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Abstract

The promise of the broad range of direct band gaps of the (Al,Ga,IN)system
is limited by the crystal quality of current material. As grown defectdensities of
InN, when compared with the more mature GaN, are extremely highna InN is
strongly in uenced by these defects. This is particularly importandue to the un-
usual position of the charge neutrality level of InN, leading to botithe well known
surface charge accumulation and di culties in p-type doping. While imprities
and native defects clearly impact on the bulk carrier density in InN,He e ects of
threading dislocations on the electrical properties are still in dispat Issues such
as whether the dislocation line is charged or contains dangling bonasmain open.

In this work an empirical Stillinger-Weber inter-atomic potential mehod is em-
ployed in a systematic global search for possible dislocation coreaestructions
for screw and edge dislocations in GaN. The global optimisation of tlokslocation
cores is performed for a wide variety of core stoichiometries rangifrom Ga rich
to N rich. The most promising optimised core con gurations are sulegjuently
investigated using density functional theory for GaN and InN, in ader to discuss
relative stability under a wide range of growth conditions and their inuence on
the electronic properties of the bulk material.



CHAPTER]L

Introduction
1.1 Motivation
The group-lll nitrides are direct
bandgap semiconductors that are ideal N Py ' ' 00

for opto-electronic devices as the
bandgap range of InN, GaN, AIN and
their alloys encompasses the entire vis-
ible spectrum as it extends from the
infrared (InN) into the far ultravio-
let (AIN). Gallium rich InGaN quan-
tum well structures are already in
wide commercial use as high e ciency
light emitting diodes (LEDs) and laser Figure 1.1: Band gaps of several semi-
diodes (LDs). These devices are used¢onductor compounds, drawn versus lat-
for lighting, sensors, data storage (Blu- tice constant. The visible spectrum has
ray™ technology), biosensing, steril-been included as colored background.
isation, etc. In addition the narrow Courtesy of [i]

band gap 0.7 eV) of InN could al-

low the development of the highest e ciency solar cells and productioof LEDs
with tuneable colour temperatures 3]. Moreover, due to an electron mobility
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of around >3000 cni/Vs [4] and very high saturation velocities, InN is an ideal
material for the development of high electron mobility devices capbbof operat-
ing in the Terahertz range. However, even though high e ciency LBs can be
constructed from InGaN alloys, there still exists a very strong eciency droop for
the indium rich end. This results in the current impossibility of achievingtrue
white light LEDs, as currently available devices use the blue emitting §aum rich
InGaN structures in combination with a yellow phosphor coating. Theability to
create e cient lighting at arbitrary wavelengths in the visible light spectrum not
only increases a devices white light colour rendering quality, but alsmables
their use in many more lighting applications, which can reduce a coumngs total
elictricity consumption by up to 15% pJ.

A major source of the e ciency droop in the InGaN alloys are unintetional
defects, such as point defects and extended defects. The éseof impurities and
native point defects have been studied in order to better contrgrowth conditions
to minimise their impact on the e ciency of devicesp]. Due to the large lattice
mismatch of the usual growth substrates such as sapphire GaMN and their
alloys feature very high densities of extended defects. While thedefects seem
to have little e ect on the e ciency of gallium rich structures, their in uence is
thought to be much greater in the In rich end. Extended defectush as disloca-
tions and stacking faults act as scattering centres for electromisie to the lattice
distortion itself and can act as sources of non-radiative electrorole recombina-
tion centres. In addition dislocations can have a major impact on thelectronic
properties, depending on their core structure, as questions buas whether dis-
location lines are charged or metal lled are still in dispute.

In order to study the in uence of dislocations on GaN and InN, a twdold ap-
proach was taken in this thesis. The rst step is to systematically dermine
all feasible dislocation core structures across the range of nitesgto group-Ili
rich conditions, while the second step is to determine the electronicgperties of
the most stable solutions and their in uence on the semiconductorThe struc-
tural investigation incorporates a global optimisation of the nuclepositions in
the dislocation core of screw and edge type perfect dislocationshig is done
with a random search algorithm previously developed by Pickard anddgds 7],
where structural relaxations were performed exclusively with deity functional
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theory (DFT). In contrast, within this work, the local structura | relaxations were
performed with a very fast empirical Stillinger Weber type interatornc potentials
method. A more reliable DFT atomic position relaxation was not consided,
due to the extreme amounts of computational e orts required. bwever the sub-
sequent investigation of the optimised structures was performegsing DFT.

1.2 Thesis structure

This thesis is divided into 7 chapters, where the rst 3 serve to intrduce the
applied techniques as well as the material system, the results ofighwork are
then presented in the following 3 chapters while the impact and impliceins of
these are discussed in the last chapter. The theoretical and mag background
is strictly divided into chapters 2 (theory) and 3 (material) which serve to intro-
duce all implemented concepts that are used for the generationdadiscussion
of the results. Chapter4 presents the results for a global optimisation applied
to the fully stoichiometric screw dislocation core in GaN and discussed aris-
ing features and di culties of the application of the optimisation techique on
this particular core. Chapter5 then presents a comparative study of optimised
screw dislocation cores for a wide range of stoichiometries in GaN aallvas an
additional investigation of the electronic structure of a smaller satéon of stable
cores for GaN and InN using Density Functional Theory. The spea application
of the global optimisation to every core stoichiometry is not discued in chapter
5, but the relevant data can be found in appendiB. Additional structural data
for each lowest energy (optimised) core can be found in appendix Chapter
6 then continues to present results of the global optimisation tecloue applied
to edge dislocation cores in GaN, while chaptef serves to present a summary,
conclusion and possible future work.



CHAPTERZ

Theoretical framework

This Chapter introduces concepts used to derive the results pezged later in this
thesis. Brief reviews of Density Functional Theory (DFT), StillingetWeber (SW)
type interatomic potentials, global optimisation, the fundamentalsof elasticity
theory and an overview of the basics of dislocation models are givafith each
topic the specic approximations, functionals, parameters or agmptions that
have been adopted for this work, as well as the external comptitsmal codes
used, are presented and discussed.

2.1 Density Functional Theory

Density Functional Theory (DFT) is a widely used method to obtain eletronic
properties in solid state physics and quantum chemistry. With the @sof more
re ned approximations, DFT is able to predict material properties vith a satis-
factory accuracy and lower computational cost compared to tdétional ab-initio

methods such as Hartree Fock theory.

DFT builds on two major principles to solve many body quantum mechacal
systems, the Hohenberg Kohn theorem and the Kohn Sham equaiso[8]. The
following sections give a short review of these principles and lay outespcs of
the implementation of the AIMPRO code that has been used in this tlsss.
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2.1.1 Many body Hamiltonian

Henceforth electron coordinates are indexed by lower case letdf,j k) while
atomic nuclear positions and charges are labeled with upper casedett (| ,J,K).
Similarly, single particle wavefunctions are described by or and or
represent the many-body case.

The time independent Schredinger equation for a single particle in aegeral (time
independent) potential V (r) takes the form

2
oo ! 2+ V(r) (r)=E (r); (2.1)

where the rst term describes the kinetic energy, which when coried with the
potential forms a Hamiltonian that is equal to a constant energy ten E. The
resulting di erential equation can be solved for the wavefunction (r), that de-
scribes a probability density of nding the particle at a pointr.
However in order to explore a solid composed of nuclei and electrahse wave-
function for a many-particle system needs to be determined. Fouch system a
many-body Schredinger equation can be constructed and simplideby applying
the Born-Oppenheimer approximation. It states that e ects of he nuclear mo-
tion can be neglected with the assumption that electron masses ae ciently
small compared to those of the nuclei. The kinetic energy for the clei can thus
be neglected and the inter-nuclear coulomb potential becomes anstant. Con-
sequently the N-body Schredinger equation takes the following im in atomic
units?:
L Vee(risrj) + Vext(ri) (roinrn) = E (rgnnrn);
(2.2)
here Ve represents the inter electron Coulombic potential whil&/,: stands for
the electron-nuclear Coulomb interaction:

Vee(ri;ry) = and V, (r)—X 2. (2.3)
ee\'1»'] jri rJJ ext i | ri RI . .
1 Energy in HartreesH = ~=(ma3) ' 27:21eV, distances in Bohr radiiag =4 ¢~?=(me?) '
052922 ande=m=~=4 =1
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A many body electron wavefunction, such as the solution to equatio(2.2) is

fermionic in nature and is antisymmetric with respect to interchangef any elec-
tron pair. Methods to solve the many body Schmedinger equatiorsuch as Hartree
Fock theory usually explicitly construct such a wavefunction by cobining many

single particle functions with the correct symmetry. This can be danwith a

determinant construction and is then called a Slater determinant.

2.1.2 Hohenberg-Kohn theorem

The many-electron Schredinger equation of a given system can @albe solved
purely from the electron density instead of requiring the more congx inter-
acting electron wavefunction. A proof that this is possible is given bthe Ho-
henberg Kohn theorem, which states that the ground state elecin density of a
non-degenerate system is unique and determines all of the infoioa contained
within the wavefunction[9].

The de nition of the ground state results in the following statementas, due to
the variational principle, any wavefunction either represents a gund state or is
higher in energy than the ground state energi,:

h jT+ Vet Vortj i Eo; (2.4)

where the kinetic energy term has been abbreviated withh and the Bra-ket
notation has belsn used, in whiclh > represents a vector with the vector prod-

uct h jTj i = (r)T ( r) including an acting operator denoted by". The
electron densityn for a many body wavefunction is de ned as
Z
n(r)= N (rrozrn) (rroiiry) droidry: (2.5)

Assuming a fermionic wavefunction (antisymmetry) and identifying lhe local na-
ture of the external potential Ve one can write for the last term of equation
(2.4
z X
h Vi i = (rirn) Ve (ri) ( roury) drisdry
7 i
N(r)Vex (r)dr = Vex[n]: (2.6)
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Where Ve [N] is a functional of the densityn as it maps a function space tdR.
The remaining part of equation @.4) can also be written as a functional of by
de ning

F[n]=minh iT+ Vs i (2.7)

Where ! n indicates that the minimisation is with respect to all that
generate the given densityn. Together equations 2.6) and (2.7) represent the
Energy functional

Z
minh jT+Ved i+ n(r)Vex(r)dr (2.8)

F [n] + Vext [n]: (2.9)

E[n]

The Hohenberg Kohn Theorem makes two statements with respectthe energy
functional. The rst is equivalent to the inequality (2.4) and states

E[n] = F[n]+ Vex[n] Eo (2.10)

and the second is that
F[Nno] + Vext[No] = Eo; (2.11)

whereng is the ground state energy, constructed from the ground stateavefunc-
ton (.2 As an important result the inverse is also true, a non degenerateagind
state wavefunction can be constructed from the ground statéarge densityn,.
This was proven rst by [9] and later by many more including 11], with stronger
approaches incorporating degenerate ground states. If a degete ground state
is present there is no unique mapping fromg to . However, a more general
functional for F can be constructed to acquire all degenerate ground statd<]f
In addition the inequality (2.10 also provides a simple implementation of a vari-
ational principle in order to solve forn.

2.1.3 Kohn-Sham equations

The Kohn-Sham (KS) equations are the second central pillar of DETThey pro-
vide an elegant way of determining the charge density of a given sgst without

2 In fact the equality between the true ground state wavefunction o and the wavefunction
o' that constructs F[ng] in the minimisation needs to be shown{(]
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any initial approximations®. The key argument to deriving the KS equations is
that the true electron density can also be constructed using a wefunction made
up from hypothetical non-interacting single electron wavefunctius, called Kohn-
Sham orbitals (KSO), from here on denoted as. Even with non-interacting
single particle wave functions, the antisymmetry of the total wavenction is
still required and is thus usually constructed using a slater determamt of the
KSOs. The error stemming from the interaction of the electronsdm the electron-
electron Coulomb potential can be accounted for by an adjustedfential [13).
Therefore the charge density can be equivalently described by esththe many-
body wavefunction or the sum of the KSO's:

Z
N (rroirn) (rroiiry) droidry
X

n(r)

fi () i(n); (2.12)
where at the same time here, a nite temperaturel has been introduced with
the occupation probability f; de ned though the Fermi-Dirac function

1

fi =2fe(i)= 1+ exp(

(2.13)

GT)
The Fermi energy ¢ is de ned as to ensure the correct number of electrons:
N = i 2f F( i)-

The rst step to obtaining a useable method for the KSO's is to use thvariational
principle with the functional derivative from equation (2.10. This results in the
ground state condition taking the form

FIn], Ve« _ FIn]

E [n]
— = = + Vou: 2.14
n n n n exty (2.14)

where is a Lagrange multiplier and has the physical interpretation of the imease
of energy when an additional electron is to be included into the syste(chemical
potential). Functional derivatives with respect to a functionf are here denoted
by =f .

Notably the external potential Ve in equation (2.14 remains valid even with the
introduction of a density consisting of non-interacting particles. Terefore only

3 Approximations are still being made, they are just swept into a specc term, the exchange
correlation functional
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the functional F [n] de ned in equation 2.7 needs to be reexamined:
F[n] = T[n]+ Vee[n]; (2.15)

where both functionals (kinetic energy and electron interaction)an be restruc-
tured to account for non-interacting particles. This has been da@nbefore in other
methods such as the Thomas Fermi model4] for Jellium conditions and Local
Density Approximations. However, the key point is that here the dierence with
respect to the true functional is repackaged as the exchangerelation functional

and recognised as a change to the potential, creating an e ectivetential. This

idea results in the formulation of the Hohenberg-Kohn-Sham Funicinal

FHKS n] = T[n] + Enx[n] + Ex[n]: (2.16)

The above functional incorporates two altered functionalsg], the rst being the
classical Coulomb potential for the electron-interactiorEy [n] which takes the

form 7
Enln] = 17 n(r)n(r9

ACET 2 i g
And the second is the kinetic energy functional's[n] for the non-interacting KS
states. In order to get the real electron density, the di erencéo the complete

drdr® (2.17)

kinetic and electron repulsion energy must be included and is incor@bed into
the exchange correlation energy functiondt ..

At this point the total energy of the system can be representedhtough the
rewritten functional and becomes

E HKS Ts
n = T + VH (r)+ ch(r)"' Vext(r) = (2-18)

where the exchange-correlation potential is de ned through theinctional deriva-

tive £
Ve = nXC ; (2.19)

In equation (2.18 all contributions except the single particle kinetic energy are
local operators (diagonal in a real space representation) andettefore represent
single particle potentials and can be combined into an e ective poteiat:

Veff (I’) = VH (r) + ch(r) + Vext(r) (2-20)
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Using this e ective potential the KS equations can be constructedwhich is es-
sentially a Schmdinger equation for each hypothetical non-intacting electron
wavefunction  called Kohn Sham Orbitals:

%r2+ Vert (1) i(r) =i i(r): (2.21)

The non-interacting part of the total kinetic energy can be consticted then as
X x Z 1
Ts = fihjTjii = fi i (r S 2 (ndr; (2.22)
i i
with f; representing the above de ned Fermi factor stating occupancy
With these de nitions the functional is then:

EMXS In] = Ts[n] + Ex[n] + Exc[n] + Eex[n] + ELz; (2.23)

where E,, is a constant representing the energy due to the nuclear coulomb
repulsion. The only unknown at this point is the exchange correlatiofunctional
E., for which approximate forms can be found.

2.1.4 Exchange correlation functionals

The KS equations are the Hamiltonian for a set of non-interacting syhe parti-
cle states in an additional potential that compensates for the négted many-
body e ects in the full Schredinger equation. This di erence between the non-
interacting single particle equations and the full Schredinger eqtian is known as
the exchange-correlation. The exchange-correlation is usually lmded approxi-
mately as a functional of the total charge density in DFT calculatios.

Local density approximation

The earliest and simplest approximation of the exchange correlatidanctional is
the local density approximation (LDA) which treats the inhomogeneus electron
case as locally uniform:

Z
Exc[n] = n(r)"s(n(r))dr (2.24)

10
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or in terms of the potential

d"yc.(n)

- (2.25)

Vie(r) = "xe(n(r))+ n

n=n(r)

Several functional forms of ,, have been developed, a common solution can be
found in [15. Although the accuracy of the LDA is surprisingly good, a major
source of error stems from the self-interaction problem. Within # LDA every
electron (incorrectly) interacts with itself as well as all others.

An improvement to this problem can be achieved by a slight generalisan of
the LDA, the local spin density approximation. It treats the two spn states
separately and is commonly referred to as 'LDA".

Z
ES® = n(r)"se(n-(r); n(r))dr (2.26)

The functional form of",. that is being used in this thesis is from1[6], which splits
it into exchange and correlation energies for various situations. €hexchange
energy follows a dependency of*=® and correlation n®=2 with separate densities
for up and down spins.

General gradient approximation

In order to further re ne the approximation for the exchange coelation func-
tional the general gradient approximation includes information ofte electron
density gradient, a general form of which is

Z
ESCAIN] = f(n(r);r n(r))dr: (2.27)

several implementations of this idea can be found in the literature. dwever,
the General Gradient Approximation is not used within this work, hee LDA is
applied exclusively.

2.1.5 Periodic boundary conditions

While the above DFT method is capable of calculating approximate chge den-
sities for any atoms and in principle any number of atoms, further osiderations
apply for periodic structures such as crystals. These are de neldrough a unit
cell containing a set of atoms and symmetry operations such as atbns and

11
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translations. Hence it is su cient to only solve for the charge densy of the

unit cell with the knowledge of the crystal symmetry in order to stdy the whole
crystal. This can be done utilising Bloch's theorem8], which is presented in this
subsection.

A general description for the lattice repeat can be written as a line@ombination

of translations along lattice vectors to an identical position to anyther unit cell:

L = nya; + nyay, + n3as (2.28)

Wheren; 2 N and g are the lattice vectors de ning the symmetry of the crystal.
With this in mind the reciprocal lattice can be de ned as

g Ax

bi =2 ik —————————.
“a (g a)

(2.29)
The reciprocal lattice vectorsh are essentially a Fourier transform of the lattice
vectors and similarly de ne a unit cell in Fourier space or reciprocajpsce, called
the Brillouin Zone (BZ). Speci cs on the BZ for the materials under sidy in this
thesis can be found in sectiol.2

Bloch's theorem states that any single particle wavefunction in a piexdic poten-
tial V(r + L) = V(r) can be represented by the product of a plane wave-like
phase factor with the wave vectok and a periodic functionu;c(r + L) = ujk(r):

k() = €< "u(ry): (2.30)
Which results in only a phase shift of the wavefunction under transi@ns by L:
k(r+ L) = &t g (r): (2.31)

This also means that the charge density is not a ected and display$¢ same
periodicity as the lattice ( (r+L) = (r)). The construction of a charge density in
a system with multiple non-interacting wavefunctions is done by integting over
the rst BZ and summation over all occupied particle wavefunctions However
each k-point wavefunction needs to be determined separately atiierefore it
is common that the BZ is only sampled across the irreducible BZ, which fke
minimal section of the rst BZ according to the lattice symmetry opeations such
as rotations and inversion. A weighing factot , is included to account for this

12
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reduction to the irreducible BZ.

X X _ S
(r)= Pidoik(n)j=: (2.32)
i k2BZ
Various sampling schemes can be adopted, however the BZ samplinghis work
is performed exclusively using the scheme proposed by MonkhoraetlePack [L7].
It follows the construction of a regular grid of { J K) points.

kijk = ujb; + Ujb2+ uybs (233)
with = (2i | 1)=21,u =i J L= andu=(Q2i K 1)=2K.

As the charge density obeys the same periodicity as the externaitpntial, Bloch's
theorem can also be used for the e ective potential in the KS equanhs:

%r 2V (1) k()= i iw(r): (2.34)

Therefore each KSO is also a function of k and the charge density mwmsimilarly
de ned through the summation

X Xk
(r)= Lo fud w(Di% (2.35)
k2Bz i
The density of the sampling scheme is now dependent on the size oé tBZ
and the k dependence of the KSO's. However, the size of the BZ isamsely
proportional to the lattice constant, resulting in the possibility of laver sampling
point densities for larger real-space cells. The actual quality of theampling
for a particular system in principle needs to be determined for eactrgperty
separately.

2.1.6 Pseudopotentials

The use of pseudopotentials is a very important step in the ab-initio adelling
of large scale systems. The central idea is that only valence eleascshould be
included in the charge density, as core electrons can be considet@dbe chemi-
cally inactive. The absence of core electrons is then compensatgdabmodi ed

nuclear potential. This idea ties in nicely with DFT, as the KS equationsleeady

13
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rely on a modi ed e ective potential.
The pseudopotential approach parameterises the external gotial for each chem-
ical species. This parameterisation is commonly done by utilising all elissm
ab-initio methods to ensure consistency, with several methodsgmosed for con-
structing these pseudopotentials and their parameterisation. M&ver, high accu-
racy and transferability is obtained by constructing pseudopoteials with norm-
preserving states. A popular example for such a norm-preservipgeudopotential
is that of Bachelet, Hamann and Schiater 18].

Norm-conservation is de ned through a cut-o radius, beyond with the pseudo
valence electron wavefunction agrees with the respective wavaftion obtained
by an all-electron calculation. In addition the integrated charge muse identical
for the two wavefunctions within the cuto distance [L4]. The norm conservation
thus results in the equality of the total integrated charge for edcwavefunction
with that for the all electron wavefunction. The functional shapeof the resulting
pseudo-wavefunction is also chosen to be smooth at the cuto badary including
it's derivatives.

The construction of such a norm preserving potential is done by germing an
all electron calculation on a single (radially symmetric) atom and calculimg the
KSO's. The e ective all-electron potential is
z z n(r9

Vers (1) = — +

r T r(]dro+ Vye[N(N)]; (2.36)

wherer is the distance from the nucleus. The e ective pseudo potential ifasen
to be non singular at ¢ = 0); A function f (x) is introduced that is equal 1 at
x =0 and tends to zero asx > 1:

+of — (2.37)

r
V()= Ve (F) 1 —
eff,l ( ) eff ( ) RCI RC|

the parameter R, is the cuto radius, which has to be chosen carefully to en-
sure accuracy, whileg is adjusted to match the lowest energy eigenvalue for each
angular momentum| with the all electron case. Note that this dependence on
the angular momentum makes the potential non-local. The groundate pseudo
wavefunction of this initial modi ed potential must match its all electron equiva-
lent (outside of Ry). The pseudopotential capable of generating this normalised
wavefunction can be found by inverting the Schredinger equatioat the energies
of the matched eigenvalues. The resulting potential contains them modi ed

14
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electron-ion potential as well as part of the exchange correlati@and Hartree po-
tential and can usually be separated into a non-local and local part

The particular implementation used within this work have been develaud by
Hartwigsen, Goedecker and Hutter]9 and includes relativistic separable, dual-
space Gaussian pseudopotentials as well as non-linear core ctioes (NLCC).
NLCC are particularly important for Group-Ill elements (such as G and In)
as here the semi-core d states overlap more strongly with the vatenp states.
Therefore the exchange-correlation potential is non linear and

Vic(Ne; Ny) = Vye(Ne) + Ve (Np) (2.38)

can no longer be assumed. See Louie et &([for a discussion of a method to
produce NLCCs.

2.1.7 AIMPRO code implementations

All DFT calculations in this thesis have been performed using the AIMRO code,
which has been developed at the University of Newcastle and is in udesav-
eral groups in Europe 21]. It uses Gaussian basis functions to expand the KS
states, enabling e cient simulations. Many other DFT codes insteadise a sim-
pler plane wave expansion, which allows for easy control of the acacy of the
solution, however the expansion of KSOs as a sum of Gaussian fumaes$ requires
fewer terms and therefore allow for a much smaller set of functiobhs solve the
KS equationsp?], enabling the convergence to be achieved more rapidly. In ad-
dition AIMPRO is capable of including pseudopotentials and allows a chaoof
either LDA [16] or GGA [23 functionals for the estimation of the exchange cor-
relation energy. The results presented here have been obtainetesy within LDA.
These features enable the AIMPRO code to perform very e cient BT-calculations
for structures containing up to hundreds of atoms on a desktop aohine. How-
ever, recent advances have resulted in the development and impéstation of
the basis lItration principle [24] within the AIMPRO code. Usual local basis
codes using direct diagonalisation to solve the eigenvalue problemuizg O(N °)
steps, whereN is the number of basis functions. The ltration algorithm e ec-
tively reduces this by dynamically building a smaller contracted basispasisting
of 4 basis functions per atom. For an original basis of 16 function®mpatoms
this results in a theoretical speed gain of (%)3 = 64 [24], while retaining the
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accuracy of the original basis.

In order to solve the KS equations, the AIMPRO code applies a direciagonal-
isation method. Speci cally, it expands each KSO into basis functiofs ; with
coe cients ¢®. This takes the usual form § denoting the spin)

X
s = c®'i(r): (2.39)

i=1
The quality of the above expansion is only limited by the suitability of thebasis
functions and their quantity N. The normalisation of a KSO is then expressed
as Z ) X
j s(r)jcdr = ¢’¢’ S =1, (2.40)

j

whereS; denotes the overlap matrix, de ned through:

Z
S = () () (2.41)

The spin dependent charge density in this notation is then repreded as

X X
()= B0 B= fletg (2.42)
ij
With I being the spin dependent charge density matrix. The self consisten

minimisation of the KS equations can now be done with respect to theigntities
G’ " 14
X X
—+ Elf] w  SiG%¢® 1 =0: (2.43)

| O;SO ij
The di erentiation can be done formally using

E X E by X
mor - Y (244)

4 The basis functions are typically Gaussian within AIMPRO and will there fore be treated in
this section as real valued for simplicity as opposed to the usual coptex approach. Important
to note is that for periodic Bloch functions the complete complex treatment is required.
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where the Hamiltonian matrix A is de ned through

E
HE = B (2.45)

Therefore a matrix equation has been constructed

X X
Hic® = s Sj ¢® (2.46)

j j
which has the simple form of a generalised eigen-problem

(A S)=0 (2.47)

and can be solved through common linear algebra metho@5]. The self consis-
tency cycle itself consists of

1. building the Hamiltonian A in a chosen basis,

2. calculating the overlap matrix and formulating the eigenvalue prdbm in
equation (2.47),

3. performing the diagonalisation and updating the density matrixb as well
as constructing the charge density with equation2,42).

Having found a new density matrix at the end of a cycle, stefl) can be repeated
starting a new cycle until the di erence in the solution (commonly withrespect
to the total energy) is su ciently small.

Choice of basis set

In order to solve the eigenvalue problem posed by the KS equationssitnecessary
to use a suitable basis set spanning that function space. A very comn and
orthogonal choice are plane waves, resulting in the expansion bedog:

X
s(r)= Cs (G)exp(iGr); (2.48)

G

where G is a reciprocal space vector and the summation is done up to a cuto
value. The advantage being that the quality of the basis set is easilyjastable
by increasing the cuto energy and a straightforward incorporabn of periodic
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boundary conditions.
The basis set used in the AIMPRO code however are Cartesian Gaassin
nature, with the form:

)= (x R)™MY Ry)™(z Rp)exp  i(r Ry)?: (2.49)

The basis functions here are real space representations and eeatred around
the atom positionsR;, where the ; are atomic type dependent coe cients that
need to be optimised for each species and bonding type. The coeig ny,n,,N3
are integers and vary the nature of the basis function betweens-, d-, ... type?®
Linear combinations of these Gaussians can be chosen to transfdike spheri-
cal harmonics under rotations 22]. The Gaussian basis set requires only a few
functions per atom, is real valued and has easily determined overlagtrices, for
example two s-type orbitals:

3=2

i ) N2
. exp =+ ,-(R'+R’) (2.50)

00 —

and similarly for higher momenta. Therefore utilising these orbitals rpiires little
computational time and memory. In addition a Gaussian basis set is meosuit-
able for pseudopotential calculations as core states in an all-elewircalculation
deviate too strongly from a Gaussian form requiring many function® expand
them.

However, contrary to the KSO orbital construction, the chargelensity is repre-
sented as a plane wave expansion within AIMPRO and thus is dependem a
cuto frequency.

Filtration principle

Basis set Itration is a method to drastically reduce computational ime for each
self consistency step in a DFT calculation. It does this by rede ninghe eigen-
value problem in a subspace consisting of fewer states, and more aripntly a

reduction in basis functions, by projecting only a subset of local @gfunctions
that contribute to each chosen diagonalisation. This requires anigmal basis set
of localised orbitals such as Gaussian orbitals and a restructuring thfe eigen-

5 A s-nature results when all n coe cients are zero, if only one cpe cient deviates to be
equal 1 the basis function acquires a p-type and the six choices of ; n; = 2 incorporate a
combination of 5 d-states and 1s state.
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value problem p4].

The ltration of the basis set is performed by de ning a function of he Hamilton
operator F(H), chosen to suppress eigenvalue-eigenfunction pairs accordingat
Fermi-Dirac function f (x) operating at high temperature (this is separate from
the electron temperature introduced earlier in the charge densityonstruction).
In a non-orthogonal basis this becomes

cf ( )c'Sjti = FSjt9; (2.51)

whereF acts on a test function, Itering out components so that the remiing
ones lie predominantly in the desired subspace. This lItration is rep&ad until
the space is su ciently spanned, creating a smaller diagonalisation pblem.
Until this point Itration has not introduced any approximations. Ho wever there
have also been no computational savings, as the construction ¢fet Itration
is as costly as the diagonalisation of the original problem. Therefotke ltra-
tion must be constructed locally for each atom positionK;, with | = 1;:;;M)
and only approximately includes all basis functions by restricting itsupport to
surrounding atoms within a cuto distance, the Itration radius. From here sub-
space Hamiltonians and density matrices can be constructed and gimalised
separately. Subsequently the full charge density can be recansted. This |-
tration radius is therefore a quality parameter and by increasing itd in nity the
original solution is achieved.

19



2.2. SW-potentials Theoretical framework

2.2 Interatomic potentials

Interatomic potentials utilise the fact that, in principle a system's tdal energy is
a function of atomic types and positions. These potentials can als@ lused for
Molecular Dynamics calculations under the Born-Oppenheimer appionation.
Under this constraint, forces can be calculated from the gradiemf the deter-
mined potential.

While ab-initio methods such as DFT can provide such a potential, intatomic
potential methods use a purely empirical approach to the constrtion of the
energy of a given system. Clearly the most prominent advantage smch a for-
mulation its great speed. However electronic interactions and clgge transfer are
commonly not included at all and can therefore not be studied, onlytrsictural
information and total energy is to be gained. Further disadvantags are the low
transferability as these potentials can only give accurate results gituations sim-
ilar to those where the potential parameters were tted for. Thisquality is also
strongly dependent on the functional complexity of the potentialshemselves.
Several interatomic potential forms have been developed, therlsast and simplest
being pair potentials such as hard spheres, Lennard-Jones or M®rmpotentials.
Pair potentials calculate the total energy with

X X
E(ry;ro;iry) = Us(ry3); (2.52)

I J>l

wherer,;; = jr; r;j is the distance between two atoms. A simple example of
which is the Lennard-Jones potential:

Ua(rig) =4A P — ; (2.53)

with A and B being parameters to be tted for di erent atom types. This pair
potential approximates the short range 'hard sphere’ repulsionug to the Pauli
principle with the polynomial r 12 and an attractive part due to van der Waals
attraction with  r © and is as such very suitable functional description of gases
and few solids 26. However in a crystal where directional bonds play a crucial
role it is necessary to add an angular dependent term to the energgtential.
Three body potentials include this information about the con guraton of atoms
and are hence applicable to covalent bonded materia®g]. A popular example
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is the Terso potential that builds on a Morse Pair potential (an exppnential
description of attraction and repulsion) and adds a three body ter on the at-
tractive part that includes the bond angle between three atoms. Ae potential
of choice in this thesis however is one developed by Stillinger and W&} and
has been used here exclusively for structural optimisations on Galjistems.

2.2.1 Stillinger Weber potentials

The Stillinger Weber (SW) Type interatomic potential is a three body ptential
that builds on a Lennard-Jones type two body pair potential. It is cpable of
describing directional bonds and has been originally parameteriseat fgroup 4
elements such as silicon and carb@&y]. The potential itself is a sum of two and
three body parts:

X X

E(ry;rp;inry) = Ua(riy) + Us(rig;na; 1ok ): (2.54)
1J 1IJK

The two body potential incorporates positive repulsive, negativett@active and
exponential terms. The last serves as a decay over the cuto disicea,;,

i Pia

Uy(riy)= Ay 1y By % _— a(riss s a); (2.55)
BN 'y

whereg is the cuto function de ned through

8
< .
ex ifr<a
a(r;;a)=, P a . (2.56)
-0 ifr a:

The three body term Us is similarly de ned, in that it utilises the same cuto
function, however scaled additionally with a parameter. It ranges from zero to
positive numbers depending on the anglg;kx between the three atoms, where
this angle is measured as the smallest angle betweenand r¢ with r, as the

vertex.
Us(rig;fik s k) = 13k 13k COS jyjx COS IOJK ’
ara= s i ay=13) (2.57)
g(rik = k5 1K aK = ix) (2.58)
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(8) SW Pair potential part ( Up) (b) Single SW three body potential (Us) for
Ga-N-N

(c) Complete SW potential for Ga-N-N

Figure 2.1: Figures depict the individual components and the complete 8 type
interatomic potential. The radial part (b) and complete pot ential (c) are those acting
on a nitrogen atom due to one gallium atom at (Q 0) and one nitrogen atom at (19; 0).
As there are only two atoms drawn in gures (b) and (c), a rotational symmetry
develops with rotational axis along the Ga-N direction (x-direction) and as a result the
complete potential can be viewed in a 2D plot. Parameters fothe potential were taken

from [2].
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The parameters and are included to scale the three body to two body potential
and hence regulate the angular potential strength and range, Wi ;¢ deter-
mines the optimum bonding angle. At an angle of 1097 (cos( )= 1=3)
the potential favours tetrahedral bonds. A depiction of the twaand three body
potential as well as the full potential can be found in gure 2.1).

The SW potential with various parameterisations and slight modi caions has
been used before in extended defect studies in group-IIl NitrideExamples in-
clude dislocation core con gurations from 28], [29 and [3]] or stacking faults
and partial dislocations from B1]. In addition ab-initio or semi-empirical meth-
ods (such as DFTB) have been used to compare predictions and c¢onthe
applicability of the SW-potential.

Various SW-parameters for the group-Ill nitrides can be found ithe literature,
which are usually tted to lattice parameters and elastic constantsThe parame-
ters used in this work were developed by Bze et alf] for GaN and were an opti-
misation of the parameters from Aschoune et al. 32]. Achoune et al. originally
used a modi ed version of the SW-potential and optimised the paraeters to re-
produce the experimental lattice parameters, experimental elas constants and
ab-initio results, then claiming that usual Inversion Domain Boundaes (IDB)
are unfavourable in GaN. However, more recent experimental téts proved the
existence of these IDBs. Therefore Bee et al. included slight nth cations to
the parameters and was able to recover to the original form of tH&W-potential
by reducing interactions to zero smoothly before the second nelgiur atomic
distance. These parameters then dier in the prediction of the IDBstability
and match experimental data. Additional comparisons have beenade to ab-
initio modelling with extended defects, con rming their applicability [2]. These
parameters are listed in table 2.1) and have been used for all interatomic po-
tentials calculations in this work. It is important to note that all parameters
are given pairwise, i.e. do not involve a third atom. Therefore;;x = |k and
K = pm= ik are assumed.

The LAMMPS code

All structural optimisations utilising the SW-potential were performed using the
LAMMPS code [37]. LAMMPS is a classical molecular dynamics code, and an
acronym for Large-scale Atomic/Molecular Massively Parallel Simulat. It in-
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(a) Stillinger Weber potential parameters from 2]
a A B

Ga-N | 2.17 1695 325 18 7.917 0.72

Ga-Ga| 1.2 21 325 16 7917 0.72

N-N 1.2 13 325 1.8 7.917 0.72

(b) Wurtzite lattice parameters and elastic constants

a Cc Gi1 Co2 C3 GC3 Cua GCs B
SW 3.19 521 354 140 124 370 97 107 206
exp.l 391 144 108 399 103 124 210
exp? 359 129 92 389 98 115 194
exp. 3.19 5.18

(c) Zinc-blende lattice parameters and elastic constants

a C11 Ci2  Cya B
SW 452 318 149 123 205
calc? 296 154 206 201
expt | 4.49

Table 2.1: Parameters and comparison for the Stillinger Weber potil for Ga,
N and GaN taken from P]. The units for are given in eV while is in A, all
other quantities in table (a) are dimensionless. Elastic constants imble (b) and
(c) are in GPa, lattice constants inA.

1 experimental data from B3|
2 experimental data from B4]
3 calculated from wurtzite by [35]
4 experimental data from B6]
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cludes a formulation of the SW-potential and accepts SW-paraners for any
interaction. The actual optimisations were performed with periodidooundary
conditions using large supercells and a conjugate gradient optimiser
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2.3 Optimisation algorithms

The general de nition of an optimisation is the selection of a best eleant from
a group with regard to pre-de ned criteria. In many cases includinghis one the
pre-de ned criteria is a real valued cost function or energy funin. In addition
the group of elements in which the solution is to be found is often a ssjiace of
R" and speci ed by a set of constraints. Elements of this group areltad feasible
solutions.

f;g; : R"!' R
minimize f (x); x2 R" (2.59)
subject to g (x) O 1=1;:::;m

where f is the objective cost function andg; are constraint functions that can
be equalities. With this de nition it is possible to classify optimisation prdlems
into linear, non-linear a subset of non-linear, convex problems; if éhfollowing is
true for both constraint and objective function:

f(x +y) = X+ f(y linear
f(x +y) 6 f X+ f(y non-linear (2.60)
f(x +vy) f xX)+ f (y) convex

where ; 2 Randx;y 2 R". A convex minimisation problem has only a single
minimum that can be readily found with a variety of optimisation algorithms,
however all other problems may have several local minima and a glologtimi-
sation technique needs to be applied to nd the optimal solutio3{g].

The following sections will introduce only a few select optimisation metids and
their application to nd local or global minima.

2.3.1 Local optimisations

Many optimisation algorithms exist that are well de ned global optimistions
for convex problems such as the simplex and conjugate gradient@lghm. The
simplex algorithm is de ned for linear cost functions and works by sysmati-
cally (iteratively) reducing the feasible solution set by changing theonstraint
conditions until an optimal solution is found. The e ciency of the simgdex algo-
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rithm is usually of polynomial order, however for all its implementatios, worst
case scenarios have been shown to exist where the e ciency drdpsexponen-
tial order. On the other hand the conjugate gradient algorithm we/ e ciently
solves for quadratic cost functions by using local gradient inforrtian in addition.
It is usually much faster than the more simple gradient descent metk, where
the main di erence lies in the assumption of a purely quadratic functio in a
standardized form. However for general non-linear problems, aie many local
extrema can exist, neither of these methods can guarantee tooguce an optimal
solution and are hence treated here as local optimisations.

In this work the prominent optimisation problem consists of a potemal energy
function to be optimized that uses atomic positions as arguments.his function
can be computed with either DFT or SW potentials. Some of the pos$&lo-
cal optimisations for the atomic positions are a downhill simplex (NeldeMead),
simple gradient or a nonlinear conjugate gradient metho#}|. Where in this work
primarily the conjugate gradient option has been chosen for its sapor e ciency.

2.3.2 Global optimisations

In order to nd the true global extremum for a general non-linearoptimisation
problem, global optimisation techniques need to be applied, as theaee com-
monly a large quantity of local extrema (potentially of exponential aler). Op-
timisations for non-linear functions is a eld of active research thahas already
produced a wide variety of methods where generally a heuristic oloshasitc ap-
proach can be taken. Stochastic approaches include Monte Carletimods and
simulated annealing, while heuristic approaches include evolutionarméswarm-
based algorithms. Only a very select few methods will be brie y intrasted here
and compared to the approach taken within this work. The randomesarch algo-
rithm used here, however could be classed as a stochastic methedtaandomly
searches through the feasible set of solutions to nd initial tries.

Simulated annealing

Simulated annealing is a stochastic metaheuristic global optimisatiom¢hnique,
it therefore produces a probable global solution to a given systemlgect to a
guality parameter, the annealing schedule3p]. The method iteratively searches
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for the global minimum of a given system by looking at the neighbouringtates of
an arbitrary starting state, computing the probability of moving to these states
and deciding on the optimal choice. This is done by using a probablity riation

P(E;E%T) for moving from a current con guration with energy E to a new
neighbouring con guration with energy E° at temperature T, which is usually
a Boltzmann factor exp( (E° E)=kgT). The important feature is that the

probability to change into another state is always positive and goe® tl for
any choice with higher temperature. The algorithm then works by asming a
random starting point at a su ciently high temperature that is lower ed with every
iteration according to the annealing schedule until a the con gurabn is frozen
as all probabilities for movement tend to 0. The annealing schedule iserefore
the manner of lowering the temperature, where the probability ofnding a global
optimal solution approaches 1 as the annealing schedule is extendétbwever,
the time required to reach a high probability of nding the globally optimal

solution can be exceedingly long and con rmation of actually nding tle optimal

solution cannot be given.

Genetic algorithm

A genetic algorithm is a type of evolutionary algorithm where the evotionary
process in biology is taken as an example for a metaheuristic optimisat, mean-
ing that an approximate global solution can be found. This has beeregomed on
structural optimisation before for example by Hartke et al. 40]. In this method
the geometry of a particular solution is encoded into a bit string, whitis the
equivalent of a genome of an individual. In order nd the global optimiram
a random starting population is created and according to an energytness\
function parents are chosen from which children are constructdmy combining
the genomes into that of an entire new generation. This is repeateutil a best
solution has been found, subject to the convergence of the ts criteria of the
energy function. A guarantee of actually nding an optimal solutionhowever
cannot be given.

Particle swarm optimisation

The particle swarm optimisation technique is a more recent developmeand
has been applied to structural optimisations before4ll] as well as a very wide
area of other topics 42]. It is an iterative method and works by introducing
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an initial population of particles at random positions in the feasible sotion
space, where each particle is assigned a velocity that determines gtgeange in
position per iteration. The method is inspired by ocks of birds and hece uses
two separate in uences on the velocity of each particle, those atiee individuals
particle's social neighbourhood and its own history. The selection wiich parts
of neighbourhood and history are used is determined by the costnfttion. A
common description of the evolution of the'l particles velocity v;(t) at time t is:

vi(t+1)= Lvi(t)+ AR1(Xni (t)  xi(t)) + BRa(xni(t)  Xi(t)); (2.61)

wherex; is the i" particle's position, x,,; is the particles position with the best
cost function of the " particles social neighbourhoodxy,; is the position with

the best cost function of the I' particles hisory,! ,A,B are constant parameters
and R, R, are random coe cients. With each iteration all particle positions are
updated and the swarm will tend towards the global minimum. Other ariations

of the velocity construction include a global swarm position and cuent global

swarm best particle position. However the performance of the geular particle

swarm optimisation avour including its parameterisation depends sbngly on

the landscape of the problem it is applied td[3.

Random search

The random search method applied in this work is a "brute force” mbabd, mean-
ing that a complete sampling of the feasible solution space is performeSpecif-
ically, this method randomly samples the solution space and perforrtescal op-
timisations from each random starting point. As a result this approeh features
an exponential increase of computational cost with increasing dim&onality of
the solution space, as the number of sampling points necessarydaronstant res-
olution increases exponentially. Heuristic approaches such as theose particle
swarm optimisation and Simulated Annealing tend to be more e cient tlan this
complete sampling, however the clear disadvantage of each heucistpproach is
that it cannot guarantee that an actual global minimum has been fmnd.

This random search global optimisation technique for structural mimisations

has been developed and applied previously by Pickard et al26€][44], where
the crystal structure of solid hydrogen was investigated initially. Within this
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approach, the atomic positions inside a region of interest are randsed and
subsequently relaxed using DFT in conjunction with a local conjugatgradient
optimiser multiple times. In fact this randomisation/relaxation cycle reeds to
be repeated as many times as it takes to let the space of feasible sohs to be

mapped so thoroughly that a lowest energy structure has beerufad with a suf-

cient degree of certainty. This can be achieved provided that théowest energy
structures occur disproportionately more often, since the stowural relaxation

algorithm will always tend towards the local minima. This behaviour bemmes
apparent when the resulting distribution of relaxed total energies being inves-
tigated: It shows a normal-like distribution (or Gamma distribution) with clear

spikes towards the lowest limit. In other words the mapping from thepace of
possible starting positions to the set of local minima of the total emgy surface
has more connections or larger basins towards the global minimum.

The exponential increase in computational time for this search mwd stems
from the fact that it is based around a complete investigation of thdeasible
solution space through random sampling of points. However by usithgcal op-
timisations at each random point the exponential cost behaviour aiamplies an
exponential increase of local minima with increasing variables or dimgans. In
the case of an energy functioh with N distinguishable particles in a volumev/
with constant shape and (N) local minima, the general assumption of exponen-
tial behaviour can be expressed as:

. In(( N
NII!En % = ; > 0 (2.62)
The exponential rate parameter can depend on the particle densitN=V and
is specic to the energy/cost function, i.e. depends on the matetiaand the
approximations made. A simple argument for the validity of equation4.62

is is that if a system of N particles is divided into M subsystems withN=M

particles large enough to have independent stable solutions, thelmetnumber of
local minima of the complete system is:

(N)= M(N=M); (2.63)

with the solution ( N) = exp( N ). However, this simple argument assumes
that the function is continuous and scaleable to all system sizes. Amore
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detailed discussion of this behaviour has been made by Stillingdg], where the
exponential increase of local minima is described with upper and loweound
scenarios.
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2.4 Elasticity Theory

Oy
dx
ox
(a) Graphical representation of strain  (b) Graphical representation of stress on a vol-
deformation of an area. ume element. Stress components are symmet-

ric and have thus been labeled.

Figure 2.2: Schematics of strain and stress

In this section a brief review of elasticity theory will be given. The fags will re-

main with linear isotropic elasticity theory and its application on the dispacement
elds of dislocations. Anisotropy will only be discussed brie y for thehexagonal
wurtzite symmetry. For details on the in uence of symmetries on linar elasticity

theory or more precisely its in uence on the shape of the elastic stiess tensor,
please refer to AppendixXA.

Elasticity theory describes the relationship between stress andrain in materi-

als that return to their initial state after deforming (i.e. elastic debrmations).

Stress stands here for an applied force on a surface area elenagmt strain is the
resulting deformation of the volume element. A graphical represeion of each
can be seen in gure2.2 Classical linear elasticity theory is then the restriction
to the regime where stresses are small enough so that the resugtstrain can be
expressed by a linear transformation. Materials are therefore pqoximated as
continuous media rather than a discrete selection of atoms.

Stress has six independent components and is expressed by a sgimigmatrix:

0 1
XX Xy Xz
= % Xy yy yzg (2-64)
Xz yz 7z
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As seen in gure2.2(b) each stress component () stands for a force component
applied to one of the volume's surface areas (de ned through sacke normal).
For instance ,, is the force iny direction on the volume'sx = 0 surface. This
results in the following identity, implying no net internal torque:

i = i (265)

With the inclusion of an external forcef the net force must still be zero and
therefore
@ i + fi = O (266)

holds true. For the above expression, and henceforth, Einsteirsammation rule
Is being used. Similarly the strain is represented by the same matrix tadion:

1

—%W oK (2.67)

zy zz

As can be seen in gure2.2(a), the components for strain can be expressed with
the spatial derivative of the displacement eldu(r). One possibility would be:
_1 @u @
i = lJ . (268)
2 @;( @x
the above de nition of the strain components is symmetric in naturand therefore
results in the neglect of all antisymmetric (rotational) parts of thedeformation.
Rotational parts ! of a displacementu can be described by the antisymmetric

part:

! i = 1- @J @ . (269)

2 @x @x

In addition, it is worthwhile to note for the strain tensor that all volume changing
compressive/tensile elements are on the diagonal, while the volumeeperving
shear strains are on the o diagonal.
As mentioned above the relationship between strain and stresslinear elasticity
theory is described by dinear transformation. The strain and stress components

therefore have the relation:

i = Gk (2.70)
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where ¢ is called the sti ness tensor and is material dependent. The invers#
the sti ness tensors is then called the elastic compliance tensor and can be used
to describe the strain®

Gikl Skimn = im jn ) i = Sikl ks (2.71)

where is the Kronecker delta.
From the above equations and given the linear relationship betweetress and
strain it is possible to deduce that the sti ness tensor has the follang identities:

Giki = Giki = Gjk = Cuij (2.72)

This decreases the number of independent elements of the sti setensor to 21.
Therefore the linear transformation above can be representeding a matrix by
rewriting and as vectors’. In the most common Voigt notation this results
in the following scheme:

0O 1 O 10 1
11 Cia G2 - © . Ci 11
22 Ca G2 : 22
B =B - ' : ol (2.73)
23 : : : 23
31 : - 31
12 Cer - = . . G 12
where j =2 j to preserve convention (this way, matrix components do not have

to be scaled when incorporating all strain and stress components)
Also, it is useful to remind oneself that the energy density can belcalated by

6 It is interesting to note that with included (isotropic) thermal expa nsion the relationship
between stress and strain becomes

i = Gk (w T w)
and
i =Sk wt+ T

where T is the dierence in temperature and is material dependent.

7 Using only the independent elements of the symmetric and tensors to create a 6 dimen-
sional vector (3(3 + 1)=2 = 6). This means that ¢ and s will be symmetric 6 6 matrices
with 21 independent indices (6(6 + 1)=2)
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force times distance over volume, i.e.

1
U= 5 i (2.74)

2.4.1 Isotropic elasticity theory

In this subsection the elastic sti ness tensor and its elements arenaysed for
materials with properties independent of direction. In this case thelements
of the stiness tensor do not change under any orthogonal traformation, i.e.
length preserving unit transformations such as rotations and rections. This
leads to dependencies between the matrix elements and some ofitheecoming
zero (details in AppendixA). In terms of shape of the sti ness tensor, an isotropic
material is very close to the cubic system. For a cubic system thd sess tensor

becomes: 0 1
Ciit C2 C2 O

C2 Cu Co O

C2 C2 Cu O
O 0 O cg O
0O 0O O O cy O
0O 0 O O O cu

o O O
© o o o

Ceub = (2.75)

If, in addition to the sti ness tensor above, complete isotropy is awsidered, the
number of independent elements in the sti ness tensor decreageswo with the
relationship

2Cis = C11 Cio: (2.76)

In fact for anisotropic materials the factor

A= 2o 2.77)

Ci1  Ci2

is called the anisotropy ratio and a deviation from 1 is a measure of aoisopy.
Since at this point only two elastic constants remain independent, it isommon

to de ne
1
= Cg = 1(011 C22) (2.78)
= Cp2 (279)
) +2 = cu (2.80)
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Where and are called the Lanme constants. speci cally is called the shear
modulus, as it is the ratio of shear stress to shear strain. Expr&sg the elastic
constants tensor with Lane constants then yields:

0 1
+2 0 0O
+2 0O
+ 2 0O
Cico = 2.81
=0 0 0 0 0 0 (2:81)
0 0 0 0 0
0 0 0 0O
or the same in index notation:
i = ki T2 (2.82)

At this point, the relations between speci ¢ stresses and resultingtrain can be
guanti ed for each material with several constants. Those inclug the Young's
modulus (E, ratio of simple tensile stress to strain), the bulk modulusg, ratio
of pressure to volume change) and Poisson's ratio,(transverse contraction to
elongation in simple tension). These can be expressed for isotropiatarials:

B = (1t 2t 33) _ L2 (2.83)
1nt 2t 33 3 '
2 +2
E= = g; Moo= 33=0 (2.84)
11 +
— %( 2t 33) - . A — =0 (2 85)
1 2( + )1 22 33 '
and in turn the Lane constants can then be expressed as
E E
=3 : = — 2.86
1+ )» 2)’ 201+ )’ ( )

Planar conditions

Solving for strain and stress elds can be largely simpli ed if a displacesnt eld
is present that is independent of one dimension. In this special caséi erential
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equation for a scalar eld can be constructed in order to solve follatrain and
stress components.
If the independent dimension is chosen to be along the axis the general dis-
placement eld reads: 0 1
U1(X1; X2)
U(X) = @us(xs; X)X : (2.87)
0

This also implies that all derivatives of the displacement eld and by exnsion
stress and strain elds with respect toxs will be zero. Therefore equationZ.66)
without external forces will simplify to

@ @12 _
ax  @x ° (2.88)
@12 @2 _
@x  @x (2:89)

The two equations above can be solved with the scalar eld:

e _ . e _ = @
@ " @ ? @ @x@x

= 12 (2.90)

Similarly, looking at the de nition for the strain eld ( 2.68 under planar condi-
tions one can construct

@n,Bxn_, @y
@3 @% @x@x

(2.91)

Using the elastic compliance tensor for isotropic materials (equatisr{2.71) and
(2.81) to rewrite the above in terms of j; and inserting then the de nition for
will lead to the following di erential equation:

@ @ @ _
@¥+2@%@g+ o3 - 0 (2.92)
r 2(r 2 ) =0 (293)
rt =0 (2.94)

By solving the above equation for (the Airy stress function) one can construct
the general solution for all internal strain and stress e ects urgt planar con-
ditions. This can readily be applied to the edge dislocation as its displanent
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eld satis es planar conditions. By qualitatively selecting relevant pats of the
solution for the Airy stress function the displacement eld for the dge dislocation
can be constructed.

2.4.2 Elasticity theory for hexagonal systems

Hexagonal systems such as wurtzite InN and GaN are anisotrop&s(are cubic),
however they are usually described by a transverse isotropic symtmy. This
means that all rotations and re ections in two dimensions are symringes. At
this point the x3 axis is chosen to be the axis of symmetry, which is the axis
around which all rotations are symmetries and as a result is orthogal to the
symmetry plane. Under these conditions the sti ness tensor carelshown to take
the form (for a complete analysis see AppendiX):

0 1
Cii C2 Gz O

0

C Cai C3 O O

Ci3 C3 Ci3 0O O
0O O O cg O
0O O O O cyg O
0O 0 O O O cs

Chex = ) (2.95)

O o o o

where the additional relationshipcgs = %(cll C1») reduces the number of inde-
pendent matrix elements to ve.

In the case of a hexagonal system the elastic moduli described @b or isotropic
materials are not as simply expressed, as there is now a unique dir@at For the
Young's modulus we separat&r = = and Ep = -2 = -2 as the planar and

transverse part. Similarly the Poisson's ratio and shear modulus henseparate
values forxz = yz and xy directions.
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2.5 Theory of Dislocations

The following discussion of dislocations fol-
lows the description given in46] but does
not go into great detail. It utilises the prin-
ciples of linear elasticity theory outlined in
the previous section as a description of the
long range deformation of general disloca-
tions.
A general line defect is a one dimensional
defect that can be classied with a line Figure 2.3: Schematic of the integra-
direction and a Burgers vector. The line fion path for a Burgers circuit
direction describes the path of the defect
through the material while the Burgers vector is a measure of theystal de-
formation that is caused by the defect. The Burgers vectoB can be de ned
using the displacement eldU (r) that represents the deformation from the per-
fect crystal. The local Burgers vector is hence given by the line irgeal around
the defect lineL, which is taken using a curveC in a right handed sense:
I

B = . %Sds: (2.96)
A line defect whereB 6 0 is then called a dislocation. In a crystal, it follows
that the length of the Burgers vector is constrained by the natw of the crystal
lattice. This enables the de nition of a perfect dislocation as a line de€t with
a Burgers vector that is a linear combination of integer lattice vects, while a
partial dislocation is a line defect with a Burgers vector containing &ctions of a
lattice vector.
As a perfect dislocation is only classi ed by its Burgers vector and lingirection,
two limiting cases can be identi ed in the extrema of the relationship aheir rela-
tive direction. When line direction and Burgers vector are orthogal the perfect
dislocation is called an edge dislocation, while the parallel case is desedlas a
screw dislocation. Consequently any other perfect dislocation cae decomposed
into its edge and screw components, including the long range straield within
linear elasticity. Although pure edge and screw type dislocations asemmonly
present in materials a \linear combination” of those can also be foundalled the
mixed dislocation.
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(a) Screw Dislocation (b) Edge Dislocation

Figure 2.4: Schematic of a screw and edge dislocation. Burgers weds shown
in red, line direction in green and Burgers circuit in purple.

2.5.1 Screw dislocations

A screw dislocation is a perfect dislocation with a Burgers vectds parallel to
its line direction, therefore
L Bs=0 (2.97)

holds true. A schematic of a screw dislocation in a cubic lattice can beuind
in gure 2.4(a), where the line direction, Burgers vector and Burgers circuit are
depicted.
At this point isotropic elasticity theory (section 2.4) is applied to a straight screw
dislocation for a quantitative description of the resulting crystal éformation. The
deformation necessary to produce such a screw dislocation in potaordinates
can be deduced from gure2.4(a)to be a smoothly increasing displacement from
0 to Bs with the angle (0 to 2 ) around the dislocation centre. Therefore the
displacement eld U(r) for a screw dislocation inxs direction will only consist of
one non-zero component:

Uz = % = %tan ! z—i , (2.98)
wherer By is the length of the Burgers vector. From the singular nature of #
displacement eld at x = 0 it can already be seen that linear elasticity theory
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Figure 2.5: Non-zero strain components for a screw dislocation in &otropic
medium with a Burgers vector length of 2A.

will not be applicable close to the dislocation centre. In fact the thshold inside
which elasticity theory breaks down and the atomic con guration in aeal cell
is not being described correctly by elasticity theory any more is maekl by the
so called the Dislocation Core Radiu®.. Therefore elasticity theory is only
applicable to regions away from the dislocation centre and will only besead in
the analysis chapters to ndR. itself and verify dislocation centre positions.

From equations .68 and (2.98 it can be determined that for a screw dislocation
the strain components become:

11= 2= 33= 12=0 (2.99)
_Bs x _ Bscos()

8= 777y Vo4 q (2.100)
B B si

13 = s_ Y- _ssm( ) (2.101)

and with the elastic constants for isotropic mediaZ.81) the stress components

become:
1= 2= 3= 12=0 (2-102)
Bs X Bs cos()
= = 2.1
8= 5 ey 2 1 (2.103)
B B i
13 = - Y s_sin) (2.104)
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It can be seen that the elastic stresses and strains do not haveyatensile or
compressive parts, consisting solely of shear components thatyomary in the
plane orthogonal to the line direction.

Elastic and dislocation core energy

As now all strain and stress components of the screw dislocationvieabeen de-
termined, the energy density of the strain eld as de ned in equatio (2.74) can
be derived and becomes:

B2  sin?() . cog( )

un = 355 0 > (2.105)
B2 1
= §3s (2.106)

The elastic energy density can be integrated
in a cylindrical volume around the disloca-

tion line in order to derive the total dislo- AL
cation energy. However, as mentioned above
the singular nature of the strain eld results R

in a diverging, unphysical situation close to
the dislocation centre. Therefore it is to be
expected that in a real crystal a certain dis-
location core radius exists at which the linear

elasticity theory becomes invalid and a more
realistic atomistic theory needs to be applied
inside. As a result the energy of the strain
eld is only included in the total energy of Figure 2.6: Schematic of the inte-
a real dislocation for the region outside the9ration path for a Burgers circuit

dislocation core radiusR.. The integration

of the elastic strain energy density then becomes:

YA R
Ee=L = U(r)2rdrd (2.107)
Re
B2 R
= In — 2.108
4 "R (2.108)

Where L is the integration cylinder length in the line direction. The elastic
energy Eg is also divergent asR ! 1  and therefore means that the elastic
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energy cannot be used as a measure to describe a dislocation. Hewewithin a
cylinder of radiusR around a screw dislocation the total energy is:

ESCeW=| = E o=l + Eq(R)=L: (2.109)

And thus in elasticity theory the dislocation core radiusR. and dislocation core
energy Ecre are de ned as the minimum distance from the dislocation line to
where the elastic energy describes the crystal well and as di ernof the elastic
energyE, outside the core radius and the total dislocation energhg >,

The above description of the screw dislocation elastic elds and eggrhas been
for isotropic media only. However for hexagonal or even orthorinbic systems
there will be a di erence in the primitive Burgers vector lengths for &rious di-
rections and as a result the energy density in the dislocation straineld will
be directionally dependent. The forces on atoms will also have di arees in
direction, since the two shear stress components in the case okdgonal mate-
rials have di erent shear moduli if the line direction is not perpendiculato the
isotropic plane. However, these issues will not be discussed henghter, for an
analysis of dislocations in anisotropic media refer t@|.

2.5.2 Edge dislocation

An edge dislocation is a perfect dislocation with a Burgers vect@&, orthogonal
to the line direction L:
L Be=0: (2.110)

This means that topologically speaking the edge dislocation is obtainbeg insert-
ing a half-plane of lattice sites into the crystal perpendicular to bdtline direction
and Burgers vector which terminates at the dislocation line. This cabe seen in
the graphical represention of an edge dislocation in gur2.4(b), where a Burgers
circuit is drawn around the dislocation line, revealing the Burgers vear for a
cubic lattice structure.

The displacement eld of the edge dislocation can be found by acknkagging
the applicability of the constraints of planar stress. Which is to sayhat the dis-
placement eld acts only in two dimensions and is independent of the itlal. All
non-zero components lie in the plane orthogonal to the line directicf the edge
dislocation. Therefore solving for the Airy stress function2.94) will provide a
general solution for stresses in the two dimensional case without@rnal forces,
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including the stress distribution for the edge dislocations.
Solving for becomes much easier when considering another scalar function de-
ned as:

=( ut 2)=r2: (2.111)

This results in equation .94 simplifying to the Laplace equation:
r* =r? =0 (2.112)

which reads in polar coordinates as:

@, 10,10
2 @

@i r @r =0 (2.113)

The standard solution to this can be found readily by realising that ta is
separable in its variables. However, only part of the solution corqgsnds to the
long range eld of the edge dislocation. By qualitativeley analyzing thgeometry
of the edge dislocation and only incorporating long range strains (@és can be
found in [46]), the relevant part of the general solution can be identi ed to be:

e = ?sin ; (2.114)

where is an unknown constant at this point. Which yields for through
integration:

e = Er Inrsin (2.115)
The constant can now be found by producing the strain function with the above

solution for and integrating along a Burgers circuit. The result should therefer
be equal to the Burgers vector, which means that

= %: (2.116)
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Inserting into the equations for the stress (see sectidh4.1for details) will then
produce:

Be X2(3X3+ x3)
= 2.117
11 20 ) " ( )
Be XZ(X% X%)
= 2.11

Be Xl(X% X%)

= 2.119
25 @y e (2.119)
Be X2
= —— 2.120
13= 23=0 (2.121)
and for the strain, by use of the compliance tensor:
Be X2 XoX2
= ——— (1 2)=+ 2.122
= — (1+2 )5 —= 2.123
Be X1(X§  x3)
= 2.124
2c Tay (2.124)
3= 13= 23=0 (2.125)

and nally, the displacement eld can be found by integrating the stain ten-
sor and setting the constant of integration foru; with the boundary values of
ui(x1;0) = 0. The constant of integration for u, is set toC = b=3 (1 ) in
order to create a symmetric expression iR; and X,. This is done in analogy to
[46, 47

Be 1 X2 1 XX
X = — t - 2.126
U1(X1; X2) 5 an X1 21 ) r2 ( )
Be 1 2 1 x? x3
: = —_ = | + S 2.127

The above solutions for strain, stress and displacement eld arodnan edge
dislocation can be seen in Figurg.7.
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(a) Displacement eld u(r) (b) Strain 11

(c) Strain 1> (d) Strain 2

Figure 2.7: Strain components and displacement eld of an edge disibion
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Elastic and dislocation core energy

The elastic energy density for the edge dislocation and its subsequeylindrical
integration can be done in analogy to the screw dislocation arriving éhe form
for the total dislocation energy:

Eedge(R) B Ecore . B2

R
e .
[ 3 i1 ) log R (2.128)

2.5.3 Mixed dislocations

Mixed dislocations are perfect dislocations that have a Burgers wec B, that
can be decomposed into edge and screw dislocations.

Bs (Bm L)L (2.129)
Be = L (Bm L) (2.130)

Within linear elasticity any elastic eld of a dislocation that is a linear combina-
tion of edge and screw dislocations can be described by a simple additxd their
component strain and stress elds. Due to the fact that mixed diskmations will
not be discussed within the results of this work, no detailed descriph of their
elastic elds will be given here.

Elastic and dislocation core energy

It is possible to describe a general mixed dislocation total energy Withe ex-

pression

E mixed (R E k( )B?2 R
I_( ) _ oo (4) Tlog - ; (2.131)
C

where is the angle between the Burgers vector and the line direction of the
given dislocation.k( ) is then an energy factor and depends on and the elastic

medium. Assuming isotropic condition it takes the form

HJ
k()= cog +Sl'n

(2.132)
This expression can be found by following the same procedure as tloe screw

dislocation, however including a linear combination of edge and screwsldca-
tions. The somewhat lengthy construction is also not shown here tboan be
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found in [46] or [47].

2.5.4 Partial dislocations and stacking faults

Partial dislocations are dislocations with a Burgers vector length & fraction of
the underlying crystal lattice vectors. Therefore a lattice mismath has to exist
along the dislocation line during the Burgers circuit, creating a staakg fault.
This can occur in crystals where the primitive unit cell is composed ofuttiple
atoms, allowing for atomic neighbours that are not in their native coguration.
For speci c examples of partial dislocations in the wurtzite lattice plase refer to
section3.3.2

In an in nite crystal, a stacking fault is a two dimensional structure that is
bounded by partial dislocations at either site. These patrtial dislot@ns together
have then a total Burgers vector of integer lattice vector repeéa Therefore they
can be created by a dissociation of a perfect dislocation. Howeverr@al crystals
partial dislocations and therefore stacking faults can be created various ways
including errors during growth that can also be bounded by the swate.
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CHAPTER3

Group Il Nitrides fundamentals

This chapter covers the properties and applications of the Groupt nitrides and

provides a review of the literature on these topics. First the fundaental prop-
erties such as the crystal lattice and mechanical behavior and gt challenges
are discussed. Then the electronic properties are discussed witheamphasis on
GaN and InN including surface properties and point defects such aative point

defects and dopants. Last but not least the most common dislogan types in

wurtzite material are presented including their occurrence and ect in GaN and
INN.

3.1 Mechanical properties

3.1.1 Crystal structure

The group-IlI nitrides are usually associated with indium, gallium and laminium
nitride, however the group-Ill also includes boron and thallium. Whileéboron
nitride can form as a polymorphic solid under normal conditions with seicon-
ducting properties and can even be used to construct boron nitednanotubes,
thalium nitride (Th 3N) is only stable in ammonia solutions. As a result henceforth
only indium, gallium and aluminium nitride will be considered. These groupH
nitrides are composed of two atomic types and can therefore forimetero struc-

49



3.1. Mechanical properties Material fundamentals

ture semiconductors. In addition, a tetrahedral coordination isdund to be most
stable, which means that all three compounds are commonly found anwurtzite
or zincblende structure, with wurtzite being the more stable con gration.

The zincblende structure features a cubic lattice where all atomsate the same
tetrahedral coordination making this similar to a diamond cubic con gration,

but where next nearest neighbours are of alternating atomic tyg@oint symmetry

group T4). The wurtzite structure is also composed of tetrahedrally coondated

atoms with alternating atomic type, however there are two distincbonding sites
present in a unit cell in a hexagonal lattice (space grou@g,). Figure 3.1 dis-

plays the wurtzite lattice including its lattice vectors and the major ganes: polar
c-plane (0001) as well as non-polar a-plane1(Q0) and m-plane (210). While

the zincblende structure can be fully classi ed through its lattice aostant, the

wurtzite structure is further specied by the ratio of its two lattice constants
c=aand the internal parameteru, that determines the nitrogen group-Ill bond
distance in the c-direction. The ideal wurtzite structure providesdentical bond

lengths for all atoms, in this casec=a= Zp 2=3 and u = 3=8 and each atomic
type features a hexagonal close packed sublattice.

First principles DFT-LDA (section 2.1) can predict structural parameters well
for the group-IIl nitrides, even though the 3 and 4d electrons in GaN and InN
bonding respectively are not included in the pseudopotential metdoactively,
but are commonly included into pseudopotentials via NLCCs (see sixt 2.1.6).
The interaction of the outer d electrons in the group-lll atoms and thep-shell
electrons of nitrogen create a repulsion term that is often incorctdy handled in
even an all-electron DFT calculation 48 and results in a shift of the energies
of the valence band. However total structural energies and trefore structural
parameters are not a ected as strongly. A comparison of LDA-DF predicted
structural parameters can be found in table3.1

The hardness of the materials, as speci ed by the bulk moduld, reduces the
heavier the group-Ill atom is. In addition, InN in the wurtzite structure has the
largest lattice constants of the group-Ill nitrides, but is still the most dense at
6:81 gcm®.
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(a) Non-primitive unit cell of a wurtzite crystal
depicting planes and lattice vectors

(b) c-plane (0001) (c) m-plane (1100) (d) a-plane (2110)
Figure 3.1: Depiction of the wurtzite lattice. Atoms are represented by a ball and stick

model, lattice vectors are represented by red arrows, greesurface represents c-plane,
blue surface a-plane and yellow surface m-plane.
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Table 3.1: Structural parameters for AIN, GaN and InN. Computedvith LDA-
DFT, lattice constants are given inA, bulk moduli in Mbar.

zinc-blende wurtzite
a B a (o c=a u B
InN 5.0 - 354 571 161 0375 -
1150 14| 354 576 163 0377 1.4
exp’ - - 3.538 5.703 1.612 - -
GaN - - 3.18 521 164 0376 -
11452 19| 319 522 164 0.376 2.0
exp’ - - 3.189 5.185 1.626 - -
AIN' | 431 21| 306 494 161 0.378 2.1
exp’ - - 3.111 4.980 1.601 - -
1 Ref 49
2 Ref 49
3.1.2 Growth

GaN and InN crystals are usually grown using molecular beam epitaxWMBE) or

vapour deposition methods such as MOCVD and HVPE, on sapphire silicon
carbide substrates. This creates a large lattice mismatch of up t®@% for InN

which in turn causes creation of high structural defect densitiesThe sapphire
growth supports growth for multiple directions. For c-plane growt this means
that interfaces are created at the polar c-plane, resulting in theofmation of
strain elds that result in the creation of electric elds due to the pieoelectricity
of the wurtzite structure on these polar surfaces. However, ¢hmagnitude of
these strain elds depends on the lattice mismatch, mis t dislocatiomensity and
growth temperatures.

3.2 Electronic properties

The following discussion of electronic properties is limited to the propees of
wurtzite GaN and InN. As discussed in sectio2.1 any crystal can be described
by its primitive unit cell and its lattice constants, which can be used tae ne the
Brillouin zone. The Brillouin zone for any hexagonal structure is dispjed in g-
ure 3.2 where the irreducible zone is marked including special points. The egg
momentum dispersion of electrons in any in nite hexagonally orderestructure
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Figure 3.2: Brillouin zone for hexagonal symmetry including irreducibleone with
special points marked

can be described by following a complete path around the irreduciblere, such
a description is called a band structure. The integration of the bandtructure
over the Brillouin zone produces the density of states.

The lack of a centre of a symmetry in the wurtzite structure of thegroup-Ill ni-
trides provides the potential for piezoelectricity along the polar dections, which
results in the creation of polarisation when the material is strainedTherefore, a
two dimensional electron gas (2DEG) forms on interfaces with othenaterials [3],
depending on the band o set. The formation of a very narrow widtt2DEG and
the high electron mobility (> 3000 cnd=Vs [4]) can be used for high-frequency
electronics. The symmetry of the hexagonal cell also results in egthpolar or
non-polar structures depending on the crystal orientation. In @ar quantum
well structures a spatial separation of electron and hole wavefttion is usually
present prohibiting e cient recombination[50].

3.2.1 Band structure

The band structure and density states of InN and GaN can be fodrin gure 3.3
The band structure displays the E-k dispersion in reciprocal spaocé the material
for a speci ¢ path through the Brillouin zone and the density of stags displays
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an integration of the electron states over all k-points. The bandap generally
refers to the di erence in energy between the conduction band mmum and the
valence band maximum. In the case of the group-Ill nitrides thes®vo points
both occur atk =0, the -point, making them direct band gap semiconductors.

Group-Ill nitrides and their alloys can have band gaps that easily sm the entire
visible spectrum and are therefore ideal for all applications in optteetronics.
However, the band gap of InN has been in discussion for severadrge The latest
theoretical [51] and experimental 52] results both point to a band gap of G69eV,
which is now widely accepted. The origin of this discussion stems frommet di -
culty growing high quality InN and the challenges to theory in predictig excited
states energies accurately. The low dissociation temperature alN and the high
equilibrium vapour pressure of N over InN create a di cult environment for
crystal growth. Only once high quality (large electron mobility and rduced free
electron concentration) thick InN Ims had been grown, could the xperimental
band gap estimates converge from the original 1.9 eV [(3] to the recent lower
value.

While predicting lattice parameters with good accuracy, DFT-LDA usally un-
derestimates the bandgap of semiconductors. In the case of Iithhas predicted
metallic behaviour with a negative band gap48]. For GaN it predicts a band gap
of around 2.1 eV48]. In order to compensate for the improper approximation
of the exchange correlation functional, alternative methods haveeen applied
by several groups. Before the new experimental narrow bandpaas found,
self-interaction corrected pseudopotentials were applied, yieldirmand gap esti-
mations around 1.6 eV $4]. With the new experimental value, semi-empirical
LDA methods were used to adjust and produce band gaps of 0.85 &Y us-
ing external delta-function potentials p5 and 0.81 eV by adjusting the atomic
pseudo-potentials for relaxation-corrected self interactiorb§]. A rst principles
result of 0.69 eV has also been obtained by employing a GW method ldgmn
Kohn-Sham states $1].

3.2.2 Surface properties

Surface states appear in all crystals due to the incomplete bondiagrangement
and hence large quantity of defect states at the surface. As asudt the Fermi level
is strongly in uenced as it tends towards the Fermi-level stabilisatio energy p7]
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(c) Density of states for InN (d) Density of states for GaN

Figure 3.3: Band structures and density of states for InN and GaMNomputed
with DFT-LDA, the valence band edge has been set to zero, the ar energy
has been marked by a red line in the band structures.
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and is pinned by these states. Depending on the relative position dfet defect
statest the Fermi level pinning at the surface can act to createcBottky-barriers

when contacted. Due to this surface Fermi pinning e ect and thexpected po-
sition of the Fermi stabilisation energy within the conduction band, acharge
accumulation layer is expected to form in INN§8]. DFT calculations present
evidence that this charge accumulation exists for InN on polar sades while it
remains negligible on non-polar surface§9, 60]. The charge accumulation layer
is present for both n-type and p-type InN, creating an n-p jungbn on the surface.
This complicates the analysis of Hall-measurements of p-type Ini§][

3.2.3 Vacancy defects

While the properties of the ideal bulk are important, a real materiaivill contain
defects, including both deliberate and accidental doping and alsotne defects
such as vacancies. Of the two types of vacancy defects, the agen vacancy has
been shown by ab-initio methods to be energetically more favourahbte equilib-
rium bulk conditions. It also acts as a source of electrons, eithertang as an
n-type dopant or to compensate p-type doping. For InN the forattion energy of
the nitrogen vacancy varies with the level of background doping dris lower for
p-type material [6]. It was also found that in n-type conditions the neutral charge
state is favoured, which results in the formation of \nitrogen vacacy clusters"B1]
and regions with higher In-content creating metallic regionp).

Doping

The intentional incorporation of impurities in order to control the dectronic be-
haviour of a material is called doping. These impurities are usually singégéoms
creating point defects but can be clusters of these. In the case@aN common
choices are silicon or oxygen for n-type doping and magnesium toyp¢ dope.

In the case of INN many sources act as n-type dopants. For insta hydro-
gen interstitial or substitutional sites have been shown to act asodors. While
being inferior electron donors, interstitial hydrogen is a shallow siteydonor, sub-
stitutional hydrogen has lower formation energy and acts as a doke donorp3|.
Even nitrogen vacancy defects can also act as electron donorsl amompensate
p-type doping. Given these sources InN has a tendency for highckground elec-
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tron densities. However, the realisation of optoelectronic devicdepends on the
ability to p-type dope and thus is of major interest. Mg doped InN ha been
shown experimentally by low temperature photoluminescence to aat a p-type
material [64].

3.3 Extended defects

Extended defects such as topological defects represent stragtaxation mecha-
nisms and are present in GaN and InN in very high concentrations, duo large
lattice mismatch of the common growth substrates and the resultgnstrain during
growth. These in grown dislocations are called threading dislocatioiigheir line
direction is not purely orthogonal to the growth direction. On the t¢her hand
mis t dislocations are found perpendicular to the growth direction ad usually
at interfaces and act as strain relaxation.

The precise origin or threding dislocationsin in GaN has been a sourdecontro-
versy [B65]. While it is clear that they commonly form during growth on interfaces
the notion that they form on island boundaries as the islands coalesduring the
initial stages of growth has not been supported unanimously. Otheesults sug-
gest that threading dislocations instead form near the interfacaadependent of
island boundariesh6], where most likely lattice error sites perform as nucleation
sites.

3.3.1 Screw dislocations

Screw dislocations are perfect dislocations with a Burgers vectBrin line direc-
tion L. See sectior? for details. As the formation energy is proportional tgBj
the screw dislocation is most commonly found in J20] and in [0001] directions
with Burgers vectors of%[leO] and [0001] respectively.

Most wurtzite GaN and InN material is grown in c-direction, therefoe the thread-
ing screw dislocation is energetically unfavourable as it's Burgers tecis along
the longer lattice repeat. In addition the strain eld of the screw dikcation con-
sists solely of shear components, which do not in uence the in-planempressive
and tensile strains from the substrate mismatch. In current sta&t of the art InN
and GaN samples there are only about 2-8% screw dislocations. Hesvetheir
intrinsic properties are still very important as they are not directlycaused by the
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interface lattice mismatch during growth. The question of their disloation core
con guration and it's in uence on the electronic properties will be disussed in
chapters4 and 5.

3.3.2 Edge dislocations

In wurtzite GaN and InN pure edge dislocations are commonly foundithr dis-
location lines along the [0001] or [AD] direction, as these provide an orthogo-
nal Burgers vector in the c-plane with the smallest lattice repeat inhe crystal
(B = £[2110]). This results in the smallest strain eld and hence features the
least strain energy. Therefore, as most GaN and InN samples amown in c-
direction the threading edge dislocations are usually most commom|llbwed by
threading mixed dislocations. However, depending on growth conidibs these
ratios can vary widely. In Section6 the threading edge dislocation core will be
studied in detail.
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CHAPTER4

Screw dislocations in GaN

This chapter investigates the fully sto-

ichiometric core structure of the screw

dislocation in GaN with a line direc-

tion along c. The rst section details

modelling parameters for screw dislo-

cations while the later section discusses

an applied global optimisation of the

dislocation core structure. The per-

formed global search allows a system-

atic investigation into possible dislo- Figure 4.1: Schematic of a single screw
cation cores as predicted by Stillinger dislocation in a cubic system.

Weber (SW) type interatomic poten-

tials. An emphasis on strain related issues is given as well as a discussd
the optimisation performance. Electronic structure results forhe predicted dis-
location cores are not presented here but can be found in Chaptgr where a
comparative study of dislocation cores across a wide stoichiometange is given.
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4.1. Boundary conditions Screw dislocations

4.1 Dislocation modelling in periodic boundary
conditions

©
©

©
1®

@ O | @ O
@ O | & O

@ O|& &

G——»

(a) Dipole con guration (b) Quadrupole con guration

Figure 4.2: Comparison of periodic boundary conditions. Shows a plaiew
of screw dislocations in az direction, and mark dislocation centres and
distinguish the sign. Dipole unit cells and lattice vectors,,a,,a;s are marked

The nature of the lattice distortion that de nes a dislocation meanghat it is

intrinsically impossible to model a single dislocation with periodic boundgrcon-
ditions (PBC). The Burgers vector is a measure of the lattice mismel created
by a dislocation and therefore only unit cells where the net Burgeretor is zero
can be modelled in PBC. This can be done by creating a structure withuttiple

dislocations, the simplest of which is a dipole con guration. Anotheraution is
the use of semi-periodic systems, where a dislocation is modelled in Bnclyical

cluster type structure, where only the dislocation line direction is ated with
PBC and the surface of the resulting column can be treated in varisways. The
clear advantage to such an approach is the relatively small numbef aoms to
be modelled and that there is no interaction of surrounding dislocatis with the
dislocation under study. However, with a lack of PBC the electronictraicture

investigation is limited to a set of discrete levels. In addition the treahent of
the cluster surface has a signi cant in uence on the electronic pperties of the
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material, in order reduce dangling bonds on the surface a hydroggrmination
is commonly implemented}7]. As for structural disadvantages, the surface of
such a cluster needs to be frozen during structural relaxation irraer to simulate
strain e ects of the bulk and not of the undesired surface. As a salt the long
range strain eld and with it the exact dislocation line position is arti cially xed.
Therefore, in the case of core structure changes for the sanhester, the strain
eld cannot adapt to the new con guration and it's exact core positon, as will
be discussed in detail later for the supercell approach.

For this work the supercell approach has been adopted for bottrgctural optimi-
sation and electronic structure calculations. With computational @sts in mind it
is best to choose a dipole con guration as the unit cell, however theeare a num-
ber of ways that the PBC can be realised. Orthorhombic boundaryoaditions
would result in an array of dipoles, while the more commonly used PBC st
in an array of quadrupoles, see gurel.2 for details. Historically either choice
has been used in a range of studie§g 69, 70, 71, 72, while the dipole array
has been found to produce a mismatch at the boundaries of the cgli®viously
[73. Therefore the array of quadrupoles condition has been used exsively for
all types of dislocations. However, a study by Lehto et abf] presents a general
solution for the boundary inconsistencies. They conclude that whildne array
of dipoles represents the minimum energy state for the edge typssldcation, in
contrast a quadrupolar PBC for the screw type dislocation appesrto be more
favourable, due to the di erence in the strain elds. Therefore in his work, the
PBC producing an array of quadrupoles are used.

The supercell structure used in this work for electronic structar calculations
was created by repeating a usual wurtzite primitive unit cell 7 times ithe [2110]
and 8 times in the [010] direction, resulting in a 448 atom cell with a single
lattice layer in the [0001] direction®. Subsequently the displacement eld for two
screw dislocations (equationZ.98) with opposing Burgers vectors was applied
to the atomic coordinates, with a core separation of about 22along the [0110]

1 This creates an orthorhombic unit cell of size

7a 8 2sin(1=3 )a ¢ = 22:4A 44:34A 52A for GaN
24:5A 4850A 5:7A for InN;

as the repetition of the wurtzite cell along [0110] incorporates 2 unit cells
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direction. The supercell lattice vectors were then taken to be

7[2110] + 4[0110] + %[0001]

a; =
a, = 8[0110] 4.1)
a; = [0001]

This choice of non-orthorhombic lattice vectors creates an arrayf quadrupoles
as depicted in gure4.2(b). The addition of half a Burgers vector ([0001]) toa;
serves to compensate for the distortion of the unit cell by the sew displacement
eld and ensures a lattice match at the opposite site.

4.1.1 Strain e ects of screw dislocations in periodic bound -
ary conditions

As outlined above a single dislocation cannot be described within PBC. dipole

con guration however can be used with various PBC, where the ay of dipole
structure is unfavourable. Therefore an array of quadrupolesused. A schematic
of such a quadrupole condition can be found in gurd.2(b). These PBC result
in an e ective array of straight screw dislocations arranged in grqas of 4, where
direct neighbours have Burgers vectors opposite in sign. Such ausition could

create a strong strain in uence of neighbouring dislocations on anyarticular

dislocation core. However, in order to model an unperturbed dislatton core,
the creation an environment free of external strain is of high imptance. There-
fore the in uence these conditions create on a single dislocation earegion was
modelled using the analytical elastic eld generated by a screw typasgplacement
eld (see section2.4 for details) in a quadrupolar arrangement under PBC.

Figure 4.3 shows several plots for the two non-zero strain components afch
a quadrupolar array. The dislocation core positions are clearly mas#t by the
diverging strain eld. In addition it shows the strain at a missing disloc&on
in an array of quadrupoles, in order to gain a quantitative perspeet of the
amount of strain in uence of the dislocation neighbours on a single digation
core region in the modelled cell. In order to simulate this only one disldgan in
the centre array is missing, in an otherwise complete arrangemeiitquadrupoles.
For a single cell under PBC this scenario would not be possible to modeie to
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the non zero Burgers vector for the central cell and, as per ddtion the images
in PBC being identical to the unit cell. However, in order to simulate sut a
unique situation the PBC of a normal simulation was represented byepeating
a quadrupole 25 times in a square grid and centring on the site of inést. In
addition typical simulation values have been chosen for this computanal repre-
sentation, i.e. a Burgers vector length of about® with a dislocation separation
of about 25A. Comparing this to usual dislocation core radii of about A, it can
be easily seen that in such a setup the surrounding dislocations halenost no
distortion e ect on the small core region. This demonstrates clelyr the very
low strain in uence of the surrounding dislocations on the core regioof each
dislocation. Thus a quadrupolar array with su ciently large cell sizesprovides
an excellent environment to model unperturbed dislocation cores.
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(@) 13 strain component of a complete(b) ,3 strain component of a complete
screw dislocation quadrupole in PBC. screw dislocation quadrupole in PBC.

(c) 23 strain component of an incomplete(d) 23 strain component of an incomplete
screw dislocation quadrupole in PBC. screw dislocation quadrupole in PBC.

[6]

J

(e) abs() of an incomplete screw dislocation(f) abs( ) of an incomplete screw dislocation
quadrupole in PBC. qguadrupole in PBC (zoomed).

Figure 4.3: Depiction of the two strain components of an array of screw diloca-
tion quadrupoles. Figures (a) and (b) centre on a complete uit cell. Figures (c)-(d)
show the same section of a repeated quadrupolar cell, wherae dislocation has been

removed.
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4.2 Global optimisation for the stoichiometric
dislocation core

Finding the optimal atomic con guration for a dislocation core is a noslinear,
non-convex optimisation problem, as the energy function de ninghie optimal
solution as a global minimum is non trivial depending on the underlying ggpoxi-
mations made. In general it can be seen that there exist many stallocal minima
or even meta-stable saddle point con gurations for any structal optimisation
consisting of a group of atoms. As discussed in sectigr8 such a problem can be
solved by employing any one of a wide variety of optimisation technigsiesuch
as particle swarm optimisations, simulated annealing or genetic algdrins.

In order to employ a systematic approach, the global optimisatiorhtough ran-
domisation scheme was adopted to investigate possible core stures for the
screw dislocation. Details for the optimisation algorithm can be founih section
2.3. The application of which on the fully stoichiometric screw dislocationare
will be discussed in this subsection. As detailed above a quadrupolaray of

dislocations in PBC was used, however for each con guration only @ngle core
of the structure has been optimised. Speci cally all atomic positionwithin a

cylindrical volume around the dislocation centre with a radius of:2A have been
randomised and relaxed repeatedly. In the chosen structure thaas described
in the previous section for GaN this volume encloses twelve atoms, sitrogen

atoms and six group-IIl atoms.

The random nature of the con guration space sampling of the optimsation pro-
cedure results in an exponential increase of sampling tries in order teach a
converged result as the number of optimised atoms increases. Thgans that
when all 12 atoms are included only after up to POtries will a core structure
be fully investigated and all lowest energy structures found with stient cer-
tainty. Therefore using a DFT approach for the structural optimsation is far out
of reach for currently available computational resources. As as@t a SW type
interatomic potential method has been used for the structuraleltaxation during
the global optimisation. As is discussed in sectioh.2 a parameterisation for only
GaN was used because of the sensitivity of the approach to the djtyaof the
relaxation and the excellent performance of the parameters.

65



4.2. Global optimisation Screw dislocations

The typical dislocation core radius of a screw dislocation in [0001] duteon in
GaN is around @\ as discussed in sectio.3, which means that the volume of
the dislocation core is much greater than the optimised cylindrical Wame with
a radius of only 32A. Therefore it could be argued that the size of the randomi-
sation volume does not su ce. However, by de nition the dislocatiorcore radius
is only the point at which classic linear elasticity theory fails and a moredsic
atomistic theory is to be applied. It does not mean that the materiathanges
completely from a bulk-like tetrahedral bond arrangement exacthat the core
radius. In fact | am unaware of any claim in the literature that this wailld be
the case. In addition the structural optimisation, unlike the randmisation, is
not restricted to the smaller centre volume and distortions are allaed to occur
during relaxation which could result in alien core con guration larger han the
randomisation volume. However, this does mean that such core® dess likely to
be found as they fall into only an edge of the con guration space sgling. With
a su ciently large quantity of structural optimisation tries this is no t a problem.

The randomisation and relaxation procedure has been fully autoned using
a combination of Python [74] scripts and the LAMMPS code 87]. A Python
controller program has been developed that sets up local work feld to start a
variable amount of relaxation threads. For each thread a templatguadrupolar
dislocation array structure is taken and in the above mentioned vale around
one of the dislocation centres all atomic positions are randomisédThe ran-
domised version of the template is then placed in a thread speci ¢ wang folder
and a LAMMPS conjugate gradient structural relaxation is starte. After each
relaxation the procedure is repeated until convergence or an ugplimit of the
step amount is reached. The large quantity of randomisation triesnd the speci c
mult-threaded implementation results in a nearly perfectly parallellability of
the global optimisation. Convergence of the result is reached whéme unique
structure count for the lowest energy structure approachesa@nstant fraction of
the total amount of structures. Distinct structures are identi ed by sorting the
total energies into bins with a width of 10 8eV, which is chosen to be su ciently
larger than the structural relaxation tolerance, but small enoug to uniquely dis-

2 An additional constraint has been added to prevent atoms being initally positioned within
0:2A of each other before relaxation.
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tinguish structures.

As the initial and nal structure, as well as the total relaxed enegy, needs to
be stored for analysis for each relaxation step a large quantity oath is being
accumulated. Therefore the controller program parses each goeted LAMMPS

output and stores only the relevant data in a binary data le. A numker of further

Python scripts were created for accessing the data les and s@ogient analysis
of the structures.

4.2.1 Energy distribution

The total energy of all relaxed structures can be displayed as anexgy distri-
bution. Convergence of the energy distribution, showing a high couof stable
dislocation core structures, has been found to occur after5 10* randomisation
and relaxation steps. Figuret.4shows such a distribution after 9 10* relaxation
steps. The structural energies have been displayed after binnialj energies into
narrow 10 8 eV bins, showing the amount of times an individual structure has
been found during the global optimisation, as that bin width is only maginally
larger than the selected accuracy of each local SW optimisation. \Mever, after
applying a gaussian broadening to the obtained energies (see gufé(c)) it is
obvious that the number of structures per energy resemble a s#dical distribu-
tion® with a mean of -3801 eV and a variance of 18 eV. A clear indication ofeth
high probability of nding low energy structures can be seen in the dergence
from the normal distribution of the tail, showing a high count of the laver energy
structures.

In order to visualise individual core reconstructions a di erential éplacement
map (DDM) was created. A DDM displays atom-sites (2 distinct sites imvurtzite
GaN, distinguishable by colour) as circles and the displacement of aigigbour-
ing site in a pre-de ned direction as arrows, where size implies magniter and
scaled to bond-length. As a result a DDM is an excellent method to digy a
speci ¢ strain component in combination with the atomic con guration and its
deformation orthogonal to the viewed plane and hence presentsrare atomistic

3 The structure distribution is close to a normal distribution and a tt ing procedure has been
attempted, although a gamma distribution is expected to be more acurate as this would
account for the existence of a lowest energy structure behavigu
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4.2. Global optimisation Screw dislocations

(a) All total energies binned into narrow (b) Lowest energy structures from (a)
10 %eV bins. The bin height represents the

number of times an individual structure has

been found during the random search.

(c) All total energies from (a) displayed with a
0:08 eV Gaussian broadening

Figure 4.4: Energy distribution of the total energy of the fully stoibiometric core
after 1(® randomisation/relaxation steps shown with individual structure cants
and gaussian broadened.

representation of the continuum strain model. Figuret.5 shows DDMs for the
energetically lowest two unique structures in the energy distributioin a c-plane
view for displacements in [0001] direction. The dislocation centre is mkad as a
diamond symbol.

The lowest energy structure found by this optimisation procedurés identical
to a structure obtained by applying the screw dislocation displaceme eld with

a dislocation core centre at the bond site, therefore con rming sifar results by
Bee et al. [ 29]. This structure is not displayed here for brevity but can be found
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4.2. Global optimisation Screw dislocations

as a ball and stick model in appendixXC. In addition a DDM of this lowest energy
structure is depicted in gure 4.5(a). However the same structure can be found
in multiple variations in the structure energy distribution as there ae several
equivalent bond sites to centre the dislocations that will create a shij separa-
tion in energy due to change in position relative to the strain eld of tle other
non-optimised dislocations of the quadrupole. This convolution of &henergy
distribution with equivalent structures at di erent positions is analysed quanti-
tatively in section 4.2.3

The next lowest energy structure is a new location for the dislocatidine which is
centred near to an atom site, but in between two bond sites (seeuge 4.5(b) for
details). However, in addition to the di erence in dislocation line positia to the
most stable structure, atoms positioned at the site closest to thaislocation line
direction also show displacements in theplane. This structure is separated from
the lowest energy case by only about®eV and exhibits a similar convolution in
the energy distribution ranging around @leV.

A channel centred dislocation line position has been found as well a8V above
the lowest energy structure. This core reconstruction was fodnwith a very
small structure count, suggesting that the SW potentials methogbredicts this
con guration to be meta stable.

4.2.2 Inuence of the strain eld and locating dislocation
cores

As mentioned brie y above, the strain eld of the quadrupolar disloation array
can in uence the total energy of a structure depending on the d@cation centre
position of the optimised dislocation core. In order to quantitativelyinvestigate
this behaviour the strain at each atom positiorr; has been calculated. As strain
is the spatial deviation from the bulk (see sectio.4), this is done by comparing
the tetrahedron formed by the four rst neighbours to each atm to the expected
tetrahedron in an unstrained bulk material. The deviation is evident inthe
vectors describing the relative position of the four surrounding ams u;, =
rn, T3, Wherery, is a nearest neighbour position to; and n = 1:::4. From
the de nition of strain in equation (2.68 it is clear that the relationship between
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4.2. Global optimisation Screw dislocations

(a) DDM for the lowest energy struc- (b) DDM for the second lowest unique
ture structure

Figure 4.5: Di erential displacement map (DDM) for the lowest energ (a) and
second lowest (b) unique structures obtained for the fully stoichmoetric core.
The blue diamond symbol marks the dislocation line position as obtainealy
computational to analytical strain tting.

strained u3, and unstrainedu;, distances for everyn at position r; is
My Uyn = USp; with m; =1+ j; (4.2)

where | is the identity matrix. The matrix mj incorporates the strain tensor
; at position rj in this de nition. In addition, an implicit approximation was
introduced with the assumption that the strain is constant for all dstance vectors
uj, of a single tetrahedron (i.e. ; is independent ofn). However this case
approaches the limit of the continuum de nition of the strain, since here must
be a physically distorted geometric shape that can be compared thet norm
in order to nd strain and the tetrahedron formed by the next neaest bonding
atoms represent the smallest possible shape. As a consequertee strain within
a single tetrahedron at centre-positiom; can be determined using a least squares
minimisation of the euclidean norm over alh:

(o )

minimize jus, myusji? (4.3)

n
Only for strongly distorted centre atoms of a given dislocation corean this al-
gorithm not detect the strain, as there is no atomic con guration pesent that is
comparable to the bulk. Within the lowest energy structure in the gien distri-
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4.2. Global optimisation Screw dislocations

bution there are 2 atoms exhibiting this behaviour.

The computed strain at each atomic position can then be displayed bwpter-
polating the irregular data to a regular grid and averaging along onexe to give
a two dimensional projection. Figuret.6 shows the computed strains for the low-
est energy structure of the performed and above discussed glbbptimisation.
Core regions and the optimised core are marked. It is evident thatrain within
the optimised core is identical to its counterpart in the diagonally oppsite posi-
tion within the supercell.

(a) computational strain 1> (b) computational strain  »3

Figure 4.6: Computational strain for the lowest energy structursvith a fully sto-
ichiometric core. Green circles indicate core regions, while the yelloircte marks
the optimised core. The strain has been obtained by analysing locat\wdations
of the crystal structure from the bulk.

In order to determine the position of the dislocation line centre afteoptimisa-
tion, the computed strain can be compared to the analytical straisolution from
linear elasticity theory for a quadrupolar array of dislocations in PBCThis is
done by a least squares optimisation of the dislocation centre positiand Burg-
ers vector, as these are the only free parameters in the linear #élgsy model of a
dislocation. By de nition the strain within the core region should not ke used in
this parameter optimisation, therefore only strains outside a xeaylindrical vol-
ume of the expected dislocation line position, using a generous radafs 10A,
were included. The Burgers vector was optimised as a test as it shobalways
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4.2. Global optimisation Screw dislocations

be equal to the lattice vector of the total structure in line directim (c direction
in this case). For all parameter optimisations performed the obtaed Burgers
vector was equal to the expected value to withir 10 A.

4.2.3 Strain e ects on the energy distribution

A speci ¢ dislocation core reconstruction will not only be found in a sgle energy
bin, due to a convolution of the energy distribution with the breakingof the lat-
tice translational symmetry by the induced strain eld of the quadupole. This is
primarily a result of the randomisation in the search method, as theubsequent
relaxation process does not guarantee to produce every examgpfea particular
dislocation core at the same lattice position. In fact, the core posin will vary
up to one full lattice repeat in thec plane. Figure4.7is a graphical representation
of the spatial arrangement across the strain broadened bins fioro unique struc-
tures. It was created by determining the dislocation centre positins for the 500
most stable structures of the energy distribution. The dislocatiofine position is
given as the deviation from its location in the quadrupole for the optimsed core.
It is important to note that within a single energy bin, two separate l@ations can
be found provided the sites are related by a mirror symmetry arodnthe zero
point. The size of each point in the gure represents the structer count at that
position and hence the likelihood of nding a dislocation line there.

Given the energy convolution, it is still possible to quickly identify new igher
energy core reconstructions as the total energy only changgsdround 30 meV/A

due to changes in location with respect to the quadrupolar strain. He energy
di erence between unique core structures is usually greater, speally in the

presented case for the two lowest unique structure the sepamt amounts to
0:7 eV. However, there is no reason why this should be the case forsatlictures;
and indeed a general trend can be observed in the energy distrilaut of higher
energy/less stable structures being closer together in energyhi¥ is apparent in
the similarity of the energy distribution to a Gaussian normal distribtion, where
closer to the mean more structures will be found with smaller energgparation.

In order to produce a clearer energy distribution a deconvolutionith respect
to dislocation line position can be attempted. With the ability to determne the
geometric deviation from a quadrupole for each structure the neiing change for
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(a) Lowest energy structure (b) Second lowest energy structure

Figure 4.7: Spatial arrangement of dislocation core centres of aigne core with
respect to its most stable position in the quadrupole strain eld. Thesize of each
point represents the structure count and hence the likelihood ofiding the centre
at the particular position. Distances are given in units of thea lattice vector.

Both structures have been presented in sectioh2.lincluding their DDMs.

the analytic elastic strain energy can be determined and used to adj the total
energy of every structure in the energy distribution individually. Haever, such
a deconvolution has not been attempted as there is no information be gained
from such a process, since only a few distinct low energy structarare to be con-
sidered actual candidates with likely real crystal application and thse are easily
extracted from the data with the tools at hand. In addition, the interent error
introduced in the dislocation line position calculation would result in a largr
uncertainty in the corrected energy for a particular structurehence the energy
bins would have to be larger in order to sort structures correctlyWith larger
energy bins it is also more likely to sort two energetically degeneratggtures
into the same bin, making a thorough investigation more di cult. The likelihood
of exactly nding energetically degenerate distinct structures sens negligible.
However, to my knowledge, there is no way of estimating the likelihoadf nding
such a case.

4.2.4 Dislocation core radii and energies

The classi cation and analysis of dislocation cores in the literature uslly fo-
cusses on the dislocation core radius and energy (see de nitions @ttson 2.5.1).
The dislocation core radius can be found by noting the point of diveegice of
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the cylindrically integrated elastic energy density from the constdrslope in a
logarithmic plot [75][28][76]. With the knowledge of the core radius, the core
energy is easily determined in an atomistic theory by integrating thetam re-
solved energies within the now de ned boundaries of the dislocatiore (see
equation 2.109. However within this de nition of the dislocation core energy, a
guantitative comparison between two separate core structurésimpossible as the
surrounding strain energy is excluded at a di erent point, due to tk di erence in
core radius. It is therefore prudent to compare cores with a coenergy de ned
through a generous upper limit core radius that is kept equal for a#itructures.
In fact within this work, core structures are compared only basedn their total
energy di erence to the lowest energy fully stoichiometric structe, which is the
same approach as assuming a constant radius, up to a constantirgegration.
A complication within this approach is however the strain induced engy di er-
ences for cores at di erent positions. This e ect is being neglectedue to the
relatively low impact (less than 0leV).

The search for the dislocation core radius is further complicated llie broken ra-
dial symmetry of the long range elastic elds due to the quadrupolaarrangement
of dislocations. Figure4.8 displays the energy density for the used quadrupolar
array in PBC computed for the analytical screw dislocation strain &, and de-
termined directly from the relaxed atomic positions. As can be seehd energy
density does not drop o with radial symmetry as it would for a single @loca-
tion. Therefore integrating over a cylindrical volume will not show a dviation
from the constant logarithmic slope as neatly. As a consequenceettislocation
core radius needs to be determined from the di erence betweenettanalytical
and computational energy densities. As can be seen in Figuks, the divergence
starts being signi cant at about 6:9A.

In order to nd the dislocation core radius under the present contons it is
essential to locate the dislocation core position (using the methodittined in
section4.2.2. This provides the possibility to calculate the analytical strain eld
of any individual geometry, which can then be used to compare it tche com-
puted strain at each atom position and note the point of divergencea.e. the
core radius. As the computational strain can only be determined aach atomic
position it forms a discrete irregular three dimensional grid. This irgular grid

74



4.2. Global optimisation Screw dislocations
) K ) ( L) K ) (
-— N

OO DO

N AN
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(c) Dierence around a single core(d) Analytical and computational strain at
(analytical-computational) each atom site from dislocation core centre

(e) Averaged dierence of the analytical and
computational strain density as a function of
distance from dislocation core centre

Figure 4.8: Dierence of the analytical and computational strain eargy den-
sity of the dislocation quadrupole in PBC, computed with the analyticascrew
strain/stress elds and determined directly from the relaxed atont positions.
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can be used directly to determine the core radius, or it can be intesfated and
projected to the c-plane, removing noise and creating a continudata set. The
interpolation method proved to be less in uenced by noise and hene@as used
to determine the radius. With this continual data set the absolute &lue of the
di erence of the analytical and computational strain energy derty can be av-
eraged along the angular coordinate of a radial coordinate systerentred on
the dislocation line position. This creates a radial measure of the dispancy
between the analytical and computational strain. Figuret.8(e) shows the strain
energy di erence determined by this approach. Furthermore, ik di erence does
not only show the strain mismatch in the dislocation core, but all othein u-
ences such as slight inaccuracies in the determined dislocation coosipon. A
mismatch in a single core position would result in an added strain energhen-
sity di erence that extends beyond the dislocation core boundargnd follows a
1=r2 behaviour. Therefore such an in uence can be removed by analygithe be-
haviour of the strain di erence in the outer region. However, onlyhe linear part
can be determined reliably from the tail, as the error in a quadratic ®cient
can be too large and more than one dislocation core position will dewsaslightly.
Subsequently a radial integration of the corrected strain di erece was performed
betweenr = 3:2 and 1A. The dislocation core radius was then determined to be
the point where 99% of the integrated di erence is bounded (see uge 4.8(e)).
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4.3. Discussion Screw dislocations

4.3 Discussion

4.3.1 Core optimisation

In the example presented here, 87444

60

randomisation and local optimisation | | .
steps were performed in order to ob- s

tain a converged energy distribution. gmf ;

The resulting structures were sorted %30’ oot

into 81248 very narrow energy bins, *| & :

which means that most bins only con- ¥ . i

o
3812 3810 3808 3806 3804 3802 3800

tain a single structure. This implies a $oia
Energy [eV]

non-converged result, however looking

at the energy/structure count relation- Figure 4.9: Energy bin size over total
ship of the energy bins in gure4.9, it structure energy for all energy bins cre-

is evident that all low energy bins fea- ated during the optimisation of the fully
ture a very high structure count of up stoichiometric core.

to 52 in a single bin. It is important

to note that the appearance of single structure bins at the lowesinergy range in
gure 4.9represent the same unique structures as the surrounding highuoting
bins, but located at less likely positions away from the quadrupole eijbrium 4.
Therefore, the convolution of the energy distribution due to thetsain e ects on
the dislocation line positiondoesin uence the measure of when an optimisation
is converged. Unfortunately it is di cult to monitor this automatically during
the optimisation procedure, however due to the simplicity of the appach the
optimisation can be resumed at any point until a global minimum has bedound
and veri ed.

With the help of a range of automated scripts structural propeies of the optimi-
sation region, such as dislocation core position and radius, could betermined
for the large amount of found stable, low energy structures. Adis enables an
analysis and identi cation of the relevant part of the large quantityof structural
data, and since the results (see gure4.5(a)and C.5(d) for a DDM and structure)
con rm previous ndings about structural properties of probable best cores(5),

4 See sectiom.2.3for details. The only exemption found for low energies is the channetentred
dislocation core at a relative total energy of 08eV above the minimum
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the optimisation procedure can be seen as successful. Therefaggplying this
technique on non-stoichiometric cores can provide a systematicpapach to solv-
ing the question of the nature of dislocation core structure in anyrgwth situation.

The lowest 500 energy bins in the optimisation of the full core, repenting ap-
proximately 40 unique stable structures, were investigated for i@ position and
radius. No clear dependence of the core radius to the relative disdtion core
energy could be determined. In fact, the core radii consistentlyary between 7
and 85A without a clear dependence on core stability. In addition it is to be
expected that higher energy local minima in the optimisation do not present
realistic core structures, but artefacts of inadequate approxiations within the

SW inter-atomic potentials approach. A theory incorporating eleconic structure

that accounts for non-tetrahedral bonding situations needs toe applied for more
realistic structures. However, as lowest energy cores are sedjtyimepresented
and predicted well within SW and only these represent relevant stctures, a more
in-depth investigation into higher energy structures would be puhg academic.

4.3.2 Optimisation performance

The random brute force sampling optimisation approach used in thisosk and

described in detail above, was chosen for its simplicity and the fadtat it provides

a measure of certainty of nding the actual global minimum. The pdormance,

as measured in the amount of randomisation and relaxation stepjrered to be

sure that the minimum has been found, can only be described as slddowever,

with the use of SW-type inter-atomic potentials the computationatost becomes
manageable on a current workstation machine for the presentectagnple of a
fully stoichiometric dislocation core, where 12 centre atoms are inded in the

optimisation.

Clear limits of the random search method include the exponential baWour of
the computational cost to the dimensionality of the feasible solutiospace. Due
to the nature of the complete sampling of the solution space this grerty cannot
be changed, making larger randomisation areas impossible and hepoghibiting

the investigation into dislocation core structures with more than oa lattice repeat
in line direction. The only performance optimisations to the method tht can be
done involve the increase of the amount and strength of the selarconstraints.
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This e ectively reduces the size of the feasible solution space andultbgreatly

reduce the number randomisation/relaxation steps needed to r@aconvergence
for any system size. However, this step could mean that the globadinimum

is being excluded from the search space and hence care needs ttaken. In

this work no constraints other than a restriction of a minimum near& neighbour
distance have been included. However restrictions of bond angleaagements
or a more homogeneous space allocation in the random arrangemeotild be
considered, but were not implemented as a stable structure for #&skbcation core
is not expected to completely follow the crystal symmetry or spea bond ar-
rangements. A study of the in uence of additional constraints aabe found in

[44] for various structural compositions and situations.

A possible improvement to the randomisation procedure that can bmplemented
without risking a biased result is the reduction in equivalent structues due to per-
mutations. As the randomisation region for the example of a fully stchiometric
core includes 12 atoms of two types, there exist 924equivalent con gurations
for every random structure. A function could be implemented to dmiss new
random points if they are close to any previous try, including all peratations.
However, such a step would not increase the likelihood of nding a glabor more
stable solution to one higher in energy, nor would it decrease the nber of local
minima to be searched, it merely would decrease the total samplingage. How-
ever adding such a distance measure in the con guration space aexcluding
close sampling points could deny repeated sampling of small local miniexergy
basins. In combination with the previously established premise thatteend exists
that the lower the local minimum the larger the energy basin/samplinghance,
this could increase the optimisation performance without imposing dractural
bias. On the other hand this thought could be extended into diverggfrom a
random search to a structured, rasterised sampling of the solutispace, with a
raster separation de ned through the distance measure in conugation space.

5 Permutation of N sites occupied by two types is:

NI 12!
Nga!Nn! 616!
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CHAPTERD

Non-stoichiometric screw dislocation cores

This chapter incorporates a discussion of the modelling of screw distions in
InNN and GaN. As in chapter4 the results presented are produced by implementing
a global search algorithm for the screw dislocation core. Howevérere a wide
selection of non-stoichiometric conditions ranging from nitrogen hcto group-
[l rich as well as open core structures are included in the searchaze. The
core con guration search is performed using an empirical interatuc potentials
method (a Stillinger Weber (SW) type potential) for GaN only. A seledbn of
the most favourable optimised core structures and their electranproperties are
then investigated for both GaN and InN with DFT within LDA.

The rst section in this chapter gives a comparative study of the stictural prop-
erties of all of the studied core compositions that were optimiseding the ap-
proach introduced in chapter4. A discussion of the electronic properties of the
most likely core con gurations and compositions is given in the last s#an of
this chapter. A more complete presentation of the data, includingases omitted
for clarity from this chapter, can be found in appendix® and C.
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5.1. Optimisation Non-stoichiometric cores

5.1 Structural optimisation

In chapter 4 it has been established that the applied global optimisation technique
shows that the proposed energetically most favourable struces in the literature
[75] for the fully stoichiometric cores are indeed the lowest energy gtitures. This
rather unspectacular result emphasises that the proposed methis well suited
to the system under examination, as structurally unrealistic dislo¢eon cores
were all found to be higher in the energy distribution, and the relate energy
separation is large enough to distinguish structures reasonably iveHowever,
the strength of the global optimisation method lies in straightforwed application
to more complex non-stoichiometric core reconstructions, which dégeone by sim-
ply placing varying amounts of atoms inside the randomisation volumeif each
con guration during the optimisation.

5.1.1 Optimisation region

As part of this work, a wide range of stoichiometries were considdrand opti-
mised using the same procedure as described in Chapdefor the fully stoichio-
metric core con guration. For brevity the resulting total energydistributions are
not discussed or shown here, however details can be found in apgirrB where
table B.1 lists a summary of all optimisations performed and gure8.1-B.8 show
a graphical representation of all obtained energy distributions.

In order to identify core con gurations, a labelling convention has éen adopted
that describes a core composition by the number of vacancies it tans. The
fully stoichiometric core is then labelled as (00) which is itself an abbration
for (OVga,0Vy). Similarly (-11) represents a structure containing an additional
gallium atom and a nitrogen vacancy. An additional bond angle convention has
been adopted, where the type of angle is given by three atomic typelices. The

1 A similar labelling scheme has been introduced by Northrup et al. 7], where a core region
also contains 6 gallium atoms and 6 nitrogen atoms. The labelling is then ane by specifying
the amount of atoms by type in the core region, i.e. the (66) core tlere corresponds to the
(00) core label used here and the (65) core corresponds to th@X) core here:

(nM)Northrep = (6 NGF6 MO)re (5.1)

A di erent naming scheme was chosen for this work in order not to imgy a constant core
region size. As a result the (00) core is always the fully stoichiometricore, independent of
randomisation region size
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acute angle is given between the latter atom types, with rst indexepresenting
the atomic type at the vertex.

Comparing energies between structures of di erent stoichiomedss is achieved
by determining the chemical potentials for Ga and N in unstrained bulksaN.
With the chemical potential the thermodynamic Grand Potential can be con-
structed, if the entropy is neglected, due to the relatively low temgratures in
solids. The Grand Potential can be used to easily compare strucalrenergies as
it incorporates the di erence of atoms in di erent structures with the inclusion
of the chemical potential. In the case of SW interatomic potentialthe chemical
potential is found by taking atom resolved energies. A referenceipt for the
energy has been chosen as the lowest energy structure for thiyfstoichiomet-
ric core con guration. It is important to note that this type of comparison of
energies is nearly identical (up to a constant) to using a dislocatioroe energy
for a xed (independent of core con guration and composition) di®cation core
radius. Figure 5.2 shows a plot of these relative energies for the lowest energy
structures of all core con guration considered.

As a consequence of the limitation of A
the randomisation volume, it is only

possible to optimise core compositions
within a certain range. This range is
bounded by the (66) fully open core,
( x6) Ga lled cores and the (6 x)

N lled cores. Where a choice of re-

stricting x to a maximum of 6 has
g >

been chosen. However, this composi-

tion area still incorporates 91 di er-

ent core compositions, without evenFigure 5.1: Range of optimised core sto-
considering adding additional atoms to ichiometries. The darker region marks
the core, i.e. nVga + mMVy < 0 with the range of stoichiometries considered
n;m 2 N. Adding compositions that for optimsiation.

follow nVg, + mVy = 1 would in-

crease the number of possible core optimisations to 103. As a capusace of
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computational expenses and time only about a quarter (24) of th@ossible com-
positions were optimised. However, emerging trends in the relative energies from
the sampled set can be used to dismiss or include cores from the remmay set.

5.1.2 Core structure analysis

Figure 5.2(b) displays the relative energies of all stoichiometric cores from thdlfu
core (00) to a completely open core containing no randomised atoes). Inter-
estingly the lowest energy is not the full core but the (11) core witlan energy
di erence of 0:27eV, making this particular con guration the most favourable
dislocation core. From this point the relative energy increases lindarwith de-
creasing GaN pairs. Figure$.2(c)to 5.2(e) display core compositions each with
a constant total number of atoms contained, but with varying gallimm to nitro-
gen ratios. These dependencies show a more quadratic behaviouthia relative
energy with the minimum being close to the stoichiometric centre. Hawer, a
clear trend favouring N rich conditions can be observed for all diagals, by not-
ing that the projected minimum of a square energy dependence vdle away
from the stoichiometric middle into the nitrogen rich side. This resultsn mirror
con gurations such as (01) and (10) always favouring the compiien with more
nitrogen atoms contained.

The relative energy trends shown in gure5.2 can be explained by examining
the structural properties of the optimised cores. Tabl&.1 lists these properties
for the optimum structures of all stoichiometries, determined by acript running

through all atoms within a cylindrical volume of 1@\ radius around the disloca-
tion line. The script determines distances and angles to nearest nagurs for
all atoms within the PBC. Restrictions to neighbour distances wereatermined

according to the type dependent binding distances of the SW paraters (see
gure 2.1), with cuto distances of 2A for N-N, 2:7A for Ga-Ga and 25A for

Ga-N bonds.

With this statistical data, the trends in gure 5.2(b) can be analysed more care-
fully. The SW potential favours the (11) core as, unlike the (00) ¢e, a geometry

2 The computational time for optimising the complete core region can e estimated to be 20
Cpu years.
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Figure 5.2: Comparison of total energies of all investigated corencgurations.
Chemical potentials for Ga and N were taken from bulk. Relative engies were
computed by compensating the di erence in atomic composition withhie chem-
ical potentials of Ga and N and are shown relative to the (00) totalrergy.
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is possible where no homonuclear bonds eXisinstead 2 atoms are surrounded by
5 nearest neighbours. However, as the angular con guration df¢ N-Ga-Ga and
Ga-N-N feature a wider deviation in bonding angles than the (00) cer mean-
ing bonding angles deviate more strongly from the tetrahedral ide§109.49),
making the energetic lead of the (11) core relatively low at 0:27A. As the core
composition becomes emptier with the (22) core it can be constrect without
homonuclear bonds but as a consequence includes atoms with onlygethneigh-
bours. The (33) core then features the rst fully "open core" ashere are no more
atoms around the centre, increasing the amount of atoms with 3 iglbours.

Looking at the relative energies across compositional changes yrgs 5.2(c)
5.2(e)), nitrogen rich cores are being favoured as the N-N interaction iswer
in energy than the Ga-Ga interaction in the SW pair parameters. Withthis in

mind it could be argued that since the perfect bonding angle?;,, within the

parameters is constant for all interaction types, the most stableore con guration
is symmetric under atomic type exchange. However, this is not thease. The
di erence in energy and bond length of the N-N and Ga-Ga bonds mes that
the most stable cores can be unique in structure and vacancies denstitials will

form at di erent places.

The fact that SW potentials favour nitrogen rich conditions is howesr not neces-
sarily physical and should be considered with caution. This could be @uo the
simple case of comparing energies with the chemical potentials at atextreme
nitrogen rich case, as a result of inaccuracies in the SW parametatisn. How-
ever, it can also be argued that the SW potentials method itself is insient by
looking at the extremes of the present situation. It shows that aadlium lled core
(-66) is highly unfavourable while a nitrogen rich core (2-2) is much lgsinstable.
This can be explained as due to the insensitivity of the SW potential weards
bonding environments beyond immediate neighbours. In a N rich coneore N-N
homonuclear bonds will exist, in addition these same atoms will still ctibute
towards all N-Ga-N and N-Ga-Ga bonds without restriction in the SWpotentials
method. This would not necessarily be true for a real situation, tliefore a more
rigorous ab-initio method should be used to con rm the SW results pdictions.

3 Ga-N bonding has the lowest energy in the used SW parameters, withl-N the second lowest
and Ga-Ga the highest. See gure2.1 for details
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Table 5.1: List of properties of investigated core con gurations agss a wide compositional range. Energies are given in eV,
core radii R and distances inA, angles in degrees. Columns 4 and 5 show a count of atoms with 5 @édearest neighbours
in the structure, columns 6 through 9 show a count of homonucle&onds and average bond distances d, while columns 10

through 21 show bond angle counts, averages and variance measu

nn | Ga-Ga | N-N Ga-Ga-N N-N-Ga N-Ga-Ga Ga-N-N
Core rel. E R 5 3 # d # d # var # var # var # var
(00) 000 65 0 O 1 219 1 162 6 1031 150 6 1132 110 138 1091 88 138 1096 86
(01 086 66 0 2 2 226 0 000 10 1076 154 O 00 OO0 141 1094 83 136 1095 79
(02) 125 76 0 2 3 230 0 000 14 1082 165 O 00 OO0 138 1094 80 122 1095 74
(20) 017 65 0 2 0 000 1 156 O 00 00 5 1127 129 145 1095 89 150 1093 90
(11 027 67 2 O O 000 O OO0 O 00 00 O 00 00 160 1092 112 160 1092 114
(12) 048 69 3 1 2 247 0O 000 14 970 240 O 00 OO0 148 1092 107 141 1095 97
(20) 105 82 0O O O 000 2 156 O 00 00 12 1125 139 132 1088 98 150 1083 154
(21) 071 84 2 0 0 000 2 167 O 00 OO0 12 1118 138 148 1090 107 154 1092 107
(22) o071 87 0O 2 0 000 O OO0 O 00 00 O 00 OO0 141 1094 96 141 1093 97
(33) 215 81 0 10 O OO0 O 000 O 00 00 O 00 OO0 129 1094 66 129 1094 66
(0-1) 221 65 2 0O O OO0 3 183 O 00 OO0 16 1208 293 139 1089 93 144 1094 96
(-10) 312 105 2 3 3 247 0O 000 16 1141 280 O 00 OO0 144 1093 95 130 1093 91
(-12) 375 108 4 3 7 243 0 000 34 1049 289 O 00 OO0 146 1089 114 120 1098 T2
(-66) 3010 *#5 8 0 33 242 0 000 70 1037 212 O 00 OO0 126 1085 127 92 1106 65
(-12) 211 91 4 2 5 238 0 000 24 1035 209 O 00 OO0 148 1091 98 131 1098 80
(1-1) 647 67 2 0O O OO0 3 163 O 00 OO0 16 1102 147 139 1092 87 152 1088 115
(-22) 612 109 7 2 12 244 0 000 53 1009 229 O 00 00 140 1087 108 113 1103 70
(2-2) 339 104 2 2 O OO0 7 163 O 00 00 34 1103 146 118 1088 72 134 1089 112
(-22) 612 104 6 2 8 243 0 000 42 1069 208 O 00 OO0 142 1091 98 119 1096 86
(2-1) 204 107 1 3 O OO0 5 163 O 00 00 24 1107 145 120 1088 77 130 1091 103
(1-2) 229 93 2 3 0 000 5 157 O 000 00 22 1095 147 136 1094 78 143 1088 117
(-32) 1111 118 4 1 11 237 O 000 46 1081 209 O 00 OO0 142 1090 89 113 1098 ©64
(2-3) 462 103 1 3 0 000 9 157 O 00 00 35 1100 117 116 1090 70 130 1090 93




5.2. Electronic structure Non-stoichiometric cores

(a) (00) (b) (01)

Figure 5.3: Electron density projection of (00) and (11) on the clane. The
electron density has not been corrected for core electrons.

5.2 Electronic structure for the screw disloca-
tion

This section presents a study of the electronic structure of seaé optimised
core con gurations that were presented in sectiob.l In the rst stage the GaN
guadrupole structures are re-relaxed using a conjugate gradi@ptimisation with
a DFT energy functional. Notable di erences to the SW potential pedictions are
discussed. Subsequently the electronic structure is discusseddzh on the cal-
culated electron density and the density of states. Finally total eergies over a
range of chemical potential conditions are compared for all seledtstructures to
nd the most probable cores.

The second part of this section shows results for InN core struces. These
cores were created using initial GaN structures, scaling the lattiggrameters for
INN and re-relaxing the core structures. The same analysis is peased for these
cores as for the GaN cores.

5.2.1 GaN - Structures

In order to obtain electronic structure information, DFT in combingion with the
LDA, was used to solve for the electron density of several coresttures. A GGA
calculation was not performed as structural accuracies are notireased nor is the
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5.2. Electronic structure Non-stoichiometric cores

band gap problem changed for InN, therefore no signi cant gain afformation

in the results is to be expected with the application of a GGA functiona As
introduced in section2.1the AIMPRO code was used, which implements a basis
set ltration method and a local wave function basis set to enhance ciency.
As presented in sectiom.1 arrays of quadruples are constructed using unit cells
containing a dislocation dipole in combination with lattice constants ciaing a
non-orthorhombic symmetry. This results in the modelling of up to 48 atoms
per structure. A convergence test of the Monkhorst and Pack-fxoint sampling
was performed to con rm a reliable total energies and density ofates.

The structures used here were selected from the dislocation cangtimisation

presented in the previous section. However this would mean that lgrone core
per unit cell is the desired core con guration, while the remaining one (00)
con guration, which results in a combined in uence of both dislocatio cores on
the electronic structure of the total structure. In order to pevent such an un-
wanted in uence, new unit cells were constructed containing a dipotd mirrored

copies of the optimised core. This could be done by using the mirrornsgnetry

of the (2110) plane of the underlying wurtzite structure. This operation chages
the parity of the screw dislocation while retaining its core con gurabn, hence a
unit cell containing two opposite screw dislocations could be createthowever,
as the dislocation line position varies for each core structure, it is nalways

precisely on the chosen mirror plane. As a result the mirror operatiocreates
a deformation of the rectangular quadrupole into a rhombohedralon guration.

This creates a slight total energy change, which will be neglected ihe further

analysis as it does not in uence the core structures and can be iesated to be
less than 01eV using the SW predictions from chapted.2

The structures chosen for the DFT analysis are located around eéhglobal rel-
ative energy minimum as predicted irb.1 ((00),(11),(01),(10),(-11),(1-1)) as well
as the three lowest energy structures of the (00) core and smlecore con gura-
tions ranging into the gallium lled core structures ((-12),(-22),(-®)). Ball and
stick models for several of the studied cores can be found in gused.

All selected structures were relaxed using a local conjugate grawt optimisa-
tion with DFT. Major structural changes from the SW predictions ould only be
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5.2. Electronic structure Non-stoichiometric cores

(a) (00) (b) (01)

(c) (10) (d) (11)

(e) (-11)

Figure 5.4: Core structures for various stoichiometries, where @toms were re-
relaxed using a conjugate gradient minimiser and DFT. Gallium is markeds
white balls nitrogen as blue and the dislocation line position as green dec
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5.2. Electronic structure Non-stoichiometric cores

observed for (1-1) where the additional nitrogen atoms depaddrom a tetrahe-
dral bonding and favoured a proximity to other nitrogen atoms. Agan be seen
from gure 5.4(a), in comparison with guresC.1through C.12 the DFT relaxed
structures feature only small changes. More precisely both thestbcation line
position as well as the structure remains the same for the (00) eoand also for
the (01) core, however the (10) con guration slightly changes #hposition of the
nitrogen at the gallium vacancy site to be more closely bonded to its nitgen
neighbour. At the same time the gallium at the neighbour position mogecloser
to the dislocation line position. This deviation creates a core which merclosely
resembles the (11) con guratiorf. The structural changes for the (11) core are
more visible but are in fact minor. The DFT relaxed structure simply mees the
central GaN site into a perfect centre position, creating a more gymetric core
with the line position exactly on top of this central site. The (-11) cee shows no
obvious structural changes from the SW predictions.

5.2.2 GaN - relative energies

The total energy for all selected structures was computed usii@FT under LDA
with a local basis set, non linear core corrected pseudo-potentialsd a converged
k-point grid. However, in order to compare total energies of twarsictures with
di erent stoichiometries the thermodynamic Grand Potential

X
= U TS ini,; (52)

i
needs to be determined7@. The following procedure is used in analogy to
Northrup et al. [79][77][80. Equation (5.2) states that the total structure energy
U needs to be corrected by an entropy ternT S and the sum of the chemical
potential of its constituents. The Grand potential compensatethe di erence in
composition of di erent structures by the inclusion of the chemicapotential of
the constituents, thus creating an energy term that can be dirlg compared for
all obtained core structures and directly relates to the relative likdhood of core
formation in a real solid. The entropy term in equations.2 can be neglected here
due to the low in uence of the entropy in solids at relatively low tempeatures
(including room temperature [9]), while the chemical potentials for gallium and

4 This behaviour is much more pronounced for the InN (10) core, sesection5.2.4
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5.2. Electronic structure Non-stoichiometric cores

Table 5.2: Total energy comparison for all structures investigatieby DFT ex-
pressed with their thermodynamic potential relative to the (00) sucture at equi-
librium position. (00)' and (00)" denote higher energy core con grations as
predicted by the random optimisation and SW potentials.

Core \ (00) (00) (0O0)* (01) (100 (11 (220 (1)) (-12) (-22) (-66)

[ eV] \ 0.00 -0.07 0.03 0.27 0.88 -0.14 095 -0.39 -0.70 0.84 13.85

nitrogen needs to be determined.

The chemical potentials of Ga and N in a GaN crystal are not easily daimined
as they can vary depending on the condition of the thermodynamicath. How-
ever the variables can be constrained, if the system is in contact wia bulk GaN
reservoir. In that case the corresponding constraint on the dmécal potentials

GaN = cGat N (5.3)

holds true with gy being set by the calculated energy of a GaN formula unit.

can Can be calculated readily for the two limiting cases the chemical potils
cannot exceed, allowing chemical potentials to be expressed soledyaafunction
of Ga, as equation 6.3) holds true in all cases. These two limiting cases are the
chemical potential of bulk gallium and that of molecular nitrogen. Theefore the
range of values for ¢, represents growth conditions from gallium to nitrogen rich.
The bulk gallium chemical potential capuky Was determined by computing the
structural energy for the stable con guration of -Ga as speci ed by 81], while
the nitrogen molecule potential ymoy Was computed similarly from aN, DFT
molecular calculation. With these two limiting points, the heat of form#on of
GaN H can be expressed as:

H = Gapuky * N(mol can = 1:68eV (5.4)

and is equal to the range g, can have. The value for the formation enthalpy,
H, agrees with similar LDA calculations in the literature 82].

The determined thermodynamic potential for each investigated sicture is shown

as a function of the chemical potential range in guré.5. Here gacany Was cho-
sen as a reference for the centre range so as to describe equilibrazonditions.
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5.2. Electronic structure Non-stoichiometric cores

Figure 5.5: Relative dislocation core energies as calculated by DFT pkd for
varying gallium chemical potential. The (00) core has been taken asference.

For the fully stoichiometric cores only the lowest energy core werb@wvn, as the
energy di erence is too small to be clear on the scale used. All otheores were
drawn relative to the (00) cores. The relative thermodynamic pottial for all
structures at the equilibrium position can be found in tables.2

From gure 5.5it is notable that, as the SW potentials optimisation predicted,
the (11) core is found to be more stable than the normal (00) corélowever the
gallium rich cores are shown to be much more favourable. In fact fomost of
the growth condition range, the (-12) core is found to be the mogstable core
con guration. Only under nitrogen rich conditions do the stoichiom#&ic cores
represent the lowest energy state. The completely gallium lled core66) con-
taining 12 gallium atoms is very unfavourable for all growth conditionsind has
not been included.

5.2.3 GaN - density of states

The density of states (DOS) for several of the investigated stctures are displayed
in gure 5.6, where the defect DOS has been drawn behind the GaN bulk DOS to
emphasise states within band gaps. Notable for gures.6(a),5.6(b) and 5.6(c)
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(a) (00) (b) (01)

(c) (10) (d) (11)

(e) (-11) (f) (-66)

Figure 5.6: Density of states comparison of bulk and various corencgurations.
The valence band edge of the bulk is set as zero point.
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5.2. Electronic structure Non-stoichiometric cores

are the position and height of the gap states. These imply a strong urence of
the homo-nuclear bonds in these structures, in particular the N-Nn states in the
gap. The most notable di erence is the complete lack of states almthe valence
band for the (11) core in gure5.6(d). There are however in all cases lower band
gap for all dislocation structures, with a metallic behaviour for cose more rich
in gallium than the (-11) core, where the gap has been decreasedotdy about
0.4eV.

5.2.4 InN - structure

A structural and electronic investigation of screw dislocation cosewas also per-
formed for InN using the stable core con gurations found for GaNThis analysis
was undertaken under the assumption that the global optimisatioof dislocation
cores in GaN produces core con gurations that are structurallyosind for general
wurtzite materials. The main di erence between a GaN and InN bulk wrizite
structure is the size of the lattice repeat, which is about 10% largén InN. This
type of scaling can therefore transform a GaN cell into InN by chgimng the atomic
type of the group-Ill atoms. It would produce valid copies of bulk raterial and
long range dislocation strain elds, as these scale with the Burgersator, which
is by de nition proportional to the lattice vectors for any dislocation. The dislo-
cation core however can incorporate homonuclear bonds and bowglsituations
that do not translate well from GaN to InN, as the nitrogen bond legth does not
scale and bulk indium is most stable in a di erent con guration than gallium.®
Therefore di erent stable core con gurations could be viable forriIN and GaN,
which is not further considered, instead in order to deal with nonesling relative
atomic positions a local optimisation (conjugate gradient) was pefmed subse-
guently.

A selection of investigated structures can be seen in gurg7, where for each
structure a projection of the electron density has been drawn inddition, using
only the valence electrons without correcting for the pseudo poteals. As a re-
sult indium positions cannot be seen directly, only a di use rise in eleain density
around their position is visible. As a result the metallic single atomic chael

5 Bulk indium crystallises in a body centred tetragonal lattice, while gallium has various
stable forms, but favours under normal conditions -Ga, which is an eight atom unit cell in
an orthorhombic lattice con guration.
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(@) (-11) (b) (-11)

() (11) (d) (11)

(e) (-12) (f) (-12)

Figure 5.7: Core structures for various stoichiometries, where @toms were re-
relaxed using a conjugate gradient minimiser and DFT. Presented witball and
stick model as well as an electron density projection on the c-planéndium is
marked as yellow balls, nitrogen as blue.
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5.2. Electronic structure Non-stoichiometric cores

in the (-11) core structure is emphasised nicelys5(7(b)). Structural di erences
after the atomic position relaxation are small throughout all invesgated struc-
tures, except for the (10) structure which shows a visibly more otal location
of the single most central indium atom, when compared to the equiest GaN
structure.

5.2.5 InN - relative energies

In order to compare all investigated structures the thermodymaic potential
was obtained in the same manner as for GaN. In order to determinediom
rich conditions, the chemical potential for indium was determined bgalculating
the binding energy of indium bulk in the body centred tetragonal laite with
LDA-DFT. The same molecular nitrogen chemical potential could be sed for
the nitrogen rich conditions as in the GaN case. With these values, inding the
chemical potential of an InN pair in a wurtzite lattice, the enthalpy H of InN
was determined to be @23eV.

The enthalpy of InN is much lower than for GaN, indicating that a chage in
growth conditions will have a lower impact on the thermodynamic potgial of
structures with di erent stoichiometries. Figure 5.8 displays the found relative
thermodynamic potentials of the investigated structures. It carclearly be seen
that a change in growth conditions has a much lower impact on the osdng of
the various structures. This is shown as a function of the chemicpbtential of
indium ,. The relative ordering of the structures is di erent from the GaN ase
as the group-Ill rich structures are not favoured as stronglyn fact the (10) core
is consistently lower in energy than the (01) core. In addition the () core is
lower in energy compared to the (00) core by:DeV making this structure the
most feasible core for most of the growth condition range. Only fone last third
of the indium rich end is the (-12) core predicted to be lower in energys in the
GaN case the relative energy for the (22) core is much higher thahat of the
(11) and (00) cores, con rming also the SW-potential predictions

5.2.6 InN - density of states

The densities of states for the InN core structures were commat and presented
in analogy to the GaN case. Here also the valence band maximum of NIk
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Figure 5.8: Relative dislocation core energies as calculated by DFT pkd for
varying gallium chemical potential. The (00) core has been taken asference.

was chosen as the reference energy. It is important to note theDA-DFT pre-

dicts a zero band gap width for InN as was shown in sectidh Still, defect states
appear above the bulk valence band edge features, suggestingt tith a band
gap present these would lie inside or even cover it. Especially the dista of lled

defect states to lled bulk states should be predicted with reasobée reliability

within these calculations as DFT is a ground state theory.

The densities of states of several low energy con gurations arbosvn in g-

ure 5.9. As in the GaN case and as can be seen in guEe7, the stoichiometric
cores di er clearly in the number of homo-nuclear bonds, meaning @dhthe (11)
core is a con guration featuring a 5 fold coordinated centre InN pawithout

any homo-nuclear bonding. As a result there appear no additionakfiect states
immediately above the valence band in the (11) core. The same is tri@ the
(22) core, however this con guration has a much higher relative ergy and is
therefore not shown here. On the other hand the (-11) and (-L2ores are In-
dium rich and feature a single-atomic indium wire at the dislocation coreentre.
This results in additional states above the valence band edge, magithe InN

bulk "more" metallic.

97



5.2. Electronic structure Non-stoichiometric cores

L i

(a) (00) (b) (1)

L i
L i

(©) (-11) (d) (-12)

Figure 5.9: Density of states comparison of bulk and various corencgurations.
The valence band edge of the bulk is set as zero point.
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5.3 Discussion

The results in this section are divided into two major parts, the rstis the global
optimisation across a wide core composition range and the second afectronic
structure investigations performed with DFT on the optimised corgein GaN and
INN. The global optimisation on each con guration was performed imnalogy to
the (00) case presented in chaptet. Looking at the predictions of core stability
directly from the global optimisation it can be seen that the lowest eargy core is
the (11) core. However looking at the more general trends of thelative energies
it was shown that SW predicts nitrogen rich cores to be more stableEmpty
cores as well as the extreme nitrogen and gallium rich cores were diceed to
be unfavourable. However, all relative energies were given by usthg chemical
potentials for Ga and N in GaN bulk as given by the atom resolved engeg. Only
for the DFT total energies were chemical potentials over a wide rga considered,
meaning that relative energies with di erent N to Ga ratios can shift wh varying
conditions.

In section5.2the most stable cores from the optimisation procedure are re-rgkd
using DFT. It can clearly be seen that structural changes to thepmimised cores
are small, with the largest deviations being in the (11) core: The dislaton core
centre and a GaN pair are shifted to an exact symmetry centre, eating two
5 atom rings and two heavily strained 6 atom rings, when viewed in planew
(see gure 5.4(d)). The relative energies of the three lowest energy structures
of the (00) structures as produced by the optimisations, do nobllow the same
behaviour as in the SW case. However, all relative energies are extely small
in comparison to the di erence in energy to other core con guratins. A similar
study of a range screw dislocation cores in GaN has been presertgdNorthrup
et al. [77], where the gallium lled cores are predicted to be most stable over eh
complete range of growth conditions. However, the results showrere include
core structures not considered by Northrup et al., such as the X}, (-12) and (-
11) cores, in addition a wider range is predicted here for the GaN datpy H,
resulting in "more" nitrogen-rich conditions. This creates a small nage where
gallium lled cores are unlikely. The value of 168eV for H calculated here
agrees with similar LDA-DFT predictions from BZ], however their GGA-DFT
calculations predict a much lower value of:12eV. However, it is still clear that
there is a trend of very stable gallium lled cores, even into the Nitrogn rich
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condition range. From the presented results it can be projectedhat cores like
the (-13),(-2,3) or even (-4,6) are the most stable con gurationgver the complete
enthalpy range.

InN has a much lower enthalpy than GaN. The calculations performeldere pre-
dict a value of 023 eV, which does not agree as well with the results :g&V)

presented in 82, but is closer to experimental results (21eV). A much lower
value results in a much lower reordering of relative core stability as@wth condi-

tions do not a ect the core stoichiometry as heavily. As a result it cabe seen in
gure 5.8that for most of the presented chemical potential range the mbstable

stoichiometric core (11) is the overall energetically best core cayuration, while

the Indium rich con gurations only become favourable under veryndium rich

conditions. Again, more Indium rich core con gurations could have lger ener-
gies, however looking at the relative ordering of the other coredie InN material

does not tend towards metal rich compaositions.

The electronic properties of the various cores investigated shovearly that as
expected the more metal rich cores introduce defect states abothe valence
band all across the band gap. This means that they can act as camtive paths
and non-radiative recombination centres. The core con guratiowith the least
in uence on the band gap is the (11) core as it does not feature ariyomo-
nuclear bonds. This means that for the InN case c-screw dislocattoshould be
electrically inactive as here the (11) core is the most stable of the estigated
con gurations across most growth conditions.
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CHAPTERD

Edge dislocations in GaN

This chapter contains a discussion of

the application and results of a global

optimisation of the edge dislocation

core structure in GaN. As in chap-

ter 4, a random search algrithm was

used that utilizes Stillinger Weber type

interatomic potentials to generate a

cost function. In addition to the sto-

ichiometric core, a selection of non-

stoichiometric conditions ranging from Figure 6.1: Schematic of an edge disloca-
nitrogen rich to Group-lll rich condi- tions in a cubic system. The purple line

tions as well as open core structuresepresents a Burgers circuit, the green
were considered. Unlike chapte$and [ine shows the Burgers vector

5, the e ects of dislocation climb on

core composition become apparent and are discussed.

The rst section in this chapter details the geometry of the investigted structures
and provide a discussion on the feasibility of this approach. The follavg sec-
tions shows results in detail for the global optimisation of the fully stichiometric
core, while a comparative study of all studied core compositions is rfmed
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(a) unit cell schematic (b) abs()

Figure 6.2: Unit cell schematic for the edge dislocation optimisation Yaand
absolute value of the strain in uence on investigated core region )b

subsequently.

6.1 Optimisation parameters

The optimisation procedure was performed for the edge dislocatiom analogy
to the screw dislocation case (chapted). Similarly a supercell structure was
created with a choice of boundary conditions to construct an aryaof dislocation
quadrupoles. The size of the the unit cell has identical dimensiondet disloca-
tions however were included by applying the displacement eld for ardge dislo-
cation as presented and derived in equatior2(127) to the constructed unit cell.
The chosen quadrupole arrangement is presented as a schematigure 6.2(a).
The resulting strain in uence from the dislocation quadrupole arragement on
the investigated dislocation core was determined as for the screwgldcation case.
The resulting absolute value of the strain on the dislocation core ries can be
seen in gure6.2(b). Due to asymmetry of the strain in the c-plane for an edge
dislocation with a line direction alongc, the absolute value of the strain in gure
6.2(b) di ers from the arrangement seen for the screw case ( guré.3(f)). How-
ever, the fact remains that the strain due to the surrounding diskmations on a
single dislocation core is minimal for the cell sizes chosen.

The application of the edge dislocation displacement eld can yield a rge of
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core con gurations depending on the position of the dislocation linendhe c-plane
within a unit cell. After relaxation, this can lead to a 5/7 core, 8-coreor 4-core
con guration [71]. The initial line position chosen within this work resulted in
a 5/7-core con guration arrangement, where the dislocation cerconsists of a 5
atomic site ring and a 7 site ring (see gures.5(a) for an example).

As with the screw dislocation, the global optimisation was performedsing a
randomisation radius of around 3.2 surrounding the dislocation line position,
which results in a cylindrical randomisation region containing 12 atomsAs a
result usual optimzation performances were similar and up to 1@andomisation
relaxation steps were completed for each core con gurations.

6.2 Fully stoichiometric core

The fully stoichiometric core was de ned for the screw dislocation abte dislo-
cation core that was randomised with a full set of atoms (12 atom§, Ga and 6
N) inside the randomisation region, i.e. the (00) core. However, ttstuation for
the edge dislocation is more complex as the Burgers vector lies insitie plane
of the simulated sheet of atoms, resulting in a half plane of insertedaterial per-
pendicular to the Burgers vector. A movement of the edge dislodan core along
this half plane is called dislocation climb and will result in the stoichiometrally
constant' lling or emptying (depending on direction) of the core region. As a
result the edge dislocation can form its most stable dislocation coreatlwva change
of centre position by gaining or losing GaN pairs. Therefore the fullyt@chio-
metric core for the edge dislocation will here be de ned as the combiion of all
possible stoichiometric cores, i.e. (00),(11),..,(nn); with n being the mber of
GaN pairs inside the randomisation region.

The movement of an edge dislocation can be classi ed into slip and climbt
is a slip movement if the dislocation line position shifts along the Burgekgctor
and climb if it is perpendicular to it. Figure 6.3(a) displays a schematic of dis-
location climb and slip for the investigated core region in the preseninsulation
environment. In addition a strain energy analysis has been perfoeth by simu-
lating the analytical elastic energy for dislocation movement along slignd climb

1 Meaning a change of equal numbers of Ga and N atoms present in theore region.
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(&) Schematic showing possible simula¢b) Strain energy per simulation cell for dislo-
tion cell (blue) plus PB neighbours (greencation slip and climb movement

(+a1) and red(+a; ay)) with added dis-

location climb and slip directions

Figure 6.3: Schematic and simulation for dislocation slip and climb movemts.

directions under present simulation conditions ( gure6.3(b)). The simulation
clearly shows an energy barrier for climb movement and an immediateog in
total elastic energy for slip movement.

As seen for the screw dislocation optimisation procedure, core agurations are

expected to form around the starting position with distances of upo one lattice
constant. Therefore the energy barrier in climb direction, due tohe strain eld

surrounding the dislocation under investigation, will result in an ordeéng of the
structure distribution to show cores centred on the equilibrium pason. Slip

movement on the other hand has no e ect on core composition, bfg¢atures a
quick decline in total energy, creating the possibility of core movemes during

relaxation. Such a movement of the dislocation core along thelfD] direction
for the chosen geometry leads to an annihilation with the next neatneighbour
dislocation featuring opposite Burgers vector.

The structure energy distributions created by the optimisation algrithm for the
(00), (11), (22) and (33) cores are depicted in guré.4. It is immediately pos-
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6.2. Fully stoichiometric core Edge dislocations in GaN

(a) Structure energy distribution for the (00) (b) Structure energy distribution for the (11)
optimisation optimisation

(c) Structure energy distribution for the (22) (d) Structure energy distribution for the (33)
optimisation optimisation

Figure 6.4: Structure energy distributions for the global optimisabn of the sto-
ichiometric edge dislocation core.

sible to see that aside from the main distribution, a very long low eneygalil

exists. The structures present in the tail however, are all geomnies that have
undergone slip movement and annihilated with the opposing dislocatioiowever
these unwanted slip con gurations are all very low in probability as tk structure
count per bin is low compared to the structure count of the genuinlew energy
structures. Furthermore the (11) optimisation features a muckigher number of
slip-annihilated structures as compared to the other stoichiometr optimisations.

The genuine lowest energy structures in the (00) optimisation predure are all
variations of the original 5/7 cores with di erent core positions. Te next low-
est genuine structure is approximately 2eV above this position an@dtures a
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6.2. Fully stoichiometric core Edge dislocations in GaN

larger core size containing a "double" 5/7-core, where the two atac layers in

c-direction in the cell both feature a 5 and a 7 site ring that are dispteed in a slip
direction by one lattice constant. However, the lowest energy sictures in the
optimisation results for the (00) core do not contain 4 cores or 8 i&@s that are
expected to exist, as they have been shown to be stable by expeithand theory
results in the literature. In addition both cores can be directly cread with the

edge dislocation displacement eld acted on a perfect wurtzite latte&cand a sub-
sequent SW-optimisation, suggesting that they exist as local minima the SW

paramterised interatomic potential cost function and are therefe expected to be
represented within the optimisation structure distribution for the stoichiometric

core. Instead both core types are not present in the (00) optinaison but can be
found readily as the most stable structures in the (11) optimisatianFigure 6.5

displays structure models for the mentioned cores.

The situation that 5/7 and 8-,4-cores appear mutually exclusive in t (00) and
(11) optimisation respectively can be explained with the chosen bodary con-
ditions and their relationship with respect to their dislocation centreposition.

Relative to a lattice unit cell, the 8-core and 4-core centre positiorse separated
only along the slip plane while the 5/7 cores centre is positioned away atpthe
climb direction. The distance apart in climb direction results in half of a nit

cell (a pair of Ga and N atoms) being incorporated into the 5/7 corayhich are
not present in the 8- or 4-core. However, as the total number atoms in the
simulated supercell remains constant, the other half unit cell is timenot present
at the connection to the boundary condition, which needs to t to he other
opposite core in the simulated unit cell, which has been chosen and cad to

be a 5/7-core. Or in other words, the 5/7 core contains a single Gaitom pair
more than the 4- and 8- core and as a result a supercell containgttban 8-core
and a 5/7-core needs to contain an uneven amount of GaN pairs,eevthough
this would not be possible in a supercell constructed from bulk with dcation
displacement elds and PBC. Hence in the present optimisation only vem half a
unit cell? is removed or added from the randomisation procedure will the crigan

of an 8- or 4-core be possible.

2 Due to the possibility in dislocation climb with integer steps of the lattice vector, it is more
general to say that uneven amounts of GaN pairs need to be remed or added.
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6.2. Fully stoichiometric core Edge dislocations in GaN

(a) Most stable structure for the (0a) core  (b) Second stable structure for the (0a) core

(c) Most stable structure for the (Ob) core (d) Other stable structure for the (Ob) core

Figure 6.5: Ball and stick model for stable stoichiometric edge disld@an core
structures.
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6.3. Composition range Edge dislocations in GaN

The necessity of preserving complete unit cells in the dislocation climbfigrther
evidenced by the appearance of a shifted double 5/7 core in the Ybptimisation.
The shifted double 5/7 core is composed of two 5/7 ring structuresplit between
the two atomic layers in c-direction and separated by one lattice siia the climb
direction.

The high count of slip annihilated structures during the (11) optimisaon can
be linked to the predominance of 8- and 4-cores and their high mobiligiong
the slip direction. As 4- and 8-cores are directly related to each athby a shift
of dislocation centre position along the slip direction within one unit cellthey
constitute two repeating local minima for the motion of the core alanthe path to
annihilation. The slip movement during structural relaxation causinghe anni-
hilation process is aided by the decrease in total elastic energy a®tdislocation
cores approach each other ( guré.3(a)).

All other performed stoichiometric core optimisations ((22) and @)) show very
similar results. In addition, a clear trend of the edge dislocation comeconstruc-
tions towards lled cores can be observed. Both the (22) and (3®)ptimisation
produce open core structures at their randomisation site. Howewthe lowest
energy structures in both cases are dislocation cores moved in clidibection as
to reach a lled state, despite the accompanying increase in elastinexgy of the
simulated supercell.

6.3 Composition range

As for the stoichiometric case, the non-stoichiometric cores castrbe easily clas-
si ed through their amount of randomized atoms (or lack thereof) Instead the
composition range discussed for the screw dislocation case can éauced to
purely the di erence between the number of Ga to N atoms. Therefe the two
dimensional composition rangeNy, ,Nv, ) can be projected into Ny,, Ny,)

through the equality of (N, ,Nv,)=(Ny, + C,Ny, + C), with C 2 Z. How-

ever it is best to keep in mind that, due to the boundary conditions athmanner
of optimisation, two separate optimisations need to be perfomedrfeach class:
(Nve, Ny, )=(Ny,, + C,Ny, + C),(Ny,, + C+1,Ny, + C+1). Forinstance the
class of optimisations (10),..,(n+1,n)=(1) is complete when optimisatiosionly for
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6.3. Composition range Edge dislocations in GaN

(10) and (21) have been performed. Therefore dislocation consgl be labelled
as (Nve, Ny,)a) and ((Ny,, Ny, )b), where a denotes the case where the
lowest vacancy count is even and b when it is odd.

Optimisation procedures for non-stoichiometric cores were penfioed for the cases
(01),(10),(12),(21),(23) and (32). These reduce to the two edgoichiometries
(1a),(1b) and (-1a),(-1b), where only the a cases are containedite. As expected
from the stoichiometric case, the lowest energy structures in th@3) and (32)
optimisations case map onto the (01) and (10) results and will not ba&iscussed
further. The lowest energy structures emerging from the remadmg optimisations
can be found in gure6.6, where all structures are shown in the same segment of
the simulated cell®

The most stable (-1a)* structure features a 5/7 core with a nitrogen vacancy
at the centre of the dislocation removing the nitrogen homonucledrond, while
the most stable (-1b) structure features a mix between 8 and 5/Gores. This
can be understood as either a 5/7 core with a gallium interstitial or a®-core
with a nitrogen vacancy. The three distinct most stable structure for the (1a)
dislocation core can be found in gure$.6(c)-6.6(e)and show several interesting
mixtures of 4-,8- and 5/7-cores. The lowest energy structure @hs a 5/7 core
arrangement and a shifted 8-core, where each con guration ispseated by the
two atomic layers in c-direction. The risé in dislocation climb for the 8-core
(upper layer) means that a gallium vacancy is inherent to the structre but not
obvious. The next stable structure is less subtle, and represerass/7-core with
a gallium atom removed at the homonuclear bond site, while the next tigr
structure features the same strategy as the lowest energy wtture, but with a
4-core, 5/7-core combination. Similarly the (1b) core uses a comhbiion of 4
core and 5/7 core with the half 5/7 core shifted one lattice site higinghan the
(1a) case, making up the GaN pair di erence.

As a result relative shifts in climb direction can be observed easily.

one more Ga than N atom per simulated cell

dislocation climb will be referenced here as "upwards" if it results in the addition of atoms
in the core and "downwards" if they are removed. However, the geeral trend towards lled
cores hinders a downward movement.

109



6.3. Composition range Edge dislocations in GaN

(a) Edge dislocation core (-1a) (b) Edge dislocation core (-1b)
(c) Edge dislocation core (1a) (d) Edge dislocation core (1a)+0:11eV
(e) Edge dislocation core (1a)+Q28eV (f) Edge dislocation core (1b)

Figure 6.6: Ball and stick model for stable non-stoichiometric edgdstbcation
core structures.
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6.4 Conclusion

The global optimisation performed on the edge dislocation core wablato nd
all core con gurations for the stoichiometric case ((0a) and (Obgore) that have
been predicted by previously published results in the literature for &\ [71][83]
and InN [72] and observed by experimen84]. The 5/7 core is predicted here (SW
interatomic potentials) to be the most stable con guration, while 8-and 4- core
have nearly identical structural energies, with low di usion barries separating
the two. More complex core con gurations have been found in addin, but are
expected to be much less favourable, such as the double 5/7 comufe 6.5(b)).
However very similar structures were proposed as con guratiorisr mixed dislo-
cation corespg|[85], where a double 5/7 core becomes a double 5/6-core by the
addition of a screw displacement eld. Additional optimisation runs (22) and
(33)) have been performed and shown that the dislocation climb ey barrier
is low compared to the gain in structural energy by forming full dislaation cores
away from the original randomisation volume. This suggests that @m cores are
generally unfavourable making the additional optimisation results cundant.

The implications of dislocation climb and slip movement were discussedisdca-
tion climb movement e ectively reduces the amount of optimisation pycedures
for each stoichiometry to two cases, while slip movement has causbd appear-
ance of anomalous annihilation structures in the optimisation distribiions due
to the very low di usion barrier between the 4- and 8-core. Howevgit stands

to reason that the dislocation slip behaviour can be changed by adjing the
geometry of the simulated supercell. This procedure has not beetieanpted,

but should not pose a problem if a more general dislocation displacerheeld is

used, as suggested by Lehto et &@1].

Two non-stichiometric cases have been investigated, the (1) and) cores. While
the (-1) lowest energy structures feature usual 5/7- and 8-g=s with N vacancies,
the (1) core tends to contain split 5/7- and 4-cores. This can be e as splitting
the core along the c-direction and moving one part along the climb dogon or
as removing one gallium atom at the homonuclear bonding site at the B/core
and resulting slight relaxations of the surrounding atoms.

The SW type interatomic potentials favour the stoichiometric coreswhere the
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5/7-core is the most stable and the (Ob),(1a) and (-1a) are all ofomparable
energy. However, in order to compare the stability of structurewith varying sto-
ichiometries, electronic structure theories such as DFT need to lnployed to
construct more meaningful chemical potentials. In addition the fative energy
for the (0) cores have already been compared in the litearture byyimperakis
et al. [71] and it can be seen that the ordering of formation energy shifts ta
favoured 8-core when DFT is employed. This is possibly due to the neocom-
plex bonding arrangement with dangling bonds at the 3-fold coordited centre
atoms.
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CHAPTER/

Summary, conclusion and future work

The question of the in uence of dislocations on a material is not easignswered,
mainly due to the number of unknown conditions such as the e ectsf growth
conditions on the creation of dislocations and the dislocation coreroposition
itself. In addition their intrinsic geometry results in the inability to model sin-
gle dislocations in an otherwise bulk material, which results in large modeand
computationally costly investigations. While the long range strain eldof a dis-
location can be accurately described by elasticity theory, the molliag of the
dislocation core is more complex and requires the application of atommsthe-
ories. The dislocation core structure can diverge strongly from ¢hsurrounding
bulk and depends on a wide range of in uences such as growth coialiis, that
govern the relative chemical potentials of the constituents. In atition and as a
result of the nature of dislocation geometry, it is necessary to melda consider-
able amount of atoms per simulation to provide low external in uence making
slow but accurate electronic theories impractical, even with currég available
computing resources. This work was aimed at solving the questionistioe in u-
ence of dislocation cores on the material by performing a systenainvestigation
into a wide range of conditions. This was done by implementing a multi-sle
approach, where an initial structural investigation was perforna by a fast in-
teratomic potentials method and a subsequent less inaccurate dép functional
theory calculation on the resulting optimised structures.
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The systematic approach was realised by implementing a global sdarmethod
that performs a stochastic sampling of the search space and catiably present
global minima for the chosen cost-functions. Although other globaearch meth-
ods can be faster, it is feasible to use such a "brute force" methaak the imple-
mentation of a very fast interatomic potentials method as cost fution cannot
be circumvented. Since no assumptions are made of the core stuwe previ-
ous to optimisation, any condition inside can be simulated. This fact vgaused
to extend this method to optimise screw dislocation cores for a largange of
stoichiometries. In this manner core structures were found, mented here and
publishedB6] that, to my knowledge, have not been proposed in the literature
previously, such as the (11) core. The range of stable cores cothén be ef-
fectively be compared in relative stability by using the most stable stictures in
DFT calculations. Similar comparisons of core stoichiometries in GaN V@ been
performed previously by Northrup et al. ¥7], however the core structures used
there were not optimised previously. In addition results for GaN wertranslated
to InN with the assumption that no signi cant change in core geomey should
occur and similar DFT calculations were performed, concluding thaetative core
energies are more important than possible growth condition for d&imining the
most stable core in InN due to the lower InN enthalpy.

The applicability of the dislocation core search for a wide variety of odlitions
was demonstrated not only for the screw dislocation but also for ¢hedge disloca-
tion. While a wide range of cores for the screw dislocation could be istigated,
the edge dislocation showed more complex behaviour, due to moremsunced
dislocation slip and the existence of dislocation climb movements duringlax-
ation. Dislocation slip movement did occur for (Ob)-type cores durgstructural
relaxation and subsequent core annihilation was found to introducenwanted
features into the optimisation distribution. However, these feattes were few and
could be easily identi ed and thus did not pose a problem for the optimadion
procedure as a whole. In addition possible solutions were presentedcircum-
vent slip movement during relaxation altogether. Also, due to the nohanisms
of dislocation climb, edge dislocation cores can be lled or emptied by Aange
in position, which results in a the appearance of same core struadgrin various
optimisation procedures. However, this trend was found to e estely reduce the
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amount of structures to be investigated and can be seen as a positside e ect.
Still, no additional optimisations or subsequent DFT calculations werperformed
as of now. Yet, with the results presented it is shown that the prested approach
of investigating core structures is equally applicable if not more e ége for the
edge case.

Similarly to the edge dislocation core optimisation no further complicains are
expected for mixed dislocation core studies, since these can beteel as linear
combinations of screw and edge dislocation simulations, or even paktdisloca-
tion cores, provided that reasonable sized simulation supercells daconstructed
that contain dislocation cores with minimal external strain in uence. In addi-
tion preliminary investigations into basal plane screw type dislocationores have
already been performed, but results were not presented withinighthesis.

The clearest limitation to the presented method is the necessity osing compu-
tationally cheap inter-atomic potential methods for the structual investigation.
As a result all found structures are by default only the most stablstructures
according to the theory used to calculate their total energy. Unftunately even
by drastically reducing the amount of necessary structural relation steps, this
cannot be prevented as more costly electronic theories are toovsloy several or-
ders of magnitude and their application would be accompanied by thedlusion
of too many constraints on the search space. As a consequertéehis work, only
SW-type potentials were used with parameterisations for GaN thatave shown
a good performance in previous studies of extended defects. Tdects of the
changing the quality of the parameters within the SW-type potentis method
were not tested directly in conjunction with the applied optimisation echnique.
However, it stands to reason that a slight deviation from the usedgpameters
will only shift relative energies of stable cores in the obtained energystribution

and a subsequent analysis of lowest energy structures with DFT wdbmpensate
for this. In addition equally well performing Terso type potentials @uld be
used instead of or even in combination with the SW-type potentials toncrease
the quality of the optimisation results. The quality check of the foud optimised
cores is performed within this work with DFT in the LDA, which does praluce
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structural energies well and can be considered an appropriatmeasure for the
chosen structures. However, the investigation into the electranproperties can
be improved with the application of GGA or even hybrid functionals.

Another limitation of the chosen randomisation optimisation approdt is the
exponential scaling of computational time with the number of optimisd atoms,
which results in the inability to model core structures extending twoor more
lattice repeats along the line direction. These situations could be sety by using
more e cient heuristic global optimisations such as evolution or swan based
optimisation algorithms.

! The AIMPRO implementation of LDA-DFT produces results with a reasonable
tradeo between quality and computational performance for the quantity of struc-
tures and their large sizes.
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APPENDIXA

Symmetry operations on elastic constants

A.1 Transforming elastic constants

Starting from the basic relationship between stress and strain in guuncompressed
form:
i = Gkl K- (A1)

With isotropic can be de ned through invariance with rotation. A gereral coor-
dinate transformation can be used on the strain:

5= TiTim m (A.2)
i(j) = TiTim im; (A.3)
where T is a unitary orthogonal matrix satisfying T; T;, = . Itis then evi-

dent with (A.2) and (A.3) and the orthogonality of T that the elastic constants
transform as:
CijkI = Tim Tjn TkoTIp Cmnop » (A.4)

The interesting bit is now that under a symmetry transformation (i.e the under-
lying material does not change properties under such a transfoation) the elastic
constants remain unchanged as well. Therefore such a coordinansformation
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TY™ will yield the relationship
Ciki = Tim Tjn Tko TipCmnop - (A.5)

This relationship can now be used to nd relationships between the elaic con-
stants under the constraints of a symmetry transformation. Tarefore it is here
prudent to examine some general orthogonal transfomrationsor instance a re-
ective transformation can be described using the identity matrix () and the
normal vector (n) to the re ection plane

T =1 2nnT: (A.6)

choosingn = (cos ; sin ; 0) will therefore enable a parameterisation for all re-
ection planes incorporating the x; axis. ThereforeT will take the form

cos(2) sin(2 ) 01 0 10 Ol
Tel ()= & sin@) cos@2) 0X; TEO=@® 0 1 &X; (A7)
0 0 1 001

where it is useful to recognize that

8
< .
ii 161
T o)=_ "’ : (A.8)
) i i=1
Let us similarly de ne a rotation around the x5 axis as:
0 1 0 _ 1
1 0 0 cos() sin() O
T8 () = ?@O cos() sin( )X; T3 ) = ?@ sin() cos() 0%
0 sin() cos() 0 0 1
(A.9)

Using the above de ned general transformations we can now cafex a few special
cases of symmetries.

A.2 Cubic symmetry

Cubic symmetry is the most commonly found symmetry in materials, it isle-
scribed by the possibility of rotations and re ections with respecta the axis of
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an orthogonal basis. Therefore all rotations with 90are symmetries under A.5)
as well as re ections with respect to the surfaces; = 0, x, = 0 and x3 = 0.
Therefore with T'®! (0), being symmetry, one can write:

Gt = T O)T" O)Tee" (0) T (0)Cnnop (A.10)
Gk = ( 1)N im jn ko IpCmnop (A.11)
G =( )N Gj ; (A.12)

with N being the amount of ones appearing in the indiceg; k;| . Therefore, for
N =1;3cju Wwill be zero. Similarly, usingT " (90):

G =( DMej; (A.13)

where M is the amount of twos. At this point it is not necessary to consider a
re ection with respect to the x3 = 0 surface, as no new relations will be found.
This fact is apparent when reminding oneself that if there is an uneweamount
of ones and twos in 4 indices all uneven amounts of 3's are coveredvai...
Considering the relations in .72 one can easily see that only the elastic con-
stants with indices 12221333 123313231322 122311131112 23332311 2113,2223
will be set to zero. Resulting in the elastic constant matrix taking thdorm:

0 1 0 1

Cr111 Cuz2 Cuzz O 0 0 Cii C2 C3 0 O O

Co211 Cozo2 Cpzzz O 0 0 C1 G &3 0 0 O

C3311 Cazz2 Cazzz O 0 0 _ Gt C2 C3 0O O O
0 0 0O o©33 O 0 O O O cge O O
0 0 0 O cgiz3 O 0O 0 O O cs5 O
0 0 0 0 0 cCi212 0O 0O O O O cs

(A.14)
If now also 90 rotations are considered one can quickly nd the remaining rela-
tions between the elastic constants. Again only two of the three psible rotations
are needed to nd all dependencies. Considering therefore theae de ned ro-
tations (A.9, =90 ), in combination with A.5, we get:

Ci111 = Co222 = C3333; C1313 = Ci1212 = Coz23; Ci122 = Cii33 = Cp3z (A.15)
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One can see now that only 3 independent matrix elements are leftstdting in one
of the simplest possible elastic constants. The nal form of the el constant
tensor in a material with cubic symmetry will therefore be

0 1
Cii C2 C2 O

Cizg C1 Co O

o O O

C2 C2 Cu O
0O 0 O cg O
0O 0 O O cy O
O 0 O O O cu

O o o o

Ceub = (A-16)

A.3 Isotropy

Taking a further step in simplicity from the cubic system results in an misotropic
material. Here all directions are equal, therefore all rotations ara symmetry
transformation, not only 90 ones. Using a lot of tedious arithmaticy we can nd
one additional dependency for the cas®;1, under transformation with T % 3( ):

A.l4 . . . .
0" ey =T O T O TR OTE (e (A17)
0=2(cos® sin® )Cg cOS Cq;+sin? Co+(cos?  sin® )Cx
1
) Ce6 = Cas = 5(011 C12); (A.18)

where (A.15) has been used. This step has now reduced the amount of indepen-
dent constants to two.

A.4 Hexagonal symmetry or transverse isotropy

The hexagonal symmetry is usually being described by transverseti®py, in this
case the material is isotropic in only 2 dimensions. We will choose hefetxs
axis to be the axis of symmetry, i.e. the axis around which all rotatianwill be
symmetries and the axis that is part of all possible re ection planes.
Therefore T (0), T (90), and T 3( ) are symmetry transformations. This
means all considerations up toA.14) are incorporated and we can start from
there.

Using all elastic constants with indices 1222, 1333, 1233, 1323,2,3223, 1113,

120



A.4. Hexagonal symmetry Symmetry in elasticity

1112 equal O, we can write

cos(2) sin(2 ) 01
Tel ()= B sin@) cog2) o (A.19)
0 o 1
10 1
cos() sin() O cos() sin() O
B sin() cos() OX @ sin() cos() OX (A.20)

0 0 1 0 0 1

= Tl (=2)T™( ) (A.21)
for 1112 : 0= 2%¢ co%( )Cii+sin?( )Cxp+ cCy  (A.22)
for 1113: 0 = sirf( )Cpa +c0s?*( )Cia+2c0s?( )Css  (A.23)
for 1222: 0= sin?( )Ci1+c0s?( )Cx:, c€0s()Ci, 2c0s()Ces  (A.24)
for 1333 : 0 =cos()Css +sin( )Czs (A.25)
for 1233 : 0= Ci3+Cy (A.26)
for 1323 : 0= Css+ Cas (A27)
for 1322 : 0=co3( )Cps+sin?( )Cia 2cod( )Css (A.28)

for 1223: 0= co$( )Cs+c0s*( )Cos cOZ( )Csg+Sin?( )Css; (A.29)

As a result of the above relations for the elastic constants, thersor takes the

form 0 1
Ciit C2 C3z O

C2 Cu Cz O

C3 CG3 C O
O 0O O cg O
0O 0 O O cy O
0O 0 O O O cg

o O O

© o o o

With Cgg = %(cll c12). This will set the number of independent elastic constants
to 5.
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List of total energy distributions

This appendix lists all performed core optimisations of the screw diglation in

the c-direction. A wide selection of core stoichiometries have beeansidered
and an optimisation procedure has been done for each. Core stamchetries have
been labeled according to the amount of vacancies in the core, whehe rst

digit represents Ga vacancy and the second N. Hence (00) remmts a full dislo-
cation core and (-11) represents a core with an additional Ga andMN vacancy.
Details on the optimisation procedure can be found in sectiof2, while section
5 discusses the lowest energy structure of all optimisations pressshhere. Addi-
tional structural plots for the lowest energy structures can béund in appendix
C.

An overall summary of the optimisation parameters can be found imable B.1.
For each structure the number of performed optimisation steps isted as well as
the count of how often the lowest energy unique structure has & found. This
lowest structure count however does not include bin counts for ¢hsame unique
structrue that has been reformed at di erent positions and hereundergone an
energy symmetry breaking due to the boundary conditions (seectien 4.2.2for
details) and can therefore be misleading. However, this can still bengeasure of
convergence in combination with the distribution of the lowest eneygstrucures.
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Table B.1: Summary of all screw dislocation optimisations. Energieseagiven in
eVv.

Core steps [k bin Eo Elowest average variance rel. E
(00) 87444 25 381245 378119 380132 180 0.00
(01) 100000 43 380725 378122 379771 172 0.86
(02) 100000 22 380252 377629 379357 154 1:25
(10) 100000 11 380794 377945 379829 202 017
(11) 81156 6 380404 377729 379457 186  0:27
(12) 100000 160 379895 377484 379031 160 0:48
(20) 100000 19 380272 377793 379390 169 1:05
(21) 100000 7 379872 377499 379022 159 071
(22) 100000 103 379438 376936 378611 141 071
(33) 100000 13 378426 376517 377711 a3 215
(0-1) 56390 4 381459 378595 380450 168 221
(-10) 54769 2 381367 378561 380385 162 312
(-12) 59263 15 380436 378093 379631 144 375
(-66) 61882 9 378235 377259 378046 13 3010
(-11) 100000 108 381034 378352 380Q37 163 211
(1-1) 100000 303 381198 378355 380165 202 047
(-22) 100000 104 380633 378112 379817 134 6:.12
(2-2) 100000 2 380906 378364 380018 162 339
(-21) 99998 57 381067 378527 380208 146 6:.12
(2-1) 99998 13 3806807 378091 379726 167 204
(1-2) 99998 25 381450 378653 380439 187 229
(-32) 99998 2 380569 378334 379909 105 1111
(2-3) 99998 3 381217 378659 380280 152 462
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Figure B.1: Optimisation distributions for (00),(01),(10) cores
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Figure B.2: Optimisation distributions for (11),(12),(21) cores
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Figure B.3: Optimisation distributions for (22),(33),(02) cores
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Figure B.4: Optimisation distributions for (20),(-10),(0-1) cores
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Figure B.5: Optimisation distributions for (-11),(1-1),(-12) cores
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Figure B.6: Optimisation distributions for (-21),(-22),(-32) cores
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Figure B.7: Optimisation distributions for (-66),(2-1),(2-2) cores
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Figure B.8: Optimisation distributions for the (2-3) and (1-2) cores
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APPENDIXC

Optimized screw dislocations

In this appendix structural details are given for all lowest energycsew disloca-
tions taken from the global optimisations for a wide range of core@thiometries.
Details of the optimisations can be found in appendiB. An overall discussion of
these structures can be found in sectiob.

For each dislocation core a structural representation is given bylall-and-stick
model, in addition the strain energy density is plotted as a function afistance
from the dislocation core centre for each atomic position and as aweaage for all
angles at a speci c radius. The energy density average is used tdetmine the
dislocation core radiusR. through integration. Details can be found in section
4.2.2 Bonds in the ball-and-stick model have been drawn with a length oot
according to atomic type and the SW parameterisation; This is done thhe same
manner as the bond angle/distance statistic accumulation in tabl&.1 Nitro-
gen positions are represented by blue spheres while gallium is showrhwithite
spheres. The dislocation core centre for the optimised core is madkby a green
dot, however the centre of the image is in all cases the original disktion centre
according to the unoptimised dislocation quadrupole. As a result theresented
part of the total structure is constant.
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Optimized structures

(a) (01) Core structure (d) (02) Core structure

(b) (01) R retrieval (e) (02) R¢ retrieval
P P
(c) (01) Strain energy (f) (02) Strain energy

Figure C.1: Core structure and radius for (01) and (02)
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Optimized structures

(a) (10) Core structure (d) (11) Core structure
e e
(b) (10) R retrieval (e) (11) R¢ retrieval

rd re
(c) (10) Strain energy (f) (12) Strain energy

Figure C.2: Core structure and radius for (10) and (11)
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Optimized structures

(a) (12) Core structure (d) (20) Core structure

e
(b) (12) R retrieval (e) (20) R¢ retrieval
P re
(c) (12) Strain energy (f) (20) Strain energy

Figure C.3: Core structure and radius for (12) and (20)
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Optimized structures

(a) (21) Core structure (d) (22) Core structure

|| o | | o

(b) (21) R retrieval (e) (22) R¢ retrieval

\J . e

(c) (21) Strain energy (f) (22) Strain energy

Figure C.4: Core structure and radius for (21) and (22)
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Optimized structures

(a) (33) Core structure (d) (00) Core structure

[N

(b) (33) R retrieval (e) (00) R¢ retrieval
re re
(c) (33) Strain energy (f) (00) Strain energy

Figure C.5: Core structure and radius for (33) and (00)
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Optimized structures

(a) (1-1) Core structure (d) (0-1) Core structure

(b) (1-1) R retrieval (e) (0-1) R retrieval
re P
(c) (1-1) Strain energy (f) (0-1) Strain energy

Figure C.6: Core structure and radius for (1-1) and (0-1)
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Optimized structures

(a) (-10) Core structure (d) (-12) Core structure
P e
(b) (-10) R retrieval (e) (-12) R retrieval
— } —
re re
(c) (-10) Strain energy (f) (-12) Strain energy

Figure C.7: Core structure and radius for (-10) and (-12)
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Optimized structures

(a) (-66) Core structure (d) (-11) Core structure

(b) (-66) R retrieval (e) (-11) R retrieval

(c) (-66) Strain energy (f) (-11) Strain energy

Figure C.8: Core structure and radius for (-66) and (-11)
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Optimized structures

(a) (2-2) Core structure (d) (-22) Core structure

|| o | [ N

(b) (2-2) R retrieval (e) (-22) R retrieval

rd rd

(c) (2-2) Strain energy (f) (-22) Strain energy

Figure C.9: Core structure and radius for (2-2) and (-22)
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Optimized structures

(a) (1-2) Core structure (d) (-21) Core structure

(b) (1-2) R retrieval (e) (-21) R retrieval

re re
(c) (1-2) Strain energy (f) (-21) Strain energy

Figure C.10: Core structure and radius for (1-2) and (-21)
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Optimized structures

(a) (2-1) Core structure (d) (2-3) Core structure

|| - | | o

(b) (2-1) R retrieval (e) (2-3) R retrieval
rd re
(c) (2-1) Strain energy (f) (2-3) Strain energy

Figure C.11: Core structure and radius for (2-1) and (23)
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Optimized structures

(a) (-32) Core structure

(b) (-32) R retrieval

rd

(c) (-32) Strain energy

Figure C.12: Core structure and radius for (-32)
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