime, and voltage magnitude. The interested reader is referred to review articles on the subject [79,80].

Solid breakdown differs from liquid in the lack of constituent mobility, so that long-term, progressive damage is possible
as damage is local and immobile. This does not change the underlying mechanisms as much as it changes the time scale over
which breakdown can develop. Under AC or repetitive transient conditions, a “dangerous” field enhancement in a solid
dielectric results in cyclic charge injection of alternating polarity and development of a space charge limited field region
(SCLF) in the high field region of the system. Alternating polarity charge injection can also occur for a series of unipolar
pulses [81]. The SCLF is the result of the field-dependent conduction which limits the electric field through space charge for-
mation. Under AC conditions, the SCLF, Esc;r, is determined by the condition that o(Esc;r) = e where ¢ is conductivity, ¢ is the
material absolute dielectric constant, and w is radial frequency of the applied voltage which can also be taken as the inverse
of a voltage transient rise time. Under AC conditions, positive and negative space charge cycle within the SCLF region, which
results in UV photons and excitons generated by carrier recombination, both of which degrade the solid [81]. Eventually this
degradation weakens the solid to the point that field-induced mechanical stresses cause the material to yield to form a cavity
in which gas discharge can occur which, over time, results in growth of dendritic gas-filled channels which lead to break-
down. The initiation of such channels is generally more difficult than their growth once initiated, so the limiting factor
for eventual failure is the formation of an SCLF region of sufficient extent in the direction of the field (a few pm) to initiate
such channels [82]. The time scale for failure by this mechanism, generally referred to as “electrical treeing”, is seconds to
decades.

In bulk solids, high fields are limited to a microscopic region around a field enhancement region, as the power density in
such a region would cause thermal failure on a larger scale. For thin polymeric films, such as capacitor films, similar phenom-
ena are likely to occur at the high fields to which they are exposed, as evidenced by light emission from such films with spec-
tral evidence of exciton formation [83]. In this case, the field enhancement is much less, but the film is so thin that exciton
formation, bond cleavage, resulting formation of impurity states such as carbonyl, and enhanced conductivity therefrom are
likely to result in positive feedback leading to local breakdown. In the case of BOPP, for example, breakdown in air typically
occurs in less than an hour at about 70% of short-term breakdown. In an anaerobic environment or impregnated with an
appropriate liquid, the film is more stable. These phenomena suggest, as is well known for bulk solids, that high field degra-
dation in the presence of oxygen is much more rapid than in a more benign environment (vacuum, N, etc.). Carbonyl is also
known to cause impurity states in many olefinic polymers, which often enhance bulk conduction, most likely by increasing
hole mobility. If, on the other hand, such impurity states fell within the valence band or conduction band, their detrimental
effect might be negligible.

A great deal has been written on “mechanisms of breakdown” (thermal, mechanical, etc.). However, in the “real world” of
engineering, this subject is much less important than the underlying physics and chemistry of high field degradation.

2.1.7. Measurement of dielectric breakdown field

Procedures for measuring film breakdown properties are well described in the literature, and several automated instru-
ments for measuring breakdown of capacitor film have been developed [84]. The breakdown field of a large area semicrys-
talline film (area of the order of m? in the case of an electrostatic energy storage capacitor) is limited by film morphology and
the large area statistics thereof across a thin film, the statistics of film surface roughness and the field enhancements caused
thereby, etc. Dielectric breakdown, as an example of a “weakest link” problem, generally fits a Weibull distribution or, less
often, a log-normal distribution. The Weibull characteristic breakdown field, #,, varies with area, A, as

Ao\
m =) ®)

where 7 is the breakdown field corresponding to the initial area Ao, with #, the extrapolated breakdown field at area A;. The
Weibull slope parameter, 3, for the breakdown field of well-manufactured commercial film is in the range of 20, which indi-
cates a relatively narrow distribution. Thus to preserve high breakdown over a large area, large f is essential, and for break-
down measurements to be meaningful in an absolute sense, an active area must be specified along with # and .

2.2. Electronic properties

2.2.1. The band gap
The electronic band gap is a good measure of the quality of an insulator, with larger values correlating to impressive insu-
lators (such as polyethylene or SiO,, with band gap larger than 8 eV) and smaller values associated with systems that can be
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Fig. 9. Breakdown field vs. band gap. Data used for this figure was taken from Ref. [85] with errorbars representing the fluctuations in various independent
measurements. The red line tentatively sketches the correlation between the breakdown strength and the band gap.

conductive when doped (such as polyacetylene and Si, with band gap in the range of 1 eV). Nevertheless, the role of defects,
impurities and imperfections, cannot be understated. These entities are inevitable in real materials, and lead to occupied or
unoccupied electronic states in the band gap, which can aid conduction, contribute to dielectric loss, catalyze further dam-
age, and, ultimately, lead to breakdown (ideally, if such defect states fall outside the band gap, their negative effect is
expected to minimal). Empirical evidence, as captured in Fig. 9, suggests that the band gap is roughly correlated with the
breakdown strength. Thus, although defects and imperfections are indeed important, tracking the band gap of dielectrics
can serve as an important initial screening aid during materials selection, as has been demonstrated in the past within
the context of the search for “high-k” dielectrics in the microelectronics industry [85], and more recently, in searches of poly-
mer dielectrics for capacitor dielectrics [26,27,32-36].

Experimentally, the band gap can be determined either by photoemission or photoconduction spectroscopies. The quan-
tity obtained can differ from that derived using optical absorption, as the latter can involve creation of either excitons or
electron-hole pairs. In the case of PE, for example, the band gap obtained from photoconduction (8.8 eV) is over 1 eV greater
than the threshold for electronic absorption (7.6 eV) as a result of exciton creation (the latter can then excite electrons from
the gap states) [86,87]. In practice, measurements are routinely based on ultraviolet-visible (UV-Vis) photoelectron spec-
troscopy, although constraints remain related to the vacuum environment, UV sources, possible degradation and charging
of materials, and the fact that it is essentially a surface analysis [88]. Band gap measurement for experimental samples
may be complicated by presence of impurities (that cause defect states). Examples of UV-Vis transmission spectra of PE
and PET that show band edge and absorption caused by impurities are given in [89]. Nevertheless, experimental techniques
are available to measure band gap (or even the entire band structure).

Accurate computation of band gap remains problematic. Within the framework of DFT, the band gap of an insulator is
determined by finding the difference between the energies of the lowest unoccupied state and the highest occupied state
of the band structure. This conventional approach generally underestimates the predicted band gap with respect to exper-
iments by 30% or more as a result of approximations made to represent the quantum mechanical exchange-correlation
interaction between electrons [90]. The most common such approximations include the local density approximation or
the (semi-local) generalized gradient approximation (GGA) functionals. However, the shape and the width of the bands,
and trends in changes in the band gap (e.g., due to external pressure) are predicted accurately [91]. Better estimates of
the band gap can be achieved using a range of more computationally intensive methods, many of which are gradually
becoming computationally more affordable as the cost to processor speed ratio decreases. One such method involves usage
of “hybrid” functionals in which a part of the approximate GGA exchange energy is replaced by the exact non-local exchange
energy obtained from a Hartree-Fock-like theory. A commonly used hybrid functional for this purpose is that developed by
Heyd, Scuseria, and Ernzerhof (HSE) [92], which improves significantly the band gap estimation over data based on GGA. In a
more sophisticated method referred to as GW theory [93-95], the insulator band gap is determined based on the excitation
spectrum of the system upon removal or addition of an electron. This problem is treated within the many-body perturbation
theory involving the single-electron Green function and electron self-energy, and typically provides very good agreement
with the experimentally determined band gap of insulators. In Fig. 10, the performance of HSE and GW theory is contrasted
with the conventional GGA functional. Such advanced methods are used in recent computation-driven searches of polymeric
dielectrics for high energy density applications [26,27,32-36,57].

2.2.2. Experimental characterization of defects and imperfections

Defects and imperfections can occur in many forms and scales in dielectrics, ranging from physical disorder, (e.g., devi-
ations from the crystallinity), to chemical defects (unexpected/undesired functional groups, e.g., carbonyls in PE), and voids
at the micro- or macroscopic scales. Atomic-level imperfections, i.e., physical and chemical defects, can impact directly the
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Fig. 10. Comparison of the calculated electronic band gap (at various levels of theory) of a variety of insulators with the corresponding experimental values.

electronic structure and the electrical performance of dielectrics by introducing defect states within the dielectric band gap
which can act as trap centers and sources of charge carriers. Defect states can increase carrier mobility, leading, at high elec-
tric fields, to a positive feedback mechanism that increases the defect state density which increases local carrier mobility to
cause high field aging and eventual breakdown [96,97]. On the other hand, micro- and macroscopic imperfections lead to
electric field enhancement, which can promote creation of chemical defects.

The presence and the nature of chemical defects in polymer dielectrics is best investigated using a variety of lumines-
cence measurements, including photoluminescence (PL), electroluminescence (EL), charge recombination-induced lumines-
cence (RIL) [98], thermoluminescence (TL), and cathodoluminescence (CL). Defects, depending on their type and the
energetic placement of their defect levels, play differing roles in these luminescence diagnoses. PL is dominated by intra-
defect transitions, i.e., those that occur between the electronic states of the same defect. EL and TL, on the other hand, typ-
ically involve the intra-defect transitions and transitions between the defect levels and either the valence-band maximum
(VBM) or the conduction band minimum (CBM), i.e., the charge recombination processes [83]. These transitions lead to char-
acteristic emissions that can be used to identify a range of defects in PE, e.g., carbonyl, dienone, vinyl, and hydroxyl [99,100].
The luminescence measurements can also provide information regarding the degradation of polymers [83] and can be used
to probe electrically active defects, i.e., those that constitute traps for storing and releasing energy upon recombination, and
the chemical processes that involve defect excited states.

Probably the most common luminescence technique is PL, which provides access to optically active chemical defects in
the absence of an electric field or charge transport. In RIL, traps are identified by making them active, e.g., by “charging” them
and examining energy release signatures. If a charge recombination process can be made to release energy only through light
emission, the resulting luminescence provides a unique signature related to the nature of the traps. PL can be used to probe
chemical defects and residues [101]. Despite its sensitivity, a number of challenges remain. First, assignment of the emission
bands is never straightforward as no tabulated spectroscopic data are available, and the emission properties of a given
molecular species depend largely on its environment, e.g., polarity and local density [102]. Second, the sensitivity of these
techniques depends strongly on the nature of the defects, e.g., detecting aromatic moieties is easy due to their large quantum
yield, while identifying polyenes is more difficult. Third, obtaining information at the quantitative level is difficult for dense
media.

Several types of luminescence processes involve materials irradiated by X-rays, y-rays, or hard UV light [103-105]. Such
excitation generates charges internally by ionization of the polymer, and these charges subsequently recombine as the sam-
ple temperature is increased. Even though these methods are intended to provide intrinsic characterization of the polymer,
generating charges from an external source, as by contact with a non-reactive cold discharge at low temperature [98,100]
has advantages. The resulting luminescence is characterized by time-resolved luminescence spectra (Fig. 11). Spectra
obtained a few minutes after excitation switch-off are caused by the recombination of the charges previously deposited
on the surface under the AC discharge. Such RIL spectra characterize phosphorescence emission, even if the photolumines-
cence of the material has both fluorescence and phosphorescence components. Fig. 11 shows PL and RIL spectra of benzophe-
none grafted cross-linked PE that exhibits specific spectral features, such as vibronic structure associated with the carbonyl
function bound to aromatics.

PL can also be used to probe singlet and triplet electronic states by setting the measurement temperature appropriately,
which provides further information for defect identification [107]. The issue is to determine whether triplet states of the
recombination centers are excited upon charge recombination or if the phosphorescence is seen because it is the only pos-
sible radiative transition. The recorded fluorescence and phosphorescence do not necessarily correspond to the same chro-
mophore because the transition probability can be low for one or the other relaxation pathway, depending on chemicals and
surrounding medium [106].
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Fig. 11. (Left) Integral light decay following material excitation by a short plasma discharge. The charge recombination-induced luminescence (RIL) is the
main contribution to the light decay (hyperbolic dependence in time). (Right) Photoluminescence (phosphorescence) and RIL spectra. Results obtained on
PE with grafted benzophenone derivative to 1 wt.%. Figure adapted from data reported in Ref. [106].

Both EL and CL spectra are composed of several elementary spectral components, each of which originates from a given
mechanism and corresponds to a characteristic wavelength. In case of PP, they are the fluorescence (the relaxation of singlet
states) of natural chromophores, the CL involving the formation of carbonyl, the luminescence induced by charge recombi-
nation on chromophores, and a dominant contribution associated with some excited species that are related to polymer
degradation [83]. As shown in Fig. 12, all of these components were identified [83] in both the EL and CL of PP, but with dif-
fering relative contributions. Likewise, Fig. 13 shows the signatures of carbonyl defect in PE obtained through many different
luminescence measurements. The assignment of the spectral features to specific defect states is confirmed through compu-
tational work that will be discussed in the next section.

Trap depth also might be accessed using TL in which a material is subjected to an ionization source at low temperatures to
trap charges within the material, after which the temperature is increased, during which carriers are released from traps to
produce a current (TSC) and luminescence (TL). Analysis of the TL is performed based on direct tunneling or first order
kinetics-based thermal detrapping. In principle, trap depth can be deduced as the activation energy of the TL or TSC curves
[108]. The analysis is based on multiple assumptions [109], including that the process does not correspond to physical dis-
appearance of the trap through molecular motion, that the quantum efficiency does not change with temperature, and that a
single detrapping process is at play (non-distributed process) which is rarely the case in polymers.

2.2.3. Computational characterization of chemical defects

An alternate (and complementary) approach to identifying material luminescence signatures is provided through DFT and
beyond-DFT computations, which have contributed to the understanding of similar phenomena in the past [110-112]. In
case of polymers, such computational work is in a state of infancy and is restricted mostly to defects in PE [40,41,113-
115]. Past DFT work (on PE) is based mostly on the use of (semi)local exchange-correlation GGA XC functionals. Defect states
are then identified as the one-electron Kohn-Sham eigenenergies [40,41,114,115], just as the band gap is viewed as the
energy difference between occupied and unoccupied one-electron levels. While this approach provides a qualitative picture
of the defect-derived energy levels, it has several fundamental drawbacks. First, the one-electron levels computed by DFT
have no physical meaning as they relate to the energy levels of a fictitious set of non-interacting “electrons” [29,30]. The
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Fig. 12. The reconstructions of the measured (left) cathodoluminescence (CL) and (right) electroluminescence (EL) spectra of PP. Four components, namely
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second issue relates to the problem of computing the band gap accurately using traditional DFT, already discussed in
Section 2.2.1. The significant underestimation of the calculated band gap with GGA XC functionals causes uncertainty in
the location of the defect energy levels within the band gap as well as the position of the conduction and valence band edges
[95,116]. Finally, intra-defect transitions, i.e., those that dominate the PL spectrum as discussed in Section 2.2.2, cannot be
computed.

In recent work [42], these issues have been addressed for the case of chemical defects in PE by going beyond the single-
particle picture of defect levels. Calculations for intra-defect transition energies are straightforward, based on computing the
DFT energies of the defect-containing systems at their ground state (usually singlet Sy) and the excited states (singlet states
S1, Sy, etc., and triplet states Ty, etc.). Solving the other problems, i.e., those related to the defect level positions within the
band gap, requires a slightly more complicated approach. In particular, charged defect levels are characterized in terms of
thermodynamic and adiabatic charge transition levels (i.e., the electronic chemical potential at which the charge state
switches value) that involve total energy differences of charged and neutral defect calculations. The basic premise of this
approach is that total energy differences between neutral and charged states provide a formally correct and quantitatively
better description of energy level differences in molecules and solids (including defect level placements) [111,112,117]. To
determine accurately the band gap of PE and its conduction and valence band edge positions, hybrid HSE06 functionals and
the GW scheme are used. This computational approach provides direct, quantitative access to luminescence data of PE with
chemical defects. Comparison of the calculated and measured spectra of carbonyl, the most common defect in PE, is given in
Fig. 13 [42]. By relating the computed charge transition levels to the measured luminescence signatures (via appropriate
electron transition mechanisms), this work leads to a compelling picture of defect states in PE, e.g., that the measured PL
spectral peak is caused by the T; — Sg transition. Further details of the computations, interpretations and comparisons with
experiments for the carbonyl defect as well as for other defects can be found in [42]. The above computational procedures
provide a systematic approach to determine the luminescence signatures of various pre-existing defects in PE as well as
other insulators.

2.3. Dielectric degradation/aging

The previous section dealt with recognizing pre-existing defects in dielectrics, and characterizing/determining their elec-
tronic signatures. While this is an important step, unraveling progressive changes in the defect and trap distribution of dielec-
tric materials as a function of time at high field in various environments is an active area of research. Both “physical” and
“electrochemical” aging take place over time. “Physical aging” involves structural reorganization of the polymeric matrix
and/or diffusion of chemical species, both of which impact electrical properties. Physical aging is to some degree reversible.
Here we mainly consider field-assisted creation of chemical defects, which leads to irreversible modifications of the material
properties as assumed in all the scenarios of “electrical” or “dielectric” aging.

2.3.1. Diagnostics for the electric field assisted creation of defects

Within this context, aging is a gradual change of state and material properties that usually leads to a degree of malfunc-
tion [118]. The primary underlying process here is the cleavage of chemical bonds, which results in reorganization of the
polymer and formation of new species. Aging is related directly to the chemical kinetics of defect creation in the presence
of an electrical field (here, we primarily consider DC fields). Over time, the individual atomic processes collectively give rise
to microscopic and, ultimately, macroscopic, recognizable changes in the substance and its ability to function. Diagnosis of
such defect creation processes is difficult as they result from the application of a high field and therefore the material is
polarized (i.e. dipolar orientation) and charged (i.e. electrical charges are trapped). Relaxation can take a very long time,
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Fig. 14. Various processes involved in an exo-electron emission experiment on a thin insulating film. Processes are (1) irradiation by photo injection of hot
electrons from the metal substrate; (2) charging of the overlayer by low energy electrons; (3) thermally stimulated exoelectron emission (TSEE); and (4)
optically stimulated exoelectron emission (OSEE).

hours or days, and the removal of all the electrical charges is virtually impossible when charges are trapped deeply
(detrapping time for a charge on a 1eV deep trap is of the order of 400s, and it is about 10'°s for a 1.5 eV deep trap
[114]). As a result, differentiation between the effects of charging and impurity state formation in the band gap is difficult.
Attempts at such differentiation have been based on analyzing charge decay after a period of charging in an attempt to unra-
vel modification of the trap energy distribution caused by high field aging. This has been developed using the space charge
measurement methods to quantify the amount and spatial distribution of the space charge inside the material [119,120]. The
analysis involves several hypotheses and is only valid under limited conditions: thermal detrapping of carriers, transit
time < trapping time, and unipolar transport. Other spectroscopies have also been used in order to unravel the trap energy
distribution, including iso-thermal discharge current [121], thermo-stimulated discharge current [122], thermo-stimulated
luminescence curve [123], photo-simulated discharge current [124], and exo-electron emission spectroscopy [125] as illus-
trated in Fig. 14.

Although some of the above methods can give information related to the nature of the defects formed, generally they are
not very specific. A wealth of physical/chemical spectroscopic methods has been used to characterize field-induced defects.
This is not a simple task owing to the inhomogeneous nature of dielectric aging that results from both initial material inho-
mogeneity and degradation positive feedback mechanisms. One way to deal with this difficulty is to concentrate the analysis
on a small high field volume that has been stressed in the limit of the local breakdown appearing in the form of fine tree-like
tubules. This is currently achieved by using “needle like electrode” under AC electrical stress where a high divergent field
exists in a localized region at the tip of the needle in series with a much lower field domain to prevent thermal runaway
[126]. Under these conditions, a local microprobe can be concentrated in the high field volume and Raman and Fourier Trans-
formed Infrared spectroscopies have evidenced the increasing density of C-C bond unsaturation and carbonyls in PE and PP
[127]. Other attempts to unravel changes in material properties on samples submitted to moderate field under quasi-
uniform field configuration have been made using a range of spectroscopies [ 128]. The process of electrical aging can be tack-
led by detecting the evidence of the creation of excited states following the interaction between the electric field and the
molecules. The most promising tool is EL which is based on the creation of highly excited states that result in light emission.
Some of these states can be unstable leading to bond breaking reactions [129]. The technique is powerful in the sense that
the emission is from the area subjected to a high field and prone to irreversible high field degradation. EL has been detected
under many voltage waveforms above a threshold field, including DC, AC, or impulse voltage. Under DC, measurements of
space charge distribution and EL combined with charge transport modeling indicate that charge recombination is a major
cause of light emission which occurs in the bulk [130]. The emission is distributed relatively homogeneously in the sample
plane. Modeling allows locating the recombination domains along the field direction. Under AC stress, charge recombination
at the polymer-dielectric interface is a major cause of the emission [131]. Under impulse voltage, a combination of both
charge recombination and hot electron effects is probable. Emission spectra are difficult to analyze due to the weakness
of the emission but provide information about the species being created. Recent progress has been made in interpreting such
spectra by comparing the emission features caused by various types of excitation, some of them leading to reversible effects
(e.g. mild-UV PL), and some others linked to chemical reactions (e.g. CL, see Fig. 12). The EL of PP and PE films results from
degradation reactions that proceed through a generic route common to both materials [83].
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Fig. 15. Snapshots taken at time t during ab initio MD simulations of polyethylene (PE), where t = 0 refers to the point at which the exciton was injected.
Atoms are shaded according to coordination number. The snapshots illustrate C-H bond scission and the subsequent H abstraction. (b) Evolution of the
highest occupied and lowest unoccupied energy eigenvalues of the system for 250 fs prior to (t < 0) and after (t > 0) exciton injection. The zero of energy is
the value of the highest occupied PE eigenvalue at t = 0. Prior to exciton injection, each of the two levels shown is doubly occupied (the colors shown
correspond to spin up states). Upon triplet exciton injection, both hitherto spin-degenerate states split into an occupied spin up (full black lines) and an
unoccupied spin down (dotted blue lines) state. (c) Magnetization density plot of the system at t = 121 fs. The magnetization is tightly localized on the -CH-
groups along the main chains, indicating that these groups have unpaired electrons. The H, dimer is shown in deep red for clarity. Figure taken from Ref.
[113] with permission from AIP Publishing.

2.3.2. Modeling the dielectric “aging” process

Atomic level understanding of dielectric aging is in its infancy, and the relationship between EL and degradation is not
understood fully. A strong potential exists to link DFT based ground state, excited state and MD simulations with comple-
mentary experimental diagnostic characterization to unravel the exact nature of some EL spectral features that have not
been assigned to a particular species, as well as to understand the progression of defect creation.

As must be evident from the above discussion, in addition (and due) to pre-existing defects, the electric field and
temperature combine to create further defects in the dielectric. Electric field is expected to alter the materials in two ways:
(1) indirectly, by creating excited states via an electron in the conduction band and a hole in the valence band; and (2)
directly, by distorting polar parts of the dielectric. The former (i.e., indirect) effect can be simulated by creating excited states
and monitoring how the energy generated during the recombination process causes bond cleavage and defect formation
using DFT-based MD simulations. This has been carried out in the recent past for the case of PE [113]. The study assumed
that electrons, holes, and excitons are present in the system (e.g., from field-induced charge injection). The key finding of
this work is that the presence of triplet excitons can be damaging. The electron and hole states of the exciton localize on
a distorted region of PE where they weaken nearby C-H bonds which facilitates C-H bond scission. The estimated barrier
to cleavage of the weakened C-H bonds is comparable to the thermal energy, suggesting that this mechanism may be
responsible for the degradation of PE under an electric field. Fig. 15 shows a snapshot of this process during the course of
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Fig. 16. Morphology of semi-crystalline PE showing spherulites composed of crystalline-amorphous ribbons. Figure reprinted from Ref. [133] with
permission from IEEE.

a DFT-based MD simulation. Spectroscopic signatures associated with defect creation are in good agreement with the elec-
troluminescence measurements by Laurent et al. [132].

Going forward, a combined experimental-computational approach will be most effective to characterizing the presence,
creation, and evolution of chemical defects in polymer dielectrics as is necessary to make headway toward a comprehensive
understanding of dielectric aging and degradation in the presence of a large electric field.

2.4. Role of structure/morphology

Given the central role of the [structure < property « processing] paradigm in materials science, the structure of polymer
dielectrics is expected to be an important determinant of their dielectric behavior. This is particularly true in the case of poly-
mer dielectrics, in which several structural scales are relevant, including crystallinity or lack thereof (and unit cell level crys-
talline structure if present), greater length scale features including lamellar morphology or oriented crystalline morphology,
the volume fraction of the crystalline region in an amorphous matrix, and the preferential orientation of polymer chains. The
morphological structure of polymer films is also influenced by the thermomechanical history during film formation. Non-
crystalline materials can be melt-processable (e.g., PS, PC, etc.), or solution processable (e.g., polyimides). Melt processable
polymers typically have glass transition temperatures (T,) well above room temperature because of high stiffness of their
chain backbones (BOPP is a notable exception though, which is extrudable). On the other hand, polymers which can only
be solution processed are those tha