+ &5 &

Keele

UNIVERSITY

This work is protected by copyright and other intellectual property rights and
duplication or sale of all or part is not permitted, except that material may be

duplicated by you for research, private study, criticism/review or educational

purposes. Electronic or print copies are for your own personal, non-commercial
use and shall not be passed to any other individual. No quotation may be
published without proper acknowledgement. For any other use, or to quote
extensively from the work, permission must be obtained from the copyright
holder/s.


https://www.keele.ac.uk/library/specialcollections/

First-principles investigation of
the interaction between pentacene
molecules and monolayer
transition metal dichalcogenides

Edward James Black

Doctor of Philosophy

School of Chemical and Physical Sciences, Keele University

December 2024






Abstract

The search for new materials for photonic applications continues to expand,
and one promising route is that of van der Waals heterostructures. Assembled
layer by layer from atomically thin materials, there are combinations of materials
with promising emergent properties. TMDs are strong candidates for photovoltaic
and transistor technologies, and the addition of thin films of organic molecules to
MoSs has been shown to lead to beneficial exciton dynamics. Here we investigate
two-dimensional pentacene/MXy (M = Mo, W, X = S, Se) heterostructures in a
systematic manner with varying concentration and molecular orientation using ab
initio methods. Using DFT and hybrid methods to establish baseline parameters,
we examine material band structure and resulting heterostructure band alignments.

We analyze the tuning of the electronic structure of our materials due to
heterostructure formation in the various concentrations and molecular orientations,
which results in changes to the heterojunction type from that predicted by
comparison of the materials out of heterostructure.

This research contributes to understanding how organic molecules can modify
the electronic structure of TMDs, offering valuable insights for the development of
high-performance, flexible photonic devices. Our results highlight the importance of
precise control over molecular interactions and band alignment in designing advanced

materials for photovoltaic applications.
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A note on nomenclature and symbols

Throughout this work there are some variables that use the same character representation.
It is always clear from context what is meant in the cases of standard representations e.g.
the imaginary unit, ¢, where 7 is also used as a counting index in other parts of the thesis.
In cases where it may not be entirely obvious, variables are clearly defined in the nearby
prose. Also of note is the use of the term ‘Brillouin zone’. Unless otherwise specified, or
clear from context, this refers to the first Brillouin zone. In contexts where a distinction
is required, the term ‘first Brillouin zone’ will be used, with ‘Brillouin zone’ being more
general.

Font changes are used to represent the types of mathematical objects, with scalars in
regular typeset, vectors in bold and matrices or higher rank tensors in sans serif bold. For
the case of operators, some are not uniquely identified as such due to their simplicity or
ubiquity e.g. the one dimensional position operator, x, is trivial and simply represented as
a scalar. For cases where the identification of an object as an operator is more important,
we use calligraphic typeset e.g. H.

So far this overview of nomenclature has all been fairly standard, but there is
nomenclature specific to this work. It is related to the heterostructures themselves,
and how they are to be discussed in text. The abbreviation PEN/TMD refers to the
heterostructures in general, with e.g. PEN/MoS, referring to only the heterostructures
involving the specified TMD. When discussing pentacene concentrations, they will be
referred to as low or high concentration regimes, or by their corresponding underlying
substrate dimensions i.e. 7 x 4 or 6 x 3. A subscript on PEN, without being followed
by a TMD, denotes the state of its cell considered during calculation, and is without a
substrate e.g. PENgy.3 denotes pentacene in a cell of size defined by the 6 x 3 substrate
lattice, but without the substrate being present. Similarly, there is use of subscripts
denoting the rotation of pentacene upon the substrate, as in PENgq:/WSey, which refers
to the pentacene-tungsten diselenide heterostructure where pentacene is rotated by 60°
with respect to the underlying substrate. If there is no angle given in subscript, it is

cither a general reference or relates to unrotated (0°) systems. Which will be clear from
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context.
Abbreviations, when used, will be defined in text with the first use. Exceptions are
experimental techniques, which are often first specifically introduced in comparison tables

of literature results. There is nothing particularly exotic, with the abbreviations being:

e Adsorption spectra, AS

Angle-resolved photoemission spectroscopy, ARPES

Angle-resolved X-ray photoelectron spectroscopy, ARXPS

Photoluminescence, PL

e Scanning tunnelling spectroscopy, STS

X-ray diffraction, XRD

X-ray adsorption spectroscopy, XAS

Chapters are numerically labelled, starting with the introductory chapter as Chapter

1. Appendices follow the main work, and are labelled alphabetically.
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Chapter 1

Introduction

The search for effective materials for the construction of photonic devices is an ongoing
area of intense research, with varied and diverse sub-fields and applications. Monolayer
materials are a promising group of candidates which has a growing dictionary of materials
that can be relatively easily produced and combined into heterostructures. Combinations
of these materials are proving to demonstrate emergent effects, and given that these
layered combinations are bound by the van der Waals (vdW) interaction, layer-by-layer
construction is a relatively simple matter. If a given material can be grown as or exfoliated
to a monolayer with no or few dangling bonds, physically placing the sample over another
is enough for heterostructure formation.

One such group of materials that can be easily exfoliated in such a manner are
the transition metal dichalcogenides (TMDs) [1, 2], which are themselves a diverse
category of often semiconducting crystals. Group VI dichalcogenides in particular exhibit
favorable optical absorption properties [3,4| that lend themselves to applications such
as photovoltaics [5], light-emitting diodes [6], and transistor technologies |7, 8], with
variation in band gap energy and band gap depth, while being amenable to exfoliation to
monolayer and stable in air [9,10] and at temperatures appropriate for the applications.
We focus here on the transition metals molybdenum and tungsten, and the chalcogens
sulfur and selenium, giving us four TMDs: MoSs, MoSe;, WSy, and WSe,. These are
probably the most researched TMDs, with MoS, in particular being a popular target of

investigation due to its favorable properties for photonics.



Heterostructures comprised of monolayer TMDs are well investigated [11,12], but not
all layers of a heterostructure need be monolayer crystals, much less TMDs specifically.
An important result from Homan et al. [13] was that the deposition of a thin layer of
pentacene, CooHyy, a polycyclic aromatic hydrocarbon with five benzene rings, on to
monolayer MoSy produced a heterostructure that exhibited rapid exciton dissociation
and slow recombination effects. Hole transfer from the TMD layer to the organic film
occurred faster than all hole relaxation mechanisms except for surface defect trapping
(a subpicosecond phenomena), but due to the reduced interlayer coupling compared to
TMD-TMD heterostructures excitons remained dissociated for much longer than in TMD-
TMD structures. This is a favorable property for photovoltaic devices in particular,
in combination with the heterostructure band gap of 1.1 eV, setting a relatively high
theoretical limit on the open-circuit voltage of any resultant device. Other organic
compounds have been investigated in heterostructure with TMDs, showing tuning of the
TMD’s electronic structure, as well as exhibition of potentially complimentary properties
for photonic applications [14,15].

Upon the background of the increasing monolayer and heterostructure research space,
this motivated our research group to investigate the adsorption of organic molecules on
monolayer TMDs. This particular flavor of heterostructure has potential in the realm
of lightweight, flexible photovoltaic devices as both materials having readily controllable
thickness and possess complementary properties to each other for such an application.
In this project we probe the structural and electronic properties of heterostructures of
pentacene adsorbed on to monolayers of MoSs, MoSey, WSy and WSe,, as well as the
changes to the same due to variation in molecular concentration and orientation compared
to the TMD substrate. Competing effects that lead to changes in these properties are

also decoupled and considered.



1.1 The current literature gap

The TMDs investigated in this project are already well known in the literature. They form
hexagonal crystals of MXy; (M = Mo, W and X = S, Se) comprising layers of transition
metal atoms covalently bonded to six chalcogens each in a trigonal prism (see Figure 1.1).
There are two forms in monolayer, 1T and 1H [16]. We consider only the 1H form here,

as the 1T form is metastable and metallic [17-19].
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Figure 1.1: The structure of TMD monolayers and their forms. Blue atoms are transition
metals, and red atoms are chalcogens. The 2H form is defined by the stacking relationship
of a TMD bilayer, where each layer is a 1H monolayer with alternating orientation.

All four of the considered monolayer TMDs have band gap energies between 1 and 2
eV, in the near infrared to visible range. They exhibit an indirect I'-QQ band gap in bulk,
which transitions to a direct K-K band gap in monolayer [20]. Experimentally, MoS, has
been shown to have a monolayer band gap (E¢) of between 1.8 and 1.9 eV [21-24], MoSes
between 1.5 and 1.7 eV [25,26|, WS, approximately 2 eV [27], and WSe, approximately
1.7 eV [28].

Carrier mobility is a concern for photonic devices, where in the case of photovoltaics,
a larger carrier mobility allows for greater excitonic spatial dissociation within a given
time, and so provides a lower chance of recombination. Bulk TMDs exhibit good carrier
mobility, but monolayer TMDs have reduced carrier mobility, even when their structure
reflects that of the bulk sample [10]. Nevertheless, carrier mobilities have been measured

as high as u = 80 cm?*V~!s7! at room temperature in monolayer MoS, [29], thin MoSe,

at approximately 200 cm?V~!'s~! at room temperature for electrons and 150 cm?V~!s™!
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1 at room temperature and as high as 140

for holes [30], approximately 50 cm?V~!s™
em?V-1ls™! at low (< 100 K) temperatures for monolayer WS, [31], and a lower 7
em?V~1s7! for monolayer WSe, at room temperature for electrons, although hole mobility
was higher at 90 cm?V~s™! [32]. These values are at least an order of magnitude larger
than that for pentacene, our organic molecule of interest. Pentacene’s carrier mobility has
been experimentally determined as 0.26 cm®*V~'s™! [33]. There are large ranges associated
with experimental determination of carrier mobility, as it is highly dependent on sample
quality. However, it is clear that pentacene has a much lower carrier mobility than do
monolayer TMDs; examples of high (relative to other values reported for pentacene)
carrier mobility in thin-film pentacene device are approximately 0.6 cm?V~!s~! [34] and
0.6 cm?V~1s7! [35], although measured values less than 1072 ¢cm?V~!s™! are not unknown
for similar devices [36].

By combining the organic molecule pentacene with monolayer TMDs into a van
der Waals heterostructure, we hope that advantage can be taken of the good carrier
mobility of TMDs and favorable properties inherent to thin devices (lightweight, flexible
etc), as well as enhance the optical absorption efficiency of the resultant heterostructure
compared to the TMD alone, due to the comparatively higher absorption coefficient of
organic molecules [15]. In order to do so, however, we must first assure ourselves of the
band alignment between materials of any resultant heterostructure. This was one of the
primary goals of this project. It has been shown previously that pentacene forms a Type-
IT heterojunction with monolayer MoSs [13,37], as does pentacene with WSe2 [38]. WS,
forms a Type-II heterojunction with the similar organic molecule, tetracene [39]. Type-II
band alignment is required for the p-n junction of photovoltaics, although there are other
applications for band alignments other than the staggered gap. A Type-I alignment, which
has been shown for the case of pentacene/MoSes has been reported, although not in a
manner particularly similar to the structures we investigated here; there was a third layer
of graphene oxide on the opposite pentacene surface to that in contact with MoSe,y [40].

Despite the TMDs and pentacene being well investigated, the specific heterostructures

that we have targeted are not. There is limited theoretical literature on favorable



adsorption sites of molecular pentacene on monolayer TMDs, and the effect on molecular
concentration and molecular orientation on the structure and electronic properties of
resultant heterostructures is non-existent. Existing literature focuses on heterostructures
with MoS,, and is primarily concerned with thin films of pentacene, rather than two-
dimensional structures [41,42]. As such, there is an identified literature gap for a
systematic study of the interaction between molecular pentacene and monolayer TMD
substrates. The band alignment of molecular pentacene with TMDs and its variation
with concentration is an important metric for photonic devices, and the manner in which
pentacene tends to adsorb on to an underlying TMD substrate may be important for
interface engineering concerns. Additionally, how the electronic structure of the materials
and resultant heterostructures is changed by competing effects due to adsorption,
variational concentration, and molecular rotation with respect to the substrate are

potential subjects of interest for device design and tuning.



1.2 Project overview and objectives

Figure 1.2: Side view of pentacene adsorbed on a 7 x 4 supercell of TMD. The molecular
plane and top-most chalcogen plane are marked and labelled. Layer separation is also
labelled, but is defined as the difference in z-coordinate of the center of mass of pentacene
and the average position of chalcogens in the top-most chalcogen plane, not the difference
between the molecular plane and top-most chalcogen plane (although these values will be
very similar).

The aim of this project is to work towards filling the literature gap discussed in Section
1.1 by investigating the preferred adsorption sites of pentacene on to each of the four
TMD monolayers, in the manner of Figure 1.2, and probing the structural and electronic
properties of these heterostructures. We will demonstrate in which manner pentacene
tends to adsorb on to the monolayers and how molecular concentration affects this,
and through what mechanisms. Given the favorably adsorbed heterostructures, we will
show to what degree the electronic properties of the TMDs and pentacene molecules are
modulated by adsorption, examine the mechanisms through which this modulation occurs,
and discuss the overall properties of the resultant heterostructures.

The first stage of the project, found in the first project chapter of the thesis (Chapter
4), was concerned with determining computational parameters that were needed going
forward, baseline properties of the TMD monolayers and pentacene molecules when
isolated from each other, and an analysis of likely band alignments between materials
before their electronic properties are modulated through interacting with each other. This
was performed using ab initio methods within density functional theory (DFT), using

the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [43] (a generalized
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gradient approximation (GGA) functional), and the projector-augmented wave (PAW)
pseudopotential method [44]. We used Monkhorst-Pack [45] k-point meshes for our
sampling grids. Our calculations were performed using the Quantum ESPRESSO suite
[46,47], a popular open-source plane wave pseudopotential package for electronic structure
calculations.

The computational methods used in this project were selected based on characteristics
of cost and accuracy. We did not wish to use an empirical functional in order to satisfy as
many theoretical exact conditions as possible. Additionally, as we investigated structures
which had yet to be studied to a significant degree, and that are combinations of organic
molecules and TMDs, errors in non-empirical functionals would be likely to be systematic
(e.g. underbinding in the local density approximation, or underestimation of the band
gap with DFT in general), and so somewhat predictable in nature, if not necessarily in
magnitude. Using an empirical functional that was designed for use on organic molecule,
for example, could fail on predictions relating to the TMDs within the structure.

The local density approximation compares unfavorably to GGA functionals for atoms
with highly-localized electrons, such as those found in our transition metal d-orbitals,
as the electronic density is highly non-uniform. Additionally, LDA functionals tend to
underestimate band gaps to a greater degree than do GGA functionals [48]. Therefore, we
chose from GGA functionals; hybrid functionals were deemed to be too computationally
expensive for our large heterostructure systems. Reviews of the performance of various
functionals fairly consistently report that popular GGA functionals are similar in accuracy
to each other, with small advantages in specific systems or for specific parameters [49,50].
One in particular that consistently performs well, and satisfies our previously mentioned
concerns, is the PBE functional [43], which is the functional we proceeded with for the
majority of our calculations.

As we are dealing with vdW heterostructures, it is expected that the vdW interaction
plays a significant role in their structure and binding. The van der Waals correction
method of Grimme’s D3 [51] is a very effective choice for two-dimensional heterostructures,

as well as molecules [52].



The next stage of the project, described in Chapter 5, was to investigate the preferred
adsorption sites of pentacene on to the TMD monolayers at a fixed concentration. This
concentration was controlled through the number of molecular units of TMD substrate
within a single supercell, containing one pentacene molecule; a larger underlying substrate
sheet results in a lower molecular concentration. We selected a supercell consisting of 7
TMD molecular units by 4 TMD molecular units, referred to as a 7 x 4 cell. We must
of course modulate the length of the sides of this substrate monolayer in integer steps,
and chose the side length ratio based on the shape of pentacene. A larger 8 x 5 supercell
would be too computationally expensive, and the 7 x 4 cell provided good separation
between pentacene molecules across periodic boundary conditions already. Using DFT,
we calculated the total energy of heterostructures and compared this to that of isolated
materials to determine the adsorption energy of pentacene in a number of adsorption sites.
This allowed a direct comparison of favorability between adsorption sites, where we then
probed the electronic structure of the favorably adsorbed heterostructures with density
of states calculations. Additionally, differential charge density was calculated.

Following this, we performed the same investigation on higher concentration pentacene
(by using a smaller supercell) and compared the two, allowing discussion of the effect of
concentration on the calculated properties (see Chapter 6). The supercell was defined
by an underlying substrate of dimensions 6 x 3 molecular units, shrinking the distance
in both x- and y-directions between pentacene by one unit each. A greater reduction
would result in almost overlapping pentacene molecules. We also looked at pentacene in
the favorable adsorption sites across both concentrations, but rotated around its centre
of mass within the plane of the underlying substrate. This allowed for a comparative
analysis of the effect of rotation of pentacene.

Finally, we returned to the materials out of heterostructure for a more computationally
intensive, but more accurate, investigation. We did this using a hybrid functional,
which was the Heyd-Scuseria-Ernzerhof (HSE) functional [53]. This choice was due to
its consistently strong performance in predicting structural and electronic properties of

semiconductors [54]|. It would not have been computationally feasible to deploy such a



functional on to the heterostructures, being such large supercells. While we performed
this level of analysis near the end of the project chronologically, it is reported in Chapter
4 as it pertains to the isolated systems and is more useful as a side-by-side comparison at
that point of this work.

The thesis is laid out thusly: an introductory chapter, which is the present chapter,
followed by an overview of the background theory required for performing this research
(Chapters 2 and 3, where there is a somewhat nebulous division between physical and
computational theory), the chapters directly describing the methods and results of the
project (Chapters 4-6), and wrapping up with a summary chapter at the end (Chapter
7). There is additionally an Appendix associated with this work, found at the end of the

thesis.



Chapter 2

Physical theory and background

To understand the behavior of two-dimensional van der Waals heterostructures and their
constituent materials (here organic molecules and transition metal dichalcogenides) as
photovoltaic and optoelectronic candidates, we must first understand the underlying
theory of solids, primarily semiconductors. This chapter discusses the relevant quantum
theory of solids (Section 2.1), and the band theory of semiconductors and the photovoltaic
effect (Sections 2.2 and 2.3). A description of phenomena that arise in these materials
due to their small size and quantum nature is in section 2.4, followed by a discussion
of the theory of van der Waals forces that are so important for the formation of the
heterostructures in this project (section 2.5). Background information on the properties
of organic molecules and transition metal dichalcogenides, and the way in which their
heterostructures exhibit hybrid or emergent properties are discussed later in Chapter
3, as is the theoretical basis for, and the practical use of, the computational methods

deployed in this work.
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2.1 Quantum treatment of solids

2.1.1 Drude-Sommerfeld (free electron) model

Drude proposed his model of electron behavior in metals in 1900 [55] to explain the
excellent electrical and thermal conductivity of metallic materials. Electrons themselves
had been recently discovered by Thomson in 1897 [56], and so Drude applied kinetic theory
to these new particles, treating them as a gas that moved among heavier and unmoving
particles of opposite charge (metallic ions). In this model, electron gas particles move in
straight paths until perturbed by collisions with the immobile metal ions. Interactions
and collisions with other electrons are ignored, as are non-collisional interactions between
electron and ions (such as interactions with fields). These two assumptions are known as
the independent electron approximation and the free electron approximation, respectively.
The relaxation time of an electron, 7, is assumed to be independent of the electron’s
position and velocity, and is defined by an electron’s probability of undergoing a collision

%. These collisions are then modelled as instantaneous, with

with an ion in time dt as
immediate effect on the velocity of the electron, and only occur upon collision with ions.
In addition, electron-ion collisions are assumed to be the sole process by which electrons
attain thermal equilibrium with the background structure, and their post-collision velocity
magnitude is determined by the temperature at the position of the collision.

The limitations of the Drude model resulting from classical approximations led
Sommerfeld to update it with the Fermi-Dirac distribution in 1927 [57], resulting in
quantum mechanical descriptions of electronic behavior in metals. The Sommerfeld
theory of metals describes the electrons as a free electron gas, keeping the free electron
approximation and the independent electron approximation of the Drude model. The
major change to the Drude model is the replacement of the distribution function and a
quantum treatment of the free electron gas.

Classical descriptions of electrons in a metal work well enough when the precision

to which an electron’s position must be described is sufficiently low such that its

momentum does not become too imprecise, as described by the Heisenberg indeterminacy
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principle [58], Az ~ where A is the reduced Planck constant, and Az and Ap
are the uncertainties in position and momentum, respectively. With an uncertainty
in momentum of an electron in a metal small enough, i.e. smaller than the typical
metallic electron momentum of hkp, where kp is the Fermi wavevector (defined shortly),
the uncertainty in position approaches that of the radius of a sphere whose volume is
the space taken up by one conduction electron. A classical description of electronic
behavior in metals is sufficient for many cases, so long as field variations occur over
much larger displacements than Ax of an electron, and mean free paths remain large in
comparison as well. When discussing metals at room temperature, where mean free path
is long enough, or when dealing with lower energy electromagnetic fields than ultraviolet
radiation, classical descriptions of metallic behavior can be sufficient. Notice, however,
that while the overall description of metallic behavior may be satisfactory, the behavior
of a given electron is poorly described classically, as they obey Fermi-Dirac statistics
and not the Maxwell-Boltzmann statistics of classical theory. Considering then the
Sommerfeld theory of metals, using Fermi-Dirac statistics, the non-classical electronic
energy distribution can be applied to Drude’s model. This improves the prediction
of the mean free path and thermal conductivity, although in this case not changing
the value much, as Drude’s classical model had mathematically cancelling inaccuracies.
Hall coefficients, magnetoresistance and electrical conductivity are unchanged by the

Sommerfeld theory compared to the Drude model, as they are independent of energy or

velocity distribution.

Momentum

Consider the system of non-interacting electrons confined to a cubic volume V', with sides

of length L. Evaluating the Schrédinger Equation,

Hip(r) = e (r)

h2
H=-—V*+U(r),

2m

(2.1)
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for this system with the travelling plane wave solution, we obtain the energy of a free

electron,

h2
=75 K>, (2.2)

In the ground-state, where energy levels are filled up in ascending order, a system of N
free particles will occupy allowed positions inside of a sphere of volume V' within k-space
that has radius kp. The energy at the surface of this sphere (the energy of the highest
occupied orbital in the ground state) is €, the Fermi energy. The Fermi momentum, pp,
can be calculated using the quantum mechanical momentum operator, p = —ihV, such

that

pr = hkp (2.3)

(or more generally, p = hk), which relates to the Fermi velocity,

vp = RE (2.4)
me

These properties can also be discussed in terms of their more general values, importantly

the velocity,

Ik

Y
me

(2.5)

A%

which is a function of wavevector and independent of temperature, in contrast to classical
models.

As the wavevector components must satisfy

277471'

kz:i 5
L

(2.6)

there exists one allowed combination of the quantum numbers &, k, and k., within each

volume element of (%”)3 For electrons then, with two permitted spin states, there exist
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two allowed states for each allowed combination of k;. As such, the total number of
orbitals in a spherical space is twice the volume of the sphere with radius kr divided
by the volume element of a single permitted k; triplet, (27”)3 The Fermi wavevector, in

terms of the electronic density, n = %, V = L3, is then
krp = (3n%n)?. (2.7)

Density of States

The total internal energy density, u, is the integral over all allowed k within a volume of
k-space of the energy per k value i.e. the integral over k-space of the number of electrons

per level times the energy of that level:

"= / 4%36(1() Fe (€) Ok . (2.8)

By using spherical coordinates to remove dependence on the vector form of k we can

express u as an integral over the radial coordinate, k:

1 27 T o)
u=— 5S¢ / sin 056 / k% fep (€) dk
4 Jo 0 0 (2 9)
1 & i
= F ; kQEfFD (E) dk

Substituting in for £ and dk through

ok [me€

we get

u:/m 2mee o (€) be (2.11)

24
o V Th

where the limits between —oco and oo will give the same result as between 0 and co due
to the physical constraints on the system (e > 0), but are left as they are due to our later

use of the Sommerfeld expansion. Our physical interpretation of u being the internal
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energy density, i.e. the number of single electron states (occupied or unoccupied) in an
energy range d€ per unit volume, times the probability of these levels having an electron
present, times the energy of such an electron, leads us to the interpretation that the term
\/Qmicf’ew——?h—‘lc?e is the number of single electron states in an energy range de per unit
volume. This is the density of states, a concept that is important later in the project
and of physical significance for computational analysis of semiconductors, and we will

represent it as

3
1 Qme 2 1
D (6) = ﬁ ( h2 ) €2 (212)

It can be similarly recovered from the relations between the Fermi wavevector and

16N

electronic density, where it is D (€) = 3; 5z

We can represent u as a function of density of states,

u= /OO eD (€) frp (€) d€ | (2.13)

o0

where frp (€) is temperature dependent. The behavior of fgp (€) is such that its form
for temperatures where they remain solid at standard pressure only differs significantly
from that at 7" = 0 K around € = p. An example is shown for 1500 K in Figure 2.1,
a fairly typical melting point of pure metals at standard pressure, so when dealing with
low-to-room temperatures u can be well represented by the value of u at 0 K plus the

Taylor expansion of €D (€) centered on € = pu. The value of u at 0 K is simply

Up—g = /EF €D (€) de (2.14)

[e.e]

as at T' = 0 K all states below € have a probability of 1 to be occupied, and all above €5 a
probability of occupation of 0 (by definition). The expansion is known as the Sommerfeld
expansion:
w e 5 52n71
v / €D (€) e+ (kpT)™" Ausg—eD (e o (2.15)
-0 n=1 =H

where A,, are dimensionless coefficients.
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fep(€)

Figure 2.1: The Fermi-Dirac distribution for a metal at 1500 K, compared to 0 K and
room temperature. Note the difference in distributions is only marked around g, and the
range over which this occurs is very small at room temperature.

This expansion is performed (with differences in notation) in Sommerfeld’s 1927 paper
[57].

Terms in the expansion fall off as O (%)2, so we can consider only the first term of
the expansion, and recognize that the integral limits in the ur—g term can be changed as

negative energy is unphysical, giving us

U= /OM €D (€) o€ + %2 (kpT)* <u6%£'u) +D (u)) . (2.16)

Following the above procedure again, we can similarly expand the expression for electronic
density, n, as the integral over k-space of the number of electrons per state (as a probability

per state):

n:/#fm(e)ék:/_ZD(e)fFD(e)ée

5 0D (1)
de

(2.17)

M T2
_ / D (€)de + = (kyT)
0 6
If the difference in p between its value at 0 K and temperatures of interest is small, we
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can approximate

/MD ©de= [ D(e)set (u—er) D(er) (2.18)

and so

n = AHD (6) 0€ + (,U - EF) D (GF) + % (kBT)2 51)5£N)

(2.19)

However, if we keep volume constant the electronic density must be independent of

temperature, so at constant volume n is equal to its value at 0 K, therefore

(u—€r) D (ep) + %2 (kT)? 51)52“) -0
s , 1 6D(e
== ksT)" 5 56( : (2.20)

We see that the variation with temperature of p is indeed small at low-to-room
temperatures. Figure 2.2 shows this temperature-dependent variation in u. Even at 1500
K, where we can expect issues with the solid state of the material, the variation in p is

only around 1%.

2.1.2 Bloch’s theorem

Periodicity and Fourier series expansion

Solid structure generally falls in to one of three categories, being crystalline, poly-
crystalline and amorphous. These categories relate to the order of the material’s
microscopic structure, with crystalline materials, crystals, having periodic structure
throughout their volume. Poly-crystalline materials, crystallites, are composed of
multiple periodic regions arranged in a non-periodic manner, and amorphous solids have
no microscopic periodicity over long range. These categories are represented in Figure

2.3. Crystals are the best understood and simplest materials in the context of solid state

17



le—19

1.80

1.79 A

1.78 A

1.77 A

< 1.76

1.75 A

1.74 A

1.73 A

1.72

360 15b0
T/K

Figure 2.2: The variation of p with temperature, as by Equation 2.20. As can be seen by
the scale, even a large increase in temperature results in only a small decrease in pu.

physics, and the materials used in this project are crystalline. We therefore consider in our
discussion a pristine crystalline solid, with ions arranged in a periodic array. This results
in a periodic electronic potential, U(r), throughout the material that is experienced by
our electrons. The periodicity of this potential for a region suitably far from a spatial
boundary (or we can assume an infinite crystal) is determined by the Bravais lattice of
the material. For Bravais lattice vectors R, this periodicity in the potential is described
by U(r + R) = U(r). Continuing to use the independent electron approximation here,
we allow any specifics in the form of the potential due to electron-electron interactions to
be included in U(r), making it an effective potential.

Due to this periodicity, we can establish Fourier components of the potential (as well as
other periodic properties, such as electron density and a spatial description of the lattice
itself). The concept of the reciprocal lattice arises from the Fourier series expansion of
the direct lattice, and is a useful tool for determining crystal properties. The Fourier
series expansion of some function periodic in space over period a, and invariant under

translation T = w,a; + usas + uzaz, where u; € Z and a; are the crystal axes can be given
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(a) (b) (c)

Figure 2.3: The three categories of solid structure: (a) crystalline structure (crystals),
with long range order, (b) poly-crystalline structure (crystallites) with regions of order
that are unordered with respect to each other., and (c¢) amorphous solids, with no long
range order or periodicity.

as

FO) = 30D 007 bbb (2.21)

v1 v2 U3

or more compactly as

f)=> fae® = | fae®"6G (2.22)

G BZ

where fg are the Fourier coefficients and the integral is over the Brillouin Zone. The
summation form is more useful for our purposes here, with the integral form seeing use
in Chapter 3. Here G = wviby 4+ v3by + v3bs, v; € Z, with b; as primitive vectors of
the reciprocal lattice if they are constructed such that they are orthogonal to two crystal
lattice primitive vectors, i.e. b; - a; = 2md;;. d;; is the Kronecker delta function. The

constructions that satisfy this requirement are

2
bi = Vﬂ- (ai+1 X ai+2> 1€ 7" mod 3, (223)

where the volume of the crystal lattice primitive cell is the triple product V = a; -
a, X az. The 27 term is included in the definition as convenience for later physical

interpretation of angular wavevectors. As such, this Fourier series remains invariant under
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crystal translation with T, as

f(r+T) = Z fqeGTelG T (2.24)
G
where ¢/¢T = 1 due to the orthogonality of the vectors and assurance from construction

that the product uv; € Z.

The central equation and Bloch’s theorem

Applying the Born-von Karman periodic boundary condition that a given wavefunction in
our crystal must be periodic on the lattice, ¥ (r+N;a;) = ¢ (r), N; € Z where N = H?:1 N;
is the total number of primitive cells in the crystal, we can consider the Fourier series

expansion of a wavefunction in the crystal,

P(r) =) Cre™™, (2.25)
k

where k is a wavevector belonging to those plane waves in a set satisfying our boundary

condition. Our boundary condition imposes that

eik.(r+a) _ eik.r _ eik-reik-a 7 (226)
elka — 1 (2.27)

and therefore
k-a=2m,neZ, (2.28)

i.e. k is quantized. As the set N; is orthogonal, so is our set of plane waves, e¢’*T. Our

periodic effective potential U(r) can of course similarly be transformed as

Ur) =) Uge'®™. (2.29)
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As the crystal lattice vector a must be real, and e*® = 1, we see then that the Born-
von Karman periodic boundary condition additionally requires that wavevector k be real.
Changing the potential by an additive constant does not affect the periodicity, so we
can do so to set the average over a primitive cell of the potential to zero, i.e. Uy = 0.
Substituting our Fourier series expansions of ¢(r) and U(r) in to the time-independent

Schrodinger equation (Equation 2.1) gives the central equation,

(M= E)Cie+ Y UgCig =0, (2.30)
G
the derivation of which is in Appendix A, and where the wavelength is given by

h?k?

om

Ak

(2.31)

The central equation is a restatement of the time-independent Schrodinger equation in
k-space. Due to the form of the Cy_g coefficients, and as G are reciprocal lattice vectors,
we see that for each allowed value of k in the first Brillouin zone there is an independent
problem with solutions containing only the original wavevector and wavevectors differing
by a reciprocal lattice vector. We can take advantage of this fact; as a given wavevector

k only takes values k — G (allowing G = 0), we see our wavefunction is of the form

Y(r) =) Cige™ O = ek (Z Ck_Ge—"G'r> : (2.32)
G G

This wavefunction has infinite solutions; one for each allowed k in the Brillouin zone.
The physical interpretation of these eigenstates leads us to the band index, n: the index
given to the discrete energy levels, or electronic energy bands. The energy, €, (k), varies
continuously with k, but k takes discrete values. Changing the subscript to agree with

this convention in notation gives us Equation 2.33, Bloch’s theorem.

Uk (r) = €™ U (1) (2.33)

Bloch’s theorem, developed by Felix Bloch and published in 1928 [59], shows that the
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eigenstates of the single-electron Hamiltonian H (Equation 2.1) in a Bravais lattice with
a periodic potential can be expressed as plane waves modulated by a function with the
periodicity of the Bravais lattice. Electrons described in this manner are Bloch electrons.

In the free electron case (subsection 2.1.1), the wavevector k is proportional to momentum,

(2.34)

W
I
>

Drude electrons, however, do not in general have a wavefunction that is a momentum
eigenstate; k is not proportional to p. By applying the momentum operator to the
wavefunction of a Drude electron, we get

—ihV e = —ihV (€™ u (1))

(2.35)
= Ik — ihe™ TV |

which is a non-proportional relation. Due to the similarity to the free electron case, hk is
referred to as the crystal momentum, but is not a true momentum itself. The velocity of

a Bloch electron can be shown to be

v (k) = , (2.36)

a non-vanishing mean velocity (derived in Appendix B): the ionic lattice does not degrade

its velocity, which is a stationary state for a given band index.

Improvements over the free electron model

By introducing periodicity conditions of the lattice to electronic potential, wavevectors k
are required to take discrete values. This leads to the emergence of discrete energy levels,
or bands, previously not described by the free electron model. This has pronounced
effects on the behavior of solids, and will be expanded upon in following subsections.
As the materials of interest for this project have periodic crystal structure, a description
of electronic behavior under a periodic potential is necessary, and the Bloch theorem

provides the framework for the next update to modelling electronic behavior in solids; the
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semiclassical model.

2.1.3 Semiclassical model
Equations of motion

The force acting on electrons experiencing a field (an electric field, E, or a magnetic field,
H) is classically the Lorentz force, and using the Sommerfeld description of momentum
(p = Rk, see subsection 2.1.1), where it can be described classically so long as we do not

need to describe its position on the scale of interelectronic distances, we have

or hk
— = 2.37
. me’ (2.37)
and
ok ev
hE = —cE — — x H. (2.38)

This behavior is for particulate electrons, so is of little use with an entirely wave-like
description. However, by modelling this particle as a wave packet of free electron levels,
we can update the classical model with a method to describe quantum systems, providing

the semiclassical model. The wavefunction of such a free electron wave packet is

Y t) =Y g (k) et (2.39)
k’

with the interpretations that r and k are the mean position and momentum of the wave
packet, respectively, and where the coefficient gy (k’) is a very small bin or discretization
interval, |k’ — k| > Ak, and we let Ak be much smaller than the size of the Brillouin
zone, maintaining a well described momentum. Using the relations that follow from the

Sommerfeld model (subsection 2.1.1), the semiclassical electronic equations of motion are
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1 9€, (k)
B (k) = 5 =0k

: 1
hk = —e |E(r,t) + -1, (k) x H(r,t)
c

(2.40)

where dot notation represents a time derivative, and are discussed further in Appendix
C.
The electrical conductivity of a perfect periodic crystal is infinite, as the mean

electronic velocity in a Bloch level may only vanish if the term

de, (k)
ok

(2.41)

vanishes, although real crystals are imperfect over long range and there are thermal
vibrations of the ions (producing phonons) thus far unaccounted for that perturb the
periodicity. Interactions between Bloch electrons and lattice ions are taken into account
already if the Schrodinger equation has solutions of a Bloch form. The periodicity, if
perfect, permits wave propagation across infinite distance due to coherent scattering of
electron waves without energy loss. In the semiclassical treatment of Bloch electrons, we
accept some form of scattering mechanism, but it need not be due electron-ion collision.

The wavefunction of a Bloch electron wave packet is
Un (1,8) = Y gic (K) thproe™ #E0 (2.42)
k?

and as Ak is small compared to the size of the Brillouin zone, the change in €, (k) within
the wave packet is also small. As Ak < %’r, the uncertainty principle leads us to the fact
that a wave packet well defined in momentum space on the scale of the Brillouin zone
is poorly defined in real space on the scale of a primitive cell; Az > 7-. As such, the
semiclassical model can be used in the limit that applied fields can be treated classically
(they do not vary over the dimensions of the wave packet) and the periodic field has a

period smaller than the dimensions of the wave packet.
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Limitations and holes

The periodic lattice potential experienced by a Bloch electron cannot play a role in its true
momentum (within the model); this would require localization of position on scales within
a primitive cell (over which the periodic potential varies), which is inconsistent with our
wave packets being spread over many primitive cells, Az > 7-. The semiclassical rate
of change of crystal momentum, ik (Equation 2.40), only considers external fields acting
on the electron, which must vary over longer length scales for the semiclassical model to
hold validity. Additionally, band transitions are forbidden within the semiclassical model
as the band index is a constant. As electrons tend towards free electrons (as periodic
potential U (r) — 0) and experience only a uniform electric field, they may increase their
kinetic energy ceaselessly (within a relativistic limit). As the model requires that the
electrons remain energetically circumscribed within the band’s energy limits, there exists a
minimum periodic potential experienced by the electrons to maintain the appropriateness
of the semiclassical model.

Despite its limitations, the semiclassical model is an improvement over the free electron
theory of the Drude and Drude-Sommerfeld models (subsection 2.1.1) in the matters of
electron transport and dynamics. Importantly, it provides an explanation for the existence
of non-metallic materials, and for the variation in the sign of a metal’s Hall coefficient.

Consider an electronic band in a crystal where each permitted state has energy below
the Fermi energy, er. With two spin states per energy level, and a k-space volume of
(2m)?, the contribution of electrons in this band with wavevectors within a volume dk to
total electronic density is zr—kg. Within six-dimensional rk-space (phase space), the density

of electrons of a filled semiclassical band is as the number of electrons within the

prd
k-space volume ¢k in a given real space volume dr is (51‘4‘%.

Liouville’s theorem [60,61] asserts that the volume of a system in phase space remains
constant in time. The phase space electronic density is therefore constant, as semiclassical

electrons cannot undergo interband transitions (so neither the volume nor the number

of electrons may vary). The general solution to the semiclassical equation of motion
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(Equation 2.40) is

(2.43)

which shows that over time interval ¢ every wavevector undergoes the same shift, i.e.
the electrons move through phase space together, further demonstrating the constancy of
electronic density in phase space. Electrons within a volume element dk about the point

k have velocity

1 de,,
n = —-—, 2.44
v, (k) = 5 (2.44)
and so the contribution of this filled band to the electric current density is
1 de(k)
j=— ok 2.45
J=-e /BZ 1h ok 0% (245)

where integration is over all k in the Brillouin zone and considers only a single band, so
the band index dependence has been dropped. The contribution to the energy current

density is similarly just

. 1 de (k)
JG_/BZ e ) * (2.46)

Note that € (k) is a function periodic over the Brillouin zone (the volume over which we are
integrating), and so the contribution to the electric current density of a filled band is equal
to zero. This is also true for the energy current density, and is shown in Appendix D. Due
to the electronic passivity of filled bands, only those bands which are partially filled with
electrons need be considered, providing an explanation for why the Drude’s model use
of atomic valence to determine an atom’s contribution to conduction electrons was fairly
rewarding; often an atom’s valence electrons are the only ones occupying partially filled
bands. The number of energy levels in each band is related to the number of primitive
cells in the crystal; for crystals with a single atom in a primitive cell, there are two allowed

energy levels in each band per primitive cell. Such solids with an odd number of electrons
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per primitive cell must have partially filled bands, and is an electrical conductor (and
has a high electronic contribution to its thermal conductivity as well). Solids with an
even number of electrons per primitive cell may have only full and empty bands, causing
a band gap and exhibiting insulating or semiconducting properties. They may still be
conductors, however, as while they have the correct number of electrons to precisely fill
a number of bands without remainder, they do not necessarily do so in cases where band
energies overlap.

Considering now a band that is not necessarily filled, the contribution of electrons in

the band to the current density is

e
473

v (k)5 (k) (2.47)

occupied

j=

and as a filled band is inert we deduce that

and consequently we see that

e
473

J v (k)6 (k) (2.49)
unoccupied

is an alternate way of representing the current density of a partially filled band, where the
integrals are over permitted wavevectors that either do (occupied) or do not (unoccupied)
have wave packets present with that wavevector. This shows the equivalence between
treatments of a band partially filled with electrons, and the same band with those
previously filled levels being unoccupied and the previously unoccupied levels being
now occupied with particles of opposite electronic charge. This is perhaps the greatest
revelation to come from the semiclassical model: a description of holes. Holes are the
absence of an electron, but one may consider them to be the charge carriers, and consider

electrons to be the absence of holes. As electrons have their wavevector and position

uniquely determined by the semiclassical equations of motion at any time given these
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variables at some other time, positions in phase-time space that lack electrons are also
uniquely determined i.e. the paths taken through phase-time space of two electrons
share no overlap. For a band with unoccupied states there will, therefore, be paths (or
orbits) in phase-time space that have no electron in them, and these orbits will remain
unoccupied with the evolution of time. The topography of these paths depends on the
semiclassical equations of motion through their respective wavevector, and they remain
the same regardless of whether they are actually occupied or not; these unoccupied paths
can be considered to be the paths on which holes travel in phase space with the evolution

of time. This concept is illustrated in Figure 2.4.

Figure 2.4: A schematic representation of phase space, as the position-wavevector plane
(rk plane), against time. The movement of charge carriers is displayed with solid blue lines
for electrons, and dashed green lines for holes; the volume in rk-t that these move through
represent occupied and unoccupied bands, respectively. The phase space density remains
constant with time, with the same number of electrons occupying the same amount of
space throughout.
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2.1.4 Self-consistent field methods

Initial guess
for U, (r)

Yes

Output parameters

Figure 2.5: The process map for the Hartree self consistent field equations (Equation
2.53). Convergence in the potential is to a desired precision.

So far we have ignored electron-electron interactions. For a large system of N electrons,
each single electron is affected by the N — 1 other electrons. As such, attempting for an
exact solution to the Schrodinger equation for such a system is simply quixotic, especially
if considering the practicalities of computational resource allocation. Instead it is more
practical to choose a form of U (r) that is physical but computationally feasible. The
method used in this project is just such a computationally manageable one, and uses self-
consistent field calculations. These do not belong to a category of new ideas, although
the specifics have evolved over time. We discuss in this subsection early self-consistent
field theory as an attempt to lift the independent electron approximation, holding the

discussion of the modern form for its own section (Section 3.1).
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We can consider the wavefunction of a single electron in a periodic solid that undergoes
electron-electron interactions, but we do not consider each other electron individually. We
first say that our single electron of interest here interacts with N, and not N — 1, other
electrons. If NV is large, we can ignore the difference of a single additional charge. We then
treat the N electrons as a smooth background of negative charge, that effects a potential

on our single electron of

Ue- (r) = —e/ p(r’)’ or’ (2.50)

v — 1’|

The electron also interacts with positively charged ions at positions R belonging to
the Bravais lattice. The potential felt by such an electron due to the ions is Coulombic,

of form

E:h—RJ (2.51)

where Zg, the atomic number of the atom at position R, is constant and outside the
summation for a monatomic material. If the other electrons with wavefunctions ¢; (r’) do
not interact with each other for the purposes of determining the density of the background
negative charge (an acceptable compromise, considering we have already modelled the
other electrons as a distribution of charge instead of distinct entities), and contribute to

the charge density independently, the total electronic charge density is

0= e 30 ()6 (1), (252

Our single-electron Schrédinger equation is then one of a set of equations for single electron

wavefunctions, 1;, that are to be solved iteratively, the Hartree equations:

h2
—%V 77Z)z

|ty (x
) + € 5 51"1/% (r) = €9 (r)
/ | (2.53)

Hy = —2—V2+U®( r) + Ue- (r)
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These equations also define what we will call the Hartree Hamiltonian operator, Hpy.
The iterative method to solve such equations is given in Figure 2.5, and goes as follows:
A starting potential for electron-electron interaction, determined through guesswork,
previous iterations or empiricism, is used to solve the Hartree equations (Equation 2.53.
This produces a solved set for the form of 1;, which is used to produce an updated U,-.
This potential is then substituted back in to the Hartree equations to solve for a new set
of ¢;, and so on. This continues until a result of U,- is no different than the previous

iteration to within the desired precision.

Hartree-Fock exchange

An N-electron wavefunction that satisfies the Hartree equations is a product of single

electron levels,

U (risy,...,rysy) =1 (r181) ... N (rasy) (2.54)

which in order to obey the Pauli exclusion principle must under particle exchange behave

as

\\J (1'181, ey IS, TS, 7I'NSN) =V (1'151, ey IS, TS, ,I'NSN) . (255)

The only way in which the product of single-electron wavefunctions form of ¥ can satisfy
this antisymmetry requirement is if ¥ vanishes at all points in its domain i.e. the initial
configuration and the exchanged configuration of electrons cannot exist in superposition;
the single-electron product form of W is not appropriate and the Hartree equations are
inadequate. A solution to this is to modify the form of the wavefunction to be a linear
combination of the product of single-electron wavefunctions with the products of the same
single-electron wavefunctions with all combinations of particle exchange, with summation

weights of positive or negative unity depending on the term’s symmetry requirements.
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This is a Slater determinant, and can be displayed as an N x N matrix

U (risy,...,rnsy) =1 (r181) ... N (tnsSn) — 1 (rasa) Yo (r181) ... N (TN SN) + - ..

(2.56)
Yr(risi) 1 (ras2) ... 1 (rasw)
1 |2(ris1)  wa(res2) ... o (rysy)

= W | | | (2.57)
’QZJN (I‘lsl) wN (I‘QSQ) Ce 1/)]\[ (I'NSN>

L et (0 (xy5,)) (2.58)

VN

where the \/LNf' is a normalization term. Evaluating the expectation value of the Hartree

Hamiltonian of the N-electron system represented by the Slater determinant results in

"HH\I/—Z/ZD (——Vz—i-U@())zﬁi(r)(Sr
s > / Ww: () s (1) 05 () (°) 6 (1) (1) (259

——Z|r s 0 (1) s (1) 07 (1°) 4 (x) Oor

where the Kronecker delta d,,,, enforces spin orthogonality. Minimizing this expectation

value with respect to w; leads to the Hartree-Fock equation:
Hati (r Z/ r— ,| Ui (r7) 1j (1) 0,501 = €11 (1) (2.60)

The Hartree-Fock Hamiltonian operator, Hygr is the Hartree Hamiltonian operator,H g,

plus the Hartree-Fock exchange term, Vy:
Hur=Hg+Vx . (2.61)

This term is an integral operator, where the operand is integrated as part of the operation.

Examining the second term on the left hand side of Equation 2.60 we see that for an
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operand f (r,i) = 1; (r) the term takes on the form of
Vef (i) = 3 [ 10 K (8.5) o (2.6
J

and so is a sum-integral operator with ¢ = r’ and a kernel

2

K (taj) = - ,|¢}k (I") ¢j (I‘) 5Si5j . (263)

r—r

The Hartree-Fock equations are, in general, not exactly solvable (the special case exception
is the free electron gas), and so approximations are used for the exchange term and any
other perturbations not so far considered. The approximate terms are used to solve for

updated potentials in the same iterative manner as the Hartree equations.

Correlation

The Hartree equations do not take into account electron correlation: how much the motion
of an electron is affected by the motion of the other N — 1 electrons. The updated
Hartree-Fock equations do not attempt to take it into account, either. This is due to the
modelling of other electrons as the smooth background charge of density p (r), which both
sets of equations use. So, we can update Equation 2.60 with an additional correlation
term, C, that for now shall remain defined by all unaccounted for perturbations to the
Hartree-Fock equations. This term, as well as computationally tractable approximations
to the exchange term, can be considered together as the exchange-correlation term. This
is discussed further in Section 3.1, and holds significant relevance to density functional

theory as the choice of this term determines the accuracy of any calculations.

Thomas-Fermi screening

Consider a free electron gas in a periodic lattice of positive ions. The positive ions attract
electrons to them, and so an electron will feel the charge of these ions reduced by any
negative charge between itself and the ion i.e. our ion is screened by other electrons

relative to our target electron. These electrons may be core electrons, which are not
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a part of the electron gas beyond their role of screening the full ionic charge of Z, or
they may be free electrons that have been attracted closer to the ions than has our target

electron. The electrostatic potential of the ion, ¢, leads to the spatial charge distribution

of
VB (r) = ~ V260 (x) = dmps (1) (2.64)

An electron will not feel the entire potential due to screening from other electrons between

itself and the ion, but instead will experience
V-E=-V%(r)=drp(r) , (2.65)

where values without subscript denote the screened values i.e. those physically felt by an
electron at position r. We can consider the screened charge density to be a sum of the
ion’s charge density and the charge density of the perturbed electron gas around the ion,
p~. We note that ¢ has its source arising from charges outside of the medium of the
electron gas (although intrinsic to the lattice) and ¢ is the total effect experienced by our
target electron. This is the same relationship as between the electric displacement field

and the electric field in dielectric media, so we assume it follows the same relation,

bo (r) = / Er— 1) 6 (r)dr (2.66)

where here € represents the relative permittivity of the metal. If we take the convolution

of € (r) and ¢ (r) using a spatial dummy vector, T, we get

¢(r)xe(r)= /¢(T)€(I‘—T) or (2.67)

which if we let 7 = r’ (which we are free to do) leads us to recognize that

b0 (1) = 6 (r) v (r) . (2.68)
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Through the convolution theorem, then we have that

do () = (q)e(q) , (2.69)

where ¢ (q) and € (q) are the Fourier transforms of our functions and q is the wavevector
associated with the spatial variation of ¢ and ¢.
Similarly taking the Fourier transform of our Poisson relationships for p, and using

the property of Fourier transforms that

FOEO ) = —iF (@) 1) | (2.70)
we get
F{=V?¢s (r)} (@) = ¢’bo (a) = 47pe (a) (2.71)

and the equivalent expression for p. If we assume that p. has a linear response with
perturbation in ¢, valid for small perturbations and weak potentials, we see that through
analogy with the above convolution of ¢ and e, and the introduction of a linear response

function related to ¢ (r) that we will remove later, x (r),

p~ () =x(q) ¢ (q) . (2.72)

Physical interpretation of x (q) is that it is the linear susceptibility in Fourier space and
requires the linearity condition we are working under, but is of yet undetermined form.

Using the Fourier transforms of the Poisson equations above, we see that

B 47 47

¢ (q) — ¢ (q) = Z (p(a) = po(q) = Pl (a) , (2.73)

giving the relationship between ¢ and p. i.e. ¢ depends on the charge density that ¢

itself has induced. We can use the above relationships to express ¢ in terms of x, which
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will be used later:

B _ o Ampe(q) 4w
=T TR @ (2.74)

This gives rise to a self-consistent single-electron Schrodinger equation with energy
Hamiltonian

H=—-——V"—ep(r) . 2.75

SV = e (1) (275)

Again assuming linear relationships from small perturbations in potential and the

restrictions from the semiclassical model (see subsection 2.1.3), from this Hamiltonian

we get the energy of an electron in a self-consistent field to simply be the energy of a

free electron plus an energy perturbation resulting from the local potential, —e¢ (r). The

induced charge density is similarly
p~ = —en(r) +eng , (2.76)

where n is the electron number density from subsection 2.1.1 modified with the new
perturbed potential, and ng is this in the limit that the electrostatic potential from the

ions ¢ = 0,

1 ok
n(r) = , 2.77
N = 2.17)
where € is the classical energy, % We note that ny may be expressed as a function

of u, ng (), where then n(r) = no (¢/) if ¢/ = p+ ep(r) ie. n(r) = ng(u+ed(r)).
This results in a self-consistent relationship between induced electronic charge density

and local electron number density,

p~ (r) = —e[no (n+e¢ (r)) —no ()] - (2.78)
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Expanding this around ¢ = 0 gives

0pn
pN(r):pN()’ +p5¢(r) ¢+ 0¢* + ...
$=0 ¢=0
(577,0 2

S — — — ) 2.79
e [no (1) — no (1) 5<N+e¢)5¢(u+e¢)¢zo¢+ ¢° + (2.79)

. (5710

T

by the chain rule and dropping terms of order ¢ and above. From the linearity of Fourier

transforms, and since p. (q) = x (q) ¢ (q), we see that

on
2 0
x(q) = —e"— 2.80
(@)=~ (2:30)
and so
k,?
e(a) = 1+—q§ , (2.81)

where the Thomas-Fermi wavevector, kg, is

ky = ,/47re2%" . (2.82)

Considering our ion has positive charge Z concentrated within a small region of nuclear
radius, we can treat this as a point charge for all displacements outside the nucleus (a

perfectly reasonable physical restriction for electrons). The electrostatic potential due to

this ion in Fourier space is simply ¢¢ (q) = 4(’;—2Z, as for a point charge

po (¥) = Zop (x) (2.83)

where dp (r) is the Dirac delta function. The Fourier transform of this charge density is

then

po (q) = /p@ (r) e "9 6r = Z/5D (r) e "% or | (2.84)
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which is non-zero only at r = 0, giving

pola) =2 [ dnw)de (2.85)

which is just the Dirac delta function normalized over all space (1 by definition), times

the ionic charge, Z. So, the total electrostatic potential is then ¢ (q) divided by € (q) as

A7
= 2.86
ol = o (2.80)
Inverting this transform to regain dependence on spatial coordinates, we have
A
¢ (r) = Zehr (2.87)

In Thomas-Fermi screening, therefore, there is a damping term to reduce the Coulombic

electrostatic potential rapidly with increasing displacement from ions of scale ki The

value of k, can be estimated by recognizing that for a free electron gas far below the

Fermi temperature, 55% is the density of states at the Fermi energy, as u =~ €p, i.e.

MmMe kF

ou D) =T

(2.88)

and therefore

4/€pmee2 4kF
ks =1/ = ) 2.89
mh? Tag ( )

where apg is the Bohr radius,

h2

mee? ’

(2.90)

ap —

with the permittivity of free space being set to £y = 1 for natural units. This is the form
used by Perdew, Burke and Ernzerhof [43| for their PBE functional, used in this project.

It will be discussed in more detail later in Chapter 3.
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2.2 Energy bands and band structure

In this section we will be returning to some previous assumptions and approximations in
order to discuss instructive and simple cases of how band structure arises e.g. the free
and independent electron approximations. Considering the free electron case, where an
electron has energy

h2k?
- 2m,

e (k) , (2.91)

we notice from the discussions in subsection 2.1.2 that in a periodic lattice our wavevectors

are such that

K=k+G, (2.92)

where k is a wavevector in the first Brillouin zone (FBZ) and G represents the reciprocal
lattice vectors. This is the origin of the computational parameter of energy cut-off,
discussed more in Chapter 3; the plane wave basis set used in our calculations can be
expanded or contracted by changing the highest energy (largest G) plane wave considered
in the set. We simplify for the purposes of explanation to a one-dimensional ‘empty’ lattice
in the spatial x-dimension, with lattice point spacing of a and where the Bravais lattice

vectors are then simply

R=naz, nez. (2.93)

The empty lattice approximation is one where we keep the periodicity of a lattice, but
each lattice point is empty; there are no ions acting as sources of collisions or potentials.

As such, our reciprocal lattice vectors are

G=n—k,. (2.94)
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Due to the periodicity condition that ¢ (r) = ¢ (r + R), we can state the energy

equivalently as

€ (k) = i (k+G)’ = - (ko + Ga,)? i (k:m+n2—7r)2. (2.95)

2me Me 2m, a

The FBZ has width in k, of 27”, and so when centred on 0 runs from —2 to =. k, itself
runs between —oo and oo, but values outside of the FBZ can be represented by k, values
within the FBZ plus a reciprocal lattice vector, with both representations being exactly
equivalent. We can use this property to represent energy states within the FBZ in the
reduced zone scheme by modulating the k, values by a reciprocal lattice vector of the
appropriate index, n. We do not change k, values between —Z and 7, we modulate those
outside that range but up to :i:%’r by G,, and so on.

We can also consider the simple cubic three-dimensional case with side of length a,
where now

qm—-m (k 4 v1by + vyby + v3bg)® = i

2me Me

27 A 27 or - \?
@+ml@+wig+w1@).
a a a

(2.96)

In the three-dimensional case we will represent reciprocal lattice vectors in terms of their
component coefficients vy, v9 and v i.e., the reciprocal lattice vector of the band for which
v =wv,u,v3 = 1,0,0is G = %’rl%x Due to the directional dependence of energy, if we
wish to display the band structure in a two-dimensional plot, we must define a direction

along which to define the energy. Here we will use [100], the x-direction. The lowest lying

band is where G = 0, and so the band energy is k2 (in units such that Zj - = 1). Beyond

2
the FBZ this band can be equivalently represented within the FBZ by other values of G,
as discussed in the one-dimensional case. Bands arising from reciprocal lattice vectors
that are not parallel to the direction of plotting give a more complex picture than in the
one-dimensional case. In this instance, where we are considering the [100] direction, this

lowest energy band is represented within the FBZ by shifting those values outside the

FBZ by the appropriate choice of G, which gives values equivalent to those from the band
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represented by v = 1,0,0 for —% < k, < 7. Consider the band for which v = 0,1,0. The

energy of such a band is

9 o 2 o 2 om\
k+G)" = km+v1? + ky+v2; + /<:Z+v37

9 2
= (ky +0)* + (k:y+§) + (k. +0)* .

(2.97)
Along the [100] direction k, =k, = 0, so

(k+G)? = (k,)* + (21)2 : (2.98)

v=010

2
)

At k, = 0, this energy is the same as for the band represented by 1,0,0, i.e. €(0) = (
However, at a non-zero value of k, within the FBZ the energy differs between these two
bands, where the band for which v = 1,0,0 has energy € (k,) = (k:gIj + 27”)2 This more

complex band structure arising from increasing dimensionality is displayed in Figure 2.6.

= = 0 ; z
kx
Figure 2.6: A plot of energy in the [100] direction (in units such that 2}7’2 - = 1) against

k, for a three-dimensional empty lattice with free electron energy, in the reduced zone
scheme. The solid blue line is for energy corresponding to the k-point within the FBZ
(i.,e. v=10,0,0), and the dashed red line is that for v = 0, 1, 0. The FBZ is delineated
with solid vertical bars.
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A more complex system than a simple cubic cell will produce a more complex band
structure, but the procedure is the same. Consider a face-centered cubic cell in the same

~

approximations as above. The primitive lattice vectors are a; = 34 + 52, ay = 52 + 52

and az = 57 + 5y where a is the side length of the conventional unit cell. The reciprocal
lattice vectors are therefore by = %” (k;y + k;z — k;), b, = %’r <k?$ + k; — k;,) and bs =

= (k} + /{Ay — k;), which is a body-centered cubic cell with conventional cell side of length

The first Brillouin zone of such a system is displayed in Figure 2.7a, along with the
positions of some critical points. It is typical to plot band structure between these critical
points, and we can see that the I point is at the reciprocal cell origin and the X point is
at 27”@ This is equivalent to points at j:%” in any cardinal direction. Plotting the energy
between I' and X leads us to define k’ = oz%”i, where 0 < a < 1. a = 0 represents the I'

point and o = 1 represents the X point. As k = k’ + G, we notice that
21,
k=a—z2 + ’Ulbl + U2b2 + Ugbg . (299)
a

We can use this to plot energy along the I' — X direction, with different reciprocal lattice

vectors G (differing in their vy, vy and v values) to keep our wavevector within the FBZ.

In units where 2Zj - =1, the energy of an electron is
,  Am? - - ~ 72
€e=Fk"= v |:(O(—?Jl+1}2+1)3)k‘x+(1)1 — vy +v3) ky + (1 +v2 —wv3) k| . (2.100)

We let vy, vy and vg run through —1 < v < 1, v € Z and plot the energy against k,

between I' and X, shown in Figure 2.7b.

2.2.1 The nearly-free electron model

An improvement can be made to the above discussion of band structure, by maintaining
the independent electron approximation, but dropping the empty lattice approximation
i.e. we introduce a weak periodic potential as in subsection 2.1.2. This is the ‘nearly

free electron’ model, and it works well to describe some metals where the contribution of
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X

ke
(a) (b)

Figure 2.7: (a) The first Brillouin zone of a face-centered cubic lattice, where the planes
delineating the FBZ are perpendicular planar bisectors of vectors between the lattice point
at the centre of the conventional reciprocal cell and its nearest lattice points, such that
any point in the space enclose by the polyhedron is closer to the lattice point at the origin
than any other. (b) A plot of energy between I' and X in the FBZ of a face-centered
cubic lattice against k, in the empty lattice approximation with free electron energy, in
the reduced zone scheme.
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electron-electron and electron-ion interactions to the total potential felt by a conduction
electron are significantly damped by the behavior of core electrons. The Pauli exclusion
principle ensures that conduction electrons maintain a notable displacement from ions,
not being able to get past the core electrons, and screening effects reduce the potential
felt at larger displacements.

We can use the equivalent variation of the central equation (Equation 2.30) that
is given in Appendix A, with solutions of the Bloch wavefunction form iy (r) =

Yo Ck_ae'®™ 8T to show that in the case of a free electron (Ug = 0), we have

2me

( 12 kG 6) Coc=0. (2.101)

Non-trivial solutions require then that % (k —G)®> = ¢, which in the case of a non-

degenerate system of electrons, may only occur for a single G, which we shall denote

G;.

The non-degenerate case

Considering the non-degenerate case where there is only one reciprocal lattice vector, G,

h2

5= (k — G)® = € is true (in the free electron case). We introduce

for which the equality
such a system to a periodic lattice, and treat the kinetic energy term as that of a free

electron. As there is only one electron energy level satisfying this case, % (k — G1)2 =+
h2
2Mme

is much larger than U. For all G # G; and fixed k we therefore have Cyx_g = 0. Our

(k — Gn)Q, n # 1, n € Z, and the difference between this energy level and any other

central equation is now in the form

(€ - e-c) Cia, = ¥ Uc—c,Ch—c . (2.102)
G

where for the purposes of reducing clutter we have made the notational substitution for

an energy level corresponding to wavevector k of

=Kk’ 2.103
=g ( )
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Expressing our central equation in terms of Cy_g, and separating the case of G = G;
explicitly out of the the summation because of the requirement that it is much larger than
for other G (as a part of our initial premise), we have

Ug-cCk-c
Cx-c = E —
€ — €
o k-G

Ug,-cCx— Ug-cCx
:GleG1+Z ¢'-GLk-G (2.104)

€ — €&-G € — €-G

G'£G,
Ug,-cCx-
_ G1—-GVk G1+O(U2)
€ — €&-G
where the last term is of order U? because Cy_g» vanishes in the limit of vanishing U for

G’ # Gy i.e. it follows the order of U, where in the Gy case it does not.

Substituting this expression of C_g in to Equation 2.102, we find that

Ug-g,
€= € q, +Z€k’GC1;_G€1‘< - +O(U?) (2.105)

where we can see that energy levels, €x_g, above that of €x_g, decrease € by an amount
of order O (U?), and energy levels below increase € by the same order. That is to say that

in the case of non-degeneracy, the value of € for free electrons is of second order in U.

The near-degenerate case

We now consider the near-degenerate case, where we choose a value of k such that there
are a number, n, of G values producing energy levels €_g, all close in energy to each
other on the scale of U, but differing from any other energy levels not in this set of
n, €x_qg, by an amount much greater than U. Our central equation is then a set of n
equations, where we again separate the terms from the sum that do not have vanishing
coefficients with vanishing U. The coefficients for a given energy level in near-degeneracy,
Cx-q,;, 1 <1i < n, 1€ Z, where the energy levels that it is nearly degenerate with are

Cx-a,, @ # J, 1 <j<mn,j€Z, and where the other energy levels that do not share
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near-degeneracy have coefficients Cy_g are then

1 n
Ck-g, = ——— Z Ug,-cCk-g,; + Z Ug'-cCk-c’
€T %G [io G'#G;
1 n
- - Z UGj—GOk—Gj +0 (U2) ’ (2106)
€ — €k-G i1

Gi:Gla"'ana

which is in analogy with the above non-degenerate case. Evaluating the set of central

equations with these coefficients gives

(€ — exk-q,) Ck-q, = Z UijGiCkaj + Z

j=1 j=1

Z UG?GZ‘UG]'_G Ckaj +0 (U3) )

€ — k-G

G #G;
Gi:Gl,...,Gn .
(2.107)

This leads to a larger change in the energy level value due to band repulsion when
compared with the non-degenerate case (of order U compared to U?), so we will consider
the simplified case of two electrons in near-degeneracy for further discussion of how the

nearly free electron model treats band repulsion and predicts the band gap.

Band gaps from the nearly free electron model

Consider now two electron levels in near degeneracy with each other, but energetically
dissimilar from all other levels. The central equation for these levels becomes
(€ —€q) Cq = UcCy-c
(2.108)
(€ —€q-c)Cq-c =U-gCq =UgCq ,
where U (r) is real and q = k — G;, G = Gy — G have been substituted to avoid
notational clutter. If these levels were truly degenerate then their energies are equivalent,
€q = €q-G, and their wavevectors will meet in k-space at the same point and have the

same magnitude. As their vector origins differ by a reciprocal lattice vector that point will
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be on a Bragg plane. As the energy levels are nearly degenerate with each other but far in
energy value from all other levels, this condition is only met for wavevectors differing by
the specific G = G — Gy from our notation; importantly, not those levels €q_qg’, G’ # G.
This means that the point at which the degenerate level’s wavevectors meet must only lie
on the Bragg plane of G, and not other G’ i.e. in the case of near-degeneracy, q must be
close to a Bragg plane, but cannot be near a point where multiple Bragg planes intersect.

Our central equations for the two nearly degenerate energy levels are coupled equations

that can be represented as

€—¢€ —U. C 0
a “ N (2.109)
—Ua € — €g-G Cq_G 0
This has non-trivial solutions when the leading matrix is singular i.e.
€—€ —U.
e ¢ =0 (2.110)
-U& €—€q-c
c(e—€q)(€—€qa)—|Ucl>=0, (2.111)
which can be rearranged for
2
ezw%i\/(w%) + |Ugl?. (2.112)

This has the effect of perturbing bands near Brillouin zone boundaries, such that when
q= %, the energy is reduced by |Ug| from its free electron energy; this produces a band
gap of 2|Ug|, as the equivalent band approaching the Bragg plane from the other direction
in k-space (due to periodicity of the lattice) is increased by |Ug|. This is displayed in
Figure 2.8 and is responsible for the formation of band gaps, the structure of which need
not be as simple as displayed.

A categorical distinction can be made between band gaps of two natures: direct and

indirect. A direct band gap occurs when the valence band maximum and conduction band
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minimum both occur at the same point in k-space, as in Figure 2.8. An indirect band gap
occurs when these energies occur at different points in k-space. This has consequences

for electron energy transitions, discussed in subsection 2.3.3.

03

A\

0
q q
(a) (b)

Figure 2.8: (a) Band repulsion in the simple one-dimensional case for two near-degenerate
electrons (solid lines) compared to the free electron case (dashed lines). The difference
between the two at a Bragg plane (here the positive q boundary of the FBZ, q = %), is
|2Ug|. The boundary of the FBZ is demarcated by solid vertical lines. (b) Band repulsion
of the system shown in the extended zone scheme across additional Bragg planes. The
boundary of the second Brillouin zone is additionally demarcated by dashed vertical lines.
(c) The same system displayed in the reduced zone scheme. The y-axis scale is twice that
in (b) and (c) as that in (a).

2.2.2 Wannier functions

A given band can be described by Bloch functions as a function of atomic wavefunctions.
These wavefunctions for a crystalline system are Wannier functions, ¢gr, and describe
localized molecular orbitals. Our chosen band has a Fourier expansion of its Bloch states

in the direct lattice, i.e.

Y (r) =) o (r) e™e (2.113)
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The Fourier coefficients are the Wannier functions, which form an orthonormal set with

dependence in R:

1

I —iR'k
or = V/FBZG U (r) 0k . (2.114)

The integration is over the FBZ, and V is the volume of the FBZ in k-space. Wannier
functions provide a real-space representation of electrons in a crystal, and so are a useful
tool for describing phenomena local to an atomic site i.e. molecular bonding. By applying
the correct choice of phase change to the Bloch states, which always results in valid
Bloch states, one can localize the system’s Wannier functions around lattice sites, where
they will then vanish rapidly with increasing displacement from R, greatly simplifying
any problem. This process of transforming the Bloch states, which describe electron
wavefunctions in reciprocal space, into localized Wannier functions in real-space is known
as Wannierization. The process of Wannier interpolation is deployed in this project for
extracting the band structure of hybrid functional calculations, the reasons for using and

description of this method are given in subsection 3.3.1.

2.2.3 Spin-orbit coupling

An electron moving in an electric field (such as the periodic ion field in a crystal)
experience a magnetic field in its frame of reference. This field interacts with the electron’s
magnetic moment, perturbing the Hamiltonian. As the magnetic moment originates from
the particle’s spin, this interaction is known as spin-orbit coupling, or the spin-orbit
interaction. The interaction produces degeneracy splitting within energy levels due to
opposing electronic spin states. In the non-relativistic limit, v ~ 1, the magnetic field
experienced by an electron around a hydrogenic atom in its own reference frame is

1 6U(r)

B=—
rmeec?  or

L, (2.115)

(see Appendix E) where L is the angular momentum of the electron, U is the potential

energy of the electron, and r here is the displacement from the ion. The perturbation to
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the Hamiltonian by the spin-orbit interaction is

gs—1 U (r)

Heo = H Hr =
50 L+ Hr MBrhmeeCQ or

L-S (2.116)

where pp is the Bohr magneton, gy is a proportionality constant, and the L and T
subscripts denote Hamiltonian corrections due to the Larmor and Thomas interaction
energies, respectively (see Appendix E), and S is the spin angular momentum vector.
The dot product L - S is a function of the electron’s total angular momentum, 7, orbital

angular momentum, [/, and spin, s, quantum numbers:

L-S:h

PG+ -1+ ) —s(s+1) . .117)

Spin-orbit coupling can be an important phenomenon when discussing the band
structure and energies of materials, as it lifts energy level degeneracy. This can alter
the band gap of semi-conducting systems when compared to modelling without the
spin-orbit interaction. The energy shift due to spin-orbit coupling depends on Z through
r, so heavier elements suffer a greater effect. Beyond this, the spin-orbit interaction
can induce magnetic anisotropy [62,63] where the magnetic properties depend on the
orientation of the magnetic field with respect to the underlying crystal lattice, and

influences spin-dependent phenomena studied in the field of spintronics [64].
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2.3 Semiconductors

Insulators and semiconductors are materials with only fully filled bands at 0 K and
a band gap between the highest occupied band and the lowest unoccupied band, a
range of energies for which there exists no permitted states i.e. the density of states
is 0. If the band gap is large, few electrons will gain enough energy to move into the
unoccupied band, and so no current will flow. This is an insulator. Semiconductors,
however, have band gaps small enough that enough electrons can gain energy and jump
to the lowest unoccupied level that charge can flow in an appreciable amount. The line
between insulator and semiconductor is not well defined, and a poor insulator may well
be considered a semiconductor.

A way in which electrons in the highest occupied band can gain enough energy to
jump the band gap is through thermal excitation; the higher the temperature, the more
electrons can transition to the next band (the lowest unoccupied band at 0 K). These
bands are no longer fully occupied or unoccupied, and so will be called the valence band
and the conduction band, respectively (collectively referred to as the frontier bands in
reference to frontier orbitals, a subtly different concept). Now the conduction band is
only mostly, but not completely, empty. This allows the electrons in the band to flow
through unoccupied spaces and carry current. The valence band is similarly only mostly
full, and the holes left by the transitioned electrons can also carry current. As such, the
number of charge carriers is a function of temperature, increasing with temperature as
e~7. For metals, charge carrier density is independent of temperature, and so conductivity
is reduced with increasing temperatures due to increased electron-phonon scattering. A
pure material that displays semiconducting properties in the described manner is an
intrinsic semiconductor. Semiconducting properties of an impure material can arise via
the introduction of charge carriers through the impurities. This material would be an
extrinsic semiconductor (which may also have intrinsic semiconducting qualities).

The number of charge carriers in the conduction band per unit volume of a
semiconductor is the integral over the appropriate energy range of the density of

states times the probability of any given electron being found within that energy range
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with respect to energy. We denote this as n.(7) to demonstrate the temperature
dependence, and similarly subscript the density of states of the conduction band as

D. (€). So we have

/ D, (€) ————0e (2.118)

kBT+1

and similarly the number of charge carriers in the valence band,

:/_ZDU(G) (1 kBTH)(SG_/ D, (

where we have used p, (T) to represent the number density of valence band charge

—_

5e , (2.119)

ﬁ‘\

carriers as these charge carriers will be holes with positive charge, and €. and €, are the
energies at the bottom of the conduction band and top of the valence band, respectively.
We assume that the impurity levels are not so high that the material becomes a
degenerate semiconductor: a semiconductor with such a contribution to charge carriers
from impurities that its behavior approaches that of a metal and no longer increases
conductivity with temperature. In this case, €. — u > kgT for € above the conduction
band minimum, and p — €, > kg7 for € below the valence band maximum. We can test
the validity of these assumptions in a self-consistent manner given specific information
about impurity levels and the chemical potential of a real sample. So in the case of a

non-degenerate semiconductor we have

o0 E*H
T) ~ / D.(€)e *5Tde (2.120)
and
€ €
o (T) = D, (€)e *5T e . (2.121)

We can define temperature functions that vary slowly compared to the exponential terms
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required in n. (7') and p, (T') such that

ec*l’f
n.(T) = N.(T)e *57 (2.122)
and
_I»L—Ev
po (T)=P,(T)e *5T . (2.123)
These functions are then
o _€-€.
N.(T) = D.(€)e *5T Je (2.124)
€.
and
€ _€, €
P, (T) = / D, (€) e~ %7 be . (2.125)

The charge carriers in frontier bands will tend to be close in energy to the band
extrema, €. and €,, as the excited electrons must first cross the semiconductor band gap,
€, = €.—€,. As excitation energy increases, the likelihood of carriers transitioning far from
these extrema decreases due to the higher energy barrier. As such, the energy-wavevector
relation of charge carriers in such a semiconductor can be approximated as the local band

structure close to the band extrema:

h?k? ) .
€(k) =€+ gy~ €t h Eb: ko (M) Ky (2.126)

for electrons in the conduction band, and similarly

S =6 = 1Y k(M) R (2.127)

for holes, where m* and M are the effective particle mass and the effective mass tensor.

Due to this approximation, and by using Equation 2.12, we can say that the density of
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states function for the frontier bands can be approximated as

3
2
mcﬂ)

Dc,v (6) = 2|€_€C’U|W R

(2.128)

3
where m¢, is the determinant of the effective mass tensor for electrons in the conduction
band i.e. the product of its principle values, or equivalent for holes in the valence band.

Substituting this in to our slow varying temperature functions, we get

3
1/ 2mokpT\ ?

N.(T) = (W) (2.129)

and
1 /2mkpT\ 2
mykKp 2
P (T) = — ( 2B 2.1
L) =1 (2T (2.130)

We can remove the dependence on p from the carrier densities n. and p, by taking their
product, resulting in the law of mass action,
_€o

nepy = N Pye *8T . (2.131)
As this is independent of u, if the concentration of one type of carrier is known, so is
the other. This is regardless of the levels of impurity in a sample, although if impurities
contribute significantly to the semiconductor’s behavior the treatment of this equation
becomes more complicated through p: both intrinsic and extrinsic semiconductors obey
this law so long as they maintain their non-degeneracy.

In an intrinsic semiconductor where the impact of impurities on carrier density is

insignificant,

ne (T) = po (T) (2.132)

where we can commonly represent these parameters as the intrinsic number density, n;.
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As such,

n; (T) = [N, (T) P, (T)]? ¢ F6T | (2.133)

Assessing our above expressions for n; (T') and p, (T') as an equality, we find that

i (T) = po (T) (2.134)
and
1 €q p=E€y
[N.(T) P, (T)]2 e **T = P, (T)e *s7 (2.135)

which is true in that p is the intrinsic chemical potential, p;,

1 3k§BT My,
2 4 M

(2.136)

We can see that as T — 0, yu; — €, + %GG i.e. at absolute zero the intrinsic chemical
potential lies in the middle of the band gap. As the effective masses of holes and electrons
are similar, the temperature dependent term will not exceed order kgT’, and so the intrinsic
chemical potential will not vary from the centre of the band gap by more than order kT
At low enough temperatures that the band gap is large compared to kgT, then, the
intrinsic chemical potential will not approach the edges of the band gap, €. or €,. Our
original assumption to treat our semiconductor as non-degenerate holds in the intrinsic
case so long as the band gap is large compared to kgT', a condition that is true at room

temperature for almost all pure semiconductors.

2.3.1 Doping

While high levels of impurities can cause degeneracy, in the case of a non-degenerate
extrinsic semiconductor where impurities are an important contributor to carrier

concentration but the law of mass action (Equation 2.131) still holds, the additional
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carriers from the impurities can be treated in a term for carrier density deviation from

the intrinsic case, An = n. — p,. Considering deviation from the intrinsic case,
Ne — P = An | (2.137)

where we make a substitution in terms of the intrinsic number density for

2

Me— 0 An=0, (2.138)
Ne

and therefore

ne = _Cans \/(—271) 4l (2.139)

The two alternate solutions here physically represent the carrier concentration of electrons
or holes, and which one is represented by the plus or minus is dependent on the particular

impurity. So, in terms of intrinsic behavior, the extrinsic carrier concentrations are

1 1A
ne =g (An®+4n?)* + TH (2.140)
and
1 1A
Po =35 (An? +4nf)® — _2n , (2.141)

where we allow the sign of the value of An to hold the information specific to the particular
source of impurity. In the extrinsic case, then, we can see that either electrons or holes will

be the dominant carrier type; for positive An (where impurities contribute extra electrons)

g

An

and as — 0, n. — An and p, — 0. The opposite is true for negative An, the case
where impurities contribute holes instead. This results in extrinsic semiconductors with
primarily electrons as charge carriers, referred to as a negative-type semiconductor (n-

type), or primarily holes as charge carriers, referred to as a positive-type semiconductor

(p-type). For the purposes of device engineering, it can be beneficial to intentionally
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add impurities to an intrinsic semiconductor in a process known a doping. The dopant
can be either a donor or acceptor, referring to whether the introduced impurity donates
an electron to the conduction band (to create an n-type semiconductor) or accepts an
electron to create a hole in the valence band (to create a p-type semiconductor).

In the case of a substitutional defect, an impurity in which an atom of the pristine
crystal is replaced by another, we can model a donor impurity as a perturbation of the
crystal equivalent to adding a positive point charge at a lattice site and additional valence
electrons. For a simple case where the added point charge is of magnitude e and only
one additional electron in added, we can consider a silicon lattice with a phosphorus
substitutional defect. The point charge can bind this additional electron, but as it occurs
in the medium of the existing semiconductor, the binding energy is reduced by the static
relative permittivity of the silicon lattice. As the electron is moving in the crystal medium,
it is described by the semiclassical energy

h2k?

— .
2m?

e(k) = e + (2.142)

The additional electron has energy states of the conduction band, perturbed by the
impurity point charge, +e i.e. the second energy term can be modelled as a hydrogenic
problem with electronic effective mass m* around a charge +e/e. This gives a ground-state

binding energy of

e*m*
€y =

h262 )

(2.143)

resulting in a very small binding energy compared to the case of the atom in free space.
Since semiconductors by their nature have an electronic structure that permits charge
carrier transition, they have high relative permittivity. This fact, in addition to the
low effective masses of such impurity electrons, results in the binding energy of our
donor impurity and an electron being significantly less than the band gap observed in
semiconductors. This binding energy has the effect of pulling the electronic energy level

down from where the electron would otherwise be (the bottom of the conduction band),
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introducing a permitted donor energy state, €p = €. — €,. As €, is much smaller than €g,
this new state arising from the introduced impurity sits near the top of the band gap.
The analogue to this is the expected outcome for an acceptor impurity e.g. boron in a

silicon lattice, where the new permitted acceptor energy state is €4 = €, + €.

2.3.2 Inhomogeneous semiconductors

Inhomogeneous semiconductors are characterized by spatial variations in their composition
or structure, leading to non-uniform electronic properties across different regions or
interfaces within the material. This phenomenon is best illustrated in the case of an
impurity gradient across a short distance and centred on a simple spatial plane in a single
crystal, resulting in distinct n-type behavior on one side of the sharply gradated region
and p-type behavior on the other. Such a region is known as a p-n junction. We will here
consider an abrupt junction at x = 0, where the donor impurity density is zero at < 0
and the acceptor impurity density is zero at x > 0, and are both otherwise positive and
constant.

The diffusion of majority carriers across the p-n junction leaves behind charged
impurity ions that cannot diffuse, resulting in an electrostatic potential, ¢ (z). This
potential will balance thermal migration, as the resultant electric field reduces diffusion
and reaches an equilibrium state.

The semiclassical energy of an electron in band n in a potential ¢ is €, — e¢, and so

our carrier densities from the previously discussed homogeneous case are now

760—645(1)—#
ne(x) = N.(T)e — *8T (2.144)
and
_H—€v+e<f>($)
po(x) =P, (T)e  *8T (2.145)

in the inhomogeneous case. These densities can be determined self-consistently. Far from

the p-n junction, we have potentials of ¢ (z) = ¢ (c0) where the concentration of donor
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atoms is Np = n.(c0), and ¢ (z) = ¢ (—o0) where the concentration of acceptor atoms
is Ng = p, (—00). The potential drop across the junction between the n-side and p-side,

Apg = ¢ (00) — ¢ (—o0), for the case of thermal equilibrium (where p is constant) is

1 NpNy
Apy = — kgT1 . 2.146
Po €(€G+ B n[M;R;}) ( )
The subscript denotes that this is the potential drop across the junction in the case of
zero applied voltage.

We define frontier energies and local impurity energies as functions of position and use

these alongside a constant u to represent band energies across the p-n junction, i.e.

€ (v) = € — e¢ (x) (2.147)
€, (z) = €, — € () (2.148)
e (z) = €p — e () (2.149)
ex(z) = €4 —ed(z) . (2.150)

A plot of these energies considered in this manner is given in Figure 2.9. The effect of
perturbation of energy levels near the p-n junction with respect to a constant p is called
band bending.

The overall charge density due to carriers and impurities is

p(x) = e (Np () — Na (2) + py () = ne (2)) - (2.151)

If we assume that ¢ varies only over a small region around x = 0 between the boundaries
of a depletion layer at positions —d, and d,, then outside of this region ¢ approaches
its value at ¢ (4+00), depending on which side of the p-n junction is considered. At
values of z > d,,, the donor atoms are too far from the p-n junction for their donated
electrons to migrate across the junction, and so n. = Np, and in our simple case we also
have N4 = p, = 0 at these positions. For values of z < d,, the equivalent is true for

acceptors and holes; p, = N4 and Np = n. = 0. Therefore, outside of the depletion
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x=0

Figure 2.9: Energy against x position of an inhomogeneous semiconductor with an abrupt
p-n junction in the plane = 0. With u set as a constant between the p- and n-side, €,
and €, are functions of position, as are the impurity levels €p and €4. The effect of the
internal potential ¢ is to produce band bending near the p-n junction.

layer, p (z) = 0. Within the depletion layer far from the boundaries the charge carriers
do migrate across the p-n junction, and so n. << Np and p, << Ny, resulting in a
charge density p(xz) = e (Np (z) — N4 (z)). If the depletion layer is large on the scale
of interatomic distance, we can consider Poisson’s equation of electrostatics to relate the

charge density to the potential, and so at values not near the boundaries of the depletion

layer,

(
0, r < —d,
rela - —d, <2 <0

V2 (x) = (2.152)

—2elp - d, > >0
0, x>d, .

\

We note that ¢ outside of the depletion layer is ¢ (+00) by construction, so we can apply
the condition that this and its first derivative is continuous across the boundaries x = d,,

and © = —d,, and thus integrate the above terms to recover ¢ (x) within the depletion
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layer:

\

0, r < —d,
M (z+d,) , —dy<z<0
_ (2.153)
—4p (x —d,) , dpy > >0
0, x>d, ,
\
¢(—OO), x<_dp
qb(—oo)—l—@(mjtdpf, —d, <z <0
(2.154)
qb(oo)—%(x—dn)z, d, >z >0
¢(OO), x>dy .

If we insist that excess charge on either side of the p-n junction is equivalent to the other

i.e. ¢ and its first derivative are continuous at z = 0, then

4meN 4

4mreNp
— T

— (v +dy) - — (v = dn) N (2.155)
and therefore
Nad, = Npd, , (2.156)
and
¢ (—o0) + 27T(ZNA (z + d,) » = ¢ (00) — 27T68ND (z —dy)? L (2.157)
and therefore
Agy = 252 (Nad + Npd2) (2.158)
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We can use these expressions to determine the size of the depletion layer:

2
N2+ N
Ady = 27 [y (B} vy | = 272 (At Nl (2.159)
€ Ny € Ny
eAgy Ny 2
d, = 2.1
T <27T€ ND(NA+ND)) ( 60)
and similarly
Ay Np :
d, = . 2.161
P (27T€ NA(NA—I—ND)) ( )

These can be combined in the form

L (Ak 1 DN\ ER
P\ 2me (N4y+ Np) Np
5A¢0 % /NA ND

dt == — + — ,
27T€(NA—|—ND) ND NA

where the positive index is for d,, and the negative for d,, and the total size of the depletion

(2.162)

layer is d; = d,, + d,.

Carrier dynamics under applied bias

So far we have considered the simple case of an abrupt p-n junction with constant impurity
concentrations on each respective side of the junction, in the absence of external fields. We
now consider the same junction with an applied voltage, V. We assume that the potential
only varies around the depletion layer, warranted by the reduced charge carrier density in
the depletion region increasing resistance significantly above that found at positions far
from x = 0. The potential drop across the junction between the n-side and the p-side is

then

Ap=Agy -V, (2.163)

62



Not=1 . Nof1 : Nof 1 i

1 1 1 1 1 1

g M ! M ! “ !

IS i i i i i i

i i i i i i

0= : 0+ : 0= :

—d, 0 dn —d, 0 dn -d, 0 dn

eNp H 1 eNp 1 i eNp i T

1 1 1 1 1 1

1 1 1 1 1 1

= i \ i i \ i i i

= : ! ! ! ! :

Q 0 1 1 0 1 1 O 1 1

Al i P\ i \1 i

—eNai | : —eNai | | —eNa1i Y |

—d, 0 dn —d, 0 dn —d, 0 dn

: i i | o=1 ‘

i i #( g i i i i

’Q ¢(°° 1 ] ) 1 T 1 !
= 0 0 0

s o g i i o i i ¢(0) i i

1 1 d)(—°°)’ T 1 1 1

Al ; = L] o) = ;

—d, 0 dn —d, 0 dn —d, 0 dn

X X X

Figure 2.10: A comparison of carrier density n (x), charge density p(z), and potential
¢ (x), near a p-n junction at x = 0, under the conditions of (a) an unbiased junction
(V =0), (b) a forward biased junction, (c) a reverse biased junction. The edges of the
depletion layer, —d, and d,,, are shown at their unbiased values for comparison.

which has V' defined in the opposite direction to ¢: a positive V' increases the p-side
potential with respect to the n-side. In the case of an inhomogeneous semiconductor
device with applied voltage defined in this way, forward bias is a positive V' and reverse
bias is negative. We can replace the A¢q variable in Equation 2.162 with A¢ for an

applied voltage-dependant expression of the size of the depletion layer,

dp (V) = do, (0) (1 - l)% . (2.164)

Examining our expressions for the spatial extent of the depletion layer and change in
potential in response to applied bias leads us to say that a forward bias shrinks the
depletion layer and the change in potential and a reverse bias does the opposite, with
respect to the unbiased case. A comparison of bias cases is displayed in Figure 2.10.
Consider electrons in the p-type material, outside of the depletion layer (x < —d,),
where they are minority carriers. Some will be thermally excited out of the valence band
and diffuse across the + = —d, boundary, where the induced electric field of the depletion

layer will drive them to the n-side of the p-n junction. Such a flow of electrons is the
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electron number generation current density, J&". The current is not dependant on the
(non-zero) magnitude of the potential drop across the junction, only its direction and rate
of diffusion: all electrons diffusing into the depletion layer from the p-side will be driven to
the n-side by the induced electric field, and the field strength does not impact the number
of electrons thus diffusing. There is an opposing current whereby electrons in the n-
type material that possess sufficient thermal energy to overcome the induced electric field
can flow across the p-n junction. Any carriers that undergo this process become excess
minority carriers, and inevitably recombine with one of their opposite, more abundant,
counterparts. As such, this current is that with electron number recombination current
density, J:*°. The contrary currents for holes, Ji™ and J;*°, operate in the same manner.
In equilibrium with no applied voltage, the carrier recombination and generation currents
must be equivalent, as there is no net current across the p-n junction. In either case, the
number of electrons that can contribute to the recombination current is determined by
their energy distribution. The concentration of carriers in non-degenerate semiconducting

systems is low, so we can ignore electron-electron interactions and treat them as moving

independently and following Maxwell-Boltzmann statistics. We then have

JreC = JEn Y =) (2.165)
where
_Ad-V
J)Coxe  FBT | (2.166)
therefore
eV
SN = JIMe kBT | (2.167)
and so
J, = Jrec — jeen — yeen (ekeTVT - 1) . (2.168)
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The net electrical current density is then

J=Jn—Je=eJn— (=€) Jo = e (JE" + J;) <ekiTVT — 1) (2.169)

This is an asymmetric function in V', leading to diode-like behavior. At V = 0, the net
current density is 0. At positive V/, the function increases exponentially, but at negative V

the exponential term goes to 0 and the function quickly approaches an asymptotic value

of
Jsat = —€ (JE + ) (2.170)

This is the saturation current density, providing the highest magnitude current possible
under reverse bias. As the magnitude of the generation currents are small, this value of
Jsat 18 small, giving the result that forward bias is the bias direction of good current flow,

and reverse bias is the direction of greatly reduced flow.

The saturation current

To find the value of jg., we must determine a form for the generation current densities.
Consider the drift current, that which is due to the electric field, and the diffusion current,
that which is due to a carrier density gradient. The carrier number densities can be

represented as a sum of these two currents modified by some constants:

on
oy E_D, 2.171
Je = =m0 5 (2.171)
Opy
Jn = pppo B — D, L (2.172)

or

The first term of each is the carrier drift current with positive proportionality constants

w. If there exists no electron density gradient in a system where we consider electrons to
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be the sole charge carriers by construction, then

Jo = —ppn.E (2.173)

j=—el,=oE, (2.174)

where o is the conductivity. The condutivity can be experimentally measured, and is

given by the Drude model as

o="T" (2.175)
me
, which leads to
oy = 2 (2.176)
m

a, = F _ _ebz : (2.177)
m m
and velocity
Vp = yTy = ——2F (2.178)
which leads to
Uy = —pnE (2.179)
i.e. p, is the electron mobility. Similarly, the hole mobility is
1, = :Z . (2.180)

The second term in our expressions for the carrier number densities is the diffusion current.

In the case of thermal equilibrium, there must be no net current and so the drift current
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must cancel out the diffusion current. Considering again an electron-only system, we have

One

2.181
5 (2.181)

0= Jdrift + Jdiffusion = _,U/nncE - Dn

For non-interacting particles like our low-concentration electrons or holes behaving
according to Maxwell-Boltzmann statistics, the local potential energy, U, uniquely
defines the particle density, n. For particles of charge ¢ in one dimension, and dropping

explicit terms for treating holes and electrons separately, we have then

on on 60U B on

— = —— = gF 2.182
dx  OU ox OSU" (2.182)
therefore
E-p2uE =0 (2.183)
j— n —_ — p— .
/’L (5Uq Y
where
un [ on !
D=—-—"—|— : 2.184
q <5U ) (218
For Maxwellian particles where A is a constant related to total particle number,
_u
n = Ae *sT (2.185)
and
on 1 _u_ 1
— =——"Ae T = ———n. 2.186
oU ~ kg kpT (2.186)

We can then determine a relationship between the mobility constants and the diffusion

constants;

T
p = ikl (2.187)
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The rate of change of carrier density is determined by the rate of charge carrier flow across

a region of interest, modified by the rate of generation and recombination of carriers, i.e.

() () 8 o
0t /¢ otal ot o ox

where the subscript gr represents the rate of change of density due to generation and
recombination. This rate of change in density depends on the equilibrium values of carrier
densities, where the balance of generation against recombination will shift in order to move
the system towards equilibrium; higher carrier densities result in more recombination and
oppose generation. The rate of change of carrier density is then proportional to the
difference between its current value and its expected value as determined by the law of
mass action (Equation 2.131), the intrinsic number density, n;, given the density of the

other carrier. For electrons,

on. 2
( " ) o Mo — (2.189)

ot Do

gr
and for holes

Wy n?
, — —& 2.190
( ot )gr P Ne ( )

The proportionality constant relates to the expected lifetime of a carrier between

generation and recombination, 7,, known as the recombination time:

1 2
(Mﬁ _— (m—ﬁ), (2.191)
ot er Trn Dy

and similarly for holes. The term

(2.192)
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represents the number of electrons lost to recombination, and the term

n?

—l—p : (2.193)
vTrn

represents those generated. If carrier densities are constant in time, such as with a static

applied bias, we have the steady-state equilibrium conditions of

5J, 1 n?
=) =0 2.194
ox + Trm (n v) ( )
(SJh 1 ’rL2
Z7h ) =0. 2.1
5 + - (pv nc) 0 (2.195)

In the case of a small electric field and constant majority carrier density, the minority
carrier drift current is very small compared to the minority carrier diffusion current and

can be ignored. Considering electrons, we have then

. on,
élin}o Je = —Dng y (2196)
5., ’n,
Om _ _p 0N 2.197
ox ox? ( )
so therefore
n, 1 n?
D, ¢ — L) 2.198
5332 Tr,n (n pv) ( )
and
5p, 1 n?
D, =20 = , — —- 2.199
P2 1, (p nc) ( )
for holes.

Consider a position, xy > 0 in the n-type material (where the p-n junction is at x = 0)
far enough away from the junction such that the density towards which the law of mass
n?

action tends towards (;-) is the minority carrier density of the n-type semiconductor at

very large displacements, p (00), but not so far from the depletion layer that the minority
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charge carrier density has reached this equilibrium value. We can introduce a trial solution

for the behavior of the minority charge carrier density, in this case p, (), of

o)

po(z) =py (00) +e F [p, (20) — py (0)] , (2.200)

where L, = \/7,,D,. We test this trial solution in our above relations:

M = ie*IZ;fD [pw (20) — Py (00)]

ox2 L2
! P (2.201)
:L_,%[ v (1) = py (00)]
therefore
Doy @)= po o) = - (p - (2.202)
LIQ) v 2 _Tr,p Dv . ) .

which for the stated L, and above conditions on the equilibrium density, p, (c0), is true,
validating out trial solution. Examination of the above trial solution provides a physical
interpretation of L,: as L, becomes large, the exponential term goes to 0. In this case,
the hole density approaches its equilibrium density i.e. L, is the distance scale over which
the hole density returns to p, (c0), the distance a hole is expected to travel before it
is lost to recombination, the hole diffusion length. The electron case is the same, with
Ly, = \/TenDy.

Finally, we see that an electron will have a reasonable chance of diffusion into the
depletion layer if it is generated within L,, of the depletion layer boundary, and generation

occurs at a rate of

n? n?

. el v (2.203)

outside of the depletion layer. As such, the rate of flow across the depletion layer boundary

into the depletion layer from the n-side, which is just the electron generation current
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density, is

L,n?
JE = 2.204
¢ NDTr,n 7 ( )
and the hole generation current density is
L,n?
JEN = P 2.205
h NATr,p ( )

providing the terms of the saturation current density.

2.3.3 Photovoltaics

The properties arising from the p-n junction between inhomogeneous semiconductors can
be utilized for a number of applications. The directional asymmetry in response to applied
bias results in diode applications, charge carrier depletion results in transistor behavior,
and the induced electric field can drive a current, resulting in photovoltaic devices.

Introducing a load between the p- and n-sides of the junction causes a potential
difference to develop, effectively producing a small bias. This is the simplest classical
photovoltaic device. The resultant current is known as the dark current. Incident photons
on the device may excite electrons from the valence band into the conduction band, as
long as the photon energy is equal or greater than the band gap energy, €. The excited
electrons readily diffuse with some entering the depletion zone, then being accelerated
in the direction of the n-side, driving a current that can be extracted to perform work.
The excitation of electrons from incident photons resulting in a forward voltage is the
photovoltaic effect, and the resultant current the photocurrent. The voltage developed
between isolated terminals in a device constructed around this junction, i.e. when no load
is applied, is known as the open-circuit voltage.

The excitation of electrons between bands is complicated in the case of an indirect
band gap. Incident photons can provide the required energy to raise the electron to
the conduction band minimum, but cannot convey the required crystal momentum hk

to move the electron from its point in k-space at the valence band maximum to that
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Figure 2.11: Band structure of a material exhibiting a direct band gap and a smaller
indirect band gap. A direct transition requires the absorption of a photon of energy €gq,
while an indirect transition requires both the absorption of a photon of energy €gs —hw (q)
(€c1 > €¢2), and transfer of crystal momentum from a phonon of wavevector q. In such a
material, transitions of both natures can be expected, with the relative rates dependent
on the spectra of incident light.

of the conduction band minimum. The crystal momentum must come from a phonon
of wavevector q, which also carries a small amount of its own energy, hw (q), negligibly
reducing the energy requirement of the incident photon. This is known as an indirect
transition, and they occur over longer timescales than direct transitions of the same
magnitude under the same conditions as they require the additional phonon interaction.
Materials may have active direct and indirect band gaps simultaneously. These cases are

displayed in Figure 2.11.

Excitons

The excitation of an electron to the conduction band leaves behind a hole in the valence
band. In materials with significant screening effects, these charge carriers may be treated
as separate, free entities with a binding energy much lower than kgT. However, in cases
with poor screening, such as low-dimensional systems or those with low electron density,
interaction between the excited electron and resultant hole are important. We treat such

bound electron-hole pairs as a neutrally charged quasiparticle: an exciton. The incident
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photon energy need not exceed €4, and must only exceed the energy required to generate
an exciton, the optical adsorption gap, €.y, in order to precipitate the photovoltaic effect.
The difference between the conveyed energy to the exciton and the band gap is the binding
energy of the exciton, €g. In order to act as charge carriers, the electron and hole must
be separated.

This binding energy is Coulombic in nature and a function of separation of components:
the excitonic radius. The radius, r, is that where the Coulomb attractive force between
electron and hole balance the centrifugal force of their orbit, in analogy to the hydrogen

atom. Ignoring the permittivity of the material and using the effective mass, p,

Fcent = FCoul (2206)
2 2
] e
NLEE (2.207)
2 2
p o i) (ur)” (2.208)
e? e?

where v is the velocity of the electron and hole. The circumference of the orbital path

traced by the exciton as a quasiparticle is an integer multiple of its wavelength, A = L

Qo
h
2rr = n— | (2.209)
%
and therefore
por =nh . (2.210)
Substituting for pvr, we get
2h2 2 h2 2
pe Ko mee H

where ap is the Bohr radius. With ax as the radius of an exciton for the sake of consistent

73



€y

EV —_ EV

(a) (b) ()

Figure 2.12: A schematic representation of band alignments between heterogeneous
semiconductors at their junctions: (a) Type-I, or straddling gap, (b) Type-II, or
staggered gap, and (c) Type-III, or broken gap. In the context of photovoltaic junctions,
the semiconductor with higher conduction and valence band energies is the donor
semiconductor, and the other is the acceptor semiconductors.

nomenclature, we arrive at Equation 2.212.

N Me

ax = ap (2212)

Consider a heterojunction between semiconductors, where each semiconductor has
an approximately similar band gap, but different chemical potentials. The conduction
and valence band energies of the total system will suffer a sharp discontinuity across the
junction, such that the band energies in the semiconductors are offset from each other;
this is a staggered (or type-II) band alignment, and is the desired band alignment for
this project. The semiconductor with the higher band energies is the known as the donor
semiconductor, with the other being the acceptor semiconductor, for reasons outlined
shortly. Band alignments are represented schematically in Figure 2.12. In the staggered
gap alignment, an exciton generated from the valence band of the donor semiconductor
may dissociate across the heterojunction if its energy exceeds that of the acceptor’s
conduction band, and it reaches the donor-acceptor interface before recombination. The
hole remains in the donor’s valence band, and the electron may act in the acceptor’s
conduction band. As such, what we called the donor semiconductor has donated an
electron to the acceptor semiconductor. The immediate state where the electron in the

acceptor and the hole in the donor are still bound through the Coulomb force is known
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as a charge-transfer exciton. The charge-transfer exciton fully dissociates into free charge
carriers due to further spatial separation driven by the electric field or via thermally

assisted dissociation.
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2.4 Nanoscale phenomena

In contrast to crystals extending infinitely in all directions, finite crystals introduce
additional phenomena. Notably, edge effects emerge, while confinement effects arise due

to the reduced dimensionality specific to this project.

2.4.1 Edge effects

Work function

The work function of a material is the thermodynamic work required to move an electron
from the interior of the material to a point ‘just outside’ the surface: a macroscopically
small, but atomically large, displacement. This is an important property for photovoltaic
applications, as it affects energy requirements of charge carrier injection and collection.
Considering an infinite cubic crystal with inversion symmetry. The periodic potential
energy is a sum of contributions from each repeating unit, i.e. each primitive Wigner-Seitz

cell about their respective lattice points:

Uw(r)=> v(r—R) . (2.213)

where v (r — R) is the potential energy of an electron at point r due to the cell centered
at R. Treating a finite crystal as occupying a finite space, €2, of an infinite crystal, but

with the same configuration,

Ue(r)=> v(r-R). (2.214)

We are primarily interested with how rapidly this decays with increasing displacement,
and so we examine the form of v (r), the potential energy of an electron at point r due to

some charge distribution p (r). Considering a single Wigner-Seitz cell,

v (r) :—e/np(r’) ! o (2.215)

r—r
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We can manipulate the term

r-r’ "\ 2
r—r’|=+/|r2=2r-v +72| =7, ||1 -2 + (-) ) (2.216)
r r
leading to
1 1 1
——=—(14+X)2 2.217
r—r’| r (1+2)%, ( )
where
r-r’ "\ 2
A= -2 + <—) . (2.218)
r r
Applying the binomial expansion to Equation 2.217 gives
1 1 1 3 5
. T [y O Ry ) A
r—r’| r ( 2" 8 16 * > (2.219)
1 - 3F-r)—r? 1 AN .
=—-—+—F+ 3 +-0(—] ,
r r r r r
with terms collected by power of r. Then the potential energy becomes
e e . 1
v(r) = ——/ p(r’)or’ — —t- (/ r’p(r’) 61") + O <—3)
r cell r cell r (2'220)

Q pf‘ e , N ’ , 1
:—e——e—z—l—ﬁ/ceup(r)[i’,(r 1) =1%o+ 0 )

r r

where Q) is the total charge of the cell and p is the total cellular dipole moment. The
crystal is overall neutral, and periodic across cells, so each cell must be electrically neutral,
@ = 0. In our crystal, p = 0 also, as it exhibits inversion symmetry; the contribution of
a cell to the dipole moment must be zero. This is also true for the octupole moment, the

4

term of order r~* (not shown above). Considering the r—* term,

(r?-1£)? = (ricosf) (1 cos ) = rir’ cos®§ . (2.221)

77



When i # j this evaluates to zero, and when i = j, rir} = 2. We then have

s o2y 2 T
(r’- 1) =7r"(cos” 0) = —

. (2.222)

3
12
3 p(r’) [3 (r- f-)2 — r’z] or’ = %/ p(r’) [3 (%) — rﬂ or’=0,
cell

cell r

i.e. the quadropole term also vanishes in this specific case of cubic symmetry. As such, the
contribution of any given Wigner-Seitz cell to the potential energy of an electron decreases
as r° or faster. So, with the highest occupied state inside the crystal having energy of
€r, and the potential outside the crystal very rapidly decaying to the vacuum level, the
work required to move an electron from inside to a position external of the crystal where
the contribution to the potential energy from nearby cells is negligible (‘just outside’),

with zero kinetic energy and in the absence of external fields, is
WZO—EF:—GF . (2223)

However, a finite crystal does not, in practice, maintain the same configuration as an
infinite crystal; surface ions typically do not keep their ideal positions in the would-be
lattice, and they need not exhibit the symmetry previously used to eliminate terms in
the potential energy contribution. As such, local surface multipole moments need not be
vanishing, the net electric field near the surface may be non-zero, and the work function
must be modified with an additional term, Wyg, the work required to carry an electron

through the electric field near the surface:

The form of Wy is dependent on the material and the quality and orientation of the
surface. The potential energy of an electron outside the crystal returns to its zero value
at large displacements, U = 0 in a vacuum. An example of a resultant potential energy

function is shown in Figure 2.13.
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x=0

Figure 2.13: The potential energy of an electron, U, as a function of position in a
finite crystal. The crystal-vacuum interface is at x = 0, and ionic spatial positions
are represented by solid dots. The form of the perturbed potential near the boundary
depends on the surface properties. The work required to move an electron to just outside
the surface, W, is the sum of that required to overcome the infinite lattice potential,
—ep, and that required to overcome the surface electric field, Wg. The potential outside
the infinite crystal would asymptote to the potential energy at vary large displacements
outside the crystal: U = 0 in vacuum.

Dangling bonds and surface states

As crystals have a periodic structure, a break in this periodicity at a specimen edge can
result in unsatisfied valences of the surface atoms. Where these atoms do not have enough
suitable bonding partners, a dangling bond is found: valence electrons not engaged in a
chemical bond, but that otherwise would be chemically active given a suitable nearby
species. These may occur anywhere in a defective crystal, such as adjacent to a vacancy
point defect, but will be plentiful along a surface of a crystal that has a geometry that
properly satisfies each atom’s valence only when the crystal continues in all directions e.g.
diamond-structure silicon.

Surface dangling bonds are highly reactive, and can be optically active: their electrons
adding an additional energy level between the conduction band and valence band, allowing
for adsorption or emission of lower energy photons. Additionally, they may contribute to
surface states, whereby the abrupt termination of crystal periodicity lifts the Born-von

Karman boundary condition, in turn the requirement that the wavevector k be real is
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likewise lifted. Consider then the Bloch form with complex wavevector k = k 4132, where

Re{k} = k and Im{k} = 3¢
Y (r) = u(r)e®™ =u(r) e e ™" . (2.225)

This additional term for the imaginary component of k results in a wavefunction that
grows in the opposite direction to 3¢. Far from a surface, the Born-von Karmann
condition holds locally, and this term has no physical relevance. Near a surface the
periodic boundary conditions are lifted, and for a surface perpendicular to 3¢ there are
solutions to ¢ (r) that grow on approach to the surface, and then decay outside it (as
the potential at infinite displacement outside the crystal must be determined only by
external conditions, and the wavefuntion must be continuous across the boundary).
These described solutions are possible for a discrete set of 3¢, and are surface states.
Precise microscopic calculations of the surface must take them into account by treating

Bloch states without the requirement that k be real near a surface.

2.4.2 Confinement

When the motion of charge carriers in a material is restricted to a small region on the
scale of interatomic distance, altered band structure and electronic properties can emerge.
This is clearly demonstrated by the permitted energy states emerging from the infinite
potential well problem, where electrons are bound in a region of space along one axis by
infinite potential barriers, separated by a displacement, d. The potential within these
barriers is zero. If we say that the infinite potential barriers are plane perpendicular to
the x-axis, the wavefunction solutions are then those of the well known one-dimensional

well problem,

Uy (x) = \/g sin? : (2.226)
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Substituting this in to the time independent Schrédinger equation (Equation 2.1), we get

discrete energy eigenstates of

2
6 — — (@f) , (2.227)

= *
2m}

which depend on the size of the confined region as d=2. As such, increasing spatial
confinement results in increase the energies of permitted states by widening any gap
between them. This affects the band structure of any material when confinement effects
are pronounced, such as the edge of a specimen. Notably for this work, monolayer systems
obviously only contain regions that are near an edge, and so these effects are pronounced
throughout the crystal in the few-layer regime. A system that is spatially confined in this
way, with one spatial dimension restricted and the other two free, is a quantum well. Also
of note for this work are quantum dots, with spatial confinement in all three dimensions.
With very large values of d, like in a bulk crystal, energy bands can appear continuous
at low resolution: while levels within bands are still quantized, the differences between
levels within the same band are very small. Increasingly smaller values of d result in the
quantization becoming more obvious, and a splitting of energy levels occurs.

These changes to band structure have the typical effect of widening band gaps, but
can sometimes be profound enough to change the nature of the band gap from direct to
indirect, or vice-versa.

Another consequence of confinement is the emergence of the confinement energy of
excitons. The components of an exciton are attractive, resulting in a binding energy that
must be overcome to separate an exciton into constituent charge carriers. An exciton can
be treated as being confined by its own radius, ax (Equation 2.212). If the spatial region
within which an exciton is confined due to the nature of the crystal media decreases below
ax, the binding energy can be treated as having another term for the added energy as a
consequence of decreased radius, the confinement energy. This has the effect of enhancing
the binding energy: excitons are easier to produce via photovoltaic effects, and harder to

separate into constituent charge carriers.
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2.5 Van der Waals (vdW) forces

Van der Waals (vdW) forces, named after Johannes Diderik van der Waals, are
displacement-dependent forces between stable chemical species. They give rise to both
overall repulsive and attractive effects, depending on the separation of the interacting
species. The separation between particles within which the forces become repulsive
while decreasing separation (due to overlapping electron clouds) is the van der Waals
contact distance. At separations larger than this, the forces are weakly attractive due
to interactions between induced and permanent fluctuating dipoles in the species (see

Figure 2.14).

---London dispersion force
------ Pauli repulsion
—— Net interaction energy

o

Interaction Energy

r

Figure 2.14: The London dispersion force (green, dashed) and Pauli repulsion (blue,
dotted) as a function of separation between interacting species. The net interaction energy
from these forces is in solid red, and where this crosses the y-axis is the van der Waals
contact distance: below this separation, Pauli repulsion dominates and the net force is
repulsive, and vice-versa for above.

These forces are potentially comprised of four components: the Keesom force, the
Debye force, Pauli repulsion and London dispersion forces. Which of the four are included
in the bracket ‘van der Waals forces’ is dependent on the context and the source of
information. Here, we will concern ourselves only with London dispersion forces, and the
discussions of vdW forces will relate only to the London dispersion force unless otherwise

stated. This is because the computational method for handling vdW forces used in this
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Figure 2.15: The deflection of an orbiting electron, in red, around a Bohr nucleus, in blue.
The dotted ellipse is the orbit without an external field, E, the solid ellipse is the deflected
orbit. s is the spatial separation between the original and deflected orbits, resulting in
the electron-nucleus displacement of 7" at angle . This separation of charges results in
the induced dipole moment uj,q.

project (Grimme’s DFT-D3 [65]) only considers the London dispersion force, but this is
not because the London dispersion force is stronger than the others. Conversely, they
are the weakest of the four aforementioned forces. However, Pauli repulsion is handled
implicitly in the exchange-correlation terms, and both Keesom and Debye interactions
require permanent dipoles within a polar molecule. As we are considering only crystals
and the organic molecule pentacene (a non-polar molecule), we need not use a vdW

correction in our calculations that considers the Keesom or Debye forces.

The London dispersion force

The London dispersion force is named for Fritz London, who proposed it as a form of
intermolecular force in 1930 [66], and further described the general case of the interaction
energy in 1937 [67].

Consider a Bohr atom of a nucleus and an orbiting electron, of charge +e and —e,

respectively. The displacement of the electron cloud relative to the nucleus due to an
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external electric field, E, causes polarization such that the induced dipole moment is

Uing = €S , (2.228)

where s is the displacement of the electron from its unperturbed state. At equilibrium
the force on the electron from the electric field, Fg, must be balanced by the restoring

force, Fr, which is the Coulombic attraction between the electron and nucleus as

Fg = Fg, (2.229)

which is

—e? —€e? s —CUind
sinf =

Amer2 ! AqmerB

(2.230)

Aer’?

where ¢ is the permittivity, and @ is the angle between the unperturbed orbital radius
vector and the perturbed displacement vector, r’, at equilibrium under the effect of the

field E (see Figure 2.15). We then have

Uing = 47T E | (2.231)

which can be expressed in terms of the electronic polarizability of our Bohr atom, «,

Uing = O F | (2.232)

where

o = dmer’ . (2.233)

In general, the induced dipole moment and so the polarizability are dependent on the
frequency of the field. We will exclude this treatment for now, but it is considered in the

Grimme’s DFT-D3 [65] treatment of vdW corrections that we use in this project, and
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Figure 2.16: The probability distribution of a quantum harmonic oscillator’s position.
This is representative of the principle of transient dipole moments around an atom or
molecule. The probability distribution is time dependent, and the transition between
states ¢t and t’ results in a transition dipole moment.

discuss in subsection 3.1.3. In that subsection, a proper treatment serves to introduce an
integral over all frequencies, which can be ignored for now.

Without the presence of an external field, neutral atoms and non-polar molecules have
a time-averaged dipole moment of zero. However, the local charge density distribution
around an atom or molecule is variable in time, with transient states of high charge density
and low charge density in any particular part of local space, as represented in Figure 2.16.
If the charge density is high in a region of local space, it will be low elsewhere, and vice-
versa. At any given instant, there then exists a non-zero dipole moment. This transient,
instantaneous dipole moment produces an electric field that polarizes nearby species, as
described above, which generates its own electric field and results in the London dispersion
force between the two.

Consider a point in space, A, separated from a Bohr atom with instantaneous dipole
moment u by displacement r. Let the angle between r and s be 6, and the angle between
the vectors d. and d_ be ¢. d; and d_ are the vectors between A and the Bohr nucleus

and the Bohr electron, respectively. The geometry of such a system is displayed in Figure
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Figure 2.17: The geometry of the instantaneous dipole of a Bohr atom resulting in an
electric field as considered in this section. We assume that the considered point in space,
A, is far from the Bohr atom on the scale of its electron-nucleus separation.

2.17. If r > s, the magnitudes of d, and d_ can be approximated by

d_~r— gcose : (2.234)
and
s
dy =7+ 3 cos 0 (2.235)

The electric field felt at point A due to the Bohr electron is

e e
T Amed® T gmer? (1 — 2 cosf)
Ter ( 5 COS ) (2.236)
N e
~ Amer? (1—2cosf)
Similarly, the electric field felt at point A due to the Bohr nucleus is
e
B~ (2.237)

= dner? (1 + 2 cos 9) '
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The parallel component of the total field from both contributions at A is

EH = (E_ — E+) COS ?

2
1 1 28 cos 6
_ e B __ ¢ r . (2.238)
dmer? \1—2cosf 1 — 2cosf Amer? \ 1 — (2 cost)
2
~_—t 2 cosf ,
dmer? r

as if ¢ is small, cos% ~ 1. Similarly, sing ~ tan% = 5-sinf, and so the perpendicular

component of the total field from both contributions at A is

—sinf . (2.239)

Therefore, the magnitude of the total E-field at point A due to the instantaneous dipole

of a Bohr atom with separation r is

es , 1
E,=/Ef+E} = pp— (4cos® 6 +sin®0)? | (2.240)

which can be displayed more concisely as

1
2

2
B - (14 3cos®0) (2.241)
drers

If there is a point charge of 4+e at point A, producing a field E4 such that

e

E4 (2.242)

Amer? ’

the Bohr atom’s induced dipole moment u;,q will be aligned with E4 and produces the

anti-aligned reaction field

i (14 cos20)F  —20F,

4Arers  A4gerd
2.243
—20 e —2ae ( )

"~ dmerddmer? (4me)?rs

E, =
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The attractive force between the charge at A and the Bohr atom is then
F(r)=eE, (2.244)
and the potential energy of this interaction, the interaction energy, w (1), is

w(r)=— /TF(T) or = _—a62 = —laEZ (2.245)
% 2 (4me)* rt 2 '

Instead of a point charge, if there is another Bohr atom at point A then the interaction

energy is angle-averaged as

1 1 (1+ 3{cos?0)) au?
w(r)=—=aE% = ——au? = ind 2.246

For Bohr electrons at the first Bohr radius, ap, their electrostatic potential energy is the

Coulombic interaction with their nucleus. For a central potential, the Virial theorem states

that the time-averaged kinetic, T', and potential, U, energies are related as (T') = —%(U ).

As such, the sum of these energies gives the total energy, which is %U . The ionization

energy required to free the electron from its bound state in the Bohr atom, I, is therefore

half that of the potential energy from the Coulomb interaction:

=21 2.247
47TECLB ( )

and so

e2

= Smel

ag (2.248)

As the induced dipole moments involved here are uy,q = es = eap, the interaction energy

is then

2 2 2 2
w(r) = —aﬁ ,= — (4ready) ﬁ : (2.249)
me) me)
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and so substituting in our expressions for ag and «, we find to order unity that

o2
wir)8 ——— . 2.250
(r) (47r5)2 76 ( )

This is the London dispersion interaction energy, differing from the original derivation
found in London’s 1930 paper [66] by only a coefficient of order unity (but derived and
presented in a different manner), which can be generalised for two non-identical particles
[67] as

3 oiam L1

= —— : 2.251
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Chapter 3

Computational theory

In this chapter we will discuss how the physical theory of Chapter 2 is applied to
computation and electronic structure calculations. The chapter starts with an overview
of the primary theory used in the project, density functional theory (DFT), and how
functionals are used to make otherwise intractable problems computationally feasible.
This is within Section 3.1, which includes the implementation of the important van
der Waals correction. Pseudopotentials, approximations of real potentials, are used
in electronic structure calculations to reduce computational cost, and their theory is
discussed in Section 3.2, following which is background on some important numerical
algorithms used within Quantum ESPRESSO, as well as an overview of Quantum

ESPRESSO parameters in Section 3.3.
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3.1 Density functional theory

The theory used in this project to calculate properties of our materials is density functional
theory. It is a modelling method to extract the ground state electronic structure from
a system based on its electronic density. A functional is a mapping from some space
into the field of real or complex numbers. More loosely, in the context of a field of
functions, it returns a scalar. An example is the area, A, between two functions, f ()
and g (x), denoted as A[g, f]. In the case of DFT, the functionals are of the ground state
electronic density, ng (r). Modern DFT arose from Hohenberg and Kohn’s 1964 paper on
the matter [68], proving that a functional of the density exists that describes the ground
state energy of the system under a general external potential, which is unique to the form
of the density. Minimizing this functional then gives the ground state energy.

To show that ng (r) is unique to the potential, we can follow the proof by contradiction
provided by Hohenberg and Kohn. Consider two external potentials, V; (r) and V5 (r),
that produce the same ground state density. There are associated Hamiltonians, H; o,
and wavefunctions, 9 2, derived from these differing potentials, and so differing ground
state energies, €; and €. If the wavefunction 1, is a solution to H;, it is not the ground

state solution, which can be shown simply:

€1 = (| Halhr) < (o Halho) = (W2 Halth2) + (Vo] (H1 — Ha) [4h2) | (3.1)
and therefore
cv< et (Vi) = Va (o)) o o) B (32)
The wavefunction v, is not the ground state of Hs, so we also get

€ < €1 + / Vo (r) — Vi (r)] no (r) dr . (3.3)
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Adding these expressions together, we get
€1+ 6 <€ +é, (3.4)

and therefore conclude that two differing potentials cannot produce the same ground state
electronic density i.e. the Hamiltonian is fully determined by ng (r); all properties can,
in principle, be represented by functionals of the ground state density alone. We use
the universal Hohenberg-Kohn functional, Fyx [n], so-called as it is independent of the

external potential, and so is identical for all electron systems,
Fuk [n] =T [n] + B [n] | (3.5)

where Ejy [n] is the internal energy functional of an interacting electron system i.e.
electron-electron interaction energy, and 7' [n] is the kinetic energy term. The total energy

functional is then
Bk [n] = Faax [n] + / Vi (1) (x) b1+ B | (3.6)

where Ey is the interaction term of the nuclei of a given system, and includes any nuclear
terms that do not involve the electrons but do affect the system energy e.g. nucleus-

nucleus interactions. We have then for the ground state density n; (r)

€1 = Bk [nl] = <1/11\HW1> ) (3-7)

and for some other density ns (r)

€2 = Enk [no] = (Yo H|1h2) . (3.8)

Clearly €; < €3, as ny(r) is not the ground state density i.e. minimization of Epy [n]
with respect to n (r) gives the ground state energy and density. This is the variational

principle, where any approximated wavefunction solution results in a higher energy than
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the true wavefunction. Local minima in the form of Ep g [n] do not necessarily represent
excited states, however.

Hohenberg-Kohn DFT does not itself describe how to model a many-body system in
terms of density functionals; it is not simple to extract desired parameters from a known
form of the density, and the formulation does not attempt to provide a method for doing

so. It is, however, exact in principle.

3.1.1 Kohn-Sham DFT

In 1965, Kohn and Sham provided the method still used today for tractable DFT
calculations [69], where an auxiliary system of independent electron approximation is
created, and solutions found. Kohn-Sham DFT is not itself an independent electron
approximation, but the constructed auxiliary system of independent particles gives the
same density and total energy as the real, many-body system, so Kohn-Sham DFT still
uses independent particle methods. This auxiliary system treats the effects of the real
many-body terms in a functional, the exchange-correlation functional, Fx¢ [n]. This
functional in Kohn-Sham theory is exact, but any practical implementation requires that
it is approximated. This leads to the discrepancies between the results from a Kohn-Sham
method of calculation and the true values, but the method in general provides perhaps
the best trade-off between accuracy and computational resources for a large number of
applications. A notable drawback is the underestimation of band gap energies, which
results from the derivative discontinuity of energy with respect to number of electrons.
This is explored in Appendix G.

In the Kohn-Sham DFT method (in this project the Kohn-Sham DFT method is used,
so any mention of the DFT process in following sections and chapters refers to the Kohn-
Sham variation, unless otherwise specified), calculations are performed on the auxiliary

system using the Hamiltonian

1
Hrs = —§V2 + Veg (1) (3.9)
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with Vig (r) being the effective potential acting on an electron at position r, and is of local
form. Potential terms are in principle spin dependent, but we will here consider the spin
symmetric case only as asymmetric spin is not featured in the project. The electronic
density of the system is given by the sum of the square magnitude of the N wavefunctions,

1;, for each occupied orbital,

= Z v (r) 2 (3.10)

and the Kohn-Sham kinetic energy is the sum of that of independent particles,

1 N
= —52 (il V2[) (3.11)

where the subscript denotes a single-electron treatment i.e. the non-interacting kinetic
energy. The Kohn-Sham energy functional, Ekg[n], is similar to the Hohenberg-Kohn
expression except that the internal energy is considered in two parts, with the Coulombic
interaction energy, Fy [n], treated explicitly and the exchange-correlation functional,

Exc [n], taking up the rest:

Exsn] = Ts [n] + / Vi (1)1 (1) 0 + By [n] + Exc [l + B, (3.12)

where Vg (r) is the external potential, and the Coulombic interaction energy of a system
of electrons of density profile n (r) with itself is called the Hartree energy, due to its role
in the Hartree equations in analogous form (Equation 2.53). As a functional of density,

the Hartree energy is

Yy ELIL 12

The new exchange-correlation energy term groups the many-body effects from the true
system, and noting that the total energy and the density of the auxiliary system matches

those of the true system i.e. Exg[n] = Eyk [n], we compare the two energy relationships
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to find

g [n]—l—EI—l—/VeXt (r)n(r)dér ="Ts [n]—i—/%xt (r)n(r)dér+ Ey [n] + Exc[n]+ Er |

(3.14)

which leads to
Fis[n] =Ts[n] + Ey [n] + Exc[n] . (3.15)

Recognizing that the true kinetic energy functional can be expressed as the expectation
value of the kinetic energy operator, and similarly for the internal energy functional,
Fiwt [n] = Vi), we can express the exchange-correlation energy functional explicitly
as the difference between the kinetic and internal energies of the true system and the

independent-particle auxiliary system,
Exc[n] = (T) + Vi) = (Ts [n] + Ex [n]) . (3.16)

This demonstrates that if the exchange-correlation functional was known, the more
computationally tractable independent-particle auxiliary system can be used to find the
exact ground state energy and density of the true many-body system. As such, finding
solutions to the Kohn-Sham system can provide an approximation of the ground state
energy to the degree of accuracy that the approximation of Fx¢ itself carries.

Varying the orbitals in the Kohn-Sham energy functional gives us the variational

equation,
5EKS . (STS 1 on
ovr oY oy

where we have reduced clutter by taking advantage of the chain rule of differentiation and

Ve (1) (3.17)

introduced the effective potential, Vg,

0EBe OF o
v 0bm | Obxc

Vesr (r) on n on

(3.18)
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where F. is the energy due to the external potential,

Eo = /%Xt (r)n(r)dr . (3.19)

We see from expressions above that

0Ty B 1
and
on
i =; (r) . (3.21)

In order to minimize Fxg within the constraints of orthonormality,

(Wilthy) = 64 (3.22)
we use the method of Lagrange multipliers, where );; are the multipliers, to get

(-%W + Ve (r)> Vi(r) =) At ()
- (3.23)

)\ij = 61"6]‘ .

This is outlined in Appendix H, and when ¢ = j, we are left with the Schrédinger-like

Kohn-Sham equations,

(His —€)¢i(r) =0 (3.24)

These are independent-particle equations, and are solved self-consistently between the
potential and the density. Note that there is no dependence on the specific form of Ex¢:
if it were to be exactly known, these equations would model the true many-body system

and provide the exact ground state energy.
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Self-consistent solutions

The coupled Kohn-Sham equations, Equation 3.24 (one for each electronic state, 1), can
be solved iteratively, with an initial guess for Vg (subject to the given approximation of
Ex¢) to solve for the electronic density, with this result feeding back in a new solution
for Vg, until convergence is achieved. This is the same general process as outlined in
subsection 2.1.4, with the Kohn-Sham process displayed in Figure 3.1. Finding the
solution to the Kohn-Sham equations is the computationally expensive process within
electronic structure calculations, scaling with the number of electrons within a system,
N, as O (N?), as diagonalization of an M x M Hamiltonian matrix scales as M3, and
M o< N; solving the Hamiltonian for NV electrons is done by constructing the Hamiltonian

matrix, H,

Hy H. Hy,,
TR e 2 | (3.25)
| Huy Hip .. Hpm |

where [ and m are matrix component indices related to the set of basis functions, such

that
Cin Cin
Con Con
H — E, : (3.26)
Cmn Cin

for n eigenstates. We can construct an orthogonal matrix of eigenvectors,

Ci1 Ci2 ... Cim
Co1 Co2 ... Com

C= : (3.27)
Ci1 C2 : Clm
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and use this to diagonalize the Hamiltonian matrix to recover eigenstates:

E, 0
cHe= |0 B .| (3.28)

It is this process that leads to the scaling as O (N?), as the matrix elements are related
to the basis functions used, themselves being of a number proportional to N.

Total energies are in general calculated during the output stage, but some modern
codes, including the Quantum ESPRESSO packages used in this project, use the energy
functional as a self-consistency check and so calculate them at that stage instead.

Formally, the Kohn-Sham energy is a functional of the electronic density, but it may
be practically considered to be a functional of the potential that is input to the Kohn-
Sham equations during a self-consistent calculation. This is a method utilised by the
PWscf package in the Quantum ESPRESSO suite used in this project [46]. This package
calculates the Kohn-Sham energy as a functional of the input effective potential, Vj,, as
Fks[Vin], and also, separately, as an explicit functional of the input density; the Harris-
Weinert-Foulkes functional form, Eywr. The Harris-Weinert-Foulkes [70-72] functional
is one where the total energy is given as an explicit functional of the input density whereas

the Kohn-Sham functional is in terms of the output density:

Bawelon) =3 45 0) (<57 + Voat V0 w320

/nin (r) Vin (r) 0r + Epxc [ni] - (3.30)
The Kohn-Sham energy functional (Equation 3.12) can be alternately expressed as

s ] = 32 [ 07 @) (=354 Vo () 361 + B ] + B o] +
- Z/%* (x) <_%V2 + Vgt (r)) it + Egxc [Nout] (3:31)

where Fy xc is the sum of the Hartree, exchange-correlation and atomic interaction term.
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Initial guess
for ny, (r)

Yes

Output parameters

Figure 3.1: The process map for the Kohn-Sham DFT self-consistent loop. f; is a
weighting function to maintain the total electron number and M (ny,) is a mixing
function, the nature of which is described later in this subsection.
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For a given input density then the difference between these energies is only dependent on

the difference between potential terms using input and output densities as

Exs — Egwr = Enxc [Now] — Enxc [Min] (3.32)
where the Hartree term is dominant, and so

Exs — Egwr = By [nout] —F [nin]

Sy [Pt (1) = i (Tr)] _[nrgr%ut = o ()] 5y (3.33)
/ / ’Ar”_Ag sror’

where An = ngy (r) — niy (r) and is small. This is the way in which the PWscf package

determines the degree of self-consistency during an iterative step [46] as at the self-

consistent Kohn-Sham energy Fxs = Egwr and An = 0.

Mixing

At the end of the i'! iteration, if self-consistency has yet to be reached, a choice must

(i+1)

be made for ng, The simplest option is just to set it to n) . but this typically

0ut7

results in large step sizes and, near the self-consistent solution, an n( )t = n(lH) that

@) This can occur for some number

of iterations, with only very small improvements in An per iteration i.e. nl(fl) ~ ni(ffz),

has stepped across the ground state density from n,,

and similarly for ng,;. The worst case scenario is that new iterates become restricted to

a subspace of previous iterates, and the process will run indefinitely without convergence

(or divergence). A simple solution to this is linear mixing, where nl(fl) is modified by some

(i+1)

fraction of An to give n,,' ’, as in Equation 3.34a below (with the more general form in

Equation 3.34b, where f; is the residual, or error vector, between iterative steps), where

this fraction is «:

ni) = In8) + o (Inf) = ) (3:34a)
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Xi+1 = X; + Oéfi (334b)

In this way the mixing parameter o € 0,1 determines the degree of influence that
previous iterations have on the current iterate. A larger o will more closely replicate the

i(flﬂ) = n((fgt, and a smaller @ may take a long time to converge due to very

case where n
small step sizes. The specific choice of this parameter, and analogous parameters for the
more complex mixing methods below, depends on the system and specific form of the

space of density functions. Practically, it is chosen empirically.

g 5
A ; __:6f(xp)
. ~gradient =: B
///Xi +1 Xi
7/
/
/
//

Figure 3.2: A schematic representation of the root-finding algorithm, the Newton-Raphson
method. An iterative estimate x;, is updated by the intercept of the derivative of the slope
at x;.

The basis for the Broyden method [73] of mixing is the well-known Newton-Raphson

method, which is as follows: a set of m nonlinear equations

fi(x1,29,...,2y) =0 (3.35)

for j € Z,1 < 57 < m, can be expressed as the function application of the function operator
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column vector f to the column vector of independent variables x, such that

-fl (1’1,562, Ce ,,I’m)-
f(x) = /> (xl’@"”"xm ~0. (3.36)
_fm (1, o, ... ,xm)_

Considering a plot of f(x) against x in some abstracted vector space (or simply the two-
dimensional scalar analogue), the Newton-Raphson method takes a tangent along f(x) at
x;, and evaluates its horizontal axis intercept. As long as x; is not separated from the
horizontal axis intercept of f; (x) by a local minima (i.e. x; is close to the true root), then
the intercept of the tangent will be closer to the root than is the value of x;, and so is
taken as x;,1. This is visualized in Figure 3.2. The slope-intercept form of such a tangent

can be seen to be

where term f; is shorthand for f(x;). When this equation is evaluated at the root (f(x) =

0), at which point x = x;1, results in

Xit1 = X; — J;lfZ y (338)

where the Jacobian matrix of f(x) within any given iteration is

[ sf(x)  Si(x) 561(x) |
dz1 dxo T 0m
ofa(x) ofa(x) 0fa (x)
of (X) 5 5 s S
PELICOR e . 3.39
0x : : L : ( )
0fm(x)  0fm(x) 0f (x)
L ox1 dxo e 0Tm _

This method can be very computationally expensive, with m? evaluations of 5? ()

per

Tm

iteration if solved analytically, and numerical solutions are still excessive for systems of
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interest to this project (and modern electronic structure applications in general); m here
is proportional to the number of electrons in the system. Additionally, if the initial guess
of x is not sufficiently close to the root, there may be a failure of convergence altogether
(as alluded to above in the requirement that x; be not separated from the root by a local
minima).

In the context of Kohn-Sham DFT, we are trying to minimize An i.e. the output
density of iteration ¢ should equal the initial input density of iteration ¢ after it is fed
through the Kohn-Sham equations via the effective potential. The iterative method is used
after the determination of n., via the potential; we will discuss here only the selection of
a new density where nyy is n; and the subsequent new ny, is then n;,1. The above f(x)
is therefore specifically An, and the variables x are the density n.

A method that reduces the large computational costs of the Newton-Raphson method
is that of Broyden’s second method, where we consider an approximation to the Jacobian
matrix J, calculate it once and then update it every iteration with a matrix that is more
tractable. In the following, we use the notation H and C due to their use in the surrounding
literature, but they no longer represent the Hamiltonian and eigenvector matrices that
they did above. The approximate Jacobian matrix is denoted B, and we additionally

define

p; = —B'fi (3.40)

and the above Newton-Raphson relationship becomes

Xi+1 = X; + tzpz s (341)

where t; is a scalar coefficient that we will for now treat as arbitrary, but is chosen to
prevent divergence (although it does not guarantee convergence). As such, our solution

such that f(x) =0 is

X =x; +1p, . (3.42)
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For each of the nonlinear equations we have

(Sfj e (Sfj 5$k
- RN Ntk 4
ot ;537;{ ot ' (3:43)
which implies that
of
— = Jp. 3.44
5 = P (3.44)

where the left hand side is the vector consisting of derivatives of f; with respect to ¢. If
we could solve this analytically without unreasonable computational resources, we would
not need this method in the first place. So, we look for approximations to the Jacobian

matrix at the point x;. We can expand about t; the term

of
f(tl — S) ~Iiy1 — S

= (3.45)

where s; is chosen to be small and is the coefficient of the ratio between the Jacobian

matrix and its estimate, B (a ratio that should be approximately one for a good solution),

used as a difference between consecutive steps of f(¢;). We have also excluded higher order

terms in our Taylor expansion on the premise that s is small. When, therefore, f;,; and
Sf

f(t; — s;) are known, an approximation of & and so the Jacobian matrix need not be

computed directly. We can represent the above expansion as

fz’+1 — f(tl — S) ~ SzJpZ s (346)

and as we are aiming to improve the agreement between J and B with each step, we are

trying to choose a B, ; that satisfies

firr —£(ti — s) = 5:Biyip; - (3.47)

In order to find the root of the initial problem, x such that f(x) = 0, one needs to solve m

equations of p = —B; .. This can, however, be reduced to matrix-vector multiplication,
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saving resources. For the purposes of reducing clutter we define

H, = -B;! (3.48)
and
y; = i1 — £(t; — si) (3.49)
such that we have now
p; = Hif; (3.50)
and
H, 1y, = —sip; = —siHif; . (3.51)

This equation describes the change in the value of the our function, f(x), between an
evaluation at x;1 and x; + (¢; — s;) p;. It does so through the gradient of the function
in the direction of p, (through the estimate of our Jacobian matrix). If we consider this
for some arbitrary vector, v;, we have two limit cases whereby if vly;, = 0 i.e. v; and y,
are orthogonal to each other, and the case where v; = y,. In these two cases, then, the

difference change in our matrix from an iterative step in the direction v; is

0 if vy, =0
Hi+1Vi — Hin‘ = . (352)

—sip; —Hiy;, ifv,=y,;

The first case is justified by the fact that there is no information about the rate of change
in directions other than y,;. We chose then an updated matrix H;;; such that the change
in our function f(x) in a direction orthogonal to y, is unaffected by iterative improvement

of our matrix. We are in this manner directed towards finding a more satisfying expression
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that obeys the above conditional equality, which is simply

T
V.Y

vi (Hit1 — Hy) = (—sip; — Hivy) yly. -

(3.53)

Evaluating this where v; = y,, which is the original direction we are interested in anyway,

we find through rearranging that

(sip; + Hiy,) yi

Hiii =H, -
YzTYi

(3.54)

Using this relation, the Jacobian matrix can be updated by a rank-one matrix, without
having to solve for the Jacobian during every iteration. This is Broyden’s second method,
and in this project we use a modified version of this method by Johnson [74] to handle the
choice of the next iteration’s input density. Broyden’s first method requires the storage
of N x N matrices (which can be really quite large for systems of interest), whereas the
second method does not; by using the inverse of the Jacobian matrix, it devolves to a
problem of i vectors of length N. Johnson’s modification builds additionally on a former
modification by Vanderbilt and Louie [75], where information from historic iterations
(and not just the single most recent) is used in order to improve the next guess of the
Jacobian matrix. Doing so acts to improve the rate of convergence as it provides an
additional check on overstepping the root, similar to the implementation of o in simple
linear mixing. Johnson’s work removed the storage requirement of N x N matrices by
applying the same principle by Vanderbilt and Louie to Broyden’s second method, with
the inverse Jacobian matrix.

The following exposition is based on work by Johnson [74], with some changes in
nomenclature to agree with our previous notation. First, a function is constructed that
describes the weighted error in the current inverse Jacobian, and the weighted error in

all previous inverse Jacobian matrices from iteration j if they were determined by the
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current iteration’s vector solutions. This function is

E = wi|Hi1 — Hil> + > wi|Ax; + Hi A (3.55)

j=1
where wy and w; are the weights of the errors and Ax; and Af; are the differences from
iterations j+ 1 and j of x; and f}, scaled by |f;11 —f;|, respectively. As such, Af?Afj =1.

Minimizing this function gives

5E !

(,).H == 0 == w%]HHl - H1’ + ij|AXj -+ HZ+1Af]||AfJ| 5 (356)

it+1 .
7=1
and so
i w} T : wi T
Hio=H, =) wp XA~ > apHn AGALT (3.57)
j=1 j=1

which can be rearranged and displayed as

Hijt = %1653, (3.58)
where
Yit1 = woH; — Xi:w?AXjAf;F (3.59)
j=1
and
Bir1 = wyl + Z wIAGAL (3.60)
j=1

with | as the identity matrix. To find the inverse of 3;,1, an infinite Neumann series

expansion of (I —X)™' = Zg X" was performed, where here

X = (—1) ALAF, |
—w (3.61)
Afj = —JAf] .

Wo
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As such, using Einstein notation to handle the notationally unwieldy summations, the

infinite expansion is

B =wy? (1— X)™
L ~ —~—T ~ ~—T\ 2 ~ ~T\3
—wy? |1 - AGAL, + (AGAG ) — (ALAL ) + ... (3.62)
) Nl Iy AN r OOy
= wj [I — AfAT, (@k — A+ AuA, — ALALA, )] ,

where an extra summation index is included with each increasing power of the infinite

series (k and n so far), and A is defined as

_ J
Aij = —Aij .
Wo

It is at this point that Johnson modifies the method that so far has been the same as
that from Vanderbilt and Louie [75]; recognizing that the infinite series term is itself a
Neumann series, it can be contracted, returned to the usual summation notation, and the

weighting terms taken back out explicitly:

_ _ —1
Bl =wy” |1 =) wiw AGALL (wil + A,

7,k=1

= w2 <| -y ijkcijfjAf{) :

J,k=1

(3.64)

where
Cij= (Wil +A), " . (3.65)

Johnson then substitutes this inverted term, 511117 into Equation 3.58 and factorises

to get

J,k=1

To put this in terms of H;, Johnson uses a process of induction to produce the
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relationship

Hio=H, - > zZVAf] (3.67)
k=1
where
i i-1 ‘
k=1 j=1
and
u]' = HlAfj + AXj . (369)

The matrices here are small ¢ x ¢ matrices, instead of the large N x N that would have
to be dealt with using Vanderbilt and Louie’s modification starting with the Jacobian, B.

Now, for small wg, the above expression can be recast as

Hio =Hi — ) CuuAff + 0 (uf) - (3.70)
jk=1
In this limit H; can be expressed in terms of H; and a sum over 7 — 1 to update the general

form of Equation 3.34 through «, given the final modified Broyden expression:

i—1
Xis1 =%+ Hif; = ) wyup AR ECyu; (3.71)
k=1

By examination of Equation 3.71 we see that in order to update our value for n each
iteration, we must keep in memory the current vectors x and f, all previous iterations of the
vectors u and Af? | and the matrix A. This leads to the fairly modest storage requirement
of an ¢ X ¢ matrix and ¢ vectors of length N. The value of H; is chosen empirically, and
in the primary computational suite used in this project, Quantum ESPRESSO, it is
al,0 < a < 1. With this definition, Equation 3.71 reduces to linear mixing with some
correction, although subsequent iterations of H cannot be represented by a scalar multiple

of the identity matrix. Within Quantum ESPRESSO’s PWscf package, the parameter
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that controls H; through « is the mixing_beta (despite the name, we have represented
it here as a in keeping with the relevant literature surrounding the Broyden class of

methods).

3.1.2 Exchange-correlation functionals

The Kohn-Sham DFT formulation is, in principle, an exact theory. The component
that prevents practical attempts to wield the theory from being exact is the exchange-
correlation functional. A good approximation to this component results in good
approximations in output parameters, with a number of levels of theory existing as
options. The simplest is the local density approximation (LDA), which is then built upon
in subsequent improvements. The concept of the electron hole reappears here, but in a
slightly different context; instead of being a region of relative positive charge due to a
missing electron, it is the region surrounding an electron that has a decreased probability
of containing a second electron due to the exchange (Pauli repulsion) and correlation
(Coulomb repulsion) interactions.

We can express the exchange-correlation energy of Equation 3.12 in terms of each

individual interacting electron as

Excln] = /n (r)exc ([n],r)dr , (3.72)

where €xc ([n],r) is the exchange-correlation interaction energy of a single electron at
point r as a functional of the density within a neighbourhood around r. The energy of an
electron interacting with its own hole is

1 /
exo == / nxe (B.r) 5 (3.73)

2 v — /| ’

where nxc (r,r') is the hole around an electron at r caused by exchange-correlation. We
do not necessarily know the shape of this hole, but we do know that the electron density
must integrate over all space to give the total number of electrons. So, as the exchange-

correlation density reduces the electronic density around the reference point r due to the
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Pauli exclusion principle, in order to maintain the correct total electron count, N, we

have that
/nxc (r,r')or' = -1, (3.74)

known as the sum rule.

The local density approximation

The local density approximation (LDA) is the approximation that the exchange-
correlation energy at each point r is the same as that in a homogeneous electron gas
with the same density as our system at that point r (the density is local to the position
r). In the homogeneous case, the electron hole will be spherical in shape, and the

exchange-correlation energy functional is

BV fn) = [ 2 (n )6

(3.75)
= / ) (n (r)) or + / o™ (n, (r)) br .
The exchange functional for a single electron, €2 (n (1)), is given in Equation 2.60

as the exchange term, i.e.

v — 1’|

2
single € *
e (n(x) = -y / U () 4 (1) ¢y (r) or (3.76)
J
for unpolarized spin cases. For wavefunctions of the plane wave form
Y (r) = e*r (3.77)

and making use of the Fourier transform of the Coulomb term,

2 1 1%, /
q = 47Tq2/WE ezk-(rfr )5k s (378)

v —r'|
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when ¢ = e, via Equation 3.76 we reach the expression

. 2 !
S ) = =3 [ [ [ G e s ernw a6

Letting e = 1 for natural units, this has the analytical solution

single kF
") (n(r) = ——F (2) | (3.80)
where

1—22 14z

F =1 | 3.81
k

= — . 3.82
r= (352)

The exchange energy per electron of a homogeneous electron gas, then, is this exchange
energy of a single electron divided by two (to avoid double counting), with F' (x) evaluated

as its average value of %:

E (hom) %
6A()?orn) (TL (I‘)) — —X —_ _ikF — _§ ('?)n ) . (383)

The correlation energy of an electron is the interaction energy of that with all other
electrons. The holes produced by the other electrons act to screen these interactions,
such that the long-range Coulomb interaction can be treated as exponentially decaying.
The screening models used are saved for discussion later in the specific context of the
exchange-correlation functional used during this project, but the correlation energy in
general cannot be found analytically. Even in the simple system of a homogeneous electron
gas, one must use interacting many-body methods, the gold standard of which is currently

quantum Monte Carlo calculations.
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The generalized gradient approximation

The LDA is based on the premise that our system of interest behaves similarly to a uniform
electron gas with respect to exchange and correlation interactions. However, in the case
of non-homogeneous systems (molecules, heterostructures, systems with defects, crystal
that are not monatomic), there is a non-constant density, even over short range. In order
to capture this variation in density, one might expect a more reasonable approximation
for the exchange-correlation functional to include a term corresponding to the change in
density with respect to position i.e. the gradient of the density.

A method for doing this is to expand the local density approximation as a series, and

drop higher order terms, which is schematically
f="P2 1+ st +pess...) (3.84)

where often only the first term in s is included, for an s of form

V™|

The denominator in s,, is to normalize to a dimensionless quantity (in natural units,
e = 1), such that s is the reduced gradient. The specific form of s varies between
functionals, but is modified to be a measure of how fast the density changes over particular
scales. For our purposes here, we will drop all terms other than s;, simply referred to
as s. p is determined by the particulars of the functional: either empirically to result
in good agreement with some previously determined reference results, or to meet some
conditions of the formulation (as it is in the functional we use in this project, discussed
shortly). The dependence of the exchange-correlation functional on both the density and
the gradient of the density leads to the name of the class of functional, generalized gradient

approximation (GGA) functionals.
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The Perdew-Burke-Ernzerhof functional

The exchange-correlation functional that we use is the Perdew-Burke-Ernzerhof [43] GGA,

which begins with the correlation functional as

EED / n (egmm (ry) + H (rs,t)) or | (3.86)

where both eglom) and H depend also on relative spin polarization, but we consider here

only the unpolarized case. r is the local Seitz radius, the radius of a sphere with volume

equal to that taken up by a single free electron,

3 \3
s= | — , 3.87
" (47m) ( )

and ¢ is the reduced gradient on the scale of Thomas-Fermi screening effects (see Section

2.1.4),

,_Ivn

= S (3.88)

where k; is the Thomas-Fermi wavevector (see Equation 2.82). The specific form of H is

determined by constraining it to certain conditions:

e it recovers the second-order gradient expansion above (H — $t?) in the limit that
the gradient of density varies slowly, with the coefficient 5 determined numerically

[76] ,

e it cancels the correlation term of the homogeneous electron gas in the limit of rapidly

varying density (¢ — 0o) such that correlation interaction energies vanish, and
e it scales uniformly between these two limits.

The final condition is so that it cancels the logarithmic divergence of the LDA correlation
found by a perturbation expansion in powers of r, [77] in the high density limit.
There are conditions placed on the formulation of the exchange energy as well. In the

high density limit (the low reduced gradient limit), the functional must recover the LDA
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value, and so is of form
Egmhi/mngﬂg&, (3.89)

where Fx (0) = 1 and in this specific functional the reduced gradient is

_|Vn|

_ 3.90
5= e (3.90)

in order to normalize the gradient over the scale of the Fermi wavevector, kg, introduced
in Section 2.1. We also want the functional to be similar to the LDA for small density

variations, as it is a good approximation [78], so we use a form of Fx such that as s — 0,
Fy (s) = 1+ us®. (3.91)

In order to also satisfy the Lieb-Oxford bound [79], the lower limit on the ‘indirect’ part
of the Coulombic interaction energy (that part which arises from the quantum effects of

exchange and correlation), such that
Exzﬁkcz—aﬁ/n%r, (3.92)

where C' has been improved upon over the years [79-82] but is stated as 1.679 in the
original PBE formulation. In order to satisfy the Lieb-Oxford inequality and still recover

the form above for small density variations, we recast our function as

s2\ 7!
Fk@)—1+n—m<1+%:> , (3.93)

where in the case of C' = 1.679, x = 0.804.

3.1.3 Van der Waals corrections

A van der Waals correction can be included in the determination of the energy of a system,

and so far the dispersion force has not yet been considered. The correction used in this
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project is that of Grimme’s DFT-D3 [65], which is calculated and subtracted from the
Kohn-Sham energy determined from a particular exchange-correlation functional. This
specific correction has been chosen for its good results [52], low computational burden,
and strong compatibility with our chosen exchange-correlation functional, PBE. Indeed,
one of the goals of the correction’s development was compatibility with PBE (and other
common functionals).

The dispersion correction is as follows:

EDFT—D3 = EKS - Edisp ) (394)

where Egisp is the sum of the two- and three-body terms, respectively:

Edisp = E(Q) + E(g) . (395)

The two-body term is more important, and is a form of our previously determined
Equation 2.251, but with a more proper treatment of the frequency-dependence of the
polarizability, a. The two-body term for a system of interacting species, where AB is a

pair of any particular species, is

Egpy =Y, > 5, CnAB g (3.96)

rn
AB n=638,10,... AB

where s is a scale factor that depends on which exchange-correlation functional the
correction is being used with (as some hybrid functionals account for long-range dispersion
already), f; is a damping function to avoid near-singularity behavior at small radii 745,

chosen to be numerically stable, and C45 are the dispersion coefficients of the atomic pair

AB,
3 [~ . .
Co.aB = —/ ay (w) ap (iw) dw (3.97)
T Jo
1 <7"4AB>
Cs.ap = 3Cs,a84 | (Za4ZB)? 571 , (3.98)
(rip)
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where w is the frequency of the field inducing the dipole moment, Z is the nuclear charge,

8 and beyond come from a multipole expansion. There are higher

and our terms in 7~
order terms in the two-body dispersion energy, but they are here ignored; while discussed
in Grimme’s paper [65], they are excluded from the correction as they make calculations
of complicated systems unstable, and do not improve those of simpler systems by any
significant degree. The damping term, f;, is one introduced by Chai and Head-Gordon

[83], originally to fix divergence of the dispersion correction within their functional at

short nuclear distances,

-1

TAB o
1+6 | ———— ) 3.99
<3T,nRO,AB> ] ( )

where s, , is again a scaling factor, Ry is the interatomic distance region within which the

fa=

dispersion energy is decreasing in magnitude (determined as part of the correction), and
a, is a steepness parameter, determined manually.
The three-body term contributes much less to the total dispersion correction than the

two-body term (approximately 5 — 10%), and the leading term is given by [84]

Capc (3 cosf, cos by, cosf. + 1)

Eipe = 3 , (3.100)
(raBTBCTCA)
where 0 are the internal angles of the triangle formed by r, and
3 [ . . .
Capc = —/ ay (iw) ap (iw) ac (iw) dw . (3.101)
T Jo

Non-leading terms are excluded due to their negligible contribution, resulting in a three-

body term of

Eg =Y fusEasc (3.102)
ABC

where the damping term is determined using the geometrically averaged r.
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3.1.4 Hybrid functionals

Hybrid functionals are typically an improvement over DFT-only methods, where by
combining the exchange-correlation functionals from DFT (that are density dependent)
with Hartree-Fock-like functionals (that are orbital dependent), results closer to those of
experiment can be obtained compared to those from either isolated method. The ratio of
combination is usually selected empirically, with justification for hybridization from the
underestimation of energies from DFT and the overestimation of Hartree-Fock methods,
both of which lead to poor experimental agreement of band gaps in solids. The mixing
parameter, «, is the fractional contribution of the Hartree-Fock-like functionals, so in

general we have
glbid) _ pOFD | (E;DFT) _ E&HF)> , (3.103)

where the correlation component is not considered in hybrid due to being a small
comparative contribution to the final result. Some hybrid formulations use multiple
mixing fractions and multiple exchange functionals e.g. B3LYP, which uses Lee-Yang-
Parr (LYP) correlation [85] and Becke (B88) exchange [86], each with different mixing
fractions, but the principle remains the same. This project uses only one hybrid
functional, which does not do this: the Heyd-Scuseria-Ernzerhof (HSE) functional [53].
The HSE functional is based off of the PBE DFT functional that we use in this project,
and has been demonstrated to provide consistently strong performance for analysis of

semiconductors’ structural and electronic properties [54].

The Heyd-Scuseria-Ernzerhof functional

Long-range Hartree-Fock-like Coulomb interactions are difficult to calculate efficiently due
to the non-local nature of the problem. So, the HSE approach is to split the exchange

interaction into a long- and short-range interaction, and hybridizes only the short-range
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component:

Eg{IéSE) _ aEg(HF,SR) (w) + (1 — a) E&PBE,SR) (W) + Eg(PBE,LR) (@) + E(CPBE) (3.104)

Y

where the LR and SR superscripts denote long- and short-range components respectively.
The dependence on the adjustable screening parameter w provides the division of the
Coulomb term into long- and short-range components, which is determined by substituting
in the following:

_erfe(wr) erf(wr)

1
== + , (3.105)
T T r

where the first term on the right hand side is the short-range term, and the second
the long-range term. erf(wr) is the error function, a sigmoid function that is normally
distributed and runs between —1 and 1, and erfc (wr) = 1 — erf (wr). The choice of this
specific function is partially arbitrary, with the authors giving the justification for its use
as it being analytically integrable [53|. w dictates the rate of decay of the error function,
and so determines the relative contribution from long- and short-range functions at a
particular distance i.e. it is a screening parameter.

The use of HSE, then, hybridizes the PBE DFT functional in a manner which avoids
added computational resources for solving the long-range Coulomb contribution and the
correlation interaction, while improving the prediction of the exchange interaction over
short range (with careful, empirical, choice of w). Due to the use of Hartree-Fock exchange
there is still an increase in computational resources, but this increased cost goes towards

the most impactful components of the functional.
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3.2 Pseudopotentials

—— All-electron wavefunction
—=- Pseudopotential approximation

Feut
r

Figure 3.3: A comparison of the all-electron (solid, blue) and the pseudopotential
approximation (dashed, red) of a wavefunction, . The point beyond which the
pseudopotential function matches the all-electron function is the cut-off radius, rey.

Pseudopotentials are replacements for real potentials that aim to reduce computational
cost when determining properties that depend on that potential. As core electrons are
chemically inert and do not contribute to bonding, for electronic structure calculations
pseudopotentials replace the real electron density of electrons in the core with smoother
approximations that give the same results within a desired precision of important
properties. This is seen where the resultant potentials are the same for the exact and
pseudopotential systems beyond a given atomic radial cut-off, r.,;. They result in much
simpler electron wavefunctions, as in Figure 3.3. A pseudopotential as used in this
project refers to that which describes the core electron density of a specific species,
with particular considerations. These considerations are the type of exchange-correlation
functional that is to be used, whether spin-orbit coupling needs considered, and the
character of the pseudopotential (i.e. hardness and norm-conservation). To create a
pseudopotential, atomic orbitals are calculated using DFT by solving self-consistent
Kohn-Sham equations (Section 3.1) for one-electron states, for all electrons, including

those in the core, typically in a simple system like a single spherical atom (due to
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the cost of all-electron calculations; transferability to other systems is discussed in
subsection 3.2.2). Smoother pseudo-orbitals are then mapped on to the ‘exact’ (within
the limitations of the DFT exchange-correlation approximation) all-electron orbitals,
and a pseudopotential function can be extracted that matches the all-electron potential
beyond a desired 7., chosen such that the chemically active (valence) electrons are
beyond this distance (Figure 3.4); repulsion from core electrons tends to maintain
separation, and any the part of the valence orbitals that does potentially extend in to
the core region is less important (otherwise core electrons would be more chemically
active than they are). The pseudopotential does not match the all-electron potential at
radial positions below 7.y, and instead is smoother and less computationally demanding
to use in subsequent calculations. The pseudopotential is then validated by comparing
electronic structure calculations using the pseudopotential and the all-electron potential.
Future calculations using the pseudopotential assumes that the core electrons cannot
change state, and keep their smoothed density defined by the pseudopotential; this is
the frozen core approximation. The smoother pseudopotential has fewer Fourier modes,
and so fewer plane waves must be considered to achieve an accurate result, i.e. the high
energy plane waves that cause rapid oscillations in potential near the core can be ignored.
This results in the concept of energy cut-off, the energy beyond which a calculation stops
including plane waves. A smoother pseudopotential allows for lower energy cut-offs,

saving computational resources.

3.2.1 Orthogonalized plane waves

The precursor to the modern pseudopotential method is the orthogonalized plane wave
(OPW) method, developed by Conyers Herring in 1940 [87]. We will discuss this
method here to provide some structural background for more modern pseudopotential
formulations. The aim is effectively the same as the pseudopotential method; produce
pseudowavefunctions for core electrons that are computationally less intensive to find
solutions for than the true wavefunctions. The OPW method does this by defining a

plane wave basis set for valence states which the pseudowavefunctions then follow from,
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Core Valence Higher — 1s

Figure 3.4: A general representation of the radial orbitals, R, (r), of an atom, showing the
probability density of radial position for some electrons. There is clear spatial separation
between core states, valence states and unoccupied higher-energy states, allowing for
selection of good 7., values.

in contrast to pseudopotential methods that replace the atomic core potential.

To define the valence electron plane wave basis set, we subtract a correction term from
the permitted plane wave set for all electrons. The correction term is the weighted overlap
between permitted wavevectors and atomic core functions, u; (r), that are localized around

the nucleus, representing core states. The plane wave basis functions are then

1] .0
Xq " (r) =g €T = > (ula)u; (v) (3.106)
J
where (2 is the volume of the crystal and q is the wavevector associated with the plane
wave. We can choose u; (r) such that the resultant wavefunction is separated into a
smooth part of the function, approximating the core behavior, and an outer part that
is equivalent to the true wavefunction. vy (r), the wavefunction of a valence electron of

angular momentum [, is then represented by its Fourier expansion as

i ) = [ G mda= [ Ciag, [eiq*—z<uj|q>uj )| s, (3107)

J
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where C) are the Fourier coefficients (see subsection 2.1.2). This is a superposition of the

smoothed core function, {bvl“, and the term accounting for the part outside the core, as
U () =97 (1) = ) Byju (r) (3.108)
J
whose components have Fourier expansions

U (r) = / Ci (q) e"4"or (3.109)

Bij = /Cz (a) (uj|q)or . (3.110)

The wavefunctions resulting from the OPW basis functions have reduced amplitude
and smoother structure near the nucleus compared to the true wavefunctions, but are not

orthonormal.

3.2.2 Norm-conserving pseudopotentials

Consider the pseudopotential for a particular atomic species. We want it to be valid
and computationally tractable when used in systems other than that within which it was
created i.e. we want it to be transferable. As such, it should retain its validity when
the atom is placed in a bound state within a molecule or crystal. When placed in a
poly-atomic system, the valence orbitals experience a perturbation from other atomic
cores, resulting in a shift in their energies (see section 2.2). In 1979, norm-conserving
pseudopotentials (NCPPs) were developed by Hamann, Schliiter and Chiang from Bell
Laboratories as an ab initio method of producing transferable pseudopotentials [88].
Applying our first constraint on the pseudo-wavefunction, the norm-conserving

condition between the all-electron ()4r) and pseudo-wavefunctions (¢¥pp),

[(aelbar)? = [(Ypplbre) (3.111)

the integrated charge within 7., must then agree between all-electron and pseudo-
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—— All-electron wavefunction
--- Norm-conserving function
------ Smooth function

wy(r)

T T
—lcut 0 Feut

Figure 3.5: A schematic representation of a smooth function (dotted, red) in one
dimension that matches a valence wavefunction (solid, blue) beyond the cut-off radius,
Tews- Lhis is compared to a norm-conserving function (dashed, green) that also matches
the wavefunction beyond 7.

wavefunctions, as the integrated charge therein is

Tcut

O = /0 ) or= [ e (r) o | (3.112)

0

where ¢; (r) = ri; (r) in spherical coordinates, which will be used later in place of the
radial wavefunction to simplify some problems, and the fundamental unit of charge is
being taken as 1. A comparison between norm-conserving and general smooth functions
that match a wavefunction beyond some cut-off radius is given in Figure 3.5.

We apply a second constraint that the shift in energy resulting from being in a poly-
atomic system must be consistent between the all-electron wavefunction and the pseudo-

wavefunction to a linear order beyond 7.y:

wAE (T > Tcut) = wPP (T > Tcut) ) (3113)
%?ﬁAE (T > Tcut) = %wPP (7' > Tcut) . (3114)
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We divide these two equivalencies to get

Y (1> Teu) o Vpp (1> Teut)

wAE' (7“ > rcut) wPP (T > rcut)

Y

and therefore

J

or or

We will define the logarithmic derivative,
Dy(e.r) =1 lnvy (e.7)
r)=r—In r
1\& Sr 1\% )

where the € dependence is shown explicitly due to later use.

Using ¢, (1), the radial Schrédinger equation can be recast as

1 62 I(1+1)
~o5z (755

If we define a variable, (;, as a modified logarithmic derivative, D, (€,r) as

CZ(G,T) = L [DI(E,T)+1] :%1H¢Z(T>,

,
we can re-arrange the above radial equation as

1 RIGER))
o)

+2(V(r)— e ,

r2
and as

5 1 0o
or ¢ (r) or

Gler) = %ln b1 (r)
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—1In 7v/}AE' (T > 71«3ut) = lanP (7" > rcut) .

+ V(1) = €| na(r) =0

(3.115)

(3.116)

(3.117)

(3.118)

(3.119)
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(3.121)



and

8¢ b & 1 1 0% 0 [6 1 5 1 6%
W—me*@(m'm—ﬂ@( )“]*

w00 BT
o (r)? (W) O

we can represent the radial equation as a nonlinear differential equation, as in Equation
3.123.

5—C+C(e r)2:l(l+1)+

= S +2[V (1) - ¢ (3.123)

We now differentiate this with respect to energy, where a prime notation indicates

differentiation with respect to r,

) )
EQ/ (6,7“) + 2Cl (6, ’I“) EQ (6, T) =-1.

(3.124)
Consider the expression
1 9 9 0C
o [0 5] 12
and differentiate explicitly as
1§ 5 6C 1 2 d°C | 0C 0 2
o (O] e [0 e ) 3.120
BC e () _ | d |

+2

= 5roe F 25e o) " aroe T 2546 -

This is the same expression as the left hand side of Equation 3.123 when differentiated

with respect to €, and so we rewrite this as

1 5 5 6C
PR {@ (r) E} =1, (3.127)

We then rearrange and integrate with respect to r between radii of 0 and the cut-off
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radius, ey,

20C _ ™ o1 (1) or (3.128)

¢l (Tcut) & o

to find that at the cut-off radius

o 1
b~ ot e

We can conclude from this that if the pseudopotential wavefunction, ¢pp, has the same
magnitude at the cut-off radius as ¢ag (which it does by construction), as long as it
is also norm-conserving i.e. the integrated charge within r., agrees between the two
wavefunctions, then the first energy derivative of the logarithmic derivative (; is the
same between pseudo- and all-electron wavefunctions. In terms of our previously defined

logarithmic derivative, D; (€, 7y ), this is expressed as

5 Tcut
— Dy (€, Ten) = ——2 3.130
(56 ! ( T t) ¢l (’r‘cut)2 Ql ( )

In this case, for a self-consistent potential, the scattering phase shifts, n; (€), which
depend on D; (see Appendix F) and therefore the energy shifts are the same i.e. our
second constraint (energy shifts from being in a poly-atomic system are consistent between
pseudo- and all-electron wavefunctions) is implied by the first (norm conservation). As
such, NCPPs are transferable from the simple environment they are generated into more

complex, poly-atomic systems.

3.2.3 Projector augmented wave method

The projector augmented wave (PAW) method is that used in this project. In this
approach developed by Bléchl in 1994 [44], wavefunctions are evaluated as integrals
of smooth functions plus contributions localized around atomic sites, which are radial
integrations i.e. the wavefunctions are represented as spherical harmonics near nuclei,

and smoother pseudo-wavefunctions elsewhere. These radial integrations are over what are
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commonly called ‘muffin tin spheres’, where space is divided into two distinct categories:
spheres surrounding nuclei, and the interstitial space in between these regions (the name
coming from the appearance of this division in a two-dimensional plane being reminiscent
of a muffin tin). Within the spheres, the effective potential is approximated as spherically
symmetric, and constant outside of the spheres.

Using the frozen core approximation, we consider a smooth part of a valence
wavefunction (like those in subsection 3.2.1), QZ (r), where we have dropped the super-
and subscript as we are only dealing with valence wavefunctions here. To obtain the

smoothed wavefunction, we apply a linear transformation, 7, such that
O="TY, (3.131)
and assume that the transform is unity outside of the nuclear muffin tin sphere:
T=1+> Ta, (3.132)
R

where 1 is the identity transform, and R denotes the spherical dependence of the partial
wave solutions localized to each sphere. The smooth wavefunction can be treated as a

sum of m partial waves within each sphere (expanded into plane waves), and so we have

=Y Crlthm) (3.133)

and

) = Tv) = ZC [¥m) - (3.134)

We can represent the all-electron wavefunction as the following, by both adding the

pseudo-wavefunction and then subtracting it in its partial wave form:

) = [¥) + > Crm [|me> — [Vrm) | - (3.135)
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As the transformation 7 is linear, we have for the coefficients C,, a projection in each

sphere, with projection operator pr,,, on to the pseudo-wavefunction

Crim = (PrRin|¥) (3.136)
Pron|VRmr) = S (3.137)
such that we ensure
0) = > [Vrm) (Pral0) | (3.138)
Rm

as required. So, we can see form examination of the above that the transformation, 7T, is
T=1+) [WRm) - |¢Rm>] (PRm| - (3.139)
Rm

Some operator, A, will have the same expectation value as its transformed operator, .,Zlv,

when applied to the appropriate wavefunctions, i.e.
Z filthi| Alei) = Z fz@!ﬁﬂ% ) (3.140)

where the sum is over states, i, f; is the occupation of the state, and the transformed

operator is given by
A=TVAT = A+ 3 ) | Wnl Altins) = {Gn | Aldh) | B (3.141)

Using this operator relationship above, we consider the case where A = |r)(r|, i.e. the
real-space projection operator, which has expectation value n (r). We see that this is

equivalent to the expectation value of the transformed operator acting on the transformed
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wavefunction:

nm=2mﬁbm+2mﬂwmmw%@mw%W%ﬂw

mm/

= 57 4 1) + 3 )l e el -
; o (3.142)

S ) ) 150 | )

mm/

=7 (r) +nW () — 7D (r) ,

where 71 (r), n(V) (r) and 72V (r) are the terms in their respective order, with the superscript
(1) terms being the localized densities about each atom i.e. the muffin tins. The electronic
density is equivalent to a smooth density function, 7 (r), extending through all space
except regions localized about nuclei (hence the subtraction of 7" (r)), plus the rapidly
varying density localized about nuclei, n(" (r). These integrals can be performed in
spherical coordinates, and do not suffer problematic variations near the nucleus.

By (in principle) capturing core electron interactions accurately through n(Y and
n™ (and the equivalents for other observables), but allowing the interstitial region
between muffin tin spheres to be augmented by the projector function and so allowing
the plane wave expansion, the PAW method provides a computationally efficient, but
accurate, modification of the pseudopotential method. The core states are, in practice,
not represented by individually constructed pseudopotentials, but instead the total core
density is used. The expansion of pseudo-wavefunctions into plane waves is truncated by

an energy cut-off.
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3.3 Numerical algorithms and calculation overview

This section is dedicated to the specifics of the calculations performed in this project
that have not yet been discussed in the relevant theory sections. This includes important
numerical algorithms deployed by the programs used, as well as a brief overview of the

different types of calculations performed and their significant parameters.

3.3.1 Numerical algorithms and computational techniques
k-point grids

Performing electronic structure calculations frequently requires integrations over the
Brillouin Zone. These can be difficult or intractable to perform analytically, so numerical
methods are used. In a multidimensional analogy to integration by the trapezoid rule,
we can define a grid of discrete points in k-space, and sum their contributions to provide
a numerical solution to the integral problem. This grid must be carefully selected,
both for its concentration of points and the position of those points; there is a greater
concentration requirement in areas where the integrand varies rapidly. The specific
positions of these points can be selected such that symmetry can be taken advantage of,
and integration must only be carried out over an irreducible Brillouin Zone (IBZ), as
displayed in Figure 3.6.

By shifting the mesh such that there are no points at k = 0, the number of inequivalent
points in the IBZ can be reduced, which reduced the computational load of calculating the
integral. One method for determining these points is the Monkhorst-Pack method [45].
This is one of the most popular methods for handling the mesh for numerical integration,
and the primary method used in this project. The Monkhorst-Pack mesh points are

positioned at

3

Kny nains = Z TGi ; (3.143)

i
where 1 < n; < N;, n; € Z* and G; are reciprocal lattice vectors. If the integrand is

a periodic function whose Fourier components extend only to N;T;, with T; being the
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Figure 3.6: Grid points (red points) within the first Brillouin zone (delimited by the
blue dashed squares) between reciprocal lattice points (gray points). Dashed black lines
delimit the IBZ, shaded in green. With a grid centred on k = 0 (left), the IBZ contains
six inequivalent points over which integration must be carried out. By shifting the mesh
off-center (right), the number of inequivalent points can be reduced, in this case to only
three.

translation vectors of the crystal, then the sum over the uniform set of Monkhorst-Pack
points gives the exact integration. This method provides then integrations as exact as

permitted by the choice of energy cut-offs.

Fast Fourier transform

The fast Fourier transform (FFT) is an algorithm used to compute discrete Fourier
transforms in a way that scales computational complexity much more favorably than
decomposing a large number of components directly. Direct calculation has a complexity

of O (n?), as there are n outputs Xy, each requiring a sum over n terms:
n—1
21k
Xp=> amen™, 0<k<n-1,keZ". (3.144)
m=0

The complexity of FFTs is much lower, O (nlog,n). Quantum ESPRESSO uses the
FFTW subroutine library [89], which deploys specific FFT algorithms depending on

the machine and data set. The most widely used FFT algorithm is the Cooley-Tukey
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Figure 3.7: A simple block diagram of the Cooley-Tukey FFT method (broadly
representative of most FFT methods) for n = 8. Arrows indicate a multiplication by
the annotated value, with a multiplication of 1 for no annotation. Eight inputs, z,, are
split in a ‘divide-and-conquer’ technique and so resolving the discrete Fourier transform
problem of length n into two of length £. They are thus solved with a lower complexity
than the initial problem (and can be further split to smaller Fourier processes as described
in the main text) for even- or odd-indexed outputs, X ,geven’ °d) These are then fed in to
Equation 3.153, and solved for the final outputs, Xj.
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algorithm [90], which exploits symmetries in the exponential term above. Let this term

be defined as W,,,

W, =e ", (3.145)

which has properties of complex conjugate symmetry, and is periodic in m and k:

erf(n—m) — Wn—km — (me)* , (3.146)
Whm — yyktntm) — yy(ketmm (3.147)

as
W:n _ e—i27rk -1 . (3148)

The algorithm separates z, into even- and odd-indexed subsequences, where here we
assume that n is a power of two. This is not a requirement, but would otherwise complicate
the following without adding instructiveness to the description of the core algorithm.

These subsequences can be represented as

n—1
X, = lemwjjm = > W+ z;dxmw,’;r . (3.149)

For even indices, we have that m = 2r, and for odd indices m = 2r + 1, with 0 < r <

n_

5 — 1. This allows zero-indexing for computational deployment, and we can substitute

and factorize:

oy oy

Xk _ Z ZEQTW,SQT + Z x(2r+1)W7—(L2r+1)k
r=0 r=0

oy g

=, (W WES aampny (WA
r=0

r=0

(3.150)
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We recognize that

W2 = e 2 — TR = Wa (3.151)
and so
21 21
Xy =Y wnWE +WEY oy WA (3.152)
r=0 r=0

n

The first summation is an 7 point discrete Fourier transform associated with the even

(even

samples, which we will denote X, ), and the second is associated with the odd samples,

X ,gOdd). The full discrete Fourier transform can then be denoted as
Xp = X kx4 (3.153)

This representation illuminates the simplification introduced by the algorithm so far,
where the signal is split into two half-sized signals to be solved separately, giving solutions
to be summed as increasing powers of W,,, up to W/". This is displayed for the m = 8
case in Figure 3.7.

We can see from examination of Figure 3.7 that the algorithm so far requires 2 (%)2
processes (solving both of the # transforms), and then an additional n processes to produce
the outputs, W*. This splitting can be applied recursively, replacing the two § transforms
by four ¥ transforms and so on, ultimately resulting in 5 transforms where they cannot
be split any further. The limit to p is where ; = 1, i.e. no more splitting can occur, so in
this limit p = logon. In this case, the complexity of the transforms is 7;—2 =n, and np for

the multiplication processes to produce the outputs Wy, which for large n approximates

to O (nlogy n), which scales very favorably compared to the direct calculation of O (n?).

Wannier interpolation

When performing calculations with hybrid functionals such as HSE, only self-consistent

calculations are supported by Quantum ESPRESSO. These calculations use a relatively
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coarse grid of k-points for sampling, and so are not particularly useful for the direct
representation of detailed electronic structure (such as a band structure diagram)
without further refinement. As such, non-self consistent field calculations are performed
afterwards, using a single step on a much finer sampling grid with the output from
preceding self-consistent field calculations as starting data. In order to produce something
like band structure with a hybrid functional, then, as one cannot simply deploy a non-self
consistent calculation, we must either perform a self-consistent calculation with a fine
grid (which is expensive) and a hybrid functional (which is very expensive), or use an
interpolation method. Here we use the Wannier interpolation method: using Wannier
functions to interpolate existing data of the Hamiltonian on to a finer grid of k-points, in
order to mimic the use of an appropriately fine grid. To do this, we use the wannier90
tool [91].

The Wannier interpolation method starts from previously determined energies (from
scf calculations), E,q and wavefunctions, 1,q (r) = u,q (r) €9" (see Equation 2.33). We
use here wavevectors q to represent those from previous calculation, and k for those from
the interpolation grid. In our case, the energies and wavefunctions have been determined
in a self-consistent calculation using a relatively coarse grid of k-points that has Ny =
N((ll)Ng)N((f’) wavevectors within the reciprocal unit cell. We use an equivalent form of

Equation 2.114 with our notation here to define a set of J Wannier functions:

Ja
o) = 3 3¢ TS Vo (@) (3154
a q m=1

where the matrices V,,, are unitary and so preserve orthonormality, and contain the
required information to ensure that the resulting Wannier functions are maximally
localized i.e. the quadratic spread within the ‘home’ unit cell (R = 0), €2, of the Wannier

functions is minimized with respect to wq (r),

Q= Z<¢On|r2|¢0n> - <¢0n|r|¢0n>2 : (3'155>

n

Maximal localization ensures that the Wannier functions are a unique set of functions,
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reducing redundancy and providing a physically meaningful description: localized
molecular orbitals. The Bloch wavefunctions in this maximally localized Wannier gauge,

then are

W) = e T ul) =37 e R pg,) . (3.156)
R

The elements of the Hamiltonian (energy) matrix, H;; = (i|H|j), for states |i), |j) in

terms of the wavefunctions in the Wannier gauge, is then

1 —ia-
How (R) = <D e R 00 () | (3.157)
1 q

which is also representable in terms of the energies from previous self-consistent

calculations,
1 —iq: *
H,..(R) = N Ze qRZ i (4) EiqVin (@) - (3.158)
a g ]

In order to extract energies at an arbitrary k-point, i.e. to interpolate to a finer grid, we

just need to construct the Wannier Hamiltonian matrix, with elements
HOY (k) = Hy (R) ™R (3.159)
R

and evaluate at our desired k. By doing so for k-points in between those already calculated
in our self-consistent calculation, and along paths of interest (such as in Section 2.2), we

can populate a finer grid for analysis of properties such as band structure.

3.3.2 Details of calculations

This subsection provides an overview of the calculations performed during the project,
from the perspective of their practical use within the Quantum ESPRESSO suite.
The primary code that is used is pw.x from the PWscf package. This deploys most

of the calculations used. Post-processing is performed within the same package, but
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uses different codes (one of which is bands.x, unfortunately the same name as one of
the processing calculations in pw.x; it should be obvious from context which is being
discussed). Here we consider data manipulation and reformatting (for plotting, analysis
etc) that lacks calculation of physical parameters to be post-processing. Descriptions of

calculations used in this project are provided in Table 3.1.

Table 3.1: A descriptive overview of the calculations used during this project, including
post-processing codes. They are all within the Quantum ESPRESSO suite.

Calculation Description

scf This stands for ‘self-consistent field’, and is the main calculation of
DFT where the Kohn-Sham equations are solved iteratively. Total
energy, forces, and stresses are calculated as described in Section

3.1.
relax, These are calculations for geometric optimization i.e. finding the
vc-relax atomic positions that minimise the energy of the structure. The

relax calculation allows atoms to move within a cell of fixed
dimensions, whereas vc-relax allows the unit cell dimensions to
vary as well (standing for ‘variable cell’). Series of self-consistent
field calculations are performed at different atomic positions, and
compared iteratively to find energy minima with respect to the
underlying structure.

nscf This stands for ‘non-self consistent field’, and performs only one
step of the typical scf process with a fixed electron density.
However, it also considers unoccupied electron states and should be
performed with a denser k-point grid. Both of these factors make it
more expensive than the scf calculation per step. However, it can
accept as a starting point previous scf calculation outputs. For
cases where fine grids are required, it is overall more economical to
perform an scf calculation on a coarse grid, and then an nscf on a
finer grid as compared to just the scf calculation on the fine grid.
bands (pw.x) This is similar to the nscf calculation, but only computes the Kohn-
Sham states for specified k-points. This is useful for band structure
diagrams, where the energies at points along a particular path in
k-space are needed.

DOS, pD0S These are the ‘density of states’ and ‘projected density of states’
post-processing calculations, respectively. They are post-processing
codes, and simply extract information from previous calculations’
output files to be represented in a useful way.

PpP-X A post-processing code for extracting information from pw.x
calculations in a format suitable for plotting or analyzing.
bands.x Another post-processing code to reformat output data from the

pw.x bands calculation for plotting.
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3.3.3 Workflow

The standard workflow for DFT calculations depends on what data is available for the
particular system of interest, with early calculations being skipped if the data they provide
is already available. For a completely novel system where we are using a DFT-only (not
hybrid) functional, the workflow is displayed in Figure 3.8.

It begins with scf calculations using a sensible guess for atomic positions and cell
parameters (e.g. from existing literature). Convergence testing is performed, where
repeat scf calculations are done on these test systems with increasingly more fine k-point
meshes and increasing values of energy cut-offs. The results of these scf calculations are
compared to determine the most coarse grid and lowest cut-offs that can be used while
still providing the same results within some desired precision. Using these converged
parameters, a vc-relax calculation, or just relax if the cell parameters are known from
similar cases (e.g. the same substrate but different molecular binding site will not affect
the cell parameters), is performed to optimize the system’s geometry.

The main scf calculation is then performed with the new geometry and converged
parameters to produce data on the occupied Kohn-Sham states. The energy output from
this and the previous vc-relax or relax calculations should be very similar, differences
arising from the fact that the plane wave basis set is determined by the input geometry.

In order to produce density of states information, an nscf calculation on a finer grid
than that of the preceding scf calculation is performed, followed by post-processing DOS
and pDOS steps. Similarly, to produce the band structure, a bands calculation is performed
with the desired k-point path and sampling concentration, followed by some simple post-
processing.

The workflow of a hybrid calculation differs, with the initial convergence testing and
geometry optimization stages being the same (and still using the DFT-only functional).
After geometry optimization a further convergence test is performed, this time with the
hybrid functional, but only for the parameters specific to the use of hybrid functionals
i.e. the Fock mesh, another k-point mesh for the Hartree-Fock-like calculations. During

this convergence testing, an scf calculation with the correct parameters will necessarily
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Initial scf convergence
calculations

Geometry optimization
with vc-relax or relax

Main scf calculation

nscf calculation with bands (pw.x) calculation with
a finer k-point grid desired (fine) k-point path
DOS and pDOS PP - X post-processing bands.x post-
post-processing for charge density processing

Figure 3.8: The normal workflow of a DFT calculation, indicating the prerequisites of
each calculation.

have been performed. As discussed previously in subsection 3.3.1, non-self consistent
calculations for hybrid functionals are not supported within Quantum ESPRESSO, and so
band structure cannot be determined without the use of another technique. This technique
is Wannier interpolation (also discussed in subsection 3.3.1), where the wannier90 code is
deployed to interpolate self-consistent field data to arbitrary k-points and fill out a finer

grid. This workflow is represented in Figure 3.9.
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Initial scf convergence
calculations (DFT functional)

|

Geometry optimization
with vc-relax or
relax (DFT functional)
¥
Successive scf calculations
with varying hybrid parameters,
until convergence is achieved

Wannier interpolation
with wannier90

Figure 3.9: The normal workflow of a hybrid calculation, indicating the prerequisites of
each calculation.

3.3.4 Quantum ESPRESSO parameters

This subsection provides an overview of the more important parameters available during
normal workflow, with explanations of their purpose and justifications for their values. A
lot of parameters were kept the same for all calculations that they applied to, some of
which were the default values of the computational suite. In these cases, the parameters’
default values have often been selected empirically, and there is no compelling reason to

change them.

Convergence thresholds

These parameters dictate when an iterate is close enough to the previous value to be
considered converged. This is convergence within a self-consistent calculation, not between

scf calculations for convergence testing of other parameters.

ecut_conv_thr and forc_conv_thr: The convergence threshold on the total energy of
the system and all components of all forces within the system, respectively. The difference
between successive steps’ energies and forces must both be below their respective values

for convergence to be achieved.

conv_thr: Another total energy convergence threshold, but for the total calculation, not
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successive iterative steps.

Energy cut-off

ecutwfc: The kinetic energy cut-off for electronic wavefunctions, which defines the size of
the plane wave basis set to be used. A higher ecutwfc produces a larger, more accurate,

more expensive plane wave basis set.

ecutrho: The kinetic energy cut-off for charge density. It plays the same role as ecutwfc

for charge density.

ecutfock: This is the analogous term to ecutrho for Hartree-Fock-like functionals.

Occupations

In this project, we have used two arguments for this parameter, ‘smearing’ and
‘tetrahedra’. Due to the discrete nature of truncating the plane wave expansion with
ecutwfc, the number of plane waves is a both discontinuous function of the energy
cut-off, but also of the lattice parameters at a fixed energy cut-off (changing the spatial
scope of the lattice may discretely introduce or remove lattice vectors to or from the
energy range). So, the system energy as a function of the lattice parameters will suffer

discontinuities, corresponding to a change in the number of plane waves.

occupations = ‘smearing’: Smearing methods broaden the occupation function to

reduce the magnitude of the discontinuities, thus reducing numerical noise.

occupations = ‘tetrahedra’: Alternatively, Blochl’s tetrahedral method [92] discretizes
the Brillouin zone into tetrahedral cells with vertices at the sampled k-points, and
computes the occupation of electronic states within each cell by interpolating between
the sampled points. This is typically more accurate than smearing methods, but can
be more expensive. We use this option, then, for nscf calculations, and the smearing

method for scf.
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Mixing

mixing_beta: We always use Broyden mixing [73|, with this parameter being the mixing

parameter « from subsection 3.1.1.

k-points

The k-points over which the Brillouin zone is to be sampled can be determined in a
number of ways using different arguments, followed by coordinates in the relevant format.
automatic: We typically use this option, where a uniform Monkhorst-Pack mesh [45] is

generated with provided dimensions.

gamma: Alternatively, we can sample only the I' point at k = 0, suitable for large systems

in real space where we accept rough results.

crystal_b: Instead of a mesh, we can define a k-point path over which to sample Kohn-
Sham states, as well as the concentration of sampling along the path. This is appropriate

for bands structure plots, and is used in bands calculations.

Fock mesh

ngx1, ngx2, ngx3: These are the dimensions of the Fock mesh, the Hartree-Fock-like
equivalent of the k-point mesh. They cannot be larger than their respective k-point

mesh.

Spin-orbit coupling

noncolin: A boolean parameter that allows or disallows non-collinear spin i.e. electronic
spin axes do not have to be aligned. This is set to .true. for calculations that consider

spin-orbit coupling.

lspinorb: Another boolean parameter, which if .true., allows the code to use a

pseudopotential with spin-orbit coupling.
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Hybrid functionals

input_DFT: This dictates the exchange-correlation functional to use. By default it is read
from pseudopotential files, but in the case of our HSE hybrid calculations it is set to

input_DFT = ‘HSE’.

exx_fraction: This is the fraction of Hartree-Fock-like functional to use for the hybrid
calculation, « in subsection 3.1.4. The DFT functional to be used in combination is then

read from pseudopotential files.

screening_parameter: For HSE and similar functionals, this parameter dictates the
value of w from subsection 3.1.4. This has been left as the default value, as tested and
implemented by the original authors. Originally, it was stated by them to have been
w = 0.15a;" in their testing [53], but this was later corrected in an erratum [93] to have
been w = %a& ' ~ 0.106a," all along (the discrepancy not affecting the validity of
their work). Sometimes literature will refer to the functional using the earlier, incorrect,

implementation as HSE0O3, and the corrected implementation as HSE06. This project
used HSE06, but will refer to it simply as HSE.
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Chapter 4

Determining properties before

heterostructure formation

The first step of this project was to classify the geometry of the materials that were to be
investigated, as well as confirm their independent electronic structure. This initial analysis
culminates in the comparison of pentacene’s frontier orbital energies with those of each
TMD, for a number of different computational frameworks. The frontier orbital energies
were then compared between TMDs and pentacene, which gave us a coarse prediction of
the type of heterojunction to expect later. The type of heterojunction is important in
heterostructure semiconductor devices as it determines use cases of the device, so this is
among the first things to be checked when considering combinations of materials in this
context.

The TMDs investigated, MoSy, MoSes, WS, and WSe,, are found in two phases when
in monolayer: 1T and 1H [16]. The 1H monolayer is identical to any single layer in the
2H and 3R phases, with distinctions arising only with the addition of stacking layers and
their orientation to each other. These schemes are displayed in the Introduction chapter,
in Figure 1.1. As the 1T form is metastable and metallic [17-19], we did not investigate
it. The computational frameworks used were DF'T, using the PBE exchange-correlation
functional (subsection 3.1.2), where we either did or did not include consideration of spin-

orbit coupling, and hybrid calculations using the HSE functional (subsection 3.1.4), with
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consideration of spin-orbit coupling. These frameworks will be referred to as PBE-nSOC,
PBE-SOC and HSE, respectively.

As van der Waals forces are considered using Grimme’s D3 method, a perturbation
to the energy functional, we have not directly consider van der Waals interactions when
calculating the electronic structure; the effect on electronic structure is indirect, arising
from changes in the optimized geometry due to the perturbation. This introduces an
error as an incorrect treatment of these forces, but there do exist functionals that include
van der Waals interactions within DFT, notably the family of non-local van der Waals
Density Functionals (vdW-DF) [94]. By considering long-range correlation effects through
inclusion of a non-local component of the correlation functional that captures dispersion
forces, vdW-DF methods provide a more intrinsic treatment of electronic structure. These
effects can directly affect the electronic structure instead of effects arising solely from
changes in geometry as in the methods used in this project. This results in a self-consistent
description of dispersion effects. Computational cost is greatly increased over local and
semi-local GGA only functionals, however, and so we did not proceed with the use of
these functionals.

The inclusion of spin-orbit coupling is a more physically accurate framework,
predicting spin splitting of energy bands which leads to a more correct treatment of
frontier orbital energies, but it comes at an increased computational cost. Therefore, we
included it at this early stage while using small unit cells, and did not include it later
when using the much larger supercell approach for analysis of the heterostructures (seen
later in Chapters 5 and 6). This allowed us to quantify the degree to which the inclusion
of spin-orbit coupling affects the resulting energies, and establishes any change in pattern
amongst the different TMDs.

We performed our HSE calculations without spin-orbit coupling on only monolayer
MoS,; and compared the computational cost to the same, but with inclusion of spin-
orbit coupling, and found that the increase in cost was perfectly manageable for the
small systems, especially in the context of naturally expensive HSE calculations. As

HSE calculations are expensive without spin-orbit coupling anyway, we only performed
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the HSE calculations on the other TMDs with spin-orbit coupling, avoiding performing
two sets of expensive calculations on each TMD. This is also true for pentacene; we did
not perform HSE calculations without spin-orbit coupling. As such, any time our HSE
calculations are discussed, they include spin-orbit coupling unless otherwise specified.
With these considerations, we first performed convergence testing for computational
parameters, followed by geometry optimization with these converged parameters, and then
the electronic structure calculations required to describe the band structure and density

of states of the systems.
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4.1 Computational details

Some of the computational parameters for the project were determined following
convergence testing, which follows in Section 4.2. Other details were determined due
to decisions outlined previously in the introductory chapter (Chapter 1) or established
default values within our plane-wave basis computational suite, Quantum ESPRESSO.
These include the use of the generalized gradient approximation PBE [43| functional for
DFT calculations and the hybrid HSE [93] functional (HSE06, where w = 0.106a,"),
Grimme’s DFT-D3 [65] van der Waals force corrections, the projector-augmented
wave [44] method using norm-conserving pseudopotentials, and a Monkhorst-Pack grid
sampling method. The k-point (and g-point for hybrid calculations) grid dimensions
required convergence testing, as did cut-off energies; both are discussed in the following
section. The self consistent field convergence thresholds for total energy, force and
individual electron energy were etot_conv_thr = 10 *a.u., forc_conv_thr = 10 %a.u.
and conv_thr = 10~ %a.u., respectively. These values are used throughout the project. In
Chapters 5 and 6 we use the supercell approach to construct our heterostructures, which
use different computational parameters as a necessity of the size of the systems. These

are discussed at the beginning of the relevant chapters.
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4.2 Convergence testing

The parameters for DFT calculations that needed converging were the size of the k-point
mesh, represented by the dimensionality of the Monkhorst-Pack grid, and the plane wave
kinetic energy cut-off for the electronic wavefunctions, ecutwfc.

The aim is to perform increasingly more expensive (and more accurate) calculations
by varying the parameter to be converged, compare the output energies, and choose the
parameter value of the cheapest calculation that produces the same output as the value
to which increased parameter cost will converge to, within some predefined convergence
threshold. This threshold is chosen based on the desired final precision.

Using initial guessed at geometry (from known experimental data for the lattice
parameter of the crystal, and a hexagonal Bravais lattice) and a high-dimension k-point
mesh of 24 x 24 x 1, successive scf calculations were performed with increasing ecutwfc
and ecutrho. The frontier orbital energies following completion of the iterative self-
consistent process were compared between calculations with different values of energy
cut-offs. A threshold for frontier orbital convergence of 0.005 eV was chosen, where the
cheapest calculation that gives frontier orbital energies equivalent, within this threshold,
to that of subsequently more expensive (and more accurate) calculations provides the
parameter value that we move forward with. Caveats are that the parameter must
be flattening out with respect to increasing calculation cost, and that each subsequent
calculation is also within the convergence threshold. We proceeded with early calculations
on pentacene out of heterostructure using a slightly higher cut-off energy than was strictly
required, due to previous work within the research group. This will not affect results,
as shown by convergence testing. A similar process was then performed with varying
densities of k-point mesh, using the converged value of ecutwfc and ecutrho. Here
we assess the Fermi energy, as we are ultimately interested in the band structure, for
which the Fermi energy is a good proxy for convergence testing: we do not use the actual
frontier orbital energies as before. This is because with changing Monkhorst-Pack grids
the positions sampled from the Brillouin zone change, which may miss the position of the

VBM and CBM for some choices of grid i.e. by changing the grid density, changes in the
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frontier orbital energies reported are not necessarily improvements towards a converged
value, but are simply sampling a different region farther from the actual frontier orbital
position. A threshold for Fermi energy convergence of 0.02 eV was selected, although for
cheap calculations performed earlier in the project, denser k-point grids were occasionally
selected than required for this particular threshold. As we were also interested in geometry
and, later in the project, binding energies of heterostructures, we also converged the total
system energy. In all cases, this converged much faster, and to within a much smaller
range (less than 107 €V), than the Fermi or frontier orbital energies, and so did not affect
any decisions.

As HSE calculations use DFT-optimized geometry as inputs, and only the self-
consistent steps are performed with the hybrid functional, the parameters used in an
HSE calculation that must also be converged in order to perform the previous DFT
calculations are already decided upon, as discussed in subsection 3.3.3. We therefore used
the same ecutwfc and ecutrho as we did for DFT calculations, only increasing them if
required due to a restriction of the software implementation. This was the case for both
sulfur systems, discussed in their relevant subsections below.

However, due to the computational cost of HSE calculations, a dense k -point grid was
not a feasible choice. Additionally, there is a g-point mesh (or Fock mesh) that must be
used alongside the usual k-point mesh. This is for the exact (Hartree-Fock-like) part of the
hybrid calculation, as discussed in subsection 3.1.4. The Fock mesh must match with the
k-point mesh, being divisible into it. Convergence testing operates slightly differently for
our HSE calculations, as we already have geometry from DFT and cannot perform non-
self consistent field calculations: we perform convergence testing on the scf calculation,
which is the only calculation performed with HSE anyway, before moving on to Wannier
interpolation to fill out a denser grid. As such, we perform calculations with successively
more dense Fock meshes until convergence is reached in the Fermi energy to a slightly
higher threshold of 0.05 eV. Once we do reach convergence, we will have already performed
the calculation needed during this process. This means that we end up using the results

from the most expensive (and accurate) calculation we performed despite knowing, albeit
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retroactively, that the second-most accurate would have been sufficient.

We performed HSE calculations on MoS,; without spin-orbit coupling initially, but
found that hybrid calculations both with and without spin-orbit coupling were similar to
each other in cost. As such, we abandoned further HSE calculations without spin-orbit
coupling, and we shall only discuss HSE results with the inclusion of the proper spin-orbit

coupling treatment.

4.2.1 MoS,
DFT

The results of convergence testing for energy cut-off are shown in the left panel of Figure
4.1, where the VBM and CBM values are within the colored bars that represent the
threshold of 0.005 eV around the result form the most accurate calculation from the very
first calculation. As such, we simply use the lowest energy cut-offs of ecutwfc = 80 Ry
and ecutrho/ecutwfc = 4.

Using the converged value of ecutwfc, k-point mesh convergence was carried out with
increasingly dense grids. The x- and y-dimensions were kept equivalent to reflect the
shape of the unit cell, and the z-dimension was held at 1, as there is a large vacuum
region in this direction of approximately 50 A to maintain integrity of the monolayer.

The results of this convergence test are displayed in Figure 4.1, where a 12 x 12 x 1
grid provides convergence of the Fermi energy within 0.02 eV. The total system energy
had converged long before this point, as can be seen in Figure 4.1. While convergence of
the Fermi energy to within a threshold of 0.02 eV was reached with a grid of 12 x 12 x 1,
the computational cost was low for this set of calculations. As such, we proceeded here
with a denser k-point mesh of 20 x 20 x 1 to keep in line with the other TMDs discussed

shortly, although this was not strictly necessary to do so.
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Figure 4.1: The results of ecutwfc (left) and k-point (right) convergence testing for MoSs.
VBM energy (left) and Fermi energy (right) are represented by blue dotted lines, and CBM
energy (left) and total energy (right) are represented by red dashed lines. Convergence was
achieved with ecutwfc = 80 Ry, ecutrho/ecutwfc = 4, and a k-point mesh of 12x 12 x 1.
The VBM and CBM values (left) are scaled the same, but represented within different
energy ranges. The cyan and magenta bars (left) represent the convergence thresholds for
VBM and CBM values, respectively, and the cyan bar (right) represents the convergence
threshold for the Fermi energy, all centred on the value from the most expensive and
accurate calculation. In the left image these bars overlap significantly, resulting in the
single purple bar. Also note that the bars are of height twice the convergence threshold
i.e. extend from the most accurate value by the threshold in both positive and negative
directions.

HSE

Using geometry from previous DFT calculations (with converged parameters), and an

ecutwfc previously determined, HSE scf calculations were carried out with successively

denser Fock meshes. The results of this are displayed in Figure 4.2. Convergence was

demonstrated following the results from using a 6 x 6 x 1 Fock mesh. Due to the cost
associated with hybrid calculations, we did not investigate finer k-point grids, and simply

used a 6 X 6 X 1 k-point mesh, with the intention to increase it in line with the g-point
mesh if needed.

Notably for MoSs,, there was a requirement to increase ecutfock beyond the typical

value of ecutfock = ecutrho = 4 X ecutwfc due to numerical instability that can
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arise from exact calculations on the particular software used here. The solution was to
increase ecutfock from 320 Ry to 400 Ry, and so we increased the other energy cut-offs

proportionally (ecutwfc = 100 Ry, ecutrho = 400 Ry).

MoS, q-point mesh convergence testing
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Bk R
R
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I | |
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g-point mesh

Figure 4.2: Convergence testing results for MoS,, using the HSE functional. Convergence
was achieved with a g-point mesh of 3 x 3 x 1, but a calculation with 6 x 6 x 1 had
to be performed to demonstrate this. As such, the results from the more accurate mesh
of 6 x 6 x 1 were used. The convergence threshold is again represented by a cyan bar,
centered on the most expensive and accurate result.

4.2.2 MoSey

DFT

The same procedure as for MoS, was performed, with resulting parameters of ecutwfc =
100 Ry, and ecutrho/ecutwfc = 4. Using these energy cut-off values, the k-point mesh
was converged to a grid of 20 x 20 x 1. This is the reason (along with WS,) that MoS,
and WSe, use denser grids than otherwise necessary. The results of the test are displayed
in Figure 4.3. Again, the total system energy is shown for completeness, but converged

long before the Fermi energy.
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MoSe, ecutwfc and k-point mesh convergence testing
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Figure 4.3: The results of ecutwfc and ecutrho convergence testing (left) and k-point
mesh (right) for MoSe;. VBM and CBM energies are shown with a blue dotted line and

a red dashed line, respectively (left), and Fermi energy and total energy similarly (right).

VBM and CBM energy thresholds are marked by a cyan and magenta bar, respectively
(left), and the Fermi energy threshold likewise in cyan (right).

HSE

Convergence testing of the Fock mesh followed the same procedure as for MoS,, but a

g-point mesh of 2 x 2 x 1 would have been appropriate (and so the next mesh of 3 x 3 x 1

would have been used). However, (incorrectly) anticipating the need for a more dense

mesh, a further calculation with a 6 x 6 x 1 mesh was performed as part of the calculation

batch. As such, we used the results form this more accurate calculation. This is shown
in Figure 4.4.
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MoSe; g-point mesh convergence testing
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Figure 4.4: Convergence testing results for MoSe,, using the HSE functional. Convergence
was achieved with a g-point mesh of 2 x 2 x 1 as shown by the threshold (cyan bar), but
a calculation with 3 x 3 x 1 had to be performed to demonstrate this, and the batch
included a mesh of 6 x 6 x 1; we use the denser mesh going forward.

4.2.3 WS,

DFT

Convergence testing in the established manner for WS, resulted in ecutwfc = 80 Ry,
ecutrho/ecutwfc = 4, and a k-point mesh of 20 x 20 x 1. The results of the convergence

test for DFT are displayed in Figure 4.5.
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Figure 4.5: The results of energy cut-off (left) and k-point mesh (right) convergence
testing for WSy, VBM and CBM values (left) are represented by blue dotted and red
dashed lines, with their thresholds represented by cyan and magenta bars, respectively.

Fermi energy and total energy (right) are represented by blue dotted and red dashed lines,
respectively, and the Fermi energy threshold is the cyan bar.

HSE

The g-point mesh convergence test results are displayed in Figure 4.6. Similarly to MoSe,,

a mesh of 2 x2x 1 would have sufficed, but a more accurate mesh of 6 x6x 1 was performed

as part of the calculation batch anyway. As such, we elected to use the denser mesh going
forward.

In the same manner as for MoSs, there was a requirement to increase ecutfock beyond

the typical value of ecutfock = ecutrho = 4 x ecutwfc. We again increased ecutfock

100 Ry, ecutrho = 400 Ry).

from 320 Ry to 400 Ry, and increased the other energy cut-offs proportionally (ecutwfc =
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WS, g-point mesh convergence testing
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Figure 4.6: Convergence testing results for WS,, using the HSE functional. Convergence
was achieved with a g-point mesh of 2 x 2 x 1, as shown by the threshold (cyan bar), but
a calculation with 3 x 3 x 1 had to be performed to demonstrate this. As a 6 x 6 x 1
mesh was investigated as a part of the calculation batch anyway, the results from this
were used.

4.2.4 WSe;
DFT

Convergence testing of WSe, parameters demonstrated a need for ecutwfc = 120 Ry,
ecutwfc/ecutrho = 4, and a k-point mesh of 16 x 16 x 1. In keeping with the other
TMDs above, a mesh of 20 x 20 x 1 was instead selected. The results of the convergence

test are displayed in Figure 4.7.
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Figure 4.7: The results of convergence testing for WSes,.

The left panel displays the
results of the energy cut-off convergence test, with the VBM energies as the blue dotted
line and their threshold the cyan bar, and CBM energies the red dashed line with their
threshold as the magenta bar. The right panel displays the results of the k-point mesh
convergence test, with the Fermi energy and its threshold represented by the blue dotted
line and cyan bar, respectively, and the total energy represented by the red dashed line.

HSE

Convergence testing results for the g-point mesh is shown in Figure 4.8, and again required

only a 2 x 2 x 1 mesh, but a calculation using a 6 x 6 x 1 mesh was performed as a part

of the batch. We used this more accurate mesh for our analysis.
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Figure 4.8: Convergence testing results for WSe,, using the HSE functional. As before,
convergence was achieved with a g-point mesh of 2 x 2 x 1, as shown by the threshold
(cyan bar), but a calculation with 3 x 3 x 1 had to be performed to demonstrate this.

4.2.5 Pentacene

We did not perform convergence testing for the k-point mesh for pentacene, as it is
molecular and in a large cell. As such, we used I'-point calculations throughout (a k-
point mesh of 1 x 1 x 1). This is also true for the Fock mesh.

Convergence testing for the energy cut-off parameters is shown in Figure 4.9, where the
parameters converged immediately. We were able to proceeded with ecutwfc = 80 Ry,
and ecutrho/ecutwfc = 4, but for early testing had already used ecutwfc/ecutrho =
5. This small discrepancy will not affect final computational output, as shown by the
convergence test. For heterostructure calculations later in the project, the energy cut-
offs used are those determined by the TMD, as those values will always suffice for the

pentacene molecule.
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Figure 4.9: The results of ecutwfc convergence testing for pentacene, with the VBM
energies as the blue dotted line and their threshold the cyan bar, and CBM energies the
red dashed line with their threshold as the magenta bar. These threshold bars again
overlap, resulting in the appearance of a single purple bar.
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4.3 Geometry

Using the newly converged parameters, geometry optimization was carried out. First, a
vc-relax calculation was performed with a hexagonal primitive crystal system (except
for pentacene which, as the project’s adsorbate, has cell parameters dependent on its
underlying substrate). This calculation allows for a relaxation of the cell parameter a,
with b = a, and ¢ determined by the introduced vacuum region and fixed. The vectors of
the cell parameters in Cartesian coordinates, then, are vi = a (1,0,0), vo = a (—%, \/73, O),
and vy = a (O, 0, g) The self-consistent DF'T calculation minimizes the total energy and
forces with respect to the atomic positions and cell parameters. Following convergence
between self-consistent steps, the atomic position and cell parameter outputs are fed in
to a relax calculation that re-minimizes the energy with respect to the atomic positions,
but now with fixed cell parameters. The reason for this additional step is that the plane
wave basis set is generated at the beginning of a calculation, and depends on the cell
parameters. As the cell parameters change over the course of the vc-relax calculation,
and the plane wave basis set is not updated, the atomic positions are determined by a
plane wave basis set that is appropriate for the starting cell parameters, not the output
cell parameters. By fixing the cell parameters during the relax calculation, the plane

wave basis set is appropriate for the unit cell throughout, and this provides a slightly

improved output of atomic positions within the cell.
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Table 4.1: A comparison of geometry from the existing literature. XRD and ARXPS are
experimental measurements, the others are theoretical results.

TMD  a/A  dra—cn/A Och-rv—cn den-cn/A Data

MOSQ
3.18 2.42 82.30° 3.13 PBE [95]
3.19 2.41 80.73° 3.13 PBE [96]
3.20 2.42 80.69° 3.13 PW91 [97]
2.41 82.31° 3.13 PWI1 98]
3.16 XRD' [99]
3.16 ARXPS  [100]
3.22 2.406 XRD, XAS [101]
3.160 2.41 82.50° 3.19 XRDf [102]
MoSes
3.319 2.524 3.288 PBE [103]
3.32 2.54 82.11° 3.34 PBE [104]
3.32 PBE [105]
3.288 2.49 80.82° 3.23 XRDT [102]
3.28 XRD' [106]
3.27 2.528 XRD, XAS [101]
WS,
3.18 2.42 81.01° 3.14 PBE [104]
3.185 PBE [107]
3.185* 2.41 80.8° 3.13 PBE [108]
3.154 XRDf [102]
3.154 XRDT [109]
3.23 2.417 XRD, XAS [101]
WS62
3.32 2.55 82.43° 3.35 PBE [104]
3.316 PBE [110]
3.324 PBE [107]
3.323 PW91 [110]
3.286 XRDf [102]
3.280 XRDf [111]
3.287  2.532° XRDT [112]
3.290 XRDT [113]

f Data are from bulk or thin film samples.

£ A supercell approach was used, so the reported values here are adjusted to be the equivalent of a
single unit cell.

* Multiple bond lengths at varying temperatures are given; the reported value above is that at 300K.
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Table 4.2: A comparison of our calculated geometry results for monolayer TMD crystals,
from DFT using the PBE functional, with (SOC) and without (nSOC) spin-orbit coupling,
as well as the difference between the two (A).

TMD a/A  dry_on/A Ochrv-cn don_cn/A

M082

nSOC  3.1675 2.4083 81.139° 3.1314
SOC 3.1665 2.4069 81.147° 3.1310
A 0.0010 0.0014 0.008 0.0004
MoSes

nSOC  3.2979 2.5353 82.645° 3.3481
SOC 3.2975 2.5356 82.676° 3.3496
A 0.0004 0.0003 0.031° 0.0015
WS,

nSOC 3.1721 2.4135 81.283° 3.1440
SOC 3.1721 2.4139 81.304° 3.1452
A 0.0000 0.0004 0.021° 0.0012
WSGQ

nSOC  3.2926 2.5398 83.082° 3.3685
SOC 3.2926 2.5398 83.082° 3.3685
A 0.0000 0.0000 0.000 0.0000

A number of existing experimental literature values we have provided in Table 4.1
are from bulk or thin film samples. For further comparison, we performed geometry
optimization on bulk (2H, see Figure 1.1) TMDs, although these systems were not
considered further in the project. Our computational details were the same as for
monolayer systems, except for the k-point mesh (using a 20 x 20 x 5 mesh to account
for the new cell parameter, ¢) and the updated structure to include repeating bilayers
without a vacuum layer. The results of these calculations are displayed in Table 4.3,
which are in keeping with the experimental values for cell parameters a (¢) for bulk TMDs
of 3.16 A (12.32 A), 3.28 A (12.90 A), 3.15 A (12.36 A), and 3.28 A (12.95 A) for MoS,,
MoSey, WSy and WSe,, respectively [99,102,106,109,111]. The cell parameters a for our

bulk calculations are all similar to those determined from our monolayer calculations.
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Table 4.3: Calculated geometry results for bulk 2H TMD crystals, from DFT using the
PBE functional, without (nSOC) spin-orbit coupling. The given ¢ parameter is for one
bilayer i.e. the cell maintaining the 2H relationship.

TMD  a/A c/A

MoS,  3.1686 12.4913
MoSe, 3.2978 13.1608
WS, 3.1717  12.5601
WSe,  3.2918 13.1594

4.3.1 MoS,

The structural parameters of monolayer MoS,, without considering spin-orbit coupling,
are displayed in Figure 4.10. Our lattice parameter result of a = 3.1675 A is similar to
previous theoretical results that also use the PBE functional and monolayer structure,
as are the Mo-S bond lengths, dy,_g, of 2.4083 A the S-Mo-S bond angle, Os_ro-s,
of 81.139°, and layer thickness (S-S distance), ds_g, of 3.1314 A. Comparisons can
be made with the results from the literature in Table 4.1. Our results are also very
close to experimental values for the lattice parameter, a, measured to be 3.16 by both
X-ray powder diffraction (XRD) and angle-resolved X-ray photoemission spectroscopy
(ARXPS).

If we consider spin-orbit coupling, the parameters are instead a = 3.1665 A dyros =
2.4069 A, Os_no—g = 81.147°, and dg_g = 3.1310 A, which are similar to those without
spin-orbit coupling. A comparison of geometry results can be seen in Table 4.2. The
geometry results from vc-relax and relax calculations that consider spin-orbit coupling
are used for electronic structure calculations that also consider spin-orbit coupling. Later
calculations (Chapters 5 and 6) that involve the supercell approach did not consider spin-
orbit coupling (due to computational cost), and so use the previous geometry results

without spin-orbit coupling to produce the supercell.

164



Hor
ey
(9208,
oo

N< X
I
U1
o))
($2]
o

a,b=3.16754

Figure 4.10: MoS; molecule following variable cell relaxation without spin-orbit coupling.
Bond lengths, bond angle, atomic positions and the lattice parameter a are displayed. 1H
monolayer TMDs are within the rhombohedral lattice system (trigonal crystal system),
where the cell parameter a = b, and in principle ¢ is also required to define the system,
but here we set ¢ to be large in order to create a vacuum region and ensure no interaction
between layers.

4.3.2 MoSe,

The MoSe; monolayer, without spin-orbit coupling, was found to have a lattice parameter
of a = 3.2979 A, an Se-Mo-Se bond angle of Og._pro_s5. = 82.645°, an Mo-Se bond
length of dyo_ge = 2.5353 A, and a layer thickness of dge_g. = 3.3481 A. These can
be compared to the literature values in Table 4.1, showing that our results are close to
experimental results, and broadly agree with previous theoretical calculations. Our results
are demonstrated in Figure 4.11.

Considering spin-orbit coupling, there are again small changes in geometry. The lattice
parameter becomes a = 3.2975 A, the Mo-Se bond length dy/,_s. = 2.5356 A, the Se-Mo-
Se bond angle Oge_pro_s5e = 82.676°, and the layer thickness dg._g. = 3.3496 A, again

displayed in Figure 4.2.
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Figure 4.11: MoSe, molecule following variable cell relaxation without spin-orbit coupling.
Bond lengths, bond angle, atomic positions and the lattice parameter a are displayed. 1H
monolayer TMDs are within the rhombohedral lattice system (trigonal crystal system),
where the cell parameter a = b, and in principle ¢ is also required to define the system,
but here we set ¢ to be large in order to create a vacuum region and ensure no interaction
between layers.

4.3.3 WS,

The WS, monolayer, without spin-orbit coupling, was found to have a lattice parameter of
a =3.1721 A, a W-S bond length of dyy_g = 2.4135 A, an S-W-S bond angle of Og_ro_g =
81.283°, and a layer thickness of dg_g = 3.1440 A. These can be compared to the literature
values in Table 4.1, showing that our results are again similar to experimental results,
and agree closely with previous theoretical calculations. Our results are demonstrated in
Figure 4.12.

When considering spin-orbit coupling, small changes in geometry are again observed,
but unlike for the molybdenum crystals, the lattice parameter is unchanged. The W-
S bond length becomes dy_g = 2.5356 A, the S-W-S bond angle becomes Og_ 7,5 =
82.676°, and the layer thickness becomes dg_g = 3.3496 A. A comparison is made in Table
4.2.
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Figure 4.12: WS, molecule following variable cell relaxation without spin-orbit coupling.
Bond lengths, bond angle, atomic positions and the lattice parameter a are displayed. 1H
monolayer TMDs are within the rhombohedral lattice system (trigonal crystal system),
where the cell parameter a = b, and in principle c is also required to define the system,
but here we set ¢ to be large in order to create a vacuum region and ensure no interaction
between layers.

4.3.4 WSes

The WSes; monolayer, without spin-orbit coupling, was found to have a lattice parameter
of a = 3.2926 A, an Se-W-Se bond angle of ©g_,/,_s = 83.082°, an W-Se bond length of
dw—_ge = 2.5398 A, and a layer thickness of dg._s. = 3.3685 A. These can be compared to
the literature values in Table 4.1. Our results are close to experimental results, and agree
with previous theoretical calculations, although in this case there is lacking information
on the details of the structure, with existing literature mostly reporting just the lattice

parameter. Our results are demonstrated in Figure 4.13.
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Figure 4.13: WSe, molecule following variable cell relaxation without spin-orbit coupling.
Bond lengths, bond angle, atomic positions and the lattice parameter a are displayed. 1H
monolayer TMDs are within the rhombohedral lattice system (trigonal crystal system),
where the cell parameter a = b, and in principle ¢ is also required to define the system,
but here we set ¢ to be large in order to create a vacuum region and ensure no interaction
between layers.

In the case of WSey, performing geometry optimization while considering spin-orbit

coupling results in no change compared to that without.

4.3.5 Pentacene

Being molecular, pentacene’s geometry optimization is treated differently. We construct
a cell with lattice parameters that ensures each molecule is isolated from its neighbours,
and do not allow this cell to change (i.e. we do not perform the ve-relax calculation, only
relax). Experimental work will often include lattice parameters as they must examine
crystals of pentacene, but we do not. Our lattice parameters were chosen, not determined,
such that molecular separation was over 30 A in all directions in order to ensure there
was no interaction between molecules. This was achieved with a cubic supercell of side
length 48 A. Performing geometry optimization with spin-orbit coupling considered did
not change the molecular structure compared to excluding it, as may be expected of a
molecule comprised of small atoms. Due to hardware limitations causing difficulty with

HSE calculations with such large vacuum regions, we also considered a smaller cubic
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supercell of side length 32 A; this was confirmed to be large enough to maintain isolation
between molecules (discussed in subsection 4.4.6), but this was only introduced later on
when the need became apparent.

We also considered low concentration pentacene, where the molecules are considered in
a repeating cell defined by the size of a 7 x 4 molecule sheet of underlying TMD substrate:
a=2219 A and b = 12.68 A. The cell parameters are thus chosen as this is the size of
the heterostructure supercells used later in the project. Similarly, we also considered a
cell defined by the size of a 6 x 3 molecule sheet of underlying TMD substrate, with
parameters ¢ = 19.02 A and b = 9.51 A. This is for the high concentration pentacene
heterostructures. We independently optimized the geometry of the molecule, but here
report only the results of well-isolated pentacene, that being the system of interest at this
stage; the investigation of pentacene in smaller cells is in order to decouple the effects of
the substrate on the molecule from effects between molecules when in heterostructures,
and will be discussed in later chapters (Chapters 5 and 6). We did, however, use the
corresponding geometry of pentacene for the calculation of electronic structure within
smaller cells.

These different concentrations of pentacene may be referred to as PENj,, for the 48
A cubic supercell, PENg a0 for the 32 A cubic supercell, PEN7,, for the supercell
defined by a 7 x 4 TMD substrate layer (low concentration pentacene), and PENg.3 for
the supercell defined by a 6 x 3 TMD substrate layer (high concentration pentacene).

Both experimental values and our own calculation show that the molecule’s C-C bond
lengths vary, and are symmetric across the length and width of the molecule. As such, we
display the bond lengths on one side of Figure 4.14a, and bond angles on the other. Our
calculations agree with previous experimental measurements via X-ray diffraction [114].

The experimental values are shown in in Figure 4.14b for comparison.
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Figure 4.14: (a) Our calculated values for C-C bond lengths and C-C-C bond angles
in the isolated pentacene molecule. Hydrogen atoms are not shown. The molecule is
symmetric across the middle of its length and width for both bond lengths and angles.
(b) Experimental values from XRD [114] for average C-C bond lengths and C-C-C bond
angles of pentacene molecules in thin crystals. Hydrogen atoms are not shown. The
molecule is symmetric across the middle of its length and width for both bond lengths
and angles.

We found the total molecule dimensions in the x-y plane to be 14.1443 Ax5.0028 A,
compared to 14.21 Ax5.04 A, from existing PBE DFT calculations in the literature [115].
That work used a similarly isolating cell, with dimensions of 50 A, and additionally found
the C-H bond lengths to be uniform at 1.10 A, whereas we found them to be non-uniform,
slightly longer towards the middle of the molecule’s length: the middle carbon ring’s C-H
bonds were 1.0925 A, whereas the rings at the end of the molecule’s length had C-H bond
lengths of 1.0903 A. These values are all very close, and in agreement with each other.

Our calculations resulted in a mean deviation of the atomic positions from the
molecular plane of 0.49 mA, with the largest deviation being 1.02 mA. This is comparable
to the literature value for maximum deviation of 0.67 mA [115], agreeing with the finding

that the molecule is essentially planar.
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4.4 Electronic structure

Figure 4.15: The first Brillouin zone of a hexagonal lattice, with the sampling path
between high-symmetry points used for the band structure of our TMDs marked in red.

With the structure of the systems determined, the next stage of obtaining the electronic
structure using DFT was to perform scf calculations. These provide information on
electronic energies, with the theory behind the calculation being discussed in Section
3.1. This is enough to get information on total system energy and Fermi energy, where
the vacuum energy is set to 0 (as it will be throughout). The frontier orbital energies
can also be extracted, but with limited information on the underlying band structure.
Following this, nscf calculations were performed on finer k-point grids to improve
accuracy. The bands calculation can then be performed with a defined path through
k-space over which to assess band energy, which gives us the full band structure following
some post-processing with bands.x. The path through k-space that we chose captures
important critical points in the hexagonal Brillouin zone (I'M-K-T'), and is displayed in
Figure 4.15. This choice of path also naturally passes through the Q critical point. To
calculate the density of states, we then run the post-processing codes dos.x and can also
subsequently run projwfc.x for projection of the density of states on to orthogonalized
atomic wavefunctions. This process is laid out in Figure 3.8.

For the electronic structure using the HSE functional, however, the workflow is slightly
different (see Figure 3.9). The scf calculation is still performed, using hybrid-specific
parameters such as the Fock mesh. This is enough to obtain total system energy. For

pentacene, being molecular and assessed using only I'-point calculations, the Fermi
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energy and frontier orbital energies can additionally be extracted. To continue to the full
band structure (and frontier orbital energies for the TMDs), however, we used Wannier
interpolation to populate the required fine grid, the theory of which is discussed in
subsection 3.3.1. This is because non-self consistent field calculations (notably nscf
and bands) within the PWscf package are not compatible with hybrid functionals.
Additionally, density of states is not implemented for hybrid functionals, and so we only
produced the band structures with HSE. Table 4.4 is a summary of our results for the
band gaps of the investigated systems, and Table 4.5 provides an overview of band gap

values from the theoretical and experimental literature.

Table 4.4: The band gaps of the monolayer TMDs and pentacene in different
concentrations for different levels of theory. PBE-nSOC and PBE-SOC are the PBE
functional without and with consideration of spin-orbit coupling, respectively, and HSE
calculations are always performed with consideration of spin-orbit coupling.

EG/eV
System E¢(PBE-nSOC) Eq(PBE-SOC) E¢(HSE)
PEN,, 1.142 1.139
PENgmalviso 1.139 1.139 1.616
PEN7,4 1.139 1.139 1.596
PENgs 1.140 1.142 1.581
MoS, 1.733 1.660 2.089
MoSe, 1.513 1.407 1.792
WS, 1.859 1.606 2.080
WSey 1.645 1.291 1.801
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Table 4.5: A comparison of experimental and theoretical band gap energies for our
materials. If the peaks from PL measurements are wide, we have given a range.

TMD E¢ | eV Data
MoS, 1.79% PWOI1 [116]
1.67 PBE [96]
2.13 HSE06 [96]
1.9 PL [23]
1.9 PL [22]
1.85 PL [24]
1.82 PL [21]
MoSe, 1.444 PBE [104]
1.47 PBE [117]
1.95 HSE06 [118]
2.33¢ GoWo [119]
1.53 PL [25]
1.625 PL [26]
2.18 STS [120]
WS, 1.6 LDA [121]
1.424  optB86b-vdW [122]
1.819 PBE [104]
1.9 PBE [117]
1.94-1.99 PL [27]
2.017 PL [123]
WSe, 1.27* LDA [124]
1.548 PBE [104]
1.7 PBE [117]
1.65 PL [28]
Pentacene 1.1 PBE [115]
1.1 PBE [125]
1.97f AS [126]
1.977 AS [127]
1.85 AS [128]

T Few-layer TMD or thin film pentacene.
¥ Theoretical work that considered spin-orbit coupling.

Previous theoretical work with the PBE functional demonstrates that all the TMDs
used in this project have I'-Q band gaps when in bulk, which transition to direct at K
when in monolayer. All but MoS, maintain their indirect I'-Q gaps all the way to bilayer,
only changing in character at monolayer. MoS, is still a direct gap semiconductor only

in monolayer, but the bilayer gap is I'-K instead [20].
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4.4.1 MoS,
DFT

The density of states, alongside the band structure for monolayer MoSs, using DFT
without spin-orbit coupling, is presented in Figure 4.16. The greatest contribution to the
conduction bands are molybdenum d-orbitals, as may be expected. Their contribution is
also the most significant one at the highest energy valence bands, with sulfur s-orbitals
contributing more as energy decreases. The frontier orbitals were found to be at —4.20 eV
for the conduction band minimum (CBM) and —5.94 ¢V for the valence band maximum
(VBM), resulting in a band gap of 1.73 eV. This is a direct band gap at the high-
symmetry (critical) point K: both the CBM and VBM occur at K. Our result is similar
to other generalized gradient approximation (GGA) calculations (see Table 4.5), but is
an underestimation of the experimental band gap. The direct character, however, agrees
with experiment [21-24].

We can see that the indirect band gap is between the K and Q critical points for
the VBM and CBM, respectively (and is larger than the direct band gap, with lowest
conduction band energy at the Q point being —3.99 eV). Bulk MoS, has a smaller indirect
band gap than its direct band gap, between I' (VBM) and Q (CBM) critical points
[116, 129], with the CBM reducing in energy around the Q point with the increase in
interlayer interaction [130] found in bulk and many-layer systems. Similarly, the top-
most valence band decreases in energy at the I' point with decreasing layers, whereas the

direct gap at K changes little [24].

174



MoS, band structure and pDOS, nSOC

—— Moy
o LT T T —— — Sp
-2 emT T e T ~< AN —— Total DOS

Energy / eV

I I I pDOS

Figure 4.16: The projected density of states and band structure of monolayer MoS,,
without considering spin-orbit coupling, using DF'T. The Fermi energy is represented by
a black dashed line. There are very minor contributions to the density of states from
lower energy orbitals within the displayed energy range (not shown).

When considering spin-orbit coupling, we see frontier orbital energies of —5.83 eV
for the VBM and —4.17 eV for the CBM, resulting in a band gap of 1.66 eV. These
values represent a small increase of 0.03 €V in the CBM, and an increase in the VBM
of 0.10 eV, for a decrease in Eg of 0.07 e€V. This is expected from spin-orbit coupling
induced band splitting, much more notable in the valence bands: the top-most valence
band is split by 147 meV at K, and the lowest conduction band is only split by 3
meV. This pattern is noted in the literature [116|, and is similar to reported values
for bulk MoS,; both using PBE functionals and experimental measurement using angle-
resolved photoemission spectroscopy (ARPES) [131], as well as monolayer values from
photoluminescence measurements [24]. The band structure and pDOS of monolayer MoS,
with consideration of spin-orbit coupling is displayed in Figure 4.17. Band splitting is
clearly visible in the top-most valence band around the K critical point. The changes in
the density of states from consideration of spin-orbit coupling are minor, and arise from

the described changes in energies above.
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Figure 4.17: The projected density of states and band structure of monolayer MoS,,
considering spin-orbit coupling, using DFT. The Fermi energy is represented by a black
dashed line. There are very minor contributions to the density of states from lower energy
orbitals within the displayed energy range (not shown).

HSE

Using the hybrid HSE functional, we performed an scf calculation followed by Wannier
interpolation on to a finer grid, and then extracted the band structure using post-
processing from the wannier90 tool. HSE calculations were with spin-obit coupling
considered. This is displayed in Figure 4.18, with a direct comparison to the DFT-only
results in Figure 4.19. For all bands, the effect of HSE is to move them energetically
further from the Fermi energy, with the exception of the lowest conduction band around
the K critical point, where HSE predicts a slightly lower energy. The VBM decreases
by 0.45 eV to —6.28 eV compared to DFT only with spin-orbit coupling. The CBM
is calculated as —4.42 eV, and so also decreases, but only by 0.02 eV. This results in
a calculated band gap of 2.09 eV, which is much closer to experimental values for the
system (see Table 4.5) than our DFT results, and comfortably in line with previous HSE
calculations. Band splitting of 189 meV and 19 meV occurs around the VBM and CBM,
respectively. The basic structure remains unchanged, with a maintained direct band gap

at the K critical point and an indirect band gap at K — Q, which is greater than the
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direct band gap.
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Figure 4.18: The band structure of MoS,, calculated using the HSE hybrid functional,
with spin-orbit coupling. The Fermi energy is denoted by the dashed black line.

Energy / eV
(6]

|
o

MoS, band structure

- - — o=

Lo~ //’ \\ PN PN R »” ™

V2 N \ ,' S L7 \~ 7/ 4 ¢ \,
. N/ \ / 2EL (4 \ / ~

AN A \ / ’ (N AN \ /7 N o=

(U SR Y / R SN S § / - 1,77~ PR g
\ \ 7 | s | /I\ J oy NS . e~ — /’I‘\\ /s M4 A . L
r M K r M K

r M K Q Q Q

Figure 4.19: A comparison between DFT and HSE band structures of MoS,: DFT without
considering spin-orbit coupling (left), DFT considering spin-orbit coupling (middle), and
HSE considering spin-orbit coupling (right).The Fermi energies are plotted as the dashed
black lines, and the vacuum energy is set to 0.
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4.4.2 MoSe,
DFT

The density of states and bands structure of MoSes, without considering spin-orbit
coupling, is displayed in Figure 4.20. As was the case for MoS,, the largest contribution
to the conduction bands are Mo d-orbitals, which are also the most important contribution
to the top-most valence band, with selenium s-orbitals contributing more with decreasing
energy. Selenium d-orbitals do not play an electronic role near the Fermi energy, being
lower in energy than their respective shell’s p-orbitals, as expected. The VBM was at
—5.29 eV and the CBM at —3.78 eV, resulting in a band gap of 1.51 eV. This is broadly
in line with experiment (see Table 4.5), although still represents an underestimation of
the band gap. The band structure is reminiscent of MoS,, with a direct band gap at K,

and a slightly larger indirect band gap to Q in the conduction band.
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Figure 4.20: The projected density of states and band structure of monolayer MoSe,,
without considering spin-orbit coupling, using DFT. The Fermi energy is represented by
a black dashed line. There are very minor contributions to the density of states from
lower energy orbitals within the displayed energy range (not shown).

When considering spin-orbit coupling, the frontier orbital energies were —5.19 ¢V and

—3.78 eV (VBM and CBM, respectively), resulting in a band gap of 1.41 eV, which was
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still found to be direct at K. These results represent an increase in the the VBM of 0.10
eV, a negligible decrease in the CBM, and a decrease in the band gap of 0.11 eV. The
valence band experiences splitting of 185 meV at the K point, and the conduction band
was split by 21 meV. The valence band splitting is consistent with previously reported
splitting of 180 meV from ARPES results [132], as well as with 183 meV from theoretical
results [133]. The band structure for MoSe,, along with density of states, from DFT with
spin-orbit coupling is displayed in Figure 4.21. The density of states is very similar to

that without spin-orbit coupling.
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Figure 4.21: The projected density of states and band structure of monolayer MoSe,,
considering spin-orbit coupling, using DFT. The Fermi energy is represented by a black
dashed line. There are very minor contributions to the density of states from lower energy
orbitals within the displayed energy range (not shown).

HSE

Our HSE calculations for monolayer MoSe, yield a VBM of —5.71 €V at the K point and a
CBM of —3.92 eV at the K point, for a correction to the frontier orbital energies of 0.52 eV
and 0.14 eV (VBM and CBM, respectively), and a direct K-K band gap of 1.79 eV. The
HSE band structure is displayed in Figure 4.22. Hybridising DF'T calculations with exact

exchange has the effect of decreasing the band energies across the whole Brillouin zone,
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with more of an effect on valence bands. These results are close to previous theoretical
predictions using HSE (see Table 4.5), but the band gap value is further from experimental
results than is our results from DFT only. Band gap character is unchanged, VBM

splitting is much larger than the DFT value at 258 meV at the K point, and CBM

splitting is also increased, at 48 meV.
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Figure 4.22: The band structure of MoSe,, calculated using the HSE hybrid functional,
with spin-orbit coupling. The Fermi energy is denoted by the dashed black line.
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Figure 4.23: A comparison between DFT and HSE band structures of MoSe,: DFT
without considering spin-orbit coupling (left), DFT considering spin-orbit coupling
(middle), and HSE considering spin-orbit coupling (right). The Fermi energies are plotted
as the dashed black lines, and the vacuum energy is set to 0.

4.4.3 WS,
DFT

WS, again follows suit, with the transition metal d-orbitals, now tungsten’s, playing
a major role around the Fermi energy, with the chalcogen p-orbitals becoming more
important in the valence bands with decreasing energy. We see another direct band
gap of 1.86 eV at the K critical point, between the VBM of —5.70 eV and the CBM
of —3.84 eV. The band gap is similar to previous theoretical work (see Table 4.5), and
is an underestimation of experimental results. There is again a Q-valley in the lowest
conduction band, in keeping with the indirect (I'-Q) to direct band gap transition found
between bulk and monolayer WS,. The band structure and density of states without

spin-orbit coupling is displayed in Figure 4.24.

181



WS, band structure and pDOS, nSOC

o

— Wy

RS Sp
—— Total DOS

|
N

|
(<)}

|
IN
I T T I I O |

Energy / eV

___________________
—————————
~ - -

|
©

~~~~~

——
~<
~~ -
________________

~~
~~

——————
- ~

12" ~L_ -
I I I pDOS

-
~ P =T

Figure 4.24: The projected density of states and band structure of monolayer WS,,
without considering spin-orbit coupling, using DFT. The Fermi energy is represented
by a black dashed line. There are very minor contributions to the density of states from
lower energy orbitals within the displayed energy range (not shown).

Our DFT calculations that consider spin-orbit coupling gave a band gap of 1.61 eV,
a VBM at the K critical point of —5.51 ¢V and a CBM at the same point of —3.90 eV:
a decrease of 0.25 eV, increase of 0.20 eV, and a small decrease of 0.06 eV, respectively,
compared to DFT without spin-orbit coupling. Notably, the lowest conduction band at
the Q point has an energy of —3.88 eV, resulting in an indirect band gap of —1.63 €V,
only 23 meV larger than the direct band gap. This comes about from the large spin
splitting experienced by the conduction bands around the Q point, a feature that was of
much lesser magnitude in the molybdenum systems. The spin splitting at the VBM was
large, at 426 meV, explaining the magnitude of the decrease in the band gap between
DFT results without and with spin-orbit coupling, and a much more modest 32 meV
at the CBM, more in keeping with what was seen with the molybdenum systems. The
conduction band at the Q point, however, experienced splitting of 274 meV, which is an
order of magnitude higher than that at the K point. The VBM splitting is in keeping
with previous DFT literature [133,134], with the small splitting of the CBM and the large

splitting of the lowest conduction band at the Q point also agreeing with existing DFT
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results [134], the latter of which was reported as 0.33 eV. The density of states is, again,
not appreciably different from the case without spin-orbit coupling. The density of states

and band structure for DFT with spin-orbit coupling of WS, is displayed in Figure 4.25.
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Figure 4.25: The projected density of states and band structure of monolayer WS,
considering spin-orbit coupling, using DFT. The Fermi energy is represented by a black
dashed line. There are very minor contributions to the density of states from lower energy
orbitals within the displayed energy range (not shown).

HSE

The band structure calculations using HSE for WS,, shown in Figure 4.26, report a VBM
of —=5.85 eV, a CBM of —3.77 eV (both at the K point), and so a direct band gap of 2.08 eV.
This is in exceptional agreement with photoluminescence investigations (see Table 4.5).
The changes in these energies between DFT and HSE (both with spin-orbit coupling) are
an increase in the band gap of 0.47 €V, a decrease in the VBM of 0.34 eV, and an increase
in the CBM of 0.13 eV: both frontier bands move away from the Fermi energy, opening
up the band gap. The lowest conduction band has energy at the Q point of —3.65 eV.
The spin splitting in the VBM was 496 meV and in the CBM it was only 2 meV. At the Q
point, however, the splitting in the lowest conduction band was 287 meV, all fairly similar

to the values obtained from DFT.
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Figure 4.26: The band structure of WS,, calculated using the HSE hybrid functional,
with spin-orbit coupling. The Fermi energy is denoted by the dashed black line.
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Figure 4.27: A comparison between DFT and HSE band structures of WSy: DFT without
considering spin-orbit coupling (left), DFT considering spin-orbit coupling (middle), and
HSE considering spin-orbit coupling (right).The Fermi energies are plotted as the dashed
black lines, and the vacuum energy is set to 0.

184



4.4.4 WSe;
DFT

The VBM was found to be —5.06 eV for WSe; using DFT without considering spin-orbit
coupling, with a CBM of —3.42 eV and a direct band gap at the K point of 1.65 e¢V. This
is very similar to photoluminescence results (see Table 4.5), as well as existing theoretical
literature. There is a Q valley almost as deep as that at K in the lowest conduction
band, with minimum energy —3.41 eV, only 5 meV higher than that at the K point. The
proximity in energy of the local minima in the lowest conduction band around the K and
Q points is documented in existing literature [135-137|, with at least one experimental
investigation using STS implying band gap near-degeneracy [138], and an indirect band
gap in monolayer WSe,, with the K-Q gap being 2.12 £ 0.06 eV and the direct gap at
K being 2.20 £ 0.10 €V, as well as findings of an indirect K-Q band gap in monolayer
WSe, [136,137].

The density of states (shown in Figure 4.28 alongside the bands structure, without
spin-orbit coupling) once again demonstrates the major contribution to the bands nearest
the Fermi energy is from the transition metal’s d-orbitals, with increasing contributions
from selenium p-orbitals with decreasing energy in the valence bands. As in MoSe,, the

selenium d-orbitals play an insignificant role near the band gap.
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Figure 4.28: The projected density of states and band structure of monolayer WSe,,
without considering spin-orbit coupling, using DF'T. The Fermi energy is represented by
a black dashed line. There are very minor contributions to the density of states from
lower energy orbitals within the displayed energy range (not shown).

Performing DFT calculations with spin-orbit coupling resulted in a VBM at the K
critical point of —4.82 eV, and a CBM of —3.53 eV, but at the Q point: an indirect band
gap in monolayer WSey. The energy of the lowest conduction band at the K point is
—3.46 eV, and so the difference in local minima in the lowest conduction band at the
Q and K points is only 66 meV. By considering spin-orbit coupling, the VBM increases
by 0.25 €V, and the lowest conduction band energy at the K point (the CBM without
spin-orbit coupling) increases by 0.04 eV. The band gap differs by 0.35 eV between the
two calculations (with and without spin-orbit coupling). The spin splitting in the lowest
conduction band at the Q point has been reported to be approximately 0.2 eV (via
scanning tunnelling spectroscopy) [139], with our result here being in agreement at a CBM
splitting of 226 meV. The splitting of the lowest conduction band at the K point is only 43
meV and splitting of the VBM is 457 meV, both similar to our DF'T results for WS,, and
in keeping with previous PBE results [136]. The density of states is inappreciably different
from that without spin-orbit coupling, and is displayed alongside the band structure in

Figure 4.29.
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Figure 4.29: The projected density of states and band structure of monolayer WSe,,
considering spin-orbit coupling, using DFT. The Fermi energy is represented by a black
dashed line. There are very minor contributions to the density of states from lower energy
orbitals within the displayed energy range (not shown).

HSE

HSE calculations provide the band structure displayed in Figure 4.30, where the VBM
was —bH.29 eV at the K critical point, the CBM was —3.49 eV also at K, and so the band
gap is direct at 1.80 eV. The lowest conduction band Q valley is close to that at K, with
an energy of —3.48 eV: a difference of only 17 meV and behavior observed previously [139].
Band splitting is again small in the lowest conduction band at the K point (the CBM
by HSE), at 4 meV, and large at the Q point, 225 meV. The VBM splitting was found
to be 567 meV, in keeping with previously reported valence band maxima splitting using
the HSE functional (586 meV) [136]. The band structure as compared to that from DFT
is displayed in Figure 4.31, where the correction from hybridisation to that of PBE with
spin-orbit coupling is to decrease the VBM by 0.48 eV, increase the CBM by 0.04 eV and
move it to the the K critical point, recovering the direct band gap gap, for a total effect

on the band gap of increasing it by 0.51 eV.
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Figure 4.30: The band structure of WSes, calculated using the HSE hybrid functional,
with spin-orbit coupling. The Fermi energy is denoted by the dashed black line.
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Figure 4.31: A comparison between DFT and HSE band structures of WSe,: DFT without
considering spin-orbit coupling (left), DFT considering spin-orbit coupling (middle), and
HSE considering spin-orbit coupling (right).The Fermi energies are plotted as the dashed
black lines, and the vacuum energy is set to 0.
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4.4.5 Pentacene

Being molecular, pentacene does not inherently have a true band structure: periodicity is
required for this. This is the reason for the use of the terms highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), in lieu of the similar
VBM and CBM that are discussed in the context of the periodic TMDs. We have
constructed a repeating system in order to perform our calculations, but intentionally
introduced vacuum into the cell in order to maintain isolation. As a result, we do not
present the band structure of pentacene: only the frontier orbitals and density of states.
This is also the case for pentacene in concentrations consistent with our later supercell

approach.

DFT

We performed three sets of calculations for pentacene, each with different cell parameters.
We considered isolated pentacene, with a large vacuum region in all directions to prevent
interaction between molecules, low concentration pentacene in a cell defined by an
underlying TMD substrate mesh of 7 x 4 molecules, and high concentration pentacene,
in a cell defined by a 6 x 3 molecule substrate. These choices are in keeping with
the concentrations considered later in the project, using a supercell approach for the
pentacene-TMD heterostructures.

For isolated pentacene, without spin-orbit coupling, we found the HOMO energy to be
—4.45 eV and a LUMO of —3.31 eV. This gives a band gap of 1.14 eV. The density of states
is displayed in the left panel of Figure 4.32, and we can see that the contributions closest
to the Fermi energy are from carbon p-orbitals. Hydrogen s-orbitals have contribution
further from the band gap, with more significant contributions at lower energies (not
shown). However, there are some permitted hydrogen s-orbital states above the band
gap, amongst the highest energy bound states.

Considering spin-orbit coupling results in no change to the frontier orbital energies; a
HOMO energy of —4.45 eV and LUMO of —3.31 e€V. These values are in agreement with

previous theoretical work (see Table 4.5); and are unchanged by the effect of spin-orbit
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coupling, resulting in the same band gap of 1.14 eV: spin-orbit coupling has a smaller
effect on smaller atoms. The density of states is displayed in the right panel of Figure
4.32, where there is no change from spin-orbit coupling. Our DFT calculations have,
however, greatly underestimated the band gap compared to that found from absorption

spectra, which predicts a band gap closer to 2 eV (see Table 4.5).
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Figure 4.32: The pDOS of isolated pentacene without (left) and with (right) consideration
of spin-orbit coupling. There is no significant distinction between the two cases, as
expected of small atom systems.

For low concentration (7 x 4) pentacene, without spin-orbit coupling, the HOMO was
—4.55 eV, and the was LUMO —3.41 eV, giving a band gap of 1.14 eV. The density of
states shows a significant broadening of the permitted hydrogen-s orbital energies above
the band gap, as well as showing the tuning evident from the reported values of the
HOMO and LUMO when compared to the isolated system: the positions of both the
HOMO and LUMO have decreased by 105 meV. This broadening is expected to result
from the Gaussian smearing used in our calculations, rather than true band dispersion
arising from molecule-molecule interaction. The effect is observable in the isolated case
also, and is the cause for the peaks having appreciable, non-infintesimal width in the first
place. The density of states is displayed in the left panel of Figure 4.33.

Considering spin-orbit coupling for low concentration pentacene, we see frontier
orbitals of —4.55 eV and —3.41 eV (HOMO and LUMO, respectively): a negligible change

from the case without spin-orbit coupling, for the same band gap of 1.14 eV. Likewise,
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the density of states is unchanged (right panel of Figure 4.33.
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Figure 4.33: The pDOS of low concentration pentacene (one molecule in a 7 x 4 cell)
without (left) and with (right) consideration of spin-orbit coupling. There is no significant
distinction between the two cases, as expected of small atom systems.

Finally, we investigated high concentration (6 x 3) pentacene, and the results without
considering spin-orbit coupling are a HOMO energy of —4.68 eV, and a LUMO energy
of —3.54 eV, giving a band gap of 1.14 eV. With spin-orbit coupling, these values
are instead —4.66 eV and —3.52 eV (HOMO energy and LUMO energy, respectively).
These give a band gap of 1.14 eV. The frontier orbital energies have again shifted
energetically down by 130 meV and 129 meV (HOMO and LUMO respectively) with
further increasing concentration in the case of no spin-orbit coupling, and so the band
gap remains approximately the same width. When considering spin-orbit coupling,
the shifts in frontier orbital energies are 110 meV and 107 meV (HOMO and LUMO,
respectively) instead, for a similarly negligible change in band gap width. The density
of states is displayed in Figure 4.34, and reveals no significant difference from that of
the low concentration pentacene case, excepting the slight change in energies and further

broadening of hydrogen-s orbitals.
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Figure 4.34: The pDOS of high concentration pentacene (one molecule in a 6 x 3 cell)
without (left) and with (right) consideration of spin-orbit coupling. There is no significant
distinction between the two cases, as expected of small atom systems.

Table 4.6: The Fermi energy and energy of the HOMO and LUMO for pentacene in
different cells.

System Fermi energy/eV  HOMO/eV LUMO/eV  Eg/eV

Isolated pentacene

nSOC -3.88 -4.46 -3.32 1.14
SOC -3.88 -4.45 -3.31 1.14
HSE? -3.88 -4.70 -3.09 1.62
Low concentration (7 x 4 cell) pentacene

nSOC -3.98 -4.55 -3.41 1.14
SOC -3.98 -4.55 -3.41 1.14
HSE -3.98 -4.80 -3.20 1.60
High concentration (6 x 3 cell) pentacene

nSOC -4.11 -4.68 -3.54 1.14
SOC -4.09 -4.66 -3.52 1.14
HSE -4.12 -4.93 -3.35 1.58

t Isolated pentacene results for the HSE functional are from the smaller 32 A cubic cell.

Comparing low concentration pentacene to well-isolated pentacene, we see that
there is no change in the band gap, but it is tuned to a lower energy with increasing
concentration. This is demonstrated again by comparing high concentration pentacene to
the low concentration results. Going forward with our investigation into heterostructures,
this change in energetic position may have effects on the band alignment between layers,

as the heterostructures necessarily do not have isolated pentacene. This band gap
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modification can be easily appreciated in Table 4.6.

HSE

Due to hardware limitations, we were unable to successfully complete HSE calculations
on the isolated pentacene within the cubic supercell of side 48 A. By reducing the size of
the vacuum region by using a cubic supercell of side 32 A, we were then able to perform
the HSE calculation. We also performed DFT calculations with and without spin-orbit
coupling to confirm that this smaller cell maintained molecular isolation. As there was
only a change in frontier orbital energies of 9 meV between the two (see Figure 2.12
and Table 4.7), we conclude that the smaller cell is sufficient for isolation. For isolated
pentacene then, in the smaller 32 A cubic supercell, the HOMO energy was calculated to
be —4.70 eV and the LUMO energy —3.09 eV. This gives a band gap of 1.62 V. This value
is now much improved compared to our DFT results, more closely reflecting experiment
(but still an underestimate, see Table 4.5).

For low concentration (7 x 4 cell) pentacene, the HOMO energy calculated by our HSE
calculation was —4.80 eV, and a LUMO of —3.20 eV, for a band gap of 1.60 eV. Compared
with the isolated pentacene HSE results, this represents a band gap tuning of 20 meV due
to a reduction in HOMO and LUMO energies of 0.09 eV and 0.11 eV, respectively.

For high concentration (6 x 3 cell) pentacene, the HOMO energy was —4.93 eV and a
LUMO of —3.35 eV. This results in a band gap of 1.58 eV. The band gap tuning between
the two concentrations of interacting pentacene i.e. pentacene in 6 x 3 and 7 x 4 cells was
15 meV.

We again see that the effect of increasing concentration is a decrease in the energetic
position of the band gap i.e. reduction in the frontier orbital energies. We saw a larger
shift in frontier orbital position between low and high concentration regimes with the
HSE functional than we did DFT only: a shift of approximately 0.15 eV in frontier
orbital energies between pentacene in the 7 x 4 and 6 x 3 cells with HSE, but a smaller
shift going from isolated to 7 x 4 pentacene. The total shift from isolated to 6 x 3 regimes

is very similar, at approximately 0.22 eV for the HOMO energies, 0.26 eV for the LUMO
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energy with HSE, and 0.21 eV (with spin-orbit coupling) or 0.23 €V (without spin-orbit
coupling) for the LUMO energies with DFT. Overall, both frontier orbitals are decreased
in energy with increasing concentration, the HOMO dropping from —4.70 eV to —4.93
eV between isolated and high concentration regimes, and the LUMO likewise drops from
—3.09 eV to —3.35 eV, as displayed in Table 4.6. This changes the energetic position of
the band gap relative to the TMD band gaps, potentially changing the band alignment
between the two, and the band gap structure of any resulting heterostructures. This is

discussed in the following subsection.
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4.4.6 Band alignment
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Figure 4.35: Band alignment between the three concentrations of pentacene (well isolated,
pentacene in a 7 x 4 supercell, and pentacene in a 6 x 3 supercell; there are two results for
well isolated pentacene due to the cost of hybrid calculations, as discussed in subsection
4.4.5) and the four considered monolayer TMDs. The vertical dashed red line separates
the pentacene results from those of the TMDs. Displayed values are from calculations
involving pentacene or the TMD only, not heterostructures.

The preferred band alignment of materials in heterostructure for photovoltaics,
photodetectors and field effect transistors is Type II (see Section 2.3), as this alignment
prevents immediate exciton recombination by allowing for confinement in different
materials. Type I heterostructures may find use in devices that desire fast recombination

times, such as LEDs, and Type III may find use in devices that operate on tunnelling
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effects.

Table 4.7: A summary of frontier orbital energies (HOMOs and LUMOs, or VBMs
and CBMs) as calculated with the three levels of theory for the monolayer TMDs and
pentacene across different concentrations: isolated, isolated in a smaller cubic cell of side
length 32 A, low concentration and high concentration (PENis,, PENgpaiiso, PEN7.4 and
PENgy3, respectively). The three levels of theory are DFT (PBE) without and with
spin-orbit coupling (nSOC and SOC, respectively), and HSE.)

VBM or HOMO/eV  CBM or LUMO/eV

PBE-nSOC

PENiq, -4.45 -3.31
PENgmall-iso -4.46 -3.32
PEN7 4 -4.55 -3.41
PENgy3 -4.68 -3.54
MoS, -5.94 -4.20
MoSes -5.29 -3.78
WS, -5.70 -3.84
WSes -5.06 -3.42
PBE-SOC

PENiq, -4.45 -3.31
PENgmall-iso -4.46 -3.32
PEN74 -4.55 -3.41
PENgy3 -4.66 -3.52
MoS, -5.83 -4.17
MoSes -5.19 -3.78
WS, -5.51 -3.90
WSes -4.82 -3.53
HSE

PENgmall-iso -4.70 -3.09
PEN7 4 -4.80 -3.20
PENgy3 -4.93 -3.35
MoS, -6.28 -4.19
MoSe, -5.71 -3.92
WS, -5.85 -3.77
WSes -5.29 -3.49

Figure 4.35 displays the band alignment between different concentrations of pentacene
and monolayer TMDs, and Table 4.7 contains the relevant frontier orbital energies. We
found that pentacene’s band gap only changes slightly with changing concentration, but
its frontier orbitals decrease in energy. Isolated pentacene forms a Type II band gap
with all four TMDs, regardless of which level of theory we used. This was maintained as
we increased pentacene concentration, with the exception of non-isolated pentacene and

WSe; when we used DFT without spin-orbit coupling. In this case, the CBM of WSe, was
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—3.42 eV and the LUMO of pentacene in the 6 x 3 cell was —3.52 €V: a difference of 98
meV, where WSey’s CBM was the higher of the two, resulting in a Type I band alignment
i.e. the band gap of WSe, totally encompasses that of high concentration pentacene. This
effect was almost apparent with pentacene in the 7 x 4 cell, where pentacene’s LUMO
in this case was —3.41 eV: a difference of only 6 meV. This is, however, not the case for
our DFT calculations with spin-orbit coupling or HSE calculations, which both predict
a Type II heterojunction for both concentrations. There may be some band gap tuning
from molecule-substrate interactions that are as of yet unaccounted for, as thus far the

comparison is between independent systems, not the systems in heterostructure.
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Chapter 5

Low concentration pentacene

heterostructures

Publication relating to this chapter [140]:

E. Black, P. Kratzer, and J. M. Morbec, "Interaction between pentacene molecules
and monolayer transition metal dichalcogenides," Physical Chemistry Chemical Physics,

vol. 25, no. 43, pp. 29444-29450, 2023.

With information on the electronic structure of the TMDs and pentacene in
the concentrations it will experience in heterostructure, we proceeded to construct
heterostructures from the materials (see Figure 1.2). In this chapter, we only looked at
the low concentration pentacene regime; high concentration pentacene was investigated
and compared later. Additionally, we did not perform calculations with spin-orbit
coupling, nor did we perform any hybrid calculations. The latter would be far too
expensive, and was only performed on the smaller systems of the preceding chapter. We
showed previously that spin-orbit coupling splits the VBM in TMDs, and has little effect
on the CBM or pentacene. We discuss the consequences of only performing calculations

without spin-orbit coupling in Section 5.2, but in summary we would only expect an
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important effect in the PEN/WSe, heterostructure. Using optimized geometry, we
extended the TMD cells into supercells that were 7 TMD molecular units by 4 TMD
molecular units, remaining monolayer. To each of these supercells we then added a
single flat-lying molecule of pentacene, with geometry defined by the isolated pentacene’s
optimization, orientated length-ways with the long axis of the underlying TMD substrate,
a layer separation of approximately d = 3 A, and the middle ring of pentacene located
over one of five adsorption sites (see Figure 5.1). Pentacene concentrations resulting
from this made up the low concentration regime, with one pentacene molecule per 244
A? for PEN/MoS, and PEN/WS,, 264 A2 for PEN/MoSe,, and 263 A? for PEN/WSes.
The supercells were put through relax calculations, allowing the pentacene to find its
heterostructure geometry, as well as increase or decrease its separation from the TMD
layers, move along the surface of the TMD substrate layers, and rotate. Each TMD,
therefore, had five heterostructures constructed with flat-lying pentacene: one for each
adsorption site. Initially, we considered additional heterostructures where pentacene lay
vertically on the substrate (Figure 5.2) when performing preliminary calculations on
6 x 3 TMD supercells. We found that these were highly energetically unfavorable, in
keeping with findings from existing experimental [141] and theoretical [142] literature,
where pentacene molecules are flat-lying on monolayer MoS,, and so vertically adsorbed
pentacene was not investigated in the low concentration pentacene (7 x 4 TMD supercell)
regime.

Each adsorption site is defined by the position of the central ring of pentacene relative
to the underlying substrate. The adsorption sites are displayed in Figure 5.1, and are as

follows:

e Bridge-A: the central ring of pentacene lies over a transition metal-chalcogen bond

that is perpendicular to the long axis of the substrate plane, Figure 5.1a

e Bridge-B: the central ring of pentacene lies over a transition metal-chalcogen bond

that is not perpendicular to the long axis of the substrate plane, Figure 5.1b

e Hollow: the central ring of pentacene is over the gap created by the hexagonal
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structure of the monolayer, Figure 5.1c

e Top-TM: the central ring of pentacene lies over a transition metal atom, Figure 5.1d

e Top-Ch: the central ring of pentacene lies over a chalcogen atom, Figure 5.1e

Figure 5.1: Top-down views of the heterostructure supercells, showing pentacene’s
adsorption sites on a 7 x 4 TMD substrate. (a) the Bridge-A site, (b) the Bridge-B site,
(c) the Hollow site, (d) the Top-TM site, and (e) the Top-Ch site. Pentacene’s carbon
atoms and hydrogen atoms are black and white, respectively, with transition metals in
blue and chalcogens in red.

The computational details of heterostructure calculations differ from those of the
materials out of heterostructure. We use the energy cut-offs determined by the respective
TMD, as these values were larger for the TMDs than for pentacene in the previous chapter.
The k-point mesh used for the single molecular unit cells would result in significant
computational cost if applied to the much larger heterostructures, and so a mesh of
3 x 6 x 1 was employed in cases of PEN/TMD heterostructures. This approximately
maintains the density of sampling of the supercell between x- and y-directions. Other

considerations, such as the functional and pseudopotentials were the same. For the high
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Figure 5.2: Side views of pentacene adsorbed vertically on to a TMD substrate. These
adsorption schemes were investigated in preliminary calculations using a 6 x 3 TMD
supercell, and were highly energetically unfavorable, and so were not included in our
analysis of low concentration pentacene adsorption.

molecular concentration and rotated molecule heterostructures in the following chapter,

we use the same parameters as here.
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5.1 The heterostructures

Starting with structural information from previously optimized geometry for the materials,
we created our heterostructures and performed relax calculations in order to find the
optimized heterostructure geometry. Following this, the minimum molecule-molecule
distance for pentacene molecules across periodic boundary conditions was approximately
6.2 A for both sulfur systems (pentacene-MoS, and pentacene-WS, heterostructures),
and approximately 6.5 A for selenium systems (pentacene-MoSe, and pentacene-WSe,
heterostructures). From these relax calculations, we were able to compare the total
system energies of different binding sites of the same substrate. The binding site with
the lowest total energy was the most favorable one, and had its electronic properties
investigated further. The comparison of total energy of different binding sites is equivalent
to a comparison of adsorption energy between heterostructures with the same TMD, as
the materials are the same between compared systems. We found that for all TMDs the
most favorable pentacene binding site was Top-Ch i.e. where the middle ring of pentacene
lies over a sulfur atom or a selenium atom, depending on the TMD. The difference in total
energy of each adsorption site from the total energy of the most favorable adsorption site

for that TMD substrate is given in Table 5.1.

Table 5.1: The difference in total energy, in eV, between adsorption sites of pentacene-
TMD heterostructures with low concentration pentacene and their most favorable
adsorption site.

Heterostructure Bridge-A Bridge-B  Hollow Top-TM Top-Ch

PEN/MoS; 0.079 0.003 0.049 0.046 0.000
PEN /MoSe, 0.072 0.002 0.038 0.035 0.000
PEN/WS, 0.083 0.002 0.053 0.055 0.000
PEN/WSe, 0.075 0.006 0.024 0.056 0.000

For all substrates, the second most favorable site was Bridge-B, with a difference of
only 2 to 6 meV. This implies significant mobility between Top-Ch and Bridge-B sites,
with the least favorable site of Bridge-A still only being 72 to 83 meV less favorable
than Top-Ch; this indicated high molecular mobility in all heterostructures, which has

been demonstrated experimentally in MoS, [141]. The more favorable adsorption sites
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of Top-Ch and Bridge-B have a large number of pentacene’s carbon atoms located over
hollow sites, instead of over the top of chalcogen atoms as is more frequently the case
for the other sites. This reduces steric repulsion between carbons and TMD chalcogens,
increasing energetic favorability, as we found.

Layer separation, that between the center of mass of pentacene and the average z-
position of the top-most plane of chalcogen atoms, was found to be the smallest for the
most favorable TOP-Ch adsorption site, for all TMDs. This was 3.309 A for MoS,,
3.400 A for MoSe,, 3.297 A for WS,, and 3.378 A for WSe,. We saw that the selenium
systems have their pentacene bind at a larger distance than for sulfur systems, explained
by the larger van der Waals radius of the selenium atom (1.90 A [143]) compared to a
sulfur atom (1.73 A [143]), a result observed in TMD heterostructures with other organic
molecules [144]. Differences in layer separation between different adsorption sites for the
same TMD substrate can again be explained by steric repulsion between carbons and

chalcogens. The layer separations for each heterostructure are displayed in Table 5.2.

Table 5.2: Layer separation, d, in A, of 7 x 4 PEN/TMD heterostructures, defined as
the distance between the center of mass of pentacene and the average z-coordinate of the
top-most chalcogens of the underlying TMD substrate.

Heterostructure Bridge-A Bridge-B  Hollow Top-TM Top-Ch

PEN/MoS, 3.397 3.334 3.395 3.392 3.309
PEN /MoSe, 3.475 3.415 3.463 3.459 3.400
PEN/WS, 3.389 3.328 3.374 3.375 3.297
PEN/WSe, 3.468 3.410 3.447 3.480 3.378

The pentacene molecule remains flat-lying for all systems, with no significant twisting
and very minor deformation. With the exception of layer separation, pentacene remained
at approximately the same position as it began before the relax calculations i.e. the
initial atomic positions used for adsorption sites were all stable positions.

Further investigation was performed on only the most favorable binding sites, which
is Top-Ch for all TMD substrates. From this point forward, remaining reference and
discussion about the heterostructures within this chapter are understood to be those
heterostructures with the Top-Ch adsorption site, unless otherwise explicitly outlined.

Comparing the geometry of the relaxed heterostructures to that of the relaxed
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materials out of heterostructure, we observed some small deformation in the pentacene
molecule. There was a mean atomic deviation from the molecular plane of isolated
pentacene’s atoms of 0.49 mA, with the largest atomic deviation being 1.02 mA (see
Section 4.3). For pentacene within the PEN/MoS, heterostructure, we observed a mean
atomic deviation of 40 mA, with a maximum atomic deviation of 111 mA, occurring
at the middle of the molecule. Pentacene within PEN/MoSe; had a mean atomic
deviation of 33 mA with a maximum of 89 mA, also at the middle of the molecule.
For the PEN/WS, heterostructure, we observed a very similar change in structure,
with a mean atomic deviation from the molecular plane of 42 mA, and a maximum
atomic deviation of 122 mA, again at the middle of the molecule. The PEN/WSe,
heterostructure did not behave differently, with a mean atomic deviation of 33 mA and a
maximum of 92 mA, again occurring at the middle of the pentacene molecule. Carbon-
carbon bond lengths in pentacene changed by approximately 0.1% with the formation of
heterostructure, regardless of the substrate, and the substrate itself experienced similar
bond length changes of less than 0.1% as a result of the addition of pentacene. The
bond lengths between transition metal atoms and adjacent chalcogen atoms become
position-dependent with the addition of pentacene, with those bonds directly below the
pentacene molecule undergoing the largest contraction (3.7 mA, 4.5 mA, 4.3 mA, and
6.4 mA for heterostructures with MoS,, MoSe,, WS, and WSes,, respectively) and the
bonds nearby these shortened bonds (but no longer directly underneath the pentacene
molecule) undergoing some lengthening in order to maintain a fixed supercell volume:
the largest bond lengthening observed was 4.7 mA, 3.3 mA, 4.1 mA, and 1.6 mA for
heterostructures with MoSy, MoSe;, WS, and WSe,, respectively.

We additionally examined the contribution to the adsorption energy (Fags), by
comparing F,qs of the pentacene-TMD heterostructure calculated with the PBE functional
and Grimme’s DFT-D3 van der Waals correction to FE,qs of the same heterostructure
calculated with only the PBE functional (i.e. without contributions from van der Waals
forces). E,qs is defined as the difference between the total energy of the heterostructure

(Epen/rvp) and the combined total energies of the relaxed geometries of isolated
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pentacene (E53%%) and the 7 x 4 substrate layer without pentacene (EX5aX):

Eads = Eppnyman — EX — EPge™ . (5.1)

The adsorption energies of the favorable adsorption sites for each TMD heterostructure
(all Top-Ch) are displayed in Table 5.3, alongside the layer separation. We can see that
the overwhelming contribution to the adsorption energies is vdW interaction: FE,4s are
reduced by an order of magnitude with the absence of van der Waals contribution, as
well as observe a greater layer separation, measured in the usual way, without van der
Waals forces. The effect of van der Waals interactions on layer separation is to decrease
it by approximately 0.65 A for molybdenum systems, and by approximately 0.75 A for

tungsten systems.

Table 5.3: E,4s and layer separation, d, of the 7 x 4 heterostructures with pentacene in
the Top-Ch adsorption site calculated with and without consideration of van der Waals
interactions.

PBE + vdW PBE only
Heterostructure FE,qs/eV  d/ A FE.as/eV d/ A
PEN/MoS, -1.389  3.309 -0.100  3.988
PEN /MoSe, -1.424  3.400 -0.101  4.020
PEN/WS, -1.434  3.297 -0.097  4.049
PEN/WSe, -1.458  3.378 -0.099 4.147

In a similar manner, we also investigated the contributions to the adsorption energy
from molecule-molecule (E&ty) and molecule-substrate (EEpy) interactions, and molecule
and substrate deformation effects (E8 and ESS,, respectively). These contributions
were calculated by considering pentacene and the TMD substrate in an environment that
eliminates other contributions, and comparing the resultant total energies to those from
environments that include only the particular contribution of interest.

Molecule-molecule interactions are those between a pentacene molecule and other
pentacene molecules from supercells across the periodic boundary, and so was calculated

as the difference between the total energy of pentacene in its adsorbed geometry (that

from relax calculations of the heterostructure), but isolated from the substrate and
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other pentacene molecules by placing it in a large cubic cell of lateral dimensions
48 A, Eicadseeom - and the total energy of pentacene in its adsorbed geometry in the

heterostructure supercell, but without the substrate, Eon 4™

int scell-adsgeom iso-adsgeom
EPEN - EPEN EPEN : (52>

Molecule-substrate interactions are those between a pentacene molecule and the
underlying substrate, calculated as the difference between the total energy of the whole
heterostructure, Epgx/rvp, and the combined total energies of the TMD and pentacene,

both in their adsorbed geometry and heterostructure supercell, but each without the

: d Il-ad .
other material (Efyh  and the same Epgy 5" as above, respectively):
TMD __ adsgeom scell-adsgeom
Eppn = Epexyvp — Eryp - — Eppx . (5-3)

Deformation effects are those caused by changes in geometry from formation of the
heterostructure, and so for pentacene this is the difference in total energy of isolated
pentacene in its relaxed geometry, FSgI®* and isolated pentacene in its adsorbed
geometry from the heterostructure. For the TMDs, the deformation energy is the

difference in total energies between the TMD in its adsorbed geometry, but without

pentacene, and the TMD in its geometry without pentacene (EI95):

def __ rniso-adsgeom iso-relax
EPEN - EPEN - EPEN (54)
def __ rradsgeom relax
ETMD - ETMD - ETMD : (55)

The results of these calculations are given in Table 5.4, where we can see that the
overwhelming majority of contribution comes from molecule-substrate interaction, which
is to be expected as this is the contribution that is defined by the van der Waals interaction
between the materials. Molecule-substrate interaction is of the order of 1 meV, and
deformation energies are also small, in keeping with our observation that there was only

a small change between adsorbed and isolated geometries.
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Table 5.4: Contributions to the adsorption energy of 7 x 4 heterostructures in
their favorable adsorption site from molecule-molecule, molecule-substrate, molecule
deformation and substrate deformation effects, in eV. Molecule-substrate interaction is
consistently the largest contribution across all systems.

PEN/MoS, PEN/MoSe, PEN/WS, PEN/WSe,

molecule-molecule interaction -0.004 -0.003 -0.004 -0.003
molecule-substrate interaction -1.402 -1.423 -1.340 -1.452
molecule deformation 0.005 -0.007 -0.003 -0.007
substrate deformation 0.012 0.008 -0.088 0.004
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5.2 Electronic properties

5.2.1 Density of states

We also investigated the electronic properties of our heterostructures with pentacene in
the Top-Ch adsorption site. We calculated the density of states of the heterostructures,
the results of which are displayed in Figure 5.3. We found that in all cases the HOMO
of pentacene is located within the band gap of the TMD substrate, and is closer to the
TMD’s VBM in the selenide systems. Using the density of states calculation results,
the differences between pentacene’s HOMO and the TMD’s VBM were calculated to be
1.10 eV for PEN/MoS,, 0.55 ¢V for PEN/MoSes, 0.95 ¢V for PEN/WS, and 0.30 eV for
PEN/WSe,. As the frontier orbital energies were taken from density of states calculations
instead of bands calculations, which were performed with an energy bin of 0.05 eV, there

is a loss of precision compared to previous discussions of frontier orbitals.
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Figure 5.3: The density of states of 7 x 4 PEN/TMD heterostructures, with the Fermi
energy given by the vertical back dashed line.

We notice also that pentacene’s LUMO is close to the TMD’s CBM in all cases

except PEN/MoS,, where there is a difference of 0.4 eV, providing a robust type-II band
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alignment. Also forming a type-II heterojunction are PEN/MoSes; and PEN/WS,, with
differences between the CBM and LUMO of 0.05 eV and 0.10 eV, respectively. The
PEN/WSe; heterostructure, however, possesses a type-I heterojunction, with the TMD’s
band gap straddling the pentacene’s. The frontier orbital energies and their comparisons
are displayed in Table 5.5, where it can be seen that the LUMO-CBM value for PEN/WSe,
is negative (at —0.25 V) i.e. the LUMO is lower than the CBM, and the band alignment

is of straddling type.

Table 5.5: Frontier orbital energies and their difference, in eV, of 7 x 4 PEN/TMD
heterostructures. All heterostructures except PEN/WSe, form type-II heterojunctions.
The values presented here are from density of states calculations, and so have a precision
only of 0.05 eV. Previous frontier orbital energies have been from materials not in
heterostructure, and so bands calculations were performed for this purpose.

PEN TMD A
Heterostructure HOMO LUMO VBM CBM HOMO-VBM LUMO-CBM
PEN/MoS; -4.70 -3.80 -5.80 -4.20 1.10 0.40
PEN/MoSes -4.65 -3.75 -5.20 -3.80 0.55 0.05
PEN/WS, -4.65 -3.75 -5.60 -3.85 0.95 0.10
PEN/WSe, -4.65 -3.70 -4.95 -3.45 0.30 -0.25

Previously, we determined that the band alignment between pentacene and WSes
outside of heterostructure is of type-II. As such, we investigated the effect on the density
of states of molecule-molecule and molecule-substrate interactions for PEN/WSey. We
did so by calculating the density of states of pentacene within a cell of size defined by the
PEN/WSe, heterostructure (which would suffer from molecule-molecule interactions but
not molecule-substrate interactions), and comparing the results to the density of states of
the pentacene in the heterostructure (which undergoes molecule-molecule and molecule-
substrate interactions) and also well-isolated pentacene (which undergoes the effects of
neither interaction). The extracted frontier orbitals from scf calculations are given in
Table 5.6, and a comparison of the density of states is displayed in Figure 5.4. Importantly,
we are only able to use the scf results for the frontier orbitals of pentacene within the
PEN/WSe; heterostructure because it forms a type-I heterojunction: we can only extract
the whole system’s frontier orbitals. With the other heterostructures we would instead be

extracting the TMD’s CBM, not pentacene’s LUMO, which would give different values
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(although we expect the same pattern, as seen in the accompanying Figure 5.4).

Table 5.6: HOMO and LUMO positions of pentacene in a well-isolated environment
(PENis), in a 7 x 4 supercell without a substrate (PEN7y4), and in the PEN/WSe;
heterostructure (PENpgx /WSQQ). Values are in eV, and are extracted from scf calculations
as in Chapter 4, resulting in higher precision.

System HOMO LUMO
PENiqo -4.446  -3.307
PEN;.,, 4551 -3.412

PENpgN/wse, -4.752  -3.662
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Figure 5.4: The total density of states of pentacene in three different environments with
their HOMO and LUMO energies labelled and marked on all three subplots with solid
and dashed colored lines, respectively: (a) well-isolated pentacene in green, (b) pentacene
in a cell defined by the 7 x 4 PEN/WSe, heterostructure, but without the TMD, in blue,
and (c) pentacene in the PEN/WSe, heterostructure in red. It is clear that the frontier
orbitals decrease in energy with both an increase in concentration and adsorption.

We can see from Table 5.6 that there is decrease in both the HOMO and LUMO
energies of 105 meV from bringing the pentacene molecules closer together, but without
the substrate; this is therefore the effect of molecule-molecule interaction. Comparing to
values from pentacene in the PEN/WSe, heterostructure, we see a further decrease in the

HOMO and LUMO energies of 201 eV and 250 meV, respectively; this is the contribution
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of molecule-substrate interactions. The contribution from molecule-molecule interaction
is almost enough to result in a change from type-II to type-I band alignment, resulting in
only a 6 meV difference between pentacene’s LUMO and the TMD’s CBM, with molecule-
substrate interactions enhancing this effect and comfortably shifting the band alignment
to type-1. It is important to note, however, that there exist small differences in calculated
frontier orbital energies between scf and density of states calculations, in part because
of the energy step size for density of states calculations being larger, as well as smearing
effects to form a continuum. As such, we additionally compared the frontier orbital
energies of pentacene as determined by density of states calculations, and see the same
broad pattern: both molecule-molecule and molecule-substrate interactions act to decrease
the HOMO and LUMO energies, by approximately 0.10 eV and then 0.20 eV each in

combination. These values are displayed in Table 5.7.

Table 5.7: HOMO and LUMO positions of pentacene in a well-isolated environment
(PENis), in a 7 x 4 supercell without a substrate (PEN7.4), and in the PEN/WSe,
heterostructure (PENpgx /wseg)- Values are in eV, and are extracted from density of
states calculations.

System HOMO LUMO
PENis -4.35 -3.40
PEN7.4 -4.45 -3.50

PENpgn/wse,  -4.65 -3.70

Band alignment was determined in Chapter 4 by frontier orbital energies from scf
and bands calculations, but the density of states calculation results can differ slightly
from these, so we present in Figure 5.5a the density of states of well-isolated pentacene
superimposed on that of monolayer WSey out of heterostructure; we see clearly that
pentacene’s HOMO sits in the WSey band gap, while pentacene’s LUMO is above the
TMD’s CBM, showing a type-II band alignment for the materials out of heterostructure.
Figure 5.5b displays the density of states of pentacene in a 7 x 4 supercell, superimposed
on the same WSe, density of states. We can see there that pentacene’s LUMO appears
to be almost degenerate with the TMD’s CBM: indeed the CBM of WSe; out of
heterostructure was calculated as —3.45 eV from these density of states calculations,

while the previously discussed LUMO was —3.50 eV. As mentioned above, the more
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precise scf results predicted a Type-II band alignment between pentacene in the 7 x 4

supercell and WSe,, but only by 6 meV.
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Figure 5.5: (a) The density of states of well-isolated pentacene (blue) and that of WSe
(green), presented to demonstrate type-II band alignment of the materials outside of
heterostructure when using frontier orbital energies from density of states calculations,
for comparison with those from the heterostructure. Pentacene’s HOMO and LUMO, as
well as the TMD’s VBM and CBM, are labelled. (b) The density of states of pentacene
in a 7 x 4 supercell (blue) and that of WSe,, demonstrating that pentacene’s LUMO and

the TMD’s CBM are effectively overlapping. The Fermi energy of the TMD is shown as
dashed black lines.

In the other three heterostructures, similar shifts were observed in pentacene’s HOMO
and LUMO. We cannot provide the comparison from scf calculations due to the issue
mentioned above: extracting pentacene’s LUMO is not feasible, as the frontier orbital
above the band gap of the heterostructure is the TMD’s CBM. Therefore, we can only
make the comparison from density of states data. Such a comparison can be made between
the HOMO and LUMO values for well-isolated pentacene and pentacene in the 7 x 4
supercell without a substrate from Table 5.7, and those for pentacene in heterostructure
from Table 5.5. We see that forming a heterostructure with MoS, decreases pentacene’s
HOMO by 0.25 ¢V and the LUMO by 0.30 eV. For MoSe; and WS,, these effects are
slightly smaller, both decreasing by 0.20 eV and 0.25 eV for the HOMO and LUMO

energies, respectively. This is the same decrease in HOMO as with WSes, but a slightly
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large decrease in LUMO than for WSe,. With the smallest effect occurring in the
PEN/WSe, heterostructure, it is only because of how close the band alignment was
between isolated systems that we see the type-I band alignment in this heterostructure.
We did not perform these calculations with spin-orbit coupling, the justification being
that pentacene is broadly unaffected by spin-orbit coupling, and the effect on the TMDs
was already described. In the case of molybdenum systems, spin-orbit coupling increases
the VBM by approximately 0.1 eV, while pentacene’s HOMO is more than 0.5 eV above the
VBM, so we expect no effect on band alignment here. The CBM of MoS, is similarly safely
removed from pentacene’s LUMO. While the CBM of MoSe; is fairly close to pentacene’s
LUMO in heterostructure, the effect of spin-orbit coupling on the CBM of MoSe; is only
4 meV, and so there is no expected effect on band alignment for PEN /MoSes either. The
tungsten systems are more affected by spin-orbit coupling, however. WS, has a VBM that
is increase by 0.195 eV by spin-orbit coupling, but has almost a 1 eV difference between
the TMD’s VBM and pentacene’s HOMO in heterostructure, so the effect is not felt by
the band alignment. Similarly, the CBM and LUMO are separated by a large enough
energy that spin-orbit coupling is not expected to change the type of heterojunction. The
PEN/WSe, heterostructure, however, may be affected by spin-orbit coupling. The VBM
is increased by 0.245 eV, almost enough to bring the VBM past pentacene’s HOMO. The
CBM is increased by 0.044 eV, worsening the effect from molecule-molecule and molecule-
substrate interactions, to further push pentacene’s LUMO below the CBM of WSe;. In
this case, the effect of spin-orbit may be to recover the type-II band alignment, but with
a reversed direction i.e. it is pentacene’s LUMO, and not HOMO, that could sit in the

TMD band gap.

5.2.2 Charge transfer and work function

We then examined the charge transfer of the heterostructures by calculating the charge
density (scf calculations do this, and we used a post-processing script, pp.x, to extract
plottable data) of pentacene in the 7 x 4 supercell and the TMD without pentacene,

then subtracting these from the charge density of the complete heterostructure. This
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PEN/MoS; PEN/MoSe;

Figure 5.6: The difference in charge density between the 7x 4 PEN/TMD heterostructures
and the materials in a heterostructure cell without their counterpart, plotted on a plane
perpendicular to the plane of pentacene and that of the TMD monolayer, aligned along
the long axis of pentacene. Regions of charge accumulation and depletion are displayed
in red and blue, respectively.

is displayed in Figure 5.6, where we see accumulation of charge around the top-most
chalcogen atoms and the pentacene molecule, with a depletion of charge in the region
between layers; this is typical of Pauli repulsion.

In order to quantitatively assess the change in charge distribution we integrated the
difference in charge density along the x-y plane to obtain the plane-averaged differential
charge density, Ap (2):

Ap(z) = / Ap (x,y,2)dzdy , (5.6)

where the integral is over the entire x-y plane and Ap (z,y, 2) is the differential charge

density at the point (z,v, 2),

Ap (95, Y, Z) = PPEN/TMD (l', Y, 2) — PPEN (33, Y, Z) — PTMD (CU, Y, Z) . (5-7)
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The cumulative charge difference through the heterostructure, AQ (z), can then be

calculated as

AQ (2) = /_Z Ap ()02 . (5.8)

The results of this analysis are displayed in Figure 5.7, where we see that the change
in charge distribution between pentacene and the TMDs is between 0.011 and 0.013
electrons per supercell (the maximum cumulative charge difference), corresponding to
between 4 x 107" and 5 x 10~* electrons per chalcogen atom (of the top plane of chalcogen

atoms), or between 3.6 x 10! and 4.7 x 10! electrons per square centimeter.
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Figure 5.7: (a) The plane-averaged differential charge density, Ap (2) (Equation 5.6) of the
four 7 x4 PEN/TMD heterostructures. (b) The cumulative change in charge distribution,
AQ (z) (Equation 5.8) of the four PEN/TMD heterostructures. The horizontal gray bands
represent the position of heterostructure atomic planes. In order from the top of the image:
pentacene, the top chalcogen plane of the TMD substrate, the transition metal plane of
the TMD substrate, and the bottom chalcogen plane of the TMD substrate. The bands
representing the transition metal and chalcogen positions are wider than that for the
molecular plane due to variation between TMDs. The cyan band represents the position
of the heterostructure interface.

For the PEN/MoS, heterostructure, we calculated a change in charge distribution of
0.013 electrons per supercell, which is low compared to previous results on similar systems
(although the same order of magnitude); flat-lying pentacene adsorbed on a hexagonal
MoS, monolayer with a substrate size of 7 x 4 molecules per supercell (i.e. the same
concentration we investigated here) has had charge transfer calculated as 0.066 electrons
per supercell [142]. However, this value is from calculations using the HSE06 functional

and Grimme’s DFT-D2 van der Waals correction [51]: an improvement in exchange-

216



correlation functional, but a less accurate treatment of van der Waals interactions.
Additionally, this work did not appear to consider adsorption site favorability, and used a
site between what we have called Top-TM and hollow. These differences in methodology
may account for the differences in results. This work also investigated the equivalent
heterostructure with 1T-MoS,, finding the charge transfer to be approximately 7 times
greater than the hexagonal monolayer case. There are charge transfer values of between
0.10 and 0.013 electrons per sulfur atom reported for TizCs and TizCyFs, respectively,
adsorbed on 1T-MoS, [145], much larger than what we have found for pentacene on 1H
monolayers, and there is a dearth in the literature for the other TMDs with adsorbed
pentacene in a manner similar to the structures we investigated here.

We have not distinguished between cases of charge polarization resulting from
heterostructure formation and true charge transfer i.e. we did not adequately define the
geometry of the interfacial surface between heterostructure layers, nor ‘track’ the origin
and final destination of individual electrons by e.g. partitioning our charge density grid
into Bader volumes and assessing the energetic cost of adding and removing electrons
to the volumes. We cannot, therefore, consider our results here to be robustly a case
of charge transfer, and polarization seems more likely. Given that our heterostructures
are either of Type-I or Type-II band alignment, for true charge transfer to occur then
an electron must first be excited into the conduction band where migration becomes
possible. As these are ground state calculations we conclude that this is not a case of
charge transfer, but rather is indeed a case of polarization.

Additionally, our intergrations over charge densities were performed on a grid and our
results were small in magnitude. By performing the calcualtions over a finer grid it is
possible that we would efface our low magnitude results and so find that they are only due
to numerical error. The character of our charge redistribution curve (Figure 5.7) i.e. the
physical positions within the cell that we see local maxima and minima in the differential
charge density, would imply that numerical error alone is not responsible for our results,
however.

Finally, we calculated the reduction in work function (see Table 5.8) due to absorption
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of the pentacene molecule, where the work function, ¢, is calculated as

¢ =€ —€r, (5.9)

where €, is the energy in vacuum, set automatically as the zero reference by the
computational suite (accurate as long as the integrity of the monolayer is maintained) i.e.
€0 = 0, and €p is the Fermi energy (see subsection 2.4.1). We can see from Figure 5.3 that
the reduction comes primarily from the introduction of permitted states within the band
gap from pentacene’s HOMO, increasing the Fermi energy. The change in work function
being smaller in selenium systems compared to their sulfur counterparts agrees with this
observation, as the difference in pentacene’s HOMO energy to the underlying TMD’s
VBM energy is greater in the sulfur systems than in the selenium systems. Similarly,
the difference in pentacene’s HOMO and the TMD’s VBM is greater in molybdenum
systems than tungsten, and so the change in work function from pentacene adsorption is
greater in molybdenum systems than the corresponding tungsten systems. As expected,
then, the MoS, heterostructure sees the largest change in work function, and WSe, the

smallest.

Table 5.8: Work function of the TMDs and their 7 x 4 PEN/TMD heterostructures, as
well as the change in work function due to pentacene adsorption, A¢ = ¢rymp — PpEN/TMD-

TMD  ¢pup/eV  ¢pen/mvp/eV  Ag/eV

MoS, 5.01 4.42 0.59
MoSe, 4.65 4.21 0.44
WS, 4.59 4.25 0.34
WSe, 4.35 4.17 0.18
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Chapter 6

The effect of molecular concentration
and rotation on PEN /TMD

heterostructures

Publication relating to this chapter [146]:

E. Black and J. M. Morbec, "Effect of molecular rotation and concentration on the
adsorption of pentacene molecules on two-dimensional monolayer transition metal

dichalcogenides," FElectronic Structure, vol. 6, no. 2, p. 025008, 2024.

As we have investigated favorable adsorption sites for pentacene molecules on
7 x 4-molecule TMD substrate layers and the electronic properties of the resultant
heterostructures, we then looked at the effect of pentacene concentration within similar
heterostructures. By constructing supercells of 6 x 3-molecule TMD substrate layers and
introducing a pentacene molecule to the cell, we created PEN/TMD heterostructures
with higher pentacene concentration than in Chapter 5. We performed the same
analysis on these high concentration pentacene structures as before by identifying the

heterostructure with the most favorable molecular adsorption site for each TMD layer
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and then calculating their electronic properties. As mentioned previously, here we
also initially considered a vertical adsorption site for high concentration pentacene;
we did so early in the project, where high concentration pentacene is the smaller and
less computationally expensive supercell structure, and determined that the vertical
adsorption of pentacene is extremely unfavorable: of the order of 1 eV less favorable than
the most favorable flat-lying adsorption site in both PEN/MoSs; and PEN/MoSe;. As
such, vertically adsorbed pentacene was not investigated further.

Additionally, while molecular pentacene has been determined to remain flat-lying
on substrates (by us and in existing literature [141, 147]), there is limited literature
on the alignment of pentacene with an underlying TMD substrate and how that may
affect the electronic properties. So far, we have only considered pentacene with its long
axis aligned with that of the long axis of the underlying substrate. This results in an
alignment where the pentacene long axis is perpendicular to the plane of some transition
metal-chalcogen bonds within the hexagonal pattern. By rotating pentacene by 30°,
we align the long axis of pentacene such that it is instead parallel to some of these
bond planes. A rotation of 60° results in the same alignment between any one particular
pentacene molecule and the underlying substrate due to the rotational symmetry of the
substrate layer, but changes the relationship of the molecule with surrounding molecules
due to the asymmetric nature of the supercells’ dimensions. 90° rotation provides the
same relationship between between a given molecule and the substrate as does 30°, but
similarly changes the molecule-molecule distances. These three angles of rotation were
investigated around the previously determined favorable adsorption sites and compared

to the unrotated, or 0°, heterostructures, for both concentrations of pentacene.
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6.1 Investigating pentacene concentration

We controlled pentacene concentration by changing the number of molecular units that
were within a supercell of the underlying substrate. Previously, our substrate layers were
made up of 28 molecular units of TMD, in a 7 x4 supercell. This gave us low concentration
pentacene, and corresponded to one pentacene molecule per 244 A? for MoS, and WS,
heterostructures, 264 A% for PEN/MoSe,, and 263 A? for PEN/WSe,. By reducing the
number of molecular units of TMD per supercell to 18 (dimensions of 6 x 3 molecular
units), pentacene molecules were closer to their neighbours across periodic cell boundaries.
This was the high concentration pentacene regime, with concentration of one pentacene
molecule per 157 A2 for MoS, and WS,, 170 A2 for MoSe,, and 169 A2 for WSe,. The

underlying TMD substrates for each concentration regime are compared in Figure 6.1.

Figure 6.1: Ball and stick representation of the underlying monolayer TMD substrate.
The extent of the figure in its entirety is the substrate for a 7 x 4 supercell, with the 6 x 3
equivalent enclosed by the red quadrilateral (showing the limits of the 6 x 3 supercells),
and a single molecular unit, representing the unit cell of a pristine monolayer TMD, is
enclosed within the green quadrilateral.

6.1.1 High concentration pentacene heterostructures: structure

After optimizing the geometry of the 6 x 3 supercell heterostructures, we found that the
molecule-molecule separation across periodic boundary conditions was approximately 3.4
A for sulfur systems, and 3.7 A for selenium systems. We considered the same adsorption

sites as in Chapter 5, those being Bridge-A, Bridge-B, Hollow, Top-TM and Top-Ch
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(see Figure 5.1). As mentioned above, we additionally considered a heterostructure with
vertically adsorbed pentacene (see Figure 5.2) that was shortly abandoned. Following
relaxation of the heterostructures, we found that the Top-TM site for pentacene-MoSs
was unstable: the relax calculation for this heterostructure showed that pentacene is
most favorable in an adsorption site between Top-TM and Hollow, the result of which
is shown in Figure 6.2. When it came to rotation of the pentacene molecule, discussed
later in this chapter, we investigated both the relaxed intermediate site as well as the pre-
relaxation Top-TM site where we did not permit the molecule to move along the substrate
surface. We found even after rotation that the heterostructures with a pre-relaxed Top-
TM adsorption site were less favorable than those with the intermediate adsorption sites,
where we had still allowed the rotated structure to further relax. Therefore, we shall refer
to the intermediate site obtained following relax calculations here as ‘Top-TM’, with the
structures where the adsorption site was forced to remain at ‘true’ Top-TM referred to
as ‘true’ Top-TM. This was not a concern for any other heterostructure, as the rest were

stable: only PEN/MoS,, and then only in the high concentration pentacene case.

Figure 6.2: The intermediate adsorption site resulting from relaxation of pentacene
adsorbed on 6 x 3 MoS,, starting geometric relaxation in the Top-TM site.

Unlike the 7 x 4 case, the most favorable adsorption site depended on the
heterostructure. By calculating the total energy of each heterostructure with different
adsorption sites, we determined the energetic favorability of the various adsorption sites;

this comparison is equivalent to comparing adsorption energy between heterostructures
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with the same TMD. Pentacene-MoS, was found to be most favorable in the Top-TM
site, which as discussed above found stability in an intermediate adsorption site. The
next-most favorable site was Bridge-B, with a total energy 48 meV higher than that
of Top-TM. The difference between Top-TM and the least favorable adsorption site
was 143 meV. The PEN/MoSe, heterostructure favored the Bridge-B adsorption site,
but this was closely contended by Top-Ch (the most favorable in the low concentration
pentacene case), with a difference between the two of only 5 meV. 89 meV separated
the most from the least favorable adsorption site, indicating high molecular mobility.
Similarly, the pentacene-WS, heterostructure was mobile between Top-Ch and Bridge-B
with a difference in total energy of 12 meV, but in this case it was Top-Ch that had the
lowest total energy. The least favorable site here was 87 meV less favorable than Top-Ch,
implying good mobility across the entire surface of the TMD substrate, similar to MoSe,
systems. The lowest molecular mobility was found in the PEN/WSe, heterostructure,
with a difference between the most favorable adsorption site, Bridge-A, and the next
most favorable, Bridge-B, to be 137 meV, almost as large as the differential across all
adsorption sites in the PEN/MoS, systems. The difference in total energies between the
most and least favorable flat-lying sites for pentacene-WSe, heterostructures was found
to be 188 meV. The differences in total energies of the various adsorption sites for high
concentration pentacene systems compared to the most favorable sites are displayed in
Table 6.1. The pentacene molecule remains flat-lying for all systems, with only minor
deformation.

Table 6.1: The difference in total energy, in eV, between adsorption sites of pentacene-
TMD heterostructures with high concentration pentacene and their most favorable
adsorption site.

Heterostructure Bridge-A  Bridge-B  Hollow Top-TM Top-Ch

PEN/MoS, 0.143 0.048 0.098 0.000 0.054
PEN/MoSe, 0.089 0.000 0.050 0.060 0.005
PEN/WS, 0.087 0.011 0.061 0.062 0.000
PEN/WSe, 0.000 0.137 0.186 0.187 0.140

Layer separation, d, was found to not be the smallest for the most favorable

adsorption site, in contrast to the case with 7 x 4 heterostructures. The pentacene-MoS,
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heterostructure did have a smaller layer separation in its most favorable adsorption site,
at 3.297 A, but both PEN/MoSe, and PEN/WS, heterostructures had their smallest
layer separation in their second-most favorable site, Top-Ch and Bridge-B, respectively.
Their most favorable adsorption sites, Bridge-B and Top-Ch, respectively, were the
second closest-binding systems. We noted that the values between both the total energy
and the layer separation in both cases for both TMDs are very close: only 5 meV and
11 meV, and 8 mA and 1 mA, respectively. PEN/WSe, interestingly has its largest
layer separation with pentacene in its most favorable adsorption site, Bridge-A. The
closest binding adsorption sites here are Bridge-B and Top-Ch, as in PEN/MoSe; and
PEN/WS,, and we notice that all heterostructures have the greatest layer separation with
the Bridge-A adsorption site. In keeping with what we saw with the high concentration
pentacene heterostructures, there were larger binding distances observed in selenium
systems than in sulfur, again explained by the large van der Waals radii of the respective
chalcogen atoms. The layer separations for each heterostructure are displayed in Table
6.2.

Table 6.2: Layer separation, d, in A, of 6 x 3 PEN/TMD heterostructures, defined as
the distance between the center of mass of pentacene and the average z-coordinate of the
top-most chalcogens of the underlying TMD substrate.

Heterostructure Bridge-A Bridge-B  Hollow Top-TM Top-Ch

PEN/MoS, 3.421 3.342 3.397 3.297 3.346
PEN /MoSe, 3.482 3.425 3.477 3.480 3.417
PEN/WS, 3.412 3.320 3.402 3.401 3.321
PEN/WSe, 3.480 3.410 3.468 3.464 3.416

As with the high concentration regime, we continued our calculations and analysis
only on the most favorable adsorption sites, with the exception of briefly revisiting the
‘true’ Top-TM adsorption site for PEN/MoS, when we investigated rotated pentacene.

By examining the relaxed heterostructure geometry and comparing it to the relaxed
geometry of the TMDs and pentacene out of heterostructure, we observed some minor
deformation of the pentacene molecule. We recall that isolated pentacene had a mean
atomic deviation from the molecular plane of 0.49 mA, with the largest atomic deviation

being 1.02 mA (see Section 4.3). As for the case of high concentration pentacene
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systems, we saw more deviation from the molecular plane than in the case of isolated
pentacene, and with their maximum deviation occurring near, but not necessarily at,
the middle of the molecule: there is some very minor twisting noted. Pentacene within
the PEN/MoS, heterostructure saw a mean atomic deviation of 60 mA, and a maximum
atomic deviation of 118 mA on one side of the middle carbon ring, the PEN/MoSe,
heterostructure saw a mean atomic deviation of 41 mA and a maximum of 111 mA at
one of the second from middle carbon rings, PEN/WS, had a mean atomic deviation of
38 mA and a maximum of 105 mA in the middle of the molecule, and PEN/WSe, had
a mean atomic deviation of 26 mA and a maximum of 67 mA between one of the outer
carbon rings and the next one in. Pentacene’s carbon-carbon bond lengths were again
negligibly changed, by less than 0.1%, with the formation of the heterostructures. The
transition metal-chalcogen bond lengths underwent position-dependent change, with the
largest contraction (3.6 mA, 4.1 mA, 3.9 mA, and 4.8 mA in PEN/MoS,PEN/MoSe,,
PEN/WS,, and PEN/WSe, heterostructures, respectively) occurring underneath the
pentacene molecule and the largest bond lengthening (2.3 mA, 2.9 mA, 3.5 mA, and
2.4 mA in PEN/MoS,,PEN/MoSe,, PEN/WS,, and PEN/WSe, heterostructures,
respectively) observed in bonds near those most contracted, but no longer underneath
the pentacene.

The adsorption energies, E,qs (Equation 5.1), of the favorable heterostructures are
shown in Table 6.3. The differences between total energies of different binding sites from
Table 6.1 apply to adsorption energies as well, as the different adsorption sites for the
same TMD share the same energies of their materials out of heterostructure, but the

absolute value of total and adsorption energies will differ.

Table 6.3: Adsorption energy, F,qs and layer separation, d, of the 6 x 3 heterostructures
with pentacene in the most favorable adsorption site.

Heterostructure Adsorption Site F,gs/eV  d/A

PEN/MoS; Top-TM -1.461  3.297
PEN /MoSe, Bridge-B -1.437  3.425
PEN/WS, Top-Ch -1.454  3.321
PEN/WSe, Bridge-A -1.606  3.480
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Unlike in the 7 x 4 case, we did not perform calculations here without van der Waals
corrections, as we showed previously that the adsorption energy due to van der Waals
was many times large than that without; there is no reason to expect any difference here
(or indeed later), and the level of interest in any slight differences beyond that discussed
in the context of molecule-substrate interactions is not worth the computational cost of
additional large heterostructure calculations.

We additionally calculated the contributions to adsorption energy from molecule-
molecule and molecule-substrate interactions, and molecule and substrate deformation
effects, as described in Section 5.1 and defined by Equations 5.2-5.5. The results of
these calculations are given in Table 6.4, where we see that the major contribution
is molecule-substrate interaction. This is expected, given that this includes van der
Waals interactions. Deformation effects are small, but molecule-molecule interactions
are an order of magnitude larger than deformation effects, as well as molecule-molecule
interactions in the low concentration pentacene calculations (see Table 5.4), which is,

again, expected given the decreased distance between molecules.

Table 6.4: Contributions to the adsorption energy of 6 x 3 heterostructures in
their favorable adsorption site from molecule-molecule, molecule-substrate, molecule
deformation and substrate deformation effects, in eV. Molecule-substrate interaction is
consistently the largest contribution across all systems.

PEN/MoS, PEN/MoSe; PEN/WS, PEN/WSe,

molecule-molecule interaction -0.059 -0.038 -0.056 -0.038
molecule-substrate interaction -1.398 -1.400 -1.374 -1.422
molecule deformation -0.009 -0.005 -0.009 -0.007
substrate deformation 0.002 0.002 0.003 -0.005

6.1.2 High concentration pentacene heterostructures: electronic
properties
Density of states

The density of states was calculated for each heterostructure in its most favorable

geometry, the results of which are displayed in Figure 6.3. In all cases, pentacene’s

HOMO is located within the TMD band gap, closer to the TMD’s VBM in the cases of
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the selenide systems. The differences between pentacene’s HOMO and the TMD’s VBM,
determined with the density of states calculations, were 1.05 eV, 0.50 eV, 0.90 eV, and
0.25 eV, for PEN/MoS,, PEN/MoSey, PEN/WS,, and PEN/WSe,, respectively.
Pentacene’s LUMO is close to the TMD’s CBM, excepting the case of the PEN/MoS,
system, which maintains a robust Type-II heterojunction with a difference between the
pentacene’s LUMO and the CBM of MoS, of 0.30 V. PEN/WS, is predicted to have a
Type-II band alignment, but close: a difference between LUMO and CBM of only 0.05
eV. PEN/WSe, forms a Type-I heterojunction, where pentacene’s LUMO is 0.35 eV below
the CBM of WSe,. In the case of PEN/MoSes, however, there was no difference between
LUMO and CBM to the precision of our density of states calculation. These values are

presented in Table 6.5.
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Figure 6.3: The density of states of 6 x 3 PEN/TMD heterostructures, with the Fermi
energies given by the vertical black dashed line.
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Table 6.5: Frontier orbital energies and their difference, A, in eV, of 6 x 3 PEN/TMD
heterostructures. The values presented here are from density of states calculations, and so
have a precision only of 0.05 eV. As in the case of the 7 x 4 heterostructures, PEN/WSe,
is in a Type-I band alignment. However, with high concentration pentacene, PEN /MoSe,
now potentially forms a Type-I heterojunction as well.

PEN TMD A
Heterostructure HOMO LUMO VBM CBM HOMO-VBM LUMO-CBM
PEN/MoS, -4.70 -3.85 -5.75  -4.15 1.05 0.30
PEN/MoSe, -4.65 -3.75 -5.15  -3.75 0.50 0.00
PEN/WS, -4.70 -3.80 -0.60  -3.85 0.90 0.05
PEN/WSe, -4.70 -3.80 -4.95 -3.45 0.25 -0.35

The band alignment of MoSe, and pentacene out of heterostructure, but with a
molecular concentration consistent with the 6 x 3 heterostructures, was determined in
Chapter 4 to be of Type-II. Here, however, we could not distinguish between Type-I and
Type-1I within the precision of our density of states calculations. The higher precision scf
calculations do not map frontier orbital energies on to molecular orbitals, and so we cannot
tell what the band alignment is from there. As such, we repeated the density of states
calculations with a smaller energy bin, 0.01 €V, in order to determine the band alignment.
The frontier orbitals from this calculation were a TMD CBM of —3.77 €V and a pentacene
LUMO of —3.81 eV, resulting in a Type-I heterojunction. Knowing now which orbital the
scf calculation energies belonged to, we then determined the contributions of molecule-
molecule and molecule-substrate interactions to the change in frontier orbital energies

seen when bringing pentacene into high concentration heterostructure with MoSes.

Table 6.6: HOMO and LUMO positions of pentacene in a well-isolated environment
(PENis), in a 6 x 3 supercell without a substrate (PENgy3), and in the PEN/MoSe, and
PEN/WSe; heterostructures (PENpgn/rmp). Values are in eV, and are either extracted
from scf calculations as in Chapter 4, resulting in higher precision, or are extracted from
density of states (pDOS) calculations (reporting the values for PENpgN/wse, using the
0.05 eV bin for consistency).

scf pDOS
System HOMO LUMO HOMO LUMO
PENis -4.446  -3.307 -4.35 -3.40
PENgy3 -4.681  -3.541 -4.55 -3.60
PENpEN/Mose, -4.799  -3.687 -4.65 -3.75
PENpgN/wse, -4.788  -3.669 -4.70 -3.80
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Figure 6.4: The total density of states of pentacene in three different environments with
their HOMO and LUMO energies labelled and marked on all three subplots with solid
and dashed colored lines, respectively: (a) well-isolated pentacene in green, (b) pentacene
in a cell defined by the 6 x 3 PEN/MoSe, heterostructure, but without the TMD (and
geometrically optimized in this cell, without the TMD), in blue, and (c) pentacene in the
PEN/MoSe, heterostructure in red. It is clear that the frontier orbitals decrease in energy
with both an increase in concentration and adsorption.

We see from Table 6.6 that bringing isolated pentacene into a concentration consistent
with the PEN/MoSe, heterostructure (but without the TMD) results in a decrease of both
HOMO and LUMO energies of 235 meV and 234 meV, respectively. This represents the
effect of molecule-molecule interactions on the frontier orbitals. There is a further decrease
in the HOMO upon adsorption on the MoSe, substrate of 118 meV, and a decrease of 146
meV in the LUMO. These are the molecule-substrate interaction contributions. We can
see this effect in Figure 6.4. Both are required to result in a transition from Type-II to
Type-I band alignment (as would be expected, given that the 7 x4 system remained Type-
IT; molecule-substrate interaction there was not sufficient). We additionally compared the
frontier orbital energies of these systems as determined by density of states calculations,
the results of which are presented in Table 6.6, where we observe the same effect. Molecule-

molecule interactions act on both frontier orbitals to decrease them by 0.20 eV, and
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molecule-substrate interactions further decrease them by 0.10 eV and 0.15 eV for the
HOMO and LUMO, respectively.

Frontier orbital energies used to predict band alignment in Chapter 4 were calculated
with scf and bands calculations, which differ slightly from results obtained from density
of states calculations. As such, we present in Figure 6.5a the density of states of well-
isolated pentacene and MoSe; out of heterostructure, showing a predicted staggered band
gap alignment. Figure 6.5b displays the density of states of pentacene in a 6 x 3 supercell,
without the TMD, superimposed on the same MoSe; data. These calculations, that do
not take into account molecule-substrate interactions, but the latter of which did consider
molecule-molecule interactions, predicted a staggered gap. Only with the addition of
molecule-substrate interactions was the tuning of frontier orbital energies enough to

change the band alignment.
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Figure 6.5: (a) The density of states of well-isolated pentacene (blue) and that of MoSes,
(green), presented to demonstrate type-II band alignment of the materials outside of
heterostructure when using frontier orbital energies from density of states calculations,
for comparison with those from the heterostructure. Pentacene’s HOMO and LUMO, as
well as the TMD’s VBM and CBM, are labelled. (b) The density of states of pentacene in
a 6 x 3 supercell without the substrate (blue) and that of MoSey, demonstrating that
pentacene’s LUMO and the TMD’s CBM are effectively overlapping. The molecule-
molecule interaction effects on the orbitals is not enough to cause a band alignment
type transition, but the additional molecule substrate effects were.
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As we saw that PEN/WSe, formed a Type-II heterojunction when in the low
concentration regime due to molecule-molecule and molecule-substrate effects, it was
reasonable to assume that with increased concentration, and so increased molecule-
molecule interaction, this alignment would be maintained in the 6 x 3 system. This was
the case, as can be seen in Figure 6.3, where the pentacene frontier orbitals are completely
straddled by the TMD frontier orbitals. Isolated pentacene was predicted to have Type-II
band alignment with WSey in Chapter 4, but did not consider the effects that come
with heterostructure formation. Density of states calculations (see Table 6.6) show that
molecule-molecule interactions move pentacene’s HOMO and LUMO energetically lower
by 0.20 eV, and molecule-substrate interactions have the same effect again, by 0.15 eV
for the HOMO and 0.20 eV for the LUMO. The combination of the two is enough for
a Type-II to Type-I band alignment transition. Because of the straddling gap, we can
use scf calculation values for a more precise discussion, with values also given in Table
6.6. The molecule-molecule effects are discussed above in the context of the MoSe,
heterostructure, and are independent of the TMD. Molecule-substrate interaction results
in a further decrease in the HOMO energy of 107 meV, and the LUMO of 128 meV.
These are both within 20 meV of the changes seen from heterostructure formation with
MoSe;. We can see these changes in Figure 6.6, which demonstrates the changes in
frontier orbital energies of pentacene as it is brought into the high concentration regime,

and then heterostructure with WSes,.
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Figure 6.6: The total density of states of pentacene in three different environments with
their HOMO and LUMO energies labelled and marked on all three subplots with solid
and dashed colored lines, respectively: (a) well-isolated pentacene in green, (b) pentacene
in a cell defined by the 6 x 3 PEN/WSe, heterostructure, but without the TMD, in blue,
and (c) pentacene in the PEN/WSe, heterostructure in red. It is clear that the frontier
orbitals decrease in energy with both an increase in concentration and adsorption.

Work function

The reduction in work function, ¢ (Equation 5.9), of the TMDs due to adsorption
of high concentration pentacene was calculated as described in subsection 5.2.2, with
results displayed in Table 6.7. The introduction of permitted pentacene orbitals into the
TMD band gap results in an increase in the Fermi energy, reducing the work function.
The change in work function being more pronounced in sulfur systems agrees with this
observation, where the selenium systems with the smaller difference between pentacene’s

HOMO and the TMD’s VBM (see Table 6.5) experience a smaller change in work function.
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Table 6.7: Work function of the TMDs and their 6 x 3 PEN/TMD heterostructures, as
well as the change in work function due to pentacene adsorption, A¢ = ¢rmp — PpEN/TMD-

TMD  ¢rup/eV  ¢pen/Tvp/eV  Ag/eV

MoS, 0.01 4.45 0.56
MoSe, 4.65 4.25 0.40
WS, 4.59 4.26 0.33
WSey 4.35 4.20 0.15

We did not perform charge transfer calculations on the high pentacene concentration
heterostructures, as we have already shown the position within the heterostructures that
charge transfer (likely polarization rather than true charge transfer, see subsection 5.2.2)
occurs, and noted no significant difference between choice of TMD beyond that expected

due to electron density.

6.1.3 Comparison of pentacene concentrations
Structural favorability

Compared to the 7 x 4 heterostructures of Chapter 5, the pentacene molecules in the high
concentration regime are approximately 3.2 A closer to each other across the periodic
boundaries, and 64% the concentration by area.

With increased concentration to the 6x 3 supercell comes changes to the most favorable
adsorption site. All PEN/TMD systems with low concentration pentacene were most
favorable with the adsorbed molecule in the Top-Ch site. We see PEN /MoS, express much
less mobility in its molecular adsorption site with increased concentration of pentacene,
and the Top-TM site become unstable; this site relaxes to an intermediate site between
Top-TM and Hollow, which is the most favorable adsorption site. High concentration
PEN/WSe, also expresses a marked decrease in pentacene’s mobility across the TMD
surface, being most favorable in the Bridge-A adsorption site. PEN/MoSe, is again most
favorable in a different adsorption site (Bridge-B) compared to the low concentration
pentacene case, but retains its mobility, and PEN/WS, is most favorable in the same
site as in the 7 x 4 supercell, and comparably mobile. A summary of this is given in

Table 6.8. We believe these effects to be due to increased molecule-molecule interactions,
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which exaggerate effects from differences in the lattice parameters between TMDs. These
difference in lattice parameters affect a difference in the spatial relationship between
pentacene’s carbon rings and the underlying chalcogens. This difference is minor, given
that all the TMDs are broadly similar in structure: they form a hexagonal lattice with
similar lattice parameters, where chalcogens form the adsorption surface at a similar
distance from the transition metal atoms deeper in the TMD later. In the absence of strong
molecule-molecule interactions these differences are not significant enough to influence
the preferred adsorption site. However, in the high concentration regime, where we would
expect steeper energetic barriers to surround stable adsorption sites, they are. This results
in a variation in adsorption sites, compared to the consistent Top-Ch site found in the
7 x 4 systems. Thus, molecular mobility was reduced, with adjacent pentacene’s acting
to constrain the positions which were found favorable. The 7 x 4 systems demonstrated
a difference in F,qs between most and next-most favorable adsorption sites of between
2 meV and 6 meV, and a difference between most and least favorable of between 24
meV to 83 meV. The 6 x 3 systems, however, had a much larger range of differences:
between 5 meV and 137 meV for the differences between most and next-most favorable
adsorption sites, and between 87 meV and 188 meV for the difference between most and
least favorable adsorption site. As expected from lower molecule-molecule interaction, the

molecular mobility within the 7 x 4 heterostructures is greater.

Table 6.8: A structural comparison of PEN/TMD heterostructures of the two
concentration regimes investigated. Adsorption site mobility is the range of difference
in energy of the most favorable adsorption site and the others.

PEN/MoS, PEN/MoSe, PEN/WS, PEN/WSe,

7 X 4, low concentration

Adsorption Site Top-Ch Top-Ch Top-Ch Top-Ch
Adsorption Site Mobility /eV 3-79 2-72 2-83 6-75
Adsorption Energy/eV -1.39 -1.42 -1.43 -1.46
d/A 3.31 3.40 3.30 3.38
Minimum molecule-molecule distance/A 6.2 6.5 6.2 6.5

6 x 3, high concentration

Adsorption Site Top-TM Bridge-B Top-Ch Bridge-A
Adsorption Site Mobility /eV 48 - 143 5-89 11 - 87 137 - 187
Adsorption Energy/eV -1.46 -1.44 -1.45 -1.61
d/A 3.30 3.42 3.32 3.48
Minimum molecule-molecule distance/A 3.4 3.7 3.4 3.7
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This difference in mobility between molecular concentrations is seen prominently
in PEN/MoSs,, which has the smallest lattice parameter, the shortest transition metal-
chalcogen bonding, and the shortest distance in the z-direction between the transition
metal atoms and the adsorption surface (increasing their effect on pentacene), resulting
in the second lowest mobility between adsorption sites. However, it is PEN/WSe,
which has the lowest mobility between adsorption sites. We expect PEN/WSe; to
exhibit the strongest binding between layers of any TMD, given that the majority of the
adsorption effect is due to van der Waals forces, and WSe, contains the largest atoms
of the TMDs investigated. We saw that this was indeed the case, and with increased
molecular concentration we saw an increased layer separation, d, but also an increased
binding strength (when comparing the unrotated systems across concentrations); the
high concentration regime investigated here was not high enough to completely saturate
the adsorption sites (after which one would expect a decrease in binding strength).

A direct comparison of FE,4s for each PEN/TMD pair in different molecular
concentrations is difficult, as they favored different adsorption sites. However, the
general trend is that the 6 x 3 systems have lower adsorption energy, indicating stronger
binding, but with a larger layer separation (see Table 6.8). As the substrate is not
saturated in either concentration regime, the increased adsorption strength in the high
concentration regime is due to effectively the same van der Waals effect on each pentacene
molecule across concentrations, but more pentacene molecules per TMD unit, and so
increased van der Waals interaction per TMD unit in the high concentration case.
Additionally, molecule-molecule interactions assist in binding, a claim supported by the
larger magnitude of molecule-molecule interactions seen in the 6 x 3 supercell systems.
The van der Waals force response curve minima (see Figure 2.14) becomes shifted to
higher distances, but is increased in depth.

The differences in layer separation between high and low concentration regimes are 12
mA for PEN/MoS,, 25 mA for PEN/MoSe,, 24 mA for PEN/WS,, and a large 102 mA
for PEN/WSe,. The discrepancy between PEN/WSe, and the other systems is due to

the differences in layer separation within the 6 x 3 systems, with the 7 x 4 all being fairly
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similar. For 6 x 3 PEN/WSes,, the most favorable adsorption site was Bridge-A, which
was the site with the largest layer separation for all the TMDs. This explains why there
is such a difference within the WSe, systems.

During our calculation and previous discussions of adsorption energies, we were able
to determine the respective contributions from various effects: molecule-molecule and
molecule-substrate interactions, as well as molecule and substrate deformations. To a
limited extent we can discuss changes in the electronic structure of heterostructures arising
from varying molecular concentration and rotation in this way as well, which we do so in

the remainder of this subsection.

Molecule-substrate interaction effects

The interaction between the adsorbed pentacene molecule and the TMD layer of the
supercell includes the van der Waals interaction, as well as competing electrostatic
repulsion. With changing pentacene concentration the magnitude of these effects is
altered. A summary of the contribution of molecule-substrate interactions to E,qs across
the two concentration regimes, as well as the difference between them, is presented in

Table 6.9.

Table 6.9: The contributions to E,q4s of molecule-substrate interactions, in eV, in unrotated
heterostructures across the concentration regimes, as well as their difference. A positive
difference represents a more positive (oppositional) contribution with an increase in
concentration.

Heterostructure 7 x4 6 x 3 A

PEN/MoS, -1.402 -1.398 0.004
PEN/MoSe, -1.423 -1.400 0.023
PEN/WS, -1.340 -1.347 -0.007
PEN/WSe, -1.452 -1.422 0.030

We see that the effect of increasing molecular concentration is to decrease the
contribution of molecule-substrate interactions to the adsorption energy in selenium
systems by a few tens of meV. Sulfur systems experience a much smaller modulation of
these effects by an order of magnitude. In PEN /WS, this change is a small increase in

contribution. The relative change with increasing concentration is effectively negligible
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in all heterostructures.

We can also consider the contribution of the molecule-substrate interaction on changes
in frontier orbital energies in a similar manner to that outlined in Section 5.1, but with
density of states calculations. In this case, however, the effects were small and only
to a precision of 0.05 eV (being determined from our density of states calculations), so
we did not uncouple the molecule-substrate effects from deformation effects. We have
seen previously that molecule-substrate effects are always much larger than those due to
material deformation (Tables 5.4 and 6.4 for 7 x 4 and 6 x 3 systems, respectively), and
so differentiation between the two would be effaced by the precision limit.

The effect of increasing molecular concentration on the molecule-substrate interaction
contribution to pentacene’s frontier orbital energies is presented in Table 6.10, where we
see that the molybdenum systems are affected slightly more than the tungsten, and the
HOMO more or the same as the LUMO. All effects due to increased concentration are
either zero within our precision limit, or act to decrease the effect of the molecule-substrate

interaction on frontier orbital energy.

Table 6.10: The effect on pentacene’s frontier orbitals from molecule-substrate interactions
and material deformation, in eV, in heterostructures across both concentration regimes
(a negative value represents a decrease in orbital energy due to these effects) and the
modulation of these effects due to increasing concentration. Deformation effects are a
smaller contribution to E,qs than molecule-substrate interaction effects.

7 x4 6 x 3 A
Heterostructure HOMO LUMO HOMO LUMO HOMO LUMO
PEN/MoS; -0.25 -0.30 -0.15 -0.25 0.10 0.05
PEN/MoSes -0.20 -0.25 -0.10 -0.15 0.10 0.10
PEN/WS, -0.20 -0.25 -0.15 -0.20 0.05 0.05
PEN/WSe, -0.20 -0.20 -0.15 -0.20 0.05 0.00

The effect of increasing molecular concentration of the same on TMD frontier orbital
energies is presented in Table 6.31, where we see no effect on tungsten systems, and a small
increase in the molecule-substrate interaction contribution to frontier orbital energies in
molybdenum systems. A distinction along the lines of the transition metal is expected,
as the frontier orbitals of the TMD are provided by molybdenum or tungsten d-orbitals.

Overall we see that the molecule-substrate interaction component of the effect of
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increasing molecular concentration on frontier orbital energies is larger in pentacene than

the TMDs, and larger in molybdenum systems.

Table 6.11: The effect on the TMD’s frontier orbitals from molecule-substrate interactions
and material deformation, in eV, in heterostructures across both concentration regimes
(a negative value represents a decrease in orbital energy due to these effects) and the
modulation of these effects due to increasing concentration. Deformation effects are a
smaller contribution to E, 4 than molecule-substrate interaction effects.

7Tx4 6x3 A
Heterostructure VBM CBM VBM CBM VBM CBM
PEN/MoS, 0.10  0.00 0.15 0.05 0.05  0.05
PEN /MoSe, 0.10  0.00 0.15 0.05 0.05  0.05
PEN/WS, 0.10  0.00 0.10  0.00 0.00  0.00
PEN/WSe, 0.10  0.00 0.10  0.00 0.00  0.00

Molecule-molecule interaction effects

Molecule-molecule interactions, those between pentacene molecules across periodic cell
boundaries, for both concentration regimes are displayed and compared in Table 6.12.
We see that there is a significant relative increase in molecule-molecule interaction with
increasing concentration, acting to assist heterostructure binding; this is presumably
due to decreased inter-molecular distances and increased van der Waals attraction.
Additionally, the contributions in sulfur systems, with smaller inter-molecular distances

than selenium systems, are of greater magnitude.

Table 6.12: The contributions to E,4s of molecule-molecule interactions, in meV, in
heterostructures across the concentration regimes, as well as their difference. A positive
difference represents a more positive (oppositional) contribution with an increase in
concentration.

Heterostructure 7x4 6x3 A

PEN/MoS, -4 -09  -55
PEN /MoSe, -3 -38  -35
PEN /WS, -4 -06  -51
PEN/WSe, -3 -38 -39

Given that our investigation of frontier orbital energies comes primarily from density
of states calculations with a precision of 0.05 eV, and we are interested here in excluding

interactions involving the substrate, we did not gather frontier orbital data from pentacene
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in supercells defined by each of the heterostructures’ lattice parameters. As the lattice
parameters are all broadly similar, we instead evaluated pentacene in one supercell per
concentration regime, representative of the lattice parameters from the 7 x 4 and 6 x 3
TMD substrates, and not separately for each TMD.

The effect of molecule-molecule interactions on frontier orbital energies, then, is
the difference between the well isolated case and that of the molecule in a supercell
representative of that in the 7 x 4 or 6 x 3 supercell. We did not consider pentacene in
the adsorbed geometry here, only the relaxed geometry, different from the determination
of the contribution to adsorption energy (Equation 5.2). The differences between the two
methods are those introduced by molecular deformation, which is not only small, but
broadly accounted for in the fact that we compare relaxed geometry in both the isolated
and the concentration-specific superstructure cases. We expect any discrepancies to be
effaced by our precision limit.

The effect of increased concentration on pentacene’s frontier orbitals due to molecule-
molecule interactions is displayed in Table 6.13. We see that these effects are responsible
for a change in HOMO and LUMO energies in the 7 x 4 supercell compared to the well
isolated case of 0.10 eV, acting to decrease both energies, and a further change of the

same amount between the 7 x 4 supercell and the 6 x 3 supercell.

Table 6.13: The effect on pentacene’s frontier orbitals from molecule-molecule interactions,
in eV, across both concentration regimes (a negative value represents a decrease in
orbital energy due to these effects) and the modulation of these effects due to increasing
concentration.

Heterostructure HOMO LUMO

PEN7y4 -0.10 -0.10
PENgy3 -0.20 -0.20
A -0.10 -0.10

Molecular deformation due to heterostructure formation

By bringing pentacene into heterostructure with the TMDs, there is a change in structure
that occurs. This is the molecular deformation, and with changed atomic position comes

a change in electronic density profile. As such, deformation of the molecule (and the
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substrate itself) can contribute to adsorption energy. We did not decouple deformation
effects from molecule-substrate interaction effects for frontier orbital energies due to the
relative magnitude of these effects, but we did so for adsorption energy contributions.

Table 6.14 shows the contribution of molecular deformation to adsorption energy for
each heterostructure between pentacene concentration regimes, as well as their difference,
representing the effect of increasing molecular concentration on the energetic contribution
of molecular deformation to E,;s. We can see that with increasing concentration,
molecular deformation becomes a larger contributor to the adsorption energy, except for
PEN/WSe,, where no effect is observed. There is a greater magnitude of change due
to concentration increase in the molybdenum systems, although the effect throughout is
small.

Table 6.14: The contributions to E.,qs of molecule deformation effects, in meV, in
heterostructures across the concentration regimes, as well as their difference. A positive
difference represents a more positive (oppositional) contribution with an increase in
concentration.

Heterostructure 7x4 6x3 A

PEN,/MoS, 5 9 14
PEN/MoSe, 7 210 -3
PEN/WS, 3 9 -6
PEN,/WSe, 770

We also investigated the atomic deviation of pentacene from its molecular plane, where
we saw that well isolated pentacene was effectively flat lying, with a very slight bowling
effect of approximate magnitude of 1 mA. There was no significant change from this
structure when considering pentacene in a 7 x 4 or 6 x 3 supercell without the substrate.
Only when introducing a substrate was there molecular deviation greater than a few mA.
It should be noted that even in the most extreme case these deviations were approximately
one tenth of an angstrom, so the molecule can still reasonably be considered flat lying with
no significant twisting. The difference between the z-coordinates of pentacene atoms out
of heterostructure are displayed in Figure 6.7, showing the nature of this small deviation
from the molecular plane. We can see that isolated pentacene and pentacene in both the

7 x 4 and the 6 x 3 supercell, without the TMD, are very similar: the carbon rings sit
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higher than the hydrogen atoms, forming an upside-down bowl shape. This is identical
to the case where the carbon rings sit below the hydrogen atoms, as in the absence of a

substrate there is no up or down reference.
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Figure 6.7: The deviation in z-coordinate of pentacene atoms from the minimum z-
coordinate value of the atoms for well-isolated pentacene and pentacene in the 7 x 4 and
6 x 3 supercells without TMDs, shown as a heat map on the molecular plane. Circular
black points mark the atomic positions of carbon atoms. Positions between atomic sites
are interpolated for grid plotting. There is no large difference between the systems, all
showing a mild bowling effect where the outer hydrogen atoms are offset from the carbon
rings, which themselves are deflected from the position of the central ring. The scale here
is very small: the maximum deviation from the molecular plane is only 1.02 mA.

When in heterostructure, however, we see two different effects occur depending on
molecular concentration. These can be seen in Figure 6.8. In the low concentration
regime, there is an increased deflection from the molecular plane, with an exaggeration of
the bowl shape of isolated pentacene: the middle carbon ring is closer to the substrate than
the outer rings or hydrogen atoms. Note the change in scale for the heat maps of Figures
6.7 and 6.8. In the high concentration regime the clear bowling effect was lost, with
larger overall deviation but with effects that are dependent on the underlying substrate
structure, although each heterostructure in this concentration regime was investigated
in a different adsorption site. The exception was PEN/WS,, which favored the same
adsorption site as the 7 x 4 systems. When adsorbed on MoS,, in the Top-TM site, there

is some twisting of the pentacene. The central ring is higher on one side than the other,
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with the deviation across that ring being greater than the outer rings. This is due to the
Top-TM site here having shifted slightly to between Top-TM and Hollow, and a clear loss
of symmetry in underlying substrate atom across the long axis of the pentacene molecule.
With the MoSe; substrate, in the Bridge-B adsorption site, there is a similar lack of
symmetry in underlying substrate atom across the long axis of pentacene, and there is
again some minor twisting. In PEN/WSe,, there was a slight reversal of the bowling
effect that was seen in the 7 x 4 systems, with the central carbon ring sitting further from
the underlying substrate than the hydrogen atoms, as well as some lateral warping.

When we instead investigated the atomic deviation of high concentration pentacene
in the Top-Ch adsorption site, instead of whichever was most favorable, we saw that
pentacene adopts the bowling effect seen in the low concentration regime. This confirms
that the warping effects are due to the adsorption site rather than other TMD-specific
interactions. The corresponding image can be seen in Appendix I. The bowling effect
described is not well reported for pentacene in the literature, presumably due to the very
small deviations from flat-lying geometry for isolated pentacene, but it has been noted in
N-phenylenes which are broadly similar in structure [148|.

We see that pentacene within molybdenum systems experienced more deformation in
the higher concentration regime than the lower, with an increase in both the mean and
the maximum values of atomic deviation from the molecular plane. Conversely, pentacene
in heterostructure with the tungsten dichalcogenides experienced a decrease in mean and
maximum atomic deviation. Appendix I contains a summary table of the mean and
maximum atomic deviations from the molecular plane for each heterostructure, and a
comparison of these across concentration regimes. However, where these deviations occur

is not described by such data.

Substrate deformation due to heterostructure formation

Upon adsorption of pentacene, the underlying TMD undergoes slight deformation as well
as the molecule. This deformation can again contribute to the adsorption energy and

changes in frontier orbital energies, but we did not decouple the effect from the molecule-
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Figure 6.8: The deviation of pentacene atoms from the molecular plane for pentacene in
heterostructure, shown as a heat map. Circular black points mark the atomic positions
of carbon atoms. The 7 x 4 systems show a clear bowling effect, with the central carbon
ring closer to the substrate than the outer hydrogen atoms by approximately 0.1 A. The
effects noted in the high concentration regime are TMD-specific.
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substrate interaction in the case of frontier orbital energies. TMD bond length changes
were all small, and slightly larger in the 7 x 4 systems due to smaller layer separation.

Table 6.15 shows the contribution of substrate deformation to adsorption energy
for each heterostructure between concentration regimes, as well as their difference,
representing the effect of increasing molecular concentration on the energetic contribution
of substrate deformation to E,qs. We see that PEN /WS, in the low concentration regime
experiences quite a large contribution towards its adsorption energy from substrate
deformation of 88 meV, acting to strengthen molecular adsorption. This may be due to
the size of tungsten and the small layer separation, which was the closest binding out of all
unrotated systems. The other heterostructures had substrate deformations that opposed
pentacene adsorption. In the high concentration regime, PEN/WS, was now more in
line with the other heterostructures. PEN/WSes was the only one that strengthened
adsorption, but in all cases the effect magnitude was small. As the heterostructures in
the high concentration regime experienced a very small contribution to their adsorption
energies from substrate deformation, the difference between concentration regimes was
most extreme for PEN/WS,. In the other systems, increased molecular concentration
acted to change substrate deformation in such a way as to oppose pentacene adsorption
less.

Table 6.15: The contributions to E,q of substrate deformation effects, in meV, in
PEN/TMD heterostructures across the concentration regimes, as well as their difference.
A positive difference represents a more positive (oppositional) contribution with an
increase in concentration.

Heterostructure 7x4 6x3 A

PEN/MoS, 12 2 10
PEN/MoSe, 8 2 -6
PEN/WS, 88 3 91
PEN,/WSe, 4 5 -9

A summary of transition metal-chalcogen bond length changes between TMDs in
heterostructure and pristine TMDs is provided in Table 6.16, as well as the difference
between effects across concentration regimes. Bond contraction was observed underneath

the pentacene molecule, and subsequent lengthening necessarily occurred elsewhere to
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maintain fixed cell parameters, with the maximum lengthening occurring near areas of

bond contraction. The effect is consistently small throughout the structure.

Table 6.16: Changes in transition metal and upper layer chalcogen bond lengths from
their lengths in TMDs without adsorbed pentacene, in mA, in unrotated heterostructures
across the concentration regimes, as well as their difference.

Heterostructure Tx4 6x3 A

Maximum bond contraction

PEN/MoS, 3.7 3.6 -0.1
PEN /MoSe, 4.5 41 -04
PEN/WS, 4.3 39 -04
PEN/WSe, 6.4 4.8 -1.6
Maximum bond lengthening

PEN/MoS, 4.7 2.3 -24
PEN /MoSe, 3.3 29 -04
PEN/WS, 4.1 3.5 -0.6
PEN/WSe, 1.6 24 0.8

Work function

Finally, we looked at the change in work function, A¢, of TMDs due to the adsorption
of pentacene. A comparison of this change between pentacene concentrations is given
in Table 6.17, where we see that the effect of increasing pentacene concentration is to

decrease the effect that pentacene adsorption has on the work function.

Table 6.17: The change in work function, A¢, of the TMD due to unrotated pentacene
adsorption, in eV, across the concentration regimes, as well as their difference.

Heterostructure 7x4 6 x3 A

PEN/MoS, 0.59 0.56 -0.03
PEN /MoSe, 0.44 040 -0.04
PEN/WS, 034 033 -0.01
PEN/WSe, 0.18 0.15 -0.03
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6.2 Investigating pentacene rotation

The effect of adsorbate rotation was investigated by rotating the pentacene molecule
about its center of mass in the plane of the monolayer substrate. This was done for each
PEN/TMD system across both concentrations with the most favorable adsorption site.
We considered counterclockwise rotation angles of 30°, 60° and 90°, resulting in systems
with varying relationships to underlying TM-Ch bonds, as described at the beginning of
this chapter. Following rotation, we performed relax calculations to optimize the new

geometry. Rotated geometry, before relaxation, is displayed in Figure 6.9.

*. &
o

Figure 6.9: The rotation of pentacene, measured counterclockwise from the 0 ° case, being
defined as pentacene’s long axis being aligned with the supercell’s x-axis (and therefore the
underlying substrate). From top-left, clockwise: 30°, 60°, 90°. 30° and 90° angles share the
same relationship between pentacene atoms underlying substrate atoms, but with different
molecule-molecule spatial relationships across the periodic boundaries. The same is true
for the angle of 60° and the unrotated case.

6.2.1 Low concentration pentacene heterostructures: structure

Within the 7 x 4 heterostructures, Top-Ch was found to be the most favorable adsorption
site throughout. Using the relaxed geometry of these long-axis aligned systems (referred to
here as 0° systems), we rotated the pentacene and again relaxed the resulting structures.

All systems were stable under relaxation around their initial angles of rotation. The
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minimum molecule-molecule distance for the 0° systems were previously determined to
be 6.2 A and 6.5 A for sulfur and selenide systems, respectively. With 30° of rotation
these distances were 5.2 A and 6.0 A for sulfur and selenide systems, 5.9 A and 6.3 A
with 60° rotation for sulfur and selenide systems, and 1.9 A and 2.5 A with 90° sulfur and
selenide systems. Rotate pentacene systems have only a small number of carbon atoms
located over chalcogens on the substrate layer, so all rotation angles experience similar
steric repulsion as do the unrotated systems.

We found that all four PEN/TMD systems were more energetically favorable at a
rotation of 60°, where all but PEN /WSe, was next most favorable at 0° and least favorable
at 30°. The differences in total system energies compared to the most favorable rotation
angle are presented in Table 6.18. We found that layer separation was very similar
between the most favorable rotation angle of 60° and the previously determined 0° systems.
The layer separations of 60° systems were 3.309 A, 3.400 A, 3.296 A, and 3.388 A, for
PEN/MoS,, PEN/MoSey, PEN/WS, and PEN/WSes, respectively. The only differences
between the layer separation of favorably rotated systems and the unrotated systems are

in PEN/WS, and PEN/WSe,, of a small 1 mA and 10 mA, respectively.

Table 6.18: The difference in total energy, in eV, between rotations of PEN/TMD
heterostructures with low concentration pentacene and their most favorable rotation angle.

Heterostructure 0° 30° 60° 90°

PEN/MoS; 0.001 0.029 0.000 0.020
PEN /MoSe, 0.001 0.039 0.000 0.003
PEN/WS, 0.002 0.037 0.000 0.029
PEN/WSe, 0.355 0.045 0.000 0.011

The mobility between rotation angles is fairly high, again, excepting PEN/WSes,
with differences between most and next most favorable angles being only 1 meV for the
molybdenum systems and 2 meV for PEN/WS,. The difference between most and least
favorable angles is 29 meV for PEN/MoSs, 39 meV for PEN/MoSey, and 37 meV for
PEN/WS,. PEN/WSe,, however, is next most favorable with 90° rotation by 11 meV,
and least favorable at 0°, by a large 355 meV. These values imply that, with the exception

of PEN/WSe,, the adsorbed molecule is mobile within its z-axis rotational degree of
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freedom, with reduced mobility as it rotated from 0° to 30°, near which it finds a local
minima (as all rotation angles we used as relaxation inputs were stable) in adsorption
energy. Beyond this energy barrier lies another local minima around 60° of rotation,
with yet another around 90°. We additionally note that, again excepting PEN /WSe,, the
adsorption energies of 0° and 60° are very similar, as are those of 30° and 90°. These angles
of rotation naturally form pairs, where if considering a single molecule on and infinite
underlying substrate, they are equivalent with to their counterpart: the only difference
arises from the unequal spacing between molecules in the x- and y-directions that arises
from our choice of supercell dimensions. The small discrepancies in energy, then, between
0° and 60° of 1-2 meV and between 30° and 60° of 9-36 meV are due to molecule-molecule
interaction effects. The larger difference between 30° and 90° observed in PEN/MoSe; of
36 meV is due to the relative favorability of 90° of rotation in this system compared to
the others: PEN/MoSe; has the largest supercell dimensions, and the largest molecule-
molecule distance. We see also that a rotation of 90° in the PEN/WSe, heterostructure
is relatively more favorable than in the sulfur systems due to the larger supercell and
molecule-molecule separation.

The contributions to the adsorption energy of favorably rotated (60°) 7 x 4 systems
from molecule-molecule interactions, molecule-substrate interactions, and molecule and
substrate deformation effects were calculated in the same manner as described in Section

5.1, and are displayed in Table 6.19.

Table 6.19: Contributions to the adsorption energy of favorably rotated 7 x 4
heterostructures in their favorable adsorption site from molecule-molecule, molecule-
substrate, molecule deformation and substrate deformation effects, in eV. Molecule-
substrate interaction is consistently the largest contribution across all systems.

PEN60°/MOSQ PEN60°/MOSQQ PEN60°/WSQ PENﬁo" /WSGQ

molecule-molecule interaction -0.005 -0.003 -0.005 -0.004
molecule-substrate interaction -1.393 -1.422 -1.439 -1.461
molecule deformation -0.007 -0.010 -0.006 -0.009
substrate deformation 0.006 0.001 0.100 -0.346

Expectedly, molecule-substrate interaction is the overwhelming majority contributor

to adsorption energy in the rotated systems, as this includes the van der Waals interaction,
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but we found that in tungsten systems the substrate deformation effects were only an
order of magnitude smaller than molecule-substrate interaction effects. Substrate
deformation effects contribute 346 meV to the adsorption energy in PENge/WSey, and
in the case of PENgy:/WSs, they oppose heterostructure formation by 100 meV. In the
unrotated systems, heterostructures of the TMDs except WS, have substrate deformation
effects that oppose heterostructure formation, but the effects are much smaller (see Table
5.4). Molecule-molecule interaction is similar to that of unrotated systems in the low
concentration regime.

The atomic deviation of the pentacene molecule within rotated systems was again
examined. We found a mean atomic deviation of 40 mA from the molecular plane
within the PENgq:/MoS, heterostructure, with a maximum atomic deviation of 112 mA,
occurring at the middle of the molecule. Pentacene within PENg-/MoSe, had a mean
atomic deviation of 34 mA with a maximum of 88 mA, also at the middle of the molecule.
For the PENge: /WS, heterostructure, we observed a very similar change in structure,
with a mean atomic deviation from the molecular plane of 43 mA, and a maximum
atomic deviation of 123 mA, again at the middle of the molecule. The PENgq:/WSey
heterostructure did not behave differently, with a mean atomic deviation of 41 mA and a
maximum of 97 mA, again occurring at the middle of the pentacene molecule. These values
are all very similar to the unrotated structures: within 1 mA except for PENge /WSes,
which is within 8 mA. Carbon-carbon bond lengths in pentacene again barely changed,
with differences of approximately 0.1% with the formation of heterostructure, regardless
of the substrate, and the substrate itself experienced similar bond length changes of less
than 0.1% as a result of the addition of pentacene.

We found the largest TM-Ch bond contraction to be 4.0 mA, 5.2 mA, 5.5 mA and
5.7 mA compared to the TMD out of heterostructure, an increase of 8%, 16%, 28% and
a decrease of 10% compared to the contraction observed in the unrotated structures
for PENgo-/MoS,, PENge/MoSey, PENge:/WSy, and PENgy:/WSey heterostructures,
respectively. This again occurred underneath the pentacene molecule. Bond lengthening

was observed in surrounding bonds, the maximum of which was 4.2 mA, 3.8 mA, 4.4
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mA, and 0.9 mA for PENgy/MoS,, PENgy/MoSes, PENgy/WS,, and PENg:/WSe,
heterostructures, respectively. This represents a decrease of 11% and 44% in the cases
of PENgg/MoS,; and PENgg:/WSey, and an increase of 15% and 7% in the cases of
PENgo:/MoSes and PENgp: /WSs.

6.2.2 Low concentration pentacene heterostructures: electronic
properties

The favorably rotated low concentration pentacene systems then had their electronic
properties investigated. The results of density of states calculations for these systems are

displayed in Figure 6.10.
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Figure 6.10: The density of states of favorably rotated 7 x 4 PEN/TMD heterostructures,
with the Fermi energies given by the vertical black dashed line.

We saw no additional effects that would change band alignment between the density
of states of unrotated and rotated systems, with comparable contributions from atomic
orbitals, but we do note a second carbon p-orbital state within the TMD band gap of
PENgp:/MoSy. In this heterostructure there are therefore two density of states peaks

contributed by pentacene’s carbon atoms within the TMD band gap: the HOMO and
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another orbital around —5.75 eV, whereas the TMD’s VBM is at —5.80 eV. This does not
affect the band alignment, as both orbitals are occupied. We see again that pentacene’s
HOMO sits further within the TMD band gap for the sulfur systems than the selenium
systems, and pentacene’s LUMO is energetically higher than the TMD’s CBM in the case
of all systems except PENgp:/WSey, which forms a Type-I heterostructure. The HOMO
and LUMO energies of pentacene within these heterostructures, along with the TMD
VBM and CBM energies are presented in Table 6.20.

Table 6.20: Frontier orbital energies and their difference, A, in eV, of favorably rotated
7 x 4 PEN/TMD heterostructures. The values presented here are from density of states
calculations, and so have a precision only of 0.05 eV.

PEN TMD A
Heterostructure HOMO LUMO VBM CBM HOMO-VBM LUMO-CBM
PENgo:/MoS, -4.70 -3.80 -5.80 -4.20 1.10 0.40
PENgo: /MoSes -4.65 -3.75 -5.20 -3.80 0.55 0.05
PENgo: /WS, -4.65 -3.75 -5.60 -3.80 0.95 0.05
PENgo-/ WSes -4.65 -3.70 -4.95 -3.45 0.30 -0.25

We again examined the work function of the heterostructures, and can calculate the
reduction in work function, ¢ (Equation 5.9), of the TMDs due to formation of the
heterostructures in the same manner as in subsection 5.2.2, with results displayed in

Table 6.21.

Table 6.21: Work function of the TMDs and their favorably rotated 7 x 4 PEN/TMD
heterostructures, as well as the change in work function due to pentacene adsorption in

the rotated position, A¢ = ¢rvmp — PpEN/TMD-

TMD  ¢rup/eV ¢PEN/TMD/€V Agp/eV

MoS, 5.01 4.43 0.58
MoSe; 4.65 4.21 0.44
WS, 4.59 4.25 0.34
WSey 4.35 4.17 0.18

The introduction of permitted pentacene orbitals into the TMD band gap results in
an increase in the Fermi energy, reducing the work function. The change in work function
being more pronounced in sulfur systems agrees with this observation, where the selenium
systems with the smaller difference between pentacene’s HOMO and the TMD’s VBM

(see Table 6.20) experience a smaller change in work function.
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6.2.3 High concentration pentacene heterostructures: structure

Within the 6 x 3 heterostructures, the favorability of adsorption site varied. We had
previously found that PEN/MoS, is most favorable in the Top-TM site, PEN/MoSe,
is most favorable in the Bridge-B site, PEN/WS, is most favorable in the Top-Ch site,
and PEN/WSe, is most favorable in the Bridge-A site (see Table 6.1 and Table 6.8).
We only considered rotation within the most favorable site for each heterostructure,
where we rotated the pentacene molecule by 30°, 60°, and 90°, then relaxed the resulting
structure. With the higher molecular concentration, the 90° rotation was unstable:
PENgq:/MoS, relaxed to a pentacene angle of rotation of 79°, PENge: /WS, to 70°, and
both PENgg: /MoSe; and PENgq:/WSes to 74°. We will continue to refer to the systems
as having been rotated by 90°, but they did not remain there, in contrast to the 7 x 4
systems. 30° and 60° rotations were stable and remained at their rotation angles following
geometry optimization.

With 30° of rotation, the minimum molecule-molecule distance was 2.3 A in
PEN34:/MoS,, 2.4 A in PEN3q:/WS,, and 3.0 A in the selenide systems. 60° rotated
pentacene resulted in minimum molecule-molecule distances of 3.2 A, 3.5 A, 3.1 A, and
3.4 A, for heterostructures of MoS,, MoSey, WS,, and WSe,, respectively. 90° systems
all had a minimum molecule-molecule distance of 2.3 A, except PENg /WSe,, which was
2.2 A.

We found that the molybdenum systems were more favorable unrotated. We had
already investigated these structures, with the results reported in Section 6.1. Tungsten
systems, however, were most favorable with a pentacene rotation angle of 60°, the same
as in the low concentration regime. The differences in total system energies compared
to the most favorable rotated system are presented in Table 6.22. The layer separations
of the tungsten systems with 60° rotated pentacene were 3.322 A and 3.462 A, for WS,
and WSe, systems, respectively. This gives a difference in layer separation between the
unrotated and favorably rotated WS, systems of 2 mA, and a difference of 18 mA between

the WSe, systems.
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Table 6.22: The difference in total energy, in eV, between rotations of PEN/TMD
heterostructures with high concentration pentacene and their most favorable rotation
angle.

Heterostructure 0° 30° 60° 90°

PEN/MoS; 0.000 0.090 0.162 0.159
PEN/MoSe, 0.000 0.052 0.081 0.032
PEN/WS, 0.006 0.034 0.000 0.048
PEN/WSe, 0.076 0.045 0.000 0.015

The mobility between rotation angles was lower in the molybdenum systems, which
preferred no rotation, than in the tungsten systems. PEN/MoS, is least mobile through
rotation, with the next most favorable rotation angle of 30° being 90 meV less favorable
than the unrotated case, and 60° being the least favorable, separated energetically by 162
meV. PEN /MoSe; is next most favorable at 90° of rotation (although following relaxation
this angle is only 74°) with a difference between it and the most favorable unrotated
case of 32 meV, and the least favorable 60° case differing by 81 meV. Only PEN/WS,
has a difference between most and next most favorable rotation angle of the order of
meV, but this is between 60° and 0°: these are closely related geometrically, as previously
discussed at the beginning of this chapter, but are physically separated by the relatively
unfavorable angles of 30° and 90°, the latter of which is least favorable and differs from
the most favorable by 48 meV. PEN/WSe; is least favorable in the unrotated case, with
a differential of 76 meV, and next most favorable at 90(74)° by 15 meV.

The contributions to the adsorption energy of favorably rotated 6 x 3 systems
from molecule-molecule interactions, molecule-substrate interactions, and molecule and
substrate deformation effects were calculated in the same manner as described in Section

5.1, and are displayed in Table 6.23.
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Table 6.23: Contributions to the adsorption energy of favorably rotated 6 x 3
heterostructures in their favorable adsorption site from molecule-molecule, molecule-
substrate, molecule deformation and substrate deformation effects, in eV. Molecule-
substrate interaction is consistently the largest contribution across all systems.

PEN60°/WSQ PEN60°/WSGQ

molecule-molecule interaction -0.065 -0.038
molecule-substrate interaction -1.393 -1.422
molecule deformation -0.009 -0.007
substrate deformation 0.003 -0.218

We see once again that molecule-substrate interactions are the largest contributor to
the adsorption energy. In the high concentration rotated case, we see that molecule-
molecule interactions take on a relatively large role, an order of magnitude larger than
the low concentration rotated case (see Table 6.19), and similar to the high concentration
unrotated case (see Table 6.4). Molecule deformation effects again play a larger role in
the WSe, system, with a contribution of 218 meV.

The mean atomic deviation of pentacene from the molecular plane within the
PENgo: /WS, was found to be 39 mA with a maximum deviation of 94 mA at the center
of the molecule. Pentacene within the PENgq: /WSes heterostructure experienced a mean
atomic deviation of 20 mA and the maximum deviation was 50 mA, located on one side
of one of the carbon rings next out from the central ring. This indicated some small
amount of twisting. These values are similar to the unrotated case for high concentration
pentacene. Carbon-carbon and carbon-hydrogen bond lengths are again effectively
unchanged.

The largest TM-Ch bond contraction was again located underneath the pentacene
molecule, and compared to the TMDs out of heterostructure was found to be 4.2 mA
and 5.0 mA: an increase of 8% and 4% from the unrotated cases for PENgo: /WS,
and PENgy/WSe, heterostructures, respectively. Bond lengthening, observed at its
maximum in nearby bonds again, was maximally 3.6 mA and 0.4 mA for PENg /WSy
and PENgp:/WSes heterostructures, respectively. This represents a change from the
unrotated case of 3% for PENge:/WS,. With very little bond lengthening anywhere in

the PENgy:/WSey heterostructure, there is a decrease in maximum bond lengthening
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between unrotated and favorably rotated 6 x 3 PEN/WSe, systems of 83%.

6.2.4 High concentration pentacene heterostructures: electronic
properties

The 6 x 3 PENgy/WSy and PENgy:/WSey heterostructures then had their electronic

properties investigated. Their density of states are displayed in Figure 6.11.
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Figure 6.11: The density of states of favorably rotated 6 x 3 PEN/TMD heterostructures,
with the Fermi energies given by the vertical black dashed line.

We saw no effects from the rotation of pentacene that change band alignment, and note
broadly the same structure as before; the Fermi energy sits slightly energetically higher
within the TMD band gap in the case of the sulfur system, as pentacene’s HOMO energy
is further in to the gap. PENgy/WSs maintains its Type-II heterojunction, although
is again close to a transition to Type-I as it is in the unrotated case, and indeed the
low concentration case. PENgp:/WSes is a Type-I heterostructure, no different than the

unrotated or high concentration cases. The frontier orbitals are displayed in Table 6.24.

Table 6.24: Frontier orbital energies and their difference, A, in eV, of favorably rotated
6 x 3 PEN/TMD heterostructures. The values presented here are from density of states
calculations, and so have a precision only of 0.05 eV.

PEN TMD A
Heterostructure HOMO LUMO VBM CBM HOMO-VBM LUMO-CBM
PENgo: /WS, -4.75 -3.80 -5.60 -3.85 0.85 0.05
PENgo:/WSes -4.70 -3.80 -5.00 -3.45 0.30 -0.35
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The change in reduction in work function, ¢ (Equation 5.9), from heterostructure
formation with rotated pentacene was again calculated as in subsection 5.2.2, with results

displayed in Figure 6.25.

Table 6.25: Work function of the TMDs and their favorably rotated 6 x 3 PEN/TMD
heterostructures, as well as the change in work function due to pentacene adsorption in
the rotated position, A¢ = ¢rvp — dpEN/TMD-

TMD ¢TMD/ eV ¢PEN/TMD/ eV ACb/ eV
WS, 4.59 4.28 0.31
WSe, 4.35 4.22 0.13

As has been the case for unrotated high concentration systems, the introduction of
pentacene’s HOMO into the TMD band gap results in a reduction in the work function

due to pentacene adsorption and subsequent increase in the Fermi energy.

6.2.5 Comparison of pentacene rotation angles
Structural favorability

Investigating the effects of rotation on adsorption energy and layer separation, we see from
Table 6.26 that rotation only has a small effect on most systems. Rotational mobility is
high, and the effect on layer separation of rotation of pentacene is minor. The exception
is PEN/WSe, in the low concentration regime, where substrate deformation effects of
a magnitude not seen in other systems result in a much more favorable heterostructure
when pentacene is rotated by 60°. This was not observed in the unrotated case. Overall,
the difference in adsorption energy between concentrations is relatively small, but when
allowing for rotation PEN/WSe, greatly favors the low concentration regime. Within

concentration regimes, rotating the pentacene molecule only greatly affects E,qs in the

PEN/WSe, system.
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Table 6.26: The adsorption energies, E.qs, and layer separations, d, of the heterostructures
compared across pentacene angles of rotations, as well as the effect of rotation on these
parameters.

0° 60° A
Heterostructure E,qs/eV  d/ A Eags/eV  d/ A Eaqs/meV  d/ mA
7x4
PEN/MoS, -1.389  3.309 -1.390  3.309 -1 0
PEN/MoSes -1.424  3.400 -1.425  3.400 -1 0
PEN/WS, -1.434  3.297 -1.436  3.296 -2 -1
PEN/WSe, -1.458  3.378 -1.813  3.388 -355 10
6x3
PEN/WS, -1.454  3.321 -1.460 3.322 -6 1
PEN/WSe, -1.606  3.480 -1.682  3.462 -76 -18

Within the low concentration regime, all PEN/TMD heterostructures favored a
pentacene rotation angle of 60°, where adsorption energies decreased slightly between
unrotated and PENgy /TMD systems, with differences of 1 meV, 1 meV and 2 meV for
PEN/MoS,, PEN/WSe,, and PEN/WS,, respectively. PEN/WSe, was notably more
favorable through all rotation angles, with the most favorable again being 60°, with
a difference in E,qs between that and the unrotated case of a much larger 355 meV.
Differences in layer separation between the 0° and 60° systems were small, only noticed
in the tungsten systems where they are 10 mA.

A summary of the structural properties of 7 x 4 heterostructures with unrotated and
favorably rotated (60°) pentacene is given in Table 6.27. We can see that there are no
large changes in any of the parameters, which is reflected in the minimal changes of the

electronic properties.
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Table 6.27: A structural comparison of PEN/TMD heterostructures of the 7 x 4 unrotated
and 7 x 4 favorably rotated structures. All systems have pentacene in the Top-Ch
adsorption site. Molecule-molecule interaction energies here are that which contributes
to Eads'

PEN/MoS, PEN/MoSe, PEN/WS, DPEN/WSe,

0°
Adsorption Energy (E.qs/eV -1.39 -1.42 -1.43 -1.46
d/A 3.31 3.40 3.30 3.38
Minimum molecule-molecule distance/A 6.2 6.5 6.2 6.5
Molecule-molecule interaction/eV -0.004 -0.003 -0.004 -0.003
60°

Adsorption Energy/eV -1.39 -1.42 -1.43 -1.81
d/A 3.31 3.40 3.30 3.39
Minimum molecule-molecule distance/A 5.9 6.3 5.9 6.3
Molecule-molecule interaction/eV -0.005 -0.003 -0.005 -0.004

Within the high concentration regime, molybdenum systems were most favorable
at a molecular angle of 0°. Tungsten systems, in the same manner as for the 7 x 4
heterostructures, were most favorable with a pentacene angle of 60°. The differences in
Eags here are 6 meV and 76 meV for PEN/WS, and PEN/WSe,, respectively.

A summary of the structural properties of 6 x 3 heterostructures with unrotated and
favorably rotated (60°) pentacene is given in Table 6.28. We can see that there is a
small decrease in the minimum molecule-molecule distances and a subsequent increase
in molecule-molecule interaction contribution to the adsorption energy of the PEN /WS,

heterostructures with rotation of pentacene.

Table 6.28: A structural comparison of PEN /TMD heterostructures of the 6 x 3 unrotated
and 6 x 3 favorably rotated structures. Molecule-molecule interaction energies here are
that which contributes to E,qs.

PEN/WS, PEN,/WSe,

Adsorption site Top-Ch Bridge-A
0°

Adsorption Energy (E.qs/eV -1.45 -1.61
d/A 3.32 3.48
Minimum molecule-molecule distance/A 3.4 3.7
Molecule-molecule interaction/eV -0.056 -0.038
60°

Adsorption Energy/eV -1.46 -1.68
d/A 3.32 3.46
Minimum molecule-molecule distance/A 3.1 3.4
Molecule-molecule interaction/eV -0.065 -0.038
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In the low concentration case, pentacene rotation did not lead to changes in frontier
orbital energies within the pentacene or TMDs, within the precision of our density of states
calculations. The only change to pentacene’s frontier orbitals resulting from rotation
within the high concentration regime was a decrease of the HOMO in PENgq: /WS, of
0.05 eV compared to that of the unrotated case. This is not enough to cause band
alignment changes: the HOMO-VBM alignment was consistently robust, and the LUMO-

CBM alignment is where any changes may occur.

Molecule-substrate interaction effects

The effect of molecular rotation on the contribution of molecule-substrate interactions to
the adsorption energy is displayed in Table 6.29, and mostly shows only a small change due
to rotation. The PEN/WS, systems experience a larger change in effect of approximately

7% in the low concentration case, increasing in contribution to E,q.

Table 6.29: The contributions to E,qs of molecule-substrate interactions, in eV, compared
across pentacene rotation angles, as well as their difference. A positive difference
represents a more positive (oppositional) contribution with rotation to 60°.

Heterostructure 0° 60° A

7 x4

PEN/MoS, -1.402 -1.393 0.009
PEN /MoSe, -1.423 -1.422 0.001
PEN/WS, -1.340 -1.439 -0.099
PEN/WSe, -1.452 -1.461 -0.009
6 x3

PEN/WS, -1.347 -1.393 -0.046
PEN/WSe, -1.422 -1.422 0.000

Similarly, we can compare the effect of molecular rotation on frontier orbital energies.
Tables 6.30 and 6.31 show the effect of molecular rotation on the molecule-substrate
contribution to the pentacene and TMD frontier orbital energies, respectively. The effect
of rotation on pentacene’s frontier orbitals is only noted in the high concentration systems,
with a larger effect on the LUMO. The effect of rotation on the TMD frontier orbitals is
zero within our precision for all but the CBM of 7 x 4 PEN /WS, and the VBM of 6 x 3
PEN/WSeq, where it is instead of magnitude 0.05 eV.
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Table 6.30: The effect on pentacene’s frontier orbitals from molecule-substrate interactions
and material deformation, in eV, in heterostructures across angles of rotation for pentacene
(a negative value represents a decrease in orbital energy due to these effects) and the
modulation of these effects due to rotation. Deformation effects are a smaller contribution
to E,qs than molecule-substrate interaction effects.

0° 60° A

Heterostructure HOMO LUMO HOMO LUMO HOMO LUMO
7T x4

PEN/MoS; -0.25 -0.30 -0.25 -0.30 0.00 0.00
PEN/MoSe, -0.20 -0.25 -0.20 -0.25 0.00 0.00
PEN/WS, -0.20 -0.25 -0.20 -0.25 0.00 0.00
PEN/WSe, -0.20 -0.20 -0.20 -0.20 0.00 0.00
6x3

PEN/WS, -0.15 -0.20 -0.15 -0.15 0.00 0.05
PEN/WSe, -0.15 -0.20 -0.10 -0.15 0.05 0.10

Table 6.31: The effect on the TMD’s frontier orbitals from molecule-substrate interactions
and material deformation, in €V, in heterostructures across angles of rotation for pentacene
(a negative value represents a decrease in orbital energy due to these effects) and the
modulation of these effects due to rotation. Deformation effects are a smaller contribution
to E.qs than molecule-substrate interaction effects.

0° 60° A

Heterostructure VBM CBM VBM CBM VBM CBM
7T x4

PEN/MoS; 0.10  0.00 0.10  0.00 0.00  0.00
PEN /MoSe, 0.10  0.00 0.10  0.00 0.00  0.00
PEN/WS, 0.10  0.00 0.10 0.05 0.00 0.05
PEN/WSe, 0.10  0.00 0.10  0.00 0.00  0.00
6x3

PEN/WS, 0.10  0.00 0.10  0.00 0.00  0.00
PEN/WSe, 0.10  0.00 0.05  0.00 -0.05 0.00

Overall we see that the molecule-substrate interaction component of the effect of
molecular rotation on frontier orbital energies is negligible for most systems, with small
effects on pentacene’s orbitals in the high concentration regime.

Molecule-molecule interaction effects
The effect of molecular rotation on molecule-molecule interaction effects is displayed in

Table 6.32, where we see that molecular rotation in the low concentration regime affects
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only a small change on the molecule-molecule interaction contribution to E,4s, which is
of maximum magnitude 1 meV. In the high concentration regime, this contribution is
increased in magnitude by 6 meV in the PEN /WS, heterostructure, with no change in

the PEN/WSe, heterostructure.

Table 6.32: The contributions to E.qs of molecule-molecule interactions, in meV, compared
across pentacene rotation angles, as well as their difference. A positive difference
represents a more positive (oppositional) contribution with rotation to 60°.

Heterostructure 0° 60° A

7 x4

PEN/MoS, 4 -5 -1
PEN/MoSe, 3 -3 0
PEN/WS, -4 -5 -1
PEN/WSe, 3 -4 -1
6 x3

PEN/WS, -59 -65 -6
PEN/WSe, 38 -38 0

Overall, we see that the effects of increasing concentration and molecular rotation
on the contribution to E,qs from molecule-molecule interactions are relatively large,
with increasing concentration increasing the contribution by an order of magnitude, but
absolutely small when compared to the molecule-substrate interaction contribution.

Similarly, we can examine the effect of molecular rotation by comparing the rotated
molecule to the unrotated molecule in a supercell of the same size. This is displayed in
Table 6.33, where we can see that there are not significant enough changes in molecule-
molecule interaction effects with molecular rotation in the low concentration regime to
affect a change in frontier orbital energies, but in the high concentration case there are.

This effect is to reduce both frontier orbital energies by 0.05 eV.

Table 6.33: The effect of molecular rotation on pentacene’s frontier orbitals from molecule-
molecule interactions, in €V, in both concentration regimes (a negative value represents a
decrease in orbital energy due to changes in these effects through rotation).

0° 60° A
Heterostructure HOMO LUMO HOMO LUMO HOMO LUMO
PEN7.4 -0.10 -0.10 -0.10 -0.10 0.00 0.00
PENgy3 -0.20 -0.20 -0.25 -0.25 -0.05 -0.05
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Molecular deformation due to heterostructure formation

Changes in atomic deviation of pentacene from the molecular plane are fairly minor
with rotation, with mean and maximum atomic deviations being similar, and the overall
bowling effect being maintained. A heat map of atomic deviation for favorably rotated

systems across both concentration regimes is displayed in Figure 6.12.

7 X 4 PENgo-/M0S> 7 X 4 PENgo-/MoSe; 6 X 3 PENgg- /WS>
100
50
q
S
S~
[
e
7 X 4 PENgg- /WS, 7 X 4 PENgg- /WSe; 6 X 3 PENgo-/WSe; ©
>
O]
a

l . . -100

Figure 6.12: The deviation of pentacene atoms from the molecular plane for favorably
rotated pentacene in heterostructure, shown as a heat map. Circular black points mark
the atomic positions of carbon atoms. The 7 x 4 systems and PENgy: /WS, show a clear
bowling effect, but of lesser magnitude than the unrotated 7 x 4 systems in Figure 6.8.
There is some bowling, skewed from the center, in the high concentration PENgq /WSe,
heterostructure.

Changes in the atomic deviation of pentacene within the PEN /WS, heterostructure
due to rotation lead to the bowling effect noted in all 7 x 4 heterostructures, whereas
when unrotated we observed bowling in the opposite direction: the middle carbon ring

was further from the substrate than the extremities. This is reversed with rotation of 60°.
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PEN/WSe, had a similar magnitude of deviation between rotation angles, but moves
closer to the bowl shape of the low concentration systems in the 60° case. This can be
seen in Figure 6.12.

The effect of molecular rotation on the contribution of molecular deformation towards
adsorption energies is displayed in Table 6.34. We see that the effect size is small
throughout, being zero in the high pentacene concentration systems and at most only

a modulation of 12 meV in the case of low molecular concentration PEN/MoSs.

Table 6.34: The contributions to E,4s of molecule deformation, in meV, compared across
pentacene rotation angles, as well as their difference. A positive difference represents a
more positive (oppositional) contribution with rotation to 60°.

Heterostructure 0° 60° A

7 x4

PEN/MoS, 5 -7 -12
PEN /MoSe, -1 -3 4
PEN/WS, -3 -6 -3
PEN/WSe, 79 -2
6 x3

PEN/WS, -9 9 0
PEN/WSe, -t -7 0

When considering the effect of rotation, we noted that the 7 x 4 systems maintain
their bowl shape upon rotation, with PEN/MoS, shown in Figure 6.13 as representative

of the others, which can be found in Appendix I.

263



100

7 X 4 PENgg-/M0S>

7 X 4 PENg-/MoS,

Deviation/mA

=50

—100

Figure 6.13: Heat maps of the atomic deviation from the molecular plane in the pentacene
molecules of 7 x 4 PEN/MoS, heterostructures, with 0° and favorable (60°) rotation
angles. We can see a bowling effect in both cases, with the central carbon ring being
closer to the TMD substrate (a negative deviation from the molecular plane). This is
broadly representative of all 7 x 4 systems, with only minor differences in the magnitude
of deviation.

The high concentration PENge-/ WS, system maintains the bowling effect (Figure
6.14), and the PENgy:/WSes system remains slightly twisted but closer in general to
the bowled shape (Figure 6.15. We recall that PEN /WS, was most favorable in the Top-
Ch adsorption site across both concentration regimes, which explains why it adopts the

bowl shape noted in all 7 x 4 systems as discussed in subsection 6.1.3.
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Figure 6.14: Heat maps of the atomic deviation from the molecular plane in the pentacene
molecules of 6 x 3 PEN /WS, heterostructures, with 0° and favorable (60°) rotation angles.
The unrotated case shows a bowling effect, but inverted from that in the 7 x 4 systems,
and the rotated case demonstrates the same bowl shape as 7 x 4 systems, but slightly

less extreme. These are in the Top-Ch adsorption site, which was most favorable for high
concentration PEN/WS,.
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Figure 6.15: Heat maps of the atomic deviation from the molecular plane in the pentacene
molecules of 6 x3 PEN /WSe, heterostructures, with 0° and favorable (60°) rotation angles.
The unrotated case shows a warping effect with one side of the pentacene lifting and
twisting, and the rotated case demonstrates a movement towards the same bowl shape as
7 x 4 systems, but does not quite adopt it entirely. These are in the Bridge-A adsorption
site, which was most favorable for high concentration PEN/WSe,.

Substrate deformation due to heterostructure formation

Similarly looking at the effect of molecular rotation, we see differing effects between
substrates and pentacene concentrations, presented in Table 6.35. The low concentration
regime molybdenum systems see only small modulation of the substrate deformation
contribution to E,qs due to molecular rotation, as does the high concentration PEN /WS,
heterostructure. The low concentration tungsten systems, however, experience
modulations of opposite effects. PEN/WS, substrate deformation, which greatly
increased the strength of unrotated molecular adsorption, greatly opposes rotated
adsorption, whereas PEN/WSe, was unremarkable in the unrotated case but very
strongly assists in rotated molecular adsorption. It is this effect that leads to such strong
adsorption in this system compared to the others. Similarly, high concentration rotated

pentacene adsorption is assisted by WSe, deformation as well.
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Table 6.35: The contributions to E,qs of substrate deformation, in meV, compared across
pentacene rotation angles, as well as their difference. A positive difference represents a
more positive (oppositional) contribution with rotation to 60°.

Heterostructure 0°  60° A

7T x4

PEN/MoS, 12 6 -6
PEN /MoSe, 8 1 -7
PEN/WS, -88 100 188
PEN/WSe, 4 -346 -350
6x3

PEN/WS, 3 3 0
PEN/WSe, -5 218 -213

A summary of transition metal-chalcogen (upper layer) bond length changes between
TMDs in heterostructure and pristine TMDs are provided in Table 6.36, for changes across
rotation regimes. Bond contraction was observed underneath the pentacene molecule, and
subsequent lengthening necessarily occurred elsewhere to maintain fixed cell parameters,
with the maximum lengthening occurring near areas of bond contraction.

In the low concentration tungsten systems, which exhibited large changes in substrate
deformation contributions to E.qs with molecular rotation and, in the case of PEN/WS,,
concentration, we see no outstanding distinction from the molybdenum systems. This is
also true for high concentration PEN/WSe, upon rotation, with maximum bond length
changes with rotation being only slightly larger than the other systems. It is important
to note that, similarly to pentacene deviation data, the maximum values reported here
do not capture the entire effect: the pattern of bond length changes, where they occur,
and in what cardinal direction the corresponding atomic position deviations occur in are

all important metrics.
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Table 6.36: Changes in transition metal and upper layer chalcogen bond lengths from
their lengths in TMDs without adsorbed pentacene, in mA, in heterostructures across
pentacene rotation angles, as well as their difference.

Heterostructure 0° 60° A
7 x4

Maximum bond contraction

PEN/MoS, 3.7 4.0 0.3
PEN /MoSe, 4.5 52 0.7
PEN /WS, 43 55 1.2
PEN/WSe, 6.4 57 -0.7
Maximum bond lengthening

PEN/MoS; 4.7 42 -0.5
PEN /MoSe, 3.3 3.8 0.5
PEN/WS, 41 44 0.3
PEN/WSe, 1.6 09 -0.7
6 x3

Maximum bond contraction

PEN/WS, 39 42 0.3
PEN/WSe, 4.8 5.0 0.2
Maximum bond lengthening

PEN /WS, 3.5 3.6 0.1
PEN/WSe, 24 04 -2.0

Work function

The effect of molecular rotation on the change in work function is presented in Table
6.37, where we see little or no effect in the low concentration regime, and an effect similar
in magnitude to increasing concentration in the high concentration regime, which is also

small.

Table 6.37: The change in work function, A¢, of the TMD due to pentacene adsorption,
in eV, across rotation angles, as well as their difference.

Heterostructure 0° 60° A

7Tx4

PEN/MoS; 0.59 0.58 -0.01
PEN/MoSe, 0.44 0.44 0.00
PEN/WS, 0.34 0.34 0.00
PEN/WSe, 0.18 0.18 0.00
6 %3

PEN/WS, 0.33 0.31 -0.02
PEN/WSe, 0.15 0.13 -0.02
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Chapter 7

Conclusion

In this project we have investigated the structural and electronic properties of van der
Waals heterostructures comprised of pentacene in two different concentration regimes
adsorbed on TMD substrates. We considered the effects of adsorption on the physical
structure and density of states of the materials, and differences in these effects due
to the concentration of pentacene and the rotation of pentacene with respect to the
underlying substrate. Varying concentrations and rotation angles results in varying
spatial relationships between pentacene and substrate, and pentacene and other pentacene
molecules, leading to a change in heterostructure properties. We have attempted to
identify which changes are due to which relationship.

Ultimately, we have shown that pentacene forms stable heterostructures with all
four TMDs investigated, in both concentration regimes. Rotation of pentacene is also
stable, but with varying favorability. As such, we expect laboratory samples to express
multiple pentacene adsorption sites and rotation angles, but with some specific adsorption
geometries being more common. The largest contribution to the adsorption energies is
the molecule-substrate interaction, which would be expected as this includes van der
Waals attraction. Molecule-molecule interactions are much more pronounced in the high
concentration regime due to the closer approach of pentacene molecules to each other,
and these act to increase adsorption energy. Substrate deformation plays a fairly large
role in the selenium systems, and molecule deformation effects are consistently small.

Nevertheless, we were able to describe small changes to pentacene’s geometry due to
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adsorption, although these were of such low magnitude that we would still consider
pentacene to be effectively flat lying.

In terms of device creation, we have shown that a PEN/MoS, heterostructure forms
a robust Type-II heterojunction in both concentration regimes, with low concentration
PEN/MoSe; and PEN/WS, heterostructures also forming Type-II heterojunctions,
but with a smaller difference between the TMD’s CBM and pentacene LUMO in
these case. The effect of using HSE calculations is not expected to change this band
alignment, instead acting to increase pentacene’s LUMO by a larger amount than
they should increase the TMD’s CBM (in some cases decreasing the TMD’s CBM).
Low concentration PEN/WSey is predicted to form a robust straddling (Type-I)
heterojunction, with increasing pentacene concentration or rotation not changing orbital
energies by enough to transition to Type-II. In the high concentration regime, we predict
a small shift in frontier orbitals, acting to change the band alignment in favor of Type-I
heterojunctions. There is enough of a change in the case of PEN/MoSe, to cause a
concentration-dependent heterojunction transition from Type-II in the low concentration
regime to Type-I in the high concentration regime. Molecule-molecule interactions are
responsible for slight decreases in pentacene’s LUMO, with an expectedly greater effect
in the high concentration regime. In combination with the reduced molecule-substrate
interactions that act to decrease the CBM of MoSe, in the high concentration regime,
resulting in a higher CBM than in the low concentration regime, we see that the
concentration-dependent heterojunction type transition in PEN /MoSes is not due to only

one effect.
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7.1 Future projects within the materials group
and investigations of interest

Over the course of this project, a few branching paths appeared as potential choices for
how this investigation should develop. We chose those which seemed most interesting,
but of course a single project does not encompass all work that may go on within a
research group. Here we present a few suggestions for interesting future investigations
(without claims as to the suitability of such work for a self-contained PhD project), that

if performed here would have amounted only to excursus.

It seems clear that the most favorable molecular adsorption site is related to the
spatial relationship between pentacene’s carbon rings and underlying substrate structure,
and we believe that the higher molecular concentration may exacerbate any ‘phase
differences’ between successive carbon rings and their underlying substrate structure
by increasing the depth of potential wells experienced by pentacene along the plane of
the chalcogen surface; this results in something almost analogous to a lattice mismatch
between carbon rings and TMD ‘rings’ that develops over the length of the pentacene
molecule. If this is indeed the case, one may expect to see a change of adsorption
site favorability with strain. Investigating variously strained heterostructures would
allow calculations on systems of differing supercell sizes without being limited to integer

numbers of molecular units as we were here.

While we considered a range of different substrates, we did not investigate any
different adsorbates. Perfluoropentacene is a potential alternative to pentacene, where it
forms similar thin films and has a similar band gap energy [149]. Also of interest may
be other polycyclic aromatic hydrocarbons such as anthracene or tetracene, both organic
semiconductors. Similarly, there are a wide variety of transition-metal dichalcogenides
that were not investigated, but would not have been unreasonable to include if not for

limitations of scope. Foremost amongst these is molybdenum ditelluride, MoTey, an
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indirect band gap semiconductor in bulk, which a transition to direct upon exfoliation to

bi- or monolayer structure [150], the same as our TMDs here.

Something that was not feasible with the resources available to our project (but that
might provide some entertainment to somebody with infinite computational resources at
their disposal) is to perform our calculations using a higher level of theory or a higher level
of control. This could be as simple as performing the heterostructure calculations with
hybrid functionals, or using much larger supercells with multiple pentacene molecules
in each one, allowing for a combination of binding sites and rotation angles. We do not
believe that using a level of theory such as HSE would result in qualitatively different
conclusions, but perhaps combinations of different sites and angles would. We did not

entertain this idea for long.

A more reasonable suggestion may be to continue using DFT, but to investigate thin
films of pentacene on monolayer and bilayer TMDs. Pentacene thin films condense to
a herringbone structure, which can necessitate fairly large supercells in certain specific
structures. These calculations would be laborious, but more in line with the structures
that an experimentalist may be interested in, at least until they figure out how to create

true van der Waals ‘Lego’ structures.
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Appendix A

Central equation

The derivation of the central equation (Equation 2.30) begins with a wavefunction
expressed as its Fourier series expansion of the sum of all allowed wavevectors, and the
periodic potential, also expressed as a Fourier series of all allowed wavevectors with a

periodicity of the lattice (see subsection 2.1.2):

Y(r) = Ce™™ (A.1)

Ue=> Uge'S™. (A.2)
G

The kinetic energy term of the time-independent Schrodinger equation (Equation 2.1) is

h? h? .
——V%)(r) = oy > K Ce™ (A.3)
k

2m

and the potential energy term is

U(r)y(r) = (Z UGeiG'r) V()= Y Ualie' ™9 (A4)
G G k

As the sums over k are infinite and as G is a reciprocal lattice vector, we can substitute

in w’ = (k + G), where summation over w’ is the same as summation over k:

Ur)p(r) =Y > UcCuge™™ . (A.5)
pealoe
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We are free to make the substitution k = w’ using the same reasoning:

U)p(r) = > UaCu-ce™™ (A.6)
G k

and so the time-independent Schrédinger equation is then

% Z k2 Ciee™™ + Z Z UcCx_ge™" — E Z Cie™®T =0 . (A.7)
k G k n

As the Born-von Karman boundary condition requires, the plane waves e’** are an

iw’r

orthogonal set. We multiply our Schrodinger equation by e~ and integrate over the

unit cell, where w’ is a wavevector belonging to the set of k wavevectors:

h2

o Z k2CieTe T qr 4 / Z Z UgCh_ge™Te T dr

cell k cell G k (A 8)

—E/ Che®Te T dr = |
cell g

Due to the orthogonality of our vectors, their inner products evaluate to either 0 or a

volume constant which can be divided out, so is set to 1 here:

. . 1, k=w
/ KT TV 1) — ) (A.9)
cell O, k 7& W’

As such, the sums over k only count the terms where k = w’, and we now have

h2

2m

kQCk + Z UcCx_g — ECx=0. (AlO)
G

Gathering terms and making the substitution for \x, we arrive at the central equation

(Equation 2.30),

(M= E)Cie+ Y UgCieg =0, (A.11)
G
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where

h2k?
= . A.12
Ak o ( )

For some uses, this is better displayed in an equivalent form, where we make the notational

substitution G — G’,

(/\k — E) Cx + Z UgCx_g =0 (A13)
G’
and then let k =k’ — G:
()\k’—G - E) Cy—_g + Z Ug'Cyx_g_qg=0. (A.14)
G’

We make the variable substitution G’ — G’ — G, and note that as both G and G’ are
reciprocal lattice vectors, a sum over the difference between them is the same as the sum

over either of them:

()\k’,c; - E) Cy_g + Z Ug—-gCr_g =0, (A15)
G’

and finally the notational substitution of k> — k produces the variation of the central

equation that we use in Section 2.2,

()\k—G - E) Cx—_ag + Z Ug'—gCx_g=0. (A16)
G’
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Appendix B

Bloch electron velocity

Consider electrons in a system as described in subsection 2.1.2, in which subsection we
claimed that the Bloch theorem predicts a non-vanishing mean electronic velocity in the
periodic lattice. Here we will demonstrate the reasoning for this claim. If the system is
perturbed by some potential, V', the eigenvalues of the Hamiltonian H = Hy + V', where

the unperturbed Hamiltonian has eigenvalues €2, are

€n = €0+ (D|V|) + ... . (B.1)

We only need consider the first-order term here, as we will consider the first derivative
with respect to k of €, (k). The Taylor expansion of €, (k + q), up to the linear term in

q and centered on k and with q being our small perturbation, is

en(k+q)=¢, (k)+25ﬁqz-+... (B.2)

By applying the (unperturbed) Hamiltonian to a Bloch wavefunction, we can simplify

it to exclude the exponential term and only consider the periodic function, w,,:
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2

h? hZ
Hy =€) = —%V2¢ + Uy = —%emrunk + Uy

hQ . . .
=3~ V- (ikeﬁk'runk) + e’k'rVunk} + Ue™
. | | | (B.3)
= [~ k2™ U + 2ike™ Vg + € V] + Ut
m
) h2 . ﬁ2
=T | — (V2 —2ik -V +£?) + U} g = €7 {— (k —iV)* + U} " Unk -
2m 2m

Dividing by e’** allows us to extract a simplified Hamiltonian in k for use on Bloch

systems;

2
Hkunk = €, (k) Unk = |:% (k — ZV)2 —+ U‘| * Unk (B4)
and therefore
o= 2 (k= ivy 1 U] (B.5)
X" oam ' '

As €, (k) is an eigenvalue of Hy, our perturbed energy from before, €, (k + q), must

be an eigenvalue of Hyq:

2
. 2
Hipq =5 [(k+a—iV)" +U]
h?
= —(-V?=2k-V+k +¢ —-2iq-V+2k-q) +U
2 2m 2 (B.6)

= — (=V*—-2ik- 2 — (¢* — 2iq - 2k -
5 (=Y =2k - V4 1) + U+ o (¢ — 2iq- V + 2%k - q)
h2 h2 h22
= Hyi+ —— (¢ — 2iq-V + 2k - q) = Hy + —q- (k= iV) + — .
2m m 2m

This is of the form H = Hy + V, where V = %q- (k —iV) + %. As such, we can
substitute this in to the first-order term of our perturbed energy eigenvalue, where we
only need the the term linear in q. This expression is equal to the linear term in q of the

Taylor expansion of €, (k + q) and is represented as a sum over all elements of q:
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0€, , B2 .
gt =) =3 [ v O ) awnar . (B

i
The integration is over the space that u,y is normalized over, we construct the functions
such that this is the primitive cell. As the dependence of V' on q has been represented as

a scalar sum over ¢;, ¢ € Z, we can divide by ¢;, eliminate the summation and express in

terms of 1, through Bloch’s theorem (Equation 2.33):

5 h? FL2 . .
e R Tl R S ST
cell

m M Jcell
—~ %2 Tty (ke e — iV e TPy dr
R , ‘ (B3)
=l ™y ke Y + ke Y — i€ TV iy ] dr
= h—2 e Tem Ty (—iV) dr
m

cell

By rearranging some factors we can show the equivalence of the expectation value of
the velocity, where the momentum operator is p = —iAV and the velocity operator is

v=2E2:
m

1 e, . ih
Tk /ceu (LA <_EV) Ypidr

) . ) . ) (B.9)
- <1/)nk| - avl%ﬁ - <¢nk|gl¢nk> - <¢nk|v|¢nk> :

Therefore, the expectation value of the velocity of a Bloch electron, interpreted as the

mean group velocity of an electronic wave packet within the semiclassical model, is

_ Lo6, (K

Vi (k) = = (B.10)
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Appendix C

Semiclassical equations of motion

The semiclassical equations of motion of a Bloch electron are two equations that use the
electronic wave behaviour of the Drude-Sommerfeld theory and apply it to behaviour in
classically treated electromagnetic fields. There are limitations to this, which are discussed
in the subsection 2.1.3, and this treatment requires the modelling of the electrons as wave
packets: maintaining their wave behaviour for the purposes of interaction with the small
scale periodic field from the lattice ions, and introducing particle properties such as a
partially defined position.

The first semiclassical equation of motion is that which is stated in subsection 2.1.2 and
derived in Appendix B for the velocity of a Bloch electron, and here has the interpretation

that the electronic velocity is the wave packet’s group velocity,

r=v, k)= * . (C.1)

The second semiclassical equation of motion is the rate of change of a Bloch electron’s

crystal momentum, and is an analogy to the Lorentz force for a semiclassical Bloch system:
) 1.
hk = —e |E(r,t) + -1, (k) x H(r,?)| . (C.2)
c
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Crystal momentum changes only in response to external fields and is unaffected by
the periodic field of the ionic lattice, whereas the real electronic momentum, p, responds
to both external and periodic potentials. The rate of change in true momentum due to

only the periodic potential is % (p — hk).
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Appendix D

Vanishing current contribution of filled

bands

€ (k) is periodic over the Brillouin zone, i.e. €(k) = e€(k+ G). Integration of this
function is closed if performed over the Brillouin zone, and the integration of its gradient

is equivalent to

0 (k) ok = /HG 9 e (k) ok . (D.1)

)

s€ (k) represents the rate of change with varying k in € (k), the integral over which

then represents the net change in € (k) over the limits of the integral:
ke 5 chc
i (k)ok=[e(k),  =€ek+G)—€e(k)=0. (D.2)
k

Therefore, our equation for the contribution of a filled band towards electric current

density within the semiclassical model is (see subsection 2.1.3)

. 1 de(k) 1 de (k)
J=-c /BZ Ik ok KT o /BZ 5 k=0 (D:3)
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Considering now the contribution towards j¢, and that -€* (k) = 2¢ (k) %g() by the

chain rule of calculus, we have

) 1 de (k) 1 J 5
_ K k— 2 (k) 0k . D.4
le /BZ o M) = 0k = g /BZ k" (K9 (D-4)

The integral of the gradient is still the net change, but this time in €2 (k), over the
integral limits. A function periodic in k is still periodic over the same boundary when
squared, and so similarly to the above case of the electric current density, we can show

that the contribution towards je of a semiclassical filled band is zero:
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Appendix E

Spin-orbit coupling

Spin-orbit coupling, or the spin-orbit interaction, is an important effect in the context of
energy bands, discussed in subsection 2.2.3. This appendix provides detail on how the
the perturbation to the Hamiltonian from spin-orbit coupling, Hgso, is derived. Hgp is a
sum of the Larmor interaction energy and the Thomas interaction energy. The Larmor
interaction energy is the energy associated with Larmor precession, the precession of a

magnetic moment in a magnetic field, B,
HLZ—[I,'B, (El)

where p is the magnetic dipole moment. For an electron undergoing spin-orbit coupling,

the magnetic moment is its spin magnetic moment, ps,

S
H= s = sl (E.2)

where S is the spin angular momentum, pp is the Bohr magneton, and g, is the electron
spin g-factor (a proportionality constant). The magnetic field felt by the electron in its

own frame is

- , (E.3)
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where v is the electronic velocity through an electric field E, which results in momentum

p = m.v. We have taken advantage of the radial nature of the electric field with respect to

15U

the ion, E = ' where r is the displacement of the electron from the ion. As |E| = -5,

-
where U is the potential energy of the electron, and the angular momentum of the electron

is L =r x p, we have that

16U (r)

rmeec?  or

B = L, (E4)

as given in subsection 2.2.3. So, the Larmor interaction energy is

B B S 1 6U(r).  gsup 6U(r)
Hy=—p.-B= JsHBT rmeec?  Or L= hrmeec?  or L-S. (E:5)

The Thomas interaction energy, Hr, is the energy change associated with the relativistic
correction of Thomas precession of angular velocity wr, whereby a particle moving in a
curved trajectory experiences precession of its reference frame. The precession of reference

frame includes precession of spin axis in the observer’s frame,
The spin axis precesses with an angular velocity of

wr = — 7 axv, (E.7)

where ~ is the Lorentz factor, which in the non-relativistic limit of v < ¢ is

. 1 1
'%L)H}wTZQ_CQaXV:_TCvaa. (E8)

As our electron is a charged particle in an electric field, we can describe its acceleration,

a, in terms of E and make the same substitution as we did for Larmor precession for
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radial fields:

wT:—ivx(@):— 1 VX(_EaU(r)): txv U g

2c2 Me 2¢2m, r or 2¢2rm,  Or

eh

Substituting in L = r X p = m.r x v and the Bohr magneton, ug = 3> We get
pp  oU
=— — E.10
wr hmeec?r or ( )
and therefore
pe  OU
Hpr =— —L-S. E.11
r hmeec?r or ( )
Our total spin-orbit energy correction is then
gs—1 U (r)
Hso =Hp+ Hr = L-S. E.12
50 L+ Hdr = up S R ( )
Finally, consider the total angular momentum, J = L + S we have
J- J=1P=L"+S*+2L-8S, (E.13)
and therefore
L-S:l(J2—L2—sz) (E.14)
5 : .

As J* = h%j (j + 1), where j = |l £ 5|, L? = h2[ (I + 1) and S* = h?s (s + 1), we can say

that

L~S:h

PG -1+ —s (1) (E.15

as required for subsection 2.2.3.
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Appendix F

Scattering

In subsection 3.2.2, it is shown that the first energy derivative of the logarithmic derivative
D) (€,7reyt) is the same between wavefunctions that match at and beyond 7 if they are
norm-conserving with respect to each other. This results in the same change in energy
states between wavefunctions when perturbed by scattering potentials i.e. when placed
in a poly-atomic system.

Here we consider a spherical scattering potential, where V' = 0 beyond r = 7rcy.
The wavefunction of an electron travelling in this potential is a superposition of an
incoming plane wave and an outgoing scattered spherical wave, as in Figure F.1. The
well-known radial Schrédinger equation can be simplified by substituting for the reduced
radial solution, u; (r) = rA; (1), such that it reduces to

52 L(l+1)

ﬁ—V—i—e— 2

w (r)=0. (F.1)

Beyond rey, V (r) = 0, and the equation has solutions

uy (r) = Cryrgy (kr) + Cogrng (kr) (F.2)

where j; (kr) and n; (kr) are the spherical Bessel and spherical Neumann functions,
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eik-r

Figure F.1: An incoming plane wave (blue) along some Cartesian direction z, scattering

at angle @, with an outgoing scattered spherical wave of form

respectively:

, B (10 Lsin kr
gi (kr) = (—kr) (kr5kr) kr

1 6 \' coskr
i (kr) = = (~hr) (/7%) Fr

and the usual

We introduce this in terms of the Hankel functions,
RO — Gy (k) + iny (kr)
and
W (k) = i (k) — iy (kr)
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in order to condense our reduced solution:
w (r) = Cl(l)rhl(l) (kr) + Cl(z)rhl@) (kr) . (F.8)

We can re-express this in terms of the ratio of the coefficients Cl(l) and C’I(Q). As the
coefficients are the amplitudes of the respective waves, their ratio is the phase difference

between them, as shown below for two arbitrary phase-dependent wave amplitudes, A

and B:

A =|Ale"4 | B=|B|e"“r (F.9)
A Al iga—om)
R Ll P F.1
= Cape™ (F.11)

where C4p is a real constant and 7 is the phase difference between waves. As such, our

coefficient ratio for those in u; (r) is
— = (F.12)

where we have dropped the resultant real coefficient (as it has no effect on later discussion,
serving only to take up more space in equations, so it may as well be 1) and represented
the phase shift as 27, to be in keeping with the convention of scattering theory (this also
does not change our final conclusion for our purposes). 7; (€) is a function €, but we will

not notate this explicitly. We now represent w, (r) as

u (r) = 2 [e2mnf® (kr) + v (k)]

= CPre [ (jy (kr) + ing (k1)) + e~ (G (kr) — ing (kr)]

= CPre [(cosn + ising) (ji (kr) + ing (kr)) + (cosn — isinng) (j; (kr) — iny (kr))]
= 201(2)7‘6”7 [71 (kr) cosn — ny (kr) sinn]

(F.13)

288



Consider again our logarithmic derivative from subsection 3.2.2, D (€, 7y ), (Equation

3.117) which here is

/

() (F.14)

u ()’

<

D, (e,r)=r

where a prime denotes differentiation with respect to . We take the derivative of u; (1),
uy (r) = 201(2)7“6”7 [krj] (kr)cosn + ji (kr) cosn — rnj (kr)sinng — ny (kr)sing] , (F.15)

and solve for D (€,r):

Dy (e.7) ZCZ(Z)Tei” Ji (kr)cosn —ny (kr)sinng  krj] (kr) cosn — krnj (kr)sinn
r)y=r
HE 201(2)7‘6“7 rj; (kr) cosn — rng (kr)sinn rj; (kr) cosn — rng (kr)sinn
(F.16)
which at r = rey 18
1 k cu —n k cu i
Dl (67rcut) =1+ krcut j.l ( ik t) Sl ik ( d t) S,lnn . (Fl?)
J (krcut) COST] — 1Yy (krcut> S 7]

Dropping the variable dependence notation to reduce clutter (remembering that the Bessel

and Neumann functions act on kre,), this can be rearranged as

(D; — 1) (jycosn — nysinng) = kreyj; cosn — kregnysing | (F.18)

and so

(D; — 1) (jicotn — ny) = kregjj cotn — krewn;
(F.19)

krewj; cotn — (Dy — 1) jycotn = krewn; — (D — 1) ny
resulting in

kreawn; — (D —1)my

- — . F.20
Frem)! — (D1 =107, (F.20)

cotn =
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We see then that when considering the scattering process for electrons described by the
pseudopotentials from subsection 3.2.2, the phase shift depends only on parameters that
agree between the pseudo- and all-electron wavefunctions and the logarithmic derivative,
D, (€,r). As a result, if the first energy derivative of D; (€, 1) agrees between pseudo- and
all-electron wavefunctions, the phase shift experienced in a scattering process (interaction
with an external potential) will be identical. This means that they undergo the same

scattering process, and so any resultant energy shift will be the same.
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Appendix G

Derivative discontinuity

In subsection 3.1.1, we stated that a drawback of DFT is the underestimation of band
gap energies. This is due to the derivative discontinuity of energy with respect to number
of electrons, as discussed here.

Consider the energy of a system with IV electrons; adding an electron will change the
energy of the system, depending on the starting electronic configuration. Removing an
electron will likewise result in a change in energy. Treating this system as an ensemble,
Perdew et al. [151] show that by letting N take non-integer values, N = M + w, where
M is an integer and 0 < w < 1, the lowest average energy of a system of M + w electrons
is a statistical mixture of integer electron systems, with coefficients in w being respective

probabilities,
FE = (1—00) EM+WEM+1 . (Gl)

The curve of E against N, then, is a continuous series of straight line segments, each
between integer values of N. While this function is continuous, its gradient is not; the
gradient is discontinuous at integers of N, as in Figure G.1.

Specific physical meaning is attached to the gradient: the ionization energy, I (N),
which is the energy required to remove an electron, and the electron affinity, A (N),
which is the energy required to add an electron, are the negative of the gradient g—ﬁ

between N — 1 and N, and N and N + 1, respectively. These energies are also related
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Figure G.1: A schematic representation of a system’s energy with N — 1, N and N + 1

electrons. Fraction electron counts are found through linear interpolation between integer

points, which results in a discontinuity in g—ﬁ across integer values of V.

to the band structure, where the true fundamental band gap is I — A. The Kohn-Sham
band gap, however, is just the difference in the energy between the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO), i.e. the
energy difference of the system at integer values of N, Eny — Eniq.

The discrepancy between the DFT band gap and the true fundamental band gap, then,
arises from this discontinuity; as we move through integer values of N, the discontinuity
acts as an addition of a constant to the gradient. This must be only a constant, as a

variable value would result in non-unique potentials defining a density, which is disallowed

by the Hohenberg-Kohn theorem. The DFT band gap is

E(GDFT) = eny1 — €n = Erumo — Enomo - (G.2)

In an infinite crystal, the addition of one extra electron affects the density by an
infinitesimal amount, §, associated with an infinitesimal change in the effective potential,

with a constant which may appear as the electron number increases through an integer.
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So, for positive 4,
I(N)=—-ey(N—-06) , A(N)=—€enyt1 (N+59) , (G.3)

where €y are orbital energies. So, given that an increase through integer N (by adding

the infinitesimal change 9), can result in our modification by positive constant C,
A(N) =—ent1 (N +0) = —[eny1 (N =06)+C] , (G.4)

we have the true fundamental band gap of

EG" =T (N) = A(N) = exy1 (N = 0) — ex (N = 8) + C

=en+1 (N) —en (N) + C = Erumo — Enomo + C'

ie.
EPFY — gl _ ¢ (G.6)

With C' being a positive constant, we find that the Kohn-Sham DFT band gap is an
underestimation of the true fundamental band gap, due to the derivative discontinuity

through integer electron numbers of energy against electron number.
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Appendix H

Minimizing the Kohn-Sham energy

functional

In order to minimize the Kohn-Sham energy functional in subsection 3.1.1, we used the
method of Lagrange multipliers. We began with the variational equation, Equation 3.17,
and ended with the Kohn-Sham equations, Equation 3.24. This process is outlined more
fully here.

Beginning with the variational equation,

6EKS . (STS on

AR TG )
and the constraint of minimization,
(ily;) = bij (H.2)
we define a set of constraint functions,
gi; = 0= (slah;) — b5 - (H.3)

Our objective function is just the derivative of the Kohn-Sham energy functional with
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respect to ¢, and so the derivative of the Lagrangian is

oL 5EKS (5ng
_ ~ 3 a2 H.4
sur ~our e T Y

with \;; being the set of undetermined (Lagrange) multipliers. ~We substitute in

equivalencies from Equations 3.18 - 3.21 (subsection 3.1.1) to get

1, 0ij
_EV wz( ) + ‘/éff Z)\m 5¢i =Y, (H5)

which we can rearrange for
(-394 V) i =S (H6)
Multiplying by ¥ (r) we get
5 A (05 0) = 05 1) (=597 4 Var @) ) () (1.7
J
which we can integrate with respect to r for
Xij (5145) = (W51 Hrsli) (H.8)
and therefore
SN = 0i5€; (H.9)

for non-degenerate systems. Substituting this in to Equation H.6, and removing the

summation as contributions are only non-zero when ¢ = 7, we are left with

(=577 V() v 1) = s o) (H.10)

which is Equation 3.24 through the definition of the Kohn-Sham Hamiltonian, Equation
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Appendix I

Pentacene’s atomic deviation from the

molecular plane

In subsection 6.1.3, we compared the atomic deviation of pentacene’s atoms from
the molecular plane in heterostructures with their favorable binding sites in the high
concentration regime. The effects seen were varied (see Figure 6.8), but when we
performed the same analysis using heterostructures with the Top-Ch adsorption site,
regardless of favorability, we recovered the bowling effect seen in the low concentration

regime. The results of this are displayed in Figure I.1.
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100
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Deviation/mA

=50

7 X 4 PEN/WSe; 6 X 3 PEN/WSe;

—100

Figure I.1: The deviation of pentacene atoms from the molecular plane for both low (7x4)
and high (6 x 3) concentration pentacene in heterostructure with the Top-Ch adsorption
site, shown as a heat map. Circular black points mark the atomic positions of carbon
atoms. The systems show a clear bowling effect,in contrast to the effects noted in the
high concentration regime with favorable adsorption sites, which are TMD-specific.

Table 1.1 displays the mean and maximum values of the atomic deviation from the
molecular plane, dz, for each heterostructure, without rotation, across both concentration

regimes, as well as their difference.

Table 1.1: Atomic deviation from the molecular plane of unrotated pentacene in the
different concentration regimes, in mA.

7 x4 6x3 A
Heterostructure Mean 62 Maximum 6z Mean 6z Maximum § Mean 6z Maximum §
PEN/MoS, 40 111 60 118 20 7
PEN/MoSe, 33 89 41 111 8 22
PEN/W82 42 122 38 105 -4 -17
PEN/WSe, 33 92 26 67 -7 -25
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Additionally, in Section 6.2.5, we presented Figure 6.13, a heat map of the atomic
deviation for pentacene in heterostructure with MoSs,, in the low concentration regime,
comparing the unrotated and favorably rotated systems. This graphic is representative of
the heterostructures with other TMDs in the same concentration, and here we present the

equivalent graphics for PEN /MoSe, (Figure 1.2), PEN/WS, (Figure 1.3), and PEN/WSe;
(Figure 1.4).

100
7 X 4 PENgg-/Mo0Se,
50
7 X 4 PENg-/MoSe; o

S
<

0 B
©
>
Q
a)

=50

—100

Figure 1.2: Heat maps of the atomic deviation from the molecular plane in the pentacene
molecules of 7 x 4 PEN/MoSes heterostructures, with 0° and favorable (60°) rotation
angles. We can see a bowling effect in both cases, with the central carbon ring being
closer to the TMD substrate (a negative deviation from the molecular plane).
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Figure 1.3: Heat maps of the atomic deviation from the molecular plane in the pentacene
molecules of 7x 4 PEN /WS, heterostructures, with 0° and favorable (60°) rotation angles.
We can see a bowling effect in both cases, with the central carbon ring being closer to the
TMD substrate (a negative deviation from the molecular plane).
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Figure 1.4: Heat maps of the atomic deviation from the molecular plane in the pentacene
molecules of 7 x 4 PEN/WSe, heterostructures, with 0° and favorable (60°) rotation
angles. We can see a bowling effect in both cases, with the central carbon ring being
closer to the TMD substrate (a negative deviation from the molecular plane). This is

broadly representative of all 7 x 4 systems, with only minor differences in the magnitude
of deviation.
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