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Abstract

Dielectric nanocomposite materials have been experimen-
tally proven to have properties that are beneficial in applica-
tions for efficient energy transport. However, today there are
still no empirical models or rules that can predict the perfor-
mance of a certain combination of materials in the nanocom-
posite, and there are also no definitive explanations of their
dielectric behavior. A deeper understanding of the phenomena
behind these materials’ response to an applied electric field can
open new possibilities for improvement of the insulating prop-
erties of nanocomposites.

The goal of this work is to locate the key processes that are
responsible for dielectric performance. The methodology of the
study is based on ab initio technology, that relies solely on the
knowledge of chemical and structural composition of the mate-
rial. In this work, the charge-related properties of nanocompos-
ite interfaces are studied. The primary material of the study
is chosen to be polyethylene-based composite with magnesium
oxide nanoparticles.

The impact of the nanoparticle crystal surface termination
and its silane treatment on the electronic structure of the in-
terface between MgO and polyethylene are investigated here.
Moreover, the effects of presence of carboxyl defect and water
molecule near the interface are considered in this work as well.

Based on the calculated electronic structure data, a model
for charge dynamics is proposed. The model explains mecha-
nisms for conductivity and space charge reduction in nanocom-
posites, but also predicts an increase in thermal stress and sus-
ceptibility for chemical defects. It is suggested here that the
suppression mechanisms for space charge and conductivity in
nanocomposites are inherently unstable and can also accelerate
material aging.
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Sammanfattning

Experimentalla studier har visat att dielektriska nanokom-
positmaterialer kan ha fördelaktiga egenskaper för att öka ef-
fektiviteten i energitransport tillämpningar. Trots detta saknas
det fortfarande empiriska modeller och samband som predik-
terar elektrisk isoleringsprestanda när olika material kombine-
ras. Det saknas också modeller för att definitivt förklara varför
sådana material är fördelaktiga som isoleringsmaterial i ener-
gitransport. En djupare förståelse av de fenomen som uppstår
då nanomaterial utsätts för ett pålagt yttre elektriskt fält kan
öppna för nya möjligheter till förbättringar av nanokompositers
isolationsegenskaper.

Målet med detta arbete är att bestämma de nyckelprocesser
som är avgörande för dielektrisk isoleringsprestanda. Studiens
metodik är baserad på ab initio teknik, vilken enbart baseras på
informationen om materialets kemiska och strukturella kompo-
sition. I det här arbetet har de laddningsrelaterade egenskaper-
na associerade med gränsytan mellan nanopartiklar och dess
omgivande material i nanokompositen studerats. Huvuddelen
av arbetet har fokuserat på en polyetenbaserad komposit med
magnesiumoxid nanopartiklar.

I detta arbete har betydelsen av nanopartikelns kristalyta
mot kompositens behandlats. Studier av silanbehandling och
närvaron av vatten och karboxyl defekter nära gränsytan har
också undersökts. Resultaten är utryckta i termer av komposi-
tens förändringar i elektroniska strukturen omkring gränsytan
mellan MgO och polyeten.

Utifrån de beräknade modellerna för den elektroniska struk-
turen i de olika situationerna, framläggs här en modell för ladd-
ningsdynamiken. Modellen förklarar mekanismer som orsakar
en minskning av konduktiviteten och ansamlingar av rymdladd-
ning i nanokompositer. Modellen förutser också en ökning av
termisk stress och känslighet för kemiska defekter i materia-
let. Modellen indikerar också att begränsningsmekanismerna för
rymdladdning och konduktivitet i nanokompositer är i allmän-
het instabila och att de också kan påskynda materialåldring.
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Thesis Organization

This thesis is organized in six chapters as follows:

Chapter 1 provides an introduction to the novel insulating materials
– polymer-based nanocomposites. Current state of the research
in the area and problems that are yet to solve are discussed, and
motivation of the project is described.

Chapter 2 gives an overview of the theory behind the modelling ap-
proach, description of the method and its limitations.

Chapter 3 introduces magnesium oxide-polyethylene nanocomposite
through experimental results of its electrical behaviour. The
structure and properties of both the polymer and the nanoparti-
cles are reviewed, and their possible implications on the proper-
ties of the nanocomposite are discussed.

Chapter 4 contains a discussion on the construction of the interface
model and related computational strategies. Research problem
is formulated, and employed approximations are stated in this
chapter.

Chapter 5 describes major results from the appended papers [1–4].

Chapter 6 concludes the thesis with a summary of the results and
suggestions on the future work.
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Chapter 1

Introduction

As world energy consumption is increasing every day [5], it gets harder
to imagine our lives without electricity. At the same time, we have
reached the point when conventional energy sources are approaching
their limits [5] and environmental concerns are growing. Modern soci-
ety found itself obliged to use energy wisely. This is the main reason for
electricity market to shift towards renewable sources and smart grids.
Cable is a part of a smart grid that is dedicated to distribution of
electricity over long distances. Cables consist of a conductor that is
surrounded by several layers of electrical, mechanical and environmen-
tal stress protection [6], Fig. 1.1. The electrically insulating layer is
the thickest layer, and its performance directly affects the efficiency of
energy transport. Efficient distribution of electricity can be achieved
with the use of low-loss and robust materials for electrical insulation
in cables. Up until now, polymers successfully served this purpose.
However, increasing power demands make further advances of electri-
cal insulators highly favorable [7]. New materials are desired to have a
longer lifetime provided with higher robustness to mechanical, thermal
and electrical stresses. Novel insulators will be able to reduce energy
losses and long term costs.

1



2 CHAPTER 1. INTRODUCTION

Electrical insulation layer

(polyethylene)

Figure 1.1: High voltage cable [6].

1.1 Nanocomposites for high voltage
insulation

Promises...
Nanocomposite dielectrics is a class of materials that emerged in 2004
[8] in the attempt to improve electrical insulation. These nanocom-
posites are often polymer-based, with a small amount (1-10 wt.%) of
incorporated nanoparticles of different shapes and materials, mostly in-
organic oxides (SiO2, MgO, ZnO, TiO2, etc.) Addition of nanoparticles
was shown to provide enhancements in different properties as compared
to the pristine polymer. For example, addition of MgO nanoparticles
to polyethylene can reduce conduction current by two orders of mag-
nitude [9], whereas SiO2 nanoparticles in some experiments were able
to increase time to failure in the endurance tests by two and a half
orders of magnitude [10]. With the help of nanoparticles it is possible
to change dielectric constant [11], thermal conductivity [12], improve
resistance to partial discharge [13] and reduce space charge [14]. All of
these properties are vital for a good insulator.

... and problems
The idea of improving electrical performance by using nanoparticles is
very appealing, and the interest in nanocomposite materials is growing.
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However, the situation is still complicated. The properties of nanocom-
posites can greatly vary depending on the nanoparticle concentrations,
their structure and production techniques [15–17]. Furthermore, the
hydrophilic character of the most popular nanofillers results in a sen-
sitivity of nanocomposites to the ambient conditions both during syn-
thesis and exploitation.

Several nanocomposite materials with favorable for high voltage in-
sulation properties have been successfully manufactured. Yet they are
not seriously considered for industrial implementations. While the size
of a single high voltage cable batch can be up to tens of kilometers long,
it takes a single defect of several nanometers to destroy it. Therefore,
stability of insulating material with respect to production is one of
the most important property in cable industry. Due to the nanocom-
posites’ sensitivity to synthesis techniques and conditions, their use is
associated with economic risks. The necessity to minimize these risks
triggers the development of new procedures. And understanding of
phenomena responsible for nanocomposites’ performance is the key to
the successful transfer of these capricious materials from labs to large
scale production.

But nowadays, in the second decade of the extensive nanocompos-
ite research, the approach of creating new nanocomposite insulators is
still mostly “trial and error”-based. There are no empirical models or
rules that can predict the success of a given combination of materials,
neither there are definitive explanations of underlying phenomena. Fur-
thermore, due to the sensitivity of nanocomposites, combined with a
variety of studied material combinations, experimental techniques and
measured properties, it is challenging to collect consistent statistics and
establish trends and patterns in their behaviour.

Nevertheless, there is at least one definite conclusion that connects
most of the experimental studies. Experiments show that chemical
composition of the interface between the nanoparticles and the polymer
can strongly influence the properties of nanocomposite dielectrics [10].
Polymers with nanoparticles with functionalized surface exhibit differ-
ent performance than polymers with pristine nanoparticles [18]. This
is no surprise, as the proportion of interface in composites becomes
higher when the particles’ size is reduced. Thus, the choice of inter-
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face composition becomes as important as the choice of materials for
matrix and fillers. Moreover, surface modification can provide better
dispersion of the particles, prevent aggregates of a larger size and re-
sult in a more homogeneous material [11, 19]. Also, surfactant-treated
nanoparticles reduce nanocomposite’s sensitivity to humidity and pro-
vide more stable dielectric performance [18]. Further discussion on the
role of interfacial structure is yet to follow in the next chapters.

1.2 Concept of interphase and other
models

Several attempts were made to cover the gap in theoretical understand-
ing of the nanocomposites’ performance. As the presence of interface
within the material is a characteristic feature of nanocomposites, most
of the models focus on the interface. These models often propose that
the interface has an impact on the surrounding polymer in one way or
another. The region around nanoparticle is presumed to have proper-
ties different from the pristine polymer. This region is often called in-
terphase or interaction zone. The concept of interphase was introduced
by Tanaka in 2005 [20], but already a year before, Lewis suggested [8]
that this area can contain electrostatic charge that will influence be-
haviour under applied electric field.

To this day, the exact properties of the interphase are not clear.
There are models that suggest an impact from water build up around
the particle [8], changes in polarization [17], and induced dipole effects
[21]. Atomistic modelling suggests [22] that there might be a change
in the dielectric constant, though the affected area was found rather
small, of a size of several Ångströms.

Some experiments show [23] that the particle surface can change the
local response to the applied electric field by attracting charge. Gen-
erally, the charge distribution itself plays a significant role in dielectric
materials. Most of the phenomena, such as dielectric response, con-
ductivity, space charge accumulation, are tightly related to the charge
transfer. Accordingly, the focus of the research of material dielectric
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properties shifts towards fundamental studies of charge injection [24,25]
and its behaviour within the material [25–28]. These studies are often
performed with the methods of quantum mechanics. They allow to
acquire deeper understanding of basic properties of the materials and
become a popular tool for studies of electrical insulators.

1.3 Motivation and objectives
To summarize, the research in the field of nanocomposite dielectrics is
strongly dominated by experimental works, leaving a gap in thorough
understanding of nanocomposites’ behaviour. On the other hand, es-
tablishing foundation of the material performance is clearly beneficial
for the whole nanocomposite community. Such knowledge can provide
ideas for improvements of material composition and synthesis, and can
simplify large-scale production.

This work’s objective is to make a first step towards comprehension
of the major phenomena behind nanocomposites’ behaviour and locate
the key processes that are responsible for their dielectric performance.
The study’s methodology is based on ab initio technique, that relies
solely on the knowledge of chemical and structural composition of the
material. The focus of the project is on the charge-related properties
of interfaces in nanocomposite. Most of the calculations are performed
for polyethylene-based composite with magnesium oxide nanofiller.





Chapter 2

Method of modelling

Most properties of materials are exclusively determined by their elec-
tronic structure, i.e. the state of motion of electrons in the potential
created by nuclei. [29]. Thus, the behaviour of a material can be in
principle predicted if its electronic structure is known.

Electron’s motion is described by the Schrödinger equation. Mate-
rial’s chemical composition contains all information that is necessary
to set up the equation that will define its electronic structure. Macro-
scopic properties that can be further extracted from the electronic
structure include charge density, dielectric and magnetic susceptibil-
ities, optical properties, and many others [30].

In practice, two major challenges arise. First, an exact and self-
consistent solution for the Schrödinger equation requires immense com-
putational resources. Given that the computational demands are in the
power law dependance on the amount of electrons in the modelled sys-
tem, the exact solutions of real material systems are not feasible in the
foreseeable future. Second, it is still not always clear how to extrapo-
late electronic properties to the macroscopic behaviour. While it is not
a problem to distinguish an insulator from a metal, a deeper analysis
based on the electronic structure is not straightforward.

The strategies to address these two challenges will be described in
this chapter. Preceded with a section on a fundamental theoretical
background, a discussion on the interpretation of electronic structure
in terms of electrical insulation properties will follow. After that, an

7
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approximation method for calculation of electronic structure of atom-
istic systems, density functional theory (DFT), will be introduced.

2.1 Theoretical background
According to the laws of quantum mechanics, an electron in an external
potential is only allowed to occupy certain energies. For the electron in
an atom, that is in a potential created by nucleus, these energies form a
discrete spectrum. In solids, the energy levels broaden and form allowed
energy bands separated from each other by forbidden intervals of states
that constitute band gaps. The highest energy band that is occupied by
electrons is called valence band, and the following unoccupied (vacant)
band is called conduction band. The energetic spectrum of a system
describes its electronic structure, as do wave functions. Wave functions
contain an information on the probabilities for the possible outcomes
of measurement of the system states. Wave functions and energies are
related through the Schrödinger equation1:

ih̄
dΨ({ri}, t)

dt
= ĤΨ({ri}, t), (2.1)

where h̄ is Planck constant, t is time, Ψ({ri}, t) = Ψ(r1, r2...rN; t) is
a many-body wave function for N electrons with coordinate ri, and Ĥ
is the Hamiltonian operator for the total energy. Hamiltonian for the
system of electrons and nuclei is defined as

Ĥ = h̄2

2me

∑
i

∇2
i −

h̄2

2MI

∑
I

∇2
I −

∑
i,I

ZIe
2

|ri −RI|
+

+1
2

∑
i 6=j

e2

|ri − rj|
+ 1

2
∑
I 6=J

ZIZJe
2

|RI −RJ|
,

(2.2)

where the lower case subscripts correspond to electrons and upper case
– to nuclei: me and MI , e and −ZIe, ri and RI are the masses, the

1Here and below, in centimeter-gram-second system of units (cgs), if not spec-
ified otherwise.
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charges and the positions of the i-th electron and I -th nucleus respec-
tively.

It is possible to simplify this complex expression. The second term
in 2.2, that corresponds to the nuclei kinetic energy operator, is rel-
atively small, as the mass of nuclei MI is large with respect to the
mass of an electron. Furthermore, relying on Born-Oppenheimer ap-
proximation [31], it is possible to treat nuclei interactions in the last
term of 2.2 classically. Thus, the fundamental Hamilton operator for
the electrons will have the form of a sum of kinetic energy operator for
the electrons T̂ , fixed nuclei-created potential acting on the electrons
V̂ext, electron-electron interaction V̂int, and a term EII that includes
nuclei-nuclei interactions in a classical representation:

Ĥ = T̂ + V̂ext + V̂int + EII , (2.3)

where

T̂ = h̄2

2me

∑
i

∇2
i , (2.4)

V̂ext =
∑
i,I

VI(|ri −RI|), (2.5)

V̂int = 1
2

∑
i 6=j

e2

|ri − rj|
, (2.6)

(2.7)

The solution for equation 2.1 with Hamiltonian 2.3 is sufficient to
define electronic structure of a system and, consequently, its properties.
In some cases, the information on just the lowest energy state is enough
[32]. This electronic state is called ground state. The states with higher
energies than in the ground state are called excited.

2.2 Electronic structure and electrical
insulation

The simplest way to demonstrate the connection between electronic
structure of a material and its electrical properties is to compare elec-
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E

overlap

conduction band 

(unoccupied)

conduction band 

(unoccupied)

valence band 

(occupied)

valence band 

(occupied)

band gap

(restricted energies)

CONDUCTORS SEMICONDUCTORS INSULATORS

Figure 2.1: Band diagrams of conductors, semiconductors and insula-
tors.

tronic structure of conductors, semiconductors and dielectrics, Fig. 2.1.

In conductors, energies of occupied and unoccupied states overlap,
thus the electrons can freely move from one state to another.

In semiconductors, there is a band gap – a region of restricted ener-
gies between the highest occupied state (valence band edge) and lowest
unoccupied state (conduction band edge). The energy gap in semicon-
ductors is small enough to allow excitations of electrons to states in the
conduction band under certain circumstances, for example with tem-
perature increase. When an electron is in the conduction band, it is no
longer localized, as there is other unoccupied states of the same energy
generally present. Therefore, an electron can easily transfer between
these states and contribute to the conduction current. The emptied
valence band state is called hole, it is a positive charge carrier. Holes
can move in the space in a similar to electrons way, and contribute to
the conduction too.

Materials with band gaps above 4 eV [33] are usually considered,
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E

}  shallow hole traps

}  deep hole traps

}  deep electron traps

}  shallow electron traps

Figure 2.2: Illustration of trap states in dielectric materials.

with some exceptions, to be insulators, or dielectrics. High values of
the band gaps in dielectrics make it practically impossible for a free
charge to exist in conduction state, as very high energy is needed to
excite an electron from the valence state.

Traps in dielectrics
Real-life dielectrics can have a variety of irregularities, or defects. De-
fects are localized areas with electronic states with potential energy
which is lower than in the perfect material. These states, both occu-
pied and unoccupied, are called traps and appear as additional energy
levels in the band gap energy region (Fig. 2.2).

Traps are often classified by their energy. Low energy-traps are
called shallow traps. Charges can hop between these traps and travel
throughout the material. This process results in conductivity increase,
and consequently in energy losses. Moreover, freely moving charge
accelerates material degradation and formation of new defects [34,35].
This leads to higher probability of electric discharges and, ultimately,
to breakdown.

Deep traps, e.g. traps of high energy, can suppress electrical con-
duction. They capture free charges and restrict their propagation, thus
reducing their harmful impact on the material. However, this process
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is accompanied with a release of energy in a form of radiation or lat-
tice vibration. Ultimately, either of the processes contributes to local
material heating and can promote material degradation. Nevertheless,
the deep traps are often consider more beneficial [36] for insulating
materials than shallow traps.

Macroscopic models
The knowledge of the trap energies and their concentration can be
used further in macroscopic models [37–41]. Charge density and con-
ductivity models are often based on the coupled solution for each of the
charges (electrons and holes) of the transport equation (2.8), continuity
equation (2.9) and Poisson’s equation (2.10)2:

j(x, t) = µqfree(x, t)E(x, t), (2.8)
∂qtotal(x, t)

∂t
+ ∂j(x, t)

∂x
= s(x, t), (2.9)

∂E(x, t)
∂x

= qtotal(x, t)
εε0

. (2.10)

Here, j is a conducting current density, x is the coordinate, t is the time,
µ is mobility, qfree and qtotal is the density of free and total charge, re-
spectively, E is the applied field, ε is the permittivity, and s is the
source. The source term is based on information about internal charge
generation, recombination rates, trap depths and their density. An-
other term that is defined by traps characteristics is mobility µ.

Macroscopic models for nanocomposites were able to achieve good
agreement with experimental results [28, 41, 42] by increasing depths
and concentration of deep traps. This is another indication that macro-
scopic electric behaviour is tightly related to the presence of traps and
their characteristics. Based on such results, charge trapping is consid-
ered to be a major reason for improved dielectric properties of nanocom-
posites. It is also often assumed that the traps are mostly located in
the interphase [20]. Thus, the knowledge of electronic properties of
this area can help to locate the sources of traps or potential wells that
contribute to suppression of charge transfer.

2International System of Units (SI).
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2.3 DFT and the honey tree
This section is devoted to the second challenge of atomistic simula-
tions, their unfeasible complexity, and the method to overcome it. As
was already noted, the key to material modelling is the solution of
Schrödinger equation (2.1). The solution is possible to find numeri-
cally, however immense computational efforts are needed already for
a single-atom systems. Density functional theory is an approximation
method that was introduced to tackle this problem. Let us introduce
the density functional theory (DFT) approach as analogy to an ap-
proach used to escape a swarm of bees. As an expert in the latter,
Winnie-the-Pooh will be invited as a guest for this section.

The contribution to computational costs of Schrödinger equation’s
solution is the need to keep three variables, the coordinates of each
electron. Solution of Schrödinger equation is similar to the situation
of Winnie-the-Pooh trapped in a swarm of honey bees. He could have
successfully getaway from the bee swarm if he knew each bee’s position.
However, the knowledge of “density” of the bees at a certain point
is just enough, too. In the same way, one can overcome the need of
keeping three coordinates for each electron in the Schrödinger equation,
replacing them with a single variable – electron density n(r). This was
proposed in the first theorem of Hohenberg and Kohn: “The external
potential Vext(2.5), and hence the total energy, is a unique functional
of the electron density n(r).”

The next step is to define the bee (or electron) density. But first,
let us see what the shape of the bee swarm will depend on. Bees are
not famous for being lazy, but they will not spend more energy than
they have to. This energy will be based on several factors: how active
they are, how many bees they have to avoid while flying, and the sur-
rounding conditions, such as wind and rain. The same principles hold
for electron cloud. The total energy functional of electronic system can
be written as a sum of kinetic energy T [n], electron-electron interaction
energy Eint[n], energy of nuclei-created potential Vext functionals and
interaction energy of nuclei EII :

EHK = T [n] + Eint[n] +
∫
d3rVext(r)n(r) + EII (2.11)
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A bee with a certain energy will choose a path that has minimal
energy cost. That can be extrapolated on the whole swarm and will
define its final shape, which poor Winnie will have to face. Similarly, it
is enough to find an electronic state that corresponds to the minimum
of the total energy, and the solution for the equation could be found
with variational method. And as was proved in the second theorem of
Hohenberg and Kohn, “the density that minimizes the total energy will
be the exact ground state density.”

At this stage, the problem has already been simplified, but there is
still a room for improvement. Main problem here is that the explicit
expression for interactions within the studied system of electrons is not
known. The effects of correlation and exchange make it particularly
complicated. Correlation defines how much the movement of one par-
ticle is influenced by the presence of others, and exchange is a quantum
mechanical effect that occurs between indistinguishable particles. For
electrons the exchange effects are related to the Pauli exclusion princi-
ple, that forbids two identical electrons to occupy the same quantum
state.

Kohn and Sham suggested, that instead of considering a system of
interacting particles, it is more feasible to consider an auxiliary system
without any internal interactions, but in such external potential that
makes the system behave as if the particles within it interacted. Thus,
the Hamiltonian (2.3) is replaced by the auxiliary Hamiltonian:

Ĥσ
aux = − h̄2

2me

∇2 + V σ(r), (2.12)

the V σ(r) is the auxiliary potential acting on an electron at point r. The
form of this potential is not known. Furthermore, it is convenient to
separate well-defined terms in the energy functional from the unknown
many-body effects. Kohn-Sham approach is to rewrite the functional
(2.11) in the following way:

EKS = Ts[n] +
∫
drVext(r)n(r) + EHartree[n] + EII + Exc[n], (2.13)

where n(r) is the density of a system of N electrons with orbitals ψi(r):

n(r) = ΣN
i=1|ψi(r)|2; (2.14)
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Ts is the kinetic energy of non-interacting particles:

Ts[n] = h̄2

2me

ΣN
i=1

∫
d3r|∇ψσi (r)|2; (2.15)

and EHartree is the self-interaction energy of the density n(r) treated
as a classical charge density, i.e. Coulomb energy:

EHartree[n] = e2

2

∫
d3rd3r′

n(r)n(r′)
|r− r′|

. (2.16)

Thus, it is only the term Exc that contains effects of exchange and
correlation in many-body system. The challenge to define this energy
still holds, but it is partially solved by a variety of approximation.

In this work two approximating functionals for exchange-correlation
are used. The first is local density approximation (LDA) [43]. It is
based on a homogeneous electron gas model and depends only on the
electron density:

ELDA
xc [n] =

∫
d3rn(r)εxc(n), (2.17)

where εxc is the exchange-correlation energy per particle of a homo-
geneous electron gas of charge density n. The second functional is
HSE06 [44], it belongs to the class of the so called hybrid functionals.
Hybrid functionals are a combination of density-dependent functionals
and orbital-dependent exact exchange functionals. HSE06 has been
successfully tested on a variety of systems and is now considered to be
among the most successful approximations [45–47].





Chapter 3

MgO-polyethylene
nanocomposite

Most of the simulations in this project were performed for magnesium
oxide-polyethylene nanocomposite. Magnesium oxide is a solid min-
eral, Fig. 3.1. One of its important properties is high thermal stability.
It also has high thermal conductivity and low electrical conductivity.
MgO has different applications, that include heat-resistant electrical ca-
bles. Polyethylene is a plastic, Fig. 3.1. It is one of the most widely
used materials in the modern society and a popular material for high
voltage insulation. Nanocomposites based on polyethylene with inclu-
sions of magnesium oxide nanoparticles have been shown to possess
properties that are favorable for high voltage direct current (HVDC)
applications. An overview of experimental results for the nanocom-
posite, details of its structure, and motivation for the modelling is
presented in this chapter.

3.1 Overview of experimental results
Several research groups repeatedly reported MgO-polyethylene nano-
composite’s ability to reduce formation of space charge packets under
applied HVDC-field [11, 21, 42, 51–55]. These experiments have been
performed for differently processed nanoparticles with different surface

17
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Magnesium oxide

MgO

band gap 7.8 eV

Polyethylene

(CH2)n 

band gap 8.8 eV

Figure 3.1: Magnesium oxide [48] and polyethylene [49], and their
atomic structure. Magnesium atoms are shown in green, oxygen in
red, carbon and hydrogen in dark and light grey colors respectively.
Here and below, chemical structures are visualized with VESTA [50].

coating and volume ratio. Furthermore, this nanocomposite was shown
to have reduced conductivity as compared to the pristine polymer [9,
18,51–54,56], in some cases by up to 2 orders of magnitude [9]. Among
other reported results are increased breakdown strength [11, 51, 52, 55]
and reduced loss factor tan δ [11,53]. Both increase [53] and reduction
[11] in permittivity upon addition of MgO nanoparticles were observed.

MgO-polyethylene nanocomposite is sensitive to the water uptake,
as most of the other nanocomposites. Conductivity and space charge
measurement results are different for the damp and the dry samples
[54]. The MgO surface treatment has also been shown to be important
[9,11,18], as it can provide nanoparticles with hydrophobicity, improve
particle dispersion in the polymer and increase the stability of the
material.

3.2 Structure and electronic properties
Magnesium oxide is a crystal with a cubic unit cell, and polyethylene
is a polymer with a structural unit –CH2–, see also Fig. 3.1. A va-
riety of commercial applications provided a high interest in these two
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grain boundaries in polycrystalline nanoparticle

crystal surface defects and irregularities (e.g. kinks, steps)

interface-induced local polymer conformations

large-scale morphology (induced or inherent)

band o!set

crystal or polymer surface states (induced or inherent)

Figure 3.2: Sources of traps that are introduced to the polymeric mate-
rial with addition of polycrystalline nanoparticles, excluding chemical
defects. Inherent material features are shown in blue, interface-induced
– in red, and inherent features that could be altered at the interface –
in gray.

materials. They are well-studied, and there is a sufficient database of
thorough experimental results in the literature. This and relatively
simple structure make magnesium oxide and polyethylene perfect for
modeling.

As we focus on the charge properties in these project, let us con-
sider all possible trap sources in the MgO-polyethylene nanocompos-
ite, as illustrated in Fig. 3.2. The traps can be divided into three
groups: inherent polyethylene traps, inherent magnesium oxide traps
and interface-induced traps, which are exclusive for the nanocomposite.
The analysis below is based on overview of experimental and modeling
data for MgO and polyethylene. Some properties are unique to these
materials, but the general ideas can be extended for the whole class of
insulating nanocomposites.
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Polyethylene inherent traps
Let us start with overview of electronic properties of polyethylene.
Polyethylene has a wide band gap of 8.8 eV. A specific property of
polyethylene is that its conduction band is placed higher in energy
than the vacuum level. It means that a free electron has to have ex-
tra energy in order to ionize the polyethylene molecule. The required
energy is equal to the difference between the energy of electron in the
vacuum and the conduction band energy, and it is called electron affin-
ity. Polyethylene has negative electron affinity estimated to be -1.2±0.5
eV [57]. Whereas electron affinity is mostly a property of the surface, it
has a reflection in the bulk properties of the polymer, too. An injected
electron was shown [58] to localize in the area between the molecules
and far from existing chemical bonds. This is due to the fact that the
lowest energy conduction states in polyethylene are interchain. This
implies that the low-density regions and nanovoids can trap injected
electrons.

Low-density regions are not the only possible trapping centers in
polyethylene. Polyethylene has a complex semi-crystalline structure. It
implies the mixture of amorphous phases with lamellae, more ordered
crystalline regions, see Fig. 3.3. Such irregularity of the morphology
also results in formation of traps [25,59]. Apart from the inherent trap
sources, there are always defect-caused traps in real materials. The
defects can be chemical and physical. Examples of chemical defects
include double bonded carbon C=C, vinyl C=CH2, carbonyl C=O,
and others. Physical defects include distorted bond lengths and angles,
kinks, chain conformations, and others [60, 61]. Some trap sources
together with their energies are collected in the Table 3.1.

Magnesium oxide inherent traps
Magnesium oxide is a crystalline material that often exists in its poly-
crystalline form, being an aggregate of crystal grains of different sizes
and orientations. MgO nanoparticles used for insulating nanocompos-
ites are often polycrystalline. Band gap of magnesium oxide is 7.8 eV.
MgO also has negative electron affinity. Negative electron affinity has
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}

}

Amorphous region

Crystal-like lamella

Figure 3.3: Illustration of chain arrangement in amorphous regions and
crystal-like lamellae in semi-crystalline polymer.

Table 3.1: Trap sources in polyethylene. Ee and Eh are electron and
hole trap energies respectively.

Defect Ee, eV Eh, eV Comment
Low density region 0.19-1.34 0 Modell. for densi-

ties of 95% to 33%
of the initial [25]

1.2-1.4 – Expt. for LDPE
[62]

Chemical defects up to 2.77 up to 3.36 Modell. [25, 63]
up to 2.0 – Expt. [62, 64–66]

Distorted angles 0.07 0.29 Modell. [25]
and bond lengths 0.32-0.35 – Expt. [64, 65,67]
Gauche conforma-
tions

0.09 0.96 Modell. [25]

Kinks 0.77 0.81 Modell. [25]
1.2 – Expt. [64, 65,67]
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a reflection in the bulk properties of polycrystalline materials. Grain
boundaries in such materials become localization centers for electrons,
and in this way they are similar to nanovoids in polyethylene. Calcu-
lations show [68] that such kind of electron traps are up to 1.8 eV deep
in polycrystalline MgO.

Furthermore, the surface of nanoparticles can be a source of traps,
too. The most stable surface termination of magnesium oxide MgO
(100) [69] has the lowest energy unoccupied states in the area close
to the surface, outside the crystal, as negative electron affinity de-
mands [70]. However, the MgO (100) surface is not the only surface
configuration. The nanoparticles are often semi-spherical, which im-
plies presence of corners. Surface steps and edges of different kinds have
different chemical reactivity [71]. Furthermore, modelling shows [72]
that both electrons and holes are likely to localize at kinks and cor-
ners.

Another source of traps is surface defects. Screw dislocation is one
of the topological defects that was shown to be a favourable spot for
electrons [73]. Dislocations occur in oxides due to mechanical deforma-
tions or during disruptions in crystal growth processes. Another defect
is oxygen vacancies. They can introduce deep traps of up to 3.38 eV.
This defect can be formed during dehydroxylation at high tempera-
tures [74] which is a common procedure in preparation of nanoparticles
for nanocomposite samples.

The chemical defects can also exist on the MgO surface. It has been
shown that in humid conditions the hydroxylated surface of magnesium
oxide MgO (111) is more stable than pure MgO (100) [69]. Thus, under
ambient conditions, in the surrounding with water vapour present, one
can expect to have a combination of these two configurations present
on the surface. Hydroxyl groups introduce new states in the conduction
band region and can potentially act as traps, too.

Induced traps in the nanocomposite
Some traps can be absent in the pristine polyethylene and magnesium
oxide, and be unique to the nanocomposites. They may arise due to the



3.2. STRUCTURE AND ELECTRONIC PROPERTIES 23

O

O
H

OH

O
H

O

OH

OH

O

Si

R

}
}

Surface of metal oxide nanoparticle

coated with silane with terminal functional group R

Hydroxyl-covered pristine surface of 

metal oxide nanoparticle

Figure 3.4: Schematic representation of chemical structure of silane-
coated and pristine surface of metal oxide nanoparticle. Hydroxyl
groups originate from surface interaction with water molecules.

contact between the nanoparticles and the polymer, or can be caused
by by-products of nanocomposite processing [75].

The nanoparticle-water interaction is unfavorable in the nanocom-
posites. It creates hydroxyl shells around the nanoparticles and changes
the behaviour of nanocomposites under electric field [16]. As was al-
ready discussed earlier, this problem is often eliminated with nanopar-
ticle surface treatment, Fig. 3.4. The surface agents are usually silicon-
based. Some of them can bring extra traps to the material. For exam-
ple, a vinlysilanediol-treated SiO2-polyvinylidene difluoride interface
exhibits new electron states as compared to the untreated interface [22].
There is a numerous amount of treatment agents that can be used for
the surface modification, and their exact impact on the electronic struc-
ture in the interfacial region is unknown.

Even untreated MgO surface can change when in polymer melt.
Chemical additives used for polymer stabilization can react with nano-
particles, as their surface is usually more reactive than the polymer, es-
pecially at the structural defect sites described in the previous section.
Indeed, experimental studies show that untreated MgO nanoparticles
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react with chemical defects and antioxidants in polyethylene [76].
Besides the chemical changes, which can arise from the byproducts

of the nanoparticle reaction with additives, polymer can experience
structural changes, too. The morphology of polyethylene can be altered
by the presence of nanoparticles [18]. As was mentioned above, large
scale structural irregularity also results in charge traps. There are
some evidences of changes in morphology in other polymers in the
vicinity of nanoparticles [77]. Experimental studies of polyethylene-
based nanocomposites also show some morphological changes [10], but
these results are not consistent due to the different nanofillers, their
concentration, processing techniques, etc., and can not be used for
general conclusions.

Induced traps in nanocomposites can also be caused by chemical or
electrostatic interactions between the two materials. Even if there is
no chemical interaction, van der Waals attraction will be still present.
Thus, it creates a possibility of physical defects at the interface, such
as gauche conformations and variations in density, bond lengths, and
angles.

Last, but not least, the nanoparticle itself can act as an electron or
hole trap. Its behaviour is defined by the positions of the nanoparticle
band edges with respect to the polymer’s bands. The difference in
the band edge energies of the two materials is referred to as valence
and conduction band offsets (VBO and CBO), see Fig. 3.5. If the
conduction band edge has a lower energy in nanoparticle as compared
to the matrix, the nanoparticle will act as an electron trap. If the
valence band edge has a higher energy in nanoparticle as compared to
the matrix, the nanoparticle will act as a hole trap. The depths of the
traps are defined by the offsets VBO and CBO.

3.3 Band alignment between two
materials

The band offsets are defined by the properties of the surfaces of the
materials in contact, Fig. 3.6. In general, it is hard to predict the offsets
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Figure 3.5: Band offsets between a particle and a polymer matrix in
nanocomposite dielectrics.
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Figure 3.6: Different band alignments between a polymer and a particle
with a fixed band gap energy Enp

BG: in case A the nanoparticle acts both
as an electron and hole trap; in case B only as a hole trap. The CBOs
have different signs in these two cases.
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between two arbitrary materials, as they depend on the charge transfer
that might occur as a result of interactions at the interface. There is,
however, a model that allows to determine the offsets for the cases when
the charge transfer is absent. This model is called Anderson’s rule. Its
main assumption is that the materials at the contact would behave
in the same way as there were a vacuum separation between them.
According to the Anderson’s rule, the bands are aligned to a common
reference energy value. This value is referred to as vacuum level and
corresponds to the energy of a free electron, i.e. an electron in the
vacuum outside the material. According to the definition of electron
affinity given earlier, the vacuum level EV L can be easily defined as:

EV L = ECB + EEA,

where ECB is conduction band energy and EEA is electron affinity.
In the literature dedicated to experimental studies of nanocompos-

ites, for the analysis of the results it is often assumed that the band
alignment between the nanoparticles and the polymer follows the An-
derson’s rule scenario. This is a fairly reasonable approach for the
perfect surfaces of low-reactive crystalline nanoparticles and non-polar
polymers, such as polyethylene. However, surface treatment and sur-
face irregularities can change this situation radically. Since the behav-
ior of a nanoparticle in terms of charge trapping is highly dependent
on the offsets, it is relevant to study band alignment phenomenon in
nanocomposites more thoroughly.



Chapter 4

Modelling challenges

This chapter discusses the practical challenges behind construction of
the model of interface, and consequent method limitations.

4.1 What is interface?
A common definition of interface is a border between two surfaces.
However, such definition is not sufficient to perform calculations, and
interface, as an object of modelling, needs more accurate description.
A difficulty arises here due to the complexity of the materials that
are brought in contact. Polyethylene surface is morphologically com-
plex, as it can combine amorphous and crystalline phases. Magnesium
oxide surface is the combination of facets, kinks, steps, and chemical
byproducts, that are always present in the material and can change its
behaviour drastically.

Furthermore, the surface treatment of nanoparticles creates even
more problems for proper interface description. The exact structure
(and chemical composition, sometimes) of the interface is rarely de-
fined. Surface treatment can result in a thick layer of the agent on
the surface. At some point, such structure can not be considered as
an interface with modified surface, but a three-layered substance. Ex-
perimental reports often leave details on the surface modification be-
hind, and refer to the material as “particle-polymer nanocomposite”,
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although it is effectively polymer with “particle-in-agent-shell” nanos-
tructures, and there is no physical contact between the nanoparticles’
material and the polymer.

Thus, when it comes to the interface between MgO and polyethy-
lene, it appears to be a whole spectrum of different physical and chem-
ical structures. Consequently, there is no regular geometry that can
be with a great certainty defined as representative due to the disorder
of the material. And the higher is the disorder level, the larger is the
size of a model needed to capture its properties. Electronic structure
calculations are computationally expensive. The methods of DFT that
were used in this study depend on the system size as N3, where N is
the number of electrons in the modelled system. Larger models will
inevitable results in substantial increase of the computational efforts.
The challenge here is to build the model that can provide information
of the physical processes in the materials, and at the same time would
still be feasible to compute.

4.2 DFT limitations and modelling trade
offs

Density functional theory has a well-known flaw of band gap value
underestimation [30]. Usually, DFT is valid for valence band calcu-
lations, but can give wrong results for conduction band energies. In
case of MgO, one can get more accurate positions for conduction band
by pinning the valence band value and adding the experimental band
gap [78]. However, in case of polyethylene, this approach might be
wrong. Due to polyethylene specific nature of conduction states, meth-
ods of DFT can be more accurate for conduction band than for valence
band prediction [57]. Thus, the inherent DFT error is not corrected
here and will introduce uncertainties in some of the values. The results
still reflect major trends and provide important insights into nanocom-
posites nature.
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4.3 Electronic structure under electric
field

Another complication is that some materials can change their electronic
structure under applied electric field [79–81]. For dielectric materials,
major changes were shown to happen at pre-breakdown and breakdown
fields, those are in order of tens of MV/cm [82,83]. As we focus on the
working voltages, which are sufficiently lower, the influence of electric
field is not taken into account in this project. We assume that the only
difference the electric field will introduce to the band diagram is the
tilt of the energy levels, which reflects an acceleration of a charge in
the external electric potential. Furthermore, injected charge can also
change the electronic structure of the material. We assume here that
these changes are negligible due to the low density of the charge, and
the material’s behaviour under applied electric field can be extrapolated
from the knowledge of its ground state.

4.4 Formulation of the research problem
Now, with the knowledge of possibilities and limitations of the method,
the research problem can be defined and the objectives of the study can
be specified:

• investigate if any new low energy states arise at the contact be-
tween polyethylene and most stable surface terminations of mag-
nesium oxide with and without silicon-based surface treatment;

• study the influence of surface modification, water and chemical
defects in polyethylene on the band alignment between polyethy-
lene and magnesium oxide;

• analyze the results in terms of macroscopic behaviour of MgO-
polyethylene nanocomposites under electric field;

• discuss the implications for nanocomposites that are based on
other constituents.
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In order to achieve these objectives, following approximations for
the model of the interface were employed:

• the presence of kinks and other geometrical irregularities of the
nanoparticles’ surface was neglected. The two most stable sur-
faces of magnesium oxide were chosen to base the interface on.
These surfaces are MgO (100) and hydroxylated MgO (111). The
first one is the most stable surface in dry environment [84], while
the second is more stable in aqueous environment [69]. Under
ambient conditions, these two surface terminations prevail.

• the study of surface modified interfaces is limited to the case
when a polyethylene chain is attached to the MgO (111) surface
through a silicon atom Si.

• the main focus is on the phenomena that occur at the contact
between the materials, and not on the structural changes that
arise in the polymer when nanoparticles are introduced. Different
methods and approaches are required for this type of studies, that
leaves them outside the scope of this project. Thereby, polyethy-
lene was either represented by a single molecule of C10H22, or
its structure was built with a semi-classical approach, details of
which can be found in the next chapter.



Chapter 5

Results and discussion

This chapter is divided into four sections, according to the objectives of
this project listed in the previous chapter. All calculations, if not stated
otherwise, were performed in Vienna Ab initio Simulation Package
(VASP) 5.4.1 [85–88].

5.1 Interface-induced electronic states

Geometries

In order to investigate if any interaction-assisted trap states arise at
the contact of the polyethylene and magnesium oxide, three models of
interfaces were built. Polyethylene in these models was represented as
a dodecane molecule C10H22. It was placed on the following surfaces
of magnesium oxide (Fig. 5.1): MgO (100), hydroxylated MgO (111),
and silicon-bonded MgO (111). The latter was formed on the basis of
hydroxylated MgO (111) by replacing three out of four hydrogens on
the top of the surface with a bond to silicon atom Si, which was also
bonded to the dodecane molecule. The thickness of the MgO slabs was
chosen such that at least two layers in the middle exhibit the same
density of states. Three of the bottom layers of MgO were fixed during
the structure relaxation to mimic bulk behavior.
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a)

b)

c)

Figure 5.1: Geometries representing the modelled systems [1, 2]: a)
MgO (100)-dodecane interface; b) hydroxylated MgO (111)-dodecane
interface; c) MgO (111)-Si-dodecane interface. Magnesium atoms are
shown in green, oxygen in red, hydrogen in grey, carbon in black, silicon
in blue colors.

Computational details
The configurations that are depicted in Fig. 5.1 were achieved with
geometry relaxation, and correspond to the minimal total energies.
The relaxation and electronic structure calculations were performed
with HSE06 functional. In order to cancel the artifact electrostatic field
that occurs in a non-symmetric slab with periodic boundary conditions,
the dipole correction was used [89,90]. The cutoff energy of 400 eV and
k-mesh of 3×3×1 were used in this study.

Results
The information of the electronic structure of the interfaces is presented
in the form of density of electronic states, that is the amount of allowed
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states per energy, in Fig. 5.2. The densities of the mid-regions of the
C10H22 and MgO and the regions closest to the interface are shown
separately. Zero on the Fig. 5.2 corresponds to bulk MgO valence
band. Magnified conduction band edges are shown in squares. Arrows
show the bottom of the bulk MgO conduction band.

The results show that no additional states in conduction band of
polyethylene occur due to the contact at any of the considered inter-
faces. However, in the case of MgO (100) surface, new valence band
states arise, as emphasized with the red circle in Fig. 5.2.

Another result of the study is the indication that the silicon treat-
ment changes the electronic structure of the interface by removing low-
energy conduction states from the hydroxylated MgO (111) surface.

Furthermore, in all of the considered structures the conduction band
of the magnesium oxide surface was aligned to the conduction band
of polyethylene. This fact initiated a hypothesis that the conduction
bands can match due to the nature of conduction states in negative
electron affinity surfaces. According to the hypothesis, the matching
would create a band bend at the interface. In order to test this assump-
tion, another set of models was built. The following studies of these
models have proved the hypothesis wrong, but have provided valuable
results on band alignment in MgO-polyethylene nanocomposite.

5.2 Band alignment at different
interfaces

Geometries
In order to test the hypothesis of band bending at the interfaces with
negative electron affinity, the models with thick layer (up to ≈5 nm) of
polyethylene were created, see Fig. 5.3. Furthermore, the role of chem-
ical additives to the interfaces based on MgO (100) and hydroxylated
MgO (111) surfaces was investigated. Water molecule and carboxyl
defect were added to these interfaces. For hydroxylated MgO (111)
case silicon modification was also considered. The relaxed geometries
of the interfaces with inclusions are shown in Fig. 5.4.
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Figure 5.2: Projected densities of states of the interfaces [1, 2]: a)
MgO (100)–dodecane interface; b) hydroxylated MgO (111)–dodecane
interface; c) Si-treated MgO (111)–dodecane interface. States from the
atoms in thte bulk-like region of the MgO slab are shown in green,
states from the two upper layers of MgO at the surface + hydrogen in
b) and silicon in c) – in purple, states from atoms in the middle region
of dodecane – in yellow and states from the two CH2 radicals closest
to the interface – in blue color.
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a)

b)

Figure 5.3: Polyethylene morphology at a) MgO (100) and b) hydrox-
ylated MgO (111) interfaces. Note the hydrogen bond-assisted align-
ment of polyethylene at the MgO (100) surface. For scale, the Mg–O
bond is 2.15 Å. Magnesium atoms are shown in green, oxygen in red,
carbon and hydrogen in dark and light grey colors respectively.

Computational details
Initial geometry relaxation was performed with molecular dynamics
technique implemented in Material Studio. In order to get the amor-
phous structure, polyethylene chains were packed in a unit cell between
2×2 MgO (100) surfaces, with polymer density equal to 0.85 g/cm3.
Several cases were considered: one, two, and three C50H102 chains,
and five C20H42 chains per unit cell. The structure was run in an an-
nealing cycle with 5 periods, Tlow=300K and Thigh=600K. COMPASS
force field was used in all molecular dynamics (MD) simulations [91].
Canonical ensemble (NVT) calculations were done for 100 ps at each
temperature. After the annealing, microcanonical ensemble (NVE) re-
laxation was done for 50 ps.

Molecular dynamics relaxation of polyethylene at the hydroxylated
MgO (111) was not performed. Instead, the same MD-derived amor-
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Figure 5.4: Close-ups of polyethylene-MgO interfaces with additives:
a) MgO (100)+water, b) MgO (100)+carboxyl; c) hydroxylated MgO
(111)+water; (d) hydroxylated MgO (111)+carboxyl; e) hydroxylated
MgO (111)+silicon. In (a)-(d), bond lengths in Å are presented. In (b)
and (d), the hydrogen-free oxygen in carboxyl group is double-bonded
to carbon. The geometries are shown in the angle that depicts the
best view of the interfacial chemistry. Magnesium atoms are shown in
green, oxygen in red, silicon in blue, carbon and hydrogen in dark and
light grey colors respectively.

phous polyethylene structures based on MgO (100) surface was used
in all of the interfacial calculations, despite different unit cell shape.
In order to relax it to the proper state in the MgO (111) unit cell,
the following procedure was implemented. First, the crystal surface
of an area closest to the 2×2 MgO (100) area was created, i.e. 3×3
hydroxylated MgO (111). Second, the polymer structure in fractional
coordinates was used as an initial input for structural relaxation of the
particular interface by the means of DFT. Such an approach allows
to see potential differences in the polymer morphology at the different
surfaces and define whether the structure is unique for the particular
surface.

The final polymer morphology was used to create interfacial geome-
tries with MgO–polyethylene–vacuum layers. The thickness of MgO
slab was chosen in the way that at least two of the middle layers have
the same band structure, e.g. represent bulk behaviour. These interfa-
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cial geometries were relaxed with LDA functional [43], single Gamma k-
point mesh and 400 eV cutoff energy. The electronic structure calcula-
tions of the converged interfaces were performed with hybrid functional
HSE06 [44], single Gamma k-point mesh and 400 eV cutoff energy.

The Tkatchenko-Scheffler correction for van der Waals forces [92]
did not provide any significant (≤0.1 eV) change in the band gap values
and was not used for the current study. Dipole correction implemented
in VASP [89,90] was used to cancel artificial electrostatic effects in the
non-symmetrical periodic unit cells.

Results
Band offsets

The results presented here are for the case of three C50H102 chains. A
collection of valence and conduction band offsets for calculated inter-
faces is gathered in Table 5.1. Negative values correspond to a lower
energy of polyethylene band edge as compared to the respective band
edge of MgO.

Due to the limitations of DFT to predict band gap values, the
values for band offsets will unavoidably have an error. Based on the
difference between the calculated and experimental values for “bulk-
like” MgO and polyethylene (1.8 eV for both materials), the actual
band offsets will be greater for up to 1.8 eV. However, this correction
will be constant for all of the cases, and the general conclusions will
still hold.

Polyethylene morphology

Fig. 5.3 illustrates the differences in the morphology of polyethylene
at the MgO (100) and hydroxylated MgO (111) surfaces. The polymer
chain gets aligned along the surface of MgO (100). This behaviour
is attributed to the presence of electronegative oxygen atoms at the
surface that create hydrogen bonding with H-atoms in polyethylene.
This morphology has a direct implication on the electronic properties,
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Table 5.1: Conduction and valence band offsets (CBO and VBO), eV.
The error is caused by the band position fluctuations (see Figs. 5.5,
5.6).

Interface CBO VBO
MgO (100)-polyethylene -0.4±0.1 -1.4±0.1

. . . +water 0.0±0.1 -1.0±0.1
. . . +carboxyl 1.5±0.1 0.7±0.1

h-MgO (111)-polyethylene -2.7±0.2 -3.3±0.1
. . . +water - 2.0±0.2 -2.6±0.1

. . . +carboxyl -1.0±0.2 -1.6±0.1
. . . +silicon -1.4±0.2 -2.1±0.1

as it results in the additional conduction states at the interface, see
Fig. 5.5.

The small size of unit cell does not fully account for a real life
behaviour of polyethylene at the interface, but this result shows that
magnesium oxide surface can facilitate chain conformations that result
in electron trap formation.

Electronic structure

Electronic structures of the interfaces are presented as a spatial projec-
tion of the band edges across the slab. MgO (100)-based and hydrox-
ylated MgO (111)-based interfaces are shown in Fig. 5.5 and Fig. 5.6,
respectively.

In the case of pure MgO (100)-polyethylene interface, new surface
states appear in polyethylene. They are highlighted in Fig. 5.5. These
states are associated with a specific polyethylene morphology, which is
created due to the hydrogen bonding with the oxygen at the surface,
see Fig. 5.3. This morphology is unique to the MgO (100) surface,
as the polar oxygen atoms in the hydroxylated MgO (111) surface are
saturated. The presence of the interactions between the two mate-
rials is also observed in the electronic structure in the form of new
valence band states in the material with the lower relative position of
the valence band, e.g. in MgO at the interface with polyethylene with
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Figure 5.5: Band edges across the MgO (100)-polyethylene interfaces.
Morphology-induced 0.7 eV conduction states are shown for the case of
the interface with no additives. Grey shaded area on the plots denotes
MgO region, and pristine MgO (100) surface on the left is exposed to
vacuum.
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Figure 5.6: Band edges across the hydroxylated MgO (111)-
polyethylene interfaces. Grey shaded area on the plots denotes MgO
region, and pristine hydroxylated MgO (111) surface on the left is ex-
posed to vacuum.
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carboxyl group, and polyethylene – in all other cases. The nature of
these interactions is either chemical, or electrostatic.

The results demonstrate the conduction band alignment at the in-
terface, however the alignment does not cause any band bending. The
alignment is proposed to be due to the changes in the crystal surfaces’
states. These states have similar nature to the nature of polyethylene
conduction states, at the contact they are resulting in the equal en-
ergies. The differences between the band offsets are explained by the
presence of the different chemistry on the surfaces, that act as a dipole
shield and change the vacuum level position. The same phenomenon
would occur at the MgO surface after modification of its surface chem-
istry, including hydroxylation. The most important conclusion that
can be drawn from the results is that the band offset is highly depen-
dent on the surface chemical composition. Thus, the surface treatment
defines electronic properties at the interface.

5.3 Macroscopic implications

Charge dynamics model
In chapter 3, different sources of charge traps in MgO-polyethylene
nanocomposite were discussed. However, their presence is unclear,
whereas the presence of band offset is undeniable and is character-
istic not only for the studied here material, but for all nanocomposites
in general. Charge trapping at the structural defects on the crystal
surface and other defects still can happen, however the band offsets
will influence charge dynamics anyway. Based on the relative positions
of the bands in the nanoparticle and the polymer, two scenarios of the
charge transport are proposed.

Scenario 1: recombination. Nanoparticles act as holes acceptors,
and as barriers for electrons (Enp

CB > Epol
CB and Enp

V B > Epol
V B,

where Ei
j is valence (VB) or conduction (CB) band energy of the

polymer (pol) or the nanoparticle (np)). In this situation, when
electric field is applied, the electrons and holes will meet at the
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surface of the particle, Fig. 5.7-a. Given their local proximity,
the chance for recombination in this situation is high.

Scenario 2: dipole formation. Nanoparticles accept both electrons
and holes (Enp

CB < Epol
CB and Enp

V B > Epol
V B). In this case, the

charges will travel through the particle and stay at the opposite
sides, Fig 5.7-b. When sufficient amount of charge is captured
at the surfaces, the induced local electric field will attract op-
posite charge carriers. However, a substantial charge is needed
to create electrostatic potential well with energies lower than the
energies of the states inside the nanoparticle. Thus, recombina-
tion is less probable in this scenario, and the nanoparticle will
build up charge and act as a dipole.

The first scenario corresponds to all of the considered geometries,
with exception for MgO (100) with carboxyl case. Although none of
the results calculated here corresponds to the second scenario, interface
with MgO (100) and carboxyl defect shows that the band offset sign
can change when additives are present. Moreover, if band offset for this
interface is corrected for the DFT band gap underestimation error, it
will directly result in the described situation. This result shows that
the surface chemistry is able to change the charge dynamics within the
material. Thus, surface modifications used for nanocomposite synthesis
for better dispersion can also influence the behaviour of charge.

Furthermore, the MgO nanoparticles are inclined to interact with
additives, as was shown in experimental work [76]. This is also sup-
ported by our simulation results, as both water and carboxyl defect
formed bonds of different kinds with the considered surfaces, see Fig.
5.4. Given the susceptibility of band offsets and, consequently, charge
dynamics scenarios to the chemical composition of the surface, the
nanocomposites can be more sensitive to chemical defects than pris-
tine polymers are. This problem can be eliminated through a careful
surface coating choice. However, surface coating is likely to result in
the reduction of the morphology-induced states that were found at the
MgO (100) surface. These states promote electron transport towards
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Figure 5.7: Illustration of the two cases of charge dynamics in nanocom-
posites: a) co-dipole formation and charge recombination at nanoparti-
cle’s surface in case when conduction and valence band edges are above
those of the polymer, the recombination region is highlighted with an
arrow; b) counter-dipole formation in case when nanoparticle’s conduc-
tion band edge is below and valence band edge is above the respective
bands of polymer. The color map of macroscopic electrostatic potential
was generated by solving Laplace equation for a spherical nanoparticle
in a polymer with dielectric constants εnp > εpol under applied voltage
in COMSOL Multiphysics 4.4.
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the interface, although their real contribution to the space charge sup-
pression needs further investigation.

Thermal effects
The trapping process at the interface is followed by energy release that
is equal to the band offset energy. Moreover, if recombination happens,
the total energy emission would be equal to the band gap value of the
matrix material (for simplicity, this material is assumed to be defect-
free [93]).

When charge is trapped or recombined at the interface, the ex-
cess energy will be dissipated over the whole nanoparticle due to the
high thermal conductivity of MgO, and become negligible. However,
in a long run, the nanoparticle will eventually heat up enough to in-
fluence the surrounding polyethylene. Since polyethylene has ≈ 100
times lower thermal conductivity than MgO, the heat will not be re-
distributed, and the interfacial areas will experience thermal stress.

If the decrease in the conduction current in nanocomposites as com-
pared to pure polyethylene is assumed to be solely due to the recombi-
nation of the injected charge, it is possible to define recombined charge
per time as a difference between these charging currents. With experi-
mental data on the conduction currents in MgO-polyethylene nanocom-
posite [54] and polyethylene band gap value as energy release per one
recombination, the total energy per second would be enough to heat
up the nanoparticles by ≈ 2 · 10−4 K. This will result in ≈20 K in 24
hours of exposure to 40 kV/mm field.

The assumptions that are made here may not fully correspond to
the real-life situation. However, this approach demonstrates how sig-
nificant energy release can be. This energy would not necessarily be
emitted in the form of heat. It could also be released as photons that
can break chemical bonds. Both photon- and heat-induced damage
would alter the chemical structure at the interface, and therefore could
result in the change of charge dynamics. More importantly, the pres-
ence of the local defects and heating would accelerate material aging.

In this regard, experimental studies are needed to test long-term
dielectric performance of nanocomposites. If heating or degradation
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are not observed in long-term tests, then recombination and charge
trapping at the interfaces are not primary phenomena in the nanocom-
posites. In that case, the changes in conductivity might be explained by
trapping in better distributed polyethylene morphology-induced traps
with less risk for targeted heating, or by reduction in charge injection.
On the other hand, if material aging is observed, new strategies for
dielectric material tailoring must be adopted. For example, one can
specifically aim to reduce charge injection rather than rely on charge
recombination within the material [14,94].

5.4 Other nanocomposites

Energy release
Macroscopic implications that are discussed above are based on the
data calculated for MgO-polyethylene nanocomposites. However, en-
ergy release would happen in any other nanocomposite where nanopar-
ticles act as acceptors of any kind of charges. The larger the band off-
sets, the larger energy release would happen while the charge transfer
from the matrix to be trapped inside the nanoparticle. If the condi-
tions allow for charge recombination, the energy release would be equal
to the matrix band gap regardless of the filler’s band gaps and their
relative band positions.

Polyethylene conformations at other surfaces
Another result that can also be applicable to different polyethylene-
based nanocomposites is the ability of polyethylene to form hydrogen
bonding with surfaces at which electronegative atoms are present. In
order to test this, let us consider a zinc oxide-polyethylene nanocom-
posite. Presence of the exposed oxygen at the top layer ZnO (101̄0)
surface of zinc oxide can create hydrogen bonding with H-atoms in
polyethylene, and therefore result in the same polyethylene conforma-
tions as were found at MgO (100) surface. Unlike magnesium oxide,
zinc oxide has many stable surface terminations, and (101̄0) is just
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3.49 

3.49 

Figure 5.8: ZnO (101̄0)-alkane interface (main) and its close-up (inset).
Main: Zinc atoms are shown in purple, oxygen in red, carbon and
hydrogen in dark and light grey colors respectively. Lines denote unit
cell boundaries. Inset: Zinc atoms are hidden. Distances from the
second-top layer zinc atom and the hydrogen atom in alkane to the
oxygen atom at the first layer at the surface are shown in Å.

one of them [95]. The studies of this particular surface can not provide
full information about ZnO-polyethylene nanocomposite. However, the
knowledge about the surfaces that are able to influence polyethylene
morphology can be useful for further analysis of other polyethylene-
based nanocomposites.

The model for one of the interfaces is shown in Fig. 5.8. It is
represented by an alkane chain at ZnO (101̄0) surface. The modeled
system is a two-dimensional periodic structure. It consists of a slab
with 8 layers of zinc oxide and an alkane chain C10H22, which represents
polyethylene. LDA functional was used for relaxation and calculation
of density of states. As the modelled slab system is non-symmetrical,
dipole moment correction was imposed as implemented in VASP. The
k-mesh was set to 3×3×1, and cutoff energy to 400 eV.

The calculations for this structure did not show any new conduction
band states in the alkane [4] (Paper III), but new valence band states
of low density were found at the interface. The presence of valence
band states in the alkane can be a sigh of the interaction between the
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materials. However, the shortest O–H distance in this case is 3.49 Å,
against 2.48 Å in the MgO (100) case. The larger distance shows that
the bond between the alkane and the ZnO surface is weaker.

The reason for the weak interaction can be a specific structure of
wurtzite, and especially its (101̄0) surface. It was found [96] that this
surface reconstructs in a way that the top layer atoms form nearly pla-
nar sp2-hybridized bonds. Due to the planar shape of the orbitals, the
hydrogen in the alkane chain does not feel the presence of electronega-
tive oxygen, and the interactions between these atoms are not as strong
as in the MgO (100) case.

However, given the presence of valence band states in alkane, and
the fact that the O–H distance in this case is equal to the Zn–O distance
between the topmost and the second layers of the crystal slab, Fig. 5.8,
the presence of the interaction can not be fully neglected. Therefore, it
would be beneficial to consider a longer chain of polyethylene in order
to investigate whether the strength of ZnO-polyethylene interaction is
enough to change the morphology of the polymer at this surface.





Chapter 6

Conclusions and Future
Work

6.1 Conclusions
Electronic structure of polyethylene at several MgO surfaces and one
ZnO surface was calculated during this project. The gained knowledge
of the electronic properties of these interfaces allows to make more
general conclusions on the macroscopic dielectric properties. Major
conclusions from this work, concerning both nano- and macro- phe-
nomena, are gathered below.

• No new conduction band states arise due to the contact between
polyethylene and surfaces of MgO and ZnO (101̄0) surface.

• New conduction band states can arise at the interface, when
polyethylene chains fold at the surface. This happens when the
H-atom in the polymer chain forms a hydrogen bond with elec-
tronegative atoms at the surface (such as in MgO (100) case). In
theory, this behaviour should hold at any surface with exposed
electronegative atoms, however polymer-surface interaction can
be too weak to influence the morphology, as in ZnO (101̄0) case.

• Valence band states were found to arise in polyethylene at the
interfaces. The presence and the density of the valence states

49
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shows correlations with the strength of the interaction between
the crystal surface and the polymer.

• MgO surface was found to attract water and carboxyl defect,
which is in line with the previously published experimental results
[18,54,76].

• Although there is a variety of traps that could be brought by
nanoparticle to the polymer, band offsets are common for all
nanocomposites. Their presence would inevitably affect electric
properties that are dependent on charge transport. As the chemi-
cal structure of the interface strongly influences band offset values
and band offsets define the probability of charge recombination,
the nanocomposites could be more susceptible to the chemical de-
fects than pristine polymers are. This problem could be handled
with a careful choice of surface treatment that would minimize
surface reactivity.

• The proposed mechanisms of charge recombination and trapping
at the polymer-nanoparticle interface imply a significant local
release of energy. The released energy depends solely on the
band gap energy of the base material. For polyethylene-MgO
nanocomposite, this energy was estimated to be enough to heat
up all nanoparticles in the material by 20 K in 24 hours of 40
kV/mm field exposure. Such temperature increase makes the
interfacial area a vulnerable zone with higher risks for material
damage. The damage of the polymer at the interface would also
result in altered band offsets and changes in charge dynamics,
and ultimately – in the degradation. This problem is inherent for
the recombination mechanism and can not be tackled by changes
in synthesis or composition.

• Possibility of increased degradation risks upon nanoparticle ad-
dition demands long term experimental studies. These studies
would also be beneficial for a deeper understanding of the charge
dynamics processes in the nanocomposites. The presence (or ab-
sence) of material damage would indicate whether charge trap-
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ping and recombination at the interface are the primary mech-
anisms for conductivity and space charge suppression. Further-
more, an increase in conductivity over time in such experiments
could be used as an early sign of material degradation.

6.2 Future work
Modelling of nanocomposite dielectrics is a field that is open for inves-
tigations and new discoveries. There are numerous ways to continue
this work that can provide insights into the nature of nanocomposites
for high voltage insulation. First of all, it is DFT modelling of other
interfacial configurations, such as the following:

• Study of effects of different surface modification agents on the
electronic structure at the interface. Analysis of the calculated
data together with experimental data can result in strategies of
the choice of efficient surface treatment.

• Studies of the magnesium oxide crystal surface kinks and steps
interacting with polyethylene. These studies can provide informa-
tion on the contribution of nanoparticles’ defects to the nanocom-
posite behavior.

• Further studies of other nanocomposite dielectrics.

Moreover, other molecular modelling techniques can be used for
larger scale models of polyethylene morphology:

• Larger-scale molecular dynamics simulations of polymer mor-
phology, including models with surface kinks and steps. These
mesoscale studies can provide valuable information on the real-life
structure of polyethylene and its implications on the nanocom-
posite properties.

Furthermore, the results of this work provide motivation for exper-
imental works and can be used for macroscopic models:
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• Long-term experiments. Such tests are needed to support or dis-
prove the theory of charge trapping at the interfaces with band
offsets and will provide information on the nature of the charge
suppression phenomena in nanocomposite dielectrics.

• The calculated data can be used as an input for macroscopic
models of space charge and conductivity. Effects of the trapped
charge-induced surface dipole on the response to the electric field
can be also of interest.



Bibliography

[1] E. Kubyshkina, M. Unge, and B. L. G. Jonsson, “Communication:
Band bending at the interface in polyethylene-mgo nanocomposite
dielectric,” J. Chem. Phys., vol. 146, no. 5, p. 051101, 2017.

[2] E. Kubyshkina, M. Unge, and B. L. G. Jonsson, “Erratum: "Com-
munication: Band bending at the interface in polyethylene-MgO
nanocomposite dielectric" [J. Chem. Phys. 146, 051101 (2017)],”
J. Chem. Phys., vol. 146, p. 089901, feb 2017.

[3] E. Kubyshkina and M. Unge, “Impact of interfacial structure
on charge dynamics in nanocomposite dielectrics,” Phys. Chem.
Chem. Phys., submitted, 2018.

[4] E. Kubyshkina, B. L. G. Jonsson, and M. Unge, “ZnO-
polyethylene interface: Band alignment,” in 2017 Electr. Insul.
Mater., Intern. Symp. on (ISEIM), pp. 363–365, IEEE, sep 2017.

[5] B. A. Report. https://www.bp.com/en/global/corporate/
investors/results-and-reporting/annual-report.html,
2017. [Online; accessed 1-April-2018].

[6] A. Gustafsson, M. Saltzer, A. Farkas, H. Ghorbani, T. Quist, and
M. Jeroense, “The new 525 kV extruded HVDC cable system,”
ABB Grid Systems, 2014.

[7] G. C. Montanari, P. Seri, X. Lei, H. Ye, Q. Zhuang, P. Morshuis,
G. Stevens, and A. Vaughan, “Next generation polymeric high
voltage direct current cables–A quantum leap needed?,” IEEE
Electr. Insul. Mag., vol. 34, pp. 24–31, mar 2018.

53

https://www.bp.com/en/global/corporate/investors/results-and-reporting/annual-report.html
https://www.bp.com/en/global/corporate/investors/results-and-reporting/annual-report.html


54 BIBLIOGRAPHY

[8] T. J. Lewis, “Interfaces are the dominant feature of dielectrics at
the nanometric level,” IEEE Trans. Dielectr. Electr. Insul., vol. 11,
pp. 739–753, Oct 2004.

[9] L. K. H. Pallon, A. T. Hoang, A. M. Pourrahimi, M. S. Hedenqvist,
F. Nilsson, S. Gubanski, U. W. Gedde, and R. T. Olsson, “The
impact of mgo nanoparticle interface in ultra-insulating polyethy-
lene nanocomposites for high voltage dc cables,” J. Mater. Chem.
A, vol. 4, pp. 8590–8601, 2016.

[10] M. Roy et al., “Polymer nanocomposite dielectrics - the role of the
interface,” IEEE Trans. Dielectr. Electr. Insul., vol. 12, pp. 629–
643, Aug. 2005.

[11] S. Ju, H. Zhang, M. Chen, C. Zhang, X. Chen, and Z. Zhang, “Im-
proved electrical insulating properties of LDPE based nanocom-
posite: Effect of surface modification of magnesia nanoparticles,”
Compos. Part. A. Appl. Sci. Manuf., vol. 66, pp. 183–192, nov
2014.

[12] X. Huang, T. Iizuka, P. Jiang, Y. Ohki, and T. Tanaka, “Role of
Interface on the Thermal Conductivity of Highly Filled Dielectric
Epoxy/AlN Composites,” J. Phys. Chem. C, vol. 116, pp. 13629–
13639, jun 2012.

[13] T. Tanaka, G. Montanari, and R. Mulhaupt, “Polymer nanocom-
posites as dielectrics and electrical insulation-perspectives for pro-
cessing technologies, material characterization and future applica-
tions,” IEEE Trans. Dielectr. Electr. Insul., vol. 11, pp. 763–784,
oct 2004.

[14] G. Teyssedre, S. T. Li, K. Makasheva, N. Zhao, L. Milliere,
and C. Laurent, “Interface tailoring for charge injection control
in polyethylene,” IEEE Trans. Dielectr. Electr. Insul., vol. 24,
pp. 1319–1330, jun 2017.

[15] C. Zou, J. C. Fothergill, and S. W. Rowe, “The effect of water
absorption on the dielectric properties of epoxy nanocomposites,”



BIBLIOGRAPHY 55

IEEE Trans. Dielectr. Electr. Insul., vol. 15, no. 1, pp. 106–117,
2008.

[16] D. Fabiani, G. Montanari, and L. Testa, “Effect of aspect ratio and
water contamination on the electric properties of nanostructured
insulating materials,” IEEE Trans. Dielectr. Electr. Insul., vol. 17,
pp. 221–230, feb 2010.

[17] G. C. Montanari, F. Palmieri, L. Testa, A. Motori, A. Saccani, and
F. Patuelli, “Polarization Processes of Nanocomposite Silicate-
EVA and PP Materials,” IEEJ Trans. Fund. Mater., vol. 126,
no. 11, pp. 1090–1096, 2006.

[18] A. M. Pourrahimi, L. K. H. Pallon, D. Liu, T. A. Hoang,
S. Gubanski, M. S. Hedenqvist, R. T. Olsson, and U. W.
Gedde, “Polyethylene Nanocomposites for the Next Generation of
Ultralow-Transmission-Loss HVDC Cables: Insulation Containing
Moisture-Resistant MgO Nanoparticles,” ACS Appl. Mater. Inter-
faces, vol. 8, pp. 14824–14835, jun 2016.

[19] C. Yeung and A. Vaughan, “On the Effect of Nanoparticle Sur-
face Chemistry on the Electrical Characteristics of Epoxy-Based
Nanocomposites,” Polymers, vol. 8, p. 126, apr 2016.

[20] T. Tanaka, M. Kozako, N. Fuse, and Y. Ohki, “Proposal of a
multi-core model for polymer nanocomposite dielectrics,” IEEE
Trans. Dielectr. Electr. Insul., vol. 12, pp. 669–681, aug 2005.

[21] T. Takada, Y. Hayase, Y. Tanaka, and T. Okamoto, “Space charge
trapping in electrical potential well caused by permanent and in-
duced dipoles for LDPE/MgO nanocomposite,” IEEE Trans. Di-
electr. Electr. Insul., vol. 15, no. 1, pp. 152–160, 2008.

[22] N. Shi and R. Ramprasad, “Atomic-scale dielectric permittivity
profiles in slabs and multilayers,” Phys. Rev. B, vol. 74, p. 045318,
Jul 2006.

[23] R. Borgani, L. K. Pallon, M. S. Hedenqvist, U. W. Gedde,
and D. B. Haviland, “Local Charge Injection and Extraction



56 BIBLIOGRAPHY

on Surface-Modified Al2O3 Nanoparticles in LDPE,” Nano Lett.,
vol. 16, pp. 5934–5937, sep 2016.

[24] L. Chen, T. D. Huan, Y. C. Quintero, and R. Ramprasad, “Charge
injection barriers at metal/polyethylene interfaces,” J. Mater. Sci.,
vol. 51, pp. 506–512, jan 2016.

[25] L. Chen, T. D. Huan, and R. Ramprasad, “Electronic Structure
of Polyethylene: Role of Chemical, Morphological and Interfacial
Complexity,” Sci. Rep., vol. 7, p. 6128, dec 2017.

[26] M. Unge, C. Törnkvist, P. Kordt, and D. Andrienko, “Molecular
scale simulation of hole mobility and current densities in amor-
phous tridecane,” Electr. Insul. Dielectr. Phen., IEEE Conf. on
(CEIDP), pp. 14–18, Oct 2015.

[27] A. Moyassari, M. Unge, M. S. Hedenqvist, U. W. Gedde, and
F. Nilsson, “First-principle simulations of electronic structure in
semicrystalline polyethylene,” J. Chem. Phys., vol. 146, p. 204901,
may 2017.

[28] Y. Huang, H. Zhao, Y. Wang, T. Ratcliff, C. Breneman, L. C.
Brinson, W. Chen, and L. S. Schadler, “Predicting the breakdown
strength and lifetime of nanocomposites using a multi-scale mod-
eling approach,” J. Appl. Phys., vol. 122, p. 065101, aug 2017.

[29] J. Simons, An introduction to theoretical chemistry. Cambridge
University Press, 2003.

[30] R. M. Martin, Electronic Structure: Basic Theory and Practical
Methods (Vol 1). Cambridge University Press, Apr. 2004.

[31] M. Born and R. Oppenheimer, “Zur Quantentheorie der
Molekeln,” Annalen der Physik, vol. 389, pp. 457–484, jan 1927.

[32] C. Kittel, Introduction to Solid State Physics. John Wiley & Sons.
Inc, New York, 2 ed., 1963.

[33] V. Babu, Solid State Devices and Technology, 3rd Edition. Peason,
2010.



BIBLIOGRAPHY 57

[34] L. A. Dissado and J. C. Fothergill, Electrical degradation and
breakdown in polymers. London: P. Peregrinus, 1992.

[35] J. Martinez-Vega, Dielectric materials for electrical engineering.
ISTE, 2010.

[36] W. Wang, D. Min, and S. Li, “Understanding the conduction and
breakdown properties of polyethylene nanodielectrics: effect of
deep traps,” IEEE Trans. Dielectr. Electr. Insul., vol. 23, pp. 564–
572, feb 2016.

[37] J. A. Anta, G. Marcelli, M. Meunier, and N. Quirke, “Models of
electron trapping and transport in polyethylene: Current–voltage
characteristics,” J. Appl. Phys., vol. 92, pp. 1002–1008, jul 2002.

[38] G. Teyssedre and C. Laurent, “Charge transport modeling in in-
sulating polymers: from molecular to macroscopic scale,” IEEE
Trans. Dielectr. Electr. Insul., vol. 12, pp. 857–875, Oct 2005.

[39] S. Le Roy, G. Teyssedre, and C. Laurent, “Numerical methods
in the simulation of charge transport in solid dielectrics,” IEEE
Trans. Dielectr. Electr. Insul., vol. 13, pp. 239–246, apr 2006.

[40] D. Min, W. Wang, and S. Li, “Numerical analysis of space
charge accumulation and conduction properties in LDPE nanodi-
electrics,” IEEE Trans. Dielectr. Electr. Insul., vol. 22, pp. 1483–
1491, jun 2015.

[41] A. Hoang, Y. Serdyuk, and S. Gubanski, “Charge Transport in
LDPE Nanocomposites Part II – Computational Approach,” Poly-
mers, vol. 8, p. 103, mar 2016.

[42] L. Zhang, Y. Zhou, J. Tian, Y. Sha, Y. Zhang, H. Wu, and
Y. Wang, “Experiment and simulation of space charge suppression
in LDPE/MgO nanocomposite under external DC electric field,”
J. Electrost., vol. 72, pp. 252–260, Aug. 2014.

[43] J. P. Perdew and Y. Wang, “Accurate and simple analytic rep-
resentation of the electron-gas correlation energy,” Phys. Rev. B,
vol. 45, pp. 13244–13249, June 1992.



58 BIBLIOGRAPHY

[44] A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E. Scuse-
ria, “Influence of the exchange screening parameter on the perfor-
mance of screened hybrid functionals.,” J. Chem. Phys., vol. 125,
p. 224106, dec 2006.

[45] M. Landmann, E. Rauls, W. G. Schmidt, M. Röppischer, C. Co-
bet, N. Esser, T. Schupp, D. J. As, M. Feneberg, and R. Goldhahn,
“Transition energies and direct-indirect band gap crossing in zinc-
blende Alx Ga 1−x N,” Phys. Rev. B, vol. 87, p. 195210, may 2013.

[46] J. Heyd, J. E. Peralta, G. E. Scuseria, and R. L. Martin, “En-
ergy band gaps and lattice parameters evaluated with the Heyd-
Scuseria-Ernzerhof screened hybrid functional,” J. Chem. Phys.,
vol. 123, p. 174101, nov 2005.

[47] C. Mietze, M. Landmann, E. Rauls, H. Machhadani, S. Sakr,
M. Tchernycheva, F. H. Julien, W. G. Schmidt, K. Lischka, and
D. J. As, “Band offsets in cubic GaN/AlN superlattices,” Phys.
Rev. B, vol. 83, p. 195301, may 2011.

[48] A. Rędzikowski. https://commons.wikimedia.org/wiki/File:
Magnesium_oxide_sample.jpg. Own work, CC BY-SA 4.0 from
Wikimedia Commons [Online].

[49] Lluis tgn. https://commons.wikimedia.org/w/index.php?
curid=12749102. Own work, CC BY-SA 3.0 from Wikimedia
Commons [Online].

[50] K. Momma and F. Izumi, “VESTA 3 for three-dimensional visu-
alization of crystal, volumetric and morphology data,” J. Appl.
Crystallogr., vol. 44, pp. 1272–1276, Dec 2011.

[51] Y. Murata, Y. Murakami, M. Nemoto, Y. Sekiguchi, Y. Inoue,
M. Kanaoka, N. Hozumi, and M. Nagao, “Effects of nano-sized
MgO-filler on electrical phenomena under DC voltage application
in LDPE,” in Electr. Insul. Dielectr. Phen., Conf. on (CEIDP),
vol. 2005, pp. 158–161, 2005.

https://commons.wikimedia.org/wiki/File:Magnesium_oxide_sample.jpg
https://commons.wikimedia.org/wiki/File:Magnesium_oxide_sample.jpg
https://commons.wikimedia.org/w/index.php?curid=12749102
https://commons.wikimedia.org/w/index.php?curid=12749102


BIBLIOGRAPHY 59

[52] Y. Murakami, M. Nemoto, S. Okuzumi, S. Masuda, M. Na-
gao, N. Hozumi, Y. Sekiguchi, and Y. Murata, “DC conduction
and electrical breakdown of MgO/LDPE nanocomposite,” IEEE
Trans. Dielectr. Electr. Insul., vol. 15, no. 1, pp. 33–39, 2008.

[53] Ishimoto et al., “Superiority of dielectric properties of LDPE/MgO
nanocomposites over microcomposites,” IEEE Trans. Dielectr.
Electr. Insul., vol. 16, pp. 1735–1742, Dec. 2009.

[54] J. Yang, X. Wang, H. Zhao, W. Zhang, and M. Xu, “Influence
of moisture absorption on the DC conduction and space charge
property of MgO/LDPE nanocomposite,” IEEE Trans. Dielectr.
Electr. Insul., vol. 21, pp. 1957–1964, aug 2014.

[55] S. Peng, J. He, J. Hu, X. Huang, and P. Jiang, “Influence of func-
tionalized MgO nanoparticles on electrical properties of polyethy-
lene nanocomposites,” IEEE Trans. Dielectr. Electr. Insul., 2015.

[56] A. T. Hoang, L. Pallon, D. Liu, Y. V. Serdyuk, S. M. Gubanski,
and U. W. Gedde, “Charge transport in LDPE nanocomposites
part I-experimental approach,” Polymers, vol. 8, pp. 1–19, mar
2016.

[57] M. C. Righi, S. Scandolo, S. Serra, S. Iarlori, E. Tosatti, and
G. Santoro, “Surface States and Negative Electron Affinity in
Polyethylene,” Phys. Rev. Lett., vol. 87, p. 076802, jul 2001.

[58] S. Serra, E. Tosatti, S. Iarlori, S. Scandolo, and G. Santoro, “In-
terchain electron states in polyethylene,” Phys. Rev. B, vol. 62,
pp. 4389–4393, Aug 2000.

[59] M. Unge, T. Christen, and C. Törnkvist, “Electronic structure of
polyethylene: Crystalline and amorphous phases of pure polyethy-
lene and their interfaces,” in IEEE Electr. Insul. Dielectr. Phen.,
Conf. on, pp. 525–530, Oct 2012.

[60] A. J. Peacock, Handbook of polyethylene : structures, properties,
and applications. Marcel Dekker, 2000.



60 BIBLIOGRAPHY

[61] M. W. Urban, “Fourier Transform Infrared and Fourier Transform
Raman Spectroscopy of Polymers,” pp. 3–40, may 1993.

[62] M. Ieda, “Electrical Conduction and Carrier Traps in Polymeric
Materials,” IEEE Trans. Electr. Insul., vol. EI-19, pp. 162–178,
jun 1984.

[63] M. Meunier, N. Quirke, and A. Aslanides, “Molecular modeling of
electron traps in polymer insulators: Chemical defects and impu-
rities,” J. Chem. Phys., vol. 115, pp. 2876–2881, aug 2001.

[64] T. Mizutani and M. Ieda, “Carrier transport in high-density
polyethylene,” J. Phys. D: Appl. Phys., vol. 12, pp. 291–296, feb
1979.

[65] T. Mizutani, “Behavior of Charge Carriers in Organic Insulat-
ing Materials,” in Electr. Insul. Dielectr. Phen., IEEE Conf. on
(CEIDP), pp. 1–10, IEEE, oct 2006.

[66] D. K. Davies, “Carrier transport in polythene,” J. Phys. D: Appl.
Phys., vol. 5, p. 322, jan 1972.

[67] T. J. Lewis and J. P. Llewellyn, “Electrical conduction in polyethy-
lene: The role of positive charge and the formation of positive
packets,” J. Appl. Phys., vol. 113, p. 223705, jun 2013.

[68] K. P. McKenna and A. L. Shluger, “Electron-trapping polycrys-
talline materials with negative electron affinity.,” Nat. Mater.,
vol. 7, pp. 859–62, nov 2008.

[69] K. Refson, R. A. Wogelius, D. G. Fraser, M. C. Payne, M. H. Lee,
and V. Milman, “Water chemisorption and reconstruction of the
MgO surface,” Phys. Rev. B, vol. 52, pp. 10823–10826, oct 1995.

[70] M. Rohlfing, N.-P. Wang, P. Krüger, and J. Pollmann, “Image
states and excitons at insulator surfaces with negative electron
affinity.,” Physical review letters, vol. 91, p. 256802, dec 2003.



BIBLIOGRAPHY 61

[71] E. Florez, P. Fuentealba, and F. Mondragón, “Chemical reactivity
of oxygen vacancies on the MgO surface: Reactions with CO2,
NO2 and metals,” Catal. Today, vol. 133-135, pp. 216–222, apr
2008.

[72] P. V. Sushko, J. L. Gavartin, and A. L. Shluger, “Electronic Prop-
erties of Structural Defects at the MgO (001) Surface,” J. Phys.
Chem. B, vol. 106, pp. 2269–2276, mar 2002.

[73] K. P. McKenna, “Electronic and chemical properties of a surface-
terminated screw dislocation in MgO.,” J. Am. Chem. Soc.,
vol. 135, pp. 18859–65, dec 2013.

[74] S. Coluccia, A. Barton, and A. J. Tench, “Reactivity of low-
coordination sites on the surface of magnesium oxide,” J. Chem.
Society, Faraday Trans. 1: Phys. Chem.in Cond. Phases, vol. 77,
p. 2203, jan 1981.

[75] G. Montanari, D. Fabiani, F. Palmieri, D. Kaempfer, R. Thomann,
and R. Mulhaupt, “Modification of electrical properties and
performance of EVA and PP insulation through nanostructure
by organophilic silicates,” IEEE Trans. Dielectr. Electr. Insul.,
vol. 11, pp. 754–762, oct 2004.

[76] D. Liu, A. Pourrahimi, L. Pallon, C. C. Sánchez, R. Olsson,
M. Hedenqvist, L. Fogelström, E. Malmström, and U. Gedde,
“Interactions between a phenolic antioxidant, moisture, peroxide
and crosslinking by-products with metal oxide nanoparticles in
branched polyethylene,” Polym. Degrad. Stabil., vol. 125, pp. 21–
32, mar 2016.

[77] Q. Zeng, A. Yu, and G. Lu, “Multiscale modeling and simulation
of polymer nanocomposites,” Prog. Polym. Sci., vol. 33, pp. 191–
269, feb 2008.

[78] A. J. Logsdail, D. O. Scanlon, C. R. A. Catlow, and A. A.
Sokol, “Bulk ionization potentials and band alignments from three-
dimensional periodic calculations as demonstrated on rocksalt ox-
ides,” Phys. Rev. B, vol. 90, p. 155106, Oct 2014.



62 BIBLIOGRAPHY

[79] Y. Yang, K. Zhong, G. Xu, J.-M. Zhang, and Z. Huang, “Elec-
tronic structure and its external electric field modulation of
PbPdO2 ultrathin slabs with (002) and (211) preferred orienta-
tions,” Sci. Rep., vol. 7, p. 6898, dec 2017.

[80] Y. Li, J. Chen, and C. Zhao, “Influence of external electric field
on the electronic structure and optical properties of pyrite,” RSC
Adv., vol. 7, pp. 56676–56681, dec 2017.

[81] Y.-P. Wang, X.-G. Li, J. N. Fry, and H.-P. Cheng, “First-principles
studies of electric field effects on the electronic structure of trilayer
graphene,” Phys. Rev. B, vol. 94, p. 165428, oct 2016.

[82] H. S. Smalø, Ø. Hestad, S. Ingebrigtsen, and P.-O. Åstrand, “Field
dependence on the molecular ionization potential and excitation
energies compared to conductivity models for insulation materials
at high electric fields,” J. Appl. Phys., vol. 109, p. 073306, apr
2011.

[83] N. Davari, P.-O. Åstrand, S. Ingebrigtsen, and M. Unge, “Ex-
citation energies and ionization potentials at high electric fields
for molecules relevant for electrically insulating liquids,” J. Appl.
Phys., vol. 113, no. 14, p. 143707, 2013.

[84] E. Colbourn, “Computer simulation of defects and reactions at
oxide surfaces,” Surf. Sci. Rep., vol. 15, no. 8, pp. 281 – 319, 1992.

[85] G. Kresse and J. Hafner, “Ab initio molecular dynamics for liquid
metals,” Phys. Rev. B, vol. 47, pp. 558–561, jan 1993.

[86] G. Kresse and J. Hafner, “Ab initio molecular-dynamics simu-
lation of the liquid-metal-amorphous-semiconductor transition in
germanium,” Phys. Rev. B, vol. 49, pp. 14251–14269, may 1994.

[87] G. Kresse, “Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set,” Phys. Rev. B, vol. 54,
pp. 11169–11186, oct 1996.



BIBLIOGRAPHY 63

[88] G. Kresse and J. Furthmüller, “Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave ba-
sis set,” Comput. Mater. Sci., vol. 6, pp. 15–50, jul 1996.

[89] G. Makov and M. C. Payne, “Periodic boundary conditions in
ab initio calculations,” Phys. Rev. B, vol. 51, pp. 4014–4022, Feb
1995.

[90] J. Neugebauer and M. Scheffler, “Adsorbate-substrate and
adsorbate-adsorbate interactions of na and k adlayers on al(111),”
Phys. Rev. B, vol. 46, pp. 16067–16080, Dec 1992.

[91] H. Sun, “Compass: An ab initio force-field optimized for
condensed-phase applicationsoverview with details on alkane and
benzene compounds,” J. Phys. Chem. B, vol. 102, no. 38,
pp. 7338–7364, 1998.

[92] A. Tkatchenko and M. Scheffler, “Accurate Molecular Van Der
Waals Interactions from Ground-State Electron Density and Free-
Atom Reference Data,” Phys. Rev. Lett., vol. 102, p. 073005, feb
2009.

[93] C. Laurent, G. Teyssedre, S. Le Roy, and F. Baudoin, “Charge
dynamics and its energetic features in polymeric materials,” IEEE
Trans. Dielectr. Electr. Insul., vol. 20, pp. 357–381, apr 2013.

[94] L. Milliere, K. Makasheva, C. Laurent, B. Despax, and G. Teysse-
dre, “Efficient barrier for charge injection in polyethylene by silver
nanoparticles/plasma polymer stack,” Appl. Phys. Lett., vol. 105,
p. 122908, sep 2014.

[95] B. Meyer and D. Marx, “Density-functional study of the struc-
ture and stability of ZnO surfaces,” Phys. Rev. B, vol. 67, no. 3,
p. 035403, 2003.

[96] H. Ibach, Physics of surfaces and interfaces. Springer, 2006.



List of Figures

1.1 High voltage cable [6]. . . . . . . . . . . . . . . . . . . . . 2

2.1 Band diagrams of conductors, semiconductors and insulators. 10

2.2 Illustration of trap states in dielectric materials. . . . . . . 11

3.1 Magnesium oxide [48] and polyethylene [49], and their atomic
structure. Magnesium atoms are shown in green, oxygen
in red, carbon and hydrogen in dark and light grey colors
respectively. Here and below, chemical structures are visu-
alized with VESTA [50]. . . . . . . . . . . . . . . . . . . . 18

3.2 Sources of traps that are introduced to the polymeric mate-
rial with addition of polycrystalline nanoparticles, exclud-
ing chemical defects. Inherent material features are shown
in blue, interface-induced – in red, and inherent features
that could be altered at the interface – in gray. . . . . . . 19

3.3 Illustration of chain arrangement in amorphous regions and
crystal-like lamellae in semi-crystalline polymer. . . . . . . 21

3.4 Schematic representation of chemical structure of silane-
coated and pristine surface of metal oxide nanoparticle. Hy-
droxyl groups originate from surface interaction with water
molecules. . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.5 Band offsets between a particle and a polymer matrix in
nanocomposite dielectrics. . . . . . . . . . . . . . . . . . . 25

64



List of Figures 65

3.6 Different band alignments between a polymer and a particle
with a fixed band gap energy Enp

BG: in case A the nanopar-
ticle acts both as an electron and hole trap; in case B only
as a hole trap. The CBOs have different signs in these two
cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.1 Geometries representing the modelled systems [1,2]: a) MgO
(100)-dodecane interface; b) hydroxylated MgO (111)-dodecane
interface; c) MgO (111)-Si-dodecane interface. Magnesium
atoms are shown in green, oxygen in red, hydrogen in grey,
carbon in black, silicon in blue colors. . . . . . . . . . . . . 32

5.2 Projected densities of states of the interfaces [1,2]: a) MgO
(100)–dodecane interface; b) hydroxylated MgO (111)–dodecane
interface; c) Si-treated MgO (111)–dodecane interface. States
from the atoms in thte bulk-like region of the MgO slab are
shown in green, states from the two upper layers of MgO
at the surface + hydrogen in b) and silicon in c) – in pur-
ple, states from atoms in the middle region of dodecane – in
yellow and states from the two CH2 radicals closest to the
interface – in blue color. . . . . . . . . . . . . . . . . . . . 34

5.3 Polyethylene morphology at a) MgO (100) and b) hydrox-
ylated MgO (111) interfaces. Note the hydrogen bond-
assisted alignment of polyethylene at the MgO (100) surface.
For scale, the Mg–O bond is 2.15 Å. Magnesium atoms are
shown in green, oxygen in red, carbon and hydrogen in dark
and light grey colors respectively. . . . . . . . . . . . . . . 35

5.4 Close-ups of polyethylene-MgO interfaces with additives: a)
MgO (100)+water, b) MgO (100)+carboxyl; c) hydroxy-
lated MgO (111)+water; (d) hydroxylated MgO (111)+car-
boxyl; e) hydroxylated MgO (111)+silicon. In (a)-(d), bond
lengths in Å are presented. In (b) and (d), the hydrogen-free
oxygen in carboxyl group is double-bonded to carbon. The
geometries are shown in the angle that depicts the best view
of the interfacial chemistry. Magnesium atoms are shown in
green, oxygen in red, silicon in blue, carbon and hydrogen
in dark and light grey colors respectively. . . . . . . . . . . 36



66 List of Figures

5.5 Band edges across the MgO (100)-polyethylene interfaces.
Morphology-induced 0.7 eV conduction states are shown for
the case of the interface with no additives. Grey shaded area
on the plots denotes MgO region, and pristine MgO (100)
surface on the left is exposed to vacuum. . . . . . . . . . . 39

5.6 Band edges across the hydroxylated MgO (111)-polyethylene
interfaces. Grey shaded area on the plots denotes MgO re-
gion, and pristine hydroxylated MgO (111) surface on the
left is exposed to vacuum. . . . . . . . . . . . . . . . . . . 40

5.7 Illustration of the two cases of charge dynamics in nanocom-
posites: a) co-dipole formation and charge recombination at
nanoparticle’s surface in case when conduction and valence
band edges are above those of the polymer, the recombina-
tion region is highlighted with an arrow; b) counter-dipole
formation in case when nanoparticle’s conduction band edge
is below and valence band edge is above the respective bands
of polymer. The color map of macroscopic electrostatic
potential was generated by solving Laplace equation for a
spherical nanoparticle in a polymer with dielectric constants
εnp > εpol under applied voltage in COMSOL Multiphysics
4.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.8 ZnO (101̄0)-alkane interface (main) and its close-up (inset).
Main: Zinc atoms are shown in purple, oxygen in red, car-
bon and hydrogen in dark and light grey colors respectively.
Lines denote unit cell boundaries. Inset: Zinc atoms are
hidden. Distances from the second-top layer zinc atom and
the hydrogen atom in alkane to the oxygen atom at the first
layer at the surface are shown in Å. . . . . . . . . . . . . 46



List of Tables

3.1 Trap sources in polyethylene. Ee and Eh are electron and
hole trap energies respectively. . . . . . . . . . . . . . . . . 21

5.1 Conduction and valence band offsets (CBO and VBO), eV.
The error is caused by the band position fluctuations (see
Figs. 5.5, 5.6). . . . . . . . . . . . . . . . . . . . . . . . . 38

67


	Contents
	List of Acronyms
	Thesis Organization
	Introduction
	Nanocomposites for high voltage insulation
	Concept of interphase and other models
	Motivation and objectives

	Method of modelling
	Theoretical background
	Electronic structure and electrical insulation
	DFT and the honey tree

	MgO-polyethylene nanocomposite
	Overview of experimental results
	Structure and electronic properties
	Band alignment between two materials

	Modelling challenges
	What is interface?
	DFT limitations and modelling trade offs
	Electronic structure under electric field
	Formulation of the research problem

	Results and discussion
	Interface-induced electronic states
	Band alignment at different interfaces
	Macroscopic implications
	Other nanocomposites

	Conclusions and Future Work
	Conclusions
	Future work

	Bibliography
	List of Figures
	List of Tables

