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Semiconductors are a class of materials used in numerous fields in modern technology. Some of the
applications of semiconductors include power and optoelectronics, renewable energy systems and
electric vehicles. Power devices are used for conversion and control of electrical power, which is more
and more relevant with the rise of electrification, and increased utilization of renewable energy
sources. As a more efficient alternative to traditional Si-based semiconductor devices, wide band gap
semiconductor materials are offering great promise due to their higher power levels, frequencies, and
operating temperatures. Gallium nitride (GaN) is a such wide band gap semiconductor material, used
for applications in optoelectronics and power electronics.

To ensure sufficient quality and performance, these high-power and high-temperature devices require
manufacturing processes to be controllable in the atomic scale, which can be achieved by depositing
thin films one atom layer at a time via a process called atomic layer deposition (ALD). In ALD, small
molecules called precursors are used to facilitate surface growth on a substrate via sequential
adsorption on the surface sites. Optimizing the ALD process requires fundamental knowledge of the
chemical interactions and spatial arrangements taking place between the precursor and surface during
adsorption. There can be numerous possible precursors and surface reactions for any given material,
which is why utilizing computational methods, such as density functional theory (DFT), and Bayesian
optimization machine learning, is a viable tool to accelerate the research and optimize the deposition
process.

The focus of this work was to study the adsorption of a single ALD precursor molecule gallium
trichloride (GaCls) onto a GaN(0001) surface, using DFT to determine the adsorption energies of
different molecule-surface configurations, combined with a Bayesian optimization structure search
(BOSS), a machine learning method. The function of BOSS was to sample the configurational
structure space, and identify the molecule configurations that minimize the adsorption energy of the
system. These minimum energy structures were then further analysed with computational methods to
determine their electronic properties and adsorption mechanism.

The BOSS study found five unique local minima configurations for the molecule-surface system in the
desired ALD temperature range. In one of the five cases the adsorbate remained as GaCls, while in the
rest of the four cases the precursor dissociated into fragments. The global minimum configuration
consisted of a GaCl fragment adsorbed on the nitrogen top site of the GaN(0001) surface, with two ClI
atoms dissociated to separate gallium top and bridge sites. The global minimum structure had an
adsorption energy of -7.24 eV, indicating the adsorption was very energetically favourable. The
adsorption energy values for the other four local minima ranged from -6.84 to -6.18 eV.

The bonding between the adsorbate and surface was further analysed with atom-projected density of
states (pDOS), and Mulliken partial charges. pDOS indicated that GaCl; will chemisorb to the
GaN(0001) surface, which is also suggested by the large negative magnitude of the adsorption energy
values. Mulliken analysis indicated that there is significant charge transfer between the adsorbed
molecule and the surface, but further research is needed to locate the exact surface atoms participating
in the bonding.

Key words: gallium nitride, gallium trichloride, atomic layer deposition, density functional theory,
Bayesian optimization
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Puolijohteet ovat luokka materiaaleja, joita kiytetddn lukuisissa nykyteknologian sovelluksissa, kuten
opto- ja tehoelektroniikassa, uusiutuvan energian teknologioissa ja sdhkoajoneuvoissa.
Tehoelektroniikalla on tirked rooli sahkotehon muuntamisessa ja kontrolloimisessa, mik on erityisen
tarkedd sdhkoistimisen ja uusiutuvien energialdhteiden kayton yleistyesséd yhteiskunnassa. Levedn
energiavyon puolijohteet ovat tehokkaampi vaihtoehto perinteisille piipohjaisille
tehoelektroniikkalaitteille niiden teho-, taajuus- ja limpdominaisuuksien vuoksi.

Galliumnitridi (GaN) on levedn energiavyon puolijohteisiin kuuluva materiaali, jota kdytetddn muun
muassa opto- ja tehoelektroniikan sovelluksissa.

Yhé haastavampien kéyttdolosuhteiden vuoksi tehoelektroniikassa kéytettédvien
puolijohdekomponenttien on oltava laadultaan ja ominaisuuksiltaan optimoituja, minké vuoksi niiden
valmistusmenetelmien on oltava hallittavissa atomitasolta ldhtien. Yksi tdllainen menetelméa
puolijohdekalvojen valmistukseen on atomikerroskasvatus (atomic layer deposition, ALD), jossa
materiaalia kerrostetaan yksi atomikerros kerrallaan halutun paksuuden saavuttamiseksi. ALD-
prosessissa hyodynnetddn ldhtéaineina pienmolekyylejd, jotka adsorptoituvat halutulle pinnalle.
Yksityiskohtainen késitys ldhtdainemolekyylin ja pinnan viélisistd kemiallisista vuorovaikutuksista ja
niiden avaruudellisesta asettumisesta on valttimatontd ALD-prosessin optimoinnissa. Mahdollisten eri
lahtdaineiden ja niiden pintareaktioiden suuresta maarasta johtuen laskennallisten menetelmien, kuten
tiheysfunktionaaliteorian (density functional theory, DFT) ja koneoppimismetodeihin kuuluvan
Bayesialaisen optimoinnin, kdyttoonotto on hyddyllinen ratkaisu kokeellisten menetelmien lisdksi
tutkimuksen nopeuttamiseksi ja kerrostumisprosessin optimoimiseksi.

Tamaén opinndytetyon tarkoituksena oli tutkia yksittdisen ALD-1dht6ainemolekyylin, galliumtrikloridin
(GaCls), adsorptiota GaN(0001)-pinnalle kayttamalla tiheysfunktionaaliteoriaa eri molekyyli-pinta-
konfiguraatioiden adsorptioenergioiden médrittdimiseen, sekéd Bayesialaista optimointia hyodyntavia
BOSS-koneoppimismenetelmié adsorptionenergian minimoivien konfiguraatioiden 16ytdmiseen.
Loydettyjd minimienergiarakenteita analysoitiin lopuksi laskennallisilla menetelmilld niiden
elektronisten ominaisuuksien ja adsorptiokéyttdytymisen méarittamiseksi.

Tarkeimpind tdmén tyon tuloksina BOSS-menetelmén avulla 16ydettiin viisi ainutlaatuista lokaalia
minimikonfiguraatiota molekyyli-pinta-systeemille tarkastellulla ALD-lampétila-alueella. GaCls
dissosioitui adsorption seurauksena neljdssé tapauksessa viidestd minimikonfiguraatiosta. Globaali
minimikonfiguraatio koostui typpiatomin kohdalle adsorptoituneesta GaCl-fragmentista, sekd kahdesta
dissosioituneesta klooriatomista galliumatomin ja galliumsillan kohdalla. Tdmén
minimikonfiguraation adsorptioenergia oli -7.24 eV. Neljan muun havaitun minimin adsorptioenergiat
olivat -6.84, -6.82, -6.45 ja -6.18 eV.

Sidosmuodostusta ja varauksen jakautumista adsorptoituneiden fragmenttien ja pinnan viélilla tutkittiin
atomiprojektoidun tilatiheyden, sekd Mullikenin osittaisvarausanalyysin avulla. Tilatiheyksien
perusteella GaCls sitoutui GaN(0001) pinnalle kemisorption kautta, ja osittaisvaraukset osoittivat, ettd
pinnan atomit luovuttavat varausta adsorptoituneelle molekyylille, mutta varauksensiirron tarkemmat
yksityiskohdat vaativat vield lisda tutkimusta.

Avainsanat: galliumnitridi, galliumtrikloridi, atomikerroskasvatus, tiheysfunktionaaliteoria,
Bayesialainen optimointi
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1 Introduction

Semiconductors are a class of materials that have significant importance in modern
technology. Some of the numerous fields for applications of semiconductors include power
and optoelectronics, renewable energy systems and electric vehicles. Notably, semiconductors
are used in the field of power electronics to convert electrical energy from one form to
another, and to control the flow of electric power. These so-called semiconductor power
devices include diodes, transistors and thyristors, which utilize the semiconducting materials
ability to work as a switch, by controlling the flow of electricity within the power device. The
need for efficient conversion and control of electrical power is essential in modern society.
The global electricity consumption is continuously increasing, with demand rising by 4.3 % in
2024, and the trend predicted to continue similarly for the next few years. This growth is
facilitated by the growing demand of industrial production, especially in emerging economies,
electrification, for which one example is the increased use of electric vehicles, and the global
rise of data centers [1]. Additionally, increased use of renewable energy technologies also
poses challenges for efficient grid integration and electricity conversion, as nature-derived
sources of power, such as solar and wind tend to generate fluctuating electric power flows [2].
Both the rise in electrification and integration of renewable energy sources into the grid
produces the crucial need to efficiently manage the large electric power flows from the
varying generation sources to users, while optimizing efficiency [3]. Semiconductor power
devices have integral role in controlling these flows of electric power, as their purpose is to

provide the optimum amount and form of electric power for given application [4], [5].

The band gap (E;) is an important concept in semiconductor theory, as it affects the
conductive properties of a material. Band gap describes the energy difference between the
valence band (VB) maximum and conduction band (CB) minimum of a material, defined by
its electronic structure. VB corresponds to the occupied electron states involved in covalent
bonding within the material, while CB represents free electron states. £, corresponds to the
energy required to promote an electron from the VB to the CB, a process which allows for the
material to conduct electrical current through the free flow of electrons in the CB. [6]
According to the band gap, materials can be classified into three types; conductors,
semiconductors and insulators. Conductors don’t have an energy gap between the CB and
VB, and thus electrons can move freely to the conduction band. Insulators on the other hand

have a large band gap, typically above 3 eV [7], which usually prevents the electrons from
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crossing the gap. Semiconductors are intermediate materials, with conductive properties
between insulators and conductors. They have a narrow band gap, typically around 0-4 eV
[7]. The key advantage of semiconductors for many applications is that their properties,
including electrical conductivity, can be tuned by optimizing the band gap for specific
application. This tuning enables the use of semiconductors in varying operating conditions
and advanced device compositions. Band gap can be modified either by heating, doping or by
applying light or magnetic field [8]. Doping is the process of introducing trace amounts of
other elements with different number of valence electrons to the semiconductor lattice.
Doping alters the electronic properties of the material, as it either increases the electrons (n-

doping) or holes (p-doping) [6].

Semiconductors can be classified as elemental or compound semiconductors. The former
consists of a single element, while the latter is formed by two or more elements. Elemental
semiconductors, composed of group IV elements silicon (Si) or germanium (Ge), were so
called first-generation semiconductors. The second generation of semiconductors includes
compound semiconductors, formed typically from elements of groups IIl and V, or Il and VI,
such as gallium arsenide (GaAs). [9] The third and most recent generation of semiconductors
are the wide band gap (WBG) semiconductors, which include silicon carbide (SiC) and
gallium nitride (GaN) [2]. WBG semiconductors are defined to have E, larger than 3 eV [10].

This thesis focuses on GaN, which properties are described in more detail the Chapter 2.1.

Silicon has a E; of 1.1 eV [2], and it has been the most widely used semiconductor in
numerous applications due to its availability and refined manufacturing processes [5].
However, despite the development of practically defect-free manufacturing processes, silicon-
based semiconductor devices have in some areas met their physical limits [4], [11]. Due to the
modern technological requirements of higher power levels, frequencies and operating
temperatures, improved efficiency [11], as well as decreased size for the devices, intrinsic
properties of silicon are not simply able to match these requirements. WBG materials
demonstrate improved potential as an alternative to Si-devices because their wider band gap
enables operation in higher temperatures, voltages and switching frequencies. The energy
efficiency and power density of WBG devices is also higher than their Si counterparts, which
in theory improves the overall sustainability of these devices, due to the reduced power losses
and material consumption [2], [4]. However, currently the wide-scale production of WBG

semiconductor devices is still very energy-consuming, which stems from the extraction and
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purification of the elemental raw materials, as well as manufacturing processes that utilize

high temperature epitaxial growth technologies [2].

The growing need for a better performance in novel semiconductors requires sophisticated
production methods, with the possibility to tune the material properties based on the desired
application requirements. A constant trend in semiconductor technology is to increase the
power density of devices, and decrease their physical volume [4], [12]. This means the
manufacturing methods should operate in a very small scale to provide extreme conformality
control for the semiconductor material. Semiconductor thin films can be manufactured from
bottom-up, defined to be 1 um or less in thickness and operating in the nanometer scale. In
addition to the structural controllability, the ideal manufacturing process for semiconductors
should aim to minimize costs, time and energy consumption, as well as the environmental

impact.

Atomic layer deposition (ALD) is a one promising method for production of next-generation
thin films, which is also able to meet the quality standards of the desired end products [13]. In
the ALD process, the target material can be produced from precursors, typically small
molecules, which are sequentially injected into a reaction chamber, where they react with
available surface groups of a substrate to form one atom-layer thick films. The growth of the
material is induced through the self-limiting adsorption of the precursor molecules to the
current top layer of the thin film, after which the unwanted byproducts are removed from the
chamber. This leaves behind a single- or multi-element thin film. [14] More in-depth
description of the ALD process is presented in Chapter 2.2. One notable challenge for ALD
stems from the fact that there can be numerous possible precursor combinations and process
conditions to evaluate for suitability in regards to the production for given objective material.
Therefore, optimizing the experimental ALD process can be time consuming, expensive and

unsustainable, and in some cases extremely complex.

Computational approaches and modelling are a viable additional method to use in accelerating
the research of different ALD conditions, as they can provide a more systematic way to
quantify and identify the underlying chemical phenomena and corresponding surface
interactions happening during the ALD process. Modelling can also be used to optimize the
process conditions, as the experimental process conditions can sometimes be outside the
actual global optimum. Additional benefits of a computational approach include being less

time-consuming and expensive than experiments. [15]
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A concept relating to the quantitative study of materials, is the structure-property
relationship, which represents the relation between the physical properties of a material with
its structure. These properties can be explained by the atomic structure, including the electron
configuration describing the arrangements of the electrons for a specific material. Compared
to experiments, systematic study of the structure-property relationships can be performed with
computational methods. Due to developments in recent decades, quantum mechanical
methods like density functional theory (DFT) have become an accurate and efficient tool in
the research of complex and increasingly larger systems [13]. DFT simulations operate in the
quantum mechanical scale, which means the ability to describe the behavior and properties of
small particles like atoms and electrons. Therefore, DFT can be used determine the atomic
and electronic structure of a material and the properties derived from them. The principles of

DFT are presented in Chapter 2.3.

In recent years, increasing focus has also been shifted to combining computational
simulations with artificial intelligence (Al) and machine learning (ML) methods in materials
science research. The accuracy and relevance of atomistic simulation results rely on chemical
intuition and previous experimental findings, as the quality of the outputs correlates to the
accuracy of the inputs, and is therefore somewhat dependent on the current state of
knowledge. To fill these gaps in the existing knowledge, ML methods can be implemented
along atomistic simulations to discover new patterns and insights form existing data. This in
turn can help steer the research in previously unknown directions with more information gain.
Additionally, ML methods can accelerate the study of complex and multidimensional
systems, which would be time-consuming and computationally expensive to systematically
analyze with atomistic simulations alone. This approach provides a way to combine the
accuracy of atomistic computer simulations with the high-throughput ML methods, which can
shift focus on relevant areas of research, and find patterns on smaller amount of data. This
means the number of new costly atomistic computations needed for thorough understanding
of material properties can be decreased. ML methods can be used for example to find out the
optimal parameter set for experiments, or experimental settings with the maximum
information gain [16], as well as for predicting materials properties according to the structure-

property relationship [17], and discovering and designing of new materials [18].
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1.1 Research objectives

The objective of my thesis was to study the adsorption of a single ALD (atomic layer
deposition) precursor molecule GaCls onto a GaN(0001) semiconductor surface with
computational methods, to gain insight of the possible adsorption configurations, chemical
and physical behavior, and energetics of the system during the ALD process. The research

objectives were determined as follows:

1. Building and validating simulation models for the GaClz molecule in vacuum, and the
GaN(0001) surface slab, accurately representing their geometry, as well as their

physical and chemical behavior.

2. Utilizing Al-driven computational structure search algorithm (BOSS) together with
density functional theory (DFT) simulations to study the adsorption energy of
different GaCl; molecule configurations on the GaN(0001) surface, and creating the

adsorption energy landscape based on the adsorption energies obtained with DFT.

3. Analyzing the local minima structures, obtained from the adsorption energy landscape,
to identify the optimal adsorption configurations for the GaCl;-GaN system as well as

gain understanding of the general adsorption characteristics of the pairing.
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1.2 Thesis structure

In this thesis, I describe the necessary steps to be taken into account when performing a
computational simulation project for surface adsorption. For motivation and background, I
introduced the importance of semiconductors in modern society, and the novel use of
computational simulations coupled with artificial intelligence in materials science, and

especially ALD research in Chapter 1.

The second chapter includes general background information about gallium nitride and ALD,
as well as the theoretical concepts and computational methods relevant in my work, including
density functional theory, Bayesian optimization and Gaussian process. Additionally, Chapter

2 includes introduction to the topic of computational surface adsorption studies.

I describe the computational details and methodology used for the DFT simulations in this
work in Chapter 3. Additionally, this chapter includes descriptions of the methodology used
for the computational structure search part of this thesis, Bayesian optimization structure
search, comprising of low-dimensional preliminary structure search tests, and the full
structure search, for the search of local minima adsorption configurations. Chapter 3 lastly

includes details about the calculations used to post-process and analyze the found minima.

Chapter 4 presents the results of my work, including the minima structures identified with the
full structure search, and description of their mechanical and electronic properties. This
chapter also includes details about the typical model validation and convergence tests for
individual molecules, bulk structures, and surfaces, which are overall important in
computational work regarding surface adsorption. Lastly, in Chapter 5 I provide some
discussion about the results and conclusions drawn from the adsorption behavior of these

found local minima, as well as some possible future steps for research in this area.
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2 Theoretical background

2.1 Gallium nitride
2.1.1 Properties and applications

Gallium nitride (GaN) is a wide band gap semiconductor, with an experimental band gap of
3.4 eV [19], suitable for various optoelectronic and electronic applications. As discussed in
Chapter 1, WBG semiconductors are demonstrating great promise as alternatives for
traditional Si-semiconductors. GaN is famously used in light emitting diodes (LEDs), due to
the large and direct band gap. Doped GaN can be produced by introducing either Si or Mg
into the structure to create n- and p-doped GaN, respectively. A GaN LED is typically
constructed by placing p-type GaN and n-type GaN between two electrodes. This leads to the
formation of p-n homojunction, where holes and electrons flowing from their respective

electrodes recombine, to create light. [20]

GaN semiconductors are also attractive candidates for applications requiring high operating
temperatures, including high-temperature and high-power electronics, due to the beneficial
thermal properties of GaN, as the thermal conductivity of GaN facilitates heat dissipation in
devices. [19], [21], [22]. The high operating voltages and frequencies of GaN have also
allowed it to be used in solar inverters and wind turbine power electronics, to enable efficient
power conversion and grid integration, consequently improving their output and easing the

use of renewable energy [2].

WBG semiconductor materials, such as GaN, attract a lot of interest, due to their inherent
properties outperforming pure silicon’s physical limits. For example, GaN-based switching
power semiconductor devices can be used as a more efficient alternative to traditional silicone
power converters. However currently, GaN power devices can reach their full potential only
in theory, as fabrication methods for GaN films and standardized structure architecture for

GaN devices are still in need for development and further research [4], [11].
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2.1.2 Structure of GaN

Exact knowledge and understanding of the GaN structure is important when developing atom-
scale manufacturing processes and device structures. Bulk GaN can be found as hexagonal
wurtzite and cubic zincblende structures [22]. In ambient conditions the thermodynamically
stable form of GaN is the wurtzite structure, which is why it is primarily used in applications
compared to the less stable form zincblende [6], [23]. Wurtzite GaN has a hexagonal lattice,
with lattice vectors a and ¢, and crystallographic parameter u describing the structure (Figure
1). The parameter u describes the relative distances of Ga and N layers in the [0001] direction,
and in ideal wurtzite GaN, u would be a constant value of 0.375 (3/8). The value for u can be
calculated as the Ga-N bond length divided by the ¢ vector length. [24], [25], [26] Wurtzite
GaN unit cell contains two gallium and two nitrogen atoms stacked in c-axis direction,
forming one GaN bilayer (BL) (Figure 2a) [24], [27]. The alternating Ga and N layers are

close packed in an ABABAB sequence, characteristic for wurtzite structure [21].

a) b)

Figure 1. The crystallographic parameters for GaN unit cell. a) Hexagonal lattice with lattice vectors a
and c represented as red arrows. b) Primitive wurtzite GaN cell, with 2 Ga atoms and 2 N atoms,
forming one bilayer (BL). Lattice parameters a, ¢ and u describe the full structure of the GaN cell. Ga-
Ga distance is depicted by lattice vector a, while ¢ describes the height of the bilayers in total. Ga
atoms are represented as brown, and N as blue. Adapted from [4] (a) and [25] (b).

Waurtzite GaN surface structures can be divided into three categories: polar, non-polar and
semi-polar based on the crystallographic orientation of the surface plane. The crystal polarity
is caused by the lack of inversion plane perpendicular to the c-axis. This asymmetry of the
wurtzite GaN surfaces results in dangling bonds (DB) at the surface atoms. [24] DBs in solids
are caused by unsatisfied valence due to unpaired electrons [28]. The DBs affect the

electronic properties and reactivity of the surface, as they result in available surface states.
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The polar surface orientations of GaN are GaN(0001) and GaN(0001) (Figure 2a) [24].
GaN(0001) is Ga-polar, meaning that the surface plane is terminated by top atom layer of Ga,
while GaN(0001) is N-polar, and thus is terminated by nitrogen atoms. The GaN(0001)
surface is currently the most used form of GaN in electronic applications [24], [29], which is

why it is focused on in this thesis.

Despite the similar terminology, the crystal polarity does not describe the polarity caused by
the distribution of electric charges in the GaN lattice. Due to the electronegativity difference
in gallium and nitrogen atoms, the bonds between Ga and N are slightly ionic, and the
electrons tend to locate closer to the nitrogen. This causes a surface normal static dipole
moment in polar GaN surfaces. In the bulk these dipoles are cancelled, but result in
spontaneous polarization at the asymmetric cut surface. When performing atomistic
simulations, the polarity of the material has to be taken into account, which will be further
discussed in Chapter 2.4.1. Another form of polarization, piezoelectric polarization, also
occurs in GaN, caused by distortion in the unit cell due to mechanical strain. However,
piezoelectric effect typically only affects heterostructures and interfaces, and spontaneous
polarization is the more noteworthy phenomenon in surface science studies. The electronic
characteristics of the surface are affected by the polarity, and therefore the intrinsic surface
polarization of GaN provides high conductivity for the material, which is beneficial for many

of its electronic applications. [4], [21], [24], [27], [30]

When studying the ALD process between GaCls; and GaN(0001), it is important to know what
are the possible locations on the surface where adsorption is most likely to occur. GaN(0001)
has four potential high symmetry surface adsorption sites for the adsorbate, depicted in
Figure 2b. They are T4 (N top) site, H3 (hollow) site, T1 (Ga top) site, and Br (bridge) site.
In T4 site, the adsorbate is located on top of the N atom underneath the top Ga layer, while
simultaneously bonded to three Ga atoms on the top layer. Adsorbate in H3 site is similarly
bonded to three Ga atoms, but is situated in the hollow site, where the underlaying site is
vacant. In T1 site, the adsorbate is situated directly on top of the surface Ga atom. Lastly in
the bridge site, the adsorbate is bonded to two Ga surface atoms and is located in the bridge

region between them. [24]



18

b) Ooca @n

a) Ga-polar surface

[0001]

[0001]
N-polar surface

Figure 2. Surface structure for GaN. a) Side view of the ideally terminated GaN with three bilayers.
Ga-polar face is in the [0001] direction, while N-polar face is in the opposite [0001] direction. b) Top-
down view of the GaN(0001) adsorption sites; T1 is the Ga-top site, T4 is the N-top site, H3 is the
hollow site, and Br is the bridge site between two Ga atoms. The red rhombus indicates the primitive
1x1 GaN(0001) surface unit cell. Adapted from [24].

2.2 Atomic Layer Deposition

Modern semiconductor devices rely on high-quality thin-films, which require precise and
tuneable fabrication methods. As described in Chapter 1, Atomic Layer Deposition (ALD) is
such method that offers great promise for WBG semiconductor manufacturing. ALD is a
method of depositing nanometer scale thin films on a substrate surface, one atomic layer at a
time. The basic principles of ALD process were independently discovered twice. Firstly, the
so-called molecular layering method was the earliest form of ALD, developed in the 1960s in
the Soviet Union by Professors Valentin Aleskovskii and Stanislav Koltsov [31]. Another
basis for ALD method was proposed by Dr. Tuomo Suntola in the 1970s in Finland, by the
name atomic layer epitaxy (ALE) [32]. Nowadays modern ALD is utilized to produce thin
films for applications including microelectronics, photovoltaics, semiconductor devices and

catalysis [14], [33].

The ALD thin film is formed from chemical reactants, small molecules also known as
precursors, which are deposited to a substrate surface. In the ALD process (Figure 3),
gaseous precursor molecules are sequentially introduced, or pulsed, into a reaction chamber in
alternating fashion. The temperature and pressure conditions at the chamber are set to enable
chemical reactions between the precursor and the substrate surface. Firstly, the precursor

molecules react with the available surface groups on the substrate, leading to a one monolayer
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of the adsorbed precursor. When all the available surface groups on the substrate are
populated with the adsorbed precursor, they can no longer react with additional precursor still
in the chamber. Because the surface reactions would naturally end at this step, ALD is
fundamentally self-limiting, which enables structure control in atomic scale. In the next step
of the ALD cycle, the excess precursor and possible reaction by-products are removed, or
purged, from the reaction chamber with an inert purging or carrier gas. Following the purge
step, a second precursor can be injected into the chamber, after which it can interact with the
available surface groups of precursor 1. What follows is another purge, to once again remove
excess precursor and by-products from the chamber. The pulsing and purging steps together
form one full ALD cycle. This ALD cycle can be repeated until the desired film thickness has
been achieved. The number of different precursors in the ALD process can be only one or
several, depending on the material of the desired thin film. [14], [33], [34] The focus of my
thesis was to study the adsorption of a single precursor, GaCls, to gain understanding of that

specific step of the full ALD cycle for GaN(0001) fabrication.

O Precursor 1 @ Precursor 2

a) Q% e - T~ b

7 substrate || precursor Purge e |
pulse

B Goal material )

d) 2nd %y
m Purge precursor m
substrate pulse substrate

Figure 3. Representation of the ALD process with two fictional precursor compounds. Precursor 1 is
represented as blue-green, while precursor 2 as red-orange. The goal material is double layer thin film
with alternating layers of two elemental species (blue and red). a) In the first stage of the ALD process,
precursor 1 is pulsed to the reaction chamber, where it reacts with the substrate surface. b) Excess
precursor and reaction by-products are pulsed out of the chamber in the second stage. c-d) These two
steps are repeated with precursor 2. The full cycle is repeated until desired film thickness is achieved.
Adapted from [14].

The precursor molecules can be divided into two classes: non-metals and metals. Hydride

molecules. e.g. H2O, H>S and NH3, are typically used as non-metal precursors, while metal
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halides, e.g. chlorides, have been used as metal precursors in ALD production of oxide,
sulfide and nitride films [33]. Today, most commonly used ALD types are thermal ALD,
where the thermal energy of the chamber activates the surface reactions of precursors, and
plasma-enhanced ALD (PEALD) [14]. In PEALD the reactants are activated by the
introduction of plasma to the reaction chamber. This creates highly reactive radicals and ions,
facilitating surface growth [35]. The PEALD method is used especially for production of
metal and nitride thin films, as the surface reactions may not be activated by thermal energy

alone [33].

The advantages of ALD in comparison to other deposition methods, such as chemical and
physical vapor deposition, are that ALD produces high-quality films due to its stoichiometric
and conformality control caused by the self-limiting nature, and it operates in relatively low
temperatures compared to other thin film deposition methods. However, disadvantages of
ALD include slow process rate, because the chemical surface reactions have to have enough
time to take place, and high energy and chemical waste rates, because precursor chemicals
have to be introduced to the chamber in excess. Approximately 60% of the precursor initially

pulsed to the chamber is wasted in the ALD process. [14]

Another advantage of ALD is the tunability of the process, stemming from wide variety of
existing and possible precursors, with many potential reaction pathways and complex surface
reactions [13]. This aspect of ALD also poses challenges for development of the ALD
procedures for growth of novel materials, because there can be numerous possible precursor
combinations and process conditions to evaluate for suitability in regards to the production for
given objective material. For these reasons, optimizing the ALD process would require a lot
of resources and time. Computational methods like simulations are an important tool in ALD
research, as their use can significantly reduce the materials cost. Computational modelling is
also an effective way to systematically study large amount of precursor-surface combinations,
and identify their reaction behavior and pathways, and whether the pairing is beneficial or not

for the material fabrication. [13], [14]

In previous studies, GaN has been produced with ALD from precursors GaCl; and NH3 [36],
[37] with GaCls acting as the Ga-source, and NHj3 as the N-source for GaN. These studies
utilized thermal ALD, with the reaction temperature between 500-700 °C. In gas phase,
GaCls in monomer form is a trigonal planar molecule [38]. GaCls has good thermal stability,

which allows larger ALD temperature windows, and it is relatively volatile [36]. The studies
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for this specific pairing of GaCls precursor for GaN thin film fabrication material are however
very sparse, and the exact surface adsorption mechanism is not well documented. The goal of
this thesis is to systematically analyze the adsorption configurations and behavior of GaCls

vial computational methods, and fill in these gaps in the knowledge.

2.3 Principles of density functional theory

Density functional theory (DFT) is a computational modelling method based on quantum
mechanics that is used to determine the ground state electronic structure for various materials.
These materials, such as solids and molecules can be modelled as many-body systems,
consisting of multiple interacting particles: atoms and electrons. The defining aspect of DFT
is that it utilizes the electron density of the model to calculate the total ground state energy.

[39]

The foundation of DFT is based on quantum mechanics, where the time-independent
Schrédinger equation [40] (Equation 2.3.1) can be used to determine the total energy E of a

system:
Av = EY, (2.3.1)

where ¥ is the many-body wavefunction, describing the positions of all the electrons and
nuclei in the system. For a system with N electrons and M nuclei, ¥ can be defined as
Y=%(r1, ..., r; R, ..., Rm), where r and R are the vector representations for spatial
coordinates, x, y and z, for electrons and nuclei, respectively. In Equation 2.3.2, { is the

Hamiltonian operator:
A=T,+T, +Vy + Vpo + Vo, (2.3.2)

where the terms 7, and 7, represent the kinetic energy of the nuclei and electrons, and the
three remaining terms Vi, Vie, and Ve the potential energy of nucleus-nucleus interaction,
nucleus-electron interaction, and electron-electron interaction. The interaction between the
nucleus and the electron is attractive, while the interactions between similar particles are
repulsive. The Hamiltonian can be simplified by applying the Born-Oppenheimer
approximation [41]. Born-Oppenheimer approximation states that the wavefunction of nuclei

and electrons can be separated because of the significant mass difference between atomic
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nuclei (proton) and electron. At the point of view of the electrons, the much larger nuclei can
be seen as stationary, and thus purely nuclei terms can be described with a constant term. The
electronic energy can be described with the following electronic Hamiltonian (Equation

2.3.3):

—

Hy, =T, + Ve + 1, (2.3.3)
and the electronic Schrodinger equation (Equation 2.1.4),
H ¥, = E,¥,, (2.3.4)

where ¥, =¥, (r1, ..., rn) 1s the electronic wavefunction, which describes the electron
coordinates of the system consisting of N-electrons, while E. is the electronic ground state
energy of this system. The many body wavefunction includes 3N coordinates, but it can be
approximated as a product of the individual wavefunctions of the single electrons as

¥, =%, (r1), ..., Py (r~). This simplified approach is still not enough to determine the

solution to many-body Schrodinger equation for a system with multiple interacting particles.

One approach to solving such case is to determine the total energy E as a functional of the
electron density n(r) (Equation 2.3.5), instead of directly using the wavefunction

representation. Functional is defined as a function with a function as an argument: [39]
E = E[n(7)], (2.3.5)

where r is a position vector representation of the three spatial coordinates x, y, z. The electron
density approach is based on theorems by Hohenberg and Kohn [42]. The first theorem states
that the ground-state electron density no(r) of a system uniquely determines the Hamiltonian,
and thus all ground-state properties of the system for a given external potential V. Vex 1s the
potential arising from the nucleus, interacting with electrons in the absence of electromagnetic
field [43]. The second Hohenberg and Kohn theorem states that the electron density
minimizing the energy functional corresponds to the true ground-state electron density no(r)
of the system. In practice this means that the true ground state electron density can be
determined by varying the electron density until the functional minima is found (variational

principle). This however would require knowledge of the exact form of the energy functional.

Hohenberg and Kohn theorems were further expanded by Kohn and Sham (KS) [44], where

the many-body wavefunction is formulated into a set of independent non-interacting single
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electron wavefunctions (Equation 2.3.6). As a result of this representation, the total energy

functional can be separated into known and unknown terms (Equation 2.3.7).
n(r) = T, 1) (2.3.6)
E[Tl(r)] - TS + Vext + VH + EXC (237)

With the KS-formulation, the known terms include the effects of the kinetic energies of the
non-interacting electrons, Ts[n(r)], external Coulomb interactions between the electrons and
the nuclei, Vexn(r)], and internal classical Coulomb interactions between electrons, e.g.
Hartree energy, Vu[n(r)]. The unknown part is included in Exc[n(r)], which is the exchange-
correlation (XC) functional including all many-body interactions, such as the exchange
energy between interchangeable electrons (non-classical potential), and energy of correlated

motion of the electrons (kinetic) [39], [45].

Solving the Kohn-Sham set of self-consistent equations (Equation 2.3.8) is done iteratively
by first making an initial guess of the electron density n(r), which is used to calculate the
effective potential Veg. Vey consists of the summed effects of Vew, Vi, and Vxc, which is the
exchange-correlation potential derived from Exc. With the effective potential, the single-
electron wavefunctions ¥; and thus their energy eigenvalues ¢; can be determined from
Equation 2.3.8. Then the new electron density is consequentially determined from Equation
2.3.6. This iterative cycle between Equation 2.3.8 and Equation 2.3.6 is called the self-
consistent cycle. This cycle is repeated until the obtained electron density is converged to the

same as the initial electron density.
hZ
|- 202 4+ Ve ()| Wi1) = () (2.3.8)

This type of calculation, where the atom positions are not moved, and the result is the ground
state total energy, is called a single-point calculation. In addition to monitoring the
convergence of the self-consistent cycle, the convergence of total energy differences between

iterations are typically also monitored. [46]

Besides finding the ground-state energy of the system, DFT can be used to find the minimum
energy structure of a system by geometry optimization, also known as structural optimization
or relaxation. The interatomic forces of the atoms can be calculated from the gradient of the
total energy. In relaxation, the atoms are moved to lower energy positions by minimizing

these forces. The total energy and forces are then calculated in the new positions. This cycle is
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repeated until the minimum energy structure is obtained when the force convergence

threshold is reached. [45]

The exchange-correlation functional is a source of uncertainty in DFT, as it is merely an
approximation of the true system. There exists many different exchange-correlation
functionals with varying levels of accuracy. When choosing a functional it is important to take
into consideration the increased computational cost with the level of accuracy, as well as the
specific materials properties simulated, as XC functionals are often case-specific. [46] The
simplest case for the XC functional is based on the local density approximation (LDA), which
assumes the XC energy to be that of a uniform electron gas with corresponding density. In
this case n(r) is constant in all points in space. More accurate class of XC functionals are the
generalized gradient approximations (GGA), which also include the gradient of the electron
density while determining the XC energy. [46] One example of GGA functional is the Perdew
Burke Ernzerhof (PBE) functional [47], which is well suited for solid-state systems. Most
accurate class of XC functionals are the hybrid functionals that increase the accuracy by
including some fraction of the Hartree-Fock exact exchange energy. [46] They help mitigating
self-interaction error of electrons, which stems from incomplete cancellation of the electron’s

interaction with itself [45].

Other noteworthy shortcoming of DFT is its poor ability to model van der Waals (vdW)
interactions, and inaccurate determination of band gaps. Standard DFT functionals do not take
into account the dynamic dispersion interactions between particles. To include these effects in
the DFT calculations, either special vdW functionals, or other VAW correction schemes to the
system’s energy has to be implemented [46]. Tkatchenko-Scheffler (TS) method [48] applies
post-DFT vdW corrections to the system energy via Hirshfeld electron density partitioning
[45]. DFT implemented with LDA or GGA functionals has a tendency to underestimate the
band gaps of the materials due to the self-interaction error. Therefore, the band properties and

band gap can be more accurately modelled using hybrid functionals [45], [46] .

In DFT, the electronic wavefunction is represented with basis sets, which consists of basis
functions. The two main types of basis sets are atomic-like orbital sets and planewave sets.
Atomic like orbitals are constructed by radial functions centered around atoms, multiplied
with some spherical harmonic. Planewave basis sets are formed from wavefunctions, and they
are typically used with solid-state calculations. The choice of basis set is important for

accuracy, and the sufficient set can be determined in regards of convergence with the total
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energy differences. Other important aspect in DFT calculations is deciding which electrons
are represented explicitly. In most cases, the valence electrons of the atom are of interest, as
they mainly contribute to bonding and other chemical properties. However, the core electrons
affect the nuclei-electron external potential of the valence electrons due to shielding effects,
so they cannot be completely ignored in the calculations. Pseudopotential is an approximation
that replaces the full external nuclei potential and core electrons with a fictional combined

new potential, defined within some radius from the core. [46]

One important aspect of DFT calculations for periodic systems, is the concept of k-point
sampling. For symmetrically equivalent sites » and r + R in a periodic structure, Bloch’s
theorem (Equation 2.3.9) describes how their electronic wavefunctions differ by a phase

upon translation, characterized by some wavevector k:
Y(r+ R) = e Ry (1) (2.3.9)

When calculating the total DFT energy for periodic systems, the Bloch’s theorem can be
applied to the KS-single electron wavefunctions to reduce the computational costs. The total
electronic energy can be calculated by integrating in a grid over the Brillouin zone, which
corresponds to the unit cell in the reciprocal lattice. The reciprocal space can be defined in
terms of the kK wavevectors, which is why it is also called the k-space. Instead of sampling the
full Brillouin zone, sampling can only be done with a specific set of critical k-points in the k-
space. Convergence in reference to the density of the k-point grid should be monitored against
the total energy of the system, to determine the optimal k-grid in each direction. [39], [46],
[49]

The energy eigenvalues ¢; determined from KS-equations (Equation 2.3.8), correspond to
the allowed energy states, or bands, of the molecular system. In a periodic system, such as a
crystal lattice, the bands can be analyzed based on the specific path of critical k-points (high
symmetry points) on the Brillouin zone. [46] There exists specific high symmetry points,
denoted by Greek capital letters, for different lattice types [50]. The band structure of a
material offers valuable information about its electronic properties, including band gap. The
electronic structure of a material model can be further analyzed by determining the density of
states (DOS). DOS quantifies the number of electronic states corresponding to a specific
energy level or window. Atom-projected DOS (pDOS) presents the DOS projected for single

atoms or groups of atoms of the model. Calculating the pDOS is especially useful for surface
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adsorption studies, where the local electronic structure can offer more information than the

full DOS. [46]

When the electronic structure of a material is determined with DFT, the partial charges for
atoms in a model can be calculated based on the electron density. In general, charge belonging
to a certain atom can be assigned by defining some area surrounding the atom, and
partitioning the electron density based on these assigned regions for each atom. There are
multiple different methods for assigning partial charges, including Hirshfeld and Becke
schemes, as well as Bader charges, and Mulliken method. Because these methods assign the
charge differently, the absolute values for partial charges for a material can vary based on the
method, and should not be relied explicitly. However, the general trends presented by the
partial charges can be used to analyze the bonding and charge transfer between atoms. [46] In
this work the chosen method for determining the partial charges was the Mulliken analysis
method [51], which utilized density and overlap matrices to assign charges over the atom-

centered basis functions.

2.4 Computational modelling of surface adsorption
2.4.1 Model preparation

Modelling of surface adsorption requires accurate representation of the geometry and the
bonding behavior between the adsorbate and the surface. The adsorbing molecule can be
modelled as being in a gas-phase and isolated in a vacuum. The structure of the molecule,
including bonds lengths and angles should be converged with reference to the DFT basis set

for accurate representation of the geometry. [46]

Surfaces on the other hand are modelled as slabs cut from the bulk structure in the desired
crystallographic direction. [46] As for wurtzite GaN, the GaN(0001) surface can be obtained
by cutting the bulk perpendicular to the z-axis, corresponding to the lattice vector ¢ (Figure
2a). As discussed in Chapter 2.1, the termination of the bulk structure can create dangling
bonds, which will cause the electronic behavior of the surface to change. This will have to be
taken into consideration when constructing the simulation model to accurately represent
properties of the material. For this reason, the bottom of the slab should be passivated with

some elemental species to even out the charge disparity. Electron counting rule (ECR)
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determines the correct termination of the DBs at the bottom of the slab, and it was applied to
GaN to determine the correct amount of balancing charge. According to ECR, Ga has three
valence electrons, and in the GaN bulk it forms four bonds with surrounding nitrogen atoms.
Thus, Ga contributes 0.75 electrons for each Ga-N bond, which means in the pristine
GaN(0001) surface there is excess electron density of 0.75 at the surface Ga DBs. In this work
the excess charge was balanced by introducing one monolayer of pseudohydrogens (PH) to
the bottom of the slab to saturate the nitrogen DBs. These PHs have a fictious nuclear charge

and electron occupancy of 0.75, which satisfies the ECR. [19], [24]

Periodic boundary conditions (PBC) are utilized expand the structure and simulate infinity.
Due to PBC, the dimensions of the model in x, y and z direction have to be carefully
considered, to avoid unphysical interactions between the periodic images of the adsorbate
(Figure 4). [46] In xy-direction, the adsorbate interaction with periodic copies of itself can be
avoided by expanding the surface supercell, so that the separation between the adsorbates
stays around 10 A. This provides sufficient distance between adsorbate images to mitigate the
adsorbate-adsorbate interactions. To avoid the interaction between the surface slabs in z-
direction, a sufficient vacuum layer can be added between the periodic slabs to separate them
[45], [46]. Additionally, to accurately model the adsorption behavior, the thickness of the slab
in z-direction has to be large enough to model the effect of the bulk to surface electronic

structure. [46]

For material models with surface normal dipole moment, such as GaN(0001) (Chapter 2.1),
the addition of vacuum in z-direction can cause an inaccurate electric field in the vacuum gap
due to polarization [24]. This can severely distort the calculations of surface properties.
Solving this problem is commonly done by implementing dipole correction [52] in the
simulations. This confines the electric field into a thin dipole layer placed in the middle of the
vacuum gap, which prevents it from affecting the surface reactions. Also, as discussed in
Chapter 2.3 DFT calculations cannot describe van der Waals interactions, which are important
to represent in the model in case of physisorption. Therefore, some form of dispersion

correction should also be applied to the model when studying surface adsorption.
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Figure 4. The criteria of separation for periodic models. Left: The vertical separation zsep, should be
enough to prevent adsorbate interaction with the bottom surface due to PBC. Right: ysep and Xsep
should be large enough to avoid interaction between periodic images of the adsorbates. Adapted from
[45].

2.4.2 Adsorption energy

Since the ALD process involves the adsorption of the precursor molecules onto the surface,
calculating the adsorption energies with DFT is a useful method for studying the adsorption
reactions and mechanisms taking place between the surface and the adsorbing molecule [13].
This process involves first calculating the DFT total energies of each of the individual models
(molecule, surface, and adsorbed molecule on surface), after which the adsorption energy can
be determined for different configurations. By definition, adsorption energy is used to
describe the strength of interaction between an adsorbate (molecule) and an adsorbent
(surface). Depending on the type of interaction, adsorption can be classified into
chemisorption or physisorption. In chemisorption, adsorbate can form a chemical bond with
the surface, either by sharing electrons, or via electrostatic forces through opposite charge
ions. Physisorption results in a weaker bonding between the adsorbate and the surface, based
on the dispersive van der Waals forces arising from the polarity fluctuations of the systems.

[45] Adsorption energy (Equation 2.4.1) can be calculated as
Eqas = Etor — (Emor + Esu‘rf) (2.4.1)

where E1s the total energy of the system comprising of the adsorbate and the surface, Ey. is

the total energy of the adsorbate molecule in a vacuum, and Ej.,ris the total energy of the
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isolated surface [45]. Negative adsorption energy values indicate that the adsorbate prefers
interaction with the surface, i.e. the adsorption process is energetically favorable. The strength
of the adsorption is indicated by the magnitude of E.q. Typically, more negative values of

E.qs indicate chemisorption, while less negative values physisorption [53].

The stability of different structure configurations of a molecular system can be determined by
constructing the Born-Oppenheimer Potential Energy Surface (PES), which maps the energy
of the structure as a function of the atomic coordinates (Figure 5). The local minima of the
PES correspond to the stable configurations, and the global minimum to the ground state
configuration. [54] In the case of adsorption, the stable adsorption configurations are found in
the local minima of Adsorption Energy Surface (AES), which represents the adsorption
energy as a function of the molecular system coordinates. AES can be constructed by energy
sampling the configurational space of this system with DFT calculations and locating the
minima with phase-space exploration methods, such as minima hopping, metadynamics, or
Monte Carlo method [53]. For complex geometries, these conventional methods can be very
computationally expensive. In this work, the AES is mapped by utilizing the novel Bayesian
Optimization Structure Search (BOSS) (Chapter 2.5) algorithm along DFT calculations,

which offers improved computational efficiency.

Local minimum

Global mmimum

Figure 5. Example of a fictional PES. Global minimum corresponds to the lowest energy structure.
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2.5 Bayesian Optimization Structure Search (BOSS)
2.5.1 Bayesian optimization (BO)

Due to the computational costs associated with extensive atomistic energy calculations for
multidimensional structure search, machine learning (ML) methods can be used to reduce the
amount of energy sampling needed to map out the AES, while still maintaining accuracy.
Active learning is a form of ML, where the ML algorithm iteratively chooses the datapoints to
be added to the training set, with the goal of using as few computationally costly datapoint
evaluations as possible [55]. Bayesian Optimization Structure Search (BOSS) is a machine
learning method, that uses active learning in a form of Bayesian optimization (BO) to
efficiently sample the configurational structure space, and find the structure configurations
optimizing a specific target property. In this work, BOSS is used to determine the AES (with
DFT calculations), while optimizing (minimizing) the adsorption energy Euss. BOSS is
implemented in Python [56], and can be used in combination of wide range of simulation

software for various optimization problems.

BO is a machine learning method based on Bayesian statistics that is used to predict an
unknown N- dimensional objective function, based on some existing data. In materials design,
the objective function of interest can be any material property. In Bayesian statistics a prior or
prior probability distribution describes the likelihood of values for some unknown quantity.
Prior is based on intuition on the domain behavior. [57] With the prior, and some observed
data, the posterior distribution can be determined according to the Bayes’ rule [58]. The

conditional posterior distribution is updated as observed datapoints are added.

2.5.2 Gaussian process (GP)

The prediction model in BO is based on a machine learning technique Gaussian process
regression (GP) [57]. A stochastic process is defined as a collection of random variables with
a joint probability distribution. When the distribution takes the form of a Gaussian
distribution, the process is a Gaussian process. [59] AES can be represented as a Gaussian
process, by assigning each structure configuration a random variable, representing the
adsorption energy. GP is defined by its prior mean function and covariance function [59],
[60]. The mean function describes the AES before any energy datapoints have been added to
the model. It is possible to estimate the possible AES during this stage, but typically the mean
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of GP is set to zero, so not to make any assumptions of its shape. The covariance function
describes the covariance between two random variables, and it encodes knowledge about the
similarity between datapoints in the objective function [59]. The choice for the covariance
function, or kernel should be chosen according to the characteristics of the expected functions.
The kernel includes hyperparameters, which can be optimized to improve the GP model
performance, and better describe the similarity information between data. These
hyperparameters encode the lengthscale, variance and periodicity into the covariance
function. Lengthscale describes how rapidly the function values change in each dimension,
and variance depicts the magnitude of the range of the function values. [45] Two common
kernels are the radial basis function (RBF) and standard periodic (STDP) kernels which are
non-periodic, and periodic, respectively. Periodic kernels can be used when the studied

system includes periodic boundary conditions [61].

Bayesian optimization utilizes GP to build a surrogate model for the unknown objective
function (Figure 6). Starting from some initial training data, the posterior distribution for the
model is formed from the prior defined by the GP by applying Bayes’ rule to the evaluated
datapoints of the objective function. The posterior describes the surrogate model, and its mean
is the most probable value for the objective function, and variance its uncertainty. The
variance across the function space is used to evaluate the confidence of the model, which is

high in areas close to the sampled points, and low in unexplored areas. [61]

a) Prior distribution b) Posterior distribution c) Posterior mean and variance

Figure 6. Construction of the surrogate model with Bayesian optimization. a) Prior distribution with
mean zero. b) Posterior distribution updated from the prior with some training data according to the
Bayes’ rule. c) GP model, where the mean (blue) and variance (grey) of the posterior distribution
describe the current prediction and uncertainty of the model. Adapted from [61].
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The next evaluated point in the model is determined by minimizing the acquisition function
A(x). The acquisition function is calculated based on the current mean (prediction of the
function) and variance (uncertainty) of the model. There are acquisition functions with
different purposes, e.g., minimizing uncertainty or finding the global minimum. [45] [61]
Acquisition function used in this work is the exploratory lower confidence bound (eLCB)
function [62], which balances between exploitation and exploration. Exploitation means
sampling new data close to the expected global minimum point of the objective function,

while exploration prioritizes sampling areas of high posterior variance. [45]

After the next to be evaluated point of the objective function is determined by the acquisition
function, the new point is added to the dataset. The GP model is then fitted to this updated set
of training data (Figures 7 & 8). This cycle of acquiring new datapoints is continued until the
surrogate model converges to the objective function, or some other stopping criterion, such as
maximum number of iterations, is reached. When converged, the uncertainty of the model

practically disappears and the model has completely mapped the true function. [45], [61]

BO

Fitted model: Determine next
Known data Gaussian process evaluation point

J— /‘\/\w = o
Evaluate function @
New data

Figure 7. BO working principle: Based on some known data, a surrogate model for the objective
function is modelled with GP according to the Bayes’ rule. The location for new data acquisition is
determined with the acquisition function A(x). New datapoints are added iteratively to the model, until
the surrogate model converged to the objective function. Adapted from [45].
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Figure 8. The GP surrogate model and the acquisition function A(x). a) GP model: x represents an
arbitrary simulation variable, while y is the objective target property. The black curve is the true
objective function f(x), while blue is the GP model u(x). The model is fitted to the datapoints (red
circles) sampled from the true model. Uncertainty v(x) of the model is shown as the grey area around
the prediction. b) A(x) is used to calculate the next evaluation point for surrogate model. The red line
indicates the current global minimum prediction of the model, and green dashed line the location of the
next evaluated point, located in the A(x) minimum.
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3 Methodology

3.1 Construction of DFT simulation models

In this work I utilized the FHI-aims simulation package [63] to perform DFT calculations.
Due to the numeric atom-centered basis approach, FHI-aims is suitable for large periodic
systems, as well as for surface studies with vacuum in the model, because simulation of
vacuum is computationally inexpensive with atom-centered orbitals. FHI-aims is an all-
electron code, meaning that it considers all electrons explicitly in the calculations via numeric
atom-centered basis functions. The basis functions are listed in different tiers, providing
additional accuracy if needed. The basis sets are further categorized in to /ight, intermediate,
tight, and really tight. All DFT calculations were performed with the Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional. For accurate portrayal of the non-covalent
interactions, I used the Tkatchenko-Scheffler van der Waals correction scheme [48] with FHI-
aims. Relativistic effects due to gallium were accounted for with the “atomic ZORA”
approach in FHI-aims [64]. For the GaClz molecule the total energy convergence criterion for
DFT was set to 10 eV in the self-consistent cycle, and the geometry was set to relax until
convergence of maximum of 10~ eV/A force component per atom was obtained. In the case
of the bulk GaN model, both the atoms and the simulation cell were set to relax in all
dimensions until convergence of maximum of 102 eV/A force component per atom was
obtained. The total energy convergence criterion for the molecule was set to 10 eV in the
SCF cycle. For slab calculations, dipole correction was implemented in FHI-aims to
counteract the effect of the dipole moment in the [0001] direction. Before implementing the
BOSS method, I performed specific convergence tests for all the simulation models to obtain

optimal basis sets, k-grid density, and other settings for the DFT calculations.

3.1.1 Adsorbate molecule (GaCls)

The propositioned precursor molecule for GaN fabrication with the ALD process studied in
this work was the trigonal planar molecule GaCl; (Figure 9). The initial geometry of GaCls
was constructed manually with Avogadro software [65] and the geometry was pre-optimized
within Avogadro with Universal Force Field (UFF) [66] method. UFF is a molecular
mechanics force field, applicable to the full periodic table. It uses element and hybridization

information to describe the total potential energy of the atoms in the molecular system,
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comprised of non-bonded and bonded interactions. Force field methods do not consider
electrons explicitly, which makes them less accurate than DFT, but useful for quick geometry
optimization. After the pre-optimization, I relaxed the molecule with DFT to obtain the

accurate geometry.

V Cl OGa

[0001]

Figure 9. The GaCls molecule viewed from the top (z-direction). The molecule is planar in the xy-
plane, while the theoretical angles between the CI-Ga-Cl bonds are 120°. The Cl atoms are annotated
as C1, ClI2, and CI3. Ga atom is represented as brown and Cl as green.

3.1.2 Semiconductor bulk (GaN) and surface (GaN(0001))

I obtained the initial geometry for the bulk wurtzite GaN (Figure 1) from
materialsproject.com [67], which corresponded to the pristine experimental geometry of the
material. The k-grid density was carefully tested for convergence before band structure
calculations, and subsequent slab simulations. For band structure calculations, the path I', M,
K, T, A, L, H, A was set, which describes the band path in a hexagonal wurtzite structure

[50].

The desired (0001) surface slab for GaN (Figure 2a) was created with atomic simulation
environment (ASE) python library [67] from the converged relaxed bulk geometry. 50 A of
vacuum was placed between the periodic slabs in z-direction. To satisfy the ECR, the nitrogen
DBs in the bottom surface of GaN(0001) slab with 6 bilayers were passivated with 0.75
partial charge pseudohydrogens. The position of the pseudohydrogens was optimized by
fixing the atomic positions of the rest of the slab and performing structural relaxation only on
the pseudohydrogens. The optimization resulted in a N-H bond length of 1.057 A. The
pseudohydrogens were kept fixed at their optimized bong length for the subsequent slab

simulations.
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3.2 BOSS model
3.2.1 Working principle of BOSS in practice

In BOSS method, structures of the surface and adsorbate can be represented as chemical
building blocks (BB) to simplify the configurational search space. BBs represent rigid parts of
the structure [53], such as the adsorbing molecule, or the surface slab. In general, a N-atom
structure has 3*N degrees of freedom (DOF), corresponding to the three spatial coordinates
for each atom. With the BB approach, the DOFs for the adsorbing GaClz molecule can be
reduced to six: three translations along the x, y and z axis, and three counterclockwise
rotations a, f and y around the translation axes (Figure 10). [45]. The axes are defined
through the molecular center of gravity, located at the Ga atom center of GaCls. Figure 10
also shows the orientation of the molecule as parallel to the surface plane, where all rotations

were defined to be 0 °.

Figure 10. BOSS search dimensions for the molecule are three translational degrees of freedom
along the cartesian axes x, y and z, and corresponding rotations a, § and y counterclockwise around
the axes. Ga atoms are represented as brown, N as blue, and Cl as green. The relative atom sizes are
not in scale.

The workflow of BOSS is represented in Figure 11. BOSS is combined with the atomistic
simulation code (DFT) via a user function. The role of BOSS is to perform the active learning
search for building a surrogate model of the AES, while DFT is used to calculate the
adsorption energies for different configurations, which are then used as training data for
BOSS. In this work, the full six degrees of freedom are used to define the configuration of the
GaCls adsorbate molecule on the GaN(0001) surface. Each unique combination of the 6 DOFs
X, ¥, z, o,  and y corresponds to a different GaCls configuration of the AES. The purpose of

the user function script is to transfer and rotate the molecule BB to a given configuration, after
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which DFT is used to calculate its adsorption energy. The obtained energy can be then parsed

from the DFT output into BOSS as a new data point. [45]

METHOD OUTCOME
BOSS DFT
. —)
Energy sampling Surrogate model of AES
Local minima extraction — Stable structures
Structural relaxation —) Model verification

/ Orientation and site of the

Analysis — precursor, stability, electronic

properties

Figure 11. BOSS working principle: The adsorption energy for a given molecule-surface configuration
is calculated with DFT, corresponding to a single datapoint for BOSS search space, after which that
datapoint is added to the BOSS training data set. BOSS iteratively builds a surrogate model for the
AES as new DFT data is acquired until the surrogate model of AES converges to the true AES. The
local minima configurations from the converged model can be extracted from the minima of the AES.
Local minima structures are then relaxed with DFT without the building block approximation to acquire
the true structures. The final configurations can be then analysed to gain information about the
orientation and corresponding properties of interest. Adapted from [53].

New energy datapoints should be added to the model until the surrogate model of AES has
converged. The convergence of the surrogate model can be monitored by observing the
change in location of the predicted global minimum, as well as the individual minimum
predictions for x, y, z, a, f and y locations. Additionally, the kernel hyperparameters,
lengthscale and variance should be monitored with regards to convergence. It is also
important to investigate the model convergence with respect to the adsorption energies of the

identified minima.

Stable adsorption configurations can be extracted from the local minima of the AES
constructed by the adsorption energy sampling when the BOSS model is sufficiently
converged. Because BOSS uses the BB block approach to decrease computational costs, the
local minima configurations should be subsequentially fully optimized with DFT to acquire

the true configurations. The final configurations can be analysed in a number of ways,
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depending on the research objectives. Interesting mechanical properties of the local minima
configurations include adsorption sites, adsorbate orientation, degree of possible dissociation
(number of fragments), and the distances and bond angles between these fragments. The
adsorption energies of the minima and electronic structure analysis can additionally provide

information about the stability, charge transfer, and bonding of the configurations.

3.2.2 BOSS parameters

After I had obtained converged DFT simulation models for the molecule and surface, the
different adsorption configurations of GaCl; on GaN(0001) surface were sampled with BOSS,
while using DFT via FHI-aims to calculate the adsorption energies. The full simulation model
comprised of the GaCl; molecule and GaN(0001) slab model. The DFT calculations were
performed as single-point energy evaluations, where the static molecule and surface slab acted
as the BOSS building blocks. DFT calculations were performed with light tier 1 basis set, and

2x2x1 k-grid, to reduce the computational times.

The goal of my work was to comprehensively study the molecule configuration with full six
DOFs: x, y, z, a, f and y. The bounds for the configurational sampling were set as [0, 1],

[0, 1], [3.0 A, 4.5 A],[0°,360°], [0°, 360 °], and [0 °, 120 °] for x, y, z, a, B and }. For x and
v, the bounds [0,1] defined the area of the primitive surface cell of GaN(0001), transformed
into unitless fractional coordinates. The z bounds were defined as the height of the GaCls
molecule measured from the center of gravity of the molecule (Ga-atom). Importantly, due to
the BB approximation, the minimum height had to be considered carefully, so not to make the
molecule collide with the surface. Full 360 ° rotations were allowed in regards to a and £,
while the y rotations could be reduced to 120 ° due to the trigonal symmetry of GaCls. For
BOSS T used the stdp kernel the with periodic variables x, y, a, £, and y, while the rbf kernel

for non-periodic z.

3.2.3 BOSS models

Before performing a full BOSS run with 6 DOFs, I conducted preliminary studies with 1, 2
and 3 degrees of freedom to study individually the adsorption height z (1D), xy-diffusion

(2D), and rotational orientation (3D) of the GaClz molecule on GaN surface. These tests were
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performed to gain understanding of the qualitative adsorption behavior of the molecule,
including a suitable sampling range for the height of the molecule. The datapoints from these
preliminary tests were also recycled as the initial data for full 6D structure search. For these
preliminary tests, BOSS initial datapoints were set as 5, sampled with the Sobol sequence

[68].

The full structure search was performed with 6 DOFs with all three translational and
rotational directions (Figure 10). New datapoints were sampled in batches of 250 points until
the 6D model had converged. Due to the BB approximation and the shape of the rigid GaCls,
some o and p rotations could cause the Cl atoms from GaCls to locate very close to the
surface. These unfavourable configurations could lead to repulsion between the adsorbate and
the surface, which in turn could cause large E.is values. Hight energy configurations would
significantly increase the search space for the BOSS model, but because the purpose of this
study was to identify the local minima configurations, the exact information about the high
energy region of the AES was not of interest. Possible effects of repulsion forces causing
large positive values of Euss were counteracted by transforming Eqqs values larger than 1 eV
into their logio values, only after which the datapoint was added to the BOSS model. This
approach allowed for accurate modelling of the minima region, without the added

computational cost of unnecessarily sampling the maxima in detail.

3.3 DFT calculations for electronic structure analysis

I extracted the local minima structures from the converged 6D BOSS model for further
analysis. The building block approximation was removed, and the structures were relaxed
with more accurate tier 2 light basis set settings to obtain the true local minima geometries.
During relaxation, the bottom two bilayers and the pseudohydrogens were kept fixed in the
slab model, while the top of the slab and the molecule were allowed to relax freely until
convergence of maximum of 10 eV/A force component per atom was obtained. Finally, a
single-point DFT calculation was performed on the relaxed local minima, for calculating the
atom-projected DOS (pDOS), and to perform Mulliken charge analysis, both of which were
implemented in the FHI-aims code. The change in the electronic states of the minima caused
by adsorption can be inspected with pDOS. The broadening and shift of electronic states
depicted with pDOS can provide information about possible chemical bonding taking place in

the configurations. The atom partial charges determined with the Mulliken method can be



40

used to explain the charge transfer between the adsorbate and surface atoms, which in turn
can provide information about the type and strength of bonding, and thus adsorption. The

Mulliken analysis by FHI-aims defines the per-atom partial charge ¢ as follows:
q=Z-—N, (3.2.2)

where Z is the integer number of electrons in a neutral isolated atom, and N is the actual total
number of electrons calculated to belonging to the atom based on the Mulliken scheme. Based
on this definition, g is negative for atoms which have gained electron density, and positive
when the atom has given up electrons. In subsequent analysis of the Mulliken charges, 4q is
defined as the sum of these atom partial charges of a structure, where negative value indicates
the whole structure has gained electron density, and lost electron density if Aq is positive.
The total charge difference of a structure before and after adsorption is defined as

A0 = Aq®- Aq", where superscripts B and A refer to Ag before and after adsorption.
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4 Results

4.1 Simulation model validation and convergence tests
4.1.1 Precursor adsorbate molecule (GaCls)

To ensure optimal simulation settings for the GaCl; molecule, I performed geometry
optimization tests in reference to the basis set, while monitoring the total energy and Ga-Cl
bond length of the molecule. Comparison of suitable basis was performed between light and
tight settings (Figure 12a), while also evaluating the convergence of tiers, especially in
regards to the Cl basis set, which included a large g orbital. (Figure 12b). Based on these
convergence tests in regards to the total energy, light tier 2 basis sets were deemed suitable for

GaCl; simulations.

a) b)
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Figure 12. Total energy convergence for GaCls molecule presented as a function of different basis set
tiers. a) Comparison of light and tight settings. b) Convergence of the basis set with light settings.

The Ga-Cl bond lengths of the molecule after geometry optimization with each basis set
configuration are presented in Table 1. The bond length of 2.124 A was sufficiently
converged with light settings and tier 2 basis set, while taking into account the computational
time. The experimental Ga-Cl bond length for GaCls is 2.108 A [69], meaning that the DFT

calculations overestimate the bond length slightly.
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Table 1. Bond lengths and angles for GaCls after optimization with different basis settings.

Basis set configuration Ga-Cl (A) optimization time (s)
Experimental reference 2.108 -
Light tier 1 without CI g orbital | 2.128 8.26
Light tier 1 2.126 9.23
Light tier 2 2.124 21.16
Light tier 3 2124 19.23
Light tier 4 2124 28.95
Tight tier 1 2.126 26.17
Tight tier 2 2.123 43.25
Tight tier 3 2.123 62.24
Tight tier 4 2.123 78.30

Additionally, the formation energy (Equation 3.2.2) for the molecule with respect to different

tiers of light basis set were determined. The formation energy was calculated as:
Efor = Lmol — ZniEi = Emor — (Ega + 3E¢) (3.2.2)

where the total energies of Ga atom (Eg.) and Cl atom (E¢;), were subtracted from the energy
of the GaCl; molecule (E01). The converged value of formation energy in regards to the tiers
was -12.50 eV for the whole molecule, and -3.10 eV/atom, which was achieved with light tier
2 basis set (Figure 13). This value of Ef,- indicates GaCls is relatively stable in the molecular
form, which is backed up by previous literature [36]. Dividing the Ef, value with the number
of bonds in the molecule produces the Ga-Cl bond dissociation energy of -4.16 eV. This value
is slightly higher than the bond dissociation energy for O-H bond in methanol, which is
around -3.99 eV, and slightly lower than the bond dissociation energy of -5.15 eV for H,O
O-H bonds, which are considered very strong single bonds [70]. Compared to these reference

energies, Ga-Cl bonds are quite strong in the isolated GaClz molecule.
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Figure 13. Formation energy convergence for GaCl; molecule presented as a function of

different basis set tiers.
4.1.2 Bulk semiconductor (GaN)

Before building the surface model, the optimal simulation settings were determined for the
bulk GaN model. Convergence of the basis set and k-point grid density were validated with
respect to the DFT single point total energies. For the k-grid, convergence criterion was set as
1 meV, which was first obtained with 9x9x9 k-grid . It converged within 0.2 meV for the
energy for the subsequent 12x12x12 grid (Figure 14).
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Figure 14. Total energy convergence for GaN bulk model in regards to k-point grid density.

Density of states (DOS) and band structure for the GaN bulk model were also calculated with
DFT to inspect the convergence of the band gap values, important for semiconductors. The
DOS and band structure calculated with light tier 1 settings are presented in Figure 15. The
band gap can be seen in the calculated DOS, and the band structure also shows the gap

between valence band maximum and conduction band minimum. The calculated band gap for
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GaN was 1.95 eV with light tier 1 and 1.93 eV with tier 2 settings. The values were in
agreement with previous computational PBE results of 1.80 eV [19] and 1.91 eV [71], but
underestimating the experimental band gap of 3.40 eV. Based on these tests, tier 1 basis set

was chosen to be sufficient in representing the band gap behavior of the GaN bulk.

DOS

Figure 15. Band structure and DOS for GaN bulk with light settings and tier 1 basis set.

After I had obtained the converged settings for the basis set and k-grid, the cohesive energy
(Equation 3.2.3) for the bulk model was calculated to inspect the effect of Van der Waals
correction in the GaN bulk structure. Light tier 1 basis and 9x9x9 k-grid were used for these
calculations. Cohesive energy was calculated as the difference between the total energy of the
bulk GaN per cation-anion pair (E«/2), and the energy of free elements Ga and N (Ecq, En)
with single point energy calculations [72]. The E.ox calculated without VAW correction was
10.28 eV, while the use of VAW correction yielded Ec.» of 10.83 eV. These values sufficiently
agreed with the experimental E..» value of 9.06 eV [72].

Econ = =22+ Egq + Ey (3.2.3)

Subsequently, the bulk geometry was relaxed with and without the Van der Waals correction.
The hexagonal lattice constants a, and ¢, and the parameter u# were measured to obtain the
final converged structure for the bulk GaN (Table 2). Experimental values for a, ¢ and u are
3.19 A, 5.19 A, and 0.377, while similar GaN DFT work with the PBE functional has
produced 3.22 A, 5.24 A, and 0.377 for a, c, and u [19]. Based on these results, the values for

a and ¢, calculated with VAW correction were closer to their experimental counterparts.
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Table 2. GaN lattice parameters after geometry optimization with and without VdW correction.

Model a(A) c (A) u

Experimental 3.19 5.19 0.377
PBE reference 3.22 5.24 0.377
PBE (without VAW correction) 3.22 5.24 0.377
PBE (with VdW correction) 3.20 5.21 0.376

4.1.3 Semiconductor surface (GaN(0001))

Suitable dimensions for the GaN(0001) slab model were inspected with respect to the xy size
of the surface supercell, and the number of bilayers in z direction. The xy dimensions of the
model were deemed reasonable, when the separation of the GaCl; molecules would be circa
10 A from periodic images of each other. The separation was calculated as the molecular
diameter subtracted from the lattice vector. For the calculated Ga-Cl bond length of 2.124 A,
GaCls diameter was around 4.25 A. The computational cost of increasing the number of
atoms in the model was also taken into account when choosing the final surface supercell
dimensions (Table 3). Based on this analysis, the 4 x 4 supercell in xy-plane provided

sufficient separation for the GaClsz molecules.

Table 3. Adsorbate-adsorbate separation in periodic cell with increasing supercell size

Supercell | Supercell xy size (A) GaCls separation Number of atoms in the surface
layer in xy-plane

1x1 3.2x3.2 -1.1 (overlapping) 2

3x3 9.6 x9.6 5.4 18

4x4 12.8x12.8 8.6 32

5x5 16.0 x 16.0 11.8 50

6x6 19.2x19.2 15.0 72

Sufficient thickness for the slab was evaluated against the changes in the top surface layer
bond lengths of the GaN model after geometry optimization (Figure 16). To mimic bulk
structure in the slab, the bottom two BLs and the pseudohydrogens were kept fixed while the
analysis of suitable thickness was performed with 4, 5 and 6 BLs in total. The results of the
optimization tests are presented in Table 4, which shows that the model with four GaN
bilayers with two free and fixed two bottom BLs along with pseudohydrogens was converged
in reference to the changes in the surface structure within 0.01 A accuracy. The final slab

model used for subsequent BOSS simulations of this work is presented in Figure 16.
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Figure 16. The final model for GaN(0001) slab with four BLs and 4x4 xy supercell. Ga atoms are
represented as brown, and N as blue.

Table 4. Changes in the GaN surface layer bonds lengths in regards to the slab thickness. The bonds
are presented in Figure 16.

GaN model Bond length 1 (A) Bond length 2 (A)
Unrelaxed slab 1.96 1.96
4 bilayers (2 relaxing) 1.97 1.99
5 bilayers (2 relaxing) 1.97 2.00
6 bilayers (2 relaxing) 1.97 2.00

4.2 BOSS preliminary studies

For the 1D run, only the z-coordinate of GaCl; was varied during the sampling. Two cases
were studied, one with the molecule flat on the surface (a and f set to 0°), and other, where
the molecule was rotated 90 © around the f-axis to an upright position, where one Cl atom was
pointing straight down (Figure 17a-b). The two cases, flat and upright, were studied to
initially determine the optimal sampling height range for the molecule model in reference to
the adsorption behavior between the molecule and the surface. The GaCl; molecule was
placed on the GaN(0001) slab, with its center of gravity (Ga atom) over the Ga-top site, which
corresponded to the highest point on the surface. The sampling bounds for z were set so that
the distance from the molecule to the Ga-top site would be at minimum of 1.5 A and
maximum of 10.0 A. This range was chosen as an initial guess, to avoid high energy peaks
due to repulsion forces, and find out a reasonable upper heigh limit after which there would be
no interaction between the molecule and the surface. The search was initialized with 5 points,

and additional 15 new datapoints were acquired to the BOSS model.
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Figure 17. The geometry models and convergence for 1D BOSS test. a-b) Two molecule
configurations sampled for the 1D test; “flat” (a) and “upright” (b). c-d) Predicted surrogate model for
flat (c) and upright (d) configurations. Blue line is the surrogate model, red circles are the sampled
datapoints, red vertical line is the global minimum prediction, and green dashed line is the next
acquisition point. e-f) The global minimum predictions for E.qs (black) and acquisition locations for z for

flat (e) and upright (f) models.
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Total of 20 energy evaluations were sufficient to converge the location of the global minimum
prediction for z, and map out the true height function. The corresponding plots for the
converged 1D surrogate models are presented in Figure 17¢-d. In the regions where z is
lowest, there arises repulsion forces between the molecule and the surface, which produces
very unfavorable adsorption configurations with large positive adsorption energies. The
optimal adsorption height would be situated where the global minimum of the 1D model is
located, corresponding to the minimum E,qs value. For the flat configuration of GaCls, the
global minimum value for z was 2.5 A, corresponding to E.qs value of -1.74 eV. In the global
minimum configuration of the upright molecule, the distance to the surface from the GaCl;
Ga-atom was 4.9 A, and 2.8 A from the downwards pointing Cl atom, with a minimum E s
value of -0.16 eV. The values and locations of the global minimum prediction are presented in
Figure 17e-f. In both flat and upright configurations, the global minimum is identified within

the first energy evaluations, after which the model explores the 1D space to refine the model.

The rotational symmetry and adsorption height range for the molecule were inspected with a
3D BOSS search. The optimal height for a 3D run to study the molecule orientation was
chosen as 4.9 A corresponding to the global minimum of the adsorption height in the upright
orientation. This allowed full rotational freedom to the molecule, without the risk for high
energy configurations due to repulsion forces. For the 3D tests, the molecule was initialized in
the flat configuration, where all rotations were initially defined to be 0°. Similarly to the 1D
run, the GaCls molecule was placed on top of Ga-top site. For the 3D run, only the a, £ and y
rotations of the molecule around the [100], [010], and [001] directions were sampled. Initial
sampling points were set as 5, and 100 BOSS iterations were performed to converge the 3D
model in regards to the global minimum predictions for a, f, y, and E.4s. Two-dimensional
cross-sections of the rotational model AES, showing high and low E.qs regions of the
configurational sample space were inspected for possible periodicity in the rotations, which
could be used to reduce the sampling bounds (Figure 18a). The af cross-section presented
some symmetry in the a and f rotations at around 90 ° and 270 ° for a, and at 30 °, 150 ® and
270 ° for . These rotations corresponded to GaCls local minima configurations where none of
the Cl atoms were oriented straight down to the surface, indicating that might be an
unfavorable adsorption position. The global minimum configuration with regards to o and f
corresponded to Eugs of -0.21 eV, which was in line with the 1D results in the same z height.
Based on the magnitude of the E.g, the z value of 4.9 A produced relatively low adsorption

energies, indicating further need for refinement of the height sampling bounds.
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Lastly the translation of GaClz along the xy-surface was preliminary tested with a 2D BOSS
run (Figure 18b). The molecule was placed flat on the GaN surface, and it was allowed to
move within the primitive 1x1 surface cell region (Figure 2b), while keeping the orientation
and height fixed. Initial sampling points were set as 5, and 50 BOSS iterations were
performed. The global minimum configuration with regards to x and y locations corresponded

to Eqds value of -0.17 eV.

The most important observation from the preliminary tests was that the adsorption energy
range between minima and maxima was very narrow with both 2D and 3D models, which
indicated that the fixed value of 4.9 A for z was too high to produce meaningful adsorption
energies, and the minimum z bound for subsequent 6D BOSS should be set lower than that.
Additionally, the rotational bounds for a and S were set as [0 °, 360 °], to not make any false

assumptions of the periodicity based on the non-optimal adsorption height of the 3D model.
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Figure 18. Cross-sections of the preliminary BOSS searches. a) 2D cross-section of the BOSS
predicted 3D AES for a and S. Purple regions indicate minima and yellow maxima. The slice indicates
some periodicity in global minima predictions around 90 ° and 270 ° for a, and at 30 °, 150 ° and 270 °
for B8. b) 2D cross-section of the BOSS predicted 2D AES for x and y. The narrow range for the Eags
surrogate model (u(x)) values indicates that the molecule is located too high above the slab model to
produce significant interactions with the surface.

4.3 6D BOSS simulation

The goal of my work was to study the GaCls adsorption configuration with full six DOFs,
with a 6D BOSS simulation. The 6D model was initialized with 369 datapoints, recycled from
preliminary BOSS studies. I sampled new datapoints in batches of 250, while recurringly

inspecting the convergence of the model. Based in the preliminary tests, the lower bound for
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adsorption height was lowered to 3.0 A. In low z region, due to the BB approximation and the
shape of the rigid GaCls, some unfavourable configurations in regards to rotations could lead
to very large E.qs values. This was counteracted by transforming E.q values larger than 1.00
eV into their log10 values, only after which the datapoint was added to the BOSS model. The
convergence of the 6D model was validated against the global minimum prediction for
adsorption energy, sampling locations for x, y, z, a, 5, and y, convergence in model
hyperparameters, and the number of found local minima. Based on all these criteria, which I

will next describe individually, the model was converged with a total of 2119 datapoints.

Figure 19 depicts the global minimum prediction for adsorption energy, and corresponding
E.qs acquisitions for each sampled configuration obtained from the DFT calculations before
applying log10 on values higher than 1.00 eV. The global minimum prediction does not
change noticeably after 1250 datapoints have been added into the model. As can be seen from
the acquisitions, very high adsorption energies at the beginning and end indicated that the
BOSS sampled some unfavorable adsorption configurations of the molecule, which can be
explained by the model using the exploration approach in choosing the next sampled point in

high uncertainty areas, according to the eLCB acquisition function.
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Figure 19. Convergence of the global minimum prediction for E.q4s, and the corresponding acquired
datapoints. Left: The global minimum prediction for the adsorption energy. Red vertical lines indicate
the start of new batch of acquisitions. Right: Acquired Eaqs values calculated for sampled
configurations, before transforming the E.qs > 1.00 values into log10 values. There is noticeable
difference in the energy ranges for minimum prediction and initially acquired datapoints.

The sampling locations for x, y, z, a, f, and y are presented in Figure 20. The search space for
x, v, and y was sampled thoroughly. Locations for a and f sampling showed a slightly denser

areas in 0 °, 180 ° and 360 ° for a, and in 0 ° and 180 ° for #, which indicated that those regions
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were especially focused on within the model. The sampling for z values was concentrated on
the upper and lower bounds of the assigned z range, but also the region between is sufficiently
explored. Based on the sampling of all six DOFs, the number of iterations for this model was
enough to fully explore the whole space of these variables, and additional sampling would not

have provided much information gain.
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Figure 20. Sampling locations of x, y, z, a, 8, and y as a function of datapoints in the model.

The global minimum predictions corresponding to x, y, z, a, S, and y are presented in Figure
21 as a function of datapoints in the model. Initially the minimum prediction changes a lot,
which can be seen from the oscillations across the sampling ranges. The minimum of z is
found with quite a few datapoints, corresponding to the lowest possible height within the set
bounds. This indicates the GaCl; molecule prefers possibly even lower adsorption heights
than 3.0 A. The predictions for x, y, a, f, and y are more defined as new datapoints are added
to the model, and at around 1300 datapoints they change very littler with further iterations.
However, new oscillations for global minimum predictions are again present after additional
sampling, which may be caused by the sampling shifting focus to more unknown regions of

the space after the global minimum predictions are already quite certain.
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Figure 22 presents the convergence of the variance and lengthscale hyperparameters as a
function of datapoints in the model. Both are initially high, but steadily decrease and

eventually only show small changes as enough datapoints are added to the model.
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Figure 21. Convergence of the global minimum predictions for x, y, z, a, 8, and y as a function of
datapoints in the model.
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Figure 22. Convergence of the BOSS hyperparameters with reference to the datapoints in the model.
Left: Variance. Right: lengthscale.

The locations for the global minimum values of x, y, z, a, £, and y were further inspected with
two-dimensional cross-sections of the 6D AES. They were converged, when there were no
prominent visual changes in the global minimum locations after including additional points to

the model. The cross-sections of af3, fy, xz, and ay corresponding to the converged model with
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2119 datapoints are presented in Figure 23. The af cross-section displays periodicity in local
minima regions around 0 °, 180 ° and 360 ° for «, and similarly for §. Due to the BB
approximation these individual rotation angles correspond to the molecule being in a
somewhat flat position on top of the surface, which minimizes the adsorption distance for the
center Ga atom. The periodicity of @ and £ rotations is further confirmed by cross-sections of
the oy and fy spaces, where the minima regions are represented as purple vertical areas. These
graphs also indicate symmetry for the y variable, corresponding to the rotation around the z-
axis, in every 60 °, between the sampling range from 0 © -120 °. This could be caused by the
three-fold symmetry of Cl-atoms around the center Ga, which reduces the possible unique
configurations of the fixed molecule. Based on the ay and fy relationships, the global
minimum is mostly defined by the rotations of a and £, and y has very little effect. Lastly, the
cross-section of x and z shows clear preference for smaller adsorption heights, already
indicated by the global minimum prediction of z in Figure 21. Additionally, there is only one

global minimum area for variable x.
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Figure 23. 2D cross-sections of the 6D AES. a) 2D cross-section of the BOSS predicted 6D AES for a
and B. Purple regions indicate minima and yellow maxima. Both a and 8 show periodicity in 0 °, 180 °
and 360 °. b) 2D cross -section of 8 and y, where the minima for 8 is located around 0 °, 180 ° and 360
°,and 0 °, 60 ° and 120 ° for y. ¢) 2D cross-section of x and z, where the z minima are located close to
the lower bound of the sampling range. d) 2D cross-section of a and y, where minima are located
similarly than in By cross-section.
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The xy cross-section of the 6D AES (Figure 24) indicates one global minimum adsorption
region in purple, and one maximum region in yellow. This indicates there is one specific
adsorption site in reference to x and y that is preferred, and one site that is less favourable for
the rigid GaCls. In Figure 24 the positions of Ga and N atom of the primitive surface cell are
represented as brown and blue stars. The minimum region coincides with the Ga site, while
the maximum with the N site. The locations of Ga and N are slightly offset to the minimum
and maximum, which indicates GaCls does not adsorb directly on top of the surface atoms.
The E.4s range for the surrogate model p(x) minimum and maximum is around 1.00 eV,
which indicates meaningful differences between minima and maxima regions of the AES.
Notably even the maximum region has negative E.4s values, which means the N-top site is

still favourable for adsorption.
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Figure 24. 2D cross-section of the BOSS predicted 6D AES for x and y, with one global minimum
region and one maximum region. For reference the 1x1 primitive surface cell is shown on the right.

BOSS can be used the extract the local minima from the AES. After each batch of 250
datapoints in the model were added, I compared these identified local minima structures in
reference to their adsorption energies. The model is converged when the adsorption energy of
the found minima don’t change when new configurations are evaluated [45]. The number of
identified minima and their adsorption energies are presented in Figure 25, where each line
represents a 6D BOSS model with specific number of training datapoints. The minima can be
seen located in energy plateaus. The locations of the plateaus with regards to their adsorption
energies in the low energy region should converge with enough datapoints in the model,

which in this case required 2119 datapoints.
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Based on all aspects used to verify the convergence of the 6D model, there were 2119 total
datapoints needed to converge the global minimum predictions for Eu4s, X, ¥, z, a, B, and y, and
the number of local minima. The global minimum structure had an adsorption energy of -1.33
eV, and it consisted of a GaCls adsorbed of slightly offset Ga-top site within 3.0 A of the

surface.
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Figure 25. Identified local minima and their adsorption energies. Left: Number of found local minima
for models with increasing training data. Rose colour curve M2119 corresponds to the converged 6D
model. Right: A zoomed in view from the local minima curves in the low energy region, displaying the
first 150 found minima.

4.4 Found local minima structures
4.4 1 Local minima before relaxation

The local minima of the AES were extracted from the converged model. In total there were
746 minima found in the model with 2119 datapoints. The analysis of the minima was
restricted to a thermal ALD reaction temperature of 500 °C previously used in experimental
ALD studies with GaCls [36], [37], which corresponded to energy range of 0.066 eV above
the global minimum energy -1.33 eV. This energy window included 146 local minima,
including the lowest energy global minimum, and they are presented in Figure 26, located in

20 energy plateaus.

The lowest energy structure from each plateau was chosen as a representative structure for
corresponding adsorption energy value. These 20 unique configurations are described in
Table 5, which lists the E.qs values and adsorption sites for the GaCl; molecules, as well as
the a, £, and y rotations describing the tilt of the adsorbate. All 20 structures have varying

levels of tilt, and no directly flat or upright configurations were observed. These minima also
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all had an adsorption height of 3.0 A measured from the center of mass of GaCls (Ga-atom) to
the surface, indicating that the optimal height would be lower. The E.4s values are relatively
similar between the 20 minima, which is reflected on by their similar structure due to BB

approximation, and adsorption height.
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Figure 26. All found local minima within 500 °C range (0.066 eV) from the global minimum. One
structure from each plateau was chosen to represent the structure type.

Table 5. 20 identified unique local minima structures and their adsorption energies, adsorption sites,
and rotations. The structures are unrelaxed and include the BB approximation.

Plateau number Eads (eV) Adsorption site (center | a (°) B(°) v (°)
(representative of gravity)

structure)

1 -1.33 Ga top (offset) 0 201 120
2 -1.33 Bridge (offset) 154 373 25
3 -1.32 Ga top 357 349 60
4 -1.31 Ga top 180 174 120
5 -1.30 Bridge (offset) 0 201 0

6 -1.30 Bridge (offset) -24 165 84
7 -1.29 Gal/N top (offset) 22 173 97
8 -1.29 Ga top (offset) -2 198 68
9 -1.29 Ga top (offset) 358 198 69
10 -1.29 Ga top (offset) 202 12 46
11 -1.29 Ga top 184 8 58
12 -1.29 Ga top 190 8 54
13 -1.29 Ga top (offset) 358 -18 56
14 -1.28 Ga top 188 5 125
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Plateau number Eadas (eV) Adsorption site (center | a (°) B v (°)
(representative of gravity)

structure)

15 -1.27 Ga top 190 175 63
16 -1.27 Ga top (offset) 188 189 58
17 -1.27 Bridge (offset) 155 169 82
18 -1.27 Ga top (offset) 353 375 54
19 -1.26 Ga top (offset) 187 192 58
20 -1.26 Ga top (offset) 351 15 53

4 .42 Local minima after relaxation

To obtain the true structures without the BB approximation, the 20 molecule-slab
configurations were relaxed with DFT using light settings and tier 2 basis set to ensure proper
representation of the Cl-orbitals in GaCls. After relaxation, the 20 different minima were
categorized into 5 unique identifiable local minima (LM) configuration types, where the
lowest energy one of each category is presented in Figures 27-31, indicated as LM1-LMS5,
with LM1 having the lowest (most favorable) E.q4s with the surface, and LMS5 the highest Eqas.
LMI1 was therefore the global minimum structure. The most important characteristics of each
LM are presented in Table 6. In general, the adsorption energies significantly decreased upon
relaxation, indicating the BB approximation was restricting the natural movement of the
bonds in GaCls . The adsorbate also dissociated into fragments in LM 1-LM4, indicating that
is the preferred state for the GaCl; molecule when interacting with GaN(0001) surface. The
adsorption heights also decreased after relaxation to circa 2.0 A, compared to the unrelaxed

global minimum prediction of 3.0 A.

I will next describe the individual geometric characteristics of each LM in more detail. The
adsorption sites and distances are defined from the main atom of the fragments, corresponding
to Ga-atom center in fragments with Ga, or Cl center in other cases. The main fragment
containing gallium is indicated as F1. In general, in all five LM configurations, some surface
layer atoms experienced displacements from their ideal structure due to the forces caused by
the adsorbing fragments, which can be seen in Figures 27-31. The z-displacement of atoms
belonging to the adsorption site of each fragment are presented in Tables 7-11. The atom(s)
belonging to each adsorption site are defined as Ga (Ga-top), N (N-top), and two adjacent Ga
atoms (bridge). In the unrelaxed structure, the z-position for the surface layer Ga-atoms was

defined as 0.0, meaning the whole surface plane was also defined to be positioned at z=0. The
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z displacement for the adsorption site atoms was calculated by subtracting the original
unrelaxed z-position in the lattice from their corresponding value in the relaxed structure.
Negative displacement indicates that the atom in the surface had shifted lower in z-direction
compared to the original unrelaxed position in the lattice. The surface atoms at the adsorption
site shifted upwards in the case of Ga-fragment adsorption on the bridge site, but downwards

in all other cases.

Table 6. Unique relaxed LM and their E.qs values and degree of dissociation.

Structure Eaos (€V) Number of fragments
LM1 (global minimum) -7.24 3
LM2 -6.84 2
LM3 -6.82 2
LM4 -6.45 3
LM5 -6.18 1

The global minimum structure LM1 dissociated into three fragments, visible in Figure 27.
Differentiating factor for LM1 from other minima was the adsorption site for F1, which was
the N-top site. LM1 also included two dissociated Cl fragments F2 and F3, which were
situated equal distance apart from F1, on bridge and Ga-top sites. F1 had a Ga-Cl bond length
of 2.17 A, meaning the bond had increased slightly from the GaCl; bond lengths of 2.12 A,
after the two Cl atoms had dissociated. The GaCl fragment was oriented directly upright on
top of the N-stop site, meaning the Ga-Cl bond was not tilted.

P LM1

[0001]

Figure 27. LM1 configuration from top and side. F1, F2 and F3 correspond to GaCl, Cl and CI.



Table 7. Characteristics of LM1 adsorbed fragments.
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Fragment | Chemical Adsorption Distance to Dissociation | Mean z displacement of
species site surface plane | distance from | adsorption site surface
(A) F1 (A) atom(s) (A)
F1 GacCl N-top 2.0 - -0.19
F2 Cl Bridge 1.8 5.0 -0.15
F3 Cl Ga-top 2.2 5.0 -0.02

LM2 was the second lowest energy structure, and it included two fragments, GaCl, and Cl
atom, both of which had adsorbed onto bridge sites (Figure 28, Table 8). The Cl-Ga-Cl angle
in GaCl, was 103 °, with Ga-Cl bond lengths of 2.17 and 2.65 A. Former of these bonds

corresponded to the Cl directly above adsorbing Ga, while the latter Cl was situated on

adjacent Ga-top site. The adsorption of the bonded CI on the surface thus seemed to increase

the existing Ga-Cl bond.

LM2

[0001]

Figure 28. LM2 configuration from top and side. F1 and F2 correspond to GaClz and ClI.

Table 8. Characteristics of LM2 adsorbed fragments.

Fragment | Chemical Adsorption Distance to Dissociation Mean z displacement of
species site surface plane | distance from | adsorption site surface
(A) F1 (A) atom(s) (A)
F1 GaClz Bridge 21 - 0.13
F2 Cl Bridge 1.8 5.3 -0.16

The structure of LM3 (Figure 29, Table 9) was very similar to LM2, because it also included

two fragments, GaCl, and Cl, with only the adsorption site of Cl being Ga-top instead of

bridge. This similarity in structure is highlighted by their adsorption energies as well, with
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only 0.02 eV difference between them. Similarly to LM2, the Cl-Ga-Cl bond angle was 104 °,
and the individual Ga-Cl bond lengths were 2.16 and 2.67 A.

LM3

1

[0001]

Figure 29. LM3 configuration from top and side. F1 and F2 correspond to GaClz and Cl.

Table 9. Characteristics of LM3 adsorbed fragments.

Fragment | Chemical Adsorption Distance to Dissociation Mean z displacement of
species site surface plane | distance from | adsorption site surface
(A) F1(A) atom(s) (A)
F1 GaClz Bridge 21 - 0.16
F2 Cl Ga-top 2.1 4.9 -0.03

LM4 structure (Figure 30, Table 10) included three fragments, GaCl and two Cl atoms. The
two dissociated Cl atoms were situated closest to F1 compared to the other LM structures,
with 3.9 A dissociation distance for both. In F1 the Ga-Cl bond length was 2.15 A, which was

in line with the similar bonds in the other LM structures.

LM4

[0001]

[0001]

Figure 30. LM4 configuration from top and side. F1, F2 and F3 correspond to GaCl, Cl and CI.



Table 10. Characteristics of LM4 adsorbed fragments.
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Fragment | Chemical Adsorption Distance to Dissociation Mean z displacement of
species site surface plane | distance from | adsorption site surface
(A) F1 (A) atom(s) (A)
F1 GaCl Bridge 2.1 - 0.13
F2 Cl Ga-top 2.1 3.9 -0.05
F3 Cl Ga-top 2.2 3.9 -0.02

LMS5 (Figure 31, Table 11) was the least favourable adsorption configuration of the 5

minima, although it still has a quite negative value of Euq, -6.18 €V. It was the only one of the

five unique local minima that did not dissociate after relaxation., and the adsorbate remained

as GaCls. It was also the only LM where the Ga-containing fragment adsorbed on the Ga-top

site. The GaCls fragment was oriented in a way that one CI atom was pointing directly

upwards above the adsorbed Ga, while the two remaining bonded chlorines were adsorbed on

adjacent Ga-top sites. The Cl-Ga-Cl bond angles were 101 ° and 103 ° between the top-facing

Cl and two adsorbed Cl atoms. The bond angle within the adsorbed CI atoms was smaller,

86 °.

LM5

Figure 31. LM5 configuration from top and side. F1 corresponds to GaCls.

Table 11. Characteristics of LM5 adsorbed fragments.

I

[0001]

Fragment | Chemical Adsorption Distance to Dissociation Mean z displacement of
species site surface plane | distance from | adsorption site surface
(A) F1 (A) atom(s) (A)
F1 GaCls Ga-top 24 - -0.04

Based on the analysis of all LM, adsorbed fragments are located in either Ga-top, N-top or

bridge sites, but noticeably not on the hollow site. Based on the adsorption energies, N-top

could be the most preferrable adsorption site for Ga-containing fragments, which indicates
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that the adsorbing Ga-fragment will likely prefer to situate as close to the surface as possible,
indicating the interaction between the Ga-atom and the surface is favorable. This attraction of
Ga to the surface is therefore so strong, that it either causes the Ga-Cl bonds to break and
GaCls to dissociate (LM1-LM4), or the bonds will bend to accumulate preferred adsorption
configuration for Ga in case the molecule does not dissociate (LMS5). Also, notably in all LM
structures, no dissociated Cl atoms adsorbed onto nitrogen, but rather either on Ga-top or
bridge sites. To further investigate the bonding and chemical meaning behind these adsorption
configurations I performed pDOS and Mulliken analysis with DFT to study their electronic

structure properties.

4.5 Electronic structure properties of local minima
4.5.1 Projected density of states

Projected density of states (pDOS) method was used to study the electronic properties of the
LM structures after the GaCls adsorption on GaN(0001) surface. The pDOS was analyzed for
the top bilayer of the surface slab where the surface states would be localized, instead of the
whole slab, which mainly would provide additional information about the bulk states. The
pDOS plots of the isolated GaClz molecule and the GaN(0001) top bilayer (1 BL), were
compared with the pDOS contributions of the adsorbed molecule, and 1 BL after adsorption
in each local minima LM1-LMS. Figure 32 presents the pDOS for these isolated components.
In the isolated GaN 1 BL, there exist bands in the band gap region, arising from the surface
dangling bonds of Ga atoms. This electronic behavior is aligned with similar previous results
[73], [74]. The surface states between -1.0 and 1.0 eV indicate that the 1 BL is slightly

metallic, and the surface Ga atoms are free to bond with adsorbates.
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Figure 32. pDOS for the isolated GaN 1 BL, total GaN slab, and the GaCls molecule. The bands in the
band gap region are caused by dangling bonds in Ga atoms.

The pDOS for GaCls in vacuum (Figure 33) displays peaks in regions corresponding to -4.0,

-3.5, 1.9, and 3.5 eV. The peak in -3.5 eV corresponds to the highest occupied molecular
orbital (HOMO), and the peak in 1.9 eV the lowest unoccupied molecular orbital (LUMO).
The individual Ga and Cl atom pDOS contributions to GaCls indicate that the states

corresponding to the HOMO region arise mostly from CI atoms, while the states in LUMO
are caused by contribution of Ga orbitals.
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Figure 33. Isolated GaCls and contributions of the individual atoms to the pDOS. Left: Contribution of
the Ga atom. Right. Contribution of a Cl atom. Only one pDOS for the Cl atoms is presented here, as
the contributions are identical due to the symmetric nature of the molecule.

The changes in the electronic structure of GaN 1 BL after GaClz adsorption are presented in
Figure 34 (left column), which presents the pDOS for the isolated bilayer as refence and each
LM 1 BL contribution. In all LM structures, the available surface states of the GaN 1 BL are

partly saturated by the adsorbate, which is indicated by the decrease in the number of states in
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the region of -1.0-1.0 eV. This suggests that some of the dangling bonds in the surface are
engaged in covalent bonding with the adsorbate. The 1 BL still remains slightly metallic after
adsorption. The effect of adsorption on GaCls electronic structure is presented in Figure 34
(right column), which shows the pDOS for all LM adsorbates, as well as the isolated GaCls as
reference. In LM 1-LM4 the molecule is partly dissociated and the pDOS shows combined
effects of the dissociated fragments, while in LM5 the adsorbate remains as GaCls after

relaxation. Individual atom contributions of GaCls to pDOS are presented in the Appendix.

LM1 is the global minimum structure, with a GaCl adsorbed on N-top site and two
dissociated CI atoms adsorbed on Ga-top and bridge sites. There is visible shift and
broadening of the HOMO states, caused by the dissociation and subsequent adsorption of the
two Cl atoms. There also is a new peak around 0.0 eV. LM2 and LM3 structures each have
two fragments, GaCl, molecule on bridge site, and a dissociated CI atom on either bridge
(LM2) or Ga-top (LM3) site. Because the structures are similar except for the Cl adsorptions
site, the pDOS plots also show similar characteristics. Both of these configurations have a
largest peak around the HOMO, but LM?2 has less states in that energy region than LM3.
Additionally, LM2 and LM3 both have two similar smaller peaks at around -1.0 and 0.0 eV.
LM4 fragments include a GaCl adsorbed on the bridge site, and two Cl atoms adsorbed on
Ga-top sites. There is a concentration of states In the HOMO region, around -3.5 eV, and two
small peaks in the HOMO-LUMO gap. In LM5, the non-dissociated GaCls fragment has its
Ga-atom adsorbed on the Ga-top site. Because the adsorbate has not dissociated,
corresponding pDOS shows least changes in the positions of the peaks and the HOMO-
LUMO gap compared to the isolated GaClz molecule.

Most importantly, for all LM configurations the pDOS results indicate some type of
chemisorption rather than physisorption. Physisorption would not affect the electronic states
noticeably, because it involves weak van der Waals interactions, and won’t result in chemical
bond formation via shared electrons. The observed saturation of 1 BL surface states indicates
hybridization and covalent bonding between the adsorbate and the surface. There is also
noticeable shift and broadening of the HOMO and LUMO peaks of the LM adsorbates,

meaning their electronic structure is affected by the adsorption.
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Figure 34. pDOS for the five LM. Left: pDOS for all LM GaN 1 BL contributions. Right: pDOS for all
LM adsorbate contributions. The plots also include the pDOS for the isolated reference structures.
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4.5.2 Mulliken charges

Mulliken analysis of partial charges was conducted to analyze the charge distribution of the
local minima structures. In an isolated state the GaCls molecule is neutral, with Ga atom
having a partial charge of 0.81 electrons (¢), while the three Cl atoms each having equal
charge of -0.27 e. This means the electrons in Ga-Cl bonds are more attracted to Cl, which is
also supported by their electronegativity values of 1.81 for Ga and 3.16 for Cl. Isolated GaN
surface has a partial charge of effectively zero, indicating the slab is close to neutral due to the

pseudohydrogens balancing the ECR.

The sum of partial charges for i1solated GaCl; and GaN slab, as well as the corresponding
values extracted from the local minima partial charges, are shown in Table 12. The atom-
specific partial charges for GaCl; and LM are also visualized in Figure 35. In the local
minima structures, the adsorbing molecule gains negative charge, while the GaN slab loses
charge an equal amount. The charge transfer is strongest in the global minimum, which
indicates LM1 configuration is the most suitable for GaCls to chemically bond with the
surface. The magnitude of charge transfer also correlates to the strength of the chemical bonds
formed in each LM, also explaining the relative ordering of the E.4s values. From Figure 35,
it can be seen that the adsorption results in both Ga and Cl atoms in GaCls to gain electrons,
indicating Ga-Cl bonds in GaCl; break in favor of the Ga-fragment to bond with the surface to
gain electrons. Similarly, dissociated CI atoms also gain electrons by bonding with the surface
atoms. The partial charges of the Cl atoms across all LM are relatively similar, but the change
in charge for Ga-atom is noticeably different for the LM structures. In LM1, Ga-atom has
gained the most electron density, which correlates to it bonding the strongest with the surface.
The Ga-atom in the non-dissociated LMS5 has gained the least electron density, while LM2,
LM3 and LM4 each present similar amount of charge transfer for adsorbed Ga-atom.

Table 12. The sum of atom-specific partial charges of the isolated GaN slab and GaCls, and the

corresponding value for each LM structure. The sign of Aq indicates whether the whole structure has
gained (-) or lost (+) electron density.

Structure Agsian (€) AQmol (€)
Isolated model 0.0 0.0

LM1 (global minimum) 1.08 -1.08
LM2 0.86 -0.86
LM3 0.82 -0.82
LM4 0.83 -0.83
LM5 0.55 -0.55
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Figure 35. The atom-specific partial charges for the isolated GaCls and the LM adsorbates. The grey
bars indicate the sum of partial charges for the whole adsorbate.

To further quantify the charge transfer, the change in summed partial charges 40 due to
adsorption for each fragment is presented in Table 13. The results suggest that the adsorption
site of the Ga-fragment (F1) in the LM configuration affects the strength of bonding between
the surface and adsorbate the most, because F1 adsorbed on N-top site has gained the most
charge, followed by bridge, and lastly Ga-top site. These charges agree with the adsorption

energy values, also indicating strongest bonding on the N-top, and weakest on the Ga-top site.

However, the amount of charge transfer for the adsorption site atoms is not directly
corresponding to the charge gained by the adsorbed fragments. This indicates the charge
transfer between the molecule and the surface is not entirely localized between the fragment
and the underlaying adsorption site atoms. The adsorbed F1 fragments gain at minimum over
half an electron of charge, so some of the surface atoms must donate the electrons. Further
analysis on the individual partial charges for all the surface supercell atoms would be needed
to exactly pinpoint the atoms donating charge to the fragments, and magnitude of this charge

transfer.

For all LM structures, dissociated Cl atoms gain charge due to bonding with their adsorption
site atoms. The dissociation and subsequent adsorption of Cl atoms on either Ga-top or

bridge sites results in the Cl atoms having slightly more negative charge than when engaged
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in bonding in GaCls. The gained charge is on average -0.11 e, and it is not dependent on the
adsorption site. For the adsorption site atom(s), bonding with dissociated Cl decreases the
electron density, indicated by positive 4Qsi values. The charge on adsorption sites changes
on average by 0.23 e. The adsorption site atoms lose more charge than what is gained by the
ClI atoms, so roughly half of the electron density (0.10 e) of the site is distributed elsewhere in

the structure.

Table 13. The change in total sum of partial charge for adsorbed fragments and corresponding
adsorption site atom(s) after adsorption.

Local minima Fragment Adsorption site AQfrag (€) AQsite (€)
LM1 GaCl N-top -0.86 -0.01
Cl Bridge -0.11 0.27
Cl Ga-top -0.10 0.24
LM2 GaCl2 Bridge -0.73 0.00
Cl Bridge -0.13 0.27
LM3 GaCl2 Bridge -0.71 0.03
Cl Ga-top -0.11 0.21
LM4 GacCl Bridge -0.60 0.04
Cl Ga-top -0.11 0.23
Cl Ga-top -0.12 0.23
LM5 GaCls Ga-top -0.55 0.08
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5 Conclusions

In this thesis I conducted a computational study to evaluate the behaviour and suitability of
GaCls molecule as an ALD precursor for GaN(0001) fabrication. GaN and other WBG
materials have attracted interest in semiconductor technology due to their improved properties
compared to silicon. However, currently there is a knowledge gap on the detailed adsorption
mechanism of GaCls on GaN(0001), which is why I utilized computational methods to
quantitatively study the adsorption of GaCls in atomic scale. I did this with combining DFT
simulations with ML-based BOSS method, which provided me a way to study this complex
adsorption system with lesser number of computations, while still maintaining accuracy. My
research topic provided an optimum target application for BOSS, a multi-dimensional

problem, with a computationally expensive model system.

Before the 6D structure search I constructed and validated DFT simulation models for the
GaCls molecule and GaN(0001) surface, which was defined as my research objective 1. This
extensive validation of the simulation models was done to ensure the adsorption energy data
used for BOSS would be representative of the chemical and physical behaviour of the model
system, and thus also the optimal adsorption configurations found with BOSS would be
reasonable. This part of my thesis can also act as a guide of important steps when performing

similar computational work on surface adsorption.

My second research objective was to map out the 6D AES of the adsorbing GaCls molecule,
which was successfully done with 2119 DFT adsorption energy evaluations. The BOSS
model convergence was thoroughly verified, which ensured the AES and corresponding local
minima was well defined. The third and main objective of this thesis was to extract the local
minima structures found with the BOSS method, and analyse the optimal adsorption
configurations of the adsorbate. I found 20 unique local minima structures in the
propositioned ALD temperature range. After removing the BB approximation and relaxing
the minima structures with DFT, these 20 original minima could be categorized into five
unique structure types. All but the least favourable configuration of the five experienced
dissociation of the GaCls molecule, into Ga-containing fragments and CI atoms. Notably in
the case of my studied adsorption system, the BB approximation was significantly restricting
the preferred adsorption configurations of the GaClz molecule, which included the
aforementioned dissociation into fragments. Despite this, the subsequent DFT relaxation still

managed to produce unique and meaningful final local minima configurations form the BB
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approximated models, suggesting BOSS is suitable to study systems which might exhibit

dissociation.

The five unique local minima structures LM 1-LM5 had adsorption energies ranging from
-7.24 eV for the global minimum to -6.18 eV for the least favourable adsorption configuration
of the five. The magnitude of these negative E.s values indicated quite strong interaction
between the molecule and the surface. The global minimum configuration LM1 dissociated
into GaCl and two Cl fragments. LM4 also dissociated similarly to LM1. LM2 and LM3
included two fragments, GaCl» and Cl atom, while LM5 consisted of non-dissociated GaCls.
Based on the E.qs values, from all the GaN(0001) surface adsorption sites, N-top seemed to be
the most preferred for Ga-fragment adsorption, followed by bridge and Ga-top, while hollow

site was absent on the observed adsorption configurations.

The bond dissociation energy for Ga-Cl bonds in GaCls was calculated to be -4.16 eV,
distinctly smaller than the Eqs values of -6.18 to -7.24 eV for the LM, indicating the bonds
formed between surface and the molecule during adsorption were stronger than in the isolated
molecule. To further study the adsorption properties of the minima, I conducted an electronic
structure analysis by pDOS and Mulliken partial charges. pDOS analysis implied the
adsorption mechanism between the surface and the molecule is chemisorption, due to the
change in their electronic states upon adsorption, suggesting chemical bonding. Analysis of
the partial charges further confirmed the formation of bonds, as the adsorbed fragments had
gained significant amount of electron density after adsorption, with the global minimum LM1
F1 fragment gaining almost a full electron, and the least favourable LMS5 F1 fragment
approximately half an electron. The adsorption site atoms however did not lose charge a
corresponding amount, which suggests the electrons gained by the fragments are from
multiple surface atoms, and not caused by direct charge transfer between the fragment and the
site. Therefore, further research is needed to verify which surface atoms are most involved in

the charge transfer and bonding with the fragments.

To sum up, the main conclusions that can be drawn based on this work are that the GaCls
molecule partly dissociates when introduced to the GaN(0001) surface, implying that there is
preference for the Ga-atom in GaCl; molecule to break existing Ga-Cl bonds in favour of
stronger bonding with the surface atoms. For ALD precursor this is a useful property, because
the adsorption of the Ga-atoms is the main goal, and Cl atoms should be easily removable

from the system. Additionally for the purposes of ALD, it would be beneficial if adsorbing
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Ga atoms and CI atoms would not prefer to adsorb on the same sites on the surface, as this
would complicate the stoichiometric control over the deposition process. The global minimum
adsorption site for Ga-fragments was the N-top site, while dissociated Cl was observed either
on Ga-top or bridge sites, which means in theory the preferred adsorption sites are different

for Ga-fragments and Cl.

Most significant impact of my thesis work has been the expansion of the previously unknown
chemical understanding of the fundamental surface reactions enabling GaN(0001) deposition
with GaCls through ALD. This understanding can aid in the evaluation of the potential for
GaCls as an ALD precursor, which could be further tested in experimental conditions. For
future work on this topic, as mentioned previously, more detailed understanding of the exact
adsorption and ALD process could be achieved with additional research on the charge transfer
between the individual surface atoms and the adsorbate. Other logical next step for research
includes modelling additional aspects of the ALD cycle, such as the interaction of multiple
adsorbing GaCls molecules on the GaN(0001) surface. This approach would provide
information about the adsorption process more representative of the true ALD conditions,
where the GaClz molecules are pulsed onto the surface in excess. These studies would be
useful, because there is a scarcity of information about the mechanics of adsorption of
multiple GaCl; molecules, and GaCl3-GaCls interactions and their possible effect on the
molecule dissociation. However, this approach would also add a new level of complexity to
the model system, which might require the need to reconsider the best computational
methodology for this task. BOSS could be potentially utilized by considering the adsorbed
GaCls; on Ga(0001) LMs the as the base structures, where an additional GaClz molecule would

be introduced.

Additionally, further studies could be done on the effect of the purging gas and nitrogen-
source precursor molecules to the adsorption of GaCls. In the case of GaCls usage for ALD,
the existing research is quite sparse and over 15 years old. As mentioned in Chapter 1,
computational methods are a viable tool to systematically study a large number of possible
molecules and their suitability for ALD. Previously unexplored precursor combinations could
be tested based on novel developments and knowledge about reactants for GaN(0001)
manufacturing with ALD. The use of computational high-throughput sampling would enable
to efficiently inspect multiple potential precursor molecules for GaN(0001) deposition, and

thus find the combination which would present most promising properties for the material.
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Appendix

The individual atom contributions for pDOS in LM 1-LMS5 are presented here.
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Figure 36. pDOS contributions from individual atoms in the LM structures. The isolated GaCls pDOS
is shown for reference. a) LM1 b) LM2 c) LM3 d) LM4 e) LM5.



