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Abstract
High voltage direct current (HVDC) power transmission is the preferred technology over alternating current (AC) transmission in many applications nowadays. In HVDC components,
polymers are usually used as insulation material and, in practice, they experience performance
issues such as leakage current, dielectric degradation and dielectric breakdown. These problems are closely related to charge injection from the metal electrodes into the polymer. Charge
injection at metal/polymer interfaces can be influenced by the structure and chemical compositions of both metal and polymer at the interface, and developing a microscopic understanding
of how these factors influence the charge injection process is essential to finding solutions for
suppressing charge injection and improving polymer performance in HVDC applications.
Using density-functional theory (DFT) simulations, I have studied how the introduction of
chemical polar groups at chain terminals of polyethylene (PE) and polypropylene (PP) oligomers
at Al/PE and Al/PP interfaces influences charge injection barriers in these systems, and the
e↵ect of thermal disorder of these interfaces with di↵erent chemistries (modelled using ab initio
molecular dynamics at 373 K). Furthermore, I have studied how the charge injection barriers
change with the surface density of chemical groups at these interfaces.
First, I have found that the mean injection barrier of a large ensemble of di↵erent interface
configurations at 373 K varies by up to 1.1 eV for Al/PE and 0.6 eV for Al/PP interfaces with
di↵erent chemical groups I considered. Second, for both systems, there is a broadly universal
linear relationship, which is independent of chemical composition, between the calculated charge
injection barrier and the surface dipole moment density of chemical groups at the interfaces.
Finally, this relationship also holds for chemical groups with di↵erent surface densities. Besides,
I have found an approach for improving the numerical accuracy of work function and electron
affinity with plane-wave pseudopotential DFT calculations.
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Chapter 1
Introduction
High voltage direct current (HVDC) power transmission technology is advantageous over alternating current (AC) transmission in many applications1, 2 . For example, in long-distance power
delivery from remote resources such as large-scale wind farms or mine-mouth power plants,
HVDC technology has lower energy losses and capital costs (HVDC: bipolar lines; ac: three
phase lines)1 . In recent years, the voltage of HVDC components has been increased stepwise.
For example, the voltage of the extruded polymeric HVDC cables has been increased from 80
kV in 19993 to the most recent 640 kV4 . However, this also means that the insulation materials
used in HVDC components are pushed towards their limits, and their insulation properties
should be improved to ensure that they can withstand higher voltages and have longer life time
for safety and economic reasons1 .
Polymers are commonly used as insulation materials in HVDC components such as cables1, 5, 6
and capacitors7–9 , and their breakdown in HVDC components has always been a key issue in
electric power systems and has been studied over a long period10–14 . In order to improve the
performance of polymer insulation materials or even design new polymers for HVDC applications, the first and the most fundamental step is to understand how conduction happens
within polymers. In polymers, both ionic and electronic conduction can happen11 . In practice,
additives1, 15 such as antioxidants are introduced to polymers to improve their electric, chemical and mechanical properties, and impurities such as crosslinking byproducts5, 16 can be also
35
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introduced to polymers unintentionally in the production process. Ionic species in polymers
can be created through chemical reactions of antioxidants17 and field-assisted thermal ionization of impurities18 . In terms of electronic conduction, mechanisms such as thermally-assisted
tunneling (hopping) conduction and Poole-Frenkel conduction have been proposed17, 19 , and it
has also attracted a large number of simulations at macroscopic17, 19 and microscopic scales20–25
in recent years. Electronic carriers in polymers can come from charge injection from metal
electrodes11, 17 , and suppressing charge injection into polymers would be an e↵ective way of
ameliorating the electrical conduction in polymers. Also, understanding factors that influence
the charge injection process can provide new insights for improving and designing polymer
insulation materials for HVDC applications.
Charge injection at a metal/polymer interface will depend on the chemical and structural composition of the interface. First, di↵erent types of metal electrodes and polymers may lead to
di↵erent charge injection properties. Second, for a given metal/polymer interface system, different kinds of interfacial defects may also have a significant e↵ect. At metal surfaces, common
imperfections26 include the presence of oxides, grain boundaries and stepped structures. In
polymers, there is usually a mixture of crystalline and amorphous regions with a distribution
of local disorder such as kinks and branches in the polymer chains27 , and chemical defects such
as unsaturated bonds and oxygen-containing groups16 as well as additives1 and reaction products28 . In particular, in a manufacturing process, plasma treatment29 is usually performed on
polymer surfaces to introduce some polar groups such as oxygen-containing groups which can
improve their adhesion to other materials. When such physical disorder and chemical defects
are present at an interface, it is expected that they would influence the charge injection process.
In a real interface system, these factors always coexist; therefore, it is difficult to disentangle
their e↵ects through experimental investigations. In terms of theoretical research, macroscopic
transport models have been developed in recent years to study charge transport within polymers17, 19 . These models describe elementary charge dynamics such as charge injection and
charge transport within polymers under a certain voltage, and they can simulate experimental data such as current-voltage characteristic curve and space charge profile. However, the
parameters which describe physical processes in these models are usually obtained by fitting
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the models to experimental data and are not from a microscopic understanding. Also, the
macroscopic models are not able to predict how changes at atomic or molecular level at a
metal/polymer interface can a↵ect the charge injection process. With methods such as firstprinciples simulation27, 30 , di↵erent factors at the interface can be represented by interface unit
cells of di↵erent configurations, and the electronic energy levels which are closely related to
the charge injection process for di↵erent interface configurations can be obtained and also
compared to understand the e↵ect of di↵erent factors. Furthermore, chemical and structural
configurations that have not been considered in practice can also be studied to provide experimentalists with new insights for designing metal/polymer interfaces with better properties. In
fact, these quantum-mechanical simulations, which used to be very time-consuming or impossible for systems as structurally complex as metal/polymer interfaces, can now be performed in
an a↵ordable time thanks to the fast development of computing facilities and modelling software31, 32 in the past few decades. The aim of this project is to develop a better understanding
of charge injection at the interface between a metal electrode and a polymer insulation material
with first-principles simulation methods. In particular, I consider the e↵ect of chemical defects
and thermal disorder at the interface and how these factors can influence charge injection. The
chemical defects I consider are four polar groups which can be introduced to polymer surfaces
with surface plasma treatment in practice29 . In terms of materials selection, HVDC capacitors
are the main HVDC component of interest, and the biaxially oriented polypropylene (BOPP)
capacitor is the state-of-art capacitor33, 34 in industry. In BOPP capacitors, aluminium and/or
zinc are used as electrodes and biaxially oriented polypropylene thin films are insulators8, 35 . In
this work, Al/polypropylene (PP) interfaces were studied. Before I studied Al/PP interfaces,
interfaces with polyethylene (PE), which is widely used in HVDC cables5, 36 , were also studied
because PE has a much simpler structure than PP, and simulation of metal/PE interfaces can
provide some fundamental knowledge for metal/PP interfaces. In fact, in HVDC cables, metal
electrode, which is usually stranded copper or aluminium36, 37 , is connected to PE insulation
layer with a semiconductive layer between them38 . The semiconductive layer reduces the interfacial gap between the electrode and the insulation and prevents partial discharges within the
gap39 . It also e↵ectively inhibits charge injection from the electrode into the insulation40, 41 .

38

Chapter 1. Introduction

However, since the semiconductive layer is usually a compound of several materials38 and difficult to be modelled, I considered the interface between metal and PE insulation layer. To be
consistent with PP, the Al/PE interface was of main interest, although interfaces between PE
and Pd, Au and Pt electrodes were also studied at the initial stage of the work to test the reliability of my model. My hope is that these studies will provide some fundamental understanding
that will be useful for studying other metal/polymer interfaces in HVDC applications.

The main part of the work is devoted to studying how di↵erent chemical groups at polymer
surfaces can influence charge injection barriers at Al/PE and Al/PP interfaces at the work
temperature (373 K) of the interfaces. The charge injection barriers measure how easily charges
are injected at the interface and were calculated based on density functional theory (DFT) at
0 K. The configurations of Al/PE (PP) interfaces with di↵erent chemical groups at 373 K were
obtained with ab initio molecular dynamics (AIMD) simulations. In fact, at this temperature,
these chemical groups show great structural variation at Al/PE and Al/PP interfaces, and I
investigated how the structural change can influence the charge injection barriers for di↵erent
groups. Furthermore, I studied how the surface density of these chemical groups at Al/PE and
Al/PP interfaces can influence the charge injection barriers. The main findings are that first,
at 373 K, the chemical groups can have great influence on charge injection barriers for both
Al/PE and Al/PP interfaces. Second, among all the chemical groups studied, there is a broadly
universal linear relationship, which is independent of chemical composition, between the surface
dipole moment density of the chemical groups and the calculated charge injection barriers. This
linear relationship also holds for chemical groups with di↵erent surface densities at Al/PE and
Al/PP interfaces. The results suggest that the chemical groups at Al/PE and Al/PP interfaces
actually influence the charge injection barriers through their dipole density at the interfaces.
The impacts of this work are that firstly, the procedure of studying metal/PE(PP) interfaces and
the simulation methods used in the work suggest a general workflow of studying metal/polymer
interfaces for HVDC applications. Secondly, the simulation results can provide new paths for
rational design of polymer insulation materials used in HVDC apparatus. Finally, this work can
also provide some fundamental knowledge for the study of charge injection at metal/polymer
interfaces in other applications such as polymer electronics where polymers are semiconductors.
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As was mentioned earlier, at realistic metal/polymer interfaces, there may exist di↵erent types
of imperfections. In particular, polymers are usually semi-crystalline in reality. In this work, I
used an idealized metal/polymer interface model in which both materials are in their crystalline
form as a starting point to test how computationally expensive it is to perform quantum-scale
simulations on such a complicated interface system. Moreover, I focused on surface chemical
groups, which commonly exist at polymer surface in practice, in order to have a thorough
understanding of their e↵ects on charge injection at a metal/polymer interface. Therefore, the
calculated charge injection barrier of the simplified interface model in this work may greatly
di↵er from that of the realistic metal/polymer interface. Nevertheless, the results of how
charge injection barriers vary with di↵erent factors still provide invaluable insights to the field
of metal/polymer interfaces.
At the beginning of the project, I studied individual properties of metals and polymers,
namely the metal work function and polymer electron affinity, with plane-wave pseudopotential (PWPP) DFT calculations. In these calculations, I find that the accuracy of metal work
function and polymer electron affinity is closely related to the commensurability of atomic
structure and the underlying fast Fourier transform (FFT) grid used in the calculations. I
obtained improved accuracy of the calculated values of these two properties by ensuring the
commensurability. In fact, this is not routinely done in practical calculations, and my finding
can provide a new insight for improving the accuracy of PWPP DFT calculations of the two
properties and other similar PWPP DFT calculations.
The structure of this thesis is organized as follows:
In Chapter 2, I will give a review of the recent progress in both experimental and theoretical studies of charge injection at interfaces between metal electrodes and polymer insulation
materials.
In Chapter 3, I will first give a brief introduction of background theories including density
functional theory (DFT) and the ab initio molecular dynamics (AIMD) on which my simulations are based. Then, I will introduce the method of determining charge injection barriers at
metal/polymer interfaces based on DFT.
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In Chapter 4, I will first give you a review of both the experimental and the theoretical knowledge of crystalline PE and PP in terms of their structural and electronic properties. Then,
I will present results for the equilibrium structures of bulk PE and PP at 0 K and the band
structures of crystalline PE and PP.
In Chapter 5, I will show my study of metal/PE interfaces. The interfaces were represented with
idealised interface supercells composed of crystalline metal and PE slabs. I will start with the
study of pristine metal/PE interfaces and the interfaces modified by di↵erent chemical groups
at 0 K with the metal electrodes to be Al, Pd, Au and Pt. For all the interfaces, I discuss
their structural properties at 0 K as well as the charge injection barriers for their optimised
structures obtained at 0 K. Next, I present my study of Al/PE interfaces at 373 K with di↵erent interface configurations at 373 K obtained from AIMD simulations. For Al/PE interfaces
with each chemical group, I obtained di↵erent interface snapshots at 373 K and calculated the
corresponding charge injection barriers. I then related the calculated charge injection barrier
with the surface dipole moment density of the chemical groups, and a linear relationship was
found between the two parameters. After that, I present how surface density of the chemical
groups at the Al/PE interface influences charge injection barriers. In all the calculations mentioned above, the charge injection barriers are calculated based on the electrostatic potential
averaged over planes parallel to the interface planes. So, finally, I also analyze in greater details
of the three-dimensional electrostatic potential profile of the region between Al and PE slabs in
an interface supercell and discuss how the three-dimensional electrostatic potential influences
charge transmission at the interface. The influence was understood with both a simple electron
tunnelling model and explicit charge quantum transport calculations.
In Chapter 6, I will show my study of Al/PP interfaces. Again, I first show the structural
properties of pristine and chemically modified Al/PP interfaces at 0 K. Then, I show the
results from AIMD simulations performed on Al/PP interfaces with di↵erent chemical groups
at 373 K. I still related the calculated charge injection barrier with the surface dipole moment
density of the chemical groups, and observations similar to those of Al/PE interfaces were
found for Al/PP interfaces. Later, I discuss the e↵ect of surface density of the chemical groups
at Al/PP interfaces. Finally, I make a comparison of the results between the Al/PE and the
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In Chapter 7, I present an analysis of how the numerical errors in plane-wave pseudopotential
DFT calculations of metal work function (WF) and polymer electron affinity (EA) are related
to the commensurability of atomic structure and the underlying fast Fourier transform (FFT)
grid used in these calculations. For metal WF, I discuss how the commensurability of the
FFT grid can influence the oscillations shown in macroscopic average potentials as well as the
convergence of metal WF with respect to vacuum length and slab thickness. For polymer EA,
I show similar analysis of the influence of the FFT grid commensurability issue on the accuracy
of EA. For both metal WF and polymer EA, I find that with a commensurate FFT grid used
in DFT calculations, the convergence and the accuracy of the two properties can be greatly
improved.
In Chapter 8, I first summarize the work I have done for the project and the results and the
conclusions I obtained from the work. Then, I discuss aspects that have not been considered
in my work and investigations that can be performed in the future.

Chapter 2
Progress in studying charge injection
at metal/polymer interfaces
In this chapter, I will review previous studies of charge injection at metal/polymer interfaces
from the aspect of both experiment and theory. Since the polymers of interest in this work are
insulators used in high-voltage applications, the review will focus only on studies of interfaces
between metal electrodes and polymer insulation materials. Before I give the review, I will first
introduce the DC conduction in HVDC insulation materials. In terms of experimental progress,
I will introduce an experimental method for characterising charge transport within polymers
and summarize some recently developed approaches aimed at suppressing charge injection at
interfaces. In terms of theoretical studies, I will first introduce macroscopic models of charge
transport within insulating polymers and how charge injection is described in these models and
then summarise recent first-principles simulations of charge injection barriers in metal/polymer
interfaces.

2.1

DC conduction in HVDC insulation materials

In HVDC equipment, the existence of leakage current is one of the main challenges for polymer
insulation materials. Figure 2.1 from Reference 42 shows the leakage current vs. time for a low
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density polyethylene (LDPE) sample under di↵erent electric fields. It can be seen that at a
certain electric field, the leakage current decreases rapidly for the first five minutes, which shows
the decay of the polarization current. After that, the current tends to reach a steady state with
a slow decrease with time due to charge accumulation within the LDPE sample. Also, with an
increase in electric field, the steady-state current also increases. When a leakage current flows

Figure 2.1: Leakage current vs. time at di↵erent electric fields for a 100 µm-thick low density
polyethylene (LDPE) film, taken from Reference 42. Image reproduced with permission of the
rights holder, © 2015 IEEE.

through a polymer insulation material with a non-zero DC conductivity, it can usually heat
the polymer. Also, the DC conductivity of a polymer usually increases with temperature, and
if the conductivity is too high, it can lead to thermal breakdown43, 44 . For HVDC capacitors,
the leakage current also means reduced efficiency of energy storage45 . Therefore, reducing
leakage current in polymer insulation materials is essential to improving the performance of the
polymers.
As was mentioned in Chapter 1, both ionic species and electronic charges are responsible
for conduction in polymers. The concentration of ions in polymers is usually low17 , and the
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electronic conduction is believed to be dominant11 . Charge injection from electrodes is the
main source of electronic carriers within polymers, and with the increase of the voltage applied
across the polymer, the number of injected charge carriers will increase. So, to reduce leakage
current and improve the performance of polymer insulation materials in HVDC applications,
understanding how charge injection happens at a metal/polymer contact, what factors can
influence the charge injection, and what measures should be taken to suppress charge injection
at the contact is of great importance. In the following paragraphs, I will summarise the progress
in studying charge injection at metal/polymer interfaces in terms of both experiment and theory
in recent years.

2.2

Experimental progress

Before I introduce the experimental progress, I will first introduce the concept of charge injection
barriers, which are key parameters used to study charge injection at metal/polymer interfaces
and are paid great attention to in both experimental and theoretical studies. The charge
injection barriers, including both the electron and hole injection barriers, are usually defined
as the di↵erences between the metal Fermi level and the polymer band edges, namely the
conduction band minimum (CBM) and valence band maximum (VBM), at a metal/polymer
contact. Experimentally, the barrier height at a metal/polymer interface can be determined via
photo current measurements46, 47 . In this method, a polymer sample is coated with a metal thin
film (40 nm to 100 nm) and then placed under a light source. The photocurrent is measured
with an electrometer. The measured current JP and the incident photon energy h⌫ follow a
Fowler’s relation48 JP / (h⌫

)2 , where

is the threshold energy for photoemission and

is just the electron injection barrier at a metal/polymer interface. The measured electron
injection barriers with this method for high density polyethylene (HDPE) and bixially oriented
polypropylene (BOPP) thin films are 4.35 eV and 4.31 eV, respectively47 .
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Space charge measurement

A significant experimental progress is the development of techniques for measuring space charge
within polymer insulation materials to better understand charge dynamics within polymers
under an applied voltage, and nowadays, the pulsed electroacoustic (PEA) technique49 is the
most popular technique1 for measuring the space charge. Compared to other measurements
such as external current which can only provide averaged information in space, the space charge
method can provide information at di↵erent positions within a sample material. To explain this
method, I use the space charge profiles50 of a 100 µm-thick low density polyethylene (LDPE)
film under electric fields of 100 kV/mm and 120 kV/mm at room temperature shown in Figure
2.2 as an example. The profiles were obtained using the PEA technique, and in the PEA set-up,
the LDPE film was sandwiched between two electrodes, namely a semiconductor (SC) electrode
(carbon black-doped polymer) and an aluminium (Al) electrode. When a positive (negative)
voltage was applied, Al and SC electrodes were used as cathode (anode) and anode (cathode),
respectively, as shown in Figure 2.2. The space charge profiles show the evolution of the net
charge density inside the LDPE film as a function of both time (vertical axis) and the position
between two electrodes (horizontal axis). In subfigures (a) and (b) of Figure 2.2 , it is shown
that when the applied field is 100 kV/mm, hole injection shown as the yellow streaks can be
observed whether the voltage is positive (a) or negative (b), while almost no electron injection
is shown at cathodes. Under a higher electric field of 120 kV/mm shown in subfigures (c) and
(d), the hole injection becomes more evident, which can be seen from the redder streaks, and
significant positive charge packets moving towards cathodes are formed. In both subfigures,
the positive charge packets move fast at first and then become slower. Finally, they stop at
a certain position near the cathodes. Also, in subfigure (c), due to the field enhancement by
positive charge accumulation near the cathode, electron injection is promoted, as shown by the
color (dark blue) near the cathode. From the color of the streaks in (c) and (d), we can also
find that the positive charge packet has a higher density under positive (c) voltage than under
negative voltage (d), which indicates that hole injection is easier from the SC anode than from
the Al anode.
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Figure 2.2: The space charge profiles of a 100 µm-thick LDPE film for the first 20 min after
voltage application, taken from Reference 50. The LDPE film was sandwiched between an
aluminium (Al) electrode and a semiconductor (SC) electrode. (a) Positive and (b) negative
voltages under a 100 kV/mm electric field, (c) positive and (d) negative voltages under a 120
kV/mm electric field. The colorbar shows the net charge density within the LDPE film. The
horizontal and vertical axes show the position between the two electrodes and time, respectively.
The and symbols represent positive and negative charges, respectively. Image reproduced
with permission of the rights holder, © 2017 IEEE.

The example clearly shows that with space charge measurement, a picture of some phenomena
such as charge injection at electrodes, charge packet movement and charge accumulation near
electrode, which are important for understanding charge dynamics within a polymer insulation
material, can be obtained. Moreover, in terms of charge injection at metal/polymer interfaces,
information such as the type (positive or negative) and amount of charges that are injected and
the type of electrodes from which charges are injected more easily can be known. On the other
hand, the space charge method still has some limitations. First, it usually can only provide
the charge density averaged over a plane parallel to electrode surface, and the details of charge
density distribution within the plane are unknown. Second, the information that a space charge
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profile can provide is still limited to the resolution of the profile. Currently, spatial resolution of
the order of 1 µm19, 51 can be achieved with the most advanced space charge techniques. Third,
the space charge profile alone cannot reveal the underlying charge transport mechanisms. In
fact, it is usually combined with some macroscopic transport models52–56 or first-principles
simulations50, 57, 58 , which will be introduced later in Section 2.3, to further understand the
physical behavior of charges shown in space charge profiles.

2.2.2

Modifying metal/polymer interfaces to inhibit charge injection

Another experimental achievement is that techniques have been developed for modifying the
interface between metal electrode and polymer insulation material to inhibit charge injection.
Previously, to reduce charge build-up in polymer insulation materials, methods mainly consisted of modification of the bulk polymers. In fact, suppressing charge injection from metal
electrodes also helps reduce charge build-up. The principles behind these techniques are either increasing charge injection barriers or introducing trap states at interfaces. To increase
charge injection barriers, polymer insulation materials can be coated with materials that can
form larger potential barriers with the electrode. For example, it is shown that polyetherimide (PEI) films coated with di↵erent (6, 11, 19) hexagonal boron nitride (h-BN) atomic layers
all show increased electrical resistivity and decreased dielectric loss compared to pristine PEI
films under a certain electric field59 . It is explained by the fact that the barrier formed at the
h-BN/Au interface is much larger than that at the PEI/Au interface and, therefore, charge
injection from the Au electrode is inhibited by the h-BN film. Increased electrical resistivity
is also shown in biaxially oriented polypropylene (BOPP) films coated with a 180 nm thick
SiO2 layer, which is attributed to increased charge injection barriers formed at the SiO2 /Au
interface60 .
The second method is to introduce trap states at metal/polymer interfaces. The purpose of
such trap states is twofold61 : first, to keep trapped charges at or close to the interface and
inhibit them from moving further into the polymer. Second, the trapped charges can result in
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a reversed electric field at the interface that opposes the further injection of charges into the
polymer. Trap states can come from polar groups such as -CH2 F and -COF at interfaces that are
introduced either by polymer surface treatment such as fluorination62 and oxy-fluorination63 or
by intercalation of polymer layers containing polar groups such as polyvinyl fluoride (PVF)64
and polyethylene terephthalate (PET) between electrodes and polymer insulation materials.
They can also come from nanoparticles (NPs) in intercalated nanocomposite layers. It has
been found that intercalated thin nanocomposite layers (50 nm) made of Ag NPs embedded in
an organosilicon (SiOxCy:H) dielectric matrix between Al electrode and LDPE can e↵ectively
suppress charge injection from the electrode owing to the trap states introduced by Ag NPs at
the interface61 .
Although the space charge measurement and di↵erent methods for modifying interfaces have
shown success in characterising charge transport processes and suppressing charge injection,
respectively, understanding the microscopic mechanisms behind the experimental phenomena
are still of great importance. With the fast development of computing capability and numerical techniques, modelling activities for charge injection at metal/polymer interfaces become
increasingly popular in recent years, and progress in modelling these phenomena will be summarised in the next section.

2.3
2.3.1

Theoretical progress
Macroscopic transport models

In recent years, charge dynamics within polymer insulation materials has been widely studied
with macroscopic models to better understand the conduction issue in polymers. These models17, 19 describe elementary processes such as charge injection/extraction, charge transport and
charge trapping/de-trapping within polymers sandwiched between electrodes. These physical
processes are described with parameters such as charge mobilities and charge trapping coefficients in coupled 1-D equations such as transport, Poisson and continuity equations, and these
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parameters are usually obtained by fitting the equations to experimental data such as external
current, space charge distribution and electroluminescence.
In the last 10 years19 , two main macroscopic transport models, namely the ‘two-level’ model52
and the ‘exponential’ model53 have been developed intensively. Both models consider bi-polar
(electron and hole) transport and are based on the space charge limited conduction (SCLC)
theory65–67 . The current-voltage characteristic curve of a polymer insulation material is linear
(ohmic conduction) below a threshold voltage and nonlinear above this threshold, and the nonlinearity is predicted in the space charge limited conduction (SCLC) theory65–67 . In fact, at a
high voltage, charges will be injected into the polymer, and the injected charges can form space
charge region which a↵ects the electric field distribution within the polymer, which makes the
non-linear space charge limited current dominates over the ohmic current. The main di↵erence
between the two models is how trap states are described within a polymer. In reality, polymers
usually contain di↵erent sorts of physical disorders and chemical defects, as shown in Figure
2.3. In particular, polymers are always semi-crystalline and contain lamella and amorphous
regions. These imperfections will bring either shallow or deep trap states within the band gap
of polymers16 . Shallow traps usually have trap depths in a range from 0.01 eV to 1 eV, and deep
traps have depths beyond this range17 . Charge transport is through charge hopping between
the shallow traps, and the deep traps stabilize charges and contribute to the space charge
formation17 . Hopping conduction17, 69, 70 refers to a process in which an electron is brought to
a level by thermal activation and then moves to a neighbor site with the same energy level by
tunnelling, and the shallow trap states can serve as hopping sites in polymers. In addition,
in polymers where polarization can happen, an electron can also induce local distortion of the
lattice, which forms an additional potential well trapping the electron. (This is also called ‘selftrapping’.) The confinement of the electron with local lattice deformation around is usually
referred to as polaron71 , and polaron hopping in polymers has also been widely studied72–74 .
The two-level model (see Figure 2.4(a)) simulates hopping between shallow levels by assuming
free charges in a transport level with an e↵ective mobility, and charge trapping is considered
with a single trapping level for all deep traps. In Figure 2.4(a), the coefficients of charge
trapping, charge de-trapping for both electrons and holes and recombinations of electron and
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(a)

(b)

Figure 2.3: (a) Physical and (b) chemical imperfections that can exist in polymers, taken from
Reference 68 licensed under a Creative Commons Attribution 4.0 International License.

holes at di↵erent (free or trapped) levels are Bi , Di and Si , respectively. The exponential model
(see Figure 2.4(b)) gives a more complicated description of the trap state distribution from
the conduction/valence bands in the bulk region of a polymer. It assumes that the density of
trap states can be expressed as an exponential function of trap depth. It defines a maximum
trap depth for electrons (

emax )

and holes (

hmax )

in the polymer, and in a certain region

(computational cell i), charges are filled from the deepest trap level, and the highest filled trap
level in the region is dependent on the trapped charge density of the region. The exponential
function is obtained by fitting to calculated trap state distribution in PE bases on densityfunctional theory by Meunier, M et al.75, 76 . A fraction of the total trapped charge density is
involved in charge transport which is through charge hopping between the adjacent highest
filled trap levels. A more detailed introduction of the two models can be found in Reference
19.
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(a)

(b)

Figure 2.4: (a) Two-level model: hopping conduction is by free charges in a transport level with
an e↵ective mobility, and charge trapping is considered with a single trapping level for all deep
traps. Be (Bh ) and De (Dh ) are charge trapping and de-trapping coefficients for electrons (holes),
respectively. S0 -S3 are recombination coefficients of charges (electrons and holes) at di↵erent
levels (free or trapped). (b)Exponential model: for both electrons and holes, the density of trap
states can be expressed as an exponential function of trap depth, and a maximum trap depth is
defined for electrons ( emax ) and holes ( hmax ). In each computational cell, charges are filled
from the deepest trap level, and the highest filled trap level in the cell is dependent on the
trapped charge density of the cell. Conduction is through charge hopping between the adjacent
highest filled trap levels. Images (taken from Reference 19) reproduced with permission of the
rights holder, © 2013 IEEE.

In both models, charge injection at electrodes is considered to follow the Schottky injection law
for electrons and holes shown in the following equations:
e ei
e
Je (0, t) = AT 2 exp(
)exp(
kB T
kB T
e hi
e
Jh (D, t) = AT exp(
)exp(
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where D is distance between two electrodes, t is the time, A is the Richardson constant (1.2 ⇥
106 Am 2 K 2 ), T is the temperature, E is the electric field, ✏ is the dielectric permittivity of
the polymer, Je (0, t) and Jh (D, t) are the current density as a function of time for electrons
at the cathode (x = 0) and holes at the anode (x = D), respectively, and

ei

and

hi

are the

electron and hole injection barriers, respectively.
The Schottky injection law77 shows the field enhanced thermionic emission. In Equation 2.1
and 2.2, the first exponential term is the thermionic emission which shows that the injection
current increases with the increase of temperature and the decrease of injection barrier. The
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second exponential term shows the lowering of the injection barrier due to the combined e↵ect
of the image charge force and the electric field at the metal/polymer contact.
By fitting to experimental data, a ‘two-level’ transport model with the Schottky law for charge
injection predicted

ei

and

hi

of a Au/PE interface to be 1.27 eV and 1.16 eV, respectively52 .

However, these values are much lower than the expected theoretical values for such an interface
since PE has a large band gap. The di↵erence may come from two reasons: first, at realistic
interfaces, factors such as local reinforcement of the electric field and trap states introduced
by impurities, which are not considered in theoretical predictions, may give rise to a lower
injection barrier; second, the macroscopic transport model itself has some deficiencies. The
di↵erence has driven the development of macroscopic models that pay special attention to the
metal/polymer interface region where injection happens.
One development is to consider trap states at a metal/polymer interface region. Recently, a
modified exponential transport model has been built78 with an exponential distribution of trap
states also considered at the interface region, as shown in Figure 2.5. The model was applied

Figure 2.5: Schematic representation of an exponential distribution of trap states in both the
interface and bulk regions of a LDPE film, taken from Reference 78. m is the maximum trap
depth and f is the highest filled trap state level for the exponential distribution. EF is the
metal Fermi level. Image reproduced with permission of the rights holder, © 2013 IEEE.

to a 200 µm-thick LDPE film under an electric field of 30 kV/mm, and at each electrode, a 1
µm thick interface region was defined. The interface region is assumed to be a constant source
of charges (a reservoir of charges), and this is achieved by considering that the simulation cell
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m

and

f

labeled in Figure 2.5) is filled of charges up

to a level and is ready to supply charge carriers in the LDPE. Therefore, the injection at the
interface does not follow the Schottky injection law. With the special treatment at the interface,
this model predicts that charges move fast within the LDPE and that once a kind of carriers
reach the counter-electrode, it will initiate the injection of carriers of the opposite sign. These
phenomena are also observed in experiments but are not well described with the exponential
transport model considering Schottky injection at the interface. This is because the model with
trap states and a reservoir of charges considered at the interface region imply a larger density
of charges injected and thus a higher mobility of charges in the polymer. (The charge mobility
increases with the charge density.) Furthermore, at the electrode where charges are extracted,
these trap states slow down the charge extraction process and enable heterocharge accumulation
which enhances the injection of charges of the opposite sign. By contrast, the Schottky model
fastens the charge extraction process at the electrode. This work suggests the importance of
taking interface trap states into account in macroscopic 1-D charge transport models. However,
parameterization is a big issue for this model since there is no experimental data which can be
directly used for the parameters such as density of states describing the exponential distribution
of trap states at the interface, and the same dynamics can be given by more than one set of
parameters. Furthermore, di↵erent interface systems may have di↵erent trap state distributions
at the interface and thus require di↵erent sets of parameters. Another development is to take
the e↵ect of electrode or polymer surface roughness into account in macroscopic transport
models79, 80 . These models still consider the Schottky-type injection at the interface and treat
the surface roughness in di↵erent ways. In Reference 79, the electrode surface roughness was
described by cavities along one direction of the electrode surface, and a 2-D transport model
was developed based on a 1-D two-level transport model. Compared to a smooth electrode, the
simulated space charge profile of a LDPE sample for a rough electrode shows a faster charge
penetration into the sample and a higher density of injected carriers around the surface cavities
due to the local electric field enhancement at the cavities. The simulated charge behaviors
are also observed in experiment. In Reference 80, the e↵ect of polymer surface roughness was
taken into account by altering the field dependency of the original Schottky equation with
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an additional parameter showing how the electric field at a metal/polymer interface region is
increased due to the roughness. With the modified Schottky injection equation at the interface
applied into a 1-D two-level transport model, the experimental observation of increased charge
accumulation within a XLPE sample with a rough surface was reproduced. Both models show
that interfacial roughness can enhance charge injection at the interface.
By having special treatments, namely the interface trap states and surface roughness, at the interface region, these macroscopic models successfully reproduce experimental phenomena such
as fast penetration of charges into bulk polymers. However, there are still some limitations
of the macroscopic models. First, the parameterization in macroscopic models is a big issue. The parameters describing elementary processes in these models are usually obtained by
fitting the models to experimental data, and di↵erent sets of parameters may give the same
dynamics, which means the underlying physical mechanisms in the models are not uniquely
determined. Second, 1-D macroscopic models simulate properties averaged over the plane parallel to electrode surface and do not provide information of how homogeneous charge injection
within a plane at the interface is. By contrast, atomic-scale simulations such as first-principles
simulations do not require any external parameters and therefore can provide a more solid
understanding of charge injection at interfaces. Moreover, they can predict how changes at
atomic or molecular levels at the interface can influence charge injection process at the interface. Therefore, they have already been used to study charge injection at metal/polymer
interfaces in recent years, and I will summarise them in the following section.

2.3.2

First-principles simulations

In recent years, charge injection barriers at metal/polymer interfaces have been calculated
with first-principles simulations. The charge injection barriers are usually calculated with an
interface supercell30, 68, 81–83 in density functional theory (DFT) calculations (introduced later
in Section 3.1.1). An example of the interface supercell is given in Figure 2.6(A). The interface
supercell contains a metal slab and a PE slab on the top. Due to the periodic boundary
conditions applied in DFT calculations, a vacuum region with the length of 14 Å was used to
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(B)

Figure 2.6: (A) Interface supercells periodic in three dimensions to represent metal/PE interfaces in DFT calculations. The colors for carbon, hydrogen and metal atoms are dark-brown,
pink and blue, respectively. Each supercell contains a metal slab and a PE slab on the top. A
vacuum layer was used to separate a metal/PE interface from its periodic image. Three di↵erent
geometries of the PE slab are shown in (a) to (c). PE(001) and PE(110) are PE slabs with (001)
and (110) surface orientations, respectively. PE(la) represents a PE lamellae with folded chains.
(B) Band alignment at a metal/PE interface before and after the metal and the PE form a
contact. EF is the metal Fermi level, CBM and VBM are the conduction band minimum and
valence band maximum of PE, respectively, and Evac is the vacuum level. Based on these levels,
the metal work function m , the PE electron affinity Eea and the PE band gap Eg are defined.
The interfacial dipole D created after the contact gives rise to the shift ' of the Evac of the
two materials. The electron ( ei ) and hole ( hi ) injection barriers are: ei = m Eea
' and
=
E
.
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Springer Nature, Journal of Materials Science, Charge injection barriers at metal/polyethylene
interfaces, Lihua Chen et al, © Springer Science+Business Media New York 2015.

isolate adjacent interfaces. To calculate charge injection barriers of the interface, the interface
band alignment was studied, shown in Figure 2.6(B). The left panel in Figure 2.6(B) shows
the energy levels of a metal and PE before they form a contact at the interface, where EF is
the metal Fermi level, and CBM and VBM are the conduction band minimum and valence
band maximum of PE, respectively. Evac is the vacuum level. After they form a contact, an
interfacial dipole caused by the charge redistribution at the interface will usually show, and this
dipole will give rise to a shift of the energy levels of the two materials with respect to each other
at the interface, as shown in the right panel in Figure 2.6(B). The shift is usually characterised
by a term called the ‘vacuum level shift’ denoted as

'. Based on the band alignment after
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the contact, the electron (

ei )

and the hole (

ei

=

m,

injection barriers are calculated as:

Eea

m
hi

In the equations,

hi )

= Eg

',

(2.3)

e.

(2.4)

Eea and Eg are the metal work function, the PE electron affinity and the

PE band gap, respectively, and were obtained from DFT calculations of a bulk metal (
a bulk PE (Eea and Eg ).

m)

and

', which is caused by an interfacial dipole, was calculated as:

'=

e |D|
,
"0 A

(2.5)

where e is an electron charge, "0 is the vacuum permittivity, and A is the interface area. D is
the dipole across the interface, and was calculated from the DFT charge density of the interface
supercell.

With DFT calculations, the influences of di↵erent factors on charge injection barriers at a
metal/polymer interface have also been studied. First, for pristine metal/polymer interfaces
without any imperfections considered, the charge injection barriers were shown to be a↵ected
by the type30, 84 and geometry30, 82, 84 of the materials that construct the interface and their
deformation at the interface83 . In Reference 30, charge injection barriers were calculated for
interfaces between five metal electrodes namely Al, Ag, Au, Pd and Pt, and PE of three
geometries, namely the PE(001) surface, the PE(110) surface and the PE lamella (shown in
Figure 2.6(A)). It is shown that for a certain metal electrode, the electron and hole injection
barriers can be maximally tuned by 1.06 eV with di↵erent PE geometries, and for a certain PE
geometry, they can be maximally tuned by 1.27 eV, showing the great e↵ect of both the type of
metal and the PE geometry at the interface on charge injection barriers. For Cu(111)/PE(001)
interface83 , it is shown that the structural change (‘deformation’) of surface Cu atoms and
terminal methyl group at the interface can bring additional states (‘deformation’ states) below
the CBM of PE within the PE band gap. The additional states were identified by a projected
density of states (PDOS) analysis which gives the contribution of each atomic orbital to any
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state of the system, shown in Figure 2.7. The red dashed line in the figure shows the density
of states (DOS) of a PE slab in vacuum, and it is compared to the blue line which shows the
PDOS of PE atoms at the Cu/PE interface region. With the PDOS analysis, the orbitals of
the PE terminal methyl group facing Cu atoms were found to be the source of the deformation
states with the maximum depth to be 0.9 eV. Later, it was also found that at the interface, the
terminal methyl group shows a change of 0.1 Å in bond lengths, and surface Cu atoms facing
the methyl group also show dislocation. Therefore, the interaction between PE and Cu at the
interface gives rise to the additional orbital energies (deformation states) of the PE terminal
methyl group. The results also suggest that at the Cu/PE interface, the barriers for electrons
to be injected into these deformation states are smaller than that to injection into the CBM of
PE by up to 0.9 eV.

Figure 2.7: PDOS for atoms of a PE slab in vacuum (red dashed line) and PE atoms at
the Cu(111)/PE(001) interface region, taken from Reference 83. The maximum depth of the
deformation states is 0.9 eV. Image reproduced with permission of the rights holder, © 2018
IEEE.

Second, as was mentioned in Chapter 1, a realistic metal/polymer interface is complicated
and usually contains di↵erent sorts of imperfections. A schematic description of a realistic
Al/PE interface is given in Figure 2.8. In recent years, the e↵ect of di↵erent imperfections
shown in both bulk PE and the PE at a metal/PE interface on charge injection barriers has
also been widely studied. Di↵erent physical disorders and chemical defects shown in bulk PE
were studied for Al(111)/PE(110) interfaces68 . The physical disorders include disorders within
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Figure 2.8: Schematic representation of realistic Al/PE interface, taken from Reference 68
licensed under a Creative Commons Attribution 4.0 International License.

a small region such as branches and cross links and those at a larger scale such as lamellae
and amorphous regions. They can introduce trap states within the bulk PE band gap, and the
computed electron (Ete ) and hole (Eth ) trap depths are in a range from 0 eV to 1.34 eV. In terms
of chemical defects in bulk PE, unsaturated bonds such as C=C, O-containing groups such as
C=O and -OH, and C-halogen(Cl/Br/I) bonds were considered. Figure 2.9(a) gives an example
of one C=O defect in a 1 ⇥ 2 ⇥ 3 supercell of bulk PE. The chemical defects introduce trap
states (Ete and Eth ) in a range from 0 eV to 3.36 eV. In the PE surface region near the Al/PE
interface, charges will overcome reduced injection barriers due to the existence of these trap
states. In fact, the shallow traps (usually with a trap depth < 1 eV) among these calculated
trap states can assist charge transport since charges injected into these traps will continue to
transport within PE through hopping between shallow trap states. However, for the deep traps
(usually with a trap depth > 1 eV), they may stabilize the injected carriers at the PE surface
near the Al/PE interface.
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(b)

Figure 2.9: (a) A C=O defect in a 1 ⇥ 2 ⇥ 3 supercell of bulk PE. The subfigure of top view
shows the bulk PE unit cell is extended along the y axis by twice, and the subfigure of side view
shows the bulk PE is extended along the z axis by three times. (b) Al(111)/PE(110) interface
with O-C-O and -OH groups shown at PE terminal close to the Al surface. The C, H and O
atoms are shown in black, white and red, respectively. The image is from Reference 68 licensed
under a Creative Commons Attribution 4.0 International License.

For the same interface system, di↵erent O-containing defects such as OH (hydroxyl) and O-C-O
(ether) located at PE terminal close to the Al surface (see Figure 2.9(b)) were also studied.
These O-containing groups can form either Al-O or Al-C bonds with surface Al atoms, which
can lead to charge rearrangement at the interface and thus influence the interfacial dipole D.
Their permanent dipole moments also contribute to D. As a result, compared to the pristine
case with no defects at the PE terminal,

' in Equation 2.3 can be tuned by up to 1.42 eV

with di↵erent O-containing defects, which means charge injection barriers are also tuned by
up to 1.42 eV. The results suggest that imperfections shown in bulk PE or on the PE side at
the interface can influence charge injection either through introducing trap states or through
changing

'.

In fact, chemical defects at the PE terminal at a metal/polymer interface can also influence
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charge injection through the impurity states that they bring to the interface, and the impurity
states can be also studied with a PDOS analysis of the impurity atoms. With a PDOS analysis,
it is shown that a carbonyl group at the PE chain terminal at PE(100)/Pt(110) interface82
will introduce an impurity state at 2.27 eV below the CBM of PE and a state at 0.84 eV
above the VBM of PE. For Cu(111)/PE(001) interface81 , carbonyl (C=O), vinyl (CH=CH2)
and conjugated double bond (C=C-C=C) impurities located at the PE chain terminal at the
interface were shown to introduce impurity states in a range from 0.37 eV to 2.27 eV below the
CBM of PE and a range from 0.62 eV to 1.61 eV above the VBM of PE. As was mentioned
before, charges injected into the shallow traps at the interface can move further into PE through
hopping conduction, while charges injected into the deep trap states may get trapped at the
interface region.
In most of the previous simulations, the interface configuration at 0 K was usually not thoroughly explored. A pristine interface supercell is composed of a metal and a PE slab in their
perfect crystalline form and a vacuum region on the top. Chemical impurities are placed at
the PE chain terminal. Geometry optimisation at 0 K is usually performed on such pristine
or chemically modified interfaces, and the obtained optimised structures are then used to obtain properties such as charge injection barriers and PDOS. In fact, for such a complicated
metal/polymer interface system, there can be di↵erent configurations corresponding to di↵erent local minima that have similar energies in the energy landscape of the interface, and how
the properties of interest such as charge injection barriers and PDOS change with di↵erent
configurations is also worth exploring. The geometry optimisation mentioned above can usually only give optimised structure close to the initial ideal interface, and molecular dynamics
simulations at a higher temperature may help disrupt the ideal interface. To obtain more
possible configurations of Al(111)/PE(110) interface at 0 K, two ab initio molecular dynamics
simulations were first performed at 300 K and 600 K for 1 ps68 , and the obtained structures
were then optimized with DFT at 0 K.
Although there are few experimental data of charge injection barriers to which the calculated
values with DFT can be compared, the calculated values have been shown to successfully
explain some experimental phenomena50, 84, 85 . For example, with DFT calculations,

ei

and
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for LDPE/Al (LDPE/SC) interface50 (see space charge measurements mentioned in Section

2.2.1) are 4.00 eV (4.00 eV) and 2.60 eV (1.29 eV), respectively. (SC stands for a semiconductor
electrode.) The much lower

hi

than

ei

for the interfaces with both the Al and SC electrodes

agrees with the space charge profiles (Figure 2.2) showing that whether the anode is Al or SC,
hole injection is more obvious than electron injection. Furthermore, the lower

hi

with the

SC anode than that with the Al anode also agrees with the larger density of positive charges
injected from the SC anode than that from the Al anode. The experimental observation that
more significant charge injection occurs in LDPE compared to polyetrafluoroethylene (PTFE)
was also understood by comparing the charge injection barriers obtained with DFT calculations
between interfaces with LDPE and PTFE for the same metal electrode50, 84 .
From these first-principle studies, we know that charge injection barriers at metal/polymer
interfaces can be obtained from DFT calculations. Furthermore, how di↵erent factors including physical geometries and chemical compositions at the interface can influence charge injection can be understood by performing DFT calculations on interfaces with di↵erent atomic
configurations. Also, by comparing the calculated charge injection barriers between di↵erent
electrode/polymer interface systems, di↵erent experimental phenomena such as the amount
of injected charges shown for these systems can be understood. Compared to macroscopicscale simulations, they do not require any external parameters and can predict how features at
atomic or molecular scales at an interface influence the charge injection process. All of these
suggest that first-principles simulation is a very strong tool for understanding charge injection
at metal/polymer interfaces.
On the other hand, there are still areas that previous first-principles simulations didn’t shed
light on or paid little attention to. Firstly, as was mentioned before, a metal/polymer interface
can have di↵erent configurations belonging to di↵erent local energy minima with similar energies
at zero temperature, which was not considered in most of the previous studies. Also, in practice,
at the working temperature of HVDC components, a metal/polymer interface can have di↵erent
configurations due to the thermal e↵ect. How thermal disorder shown in a metal/polymer interface at a higher temperature influences charge injection at the interface hasn’t been discussed
in previous studies. Secondly, the influence of chemical groups at metal/polymer interfaces on
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charge injection barriers was mostly focused at the impurity states that they can bring to the
interface. Depending on the depths of the impurity states, they may help charge transport further into the polymer or trap charges at polymer surface, and thus for deep trap states, they do
not actually lower the charge injection barriers since they prevent charges from moving further
into the polymer. In this way, discussing how chemical groups at a metal/polymer interface can
influence the intrinsic charge injection barriers, which are defined as the barriers to injection
into conduction/valence bands of the polymer, should be of greater importance. However, there
is only one work68 that sheds some light on this issue currently. Thirdly, in previous studies,
the e↵ect of a chemical group at a metal/polymer interface on charge injection was studied
for a certain surface density of the chemical group, and how charge injection barriers change
with di↵erent surface densities of the chemical group has not been explored. Finally, all of the
previous studies are for metal/PE interfaces or metal/PTFE interfaces. (PTFE has a similar
structure to PE with all the H atoms in PE replaced by F atoms.) In fact, polypropylene (PP)
is widely used as the insulation material in HVDC capacitors but metal/PP interface has not
been studied yet due to the more complicated structure of PP than PE or PTFE. PP chain has
side methyl group, which PE chain doesn’t have, and di↵erent arrangement of the side methyl
group can make PP chains have di↵erent tacticities (introduced further in Chapter 4). Also,
the monoclinic bulk PP crystal unit cell contains 108 atoms, while the orthorhombic bulk PE
unit cell contains 12 atoms, suggesting calculations with PP are more expensive. All the points
mentioned above will be the primary focus in this work.

2.4

Summary

I have summarized the current experimental and theoretical progress of charge injection at
metal/polymer interfaces. At the beginning, I introduced the leakage current issue shown
in the polymer insulation material in HVDC applications. The leakage current is closely related to charge injection from the metal electrode, and understanding charge injection at a
metal/polymer contact is of great importance. In terms of experiments, I showed the significance of the space charge profile obtained in experiment in understanding charge dynamics
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within a polymer. I also summarised recently developed interface tailoring techniques to suppress charge injection at metal/polymer interfaces. These experimental methods are useful for
observing charge injection phenomenon as well as suppressing charge injection at metal/polymer
interfaces, but understanding physical mechanisms behind the experimental observation and
how di↵erent factors influence charge injection at the interface still require theoretical investigation.
In terms of modelling activities, I first reviewed 1-D macroscopic transport models developed
to understand elementary physical processes such as charge injection/extraction and charge
transport within polymer insulation materials under a certain electric field. These physical
processes are described with parameters in coupled 1-D equations such as transport, Poisson
and continuity equations and are obtained by fitting the equations to experimental data such
as external current and space charge distribution. In recent years, ‘two-level’ and ‘exponential’
macroscopic transport models have been developed intensively, and they di↵er in how charge
transport and charge trapping are described. In both models, the Schottky injection based
on field assisted thermionic emission at the interface is considered, and the predicted charge
injection barriers of a Au/PE interface with the Schottky injection are far smaller than the
expected theoretical values of the interface. Driven by this, the original macroscopic transport
models with Schottky injection have been modified by considering interface properties such
as trap states and surface roughness, and the modified models successfully reproduce some
experimental phenomena such as fast penetration of charges into bulk polymers. However,
parameterization remains a big issue for these models. Also, these 1-D models cannot give
details of charge injection in three dimensions. Moreover, they cannot predict how changes at
atomic or molecular levels at an interface lead to changes in charge injection at the interface.
Then, I reviewed recent first-principles studies for charge injection at metal/polymer interfaces.
These studies show that charge injection barriers at metal/polymer interfaces can be obtained
from DFT calculations with an interface supercell. Furthermore, by performing DFT calculations on di↵erent interface configurations, the influence of di↵erent factors including physical
geometries and chemical compositions at atomic or molecular levels at the interface on charge
injection can be understood, which enables researchers to rationally design interfaces with tar-
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get properties. The calculated charge injection barriers have also been successfully used to
explain experimental phenomena. However, there are still limitations in the previous firstprinciples studies. For example, the e↵ects of thermal disorder of a metal/polymer interface
and the surface density of a chemical group on charge injection haven’t been discussed before.
Also, metal/PP interfaces haven’t been studied, although PP is widely used as the insulation
material in HVDC capacitors. These limitations are therefore the primary focus in this work.

Chapter 3
Background Theory
In this chapter, I will give an introduction of the background theories on which my simulations
are based. The first section is devoted to ab initio methods. The second section is an introduction of the method used to calculate charge injection barriers at metal/polymer interfaces.

3.1
3.1.1

Ab initio methods
Density functional theory

For a system containing M nuclei and N electrons, the time-independent Schrödinger equation
is written as:

Ĥ (r1 , r2 , ..., rN ; R1 , R2 , ..., RM ) = E (r1 , r2 , ..., rN ; R1 , R2 , ..., RM ),

where

(3.1)

is the many-body wavefunction of N electrons at positions r1 ,r2 ,...,rN and M nuclei

at positions R1 ,R2 ,...,RM , and Ĥ is the Hamiltonian of the system, which can be expressed in
atomic units as:
M
X
1
r2I
2m
I
I=1

N
X
1
i=1

2

r2i

X
i,I

ZI
1 X ZI ZJ
1X
1
+
+
,
|ri RI | 2 I6=J |RI RJ | 2 i6=j |ri rj |
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(3.2)
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where mI and ZI are the mass and atomic number of nucleus I. In Equation 3.2, the first and
second terms describe the kinetic energy of M nuclei and N electrons, respectively. The third
term is the Coulomb attraction energy between all the nuclei and electrons. The fourth and
fifth terms describe the Coulomb repulsion energy between all pairs of nuclei and electrons,
respectively. Within the Born–Oppenheimer approximation86 , since nuclei are much heavier
than electrons, the motions of nuclei are much slower than that of electrons, which can be
considered to respond instantaneously to changes in the nuclear positions. Therefore, the
motion of nuclei and electrons can be decoupled, with the electrons satisfying a many-electron
Schrödinger equation of the form:

Ĥe =

Ĥe e (r1 , r2 , ..., rN ) = Ee e (r1 , r2 , ..., rN ),
N
X
ZI
1X
1
1 2 X
ri
+
,
2
|ri RI | 2 i6=j |ri rj |
i=1
i,I

where Ĥe is the many-electron Hamiltonian, and

e (r1 , r2 , ..., rN )

(3.3)
(3.4)

is the many-electron wave-

function, which depends implicitly on the nuclear coordinates through the electron-ion interaction term in Ĥe (the second term on the right-hand side of Equation 3.4). This also means that
the nuclei move in a potential energy surface determined by the electronic energy Ee , which is
key to determining forces in both geometry optimisation (Section 3.1.2) and Born-Oppenheimer
molecular dynamics (BOMD) simulations (Section 3.1.3).
Although now we only need to solve the many-electron Schrödinger equation for N electrons, the
wavefunction involving 3N variables is still computationally intractable in practice. Thanks to
the Hohenberg-Kohn theorems in 196487 , the problem of 3N variables is simplified into a threevariable problem. The first Hohenberg-Kohn theorem states that the ground-state total energy
of a system is only a functional of the ground-state electron density n(r). The proof is based on
the statements that in the ground state, the electron density determines uniquely the external
potential, and the external potential determines uniquely the many-electron wavefunction and
therefore the total energy. Although the theorem proves the existence of a functional that
connects the total energy and the electron density in the ground state, it does not tell us how
to construct such a functional.

3.1. Ab initio methods

67

To figure out how the ground-state energy can be actually related to the ground-state electron
density, let’s go back to the many-electron Schrödinger equation in Equations 3.3 and 3.4. With
the Dirac notation, Ee can be expressed in terms of

Ee =

D

e

Ĥe

e

e

E

as:

.

(3.5)

In the many-electron Hamiltonian Ĥe , the Coulomb attraction between nuclei and electrons
can be usually seen as an external nuclear potential Vn (r) experienced by electrons, and the
P
second term on the right-hand side of Equation 3.4 can be rewritten as N
i=1 Vn (ri ). Now the
total energy can be written as:

Ee =

*

e
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By using the relationship between
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(3.6)

and n(r) of N electrons, shown as:
| (r, r2 , ..., rN )|2 dr2 ...drN ,

(3.7)

the nuclear potential term in Equation 3.6 can be rewritten in a more compact form:
*

e

X
i

Vn (ri )

e

+

=

Z

Vn (r)n(r)dr,

(3.8)

and now it is explicitly dependent on n(r). However, the kinetic energy and the Coulomb
repulsion energy terms in Equation 3.6, which can be denoted as Te and Ve , respectively, are
only implicitly dependent on n(r) and still require the 3N -dimensional wavefunction. The idea
of Kohn and Sham (1965)88 was to use the kinetic energy and the Coulomb repulsion energy of
N independent electrons with charge density n(r) to represent these two implicit terms, which
is shown as:
Ee [n] =
=

Z
Z

Vn (r)n(r)dr + Te + Ve
(3.9)
Vn (r)n(r)dr + TSP + VSP + (Te

TSP ) + (Ve

VSP ),
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where Ee [n] means Ee can be expressed as a functional of n(r). TSP is the kinetic energy of N
independent electrons and is calculated as:
N Z
X

TSP =

1 2
⇤
i (r) ri i (r)dr,
2

i=1

where

i (r)

(3.10)

is the wavefunction of an independent electron, and it is also only dependent on

three variables. From the independent electron approximation, n(r) of N electrons can be
expressed in terms of

i (r)

as:

n(r) =

N
X
i=1

| i (r)|2 .

(3.11)

VSP is the Coulomb repulsion energy of N independent electrons, and it is calculated based on
the Hartree model which assumes the electrons are independent, and each electron is immersed
in the mean electrostatic potential created by all the electrons with a charge distribution n(r).
The electrons in the mean potential have a potential energy VH (r), which is called the ‘Hartree
potential’ and satisfies Poisson equation89 :
r2 VH (r) =

4⇡n(r).

(3.12)

The solution of it is:

VH (r) =

Z

n(r0 )
dr0 .
|r r0 |

(3.13)

Since all the N electrons experience the Hartree potential, the total Coulomb repulsion energy
VSP can be expressed as:

VSP =

1
2

Z Z

n(r)n(r0 )
drdr0 .
|r r0 |

(3.14)

All the di↵erences between the real interacting system and the independent electron approximation are included into the exchange and correlation energy term Exc [n], which is defined
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as:

Exc [n] = Te

TSP + Ve

VSP .

(3.15)

In principle, there is a Exc [n] which gives the exact total energy in the ground state. However,
the exact Exc [n] is still unknown, and there are a lot of approximations to it in practice, which
will be discussed later. Finally, the total energy can be written as:

Ee [n] =

N Z
X
i=1

1 2
⇤
i (r) ri i (r)dr
2

+

Z

1
Vn (r)n(r)dr +
2

Z Z

n(r)n(r0 )
drdr0 + Exc [n]. (3.16)
|r r0 |

Now, the problem becomes how to solve Ee [n] and n(r). The second Hohenberg–Kohn theorem87 states that the ground state is obtained by minimising Ee [n] with respect to n(r), which
is expressed as:
Ee [n]
= 0.
n

(3.17)

If we apply the chain rule to the functional derivative of Ee [n] with respect to any of the
wavefunctions

⇤
i (r),

we will obtain:
Ee [n]
Ee [n]
=
⇤
(r)
n
i

n
⇤
i (r)

=

Ee [n]
i (r),
n

(3.18)

where the last equality comes from Equation 3.11. Therefore we have:
Ee [n]
= 0.
⇤
i (r)

(3.19)

The wavefunctions should satisfy Equation 3.11, and it is convenient to require that they satisfy
the orthonormality constraints:

h i (r)| j (r)i =

ij .

(3.20)

To solve Equation 3.19 with the constraints, we introduce the method of Lagrange multipliers90
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in which a new functional L is introduced with the constraints incorporated:

L = Ee [n]

X

µij [h i (r)| j (r)i

ij ],

(3.21)

ij

where µij are the Lagrange multipliers. Now we need to minimise L with respect to
L
⇤
i (r)

= 0.

⇤
i (r):

(3.22)

By solving Equation 3.22, we can finally obtain the Kohn-Sham equation:


1 2
r + Vn (r) + VH (r) + Vxc (r)
2 i

i (r)

= "i i (r),

(3.23)

where Vn (r) is the nuclear potential, VH (r) is the Hartree potential, and Vxc (r) is the exchange
and correlation potential defined by:

Vxc (r) =

To obtain

i (r)

Exc [n]
n

.

(3.24)

n(r)

and "i in the Kohn-Sham equation, we need to obtain all the potentials. Vn (r)

is determined by a specific set of nuclear positions. VH (r) and Vxc (r) are both dependent on
n(r) as shown in Equations 3.12 and 3.24, respectively. However, n(r) is dependent on the
unknown

i (r)

as shown in Equation 3.11. This means the Kohn-Sham equation can only be

solved ‘self-consistently’. In practice, the procedure for solving the Kohn-Sham equation is
usually that first, we specify a certain set of nuclear coordinates and determine Vn (r) from the
nuclear coordinates. Then, we can have an initial guess of n(r) to calculate Vn (r) and Vxc (r).
One way to construct the initial n(r) is to add up the n(r) corresponding to isolated atoms but
arranged in the given nuclear coordinates. After we know all the potentials, we can solve the
Kohn-Sham equation and obtain a set of wavefunctions. Using these wavefunctions, we can
construct a new n(r) and use it to calculate Vn (r) and Vxc (r) again. This process is repeated
until the di↵erence between the old and the new n(r) falls below a desired threshold, which
means the ‘self-consistency’ is achieved.
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After we obtain the ground-state charge density, we can then obtain the ground-state total
energy and use it to study other ground-state properties of materials such as equilibrium structures and binding energies. In recent years, DFT has become a strong tool in many areas of
research91 such as nanoscience and metal phase diagram, and it is especially useful for predicting new materials such as new Li battery materials92 . However, there are some limitations of
DFT. For example, it cannot accurately predict the electronic band gaps of semiconductors and
insulators93 , and it poorly treats strongly correlated systems94 . In fact, many of the limitations
of DFT are relevant to the approximations made for Exc [n]92 , and e↵orts for designing Exc [n]
suitable for di↵erent systems have been constantly made95 . In the following paragraphs, I will
give an introduction of the exchange and correlation functionals used in this work.
Exchange and correlation functionals The most simple functional is the local density approximation (LDA)96, 97 based on the homogeneous electron gas (HEG) model where a constant
nuclear potential is assumed in space and the Coulomb repulsion between electrons is considered. In this model, n(r) is also a constant in space, and both the exchange and the correlation
energy can be expressed in terms of the constant n(r). The LDA assumes that each volume
element dr of a material follows the HEG model and the sum of Exc calculated for each volume
element dr with a local density n(r) is the total exchange and correlation energy of the material. Based on the LDA, the generalized-gradient approximation (GGA) functionals have been
developed. Within the GGA, the Exc of each volume element is determined as a functional of
both n(r) and the gradient of n(r) within the element. With the added information, the GGA
is known to overcome some deficiencies of the LDA such as the bond dissociation energy error95
and inaccurate descriptions of lattice constants of alkali metals98 . There are di↵erent forms
of GGA functionals such as Perdew and Wang (PW91)99 and Perdew, Burke and Enzerhof
(PBE)100 . PBE was used to study the equilibrium structures of metal electrodes in this work.
In this work, the crystalline structures of PE and PP were studied and interchain van der Waals
(vdW) interactions are important in polymers. These interactions are relevant to nonlocal
correlations of electrons, which are not described by either LDA or GGAs. To solve this issue,
a new type of functionals termed van der Waals density functionals have been developed in
recent years101 . These functionals use usual GGA and LDA functionals for the exchange and
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the local correlation energies, and add a nonlocal correlation energy responsible for long-range
dispersion forces. The nonlocal energy is also expressed as a functional of the charge density.
The first vdW density functional (vdW-DF) was developed by Dion et al.102 , and there are now
several di↵erent vdW density functionals such as optB88-vdW103 and vdW-DF2104 .
The band gaps of crystalline PE and PP were also studied in this work. DFT is known to
underestimate the electronic band gap of semiconductors and insulators93 , and using a hybrid
functional which replaces part of the exchange energy in Exc [n] with Hartree-Fock exchange
energy has become a practical way to solve this issue92 . The band gap problem is actually
the di↵erence between the Kohn-Sham gap EgKS , defined as the di↵erence between the lowest
unoccupied and the highest occupied Kohn-Sham eigenvalues, and the electronic (quasiparticle)
band gap EgQP , defined as the di↵erence between the ionization potential (EN
the electron affinity (EN

EN +1 ) of a material. (EN , EN +1 and EN

1

1

EN ) and

are the ground-state

total energies of a neutral system, a system with one electron added and that with one electron
removed, respectively.) For a periodic solid system with a huge number of electrons, the change
n of the charge density n(r) of a unit cell is negligible after adding or removing an electron
to the system. By taking the limit

n ! 0, it can be proven105 that
lim EgQP = EgKS +
n!0

xc

= lim Vxc [n +
n!0

n]

Vxc [n

xc ,

(3.25)

n].

(3.26)

The equations suggest that there exists a discontinuous jump around n of the exact exchange
and correction potential Vxc . Both LDA and GGA approximations do not show the discontinuity
of Vxc , and therefore they cannot give the correct EgQP .
A major contribution to the di↵erence between EgKS and EgQP is the spurious interaction between
an electron with itself included in the Hartree potential, and this self-interaction error is only
partially cancelled by the exchange energy in LDA and GGAs, which is the major cause of their
underestimation of band gaps106 . The exchange energy calculated from the Hartree-Fock (HF)
theory exactly cancels the self-interaction error, but the HF exchange energy is long ranged
and will lead to an overestimation of the band gap107 . Therefore, the motivation behind the
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hybrid functional is to combine HF exchange functionals dependent on Kohn–Sham orbitals
and density functionals such as LDA and GGAs in order to obtain band gaps that sit between
the results of the two methods and are in better agreement with experimental data. However,
empirical parameters such as the mixing ratio are introduced in the hybrid functional, making
the functional not longer fully ab initio. Also, the optimum value of the mixing ratio can be
di↵erent for di↵erent properties108 . Nowadays, there are di↵erent hybrid functionals such as
B3LYP109 and PBE0110 . In this work, PBE0 was used to study the band gaps of both crystalline
PE and PP.
In practice, DFT is usually combined with the Bloch theorem to give a more efficient description of crystalline solids. Also, there are many numerical techniques such as plane-wave
representation and pseudopotential which make DFT calculations more efficient. They will all
be introduced in the following paragraphs.
Bloch theorem In the previous introduction, the arrangement of atoms is not specified. When
the system of interest is in a crystalline form and has a periodic potential, the Bloch theorem111
applies. In the Bloch theorem, the Kohn-Sham wavefunction

i (r)

is labelled with an additional

wavevector k and can be expressed as a product of a periodic function and a plane wave, shown
as:

i (r)

!

ik (r)

= uik (r)eik·r ,

(3.27)

where uik (r) is a periodic function with the periodicity of the crystal unit cell, and eik·r is a
plane-wave function. By replacing

i (r)

in Equation 3.23 with

ik (r)

and solving Equation

3.23, we can obtain:


1
(r + ik)2 + Vtot (r) uik (r) = "ik uik (r),
2

where Vtot (r) is the sum of Vn (r), VH (r) and Vxc (r), and
bk.
as a modified Hamiltonian H

1
(r + ik)2
2

(3.28)

+ Vtot (r) can be regarded

Because uik (r) has the periodicity of the crystal unit cell, this equation actually tells us that
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we only need to solve Schrödinger equations inside one unit cell. In the reciprocal space, the
lattice vector G can be defined as:

G = n1 b1 + n2 b2 + n3 b3 ,

(3.29)

where n1 , n2 and n3 are integers, and b1 , b2 , and b3 are primitive vectors of the reciprocal
lattice. For example, if the crystal of interest has an orthorhombic unit cell with lattice constants
a, b and c along the x, y and z axes, respectively, b1 , b2 , and b3 are defined as:

b1 =

2⇡
2⇡
2⇡
ux , b2 =
uy , b3 =
uz ,
a
b
c

(3.30)

where ux , uy and uz are unit vectors along the x, y and z axes, respectively. It can be proved
b k and H
b k+G are the same, and this enables us to find solutions only for
that the solutions for H
k in the first Brillouin zone (BZ) in practice.

Properties such as the charge density and the energy in DFT calculations are calculated as an
average over k in the first BZ. In principle, there is an infinite number of k in the first BZ, and
if we regard k as a continuous variable in the reciprocal space, the average of a property f can
be expressed as:
1
f=
⌦BZ

Z

f (k)dk,

(3.31)

BZ

where f is the average value of the property f , f (k) shows f can be expressed as a function of
k and ⌦BZ is the volume of the first BZ.

For practical reasons, calculations are only performed for a discrete mesh of k in the first BZ. A
popular way of choosing a k-point mesh is to use a Monkhorst-Pack grid112 containing a regular
grid of ki points along each reciprocal lattice direction i in the first BZ. Owing to the symmetry
of the first BZ, calculations only need to be performed for k-points in the irreducible Brillouin
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zone (IBZ) from which the first BZ can be generated by symmetry, and f can be written as:

f=

Nk
X

!m f (km ),

(3.32)

m=1

where m = 1, 2, ..., Nk . km are points in the IBZ, and !m is the weight associated with km and
depends on symmetry. In order to obtain more accurate results of a property, the convergence
of the property with respect to the dimensions of a k-point grid should be checked. Sometimes,
to achieve a better convergence, the k-point gird is shifted with respect to the center of the
first BZ by half of the grid spacing to avoid including high-symmetry k-points in the first BZ
at which the calculated properties are usually either a maximum or a minimum.

Plane-wave representation Since uik (r) is periodic with the crystal unit cell, it can be
represented with a Fourier series of plane waves. The Fourier expansion can be expressed as:

uik (r) =

X

ci (G)eiG·r ,

(3.33)

G

where G is reciprocal lattice vector, and ci (G) is the coefficient associated with each G. In
principle, an infinite number of G-vectors in the reciprocal space should be used; however, in
practice, only a finite number of G-vectors are used to save computational resources. These
G-vectors form a basis set, and the size of the basis set is specified with a parameter called the
plane-wave kinetic energy cuto↵ Ecut , which is given by:

Ecut

|Gmax |2
=
,
2

(3.34)

where Gmax is the largest G-vector in the basis set and defines how fine the property of interest is
described. The use of a plane-wave representation is advantageous in many ways. For example,
the accuracy of DFT calculations can be controlled systematically with Ecut . Also, derivatives
in real space are multiplications in reciprocal space, which is useful for calculating the kinetic
energy of electrons and the Poisson equation for the Hartree potential.

Pseudopotentials In DFT calculations, it is usually convenient to only calculate properties
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of valence electrons since they are the ones that are usually active in chemical bonding, while
core electrons are inert. To achieve this, ionic pseudopotentials, which are modified nuclear
potentials, are used to represent the combined e↵ects of nuclei and their tightly bounded core
electrons on valence electrons113 . Also, the original valence wavefunctions (‘all-electron wavefunctions’) calculated in the presence of core electrons are replaced by pseudo-wavefunctions113 .
The main advantages of using pseudopotentials are that first, the number of electrons in a calculation can be reduced, which is especially useful for atoms containing a large number of core
electrons. Second, the all-electron wavefunctions of valence electrons show many oscillations
in the core region to maintain orthogonality with core electrons91 and therefore require a high
Ecut of plane waves to describe those oscillations, which is computationally expensive. The
pseudo-wavefunctions of the valence electrons, which are solutions of pseudopotentials, have a
smoother shape than the original oscillating all-electron wavefunctions within a defined region
with a radial cuto↵ rc from the nucleus and therefore require a lower Ecut . Nowadays, there
are two main forms of pseudopotential, namely the norm-conserving pseudopotential114 and
the ultrasoft pseudopotential115 . The feature of the former is that the norm of the pseudowavefunction of a valence electron is conserved compared to the corresponding all-electron
wavefunction within a defined radius rc from the nucleus, and the two wavefunctions are identical outside rc . For the latter, it uses a smoother pseudo-wavefunction than the former and
therefore further reduces Ecut .

3.1.2

Force calculation with DFT

As was mentioned before, DFT calculations are usually used to study the equilibrium structures
of a material, and in this work, I studied the equilibrium structures of polymers at 0 K with
DFT. In Section 3.1.1, I described how to calculate the electronic energy of a system at a set of
fixed nuclear coordinates. However, to determine the equilibrium structure, one needs to vary
the nuclear coordinates until the forces acting on each nucleus vanish. Therefore, calculating
forces acting on the nuclei in a system is key to obtaining the equilibrium structure, and I will
introduce how forces are calculated with DFT in this section. As was mentioned in Section
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3.1.1, the Born-Oppenheimer approximation decouples the dynamics of the nuclei from that of
the electrons in a system. Within the Born-Oppenheimer approximation, the Schrödinger-like
equation for M nuclei can be written as:
"

M
X
1
r2I + U (R1 , R2 , ..., RM )
2m
I
I=1

#

(R1 , R2 , ..., RM ) = Etot (R1 , R2 , ..., RM ),

(3.35)

1 X ZI ZJ
+ Ee (R1 , R2 , ..., RM ),
2 I6=J |RI RJ |

(3.36)

U (R1 , R2 , ..., RM ) =

where the first term in the bracket on the left-hand side of Equation 3.35 is the kinetic energy
of M nuclei, U (R1 , R2 , ..., RM ) is the total e↵ective potential experienced by the nuclei which
includes the Coulomb repulsion between the nuclei and the total energy of electrons when the
nuclei are at positions R1 , R2 , ..., RM , and (R1 , R2 , ..., RM ) is the nuclear wavefunction. Since
the nuclei have greater masses than the electrons, the nuclear wavefunctions are much more
compact than the electron wavefunctions, and they can be treated as point particles with the
kinetic energy described with classic Hamiltonian PI . Using Hamilton’s equations of motion116 ,
we can derive Newton’s equations for the nuclei, and the force on the I-th nucleus at position
RI is:

FI =

@UR
,
@RI

(3.37)

where UR is the total potential energy of M nuclei.

In DFT calculations, the term on the right-hand side of Equation 3.37 can be determined with
the Hellmann-Feynman theorem117, 118 , which can be expressed as:
dE
=
d

*

b
dH
d

+

,

b is a Hamiltonian depending on a parameter , and
where H

(3.38)

b with
is an eigenstate of H

the eigenvalue E . The Hellmann-Feynman theorem tells us that to calculate the derivative of
an eigenvalue of a Hamiltonian with respect to some parameter, we just need to calculate the
expectation of the derivative of the Hamiltonian with respect to the same parameter. Therefore,
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to calculate the derivative of the total potential energy UR with respect to the position of a
nucleus, we only need to calculate the expectation value of the derivative of the Hamiltonian
U (R1 , R2 , ..., RM ) shown in Equation 3.36. With the Hellmann-Feynman theorem, FI can be
calculated as91 :

FI = ZI

"Z

r
n(r)
|r

RI
dr
RI | 3

X

RJ
ZJ
|RJ
I6=J

#
RI
.
RI | 3

(3.39)

From this equation, we know that to determine FI , we only need to know the nuclear positions
and the charge density of electrons n(r). Furthermore, it clearly shows that the force on a
nucleus just arises from the classical electrostatic fields created by the electrons and the other
nuclei.

The force calculated with the Hellmann-Feynman theorem can then be used in the geometry
optimisation of a system to obtain the equilibrium structure. In a usual geometry optimisation procedure, the nuclei will be driven towards the optimised positions where the potential
energy reaches its minimum with methods119 such as the ‘steepest descent’ and the ‘conjugate gradients’. In the evolution of nuclear positions, forces on nuclei are calculated with the
Hellmann-Feynman theorem at each step and will be used to determine the nuclear positions
at the next step. To check whether a system reaches its equilibrium structure, the convergence
of nuclear coordinates should be checked, but in practical DFT calculations, this is achieved
by monitoring if forces on nuclei and the change of total energy between two consecutive steps
are below certain thresholds.

3.1.3

Ab initio molecular dynamics

Molecular dynamics (MD) simulation is a method of simulating the trajectory of nuclei in a
system with time following Newton’s equation of motion, and the key equations to be solved
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are:

FI = MI R̈I ,

(3.40)

@UR
,
@RI

(3.41)

FI =

where FI is the force on the nucleus I at position RI , UR is the potential energy of all atoms
at a set of positions R1 , R2 , ..., RM . If UR is given as an empirical function of the atomic
positions, the method is termed classical molecular dynamics (MD). If UR is obtained from
ab initio calculations such as DFT calculations, it is termed ab initio molecular dynamics
(AIMD). With ab initio calculations, the predicted potential energy surface in AIMD will be
more accurate than that in classical MD, and therefore AIMD is the preferred method to study
interface dynamics at a finite temperature in this work.

There are two types of AIMD120 , namely the Born-Oppenheimer molecular dynamics (BOMD)
and the Car-Parrinello molecular dynamics (CPMD). BOMD is based on the Born-Oppenheimer
approximation which assumes that nuclei move slowly and electrons react quickly to the motion
of nuclei and always stay in the ground state. The nuclei and the electrons do not exchange
energy during their evolution, and therefore the evolution is adiabatic. In BOMD simulations,
at each time step, a ground-state calculation of electrons is performed for the fixed nuclear
positions at that step, and forces on nuclei at that step are obtained from the ground-state
electronic calculation with the Hellmann-Feynman theorem, which is the same as calculating
forces in geometry optimisation discussed in Section 3.1.2. CPMD assumes that both nuclei
and electrons obey classical equations of motion, and the classical description of electrons is
achieved by introducing an orbital velocity and a fictitious mass associated with the orbital dynamics. By doing this, the optimisation of the electronic structure at each step in the BOMD,
which can be computationally expensive, is not required. Within CPMD, to retain the adiabaticity in the evolution of nuclei and electrons, i.e., to keep electrons stay cold so that they are
still close to the exact Born-Oppenheimer surface and simultaneously keep nuclei at a higher
temperature, there should be a large gap between the lowest frequency of electrons, which is
proportional to the square root of the band gap of the material simulated, and the highest
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frequency of nuclei, which is greater than zero. However, for metallic systems where the band
gap is zero, the lowest frequency of electrons is zero, and the frequency gap doesn’t exist. In
this way, CPMD is not appropriate for metallic systems. In this work, since the interfaces
studied contain metals, the BOMD method is used in AIMD simulations.

In MD simulations121 , there are di↵erent ensembles that can be used such as the microcanonical
ensemble (NVE ensemble) and the canonical ensemble (NVT ensemble). In both ensembles,
the number of particles N and the system volume V are assumed constant. The di↵erence is
that the former assumes a constant energy E, while the latter assumes a constant temperature
T. Because I am interested in the behavior of interfaces at a constant temperature, I used
the NVT ensemble in this work. Under a NVT ensemble, the temperature can be controlled
using thermostats122 such as the Anderson thermostat, di↵erent velocity-scaling thermostats
and Nosé-Hoover thermostat. Nowadays, the Nosé-Hoover thermostat is widely used because it
can sample a canonical ensemble in the real system. However, the DFT code used in this work
does not support this thermostat. With the velocity-scaling method, the velocities of atoms
are rescaled by a factor at each time step. In the simplest form of this method, at each time
step, the system temperature T 0 is calculated with the equipartition theorem expressed as:
M
1 X1
3
(
mI vI2 ) = kB T 0 ,
M I=1 2
2

(3.42)

where M is the number of particles in a system, and the left-hand side shows the average over
the kinetic energy of all particles. The velocities vI of all particles are then rescaled by a factor
↵ defined with respect to the target temperature T as:

↵=

p

T /T 0 .

(3.43)

The velocity-scaling method is simple, but it doesn’t sample a real canonical ensemble. Since
understanding how charge injection barriers change with di↵erent interface conformations is
of more interest compared to obtaining realistic interface conformations around the target
temperature, the velocity-scaling method was still used.

3.2. Charge injection barrier calculations
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Charge injection barrier calculations

Charge injection barriers at interfaces between metal electrodes and polymer insulation material
are one of the main properties that characterise the charge injection process because they
directly tell us how easily charge injection can happen. In a previous first-principles simulation
of metal/PE interfaces30 which has been introduced in Section 2.3.2, the interface supercell
consists of a metal slab, a PE slab and some vacuum region on the top, and charge injection
barriers were determined by aligning energy levels of two materials at the interface according
to the vacuum level shift

', which was calculated with the following equation:

'=

e |D|
,
"0 A

(3.44)

where e is an electron charge, "0 is the vacuum permittivity, A is the interface area, and |D| is
the dipole moment across the interface calculated from the charge density of the whole interface unit cell. Although their model is simple, and the interface band alignment can be simply
related to

', some shortcomings can still be found. First, due the vacuum region included

in their interface supercell, the size of the supercell will usually be big, and DFT calculations
with a plane-wave basis performed on such a supercell will be time-consuming. Second, the
supercell contains three interfaces, namely the metal/vacuum interface, the PE/vacuum interface and the metal/PE interface. In fact, all of these can contribute to |D| in Equation
3.44. These shortcomings drove me to find other possible methods of calculating charge injection barriers. In fact, potential energy barriers, usually known as the Schottky barriers, at a
metal/semiconductor interface have been studied for a long time, and can be determined with
DFT calculations following a well-developed procedure123, 124 , which will be called the ‘bulk
reference’ method is this work. Since semiconductors and polymeric insulators both have band
gaps, and the polymers studied in my work are also in their crystalline form, the same procedure should also apply to metal/polymer interfaces. In this section, I will give an introduction
of this procedure and how it is applied to the metal/polymer interface in this work.

Before I introduce the ‘bulk reference’ method, let’s first recall the interface band alignment of
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a heterojunction formed between a metal and an insulator.

Figure 3.1: The energy alignment at a metal/insulator interface. Before contact: EF is the
metal Fermi level in a ‘bulk-like’ region far from the metal surface, and ECBM and EVBM are
the conduction band minimum (CBM) and the valence band maximum (VBM) of the insulator
in a ‘bulk-like’ region far from the insulator surface. Evac is the vacuum level, and based on it,
metal work function 'm of an isolated metal and insulator electron affinity EEA of an isolated
insulator are defined. Eg is the insulator band gap. After contact: EF is the metal Fermi level
in a ‘bulk-like’ region far from the interface, and ECBM and EVBM are the CBM and VBM of the
insulator in a ‘bulk-like’ region far from the interface. V is the shift of the relative position
of ECBM (EVBM ) to EF after the metal/insulator contact is formed and is caused by a dipole
formed at the interface. e and h are the electron and hole injection barriers at the interface,
respectively.

In the left figure (before contact) in Figure 3.1, EF is the metal Fermi level in a ‘bulk-like’
region far from the metal surface, and ECBM and EVBM are the conduction band minimum
(CBM) and the valence band maximum (VBM) of the insulator in a ‘bulk-like’ region far from
the insulator surface. Eg is the insulator band gap. Evac is the vacuum level, and based on it,
metal work function 'm of an isolated metal and insulator electron affinity EEA of an isolated
insulator are defined.
The key issue to be solved is how the values of EF , ECBM and EVBM change after a metal/insulator
contact is formed. So, in the right figure in Figure 3.1, EF is the metal Fermi level in a ‘bulklike’ region far from the interface, and ECBM and EVBM are the CBM and VBM of the insulator
in a ‘bulk-like’ region far from the interface. In fact, the main task is just to determine the
values of EF , ECBM and EVBM in ‘bulk-like’ regions far from the interface, and from these
values, the electron
h

= EF

e

and hole

h

injection barriers can be obtained as

e

= ECBM

EF and

EVBM . Compared to the values of EF , ECBM and EVBM which are from ‘bulk-like’
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regions far from metal or insulator surface in isolated materials in the left figure, there will be
a shift

V of the relative position of ECBM (EVBM ) to EF at the interface in the right figure

caused by an interfacial dipole.
To determine EF , ECBM and EVBM at a metal/insulator interface, the first step is to construct
an interface supercell. In the DFT study of a metal/semiconductor interface, a supercell that
contains a sufficient number of atomic layers of both the metal and the semiconductor is usually
used to represent the interface123 , as shown in Figure 3.2. The interface supercell is periodic
in three dimensions in DFT calculations and should be made symmetric so that interface 1
and 2 are identical and the net dipole of the supercell is zero. This supercell doesn’t include
a vacuum region, which is di↵erent from the interface supercell mentioned at the beginning of
this chapter. The advantages of using such a supercell are that first, since a vacuum region is
not included, a smaller supercell size is achieved, which will be time-saving in plane-wave DFT
calculations. Second, the local dipoles in the supercell are only from two metal/semiconductor
interface regions, and there is no dipole associated with metal (semiconductor)/vacuum interfaces. Finally, the net dipole of the whole supercell is zero thanks to the symmetry of interface
1 and 2 and, therefore, no dipole correction needs to be performed. So, for the metal/polymer
interface in this work, such interface supercell is also used.
To determine the metal Fermi level and semiconductor band edges of such an interface supercell,
the ‘bulk reference’ method123, 124 is commonly used nowadays. Before I introduce it, I will
first discuss another method based on the local density of states (LDOS), which is a spatially
resolved density of states. In principle, in a region far away from the interface region for each
material in an interface supercell, the LDOS curve should be very similar to that of the bulk
material, and the metal Fermi level and semiconductor band edges can therefore be obtained
by directly comparing the LDOS pattern between an interface calculation and a separate bulk
calculation for each material. However, in practice, a finite interface supercell is used, and the
LDOS from the interface calculation may be influenced by quantum size e↵ects and therefore
is not bulk-like. Also, as was mentioned in Section 3.1.1, in practical calculations, the k-point
mesh used in a self-consistent field (SCF) calculation, which can be later used to obtain LDOS,
is usually shifted from the center of the first Brillouin zone, and thus some high-symmetry
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k-points are excluded from the LDOS calculation. However, the conduction band minimum
(CBM) or valence band maximum (VBM) of the semiconductor are usually located at those
high-symmetry k-points, and thus the calculated LDOS may give inaccurate descriptions of
CBM and VBM. There are other limitations of this method which have been summarised in
Reference 124.
The ‘bulk reference’ method is based on electrostatic potentials of an interface supercell, which
are also easily obtained from DFT calculations. With this method, first, the electrostatic potential of an interface supercell in three dimensions is obtained. The 3-D electrostatic potential
changes rapidly with atomic position, and in order to filter out the large oscillations and preserve
features at a macroscopic scale, a nanosmoothing process123 , which will be explained further in
the following paragraphs, is usually performed on the 3-D potential. After the nanosmoothing,
a 1-D electrostatic potential distribution across the interface is obtained. Similar to LDOS,
in a region far away from the interface region for each material in an interface supercell, the
nanosmoothed electrostatic potential should also converge to its ‘bulk-like’ limit (a flat line),
and a potential di↵erence across the interface can be obtained. In fact, the e↵ect of the interfacial dipole on the energy shift

V at the interface (see the right figure in Figure 3.1) is already

included in the potential di↵erence across the interface. Second, in the ‘bulk-like’ region of
each material, where the nanosmoothed electrostatic potential converges to ‘bulk-like’ limit,
far from the interface region, EF , ECBM and EVBM are obtained by referencing to energy di↵erences obtained from bulk calculations. For metal, the energy di↵erence is the relative position
of EF to the nanosmoothed electrostatic potential of a bulk metal, and for semiconductor, it
is the relative position of ECBM or EVBM to the nanosmoothed electrostatic potential of a bulk
semiconductor. In DFT calculations, EF , ECBM and EVBM of bulk materials can be determined
easily and accurately, and they are not a↵ected by quantum size e↵ects. Also, although a finite
supercell is also used in this method in practice, the nanosmoothed electrostatic potential in
the ‘bulk-like’ region of each material usually converges faster than the LDOS with respect to
the number of atomic layers used for the material124 . These make the ‘bulk reference’ method
more widely used nowadays.
Now I will introduce how the ‘bulk reference’ method is applied to studying the metal/polymer
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Figure 3.2: A metal/semiconductor (insulator) interface supercell.

interface in this work. I will use an Al(100)/PE(001) interface supercell (Figure 3.3) which
contains nine Al and nine PE layers as an example. In this supercell, the two Al/PE interface
regions are made symmetric about the middle PE layer to ensure that the net dipole of the
supercell is zero.

Figure 3.3: The Al(100)/PE(001) interface supercell with nine Al and nine PE layers.

From a DFT calculation of this supercell, we can obtain the electronic charge density n(r)
across the whole unit cell. Via the Poisson equation, the Hartree potential VH (r) can be
calculated based on n(r). The electrostatic potential V (r) is the sum of VH (r) and the ionic
pseudopotential. Since the quantity of interest is along the direction (the z-axis in the example)
perpendicular to the interface where the discontinuity occurs, V (r) is usually averaged over the
plane with an area S parallel to the interface to obtain the planar average electrostatic potential
V (z), which can be expressed as:
1
V (z) =
S

Z Z

V (r) dx dy,
S

(3.45)
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Figure 3.4: The energy alignment at an Al/PE interface with the ‘bulk reference’ method.
EFermi is the Al Fermi level, and ECBM and EVBM are the PE band edges at the Al/PE interface.
bulkAl
bulkPE
bulkPE
EFermi
is obtained from bulk Al calculations, and ECBM
and EVBM
are obtained from
interface
bulk PE calculations.
E
is the macroscopic average potential di↵erence across the
interface. e and h are the electron and hole injection barriers, respectively.

The V (z) of the example is shown as the grey line in Figure 3.4. From this line, we can see
regular and large oscillations along the z-axis, which indicates the underlying positions of the
atomic planes. Although V (z) can already tell us some information about the relative position
of the electrostatic potentials of the two materials, the oscillations make it difficult to accurately
determine the potential di↵erence across the interface.

In practice, a nanosmoothing process is usually applied to V (z) to smooth out the oscillations.
It can be achieved by convolving V (z) with a smoothing function f (z) to obtain the macroscopic
average potential Vb (z), which can be expressed as:
Vb (z) =

Z

V (z 0 )f (z

z 0 ) dz 0 .

(3.46)

The smoothing function f (z) should help recover localized features of V (z) and therefore should
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be non-zero within a certain region and is zero outside the region. Also, for the symmetry reason, the values of V (z) at points with the same distance to the point for which the macroscopic
average potential is obtained should be given equal weights in the smoothing process. Furthermore, f (z) should be used to average the potential and not to magnify or minimize the
potential within a region. So, the integration of f (z) should be equal to one. The properties
that f (z) should have can be expressed as125 :

f (z) > 0, |z| < L/2,

(3.47)

f (z) = 0, |z|

L/2,

(3.48)

f ( z) = f (z),
Z
f (z) dz = 1,

(3.49)
(3.50)

where L is the length of the region within which the values of V (z) are included in a smoothing
process. Since the oscillations of V (z) have the same periodicity with atomic planes, L is
usually chosen to be an integer multiple of the atomic layer spacing.

The final expression for Vb (z) is:

Vb (z) =

Z

z+L/2

V (z 0 )f (z

z 0 ) dz 0 .

(3.51)

z L/2

Dependent on the features of an interface, f (z) can take di↵erent forms123 . In this work, I take
a simple choice of a square-wave filter function with the width of the interlayer spacing d of a
material, which is expressed as:

f (z) = 1/d, |z| < d/2,

(3.52)

f (z) = 0, |z| d/2,
Z
f (z) dz = 1,

(3.53)
(3.54)
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1
Vb (z) =
d

Z

+d/2

V (z

z 0 ) dz 0 .

(3.55)

d/2

The advantage of using such a square-wave filter function is that in an interface supercell, if
a material converges to its ‘bulk-like’ limit in a region away from the interface, Vb (z) in that
region will be very flat. This is because with this choice of f (z), the nanosmoothed potential
Vb (z) of the bulk unit cell of the material is a constant due to the perfect periodicity of the bulk

crystal. In this way, the nanosmoothing process also helps identify the ‘bulk-like’ region of each
material in an interface supercell more easily. This is very important in the ‘bulk reference’
method because the ‘bulk-referencing’ process should happen in ‘bulk-like’ regions.
Since the two materials in the given example have di↵erent interlayer spacings, I perform the
convolution separately on each side of the interface, and for each side, I use a square-wave filter
function with a width of the interlayer spacing of that side. The Vb (z) curves of the two sides are

shown in red in Figure 3.4. It can be clearly seen that for both materials, Vb (z) is much smoother

within the middle three atomic layers (between the vertical black dashed lines in Figure 3.4)
than close to the Al/PE interface region, showing that ‘bulk-like’ features are retained in these
regions. For further calculations, the value of Vb (z) in the middle of the ‘bulk-like’ region of

each material is used in this work. For Al and PE, the values are denoted as Vb Alinterface and

Vb PEinterface , respectively. It should be mentioned that in practice, to achieve the flatness of
Vb (z) in the middle of each material in an interface supercell, a sufficient number of metal and

polymer layers should be used. Also, as was mentioned earlier, the two Al/PE interface regions
in the supercell should be made symmetric about the middle PE layer. Usually, if the two
interface regions are not symmetric, the potential distributions of the two interfaces will be
di↵erent, and there will be a slope shown in Vb (z) in the middle of each material. Such slope
will make it difficult to determine the values of Vb (z) for Al and PE for further calculations.

To do the bulk reference, we also need to perform separate DFT calculations on two bulk
materials. At a metal/polymer interface, there is usually interface mismatch strain, which will
be discussed further in Chapter 5 and Chapter 6. So, for each material, the bulk unit cell to
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be calculated for should be under the same strain as it is in the interface supercell. From a
DFT calculation of such a strained bulk unit cell, V (z) can be obtained first, and Vb (z) is then
obtained by convolving V (z) with a square-wave function with a width of the interlayer spacing

d of the material. For each bulk material, Vb (z) is a constant, and the values of Vb (z) of bulk

Al and bulk PE are denoted as Vb bulkAl and Vb bulkPE , respectively. From the bulk calculations of
bulkAl
bulkPE
bulkPE
Al and PE, the bulk Al Fermi level (EFermi
) and the CBM (ECBM
) and the VBM (EVBM
)

of bulk PE can also be obtained, and their relative positions to Vb of the corresponding bulk
material are calculated as:

bulkAl
bulkAl
EFermi
= EFermi
bulkPE
bulkPE
ECBM
= ECBM
bulkPE
bulkPE
EVBM
= EVBM

where the

Vb bulkAl ,

(3.56)

Vb bulkPE ,

(3.58)

Vb bulkPE ,

E terms denote the relative positions, and

(3.57)

bulkAl
EFermi
,

bulkPE
ECBM
and

bulkPE
EVBM
are

shown as the green, purple and orange arrows in Figure 3.4, respectively.

E terms to Vb Alinterface and Vb PEinterface , which are the values of Vb (z) obtained

By adding these

in the middle of the ‘bulk-like’ region of each material in an interface supercell, the metal Fermi
level (EFermi ) and the CBM (ECBM ) and the VBM (EVBM ) of PE in the ‘bulk-like’ regions away
from the Al/PE interface can be obtained as:

EFermi =
ECBM =
EVBM =

Finally, the electron

e

and hole

h

bulkAl
EFermi
+ Vb Alinterface ,

(3.59)

bulkPE
EVBM
+ Vb PEinterface .

(3.61)

bulkPE
ECBM
+ Vb PEinterface ,

(3.60)

injection barriers are:

e

= ECBM

EFermi =

bulkPE
ECBM

bulkAl
EFermi
+

h

= EFermi

EVBM =

bulkAl
EFermi

bulkPE
EVBM

Vb interface ,

Vb interface ,

(3.62)
(3.63)
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Vb interface is the macroscopic average potential di↵erence across the interface and is

defined as:

Vb interface = Vb PEinterface

Vb Alinterface .

From Equations 3.62 and 3.63, we can know that the sum of

(3.64)

e

and

h

is just the band gap

of strained bulk PE. Also, for interface supercells with di↵erent atomic configurations at the
interface region under a certain type of metal and polymer, their di↵erent
due to their di↵erent

e

and

h

are actually

Vb interface , since the other terms in Equations 3.62 and 3.63 are all from

bulk calculations and are constant. The prodecure mentioned above is used to calculate charge
injection barriers for both metal/PE and metal/PP interfaces in this work.

Chapter 4
Bulk crystalline PE and PP
Before presenting my work on metal/polymer interfaces in Chapter 5, in this chapter, I will
first present my investigation of the properties of the crystalline bulk polymers from which the
interfaces are made. This is because the relaxed atomic structure of the polymers will determine
how I construct interface unit cells, and their electronic structures are required in calculating
charge injection barriers with the ‘bulk reference’ method that was introduced in Chapter 3. I
focus on two polyolefin materials, namely PE and PP, which are commonly used as insulators
in high-voltage power components. The studies of their structural and electronic properties are
shown in Section 4.1 and Section 4.2, respectively. In each section, I will first give a review of
experimental and theoretical knowledge of these two materials from earlier studies, and then
present and discuss the results of my simulations.

4.1
4.1.1

The structural properties of PE and PP
Literature review

Polyethylene Polyethylene (PE), with the chemical formula (C2 H4 )n , was first synthesized
by the German chemist Hans von Pechmann in 1898126 . Nowadays, it is the most common
plastic used in many applications such as food containers and packaging films. The crystalline
91
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structure of PE was first determined by Bunn through X-ray di↵raction experiments in 1939127 .
This and other experiments128–130 all show that at a low temperature, crystalline PE has a basecentered orthorhombic unit cell with the Pnam space group. In a crystalline PE unit cell, there
are two parallel PE chains shown in Figure 4.1(a). The two PE chains have di↵erent intrachain
carbon-plane orientations, which can be clearly seen when the unit cell is viewed down the
z-axis shown in Figure 4.1(b). The setting angle ✓ defined as the angle between the carbon
plane and the xz-plane is usually used to show the relative orientations of the carbon planes
of the two PE chains. There are four -CH2 units in the unit cell, and their positions can be
described in terms of their fractional coordinates of the lattice vectors a, b and c shown in
Table 4.1. (The lattice vectors a, b and c are along the x, y and z axes, respectively.) For each
chain, the two -CH2 units are shown with the +/

fractional coordinates in Table 4.1, where

the coordinates with positive and negative signs belong to the atomic labels outside and inside
brackets, respectively. (The labels are also shown in Figure 4.1(b).) The structural information
of PE from previous experiments is summarized in Table 4.2.

(a)

(b)

Figure 4.1: The orthorhombic PE unit cell (a) viewed in three dimensions, (b) viewed down
the z-axis. In (b), for each chain, the atoms labeled with and without primes have negative and
positive fractional coordinates, respectively, in terms of the lattice vectors a, b and c shown in
Table 4.1.

In reality, PE is usually semi-crystalline, and there are di↵erent structural defects in PE such
as branching131 . (Branching means side chains are linked to a backbone PE chain.) According
to its branching and density, PE is usually classified into several types such as high-density
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Table 4.1: Atomic positions in
an orthorhombic PE unit cell.
Atoms

Fractional coordinates

0

C1 (C1 )
±(a1 , a2 , 0.25)
0
H1 (H1 )
±(a3 , a4 , 0.25)
0
H2 (H2 )
±(a5 , a6 , 0.25)
0
C2 (C2 ) ±(0.5 a1 , 0.5 + a2 , 0.25)
0
H3 (H3 ) ±(0.5 a3 , 0.5 + a4 , 0.25)
0
H4 (H4 ) ±(0.5 a5 , 0.5 + a6 , 0.25)
Table 4.2: Experimental data of the PE crystalline structure.
Method

a(Å)

b(Å)

c(Å)

✓(°)

X-ray(298 K)128
X-ray127
X-ray(298 K)129
Neutron(4 K)130
Neutron(90 K)130

7.388±0.008
7.400
7.418±0.001
7.121±0.002
7.161±0.002

4.929±0.004
4.930
4.946±0.001
4.851±0.002
4.866±0.002

2.539±0.002
2.534
2.546±0.001
2.548±0.001
2.546±0.001

45.0±6
48.8
41.1±1
41.1±1

polyethylene (HDPE), low-density polyethylene (LDPE) and linear low-density polyethylene
(LLDPE)15 . Cross-linked polyethylene (XLPE)131 is a form of PE in which PE chains are
linked together, and XLPE based on LDPE is commonly used as the insulation material in highvoltage cables5, 36 . The PE structure has also been determined with atomic-scale simulations in
recent years. In terms of DFT calculations, studies132–135 in earlier years commonly show good
predictions of the intrachain properties such as bond lengths and bond angles of a single PE
chain using either LDA (local) or GGA (semilocal) functionals. However, properties relevant
to interchain interactions of a bulk crystalline PE such as the a and b lattice constants135
and cohesive energy132, 135 were shown not to be accurately described by both LDA and GGA
functionals. This is because both LDA and GGAs do not include the long-range nonlocal
correlations required to describe the interchain van der Waals (vdW) interactions between
polymer chains.
To describe the interchain vdW forces, two main approaches have been developed in recent
years. The first one is called the DFT-D approach136 , where the summation of the dispersion
energy of each pair of atoms in a system calculated with some empirical parameters is added to
the total energy in a DFT calculation. In Reference 137, they used di↵erent forms (DFT-D2136 ,
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DFT-D3138 and DFT-TS139 ) of the DFT-D method with the dispersion energy added to the
DFT energy calculated with PBE to study the structural properties of bulk crystalline PE.
LDA and two GGAs (PBE and PW91) were also used for comparison. The c lattice parameter
by all functionals is close to the experimental value. With LDA/GGAs, the maximum errors for
the a and b lattice parameters compared to experiment are 15% and 16 %, respectively, while
those with the three DFT-D functionals are both 6%. Although the cohesive energy by LDA
(0.44 eV/CH2 ) is close to experiment (0.40 eV/CH2 130 ), those by the two GGAs are almost
zero. By contrast, the DFT-D functionals give the cohesive energy in a range from 0.44 to
0.52 eV/CH2 . These all show that the DFT-D functionals give better descriptions of properties
relevant to interchain interactions of bulk PE than LDA/GGA functionals.
The second approach is to directly include the dispersion energies as a nonlocal correlation term
into a functional, which results in a family of functionals that are known as vdW density functionals, which were introduced in Section 3.1.1. In Reference 140, the PE crystal was studied by
a set of vdW density functionals. For all the vdW density functionals, the c lattice parameter is
close to the experimental value, and the maximum errors compared to experiment in terms of
the a and b lattice parameters are 4% and 7%, respectively. Furthermore, the cohesive energy
with all the functionals is also in a range close to experiment. In Reference 141, they studied
the elastic constants of the ab-plane of the PE crystal with the vdW-DF functional, and the
results show better agreement with experimental data than those of LDA/GGA functionals.
For example, the elastic constant C11 by vdW-DF is larger than the experimental reference by a
factor of 1.3, while that by LDA/GGA functionals are about five times larger than experiment.
These studies show that vdW density functionals can also give better descriptions of interchain
properties of bulk crystalline PE.
Polypropylene Polypropylene (PP), with the chemical formula (C3 H6 )n , was first synthesized
by Giulio Natta et al. in 1954142 . It has similar properties and applications to PE. However, it
has a more complicated structure than PE because a PP chain contains a side methyl group,
and di↵erent patterns of the distribution of the side methyl groups with respect to the carbon
backbone make PP have di↵erent tacticities. In isotactic PP (iPP), all the side methyl groups
locate at the same side of the carbon backbone, which gives each iPP chain a helical shape.
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In syndiotactic PP and atactic PP, the side methyl groups are attached to the two sides of
the carbon backbone in an alternating manner and a random manner, respectively. Because
iPP has much wider applications than the other two types143 , I focus on iPP in this work.
Isotactic PP has three crystalline forms, namely monoclinic (↵-phase), trigonal ( -phase) and
orthorhombic ( -phase)144 . Since ↵-iPP is more stable and common than the other two forms,
I furthermore focus on this form in this work. The structure of the ↵-iPP was first determined
by Giulio Natta et al. from X-ray di↵raction experiments in 1959142 . They showed the ↵-iPP
has a monoclinic unit cell containing four helical PP chains with the Cc space group shown
in Figure 4.2. In the unit cell, each helical chain has three -[CH2 CH(CH3 )]- (marked within

(a)

(b)

Figure 4.2: The monoclinic ↵-iPP unit cell (a) viewed down the x-axis and doubled along the
z-axis, (b) viewed down the z-axis.
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the dashed box in Figure 4.2(a)) units, and there are two types of helical chains with the side
methyl groups spiralling either clockwise or anticlockwise, as shown in Figure 4.2(b). These
four chains are related to each other via mirror and translational symmetry. A summary of the
experimental data for the ↵-iPP structure is given in Table 4.3. The lattice vectors a, b and c
are along the x, y and z axes, respectively.

is the angle between the a and c lattice vectors.

Table 4.3: Experimental data for the ↵-iPP crystalline structure.
Method

a(Å)

b(Å)

c(Å)

X-ray142
X-ray145
X-ray146

6.65±0.05
6.63
6.67

20.96±0.15
20.78
20.80

6.50±0.05
6.50
6.50

(°)
99.2±1
99.5
98.4

In practice, PP is also semi-crystalline due to imperfections such as chain entangling and
branching. Biaxially oriented polypropylene (BOPP) films, which are the PP films stretched in
both the machine and across machine directions, were proven to have higher dielectric strengths
than unoriented or uniaxially PP films147 and are commonly used as the insulation material in
high-voltage capacitors nowadays8, 33 .
The structural properties of ↵-iPP have also been studied with DFT calculations148, 149 in recent
years. In Reference 148, they used various vdW density functionals and PBE to determine the
equilibrium lattice parameters of ↵-iPP. The results show that all functionals show reasonable
agreement with experiment in terms of the c lattice parameter. Compared to experiment, the
a and b lattice parameters are overestimated by PBE by 10% and 7%, respectively, while the
largest errors among di↵erent vdW density functionals for the two parameters are only 7.6%
and 2%. This again shows that vdW density functionals give more accurate a and b lattice
parameters of ↵-iPP than PBE.
When determining the equilibrium structures of polymer crystals which have many degrees of
freedom such as PE and PP, attention should be paid to local minima of the potential energy
surface (PES). In Reference 137, it was pointed out that the total energy as a function of
interchain distance of PE predicted by PBE is very shallow, and therefore, with a geometry
optimization procedure in which the atomic positions and lattice parameters are relaxed si-
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multaneously, the predicted equilibrium structure by PBE can be far from the structure with
the lowest energy unless very tight thresholds are used. So they first determined the c lattice
parameter, along the chain direction where binding is primarily covalent, and then for this
fixed value of c, they relaxed the internal atomic positions in the unit cell for di↵erent a and b
lattice parameters. However, in Reference 140, they showed that the total energies as a function of interchain distance of PE predicted with vdW density functionals are much deeper at
the bottom than that predicted with PBE. They verified that with vdW density functionals,
the lattice parameters of PE obtained with simultaneous relaxation procedure are similar to
the results calculated with the ‘two-step’ procedure in Reference 137. To further avoid the
local minima issue, they used five di↵erent starting configurations in geometry optimisation.
This procedure was also successfully used in determining the equilibrium structure of ↵-iPP148
with various vdW density functionals. Therefore, the simultaneous relaxation procedure can
be trusted in the prediction of structural properties of crystalline PE and PP as long as vdW
density functionals are used.

4.1.2

Calculated structural properties of PE and PP

In this work, I studied the structures of crystalline PE and ↵-iPP using first-principles DFT
calculations. To avoid that the predicted equilibrium structure is from some local mimimum, I
used di↵erent initial configurations in which the internal atomic coordinates were set to reference
experimental data, and the lattice parameters were varied within 10% of the experimental data.
(The reference experimental data for PE and PP are from Reference 130 and Reference 142,
respectively.) For each direction, I took values of the lattice parameter at a certain interval
within the defined range, and then combined the chosen values of three directions to obtain
di↵erent initial cell parameters. This is to ensure that the final structures are relaxed from
unit cells of di↵erent sizes and therefore the energy landscape of the polymers can be more
thoroughly explored. For PE, more than 20 di↵erent initial configurations were used, and
since PP has a much bigger unit cell, and the calculations are much more computationally
demanding, only 10 initial configurations were used.
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These geometry optimisation procedures were repeated with a set of vdW density functionals, namely vdW-DF102, 150 by Dion et al., optB88-vdW103 and optB86b-vdW151 by Klimeš et
al., vdW-DF2104 by Lee et al., rVV10152 by Sabatini et al., vdW-DF-C09153 by Cooper and
vdW-DF-cx154 by Berland et al. The empirical DFT-D2 method136 by Gimmes and the PBE
functional were also used for comparison.
Calculation parameters All the calculations were carried out with the Pwscf code of QUANTUM ESPRESSO155 . In DFT calculations, ultrasoft pseudopotentials of the Rappe-RabeKaxiras-Joannopoulos type156 were used for C and H. For PE and PP, the kinetic energy cuto↵s
for wave functions (charge density) were 64 Ry (256 Ry) and 48 Ry (192 Ry), respectively, and
the Monkhorst-Pack meshes for sampling the Brillouin zone were 2 ⇥ 4 ⇥ 8 and 3 ⇥ 1 ⇥ 3,
respectively. With these parameters, the energy per -CH2 unit converges to within 1 meV, and
the force per atom converges to within 0.1 meV/Å. For PE, the force and the energy thresholds
used for geometry optimisation were 2.6 ⇥ 10

3

eV/Å and 1.36 ⇥ 10

PP these thresholds were a little higher at 2.6 ⇥ 10

2

6

eV, respectively, and for

eV/Å and 1.36 ⇥ 10

3

eV, respectively,

since a bulk PP unit cell contains many more atoms. (The numbers of atoms in bulk PE and
PP unit cells are 12 and 108, respectively.)
For all the relaxed structures from di↵erent initial configurations with a particular density
functional, I first compared them in terms of the lattice parameters, the setting angle and
the total energy. For all functionals, the variation of the energy per -CH2 unit among all the
relaxed structures is smaller than 5 meV, showing that the structures relaxed from di↵erent
initial configurations are close in energy. Also, the variation of the c lattice parameter is
within 0.001 Å, suggesting that the value of c, which characterises the covalent bonding along
the chain direction, is almost entirely independent of the initial configuration used. For all
the vdW density functionals and the DFT-D2 method, the maximum variations in the a and b
lattice parameters and the setting angle among the ensemble of relaxations from di↵erent initial
configurations are 0.12 Å, 0.09 Å and 3°, respectively. By contrast, with the PBE functional,
the variations in the a and b lattice parameters are about 0.2 Å and 0.1 Å, respectively, and
the setting angle varies from 37° to 51°. This may be due to the fact that the PES of the PE
crystal predicted with the PBE is shallower than that predicted by the other methods, which
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was also mentioned in Reference 140. The equilibrium structures with the lowest energy for
each method are summarised in Table 4.4, and the calculated results from other studies and
the reference experimental data are also shown for comparison.
Table 4.4: The calculated equilibrium structural
parameters of PE with di↵erent methods.

This work

Previous
work

Method

a(Å)

b(Å)

c(Å)

✓(°)

vdW-DF
optB88-vdW
optB86b-vdW
vdW-DF2.
rVV10
vdW-DF-C09
vdW-DF-cx
DFT-D2
PBE

7.32
6.92
6.95
7.04
6.90
6.84
7.15
6.63
8.15

5.16
4.84
4.84
4.99
4.75
4.74
5.01
4.54
5.39

2.57
2.56
2.55
2.57
2.56
2.55
2.55
2.54
2.56

45.9
44.8
45.0
45.6
45.7
44.9
45.2
43.4
42.7

vdW-DF141
vdW-DF140
DFT-D2137

7.30
7.34
6.66

5.20
5.19
4.56

2.57
2.58
2.55

44.0

Expt.130

7.121±0.002

4.851±0.002

2.548±0.001

41.1±1

From Table 4.4, we see that under di↵erent methods, the predicted c lattice parameter for PE
ranges from 2.54 Å to 2.57 Å, and the maximum error compared to the experimental reference
is only 1%. Although the calculated setting angles (from 42.7° to 45.9°) are slightly higher than
the reference experimental data (41.1°), they are still within the experimental range from 41°
to 49°127, 128, 130 . The PBE functional overestimates the a and b lattice parameters by 14.5%
and 11.1%, respectively, while the errors of these two parameters from all the other methods
are smaller than 7%, which suggests that the prediction of the ab-plane lattice parameters of
PE can be greatly improved after vdW interactions are taken into account. Generally, the
errors from di↵erent vdW density functionals are within 4%, smaller than that (a-error 7%
and b-error 6%) from the DFT-D2 approach, suggesting that vdW density functionals are more
suitable for describing the crystalline PE than the semi-empirical DFT-D2 approach. The vdW
functional that gives the smallest average error in terms of the a and b lattice parameters is
optB86b-vdW. Our calculated results are also in good agreement with previous calculations,
also shown in Table 4.4.
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For PP, I also first checked the relaxed structures from di↵erent initial configurations. Under
all methods, di↵erent relaxed structures have similar energies with the variation of the energy
per C3 H6 unit all smaller than 3 meV. Similar to PE, the c lattice parameter, which is along
the chain direction, shows a small variation within 0.03 Å among the ensemble of relaxations
for each functional. For all the functionals, the variation in the angle , which also describes
the intrachain properties, is also small and ranges from 1.8 ° to 2.0 °. Furthermore, under all
the vdW density functionals and the DFT-D2 method, the a and b lattice parameters show
variations below 0.1 Å and 0.5 Å, respectively, while these two numbers for the PBE functional
are 0.18 Å and 0.75 Å, suggesting that PP also su↵ers from a similar issue to PE in terms of
the prediction of a shallow PES with PBE.
The equilibrium structures with the lowest energy of the crystalline ↵-iPP calculated with
di↵erent methods are summarized in Table 4.5.
Table 4.5: The calculated equilibrium structural
parameters of ↵-iPP with di↵erent methods.
Method

a(Å)

b(Å)

c(Å)

(°)

This work

vdWDF
optB88-vdW
optB86b-vdW
vdWDF2
rVV10
vdW-DF-C09
vdW-DF-cx
DFT-D2
PBE

6.76
6.53
6.58
6.57
6.52
6.54
6.74
6.45
7.12

20.49
19.44
19.47
20.04
19.19
19.20
20.14
18.64
22.36

6.59
6.52
6.50
6.58
6.51
6.48
6.51
6.46
6.53

98.5
99.2
98.6
98.7
98.0
99.3
98.5
99.5
99.3

Previous work

vdW-DF140

6.77

20.65

6.58

98.7

Expt.142

6.65±0.05

20.96±0.15

6.50±0.05

99.2±1

In Table 4.5, it is shown that for PP, among all the methods, both the c lattice parameter and
the angle , which describes the intrachain properties, show small errors within 1.4% and 1.2%,
respectively, compared to the experimental reference. In terms of the a and b lattice parameters,
generally, the vdW density functionals give better predictions than PBE and DFT-D2. For all
the vdW density functionals, the average error for the a and b lattice parameters are within
5%, while for DFT-D2 and the PBE functional, they are both 7%. This suggests that vdW
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density functionals are the most suitable method for describing the structural properties of
PP, which is the same as the conclusion for PE. The vdW-DF functional gives the smallest
average error. For PP, I used the relaxed structure with the lowest energy calculated with
the vdW-DF functional as the reference bulk structure. For PE, since there are six relaxed
structures with their energies within 1 meV of the energy minimum, I took an average of
the lattice parameters and the internal positions of these structures and performed another
geometry optimisation on the averaged structure to obtain the final reference bulk structure.
In the geometry optimisation, the lattice parameters were fixed. For both PE and PP, the
reference bulk structures were used in further calculations such as the electronic structure of
bulk PE (PP) and metal/PE (PP) interfaces, and they are shown in Table 4.6.
Table 4.6: The equilibrium structural parameters of bulk PE and PP.

4.2
4.2.1

Method

a(Å)

b(Å)

c(Å)

✓ or (°)

PE
PP

7.31
6.76

5.17
20.49

2.57
6.59

45.9
98.5

Electronic properties of PE and PP
Literature review

Experimentally, the band gaps of PE films of high density and PP films with high crystallinity
measured with photoemission techniques are 8.8 eV157 and 8.4 eV158 , respectively. Therefore,
PE and PP both are good electrical insulators.
In terms of DFT calculations, it is known that usual LDA/GGA functionals usually underestimate insulator band gaps. In previous studies30, 133, 159, 160 , the band gaps of the PE crystal
predicted by the LDA/GGA functionals are in a range from 6.2 eV to 6.7 eV. The band gap of
the PP crystal was predicted to be 6.3 eV with a GGA functional149 . These results are all much
lower than the experimental result. As was introduced in Section 3.1.1, currently, there are two
main approaches which can be used to give insulator band gaps closer to experiment. The first
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is the GW method161 , which replaces Vxc (r) in Kohn-Sham equations with a self energy term
⌃(r, r0 , "i ) obtained as the product of the Green function G(r, r0 , "i ), which is the probability
amplitude that a particle created or destroyed at r is correlated with the adjoint process at r0
at energy "i , and the screened Coulomb interaction W(r, r0 , "i ), which is an integration of the
product of an inverse dielectric function (screening) and the bare coulomb interaction between
r and r0 . The GW method captures the discontinuous jump of the exact Vxc (r) upon adding
or removing an electron91 and therefore corrects the quasiparticle band gap. With the GW
method, the PE band gap was increased from 6.68 eV with PBE to 8.72 eV in Reference 30
and from 6.1 eV with LDA to 9.1 eV in Reference 162. The second one is the hybrid exchange
and correlation functional163 , which combines the Hartree Fock (HF) exact exchange functional
and density functionals such as LDA and GGAs at a certain ratio. The insulator band gap is
usually overestimated with the HF exchange functional and underestimated with LDA/GGAs,
and therefore, a combination of the two can give a band gap intermediate between the two
methods and in better agreement with experiment106 . With hybrid functionals, the PE band
gap was increased from 7.00 eV with PBE to 8.39 eV with the HSE06 hybrid functional164 ,
and the PP band gap was increased from 6.3 eV with PW91 to 8.2 eV with the PBE0 hybrid functional140 . These show that both the GW method and the hybrid functionals can give
predictions of polymer band gaps that are in better agreement with experiment.

In terms of the band edge properties, in Reference 159, the electron wave functions of the
conduction and valence band edges of PE at the Gamma point were studied with plane-wave
DFT calculations. The square amplitude of these band-edge wave functions within a bulk PE
unit cell are shown in Figure 4.3. It can be seen that the valence band-edge state is localized to
a PE chain, while the maximum of the square amplitude of the conduction band-edge state is
between the chains. The former is, therefore, an intrachain state and latter an interchain state.
The results suggest that an added hole to a bulk PE will mainly reside along the PE chain,
while an added electron will reside between chains. The interchain property of conducting
electrons should also explain the unusual inclination of PE to expel electrons out of the bulk
crystal shown in experiments, which is usually referred to as the negative electron affinity of
PE. (The study of electron affinity will be shown in Chapter 7.)
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(b)

Figure 4.3: The charge density plots within a bulk PE unit cell viewed down the z-axis for
(a) the valence band-edge state and (b) the conduction band-edge state, at the gamma point,
taken from Reference 159. (Reprinted figure with permission from Serra, S., et al., Physical
Review B, 62 7, 4389, 2000. Copyright 2000 by the American Physical Society.) The increase
in density is shown by the color from red to purple in rainbow order. In (a), the density is
localized along a PE chain, while in (b), the density reaches its maximum in the middle of the
edges of the cell boundaries. (In (b), there is another maximum shown along a chain. However,
it only accounts for a small proportion of the total charge density.)
Similar conclusions have been made in relation to PE chain clusters containing several parallel
PE molecule chains50, 165 with DFT calculations with atomic orbitals. In Figure 4.4 taken from
Reference 165, it is shown that the calculated HOMO of the PE cluster is localized to the PE
backbone, while the LUMO has a strong interchain character. For a PP cluster, they found
that the HOMO and the LUMO also have intrachain and interchain properties, respectively.

4.2.2

Calculated band structures

First, I calculated the band structures of two polymers with the PBE functional and the vdWDF functional, and they are shown in Figure 4.5. The VBM and the CBM of PE are located at
the gamma point and the (0.5,0.5,0.0), respectively, while for PP, both the VBM and the CBM
are at the gamma point. In band structure calculations, a self-consistent field (SCF) calculation
was first performed on a bulk PE (PP) unit cell using the same k-point mesh as that used to
compute the structural properties in Section 4.1.2. Then, a non-SCF calculation was performed
using the frozen charge density from the SCF calculation to obtain energies at 235 (221) k-points
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Figure 4.4: The LUMO and the HOMO of a PE cluster containing 7 PE chains, taken from
Reference 165. A PE chain is marked within the red dashed box. Image reproduced with
permission of the rights holder, © 2019 IEEE.
along the high-symmetry path of PE (PP). (The non-SCF calculation means by using the charge
density and potential obtained from the SCF calculation, the eigenvalues and eigenvectors for a
certain k-point don’t need to be solved self-consistently.) The pseudopotentials and the kinetic
energy cuto↵s used are the same as that used for the structural properties in Section 4.1.2.

(a)

(b)

Figure 4.5: The band edges calculated with vdW-DF for (a) PE and (b) PP.

The band gap of PE (PP) with PBE and vdW-DF are 6.33 (6.18) eV and 6.39 (6.13) eV,
respectively. This shows that although vdW-DF gives better descriptions of polymer structural
properties than PBE, it doesn’t show obvious improvement in band gap predictions. This is
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because the nonlocal correlation term doesn’t solve the ‘quasiparticle energy’ issue.

To get more accurate band gaps of the polymers, I calculated the PE band structure with the
GW method and the PBE0 hybrid functional, and compared the results to that with PBE.
The GW calculations were performed using the BerkeleyGW code166, 167 and were based on
the DFT calculations of bulk PE with PBE. In the GW calculation, the frequency-dependent
dielectric function was calculated within the random-phase approximation using the electronic
wavefunctions and eigenvalues from the DFT calculations. In the calculations of dielectric
matrix, the wavefunction cuto↵ is 40 Ry with 1000 empty bands being summed over. In selfenergy calculations, the cuto↵ is 30 Ry. The BerkeleyGW code is restricted to the use of
norm-conserving pseudopotentials, and therefore, the band structures with the three methods
were all calculated with the norm-conserving pseudopotentials of the Rappe-Rabe-KaxirasJoannopoulos type156 for C and H. Because non-SCF calculations are not supported with PBE0
in the QE code, the energies at only 15 k-points along the high-symmetry path of PE were
obtained for PBE0 from a SCF calculation with a 2 ⇥ 4 ⇥ 8 k-point mesh. Correspondingly,
the comparison was made at these 15 points. The kinetic energy cuto↵s used are the same as
that used for the structural properties in Section 4.1.2. The comparison of di↵erent methods
(PBE, PBE0 and the GW method) in terms of several bands at the band edges of PE is shown
in Figure 4.6.

Both the PBE0 functional and the GW method produce a nearly rigid shift of the PE band
edges compared to PBE, and an almost uniform widening of the band gap across the brillouin
zone. For PBE0 and GW, the standard deviation of the band gap shift at di↵erent k-points is
0.1 eV and 0.26 eV, respectively. On average, the highest valence band (the lowest conduction
band) of PE is shifted downwards (upwards) by 1.38 eV (0.80 eV) with PBE0 and 2.60 eV (0.71
eV) with the GW method. Also, both methods give the same prediction for the locations of the
VBM and CBM as PBE. The band gap predicted by PBE0 is 8.37 eV, which underestimates
experiment by 4.9 %, and for the GW method, it is 9.38 eV, which overestimates experiment
by 6.6 %. They are both in better agreement with experiment than the result 6.30 eV with
PBE, which underestimates experiment by 28.5 %.
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A comparison of the PE band edges calculated with PBE, PBE0 and the GW

Studying the PP band structure with the GW method was computationally unfeasible, and
therefore I only calculated it with the PBE0 functional. From both the literature149 and my
calculations with PBE and vdW-DF, bulk ↵-iPP has a direct band gap at the gamma point.
Therefore, I only calculated the PP band gap at the gamma point with PBE0. Compared to
PBE, I found that PBE0 shifts the VBM downwards by 1.32 eV and the CBM upwards by
0.75 eV, which is very similar to those of bulk PE. The calculated band gap with the PBE0
functional is 8.26 eV, which underestimates experiment only by 1.7 %. The pseudopotentials
and the kinetic energy cuto↵s used are the same as those used for the structural properties in
Section 4.1.2.

As has been mentioned in Chapter 3, in relation to the ‘bulk reference’ method for charge
injection barriers, the bulk calculations should be performed on a bulk unit cell that corresponds
to the structure used in the interface system. In the study of interfaces with PE (Chapter
5) and PP (Chapter 6), mismatch strain was applied to the polymers at interface, and bulk
calculations were actually performed on bulk PE and PP unit cells subject to the same strain as
in the interface systems. For both polymers, to obtain more accurate band edges of the strained
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bulk unit cells, the PBE0 functional was used, and the results will be shown in Chapter 5 and
Chapter 6.

4.3

Summary

In this chapter, I have calculated the equilibrium atomic structures and electronic structures
of bulk PE and PP at 0 K. When studying the equilibrium structures, I used di↵erent initial
configurations for both polymers to avoid becoming trapped in local minima of the potential
energy surface. I investigated the e↵ect of using di↵erent methods including PBE, various
vdW density functionals and the semi-empirical DFT-D approach. For a given method, I first
compared the relaxed structures from di↵erent initial configurations. For both materials, the
predicted c lattice parameters, which mostly depend on covalent interactions within a polymer
chain, are very similar among di↵erent relaxed structures. By contrast, the parameters which
depend on interactions between polymer chains show some variations. The variations in the
a and b lattice parameters predicted with PBE are bigger than those with the other methods,
suggesting that the PES of both polymers determined with PBE may be very shallow. This is
because PBE lacks the description of vdW interactions. Then, for each method, I compared the
equilibrium structures with the lowest energy to the experimental results. For both materials,
the predicted c lattice parameters are close to the experimental data for all methods, with the
maximum error to be 1% for PE and 1.4% for PP. In terms of the a and b lattice parameters,
PBE has the worst predictions, and the errors from vdW density functionals are generally
smaller than that from the DFT-D2 approach. These results show that indeed, vdW interactions
should be taken into account when studying structural properties of PE and PP, and the vdW
density functionals are the most suitable method among all the methods studied.
In terms of band structures, I studied the band structures of both materials using PBE, vdWDF and PBE0. The band structure of PE was also studied with the GW method for comparison.
The results show that for both materials, PBE and vdW-DF both underestimate the experimental band gaps by more than 2 eV, while the PBE0 functional and the GW method both
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give better descriptions of the band gaps. For both materials, the PBE0 functional was used
to determine the band edges of strained bulk unit cells required in charge injection barrier
calculations of metal/polymer interfaces, which are discussed in Chapter 5 and Chapter 6.

Chapter 5

Metal/PE interfaces

In this chapter, I will present my study of metal/PE interfaces. I mainly investigate how chemical modification and thermal disorder can influence charge injection at metal/PE interfaces
based on first-principles simulations. The metal electrodes studied are Al, Pd, Au and Pt, and
I will first discuss the structures and the charge injection barriers of a pristine metal/PE interface and metal/PE interfaces modified with chemical groups at 0 K in Section 5.1. Then, I use
Al/PE interface as a case study to understand how configurations of interfaces with di↵erent
chemical groups vary at 373 K using ab initio molecular dynamics (AIMD) simulations and how
charge injection barriers change with di↵erent configurations at 373 K in Section 5.2. Since
AIMD simulations are computationally expensive, the interface supercells used in this work are
idealized and have both materials in their crystalline forms. After that, I show how the surface
density of chemical groups can influence charge injection barriers of Al/PE interfaces in Section
5.3. Finally, I discuss charge transmission at the interface region between Al and PE in Section
5.4.
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Metal/PE interfaces at 0 K
Structures of metal/PE interfaces

Pristine interfaces The first step to studying interface properties is to construct an interface
supercell. In this work, a metal/PE supercell, which is periodic in three dimensions in my DFT
calculations, contains a metal slab composed of several metal layers and a PE slab composed
of several PE layers. The metal and PE slabs are separated by some distance at their interface
region. The metals studied, namely Al, Pd, Au and Pt, all have a face-centered cubic (FCC)
structure shown in Figure 5.1(a). As was introduced in Chapter 1, Al is used as electrode in
both HVDC cables and capacitors8, 35–37 . Pd, Au and Pt are common electrodes in practice,
and were also studied to test the reliability of my model. The calculated equilibrium lattice
constants a0 at 0 K for four metals in this work are summarised in Table 5.1, with experimental
data168 also provided for comparison. The calculation parameters for it and all the other studies
in this section are given at the end of the section. In terms of the surface orientation of the
Table 5.1: Bulk lattice constants of Al, Pd, Au and Pt. a0 was calculated
by DFT, a0 ,expt. is the experimental value and the last column shows the
error of a0 compared to experiment.
Metal

a0 (Å)

a0 ,expt. (Å)

(a0 -a0 ,expt. )/a0 ,expt. (%)

Al
Pd
Au
Pt

4.06
3.96
4.17
3.99

4.05
3.89
4.08
3.92

0.24
1.80
2.21
1.79

slabs, since the e↵ects of the orientations of metal slabs and PE slabs at metal/PE interfaces
have already been studied previously30, 82 , I didn’t focus on this issue and used a metal slab of
(100) orientation and a PE slab of (001) orientation for a case study. The metal(100) slab was
constructed by stacking metal layers along the x axis of a bulk metal unit cell shown in Figure
5.1(a). The metal layers along the x axis have two alternating atomic patterns indicated with
di↵erent colors shown in Figure 5.1(c). The PE(001) slab was constructed by stacking PE layer
unit, which is defined as half of the bulk PE unit cell, along the z axis, as shown in Figure
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(a)

(b)

(c)

(d)

(e)

Figure 5.1: (a) The FCC metal unit cell. (b) The bulk PE unit cell with the PE layer unit
defined as half of the unit cell marked with the red dashed line. Each PE layer unit has a
PE layer at the middle along the z axis. (c) The two alternating metal layers along the x axis
with the metal atoms in the two layers shown as light and dark blue. (d) The two alternating
PE layers along the z axis. The colors for C (H) in the two layers are black (pink) and grey
(red). (e) A pristine metal(100)/PE(001) interface supercell containing a 9-layer metal(100)
slab and a 9-layer PE(001) slab. Each slab is marked within a red dashed box. The PE slab is
terminated with H atoms.
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5.1(b). Each PE layer unit has a PE layer at the middle. For PE layers along the z axis, there
are also two alternating atomic patterns indicated with di↵erent colors shown in Figure 5.1(d).
An example of a metal(100)/PE(001) interface supercell containing a 9-layer metal(100) slab
and a 9-layer PE(001) slab is shown in Figure 5.1(e).
For a metal(100)/PE(001) interface supercell, I first checked the interface lattice mismatch.
Because PE is more energetically stable than the metal when they are subject to some strain,
I fixed metal atoms at their equilibrium lattice constants at 0 K, i.e, no strain on the metal,
and imposed the interface mismatch strain on PE. When matching the two materials at an
interface, I tried to minimize the strain on PE and the number of atoms in a supercell at the
same time. So, I first considered the smallest PE(001) surface unit cell (1a ⇥ 1b) and tried
di↵erent metal(100) surface unit cells to minimize the interface mismatch strain on PE. (a and
b are the bulk lattice constants of PE along the x and y axes, respectively, as shown in Figure
5.1(b).) The x- and y-axis mismatch strains on PE, "x and "y , and their average "avg under the
three most possible surface unit cells for all four metals are summarised in Table 5.2. "x , "y
and "avg are calculated as:
"x = (a0

a)/a, "y = (b0

b)/b,

(5.1)

"avg = (|"x | + |"y |)/2,

(5.2)

where a0 and b0 are the lattice parameters of PE at an interface along the x and y axes,
respectively.
Table 5.2: Interface lattice mismatch strain "x and "y on PE under di↵erent choices of metal
surface unit cells. "avg is calculated as (|"x | + |"y |)/2. NM is the number of metal atoms in a
metal surface unit cell.
Surface unit cell
Metal

"x (%)

Al
Pd
Au
Pt

11.1
8.4
14.1
9.2

NM

2a0 ⇥ a0

p
3 2
a0
2

⇥

p

2a0

p

10
a0
2

⇥

p

10
a0
2

"y (%)

"avg (%)

"x (%)

"y (%)

"avg (%)

"x (%)

"y (%)

"avg (%)

-21.5
-23.4
-19.3
-22.8

16.3
15.9
16.7
16.0

17.9
15.0
21.1
15.8

11.1
8.3
14.1
9.1

14.5
11.6
17.6
12.5

-12.1
-14.3
-9.8
-13.7

24.2
21.1
27.5
22.0

18.2
17.7
18.6
17.8

4

6

5
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In the table, it is shown that none of the options can make "avg below 10 % for all four metals.
p
p
The second option (a 3 2 2 a0 ⇥ 2a0 surface unit cell) gives the smallest "avg generally; however,
both "x and "y for this option are positive, which is less energetically stable than the case where
"x and "y have opposite signs. Also, it has the largest number of metal atoms NM in the surface
unit cell. The first option (a 2a0 ⇥ a0 surface unit cell) gives positive "x and negative "y for all
four metals and has the smallest NM , which makes it better than the other two. Although I
later found that matching metal surface unit cells with larger PE(001) surface unit cells (the
expansion of the 1a ⇥ 1b PE(001) surface unit cell) can make both "x and "y below 10 %, to
maintain a computationally feasible size of a supercell, the first option was adopted in this work.
The "x and "y of the first option seem to be very big for PE, which means PE in such interfaces
may not be energetically stable, and the calculated charge injection barriers for such interfaces
may di↵er from those of realistic interfaces. However, what we are more interested in is how
charge injection barriers change with di↵erent chemical groups. In other words, the di↵erence
of our calculated values from realistic injection barriers will not much influence the trend shown
in our data, which will be presented later. Also, in previous first-principles simulations, the
larger one of the x- and y-strains on PE is 11.7% at Cu(111)/PE(001) interface83 and 18.0% at
Pt(110)/PE(010) interface82 , suggesting that in the simulations of metal/PE interfaces, a large
strain on PE is very common.

Second, I determined the optimal slab separation distance for a metal(100)/PE(001) interface.
The slab separation distance is the distance between the metal and the PE slab, both of
which are marked within the red dashed boxes in Figure 5.1(e). For each metal, I used a
supercell which contains five metal layers and five PE layers (5-metal(100)/5-PE(001) supercell)
to study the slab separation distance. For each supercell, I adjusted the slab separation distance,
and at each distance, I relaxed the internal atomic positions of the supercell while fixing the
lattice parameters. Since the optimal z-axis dimension of the supercell can be studied by
adjusting the separation distance, there is no need to relax the z-parameter during the geometry
optimisation. The middle three layers of both slabs in a supercell were also fixed during the
geometry optimisation to simulate the interior ‘bulk-like’ regions. For each metal, the optimal
slab separation distance was determined when the relaxed supercell had the lowest energy.

114

Chapter 5. Metal/PE interfaces

Finally, I determined the number of atomic layers that need to be included in both sides of
the interface. As has been mentioned in Section 3.2, the number of atomic layers should be
made big enough to ensure that the central regions in both the metal and polymer sides of
the interface are ‘bulk-like’. The degree to which these regions are ‘bulk-like’ can usually be
identified by checking the smoothness of the macroscopic average potential. Furthermore, for
both materials, since there are two alternating patterns of atomic layers (Figure 5.1 (c) and
(d)) along the z-axis of a supercell, I should use an odd number of atomic layers for each slab
to ensure that each slab terminates with the same atomic pattern at both sides, and therefore
the two Al/PE interface regions in a supercell are the same and symmetric about the middle
PE layer. This is to ensure that the net dipole of the supercell is zero, and the macroscopic
average potential curve in the ‘bulk-like’ regions is flat, which has been explained in Section 3.2.
I found that for all four di↵erent metals, by using a supercell containing nine metal layers and
nine PE layers (9-metal(100)/9-PE(001) supercell), the macroscopic average potential curve in
the central regions is flat to within a tolerance of 40 meV. (The central region is defined as
the region within half of the interplanar distance of the central atomic layer for each material).
For each material, the macroscopic average potential curve within the whole atomic region in
a 9-Al(100)/9-PE(001) supercell is shown in Figure 5.2(a), and that within the central region
is shown in Figure 5.2(b) and (c).

Also, I need to ensure that the calculated charge injection barriers converge with respect to
the number of atomic layers. I used the Al/PE interface to test the convergence, and the
results are shown in Figure 5.3. From Equations 3.62 and 3.63, we know that with the ‘bulk
reference’ method, the convergence of charge injection barriers with respect to slab thickness is
actually only relevant to the convergence of the potential di↵erence across an interface

Vb interface

with respect to slab thickness because all the other terms in the two equations are from bulk
calculations. Therefore, I show the convergences of the potential di↵erence with respect to the
number of PE layers (Figure 5.3(a)) and the number of Al layers (Figure 5.3(b)). In Figure
5.3(a), it is shown that the potential di↵erence has a quick convergence with respect to the
number of PE layers, and the di↵erence between the value at 9-layer and that at 15-layer
di↵ers only by 17 meV. Therefore, the use of a 9-layer PE(001) slab is reasonable. In contrast,
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(a)

(b)

(c)

Figure 5.2: The macroscopic average potential within (a) the whole region of Al layers (green
line) and PE layers (blue line) in a 9-metal(100)/9-PE(001) supercell, (b) the central region of
Al, (c) the central region of PE. For both materials, the central region is defined as the region
within half of the interplanar distance of the central atomic layer, and in (b) and (c), the z-axis
position of the central atomic player is shown as the middle value on the horizontal axis. In
(c), the macroscopic average potential curve in the central region of PE is a little asymmetric
about the middle because in my calculated structure of the bulk PE unit cell, the PE layer in
a PE layer unit is slightly deviant from the middle.

the convergence with respect to the number of Al layers shown in Figure 5.3(b) is worse. With
a view to ensuring the computational feasibility of my study, I used a 9-layer metal(100) slab
for which the potential di↵erence is converged to within 45 meV of the largest metal slab
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(a)

(b)

Figure 5.3: The convergence of the potential di↵erence across an Al/PE interface with respect
to (a) the number of PE layers, (b) the number of metal layers.

(17-layer) studied. So, for each metal, a 9-Al(100)/9-PE(001) supercell was used for further
charge injection barrier calculations. For each metal, to obtain the relaxed structure of the
9-metal(100)/9-PE(001) supercell, I set the slab separation distance of it to be the optimal
slab separation distance obtained from the 5-metal(100)/5-PE(001) supercell and relaxed the
internal atomic positions while keeping the lattice parameters fixed. (The middle three layers
of both slabs were still fixed to their bulk structure in the geometry optimisation.)
Interfaces with chemical modification Polyolefin materials are chemically inert and therefore usually have poor adhesion with other materials29 . To improve the adhesion, polar groups
are usually introduced to polyolefin surfaces because the polar groups have better interactions
with other materials through dipole interactions29 or even through chemical bonds formed at
the contact169 . In practice, in biaxially oriented polypropylene (BOPP) capacitors, plasma
treatment is usually performed at BOPP film surface to improve its adhesion with metal electrode35 . Air or oxygen plasma can usually introduce oxygen-containing polar groups such as
hydroxyl OH, carbonyl C=O, carboxylic acid O=C-OH, ester O=C-O and ether C-O-C to the
BOPP film surface170–172 . Halogen groups (-F, -Cl, -Br) can also be introduced to polyolefin
surfaces with plasma treatment29 . In this work, I studied four chemical groups, namely -COOH
(carboxylic acid), -CHO (aldehyde), -CH2 OH (hydroxyl) and -CH2 Cl (carbon-chlorine), shown
in Figure 5.4(a). Each chemical group replaces the methyl groups at the two terminals of a PE
chain in an interface supercell, as shown in Figure 5.4(b).
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(a)

(b)

Figure 5.4: (a) Chemical groups, (b) the locations of the chemical groups in an interface
supercell.

For metal/PE interfaces with chemical groups, I still used 5-metal(100)/5-PE(001) supercells to
obtain the optimal slab separation distances in the same way that I did for pristine interfaces.
For each chemical group, it was given the same initial configuration in interfaces with each
metal and the initial configuration of a supercell was made such that the two interface regions
in the supercell were symmetric about the middle layer of the PE slab. Having determined the
optimal slab separation distance for each case, the same slab separation distance was applied to
the 9-metal(100)/9-PE(001) supercell, and then atomic coordinates were relaxed in the same
way as described above for pristine interfaces. After the relaxation, the chemical groups at
the two interface regions of the supercell were still symmetrically oriented, which is shown
with a relaxed 9-Al(100)/9-PE(001) supercell with -CH2 OH as an example in Figure 5.5. For
the relaxed 9-metal(100)/9-PE(001) supercell of both pristine metal/PE interfaces and the
interfaces with chemical groups, the distance between the average z-axis coordinate of the four
metal atoms closest to the interface region and that of two carbon atoms of PE closest to the
interface region is given in Appendix A.
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Figure 5.5: The relaxed 9-Al(100)/9-PE(001) supercell with -CH2 OH. The symmetry of the
-CH2 OH groups at the two interface regions is retained. For better visualisation, the supercell
is extended by twice along the x axis.

5.1.2

Charge injection barriers at 0 K

For the relaxed 9-metal(100)/9-PE(001) supercells of all the metal/PE interfaces obtained at 0
K, I calculated their electron injection barriers

e

using the ‘bulk reference’ method introduced

in Section 3.2, and the results are shown in Figure 5.6. It should be noted that to obtain the
band edges of bulk PE required in Equations 3.57 and 3.58, I used a strained bulk PE unit
cell for which the a and b lattice parameters are the same as those of the PE in the interface
supercell for each metal to make the bulk calculation consistent with interface calculation. For
Al, Pd, Au and Pt, the calculated band gaps with the PBE0 functional for the strained bulk
PE unit cells in their respective interfaces are all 8.16 eV, which di↵ers from the value of the
unstrained bulk PE unit cell by 0.26 eV. The di↵erence brings additional error to the calculated
charge injection barrier compared to the realistic one. However, since the trend of how charge
injection barriers vary with di↵erent chemical groups is the primary focus, the numerical error
of the calculated charge injection barrier seems to be less significant.
Figure 5.6 shows that firstly, for all metal/PE interfaces,
di↵erent chemical groups, and the maximum di↵erence of

e
e

can be greatly influenced by

among di↵erent terminal groups

is 1.45 eV, 1.76 eV, 1.42 eV and 2.33 eV for Al, Pd, Au and Pt, respectively. Considering that
the calculated

e

is in a range from about 3.5 eV to 6.5 eV, these changes are very substantial.

Secondly, for interfaces with di↵erent metals, the ordering of

e

with di↵erent terminal groups
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Figure 5.6: The electron injection barriers
interfaces with four chemical groups.
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e

for pristine (-CH3 ) metal/PE interfaces and the

is consistent: -COOH >-CH3 >-CHO >-CH2 OH >-CH2 Cl.
The results suggest that chemical modification at metal/PE interfaces can greatly influence
charge injection barriers at the interfaces. However, for each chemical group, its influence on
charge injection barriers of a metal/PE interface was only studied for a single configuration.
In fact, for such a complicated interface system, there may exist di↵erent configurations with
similar energies at 0 K. Furthermore, in reality, the maximum continuous working temperature
of crosslinked polyethylene (XLPE) in HVDC cables is around 90°C173 , and at this temperature,
there will also be di↵erent configurations of a metal/polymer interface with a certain chemical
group. Charge injection barriers may change greatly with di↵erent interface configurations, and
how a chemical group will influence charge injection barriers at a metal/polymer interface with
more interface configurations taken into account should also be considered. The discussion will
be presented in the next section.
Calculation parameters All the calculations in this chapter expect for Section 5.4.3 were
carried out with the PWscf code of QUANTUM ESPRESSO155 . For all elements studied,
the pseudopotentials of the Rappe-Rabe-Kaxiras-Joannopoulos type156 were used. A norm-
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conserving pseudopotential was used for Al, and ultrasoft pseudopotentials were used for the
other elements. In all calculations, the ‘Marzari-Vanderbilt’ smearing method was used for
metals with a smearing width of 0.01 Ry. In bulk metal calculations, the PBE functional was
used as the exchange and correlation functional. For Al, Pd, Au and Pt, the kinetic energy
cuto↵s for wave functions (charge density) were 32 Ry (128 Ry), 48 Ry (288 Ry), 48 Ry (192
Ry), 40 Ry (160 Ry), respectively. To obtain the equilibrium lattice constant, the Brillouin
zone of a FCC bulk unit cell was sampled with a Monkhorst-Pack mesh of 8 ⇥ 8 ⇥ 8 k-points.
To obtain more accurate Fermi levels of bulk metals required in the ‘bulk reference’ method, a
24 ⇥ 24 ⇥ 24 k-point mesh was used for Al and Pd, and a 30 ⇥ 30 ⇥ 30 k-point mesh was used
for Au and Pt. In strained bulk PE calculations, the parameters used were the same as those
for the structural study of bulk PE (Section 4.1.2) except that the PBE0 functional was used
to obtain more accurate band edges.
For all the interface calculations, the Brillouin zone was sampled with a Monkhorst-Pack mesh
of 2 ⇥ 4 ⇥ 1 k-points, and the vdW-DF functional was used. The kinetic energy cuto↵s for wave
functions and charge density were 64 Ry and 256 Ry, respectively. For geometry optimisation,
the force and the energy thresholds were 1.3 ⇥ 10

2

eV/Å and 1.36 ⇥ 10

4

eV, respectively.

In all the DFT calculations for interfaces in this section and the following sections, to obtain
more accurate macroscopic average potential of an interface, an interpolation factor of 10 was
applied to the planar average potential, and the reason for using such an interpolation will be
explained later in Chapter 7.

5.2
5.2.1

Al/PE interfaces at 373 K
Interface configurations at 373 K

In this work, I used the Al/PE interface as a case study to figure out how di↵erent chemical
groups can influence charge injection barriers with the e↵ect of thermal disorder taken into
account. To obtain di↵erent interface configurations at the working temperature of the Al/PE
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interface, I performed AIMD simulations, which have been introduced in Section 3.1.3, on the
pristine Al/PE interface with -CH3 and the interfaces with di↵erent chemical groups. For each
AIMD simulation, the target temperature is 100°C, which is close to the maximum continuous
working temperature 90°C173 of crosslinked polyethylene (XLPE) in HVDC cables. For each
interface, the input structure in the AIMD simulation is the relaxed 9-Al(100)/9-PE(001) supercell obtained at 0 K. To obtain interface configurations at a constant temperature (373 K),
I used a NVT ensemble with the temperature controlled by the simplest form of the ‘velocityscaling’ thermostat with which the system temperature is related to the velocities of all the
atoms at each step by the equipartition theorem introduced in Section 3.1.3. The time step
used in all AIMD simulations is 0.5 fs. For each interface, the temperature converges to within
25 K after 1000 iterations (0.5 ps), and from then, I took snapshots every 10 iterations (5 fs).
Finally, I obtained 500 interface snapshots for -CH3 and each of the four interface chemistries
shown in Figure 5.4(a). The good convergence of temperature with respect to simulation time
in the AIMD simulation of the interface with -CH2 OH is given in Figure 5.7 as an example.
Since with a NVE ensemble, the temperature cannot be controlled to be around the target
temperature, the NVE ensemble was not performed after the temperature converged with a
NVT ensemble.

In AIMD simulations, the parameters used for the electronic structure at each time step were
the same as those used in the interface calculations at 0 K. In each AIMD simulation, the middle
three layers of the Al and PE slabs of the interface supercell were still kept fixed to their bulk
configuration. This is to ensure that when calculating the charge injection barriers for the obtained AIMD snapshots, the middle region of each material is bulk-like and the ‘bulk-reference’
method can be used. However, this decrease of the degrees of freedom means the possible conformations of PE chains are not completely explored in the AIMD simulations. Since the space
that the PE chains can move around is small in my supercell model, it is unlikely that the PE
chains will fold back towards the PE interior. Furthermore, although the conformations of the
PE chains may not be fully explored, the conformations of the chemical groups, which a↵ect
the interfacial dipole and thus the charge injection barriers, are less influenced by the fixing of
the PE middle layers and should be explored completely already. Therefore, the fixing of the

122

Chapter 5. Metal/PE interfaces

Figure 5.7: The convergence of temperature with respect to time for the Al/PE interface with
-CH2 OH.

middle layers will not much influence the calculated charge injection barriers for each chemical
group.
Whilst each AIMD input structure is a relaxed 9-Al(100)/9-PE(001) supercell obtained at 0 K
such that the two interface regions in the supercell are symmetric with respect to each other
(as can be seen from Figure 5.5), at the beginning of the AIMD simulation, all atoms in the
supercell were given random velocities. This means the trajectories of the atoms at equivalent
positions at the two interface regions were not constrained to retain their initial symmetry in
the AIMD simulation. As a result, the symmetry in the obtained snapshots is usually broken,
i.e., ‘interface one’ and ‘interface two’ are not symmetric about the middle PE layer, as shown in
Figure 5.8(a). (Each interface region contains the three Al layers and the three PE layers that
are closest to the interface.) In charge injection barrier calculations, it is advantageous to make
the two interface regions of a supercell to be symmetric to ensure that macroscopic average
potential within the middle atomic region of each material is flat. Asymmetric configurations
can result in a slope of the macroscopic average potential in the middle region of each material
because if the two interface regions are not symmetric, the potential distributions at the two
sides of the middle region will be di↵erent.
Therefore, for each obtained snapshot, both ‘interface one’ and ‘interface two’ were taken out
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to construct two symmetric 9-Al(100)/9-PE(001) supercells shown in Figure 5.8 (b) and (c).
In the symmetric 9-Al(100)/9-PE(001) supercell for each interface region, the interface region
was mirrored through the middle PE layer to obtain its symmetric counterpart at the other
side, which replaces its asymmetric counterpart in the original AIMD snapshot, as shown in
Figure 5.8 (b) and (c). The middle three layers of both materials which were fixed during
the AIMD simulation were unchanged in the two symmetric 9-Al(100)/9-PE(001) supercells.
Finally, for each group, I obtained 1000 symmetric 9-Al(100)/9-PE(001) supercells for charge
injection barrier calculations, and in the following discussions in this chapter, AIMD snapshots
refer to these symmetric supercells rather than the original AIMD snapshots.

5.2.2

Charge injection barriers at 373 K

For each chemical group as well as the pristine case (-CH3 ), the charge injection barriers of the
1000 AIMD snapshots are summarised in Figure 5.9. This represents one of the key results
of this work. For each group, I plot the distribution of all the charge injection barriers with
the number of configurations shown as the horizontal axis and the electron ( e ) and hole (

h)

injection barriers shown as the left and right vertical axes. The mean charge injection barrier
of each distribution is shown as the central red data point in each subfigure, with the mean
e

and

h

displayed to the left and the right of it, respectively. The results show that when

thermal e↵ects are taken into account, the charge injection barriers take a distribution of values
with each interface chemistry showing a di↵erent mean and spread of injection barriers. The
mean injection barriers can be tuned by 1.1 eV with di↵erent chemical groups. For -CH3 , the
mean

e

is 1.1 eV larger than the mean

h,

showing that hole injection is dominant in pristine

interfaces. Among the chemical groups, -COOH has similar mean
other three all decrease the mean
ideal condition in reality is that

e
e

e

to that of -CH3 , while the

of -CH3 and make the electron injection dominant. The

equals

h

so that both the electron and hole injection can

be suppressed, which is shown as the black dash line. (The line with the same meaning will
also be shown in Figure 5.13 and Figure 5.23.) According to my calculations, -CH2 OH has the
smallest di↵erence at about 0.5 eV between the mean

e

and

h;

however, it has the widest
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(a)

(b)

(c)

Figure 5.8: (a)The supercell of an Al/PE interface with -CH2 OH with the mirror symmetry
between ‘interface one’ and ‘interface two’ broken in the AIMD simulation, (b) the symmetric
interface supercell based on ‘interface one’, (c) the symmetric interface supercell based on
‘interface two’. The symmetric counterparts in (b) and (c) were created by mirroring ‘interface
one’ and ‘interface two’, respectively, through the middle PE layer. All the supercells are
extended along the x axis by twice for better visualisation.
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Figure 5.9: Charge injection barrier distributions for Al/PE interfaces with di↵erent chemical
groups and -CH3 at 373 K. For each group, the mean charge injection barrier is shown as
the central red data point with the mean e and h displayed to the left and the right of it,
respectively. The standard deviation IB of all the injection barriers are shown with the error
bars above and below the red data point. The black dash line shows the case where e equals
h.

spread in injection barriers, which makes it not the ideal option in real applications. -CHO has
a di↵erence of 0.7 eV between the mean

e

and

h

and shows a moderate spread in injection

barriers, making it a more suitable option for chemical modification at Al/PE interface.
The experimental space charge profile for an Al/PE interface in Figure 2.2 shows that the hole
injection barrier is smaller than the electron injection barrier, which agrees with the calculated
mean injection barriers for the pristine interfaces ( e :4.62 eV;

h :3.54

eV). In reality, the density

of chemical groups at PE surface is much smaller than the case I currently discuss, and therefore
the calculated data for interfaces with chemical groups cannot be directly compared to the
experimental observation.
Second, from the distribution of the charge injection barriers of each group, we can see that
di↵erent groups have di↵erent spreads of the barriers. For each group, the calculated standard
deviation

IB

of all the injection barriers is shown in Figure 5.9 with the error bars above and

below the red data point that denotes the mean injection barrier. Both -CH3 and -CH2 Cl have
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much smaller

IB

at 0.14 eV and 0.18 eV, respectively, compared to the other three oxygen-

containing groups. -COOH and -CHO have similar
largest

IB

IB

at around 0.35 eV, and -CH2 OH has the

at 0.61 eV. For a given group, I hypothesised that the spread of injection barriers

is related to the diversity of interface configurations that the chemical group at the interface
explores in the AIMD simulation. In fact, for all the groups, I can see that their structures vary
a lot in AIMD simulations. Since the chemical groups are all polar, their structural change is
very likely to result in a variation in their dipole moment. From classical electrostatics, we know
that adding an electric dipole to the interface region of a Al/PE supercell can cause a shift of
the electrostatic potential in the interior region of both Al and PE, which means that the charge
injection barriers will also be changed according to the ‘bulk reference’ method. Furthermore,
the variation of the electric dipole can give rise to a variation of the charge injection barriers.
Therefore, I hypothesised that the spread of charge injection barriers is related to the variation
of the orientation and magnitude of the dipole moment of a chemical group during the AIMD
simulation.
To test this idea, for each group, I studied its dipole moment in all the snapshots from the
AIMD simulation. From each AIMD snapshot, I extracted the terminal group at the left
interface region in Figure 5.8 (b) or (c) by cutting the C-C bond and passivating it with a
hydrogen atom. Then, I calculated the dipole moment of this isolated molecule in a 10 Å ⇥ 10
Å ⇥ 10 Å vacuum box for which all the axes are aligned with that of the full interface. The
whole process is shown in Figure 5.10 using a -CH2 OH group as an example. The calculated
dipole of this molecule should be very close to the dipole of the corresponding chemical group
in the full interface because the C-C bond and the C-H bond are nonpolar or almost nonpolar.
Also, since the calculated charge injection barriers are along the z-axis, I focus on the dipole
moment of the molecule projected along the z-axis Dz . The convention I use for the sign of a
dipole moment is that a positive value of Dz represents that the average z-position of positive
charges is greater than that of negative charges. For example, Dz in Figure 5.10 is positive.
For -CH3 and the four chemical groups, I did this procedure for the 1000 AIMD snapshots.
The distribution of the calculated Dz of -CH3 is shown in Figure 5.11. The figure shows that
-CH3 has a small variation at about 0.024 eÅ in Dz , which agrees with the fact that -CH3
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Cut the C-C bond
%!
Passivated with H

10 Å × 10 Å × 10 Å vacuum box

Figure 5.10: The process of extracting the terminal group from a AIMD snapshot with -CH2 OH
as an example: first cut the C-C bond and then passivate the group with a hydrogen atom.
The molecule was put into a 10 Å ⇥ 10 Å ⇥ 10 Å vacuum box for which all the axes are aligned
with that of the full interface to calculate its dipole moment. The arrow shows a positive z-axis
dipole moment Dz .
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is a nonpolar group. For the other chemical groups, their distributions of Dz are shown in
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Figure 5.11: The Dz distribution of -CH3 in the AIMD simulation. The bin width is 0.004 eÅ.
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Figure 5.12. This figure shows that di↵erent chemical groups have di↵erent variations in Dz in
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Figure 5.12: The Dz distributions of four chemical groups in AIMD simulations. The bin width
in all subfigures is 0.04 eÅ.

AIMD simulations. -CH2 Cl has a much smaller variation in Dz at 0.24 eÅ than the other three
oxygen-containing groups. After I studied the AIMD trajectories of -CH2 Cl and -CHO, both of
which only contain one polar bond, I found that the variation in the z-axis length of the C-Cl
bond in the AIMD simulation is 0.7 Å, which is smaller than that of the C=O bond at 1.2 Å.
This is due to the fact that the chlorine atom has a greater mass than the oxygen atom and
therefore oscillates less in the AIMD simulation. Also, the C=O bond has a higher polarity
than the C-Cl bond. The combination of the two factors explains why -CH2 Cl shows a much
smaller variation in Dz than -CHO. For -CH2 OH and -COOH, since they both have at least two
polar bonds, it is more difficult to connect their variation in Dz with their structural change in
the AIMD simulation. Among the three oxygen-containing groups, -CHO and -CH2 OH have
similar variations in Dz at around 0.5 eÅ, and -COOH has a slightly smaller value for this figure
at 0.45 eÅ. Compared to the variations in Dz of all four chemical groups, the value 0.024 eÅ
for -CH3 is very small.
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Now, for each group, I will correlate the dipole moment surface density in each of the 1000
snapshots to the calculated charge injection barrier for the snapshot. I define the z-axis dipole
moment surface density ⇢Dz at the interface as:

⇢Dz = Dz /A,

(5.3)

where Dz is the z-axis dipole moment of the group (as described above), and A is the area of
the interface in the supercell. This is because the charge injection barrier is dependent on the
macroscopic average potential di↵erence across an interface and thus is a property averaged
over the xy-plane of an interface. Hence, the dipole moment which actually influences the
charge injection barrier at the interface should also be a property averaged over the xy-plane.
In Figure 5.13, for each chemistry of the terminal group, I plot

���

e

against ⇢Dz for the 1000
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Figure 5.13: e as a function of ⇢Dz for di↵erent groups at Al/PE interfaces at 373 K. In all
subfigures, the diagonal line is the calculated linear regression line fit to the data from all four
chemical groups. The data for -CH3 are shown in grey. The black dash line shows the case
where e equals h .

AIMD snapshots. The horizontal and vertical scales of all the subfigures are the same to aid

130

Chapter 5. Metal/PE interfaces

quantitative comparison across di↵erent chemistries. In each subfigure, the grey points show
the data for -CH3 , which will be discussed later. Among all the chemical groups, we can see
that there is an almost linear relationship between ⇢Dz and

e.

As ⇢Dz increases,

e

decreases.

Then, I fit the data from all the chemical groups with a linear regression line shown as the
diagonal line of each subfigure. The data of each chemical group still follow the trend of the
common linear regression line, which suggests that this is a broadly universal trend of the
injection barrier with surface dipole moment density that is independent of chemistry.
In fact, this linear relationship also agrees with a simple classical electrostatic model for an
electric dipole at an interface shown in Figure 5.14. In Figure 5.14, the dipole along the z

z-axis

Figure 5.14: The influence of an electric dipole at the interface region in a AIMD snapshot
from a classical electrostatics model. The electric dipole along the z-axis is formed by charges
+Q and Q separated by a distance r2 . The two triangles show the positions of the metal and
PE middle, and r1 and r3 are their distances to the electric dipole.

axis at the interface region is formed by charges +Q and

Q separated by a distance r2 . The

triangles at the two sides of the dipole stand for the metal and PE middle where the macroscopic
average potentials are obtained. In the presence of the dipole, the potential energy at the metal
middle will be increased by Q/r1
by Q/r3

Q/(r1 + r2 ), while that at the PE middle will be decreased

Q/(r3 + r2 ). The total change of the potential energy di↵erence across the interface

Vchange can be expressed as:
Vchange = Q/r1

Q/(r1 + r2 ) + Q/r3

Q/(r3 + r2 )

(5.4)

= Qr2 /r1 (r1 + r2 ) + Qr2 /r3 (r3 + r2 ).
Equation 5.4 just shows that the change of the potential di↵erence across the interface is linearly
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related to the magnitude of the dipole moment Qr2 .

To further understand this linear relationship, we can go back to the Poisson equation. For an
interface supercell, the Poisson equation is written as:
r2 V (r) =

4⇡⇢(r),

(5.5)

where V (r) and ⇢(r) are the electrostatic potential and the net charge density of the interface
supercell, respectively. It can be proven123 that the Poisson equation also exists between the
macroscopic average potential Vb (z) and the macroscopic average charge density ⇢b(z):
r2 Vb (z) =

4⇡b
⇢(z),

where ⇢b(z) is obtained in an analogous way to Vb (z) (Equations 3.45 and 3.51):
Z
1
⇢(z) =
⇢(r) dx dy,
S S
Z
⇢b(z) =
⇢(z 0 )f (z z 0 ) dz 0 ,

(5.6)

(5.7)
(5.8)

where S is the area of planes perpendicular to the z axis, ⇢(z) is the planar average charge
density, and f (z

z 0 ) is the smoothing function performed on ⇢(z) and is the same as that

is used to obtain Vb (z). The Vb (z) of the supercell is illustrated in Figure 5.15 with red lines,
and in the region between the two dashed lines for each material, Vb (z) is very flat showing
that ‘bulk-like’ features are retained. In fact, ⇢b(z) in the same region is also flat, which isn’t

shown here, due to the ‘bulk-like’ structure in the region. If we choose one point with position
z1 within the metal ‘bulk-like’ region and one point with position z2 within the PE ‘bulk-like’
region, it can be proven123 that:
Vb interface = Vb (z2 )

where

Vb (z1 ) = 4⇡b
p,

(5.9)

Vb interface is the macroscopic average electrostatic potential di↵erence across the inter-
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Figure 5.15: The energy alignment at an Al/PE interface with the ‘bulk reference’ method.
EFermi is the Al Fermi level, and ECBM and EVBM are the PE band edges at the Al/PE interface.
bulkAl
bulkPE
bulkPE
EFermi
is obtained from bulk Al calculations, and ECBM
and EVBM
are obtained from
interface
bulk PE calculations.
E
is the macroscopic average potential di↵erence across the
interface. e and h are the electron and hole injection barriers, respectively.

face, and pb is the macroscopic average dipole moment density at the interface defined as:
pb =

Z

z2

z1

z ⇢b(z) dz.

(5.10)

Equation 5.9 just shows that the potential di↵erence across an interface is proportional to the
interfacial dipole moment density, which further explains the linear trend shown in Figure 5.13.

Returning to Figure 5.13 and focusing on the data for the pristine interface (-CH3 ), I find that
⇢Dz of -CH3 almost doesn’t change during the AIMD simulation, there is still a variation of 0.74
eV in

e.

Actually, for all the chemical groups, we can see that for a given value of ⇢Dz , there

is always a spread of

e.

In fact, during a AIMD simulation, a terminal group shows variation

in not only its orientation and structure but also its distance from the Al surface. For all
the snapshots with -CH3 , in Figure 5.16, I plot

e

against the distance between the average z-
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position of the Al atoms closest to the interface region and that of the two carbon atoms closest
to the interface region. It can be seen that as the Al-C distance increases,

e

will also increase

generally, which rationalises the vertical spread shown for -CH3 . For each chemical group, in

Figure 5.16: e as a function of the Al-C distance for -CH3 . The Al-C distance is between the
average z-position of the Al atoms closest to the interface region and that of the two carbon
atoms closest to the interface region in each AIMD snapshot with -CH3 .

Figure 5.17, I plot

e

as a function of the Al-C distance for the middle value within the range

of Dz that contains the most configurations shown in Figure 5.12. The data are actually for Dz
which is within 0.005 eÅ of the middle value. The results show that for each chemical group,
e

generally increases with increasing Al-C distance for a given value of Dz . In summary, the

spread in injection barriers for a given value of the dipole moment density ⇢Dz in Figure 5.13
appears to be related to variations in the interface separation during the AIMD simulation. For
-CH3 and the four chemical groups, as the separation increases,

e

will increase. This suggests

that the interface separation can also a↵ect the dipole at the interface. In Reference? , a Xe
atom on a Cu surface was studied, and it was found that at such an interface, electrons tend to
flow from contracted orbitals to more di↵use orbitals, and a dipole directed from Cu to Xe can
be formed. When the Xe-Cu distance decreases, the electron flowing is more obvious and the
interfacial dipole increases. In my work, similar flowing from the PE side to the Al side may
also exist, which results in a positive dipole formed at the interface. As the separation distance
increases, the positive dipole will decrease, and according to Figure 5.13,

e

will increase.
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Figure 5.17: e as a function of the Al-C distance around (± 0.005 eÅ) a chosen value of Dz for
all the chemical groups. For each group, the chosen Dz is the middle value of the range of Dz
containing the most configurations in Figure 5.12. The Al-C distance of each chemical group
has the same definition as that of -CH3 .

For -CH2 OH, I also noticed that in the region where ⇢Dz is greater than around 4⇥10

3

eÅ

in Figure 5.13, the points at the bottom seem to greatly deviate from the main linear trend
shown for -CH2 OH. By checking the trajectory of -CH2 OH in the AIMD simulation, I found
that these points correspond to snapshots where the oxygen atom is very close to an Al atom at
the surface. An example of such snapshots is given in Figure 5.18. To further illustrate this, I
obtained the shortest Al-O distance in each AIMD snapshot with -CH2 OH, and in Figure 5.19,
I show the shortest Al-O distance for all the 1000 AIMD snapshots using the color gradient
on the right. From the color gradient, it can be seen that almost all the points that deviate
from the main linear trend have much smaller Al-O distances than the points close to the linear
regression line (the diagonal line).

When an aluminum atom and the oxygen atom of -CH2 OH get very close, charge transfer
between the atoms may happen. In previous calculations, I assumed that Dz of a chemical
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Figure 5.18: An example of snapshots where the oxygen of -CH2 OH gets very close to a surface
Al atom. Only the three Al layers and the three PE layers that are closest to the interface
region are shown.

Figure 5.19: The shortest Al-O distance shown with the color gradient on the right for all the
1000 AIMD snapshots with -CH2 OH.

group isolated from the rest of the interface was a good representation of the dipole at the
interface region, and the e↵ect of the interaction between Al and O on Dz was not taken into
account. To study the influence of Al-O interaction, I extracted -CH2 OH and the closest Al
atom to the oxygen from some chosen AIMD snapshots with di↵erent Al-O distances and put
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them together into a 15 Å ⇥ 15 Å ⇥ 15 Å vacuum box (Figure 5.20) to calculate their total
Dz . The extracted -CH2 OH was still passivated with a hydrogen. In Figure 5.21, the chosen
snapshots are distinguished from the other snapshots with their Al-O distance indicated by
the color gradient. (The Al-O distances of the other snapshots are shown in grey.) For each
chosen snapshot, the the new ⇢Dz which takes the Al-O interaction into account is shown with
a black triangle. It can be seen that the shifts of ⇢Dz for snapshots deviating from the main
linear trend are much bigger than that for cases closer to the linear trend. Previously, Dz of an
extracted isolated molecule was assumed to well represent the dipole at the interface. However,
Figure 5.21 suggests that for ‘deviating’ cases where the shortest Al-O distances are small,
the interaction between the oxygen and the aluminium is greater and can influence Dz of the
-CH2 OH at the interface. As a result, Dz of an isolated HCH2 OH, which doesn’t include the
e↵ect of Al, cannot well represent the dipole at the interface. The inaccuracy of ⇢Dz of the
‘deviating’ cases therefore explains their deviation from the main linear trend.

Figure 5.20: The -CH2 OH passivated with H and the Al atom closest to the oxygen extracted
from an AIMD snapshot with -CH2 OH put in a 15 Å ⇥ 15 Å ⇥ 15 Å vacuum box.

In summary, at 373 K, di↵erent chemical groups can tune the mean charge injection barriers by
up to 1.1 eV, showing the great influence of chemical modification on charge injection barriers
at Al/PE interfaces. Furthermore, di↵erent groups have di↵erent variations in the z-axis dipole
moment density ⇢Dz in the AIMD simulations. Both the pristine interface and the interfaces
with di↵erent chemistries show a spread of

e

for a given value of ⇢Dz , and the spread is closely

related to the variation in the distance from the terminal group to the Al surface during the
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Figure 5.21: The shift of ⇢Dz for chosen AIMD snapshots. The Al-O distances of the chosen
snapshots are shown with the color gradient on the right, while that of the other snapshots are
shown in grey. For each chosen snapshot, the new ⇢Dz calculated for the HCH2 OH together
with the closest Al atom is shown with a triangle.

AIMD simulation. However, for all the chemical groups, their variation in ⇢Dz during the
AIMD simulation has larger e↵ects on the charge injection barriers. In fact, for all the chemical
groups, there exists a universal linear relationship between ⇢Dz and
decreases. This suggests that

e

and

h

e.

As ⇢Dz increases,

e

are significantly impacted by the chemical dipoles at

Al/PE interfaces.
It should also be noted that the chemical groups I studied can also bring defect states at the
PE surface. For each AIMD snapshot, the depths of the electron and hole defect states that
the chemical group introduces within the PE band gap can be calculated by comparing the
local density of states of the PE surface to that of the PE slab interior. If the calculated
depth of the defect state is shallow (smaller than 1 eV17 ), charges will first be injected into the
defect state and then transport within the PE through hopping conduction. Therefore, the real
charge injection barrier will be decreased. If the calculated depth is deep (larger than 1 eV),
the defect state may trap charges at the PE surface and further charge conduction is avoided.
Furthermore, if there is a high density of deep traps at the PE surface, the trapped charges
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(space charge) may form a reverse electric field and prevent further charge injection. However,
if there is only a low density of the deep traps at the PE surface, the calculated intrinsic
charge injection barrier will play a dominant role. Therefore, the e↵ect of the defect states is
related to both the depth and density of the states and should be understood in further work.
Nonetheless, the calculated intrinsic charge injection barriers with di↵erent chemical groups
are still of great significance since they serve as the references for the further decrease of the
barriers with defect states.

5.3

The influence of surface density of chemical groups

Based on the results obtained in Section 5.2, I also studied how density of chemical groups at
the PE surface can influence charge injection barriers. For each chemical group, I chose three
AIMD snapshots with Dz of the chemical group sitting in the leftmost, the middle and the
rightmost regions of the whole range of Dz of that group. Also, I defined the surface density of
a chemical group in a AIMD snapshot as ‘1/2’ because there is one modified PE chain every two
PE chains, as shown in Figure 5.22(a). To obtain interface supercells with ‘1/4’ (one modified
PE chain every four chains) and ‘1/6’ (one modified PE chain every six chains) surface densities,
I extended the AIMD interface supercell along the y axis by twice and three times, respectively,
as shown in Figure 5.22 (b) and (c). In Figure 5.22 (b) and (c), I kept the modified PE chain
at the corner and replaced the other modified chain(s) with unmodified chains (marked within
blue dashed circles). The unmodified chain was made by performing symmetry operation on
the unmodified PE chain marked within the red dashed circle in Figure 5.22(a). For all the
chosen AIMD snapshots, I obtained the corresponding supercells with ‘1/4’ and ‘1/6’ surface
densities and calculated their charge injection barriers.
In Figure 5.23, I plot

e

against ⇢Dz for the supercells with three surface densities for each

AIMD snapshot. For each chemical group, the data for the three chosen AIMD snapshots are
represented by a solid circle, triangle and square, and the data for the corresponding supercells
with ‘1/4’ and ‘1/6’ surface densities are shown with empty symbols. For each chemical group,
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(b)
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(c)

Figure 5.22: Al/PE supercells (viewed down the z-axis) with surface density of a chemical group
to be (a) ‘1/2’ (b) ‘1/4’ (c) ‘1/6’. In (b) and (c), the unmodified chains (marked within blue
dashed circles) that replace the original modified chains were made by performing symmetry
operation on the unmodified chain marked within the red dashed circle in (a). Al atoms in all
the supercells are omitted.

the background data in grey are for all the 1000 AIMD snapshots and are the same as that in
Figure 5.13.
The results show that for positive Dz such as the three cases of -CH2 Cl,

e

increases as the

surface density decreases, while for negative Dz such as the ‘circle’ case of -COOH, the trend is
the other way around. When Dz is close to zero (the ‘triangle’ case of -COOH),

e

are similar

for three densities. For a certain AIMD snapshot, the data for the supercells with di↵erent
densities lie on the same line, and for each group, the data of the three densities of di↵erent
snapshots generally follow the linear trend shown in the background data. This suggests that
e

and

h

can also be a↵ected by the surface density of a chemical group at Al/PE interfaces.

It should be noted that the density of chemical groups observed experimentally in PE174, 175 is
less than 1 mol/L, which corresponds to around one group/twenty PE unit cell. This suggests
that the densities considered in this work are higher than that of in a realistic system, and the
calculated charge injection barriers cannot be directly compared to the experimental counterparts. However, the results still suggest that changing surface density of chemical groups can
be an e↵ective way of changing charge injection barriers at metal/polymer interfaces.
Calculation parameters The parameters used in calculations of Al/PE interfaces with the
three surface densities of chemical groups are the same as those used in Section 5.1 except for the
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Figure 5.23: e as a function of ⇢Dz for Al/PE interfaces with ‘1/2’, ‘1/4’ and ‘1/6’ surface
densities of chemical groups. For each chemical group, the data for three representative AIMD
snapshots with ‘1/2’ surface density are shown with a solid circle, triangle and square, and for
each snapshot, the data for ‘1/4’ and ‘1/6’ surface densities are shown with empty symbols.
For each group, the data for the 1000 AIMD snapshots with ‘1/2’ surface density are shown in
grey. The black dashed line shows the case where e equals h .

k-point sampling. For supercells with ‘1/2’, ‘1/4’ and ‘1/6’ surface densities, the k-point meshes
are 8 ⇥ 16 ⇥ 1, 8 ⇥ 8 ⇥ 1 and 8 ⇥ 6 ⇥ 1, respectively. In charge injection barrier calculations
of AIMD snapshots shown before, the k-point mesh is 2 ⇥ 4 ⇥ 1. This is because there are
1000 AIMD snapshots to be calculated for, and a dense k-point mesh will be computationally
expensive. However, when

e

for di↵erent surface densities are compared, a denser k-point

mesh is required to obtain a more accurate

e

for each density so that the trend of

e

among

di↵erent densities can be found more clearly.
Since the 2 ⇥ 4 ⇥ 1 k-point mesh used in previous calculations may not give well-converged
values of

e,

I used -COOH and -CH2 OH as two case studies to check the influence of the

k-point mesh size on

e.

For both groups, I chose 10 AIMD snapshots with their

almost the whole range of

e

of each group and then compared

e

e

covering

calculated with a 2 ⇥ 4 ⇥ 1
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and a 8 ⇥ 16 ⇥ 1 k-point mesh for these snapshots, shown in Figure 5.24. For -COOH and
-CH2 OH, the maximum di↵erences of

e

between the two k-point meshes among the chosen

snapshots are 0.16 eV and 0.21 eV, respectively, and they are much smaller than the spread of
e

for a given value of ⇢Dz shown for each group, which suggests that the general trend between

e

and ⇢Dz for each chemical group shown in Figure 5.13 will not be influenced by the k-point
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(b)

Figure 5.24: A comparison of e calculated with a 2 ⇥ 4 ⇥ 1 and a 8 ⇥ 16 ⇥ 1 k-point mesh for 10
representative AIMD snapshots with (a) -COOH (b) -CH2 OH. For each group, the background
data in grey are for all the 1000 AIMD snapshots calculated with a 2 ⇥ 4 ⇥ 1 k-point mesh.

5.4

Charge transmission at the Al/PE interface region

In the work shown before, I discussed how interface chemistry influences the charge injection
barriers at Al/PE interfaces. In fact, at an Al/PE interface region, there usually exists a bump
of the planar average electrostatic potential, as shown in Figure 5.25 within the red circle. The
potential bump is obviously higher than the interior macroscopic average potential of PE with
respect to which the PE band edges in the ‘bulk-like’ region are currently defined. This suggests
that the allowed energy levels at the interface region may be di↵erent from the ECBM and EVBM
defined for the ‘bulk-like’ region, and depending on the magnitude and width of the bump, it
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may have an influence on the charge injection barriers calculated before. In this section, I will
discuss the possible influence of the interface potential bump.
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Figure 5.25: A ‘potential bump’ shown at the interface region between Al and PE.

5.4.1

The potential distribution within a xy-plane

The planar average electrostatic potential only tells the averaged potential over an xy-plane,
and in order to have a better idea of the origin of the bump, I studied the potential distribution
in three dimensions at the interface region. I used an Al/PE interface with a surface density
of -COOH of ‘1/6’ (corresponding to the snapshot associated with the rightmost empty circle
in -COOH panel in Figure 5.23) as a case study. In Figure 5.26, I show the planar average
electrostatic potential curve of this case in purple, and mark the z-positions at which the xyplane potential distribution was studied with blue arrows. The potential distributions of planes
labeled with 1 to 5 in the interface region are shown in Figure 5.29 (a) to (e).
Before I discuss the xy-plane potential distribution at the interface region, I will first show it
for the middle Al plane (the leftmost arrow) and the middle PE plane (the rightmost arrow)
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Figure 5.26: The electrostatic potential curves of an Al/PE interface with a surface density
of -COOH of ‘1/6’. The ‘lowest potential’ in red is the lowest electrostatic potential in each
xy-plane at the interface region. The blue arrows show the z-positions at which the xy-plane
potential distribution was studied. The potential distributions of planes labeled with 1 to 5 in
the interface region are shown in Figure 5.29 (a) to (e).

in Figure 5.27(a) and Figure 5.28(a), respectively. The periodic patterns indicate the periodic
arrangement of the Al atoms or the -CH2 units, shown in Figure 5.27(b) and Figure 5.28(b),
respectively. For both planes, the potential is lower near a periodic unit and higher in the
regions between two periodic units, as expected.

Now, I show the xy-plane potential distribution at five z-positions from the metal surface to
the PE surface (the middle five arrows in Figure 5.26) at the interface region. At the metal
surface, the distribution (Figure 5.29(a)) still indicates the underlying metal positions, and now
the pattern is not perfectly periodic due to the movement of the surface atoms in the AIMD
simulation. The plane of the PE surface was chosen to be close to the oxygen atoms of the
-COOH, and its potential distribution in Figure 5.29(e) still indicates the positions of the -CH2
units except that the potentials at the corners on the right show extremely low values, which
indicates the position of the oxygen atoms. Figure 5.29 (b)-(d) show the potential distributions
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(a)

(b)

Figure 5.27: (a) The potential distribution and (b) the atomic arrangement of the middle metal
plane. The color bar in (a) shows the electrostatic potential, and the range of the color bar is
from the minimum to the maximum potential of the plane.

(a)

(b)

Figure 5.28: (a) The potential distribution and (b) the atomic arrangement of the middle PE
plane. The color bar in (a) shows the electrostatic potential, and the range of the color bar is
from the minimum to the maximum potential of the plane.
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of the three planes between the two surfaces. For these planes, potentials at di↵erent x- and
y-locations generally increase compared to those of the surface planes, which can be known
from the scale of the color bar in each figure. This also agrees with the fact that the planar
average potentials of these planes are higher than that of the surface planes, as shown in Figure
5.26. However, in each of these planes, there are regions where the potential is obviously lower
than the average potential. For example, the potentials at the two corners at the bottom in
Figure 5.29(d) are around -35 eV, while the planar average potential of this plane is 7.7 eV.
In reality, charges may travel through the regions of each xy-plane where the potentials are
much lower than the average electrostatic potential. So, I also obtained the lowest potential
of each xy-plane at the interface region shown as the red line in Figure 5.26. If we compare
the red line to the green line (the interior macroscopic average potential of PE with respect to
which the PE band edges are defined), there is still a small bump in the red line with a height
and width much smaller than those of the bump shown in the planar average potential (purple
line). So, I studied the influence of both potential barriers (bumps), namely the barrier formed
by the planar average potential and the barrier by the lowest potential of each xy-plane, at the
interface region on the charge transmission to compare the e↵ects of potential barriers with
di↵erent sizes. The results will be shown in the next section.

5.4.2

Electron tunnelling model

In this section, I will discuss the influence of the two potential barriers mentioned above. The
influence was studied by comparing the electron transmission probability between Al and PE
with and without the existence of a potential barrier at the interface. The electron transmission
in the presence of a potential barrier at the interface is shown in Figure 5.30(a). In all the
regions, the energy is referenced to the metal Fermi level, which is set to be 0 eV. An incident
electron from the metal has an initial energy E which is provided by an external bias and
should be higher than the ECBM of PE (E > V2 ) so that the transmitted electron can travel in
the PE region. At the interface region, the electron will tunnel through a barrier with a height
of Vmax

E and a width of amax . To simplify my calculations of the electron transmission
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(a)

(b)

(c)

(d)

(e)

Figure 5.29: The xy-plane potential distribution at five z-positions at the interface region. (a)
Metal surface, (e) PE surface, (b)-(d) three positions between the two surfaces. (a) to (e) were
obtained at z-positions labeled with 1 to 5 in Figure 5.26. In each figure, the color bar shows
the electrostatic potential, and the range of the color bar is from the minimum to the maximum
potential of the plane.
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probability, I used a rectangular barrier at the interface region, as shown in Figure 5.30(b).
In fact, the actual barrier in Figure 5.30(a) sits between two limits, namely zero barrier and a
rectangular barrier with the width a and the height V1 E to be amax and Vmax E, respectively.
To study the influence of the actual barrier, I did calculations for rectangular barriers at the
interface with their widths a and heights V1

E varying between the two limits.

For a certain rectangular barrier at the interface, I calculated the electron transmission probability by solving stationary Schrödinger equations of which the general form in each region

region I
Incident
electron

0 eV ! Fermi

region II

E

"!"#
!!"#

metal

interface

region III
"2

! CBM

PE

(a)

region I
Incident
electron

0 eV ! Fermi

region II

!

E

metal

"1
interface

region III
"2

! CBM

PE

(b)

Figure 5.30: The electron transmission in the presence of a potential barrier at an Al/PE
interface region. An electron with an energy E from the metal will first tunnel through a
potential barrier at the interface and then be received in the PE region. The metal Fermi level
is set to be zero, and the energies in all the regions are referenced to the Fermi level. (a) The
actual ‘hill-like’ barrier with a width of amax and a height of Vmax E at the interface, (b) the
rectangular barrier used in real calculations with a width of a and a height of V1 E.
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is:
h̄2 d2 '(x)
+ V (x)'(x) = E'(x),
2m dx2

(5.11)

where '(x) is the electron wavefunction, and E is the energy of an incident electron. V (x) is
the potential in a region, and its distribution in the three regions is expressed as:

0, x  0,

(5.12)

V1 , 0 < x  a,

(5.13)

V2 , x > a,

(5.14)

where x = 0 and x = a are the two boundaries of the three regions.

The solutions of the electron wavefunctions in the three regions should have the forms as:
'I (x) = Aeik1 x + Be

ik1 x

(region I),

(5.15)

+ Dek2 x (region II),

(5.16)

'III (x) = F eik3 x (region III),

(5.17)

'II (x) = Ce

k2 x

where A and B are the incident and reflected wave amplitudes in region I, and F is the
transmitted wave amplitude in region III. In these two regions, the wavefunctions are just
plane waves. C and D are the transmitted and reflected wave amplitudes in region II. Since
electrons will tunnel through a barrier in region II, the wavefunction in this region has an
exponential form showing the attenuation. k1 , k2 and k3 are the wave vectors in the three
p
regions. In region I and III, k is calculated as 2m(E V )/h̄, and in region II where V is
p
higher than E, it is 2m(V E)/h̄.

To make the wavefunctions to be continuous and smooth at region boundaries, the boundary

5.4. Charge transmission at the Al/PE interface region

149

conditions should also be applied, which is shown as:

'I (0) = 'II (0), 'II (a) = 'III (a);

(5.18)

d'I
d'II
d'II
d'III
|x=0 =
|x=0 ,
|x=a =
|x=a ,
dx
dx
dx
dx

(5.19)

which ensure the continuity of the wavefunction and its first derivative. With the boundary
conditions, we can solve the wavefunctions in the three regions, and the electron transmission
probability in region III is calculated as:

P =
=

|F |2 k3
|A|2 k1

(5.20)

k3 /k1

( k1+k3
)2 cosh2 (k2 a) + (
2k1

k22 k1 k3 2
)
2k1 k2

sinh2 (k2 a)

.

First, I studied the influence of the potential barrier formed by the planar average potential
(the purple line in Figure 5.26). Compared to V2 , the barrier has a width of 2.83 Å and a
height (Vmax

V2 ) of 4.47 eV. I considered three initial energies E of incident electrons which

are higher than V2 by 0.1 eV, 0.5 eV and 0.9 eV. For the incident electron with each initial
energy, the actual barrier height is Vmax

E, and the corresponding actual barrier width amax

is a number smaller than 2.83 Å. (From Figure 5.30(a), it can be seen that as E increases, the
potential barrier width amax decreases.) For the cases of 0.1 eV, 0.5 eV and 0.9 eV, amax is 2.80
Å, 2.73 Å and 2.65 Å, respectively. For each case, I calculated P under di↵erent rectangular
potential barriers with their widths (heights) varying between zero and amax (Vmax

E), and

the results are shown in Figure 5.31.
In each figure, the horizontal and vertical axes show the height and the width of the rectangular
energy barrier, respectively. The transmission probability is described with di↵erent colors
shown on the right. Obviously, when the width and the height of the barrier increases, P will
decrease. In all the figures, when the width and the height of the barrier reach the half of their
respective maximum, P can be greatly reduced compared to the ‘zero barrier’ case (the number
at the top of the color bar).
Second, I studied the influence of the potential barrier formed by the lowest potential (the red
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(a)

(b)

(c)

Figure 5.31: The transmission probability P calculated under varying rectangular potential
barriers to study the influence of the ‘planar average potential’ barrier at the interface. The
three incident electron energies considered are (a) E V2 = 0.1 eV, (b) E V2 = 0.5 eV, (c)
E V2 = 0.9 eV. For each case, the maximum rectangular barrier height is Vmax E, where
Vmax is higher than V2 by 4.47 eV, and the maximum rectangular barrier width is smaller than
2.83 Å and changes with E.

line in Figure 5.26). Compared to V2 , the barrier has a width of 0.25 Å and a height (Vmax

V2 )

of 1.26 eV. The incident electron energies considered are the same as those mentioned before.
For each case, the actual barrier width should be a number smaller than 0.25 Å. However, the
electrostatic potential was sampled on a FFT grid, and within such a small region, there are not
many FFT grid points for me to obtain the accurate barrier width for di↵erent E. Therefore,
0.25 Å was used for the three cases. The results are shown in Figure 5.32. In all the figures, it
is shown that even when the width and the height of the potential barrier reach their respective
maximum, the transmission probability (the number at the bottom of the color bar) is only
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(b)

(c)

Figure 5.32: The transmission probability P calculated under varying rectangular potential
barriers to study the influence of the ‘lowest potential’ barrier. The three incident electron
energies considered are (a) E V2 = 0.1 eV, (b) E V2 = 0.5 eV, (c) E V2 = 0.9 eV. For
each case, the maximum rectangular barrier height is Vmax E, where Vmax is higher than V2
by 1.26 eV, and the maximum rectangular barrier width in the three cases is 0.25 Å.

lowered by around 1% compared to that of the ‘zero barrier’ case (the number at the top of
the color bar). This indicates that the barrier formed by the lowest potential in each xy-plane
at the interface has almost no e↵ect on electron transmission probability.
In summary, when electrons undergo the barrier formed by the lowest potential, the influence of
the barrier on electron transmission probability is very small, as shown in Figure 5.32. However,
in the presence of the barrier formed by the planar average potential, the transmission probability can be greatly reduced compared to that of the ‘zero barrier’ case, as shown in Figure 5.31.
In reality, electrons can undergo di↵erent potential barriers via di↵erent paths at the interface,
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and the probability of each path that the electrons will travel through is unknown. Therefore,
the overall e↵ects of di↵erent barriers at the interface on electron transmission probability are
still unknown. To further understand the e↵ects of potential barriers in three dimensions at the
interface on charge transmission, I performed explicit charge quantum transport calculations,
which will be presented in the next section.

5.4.3

Charge transport calculations

The charge transport calculations were performed using ONETEP32 , which is a linear-scaling
DFT code. Transport calculations with ONETEP are based on Landauer transport theory176–178
and can give the electron transmission Tij (E) between lead i and j, defined as the probability
that a state at energy E injected from lead i is received in lead j, at zero bias179 . From the
transport calculations, the e↵ects of the three-dimensional potential distribution at an interface
region on charge transmission can be known.
A detailed introduction of the simulation setup and how Tij (E) is calculated in ONETEP can
be found in Reference 179. Here, I will briefly describe how a ONETEP transport calculation
is performed on an Al/PE interface. The charge transmission between Al and PE through
their interface region is described by a transmission geometry shown within the red solid box
in Figure 5.33. The transmission geometry contains the regions that are used to construct the
sub-Hamiltonians required in the calculations of transmission coefficients at the interface. In
my case, it contains the bulk Al region (lead i), the bulk PE region (lead j) and the central
electron scattering region. The sub-Hamiltonians corresponding to these regions are obtained
from a ground-state electronic structure calculation of an auxiliary simulation geometry, which
is periodic in three dimensions, shown within the black line in Figure 5.33. The spatial decomposition of the Hamiltonian of the auxiliary geometry into sub-Hamiltonians is possible because
ONETEP uses a basis of localised non-orthogonal generalised Wannier functions (NGWFs) to
represent the electronic structure.
The transmission coefficients are calculated with a Green’s function, and in order to obtain the
lead self energies required in the Green’s function, a lead is usually represented by two principle
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Figure 5.33: The simulation geometries of an Al/PE interface in a ONETEP transport calculation. The transmission geometry where the transmission properties are computed for is shown
within the red solid line. The auxiliary simulation geometry on which a ground-state DFT
calculation is performed is shown within the black solid line. Al and PE are termed lead i and
lead j. Each lead contains two principle layers (PL).

layers (PL). Each PL contains several repeating bulk unit cells of the lead. The width of the
PL should be large enough so that the interactions between non-adjacent PLs can be neglected.
Since ONETEP uses NGWFs as the basis functions, this is actually achieved by making the
width of a PL larger than the maximum NGWF diameter of a lead. In my calculations, the PL
of Al contains four Al layers, and that of PE contains 6 PE layers. They are shown within the
blue dashed boxes in Figure 5.33. Also, to ensure that the lead self energy represents a bulk
property of a lead, the sub-Hamiltonians required for the self energy should be extracted from
a region in the auxiliary geometry where the electronic structure of the lead is ‘bulk-like’. This
can be usually achieved by including a sufficient number of bu↵er layers at both sides of the
PLs of a lead. In my calculations, there are five Al layers and four PE layers in the scattering
region, and four Al layers and three PE layers at the other end.

For the transport calculations of the pristine interface and the interface with each chemical
group, I chose several AIMD snapshots (five for -CH2 OH and three for all the other groups)
with their

e

sitting in the middle of the whole range of

e

of that group. In each AIMD

snapshot, for each material, the top three layers that were allowed to move in the AIMD
simulation were directly taken to the corresponding auxiliary simulation geometry as the top
three layers at the two ends, and all the other layers in between in the auxiliary geometry were
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made ‘bulk-like’, as shown in Figure 5.33. From a ground-state DFT calculation of the auxiliary
simulation geometry followed by a transport calculation for the transmission geometry, the
transmission coefficients for each interface were obtained. Here, I use the result of an Al/PE
interface with -CH3 termination as an example to explain how the transmission coefficient
should be interpreted. In Figure 5.34, I show the transmission coefficient at di↵erent energies

Figure 5.34: The transmission coefficient at an Al/PE interface region with -CH3 termination.

at an Al/PE interface region with -CH3 termination. All the energies are shifted to make the
Al Fermi level which can be also obtained from the transport calculation to be 0 eV, shown
as the red vertical line. The energy gap in the middle is similar to the PE band gap within
which charge transmission between Al and PE will not happen. The energies of interest are the
left and right edges of the gap since they show the energies where charge transmission starts
to happen. From my calculations, the left and right edges are usually close to the VBM and
CBM of PE, respectively, which can be obtained from the same transport calculation, and the
information of the e↵ect of the potential barrier at the interface on charge transmission is all
included in the two onset energies. By calculating the energy di↵erences between the Al Fermi
level and the left and right onset energies, I obtained the hole and electron injection barriers,
respectively.
Then, I compared the results with ONETEP to those with QE with the vdW-DF functional
used in both calculations. However, with ONETEP, the occupied Kohn-Sham states are well
characterised by NGWFs, while the unoccupied states are not. This is because the NGWFs
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are optimised to minimize the energy of the occupied states, and thus the NGWF basis does
not accurately describe the unoccupied states180 . As a result, the calculated conduction state
energies are usually not accurate, and the right transmission onset energy (around the CBM of
PE) in Figure 5.34 is also not accurate. So, I only compared the hole injection barriers of all
the chosen AIMD snapshots between the two methods, with the results shown in Figure 5.35.

Figure 5.35: A comparison of hole injection barriers calculated by ONETEP and QE for the
chosen AIMD snapshots.

Figure 5.35 shows that generally, the calculated hole injection barriers with ONETEP are in
good agreement with that with QE, which suggests that the potential barrier at the Al/PE
interface region has little e↵ect on charge transmission.
From both the DFT calculations and Landauer transport calculations, charge injection barriers
at 0 K at Al/PE interfaces were obtained. For an Al/PE interface in operation, charge injection
happens at a finite temperature, and according to the Schottky injection law mentioned in
Chapter 2, as temperature increases, the injection current will increase. Moreover, the image
charge force between an electron and the induced positive image charge at the metal surface
after the electron leaves the surface, which is included in the Schottky injection law, was not

156

Chapter 5. Metal/PE interfaces

considered in our current calculations. In reality, the image charge force will prevent charge
injection into PE.
Calculation parameters In transport calculations, the equivalent plane wave kinetic energy
cuto↵ was 700 eV, and the exchange and correlation functional was the vdW-DF. The ensembleDFT method181 was used for metals with a smearing width to be 0.1 eV. The numbers of
NGWFs for Al, C, O, Cl and H are 9, 4, 4, 4 and 1, respectively, and the corresponding
NGWF radii in bohr were 7.6, 7.2, 7.2, 7.2 and 7.2. Ultrasoft pseudopotentials were used for
all elements.

5.5

Summary

In this chapter, I have shown my simulation of metal/PE interfaces. Firstly, I studied interfaces
between PE and four metal electrodes at 0 K. For each metal, both the pristine interface with
-CH3 termination and the interfaces with four chemical groups at the PE surface were studied in
terms of the separation distance between the metal and PE. For each interface, charge injection
barriers were calculated for a 9-metal(100)/9-PE(001) supercell, and for Al, Pd, Au, Pt, the
maximum di↵erences of the electron injection barriers

e

among di↵erent terminal groups are

1.45 eV, 1.76 eV, 1.42 eV and 2.33 eV, respectively, showing the significant influence that
surface chemical groups can have. Also, the ordering of the

e

for di↵erent chemical groups is

the same irrespective of whether the metal is Al, Pd, Au or Pt.
Secondly, to study the influence of thermal disorder, I performed AIMD simulations at 373 K
for Al/PE interfaces for di↵erent terminal chemistry. For each chemical group, I calculated
the distribution of the charge injection barriers for 1000 AIMD snapshots. I showed that the
distributions for the di↵erent chemical groups have both di↵erent means and di↵erent spreads
of the charge injection barriers. I related this to the z-axis dipole moment Dz of the chemical
groups in AIMD snapshots. I showed that di↵erent chemical groups have di↵erent variations in
Dz in AIMD simulations, and there is a general linear relationship between the injection barrier
and the z-axis surface dipole moment density ⇢Dz of the AIMD interface snapshots resulting from
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the polarity and orientation of the chemical groups. This relationship is largely independent of
chemistry and agrees with both a classical electrostatic dipole model and the linear relationship
between the macroscopic average potential di↵erence across an interface and the macroscopic
average dipole moment density at the interface derived from a Poisson equation. I also noticed
that for all the terminal groups, a spread of

e

exists for a given value of ⇢Dz , and I showed that

it is related to the variation of the distance between the terminal group on the PE side of the
interface and the Al surface during the AIMD simulation. For -CH2 OH, there are some data
which deviate from the general linear relationship, and I found that these correspond to the
cases where the shortest distances between Al and O tend to be smaller than that of the other
cases. In these cases, my approximation that the interfacial dipole can be well represented by
Dz of a chemical group isolated from the rest of the interface starts to break down. This is
evidenced by the fact that for some chosen representations of these cases, the calculated Dz of
a HCH2 OH molecule with the closest Al atom isolated from the interface di↵ers greatly from
that of the HCH2 OH molecule alone, suggesting that the interaction between Al and O can
influence Dz of the -CH2 OH at the interface. For these cases, Dz of -CH2 OH isolated from the
rest of the interface cannot well describe the actual interfacial dipole.
Thirdly, I studied the e↵ect of density of chemical groups at the PE surface. I consider three
densities, namely ‘1/2’, ‘1/4’ and ‘1/6’, and for each chemical group, I calculated

e

for three

representative AIMD snapshots under the three densities. For each chemical group, the data
from the three snapshots still follow the same linear relationship between

e

and ⇢Dz shown

in the data of the 1000 AIMD snapshots, which have the density of ‘1/2’. The results suggest
that a chemical group can also a↵ect the charge injection barriers through its surface density.
Finally, I discussed charge transmission at an Al/PE interface region in the presence of potential barriers at the interface. I showed that at the region where a bump of the planar average
potential exists, the planar average potential can generally reflect the level of potential within
a certain xy-plane. However, in each xy-plane, there are still regions where the potentials are
much lower than the average value. So I considered two potential barriers at the interface,
namely the barrier formed by the planar average potential and the one formed by the lowest
potential in a xy-plane, and their influence on charge transmission were understood by com-
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paring the electron transmission probability with and without the existence of the potential
barriers. The electron transmission probability was calculated with a very simple 1-D electron
tunnelling model. The results show that the barrier relevant to the lowest potential at the
interface has almost no e↵ect on electron transmission probability, while that relevant to the
planar average potential would greatly lower the transmission probability. Since the realistic
electron transmission process should be much more complicated that the two cases considered, I performed ONETEP transport calculations for several representative AIMD snapshots
of each group. The transport calculations can give transmission coefficients between Al and
PE at their interface region with the three-dimensional potential distribution at the interface
taken into account. For the chosen AIMD snapshots, the hole injection barriers calculated with
ONETEP generally agree with that obtained from QE, showing the potential barrier at an
interface region has little e↵ect on charge transmission at the interface.

Chapter 6
Al/PP interfaces
This chapter is devoted to the study of Al/PP interfaces. In fact, there hasn’t been any
metal/PP interface calculations shown in previous work due to the complicated structure of
crystalline PP. Similar to Al/PE interfaces, I also investigate how chemical modification and
thermal disorder can influence charge injection at Al/PP interfaces based on first-principles
simulations. I will first show the structures of Al/PP interfaces with di↵erent chemical groups at
0 K in Section 6.1. Then, I will study how the configurations of Al/PP interfaces with di↵erent
chemical groups vary at 373 K using ab initio molecular dynamics (AIMD) simulations and show
how charge injection barriers change with di↵erent configurations in Section 6.2. In Section
6.3, I will discuss how surface density of chemical groups at Al/PP interfaces influences charge
injection barriers. Finally, I will make a comparison between Al/PE and Al/PP interfaces in
Section 6.4.

6.1

Al/PP interfaces at 0 K

To be consistent with PE, I still considered the Al(100) surface orientation and the PP(001)
surface orientation at an Al/PP interface. The Al(100)/PP(001) interface was still represented
by an interface supercell composed of an Al(100) slab and a PP(001) slab separated by some
distance, as shown in Figure 6.1. In a PP(001) slab, the repeating unit is a bulk PP unit
159
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cell under interface mismatch strain (marked within the red dashed box). For the interface

Figure 6.1: A pristine 9-Al(100)/2-PP(001) interface supercell containing nine Al layers and
two PP repeating units. The repeating unit of a PP slab is a bulk PP unit cell under interface
mismatch strain, marked within the red dashed box. The left and right interface regions are
called ‘interface one’ and ‘interface two’, respectively.

mismatch strain, I still fixed metal atoms at their equilibrium lattice constants at 0 K and
imposed the mismatch strain on PP. By trying di↵erent Al(100) surface unit cells, I found by
p
p
matching the 10a0 /2 ⇥ 3 10a0 /2 Al surface unit cell shown in Figure 6.2 with the 1a ⇥ 1b
PP(001) surface unit cell, the x- and y-strains on PP are -5% and -6%, respectively. a0 is the
equilibrium lattice constant of bulk Al at 0 K, and a and b are the equilibrium lattice constants
of bulk PP at 0 K along the x and y axes, respectively. For the Al(100) surface, the two
p
p
alternating atomic patterns within the 10a0 /2 ⇥ 3 10a0 /2 unit cell are shown in dark and
light blue in Figure 6.2.

p
p
Figure 6.2: The 10a0 /2 ⇥ 3 10a0 /2 unit cell of Al(100) surface. a0 is the equilibrium lattice
constant of bulk Al at 0 K. The two alternating atomic patterns are shown in light and dark
blue.
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Second, I determined the optimal slab separation distance between the Al and PP slabs. Since
the bulk PP unit cell itself has no mirror plane parallel to the interface plane, the PP terminals
at the two Al/PP interface regions in an Al(100)/PP(001) supercell are not the same. So, I
performed separate calculations to obtain the optimal slab separation distance for each of the
two interfaces. Each interface was represented by a 5-Al(100)/1-PP(001) supercell containing
five Al layers, one strained bulk PP unit cell and a vacuum region of 8 Å on the top. The
5-Al(100)/1-PP(001) supercells for interface one and interface two in Figure 6.1 are shown in
Figure 6.3 (a) and (b), respectively. For each pristine (with -CH3 termination) 5-Al(100)/1-

(a)

(b)

Figure 6.3: The 5-Al(100)/1-PP(001) supercells used to obtain the optimal slab separation
distances for (a) interface one (b) interface two shown in Figure 6.1. In each supercell, the atoms
in dark blue (labeled with a ‘-f’ in the legend on the right) are fixed in geometry optimisation.
A chemical group is placed at the terminal (marked within the red dashed box) of the second
PP chain from the top in each supercell.

PP(001) supercell, I adjusted the slab separation distance and at each distance, I relaxed the
internal atomic positions of the supercell while fixing the lattice parameters. In geometry
optimisation, the three Al layers in light blue and the C (black) and H (pink) atoms within a
half of the strained bulk PP that are close to the interface region were allowed to move, while
the other atoms in dark blue were fixed, as shown in Figure 6.3. The optimal slab separation
distance was obtained when the relaxed supercell had the lowest energy.
Finally, I determined the slab thicknesses. For Al, I still used a 9-layer slab to be consistent
with the Al/PE interface. For PP, the convergence of the potential di↵erence across an Al/PP
interface with respect to the number of bulk PP unit cells in the PP slab is shown in Figure
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6.4. The potential di↵erence can converge to within 20 meV by two bulk PP unit cells. I also
checked the smoothness of the macroscopic average potential curve of a 9-Al(100)/2-PP(001)
supercell shown in Figure 6.5. In Figure 6.5(a), the green and blue lines show the macroscopic
average potential within the middle three layers of the Al slab and the region within a distance
of the z-axis length of the bulk PP unit cell in the middle of the PP slab, respectively. In Figure
6.5 (b) and (c), I show the macroscopic average potential within the central region of each slab,
and the curve in the Al and the PP central regions is flat to within a tolerance of 40 meV and
20 meV, respectively. (The Al central region is within a distance of the Al interplanar distance
in the middle of the Al slab, and the PP central region is within 0.5 Å of the PP slab middle.)
Therefore, a 9-Al(100)/2-PP(001) supercell was used for charge injection barrier calculations.

Figure 6.4: The convergence of the potential di↵erence across an Al/PP interface with respect
to the number of bulk PP unit cells in the PP slab.

-COOH, -CHO, -CH2 OH and -CH2 Cl were still studied for Al/PP interfaces, and for each
chemical group, I still used the 5-Al(100)/1-PP(001) supercell to determine the optimal slab
separation distances for the two interfaces regions. Since there are two types of PP chains in a
bulk PP unit cell, for an initial trial, I put each chemical group at the two terminals (marked
within the red dashed boxes in Figure 6.3) of the second PP chain from the top, which will be
referred to as ‘chain one’ in the following paragraphs. For the 5-Al(100)/1-PP(001) supercells
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(a)

(b)

(c)

Figure 6.5: The macroscopic average potential within (a) the middle three Al layers (green
line) and the region within a distance of the z-axis length of the bulk PP unit cell in the middle
of the PP slab (blue line), (b) the Al central region, (c) the PP central region. The Al central
region is within a distance of the Al interplanar distance in the middle of the Al slab. The PP
central region is within 0.5 Å of the PP slab middle. Due to the unsymmetry of the two Al/PP
interface regions, the macroscopic average potential in both central regions is also asymmetrical.

with chemical groups, the optimal slab separation distances were obtained in the same way that
I did for the pristine Al/PP interface. For both the pristine Al/PP interface and the interfaces
with chemical groups, the distance between the average z-position of the Al atoms and that of
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the four backbone C atoms that are closest to the interface region in the relaxed supercell with
the optimal slab separation distance for the two interface regions is given in Appendix A.
Calculation parameters The Al/PP interface calculations were still performed with the
PWscf code of QUANTUM ESPRESSO155 . The Brillouin zone was sampled with a MonkhorstPack mesh of 3 ⇥ 1 ⇥ 1 k-points, and the vdW-DF functional was used as the exchange and
correlation functional. The kinetic energy cuto↵s for wavefunctions and charge density were
48 Ry and 192 Ry, respectively. The ‘Marzari-Vanderbilt’ smearing method was used for Al
with a smearing width of 0.01 Ry. The pseudopotentials for all the elements were the same
as those used in Al/PE interface calculations. In geometry optimisation, the energy and force
thresholds were 1 ⇥ 10

6.2
6.2.1

3

eV and 1 ⇥ 10

2

eV/Å, respectively.

Al/PP interfaces at 373 K
Interface configurations at 373 K

The e↵ect of thermal disorder was also studied for Al/PP interfaces, and I still performed AIMD
simulations to obtain more configurations of Al/PP interfaces with di↵erent chemical groups
at the working temperature of Al/PP interfaces. For PP capacitors, the maximum operating
temperature is 105 °C34 , and I still set the target temperature in AIMD simulations to be 100
°C (373 K) to be consistent with Al/PE interfaces. Since performing AIMD simulations on a
9-Al(100)/2-PP(001) supercell containing around 360 atoms is time-consuming, for the pristine
case (-CH3 ) and the four chemical groups, I performed separate AIMD simulations for each
interface region, which was still represented with the 5-Al(100)/1-PP(001) supercell introduced
in Section 6.1. For each group, the AIMD snapshots obtained for the two interface regions
were then combined to construct the 9-Al(100)/2-PP(001) supercell for charge injection barrier
calculations.
For -CH3 and the four chemical groups, the 5-Al(100)/1-PP(001) supercells with the optimal
slab separation distances obtained at 0 K were used as the input structures in AIMD simula-
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tions. The AIMD parameters used for Al/PP interfaces were the same as those used for Al/PE
interfaces. In each AIMD iteration, the DFT parameters were the same as those used in the
study of Al/PP interface structure at 0 K in Section 6.1. In an AIMD simulation, only the
three Al layers and atoms within a half of the bulk PP that are close to the interface region
were allowed to move, which is the same as that required in the geometry optimisation of the
5-Al(100)/1-PP(001) supercell in Section 6.1. The other atoms were fixed to their bulk structure so that when the AIMD snapshots for the two interface regions are combined, the middle
three layers of the Al slab and the region within a distance of the z-axis length of the bulk
PP unit cell in the middle of the PP slab in the final 9-Al(100)/2-PP(001) supercell retain
bulk structure, which is necessary in the charge injection barrier calculation within the ‘bulk
reference’ method. In each AIMD simulation, the temperature can converge to within 20 K
after 500 iterations, and from then I took snapshots every 5 fs (10 AIMD iterations).
It should be noticed that the two interfaces regions of a 9-Al(100)/2-PP(001) supercell should
also be made symmetric for charge injection barrier calculations, which was explained for an
Al/PE interface supercell in Section 5.2. However, as was mentioned before, the two Al/PP
interface regions in a 9-Al(100)/2-PP(001) supercell are not the same, and the dynamics in the
AIMD simulation will only further break the symmetry of the two interface regions. Furthermore, due to the lack of a mirror plane parallel to the interface plane of the bulk PP unit cell, it
is impossible to manually make a symmetric 9-Al(100)/2-PP(001) supercell based on a AIMD
snapshot as what was done for Al/PE interfaces. To reduce the dipole across the 9-Al(100)/2PP(001) supercell introduced by the asymmetry of the two interface regions, I tried to make
the z-axis dipole moment Dz of a chemical group at the two interface regions to have similar
values when combining AIMD snapshots of the two interface regions.
So for the pristine case (with -CH3 termination) and four chemical groups, I first calculated Dz
of the group in AIMD snapshots for the two interfaces regions. The method of calculating Dz
of a chemical group in Al/PP interface snapshots is the same as that used to calculate Dz in
Al/PE interface snapshots. For -CH3 , Dz in 500 snapshots of each interface region is shown in
Figure 6.6. For both interfaces, -CH3 has a small variation in Dz , which agrees with the fact
that -CH3 is a non-polar group, and its Dz will be around zero in the AIMD simulation. Also,
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Figure 6.6: The distribution of Dz of -CH3 in 500 AIMD snapshots for interface one and
interface two. The bin width is 0.004 eÅ.

the range of Dz in Figure 6.6 is similar to that of the -CH3 at Al/PE interfaces.
For each chemical group, the evolution of Dz at the two interface regions during the AIMD
simulation is shown in Figure 6.7. Except for -COOH, all the other chemical groups have a
small overlap of the range of Dz at the two interfaces. In fact, it can be seen from Figure
6.3 that at interface one, a chemical group replaces the side methyl group at the chain end,
while at interface two, the chemical group replaces the terminal methyl group which contains a
backbone carbon. The di↵erent surroundings of a chemical group at the two interface regions
can make it have di↵erent trajectories in the AIMD simulation and therefore di↵erent ranges
of Dz at the two interfaces.
The poor match of the range of Dz at the two interfaces for a chemical group means that finally,
there will not be many AIMD snapshots of the two interfaces that can be combined according
to Dz . To get a good match of Dz at the two interfaces for all four chemical groups, I first tried
to put them at the two terminals of the third PP chain from the top in Figure 6.1, which will be
referred to as ‘chain two’ in the following paragraphs, and then performed AIMD simulations
on 5-Al(100)/1-PP(001) supercells in which the chemical groups sit on chain two. (Chain one
and chain two are the two types of PP chains in a bulk PP unit cell, which was introduced
in Section 4.1.1.) After I compared the range of Dz at the two interface regions with all four
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Figure 6.7: The match of the range of Dz at interface one and interface two for all four chemical
groups. Each chemical group sits at the two terminals of chain one. The value of Dz was
calculated for snapshots obtained every 10 AIMD iterations.

possible positions of the chemical groups, i.e., the four terminals of chain one and chain two,
taken into account, I found that it was still difficult to obtain a good match of the range of
Dz between the two interfaces for all the chemical groups. (The results are given in Appendix
B.) In fact, the four terminals of the two PP chains have very di↵erent geometries so that it
is difficult to have the chemical groups at those positions to have similar trajectories in AIMD
simulations. Therefore, the key issue is to make a chemical group sit in similar environments
at the two interfaces. Based on the terminal geometry of chain one at interface one, I modified
the terminal geometry of chain one at interface two to make the two terminal geometries to be
similar, as shown in Figure 6.8. For chain one at interface two, one of the hydrogen atoms of the
terminal methyl group was replaced by a carbon atom (C6) which serves as the central carbon
of a chemical group at interface two. Since the C1-C2 bond and the C3-C4 bond are both
along the z-axis, and C5 (the central carbon of a chemical group at interface one) and C6 have
similar surroundings, a chemical group will sit in similar environments at the two interfaces.
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Figure 6.8: A modification of the terminal geometry of chain one at interface two to make the
two terminal geometries on chain one similar. C6 replaces a hydrogen of the original terminal
-CH3 group at interface two and serves as the central carbon atom of a chemical group at
interface two. C5 is the central carbon of a chemical group at interface one. The central carbon
of a chemical group is the carbon which O or Cl is linked to.

(The central carbon of a chemical group is the carbon which O or Cl is linked to.)
For each group, I now placed it at the modified terminal of chain one in the 5-Al(100)/1-PP(001)
supercell for interface two, as shown in Figure 6.9(b) using -CHO as an example. For each chem-

(a)

(b)

Figure 6.9: The 5-Al(100)/1-PP(001) supercells with -CHO at (a) the original terminal of chain
one at interface one and (b) the modified terminal of chain one at interface two. d1 and d2 are
the distance between the z-position of the central carbon of a chemical group and the average
z-position of the Al atoms in the layer closest to the interface at interface one and interface
two, respectively.

ical group, I adjusted the distance between the Al and the PP slabs in the 5-Al(100)/1-PP(001)
supercell for interface two and relaxed the supercell at di↵erent slab separation distances in
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the same way that I did before shown in Section 6.1. Among the relaxed supercells, I used the
one in which the value of d2 (see Figure 6.9(b)) similar to that of d1 (see Figure 6.9(a)) as the
new AIMD input structure for interface two. d1 and d2 are the distance between the z-position
of the central carbon of a chemical group and the average z-position of the Al atoms in the
layer closest to the interface at interface one and interface two, respectively. This is to ensure
that each chemical group can also have similar space of movement in the AIMD simulations of
the two interfaces. Also, for each chemical group, the chosen AIMD input structure still has
a stable structure at 0 K since it sits around the energy minimum in the curve showing the
energy as a function of slab separation distance for interface two with modified chain terminal.
For each chemical group, I performed a AIMD simulation using the same parameters as those
used for interface one on the chosen input structure for interface two and obtained 500 AIMD
snapshots. In each snapshot, I calculated Dz of the chemical group and then compared the
range of Dz of the group at interface two with that at interface one, and the result is shown in
Figure 6.10.
Now for all the chemical groups, the range of Dz shows a good match between interface one
and interface two, and this means it is easy to pair a Dz at interface one with one at interface
two. In each subfigure of Figure 6.10, the variations in Dz for interface one and interface two
are shown as the top and the bottom numbers, respectively. At interface one, the variations
in Dz of -CH2 OH and -CH2 Cl are relatively smaller at 0.32 eÅ and 0.29 eÅ, respectively. The
value for -COOH is slightly higher at 0.49 eÅ, and -CHO has the largest variation in Dz of
0.82 eÅ. Since interface two was manually created to make the range of Dz of a chemical group
similar at the two interfaces, the dynamics of a chemical group at interface two in the AIMD
simulation will not be discussed. Further explanations of the variation in Dz for each group at
interface one is given in Section 6.4.

6.2.2

Charge injection barriers at 373 K

For -CH3 , since the magnitudes of Dz at the two interfaces are within 0.02 eÅ, I just randomly
paired the AIMD snapshots of the two interfaces. For each chemical group, I paired each
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Figure 6.10: Good matches of the range of Dz from 500 AIMD snapshots between interface
one and interface two (with modified terminal) for all four chemical groups. In each subfigure,
the number legends on the top and the bottom show the variation in Dz at interface one and
interface two, respectively. The bin width is 0.04 eÅ.

snapshot of interface one with a snapshot of interface two with Dz of the group at the two
interfaces di↵ering by no more than 0.01 eÅ. The process of combining the snapshots of the
two interfaces is illustrated in Figure 6.11. For each group, I obtained 500 9-Al(100)/2-PP(001)
supercells, which will be referred to as ‘combined AIMD snapshots’ later, and then calculated
their charge injection barriers. Bulk PP calculations required in the ‘bulk reference’ method
were performed on a bulk PP unit cell under the interface mismatch strain with the PBE0
functional, and the band gap of the strained bulk PP unit cell is 7.89 eV. The distributions of
charge injection barriers of 500 combined AIMD snapshots for each chemical group as well as
the pristine case (-CH3 ) are shown in Figure 6.12.
In each subfigure, the horizontal axis shows the number of configurations, and the left and right
vertical axes show the electron ( e ) and hole (

h)

injection barriers, respectively. The mean

charge injection barrier of each distribution is shown as the central red data point, with the
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Figure 6.11: A combination of AIMD snapshots of the two interfaces for the construction of a
9-Al(100)/2-PP(001) supercell using -CHO as an example. In the AIMD snapshot for interface
two (marked within black dashed line), the Al layer closest to the vacuum region which was
fixed in the AIMD simulation is deleted. The atoms fixed in AIMD simulations are shown in
dark blue.
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Figure 6.12: Charge injection barrier distributions for Al/PP interfaces with di↵erent chemical
groups and -CH3 at 373 K. For each group, the mean charge injection barrier is shown as the
certain red data point, with the mean e and h displayed to the left and right of it, respectively.
For each group, the standard deviation IB of all the injection barriers is shown with the error
bars above and below the red data point. The black dash line shows the case where e equals
h.
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e

and

h

displayed to the left and right of it, respectively. Figure 6.12 shows that for

Al/PP interfaces, di↵erent interface chemistries also have di↵erent mean and spread of charge
injection barriers when thermal e↵ects are taken into account. For -CH3 , the mean

e

and

are similar at about 3.9 eV. For the four chemical groups, they all decrease the mean
-CH3 and have their mean

e

smaller than mean

h

e

h

of

(electron injection dominant). Compared

to -CH3 , the mean charge injection barriers can be maximumly tuned by 0.6 eV with -CH2 OH,
which is smaller than the tuning width at 1.1 eV for the Al/PE interface system. In fact, based
on the study of Al/PE interfaces, this result can be expected because we know that the change
of charge injection barriers is related to the surface dipole moment density of chemical groups.
Supposing that at Al/PP interfaces, the chemical groups have similar ranges of Dz in AIMD
simulations to those at Al/PE interfaces, since the Al/PP interface has a much larger area, the
z-axis dipole moment density of a chemical group is greatly reduced and the tuning ability is
decreased.
The ideal condition (

e

equals

h)

is shown as the black dashed line, and it suggests that

among all the chemical groups, -CH2 Cl has the smallest di↵erence between mean

e

and

h

and the smallest spread of injection barriers, which makes it the most suitable choice in real
applications.
For each group, the standard deviation

IB

of all the injection barriers is shown with the error

bars above and below the red data point that denotes the mean injection barrier. -CH3 has
the smallest

IB

at 0.05 eV. -CH2 OH and -CH2 Cl have similar

respectively. -COOH and -CHO have bigger

IB

IB

at 0.09 eV and 0.08 eV,

at 0.16 eV and 0.20 eV, respectively. It was

shown in Figure 6.10 that di↵erent chemical groups have di↵erent variations in Dz in AIMD
simulations, and their di↵erent

IB

may still be related to their di↵erent dynamics in the AIMD

simulations.
So, for each chemical group as well as the pristine case (-CH3 ), I plot

e

against the dipole

moment surface density ⇢Dz for 500 combined AIMD snapshots shown in Figure 6.13. For
each group, the horizontal axis ⇢Dz is the average value of ⇢Dz at the two interfaces. The
horizontal and vertical scales of all the subfigures are the same to aid quantitative comparison
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Figure 6.13: e as a function of ⇢Dz for Al/PP interfaces with four chemical groups and -CH3
at 373 K. The data for -CH3 are shown in grey. The dipole moment surface density ⇢Dz is
calculated as the average value of ⇢Dz at the two interface regions. The black dash line shows
the case where e equals h .

across di↵erent chemistries. In each subfigure, the data for -CH3 are shown in grey. Similar
to Al/PE interfaces, for each chemical group, there still exists a linear relationship between

e

and ⇢Dz . In each subfigure, the diagonal line is the linear regression line fit to the data from
all the chemical groups, and the data of each chemical group still follow the common linear
regression line, suggesting that for Al/PP interfaces, there is still a broadly universal trend
of the injection barrier with surface dipole moment density that is independent of chemistry.
Therefore, at Al/PP interfaces,

e

and

their dipole density at the interfaces.

h

are impacted by surface chemical groups through
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Surface density of chemical groups

For Al/PP interfaces, I also considered three surface densities of chemical groups, namely ‘1/4’,
‘1/8’ and ‘1/12’. The surface density of a chemical group in a combined AIMD snapshot is
defined as ‘1/4’ since there is one modified PP chain every four PP chains. To construct
supercells with ‘1/8’ and ‘1/12’ surface densities, I extended the combined AIMD snapshot
(within the black solid line in Figure 6.14(a)) along the x axis by twice and three times,
respectively, as shown in Figure 6.14 (b) and (c). In Figure 6.14 (b) and (c), I kept one
modified PP chain and replaced the other modified chain(s) with unmodified chains (marked
within blue dashed circles). The unmodified chain was made by performing symmetry operation
on the unmodified PE chain marked within the red dashed circle in Figure 6.14(a). The two
chains (red and blue) are of the same type in a bulk PP unit cell and are related to each other
via a translational symmetry. For each chemical group, I chose three representative combined
AIMD snapshots with Dz of the chemical group sitting in the leftmost, the middle and the
rightmost regions of the whole range of Dz of the group in the AIMD simulation and calculated

(a)

(b)

(c)

Figure 6.14: Al/PP supercells (within the black solid line) with the surface density of a chemical
group to be (a) ‘1/4’ (b) ‘1/8’ (c) ‘1/12’, viewed down the z-axis. In (b) and (c), the unmodified
chains (marked within blue dashed circles) that replace the original modified chains were made
by performing symmetry operation on the unmodified chain marked within the red dashed
circle in (a). Al atoms in all the supercells are omitted.
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for the corresponding supercells with ‘1/8’ and ‘1/12’ surface densities.
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Figure 6.15: e as a function of ⇢Dz for Al/PP interfaces with ‘1/4’, ‘1/8’ and ‘1/12’ surface
densities of chemical groups. For each chemical group, the data for three representative combined AIMD snapshots with ‘1/4’ surface density are shown with a solid circle, triangle and
square, and for each combined snapshot, the data for supercells with ‘1/8’ and ‘1/12’ surface
densities are shown with empty symbols. For each group, the data for 500 combined snapshots
with ‘1/4’ surface density are shown in grey. The black dashed line shows the case where e
equals h .

For each combined AIMD snapshot, I plot

e

against ⇢Dz for the supercells with three surface

densities in Figure 6.15. For each chemical group, the data for three representative combined
AIMD snapshots with ‘1/4’ surface density are shown with a solid circle, triangle and square,
and for each combined snapshot, the data for supercells with ‘1/8’ and ‘1/12’ surface densities
are shown with empty symbols. For each chemical group, the background data in grey are for
500 combined AIMD snapshots with ‘1/4’ surface density and are the same as that in Figure
6.13. In each subfigure, the data for the supercells with di↵erent surface densities for a certain
combined AIMD snapshot lie on the same line, and the data of the three densities of di↵erent
combined AIMD snapshots generally follow the linear trend observed in the background data,
suggesting that

e

and

h

can be a↵ected by the surface density of a chemical group at Al/PP
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interfaces.
Calculation parameters The parameters used in calculations of Al/PP interfaces with the
three surface densities are the same as those used in Section 6.1 except for the k-point sampling.
To compare

e

among di↵erent surface densities, denser k-point meshes were used to obtain

more accurate values of

e.

K-point meshes of 6 ⇥ 2 ⇥ 1, 3 ⇥ 2 ⇥ 1 and 2 ⇥ 2 ⇥ 1 were used for

supercells with ‘1/4’, ‘1/8’ and ‘1/12’ surface densities, respectively.
In previous calculations, a 3 ⇥ 1 ⇥ 1 k-point mesh was used for a combined AIMD snapshot. To
check the influence of the k-point mesh size on

e,

in Figure 6.16, I compared

calculated with

e

a 3 ⇥ 1 ⇥ 1 and a 6 ⇥ 2 ⇥ 1 k-point mesh for the three representative combined AIMD snapshots
mentioned above. For each group, the di↵erence of
compared to the vertical spread of

e

e

between the two k-point meshes is small

shown in the background data, which means the general

linear trend for each group will not be a↵ected by the k-point mesh size.
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Figure 6.16: A comparison of e calculated with a 3 ⇥ 1 ⇥ 1 and a 6 ⇥ 2 ⇥ 1 k-point mesh for
the three representative combined AIMD snapshots for each group. For each group, the data
for 500 combined AIMD snapshots are shown in grey.
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A comparison between Al/PE and Al/PP interfaces

Now, I compare the results between Al/PE and Al/PP interfaces. First, I compare the distribution of Dz of the chemical groups in AIMD simulations between the two systems shown
in Figure 6.17. For the Al/PP interface, since Dz at interface one determines Dz at the two
interfaces in combined AIMD snapshots for charge injection barrier calculations, I only show
the distribution of Dz at interface one here.
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Figure 6.17: A comparison of the distribution of Dz of each chemical group at (a) Al/PE
interfaces and (b) Al/PP interfaces in AIMD simulations at 373 K. In each subfigure, the
number under the group name shows the variation in Dz , and the bin width is 0.04 eÅ. For
the Al/PP interface, since Dz at interface one determines Dz at the two interfaces in combined
AIMD snapshots for charge injection barrier calculations, I only show the distribution of Dz at
interface one here.

-COOH shows a similar variation in Dz in the two interface systems, and in both systems, its
distribution of Dz is centred at around 0 eÅ. By contrast, the other three chemical groups all
show some discrepancies in the distribution of Dz between the two systems. For both -CHO
and -CH2 Cl, they only show positive Dz at Al/PE interfaces but they show both positive and
negative Dz at Al/PP interfaces. The examples of a positive Dz at the Al/PE interface and
a negative Dz at the Al/PP interface are given in Figure 6.18 for -CHO and Figure 6.19 for
-CH2 Cl.

In both figures, the positive Dz means the polar bond (C=O or C-Cl) is pointing

towards the Al surface, while the negative Dz means the polar bond is pointing towards the
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(a)

(b)

Figure 6.18: -CHO with (a) a positive Dz at an Al/PE interface and (b) a negative Dz at an
Al/PP interface. Both figures are taken from the original AIMD snapshots with only the three
Al layers closest to the interface and the polymer chain modified with -CHO shown.

(a)

(b)

Figure 6.19: -CH2 Cl with (a) a positive Dz at an Al/PE interface and (b) a negative Dz at an
Al/PP interface. Both figures are taken from the original AIMD snapshots with only the three
Al layers closest to the interface and the polymer chain modified with -CH2 Cl shown.

polymer chain interior. At an Al/PE interface, the O or Cl atom sits on a backbone carbon in
the ‘zig-zag’ C-C chain along the z axis, and the planar structure of -CHO and the tetrahedral
structure of -CH2 Cl make the O and Cl atoms unlikely to move towards the polymer interior.
Therefore, only positive Dz shows for -CHO and -CH2 Cl at the Al/PE interface. By contrast,
at an Al/PP interface, both -CHO and -CH2 Cl replace a side methyl group, and the C-C bond
adjacent to the polar bond is parallel to the xy-plane, making the O and Cl atoms moving
more flexibly along the z axis. That is why both positive and negative Dz show for -CHO and
-CH2 Cl at the Al/PP interface.
For -CH2 OH, it shows a smaller variation in Dz at the Al/PP interface than at the Al/PE

6.4. A comparison between Al/PE and Al/PP interfaces
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interface. This is because the oxygen atom of -CH2 OH has a smaller z-axis distance to the
Al surface at the Al/PP interface than at the Al/PE interface at the beginning of the AIMD
simulation. As a result, the -CH2 OH at the Al/PP interface shows stronger interaction with
the surface Al atoms and has less structural variation in the AIMD simulation.
Second, in Figure 6.20, I compare the e↵ects of di↵erent chemical groups on charge injection
barriers at 373 K between the two interface systems. For the Al/PE interface, compared to
the pristine case with -CH3 , all the chemical groups have smaller values of mean
for -COOH that has a slightly higher value of mean

e.

e

except

Similarly, for the Al/PP interface,

all the chemical groups have their mean

e

smaller than that of -CH3 . This suggests that

generally these chemical groups decrease

e

and increase

h

of pristine Al/PE and Al/PP

interfaces. Furthermore, except for the Al/PE interface with -COOH, all the other interfaces
with chemical modification show smaller mean

e

than

h,

suggesting that generally the electron

injection will be dominant after Al/PE or Al/PP interfaces are modified with chemical groups.
For both interfaces, -CH2 Cl has the smallest standard deviation of injection barriers among
all the chemical groups. Considering both the spread of injection barriers and the di↵erence
between mean

e

and

h

at 373 K, -CHO and -CH2 Cl are the most suitable options for chemical

modification at Al/PE and Al/PP interfaces, respectively, in real applications.
Third, the slope of the linear regression line between

e

and ⇢Dz is -0.11 for Al/PE interfaces and

-0.16 for Al/PP interfaces. The similar values suggest that the linear relationship between

e

and ⇢Dz , which is universal among di↵erent chemical groups, also seems to be independent of the
polymer at the interface. This also suggests that similar linear relationship between

e

and ⇢Dz

may also show at other metal/polyolefin interfaces. (Polyolefin materials are polymers formed
by polymerization of olefin monomer units, and PE and PP are both polyolefin materials.)
Finally, for both Al/PE and Al/PP interfaces, the conclusion is that

e

and

h

are impacted

by both the z-axis dipole moment and the surface density of a chemical group at the interfaces.
It should be noted that the polymers in Al/PE and Al/PP interfaces are both in their crystalline
form. In reality, PE and PP are semi-crystalline, and previous calculations68 show that physical
disorders such as amorphous regions and lamella in bulk PE can bring electron and hole defect
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Figure 6.20: A comparison of charge injection barrier distributions at 373 K between (a) Al/PE
interfaces and (b) Al/PP interfaces with di↵erent chemical groups and -CH3 termination.

states with depths smaller than 1 eV (shallow traps) within the band gap of PE. Therefore, it
can be speculated that these disorders will also bring shallow traps to Al/PE (PP) interfaces,
and charge injection barriers can be lowered due to the fact that these shallow traps can assist
further charge hopping in the polymers.

Chapter 7

Work function and electron affinity
calculations with improved numerical
precision

In this chapter, I will present an approach for improving the numerical accuracy of work functions and electron affinity calculations with plane-wave pseudopotential (PWPP) DFT. I show
that ensuring the commensurability of the underlying fast Fourier transform (FFT) grid and
the atomic structure helps improve the numerical convergence of the two properties. By contrast, without consideration of this commensurability, substantial numerical errors can arise.
In fact, in the previous charge injection barrier calculations of metal/polymer interfaces, the
electrostatic potential is also sampled on a FFT grid, and the commensurability of the FFT
grid can also a↵ect the accuracy of the potential and thus the charge injection barriers. Therefore, this issue is of great importance to the whole work. In Section 7.1, I focus on this issue
in relation to metal work function calculations. In Section 7.2, I do the same for PE and PP
electron affinity calculations.
181

182Chapter 7. Work function and electron affinity calculations with improved numerical precision

7.1

Metal work function

The work function of a metal is defined as the minimum energy needed to remove an electron
from the metal interior to an infinite distance from the metal surface182 . It is a fundamental
property of a metal and is related to many areas of research such as molecular adsorbates
on metal surfaces183 , metal/oxide interfaces184 and charge injection at metal/semiconductor
interfaces185 . Experimentally, it can be measured by photoemission methods such as the X-ray
photoelectron spectroscopy (XPS)186 . In terms of theoretical studies, it can be studied with a
slab supercell containing a metal slab with a vacuum region on the top in DFT calculations.
With DFT calculations, the metal work function can be directly calculated as the di↵erence
between the electrostatic potential energy in the vacuum region of a supercell and the Fermi
energy of the metal slab according to its definition (the ‘direct method’). However, Fall et
al.182 showed that the Fermi energy of an Al(100) slab is sensitive to the slab thickness due to
quantum size e↵ects, and the work function of the Al (100) surface calculated with the ‘direct
method’ shows a slow convergence with respect to the slab thickness. They proposed a method
in which the Fermi energy at the interior of a slab is defined by referencing it to the relative
position of the Fermi energy and the average electrostatic potential from a calculation on the
bulk metal, which is very similar to the ‘bulk reference’ method used to determine the energy
alignment at metal/polymers interfaces shown in Section 3.2. With the ‘bulk reference’ method,
the work function of the Al (100) surface shows a faster convergence with respect to the slab
thickness. Nowadays, the ‘bulk reference’ method is commonly used in the DFT calculations
of metal work functions.
In this work, I used this method to calculate the work functions of four face-centred cubic
(FCC) metals, namely Al, Pd, Au and Pt. For each metal, I studied three surface orientations,
namely (100), (110) and (111), and the slab supercell for each orientation is shown in Figure
7.1. For each orientation, the primitive surface unit cell, which contains one atom per layer, was
used. The (100) and (110) surface slabs both have a ABAB stacking, and they have tetragonal
and orthorhombic structures, respectively. The (111) surface slab has a ABCABC stacking and
a hexagonal structure. The a and b lattice parameters and the interplanar distance d of the
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(a)

(b)

(c)

Figure 7.1: Slab supercells for (a) (100) surface (b) (110) surface (c) (111) surface of a FCC
metal used in work function calculations. (a) tetragonal, ABAB stacking; (b) orthorhombic,
ABAB stacking; (c) hexagonal, ABCABC stacking.

slabs are summarised in Table 7.1.
Table 7.1: The a and b lattice parameters and the interplanar distance d
of the (100), (110) and (111) surface slabs. a0 is the equilibrium lattice constant at 0 K.
Surface
(100)
(110)
(111)

p

a

2a0 /2
p a0
2a0 /2

b
p
p2a0 /2
p2a0 /2
2a0 /2

d
pa0 /2
p2a0 /4
3a0 /3
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Within the ‘bulk reference’ method proposed by Fall et al.182 , the electrostatic potential distribution V (r) of a metal slab supercell obtained from DFT calculations is first averaged over
the metal surface to obtain the planar average electrostatic potential along the z-axis V (z).
(z is the direction perpendicular to the metal surface.) Then, V (z) can be convolved with
a square-wave function with a width of the interplanar distance d to obtain the macroscopic
average potential Vb (z). The convolution process is the same as that shown in Equations 3.52
to 3.55 in Section 3.2, and Vb (z) is expressed as:
1
Vb (z) =
d

Z

+d/2

V (z

z 0 )dz 0 .

(7.1)

d/2

To reference to the bulk system, the Vb (z) of a bulk metal unit cell which is the smallest repeating

bulk
cell along the z-axis of the metal slab is calculated in a similar way. The Fermi level EFermi
of

the bulk unit cell should also be calculated. In fact, the whole procedure is very similar to that
used to determine the metal Fermi level in a metal/polymer supercell introduced in Section 3.2
and is also illustrated in Figure 7.2. Finally, the work function
= Vb slabvac

(Vb slabint

is calculated as:

bulk
Vb bulk + EFermi
),

(7.2)

where Vb slabvac is the Vb of the vacuum region of a slab supercell, and Vb slabint and Vb bulk are the
interior Vb of the metal slab and the bulk metal, respectively.

Even with the ‘bulk reference’ method, the work functions calculated for a given metal surface
using the same pseudopotentials, exchange and correlation functionals and basis sets in di↵erent
studies in the literature can still show discrepancies. A summary of such discrepancies in the
calculated work functions for Al (100), (110) and (111) is given in Table 7.2. It is shown that
the discrepancy can be as large as 0.55 eV shown for the Al(111) surface calculated with LDA
and norm-conserving pseudopotentials, which is somewhat surprising for such a fundamental
electronic property. The discrepancies suggest that there may be other computational factors
which can also a↵ect the accuracy of work functions and have not been controlled yet.
In practice, in PWPP DFT calculations, the electrostatic potential V (r) of a slab supercell
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Figure 7.2: The workflow of work function calculations.

is sampled over a FFT grid whose dimensions are determined by the kinetic energy cuto↵ for
the charge density. The resulting planar average electrostatic potential V (z) is sampled at the
FFT grid points along the z-axis. The macroscopic average potential Vb at a given z-axis FFT
grid point is then the average of V at all the z-axis FFT grid points within a distance of d/2.

Usually, Vb slabvac , Vb slabint and Vb bulk in Equation 7.2 are obtained at the middle z-axis FFT grid
points in the corresponding regions.

As I shall show, the macroscopic average potential terms required in Equation 7.2 are sensitive
Table 7.2: A summary of the discrepancies shown in
the calculated work functions (eV) for Al in previous studies.
Method Exc
GGA
PPPW
LDA
Expt.197

Pseudopotential

Al(111)

Al(100)

Al(110)

Ultrasoft
PAW
Norm conserving

4.17187 , 4.09188
4.20189 , 4.08190
4.25193 , 3.7194

4.27189 , 4.32191

3.96189 , 3.92192
4.30193 , 4.12195 , 4.32196

4.24 ± 0.02

4.41 ± 0.03

4.28 ± 0.02
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to the choice of the z-axis FFT grid used in DFT calculations. As this is something that users
of DFT codes typically do not control or consider in detail, the choice of the z-axis FFT grid
can be source of uncertainty in work function calculations. In the following sections, I will
discuss how the commensurability of a z-axis FFT grid with the positions of the atomic planes
can a↵ect the work function calculations.
In all the following slab calculations, surface relaxation is considered for a metal slab. To
obtain ‘bulk-like’ regions for the ‘bulk reference’ process in a metal slab, during a geometry
optimisation process, the middle three (four) metal layers are fixed for metal slabs with an odd
(even) number of metal layers (Nmetal ).

7.1.1

FFT grid commensurability

In Figure 7.3, I performed two 10-layer Al(100) slab calculations with the z-axis FFT grid point
numbers of the slab supercells (N zFFT ) set to be 270 and 320. For both slab supercells, the
FFT grid dimension of the xy-plane is 20 ⇥ 20, and the vacuum length is 18.27 Å. The sampling
of V within the middle four atomic planes of the slab (denoted by dashed lines) for the two
cases is shown in the top and the middle panels. Since the two slab supercells have the same
length and di↵erent N zFFT , they have di↵erent numbers of z-axis FFT grid points between two
atomic layers (nzFFT ). When nzFFT is an integer (15.0), which is called the ‘commensurate’
case, there is a consistent and fixed relationship between the FFT grid points and the atomic
planes, as shown in the top panel. When nzFFT is a non-integer (17.8), which is called the
‘incommensurate’ case, such relationship does not exist, as shown in the middle panel. (In each
panel, the position of the z-axis FFT grid points where potentials are sampled between every
two planes are shown as x-tics.) As a result, the corresponding Vb (z) curves of the two cases

are very di↵erent. The Vb (z) of the ‘commensurate’ case shows much smaller oscillations than
that of the ‘incommensurate’ case, with the oscillation magnitude within the middle two planes

( Vb ) to be 15 meV for the former and 490 meV for the latter. ( Vb is defined as the di↵erence
between the maximum and the minimum Vb within the middle two planes.) Also, Vb at the
central z-axis FFT grid point (Vb slabmid ) of the metal slab shows a di↵erence of 0.24 eV between
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the two cases. As was mentioned earlier, the Vb slabint in Equation 7.2 is usually obtained at the
central z-axis FFT grid point, and this just means the final work function will show a di↵erence
of 0.24 eV between the two cases if all the other terms in Equation 7.2 are the same for the
two cases.

Figure 7.3: A comparison of two 10-layer Al(100) slab calculations under the ‘commensurate’
and the ‘incommensurate’ FFT grid sampling patterns in terms of the V (z) (top and middle
panels) and the Vb (z) (bottom panel) within the middle four atomic planes (dashed lines). In
the top and the middle panels, the positions of the z-axis FFT grid points where potentials are
sampled are shown with x-tics. The numbers in parentheses show nzFFT for the two cases.

This FFT grid commensurability issue is found in all the metals studied. In Figure 7.4, I compare the Vb (z) curves within the middle four atomic planes of three 10-layer slab calculations
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with di↵erent z-axis FFT grid sampling patterns (a ‘commensurate’ pattern and two ‘incommensurate’ patterns) for each metal with the (100) surface orientation. In each subfigure, the
nzFFT of each pattern is shown in parenthesis. The results show that for all the metals, the Vb (z)

curve of the ‘commensurate’ case is much flatter than that of the other two ‘incommensurate’
cases. For Al, Pd, Au and Pt, the

Vb of the ‘commensurate’ case (the worst ‘incommensurate’

case) are 0.015 eV (0.52 eV), 0.002 eV (0.44 eV), 0.003 eV (0.082 eV) and 0.001 eV (0.089 eV),
respectively. Also, in terms of Vb slabmid , the maximum di↵erences between the commensurate
and incommensurate cases for Al, Pd, Au and Pt are 0.25 eV, 0.21 eV, 0.026 eV and 0.028 eV,
respectively.

Figure 7.4: The Vb (z) curves within the middle four atomic planes (dashed lines) of three
10-layer slab calculations under di↵erent z-axis FFT grid sampling patterns for four metals
with the (100) surface orientation. In each subfigure, the nzFFT of each pattern is shown in a
parenthesis.

Figure 7.3 and Figure 7.4 show that with di↵erent z-axis FFT grid sampling patterns, the
Vb slabmid and the

Vb of a metal slab can be very di↵erent. To further compare ‘commensu-

rate’ and ‘incommensurate’ FFT grid sampling patterns, I first studied how the Vb (z) curves
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under the two types of patterns shown in Figure 7.3 will change after Fourier interpolation is
performed on the V (z) curves. I considered di↵erent interpolation factors ranging from 1 (i.e.,
no interpolation) to 15 (V (z) interpolated onto a grid 15 times finer than the original). The
resulting Vb (z) curves are characterised by Vb slabmid and

Vb . Figure 7.5 shows how Vb slabmid and

Vb change with di↵erent interpolation factors. For the ‘commensurate’ case, both Vb slabmid

and

Vb are almost entirely insensitive to interpolation. (The variation is within 1 meV over

the range of the interpolation factors studied.) By contrast, for the ‘incommensurate’ case,
both Vb slabmid and

Vb oscillate as the interpolation factor increases and tend to converge to

the values of the ‘commensurate’ case at high values of the interpolation factor. The results
demonstrate the clear advantage of using a commensurate grid and how, for incommensurate
grids, it is essential to interpolate the planar average potential V (z) to a high degree to improve
the convergence of Vb (z).

Second, I studied how Vb (z) curves change with di↵erent nzFFT , in other words, how they

converge with respect to the kinetic energy cuto↵ of the plane-wave basis for the charge density
and to what extent this convergence is a↵ected by whether the FFT grid is commensurate or
not. I performed a set of 10-layer Al(100) slab calculations with the same vacuum length at
18.27 Å and di↵erent N zFFT . The variations of Vb slabmid and

Vb of Vb (z) curves with di↵erent

nzFFT are shown in Figure 7.6. Without interpolation (red data points), both properties vary
only within 1 meV for the ‘commensurate’ cases (nzFFT = 12, 15, 16, 18, 20, 24, 25 and 27).
By contrast, among the ‘incommensurate’ cases, which are labeled with their respective nzFFT
near each data point, Vb slabmid and

Vb vary by up to 0.18 eV and 0.38 eV, respectively. More

seriously, the Vb (z) curve doesn’t show any systematic convergence with the increase of nzFFT ,
even at very high values. When an interpolation factor of 10 is applied to V (z) (blue data

points), both properties of all the commensurate cases are almost unchanged, while those of
all the ‘incommensurate’ cases improve considerably with the maximum di↵erences of Vb slabmid
and

Vb among di↵erent ‘incommensurate’ cases reduced to 23 meV and 29 meV, respectively.

This again shows that with commensurate grids, we can always get stable Vb (z) curves, while

the convergence of Vb (z) curves with incommensurate grids can only be improved with a high
level of interpolation.
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Figure 7.5: The variationss of Vb slabmid and Vb with the increase of interpolation factor. The
interpolation is performed on the V (z) curves of the two 10-layer Al(100) slab calculations
shown in Figure 7.3.

In summary, the results show that firstly, the Vb (z) curves of commensurate cases converge ex-

tremely rapidly with nzFFT , while those of incommensurate cases show no convergence even at
very high values of nzFFT . Secondly, without interpolation applied to the V (z), the Vb (z) curve
for a commensurate FFT grid is well-converged, and interpolation doesn’t make any significant
change in the Vb (z). However, interpolation does change the Vb (z) curve of an incommensurate

case greatly. Thirdly, for an incommensurate case, the convergence of the Vb (z) with inter-

polation factor is non-monotonic, and to improve the convergence, a high interpolation factor
is essential. All the results highlight the importance of using commensurate grids in order to
obtain the most numerically stable results for the Vb (z). In the next section, I will study the
e↵ects of the FFT grid commensurability issue on work function calculations.
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Figure 7.6: The variations of Vb slabmid and Vb with the change of nzFFT without interpolation
and with an interpolation factor of 10 applied to V (z) for a set of 10-layer Al(100) slab calculations. The number around a data point shows the corresponding nzFFT .

7.1.2

The convergence of work functions

In practice, the FFT grid commensurability issue is likely to be neglected, but actually it can
a↵ect the convergence of work functions with respect to properties such as vacuum length
and Nmetal , which will be discussed in the following paragraphs. In all the following slab
calculations, Vb slabmid is used as Vb slabint in Equation 7.2. The Vb vacmid obtained at the central

z-axis FFT grid point in a vacuum region is used as Vb slabvac in Equation 7.2, and I have checked
that Vb vacmid is not a↵ected by the FFT grid commensurability issue (see Appendix C). In bulk
metal calculations, the Vb (z) curve of a bulk metal unit cell will also be a↵ected the FFT grid

commensurability issue, and therefore the z-axis FFT grids are made commensurate with the
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positions of atomic planes in my bulk metal calculations. The Vb bulkmid obtained at the central
z-axis FFT grid point of a bulk unit cell is used as Vb bulk in Equation 7.2.

First, I studied the convergences of work functions of a 10-layer Al(100) slab with respect to
vacuum length with and without FFT grid controlled. The results without interpolation are
shown in the top panel in Figure 7.7(a). Under the ‘without FFT grid controlled’ condition, I

(a)

(b)

Figure 7.7: The convergences of work functions and the changes of Vb slabmid and Vb vacmid with
respect to vacuum length with and without FFT grid controlled for a 10-layer Al(100) slab (a)
without interpolation and (b) with an interpolation factor of 10 applied to V (z). The number
around a data point shows the corresponding nzFFT .
increased the vacuum length from 8 Å to 18 Å with a step of 1 Å, and at each vacuum length, I
used the N zFFT automatically given by the DFT code, which is the common way of converging
work functions with respect to vacuum length in practice. At each vacuum length, the nzFFT
is shown as the number around the data point, and it is not guaranteed to be an integer. As
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a consequence, the work function shows great oscillations at di↵erent vacuum lengths and can
still vary by up to 0.32 eV even when the vacuum length is greater than or equal to 15 Å (green
line). Under the ‘with FFT grid controlled’ condition, I started with a vacuum length at 7.8
Å, and I manually set the N zFFT to be a certain value to make the nzFFT to be an integer (14).
Then, I increased the vacuum length by some integer multiples of the z-axis FFT grid spacing
of the starting case and manually set N zFFT at each vacuum length to keep nzFFT at the integer
value of 14. As can be seen from the purple line in the top panel of Figure 7.7(a), the work
function under the ‘with FFT grid controlled’ condition converges rapidly to within 1 meV for
a vacuum length of around 11 Å.
In the middle and the bottom panels of Figure 7.7(a), I also show how Vb slabmid and Vb vacmid

change with vacuum length under the two conditions. When the FFT grid is controlled to
be commensurate, both Vb slabmid and Vb vacmid show a steady decrease with the increase of vacuum length. By contrast, when the FFT grid is not controlled and is incommensurate, only

Vb vacmid shows a steady decrease, and Vb slabmid shows a ‘zig-zag’ decrease with the increase of
vacuum length. This indicates that the poor convergence of the work function in this case

actually arises from the non-monotonic variations in Vb slabmid , which are in turn caused by the
incommensurability of the FFT grid.

In the top panel of Figure 7.7(b), I show how the convergences under the two conditions change
after I apply an interpolation with a factor of 10 to V (z). Under the ‘with FFT grid controlled’
condition, the work functions still converge rapidly to within 1 meV by the third data point.
Under the ‘without FFT grid controlled’ condition, the work functions show a much better
convergence, though a 30 meV di↵erence can still be seen between the values at 16 Å and 18 Å.
The changes of Vb slabmid and Vb vacmid with vacuum length under the two conditions are shown in
the middle and the bottom panels. It is clearly shown that with an interpolation factor of 10,
the Vb slabmid under the ‘without FFT grid controlled’ condition shows a more steady decrease.

Second, I studied the convergences of work functions with respect to Nmetal under the two
conditions for the Al(100) surface. In Figure 7.8(a), I show the results without interpolation.
Under the ‘without FFT grid controlled’ condition, at each Nmetal , I kept the vacuum length of

194Chapter 7. Work function and electron affinity calculations with improved numerical precision

(a)

(b)

Figure 7.8: The convergences of work functions with respect to Nmetal with and without FFT
grid controlled for the Al(100) surface (a) without interpolation and (b) with an interpolation
factor of 10 applied to V (z). The number around a data point shows the corresponding nzFFT .
the slab supercell to be 16 Å and used the N zFFT automatically given by the DFT code, resulting
in a set of uncontrolled and incommensurate values of nzFFT shown as the numbers around the
data points. The results (green data points) show that there is no systematic convergence of
the work function as a function of the slab thickness and that even when Nmetal

11, the work

function can still vary by up to 0.86 eV. Under the ‘with FFT grid controlled’ condition, nzFFT
is kept constant at 14 for di↵erent Nmetal by changing both the vacuum length and the N zFFT
of a slab supercell. (For all the calculations, the vacuum lengths are above 15 Å.) The data
(purple data points) show a much better convergence than that of the other condition and that
by 11-layers, the work function is converged to within 27 meV.
With an interpolation factor of 10 applied to V (z) (Figure 7.8 (b)), the convergence under the
‘without FFT grid controlled’ condition is greatly improved and is within 0.09 eV by 11-layers.
However, it is still much worse than the 27 meV under the ‘with FFT grid controlled’ condition,
which is una↵ected by the interpolation.
In summary, I have shown that when the FFT grid is explicitly controlled to be commensurate
with the spacing of the atomic planes, the work function shows excellent convergence with
respect to both the vacuum length and the thickness of the metal slab, and the convergence is
not a↵ected whether or not the planar average potential is interpolated. By contrast, when the
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FFT grid is not controlled and is permitted to be incommensurate, the work function doesn’t
show a convergence trend without interpolation and has a much improved convergence when
an interpolation factor of 10 is applied to V (z) in terms of the two parameters. Therefore,
to obtain good convergence of work functions with respect to vacuum length and Nmetal , the
z-axis FFT grids should always be made commensurate with the positions of atomic planes in
work function calculations. In practice, it is very likely that many users of plane-wave DFT
codes do not explicitly control the FFT grid to be commensurate, and this can be a source
of the variation in reported work function values in the literature that was mentioned at the
beginning of Section 7.1.
It should also be noted that in the charge injection barrier calculations of metal/polymer interfaces in Chapter 5 and 6, the two materials have di↵erent interlayer spacings, and it is difficult
to make the z-axis FFT grid to be commensurate with the atomic planes of both materials.
Therefore, to reduce the inaccuracy of the macroscopic average potentials caused by incommensurate FFT grids, an interpolation factor of 10 was applied in all interface calculations.

7.1.3

A further averaging process

In principle, the Vb (z) curve should be flat in the middle ‘bulk-like’ region of a slab. However, in
Figures 7.3 and 7.4, it is shown that even if the FFT grid is commensurate, the Vb (z) curve still

shows a small variation in the middle region of a slab. The variations of the ‘incommensurate’
cases are more significant. The variation suggests that, in fact, there is some uncertainty in
choosing the particular z-axis FFT grid point in the middle region at which the value of Vb

goes into the work function calculation. To eliminate the variation, I performed a further
averaging process over the Vb (z) in the middle region, and in this section, I investigate how the

further averaging process can a↵ect the work functions calculated with and without the FFT
grid controlled. For an odd and an even number of atomic layers in a metal slab, I averaged
Vb (z) within the middle three and two atomic layers, respectively, and the further averaged

macroscopic average potential was used as Vb slabint in Equation 7.2 for each calculation. I

performed the further averaging process on all the Al(100) slab calculations shown in Figure
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7.8, and the convergences of work functions with respect to Nmetal with and without the FFT
grid controlled are shown in Figure 7.9. In Figure 7.9(a), it is shown that without interpolation,

(a)

(b)

Figure 7.9: The convergences of work functions of the Al(100) surface with respect to Nmetal
with and without FFT grid controlled after further averaging processes are performed. (a)
Without interpolation, (b) with an interpolation factor of 10 applied to V (z).

the work functions show convergences within around 30 meV by 11-layers under both conditions.
Also, the maximum di↵erence of the work functions under the two conditions at a certain Nmetal
is only 6 meV. With an interpolation factor of 10 applied to V (z) (Figure 7.9(b)), the work
functions at all the Nmetal are unchanged when the FFT grid is controlled to be commensurate,
and the values of the two conditions at a certain Nmetal become even closer. The results show
that the further averaging process has almost no e↵ect on the convergence of work functions
calculated with commensurate FFT grids, but it can greatly improve the convergence of the
incommensurate condition and make the work function values of the two conditions become
similar. To the best of my knowledge, this further averaging process may not be routinely
performed in these sorts of calculations. Also, the fact that the Vb (z) curve in the middle
atomic region is not perfectly flat is just an indication that the centre of the slab is not quite

at the ‘bulk-like’ limit. Nevertheless, it does seem to alleviate the poor convergence of work
functions calculated without the FFT grid controlled.
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Work functions of Al, Pd, Au and Pt

After I studied the FFT grid commensurability issue, I calculated the convergences of work
functions with respect to Nmetal for Al, Pd, Au and Pt of the (100), (110) and (111) surface
orientations, shown in Figure 7.10. In each subfigure, I controlled the nzFFT in the calculations
at di↵erent Nmetal to be a same integer by using varying vacuum lengths and N zFFT . The
vacuum lengths used are all above 15 Å. Vb slabmid is used as Vb slabint in Equation 7.2 for all
the calculations. I have checked that with the FFT grid controlled, all the data are almost
unchanged with an interpolation factor of 10 applied to V (z). Therefore, I only show the data
without interpolation here. For each metal, the uncertainties of the work functions, which are
defined as the di↵erence between the maximum and the minimum work function, by 13-, 18and 11-layers for the (100), (110) and (111) orientations, respectively, are summarised in Table
7.3. The three values of Nmetal correspond to the metal slabs of similar thicknesses under the
three orientations. Table 7.3 shows that for all the cases, the uncertainties are smaller than 50
meV.
Table 7.3: The uncertainties (meV) by 13-, 18- and 11-layers, respectively,
for the (100), (110) and (111) orientations for Al, Pd, Au and Pt.
Surface
Metal
Al
Pd
Au
Pt

(100)

(110)

(111)

27
10
18
11

12
41
25
37

50
9
9
11

I also report the work function value for the largest slab thickness considered in each case in
the left part of Table 7.4, shown as the numbers before the slashes; the experimental values
are summarised in the right part of the table. For all the metals studied, the ordering of the
calculated work function of the three surface orientations is the same as in experiment: for Pd,
Au and Pt,

111

>

100

>

110 ,

which shows that

the surface increases. However, for Al, it is

100

>

increases as the atomic packing density of
110

>

111 .

This anomaly is also shown in

other PPPW DFT calculations193, 202 of the work functions of Al, and is explained in Reference
193.
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Figure 7.10: The convergences of work functions with respect to Nmetal for Al, Pd, Au and Pt
of the surface orientations (100), (110) and (111). In each subfigure, the experimental data is
provided for comparison.
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Table 7.4: Work functions of all the metal surfaces studied. For calculated results, the work
functions calculated with and without the FFT grid controlled for the largest slab thickness
considered for each case are shown before and after the slash.
Calculated results (eV)
Surface
Al
Pd
Au
Pt

(111)
4.10/4.18
5.25/5.10
5.18/5.12
5.74/5.72

(100)
4.25/3.85
5.11/4.93
5.15/5.13
5.70/5.75

(110)
4.12/4.18
4.86/4.88
5.02/5.05
5.34/5.35

Experimental results (eV)
(111)
4.24 ± 0.02197
5.90 ± 0.01198
5.26 ± 0.04199
6.08 ± 0.15200

(100)
4.41 ± 0.03197
5.65 ± 0.01198
5.22 ± 0.04199
5.82 ± 0.15200

(110)
4.28 ± 0.02197
5.20 ± 0.01198
5.20 ± 0.04199
5.35 ± 0.05201

For each metal surface, I performed another calculation without controlling the FFT grid to
be commensurate, and with the vacuum length set to 16 Å and N zFFT automatically chosen by
the DFT code. The result for each case is shown after the slash in the left hand part of Table
7.4. It can be seen that the di↵erence of the work functions under the two approaches can be
very big. For example, the di↵erences shown for the Al (100) and the Pd (111) surfaces are
0.4 eV and 0.15 eV, respectively, showing the great influence of FFT grid commensurability on
work function results. Furthermore, with incommensurate grids, the ordering of the calculated
work functions of the three surfaces for Al, Au and Pt is not in agreement with experiment.
For example, for Al, the (100) surface is predicted to have the lowest
100

, while in experiment,

of Al is the highest. This suggests that in practice, if we don’t pay attention to the

FFT grid commensurability issue, the results may not only be quantitatively incorrect but also
qualitatively.

Calculation parameters All the calculations in this chapter were carried out with the Pwscf
code of QUANTUM ESPRESSO155 . For all the elements studied, the pseudopotentials of the
Rappe-Rabe-Kaxiras-Joannopoulos type156 were used. A norm-conserving pseudopotential was
used for Al, and ultrasoft pseudopotentials were used for Pd, Au and Pt. The PBE functional
was used as the exchange and correlation functional. In all the calculations, the ‘MarzariVanderbilt’ smearing method was used with a smearing width of 0.01 Ry. For Al, Pd, Au and
Pt, the kinetic energy cuto↵s for wave functions (charge density) were 32 Ry (128 Ry), 48 Ry
(288 Ry), 48 Ry (192 Ry), 40 Ry (160 Ry), respectively. In slab calculations, the Brillouin zone
was sampled with a Monkhorst-Pack mesh of 16 ⇥ 16 ⇥ 1 k-points. For geometry optimisation,
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the force and energy thresholds used were 2.6 ⇥ 10

2

eV/Å and 1.36 ⇥ 10

3

eV, respectively.

In bulk metal calculations, to obtain accurate Fermi energies, 36 ⇥ 36 ⇥ 26 k-point meshes were
used.

7.2

Polymer electron affinity

In solid state physics, the electron affinity (EA) of a polymer is defined as the energy di↵erence
between the vacuum level Evac outside the polymer and the CBM of the polymer ECBM , which
can be expressed as:

EA = Evac

ECBM .

(7.3)

It can also be calculated with a slab supercell in DFT calculations. To avoid the quantum size
e↵ects of thin slabs, the ‘bulk reference’ method should still be used, which was also mentioned
in References 30,203. The process of calculating EA with the ‘bulk reference’ method is similar
to that for work function, and EA can be expressed as:
EA = Vb slabvac

(Vb slabint

Vb bulk + ECBM ),

(7.4)

where Vb slabvac and Vb slabint are the Vb obtained at the vacuum region and the slab interior of a

polymer slab supercell, respectively, and Vb bulk is the interior Vb of a bulk polymer unit cell. In

practice, they are also usually obtained at the middle FFT grid points in the corresponding
regions.
First, I calculated the EA of the PE (001) surface. The calculated bulk PE structure by the
vdW-DF functional shown in Section 4.1.2 was used to construct a PE (001) slab (Figure 7.11),
and the both ends of a PE slab were terminated with methyl groups. I did PE (001) slab
calculations for di↵erent numbers of PE layers (NPE ), and in each slab calculation, I manually
set the vacuum length and the N zFFT to certain values so that nzFFT are 12 in all PE slab
calculations (the ‘with FFT grid controlled’ condition). Surface relaxation was considered, and
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Figure 7.11: A 10-layer PE slab supercell.

in geometry optimisation, the middle three and four PE layers are fixed to retain ‘bulk-like’
regions when NPE of the PE slabs are odd and even, respectively. The vdW-DF functional was
used in all the PE slab calculations, and the PBE0 functional was used in bulk PE calculations
to obtain more accurate band edge information. For comparison, I also did slab calculations at
di↵erent NPE without the FFT grid controlled. This means in each slab calculation, the same
vacuum length of 16 Å was used, and N zFFT was automatically given by the DFT code I used.
I compared the convergences of the EA with respect to NPE between the two conditions shown
in Figure 7.12. The number around each data point shows the corresponding nzFFT . Without
interpolation (Figure 7.12(a)), when the FFT grid is controlled to be commensurate (purple
points), the EA can converge to within 6 meV by 10-layers, while for the ‘incommensurate’ case
(green points), the EA can still vary by up to around 0.2 eV by 10-layers. With an interpolation
factor of 10 applied to V (z), the convergence of the former case almost doesn’t change, and that
of the latter improves to within 19 meV by 10-layers. The EA of the PE(001) surface obtained
at 15-layers with the FFT grid controlled and an interpolation factor of 10 applied is -0.29 eV,
which is within the range from -1.2 eV to 0 eV predicted in experiment157 . The negative EA of
the PE (001) surface means that by nature, the conduction electrons in the ‘bulk-like’ region
near the PE (001) surface will be expelled out of PE.
The EA of the PP(001) surface was calculated with a 2-layer slab supercell (Figure 7.13).(A
PP layer is the equilibrium bulk PP unit cell calculated with the vdW-DF functional shown
in Section 4.1.2.) Since the length of a 2-layer PP slab is already about 13 Å (equivalent to
about 10 PE layers), I didn’t check the convergence of the EA of PP(001) surface with longer
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(a)

(b)

Figure 7.12: The convergences of the EA of the PE (001) surface with respect to NPE with
and without FFT grid controlled (a) without interpolation and (b) with an interpolation factor
of 10 applied to V (z). The number around a data point shows the corresponding nzFFT .

Figure 7.13: A 2-layer PP slab supercell.

PP slabs. In the 2-layer PP (001) slab supercell, the vacuum length is 8.784 Å, and the number
of z-axis FFT grid points within each PP layer is the same as that used in a bulk PP unit cell
calculation. Both ends of the PP slab were still terminated with methyl groups. In geometry
optimisation, the atoms in the middle region of the PP slab with a length of the c lattice
parameter of a bulk PP unit cell were fixed. The vdW-DF functional was used in PP slab
calculations, and the PBE0 functional was used in bulk PP calculations to obtain accurate
band edge information. The calculated EA of the PP (001) surface is also negative at -0.13
eV, and it agrees with the result of a first-principles study165 showing that the LUMO level of
a PP cluster containing eight PP chains is above zero, which suggests that PP has a negative
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electron affinity.
Calculation parameters Ultrasoft pseudopotentials of the Rappe-Rabe-Kaxiras-Joannopoulos
type156 were used for C and H. In PE and PP calculations, the kinetic energy cuto↵s for
wave functions (charge density) were 64 Ry (256 Ry) and 48 Ry (192 Ry), respectively. The
Monkhorst-Pack meshes for sampling the Brillouin zone in bulk (slab) calculations were 2⇥4⇥8
(2⇥4⇥1) and 3⇥1⇥3 (3⇥1⇥1), respectively. For geometry optimisation of slab supercells, the
force and energy thresholds for PE (PP) were 5 ⇥ 10
eV (1.36 ⇥ 10

3

eV), respectively.

3

eV/Å (2.6 ⇥ 10

2

eV/Å) and 1.36 ⇥ 10

5

Chapter 8
Summary and future work

8.1

Summary

In this thesis, I have presented a study of charge injection at metal/polymer interfaces in HVDC
components based on first-principles simulations.
In Chapter 2, I first introduced the leakage current that usually exists in polymer insulation
materials of HVDC components and is closely related to charge injection from the metal electrode into the polymer. To reduce the leakage current, finding methods that can suppress
charge injection at a metal/polymer contact is important, which is also the motivation of this
work. Then, I summarised recent progress in studying charge injection at interfaces between
metal electrodes and polymer insulation materials from the aspect of both experiment and
theory. In both aspects, charge injection barriers, which are usually defined as the energy
di↵erences between metal Fermi level and polymer band edges at a metal/polymer interface,
are key parameters to be investigated. In the aspect of experiment, I introduced how the
space charge profile of a polymer sample under an electric field obtained in experiment shows
charge dynamics within the polymer. I also summarised experimental techniques for modifying metal/polymer interfaces to inhibit charge injection into polymers. The modifications are
based on two principles, namely increasing charge injection barriers and introducing trap states
at the interface. In terms of theoretical studies, 1-D macroscopic transport models have been
204
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developed to simulate elementary processes such as charge injection/extraction, charge transport and charge trapping/de-trapping within a polymer under an electric field. Parameters
used to describe these physical processes such as trapping and de-trapping in these models are
usually obtained by fitting the models to experimental data. In these models, charge injection
at metal/polymer interfaces is usually assumed to follow the Schottky injection law based on
field enhanced thermionic emission. However, the charge injection barriers obtained by fitting
a macroscopic transport model which assumes the Schottky injection at the interface to experimental data are much lower than the expected theoretical injection barrier of the same interface.
This indicates that there may exist deficiencies in the macroscopic transport models. Driven
by this, macroscopic transport models which take interface trap states or electrode (polymer)
surface roughness into account have been developed, and they both give a better description
of some experimental phenomena than models considering bare Schottky injection. The main
limitations of 1-D macroscopic transport models are that parameters in the models are obtained
by fitting to experiment and that they describe averaged properties of charge injection at the
interface and cannot show how local features at the interface such as interface chemistry can
influence the charge injection. First-principles simulations can be a powerful tool in studying
charge injection at metal/polymer interfaces since they do not require external parameters and
can predict how charge injection is a↵ected by physical geometries and chemical compositions
at the interface at atomic or molecular levels. In recent years, first-principles studies have been
conducted to calculate charge injection barriers at metal/polymer interfaces and understand
how di↵erent factors such as materials that construct the interface and physical and chemical
imperfections shown at the interface influence charge injection barriers. Moreover, the predicted
charge injection barriers with first-principles simulations can be used to explain experimental
phenomena such as charge injection is observed at some metal/polymer contact but not at
others under the same condition by comparing the charge injection barriers between di↵erent
metal/polymer contacts. However, the previous first-principles studies did not shed light on
many aspects such as how thermal disorder of a metal/polymer interface and surface density of
chemical groups at the interface can influence charge injection barriers. Also, polyethylene (PE)
and polypropylene (PP) are both widely used as HVDC insulation materials in practice, but
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all the previous studies are about metal/PE interfaces due to the more complicated structure
of PP. These aspects therefore were the primary focus of my first-principles simulations.
In Chapter 3, I introduced ab initio methods including density functional theory (DFT) and ab
initio molecular dynamics (AIMD) as well as method of determining charge injection barriers
with DFT calculations, in particular, the ‘bulk reference’ method that alleviates finite-size
e↵ects by referencing the Fermi level and band edges in the interface system to bulk calculations.
These are the background theories on which my simulations are based.
In Chapter 4, I showed my investigation of structural and electronic properties of bulk crystalline
PE and PP, which construct the metal/polymer interfaces in this work. Their structures were
studied with various van der Waals (vdW) density functionals and the semi-empirical DFT-D
approach, both of which take the vdW interactions between polymer chains into account. The
PBE functional was also used for comparison. The results show that for both PE and PP, all
three methods can give accurate predictions of the c lattice parameter which describes intrachain
covalent bonding. In terms of a and b lattice parameters, which describe interchain interactions
between polymer chains, PBE gives the worst prediction, and the vdW density functionals
generally give the best prediction among the three methods compared to experiment. The
electronic properties of PE and PP were first studied with PBE and vdW-DF, both of which
greatly underestimate the experimental band gaps of the two polymers. By contrast, the hybrid
PBE0 functional gives better prediction of the band gaps of PE and PP compared to experiment.
The band gap of PE predicted with the GW many-body perturbation theory method also shows
better agreement with experiment. PBE0 was used to determine band edges of bulk PE and
PP for charge injection barrier calculations in Chapter 5 and 6.
In Chapter 5, I showed my study of metal/PE interfaces and how chemical modification at
the PE surface and thermal disorder influence charge injection barriers at metal/PE interfaces.
I first studied the interfaces between PE with the (001) surface orientation and four metals,
namely Al, Pd, Au and Pt, with the (100) surface orientation at 0 K with DFT calculations.
For each metal/PE interface system, I obtained the optimised structure at 0 K for the pristine
interface with no chemical modification and the interfaces with four di↵erent chemical groups,
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namely -COOH, -CHO, -CH2 OH and -CH2 Cl, showing at the terminating end of the PE chain
at the interface. For each relaxed structure, I calculated the charge injection barriers with the
‘bulk reference’ method mentioned before. The results show that the electron injection barrier
e

can change by as much as 2.3 eV depending on the interface chemistry. Also, the ordering of

e

for di↵erent chemical groups is the same irrespective of whether the metal is Al, Pd, Au or Pt.

Then, to further study how charge injection barriers at metal/PE interfaces are influenced by
di↵erent chemical groups with thermal disorder taken into account, I used the Al/PE interface
as a case study and performed AIMD simulations at 373 K on it to obtain di↵erent interface
configurations of it around its working temperature. For the pristine Al/PE interface (denoted
as -CH3 ) and the interfaces with di↵erent chemical groups, I obtained 1000 symmetrised AIMD
snapshots for charge injection barrier calculations. The results show that at 373 K, di↵erent
chemical groups result in di↵erent mean values and distributions of injection barriers over the
configurations sampled in the AIMD simulations. The mean injection barrier can be changed
by 1.1 eV with di↵erent chemical groups. For all the chemical groups, I found that they have
di↵erent variations in the z-axis dipole moment Dz in the AIMD simulations, which may explain
the di↵erent distributions of injection barriers shown among di↵erent chemical groups. So, I
plot the electron injection barrier

e

against the z-axis dipole moment surface density ⇢Dz , which

is Dz divided by the interface area, for the 1000 symmetrised AIMD snapshots of each of the
interface chemistries. For each chemical group, there is an almost linear relationship between

e

and ⇢Dz , and for all four chemical groups, there is a broadly universal linear relationship between
e

and ⇢Dz , which is independent of chemistry. I also showed that this linear relationship

agrees with both a simple model for an electric dipole at a metal/polymer interface and a
linear relationship between the macroscopic average potential di↵erence across an interface
and the macroscopic average dipole moment density at the interface derived from the Poisson
equation. For both -CH3 and the four chemical groups, the spread of injection barriers for a
given value of ⇢Dz was explained in terms of the interface separation distance in the AIMD
simulation. For the interface with -CH2 OH, there are some AIMD snapshots in which the
Al-O interaction is stronger and the Dz calculated for an extracted isolated HCH2 OH molecule
cannot well represent the actual dipole at the interface. After that, I discussed the influence of
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the surface density of a chemical group on charge injection barriers at Al/PE interfaces. The
surface densities considered are ‘1/2’, ‘1/4’ and ‘1/8’, corresponding to one chemically modified
PE chain every two, four and eight PE chains, respectively. For each chemical group, the data
of

e

and ⇢Dz for three representative AIMD snapshots under three surface densities still follow

the linear relationship between

e

and ⇢Dz observed in the 1000 symmetrised AIMD snapshots

with ‘1/2’ surface density. Finally, I studied the charge transmission at the interface region
between Al and PE in the presence of potential barriers at the interface. Initially, I used a 1-D
electron tunnelling model to study the influence of 1-D potential barriers of two sizes at the
interface on electron transmission probability. The results show that the electron transmission
probability is almost una↵ected by the potential barrier formed by the lowest potential within
the interfacial plane but can be greatly lowered by the planar average potential barrier at the
interface. However, since the realistic potential barriers in three-dimensions at the interface are
more complicated than the two cases considered, I performed explicit charge quantum transport
calculations which give charge transmission probability with the full 3-D potential barrier at
an Al/PE interface region. For each chemical group, I calculated the transmission coefficient
for several representative AIMD snapshots and the hole injection barriers were obtained as the
di↵erence between the Al Fermi level and the onset energy for transmission across the interface.
The results generally agree well with those obtained from the calculations presented earlier in
this chapter, giving further confidence in the key aspects of my results.

In Chapter 6, I presented my study of Al(100)/PP(001) interfaces. I first studied the structure
of pristine Al/PP interface without chemical modification and the Al/PP interfaces with the
four chemical groups at the terminating end of the PP chain at the interface at 0 K with DFT
calculations. Since the bulk PP unit cell has no mirror plane parallel to the interface, there
are two di↵erent Al/PP interface regions in an Al(100)/PP(001) interface supercell. For the
pristine and each of the four chemically modified Al/PP interface supercells, I obtained the
optimised structure at 0 K for the two interface regions. Then, I studied how the chemical
groups influence charge injection barriers at Al/PP interfaces with thermal disorder taken into
account. To obtain di↵erent interface configurations around the working temperature of the
Al/PP interface, I performed AIMD simulations at 373 K on the optimised structure obtained
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at 0 K of each interface region for the pristine (denoted as -CH3 ) Al/PP interface and the
interfaces with the chemical groups. For each case, I obtained 500 AIMD snapshots for each
interface region and combined the 500 snapshots from each interface region to construct larger
Al(100)/PP(001) interface supercells (combined AIMD snapshots) for charge injection barrier
calculations. For the chemical groups, I combined snapshots in which Dz of a chemical group
has similar values at the two interface regions to reduce the dipole across the constructed larger
supercell. At 373 K, Al/PP interfaces with di↵erent chemical groups still have di↵erent means
and spreads of injection barriers, and the mean injection barrier can be changed by 0.6 eV
with di↵erent chemical groups. Furthermore, for all the chemical groups, there still exists a
broadly universal linear relationship between

e

and ⇢Dz , which is independent of chemistry.

I also studied the e↵ect of changing the surface density of chemical groups. Three densities
were considered, namely ‘1/4’, ‘1/8’ and ‘1/12’, for each chemical group at the PP surface,
and similar to the Al/PE interface, for each chemical group, the data of

e

and ⇢Dz for three

representative combined AIMD snapshots under three surface densities still follow the linear
relationship between

e

and ⇢Dz observed in the 500 combined AIMD snapshots with ‘1/4’

surface density. Finally, I compared the results between the Al/PE and the Al/PP interface
systems at 373 K. Except for -COOH, the variations in Dz of the other three chemical groups
all show some di↵erences between the two systems and the di↵erences were explained in terms
of structural factors including the direction of the C-C bond adjacent to the chemical group
and the distance between the chemical group and the Al surface at the interface, which are
di↵erent in the two systems and can influence the trajectory of a chemical group in the AIMD
simulation. In terms of charge injection barriers at 373 K, for both systems, the chemical groups
generally decrease the mean electron injection barrier of the pristine interface with -CH3 and
make electron injection dominant (mean

e

smaller than mean

slopes of the universal linear relationship between

e

h ).

For the two systems, the

and ⇢Dz have similar values, suggesting

that the linear relationship also seems be independent of the polymer at the interface.

For both the Al/PE and the Al/PP interfaces, to a good approximation, the charge injection
barrier is linearly dependent on the surface density of chemical groups at the interface, and this
linear relationship is similar for interfaces with di↵erent chemical groups. The linear relationship

210

Chapter 8. Summary and future work

is what one expects from a classical electrostatic model, and in this work, it was proven with
quantum-scale simulations. The main conclusion of this work is that charge injection barriers
at Al/PE and Al/PP interfaces are impacted by surface chemical groups through their dipole
density at the interfaces.

In Chapter 7, I have discussed the commensurability of the underlying fast Fourier transform
(FFT) grid and the atomic structure which can a↵ect the accuracy of both metal work function
and polymer electron affinity in plane-wave pseudopotential (PWPP) DFT calculations. Both
properties are calculated with a slab supercell, which contains a metal (polymer) slab and a
vacuum region, with the ‘bulk reference’ method that is similar to the one mentioned earlier used
in charge injection barrier calculations. Within the ‘bulk reference’ method, the electrostatic
potential within a slab supercell is usually averaged over the metal (polymer) surface (the xyplane) to obtain the planar average potential along the z-axis V (z), and V (z) is then convolved
with a smoothing function to obtain the macroscopic average potential Vb (z). There are two
types of z-axis FFT grid sampling patterns of V (z), namely the ‘commensurate’ pattern where

there is a consistent and fixed relationship between the FFT grid points and the z-axis positions
of the atomic planes and the ‘incommensurate’ pattern where the relationship doesn’t exist.
In practice, interpolation is usually performed on V (z) to increase the number of z-axis FFT
grid points on which the planar average potential is sampled. For metal work function, I
first showed that for a 10-layer Al(100) slab, Vb (z) curve in the middle region of the slab

obtained with commensurate FFT grids is almost not influenced with di↵erent interpolation
factors performed on V (z) and di↵erent numbers of z-axis FFT grid points between two atomic
planes, while that with incommensurate FFT grids shows variations with the change of both
parameters. Since the value of Vb (z) in the middle of a slab directly goes into work function

calculations, the commensurability issue also a↵ects the convergence of work function. Then,
I showed that with the FFT grid controlled to be commensurate with the z-axis positions of
atomic planes in each slab calculation, the work function of the Al(100) surface shows excellent
convergence with respect to both the vacuum length and the number of metal layers. By
contrast, when the FFT grid is not explicitly controlled to be commensurate, the work function
doesn’t converge even when a large value of both parameters is used. With an interpolation
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factor of 10 applied to V (z), the work function shows a much improved convergence with
respect to both parameters, although the convergence is still worse than that achieved with a
commensurate FFT grid. After that, I showed that a further averaging of Vb (z) can alleviate

the poor convergence of work functions calculated without the FFT grid controlled. Finally, I
showed that good convergences of work functions of the (100), (110) and (111) surfaces for Al,
Pd, Au and Pt can be obtained with the FFT grid controlled in each slab calculation. Also, for
each metal, the ordering of the calculated work functions of the three surface orientations agrees
with experiment. However, without the FFT grid controlled, the calculated work functions can
deviate greatly from those with the FFT grid controlled and even show wrong ordering among
di↵erent surfaces. Therefore, the conclusion is that to obtain better convergence and more
accurate values of metal work functions, the FFT grid should be made commensurate with the
z-axis positions of atomic planes in PWPP DFT calculations. In terms of polymer electron
affinity, I showed that with the FFT grid commensurability controlled, the convergence of the
electron affinity of PE with respect to the number of PE layers is better than that without the
FFT grid controlled. With the FFT grid controlled, the calculated electron affinities of PE and
PP are -0.29 eV and -0.13 eV, respectively, which agree with previous experimental data and
first-principles calculations showing that PE and PP have negative electron affinities.

8.2

Future Work

In the future, there are several areas of further investigation for the project.
Firstly, there are additional realistic factors at metal/PE (PP) interfaces that can be studied
in the future, and I summarize them in the following paragraphs:
Chemical groups Besides the chemical groups studied in this work, there are other chemical
groups that might exist at PE or PP surfaces in practice. With fluorination62 or oxyfluorination63, 204 treatments at PE (PP) surfaces, groups such as -CH2 F, -CHF2 and -COF can be
introduced. Also, with N2 atmospheric pressure glow discharge treatment170 , groups such as
C=N and N—C=O can be introduced to PE (PP) surfaces. These polar groups can also in-

212

Chapter 8. Summary and future work

fluence charge injection barriers through their dipoles at metal/PE (PP) interfaces. Since a
workflow of studying how polar chemical groups at the terminating end of PE (PP) chain at
metal/PE (PP) interfaces can change the charge injection barriers around the working temperature of the interface has been established in this work, the influence of the polar groups
mentioned above can also be obtained with ease. A database of the influence of di↵erent surface chemical groups on charge injection barriers at metal/PE (PP) interfaces can therefore be
built, which will be useful for experimentalists to choose proper polymer surface modification
to obtain desirable injection barriers at metal/PE (PP) interfaces.
Surface roughness In practice, surface roughness of metal electrodes or polymers can be
changed with di↵erent surface treatment205 , and the e↵ect of it has been discussed in previous
studies with macroscopic transport models79, 80, 206 . In fact, the e↵ect of surface roughness can
also be studied with first-principles simulations. In an ab initio study207 of the resistivity of Cu
thin films with surface roughness, di↵erent degrees of surface roughness of Cu thin films were
modelled by randomly replacing Cu atoms with vacuum sites of di↵erent concentrations at Cu
surface layers. For metal or polymer surfaces, the surface roughness can be modelled in a similar
way, and the influence of it can be understood by comparing properties such as charge injection
barriers and charge transmission coefficients between metal/polymer interfaces with di↵erent
degrees of interfacial roughness. The results may provide some insights for experimentalists in
terms of what extent of surface roughness of metal electrodes and polymers should be achieved
in practice.
Metal surface oxide At metal surfaces, there can usually exist metal oxides such as Al2 O3
on Al surface. The influence of the presence of Al2 O3 between Al and PE (PP) on charge
injection at the Al/PE (PP) interface is also worth studying, and it has not been discussed in
any previous first-principles simulations.
Secondly, as was mentioned in Section 2.3.2, chemical groups at PE (PP) surface can introduce
trap states with di↵erent depths at the interface, and for the deep traps, they are likely to
stabilize injected charges at the surface. Therefore, how a charged trap state at PE (PP)
surface influences further charge injection is an interesting issue, and it has not been discussed
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in any previous first-principles simulations.
Finally, as was mentioned in Section 2.3.1, for a macroscopic transport model with interface trap
states considered, the distribution of trap states at the interface is not available in experiment.
In fact, the distribution can be calculated with first-principles simulations, and the result will
help develop the macroscopic transport model, which is very meaningful.
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[103] Jiřı́ Klimeš, David R Bowler, and Angelos Michaelides. Chemical accuracy for the van
der waals density functional. Journal of Physics: Condensed Matter, 22(2):022201, 2009.
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Appendix A
The material separation distance at
metal/PE and Al/PP interfaces

Figure A.1: The material separation distance for pristine (-CH3 ) metal/PE interfaces and the
interfaces with four chemical groups. The material separation distance is defined as the distance
between the average z-axis coordinate of the four metal atoms and that of two carbon atoms
of PE that are closest to the interface region.
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Table A.1: The material separation distances at the two Al/PP interface regions
for -CH3 and all four chemical groups. The material separation distance is defined as the
distance between the average z-position of the Al atoms and that of the four backbone C
atoms that are closest to the interface region in the relaxed supercell with the optimal slab
separation distance.
material separation distance (Å)
terminal group

interface one

interface two

-COOH
-CH2 OH
-CHO
-CH2 Cl
-CH3

4.26
4.03
4.17
4.35
4.27

3.63
3.96
3.64
3.96
3.88

Appendix B
Match of Dz at interface one and
interface two at Al/PP interfaces
For -CH2 OH, it can have a good match of the range of Dz when it is on chain one at interface
one and on chain two at interface two, shown in Figure B.1.

Figure B.1: A good match of the range of Dz at the two interfaces for -CH2 OH when it is on
chain one at interface one and chain two at interface two. The value of Dz was calculated for
snapshots obtained every 10 AIMD iterations.

However, for both -CHO and -CH2 Cl, it is difficult to obtain a good match of the range of Dz
238
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at the two interfaces for all possible locations of them. The results of -CH2 Cl are shown in
Figure B.2 as an example.

Figure B.2: The poor matches of the range of Dz between the two interfaces in terms of all
possible locations of -CH2 Cl. The value of Dz was calculated for snapshots obtained every 10
AIMD iterations.

Appendix C
The influence of the FFT grid
commensurability on Vb vacmid

The macroscopic average potential curves of the commensurate and two commensurate cases
of a 10-layer Al(100) slab in Figure 7.4 are shown in Figure C.1. It can be seen that in the
atomic region, the commensurate case has much smoother macroscopic average potential Vb (z)

than the other two incommensurate cases. However, all the three cases show good convergence
of Vb (z) in the vacuum region, and the values of Vb (z) at the middle of the vacuum region for

the three cases are all 6.815 eV, showing that the commensurability of the FFT grid has no
e↵ect on Vb vacmid .
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(a)

(b)

(c)

Figure C.1: The macroscopic average potential Vb (z) for three 10-layer Al(100) slab supercells
with the same vacuum length and di↵erent z-axis FFT grid point numbers. The number of
z-axis FFT grid points between two atomic layers is shown in the bracket in each figure. For
all the cases, the value of Vb vacmid is una↵ected by the FFT grid commensurability.
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