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Abstract

Materials used in technology, from the development of narelectronics to the e cient
conversion of solar energy to electrical power are under aant optimisation. The
factors that govern the size of eld e ect transistors, suchas leakage current through
the gate or the on-state power consumption, and those that ipact upon the e ciency
of optoelectronic devices such as non-radiative recombiitan and device aging arising
from defect migration are speci c to the elements and compaods deployed in these
devices. Defects, whether intentionally incorporated shcas electrical doping, or
unintentional contamination such as oxygen in silicon, majiave a qualitative impact
upon the materials properties €.g.conductivity), or limits in processing that need to
be accommodated in both the manufacture of devices, and ingin operation.

Device miniaturisation for CPUs and photovoltaic e ciency improvements are two
areas developing in parallel for which a detailed understdimg of the composition and
evolution of defects, dopants and impurities are particuldy important.

In the project presented in this thesis, rst principles desity functional calcu-
lations within a supercell approach have been performed, tiparticular focus on
selected impurities in a range of technologically relevamhaterials, where the impu-
rities are likely to be incorporated due to their presence ithe growth environment.
The host materials are divided into those relevant for nanetectronic devices and high
capacitance structures, being the perovskite titanates (8O 3, BaTiO3 and PbTiO3),

and material that has a role in the energy sector in photovddic cells, being cadmium



telluride (CdTe).

In the case of the titanate Ims, it is important to recognisethat thin Ims are
often grown using organic precursors, and therefore carb@ontamination is of key
importance. Although it is generally assumed that carbon isncorporated in such
materials in the form of carbonates, the results of the cal@tions performed for this
study challenge this, showing that a distribution of multige sites occurs, depending
upon growth conditions and the Fermi level. Observable caltated for these struc-
tures, including their electrical properties and vibratimal modes are presented to aid
the identi cation of the carbon sites in future experimenta studies. Critically, car-
bon substitution at the Sr, Ba or Pb site leads to electrical ects not present for Ti
substitution. The similarities and di erences between thehree titanates are reviewed.

For CdTe, it has long been understood that oxygen is a commompurity grown in
thin- Ims, occurring in high concentrations across a rangef growth methods. Vibra-
tional modes observed in experiment at 1096.78 and 1108.36 ¢ have been variously
assigned to oxygen-containing point defects, but most raté/ to SO, molecules dis-
solved in the lattice. However, the precise structure and ¢ation of these centres, as
well as the electrical properties of the defect, are yet to baetermined. As with the
analysis of carbon in the titanates, density-functional saulations of SQ in various
locations in CdTe show that several possible structures atew in energy, with the
equilibrium form depending upon growth conditions and the &mi-level. It is shown
that a plausible candidate for the vibrational centre is annterstitial species, based

upon the frequencies and isotopic splittings.

Vi
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Chapter

Introduction

Global technology and modern industries are often lookingpf new materials to im-
prove the performance of electrical devices, trying to makbem faster, lower in power
consumption, more e cient and smaller. For several decadeshe dominant material
in electronic applications has been silicon. This is partlgiue to the fact that its native
oxide allows for the production of a dielectric from the sammaterial as that which
comprises the electrically active regions, as in the eld dfansistor applications, for
example, and this material is low in impurities, optically tansparent, low cost and
suitable for a wide range of operating temperatures. Howayssilicon su ers from a
number of problems which mean that it is highly desirable to wve towards di erent
materials in specic applications. In the context of optich materials, bulk silicon,
due to its indirect band-gap, is of no practical use as an optl emitter, and as a
consequence most light-emitting solid-state devices areanufactured from compound
semiconductors such as CdTe and gallium arsenide (GaAs). @kemiconductor CdTe
is an important compound used in photovoltaic (PV) devicesparticularly solar cells.
CdTe is the only thin Im photovoltaic technology which surpasses crystalline silicon
PV in terms of lower cost and exibility.

Even in the applications where silicon has traditionally ben an e ective material,
problems are emerging, driven predominantly by the desir® tcontinually miniaturize

device components into thicknesses of a few nanometres. Asdth scales become



smaller, the advantages of silicon native oxide as a materiare lost as the required
thickness of the gate dielectrics mean that devices are pmo breaking down. This
has led to substantial e orts to produce alternative dieletic materials that can be

integrated with conventional electronic materials such asilicon. Of these, possibly
the most promising are the metal-oxides, such as TOHfO,, and perovskite titanates

such as SrTiQ, BaTiO3 and PbTiO3. However, the optical and electrical properties
of these materials are much less understood than for silicowith speci c problems

arising in the reproducibility of doping, and knowledge isdcking concerning the mi-
croscopic structure of the defects responsible for the camdion that is obtained.

Contributing to the development of these materials, compuattional methods have
proved to be e ective in the determination of the propertiesof materials. They have
a long history of applications in the study of materials usedn dierent kinds of
technology. Numerous properties of materials can now be detined from rst-
principles, providing new insights into critical problemsin physics, chemistry and
materials science. Amongst the rst-principles approactse density functional theory
has become one of the most widely used methods. This methodymae used to
predict the properties of new materials as well as to model ¢hproperties of existing
systems.

In this project, the use of state-of-the-art simulation sdivare based on quantum-
mechanical density functional theory will allow for the inestigation of electronic ma-
terials in the contexts of semiconductors and dielectricsyith a particular focus on the
likely impurities to be incorporated due to their presencenithe growth environment.
The host materials have been divided into those relevant farano-electronic devices
and high capacity capacitors, which are the perovskite titaates (SrTiOs;, BaTiO3
and PbTiO3), and a material that has a role in the energy sector in photaitaic cells,

cadmium telluride (CdTe).
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1.1 Thesis structure

The thesis is divided into three parts; concerning theory ah AMPRO modelling,
applications, and conclusions and future work. Each part idivided into chapters
and a summary of the contents of each chapter is provided belpalong with general

references that might be helpful to the reader.

1.1.1 Part | - Theory and method

Part | outlines the methodology employed in order that the smiconductor problem

of interest can be understood.

Chapter 2 - Computational background and the AIMPRO package

In this chapter, a brief overview is provided of quantum medamics density functional
theory and some approximations required to identify the gruand state of a system
of electrons and ions in interaction are demonstrated. Hower, the main aim is to
discuss the AIMPRO formalism, including the methods and appximations adopted

for the calculations of experimental observables.

Chapter 3 -The AIMPRO calculation of observables

Based upon the fundamental approximations highlighted inf@apter 2, there are addi-
tional approximations in their application, such as local ibrational modes, electrical
levels and thermodynamic stability. This chapter focusesnoa number of the more
commonly used experimental techniques and explains the agbnships which link
density functional theory with the relevant experimental echniques.

These background chapters are followed by four chapters taiming the results of

the ab initio calculations.
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1.1.2 Part Il - Applications

This part includes the results ofab initio calculations which have been obtained using
the AIMPROnodelling package. These results are discussed in the comtef the

relevant experimental results.

Chapter 4 - Carbon impurities in strontium titanate

Given the potential importance of carbon contamination, ad the relative paucity of
theoretical data, rst principles calculations have been prformed on the geometry,
electrical levels, electronic structure, vibrational moeds, reorientation barriers and

formation energies of carbon defects for di erent sites inr&iO ;.

Chapter 5 - Carbon impurities in lead titanate

This chapter considers the role of carbon impurities in tetgonal PbTiO;. The struc-
tural, electrical, electronic, vibrational and energetigroperties of carbon defects for
di erent sites in tetragonal PbTiO3; have been studied. The results for each of the
most plausible con gurations are presented, and a simple énmodynamical model is

applied to determine which are most likely to appear in praate.

Chapter 6 - Carbon impurities in barium titanate

Again, the role of carbon impurities in perovskite titanatewith di erent material

and structure, rhombohedral BaTiQ, has been investigated. The rst principles
calculations in the frame of density functional theory havebeen used to determine
the accurate formation energy of pure BaTi@, and then this is extended to explore
the stable structures of carbon impurities in rhombohedraBaTiO3. All possible
carbon sites have been considered in a range of possible ghastates. In addition,
the physical properties, including geometries, electranistructures, electrical levels
and vibrational modes for the stable structures have beenvestigated and compared

with the relevant experimental results.
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Chapter 7 - Comparison of the properties of perovskite titan ates

This chapter focuses on the main di erence and similarity pats of carbon defects
in three perovskite materials such as structural con guraon, electrical levels, vibra-

tional modes, activation energy and formation energies.

Chapter 8 - SO , impurity in cadmium telluride

The nal applications chapter focuses on one of the most impt@ant materials used in
photovoltaic cells. The main aim of the present chapter is teesolve questions regard-
ing the likely site of the SQ or related centre within the lattice, and to re ect upon
the possible mechanisms for motional averaging. Furtherme evidence is provided

for the SO, impurity in CdTe.

1.1.3 Part Il - Conclusions
Chapter 9 - Summary

The nal chapter presents the summary of the research work nducted and the major
conclusions drawn from the results reported in individualf@pters. However, this the-
sis is by no means the end of the story. There are still numersinteresting problems
surrounding these advanced materials, both in in terms of #ory and applications.
Possible future investigations are described which arisei the results of the present

research.
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1.2 Abbreviations

The following abbreviations have been used within this thés

Abbreviation

De nition

AIMPR(

DFT
HF
BZ
LDA
HGH
MP
NEB
HOMO

LUMO

PV
SC

-

MEP
ABOj;

f.u.

D Ab Initio Modelling PROgram.
Density Functional Theory.
Hartree-Fock theory.

Brillouin Zone.

Local Density Approximation.
Hartwigsen-Geedecker-Hultter.
Monkhorst-Pack.

Nudged Elastic Band.

Highest Occupied Molecular Orbital.
Lowest Unoccupied Molecular Orbital.
Temperature.

Infrared

Photovoltaic.

Self consistent.

Gibbs free energy.

Pressure.

Volume.

Entropy.

Minimum energy path.

perovskite oxides.

formula unit.
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1.3 Notation

The following notations have been used throughout this thes

Notation | De nition
Ewin | Kinetic Energy.
Vext | External Potential.
E«. | Exchange Correlation Energy.
Uy | Hartree Energy.
Ve | E ective Potential.

Kohn-Sham Energy Gap.

Activation energy for forward migration.
Activation energy for reverse migration.
Psudopotential.

Formation Energy.

Cut-o Radius.

Chemical potential of atom species.
Electron chemical potential.

Valence band top.

Madelung constant.

CHAPTER 1. INTRODUCTION



Part |

Theory and method



Chapter 2

Computational background and the

AIMPR@ackage

In order to fully describe the quantum-mechanical behaviouwf a stationary system
which has a number of interacting electrons, it is necessatyg calculate its many-
electron wavefunction. In principle this can be obtained &m the time-independent
Schmdinger equation. However, since the motion of eacheetron is coupled to that
of the other electrons in the system, it is not generally posde to solve this problem
analytically, and approximations are needed. This chaptagives an introduction to the
main concepts in density functional formalism. A brief ex@lnation of the important
approximations which are implemented in AIMPRO code is therpresented. The
AIMPRO code enables the application of density functionalheory (DFT) to solve

problems in, for example, metals, semiconductors and inatibrs.

2.1 The many-body problem

Quantum mechanics has been used to provide an accurate dgsan of a system. The
use of the Schredinger equation is the fundamental task inegcribing the behaviour of
systems varying from atoms and molecules to complex solidssgms. The problem is

nding the solution for a many-body system by solving the eignvalue problem using
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guantum mechanics, where the Schmedinger equation in geaéis:
R i=E | (2.1)

Here R is the Hamiltonian operator, which is a di erential operata describing both
the kinetic energy and potential energy of the nuclei and atgons. E; represents the
total energy of system and ; is a wave function which determines the positions and

momenta of all the particles in the system:

= ( ryrg iRy Ry ) (2.2)

ordinates. The electronic Hamiltonian for a molecule is theum of all the kinetic and

potential energies for the electrons and nuclei in the syste
F‘ = fe+ fN + \I)Ne + Oee"' <>NN (2-3)

Here T, represents the kinetic energy of the electron3 represents the kinetic energy
of the nuclei, and the three types of interactiorye, Vee and Vi represent nuclear-

electron, electron-electron and nuclear-nuclear interagns respectively. Then:

o2 oW 2 XM 7,
iz 2mM a=1 2Ma i=1 a1 4" ofia
XN e? MM 7, 7.2
+ — SRR (2.4)
izt jsi 47 ofi  az1psa 4" oRas
Here
rj =iri rji;ria = jri Raj;Ras = JRa  Rg]j (2.5)

where M is the mass of nucleusA, m is the mass of the electron and is the
nuclei charge. The parameters e;, m and 4" o are unity in the atomic units (au)
system. Consequently, 1au in energy is equivalent to 27.282 and 1 au of length is
equivalent to a Bohr radius (0.529R). Therefore, in atomic units the Hamiltonian

can be rewritten as:
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2 Y S 3
X\‘l : bl XM { XN ’ XM :
1 1 Z 1 ZaZ
H = 55? o 2 r_A + = F:\ 5 (2.6)
i=1 | A=1 T A } i=1 A=1 'IA | izl{jz>i 'J} A=1 B>A AB
@) 4

The rst term represents the kinetic energy of the electronghe second represents the
kinetic energy of the nuclei, and the third represents the ralear Coulombic attraction
between thei™ electron and theA" nucleus. The fourth term refers to the electron
Coulombic repulsion between thé™ and " electrons, and the nal term contains the
nuclear Coulombic repulsion between tha" nucleus and theB" nucleus.

Solving the Schredinger equation directly is very di cult because all of the motions

of electrons and nuclei are coupled. Therefore important ppoximations are used.

2.2 The Born-Oppenheimer approximation

The Born-Oppenheimer approximation separates nuclear amfiectron motion. As nu-
clei are much heavier and slower than electrons, this appiiaxation therefore removes
the nuclear kinetic term from the Hamiltonian to form an eletronic Hamiltonian that

describes the motion of the electrons about xed nuclei.

total — electronic  nuclear (2 . 7)

The electronic Hamiltonian, 1, is usually written as:

XN 7 XX 1
B = Er |2 —A — = fe"' ONe + \/)ee (2.8)
i=1 izt a=1 FiA =1 jsi Til
This approximation allows the electron problem to be solveseparately, which achieves

a considerable reduction in the time needed for calculation

2.3 Density functional theory

DFT [2{4] is a mathematical method that derives the propertes of the system based

on a determination of the electron densityn(r) of that system, rather than in terms

CHAPTER 2. COMPUTATIONAL BACKGROUND AND THE AIMPRO
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of wave functions. The major challenge of any many-body thgois to reduce the
number of parameters needed to describe the system. DFT is extremely successful
guantum mechanical modelling method used in physics and chistry to describe

the electronic interaction of a many-body system in the grond state, such as atoms,
molecules, and solids [5]. In this theory, the electrons irokd materials obey the
Pauli principle and repulse each other according to the Cawuinbic potential. The

basic variable of the system depends only on three variablebe spatial coordinates
X, y and z. The most important advantage of DFT methods is a signi cantdecrease

in computing time.

2.3.1 The Hohenberg-Kohn theorems

In 1964, Hohenberg and Kohn [6] proved an exact formal variahal principle for the

ground-state energy, which is valid for any system consistj of electrons moving under
the in uence of an external potential Ve (r). The ground state properties, in general
can be derived from the ground state charge density(r) and the ground state energy

functional E[n(r)], can be written according to the rst Hohenberg-Kohn theoem as:

z
E[n()]= FIN()]+  n(r)Vex(r)d’r (2.9)

Here F[n(r)] is a universal functional, suitable for any number of partles and any
external potential. This functional depends only on the etgron density, n(r). A
second theorem [5] states that the ground state density mmises the total electronic
energy of the system. The correct electron density(r) is the one that produces the
minimum energy.

Although the Hohenberg-Kohn theorems are very powerful, #y do not by them-
selves introduce any way to compute the ground-state dengiof a system in practice

since the functionalE [n(r)] is not known.

CHAPTER 2. COMPUTATIONAL BACKGROUND AND THE AIMPRO
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2.3.2 The Kohn-Sham Equations

In the Kohn-Sham (K-S) formulation of density functional theory, the total energy of

a system is expressed as a functional of the charge density,ia:

z
EIn(r)] = Ts[n(r)]+  n(r)Vex(r)dr + Uy [n(r)] + Exc[n(r)] (2.10)

Here Ts is the K-S kinetic energy of a ctitious non-interacting sysem of electrons
which has the same densityn(r) as the real system,\Ve(r) is an external potential
acting on the interacting system,E,. is the exchange correlation energy, andy is

the electron-electron Hartree (or Coulomb) interaction, \ich is:

4
U, = 1200009 o0

5 g (2.11)

Kohn and Sham derived this by reintroducing one-electron wa functions (r) for

the ctitious system. Therefore, the electron density can & written as:

X . .
n(r)=" J (0 (212)
Then, , 2
TmI=" o O d (213)

K-S showed that the potential in the ctitious system is given by:

Z
n(r E
Vs (1) = Vex(r) + it ( )rjdr + nXC (2.14)

The functions (r) are found by solving the K-S equations:

1
552 i+ Vks(r) i =Ei i (2.15)
Equations 2.12, 2.14 and 2.15 are solved to determin€r) and this is then used in
equation 2.10 to determine the total energy.

The K-S approach thus achieves an exact correspondence a tfensity and ground
state energy of a system consisting of non-interacting Feroms and the real many-

body system described by the Schredinger equation [5, 6].

CHAPTER 2. COMPUTATIONAL BACKGROUND AND THE AIMPRO
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2.4 The exchange-correlation functional

Practical applications of DFT are based upon approximatiasfor the assumed exchange-
correlation energyE,.. As the electrons move they try to avoid the repulsive intere
tion from each other by creating a hole into which other eleobns will not penetrate.
This is called the exchange-correlation hole and it givesse to the term in the total
energy. E,. contains the di erence between the exact and non-interactg kinetic en-
ergies and also the non-classical contribution to the eleon-electron interactions, of
which the exchange energy is a part. The electron exchangedise to the fermionic
nature of electrons (leading to the Pauli exclusion princip) and correlations arises
from Coulomb repulsion [7, 8].

Several approximations of the exchange correlation enerdy. have been pro-
posed. One of these approximations is the local density apgimation (LDA) [9]. In
this approximation, E,. is evaluated from the exchange and correlation energy of a

homogeneous electron gas with density(r). This is an approximation of the form;
z

EL2A = n(r) w(n(r))dr (2.16)
Here . is the exchange-correlation energy density of a uniform eteon gas of den-
sity n(r). The LDA approximation was expected to perform well for syems with
a slowly varying density. But, rather surprisingly, it appers to be very accurate in
many other (realistic) cases too. On the other hand, the LDAsiinaccurate in strongly
correlated systems such as transition metal oxides and inghvan de Waals bonding
systems. Although the DFT method in the LDA gives a reasonakldescription of non
homogeneous systems, it leads to underestimated valuesatfite constants and band
gaps. Table 2.1 lists the calculated lattice constants andalnd gaps for three cubic
perovskite crystals, SrTiQ, BaTiO3; and PbTiOs. In this table, the calculated data
has been compared with the values obtained previously usitige LDA and experi-
mental results. It is clear from Table 2.1 that the LDA calcuations underestimate
the lattice constant and band gap for all three perovskitesThe best agreement with
experimental lattice constants was obtained for SrTi@at within 0.5%. On average,

CHAPTER 2. COMPUTATIONAL BACKGROUND AND THE AIMPRO
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the disagreement between the computed lattice constants dexperimental values for
all three perovskites is no greater than 1.5%. The calculatdand gap is dramatically
underestimated by around 50%, re ecting the well-documertl underestimate arising
from the underpinning methodology (see Table 2.1). Theselcalations con rm the

tendency, which is well known in the literature, for the LDA @lculations to under-
estimate the lattice constants and band gap. However, the temated values for the

three perovskites are consistent with previous comparabdalculations.

Table 2.1: Equilibrium lattice parametersa, and energy band gay 4 for cubic
SrTiO3, BaTiO3z, and PbTiO3 crystal calculations by using LDA, compared
with theoretical and experimental results taken from pubBhed studies [10{

13].

Parameter method SITiG BaTiOz PbTiO;

ap/au This work 3.87 3.94 3.91
Previous theory  3.86 3.96 3.93
Experimental 3.89 4.00 3.97

Eq/eVv This work 1.89 1.85 1.55
Previous theory  1.89 1.81 1.40
Experimental 3.25 3.20 3.40

2.5 Supercell technique

In order to simulate a defect in crystals substantial compumg resources can be re-
quired. Therefore, some sort of balance between the commgicost and model size
has to be found by choosing an approximate structure. Two tygs of models have
been commonly used for computer simulation: clusters andsercells. A cluster is a
small group of atoms or molecules. It is like a big molecule tcaut from the crystal.

At the boundary of the cluster, the dangling bonds may be satated with hydrogen

CHAPTER 2. COMPUTATIONAL BACKGROUND AND THE AIMPRO
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to remove the surface states. However, if the cluster sizeniet big enough or the po-
sition of the defect is not at the centre, defect{surface igraction may be signi cant.
The supercell approach is an important method which has beersed to avoid surface
interaction by repeating the supercell in nity in all directions to form continuous crys-
tal, and thus each supercell is considered as a unit cell widm associated Brillouin
zone (BZ) (Sec. 2.6). The result is a periodic boundary corin and the simula-
tion will be for an in nitely large crystal. Any e ect due to t he surface is removed.
For example, in CdTe, defects are modelled using the supdt@pproximation, using
simple cubic cells with a side length of eitherd&) or 3a,, containing 64 and 216 host
atoms respectively.

With the supercell method, all of the states can be describes@an orthogonal basis
set and plane wave using a Fourier transition for the systentannot be used with a
cluster. However, this approach is clearly more suitable fahe modelling of a pure
crystal. If the supercell contains a defect, then the inteidions between defects in
neighbouring unit cells becomes important. Therefore, arge unit cell is required.

Calculations presented in the application chapters havelamployed the supercell

approach.

2.6 Brillouin zone sampling

In order to calculate the physical properties of the systemsodelled with a supercell
framework, integration over the BZ is required. The rst BZ s a uniquely de ned
primitive cell in reciprocal space. AIMPR®©@ode in the DFT formula uses a Monkhorst-
Pack (MP) sampling mesh [14,15]. With the MP scheme, the intgals are made from
nite numbers of points in the rst BZ, which is called a k-points mesh.

In calculations, the density of thek-point sampling grid depends upon the nature
of the material. For example, semiconductors and insulaterare usually treated using
a relatively small number ofk-points. However, metal calculations need signi cantly

larger sets ofk-points. On the other hand, for similar structures, the calglation of
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energy di erences should be converged. In this project, MPagipling of 1 1 1,
2 2 2and3 3 3 has been performed for the oxygen vacancy defect in bulk

SrTiO3 (160 atom supercell), The results are listed in Table 2.2.

Table 2.2: Total energy for oxygen vacancy defect in bulk SiD; model of

samplingl 1 1,2 2 2and3 3 3.

MP sampling: 1 1 1 2 2 2 3 3 3
Final energy (Ha): -4380.47253 -4380.477769 -4380.477788

From this table, it is clear that the energy di erence betwer2 2 2and3 3 3
is about 52 10 “eV, which is less than 1 meV. These sampling densities conyer
by about 3.2 eV per atom. This value is negligible, and therefore MP sampb of

2 2 2 has been used for subsequent calculations in this work.

2.7 Basis set functions

Among the types of function used to represent charge densiyd Kohn-Sham orbitals
are plane wave basis sets and the Cartesian Gaussian funitiolrhe usual approach
adopted within supercell formalisms is to choose plane-waatting functions for both
the Kohn-Sham orbitals and the electronic charge-density.This choice is natural
because of the inherent periodicity of the system. Kohn-Shmorbitals for a point k
in the Brillouin zone are expanded in terms of plane waves:

k (r) = X ck (G)expli(k + G):r] (2.17)

G

Here G is the reciprocal lattice vector, refers to occupied bands (including spin)
and | are the Kohn-Sham orbitals. The orthogonality condition fo plane waves
with di erent values of G ensures that no instabilities arise through near-linear de

pendencies in the basis sets. The plane-wave expansion dlas the advantage that
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there is only one parameter (the maximunjGj value) to be varied, enabling trans-
parency. The number of plane waves that are used in the ttings determined by
the cut-o energy E, (all plane waves withG?=2 < E ., are included). It is worth
mentioning that the energy cut-o must be large enough to car a su cient number

of plane-waves for the accurate expression of the electramacge density in order to
achieve gqualitative convergence in the calculations. Foxample, the energy cut-o
as a function of total energy for SrTiQ has been examined. The values & are
critical in terms of the impact upon the total energy accurag As shown in Fig. 2.1,
the total energy of SrTiO; has been converged at 150 Ha which is the default value

used in the working parameters of this thesis.

-137.38
-137.40 S —

-137.42 //
-137.44 /

-137.46 /

Total energy (Ha)

-137.48 /
-137.50

-137.52

-137.54
50 100 150 200 250

Eneray cut-off (Ha)

Figure 2.1: Plot illustrating the convergence in the total mergy for bulk
SrTiO3 as a function of the plane wave energy cut-o . These calculans are
performed using a primitive cell of the SrTiQ lattice, which contains only

ve atoms.

However, an extremely large number of functions need to beagssto represent

localised states such as those seen in defects. An alteruatis to use localised orbitals:
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X
(r)= c i(r) (2.18)

i
Here may be Gaussian orbitals and; are the coe cients varied to minimise the
energy. InAIMPRQOGaussians-orbitals take the form:
X 2
()= acexp[ i(r R (2.19)
i
Here the exponent ; controls the width of the Gaussian, andR is the centre of the

location of the atoms. The Cartesian Gaussian types f@rorbitals are

W= (x Ry cexpl (1 R)Y (2.20)
L0=(y Ry el ¢ R 2.21)
()= (2 Riz)x: cexpl (r R (2.22)
and for d-orbitals
c0=(x R? Gexpl (1 R)2 (2.29
2= (y Riy)zxi cexpl i(r Ry (2.24)
#0=(z R’ Gexpl ((r R)? (2.25)
S (D= (X Ry Riy)xi Gexpl i(r Ry (2.26)
2(0=(x Ry Riz)xi Gexpl i R)? (2.27)
w=(y Ry Re) cexpl (1 R (2.28)

These are the six terms as the basis for tleeorbital, but mathematically they are only
ve linearly independent combinations. The additional tem is of the formx?+ y?+ z2,
which is spherically symmetrical and therefores-like. So, the set of thed-state is
extended ad = 2 to generate an additional function with| = 0.

The basis set has a signi cant e ect on the results; therefer, the selection of a

suitable basis set should be precise. A good example of theshulk PbTiO3;. The
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Figure 2.2: Plots showing the equilibrium phases for PbTigrelated materials
as a function of pp, and 1, as de ned in section 3.4. The Ti basis sets are
(a) PbTiO 3-dddd and (b) PbTiO3;-ddddd

basis sets used to represent Pb, Ti and O in PbTi{Qare optimised so that they yield
a minimum in total energy for bulk PbTiO3;. Several test calculations were carried
out to choose the most promising basis set for every one of seeelements. The basis
set, PbTiOz{dddd has been chosen for Pb and O which consists of 40 functions per
atom. The four letters indicate the use of four di erent expaents, where each letter
(d) represents exponents of, p and d functions (10 functions) up to and including the
orbital angular momentum| = 2. The rst exponent is the smallest and the nal one
is the largest. However, for the Ti atom a PbTiQ{dddddbasis set, which consists of
50 functions per atom, has been determined to give the bestmmum energy of the
PbTiO 3 system. This is clearly shown in Fig. 2.2. As shown in this g, with a non-
convergent basis set of Ti (PbTiQ{dddd) the phase diagram of PbTiQ is very narrow
Fig. 2.2(a) compares this with the e ective basis set (PbTi@{ddddd in Fig. 2.2(b)
and this is very important in specifying the growth conditios. Similar procedures
are used in the determination of the exponents for all of thepscies that are used in

the calculations.
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2.8 Self-consistent method

The main requirement in solving Kohn-Sham equations is to tmilate an accurate
minimum energy of the system. The wave function of a system iso complex to be
found directly. Therefore, an iterative procedure needs tbe used. This procedure is
called a self-consistent (SC) calculation. SC means thatehcalculation runs in loops
and convergence is achieved when the results given by solvime SC equations are

consistent with the assumptions made at the beginning of theycle.

Start with guess input
charge density

l«
Calculate Kohn-Sham
potential (Vex)

l Density mixing to generate
Solve Kohn-Sham equations by a new charge density to
diagonalisation of the Hamiltonian reduce the error

l N
Calculate new charge density
from wave function

|

Are the output consistent No
with the input charge
density?

Yes l

Compute physical
quantities

Figure 2.3: Schematic representation of the self-consistealgorithm for a

density functional-based calculation.
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Before entering the SC cycle, a trial electronic density isuild as a rst guess.
This is taken from either the superposition of neutral atonu charge densities of the
system or from the output of a previous calculation. Using tis trial density, the total
density functional Hamiltonian can be built. Then, the Hamitonian is diagonalised
in order to calculate the energies. Now, a new charge densiign be computed. If this
new updated charge density agrees with the input charge détysthe end point of the
loop has been reached. The physical quantities can then bdatdated, including the
total energy, the band structure, vibrational modes, and son. On the other hand, if
the new charge density is not consistent with the input chagdensity, SC calculations
can precede mixing between the input and output charge detgiand then the result
can be used as an input to the next cycle. Fig. 2.3 illustratethe major steps of a

density functional self-consistent loop.

2.9 Pseudo potentials

In solid systems, chemical bonds are signi cantly dependean the valence electrons
rather than the tightly bound core electrons. Core electramare extremely localised to
the nucleus and do not participate signi cantly in chemicabonding. Since the atomic
wave-functions are eigen states of the atomic Hamiltoniathey must all be mutually
orthogonal. Since the core states are localised in the vitynof the nucleus, the valence
states must oscillate rapidly in this core region in order tonaintain this orthogonality
with the core electrons. This rapid oscillation results in darge kinetic energy for
the valence electrons in the core region, which roughly caeis out the large potential
energy due to the strong Coulomb potential. Thus the valenadectrons are much more
weakly bound than the core electrons. It is therefore suitddto attempt to replace the
strong Coulomb potential and core electrons by an e ective giential, known as the
pseudo potential, and to replace the valence electron wafctions which oscillate
rapidly in the core region with pseudo-wave-functions whicvary smoothly in the core

region (see Fig. 2.4).
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\ 4

Figure 2.4: Comparison of a wave function in the Coulombic pential of the
nucleus (blue) with one in the pseudo potential (red). The @ and pseudo-

wave function and potentials match above a certain cut-o rdiusre.

The calculation of pseudopotentials has signi cant beneg over an all-electron
calculation. One is that fewer basis functions are requireahd the numbers of electron
states needed for calculations are smaller. The second awchzaye is that the total
energy is not dominated by the core electrons.

In some cases, the core electrons will need to be reinstatéthe calculated prop-
erty is associated with the core electrons, such as with hypee interactions. The
pseudo potential is fundamentally an approximation; ther®re, for di erent materials
a careful choice may be made to minimise this impact.

The pseudo potentials used in AIMPRO come from the work of Haiigsen, Goedecker

and Hutter [16] which produced pseudo potentials for all eleents.
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2.10 Summary

DFT is an important method which can be used to solve Schredger equation for
a quantum mechanical system consisting of a set of nuclei aetkectrons. It is im-
plemented in AIMPRQuvith various approximations, such as pseudo potentials and
functionals. With DFT the accuracy of calculations could bevery high as shown in
terms of the lattice constants of perovskite oxides and sitar levels of accuracy are
obtained for CdTe and silicon and for a whole range of matefg@awithout any em-
pirical input. These are simple examples of an experimentabservable that can be
derived from DFT, but there are many others; some of which ardescribed in the

next chapter.
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Chapter 3

The AIMPR@alculation of observables

Several experimental techniques are employed in the study defects in crystalline
solids. However, modelling techniques can be used to anaysany of the complex
problems faced in experimental work. Density functional teory is a successful method
used to calculate a signi cant number of experimental obseables. This chapter
present an outline of the method by which density functionatheory can be used to

estimate experiment observables.

3.1 Structure optimisation

In the modelling program, the main computational task is ndng the stable equilib-
rium structures of a system. In order to achieve this, the faes on each atom in the
system must be calculated. These can be obtained when thefsmnsistent charge
density is determined, as mentioned in section 2.8. The fa&w®n any atom in the
system is given by the following equation;

@E
@R

whereR, is the position of atoma, and| is the direction of the force in three directions

fla = (3.1)

(x, y or z). Once the atomic forces have been calculated, the conjugagradient
algorithm is adopted, which displaces the atoms in the diréon in which the energy

is minimised. The structure that has the least energy is thewiewed as the best
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estimate of the ground state structure. The structure is caidered to be optimised
once the energy di erence between the sequence of iteratois below 10°Ha.

This method might give rise to an optimised structure whichg not at the global
minimum energy. To reduce this uncertainty, several initibatomic forms of the same
defective system are modelled and optimised. The structumghich has the lowest
energy then presumed to be the best estimate of the ground wtastructure. For
example, to calculate the optimised structure of carbon asanterstitial in tetragonal
PbTiO 3, depending on the symmetry of the crystal, numerous structas have been
suggested as a starting point. One of these positions is whéhe carbon is located at
the midway point along the line between neighbouring Pb atomon the edge of the
tetragonal unit cell. Another possibility has the carbon Igated along the line between
Pb and Ti sites in the body diagonal. The third one is which cdron located midway
along the line between two Ti neighbours so on. All of thesersttures have been
investigated, either in the polar or equatorial direction.Di erent minimum energies
have been obtained, and based on the calculations two congions have been found
to be the lowest in energy. These may be characterised as CQladOs in terms of the
co-ordination with oxygen (see section 5.3.1). A similar pcess has been conducted
for carbon in the di erent sites in the perovskite oxides andlso for SQ in the CdTe.

These structures are described extensively in applicatiathapters.

3.2 Vibrational modes

In a real crystal, atoms are not xed at rigid sites on a lattie, but vibrate around

their equilibrium positions. Vibrational frequency calcuations are very important in

identifying types of materials and distinguishing their déects. Infrared and Raman
spectroscopy are the powerful experimental tools used toastacterise the defects in
the materials, where a mode is said to be Raman active if it yas a change in
polarizability while it is infrared active if it yields a change in the dipole.

One of the most important requirements for theoretical simations is to be able
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to reproduce quantities that are experimentally observabl The vibration mode cal-
culations throughout this thesis are implemented usindlMPR®ia the calculation of
second derivatives of the total energy with respect to the ams displacement. Ini-
tially the system must be fully relaxed with a nal self-consstent charge density. An
atom A is then subjected to a displacement by a small amoufitalong thel direction.

Atom B then will feel a force along a directiorm given by f ;5 (I; A). Then atom A

is moved by " giving rise to a new forcd .z (I; A) on atom A. Using this procedure,

the second derivative, can be determined from

A = fog (LA) = frg (KA) (3.2)

At each step of the calculation of the energy double derivats, the self-consistent

energy and forces must be found. The dynamical matrix is thefound as

1A;mB
D=p—r0— 3.3
PiMAMB (3.3)

whereM, and Mg are the masses of atom& andB. The eigen vectors of this dynamic
matrix are the normal coordinates, whereas the eigen valugild the squares of the
vibrational frequencies within a harmonic approximation a"! 0. However, the
displacement™” is nite. Therefore, some anharmonic terms are included. Fahis

reason, the calculated frequencies are termed quasi-ham[17], which is a source

of quantitative error in the calculations.

3.3 Band structure

Using rst-principles, band-gap calculations have becompossible for a wide range
of semiconductors and insulators. Each electron in these tedals interacts with
other electrons. The electron energy states are determinby solving the Kohn-Sham
equations. The solution yields a set of continuous functieri,(k), wherek is the wave
vector and n is an integer number termed the band index. The energy statég(k)

form the band structure of the solid. The energy band that cdains electrons is called
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the valence band (VB), whereas the empty band is called the mduction band (CB).

The band gap is the di erence in energy between the valence ciconduction bands.

100 1 1 1 1
S~

-10.04 -

-20.04 -

Energy (eV)

-30.04 -

-40.04 -

-50.04 u

-60.6 T T T T

Figure 3.1: Calculated band structure of primitive unit cdlSrTiO3 in the rst

BZ, plotted along high-symmetry branches. Labelling on the&-axis follows
the conventions for special points at the zone-boundary feimple cubic BZ.
Occupied and empty bands are shown in solid blue and red linesspectively.

The zero on the energy scale is de ned to be the highest ocoegistate.

A large number the electronic structures and band plots havbeen determined
using AIMPR@ode. The band shape is produced, as shown in Fig. 3.1 whiclpidés
the calculated SrTiO; band structure along high-symmetry directions in the BZ. Tis
gure shows that there are number of energetically separalelow-lying bands. For
example, the bands which arise from the Os2state are located around -17 eV. These
bands overlap with a group of three narrow bands derived frorthe Sr 4p states
positioned around -15€eV. At the valence band region, thers ia manifold of nine

bands, normally derived from the O P states. These locations agree well with previous
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LDA results [18]. However, systematic error has been obsedvin the band gap width
compared with experimental results, which is related to th& DA. For example, the
band gaps of SrTiQ, BaTiO3; and PbTiO3; have been calculated to be underestimated
by around 50% compared with the experimental values (see Tab2.1), and that of

CdTe is around a third of the experimental value (see chapte3).

3.4 Formation energy

Defects are the source of many of the most interesting propiess of solid materials.
Therefore, it is important to calculate the stability and sdubility of defects in such
materials. With DFT, the formation energy approach has beemsed to calculate
the concentration and stability of defects with respect to lie chemical potentials
of the atoms. The formation energy is the key quantity that mst be calculated to
investigate the stability of dopants or intrinsic defects.According to thermodynamics,
the chemical potential of a species is the derivative of theilkbs free energyG, with

respect to the number of particles of the species;, that is

_ G
o (3.4)

wherex may be an atomic species or electrons. The Gibbs free energyation is;
G=E+PV TS (3.5)

whereE is the internal energy,P is pressureV is volume, T is temperature andS is
entropy. For rigid crystals, the second termPV, is assumed to be very small and is
neglected, andT S is typically small at low temperature (around room temperatre)
when compared with the separation between lled and empty ettronic states, so this

could also be neglected. Hence, the Gibbs free energy can biten as

G E
— = — 3.6
N (3.6)
and then
X
E= ni j (3.7)
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In thermodynamic equilibrium conditions, ; is constant over the whole system.
So, for system X, the formation energy of a defect in the newtr charge state with
respect to the chemical potentials of its component speciean be expressed as

X
E'(X; 0) = E®(X; 0) ni i (3.8)
i
whereE™(X; 0) is the total energy of the system X in the neutral charge sta which
consist ofn; species of typa. For a system which has defects with di erent charge

states, the chemical potential of the electrons must be cadsred in the calculations.

Therefore, the formation energy can be expressed as

ENX) = EC(XQ) n+ qEGQ+ o+ (6a)  (3.9)

i
where E™ (X; q) is the total energy supercell X) for a supercell in charge statey,
n; and ; are the number and chemical potential respectively of the am species, .
is the electron chemical potential, de ned as zero at the vahce band topE,, and
(X;q) is a correction term to compensate for artifacts of the bowdary conditions,

including the Madelung term for the charged centres;

2
(X;q) = ME'—

where \, is the Madelung constant,L is a lattice parameter and the permittivity

(3.10)

of the material [19]. Equation 3.9 represent the defect foration energy as a linear
function of electron chemical potential. The formation emgy can be used to calculate
the stability of the defect in di erent sizes of cells. Morewer, the formation energies
for all possible charge states of the system can be calcultand which is the lowest
energy for any values of the electron chemical potential axss the band gap can be
determined.

In crystals, for example, equation 3.9 contains terms rementing the chemical
potentials under speci c formation conditions of the spees present, and of the elec-
tron reservoir. It is common simply to calculate the range otach ; de ned by
the stability of the solid relative to the elemental phasesfoeach constituent. Sev-
eral examples of formation energy calculations are discasdsin depth in subsequent

application chapters.
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3.5 Electrical levels

Impurities or intrinsic defects in the crystal often changdhe electrical properties of
the material. They introduce electrical energy levels in th forbidden energy gap.
These levels arise from the defects breaking the symmetry thfe perfect crystal.
They will capture and emit electrons and holes at di erent rées depending upon
the potential that defect produces in the crystal and the bd@round doping and
temperature. Donor levels (occupied states) which are Iaeal close to the CB are
called shallow donors whereas the acceptor levels (emptat&s) located close to the
VB are called shallow acceptors. Deep donor and acceptordés/are located far from
the CB and VB respectively (Fig. 3.2). The band gap width and dfect states in
the gap are responsible for the conductive properties and taqal transitions of the
materials, particularly at the shallower levels, and henca ect the performance of
devices such as solar cells, diodes and transistors.

Formation energy (section 3.4) can be used to calculate théeetrical levels which
represent transitions between charge states under equiiilim. These levels can be
calculated as the electron chemical potential where the foation energies for two
charge states are equal.

For example, the donor level (0/+) is the chemical potentialof an electron at
which the formation energies of neutral and positive chargetates are equal (Eg. 3.11),
whereas the acceptor level (/0) is the chemical potential of an electron at which the
formation energies of negative and neutral charge statessagqual (Eq. 3.12), as shown

in Fig 3.3. The plot allows the estimation of the electrical mergy levels for the defect.

o(0=+) when Ef(X;0)=Ef(X;+) (3.11)
o( =0) when E'(X; )= E"(X;0) (3.12)

The e ect of periodic boundary conditions and underestimatd band gap on the

electrical levels is complicated and controversial as to éhquantities to estimate.
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Figure 3.2: Schematic diagram of deep and shallow levels ianjies in ma-

terials. Red and green curves represent the conduction andlence bands
respectively. Red and green lines refer to donor and acceptevels respec-
tively. The di erence between the valence and conduction lmals represents

the energy gapE,.

3.6 Diusion

In general, complex chemical reactions involve several ggeof electron transfer, mass
transfer, heat transfer, and so on [20]. Chemical reactiorzse considered as a tran-
sitional structure connecting two equilibrium statesS and & (Fig. 3.4). As shown
in Fig. 3.4, the particle at initial state § can be thermally excited and overcome the
activation energy barrier E, to reach the nal state &, and this is considered as the
forward transition. Similarly, if a particle resides at stde &, it also has the opportu-
nity to reach state S. In this case, however, the reverse activation energy bagriEy
is obviously larger thanE,. The di erence betweenE, and E, is the energy di er-
ence between state§ and . In this case, the backward transition is not favoured

compared with the forward transition.
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Figure 3.3: lllustration of the use of the formation energyto obtain accep-
tor and donor levels for the systemX, as a linear function of the electron
chemical potential. Red and green dashed lines representeptor and donor
levels respectively.The solid green and red lines represéime bulk valence

and conduction bands respectively.

In fact, usually only a small number of atoms directly partigpate in the processes
of forming or breaking bonds. Many other atoms in the systemochot undergo changes
in electronic structure. For example, in the reorientatiorof CO; in BaTiO 3, for carbon
substituting for Ti only four atoms which directly particip ate in the chemical reaction
have been used to calculate the activation energy for GQeorientation (see Fig. 3.5).

Several methods have been used to calculate the activatiomeegy for the di usion
or reorientation of defects inside a material withAIMPRQ@ode. The NEB method
[21,22], which is used in this work, is an e cient method usedo nd saddle points
and the minimum energy path (MEP) between a given initial andnal structure of a
transition.

Briey, the NEB technique works by generating a chain of imags between two

equilibrium structures by interpolating the coordinates 6 the atoms from one mini-
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Figure 3.4: Simple scheme representing the location of séldhe point be-
tween two relaxed structures.§ and & represent the initial and nal states,
whereasE, and E;, respectively represent the forward and reverse activation

energy barriers.

mum to another in order to determine the minimum energy path btween the initial
and nal structures. A ctional spring force is assumed betwen adjacent images
in so as to control the spacing between them. By using a modation of the NEB
method, termed the climbing image NEB, the highest energy iage is driven up to
the saddle point. Only the highest image is optimised with tb climbing constraint.
This image is not a ected by the spring forces at all, and thertie force at this image
along the tangent is inverted. The barrier is optimised untithe image forces are less
than 10 “au. If it is evident that additional saddle points are presen additional
images can be introduced starting from the best estimate fnothe interpolation (see
section 8.3.2).

The saddle point and its energy are important quantities uskto study the tran-

sition processes. Once the saddle point energy is found nuioally, the chemical
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Figure 3.5: Schematic of (a) initial, and (b) nal structures of G in BaTiO3

in a simple reorientation process. Blue, grey, red and blagdkoms represent
Ba, Ti, O and C respectively. Vertical and horizontal axes & approximately

[001] and [010] respectively, with the tilted view adopteda aid clarity.

transition rate can be derived for reorientation or migratn. In addition to estimat-
ing the saddle points, NEB calculations can also determinda¢ barrier shape which
is important in assessing the route of non-classical evergach as tunnelling.

The outline in this section describes the basic principled energy barrier calcula-

tions, and the applications of this method are shown in speciexamples in chapter 8.

3.7 Summary

Many important experimental observations of properties agabe determined from DFT

calculations. A range of these experimental properties havbeen reviewed in this
chapter, such as vibrational modes and electrical levelshih are successfully used
in this study. The application of these computational methds with various systems

is described and discussed in subsequent applications cteap.
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Chapter

Carbon impurities in strontium titanate

As mentioned in chapter 1, perovskite oxides have attractebloth experimental and
theoretical attention due to their high permittivity, with SrTiO3 used in waveguides,
high capacity computer memory cells and as dielectric elents in electronic devices.
Di erent growth methods vyield various qualities of materid, and thin- Ims grown
using organic precursors lead to a high probability of carlmocontamination. Using
density functional calculations, various structural congurations of carbon in SITiQ
have been investigated, and the associated electronic pevpes and vibrational modes
of carbon-doped cubic SrTiQ have been analysed. From such calculations it is found
that carbon substitution of the host species in SrTi@ could be either electrically
active, such as in the substitution of Sr or O; or electricall passive, which is the
case with the iso-electronic substitution of Ti. The highlycharacteristic vibrational
modes predicted for the di erent con gurations provide a raite to experimental iden-
ti cation. Additionally, the corresponding formation energies suggest that the carbon
substitution of Ti is generally more favourable, but, undelO-lean conditions, oxygen
substitution becomes signi cant, and fomp-type material the substitution of Sr is also

possible.
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4.1 Introduction

Recently, perovskite materials have received consideratltheoretical and experimen-
tal attention. Perovskite-based oxides exhibit many usefyroperties such as ferro-
electricity, piezoelectricity, superconductivity, and aide{ion conduction, which make
them suitable for many applications such as optoelectrorid23], ferroelectric applica-
tions [24{26], waveguides [23], high capacity computer memy cells [23,27], dielectric
components in electronic devices [23], and optical switch§8].

In its basic and most highly symmetrical form perovskite caibe described as a
cubic unit cell with the formula ABO3, where A represents a cation located at the
body centre position, in 12 coordination with surrounding xygen ions. The B cations
are located at the cube corner positions, in 6 coordinationitil surrounding oxygen,
while the oxygen atoms themselves inhabit the spaces betwethe B sites, as shown
in Fig. 4.1(a) with an alternative view illustrated in Fig. 4.1(b). The basic structure
has been drawn with the A cation located at the cube cornershé B cation at the
body centre and O?2 ions at the face centres. The structure can also be regarded
as a set of BQ octahedra arranged in a simple cubic pattern and linked togfeer by
shared oxygen ions, with the A cations occupying the spacesbetween. Fig. 4.1(c)
represents the 3{dimensional perovskite structure with sided BQ; octahedra. The
cubic unit cell for bulk ABO3 is completely described by the space-gropm3m, and
the following basis of atoms at the following positions: A:0}0,0], B: [0.5,0.5,0.5] and
0: [0.5,0.5,0], [0.5,0,0.5] and [0,0.5,0.5].

The use of the perovskite structure derives from its abilitto support a wide
diversity of cations on its two sites. The cation combinatins in the structure which
are allowable are governed by charge neutrality and struater constraints. Charge
neutrality for the structure

AP By O3 (4.1)

is given by

mx+ny 6=0 (4.2)

CHAPTER 4. CARBON IMPURITIES IN STRONTIUM TITANATE



4.1. INTRODUCTION 39

?

Figure 4.1: Representation of ideal cubic AB®perovskite: (a) A-centred;
(b) B-centred; (c) three-dimensional network of B@ octahedra. The green
spheres represent the A cations, gray spheres represent Bieations, and red
spheres represent oxygen anions forming an octahedra. \eat and horizon-
tal axes are approximately [001] and [010] respectively, tithe tilted view

adopted to aid clarity.

A simple example of this principle is the material strontiumtitanate, SrTiO ;.

Strontium resides on the A site as S, while titanium resides on the B site as Ti*,
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giving overall charge neutrality.

It is common for perovskites to undergo phase transitions dasmperature is re-
duced. For example, SrTiQ is stable above 105K in a paraelectric cubic structure
(Fig. 4.1). SrTiO3; forms randomly oriented dipoles without the application ofan
external eld. However, when an electric eld is applied, tle dipoles align so as to
reduce the strength of the electric eld within the material Removal of the external
eld results in the dipoles returning to their disordered sate (with the polarization
in the material returning to zero).

Below 105K, the structure changes to tetragonal symmetry ( b 6 c, = =

=90 ). An orthorhombic phase transition (a6 b 6 c, = = =90 ) takes
place in the range 55{35K. Finally, a further phase transitn from orthorhombic to
rhombohedral symmetry occurs under 10K. In these phasesegtipolar axis is aligned
from the tetragonal to rhombohedral phase along the001i, h110 and hl11 directions
[29]. In reality, most perovskite crystals only take on thedealised structures above
the Curie temperature T,. Below this temperature the materials form permanent
electric dipoles in the absence of an applied electric eldiasr the displacement of
cations relative to anions, giving rise to such propertiessaferroelectricity.

In addition to temperature, the perovskite structure is degndent on several other
determining factors, which are the Jahn{Teller e ect [30{2], composition, and ion size
e ects. The Jahn{Teller e ect appears when there are partily lled d-orbitals on the
B site (inside the octahedra). Degeneracy in thd-orbitals causes distortions in the
octahedracite. As the Ti atom is ad® ion, the Jahn-Teller e ect does not apply to this
perovskite, except when foreign atom impurities are intrasced. Changing the relative
composition of the atoms in a perovskite, for instance creaty vacancies such as by
the removal of oxygen atoms in SrTiQ, creates another distortion e ect [27,31, 33].

The e ects of ion size are clearly important in determining tsucture. The Gold-
schmidt tolerance factor ) [34] has been presented to describe the distortion of the

perovskite structure from the ideal con guration by takinginto account the ionic radii
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Figure 4.2: Unit cells of the four phases of SrTi© (a) cubic; (b) tetragonal;
(c) orthorhombic; (d) rhombohedral. The dotted lines in (b) (c), and (d)
delineate the original cubic cell. Arrows within the unit cds indicate the

direction of the spontaneous polarization in each phase.
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of the species A, B and O, wher¢ is de ned as
{ = (Ra + Ro)
2(Rg + Ro)
where R, Rg and Rp are the ionic radii of the A, B and O ions respectively. The

(4.3)

ideally packed perovskite structure presents a tolerancadtor t=1. In SrTiO 3, the

species ionic radii areRy = 1.44A, Rg=0.605A and Rpo=1.4 A [35], which gives a
value oft=1.00. However, when the B site cation is smaller than the id& case att> 1,

it will shift toward one of the oxygens atoms and the unit cellwill contract perpen-

dicular to the direction of the shift, resulting in a tetraganal distortion. This creates
electrical polarity in the crystals, making ferroelectridy possible. In contrast, when
the A site cation is smaller than the ideal ati< 1, the oxygen octahedron will tilt or
rotate towards one of the A sites creating a rhnombohedral d@tion. In practice, most

perovskites have tolerance factors between9<t< 1:06. However, the Goldschmidt
model is only an approximate guide and does not take accourfttemperature e ects.

Since perovskites are not entirely ionic compounds, and treeective ionic radii are

not constant in all crystals, the value oft is only a rough estimate.

Among the perovskites are ferroelectric crystals such as B&®3; and PbTiOs,
antiferroelectrics such as PbZr@ and NaNbQO;, and materials such as SrTi@ that
exhibit other, nonpolar instabilities. The presence of dierent crystal phases can be
used to ne-tune and adjust the properties of interest.

SrTiO3 is a good example of a model AB©that has found widespread application
in various technologies. Crystalline bulk SrTiQ has a relative permittivity in the
hundreds at room temperature, making it potentially suitalle for nano-size devices
[36]. However, leakage current is a major issue in thin Imsyith native point defects,
crystallinity and impurities remaining signi cant problems.

It is well known that pure SrTiO3 is an insulator, with a band gap about 3.2eV
at room temperature in the absence of defects. However, itermuctivity could be
induced either through the reduction of oxygen in SrTi@ or through impurity doping,
which has important applications in optoelectronic device [37]. For example, when

pure SrTiO;z is heated in a reducing atmosphere, lattice oxygen atoms caluse
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and recombine into molecular @, so that introducing such intrinsic defects or dopant
atoms into the structure can cause the appearance of additial energy levels within
the band gap, making SrTiQ a conductor or semiconductor.

In addition to its electrical properties, strain-induced &rroelectricity makes SrTiQ
suitable for microwave devices [38,39]. Moreover, piezedflic phenomena have been
observed on SrTiQ thin Ims, which make it suitable for microelectromechanial
systems (MEMS) such as actuators [40]. Reduced SrT§@lso has the high Seebeck
coe cient necessary for thermoelectric applications [41nd reduced SrTiQ was the
rst ternary oxide discovered to be superconducting withirthe temperature range 0.1-
0.28K [42]. A large number of experimental studies have agakd the wide variations
in physical properties of bulk SrTiQ and the role of native defects and dopants. For
example, the imaginary part of the dielectric function is gni cantly a ected by com-
positional variations and interfacial strain in SrTiO; [43]. Amongst the point defects
commonly grown into SrTiO;, oxygen vacancied/o have a signi cant optical, electri-
cal, and microstructural e ect [44], and transition-metaldopants have a considerable
impact upon the optical gap [45{48].

Simultaneously, numerous rst-principles computationaktudies have resolved the
physical and chemical characteristics of SrTi©Q For instance, the structural and
electronic properties of single and double oxygen vacancgfdcts in bulk SrTiO; have
been predicted to decrease the lattice constant and bulk moldis, and to move the
Fermi level towards the conduction band [49]. Additionallythe properties of doping
SrTiO3; have been investigated for species such as N and La, with NAcadoping
with La substituting for Sr predicted to be favourable for plotocatalytic activity
under visible light [50].

Di erent deposition methods have been used to grow SrTiOthin Ims, includ-
ing chemical vapour deposition [51], molecular beam epitax52], and pulsed laser
deposition [53]. Recently, atomic layer deposition, whiclis sometimes referred to
as atomic layer epitaxy, has attracted more attention due taots accurate thickness

control and superior conformal growth [54,55]. However, éhorganic Sr precursors
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lead to contamination [56,57], and of particular note is théact that carbon impuri-
ties have been reported in SrO and SrTi® Ims [58]. In the case of SrO Ims, the
current understanding of carbon contamination [59] conces the formation of SrCQ
within the SrO, and the appearance of the carbon contaminath may be interpreted
in terms of the incompleteness of the growth reactions [56]Many rst-principles
simulation studies focusing on the electronic propertied anpurities in SrTiO 3 have
been published, but relatively few relate to carbon. In oneahsity functional simula-
tion [60], carbon was assumed to lie on an oxygen site, whetrevas found to generate
a mid-gap Z-atomic orbital-like, partially occupied state. Another sudy compared
di erent sites, and it was suggested that the Ti site is moredvourable [61], where
it was proposed to introduce an empty band a little below the dst conduction band
minimum. A third study investigated the e ects of carbon andsulphur cation doping
on the electronic structures and optical properties of Sr0s. The C cation introduced
O 2p+C 2s hybrid orbitals at the top of the valence bands, the band gapf&rTiOs is
narrowed, and a red shift of the absorption edge is predictd@2]. This relates to the
experimental observation of improved photocatalytic actity in C-S co-doped SrTiG
where the absorption edge was shifted from 400 to 700 nm, angetphotocatalytic
activity levels were about twice those of pure SrTiQ

Given the potential importance of carbon contamination, ad the relative paucity
of theoretical data, rst-principles calculations have ben performed on the geometry,
electrical levels, electronic structures, vibrational mdes and formation energies of
carbon defects for di erent sites in SrTiQ. The results for each of the most plausible
con gurations are presented in this chapter, and a simple #grmodynamical model

applied to determine which are most likely to appear in praate.

4.2 Computational Method

First-principles density-functional theory within the local-density approximation [63],

as implemented in AIMPRO computer code [64,65], have been ployed, as described
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in chapter 2. Atoms are modeled using norm-conserving, sephle pseudo potentials,
as discussed in section 2.9 [16], where the valence sets for 18, O, and C are
4s?4p°®5s?, 3523p°3d4s?, 2s22p* and 2522p?, respectively, and the Kohn-Sham eigen-
functions are expanded using atom centred Gaussian basiss4é6]. The bases consist
of independent sets o§-, p- and d-type Cartesian Gaussian functions of four widths,
yielding 40 functions per atom for Ti, O, and C; while ve widt of s- and p-Gaussians,
yielding 20 functions per atom, are centred at each Sr site. &tix elements of the
Hamiltonian are determined using a plane-wave expansion thfe density and Kohn-
Sham potential [67] with a cut-o of 150Ha, resulting in abslute convergence of
the total energy with respect to the expansion of the chargeedsity to better than
0.03 meV/atom.

Structures are optimised using conjugate-gradients (seecsion 3.1), with the op-
timised structures having forces ok 10 2atomic units, and the nal structural opti-
mization step is required in order to give a reduction in thedtal energy of less than
10 °Ha.

SrTiO3; has a cubic perovskite structure at room temperature, withte Ti** six-
fold coordinated to O 2 ions, and each S¥ is surrounded by four TiQ; octahedron
(Fig. 4.1). However, at very low temperatures, SrTiQundergoes a small antiferroelec-
tric distortion [29] with alternate TiO 4 groups rotating about a [001] axis in opposite
senses by 1.89 as shown in Fig. 4.3. For bulk cubic SrTi@, the computational ap-
proach yields an equilibrium lattice parameter of 3.8&, which is within 1% of exper-
imental data [68]. The calculated band-gap is 1.89 eV, re &ng the well-documented
underestimate arising from the underpinning methodology.The estimated value is
consistent with previous comparable calculations [69, 70]

To model the defects, the standard supercell approximatiohas been used. In
particular, a non-primitive supercell with lattice vectors 2p§[aaa], 2IO 3[aaa] and
2IO 3[@aq] is used, wherea is the lattice constant in the cubic unit cell. This su-
percell is comprised of 32 formula units, meaning that the percell is Sg,Ti3z,Ogg

(see section 2.5). In all cases the Brillouin zone is samplading uniform 2 2 2
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Figure 4.3: Schematic structure showing a small antiferrteetric distortion
via the opposite rotation of adjacent shaded Ti@ units around the [001]
direction with . Green spheres represent the Sr cations, gray spheres rep-
resent the Ti cations, and red spheres represent oxygen amsoforming an

octahedron.

Monkhorst-Pack mesh [14].

Vibrational modes have been calculated by obtaining the seed derivatives of the
energy with respect to atomic positions, which are then agséled into the dynamic
matrix, as mentioned in section 3.2. The second derivativege obtained from a nite
di erence approximation involving the forces calculated o atom i when displacing
atom j in each of the three Cartesian directions.

With respect to the activation energies, the climbing nudge elastic band method

has been used [21,22], and the convergence of the saddle tpemergy with respect to
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the number of images and the image-forces has been estatdaio within a few meV
(see section3.6).

The formation energyEf(X;q) of a defect in the g charge state with respect to
the chemical potentials of the atoms, along with the Fermi lesl, have been calculated
using Eq. 3.9 (Chapter. 3), where ; denotes the chemical potential of the species
(i =Sr, Ti, O and C in this calculations). First, the limitation s of the atomic chemical
potentials have been assessed by considering the energfdsutk SrTiO 3 and related

materials. The chemical potentials of componentss,, 1 and o are related through

sst 11 +t3 0= sTObulk (4.4)

Here sto is the total energy per formula unit (f.u.) of pure SrTiQ;, and s Is the
energy per atom of pure Sr metal. Similarly, 1i is de ned as the energy per atom
in hexagonal-close packed Ti. ¢ is the energy of the oxygen atom calculated from
the energy of an @ molecule, using a cubic supercell %6 16A 16A to avoid
image-image interaction and the point for k-point sampling, and the spin polarized
(S = 1) calculation was performed for that case. The SrTi@enthalpy of formation is,
HSrTiO3 = SITiOsbuly ss T 3 o,whichis found to be 18¢V, and this is
in reasonable agreement with the experimental value of17.13 eV [71]. A parameter
space describing the values of the chemical potentials fohieh SrTiO3 is stable can
be established in terms of t; and s, using Eq. 4.4, with boundaries formed where
related materials become thermodynamically more stable &m SrTiO3;. For example,
for su ciently high values of the Ti and Sr chemical potentids, it would become
more favourable to form bulk metals rather than the composit Other boundaries

are formed by SrO, SrQ, TiO, Ti 03, TiO,, and oxygen gas

Hsio = srobulk) st o (4.5)
Hsio, = souk) st 2 0 (4.6)
Htio =  Tiowmulk) Ti o (4.7)
Htio, =  Ti0 2(bulk) i 20 (4.8)
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Hti,0, = Tios0uk) 2 7 30 (4.9)

To provide a benchmark for these calculations, the calculed properties for Sr, Ti
and their composites in addition to the calculated heats ofofmation are presented
in Table 4.1. This shows that the heats of formation are in gabagreement with
experimental values and previous calculations. The lattecconstants are calculated to
within about 4%, re ecting the tendency of LDA calculationsto underestimate lattice
constants, particularly, in the case of Sr metal. In order taletermine the properties
of the phases in Table 4.1, the same computational settings &or SrTiO; have been
employed, but the number ofk-points and the basis set for each material are varied
SO as to ensure a convergence of the total energy.

The shaded area in Fig. 4.4(a) shows the resulting phase diam for the stable
SrTiO3 growth as a function of s, and +j, which agrees reasonably with a previous
similar treatment [76, 77].

Following the procedure adopted for the Cr doping of SrTi@[76], the selection
of the impurity chemical potential based upon the approprige carbon containing
phase is required. ¢ has been calculated based upon graphite (C), TiC, SsCCO,
gas, and SrCQ. Similar to the above limits were imposed for the ¢ calculations.
For instance, the formation enthalpy of S"ICQ was s+ ¢c+3 o HSrCO3’
where the upper bound of ¢ = Srco; st 3 o. Using the same procedure,
the constraints for other relevant compounds have been calated. Other systems
containing carbon, such as CO and Cfgas, were examined but were not found to be
in equilibrium phase under the computational conditions sgci ed. The equilibrium
form of carbon as a function of s, and 1 ( o is de ned by Eq. 4.4) can be determined
by calculating which of the various candidates (graphite, iC, etc.) is lowest in energy.
Fig. 4.4(b) shows the results of this analysis. For examplé&r with = 10eV and

st = 4eV, the equilibrium form of carbon is SrCQ, whereas when 1 = 4eV
and s, = 10eV the equilibrium form of carbon is graphite. When the caulated
formation energies of carbon containing defects are presshlater in this chapter, the

carbon chemical potential is speci ed in this way, and the v@us regions of chemical
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Table 4.1: Calculated and experimental bulk properties antbrmation en-

thalpies for Sr, Ti and their composites. Lattice constantdg, A), axial ratio

(c=9 and enthalpy of formation ( H, eV/f.u. are shown, which experimen-

tal and theoretical data taken from published studies [71{]

Current calculations Experiment

Previous calculations

SrTiO3, simple cubic P m3m)

Hf 18.00 17.13 16.20
Sr, cubic close-packedHm3m)
Qo 5.81 6.04 5.78
SrO, sodium chloride Em3m)
o 5.13 5.16 5.15
Hf 6.39 6.14 6.32
Ti, hexagonal-close packedhcp)
o 2.86 2.95 2.85
c=a 1.58 1.58 1.58
TiO, sodium chloride(F m3m)
Hf 5.74 5.62 5.66
TiO,, rutile (P4,=mnm)
Qo 4.55 4.57 4.56
c=a 0.64 0.66 0.64
Hf 10.44 9.79 10.93
Ti, O3, rhombohedral R3c)
o 5.43 5.43 -
Hf 16.89 15.75 16.9
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Figure 4.4. Plots showing the equilibrium phases for SrTi{xelated materials
as a function of g and +i: (a) shows the SrTiQy stable region of the
parameter space, indicated by the shaded area; whereas (hpws the stable

phases containing carbon over the same ranges of chemicalepbals.

stability for carbon shown, such as in Fig.4.18 on page 70.
Using Eqg. 3.9 and by considering the SrTi@stability conditions, the likely location

of carbon in SrTiO; has been examined, as discussed below in section 4.3.5.
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4.3 Results and discussion

There are four principal ways to include carbon atom into th&rTiO3 lattice: carbon
substitution at the Sr, Ti or O sites, and insertion in an intgstitial position. Each of
these con gurations has been analysed, and their observalgroperties assessed. First,
to provide a benchmark for these calculations, the calculatl properties of the free
CO and CO; species are presented in Table 4.2, showing that the bond dghs are in
excellent agreement with experiments, and the vibrationahodes are calculated within
about 5%. For comparison, the properties of a carbon monoxicanion, CO ? have
also been calculated. The ground state iS = 1, in line with the spin-triplet ground
state of the isoelectronic oxygen molecule. The populatiasf the  orbital increases
the bond length to 1.44A, and the reduction in bond-order yields a corresponding
reduction in vibrational frequency, which is calculated tde just 1047 cm? although

here there are no experimental values for comparison.

Table 4.2: Bond lengths @, A) and angles\ OCO ( , degrees) and vibrational
modes (, cm 1), for CO and CO;2. Corresponding experimental values are

taken from previous studies [78{80].

CO CO,2
Calculated
d 1.14 1.28
| 120
2051 1380, 1026, 864, 655
Experiment
d 1.12 1.29
| 120
2139 1415, 1063, 879, 680

The analysis of these molecular calculations and the bulk HO ; quantities pre-
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sented in section 4.2 provide both con dence that the compational method is ap-
propriate and su cient for the subject matter, and this provides the context for the

data given below for carbon-containing point defects.

4.3.1 Interstitial C

The rst case is that of a carbon atom added to an otherwise pstine SrTiOs crystal.
By varying the starting location of the interstitial carbon (C;), several di erent minima
in energy may be obtained. In general, carbon can form covatd&bonds with one, two,
or three host oxygen atoms. However, two con gurations, wbin may be characterized
as CO and CQ in terms of co-ordination with oxygen (Fig. 4.5), are of paitular
importance, being the lowest in energy for di erent chargetates.

The CO structure hasC,, symmetry with the principal axis along the single C{
O bond (Fig. 4.5(b)). The C{O bond-length of 1.24A is consistent with a CO 2 ion
substituting for a host oxygen ion. This structure is stabised by a partial p-d covalent
bonding between the carbon atom and the two nearest Ti ions.hIs is con rmed by
the molecular orbital analysis, as shown in Fig. 4.6(a). Th€{Ti distances have been
calculated to be 2.0&, which is 6% longer than the original Ti{O in pure SrTiOs.

The CO; structure (Fig. 4.5(c)) has a more dramatic impact upon the bst, with
the formation of three C{O bonds yielding a centre close t€3;, symmetry. Since the
normal charge state of the carbonate ion is 2, the formation of this geometry may be
viewed as unlikely: the CQ? ion is e ectively replacing three host O 2 ions, leading
to a surplus of four electrons. The C{O distances have beenuftd to be 1.28A and
the bond angles are 119 which are close to the bond length and angles respectively
of CO,? ions. However, the structure in the +2 charge state is non-ahar compared
with the +4 charge state. The reason for this is that the addibn of electrons leads
to the bond angles becoming smaller since the bonding inteteon between Ti and
carbon increases the strength of the bonds. Indeed, it is stno below that, although
the carbonate form is metastable in the neutral charge staté is expected to act as

a donor and thus favour positive charge states.
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Figure 4.5: Schematics of the (b) CO and (c) COforms of G in SrTiO3. An
equivalent section of defect free SrTi@is shown in (a) for comparison. Green,

grey, red, and black spheres represent Sr, Ti, O, and C atomespectively.

Vertical and horizontal axes are approximately [001] and @] respectively,

with the tilted view adopted to aid clarity.

The band structures in the vicinity of the band-gap for the natral charge state

of the CO form and the overall +2 charge state of the carbonateorm are shown in
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Fig. 4.7. For the CO form there are both occupied and empty bas within the gap,
which may be broadly characterised as the two CO molecular orbitals, split by
the crystal eld. The wave function of the states are plottedin Fig. 4.6. The lowest
energy occupied state wave function is depicted in Fig. 4&( whereas Fig. 4.6(b)
represents the wave function of the higher empty state in thgap.

The carbonate group is not so simply accommodated. If all cguonents adopted
their normal formal oxidation states, this would result in a overall +4 charge since the
CO, 2 ion accounts for only one of the three oxygen atoms a ected.HE band structure
for the +2 charge state con guration (Fig. 4.7(b)) consistsof a single occupied band
in the upper half of the band-gap. The state is a combinationfa molecular orbital
on the carbonate group and the neighbouring Ti cation. It is mde up of parallelp
orbital on all four sites, but in anti-bonding combinationsbetween C and the three
oxygens, with the Tid-orbital forming a bond with the p-orbital on the carbon as
is quite clear in Fig. 4.8.

Based upon the band structures and expected oxidation stat@f CO and CQ, it
is natural to expect electrical levels to be present for intstitial carbon. The charge-
dependent formation energies are shown in Fig. 4.7(c), imditing that the neutral
charge state of the CO con guration and the +2 and +3 charge sttes of the CQ
con guration are stable. According to the calculations, haever, the +4 charge state
is not favourable, although for . = 0eV the +4 charge state is only very slightly
higher in energy than +3.

In addition to the electrical levels, local modes correspding to C{O stretches
would be expected. For the neutral, CO-bonded con gurationthe stretch mode is
estimated at 1554 cm?, which is much lower than the vibrational mode of CO gas.
In the +4 charge, local vibrational modes are calculated fothe approximate Cs,
COs centre. There is anE-mode (an anti-symmetric combination of C{O stretches)
at around 1429cm?, and a non-degenerate breathing-mode at 1094chm These
are close to those of gas phase GO (table 4.2). Similarly, the +3 charge state is

predicted to haveE and A; modes at 1154 and 942 cm respectively, whereas for +2
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Figure 4.6: Plot of the wavefunction distribution of CO G con gurations in
SrTiO3: (a) a partial p-d covalent bonding between the carbon atom and the
two nearest Ti ions in CO form; and (b) CO molecular orbitals associ-
ated with the empty state in the gap. Red and blue volumes shamg wave
function iso-surfaces of equal magnitude (0.1) and oppasisign. Colours and

orientation are as indicated in Fig. 4.5.
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Figure 4.7: Band structures in the vicinity of the band-gap dr C; in: (a)
the CO; and (b) the (CO;)*? con guration, plotted along high-symmetry
branches in the rst Brillouin zone; and (c) showsE' ( ) for various charge
states of each structure. Occupied and empty bands in (a) ar{d) are shown
in solid (blue) and dashed (red) lines, respectively. The werlying shaded
areas show the regions of the bands for the correspondinglalpercell. The
energy scale is de ned such that the valence band maxima aré zero. In
(c) the (red) solid line and (blue) dashed line represent th€O and CO;
con gurations, respectively. The gradient indicates the ltarge state, and the

energy scale is de ned by’ ((CO)°%) =0eV.
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Figure 4.8: Wave function of the orbital state for the CQ C; con guration
in SrTiO3. Red and blue volumes showing isosurfaces of the wave fuoati
of equal magnitude (0.1) and opposite sign. Colours and ontation are as

indicated in Fig. 4.5.

these are at 1018 and 854cm. The increase in frequency with increasing positive
charge results from the di erences in bonding, with the -bond between the Ti and
C atoms resulting in a non-planar CQ group in the +2 charge state being lost by +4

where the CQ group is close to planar.

4.3.2 C substituting for O

A possible naive expectation of the location of carbon in arxe, based upon rela-
tive proximity in the periodic table, would be substitution at the oxygen site. The
optimized atomic structure of such a centre (g), is shown in Fig. 4.9(a). The bond-
lengths of a simple substitution are very similar to those athe host, with the Ti{C
bond-length at 1.98A only slightly longer than the Ti{O bond at 1.94 A, which is in
agreement with previous calculations [62].

However, this structure is relatively unstable, and chemat reactions between car-
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(@) (b)

Figure 4.9: Schematics of (a) g, (b) (CO) 0y and (c) (CO,) 3oy in SITiOs3.

Colours and orientation are as indicated in Fig. 4.5.

bon and nearby host oxygen ions are energetically favourablor the neutral charge

state. Fig. 4.9(b) shows the resulting structure for the ndwal charge state, which can
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be characterized as a CO species shared between two oxygéessi(CO) o). In the

neutral charge state, the C{O bond-length at 1.44\ is signi cantly longer than a CO

molecule, but close to that of a free CO? ion. This long bond is due to a combina-
tion of the charge state of the group and bonding interactiwith the neighbouring

Ti atoms. The C{O bond length is shorter for +1 and +2 charge sttes, being 1.36
and 1.28A respectively, which is consistent with the depopulation foan anti-bonding

orbital.

The band structures for the two con gurations are instructve in terms of the
origin of their relative stabilities. The on-site form (Fig 4.10(a)) has two C-related
levels in the band-gap, which are largely comprised of an agued p-state along the
Ti-C-Ti axis and a partially lled, degenerate pair made up @ the perpendicularp
components. To clarify the combination of orbitals betweethe carbon dopant and
adjacent host atoms, wave functions for the isosurface netlre carbon dopant have
been calculated, and the results are illustrated in Fig. 411 The on-site centre would
therefore be expected to act as a donor.

Fig. 4.10(b) shows the electronic structure of the (CQ)o) structure in the neutral
charge state. The states in the upper part of the band-gap arelated to the combi-
nation of CO and p4 with the neighbouring Ti atoms, illustrated in Fig. 4.12.

Again, the electrical levels have been estimated, with th@fmation energies plot-
ted in Fig. 4.10(c). As might be expected, the on-site centrean accept an electron,
but the addition of a second electron which would render it electronic with oxygen
is not energetically favoured. The picture for the chemicll reacted system is slightly
more complex. The existence of the occupied states in the lshgap are found to result
in single and double donor levels, with the depopulation ohe  state corresponding
to a decrease in the C{O bond-length. However, removal of tee or four electrons
is also possible, but with a spontaneous reconstruction terin a centre where C is
bonded totwo oxygen neighbors, (CQ) 30y (see Fig. 4.9(c)).

As with C;, Co is likely to give rise to characteristic vibrational modesFor the on-

site form a stretching vibrational modes lies at 875cnt in the 1 charge state, which
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Figure 4.10: Band structures in the vicinity of the band-gagdor Co in: (a)

the on-site and (b) the (CO),c) con gurations, plotted along high-symmetry
branches in the rst Brillouin zone; and (c) showinge’ ( ) for various charge
states of each structure. Lines, shading and scales in (a)f) are as de ned
in Fig. 4.7. In (c) the (red) solid line, (blue) dashed line, ad (black) dotted

line represent the (COkp), Co, and (CO,)30) con gurations respectively.
The gradient indicates the charge state, and the energy seais de ned by

E"(((CO) 20))°%) = 0eV.
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Figure 4.11: Schematics showing wave functions ofoC (a) lowest occu-
pied p-state along the Ti-C-Ti axis; (b) and (c) a partially lled, degenerate
pair made up of the perpendicularp components. Red and blue volumes
show wave function iso-surfaces of equal magnitude (0.1)danpposite sign.

Colours and orientation are as indicated in Fig. 4.5.

is in reasonable agreement with calculations of Ti{C modes iTiC nanostructures [81].
The vibrational modes of the (CO),y provide further insight into the nature of the
defect. In the neutral charge state a mode at 943 crh is calculated, which is close

to the calculated vibrational mode of CO?2. In the +1 charge state the vibrational
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Figure 4.12: Plots (a) and (b) showing the wave function (reénd blue 0.1
iIso-surfaces) for the two occupied levels related to the cbmation of CO
and pg with the neighboring Ti atoms for (CO),oy defectin SrTiO;. Colours

and orientation are as indicated in Fig. 4.5.

modes increase to 1104 cm, and 1345cm? for the +2 charge state, corresponding
to increased bond-order. For the (C) 3oy form, the increase in the number of C{O
bonds means that the +3 and +4 charge states yield two stretcimodes each, estimated
at 1125 and 1294 cm' for the +3, and 1121 and 1348 cm' for the +4 state. The

di erence in geometry leads to the di erence in vibrationaimodes, which can be easily

distinguished experimentally.

4.3.3 C substituting for Sr

The optimised structure of Sr substituted by carbon, G, shown schematically in
Fig. 4.13(a), shows the spontaneous displacement of C to rforthree C{O bonds.
Their length is calculated at 1.29, close to that in a carbonate anion. The formation
of the carbonate leaves the SrTi@lattice de cient by one Sr cation and three oxygen
anions. This results in a net excess of four electrons to becaanted for. Two of
these are associated with the carbonate group, but this meanhat the reaction of

carbon on the Sr site with three oxygen atoms is expected tosdt in a double donor.
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Indeed, this is also what would be expected on the basis of thalences of Sr and C.

(@)

Figure 4.13: Schematic of & in SrTiO3 in the (a) CO3; and (b) (CO)s{ Vo

forms. Colours and orientation are as indicated in Fig. 4.5.

However, there is an alternative chemical rearrangementdhresults in an isoelec-
tronic centre. If C reacts with a single oxygen atom, so that €0 anion resides at the
Sr site and an oxygen vacancy is formed, then no excess of deaf charge results.

Numerous relative orientations of the CO ion and oxygen vanay have been analysed,
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Figure 4.14: Band structures in the vicinity of the band-gagdor Cs, in: (a)
+2 charge state of CQ and (b) the (CO)s{ Vo con gurations, plotted along
high-symmetry branches in the rst Brillouin zone; and (c) siowing Ef ( ¢)
for various charge states of each structure. Lines, shadiagd scales in (a)
and (b) are as de ned in Fig. 4.7. In (c) the (red) solid line ad (blue) dashed
line representing the (CO}{Vo and (CO,)soy con gurations respectively.

The gradient indicates the charge state, and the energy seais de ned by
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and the one shown is the lowest in energy. The C{O bond lengthak been calculated
to be 1.13A, which is close to the bond length of a carbon monoxide molde. The

structure shown schematically in Fig. 4.13(b) is metastabl but unstable compared
with the carbonate form (see Fig. 4.14(c)), which can be aagoted for on the basis
of the relative favourability of the formation of three covédent bonds.

The expectations based upon oxidation states for the two stctures illustrated
are conrmed by their band structures (Fig. 4.14). In the +2 darge state of the
carbonate form, and the neutral charge state of the CO formhe band-gap is devoid
of states.

The vibration modes for G, have also been calculated for the two structures. The
CO; form in the overall neutral charge state has modes at 1079,8% and 1517 cm*
associated with C{O stretches. The ionised forms have modasthin 8cm ! of the
neutral charge state, which is consistent with the shallowahor behaviour predicted
for this centre. However, in the neutral charge state, the brational mode of G, in
the CO form is observed to be at 2086 cni, which is in reasonable agreement with

the experimental value of carbon monoxide molecule frequsn

4.3.4 C substituting for Ti

The nal form for C impurity in SrTiO 3 is substitution of titanium, C+;, which may
be anticipated on the grounds of both C and Ti being group-IVlements. A con g-
uration has been optimised where the initial structure hasden perturbed from the
ideal octahedral symmetry, avoiding any arti cial symmety constraint. The relaxed
structure has three C{O bonds (1.29\), which is signi cantly shorter than the Ti{O
inter-nuclear distances in SrTiQ (1.93A). The calculated C{O bond-lengths in G;
are close to those of the carbonate group and those of stramite [82], SrCQ, so
that the relaxation of the structure into the highly distorted geometry can be inter-
preted in terms of the formation of a carbonate ion, C¢’ associated with a single
Sr2 cation. The structure is shown schematically in Fig. 4.15,ral after structural

optimization it has been found to be very close t€;, symmetry. Here, carbon forms
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covalent bonds with three of its O neighbours, leaving threexygen ions e ectively
under co-ordinated, but overall the anions and cations areatanced. For the simula-
tion supercell, (SrTi0s)3,, the substitution of Ti by C might be expressed as resulting

in (SrTiO 3)31(SrC0Os)4, or approximately (SrTiO3)0.97(SrCO3)0:03.

Figure 4.15: Schematic of  in SrTiO3. Colours and orientation are as

indicated in Fig. 4.5.

The band structure for G is shown in Fig. 4.16. It should rst be noted that
the inclusion of carbon has the apparent e ect of increasinthe band-gap, and the
extent of this depends upon the e ective concentration of Quith the increase being
larger where G; is modeled in a smaller simulation cell. This is to be expedesince
the band gap of pure SITiQ at 3.25eV is smaller than that of Sr(CQ) at around
4.3 eV [83], and so the 1% alloy might well be expected to haveband gap slightly
larger than that of pure SrTiOs.

To provide a mechanism for the experimental direct identi ation of Cy;, a local

vibrational mode above the one-phonon maximum could provadhly e ective. It is
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Figure 4.16: Band structures in the vicinity of the band-gafor C+; in SrTiO3,
plotted along high-symmetry branches in the rst Brillouin zone. Lines, shad-

ing and scales are as de ned in Fig. 4.7.

of particular note that for the C3, Ct; centre a degeneratel) C{O stretch mode was
found at 1414 cm?, and a breathing stretch-mode withA; symmetry at 1081 cm?.
These are close to the experimental values for gas phase .CQsee table 4.2) and
with the carbonate related SrCQ vibrational modes [84].

Lower frequency modes of the carbonate group are also praskm C+, but are
resonant with the one-phonon density of states. Both of thetal modes are infra-red
and Raman active, and given su cient concentrations one migt seek to con rm the
presence of this form of carbon centre directly via either IRr Raman spectroscopy.

Moreover, the energetics for the reorientation of the carlmate group have been

examined. The initial and nal structures, and the energy po le along the minimum

CHAPTER 4. CARBON IMPURITIES IN STRONTIUM TITANATE



4.3. RESULTS AND DISCUSSION 68

3.0

A
/N

15

Energy (eV)

1.0

0.5

0.0¢

Reaction coordinate

Figure 4.17: Schematic of (a) initial, and (b) nal structure of G;; in SrTiO3
in a simple reorientation process; with (¢) showing the caltated reorienta-
tion barrier of C+; in SrTiO3; between the initial and nal structures. Colours

and orientation are as indicated in Fig. 4.5.

energy path between them, are shown in Fig. 4.17. The activah energy for reorien-
tation is predicted to be around 2.5eV. This relatively highvalue is a consequence of

the covalent bonding within the carbonate group, so that regentation involves both
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the breaking and formation of strong chemical bonds. The daonate group may be
oriented with the principal axis along any of the eighthl11i directions if randomly
orientated. However, under speci ¢ conditions, such as (1) biaxial strain induced
by interface mismatch, the di erent orientations would hawe di erent energies, and
given the high energy for reorientation, may be preferentig aligned. Since the G;

structure has a permanent electric dipole, a polarised pofation of defect centres that
are unable to reorient under normal temperature and electri eld conditions would

be expected to have an impact upon the dielectric anisotropyFurthermore, where
ferroelectric distortions are induced under strain, ¢ would be expected to alter both

the details of the phase and the resulting dielectric consta

4.3.5 Formation energy comparison

Finally, a thermodynamic assessment of the relative staliy of the four sites discussed
above is considered, where the atomic and electron chemipatkentials must be taken
into account.

The most stable forms of carbon defect centres as a functiofi o5, and 1 for
three selected electron chemical potentials are plotted #ig. 4.18. For example, for
e = Ey (Fig. 4.18(a)), with 5, = 7eVand 1 = 10eV which lies in the SITiIQ
stable region towards the oxygen-rich limit, the lowest emgy carbon defect is found
to be G;. The areas indicated by the dashed lines show which carborusce material
speci es the carbon chemical potential, which in the examelis SrCQ (see section 4.1,

page 50).

For p-type SrTiOs (Fig. 4.18(a)), unsurprisingly, electron-donating systas are
favoured. This is also consistent with the expectations thametal substitution is
favoured in the oxygen-rich conditions, with both G, and C;; stable for the left-hand
half of the SrTiOs-stable region. In oxygen-lean conditions, the +4 chargeate of the
CO, con guration of Cq is favoured. What is perhaps less obvious is that, ip-type
conditions, all of the carbon centres analysed contain C{O covalent bondswd¢ of

which are of a carbonate form, so that the observation of caolate-related vibrations
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Figure 4.18: Graph showing the calculated equilibrium formf C-related de-
fects, coloured according to defect, with respect to the ataic chemical poten-
tials for di erent electron chemical potentals: (a) = E, (p-type SrTiO3);
(b) ¢= Eg=2; and (c) = E.. The SrTiOs-stable region is superimposed
(solid black line), and the C source phase is indicated by théashed lines
(c.f. Fig. 4.4).

cannot be correlated only with the formation of G;.

As the electron chemical potential moves from the valence twonduction bands,
Cti dominates more and more of the SrTi@stable region, until the acceptor levels
of the C-containing defects fall below .. Then, in n-type conditions ( ¢ = E.), the

possibility exists of the formation of G in the negative charge state with the anion

lying on-site.
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According to the current calculations, interstitial carba is never thermodynam-
ically favoured, but it remains possible that such a centre mght exist transiently

during the carbon migration processes.

4.4 Conclusion

Using rst-principles density-functional calculations,the characteristics of carbon im-
purity in cubic SrTiO ;3 have been examined, including structural con guration, ec-
tronic properties, vibrational modes, reorientation bariers and formation energies.
It is found that carbon energetically favours the formationof carbonate groups for
interstitial and both Ti and Sr substitutions. The vibratio nal characteristics of the
defect centres therefore have some similarities, and forgtfCO; forms occupy similar
locations in the frequency domain. However, due to site synatny and the in uence
of local co-ordination, the vibrational frequencies o er gotential route to discrimina-
tion between di erent sites. Furthermore, from a combinaion of the band structure
and electrical level calculations, depending upon whichtsithe carbon occupies it
may form donor, acceptor, or isoelectronic centres. The néentation barrier for the
carbonate group has been estimated, with ¢ taken as an example. Here, because
the process involves the breaking of CO covalent bonds, tharbier is at a relatively
high value of around 2.5¢eV.

Finally, the formation energies calculated to determine termodynamic stability
suggest that, although carbon favours substitution at the Tsite for a wide range
of electron chemical potentials and growth conditions, inxygen-lean growth and
especially where  is close to the valence band substitution for either Sr or O @&lso
likely. Where carbon substitutes for Sr, it may be a source dfee electrons as based
upon the electronic structure, and G; is a candidate for a shallow donor.

These results apply to cubic SrTiQ. The next chapter presents a discussion of
the e ect of carbon impurities on the characteristics of tetagonal PbTiOgz, which

is a ferroelectric material at room temperature, and the dierences between carbon
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impurities in SrTiO3; and PbTiO3 are also considered.
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Chapter

Carbon impurities in lead titanate

PbTiO3, a room-temperature ferroelectric, high- material, is of great interest for
technological applications. However, organic species peat during growth make
carbon a key impurity. This chapter presents the results of atudy using density
functional calculations of the structural con guration that carbon is most likely to
adopt in tetragonal PbTiO3 under varying growth conditions. The calculations show
that, for most conditions, the electrically passive substition of Ti is most likely, but
under speci ¢ conditions donor species are occasionallygstble. Highly characteristic

vibrational modes are predicted to provide a route to expanental identi cation.

5.1 Introduction

Ferroelectric materials are valued for applications suchsaoptoelectronics and high
capacity computer memory cells [23, 27, 85], with the nonkar characteristics of
ferroelectric materials and high- dielectrics used to make nano-scaled capacitors
with a tunable capacitance. In particular, thin Ims of perovskite lead titanate,
PbTiO3; [86{89], in memory applications exhibit low operating voliges and high
switching speeds [90].

PbTiO3 is piezoelectric and ferroelectric at room temperature dut its non-

cubosymmetric, tetragonal structure where the oxygen odiedra are displaced along
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the [001] direction [91]. The Ti ions in O-Ti-O chains alonghe [001] direction move
parallel to this direction, as shown in Fig. 5.1, alternatel strengthening and weakening
the Ti-O bonds. The strong bonds result from hybridisation btween Ti-3d states and
O-2p states and are essential for ferroelectricity [92]. The singth of the Pb-O bonds
arises from the hybridisation of the Pb-6 and O-2p orbitals, which has been reported
to theoretically be a key factor of the much larger ferroelécity of PbTiO 3. The

covalent nature of the Pb-O bonds stabilises the ferroeleatity of the tetragonal

ground state, which has been experimentally con rmed [93].

Figure 5.1: Perovskite structure of tetragonal PbTiQ at room temperature
with a displacement of the oxygen octahedra relative to botthe Ti and Pb
cation which corresponds to a spontaneous polarisation (Pgold, grey and
red spheres represent Pb, Ti and O, respectively. Verticahd horizontal axes
are approximately [001] and [010] respectively, with thelted view adopted

to aid clarity.

Above 490 C, PbTiO; adopts a cubic, paraelectric form [94], but relatively smal
stresses [95] can a ect the polarisation beyond this tempaure. Polarisation in the

host also impacts upon the polarisation of defects within # crystal: defect dipoles
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favour alignment with the spontaneous polarisation direadn of the host, such as is
observed for the complex made up from F& at the Ti site adjacent to an oxygen
vacancy [96].

Both theory and experimentation have been used to optimisén¢ PbTiO3 proper-
ties of PbTiO3 [10,97,98]. Defects, many which remain to be identi ed, sigcantly
impact remnant polarisation, the motion of domain walls, tle dielectric constant and
leakage current [99,100]. Amongst these defects, oxygewamacies are well established
dopants in the perovskites, reducing the titanium from Ti* to Ti*® and doping the
material n-type [101]. However, both theoretical and expanental studies have shown
that the ferroelectric properties of PbTiG; are controllable by the dopants substituting
at the A or B sites, as they mediate the concentration of the tnnsic defects [102{106].

PbTiO3; growth methods include ux crystal growth [94], magnetron putter-
ing [107{109], pulsed laser deposition [110], photochemlicdeposition [111], sol-gel
methods [112{115] and chemical vapour deposition (CVD) [61117]. Metalorganic
CVD (MOCVD) [118{120], which uses organic precursors, hasbn extensively used
to deposit oriented thin Ims. For practical applications, the PbTiO3 Ims have to
meet some quality demands such as high chemical homogenaitg low surface rough-
ness [121,122]. Compared to MOCVD, atomic layer depositidiLD) operates at
lower temperatures while using the same precursors.

However, the use of the organic precursors leads to carbomtzmination [100,
123,124]. For example, in lead zirconate titanate, the irdred spectrum has peaks
attributed to carbon-oxygen group vibrations [100]. Additonally, hysteresis e ects
have been assigned to organic content in the material [10d]hese considerations mo-
tivate the present work, in which density functional theorycalculations are employed
to study the structural, electrical, electronic, vibrational and energetic properties of
carbon defects for di erent sites in tetragonal PbTiQ. The results for each of the
most plausible con gurations are presented in this chapteand the same type of ther-
modynamic model as used in SrTiQwill be applied in this case to determine which

are most likely to appear in practice.
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5.2 Computational Method

The method used in this study is as described in section 4.2 &ddition, the Pb atoms
are represented by basis sets made up from independent sédts,q and d functions
with four widths (constituting 40-functions per atom). Nom-conserving, separable
pseudopotentials have been used [16] with valance sets fds Being &26p®>. The
valance sets for Ti, O and C are listed in section 4.2. Integiian over the Brillouin-
zone is achieved vi&-points sampling [14], and matrix elements of the Hamiltoain are
determined using a plane-wave expansion of the density an@kn-Sham potential [67]
with a cut-o of 150 Ha, resulting in the absolute convergere of the total energy with
respect to the expansion of the charge density to better tha®.03 meV.

For bulk, tetragonal PbTiO3, this computational approach yields equilibrium lat-
tice parameters of a=3.8%A and c=4.09A. As is typical of LDA calculations, the
calculated lattice parameters are slightly underestimate Hence, the calculated lat-
tice constants are smaller than experimental values by arod 1% [97,125{127]. The
tetragonal structure of PbTiOs is de ned by the a and c lattice constants, and by
three internal coordinatesu; (i=Pb, Ti and O). Table 5.1 summarises the structural
information of tetragonal PbTiO3 in the ve atom unit cell. As shown in this table, the
optimised internal displacements agree well with experime&l values and with previ-
ous calculations. The calculated band-gap of 1.5eV, re eng the well-documented
underestimate arising from the underpinning methodologys consistent with previous
comparable calculations of 1.47 eV [128].

Defects are modelled using supercells with lattice vecto?g 3[aad], 2IO 3[aac] and
2IO 3[aad), where a and c are the lattice constants in the tetragonal unit cell. The
supercells that are used are exactly the same as those usednalyse the C impurities
in SrTiO 3, except that the PbTiO3 structure is in tetragonal symmetry. In the current
work, the bulk tetragonal PbTiO3; supercell is built from an SrTiO; cubic structure
by considering the diagonals in thea and c direction, meaning that the supercell in
the absence of any defect is BpTi3,Oqs. For all defect calculations, the Brillouin

zone integration was reformed using a 2 2 2 Monkhorst-Pack mesh [14].
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Table 5.1: Calculated, theoretical and experimental bulk qpperties of tetrag-
onal PbTiO3 including lattice constant (ag, A), axial ratio (c=g and inter-
nal coordinates along thez direction (u) are given in terms of thec lattice
constant. The experimental and theoretical data is taken é&m published

studies [125,129].

Current calculations Experiment Previous calculations

a0 3.85 3.90 3.90
c=a 1.063 1.063 1.063
Upb 0.000 0.000 0.000
U 0.539 0.540 0.549
Uo,:0,) 0.621 0.612 0.630
Uo, 0.107 0.112 0.125

As for SrTiO3 vibrational modes have been calculated by obtaining the satd
derivatives of the energy with respect to atomic positionsyhich are then assembled
into the dynamical matrix, as mentioned in section 3.2. Theexond derivatives are
obtained from a nite di erence approximation involving th e forces calculated on atom
i when displacing atomj in each of the three Cartesian directions.

Finally, the reaction pathways and activation energies areetermined using the
climbing nudged-elastic-band (NEB) method [21,22], and thconvergence of the sad-
dle point energy with respect to the number of images and thenage-forces has been

established to within a few meV (see section 3.6).
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5.3 Results and discussion

5.3.1 Interstitial C

As for SrTiO3 (see chapter 4), the rst site examined is the interstitial C;j). Since
there are many plausible locations for an interstitial ionn the lattice, a wide range
of initial geometries have been optimised. Based on the calations, two distinct
con gurations have been identi ed for di erent charge staes, with C bonded to either
one (CO) or three (CQ)) oxygen atoms (Fig. 5.2).

In the CO structure, C; prefers to form a covalent bond with one oxygen neighbour,
resulting in aC,, symmetry group (see Fig. 5.2(b)). The calculations show thhaarbon
is likely to link with O along the [001] direction. The C{O bord length is 1.25A, which
is consistent with a CO 2 ion substituting for the host oxygen ion. This structure
is stabilised by a partial p-d covalent bonding between the carbon atom and the two
nearest Ti ions, as shown in Fig. 5.3.

The CO; structure (Fig. 5.2(c)) exhibits a more dramatic impact upo the host,
with the formation of three C{O bonds close toCs, symmetry, located in the [0Q]
(anti-polar) direction, which is completely di erent from that found for SrTiO3 (see
section 4.3). The C{O distances have been calculated to be22A in the polar direc-
tion and 1.27A in the a-b plane. The calculations show that the con guraton with
the CO; in the [001] direction is more stable than that with the CQ in the [001]
direction by around 0.2 eV. The reorientation energy of thearbonate group between
these directions has been examined. The initial and nal stictures are shown in
Fig. 5.4. The forward activation energy for reorientation s predicted to be around
2.6eV as a result of the breaking and formation of strong cdemt chemical bonds.
The stable defect is polarised in the [A] direction which is opposite the the bulk
polarisation [001] and, upon switching, the bulk polarisan can be reversed easily.
However, it is di cult to reverse the the defect xed dipole, which has an e ect on
the ferroelectric response.

Since the normal charge state of the carbonate ion is2, the formation of this
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Figure 5.2: Schematics of (b) CO and (c) C®forms of G in PbTiO3. An
equivalent section of defect-free PbTigis shown in (a) for comparison. Gold,
grey, red and black spheres represent Pb, Ti, O and C, respiely. Vertical
and horizontal axes are approximately [001] and [010] respigely, with the

tilted view adopted to aid clarity.
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Figure 5.3: Wave function of the orbital state for the CO ¢ con guration in
PbTiO3;. Red and blue volumes showing wave function iso-surfacesegjual
magnitude (0.1) and opposite sign. Colours and orientatioare as indicated

in Fig. 5.2.

geometry may be viewed as unlikely: the C{F ion is e ectively replacing three host
O 2 ions, leading to a surplus of four electrons.

Indeed, it is shown below that, although the carbonate formsi unstable in the
neutral charge state, it is expected to act as a donor and thdavour positive charge
states.

The band structures in the vicinity of the band-gap for the natral charge state
of the CO form and the overall +4 charge state of the carbonateorm are shown in
Fig. 5.5. For the CO form (Fig. 5.5(a)), there are occupied ates within the middle
of the gap indicating that the defect is a deep donor and may tas recombination
centre. This state can be attributed to CO molecular orbitals. The carbonate
group is not so simply accommodated. If all components adagat their normal formal

oxidation states, this would result in an overall +4 chargesince the CQ ? ion accounts
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Figure 5.4: Schematics of (a) initial, and (b) nal structures of G in tetrag-
onal PbTiO3 in a simple reorientation process. Colours and orientatioare

as indicated in Fig. 5.2

for only one of the three oxygen atoms a ected. The band striiare for the +4 charge
state con guration (Fig. 5.5(b)) indicates that there are ro states in the gap.

Based upon the band structures and expected oxidation statef CO and CQ,
the charge dependent formation energies as a function of Ferlevel have been in-
vestigated (Fig. 5.5(c)). The results indicate that the netral charge state of the CO
form and the +2, +3 and +4 charge states of the CQ form are stable.

In addition to the electrical levels, local modes correspding to C{O stretches
would be expected. For the neutral, CO-bonded con gurationthe stretch mode
is estimated at 1437 cm?!, which is much lower than the vibrational mode of CO
gas [78]. With respect to theC,, CO3 centre, the +4 charge state local vibrational
modes have theéE -mode with an average frequency of 1467 cisplit by 80cm 1, and
non-degenerate breathing mode at 1062 crh These are close to those of gas phase
CO,? (Table 4.2). Similarly, the +3 charge state is predicted to hve E and A; modes
at 1467 and 1061 cm'* respectively, whereas for +2 these are at 1466 and 1059 dm
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Figure 5.5: Band structures in the vicinity of the band-gapdr C; in: (a) the

CO and (b) the (CO3)** con guration, plotted along high-symmetry branches

in the rst Brillouin zone; and (c) showing Ef ( ) for various charge states of

each structure. Occupied and empty bands in (a) and (b) are stvn in solid

(blue) and dashed (red) lines, respectively. The underlygnshaded areas show

the regions of the bands for the corresponding bulk supercelThe energy

scale is de ned such that the valence band maxima are at zerdn (c) the

red solid line and blue dotted line represent the CO and C{con gurations

respectively. The gradient indicates the charge state, artie energy scale is
de ned by Ef((CO)% =0eV.
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5.3.2 C substituting for O

Next, carbon in the oxygen site, @, is discussed. Two types of oxygen atoms can be
distinguished in the tetragonal PbTiO; structure; the rst is in T{O{Ti chains along
the c-axis ([001] direction) and the second in T{O{Ti chains alog the a and b axes,
(equatorial directions), perpendicular to thec axis. The two distinct oxygen sites can
give rise, therefore, to two types of g defects: carbon substitution for O along the
c-axis represented here by (€). (Fig. 5.6(a)) or, carbon substitution for O in the
ab-plane denoted by (G)an, Fig. 5.6(b). The calculations have shown that (g). has
nearly the same energy as (§ap in the neutral charge state. The Ti{C bond lengths
at 2.08A for (Co)ap are only slightly longer than the Ti{O bond at 1.94A in the
defect-free system. Ti{C bond lengths for (g). are 2.28 and 1.9& along the polar
and anti-polar directions respectively. However, with 1, 2 charge state the (@)ap
structures are more stable than the forms in (€)., as shown in Fig. 5.7(c).

As was found for SrTiQG this structure is relatively unstable, and chemical reac-
tions between carbon and nearby host oxygen ions are eneigelly favourable for
the neutral charge state, (COpo) (see Fig. 5.6(c)). In the neutral charge state, the
bond length of carbon monoxide has been calculated to be 1A1which is signi -
cantly longer than the CO bond length in the free gas phase (b#& 4.2) but close to
that of the CO 2 ion. This long bond is due to a combination of the charge statef
the group and bonding interactions with the neighbouring Tiatoms. The C{O bond
length is shorter for +1 and +2 charge states, at 1.33 and 1.Z6respectively, which is
consistent with the depopulation of an anti-bonding orbith Moreover, this structure
is relatively unstable in the +3 and +4 charge states and spdaneous chemical re-
actions between carbon monoxide and another nearby oxygeto are energetically
favourable, causing the carbon dioxide form (C&soy), to occur, (Fig. 5.6(d)).

The electronic structures of carbon substitution for oxygeare instructive in terms
of the origin of their relative stabilities. The on-site corguration (C o). has two levels
in the band gap related to the carbon atom (Fig. 5.7(a)), whit are largely comprised

of an occupiedp-state along the Ti{C{Ti axis and a partially lled, degenerate pair
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Figure 5.6: Schematics of (a) (€)c, (b) (Co)an, (c) (CO)poy and (d)

(CO2)(z0) con gurations in PbTiO ;. Colours and orientation are as indicated

in Fig. 5.2.
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made up of the perpendiculap components. To con rm this result, wave functions
iso-surface have been calculated and are shown in Fig. 5.&h€eTon-site centre would
therefore be expected to act as a donor, and possibly as aneuor.

Fig. 5.7(b) shows the electronic structure of the (CQ)o) structure in the neutral
charge state. The states in the upper part of the band-gap arelated to the combi-
nation of CO and 4 with the neighbouring Ti atoms, as illustrated in Fig. 5.9.

Electrical levels for G have been estimated with the formation energies as a
function of the chemical potential of electron (Fig. 5.7(9) For the on-site centre,
the calculations show that both (&)a, and (Co). have nearly the same energy in
the neutral charge state. However, at -1 and -2 charge statate (Co)ap Structures
are more stable than the same charge states in the 4§;. Overall, for the n-type
condition, the (Co)ap 2 charge state is the stable structure. Hence, the structure
can accept one or two electrons which would render it iso-eteonic with oxygen.
However, the existence of the occupied states in the gap aoeihd to result single and
double donor levels, with the depopulation of the state corresponding to a decrease
in the C{O bond-length. The removal of three or four electros is also possible, but
with a spontaneous reconstruction to form a centre where dzon is bonded totwo
oxygen neighbours, (CQ)s0), as in Fig. 5.6(d).

As with C;, Co is likely to give rise to characteristic vibrational modes.For the
on-site form, stretching vibrational modes lie at 770 and 8cm *inthe 1 and 2
charge states respectively. The vibrational modes of the @0y provide further
insight into the nature of the defect. In the neutral charge taite the calculated mode
is 969cm !, which is close to the calculated vibrational mode of CG. In the +1
charge state, the vibrational mode increases to 1138 ctp and then to 1380cm?
for the +2 charge state, corresponding to increased bondemr. For the (CO,)s0)
form, the increase in the number of C{O bonds means that the +a&nd +4 charge
states yield two stretch modes each, estimated at 1235 and5Bxm ! for the +3,
and 1006 and 1336 cnt for the +4 charge state, and these might be easy to identify

experimentally.
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Figure 5.7: Band structures in the vicinity of the band-gapdr Co in: (a) the
neutral charge state of the on-site,(g)¢, and (b) the (CO)oy con gurations,
plotted along high-symmetry branches in the rst Brillouin zone; and (c)
showing Ef ( ) for various charge states of each structure. Lines, shadin
and scales in (a) and (b) are as de ned in Fig. 5.5. In (c) the tesolid line, blue
dotted line, and black dotted line represent the (CQoy, Co, and (CO;) 30
con gurations respectively. The gradient indicates the carge state, and the

energy scale is de ned byE" (((CO) 20y)°) = 0eV.
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Figure 5.8: Schematics showing wave functions of ¢0;: (a) lowest occu-
pied p-state along the Ti-C-Ti axis; (b) and (c) a partially lled, degenerate
pair made up of the perpendicularp components. Red and blue volumes
show wave function iso-surfaces of equal magnitude (0.1)caopposite sign.

Colours and orientation are as indicated in Fig. 5.2.
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(a) (b)

Figure 5.9: Schematics (a) and (b) showing the origin of twocoupied states
in the gap for (CO),o) defect in PbTiO;. Red and blue volumes show wave
function iso-surfaces of equal magnitude (0.1) and oppasisign. Colours and

orientation are as indicated in Fig. 5.2.

5.3.3 C substituting for Pb

Now, the carbon substitution for the cation is discussed fahe case of lead substituted
by carbon, G,. The stable structures are shown schematically in Fig. 5.1lthdicat-
ing that replacing a Pb with a C atom in PbTiOs results in signi cant structural
changes. The carbon atom is displaced toward the three nesraeighbour oxygen
atoms and coordinates forming a carbonate group GQon leaving o centre behind,
as in Fig. 5.10(a). The C{O bond lengths are calculated to be.37A in the polar
direction [001] and 1.2°A in the other directions, [011] and [QL1], by assuming that
the principal axis is in the centre of the carbonate group. Té structure is energeti-
cally more stable in the polar direction than with the CQ in the anti-polar direction
by around 0.23eV. A reorientation barrier similar to the prgious calculations, G,
has been obtained using NEB calculations. There are seveddtinct orientations for
the carbonate group in tetragonal PbTiQ. Depending on the direction of the host
dipole and the stability of the structures, the reorientaton energy has been calculated

between the polar [001] and anti-polar [ directions. The forward and reverse reac-
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tions are calculated to be activated by energies of 1.97 and74 eV respectively. The
defect dipole is aligned with the domain polarisation, and pon switching at normal
temperature, the reversal of this dipole might take place a su ciently slow rate to
e ect the ferroelectric response. The e ect of the carbonatgroup orientation on the
polarisation of the system has been explained in section 3.3

The formation of the carbonate leaves the PDbTi@ lattice de cient by one Pb
cation and three oxygen anions. This results in a net exceskfour electrons to be
accounted for. Two of these are associated with the carbomagroup, but this means
that the reaction of carbon on the Pb site with three oxygen ams is expected to
result in a double donor. Indeed, this is also what would be pgcted on the basis of
the valences of Pb and C, and that is what was found for{£in SrTiOs.

As for Cg; in SrTiO3 (section 4.3.3), there is also an alternative chemical rear
rangement that results in an iso-electronic centre. Carboin the lead site reacts with
a single oxygen neighbour, yielding the formation of CO amoresides in the Pb site
leaving the Vo behind, and then no excess of de cit in charge results. Nunurs
relative orientations of the CO ion and oxygen vacancy haveelen analysed and the
one shown is the lowest in energy. The structure shown schetmally in Fig. 5.10(b)
is metastable, but not more stable than the carbonate form (§. 5.11(c)). The bond
length of C{O has been calculated to be 1.18, which is in good agreement with the
bond length in the carbon monoxide molecule.

Depending on the expectations of oxidation states band strtures for the two
con gurations have been calculated which con rm these re#is (see Fig. 5.11). In the
+2 charge state of the carbonate form, and the neutral chargstate of the CO form,
the band-gap is devoid of states.

As with C; and Cq, Cpy, is likely to give rise to characteristic vibrational modes.
The CO; form in the overall +2 charge state has modes at 1073, 1356,cah474 cm?
and the +1 charge state has modes at 1073, 1359, and 1469 énwhich is associated
with CO stretches, However, in the neutral charge state, theibrational mode of Gy,

in the CO form is observed to be at 2072 cnt, which is in reasonable agreement
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Figure 5.10: Schematic of &, in PbTiO3 in (a) CO3 and (b) (CO)pp{ Vo

forms. Colours and orientation are as indicated in Fig. 5.2.

with the experimental value for the carbon monoxide molecel(Table 4.2). For both
structures, within the range of computational uncertainty it has been found that the

vibrational modes have the same values as those obtained @, in SrTiO5.
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Figure 5.11: Band structures in the vicinity of the band-gagor Cpy in (2)
+2 charge state of CQ and (b) neutral charge state of the (COp,{Vo con-
gurations, plotted along high-symmetry branches in the rst Brillouin zone;
and (c) showingE'( ) for various charge states of each structure. Lines,
shading and scales in (a) and (b) are as de ned in Fig. 5.5. Irt) the (red)
solid line and (blue) dotted line representing the (CO),{Vo and (CO,) o)
con gurations respectively. The gradient indicates the carge state, and the

energy scale is de ned byE’ ((CO3)%) =0eV.
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5.3.4 C substituting for Ti

Another structure for carbon substituting for a cation in PbriO 3 is the carbon sub-
stitution of titanium, denoted by C+;. The rst structure analysed was created from
the ideal tetragonal material, with a Ti ion simply replacedwith carbon. In the ab-
sence of any symmetry constraint, the optimised structurefcC+; exhibits signi cant
structural change from the initial geometry. The carbon is @placed from the centre
where it was initially co-ordinated with six oxygen ions, tward the centre of a trian-
gular group composed of three oxygen ions, as shown in Figl&. This orientation
is denoted as the parallel orientation, since the electricigble estimated on a point
charge basis for the defect has a component parallel to thelkyolarisation, that is,
along the [001] direction. The optimised structure has thee C{O bonds which are
signi cantly around 35% shorter than the average Ti{O bond éngth. It therefore
seems reasonable to conclude that the carbon and its nearbyygen neighbours form
a carbonate group. To further support this hypothesis, it isioted that the calculated
C{O bond-lengths in G;; are close to those of the carbonate group and those of cerus-
site [130], PbCQ. The initial supercell composition simulation was (PbTiQ)s,; then,
after the substitution of Ti by C, one could expect that the stucture is transformed
to (PbTIO 3)3:(PbCO3)4, or approximately (PbTiO3)q.97(PbCO3)0:03.

The band structure for G in tetragonal PbTiO3 has been calculated and is shown
in Fig. 5.13. As shown in this graph, the inclusion of a carboatom at a Ti site does
not have any signi cant e ect on the width of the band-gap, whch is in contrast
to the situation with C+; in cubic SrTiO3; (see section 4.3.4). In addition, carbon
substitution for titanium is therefore expected to lead to kectrically inactive defects,
where these centres do not introduce any electrical states the band-gap.

Turning to vibrational characteristics, it is found that the calculation frequen-
cies are consistent with the picture of & resulting in the formation of carbonate
ions. A set of characteristic local vibrational modes liesbave the one-phonon max-
imum, which could prove highly e ective in the experimentalidenti cation of this

centre: with a nearly degenerate C{O stretch mode at 1395 crhand 1314cm?, and
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Figure 5.12: Schematic of ¢ in PbTiO3;. Colours and orientation are as

indicated in Fig. 5.2.

a breathing stretch-mode found at 1055cnt. It is noted that, as with the case of
SrTiOs, these G; modes are close to the experimental values for gas phase;EO
They also agree [131] with those modes assigned to the caraétengroups in PbCQ.
Lower frequency modes of the carbonate group are also presen C+;, but are reso-
nant with the one-phonon density of states. All three local mdes listed here are, by
symmetry, infra-red and Raman active, and given su cient cacentrations one might
seek to con rm the presence of this form of carbon centre dotty via either IR or
Raman spectroscopy.

Finally, the reorientation processes for ¢ have been evaluated. In general there
are several distinct orientations for the carbonate groumitetragonal PbTiO3. For
the \parallel" orientation described above, one might desibe the orientation via the
principle axis of the carbonate group, which in Fig. 5.12 isl11]. Other \parallel"

orientations can be envisaged with C associated with the sanTi site, including one
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Figure 5.13: Band structure in the vicinity of the band-gapdr Cy; in PbTiO 3,
plotted along high-symmetry branches in the rst Brillouin zone. Lines, shad-

ing and scales are as de ned in Fig. 5.5.

oriented along the L11]. These two orientations are shown in Fig. 5.14(a) and)and
by symmetry these are equivalent (and therefore have the samnergy). Alternatively,
the second orientation might be I11], as shown in Fig. 5.15(b). By symmetry, this is
not equivalent to the starting structure, and so in general W be di erent in energy.
In the current simulations the structure in Fig. 5.14(b), whch is termed anti-parallel
to contrast it with the previous structure, is about 1.3 eV hgher in energy.

The processes linking these structures have been evaluatesihg NEB simulations.
An in-plane process between the two equivalent structure®i®vn in Fig. 5.14 is rst
presented.

The activation energy for this symmetrical reorientation pocess is calculated to
be 1.8eV, with the barrier plotted in Fig. 5.14(c). The barrer is found to be com-

paratively high in energy compared to, for example, di usio of the oxygen vacancy,
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Figure 5.14: Schematics of (a) initial, and (b) nal structue of G in PbTiO 3
in a simple reorientation process; with (c) showing the caltated reorienta-
tion barrier of C; in PbTiO 3 between the initial and nal structures in the

ab-plane. Colours and orientation are as indicated in Fig. 5.2

but this can be understood as it was for the comparable procem SrTiOs, since the
reorientation requires the breaking and formation of strag covalent C{O bonds. It is
noted, however, that this activation energy is somewhat sriar than the activation

energy for the equivalent path in cubic SrTiQ, which was calculated to be around
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2.5eV, but it is still expected to lead to a relatively slow rerientation process at room
temperature.

Turning to the second type of reorientation process, the NEBimulation produces
an asymmetric barrier, as shown in Fig. 5.15. The forward angkverse reactions are
calculated to be activated by energies of 2.8 and 1.5eV respeely.

This is expected to have some impact upon the hysteresis se@nthe electric
polarisation under an applied electric eld. This can be undrstood as follows:

Let it be assumed that initially the Cqi centres are equilibrated in tetragonal
PbTiO3; so that, due to the large energy di erence between the two neaquivalent
orientations in Fig. 5.15, the vast majority of these centre are in the energetically
equivalent, low energy orientations. If this material is tlen subjected to an external
force that reverses the bulk polarisation, such as the appéition of an external bias,
then a number of possible outcomes may ensue. First, assugitnat the bias does
not signi cantly impact on the reorientation process as depted in Fig. 5.15(c), after
the tetragonal PbTiO3; has been switched, the vast majority of @ centres will be in
the high-energy, non-equilibrium orientation shown in Fig5.15(b). This defect has
an intrinsic dipole which opposes the bulk polarisation, ahtherefore the polarisation
of the sample as a whole will be reduced relative to both theitral polarisation, and
relative to a defect-free form. The relatively high barrierto reorientation between
Fig. 5.15(c) and Fig. 5.15(b) of 1.5eV means that at room tengpature these dipoles
will not equilibrate over a typical experimental time-scag.

It must be noted, however, that the assumption that the apptation of an external
eld su cient to reorient the bulk polarisation would not ch ange the reorientation
barrier may not be true. Since the carbonate groups have antiimsic dipole, this
will also be aected by the external eld, and it is possible hat the switching of
the host will also switch these defects. However, given thegh barrier for such a
process, this seems unlikely, and it can be concluded thatetmost likely impact of
C+i in PbTiO 3 in terms of the bulk polarisation is in line with that expectal for xed

dipoles, such as is observed to arise from Fe-related conxgle [132]. This is important
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Figure 5.15: Schematics of (a) initial, and (b) nal structue of G in PbTiO 3
in a simple reorientation process; with (¢) showing the caltated reorienta-
tion barrier of Ct; in PbTiO 3 between the initial (polar direction) and nal
structure (antipolar direction). Colours and orientation are as indicated in

Fig. 5.2.

when considering the operation of ferroelectric device apgations.
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5.3.5 Formation energy comparison

Finally, as for SrTiOz, a thermodynamic assessment of the relative stability of ghfour
sites above is considered, where the atomic and electron heal potentials must be
taken into account. The formation energies of each defect warious charge states
with respect to the chemical potential of atoms, along withiie Fermi level, have been
calculated using Eq. 3.9. In the PbTiQ system, ; denotes the chemical potential of
the species (here =Pb, Ti, O and C).
First, the limitations of the atomic chemical potentials hae been assessed by con-

sidering the energies of bulk PbTi@ and related materials. The chemical potentials

of components p,, 71 and o are related through

pbt T +3 0= PTO®UIK (5.1)

Here p1o Is the total energy per formula unit of pure PbTiQ which is found to be
13.06 eV, and this is in reasonable agreement with the preusy calculated value of
13.41eV [133]. pp Is the energy per atom of pure Pb metal, andt; and o have

been de ned and calculated in section 4.2. A parameter spadescribing the values of

the chemical potentials for which PbTiQ is stable can be established in terms off;

and pp using Eq. 5.1, with boundaries formed where related matet&abecome ther-
modynamically more stable than PbTiQ. For example, for su ciently high values of
the chemical potentials of Ti and Pb, it would become more faurable to form bulk
metals rather than the compound. An equilibrium lattice costant of 4.85A has been
calculated for fcc Pb; which is in reasonable agreement withe experimental equiva-

lent of 4.91A [134]. The Ti metal lattice constant has been presented irestion 4.3.5.

Other boundaries are formed by PbO, Pbg TiO,, and oxygen gas
Hpoo =  pbo(bulk) Pb O (5.2)

Hpoo, = Pbos(bulk) Pb 2 0O (5.3)

The heat of formation for TiO, has been de ned in section 4.2. The current calcu-

lations suggest that the chemical potential of PbO has a fuiner restriction on the
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PbTiO3; phase diagram, in contrast to the phase relations suggestég Boonchun
et al. [133]. PbO has a tetragonal structure, and the enthalpy of fmation has been
calculated to be 2.5eV/f.u. which is in an excellent agreement with the expanental
value of 2.37 [135]. For PbQ@ (tetragonal, space groupP 4=mnm), the enthalpy of
formation has been calculated to be 3.30eV/f.u. which is in reasonable agreement
with the theoretical value [136]. Other competing phases sl as TiO and Ti,O3 have
been considered, but were found to give no further restrictn on the allowed chemical
potentials. The shaded area in Fig. 5.16(a) shows the resulj phase diagram for the
stable growth of PbTiO; as a function of p, and 1.

Following the procedure adopted for the Cr doping of SrTiQ[76] and the cur-
rent calculations of carbon impurities in SrTiQ (section 4.3.5), the selection of the
impurity chemical potential based upon the appropriate cdron containing phase is
required. ¢ has been calculated based upon graphite (C) and PbGOOther car-
bon containing systems such as CO, GOCOs, TiC and PbC, have been examined
but were not found to be in the equilibrium phase under the siaglation conditions.
Fig. 5.16(b) illustrates the carbon chemical potential digram as a function of py
and 1, with o dened by Eqg. 5.1. Using Eg. 3.9 and by considering the condbins
for PbTiO 3 stability described in the previous section, the likely loations of carbon
in PbTiO 3 have been examined.

Two di erent chemical potential settings have been seleate ( 1i, pb, o), Which
correspond to the points X and Y in Fig. 5.16(a)and (c). The piot X ( 9:25, 2:30,

0:54) eV describes the Ti, O rich growth conditions, and this got has the highest
possible value of o, and lean growth conditions for Pb. Metal-rich and O-poor
growth conditions occur at points Z( 5:45,0; 2:54)! Y( 4:64,0; 2:83)eV and
there is no speci ¢ point within the boundary of the PbTiO; stable phase which is
in equilibrium with the Ti metal. The carbon chemical potenial is associated with
PbCOs; in O-rich conditions, while the graphite chemical potentihis dominate in
O-lean conditions as shown in Fig. 5.16 (c) and (d).

The formation energies for carbon species as a function okthalues of . of two
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Figure 5.16: Plots showing the equilibrium phases for PbTiOrelated mate-
rials as a function of p, and +i: (a) shows the PbTiG; stable region of the
parameter space, indicated by the shaded area, and the X pbdescribes the
Ti and O-rich growth conditions whereas Y and Z points denot®-poor and
metal rich growth conditions; (b) shows the phases contaimy carbon over
the same ranges of chemical potentials; (c) and (d) repres¢he zoom demo

in the regions where PbTiQ and carbon phases respectively are stable.

selected growth conditions have been plotted in Fig. 5.17.h€ gradient of each line

re ects the most stable charge state under the Fermi level oditions. For example,

(Co). is thermodynamically stable in the +1 charge state irp-type growth conditions;

CHAPTER 5. CARBON IMPURITIES IN LEAD TITANATE



5.3.

RESULTS AND DISCUSSION 101

(@)

(b)

Eev)

00 02 04 06 08 1.0 12 14
m. (eV)

Figure 5.17: Graph showing the calculated equilibrium formf C-related de-
fects with respect to electron chemical potentials for di eent atomic chemical
potentials of Ti, Pb and O in di erent growth conditions. (a) corresponds to
O-rich conditions at the X-point and (b) corresponds to O-por conditions at
the Y-point. The gradient indicates the charge state of the efects and the

kinks in the plots re ect the energy positions at which trangions from one

charge state to another take place.
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however, as the Fermi level increases, the neutral,1 and 2 charge states become
more stable. This suggests that (€). is an amphoteric defect and can behave as both
a donor and acceptor. It must be noted that the formation engy of Co is always
higher than that of other defects under the growth conditioa examined, even when
C has the best opportunity to substitute O, under O-lean conitions (Fig 5.17(b)).

At point X (Fig. 5.17(a)), the calculations indicate that the formation energy of
Cyi is always signi cantly lower than that for the other forms (G, Ci and Cp). Even
though there is the best chance for carbon to substitute Pbhe formation energy of
Cpp is still higher than that of Ct; by more than 1.8 eV. In thep-type condition, the
formation energy of G is also larger than that of the G; defect by about 4eV and
it increaseds with increasing Fermi level. Under almost atlonditions, the carbonate
form C; is the equilibrium phase. However, the next most likely dede will be Cpy,
with the CO; form in the positive charge state. Although the G; does not have a
signi cant impact electrically, it has a ferroelectric impact because the polarisation
density of the material changes, but the carbon contributio in the Pb site leads to
the electrical e ect.

At point Y (Fig. 5.17(b)), metal substitution is favoured with both Cp, and G;.
However, G; is stable for a wide range of Fermi level. Imp-type PbTiO3, the +2
charge state with a CQ con guration of the Cpy, is favoured. The formation energy
of the +4 charge state with CQ; forms of G is very slightly higher in energy than
that of the +2 Cp, defect. As the electron chemical potential moves from the lace
to the conduction bands, G; dominates more and more of the stable region.

Depending on the current results of carbon stability in the Xand Y conditions,
it is clear that Ct; will be expected to be stable for the whole range of Fermi ldve
in Z point conditions. Therefore the formation energies exgnation in Z point is not
included.

According to the calculations, the formation energy of € is larger than those of
Cpp, Ci and Gy and it is never thermodynamically favoured. Hence, we can fedy

conclude that carbon substituting for oxygen in di erent stuctures such as on site,
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CO and CG; is unlikely to occur under equilibrium conditions in PbTiO; crystal.

For all thermal equilibrium growth conditions of PbTiO3, the vast majority of
carbon impurities will substitute for Ti and will have a neutral charge state. In addi-
tion, the current calculations indicate that, under O-richconditions, C-doped PbTiQ
cannot be grown as the-type under thermal equilibrium, due to the spontaneous fer
mation of positively charged Gy, which possibly pushes the sample into the donor
region. On the other hand, the formation energy of g is larger than those of G,

and G and it is never thermodynamically favoured.

5.4 Conclusion

In summary, based on rst-principles density-functional alculations, the characteris-
tics of carbon impurities in tetragonal PbTiO; have been examined, such as structural
con guration, electronic properties, electrical levelsyibrational modes, reorientation
barriers of the carbonate group and formation energies. Thealculations reveal that
carbon energetically favours the formation of carbonate gups for interstitial and
both Ti and Pb substitutions. The calculations suggest thathe carbon substitution
of host species in PbTiQ could be either electrically active, such as in the substi-
tution of Pb or O, or electrically passive, which is the case it the iso-electronic
substitution of Ti. Hence, depending upon which site the céion occupies, it may
form donor, acceptor, or iso-electronic centres. Where ¢an substitutes for Pb, it
may be a source of free electrons since, based upon the etautr structure, Gy, is a
candidate for a shallow donor.

The vibrational characteristics of the defect centres thefore have some similari-
ties, and for the CQ; forms occupy similar locations in the frequency domain. How
ever, due to site symmetry and the in uence of local co-ordation, the vibrational
frequencies o er a potential route to discrimination betwen di erent sites.

The reorientation barrier for the carbonate group in an intestitial site and both

Cpp and Gy has been estimated. In general, because the process inwltlee break-
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ing and forming of C{O covalent bonds, the barrier has a relately high value. With
respect to the G;, two crystallographically distinct sites for carbonate goup reorien-
tation have been investigated. The rst is a systematic reaentation along the [L11]
direction and the second is in the11] direction between two non-equivalent struc-
tures. Hence, two kinds of reorientation barrier have beerassi ed. Under specic
conditions such as applying an external electric eld or s#in, this is expected to have
an impact on the polarisation switching and then the ferroekctric characteristics of
PbTiO3.

Finally, formation energy calculations indicate that, amag lattice sites, C atoms
will often prefer the Ti site in the neutral charge state in bulk PbTiO 3 systems.
However, there is an opportunity for the C defect to bg-type under O-rich growth
conditions.

From the present calculations it can be emphasized that caob impurities have an
important impact on the properties of both SrTiO; and PbTiO3. Hence, these results
have motivated a study of the e ect of carbon impurities in anther perovskite titanate
material which is very important in the technological applications. The next chapter
presents a discussion of the e ect of carbon impurities on éhdi erent characteristics

of rhombohedral BaTiG;.
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Chapter

Carbon impurities in barium titanate

The perovskite family includes many titanates which have ke used in various ap-
plications. BaTiO3 is one of the most interesting materials among the perovskit
oxides due to its ferroelectric properties at room temperate and lack of toxicity.
As is the case for the previously mentioned perovskites (S5 and PbTiO3), car-
bon defects play a potentially important role upon the propeies of BaTiO3. This
chapter presents a state of the art a rst principles study othe structural and elec-
tronic properties of carbon in BaTiG;. Interstitial and substitutional point defects are
considered, and the relative stability of di erent charge &tes for each type of point
defect is assessed. The local vibrational modes of the déf@antres are calculated and
suggested as a possible route to experimental validationhfiough a careful consider-
ation of the chemical potential space of the constituent spes, the relative stability

of the di erent point defects in various thermodynamic condions is investigated.

6.1 Introduction

BaTiO3 is a common ferroelectric material with a high dielectric awstant and low loss
characteristics, and it is widely utilised in the manufactue of electronic components
such as multilayer dielectric capacitors and high refracte index thin Ims [137]. Its

piezoelectric and pyroelectric properties mean that it islso utilised in passive infrared
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detectors [138], piezoelectric actuators and sonar dewscé€SNR) [139]. Furthermore,
given its positive temperature coe cient of resistivity (PTCR) properties, semicon-
ducting barium titanate is used in sensor applications [139 Despite its relative low
Curie temperature, and piezoelectric properties inferido those of Pb(Zr,Ti)O3, lead-
free BaTiO; remains attractive for environmental reasons [140].

Barium titanate crystallises in at least two polymorphic stuctures: perovskite
structure and a hexagonal (6H) phase (space grodfts=mmc) [141,142]. Hexagonal
BaTiO; is stable at high-temperatures. It is di cult to generate, only being stable at
temperatures above 1460C. An unusual feature of this structure is the sharing of the
faces of TiQy octahedra to form TLOg co-ordination groups [142]. Each polymorph
undergoes its own series of phase transitions. Both are f@eftectric material but with
di erent ferroelectric properties. In the present work, oty the perovskite structure
is considered. At high temperature the perovskite form is able in a classic BaTiQ
structure with a simple cubic lattice. However, as the tempature decreases, BaTiQ
transforms from a paraelectric to a ferroelectric phase wita tetragonal structure at
about 130 C [143]. At5 C, it undergoes another phase transition to an orthorhombic
structure. The stable structure of BaTiO; below -90 C is rhombohedral. In the rhom-
bohedral phase, the oxygen octahedron surrounding the*fiion is slightly elongated
along the h111 axis. The point symmetry of the Ti** site is C3, and the trigonal
distortion of the (TiO¢) @ octahedron is due mainly to the o -centre displacement of
Ti™ along thehl11 axis [144{148], as shown in Fig. 6.1.

In recent years, signi cant attention has been directed toards ferroelectric BaTiG,.
Numerous studies have investigated the origin of ferroetecity in BaTiO 3 perovskite
[149{155]. Both theoretical and experimental studies havehown that intrinsic and
extrinsic defects a ect various of the properties of BaTi@, such as its electronic
structures, photonic properties, remnant polarisation, He motion of domain walls,
dielectric constant and leakage current [156{159].

Pure barium titanate is an insulator, whereas upon doping its transformed into

a semiconductor. For example, pentavalent dopants (Sb, Nimd Ta) can produce the
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Figure 6.1: Structure diagram of rhombohedral BaTi@unit cell. The oxygen
octahedron surrounding Tt ion is slightly elongated along11 axis. Blue,

cyan and red spheres represent Ba, Ti and O, respectively.

semiconductor by substitution at Ti** lattice sites [137]. Similarly, oxygen vacancies
play an essential role in increasing the mobility meaning #t the semiconductor is
donor-type [160]. Typically, dopant additions to the host BTiO3 are needed to
achieve the enhancement of its properties such as photocantivity, piezoelectric
and PTCR [139,161,162].

The successful synthesis of barium titanate with its uniquelielectric properties
largely depends on the purity and crystal structure, which iggatly in uence its nal
properties [90, 163]. Hence, various di erent techniquesatee been used to synthesis
BaTiO3 thin Ims, including solid-state reaction [164], the Sol-@&| method (solprecip-
itation) [157, 160, 165{167], the coprecipitation method1}40, 168], mechanochemical
synthesis [169, 170], solvothermal synthesis methods [J,7dputter deposition [172],
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pulsed-laser deposition [173], chemical vapour depositifl74] and atomic layer de-
position [174,175], in order to eliminate problems such agterogeneity, impurities,

inaccurate thickness control and the poor electrical propiges of sintered ceramics. In
these methods, the organic precursors have been introducesisources of Ba. There-
fore, carbon contamination has been reported in BaTigthin Ims [163,167,169,175].
For example, sharp absorption peaks at 1425, 1050, 860, argb6ém * were observed
and attributed to the carbonate ions (CQ?) [176]. BaTiO; ceramics with excellent
ferroelectric and piezoelectric properties have been sassfully obtained using ordi-
nary BaCO; and TiO, powders [139].

As for SrTiOg, rst principles calculations in the frame work of density tinctional
theory have been used to accurately determine the formatienergy of pure BaTiQ,
and this is then extended to explore the stable structures afarbon impurities in
rhombohedral BaTiO;. All possible carbon sites, such as substituting for Ba, Tirad
O as well as interstitial positions have been considered inrange of possible charge
states. Physical properties including geometry, electram structure and electrical
level have been calculated. Vibrational modes for the stablstructures have been
investigated and compared with the relevant experimentalesults. Activation energy
calculations have been investigated to identify the probality of carbonate group

reorientation in BaTiO3 crystal.

6.2 Computational Method

In the present work, the same computational approach has beesed as in the pre-
vious application chapters and described in sections 4.2c6.2. As for SrTiO; and

PbTiO 3, atoms are modelled using norm-conserving, separable pdeypotentials [16]
with valance sets of Ba of §5p°6s?. The valance sets for Ti, O and C are listed in
section 4.2. The Kohn-Sham eigen-functions are expandedngsatom centred Gaus-
sian basis sets [66], with four sets of independesit p and d functions being used for

each atom, representing a basis of 40 functions per atom for, Ba, O and C, as

CHAPTER 6. CARBON IMPURITIES IN BARIUM TITANATE



6.2. COMPUTATIONAL METHOD 109

discussed in section 2.7.

Matrix elements of the Hamiltonian are determined using a phe-wave expansion
of the density and Kohn-Sham potential [67] with a cut-o of 50Ha. To obtain the
ground state properties of rhombohedral BaTi@), the lattice parameters and fractional
positions of atoms were fully optimised. lonic and cell rekations were performed with
the convergence of the total energy with respect to the expsion of the charge density
to be better than 0.03 meV.

For bulk rhombohedral BaTiO; symmetry, the calculated properties are given
in Table 6.1, where they are compared with the available theetical [177,178] and
experimental [146,179] data. The values in Table 6.1 showaththe deviations of
optimised lattice constantay and cell angle from the experimental values are less
than 1% and 0.06% respectively. The fractional displacemtsnX , and Z, of atom A
have been calculated with respect to the ideal cubic locatiqBa: 1a (0, 0, 0); Ti: 1a
(0.5 + X+, 05+ Xqi, 0.5+ X5i); O: 3b (0.5 + Xp, 0.5 + Xq, Zo). The technique
for computing the total energy was presented in section 3.The Monkhorst-Pack [14]
scheme for 10 10 10k-point mesh was applied for BZ sampling. Table 6.1 shows
that good agreement between the calculated atomic displanents and both previous
calculations and experimental values. It should be noted #t the rhombohedral
distortion does not have a signi cant ferroelectric impacon the energy of orientation,
as shall be seen below in section 6.3.4. Therefore, the BaZialculations do not focus
on the reorientation process because the energy di erensesmall compared with the
signi cance level of the calculations.

The calculated band gap is 2.3eV, re ecting the well-documéed-underestimate
arising from the underpinning methodology. However, the ctent value is in excellent
agreement with a previous calculation [178]. On average, BDgives good agreement
with experimental structural data for the rhombohedral BaTiO3; phase.

In this work, the supercells used to model defects have beemlbfrom the SrTiO 3
cubic structure by changing lattice parameters and then ophising it withthe2 2 2

mesh grid. This supercell is comprised of 32 formula units,eaning that the supercell
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Table 6.1: Calculated, theoretical and experimental bulk ppperties of rhom-
bohedral BaTiOs including lattice constant (ag, A), cell angle (, degrees),
band gap E4, €V) and fractional displacements with respect to the ideatu-
bic location (X+1i, Xo and Zp). Experimental and theoretical data are taken

from published studies [146,177{179].

Properties Current calculations Previous calculations Eperiment

Ao 3.969 3.966 4.004
89.85 89.87 89.80
= 2.30 2.30 3.40
Xi 0.0114 0.0110 0.0128
Xo 0.0129 0.0133 0.0109
Zo 0.0188 0.0192 0.0193

IS Bags Ti350g6.

As for SrTiOz and PbTiO3, the second derivatives of the total energy over atomic
displacements have been used to calculate the vibrationatfjuencies of defects, which
are then assembled into the dynamic matrix as discussed incgen 3.2. Finally, the
reaction pathways and activation energies are determinedsing the NEB method
[21,22], and the convergence of the saddle point energy witspect to the number of

images and the image-forces has been established to withifea meV (see section 3.6).

6.3 Results and discussion

A one hundred and sixty-atom supercell was exploited to diseer the e ects produced
by a carbon atom impurity in the otherwise pure rhombohedraBaTiO3 crystal. As
mentioned before in section 4.3, there are four possible wajo include a carbon
atom in the BaTiO; lattice (substitution at the Ba, Ti or O sites and an interstitial).

Various possibilities for situating carbon impurities in hombohedral BaTiO; have
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been examined to obtain the structures that give the lowestotal energies of the
system in each site. Each of these con gurations has been &s@d and its observable

properties assessed, as explained extensively below.

6.3.1 Interstitial C

Geometrically, there are di erent ways to incorporate carbn atom as an interstitial
in rhombohedral BaTiO; crystal. The rst position is between neighbouring Ba{Ba
atoms; the second between Ba{Ti atoms; the third between O{@toms, and so on.
Numerous structures have been investigated to nd out the able structure either in
the hL11 direction (C3) or in the other directions. Di erent minimum energies have
been obtained. However, as is the case with SrTi@nd PbTiO3, two con gurations,

which may be characterised as CO and GOn terms of the co-ordination with oxygen
(Fig. 6.2), are of particular importance, being the lowestn energy for di erent charge
states.

In the CO structure (Fig. 6.2(b)), carbon prefers to form a cealent bond with
one oxygen neighbour to form carbon monoxide. The C{O bondrgth of 1.23A
is consistent with a CO 2 ion substituting for a host oxygen ion. This structure is
stabilised by a partial p-d covalent bonding between the carbon atom and the two
nearest Ti ions, as illustrated in Fig. 6.3. The C{Ti distanes have been calculated
to be 2.15A, which is 2% longer than the original Ti{O in bulk BaTiO3. From these
calculations, it can be remarked that the carbon in the SrTi@has a greater e ect on
the structure of the defect than it does for BaTiQ.

In the case of CQ (Fig. 6.2(c)), as with SrTiO; and PbTiO3, carbon prefers to
form three C{O bonds yielding a centre ofC;, symmetry. The normal charge state of
the carbonate ion is 2 and the formation of this geometry may be viewed as unlikely
the CO; 2 ion is e ectively replacing three host O 2 ions, leading to a surplus of four
electrons. The C{O distances have been found to be JA3which are close to the bond
length of CO;2 ions. The CQ; in the neutral charge state is non-planar, However, by

adding electrons, the bond angles become smaller as the biogdinteraction between
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(@) (b)

(©)

Figure 6.2: Schematics of the (b) CO and (c) C®Oforms of G in BaTiO3. An

equivalent section of defect-free BaTi®is shown in (a) for comparison. Blue,
grey, red, and black spheres represent Ba, Ti, O, and C atomespectively.
Vertical and horizontal axes are approximately [001] and @] respectively,

with the tilted view adopted to aid clarity.
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(@)

(b)

Figure 6.3: Plot of the wavefunction distribution of CO G con gurations in
BaTiO3: (a) a partial p-d covalent bonding between the carbon atom and
the two nearest Ti ions in the CO form; and (b) CO molecular orbitals
associated with the empty state in the gap. Red and blue voluss show wave
function iso-surfaces of equal magnitude (0.1) and oppasisign. Colours and

orientation are as indicated in Fig. 6.2.
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the Ti and carbon atom increases the strength, and then CGOwill be close to the
planar. Indeed, it is shown below that, although the carborta form is metastable
in the neutral charge state, it is expected to act as a donorhtis favouring positive
charge states.

The important e ect of any impurity doping is its in uence up on the band struc-
ture properties of a given crystal. Such interference migltte responsible for a variety
of features, such as changes in electric conductivity as Wwek dielectric and other
behaviour. The band structures in the vicinity of the band-gp for the neutral charge
state of the CO form and the overall +2 charge state of the cadmate form are shown
in Fig. 6.4. The analysis of the in uence of carbon upon the BaO; band struc-
ture provides the following data. In the case of CO form therare both occupied
and empty bands within the gap, which may be related to the two CO molecular
orbitals, split by the crystal eld. The wave function of the states are plotted in
Fig. 6.3. The lowest energy occupied state wave function igpicted in Fig. 6.3(a),
whereas Fig. 6.3(b) represent the wave function of the highempty state in the gap,
which is similar to that found in the case of SrTiQ.

For the carbonate group, the neutral defect introduces twoazupied levels, one of
which is localised close to the bottom of the conduction banahd the other at about
the middle of the gap. In contrast, at +4 charge states, the bad gap is devoid of
states. The band structure for the +2 charge state con guraon (Fig. 6.4(b)) consists
of a single occupied band in the upper half of the band-gap. €lstate is a combination
of a molecular orbital on the carbonate group and the neighliang Ti cation. It is
made up of the parallelp orbital on all four sites, but in anti-bonding combinations
between C and the three oxygen, with the Tid-orbital forming a bond with the
p-orbital on the carbon, as shown in Fig. 6.5.

Based upon the band structures and expected oxidation stat@f CO and CQ, it
is natural to expect electrical levels to be present for intstitial carbon. The charge-
dependent formation energies are shown in Fig. 6.4(c), imditing that the the neutral

charge state of the CO con guration is not stable, in contrasto that for SrTiO 3 and
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Figure 6.4: Band structures in the vicinity of the band-gap dr C; in: (a)
the CO; and (b) the (CO3)*? con gurations, plotted along high-symmetry
branches in the rst Brillouin zone; and (c) showingEf ( ¢) for various charge
states of each structure. Occupied and empty bands in (a) arfd) are shown
in solid (blue) and dashed (red) lines respectively. The urdlying shaded
areas show the regions of the bands for the corresponding lbw@upercell.
The energy scale is de ned such that the valence band maximaeaat zero.
In (c) the (red) solid line and (blue) dashed line representie CO and CQ

con gurations respectively. The gradient indicates the carge state, and the

energy scale is de ned by’ ((CO3)%) =0eV.
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Figure 6.5: Wave function of the orbital state for the CQ C; con guration
in BaTiO3. Red and blue volumes show wave function iso-surfaces of alqu
magnitude (0.1) and opposite sign. Colours and orientatioare as indicated

in Fig. 6.2.

PbTiO3;. Furthermore, the neutral and +1 charge states of C@are stable compared
with the equivalent structures in SrTiO; and PbTiO3. In addition, the CO3 +4 charge
state is stable, which is in agreement with the same resulterfPbTiO 3 in contrast to
the situation for SrTiO3, which could be related to the di erence in the location of
the host band edge relative to the molecular orbitals of the @z ion.

In addition to the electrical levels, one would expect locahodes corresponding
to C{O stretches. For the neutral, CO bonded con guration tre stretch mode is
estimated at 1571 cm?, which is much lower than the vibrational mode of CO gas.
In the case of the +4 charge state, local vibrational modes arcalculated for the
CO; centre. There is anE-mode (anti-symmetric combination of C{O stretches) at
around 1375 cm?! and a non-degenerate breathing-modé\() at 1042 cm *, which are

close to those of gas phase GO (see Table 4.2), and for the +3 charge state is 1233
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and 908 cm !, whereas for +2 they are 1123 and 854 crh and for +1 they are 1119
and 834cm?. The increase in frequency with charge results from the dirences in
bonding, with the -bond between the Ti and C atoms resulting in a non-planar C9
group in the +2 charge state, and this is lost by the +4 state whre the CQ; group is

close to planar.

6.3.2 C substituting for O

The possibility of carbon occupation in the oxygen sites haseen examined. The
geometry-optimised atomic structure of such a centre ) is shown in Fig. 6.6(a).
The bond-lengths of a simple substitution are very similard those of the host, with
the T{C bond-length at 2.08 A, which is only slightly longer than the original Ti{O
internuclear distances in bulk BaTiQ by 1%.

There is another structure of G in the BaTiO3 as a result of chemical reactions
between the carbon and nearby host oxygen ions, which is egetically favourable
for the neutral charge state. Fig. 6.6(b) shows the resultgstructure for the neutral
charge state, which can be characterised as a CO species stidretween two oxygen
sites, (CO)z0). In the neutral charge state, the bond length of carbon monae
has been calculated to be 1.4 which is signi cantly longer than that in a CO
molecule, but close to a free CG ion which has been calculated using this method
to be 1.44A. This long bond is due to a combination of the charge state dfie group
and the bonding interactions with the neighbouring Ti atoms The C{O bond length
is shorter for the +1 and +2 charge states, are 1.35 and 1.26respectively, which is
consistent with the depopulation of an anti-bonding orbith However, underp-type
conditions, carbon prefers to form another bond with the neast neighbour oxygen,
forming carbon dioxide. Fig. 6.6(c) shows the resulting gicture for the +4 charge
state, which can be characterised as a GQ@pecies shared between three oxygen sites,
(CO2)(z0) -

Having described the defect geometry, the relative electiiw structures for the two

con gurations are now explained. Fig. 6.7 shows the band sictures corresponding to
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(@) (b)

(€)

Figure 6.6: Schematics of (a) €, (b) (CO) 20y and (c) (COz)ioy in BaTiOs.

Colours and orientation are as indicated in Fig. 6.2.
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di erent con gurations of carbon in the oxygen sites. It canbe noted that, as with the
case of SrTiQ, the on-site form (Fig. 6.7(a)) has two C-related levels infte band-gap.
The lowest localised occupied states correspond to thestate along the Ti-C-Ti axis,
and the highest partially lled, degenerate pair are made umf the perpendicularp
components split by the crystal eld. One would therefore gxect the on-site centre
to act as a donor, and possibly as an acceptor. To clarify th@mbination of orbitals
between the carbon dopant and adjacent host atoms, the wavenictions of the iso-
surface near the carbon dopant have been calculated, and tresults are illustrated
in Fig. 6.8.

Fig. 6.7(b) shows the electronic structure of the (CQ)oy structure in the neutral
charge state. The energy levels due to the C-impurity are lalised in the upper
part of the band-gap and are related to the combination of CO and .4 with the
neighbouring Ti atoms, as illustrated in Fig. 6.9.

Depending on the electronic structure, the electrical lel®of carbon in the oxygen
site have been investigated (see Fig. 6.7(c)), showing therfation energies of the
two forms in di erent charge states as a function of the Fermievel. The Gy centre
can accept an electron, but the addition of a second electravhich would render it
isoelectronic with oxygen is also energetically favouredhis agrees with the case of
PbTiO 3 and contrasts with that of SrTiO3. The picture for the CO form is slightly
more complex as a result of the di erent structures. The exisnce of the occupied
states in the band-gap is found to result in single and doublégonor levels, with the
depopulation of the  state corresponding to a decrease in the C{O bond-length.
However, the removal of three or four electrons is also pdds, but with a sponta-
neous reconstruction to form a centre where C is bonded teo oxygen neighbours,
(CO2) 0y - Indeed, the formation energies of the charged defects vamjth the Fermi
level. For the (CQ;) 30y form, the +4 charge state is energetically the most favourdd
when the Fermi level is low. With the increase in the Fermi leal, its formation energy
approaches that of the (CO)q) form with +2 and +1 charge states; then, nally, at

the conduction band minimum the carbon defect is present irhe Cy con guration
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Figure 6.7: Band structures in the vicinity of the band-gap dér Co in: (a)
the on-site, and (b) the (CO).0y con gurations, plotted along high-symmetry
branches in the rst Brillouin zone; and (c) showingEf ( ¢) for various charge
states of each structure. Lines, shading and scales in (a)f) are as de ned
in Fig. 6.4. In (c) the (red) solid line, (blue) dashed line, ad (black) dotted
line represent the (CO)p), Co, and (CO,)i30) con gurations respectively.
The gradient indicates the charge state, and the energy seais de ned by

ET((Co)° =0eV.
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(@) (b)

(©)

Figure 6.8: Schematics showing wave functions of,C (a) lowest occupied
p-state along the Ti-C-Ti axis; (b) and (c) a partially lled, degenerate
pair made up of the perpendicularp components. Red and blue volumes
show wave function iso-surfaces of equal magnitude (0.1)cdanpposite sign.

Colours and orientation are as indicated in Fig. 6.2.
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(@) (b)

Figure 6.9: Plots (a) and (b) showing the wave function for tb two occupied
levels related to the combination of CO and 4 with the neighbouring Ti
atoms for the (CO),c) defect in BaTiO;. Red and blue volumes show wave
function iso-surfaces of equal magnitude (0.1) and oppasisign. Colours and

orientation are as indicated in Fig. 6.2.

with neutral, 1 and 2 charge states (Fig. 6.7(c)).

As with C;, Co is likely to give rise to characteristic vibrational modes.For the
on-site form, stretching vibrational modes lie at 646, 766ra 904cm ! in the neu-
tral, for the 1 and 2 charge state respectively. Concerning the (CQyp, defect,
the vibrational mode in the neutral charge state has been callated at 959cm?,
which is close to the calculated vibrational mode of CG. In the +1 charge state,
the vibrational modes increase to 1100 cm, and 1379 cm? for the +2 charge state,
corresponding to increased bond-order. In the (CQs0) form, the increase in the
number of C{O bonds means that the +3 charge state yields twaretch modes, esti-
mated at 1129 and 1417 cmt. The di erence in the geometry leads to the di erence

in the vibrational modes which can be easily distinguishedxperimentally.
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6.3.3 C substituting for Ba

The following discussion considers the in uence of carbompurities as a cation, the
Ba site, Gs;. As in the G, and Co situations, there are di erent structures for Ba to

take in the BaTiO3 crystal. The results concerning the stable structure optimsation

are presented in Fig. 6.10. The spontaneous displacement®fhas been shown to
form three C{O bonds (Fig. 6.10(a)). The C{O bond lengths arecalculated to be in

the range of 1.2%, which close to that in the carbonate group anion. Howevetthe

formation of the carbonate leaves the BaTi@ lattice de cient by one Ba cation and

three oxygen anions. This results in a net excess of four éteas to be accounted
for. Two of these are associated with the carbonate group, bthis means that the

reaction of carbon on the Ba site with three oxygen atoms is pg&ct to result in a

double donor.

In addition, during the simulations of Gg,, another structure has been observed
that results in an isoelectronic centre. Carbon reacts witta single neighbouring
oxygen forming CO anion localised at the Ba site and an oxyge@acancy. Numerous
relative orientations of the CO ion and oxygen vacancy haveelen analysed, and the
one shown is the lowest in energy. The C{O bond length has beealculated to be
1.19A, which is in good agreement with the bond length in the carbo monoxide
molecule. The structure shown schematically in Fig. 6.10Jbs metastable, but not
more stable than the carbonate form (Fig. 6.11(c)), which e¢abe accounted for on
the basis of the relative favourability of the formation of hree covalent bond. This
is similar to the results obtained for G, and Cp, in the previous calculations in
sections 4.3.3 and 5.3.3.

The expectations based upon oxidation states for the two uistrated structures are
con rmed by their band structures shown in Fig. 6.11. In the ® charge state of the
carbonate form, and the neutral charge state of the CO formhe band-gap is devoid
of states.

Next, the vibration signatures of these defects have beenloalated. The CO;

form in the overall neutral charge state has anA;) mode at 1056 and arE-mode
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(@)
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Figure 6.10: Schematic of g, in BaTiO3 in (a) CO3; and (b) (CO)ga{ Vo

forms. Colours and orientation are as indicated in Fig. 6.2.
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Figure 6.11: Band structures in the vicinity of the band-gapfor Cg, in:

(a) +2 charge state of CQ and (b) the (CO)ga{Vo con gurations, plotted

along high-symmetry branches in the rst Brillouin zone; ad (c) showing

E'( ) for various charge states of each structure. Lines, shadimnd scales

in (c) and (b) are as de ned in Fig. 6.4.

In (c) the (red) solid ine and

(blue) dashed line represent the (CQ}{ Vo and (CO,) 3oy con gurations re-

spectively. The gradient indicates the charge state, and éhenergy scale is
de ned by Ef ((CO3)°) = 0eV.
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at around 1480cm?!. The ionised forms have modes within 3cnt of the neutral
charge state, which is consistent with the shallow donor bekiour predicted for this
centre. These vibrational modes are very similar to those tdined in the Cs, of
SITiO3 (see section 4.3.3). The vibrational mode of thedg CO form is observed to
be at 2094 cm?, which is in reasonable agreement with the experimental we for the
carbon monoxide molecule frequency (Table 4.2) and signaatly larger than that in

C; depending on electrons account.

6.3.4 C substituting for Ti

The last possibility considered is the substitution of titaium, Cyi. Similar to the
situations with Cg, and G, the addition of one carbon atom exhibits a signi cant
structural change from pure BaTiQ. Fig. 6.12 shows that the doped carbon forms a
carbonate group similar to that in the other materials. The elaxed structure has three
C{O bonds 1.29A are signi cantly shorter than the Ti{O inter-nuclear dist ances in
defect-free BaTiQ by about 35%. The calculated C{O bond lengths in & are close
to those of the carbonate group (see Table 4.2), which are sian to the carbonate
group bond lengths found in both SrTiQ and PbTiO3;. The structure optimisation
calculations show that the carbonate ion is very close to theymmetry of Cs,. For
the simulation supercell, the substitution of Ti by C might be expressed as resulting
in the formation of one formula unit of (BaCG;) and 31 formula units of BaTiCs.

The band structure for G is shown in Fig. 6.13. It should be noted that the
inclusion of carbon has no apparent e ect on the the band-gapidth.

To provide a mechanism for the direct experimental identi ation of Cy;, a local
vibrational mode above the one-phonon maximum could proveighly e ective. Of
particular note is that, for the C;, Cy centre, the calculations indicate a degenerate
(E) C{O stretch mode at 1383cm?, and a breathing stretch-mode withA; symmetry
at 1061cm?'. These are close to the experimental values of G&gas phase [180]
which haveEand A? stretch modes lying around 1415 cnt and 1064cm, respectively,

and also agree both with the modes detected in BaTgJ176], and with those modes
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Figure 6.12: Schematic of & in BaTiO3. Colours and orientation are as

indicated in Fig. 6.2.

assigned to the carbonate groups in BaCO[84]. Lower frequency modes of the
carbonate group are also present for+¢, but are resonant with the one-phonon density
of states. Both of the local modes are infra-red and Raman agt, and given su cient
concentrations one might seek to con rm the presence of thisrm of carbon centre
directly via either IR or Raman spectroscopy.

Furthermore, the energetics for the reorientation of the ecdonate group have
been examined. The initial and nal structure are shown in F. 3.5, and the energy
pro le along the minimum energy path between them is shown ifrig. 6.13. The
energy di erence between the initial and nal structure hasbeen calculated to be
about 50 meV, which is related to non-equivalence in the detewith respect to the
rhombohedral distortion. The activation energy for reoristation is predicted to be
around 2.5 eV, which is close to the activation energy for th€O3 reorientation at Cx;
in SrTiO; (section 4.3.4). The impact of carbon in the Ti site in BaTiQ has a similar

impact on the hysteresis as predicted for the other matersl
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Figure 6.13: Band structures in the vicinity of the band-gapfor Cy; in
BaTiO3, plotted along high-symmetry branches in the rst Brillouin zone.

Lines, shading and scales are as de ned in Fig. 6.4.

6.3.5 Formation energy comparison

Finally, as for SrTiO3 and PbTiO3, a thermodynamic assessment of the relative sta-
bility of the four sites has been conducted, where the atome&nd electron chemical
potentials must be taken into account. The formation energs of defects in various
charge states has been calculated using Eg. 3.9. In the BaEi€ystem ; denotes the
chemical potential of the speciesi (=Ba, Ti, O and C). Firstly the atomic chemical
potentials have been assessed by considering the energfdsutk BaTiO ; and related

materials. The chemical potentials of componentsg,, 1 and o are related through
Bat T +t3 0= B0 (6.1)

Here g, is the energy per atom of pure Ba metal, 1j and ¢ have been de ned and

calculated in section 4.2, and g1o Is the total energy per formula unit of pure BaTiQ.
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Figure 6.14: Calculated reorientation barrier of CQ C+; in BaTiO 3 between

the initial and nal structures.

The enthalpy of formation of BaTiOs is HBaTiO3 = BaTiOspul Ba Ti 3 0,

and is found to be 17:54 eV which is in good agreement with experimental values [l1]8
and previous calculations [182] (see Table 6.2). A parametspace describing the
values of the chemical potentials for which BaTi@ is stable can be established in
terms of 1y and g, using Eg. 6.1, with boundaries formed where related matelsa
become thermodynamically more stable than BaTi@ For example, for su ciently

high values of the chemical potentials of Ti and Ba, it would écome more favourable
to form bulk metals rather than the compound. Other thermodypamic boundaries are
formed by BaO and BaQ, TiO, TiO ,, Ti,O3 and oxygen gas. The thermodynamic

boundaries of BaO and Ba® are

Hgao = Baoulk) Ba 0 (6.2)

Hgao, = Bao.(bulk) Ba 20 (6.3)

The other conditions for TiO, TiO,, Ti,O3 and oxygen gas are as previously stated
in section 4.2. To provide a benchmark for these calculatisnthe calculated prop-

erties for Ba and its compounds, in addition to the calculat heats of formation,
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are presented in Table 6.2. This shows that the heats of forti@n are in excellent
agreement with experiments, and the lattice constants arefculated to within about
5%, re ecting the tendency of LDA calculations to underestnate lattice constants,
particularly in the case of Ba. There is also excellent agneent between the calcu-
lated and experimental enthalpy of formation energies. Thealculated properties and
heats of formation for Ti and it compounds have been listed ifiable 4.1. In order to
determine the properties of the phases in Table 6.2, the sarnemputational settings
as for BaTiOz; have been employed but the number d-points and basis set for each
material are varied so as to ensure a convergence of the totlergy. The shaded
area in Fig. 6.15(a) shows the resulting phase diagram fordtstable ternary BaTiO;
growth as a function of g, and 1.

Following the procedure [76] adopted for the Cr doping of SiD; and the cur-
rent calculations of carbon impurities in both SrTiQ (section 4.3.5) and PbTiQ
(section 5.3.5), the impurity chemical potential based upothe appropriate carbon
containing phase also needs to be selected. The value gfhas been calculated based
upon graphite (C), TiC and BaCQO;. Other carbon-containing systems such as GO
CO3; and BaG, were examined, but were not found to be equilibrium phases der
the computational conditions. Fig. 6.15(b) illustrates tke carbon chemical potential
diagram as a function of g, and 1, with o de ned by Eq. 6.1. For example, in O-
and Ba-rich conditions carbon is in equilibrium with BaCQ, and the lowest energy
carbon defect is G;, similar to what was found for SrTiG;.

Using Eqg. 3.9 and by considering the BaTi@stability conditions described above,
the likely location of carbon in BaTiO; has been examined.

Fig. 6.16 illustrates the e ect of an upward shift of Fermi leel on the stabilisation
of carbon defects in BaTiQ crystal at each chemical potential condition of g, and

1i. These plots are for three choices of electron chemical patial, which are, = E,
(p-type BaTiO3); (b) = Eg=2and(c) = E.. Itshould be noted that, given O- and
Ba-rich equilibrium conditions in the stable region of BaTO3, carbon is in equilibrium

with BaCO3, and the lowest energy carbon defect is found to berC Indeed, that is
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Table 6.2: Calculated and experimental bulk properties antbrmation en-
thalpies for Ba and its compounds. Lattice constantdy, A), axial ratio (c=38
and enthalpy of formation ( H', eV/f.u.). Experimental and theoretical data

are taken from previous publications [181{189].

Current calculations Experiment Previous calculations

Ba, body-centred cubic [m 3m)

o 4.77 5.02 4.77

BaO, sodium chloride £m3m)
o 5.46 5.49 5.46
Hf 5.71 5.73 5.18

BaO,, tetragonal (I 4=mmm)

o 3.75 3.78 3.76
c=a 1.78 1.79 1.78
Hf 6.70 6.59 -

BaTiO3, simple Cubic (P m3m)
& 3.94 3.99 3.93
Hf 17.54 17.20 17.5

the same situation for both SrTiG; and PbTiOs. In general, depending on the location
of the Fermi level, the present calculations reveal that théour sites of carbon defects
is arise during thin Im growth. This is in contrast with the case for SrTiG;, where
C; is unstable, and for PbTiQ; where G and Co are unstable (see sections 4.3.5 and
5.3.5).

For p-type BaTiO3 (Fig. 6.16(a)), unsurprisingly, an electron-donating sysm is
favoured. Under O-rich conditions, carbon impurities thatgive the lowest formation
energies are ¢ and Cz, which is consistent with the expectation that, in the metal-
lean conditions metal substitution is favoured. As O-rich@nditions decrease until the

intermediate equilibrium conditions the stable region ofn BaTiO3, carbon prefers to
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Figure 6.15: Plots showing the equilibrium phases for BaTirelated mate-
rials as a function of p, and +i: (a) shows the BaTiG; stable region of the
parameter space, indicated by the shaded area; whereas (hpws the stable

phases containing carbon over the same ranges of chemicalepbals.

form an interstitial site with a +4 charge state. It should be noted that all these

con gurations are related to the carbonate group. Finally,at the metal-rich limit,
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Figure 6.16: Graph showing the calculated equilibrium fornof C-related

defects with respect to the atomic chemical potentials forigrent electron

chemical potentials: (a) ¢ = E, (p-type BTO); (b)

e = Eg=2; and (c)

e = Ec.. The BaTiO3-stable region is superimposed (solid black line), and

the C source phase is indicated by the dashed lines (see Fidl5.

carbon in the oxygen site prevails, with a +3 charge state ohe CO, con guration

of Co.

As the electron chemical potential moves from the valence wwonduction bands,

Cti dominates more and more of the BaTigstable region, whereas the Gtable area

decreases progressively until the acceptor levels of thec@Gnataining defects fall below
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e- Then, in n-type conditions ( ¢ = E;), there is the possibility of the formation of
Co In the negative charge state with the anion lying on-site.

The calculations show a sizeable preference for Ti substitbns over Ba substitu-

tions. However, the sole expectation for impurities that feour the Ba site, is at O-

and Ti-rich at p-type conditions.

6.4 Conclusion

In the present work, an extensive density functional theorgtudy of the e ects of car-
bon impurities in rhombohedral BaTiO; has been conducted, including the considera-
tion of structural con gurations, electronic properties,electrical levels and vibrational
modes, and these are compared with available experimentatd and previous theo-
retical calculations. All possible carbon sites and struatal con gurations have been
considered in a range of possible charge states. Overallfbzan exhibits complex be-
haviour in BaTiO3 and some of its con gurations are related to carbonate grosp
such as in interstitial and both Ti and Ba substitutions.

Defect formation energies have been investigated in the @@ of bulk the BaTiO;
phase diagram. The formation energies suggest thatl types of sites are stable.
Under metal-lean conditions, forp-type BaTiO3, both C; and Gg, are energetically
more stable with the carbonate group con guration. HoweverCy; is dominant of a
wide range of Fermi levels. Regardless of Fermi level loaati carbon in the O site
is always dominant in O-lean conditions with di erent strudures and di erent charge
states. Hence, under metal-rich conditions, carbon defacare energetically favoured
in the CO, con guration in p-type conditions, and by shifting the Fermi level toward
CB the structure transitions to CO whereas inn-type conditions on-site carbon is
dominant. The G also has the opportunity to be positioned in the stable regioof
BaTiO3; under intermediate growth conditions.

The vibrational frequency associated with each defect hasén determined and

compared with available theoretical and experiment valuesln addition, for a com-
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bination of the band structure and electrical level calculdons and depending upon
which site the carbon occupies it may form a donor, acceptooy isoelectronic centre.
Having examined the di erent characteristics of carbon imprities in three di erent
perovskite structures, and observed that the stability of tsuctures depends on the
growth conditions, the next chapter look at the signi cant dstinguish characteristics

among these three perovskite materials.
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Comparison of the properties of perovskite

titanates

In the previous three chapters, the structural con guratioms, electronic structures,
electrical levels, vibrational modes, activation energseand stability of carbon impu-
rities in three promising perovskite titanates have been uestigated separately. This
chapter emphasises the main similarities and di erences e impact of carbon on
the characteristics of these materials, providing usefuhsights which may shed light

on the impact of carbon for a wider family of perovskite titaates.

7.1 Chemical con gurations

Regarding geometry, various structural con gurations of arbon impurities in the
host materials (SrTiO;, PbTiO3; and BaTiO3) have been investigated. Interstitial
and substitutional point defects and their relative stabiity in di erent charge states
are considered for each type of point defect. For the three qpeskites, regardless of
the structure of the host material, carbon prefers to form a@lent bonds with host
oxygen-neighbour(s). The current study reveals that, forarbon, the formation of
carbonate groups is generally energetically favoured famterstitial and both A (Sr,

Ba or Pb) and Ti site substitution. However, there is a possibty for carbon to form
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other covalent structures, such as CO in both Cand (CO)0) and CO; in the case
of (CO2)(z0)-

Recent studies [60] predict that a carbon impurity prefersd locate at an oxygen
site based on its location in the periodic table. However, thpresent calculations
reveal that carbon in the O site is very unlikely, given the gini cant energy saved
in covalent bond formation, and that the ionisation energy bcarbon is very di erent
from oxygen: the formation of a highly charged carbon to beote isoelectronic with
the relevant oxygen ions is energetically unfavourable.

According to the results presented in this thesis, it is natal to speculate that
carbon impurities in other crystals such as KNb@ CaTiO3;, KTaO3; and PbZrOs
might have the similar structures and properties. Howeverthe crystal structure of
the host material could play an important role in in uencing defect bond length(s)

and hence the vibrational modes of the defect, as exploredtims chapter.

7.2 Vibrational modes

The highly characteristic local vibrational modes predictd in the di erent con gu-
rations provide a possible route to experimental validatio and identi cation of the
structures in real materials. The estimated frequencies g that there are some sim-
ilarities and variations between defects within a class (sh as C substituting for Ti)
in the three di erent materials. The calculated modes are d$ited in Table 7.1. The
data show that the vibrational modes depend upon both structre and charge state.
Both the frequencies and splittings are characteristic ofne charge state, and since
by symmetry they are all IR-active, this variation with condtions presents a route to
the identi cation of experimental IR centres.

As the structures in BaTiO; and PbTiO3 are similar to those found for SrTiQ, itis
unsurprising that the calculated vibrational modes are atssimilar. In approximately
trigonal carbonate group cases, C{O stretch modes are cdated with the E and

A modes, with the E-mode being split due to the lower symmetry of the site in
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both PbTiO 3 and BaTiOs. It has been shown that the di erence between th& and
A-modes in an interstitial defect is signi cantly higher in oth SrTiO3; and BaTiO3
compared with in PbTiOs.

It is noted that the calculated frequencies for @ in SrTiO3, BaTiO3; and PbTiO3
di er slightly (they are within around 7%), but are essentidly the same in character.
Moreover, the local vibrational modes for the (CQ)o) defect increase with the charge
state corresponding to increases in the bond-order.

The calculated vibrational frequencies for carbon in the Aite are also listed in
Table 7.1. In addition to showing a substantial di erence bwsveen the carbonate and
CO forms, the data show that there is a very small charge statdependence, and
that the modes are signi cantly higher than those of the sintar form of bonding in
interstitial carbon. These data are therefore of importarein the discrimination of the
site adopted by carbon in both SrTiQ and BaTiOg. In contrast, for PbTiO; they are
close to those determined for interstitial carbon meaninghe local vibrational modes
for carbon in the Ti site are close to those modes assigned teetcarbonate group in
ACOj; crystal structures.

The C{O bond length for carbon interstitial PbTiO 3 is 2% longer than in the other
two materials, therefore the local vibrational mode for theCO form has been found
to be lower in frequency than it is in both SrTiG; and BaTiO; by about 120cm .
This result may reasonably be attributed to the di erence inlattice constant, and
hence, one may logically conclude that the correspondingcl vibrational modes in
other perovskites such as BaZrg) speci ed [190] as 4.18, which is 7% greater
than PbTiO 3, would be concomitantly lower still.

Given the substantial di erences in the frequencies of vilation and charge state
dependencies between the various sites, these vibratioohhracteristics may represent
a route for experimental identi cation of the site and char@ state of carbon in these
materials. For example, suitable illumination that leads ¢ an ionisation of a centre
which exhibits a substantial spectral shift is more likely & be interstitial carbon in a

carbonate group than carbon on the barium site.
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Table 7.1: Calculated modes (, cm 1) of the C-containing defects at the four
sites in SrTiOs, BaTiO3 and PbTiO3;. \Form" indicates the structural form
in each case and \Fragment" indicates the local bonding beegn carbon and
oxygen. G refers to carbon substitution for Sr, Ba or Pb in SrTiQ, BaTiO3
and PbTiO3 respectively.

Site  Form  Fragment Q  gTio, BaTiO5 PbTiO4

C CcO CO 0 1554 1571 1437

C COs CO;  +2 854,1018 823, 1080, 1124 1069, 1421, 1512
C COs CO;  +3 942,1154 909, 1233, 1323 1061, 1424, 1511
Co C{Ti 1 875 867 771

Co C{Ti 2 { 904 857

Co (CO)poy CO O 943 959 970

Co (CO)poy CO  +1 1104 1101 1138

Co (CO)poy CO  +2 1345 1380 1380

Co (COx)@e  CO,  +4 1121,1348 1187, 1456 1006, 1337
Ca  CO CO 0 2086 2094 2072

Ca  COs CO; 0 13961517 1057, 1362, 1480 1052, 1336, 1532
Ca  COs CO;  +1 1396, 1517 1058, 1364, 1481 1067, 1356, 1475
Ca  COs CO;  +2 1395 1518 1056, 1363, 1477 1073, 1356, 1475
Cr  COs CO; 0 1081, 1414 1048, 1379, 1384 1054, 1362, 1475

7.3 Electronic structure and electrical levels

The current work shows that carbon incorporated into one oftte titanates examined
could be either electrically active, such as in the substition of either the A site
metal or of oxygen, or electrically passive, such as with thiso-electric substitution
of Ti. Accordingly, it may be predicted that in other perovskte, such as PbZrQ or
CdSnG;, carbon substitution at A-sites and oxygen-sites are likglto be electrically
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active, whereas substitution for the B site is likely to be eltrically passive.

Based upon the band structures and expected oxidation statethe electrical levels
of the defect centres in SrTiQ, BaTiO3z and PbTiO3 have been interpreted. Some
di erences in behaviour might be usefully noted.

Fig. 7.1 shows the gap-state at the -point for selected de&-containing supercells.
There are some clear similarities between di erent materis. For example, in all three
materials, carbon substitution at the A-site results in a bad close to the respective
conduction band minima. Additionally, G;(CO) has an occupied state around 1eV
above the valence band top in the neutral charge state. Howay there are also some
key di erences. For example, the +4 charge state of@s unstable in both SrTiO; and
PbTiO 3, but stable in BaTiO3. Similarly, the 2 and 1 charge states of substitution
at the oxygen site are unstable in SrTiQ, but stable in both BaTiO3 and PbTiOs;.
This means that although behaviour in on titanate may be a gdie to what might be
expected to be found for another, the in uence of di erenceis band-gap, for example,
means that each materials should be analysed separately.

With respect to the electrical levels, the calculations shwe that the CO con gu-
ration for interstitial carbon is unfavourable compared wh CO3 in BaTiO3. This
is in contrast with SrTiO3 and PbTiO3 in which the neutral charge state of the CO
is the equilibrium form for much of the band gap. The relativestability of the CO
con guration in BaTiO 3 compared to SrTiQG; and PbTiO3 is likely to be due to the
larger lattice constant in the former case, resulting in a gater strain in the formation
of the two CO bonds.

For SrTiO3, two C-related levels in the band gap have been found foroGwhich
lie slightly higher than in the corresponding defect in BaTDs. In PbTiO 3, the lower
occupied state lies within the valence band and the energy elience between the
occupied and empty state in the band gap is about 0.1eV lowehan for the cor-
responding defect in SrTiQ and BaTiO3s, probably as a result of the di erence in
symmetry. Finally, the band structures for the G; in all three perovskites show no

evidence of the introduction of defect states, which is cosgnt with the carbonate
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Figure 7.1: Diagram illustrating the location of gap-state at the -point for

C-containing defects in (a) SrTiQ, (b) BaTiO 3 and (c) PbTiO3. The valence
band top is set at OeV.

ion replacing the isoelectronic TiQ group.

Finally, considering the range of available charge statestérmined for the three
titanates, one must take care in making assumptions about tise that may be present
in other materials that have signi cantly di erent band-gaps. For example, the loca-

tions of the donor levels where substitution at the oxygentsi results in the formation
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of covalent bonds are roughly the same relative to the valemdand for all of SrTiO;,
BaTiO3; and PbTiO3, although the (+3=+ 4) transition in PbTiO 3 is closest to the
valence band top. In similar structured materials with muchlarger band gaps, such
as BaZrG;, which is quoted as 5.3eV [191], these higher charge stateigimh logically

be more important.

7.4 Carbonate group reorientation

Activation energy calculations have been performed to estate the probability of car-
bonate group reorientation. The activation energy for carbhate group reorientation
is predicted to be relatively high as a consequence of the atant bonding within the
carbonate group, so that reorientation involves the breakg and forming of strong
chemical bonds. Such barriers, when combined with the fachat the defect has a
permanent electric dipole, is anticipated to have an impaaipon the dielectric prop-
erties and electrical-polarisation hysteresis of perovs& materials in an alternating
electric eld.

Several factors have been considered in attempting to idéyt the probability of
carbonate group reorientation, such as the direction of theost dipole and the stability
of the structures. For example, for carbon in the Ti site in PBIO 3, several distinct
orientations for the carbonate group have been consideretience, the reorientation
energy has been calculated between the polar and anti-poldirections whereas for
SrTiO3 only one direction is needed because of the relatively higraystal symmetry.
The impact of orientational di erences may be signi cant fo perovskites which have
large physical distortion, such as orthorhombic CaTi@

In comparison, the reorientation barrier for the carbonatgroup in each perovskite
(SrTiO3, BaTiO3 and PbTiOs3) is found to be comparatively high and similar on
average, which can be understood as resulting from the bréadx and formation of
strong covalent C{O bonds [192] compared to, for example, dsion of the oxygen

vacancy [193]. Hence, it can be concluded that the activahoenergy for carbonate
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group reorientation in a whole family of perovskite titanaé or alloying perovskites
such as BaSrTiQ, BaZrO; and PbZrTiO; would be close in value to the activation
energies in the ternary compounds.

Given the relatively high reorientation barrier, domain swtching will be a ected
by these centres, and there is evidence that carbon is presé&m material currently
employed in devices. For example, in lead zirconate titanatthe infrared spectrum
has peaks attributed to carbon-oxygen group vibrations, ahhysteresis e ects have

been assigned to the carbon in the material [100].

7.5 Formation energy

Through a careful consideration of the chemical potentialpsce of the constituent
species, the relative stability of di erent carbon defectsinder various thermodynamic
conditions has been assessed.

The corresponding formation energies suggest that in oxygeich conditions car-
bon substitution of Ti is generally more favourable for all iree kinds of perovskites,
as the carbon is in equilibrium with ACGO;. These defects are electrically inactive
consisting of the carbonate ion replacing the isoelectrici@s group.

For the p-type condition, unsurprisingly, electron-donating syssms are favoured,
such as G, which is consistent with the expectation that in oxygen-gh conditions
metal substitution is favoured. For both BaTiO; and PbTiOg, in n-type conditions
there is a possibility of forming & in the negative charge state with the anion lying
on-site.

In BaTiO 3, the calculations reveal that four carbon defects are exped to arise
in equilibrium, which are G, Cj, Cga and Co. It is noted that the presence of ¢
in BaTiO3 is in contrast with the case for SrTiQ, where it is thermodynamically
unstable, but it remains possible that such a centre might ést transiently during a
carbon migration processes. Signi cantly, all stable g, Cyj and C con gurations

are a form of a carbonate group.
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In PBTIO 3, the story is quite di erent. The range of host chemical potetials where
PbTiO 3 is thermodynamically stable is relatively small, and only &bon substitution
of Ti is favourable, with the exception of extreme p-type, oxgen-lean conditions where

carbon on the A-site in a positive charge state is possible.

7.6 Conclusion

Ferroelectric materials are valued in applications such asptoelectronics and high ca-
pacity computer memory cells. Several methods are used taogr perovskite crystals,
and use of organic precursors leads to carbon contaminatjas indicated by infrared
bands attributed to carbon-oxygen bond vibrations and hysresis e ects.

A series of calculations of the carbon defect has been catdri@ut to investigate the
structural, electrical and electronic properties, vibraibnal modes and reorientation
barriers of carbon defects in perovskite titanates. The callations show that carbon
defects have a qualitative impact upon perovskite propesds. This e ect is likely to
be common for highly dielectric materials by a ecting the feroelectric and dielectric
properties as well as the electrical conductivity.

Having reviewed the similarities and the di erences of caxdn impurity properties
in the three perovskite titanates, the next chapter looks atnother technologically
important material that is used in various applications andoarticularly in photovoltaic

devices.
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Chapter 8

SO impurity in cadmium telluride

Cadmium telluride,CdTe, is used in applications includingphoto-voltaic cells and par-
ticle detectors, and is known to be signi cantly impacted ectrically by the presence
of impurities, particularly of oxygen. Vibrational modes 41096.78 and 1108.35 cnt
have been variously assigned to oxygen-containing pointfdets, but most recently
also to SQ molecules dissolved in the lattice. However, the preciserstture and
location of these centres, as well as the electrical propiext of the defects, are yet to
be determined. In this chapter, the results of density funanal simulations of SQ
in various locations in CdTe and comparison of the properteederived with experi-
mental results are presented. It is proposed that the most glisible candidate for the

vibrational centre is an interstitial species.

8.1 Introduction

CdTe is a technologically important 1I-VI compound semicoductor with a number
of attractive properties. The room-temperature direct-badgap of 1.5eV, the high
visible-spectrum optical absorption coe cient of > 1°cm !, and the relatively low
cost of fabrication lends CdTe to use in optoelectronic desgés such as light emitting
diodes [194], laser diodes [195], solar cells [196{198]d a6 and gamma-ray detec-

tors [199{201]. Impurities and structural defects have a gni cant impact upon the
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characteristics of the material, and the determination oftie properties of defects is
critical to the manufacture of devices with the highest e ciency.

Perhaps the main issue in the fabrication of devices using Talis the di culty in
p-type doping. Although P, Au, As, and Li have been used witha@ane success [202],
it has proved dicult to obtain material with concentration s higher than around
6 10%cm 3. For doping above this level, the electrical activity dropso sharply
and hole mobility is reduced. The complexity in doping p-Cd& is due to strong
compensation e ects [203] as well as the low solubility of ghusual dopant types [204].

Oxygen is a common impurity in CdTe, occurring in concentrabns of around
10 cm 3 across a range of growth methods [205, 206]. Perhaps suiipgdy, since it
is isoelectronic with Te [207], oxygen can give rise to p-tgpconductivity [208], and its
complexes with vacancies and hydrogen are of some signi cann terms of electrical
levels [209, 210].

In addition, for compound semiconductors, the incorporabn of native defects
such as vacancies (such as vacant Cd sites in CdTé;y) may occur, particularly
when grown under conditions richer in one of the compound edents. V4 in CdTe
is electrically active, having acceptor levels [211], andrgbably both acceptor and
donor levels when complexed with other defects [202,212721 These defects play a
very important role in the electrical and optical properties of CdTe, and so the correct
understanding of the nature and formation mechanisms of tee defects is a critical
step in the development of relevant technologies [218].

Experimentally, electrical, luminescent and vibrationalmode characteristics are
important clues that provide detailed information about inpurities. For vibration,
isotope e ects, polarisation, and the uniaxial stress regmse are helpful additions
to vibrational frequency. Infrared spectroscopy, which glds information regarding
vibrational modes involving a change in electric dipole, Isadelivered important infor-
mation about defects in CdTe. In particular, vibrational males related to oxygen im-
purities are prominent in both experimental [219,220] andheoretical studies [221,222].
Since O is lighter than Te, the substitution of Te by O (Q.) might be expected to
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yield a high frequency local vibration mode (LVM). Howeverjn practice, a peak at
349.8cm ! has been assigned to this centre, and this has been con rmetkbretically
by rst-principles calculations [221,222]. The relativel low frequency is an indication
of the strength of the Cd-O bond, and the frequency is consesit with the phonon
frequencies of bulk CdO [223].

More recently, low-temperature (5K) sharp infrared (IR) paks labelled ; and
at 1096.78 and 1108.35 cm respectively were initially attributed to LVMs associated
with O1e{Vcq complexes [219]. The two modes are observed to merge into rgks
peak at around 1104 cm! [219] as the temperature increases towards 300K. Another
pair of lines at 2198.7 and 2210.5cm have been assigned to the rst overtones
of these modes [219, 220]. However, rst principles simuiahs [221,222] show that
Or1e{Vcq has local modes much more in line with @ than with ; and ,, and given
agreement between experiments and theory in the case of thmgler O centre, so
that the assignment of the pair of peaks to the @{Vcyg complex must be doubted.

Since the frequencies are high relative to the host phonores; alternative source
for ; and , might involve species with a low mass. One suggestion was altggen{
oxygen complex, and it is well known that hydrogen can passite acceptors in p-type
CdTe [224,225]. Hydrogen forms strong bonds with oxygen, ént is reasonable
to expect H to be incorporated into CdTe together with oxyger{211]. In addition,
vacancies in semiconductors are often good traps for hydesg However, there is
no convincing assignment for ; and , involving hydrogen [226]. An alternative
explanation [227] is that the vibrational frequency of an @ molecule may be high
enough to explain ; and ».

However, the clearest evidence for the chemical compositiof the centre giving
rise to ; and , comes from isotopic splitting. Fourier-transform infrard (FTIR) ab-
sorption studies [1] of single crystal CdTe annealed in Cdg@apour at 850 C show
spectra dominated by ; and ;. In addition, weaker lines located at 1082.8, 1089.5,
1094.3, and 1101.1 cnt are observed. From the relative intensities and spectral its,

it is argued that the weak modes are due to the natural abundaes of sulphur iso-
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topes: *2S (95%),*S (0.75%), and®*S (4.2%). Once the involvement of S has been
established, the question remains as to how such high freqoeees may be generated,
and the model proposes that they are the asymmetric stretch ades of a sulphur-
dioxide molecule or ion dissolved in the lattice. The tempature dependence of the
modes,viz. the merging of the two peaks at room temperature, might be elgined by
the rapid reorientation of the SQ at this temperature so that the observed spectrum
is due to the motional averaging of the defect. The presencé two oxygen atoms is
less conclusive from the experiment, and the location of trslphur-containing defect
within the CdTe lattice is not known.

The main aims of the present study are to resolve the questioregarding the
likely site of the SG, or related centre within the lattice, and re ect upon the posible
mechanisms for motional averaging. To achieve these aimsst-principles calculations
are used to determine the vibrational frequencies and reeritation energies for a range

of candidates.

8.2 Computational Method

Density functional calculations [63] using the AIMPRO cod¢64,65], have again been
performed. All of the calculations were carried out using # LDA as described in
chapter 2. Atoms are modelled using norm-conserving, sephte pseudo-potentials
[16] where the valance sets of Cd, Te, O, and S ard'%s?, 5s25p*, 2s?2p* and 3523p*
respectively, and the Kohn-Sham eigen-functions are exp#ed using atom-centred
Gaussian basis-functions [66]. The basis consists of indapent sets ofs- and p-type
functions of four widths, with 2 sets ofd-type polarisation functions per S atom and
4 sets for all others. Matrix elements of the Hamiltonian areletermined using a
plane-wave expansion of the density and Kohn-Sham poteritigg7] with a cuto of
150 Ha, resulting in convergence of the total energy with nesct to the expansion of
the charge density to within around 10 meV.

As with previous calculations, structures are optimised ursg a conjugate gradients
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scheme (see section 3.1), with the optimised structures hag forces on atoms of
< 10 ®atomic units, and the nal structural optimisation step is required to result in
a reduction in the total energy of less than 13 Ha.

For bulk CdTe, the computational approach yields an equilibum lattice parameter
of 6.44A, within 1% of experimental results [228]. The calculateddnd-gap of CdTe
is 0.6eV, re ecting the underestimate arising from the undpinning methodology,
which is consistent with previous calculations [229].

Defects are modelled using the supercell approximation damed in section 2.5,
using simple cubic cells with a side length of eitherag or 3ay, containing 64 and
216 host atoms respectively. Generally the Brillouin zons sampled using a uniform
2 2 2 Monkhorst-Pack mesh [14].

Vibrational modes were calculated by obtaining the secondedvatives of the en-
ergy with respect to atomic positions, assembling the dynaoal matrix (see sec-
tion 3.2), and diagonalising to obtain the vibrational fregiencies and normal coor-
dinates. The second derivatives are obtained by a nite di eence approximation in
the forces, where atoms are displaced from their equilibriu positions by 0.2 atomic
units. From the present calculations it is found that frequacies depend only weakly
(< 3cm 1) upon the cell size, sampling, and on which atoms are includlén the
dynamical matrix.

Isotopic e ects in the vibrational spectra have also been &blished. In each case
the vibrational modes have been determined, including aladio-stable isotopes of S
and O (31.972071, 32.971458, 33.967867, and 35.967081 amtu natural abundances
of 94.93%, 0.76%, 4.29% and 0.02% respectively [230] for & 45.99492, 16.99913,
and 17.99916 amu with abundances of 99.757%, 0.038%, an®%°2 respectively [230]
for O). From the calculated frequencies, the model spectraate been constructed by
combining Gaussian-broadened peaks of areas proportiot@the natural abundance
of each isotopic combination to allow for qualitative compa@son with the experimen-
tal data. These spectra do not explicitly take the oscillato strength into account,

but the low symmetry of the defects involved means that all m#es arein principle
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infrared and Raman active. Given that the oscillator strenti is likely to be only very
weakly dependent upon isotopes, the relative areas of pegk®sented as described
here are a reasonable approximation for corresponding iafed absorption peak ar-
eas. Comparisons between di erent defect centres and/or drent vibrational modes
cannot be considered in a quantitative fashion.

Formation energies are calculated using Eq. 3.9, where vatuof ; are the atomic
chemical potentials for Cd and Te. ¢4 and + are related through E(CdTe) =

cd + Te, Where E(CdTe) is the total energy per formula unit of pure CdTe. At
one limit, ¢4 is the energy per atom of Cd metal, and at the other 1, is de ned
as the energy per atom in hexagonal Te. The enthalpy of formah of CdTe is

Hcare = E(CdTe) cd 1e. The heat of formation for CdTe is calculated in this
way to be 0.94 eV, which is in reasonable agreement with the theoredicvalue [202]
of 7.9 eV and the experimental [231] value 0f 9.6 eV.

Finally, for activation energies, the climbing nudged elds band (NEB) method
has been used (see section 3.6). In each case the convergefhdbe saddle point
energy with respect to image forces and the number of imageashbeen established.
For graphical presentation, the reaction co-ordinate is # sum of the displacements
between images, with the zero located at the saddle point. Asuch, the reaction
co-ordinate yields a semi-quantitative measure of the baer widths in addition to

heights.

8.3 Results and discussion

A number of con gurations of SQ in CdTe have been simulated, substituting on
both sub-lattices, and inserted as an interstice. In the flwwing sections the geome-
try, energetics, vibrational properties and, where relevd, reorientational barriers are
presented.

Firstly, to put the defect calculations into context, the properties of the free S@

molecule and its related ions are presented.
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8.3.1 SO, molecule

SA is a non-linear molecule with bond-angle and length as indited in Table 8.1.
In the gas-phase, the IR spectrum exhibits peaks at 1151, Z3éGnd 518cm?, corre-
sponding to the symmetric stretch, anti-symmetric stretchand scissor modes respec-

tively.

Table 8.1: Bond lengths ¢, A) and \ OSO angles (, degrees) for various
charge states of S@ symmetric and anti-symmetric stretch modes (cmt),

sand ,, and scissor mode,,. Experimental values are taken from published
studies [232{234].

Properties SQ? SO, SO SO SO

Calculated
d 160 150 143 1.42 140
1117 115 121 135 180
a 895 1147 1389 1369 1565
s 854 1018 1159 1099 1092
b 406 452 510 423 303
Experiment
d - 152 143 142 -
- 116 120 132 -
a - 1042 1362 - -
s - 985 1151 - -
b - 496 518 - -

To simulate a single SQ molecule, a simple-cubic supercell has been used where
the side-length is chosen to converge the derived quantgieThe calculated structure
and vibrational frequencies are listed in Table 8.1. The vaés of bond-length, angle

and stretch mode frequency for SDand SO, are in excellent agreement with exper-
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imental data, as is the structure of S@. From the calculations it is concluded that
the structure and vibrational properties of SQ are captured using the methodology
adopted for this study.

The potential for SO, to become ionised is clearly of importance for solution in an
ionic solid. Since SQ? is isoelectronic with Te ions in the lattice, substitution br Te

is plausible, and this form is considered next.

8.3.2 SO, substituting for Te

The relaxed structure, shown schematically in Fig. 8.1(b)ndicates that the placement
of SG, on a Te site (SQ)+e displaces the neighbouring material slightly outwards. Té
con guration has the oxygen atoms co-ordinated with two oftie four Cd neighbours,
with the remaining two Cd neighbours co-ordinating with thesulphur. One might then
describe this centre as substitutional S on a Te site havingapped two interstitial
oxygen impurities in puckered bond-centred structures. T S{O bond lengths are
calculated at 1.53A, Table 8.2, close to that in the free anion and considerablarger
than the neutral or positively charged species. The O{S{O bul-angle at 105 is
considerably smaller than that in a free molecule or ions [2B and therefore (SQ)+e
should probably not be categorised as SO at a Te site.

By calculating the charge-dependent formation-energy as fanction of ., the
current calculations show that (SQ)+ is thermodynamically stable only as a neutral
charge state. The structure in Fig. 8.1(b) shows one of twedvpossible orientations
of neutral (SO,)re. This defect may be able to reorient between these orientatis,
and thereby provide a mechanism for the observed temperawidependence of the
IR. One process alters the orientation without changing thexygen co-ordination or
crystallographic mirror plane, resulting in a geometry remmbling that in Fig. 8.1(b)
after a re ection in the (110) plane containing the S-atom. Fom the current calcu-
lations it is found that this process is activated by a littlemore than 0.3 eV, which is
the barrier indicated by circles in Fig. 8.2.

A second process involves a change in the Cd-O bonding, sotttie system begins
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(a) (b)

(©)

Figure 8.1: Schematic of (a) bulk CdTe, and (b) and (c) two cogurations of
(SO.)te in the neutral charge state. Orange and green spheres remeisTe
and Cd respectively, with small red and yellow spheres inditing O and S.
Vertical and horizontal axes are approximately [001] and ID] respectively,

with the tilted view adopted to aid clarity.

with the (110) mirror plane shown in the gure and ends with the structue with a
(101) or (011) mirror plane. This reorientation involves an intermedite, metastable
structure shown in Fig. 8.1(c). This structure is just 150 m¢ higher in energy than the

lowest energy geometry and is characterised by three-fold-ordinated oxygen atoms.
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Figure 8.2: Reorientation barrier for (SQ)1. in CdTe. The circles show re-
orientation without a change in O{Cd co-ordination within the (110) plane
of the structure in Fig 8.1(b). The squares show the activatin for the for-
mation of the structure shown in Fig. 8.1(c), representinghte mid-point in a

reorientation step resulting in a change of mirror plane.

The barrier to reorientation is found to be close to 0.2eV (slwn by the squares in
Fig. 8.2). This process is necessary but insu cient to accesall twelve orientations,
and a combination of both this and the rst process is require

Based upon the structures of the (S&+ complex, one might expect at least two
local modes, loosely corresponding to symmetric and antmynetric stretch modes of
SO, which for a free molecule are 1362 and 1151 chrespectively (Table 8.1). The
calculated vibrational modes for (SQ)+ are listed in Table 8.3, but the values of 889
and 944 cm? are far from the measured values [1,220].

Given the signi cance of the isotopes in the identi cation & the chemical make-
up of the vibrational centre, the shifts with isotopic mass ave been determined.

Model spectra are shown in gure 8.3, noting that these are ectively vibrational
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Table 8.2: S{O bond-lengths d, A) and O{S{O bond-angles (, degrees) for

the four con gurations of SO, in CdTe in the various stable charge statesQ.

(SO)e 0 153 105
(SO)cs O 1.48 110
(SO2)cq 1 1.47 114
(SO2)cq 2 1.47 115
(SO)care O 1.46 116
(SO)cgre 1 1.50 109
(SO)care 2 1.52 105
(SO); 0 1.48 113

densities of states rather than absorption spectra, sincdié¢ oscillator strengths are
not included. However, since the vibrational modes are IRetive, at least in principle,
and since the oscillator strengths are only very weakly depeéent upon the oscillator
mass, the relative areas in each plot, as well as the spectsalittings, may be viewed
as being of a quantitative value. Comparison between the a® under the peaks
of di erent vibrational modes should not be made, as they mayave signi cantly
di erent oscillator strengths.

Additionally, the splittings between the experimental mo@s are included in g-
ure 8.3, with the highest frequency experimental mode shefl down in frequency to
align with the highest frequency calculated mode. It shoulthe noted that, qualita-
tively, the patterns of modes with isotopic mixtures followthose from experiment, but
the calculated splittings are quantitatively in poor agrement with those measured.

Additionally, note that the modes calculated for the metasible structure shown
in Fig. 8.1(c) are similarly low at 853 and 834 cm* in comparison to the experimental
values.

Based upon the current simulations for the vibrational proprties, it seems unlikely
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Figure 8.3: Model vibrational spectrum for (SQ)te with a Gaussian-
broadening of 0.5cm?!. The solid line shows the spectrum including the
four S and three O isotopes, and the dashed line that where grthe follow-
ing masses are varied: (a) S, (b) the oxygen approximatelyoalg [OQ] from S
in Fig. 8.1(b), and (c) the oxygen approximately alongJ10] from S. In each
case, the labels i and ii indicate the higher and lower frequey combinations
of S{O stretch-modes. The vertical lines labelled | and Il idicate the rela-
tive positions of the experimental vibrational frequenc® from the | and Il
sets [1], aligned to the highest calculated frequencies &)+, as described

in the text.
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that (SO;)+e is responsible for the experimental observations, but walibe expected

to give rise to vibrational modes at a signi cantly lower frguency.

8.3.3 SO, substituting for Cd

An alternative location for SO,, especially in Cd-lean or Te-rich material, would be
SO, substituting for Cd, (SO,)cq, Where SQ might possibly be expected to adopt a

positive charge state.

Figure 8.4: Schematic of (S@cq in CdTe. Colours and orientation are as

indicated in Fig. 8.1.

Previous calculations have suggested thatcy is an important intrinsic acceptor,
retaining the T4 site symmetry [211, 216, 235]. Sinc¥cq is a double acceptor, a
simplistic assumption for (SQ)cq Might be the formation of aV./{SO3? complex. A
schematic of the structure obtained is shown in Fig. 8.4. S(Os associated with one of
the nearest Te neighbours, and there is a distortion involrg the outward movement

of the other Te neighbours. Noting that SG? is expected to be linear, it is clear
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(SOy)cq is not V. {S03? . Instead, in the neutral charge state, there are empty stase
toward the top of the band-gap, suggesting that the SQis e ectively a neutral or

negatively charged molecule. Indeed, the bond-length andigle of SQ are closer to
those of SQ or SO, ? than the neutral or positively charged varieties (Tables 8. and

8.2).

The charge dependent formation energies have been calcathfor (SQ,)cq, Which
suggests that the 0 and 2 charge states are thermodynamically stable, as shown in
Fig. 8.5. This is consistent with the complex being a perturdd V4. The gap levels
would mean that such complexes would compensate shallow dosy but would be

unlikely to contribute to p-type conductivity.

1.0

o ></

E (eV)
o
o

-0.5

-1.0 - .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

m, (eV)

Figure 8.5: Plot of E" as a function of . for (SO,)cq. E' is de ned as
zero for the neutral charge state. Solid, dashed, and dottdimhes are for the
single, double and triple charge states respectively, witthe sign of the slope

indicating the sign of the charge state.

Just as with (SO) e, (SO:)cq can reorient. In the neutral charge state, reorien-
tation occurs around the O{Te bond with a barrier of 0.55eV. Mtion of this sort
might lead to an averageC;, symmetry. Amongst numerous reorientation paths that
result in the SO, molecule bonded to a di erent Te-site, the lowest barrier fond was
0.77¢€V.
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Table 8.3: Vibrational modes (cm?) of SO, with di erent charge states (Q)
and sites. Values here are taken from the -point approximabn calculations
and the 216 atom supercell. Experimental values [219,220¢n& observed to

be 1096.8 and 1108.4 cm, for comparison.

Q 1 2
(SOx) e 0 889 944
(SO»)cq 0 709 1069
(SO»)cq 2 867 972
(SO)care 1 962 1051
(SO)care 2 823 902
(SOy); 0 991 1123

The vibration modes for (SQ)cq have been calculated for the two thermodynam-
ically stable charge states. The key results are listed in ée 8.3 and there is some
agreement with the experimental modes. The upper mode primby involves the O
atom bonded to the Te site, whereas the lower frequency modemore associated with
the "free" oxygen site. Examination of the isotopic splittihgs is inconclusive. What
seems clear, however, is that for (SR, to be responsible for the experimental modes,
one could not associate the various lines with the symmetrand antisymmetric modes
of SO,.

Based upon the available energetic barrier, there is no ctesupport for a (SO,)cq

model for the experimentally observed centre.

8.3.4 SO, substituting for a Cd{Te pair

The third model to considers is comprised of the substitutio of a Cd{Te pair by the
SO, molecule, (SQ)cqte- The most stable form of this system that has been found is

depicted in Fig. 8.6, with the O-atoms co-ordinated with ngjhbouring Cd atoms.
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Figure 8.6: Schematic of (S@cqre IN CdTe in the neutral charge state.

Colours and orientation are as indicated in Fig. 8.1.

1.0

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4
m (eV)

Figure 8.7: Plot of ET as a function of ¢ for (SO,)cqre. E' is de ned as
zero for the neutral charge state. Solid and dashed lines di@ the single
and double charge states respectively, with the sign of théope indicating

the sign of the charge state.
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Since a pair of vacancies is in principle an iso-electronieféct, (SQ)cqre Might
be expected to be iso-electronic, with the SOsystem being a neutral molecule.

However, the similarity in structure in the vicinity of the Te-site to (SQ)1. suggests
that in practice (SO,)cgre IS @ (SO)1e{Vcg cOmplex. By comparing the S@ bond-
lengths and bond angle with gas-phase $SOfor the overall neutral charge state the
structure ts most closely with a negatively charged ion. Tl is consistent with the
formation of a SO, 2 ion at a Te site, but the band structure does not suggest any
deep acceptor states associated with this structure.

The neutral charge state of (S@)cq1e has been found to be stable, with potentially

1 and 2 charge states also possible (Fig. 8.7). However, the unedstimate of the

band-gap must cast the location of these acceptor levels iorse doubt, and although
an empty defect state exists, it lies above the theoreticabaduction band minimum.

Vibrational modes for (SQ)cqre have been calculated, with the values determined
indicated in Table 8.3. From the calculations it is found thathe single and double
negative charge states have pairs of modes around 962 and11@®n *, 823 and 902
cm ! respectively, whereas the vibrational modes for the neutr@harge state are
921 and 1177cmt. The values for the single negative charge state lie closer the
experimental bands than do those for the double charge statut it is not possible

to be conclusive purely on the basis of these calculations.

8.3.5 Interstitial SO »

Finally, the possibility for SO, to lie in an interstitial site,(SO,);, has also been exam-
ined. SGQ has been relaxed starting from a wide range of initial struates, including
non-bonded structures in cage sites with both sub-latticepgcies as well as bond-
centred con gurations. The results suggest that a bond-céed arrangement would
be energetically preferred, with the structure as depicteschematically in Fig. 8.8. To
accommodate the interstitial molecule, the nearest neigblor host sites are displaced
signi cantly, so that the distance between the S and Cd(Te) ucleii is 2.57A(2.55A).
The Cd{S distance agrees with the bond length of bulk CdS (23®\) [236] .
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Figure 8.8: Schematic of (S@); in CdTe. Colours and orientation are as

indicated in Fig. 8.1.

The charge state dependent formation energies for ($Qin CdTe are presented
in Fig. 8.9. They suggest that (SQ); is an isoelectronic defect with only the neutral
charge state being stable.

For this centre, the reorientation barrier has been determed, consisting of a
precession about the [111] axis of the Cd{Te bond into whictheé SGQ molecule has
been inserted. A full step involves a swing of 120which has two parts. De ning the
direction in which SG; is aligned at any time by the direction bisecting the O{S{O
bond angle, the two parts can be understood as follows. Viesvalong the [111] axis,
the arrangement of the three Te and three Cd atoms back-bondi¢o the Cd{Te bond
in which the SO, sits, the 360 can be divided into six 60 sectors. The two barriers
are shown in Fig. 8.10, with the rate limiting step being arond 0.35eV.

Partial reorientation by alternating between neighbouriig structures, but only
overcoming the smaller energy barrier, would lead to a motally averaged symmetry

of Cs, whereas a complete precession raises the e ective symmydty C5,. The barriers
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Figure 8.10: NEB calculated reorientation barrier for (S@); in CdTe. Circles
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of around 0.10 and 0.35 eV would be easily overcome at room f@enature, but not at
cryogenic temperatures, consistent with the observed terapature dependence of the
IR peaks.

From results it is found that there are two LVMs, calculated o lie at 991 and
1123cm?, which is in broad agreement with the experimental observamns. The
isotopic shifts of sulphur and oxygen with S and O are also inrklad agreement with
experiment, and the calculated shifts are negligible ( 1cm ) where the isotope of
either the Te or Cd neighbour is varied.

A combination of these vibrational properties with the potatial for motional ef-
fects and the electrical inactivity of the defect suggest it interstitial SO, may be
responsible for the experimentally observed vibrational ades.

However, it remains to be determined whether such a form is emgetically viable

in comparison to other sites.

8.3.6 Formation energy comparison

Having reviewed the structure, energetics, and vibrationdrequencies of the individ-
ual candidates examined in this study, it is now possible toompare them, and to
critically analyse which, if any, is the best model for the \drational system observed
in experiments. Perhaps the most important question conaes which one of these de-
fects is most energetically stable. The formation energias a function of the chemical
potential of Cd ( cq) for the four systems in the neutral charge state have beenlca-
lated, as shown in Fig. 8.12(a), where the systems are alsd&ea to be in equilibrium
with SO, gas. The calculations indicate that (SQ)t is the more stable defect at both
limits in both p-type and intrinsic conditions. However, the second most likely defect
to occur is (SQ); with an energy di erence of about 0.2 eV in Te-rich conditior (see
Fig. 8.12(a) and (b)). The formation energy of (S@)cq is higher than that for other
sites, even in Cd-lean conditions where its formation engrgs lowest. There are no
conditions where either (SQ); or (SO;)cqte are favoured energetically.

In n-type conditions, (SQ)w is more stable than the other defects in Cd-rich
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broadening of 0.5cm!. The solid line shows the spectrum, including the
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ing masses are varied: (a) S, (b) the oxygen below S in Fig. 8éhd (c) the

oxygen approximately out of the page from S. In each case, tlabels i and ii

indicate the higher and lower frequency combinations of S{&tretch-modes.

The vertical lines labelled | and Il indicate the relative pgitions of the ex-

perimental vibrational frequencies from the | and Il sets [1 aligned to the

highest calculated frequencies of (S, as described in the text.
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Figure 8.12: Plots ofE; as a function of ¢4 for the various SQ defects in
CdTe. In each case the solid, dotted, dashed, and dot-dashkde refer to
(SO2)cy, (SO)Te, (SO,)i and (SO,)cqre respectively. (a) shows the plot for
the neutral charge state of in each case and also the equilion charge states
with . = E,. (b) and (c) show the plots for the equilibrium charge states

with ¢=(E.+ E,)=2, and = E. respectively.

conditions, whereas (S@cq is the favourite structure with a 2 charge state in Te-
rich conditions.

In practice, as-grown CdTe is ofterp-type as a result of O-contamination. In such
material, it is Fig. 8.12(a) that the most relevant, and the &pectation is that SO, at

the Te and interstitial sites are most relevant. Both forms ee predicted to be electri-
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cally inactive, and therefore will only be expected to impaaevice material through
changes to the mobility. Similarly, in CdTe whereVgq is the dominant electrically
active defect V¢4 is a deep acceptor), the CdTe is semi-insulating and most skly
resembles the intrinsic material formation energies, showin Fig. 8.12(b). Again,
the dominant defects are the electrically inactive forms athe Te and interstitial
sites. However, in strong contrast, deliberatelyn-type material is expected to drive
the formation of SG, at the Cd site in Cd-lean conditions, with this deep acceptor
compensating the donors.

Based on the current calculations, CdTe might be unstable @uto the resulting
negative formation energies, particularly im-type conditions, which suggests that the
SO, could be incorporated in CdTe if the available concentratio is high.

It should be noted, however, that the energy di erences areevy modest.

8.4 Conclusion

Using rst principles density functional theory, the strudural con gurations, transi-
tion energy levels and vibrational modes of SCdefects in CdTe have been studied.
The present calculations show that the incorporation of SQin the CdTe material
displaces the neighbouring atoms outward.

Formation energies as a function of electron chemical pota&al have been deter-
mined. It is found that both (SO,)re and (SG,); are iso-electric defects, whereas
(SO;)cq and (SO,)cqre could be electrically active by adding acceptor levels to &
band gap.

The formation energies as a function of g have been estimated in order to iden-
tify which structure is more stable under equilibrium condions. The current work
has revealed that (SQ)+ is the most thermodynamically stable defect undep-type
conditions. The second most stable candidate defect in treegrowth conditions is
(SOy);. As the electron chemical potential moves from the valance tthe conduction

bands, there is an opportunity for SQ to be electrically active by forming an (SQ)cq
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defect.

The vibrational characteristic of the four defect centres &ve been investigated
and used to interpret the two recently identi ed sharp IR absrption lines at 1097
and 1108 cm?. A summaries of the structural and expected local vibraticsl modes
for each structure in the relevant charge states are presewat in Tables 8.2 and 8.3.
Isotopic e ects in the vibrational spectra, including all sotopes of S and O with
natural abundances, have also been established.

Based on the current calculations, there are two defect ceas which could be
the reason for these two vibrational modes. (SQr. has the lowest formation energy
compared with the other sites. The absolute vibrational moek are signi cantly lower
than the experimental data and the spectrum shift with isotpic mass does not cor-
relate well with experimental data. Although the reorientéion barrier is relatively
small, the motional average is not obvious. The LVMs of the (;,); centre is in broad
agreement with experimental values, and the sulphur and oggn isotopic shifts with
S and O also agree with experimental measurements. An endigdarrier separates
the metastable states, which gives rise to these two modeshus, when temperature
increases, the rotational barrier can be overcome and only@ line occurs in the IR
absorption spectrum. However, the formation energy of thisentre seems to be higher
than that of the (SO,)t. defect.
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Chapter 9

Summary, Conclusions and Suggestions for

Further Work

This chapter brings the thesis to a close and re ects on the viaus subjects consid-
ered. At the end of each application chapter, a separate cdasions section has been

included. This presents a general summary of the main ressilt

9.1 Summary and conclusions

A body of work has been covered which focuses on the investiga and identi ca-
tion of the various properties of selected impurities whiclare present due to specic
growth conditions in a range of technologically important raterials, starting from
those used in nano-applications and ending with photovolia application materials.
In the context of this project, rst principles density functional theory and the super-
cell approach, as implemented in thAIMPR@omputer code have been employed.
The initial work focused on the study of the impact of carbonmpurities on the
high- perovskite titanate, including structural con gurations, electronic properties,
electrical levels, vibrational modes, ferroelectric praoties and formation energies.
Three promising perovskite titanates have been chosen fdrig study corresponding

to their applications, starting with SrTiO 3 which is a perovskite oxide with a para-
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electric cubic structure and is usually employed in nanoz# devices such as transistor
applications. Then, ferroelectric PbTiQ with a tetragonal ground state structure
is considered, which is used to make nano-scale capacitoithviunable capacitance
related to low operating voltage and high switching speednd nally rhombohedral
ground state BaTiO; is investigated according to its ferroelectric propertieat room
temperature and its lack of toxicity.

Nowadays, various types of perovskite can be grown using drent techniques.
However, carbon contamination is highly likely to occur as eesult of organic species
present during thin- Im growth. Since the carbon defects pi@ntially play a signi cant
role in a ecting the properties of perovskite oxides, sevalimportant results have been
obtained.

Various structural con gurations of carbon impurities in STiO 3, PbTiO3; and
BaTiO3; have been investigated. Interstitial and substitutional pint defects are con-
sidered and their relative stability in di erent charge staes for each type of point
defect. For the three perovskites, regardless of the strucke of the host material,
carbon prefers to form covalent bonds with the host oxygeneighbour(s). The cur-
rent study reveals that for carbon the formation of carbonat groups is energetically
favoured for interstitial and both B and A site substitution. However, there is an
opportunity for carbon to form CO in both C; and (CO)0y and also to form CQ as
a spontaneous reconstruction in the case of the (G0, defect.

The current work shows that carbon involved in the host mateal (SrTiO 3, BaTiO3
and PbTiO3) could be either electrically active, such as in the substition of either
A (Sr, Ba or Pb) or O, and as an interstice, or electrically pasve which is the case
with the iso-electric substitution of Ti.

Based upon the band structures and expected oxidation statethe electrical levels
of the defect centres have been presented. In comparisone tresults show that for
C; the COs con guration in the +4 charge state in SrTiO3 is an unstable centre with
a slightly higher energy than the +3 charge state. With respat to the Co on-site,

in n-type conditions, it has been found that the 2 charge state is stable in both
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BaTiO3; and PbTiO3. Finally, for carbon substitutions of the A site, the calcuations
show that the neutral charge state for CQ is energetically stable in both SrTiQ and
BaTiO3 but not in PbTiO 3. This disparity in the results might be related to the
di erences in the location of the valance band top in the dett system relative to
that for bulk, and to the width of the band gap.

The highly characteristic local vibrational modes prediatd for the di erent con-
gurations provide a possible route to experimental validaon. The estimated values
show that the frequencies depend upon structure in a systetitaway, depending in a
straightforward way upon both bonding and charge state. Itlsould be noted that the
CO for the interstitial has a mode comparable in frequency tthat of the CO3; group
for both SrTiO3; and PbTiO3;. However, since the CO has only one local mode, such
systems might still be distinguished experimentally by thebsence of any correlated
modes corresponding to théd and E related modes of CQ. From the calculations
it is conclude that the local vibrational frequencies o er apotential route to the
discrimination between di erent sites.

The activation energy calculations have been estimated tdentify the probability
of carbonate group reorientation in perovskite titanate grstals. The activation energy
for carbonate group reorientation is predicted to be relately high as a consequence
of the covalent bonding within the carbonate group, so thateorientation involves
the breaking and forming of strong chemical bonds. Such a lver, when combined
with the fact that the defect has a permanent electric dipoleis anticipated to have
an impact upon the dielectric properties and hysteresis ofepovskite materials in
an alternating electric eld. Several factors have been csitered in attempting to
identify the carbonate group reorientation, such as crystaymmetry, the direction of
the host dipole and the stability of the structures. For exarple, G in SrTiO3 has
an equivalent structure whereas in PbTiQ two non-equivalent structures have been
distinguished. Since the distortion is small in BaTiQ and the energy per formula unit
much smaller than the energy scales di erentiating betweethe systems explored in

this study, the various reorientations for the G; defect related to symmetry have been
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ignored. In comparison, the activation energy for each perskite is relatively high and
nearly similar on average; therefore, it can be concludedahthe activation energy
for a whole family of perovskite titanate such as BaSrTig BaZrO; and PbZrTiO3
would be around these values.

Through a careful consideration of the chemical potentialpsce of the constituent
species, the relative stability of di erent point defects mder various thermodynamic
conditions has been assessed. The corresponding forma&nergies suggest that the
carbon substitution of Ti is generally more favourable forlathree kinds of perovskites;
however, forp-type material the substitution of the A-site is also possile. Under O-
lean conditions oxygen substitution becomes signi cant fdooth SrTiO 3z and BaTiOs;.
In addition, the carbon interstitial has an opportunity to be energetically stable in
BaTiOs.

The second phase of the project dealt with SOdefects in CdTe crystal. The
incorporation of SG in CdTe material has been chosen as a subject for this study
because of the recent experimentally observation of two lawwmperature (5K) sharp
IR peaks at 1096.78 and 1108.35 crh As temperature increases towards 300K, these
two modes merge together into a single peak. Another pair ahés at 2198.7 and
2210.5cm? has been assigned to the rst overtones of these modes. Thesedes
have been attributed experimentally to LVMs of the S@ molecule or ion dissolved in
the lattice. However, the precise structure and the locatio of these centres, as well
as their electrical properties, of are yet to be determinedThus, the key reason for
this study is to resolve the question regarding the likely & of the SG, in the lattice
and to re ect upon the possible mechanisms for motional aveging.

Numerous structures have been built to obtain the lowest ergy structures for SQ
defects in CdTe for each site. The charge-dependent formati energy as a function of
electron chemical potential has been calculated. The preseesults reveal that SGQ
in both Cd and CdTe complex sites are electrically active de€ts which might have
an impact in the photovoltaic applications where the contrbof n-type and p-type

conductivity is needed.
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Vibrational modes for each site have been estimated to idefyt which defect is
responsible for the experimental frequencies. From curteoalculations it is found
that the LVMs of (SO,); are in a good agreement with the experimental observation.
However, based on the formation energy calculations, the stdikely candidate will
be SQ in the Te site, but the vibrational modes for this defect do nbmatch well with
experimental frequencies and it is di cult for these modes @ match isotopic shifts.
Both the interstitial and the Te sites have advantages. Undeequilibrium conditions,
the di erence in formation energy between (S@+ and (SG,); is relatively small in the
p-type and intrinsic material in Te-lean conditions, and thanechanism of reorientation
for (SO,); is more obvious than that for (SQ)t.. Therefore, it seems logical to expect
that with temperature dependence the most plausible candade for the vibrational

centre is an interstitial species.

9.2 Further Work

A weakness of the current work is the dependence on LDA, whickias regarded
as state-of-the-art prior to 2005, new for these materialsceeened exchange (SX)
[237{239] is regarded as best practice. One of the well ediabed short comings of
the underpinning theory used in many atomistic simulation pckages is that density
functional methods typically underestimate the electrord band-gap for both semi-
conductors and insulators. For example, the band-gap of isibn is underestimated
by around 50% compared to experiments. The extension of theethod to the SX
approach is expected to largely eliminate this error and thevaluation of the resulting
properties of defects in materials problems currently exaned. Hence, there is need
to re-examine current work with screen exchange, both loalg for di erences, but
also to test the new implementation of SX inAIMPROIt is crucial that the models
proposed above are assessed using a quantitatively accerapproach, and these are
important examples amongst the many defect centres that witeceive the screened

exchange treatment in the future.
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In the case of perovskite titanate, the O vacancy is a commorefict, there is
growing evidence that oxygen vacancies have a signi cant pact upon the properties
of perovskite materials designed for various applicationsSuch calculations would
include the e ect of oxygen vacancies associated with canbampurity defects upon
the structural, electrical, electronic and ferroelectricproperties of these materials.
Moreover, computational results for the oxygen vacancy dusion associated with
carbon impurity defects can help to provide a clearer pict@ of many phenomena,
such as the leakage current in transistors, for example.

Hydrogen impurities, which are present in many grown perokge crystals, have
been observed experimentally. It has been considered thdtelse impurities are a po-
tential source ofn-type conductivity. In addition, experimental measuremets have
found that, in SrTiO 3, strontium vacancy could be passivated by two hydrogen atosn
These results provide the motivation to extend this projecby including hydrogen im-
purities in the defect structures in order to determined thes ect of hydrogen complex
defects on the physical and thermodynamic properties of pesskite titanate.

In the case of CdTe, the current calculations provide plausie evidence about the
source of the two low temperature vibrational frequencieshich have been observed
experimentally. However, the evidence for the second oxyg@tom is very weak
experimentally. Therefore, the assumption of the incorpation of sulphur monoxide
as a defect in CdTe crystal might be suitable, or the inclusioof the intrinsic defects
associated with SQ could be used to identify the appropriate structure for thes two

peaks.
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