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Abstract

An ab initio local density functional cluster method� AIMPRO� is used to examine

oxygen related point defects in silicon� and H�related complexes in III�V semicon�

ductors� notably InP�

Models are proposed for three di�erent types of shallow thermal donor in sili�

con� NiO�i� 	CH
iO�i and AlsO�i� This includes a new mechanism for converting

otherwise deep level defects into shallow donor level centres� through electrostatic

compression via neighbouring oxygen atoms� A reconstruction mechanism is also

found whereby 	CH
iO�i can transform into a deep state defect�

Several thermal donor models are examined� and a centre consisting of a �di�y�lid��

O�i� is shown to account for most of the observed experimental properties� Higher

order thermal donor formation is discussed� as well as the role of hydrogen and

silicon self�interstitials in thermal donor behaviour�

Rapid oxygen di�usion is examined in the context of the oxygen dimer� O�i� A

puckered dimer structure is shown to be stable with ��O modes in good agreement

with experiment� A low energy migration path for dimer di�usion is determined�

The role of the dimer in creating other oxygen�based point defects in silicon is

discussed�

Oxygen complexes with nitrogen are also modelled� and the most common

N
O defect is shown to be N�iOi� consisting of bond centred oxygen neighbour�

ing an interstitial nitrogen square� A NiOi complex is also identi�ed and correlated

with experimental data� Various vacancy�oxygen complexes are studied and their

anomalous formation discussed� The structure VO� is unambiguously assigned to

experimental infra�red absorption at ��� cm���

Finally the interaction between hydrogen� Group�II elements and vacancies in

III�V materials is examined� particularly InP� VH� in InP is shown to be a single

shallow donor� responsible for Fe charge compensation observed in InP�Fe�H� Trends

in structure with varying Group�II element and III�V material are examined�
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Chapter �

Introduction

�From the moment I picked up your book until I laid it down� I was convulsed

with laughter� Some day I intend reading it��

Groucho Marx

The Silicon industry is a ���� dollar industry worldwide� with Si technology

lying at the core of the majority of computer systems in use today� Si is the focus

of huge amounts of research� both industrially and academically� Despite this� there

is still much that is not understood about the behaviour of impurities in Si� and a

thorough understanding of the structure and properties of impurities is becoming

increasingly important as devices become smaller and chip speeds are expected to

increase�

Commercial Si is normally grown using either �oat zone methods or the Czochral�

ski� growth technique ���� Czochralski growth forms the vast majority due to the

resultant wafers resistance to thermal stress� the speed of production and low cost�

A schematic diagram of a Czochralski�Si grower is shown in Figure ���� The molten

Si is contained in a quartz crucible which is rotated� A single crystal Si seed is

placed on the surface and gradually drawn upwards and simultaneously rotated&

this draws the molten Si after it which solidi�es into a continuous crystal extending

from the seed�

Due to the high reactivity of molten Si there are only a few possible choices

for crucible� and SiO� is the normal choice� However the SiO� gradually dissolves

into the melt� releasing large quantities of oxygen into the Si� Over ��$ of this

is lost as SiO gas from the molten surface� but the rest dissolves into the single

crystal Si� Thus Cz�Si has an extremely high oxygen concentration 	typically of the

order of ���� atoms
cm�� or � ppm
� and oxygen is always the highest concentration

�Pronounced choh�KRAL�skee

�
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Figure ���	 Schematic diagram showing Czochralski Si growth� 
�� SiO� crucible� 
�� Carbon
susceptor� 

� Graphite Heater� 
�� Single crystal Si� Note that the crystal and crucible are
rotated in opposite directions� More than ��� of dissolving oxygen is lost as SiO�

impurity in Cz�Si�� The solid solubility of O in Si is ����� atoms
cm� at melting

point ��� but drops by several orders of magnitude at room temperature ���� so

there is a driving force for precipitation� For extended anneals above �����C� small
quartz precipitates form in the Si� accompanied by silicon self�interstitials 	Sii
 and

dislocation loops due to the volume di�erence of Si and SiO� 	quartz has roughly

half the Si density of pure Si
� This glut of dislocations causes a large degradation

in mechanical strength of the silicon 	the yield point drops by a factor of almost �

���
� Similarly� oxygen causes warpage of the Si wafers during processing�

However� oxygen behaves di�erently when Cz�Si is annealed at lower temper�

atures� Annealing at around ����C for several hours leads to a change in the

electrical resistivity of the Si� and it is now known that this is due to the formation

of thermal double donors� oxygen based defects with double donor levels close to

the conduction band� These can form with concentrations of �����cm��� signi��

cantly degrading the performance of the Si� Higher temperature annealing removes

these 	�donor kill� processing
� however there is interest in lowering the annealing

temperatures required during processing� High temperature anneals allow greater

defect migration and increased interfacial di�usion� both of which become crucial in

�Large quantities of oxygen in silicon were �rst reported from optical absorption experiments
in the ����s ����
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extremely small devices� As well as thermal donors there are various other families

of shallow donors that form� including the shallow thermal donors� which form over

an extremely wide temperature range 	some of these are stable up to ����C
� as

well as the �new donors� which form in the ������� �C temperature range after the

thermal donors anneal out�

The obvious way to avoid these defects would be to minimise the amount of

oxygen in the material� There are various ways to achieve this� One particularly

successful method is to place large magnetic coils around the molten Si bath 	�MCZ��

or Magnetic��eld�applied�Czochralski
� The resultant �elds control the convection

�uid �ow� allowing the operator to minimise the mixing between the liquid in the

centre of the bath with that at the edge� This e�ectively creates a liquid Si crucible

around the central Si bath� which can trap much of the oxygen and slow its migration

into the crystal���� This process drops the �nal thermal donor concentrations by

over an order of magnitude� but cannot provide a �nal solution to the problem� since

oxygen is needed within the crystal� As well as forming unwanted electrically active

defects� oxygen performs a number of very useful roles� It can pin dislocations� which

greatly strengthens the crystal� Float�zone Si� which contains over two orders of

magnitude less oxygen than Cz�Si� is too soft for most commercial applications and

crumbles very easily� Oxygen also acts as a gettering agent for trace metal impurities

in the crystal 	�intrinsic gettering�
� Oxygen precipitates in the wafer core suppress

stacking faults ���� and oxygen makes the Si more resistant to thermal stress during

processing� This is the primary reason why Cz�Si is used for integrated circuit

design� where there are many thermal processing steps�

Thus to some extent we are stuck with the problem of the oxygen related donor

defects in Si� Given this state of a�airs� there are two available courses� Firstly

to develop alternative treatments that minimise the donor defect concentration

without dropping the oxygen concentration 	through alternative heat treatments�

addition of other impurities� and possibly even more exotic treatments such as

irradiation
� Secondly it is known that the formation and distribution of these

defects is crucially dependent on the initial condition of the Si�� Therefore with

improved pre�treatments and processing we may be able to tweak these to our

favour� and in practise any solution will probably be a combination of both of

these�

In order to pursue this approach� it is obvious that detailed knowledge is required

of the behaviour of impurities in Si� Notably the defect structures and formation

processes� as well as the primary impurity complexes and their di�usion mecha�

�Bob Falster from MEMC� at the NATO ARW �Oxygen ����� said that the biggest question
facing Si researchers was� �What happens in the �rst ten minutes of annealing��
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nisms� need to be well understood� Si is the most studied semiconductor material

in the world� Despite this� more than forty years of research into thermal donors�

still leaves many fundamental questions unanswered� including their structure� and

their method of formation� Some of the more important questions that need to be

addressed are as follows�

� What are the structures and formation processes for thermal donors and shal�
low thermal donors�

� What is the role� if any� of silicon self�interstitials� both as a part of defect
structures such as thermal donors� and as a catalyst for defect formation

through enhanced migration or pre�cursor formation�

� What is the role� if any� for oxygen dimers� To what extent do pairs of oxygen
atoms control defect formation at lower temperatures�

The last two are addressed in Chapters � and �� The structure and mechanisms

for the shallow thermal donors are addressed in Chapter �� We present a model for

the thermal donor core in Chapter �� Although this does not provide a complete

answer to the thermal donor problem� I have included some discussion of this and

pointers towards an eventual solution� drawn from these results and the available

experimental data�

As well as oxygen� there are many other light element impurities present in Si�

either through accident or design� These will interact with oxygen in various ways�

forming many di�erent defect complexes� Nitrogen is not very soluble in Si� but can

be incorporated in a variety of ways� either through annealing in an N� atmosphere�

ion implantation� or through addition of Si�N� to the Si melt� Nitrogen helps to

suppress �swirl defects� in the Si and stops wafer bowing during processing� It is

also known to suppress thermal donor formation� Nitrogen is electrically inactive

in Si� and is known to suppress vacancy and interstitial defects and increase gate

oxide integrity ���� Si�N� is also used as a di�usion barrier� These e�ects are� in

part at least� due to the interaction between nitrogen and oxygen�

Hydrogen is an extremely complex impurity in semiconductors� It is now be�

lieved to be present in most Si samples	� It is normally used in semiconductor

materials as a passivating element� saturating electrically active dangling bonds as�

sociated with other defect centres� However� its behaviour is more complex than

that� In Chapter � we show that in III�V materials a fully hydrogenated vacancy

�Thermal donors were �rst observed in ���� by Fuller et al ���
�Rob Ammerlaan	 �Its �H� traces were also observed in almost all the samples that were not

intentionally di�used with hydrogen� con�rming the hydrogen contamination of commercially
available high�grade silicon� ���� ���
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behaves as a single shallow donor� and in InP this is responsible for charge com�

pensation of iron dopants� In addition� in conjunction with other elements such as

carbon we suggest in Chapter � that hydrogen may also be responsible for some of

the shallow thermal donors observed in silicon� A full study of oxygen�hydrogen

interactions in silicon is beyond the scope of this thesis�

Carbon is always present in concentrations of at least � � ���	 cm��� and can

form a variety of complexes with oxygen in both its substitutional and interstitial

forms� C�O complexes will be covered fully in the PhD of Paul Leary� but some

discussion of their formation and behaviour is included here where relevant�

Finally� we examine the interaction between oxygen and vacancies� Vacancies

and self�interstitials can be introduced into Si in a variety of ways� Irradiation

produces many intrinsic defects� and although most immediately recombine� it is

still the easiest way to produce large quantities of vacancies 	V
 and self�interstitials

	Sii
� Proton irradiation hydrogenates the vacancies and prevents recombination�

leading to an excess of Sii� SiO� precipitation also creates Sii� and these aggregate

into rod�like defects 	RLDs
 that lie along h���i planes� Annealing Si in N� gas leads

to Si�N� precipitation on the surface� which sends a �wind� of vacancies into the bulk�

Vacancies are known to complex with oxygen and suppress thermal donor formation�

and the role of Sii in the formation of thermal donors is a hotly contested issue�

Complexes involving Sii and Oi are not believed to be stable at normal annealing

temperatures and break down at low temperatures ����� However vacancy�oxygen

defects are common� and precipitate instead of thermal donors� The vacancy�oxygen

centre� or �A centre� 	OV�
� is the most common impurity in electron irradiated

Cz�Si at room temperature� We therefore examine various vacancy�oxygen defects�

and show how vacancies act as precipitation centres for oxygen�

Our calculations are performed using AIMPRO� a density functional code work�

ing under the local density approximation 	LDA
� The method is ab initio� i�e� the

only experimental input required is the atomic number of the elements involved�

The calculations use large molecular clusters to simulate bulk crystal� These clusters

contain from �� to �� bulk atoms� and have their surface dangling bonds terminated

with hydrogen atoms 	a typical ��� atom cluster is shown in Figure ���a
�� The

defect structure is inserted into the centre of these clusters and some or all of the

atoms allowed to relax to their ground state� Thus we are able to accurately describe

the structure and symmetry of point defects� The calculated Kohn�Sham eigenval�

ues also provide semi�quantitative information about the localised electronic states

�AIMPRO can also tackle much larger problems� given su�cient computing time� it has been
used to self�consistently relax an ��� atom carbon �bucky�onion�� one of the largest DFT calcula�
tions performed to date�
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of the defects� Determination of the energy second derivatives for the core defect

atoms also allows us to calculate the local vibrational modes of defects with di�er�

ent atomic isotopes� which can be directly compared to experiment� By relaxing

various alternative structures it is possible to determine defect binding energies�

and by applying constraints to the relaxation to hold the cluster at a saddle point�

barriers to migration can be determined�

In Chapter � the theoretical background to AIMPRO is discussed� This includes

Hartree Fock� Thomas Fermi Theory and Density Functional Theory� as well as

some of the approximations used� Also included is a discussion of other theoretical

methods commonly used to examine oxygen defects in Si� such as CNDO�

Chapter � describes the formalism used within AIMPRO� This includes discus�

sion of the advantages and disadvantages of the method used� including the role of

clusters� hydrogen termination and localised Gaussian basis sets�

Chapter � is concerned with hydrogenated defects in InP and GaAs� It is �rst

shown that hydrogenated vacancies can form a range of electrically active defects�

from VH�� which is a single shallow donor� to VH� which acts as a double acceptor�

VH� is shown to be responsible for the charge compensation of iron in InP� The role

played by hydrogen in passivating group II acceptor impurities such as Be and Mg

is also examined� The work is extended to passivated Group II acceptors in GaAs

to examine trends with material type� and is closely tied to experimental research

performed by Bernard Pajot in Paris�

The other results chapters are concerned with oxygen� related defects in silicon�

Chapter � examines the range of vacancy�oxygen defects� VnOm� n " ���� m " ����

For the �rst time� coupled with experimental work from !Arhus� Denmark� we un�

ambiguously show that VO� is defect responsible for the ��� cm�� local vibrational

mode 	LVM
� A discussion of the annealing behaviour of VnOm defects is included�

as well as the role of oxygen dimers�

Chapter � examines the interstitial oxygen dimer� O�i� This defect is believed

to be responsible for the low formation energy of the thermal donors from ����

����C� and it has been suggested that it has a lower migration barrier than Oi� In

collaboration with experimental work done at Link�oping by Lennart Lindstr�om and

Tomas Hallberg� we show the oxygen dimer is responsible for the ���� cm�� LVM

observed in Cz�Si
� Our calculations show that the dimer is at least metastable in

a puckered assymetric form� and does indeed have a lower migration barrier� The

migration mechanism is discussed� We also extend the argument to larger oxygen

complexes such as the trimer� and discuss the role of the dimer in the formation of

�The experimental work was also performed in collaboration with Vladimir Markevich and
Leonard Murin�
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other defect complexes in Si�

Nitrogen�Oxygen defects are examined in Chapter �� We show that the primary

N�O defect in silicon is the NNO defect� or N�iOi� This is electrically inactive

and consists of Oi neighbouring an interstitial nitrogen pair� This work was done

in collaboration with Frank Berg Rasmussen and Brian Bech Nielsen at !Arhus�

Denmark� We also examine the NiOi defect and correlate it with a set of previously

unassigned LVMs�

Chapter � deals with the shallow thermal donors and is to some extent the core

of the thesis� We show that both NiO�i and 	CH
iO�i can form shallow thermal

donors� and probably lie at the core of two of the shallow thermal donor families

in Si 	responsible for some of the NL�� defects
� A general mechanism 	the �won�

derbra mechanism�
 is described for turning defects with deep donor levels into

shallow donor level defects� through electrostatic compression by Oi� This is shown

to operate for the shallow thermal donors described here� The relevance of this

mechanism for thermal donors� and possibilities for application to other materials

is also discussed� This work arose from collaboration with Jo Miro and Peter De�ak�

theoretical researchers from Budapest� As an area of active ongoing research� we

are currently involved in discussion with experimental researchers working on this

problem in Japan� London� Amsterdam and St�uttgart�

Thermal donors 	TDs
 are examined in Chapter �� We propose a core structure

for the thermal donor based around two tri�valent oxygen atoms� and account for

the various experimental data� We also discuss how the family of thermal donors

can form� and possible structures for higher order TDs� A model is proposed for

the NL��	Al
 shallow thermal donor centre�

In Chapter ��� �nal conclusions are drawn and suggestions made for further

work� Some general observations on the behaviour of oxygen�related species in

Si are made� and the relevance of this work to the problem of thermal donors is

discussed�



Chapter �

Theoretical Background

�The man who makes no mistakes does not usually make anything��

Edward John Phelps 	���������


Electronic structure calculations attempt to determine the relationship between

a system of ions and their electrons� In order to tackle problems of a useful size�

given our current computational limits� it is necessary to make a number of as�

sumptions� In the following chapter I will attempt to describe the various methods

and assumptions people have used� ending with DFT
LDA that lies at the core of

AIMPRO�

We assume that the ground state of a given system is determined by the time

independent� non�relativistic many�body Schr�odinger equation�

	Htotal � Etotal
'total	r�R
 " �� 	�����


Htotal� the many body Hamiltonian� is de�ned in terms of kinetic 	T 
 and po�

tential 	V 
 terms for ions 	i
 of mass Ma and charge Za at sites Ra� and electrons

	e
 at sites r��

Htotal " Ti # Te # Ve�e # Ve�i # Vi�i 	�����


"

�
�
X
a

m

�Ma
r�

a �
�

�

X
�

r�
� #

�

�

X
� ���

�

jr� � r�j

�
X
��a

Za

jr� �Raj #
�

�

X
a��b

ZaZb

jRa �Rbj

�
� 	�����


However this equation is insoluble for all except the most simple systems� We

therefore invoke the Born�Oppenheimer approximation� This assumes that on the

time scale at which the ions move� the electrons are able to respond instantaneously�

�
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Therefore the ionic wavefunction is independent of the electrons� and we can split

the wavefunction of the system into the product of ionic and electronic terms

'total	r�R
 " �	R
'	r�R
� 	�����


We can then eliminate the co�dynamic terms from the equation for ' and thus

solve the Schr�odinger equation for the electronic wavefunction only� given a set of

�xed atomic coordinates�

In practise the ions and electrons are not decoupled and there is also a similar

equation for �	R� r
 that should include ionic
electronic coupling� However this

term is only relevant for near degenerate ground states where additional e�ects

such as Jahn�Teller distortions become important� These e�ects are not important

in this study�

��� The Hartree Equations

The Hartree equations were derived by considering the electronic wavefunction as a

product of many single particle wavefunctions� ��� each subject to its own external

potential� Thus

'	r�s�� r�s�� 	 	 	 � rNsN 
 " ��	r�s�
��	r�s�
 	 	 	�N	rNsN 
� 	�����


" (���	r�s�


The Schr�odinger equation for each single particle state� �� is given by

�
��
�
r� # V 	r
� E�

�
'�	r
 " � 	�����


Hartree suggested that in a many electron system it was possible to replace

V 	r
 with Veff 	r
� which included the mean electrostatic potential from all of the

electrons ����� This leads to the Hartree self�consistent equations

�
��
�
r� # Veff 	r
� E�

�
'�	r
 " �� 	�����


Veff 	r
 " V 	r
 #

Z
n	r�


jr � r�jdr
�� 	�����


n	r
 "
NX
���

j'�	r
j�� 	�����
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The total many body wavefunction is then formed as the product of these one�

electron spin�orbitals� V 	r
 is the potential due to the ions� This simple approxi�

mation leads to surprisingly accurate results� but su�ers from the lack of electronic

exchange� i�e� the many body wavefunction� '	r�R
 is not antisymmetric with

respect to a switching of two of the electrons� This is in breach of the Pauli princi�

ple� which in general imposes a change of sign of the total wavefunction when two

electrons are switched� and in the independent electron approximation described

above� does not allow more than one electron to occupy a given state�

��� Hartree�Fock Theory

The lack of exchange in Hartree theory is overcome using Hartree�Fock theory�

where the many body electronic wavefunction is rewritten ����� Instead of using a

simple product wavefunction� 	Equation ����� above
� a Slater determinant is used�

'	r�s�� r�s�� � � � � rNsN
 "
�p
N �

������������

��	r�s�
 ��	r�s�
 � � � ��	rNsN

��	r�s�
 ��	r�s�
 � � � ��	rNsN


� �
� �
� �

�N	r�s�
 �N	r�s�
 � � � �N	rNsN


������������
�

Incorporating electron spin through a spin function� ��	s
� this can be rewritten

as

'	r
 "
�p
N �
detj��	r�
j

��	r
 " �i	r
��	s
X
s

���	s
��	s
 " 	���

We can de�ne the electron density in terms of these orbitals�

n	r
 "
X
�s

j��	r� s
j��

In order to �nd the ground state it is necessary to minimise the energy while

keeping the orbitals� ��� orthonormal� This is done by applying the variational

principle� adding Lagrange multipliers� E�� to Equation �������
��
�
r� # Veff 	r
� E�

�
��	r
�

X
����

E����	r
 " ��
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These set of equations are known as the Hartree�Fock equations� Writing them

more completely� for a given orbital� ��

�
��
�
r� # Ve�i	r
 # VH	r
 # V x

� 	r
�E�

�
��	r
 "

X
����

E����	r
� 	������


VH 	r
��	r
 "
	EH

	��
�

"

Z
n	r�
��	r


jr� r�j dr��

V x
� 	r
��	r
 "

	Ex

	��
�

" �
X
�s�

Z
��
�	r�
��	r�


�

jr� � rj��	r
dr��

with the orthonormality constraint

X
s

Z
��
���dr " 	���

Diagonalising E�� removes the Lagrange multiplier term on the right hand side�

and the equation can then be solved self�consistently� To �nd the total energy�

ETOT � Equation ������ is multiplied by ��
�	r
� integrated over r and summed over

s and � to give

ETOT "
X
�

E� � EH � Ex # Ei�i�

E� is the ionisation energy for the � electron excluding any redistribution in the

remaining orbitals once an electron is removed�

The orbitals are normally expanded in terms of plane waves� and for a homoge�

neous electron gas the exact plane wave solution is given by

��	r� s
 "
�p
)
eik�r��	s
�

In the spin polarised case these are split into the spin �up� and spin �down�

populations� each with its own Fermi wavevector& the total energy is a sum of these

two populations 	ns is the electron density of spin state s
� For the homogeneous

electron gas this is given by

E " )
X
s

�
�ns
��
	���ns


�

� � �
�

�
�

��

� �

�

n
�

�
s

�
�
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����� Discussion

Hartree�Fock theory is a useful tool for many problems� Results can be system�

atically improved through an increasingly rigorous choice of basis set 	AIMPRO

is limited in this respect by overcompleteness problems& if the basis set becomes

too large then it becomes di cult for the system to achieve self�consistency
� It

gives good structures and vibrational modes for small molecules� although tends to

underpredict bond lengths with a corresponding overprediction of frequencies�

A major �aw with the method is the lack of electron correlation 	leading to zero

density of states at the Fermi level for Jellium
� This precludes the use of Hartree�

Fock theory in problems such as� for example� metallic systems� The di�erence in

correlation between ground and excited states in real systems means that Hartree�

Fock greatly overpredicts the width of the band gap�

Hartree�Fock provides the basis for methods covering a wide spectrum of ac�

curacies� At the lower level there are semi�empirical methods such as MINDO
��

MNDO� etc�� which are described in more detail below� These attempt to compen�

sate for the lack of correlation through their parameterisation methods� additionally

�tting to experimental ionisation energies and
or heats of formation of molecules�

At the other end of the scale� many computationally expensive improvements can

be utilised to overcome the correlation problem� such as the con�guration interac�

tion 	CI
 method ����� where the wavefunction is constructed from a combination of

determinants� These are only really viable for small molecular systems at present�

In addition� the calculation size scales as O	N�
� i�e� doubling the system size

leads to a ���fold increase in calculation time� This poor scaling with system size�

coupled with the heavy computational cost of Hartree�Fock theory� currently limits

it to smaller systems� Nonetheless� Hartree�Fock based calculations 	when incor�

porating the high level corrections such as CI
 often provide the benchmarks that

other theoretical methods aspire to�

��� Thomas�Fermi Theory

Thomas�Fermi theory marks a change in approach from Hartree and Hartree�Fock

theory� as it was the �rst method to propose using the electronic charge density as

its fundamental variable instead of the wavefunction� It is thus the earliest form of

density functional theory�

The model can be understood with reference to Figure ���� Although the charge

density is that of a non�uniform electron gas� the number of electrons in a given

element� dr� can be expressed as n	r
dr� where n	r
 is the charge density for a

uniform electron gas at that point� It is then possible to express the energy as a
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dr

n(r)

Locally uniform
electron gas

r

Figure ���	 Schematic diagram showing the principle of the local density approximation and also
Thomas Fermi theory� namely that for a given radial slab� dr� the local charge density can be
considered to be n
r�� the density of an equivalent uniform homogeneous electron gas�

function of n	r
�

ETF �n	r
� "

Z
v	r
n	r
dr #

Z
�

��
	���


�

�n
�

� 	r
dr #
�

�

Z
n	r
n	r�


jr � r�j drdr
�� 	������


Again the variational principle is applied and the energy� ETF is minimised

subject to the condition

Z
n	r
dr " N�

A Lagrange parameter of 
 incorporates this and leads to the Thomas�Fermi

self�consistent equations�

n	r
 "
�

���
f� �
� veff 	r
�g

�

� � 	������


veff	r
 " v	r
 #

Z
n	r�


jr � r�jdr
�� 	������


Note that 
 is equivalent to the chemical potential� 	E
	N
� This approach is ex�

tremely simple� and is qualitatively correct for atoms� However it does not give

a binding energy for molecules� and the proof is not rigorous� To overcome these

problems it is necessary to move on to the work of Hohenberg� Kohn and Sham�

��� Density Functional Theory

Density Functional Theory 	DFT
 is a way of simplifying the many body problem

by working with the electronic charge density as fundamental variable rather than
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the wavefunction� It is a ground state theory that incorporates both exchange and

correlation e�ects� and is more computationally e cient than Hartree�Fock meth�

ods� However it brings with it various problems that will be outlined below� These

include having eigenvalues that do not necessarily correspond with the physical

eigenvalues of the system 	with the exception of the highest occupied state
� as well

as poor excited state modelling and hence band gap prediction�

DFT was originally developed by Hohenberg and Kohn ���� and later developed

by Kohn and Sham ����� The crux of this work is the proof that it is valid to

use the charge density as the fundamental system variable� i�e�� that for a given

non�degenerate non�polarised ground state wavefunction� there is a unique electron

density� Thus ' is a unique functional of the charge density� n� and hence the

energy E is uniquely de�ned by n�

We �rst de�ne for a given wavefunction� 'n� a Hamiltonian� Hn given by

Hn " T # U # Vn�

The proposal is that the ground state electron density is in unique correspon�

dence with the external potential� Vn 	T and U are the common kinetic and inter�

action energy operators respectively
� If this was not the case there would be two

or more such potentials� say� V� and V� having the same n� By the Rayleigh�Ritz

variational principle for the ground state energy� this would imply that

E� " h'�jH�j'�i � h'�jH�j'�i�
" h'�jH� # V� � V�j'�i�
" E� # h'�jV� � V�j'�i�
" E� #

R
	V� � V�
n	r
dr�

However� the expression is equally valid with the terms reversed�

E� � E� #

Z
	V� � V�
n	r
dr�

Adding these two inequalities gives

E� # E� � E� # E��

which is clearly a contradiction unless the energies are degenerate�

This remarkable proof shows that since the charge density can unambiguously

specify the external potential� then contained within the charge density is the total

information about the stationary system& eigenvalues� wavefunctions� Hamiltonians�

etc� Thus what was a �M variable problem 	where M is the number of electrons�

each one having three Cartesian variables and electron spin
 is now reduced to the

four variables needed to de�ne the charge density at a point�
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It is now theoretically possible to write an energy functional in terms of the

charge density�

E�n� " Ei�i # Ee�i # F �n	r
�� 	������


where F �n	r
� is a universal functional of density& i�e�� applying the variational

principle� when n	r
 corresponds exactly to that induced by the external potential�

the total energy functional will be at a minimum� the ground state energy� In

principle� at this stage this formalism is still exact�

F �n	r
� can be broken down into its components�

F �n	r
� "
�

�

Z
n	r�
n	r�


jr� � r�j dr�dr� #Kinetic 	������


where the �rst term is the Hartree energy� The simplest approximation to the

kinetic term comes from Thomas Fermi theory �����

Kinetic " �

Z
n	r


�

�dr

However� for an exact form we can expand the kinetic energy to give

Kinetic " T �n	r
� # Exc�n	r
�

T is the kinetic energy of a set of non�interacting particles with a given charge

density� However there is also a term� Exc� the exchange�correlation energy� that

includes all the kinetic terms due to interactions within the gas� This includes

exchange energies discussed previously� as well as correlation energy� The electrons

will tend to dynamically repel other electrons from their region of space through

Coulombic repulsion� creating a �correlation hole�� and this is incorporated in the

Exc�

Both the kinetic energy� T � and the exchange correlation energy� Exc are harder

to express in terms of the charge density& to determine T we have to invoke Kohn�

Sham theory� but to express Exc� we commonly use the local density approximation�

��� The local density approximation

The local density approximation 	LDA
 states that� for regions of a material where

the charge density is slowly varying� the exchange correlation energy at that point

can be considered the same as that for a locally uniform electron gas of the same

charge density 	see Figure ���
� In this case we can write Exc as
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Exc "

Z
n	r
�xc	n
dr�

The spin polarised variation 	local spin density approximation� or LSDA
 re�

places the spin averaged energy density in the above equation with the energy

density for a polarised homogeneous electron gas�

Although this approximation is extremely simple� it is surprisingly accurate� and

forms the core of most modern DFT codes� It even works reasonably well in systems

where the charge density is rapidly varying� However it tends to underpredict atomic

ground state energies and ionisation energies� while overpredicting binding energies�

It is also known to overly favour high spin state structures� For these reasons

there have been attempts to move beyond the LDA� notably through the addition

of gradient corrections to incorporate longer range gradient e�ects ����� However

in practise� although these improvements seem to give better total energies the

resultant structure is often worse� and at a greatly increased computational cost�

In general� the LDA is worse for small molecules and improves with system size�

The only remaining problem is to �nd an approximate solution for the homo�

geneous electron gas exchange�correlation term� �xc	n
� There are several param�

eterised prescriptions for this� the one used in AIMPRO is based on the work by

Ceperley and Alder �����

����� Parameterising the correlation energy

The correlation energy� Ec� for a homogeneous electron gas comes from a set of

quantum Monte Carlo calculations performed by Ceperley and Alder ����� These

were later parameterised by Perdew and Zunger ����� Slight improvements to these

parameterisations have been made since� for example Perdew and Wang ����� but

AIMPRO uses the Perdew and Zunger parameterisations in order to remain consis�

tent with the pseudopotential parameters of Bachelet� Hamman and Schl�uter ����

	see Section ��� below
�

The results of Ceperley and Alder apply to low density electron gases� and can

be combined with results from perturbation theory for high density gases to cover

a wide density range� De�ning the correlation energy per electron� �c� polarisation


 and Wigner�Seitz radius of each electron� rs as�

Ec " )n�c	n� 

� 
 "
	n� � n�


n
� rs "

�
��n

�

� �

�

�

where n is the electron density� for the non�polarised 	
 " �
 and fully�polarised

	
 " �
 cases� �c is given by�����
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� �� ��

Non�polarised ������� ������ ������
Polarised ������� ������ ������

A B C D

Non�polarised ������ ������� ������ �������
Polarised ������ ������� ������ �������

Table ���	 Parameters for the correlation energy per electron given in Equation ������� Taken
from Reference �����

�c "

�
�
�
� # ��

p
rs # ��rs

	��
rs 
 �

B # 	A# Crs
 ln	rs
 #Drs rs � �
	������


The value of the coe cients �� �� and �� are given in Table ���� When the gas is

only partially polarised 	� � 
 � �
� an average of the polarised and non�polarised

cases is taken�����

�c	n� 

 " �npc 	n
 # f	

	�pc � �npc 
� 	������


f	

 "
	� # 

��� # 	� � 

��� � �

���� � � � 	������


It is possible to simplify these expressions however& to a good approximation

the non�polarised and fully polarised energies vary as �ns� and �ns� respectively�

Therefore for the exchange�correlation energy used in AIMPRO� we use a simpli�ed

expression�

Non� polarised Exc " )An������


Polarised Exc " )
P

i�sAin
pi��
s nqi��s

	������


The coe cients� Ai� pi and qi are given in Table ���� For larger density values

	n � �
� an alternative set of parameters are used� A�
i� p

�
i and q�i 	also listed in

Table ���
� which are more accurate in the high density regime� The error when

using these approximations is normally less than �$ for densities up to n " ��� For

calculations such as these with no heavier metal impurities� the density is normally

in the range � � n � ��

��� Kohn�Sham Theory

Obtaining an expression for the kinetic energy of the electrons in terms of the

charge density is a harder problem� The �rst approximation� the local density type
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i Ai pi qi

� ������� ������ ������
� ������� ������ ������
� ������ ������ ������
� ������� ������ ������

i A�
i p�i q�i

� ������� ������ ������
� ������� ������ ������
� ������� ������ ������

Table ���	 Parameters for the exchange�correlation energy used in AIMPRO� see Equation �������

of Thomas Fermi approach described above is not su ciently accurate ����� It is

therefore necessary to break up the charge density into a set of orthonormal orbital

functions� as �rst proposed by Kohn and Sham ����� These are single particle wave�

functions in a non�interacting system 	since interaction terms have been included

through Exc
� For simplicity here we only consider the spin averaged theory�

n	r
 "
NX

����s

		s�� s
j��	r� s
j�� 	������


This means we can now write an expression for T � the kinetic energy� as

T " ��
�

X
��s

Z
��
�r���dr� 	������


Once the total number of electrons and spin of the system are �xed� these orbitals

can be determined using two constraints� Firstly we minimise the energy with

respect to the charge density� Secondly di�erent orbitals are kept orthogonal� and

normalised through the introduction of a set of Lagrange multipliers� E�� Therefore

we minimise

E�n��
X
�

E�

�X
s

Z
j��	r
j� dr � �

�
� 	������


Di�erentiating this with respect to ��
�	r
 gives

��
�
r���	r
 #

�
v	r
 #

Z
n	r�


jr� r�jdr
� # vxc	r


�
��	r
 " E���	r
 	������
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v	r
 " �
X
a

Za

jr�Raj

vxc	r
 "
	Exc�n�

	n	r


It can be seen that Equation ������ is a single particle Schr�odinger equation� as

we originally proposed in this section� If we therefore rewrite Equation ������ in

terms of an e�ective potential� veff 	r
� we obtain

�
��
�
r� # veff	r


�
��	r
 " E���	r
 	������


veff	r
 " �
X
a

Za

jr�Raj #
Z

n	r�


jr� r�jdr
� #

	Exc�n�

	n	r

	������


n	r
 "
NX

����s

		s�� s
j��	r� s
j�� 	������


These three equations together constitute the Kohn�Sham equations� and the

self�consistent solution of these leads to the ground state charge density of the

system� Note that this does not necessarily correspond to the ground state of the

total system since the ionic component has been removed& the energy with respect

to ionic position has to be minimised in addition to this� In practise the forces on

the ions are iteratively minimised� and for each iteration the Kohn�Sham equations

are solved to �nd the charge density ground state for that ionic con�guration�

����� Discussion

Expanding the charge density into a set of orthonormal wavefunctions is purely used

as an arti�cial way of separating the charge density� and no checks are included to

map these onto a set of physical single particle states� Nevertheless there often

appears to be a good correlation between these and single particle states ����� and

they are routinely used as semi�quantitative indicators of the behaviour of real

states� The exception to this is the ionisation energy� i�e� the energy of the highest

occupied orbital� which is given exactly in this theory�

All wavefunction plots included in this thesis show Kohn�Sham wavefunctions

rather than true single particle plots� and are labelled accordingly� Equally any

interpretation of the associated energies� E� as quasi�particle energies is not correct

although there is normally a qualitative agreement between the two� Note that this

issue is further complicated through the use of clusters� which arti�cially widens

the band gap�
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Density functional theory has a number of advantages� discussed above� The

exchange potential does not depend on the orbitals� �� unlike Hartree�Fock theory�

Working with the charge density minimises the number of system variables� and

in conjunction with approximations such as the LDA large� accurate calculations

are possible� However DFT also has a number of shortcomings� As a ground state

theory any physical interpretation of calculated excited states is not theoretically

justi�ed� It consistently underpredicts semiconductor band gaps� although in AIM�

PRO calculations this is compensated for through the use of �nite clusters� which

tend to increase the band gap 	see Section �����
� In some cases the band gap

predictions are qualitatively wrong� e�g� for NiO� DFT predicts metallic behaviour

whereas experimentally it is a good insulator�

��	 Pseudopotentials

DFT as described above would still prove computationally too di cult for system

sizes useful for point defect modelling� It is therefore necessary to simplify the

system further� and one important way of achieving this is through the use of

pseudopotentials� These rely on the fact that the core electrons sit tightly bound to

their host nuclei� and only the valence electrons are involved in chemical bonding�

Therefore it is possible to incorporate the core states into a bulk nuclear potential�

or pseudo�potential� and only deal with the valence electrons separately�

Core wavefunctions are rapidly varying with many nodes� and require a large

number of �tting functions to model accurately& pseudopotentials overcome this as

the pseudo�wavefunction is smoothly varying and nodeless within a certain core

radius� In addition the Coulombic interaction of core states would tend to swamp

any total energy calculations trying to compare small di�erences in valence bond

energies� In order to remain orthogonal to the core states� the valence states are

also forced to become rapidly oscillating near the atomic core� requiring large num�

bers of �tting functions to model accurately� Pseudopotentials overcome all of these

problems� They become particularly important for the heavier elements when the

number of core electrons vastly outweighs the valence electrons� Finally for heavier

atoms in which relativistic e�ects are important� and so the Dirac equation is re�

quired� the valence electrons can be treated non�relativistically� Therefore removal

of the core electrons allows a non�relativistic approach to be maintained 	some cor�

rections are required in the core electron pseudopotentials to account for relativistic

e�ects� see below
�

Pseudopotentials assume that the localised core states do not take part in bond�

ing� and so can be incorporated as a change in the charge state of the nucleus� Be�
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Figure ���	 The �s 
full� and pseudo� 
dashed� radial wavefunction 
in atomic units� for the Ni
atom�

tween the nucleus and some cut�o� radius rc� the all�electron valence wavefunctions

can be replaced with a smoothed form& beyond this radius the pseudo�wavefunction

must be identical to the full all�electron wavefunction� In addition there will still be

exchange interactions between core and valence electrons which must be included in

the potentials� Finally� if self�consistency is to be easily achieved in the calculations

then the potentials must have the correct atomic charge density outside the core

	�norm�conserving� pseudo�potentials
�

Figure ��� shows the radial �s full� and pseudo� wavefunction for Ni� It can

be seen that the rapidly varying core region has been smoothed in the pseudo�

wavefunction but beyond the cut�o� radius� rc� the pseudo� and all�electron� wave�

functions are identical�

The pseudopotentials used in AIMPRO come from work done by Bachelet�

Hamann and Schl�uter ���� ��� who produced pseudopotentials for all elements up to

Pu� There are four fundamental properties which these pseudo�potentials display�

�� Real and pseudo� valence eigenvalues agree for a chosen *prototype+ atomic

con�guration�

�� Real and pseudo� atomic wave functions agree beyond rc� a chosen *core

radius+�

�� The integrals from � to r of the real and pseudo charge densities agree for

r � rc for each valence state 	norm conservation
�

�� The logarithmic derivatives of the real and pseudo wave function and their

�rst energy derivatives agree for r � rc�
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The last two points are essential if the pseudopotential is to have optimum

transferability�

����� Generating pseudopotentials

Firstly the Kohn�Sham 	K�S
 equations are solved in an all�electron calculation

for a single atom� The con�guration of the K�S levels is important� since this is

used as a reference atom for the pseudopotential� Therefore two special criteria

are applied� Firstly con�gurations are chosen so the charge density is spherically

symmetric� and so can be labelled with angular momentum numbers 	or j " l����
for heavy elements requiring Dirac formalism
� Secondly for the higher angular

momentumstates a small fraction of the valence electrons are shifted into apparently

unoccupied states 	e�g� In Si� the d�pseudopotential comes from the con�guration

�s��s�p��
	d���	
� This is so that the d�type states are included correctly when

constructing the wavefunctions in solids� The electronic fraction chosen for this

excitation is picked to eliminate �bumps� in the potential and is di�erent for di�erent

atomic species��

The solution of the K�S equations gives the all�electron potential� V �	r
 which

has a Coulomb singularity at r " �� An initial guess pseudopotential is generated

for each con�guration and angular momentum which eliminates this singularity�

Vl	r
 " V �	r


�
�� f	

r

rc�l



�
# c�l f

�
r

rc�l

�
� 	������


f	x
 " � at the origin and vanishes rapidly as x increases 	in their work� f	x
 "

e�x
���


� Thus at the origin� Vl	r
 " c�l � and this is set so that the lowest energy level

for each l matches the equivalent all�electron solution� By shifting the value of c�l
downwards it is possible to decrease the curvature of the pseudopotential� making

it easier to �t& such pseudopotentials are known as ultra�soft pseudopotentials� and

are essential for plane wave calculations of elements such as oxygen� However these

are not always as accurate or transferable as the �bhs� pseudopotentials described

here� rc�l is the core radius and de�nes a minimum radius beyond which the pseudo

wavefunction matches the all�electron wavefunction� As such it is an indication

of the quality of the pseudopotential 	the closer this lies to the core� the more

realistic the potential
� However this is a trade o� between the minimum preferred

radius before the potential becomes too rapidly varying and the bene�t of using

pseudopotentials is lost& rc�l normally lies halfway to the outermost node of the

all�electron wavefunction�

�There seems no obvious pattern to the choice of occupancies and for this reason pseudo�
potential generation is often seen as something of a �black art��
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The next step is to normalise the wavefunction 	since the pseudowavefunction

is currently only proportional to the all�electron one
� If Vl	r
 has a corresponding

wavefunction w�
�l� then a new wavefunction is created�

w�
�l " ��l

�
w�
�l	r
 # 	�l r

l��f

�
r

rcl

��
� 	������


��l and 	
�
l are varied until w

�
�l exactly equals the all�electron wavefunction outside

the core� The Schr�odinger equation is then inverted� using the eigenvalues corre�

sponding to the all�electron eigenvalues� which produces the potential that gives

rise to w�
�l� This potential nearly conforms to all of the requirements listed above�

Finally it is necessary to subtract the Hartree and exchange�correlation contribu�

tions to this potential due to the pseudo�wavefunctions themselves 	since these are

later included explicitly in the calculation
� This leaves a bare ion potential� This is

exact for the Hartree potential but is only approximate for the exchange�correlation

potential as it is non�linear� However the approximation can be improved by sub�

tracting the exchange�correlation potential derived from an all�electron calculation�

with the added bene�t of improving the transferability of the potential �����

For relativistic solutions� the pseudopotential 	Vps	r

 is constructed from an

average of the states j " l � �
� 	Vl	r
� the scalar relativistic potential
 and a spin�

orbit potential� V so
l 	r
�

Vps	r
 "
X
l

jlifVl	r
 # V so
l 	r
L�Sghlj� 	������


Vl	r
 "
�

�l # �
flVl� �

�

	r
 # 	l # �
Vl� �

�

	r
g� 	������


V so
l 	r
 "

�

�l # �
fVl� �

�

	r
� Vl� �

�

	r
g� 	������


In practise each pseudopotential is split into two groups� the local and non�

local pseudopotential� depending on whether the terms are independent of l or

not� respectively� These two sets of terms are then parameterised to a set of error

functions� Gaussian� and r� � Gaussian based functions� It is the coe cients of
these which are given in Bachelet� Hamann and Schl�uter�s paper �����

��
 Other theoretical approaches

The problem of oxygen complexes in silicon has been addressed using many other

theoretical approaches� Although ab initio methods such as ours provide a very

complete description of the systems examined� we are limited in the system sizes
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that we can study� In addition we are unable to tackle molecular dynamics type

problems which would require too much computing power� There are therefore

other computational methods used� the most notable of these being semi�empirical

methods and parameterised potential methods� De�ak and Snyder have had much

success using CNDO and MINDO
� semi�empirical methods for pioneering work on

large oxygen complexes and y�lid based structures ����� and potentials such as the

Stillinger�Weber 	SW
 and Jiang�Brown 	JB
 have been used to dynamically model

self�interstitial clustering ���� and oxygen di�usion processes ���� ���� However

parameterised methods often su�er from transferability problems and do not give

many oxygen systems correctly 	e�g� Si� ,O�Si of ���� in Oi and Os under CNDO

���� and JB ���� respectively
� With ab initio calculations used to obtain many of

the parameters anyway� �rst�principles studies should be preferred over empirical

or semi�empirical calculations where the size of the problem permits�

����� Semi�Empirical Hartree Fock

Hartree�Fock theory as it stands is too time consuming for use in large systems such

as point defect complexes in Si�

However it can be used in a parameterised form� and this is the basis of many of

the semi�empirical codes such as CNDO andMINDO�	� CNDO and related schemes

have been used to great e�ect by Snyder� Corbett and De�ak ���� in their work on the

behaviour of interstitial oxygen and thermal donors in silicon� By parameterising

the overlap matrix to varying degrees� the calculation speed is vastly increased�

allowing ��� atom clusters to be routinely optimised on desktop PCs� I will describe

in the following section the basis for early parameterisations of CNDO ����� A lot

of information is removed from the calculation when the overlap between orbitals

of di�erent atoms is neglected� which in theory could destroy any chance of realistic

simulations� However much of the information removed in the simpli�cations is

brought back into the calculations through the parameterisation of experimental

data�

The �rst step in such methods is to expand the one�electron wavefunctions as

a set of atomic orbitals& this is known as the tight binding method� or sometimes

LCAO 	Linear Combination of Atomic Orbitals
�

�i "
X
�

c�i���

This reduces the problem to the determination of the linear expansion coef�

�cients� c�i� Di�erent ranges of atomic orbitals can be used depending on the

accuracy required& commonly these are either Minimal 	all atomic orbitals up to
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and including the valence shell
� Extended 	Minimal with a few more
� or Valence

	only the orbitals in the valence shell of the atom
� Despite being the least accurate�

the valence basis set is commonly employed for very large systems due to its speed

and is used in CNDO�

Since �i are orthogonal� it follows that

X
��

c��ic�jS�� " 	ij

where 	ij is the Kronecker delta and S�� is the overlap between atomic orbitals�

S�� "

Z
��	r
��	r
dr�

This means that the Hartree Fock equations can be rewritten as the Roothaan

equations� a set of algebraic expressions

X
�

	F�� � �iS��
c�i " �� 	������


�i is the one�electron energy� F�� is the �Fock matrix� and consists of two sets of

matrix elements� the core Hamiltonian elements�H�� and those due to interactions

between the di�erent orbitals� These are expressed in terms of a �density matrix��

P�
 which is a matrix of the orbital coe cients c�ic�j � coupled with various two�

electron integrals over atomic orbitals� h
�j��i�

F�� " H�� #
X
�


P�


�
h
�j��i � �

�
h
�j��i

�
� 	������


H�� "

Z
��	r
H

core��	r
dr�

P�
 " �
occX
i

c��ic
i�

h
�j��i "
Z Z

��	r�
��	r�

�

jr� � r�j��	r�
�
	r�
dr�dr��

Now it is possible to make several selective approximations� The �rst of these is

the zero di
erential overlap approximation 	ZDOA
� This says that since the atomic

orbitals on a given atom are roughly orthogonal� the overlap between these can be

considered zero& in terms of the two�electron integrals� most of these are therefore

set to zero�

h
�j��i " h

j��i	��	�
�
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The corresponding overlap integrals� S�� � 
 �" � are also ignored for the same

reason� This approximation removes all the three and four centre integrals� vastly

simplifying the calculation� The chemical bonding is however reliant on the overlap

character� and this is maintained through H�� � the core integrals� These are pa�

rameterised to experimental results� compensating for the ZDOA to some extent�

For CNDO�

H�� "

Z
��	�




��
�
r� �

X
B

VB

�
��	�
dr�� 
 �" ��

where �VB is the potential due to the nucleus and core electrons of atom B�

Applying the ZDOA simpli�es the Roothaan equations to

X
�

F��c�i " �ic�i�

with

F�� " H�� � �
�
P��h

j

i #

X
�

P��h

j��i�

and for 
 �" ��

F�� " H�� � �
�
P��h

j��i�

However in the form described here� the ZDOA leads to inconsistencies� The

orbitals on a given atom can be transformed into a di�erent orbital set which would

breach the zero di�erential overlap approximation� i�e�

����	
 �" �
�
all ��X
��

����
�
�A��� A�� constant

This means that the results would be basis dependent� and to avoid this� further

constraints need to be applied� The simplest scheme to achieve this is CNDO�

������� CNDO

Under CNDO� only the valence electrons are considered explicitly� Interactions be�

tween electrons on the same atom are handled simply� Since the atomic orbital basis

is built from orthonormal atomic functions� then the interaction between di�erent

orbitals 
 and �� U�� " �� 
 �" �� due to their symmetry� The core Hamiltonian

elements� U��� are �tted to experiment� In CNDO
� these were �tted to atomic

ionisation energies� but in CNDO
� this was modi�ed by �tting to the average of



CHAPTER �� THEORETICAL BACKGROUND ��

the ionisation potential and electron a nity� making the system more applicable to

both electron gain and loss�

In order to overcome the basis dependency of the ZDOA� the remaining two�

centre integrals only depend on their host atoms and not on the orbital type� This

is achieved by using an average electrostatic repulsion on any atom A caused by

atom B� �AB 	the �electron repulsion integral�
� so that

h

j��i " �AB �

In CNDO
�� �AB is approximated by s�orbital integrals on the atoms�

�AB "

Z Z
s�A	r�


�

jr� � r�js
�
B	r�
dr�dr��

Similarly if the core potential 	consisting of the nucleus and core electrons
 on

an atom B is VB then to maintain rotational invariance� the interaction between an

electron on atom A and this core on atom B must be a constant� VAB 	the �potential

integrals�
�

Similarly to �AB� in CNDO
� VAB is calculated using an s�orbital on atom A�

VAB " ZB

Z
s�A	r


jr �RBjdr�

In CNDO
�� an improved parameterisation� this was replaced with a simple

approximation� VAB " ZB�AB�

The lack of monatomic di�erential overlap removes all terms of the form

h
jVBj�i " �� 
 �" ��

Next the interaction between an electron and the �eld of two atoms� A and B is

simpli�ed 	the �resonance integral�� ���
�� by setting it proportional to the overlap

integral� S�� �

H�� " ��� " ��ABS�� �

where ��AB are known as the bonding parameters and are dependent on the atom

types A and B� Under CNDO
� these are approximated to ��AB "
�
�	�

�
A#��B
� and

��A is �tted to ab initio calculations for each species�

The precise parameterisation technique used to determine S�� � U�� � VAB� �AB

and ��AB varies� Although I have described the method used for CNDO
� and

CNDO
� 	the earliest parameterisations
� there have been many re�nements to

these since� CNDO is extremely fast� and this has meant that when computing

�These determine the chemical bonding in the system�
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resources were limited� CNDO calculations have been able to perform pioneering

calculations on system sizes inaccessible to their ab initio cousins� Much of the

accuracy lost during the above simpli�cations is compensated for by the use of

parameterisation to experimental and ab initio results� Although CNDO is not as

accurate as ab initio methods such as AIMPRO it remains a useful investigative

tool in semiconductor calculations� and a valuable intermediate between empirical

potentials and full ab initio calculations�

����� Interatomic Potentials

Interatomic potentials consist of sets of two� and three�body interaction terms of

varying complexity� which are parameterised using a variety of experimental and

ab initio data to �t to� Due to their high speed compared to ab initio calculations

they can be routinely used with large supercells� and many molecular dynamics

timesteps can be calculated� For example� recent studies of VO di�usion in Si used

a ��� atom supercell under the Jiang�Brown 	JB
 potential� with multiple time

steps and di�usion constraints �����

We use a Musgrave�Pople 	MP
 potential �tted to results from AIMPRO cal�

culations when determining LVMs� The potential can be used to calculate bulk

phonon dispersion curves 	see Section ���
� However it is primarily used by our

group to determine the energy double derivative terms in the dynamical matrix

for bulk Si atoms� since to calculate all of these from �rst principles would be too

time consuming� For this reason I describe here the MP potential� although �stand�

alone� O in Si calculations are normally performed using either the Jiang�Brown����

or Stillinger�Weber���� potentials�

The Musgrave�Pople potential ���� is a three� and four� body potential made up

of bond stretch and bond bending terms� It is given for atom i by the formula

Vi "
�

�

X
j

k
i�r 	-rij

� #

r��
�

X
j�k

k

i�
� 	-�jik


� # r�
X
k�j

k

i�
r� 	-rij #-rik
-�jik

#
X
k�j

k
i�rr-rij-rik # r��
X
l�k�j

k

i�
��-�jik-�kil� 	������


Here -rij and -�jik are the changes in the length of the i� j bond and angle

between the i� j and i� k bond respectively 	see Figure ���
� and the summation

is over the nearest neighbours j� k� and l� r� is the equilibrium bond length and is

often set to be the experimental value� The coe cients kr� k�� kr�� krr� and k�� are

de�ned in Table ������
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Figure ��
	 Schematic diagram showing terms included in the Musgrave Pople potential

Coe cient Description

kr bond stretch
k� bond bending
kr� stretch�bend interaction
krr stretch�stretch interaction
k�� bend�bend interaction

Table ��
	 Physical interpretation of the coe�cients in Equation ����
�� see schematic diagram�
Figure ��
�

����	 Use of the Musgrave�Pople potential in this work

Local vibrational modes can be considered to be independant of any lattice coupling

if they are su ciently far above the Raman frequency� as is the case with H� stretch

modes� However for lower frequency vibrational modes we can expect the mode to

couple with the surrounding lattice� particularly once below the Raman frequency�

It is therefore essential to take into account the vibrational properties of the sur�

rounding lattice when calculating such modes for defects� Calculating the double

derivatives of energy for each atom in the cluster has a prohibitive computational

cost� and so it is therefore necessary to make some assumptions�

The way we tackle this problem is using the Musgrave�Pople interatomic poten�

tial to model the vibrational properties of those bulk atoms for which we do not

calculate the energetic double derivatives directly� This can be used in conjunction

with the AIMPRO double derivative data for the core defect atoms�

In order to parameterise the potential it is necessary to calculate the double

derivatives for a small group of core atoms in a cluster of pure bulk material� and

the parameters are then �tted to these derivatives� The Musgrave�Pople potential

parameters are calculated from a least�squares �t to the ab initio energy double

derivatives� calculated for the core of a fully relaxed bulk cluster� For example� the
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InP potential parameters given in Section ��� were determined using an �� atom C�v

cluster In��P��H��� This was relaxed using AIMPRO� and then the energy double

derivatives were calculated for the inner eight atoms� four of each chemical species�

This leads to ��� double derivative terms which produces a very accurate �t�

Examples of the application of the MP potential to defect problems is given in

Chapter �� the parameters used for Si are given in Reference �����



Chapter �

AIMPRO methodology

�Frequently the approximations that enter solid state calculations are so intricate

that they are never speci�ed in the publication in which the calculations are described

and would not be of interest if they were� Nevertheless� without knowledge of the

approximations� it is sometimes di�cult to assess a result that is characterised only

as being the best the author could do��

W� A� Harrison� ����

�Electronic Structure and the properties of solids�

In this chapter I will describe how LSDF theory has been implemented in AIM�

PRO� I will also discuss some of the practical problems encountered when using

AIMPRO and how these can be minimised� A full review of the methodology

behind AIMPRO is given in Reference ���� and vibrational mode calculations in

Reference �����

��� Expanding the Wavefunction

The wavefunctions are expanded using a basis of localised orbitals� �i	r�Ri
� where

��	r� s
 " ��	s

X
i

c�i �i	r�Ri
� 	�����


which converts the Kohn�Sham equations into matrix equations for c�i � A set of

Gaussian functions are used� multiplied by spherical functions to set the orbital

quantum number�

�i	r�Ri
 " 	x�Rix

n�	y �Riy


n�	z �Riz

n�e�ai
r�Ri��� 	�����


��
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The choice of n�� n� and n� in Eq� ����� sets the orbital type& n� " n� " n� " �

gives spherically symmetric s�orbitals� setting one of n�� n� or n� " � gives p�

orbitals in the x� y or z direction respectively� whereas setting
P

i ni " � produces

a combination of �ve d� and one s� type orbital�
The charge density for a given spin state can then be described in terms of the

density matrix� bij�s 	the total charge density is simply the sum of the spin dependent

charge densities
�

ns	r
 "
X
ij

bij�s�i	r�Ri
�j	r�Rj
 	�����


bij�s "
X
�

		s� s�
c
�
i c

�
j 	�����


Here� s gives the spin state and � is an occupied orbital� Substituting this

expression for n	r
 back into Equation ������ is only simple for the kinetic and

pseudopotential energy terms�

Tij " ��
�

Z
�i	r�Ri
r��j	r�Rj
dr 	�����


V ps
ij "

Z
�i	r�Ri


X
a

V ps
a 	r�Ra
�j	r�Rj
dr 	�����


However the Hartree energy requires O	N�
 integral terms� and when N � the

number of basis functions is large� this rapidly becomes unfeasible� Equally the

exchange�correlation energy needs some sort of simpli�cation� We therefore intro�

duce an approximate charge density for each spin� �ns� which allows analytic solution

of these energies and the forces acting on each atom�

��� Approximation to the charge density

The approximate charge density is expanded in a set of basis functions ���� ����

�n	r
 "
X
k

ckgk	r
� 	�����


We can now write an approximation to the Hartree energy in Equation �������

This is always lower than EH � but tends to EH as �n	r
 tends to n	r
 and so provides

a way of estimating the quality of the basis function �t�

�EH "

Z
n	r�
�n	r�


jr� � r�j dr�dr� �
�

�

Z
�n	r�
�n	r�


jr� � r�j dr�dr�� 	�����
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Then we can select ck in Eq� ����� to minimise the error

EH � �EH "
�

�

Z fn	r�
� �n	r�
gfn	r�
� �n	r�
g
jr� � r�j dr�dr�� 	�����


If this is now di�erentiated with respect to ck in order to determine the minimum

we get an important expression�

X
l

Gklcl "
X
ij

tijkbij 	������


tijk "

Z
�i	r� �Ri
�j	r� �Rj
gk	r�


�

jr� � r�jdr�dr� 	������


Gkl "

Z
gk	r�
gl	r�


�

jr� � r�jdr�dr� 	������


Evaluation of these �t matrices� is often the slowest step in these cluster cal�

culations� so obviously a careful choice of �tting function� gk� is required� Simple

Gaussian functions have the advantage of being analytically soluble� but if there

are roughly as many gk as basis functions �i 	commonly the case
� this means the t

matrices are still O	N�
 integrals� Nonetheless� this is the way all the O in Si work

was performed� However it is possible to split the gk into two types of function�

gk " Ae�bk
r�Rk�
�

	������


A "

�
�� �bk

� 	r�Rk

�

�
	������


The �rst of these gives a Gaussian potential�

Z
gk	r�


jr� r�jdr� "
�bk
��

e�bk
r�Rk�
�

� 	������


making tijk a simple product of three Gaussians which is quick to calculate� However

the form of these expressions means that their integral vanishes� and hence they do

not contribute to the total charge density� Therefore the second set of expressions

for gk are introduced 	simple Gaussians
 to ensure the integrated charge density

gives the correct number of electrons�

This formalism was adopted for the III�V work in Chapter �� however when

testing di�erent �tting functions for small Si�O based molecules such as disiloxane�

	SiH�
�O� we found that a much better �t was obtained using simple Gaussian

functions� Therefore these have been used for all the Si work despite the loss in

computing speed�
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The exchange�correlation is similarly approximated as

�Exc "

Z
�xc	�n�� �n�
�ndr� 	������


However the expression used to minimise the error in �n for EH 	Equation �����


was integrated over all r and does not necessarily minimise the error at any speci�c

value of r� Therefore it is necessary to choose a new approximation for �ns	r
 and a

good choice is a sum of Gaussians�

�ns	r
 "
X
k

dk�shk	r
� 	������


with dk�s obtained by minimising

Z
fns	r
� �ns	r
g� dr� 	������


If this is di�erentiated with respect to dk�s we obtain

X
l

Hkldl�s "
X
ij

uijkbij�s 	������


Hkl "

Z
hk	r
hl	r
dr 	������


uijk "

Z
�i	r�Ri
�j	r�Rj
hk	r
dr� 	������


The integrals are the same for both s� and if gk is set to the �rst form in

Equation ������ then uijk are just proportional to tijk which makes calculation

extremely quick�

	���� Spin averaged �Exc and improvements to the approxi�
mations

In the spin averaged case�

�Exc "
X
k

dk

Z
hk	r
�xc	�n
dr� 	������


If hk is a Gaussian then the integrals are proportional to h�xc	�n
ik� To a �rst
approximation� since �xc	n
 only varies slowly with n we can approximate this to

�xc	h�nik
� where
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h�nik "

P
l dl
R
hkhldr

Ik
	������


Ik "

Z
hkdr� 	������


This approximation can be improved through some mathematical tricks� since

we know that a highly accurate form for �xc	n
 is given by �xc	n
 " Ans where

s " ������� 	see Eq� ������
�

If we de�ne

f	s
 " ln

�h�nsik
h�nisk

�
� 	������


we can now do a limited expansion of this to give an approximation for f	s
�

f	s
 "
�

�
s	s� �
f	�
� 	������


This step is one of the largest approximations within our method� leading to

errors of up to ��$& however in practise its contribution to the total energy is

minute and so the approximation is not unreasonable�

To �nd f	�
 we need to know the second moment of �n� which can be determined

analytically as

h�n�ik "
P

lm dldm
R
hkhlhmdr

Ik
� 	������


Finally substituting all of these new terms back in� we get an expression for �Exc�

�Exc "
X
k

dk�k 	������


�k " Ik�xc 	h�nik
 efk 	������


fk "
�

�
s	s� �
 ln

�h�n�ik
h�ni�k

�
� 	������


	���� Spin polarised exchange correlation

An equivalent set of exchange�correlation terms have been derived for the spin po�

larised case� Since all of the calculations performed in this thesis are spin averaged

I will not describe the methodology here but list the relevant equations for com�

pleteness�
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�Exc "
X
ks

dk�s�k�s� 	������


where

�k�s "
X
i

AiIkh�npis �nqi��sik� 	������


h�nps�nq��sik " h�nsipkh�n��siqkef
p�q�� 	������


f	p� q
 " ln

� h�nps�nq��sik
h�nsipkh�n��siqk

�
� 	������


� �

�
p	p � �
f	�� �
 # �

�
q	q � �
f	�� �
 # pqf	�� �
�

	���	 Summary so far

I will now attempt to summarise the method shown so far� and draw out the salient

calculational points� Using the approximate functions for EH and Exc derived in

the last few sections we can rewrite the total energy as

E "
X
ij

fTij # V ps
ij gbij # �EH # �Exc # Ei�i 	������


where

bij "
X
�

c�i c
�
j �

�EH "
�

�

X
kl

ckclGkl�

�Exc "
X
ks

dk�s�k�s�

Ei�i "
�

�

X
a��b

ZaZb

jRa �Rbj�

E is now minimised� however an additional constraint has to be applied in order

to keep the wavefunctions orthonormal& this can be imposed in terms of the overlap

matrix� S�

X
c�i c

�
jSij " 	��� 	������


Sij "

Z
�i	r�Ri
�j	r�Rj
dr� 	������
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Now all we need is Lagrange undetermined multipliers� E� to allow uncon�

strained minimisation with respect to c�i � i�e��

�E

�c�i
"

�fPij� c
�
i fTij # V ps

ij � E�Sijgc�j # �EH # �Exc # Ei�ig
�c�i

" � 	������


X
j

fTij # V ps
ij # V H

ij # V xc
ij�s� � E�Sijgc�j " � 	������


X
j

	Hij � ESij
cj " � 	������


Equation ������ is the Kohn�Sham equations once more� and is written in terms

of two generalised eigenvalue problems 	one for each spin
�

	���
 Matrix Formalism

Re�writing Equation ������ in matrix notation gives

	H � ES
c " �� 	������


S is now written in terms of an upper triangular matrix using Choleski decom�

position�

S " U tU� 	������


If we then de�ne a vector d through Uc " d� we can rewrite Equation ������ as

a standard eigenvalue problem

�
	U��
tHU�� � E

	
d " �� 	������


Evaluation of U and U�� is an O	N�
 problem� and the eigenvalues are then

found using a Householder scheme� Since the occupied states only represent a

small fraction of the Hamiltonian eigenstates� the required eigenvectors are most

e ciently found by inverse iteration since only the required states are calculated�

Nonetheless this is normally the time dominant step� scaling as O	N�
�
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��� Self�consistency

Self�consistency involves redistribution of charge throughout the cluster until a min�

imum energy is reached� thereby hopefully producing an accurate simulation of the

charge distribution in an equivalent real system� This equilibrium distribution of

charge for a given set of atomic coordinates is achieved by iteratively solving the

Kohn�Sham equations until the charge density distribution produced by the Kohn�

Sham orbitals gives the same potential that was used to generate it�

In order to achieve this� a �rst guess set of charge density coe cients� ck and

dk�s are required& initially we take these from the neutral atom cases but during

structural optimisation they are taken from the result of the previous iteration�

The Kohn�Sham equations are then solved to determine the density matrix� bij�s�

which is then used to produce a set of output charge density coe cients� c�k� d
�
k�s

	Equations ������ and ������
�

The next choice of charge density coe cients are formed from a weighted com�

bination of the previous two� i�e�

c�k " ck # w	c�k � ck
� 	������


The choice of weighting factor� w� is important� If we solve once for a particular

value of w 	�w��
 giving a speci�c charge density c��k� then the deviation from self�

consistency of ck is given by

ek "
	�� w
	ck � c�k


w
� 	c

�
�k � ck


w�
� 	������


This ek can be used to form a pseudo�charge density�
P

k ekgk	r
 which has a

corresponding electrostatic energy�

�

�

X
kl

ekGklel� 	������


w is then chosen by minimising this energy� In practise this can be generalised

to include the coe cients from all of the previous iterations� and the cycle converges

exponentially� normally in only a few iterations 	six or so
�

	�	�� Fermi statistics and �level smearing�

Convergence is often either slow or impossible when there is only a tiny band gap�

since �charge sloshing� can occur� In one iteration electrons may transfer from a
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�lled level to a lower energy empty level� but in doing so switch the ordering of the

levels� so that in the next iteration they switch back� In such situations� or when

the structural symmetry leads to degenerate levels that are only partially �lled� the

self�consistency fails�

In these cases it is either necessary to choose a di�erent structure� or else �smear

out� the occupation of the levels using Fermi statistics� simulating a �nite temper�

ature distribution� In practise this can often be used during optimisation and then

later switched o� once the structure has relaxed past the point where the levels

cross�

If we say that a given level� E� contains f� electrons� then the energy term E

that is to be minimised must now be expanded into a free energy� F containing

both an entropy term and a constraint to keep the total number of electrons �xed

to M �

F " E # kbT
X
�

ff� ln f� # 	�� f�
 ln	� � f�
g � 
f
X
�

f� �Mg�

f� "
�

e
E�����kbT # �
�X

�

f� " M�

It is also necessary to generalise the density matrix to

bij�s "
X
�

		s� s�
f�c
�
i c

�
j � 	������


In this work� kbT was always chosen to be ���� eV where used� and as long

as the �nal level splitting was greater than that there is not normally any partial

occupancy� Where Fermi statistics have been used it is stated in the text� Use of

Fermi statistics does not always lead to the correct structures since� for example�

the driving force for a Jahn�Teller distortion will be removed in this way�

��� Evaluation of Forces

Now the electronic system is self�consistent it is possible to evaluate the forces on

the atoms in order to optimise the structure�

The forces are determined from the gradient of the free energy� F determined

above� with respect to displacement�
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fla " � �F

�Rla
	������


These forces can be determined analytically by considering the change in each

term in the total energy for a displacement of -Rla� Thus

-E "
X
ij

bi�j-
�
Tij # V ps

ij

	
#
X
ij

�
Tij # V ps

ij

	
-bij #- �EH #- �Exc #-Ei�i�

where

- �EH "
X
kl

ckGkl-cl #
�

�

X
kl

ckcl-Gkl�

- �Exc "
X
k�s

�k�s-dk�s #
X
k�s

dk�s-�k�s�

These are rearranged and substitutions made to eliminate -cl and -dl�s� leav�

ing terms in only -Sij�-Gkl�-Hkl and -�k�s� -�k�s contains terms in -h�nsik and
-h�n�sik which can be determined from Equations ������ and ������� Although Tij
and Sij only depend on Rla through the basis functions� �i	r�Ra
� the pseudopo�

tential term is also dependent on Rla due to V ps
a 	r � Ra
& this is determined by

integrating by parts to replace with terms in -��

Z
�i	r�Ri
-V

ps
a 	r�Ra
�j	r�Ra
dr "

�
Z
f�j	r�Rj
-�i	r�Ri
 # �i	r�Ri
-�j	r�Rj
gV ps

a 	r�Ra
dr

The forces are relatively quick to evaluate compared to determination of the

self�consistent energy�

��� Structural Optimisation

Once the forces are known it is possible to move the atoms until the structure lies

in a system energy minimum� AIMPRO uses a conjugate gradient method �����

usually considerably more e cient than alternatives such as �steepest descent��

If an atom a has forces f �la acting on it in direction l� the atoms are then moved

along a conjugate direction d�la so that they are now located at

R�
la " Rla # wd�la�
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where w is chosen using quadratic or cubic interpolation in order to minimise the

free energy� The directions d�la are chosen using

d�la " f �la � xdla�

where dla was the previous search direction with a force of fla� and x� initially zero�

is set to

x "

P
la f

�
la	f

�
la � fla
P

la f
�
la

�

This method is an e cient way of �nding a system minimum� however it cannot

guarantee �nding the global system minimum� Schemes such as genetic algorithms

are better for this� but are computationally too expensive for general use� The

best way to ensure the result is really a global minimum appears to be attempting

several relaxations from di�erent starting structures�

It is also possible to perform constrained relaxations� for example to �nd saddle

points for defect migration� This is discussed further in Section ������

��� Calculation of Vibrational Modes

An important piece of information that can be extracted from these calculations

and compared directly to experiment is the local vibrational modes of the defect�

These are vibrations characteristic of the defect core that do not resonate with bulk

modes and so remain localised at the defect site� Since these are directly dependent

on the masses of the atoms involved� the in�uence of di�erent isotope substitutions

on these modes is an invaluable probe of the defect structure and content� These are

primarily detected using Fourier Transform Infrared Spectroscopy 	FTIR
 through

observation of IR absorption at di�erent wavelengths� however they can also be

measured as phonon sidebands to PL absorption and Raman Spectroscopy for the

Raman active modes�

The vibrational modes of a cluster can be determined from the energetic double

derivatives with respect to displacement of the atoms� Initially the cluster is fully

relaxed until all atomic forces are zero� A given atom a is displaced along axis l by

a distance � 	usually chosen to be ����� a�u�
� and the self�consistent charge density

recalculated� The forces on the atoms are then no longer zero� so for example�

atom b along axis direction m will feel a force of f�mb	l� a
� If this is repeated with

a displacement of �� then a new force f�mb	l� a
 is determined� Given these three

points it is possible to now calculate the energy second derivatives up to second

order in ��
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Dla�mb "
f�mb	l� a
� f�mb	l� a


��
�

Once the full dynamical matrix is determined it can be diagonalised� scaled by

the root of the relevant atomic masses� to give as eigenvalues the vibrational modes

of the system� Note that this method includes some contribution from all even

powers of � and not just the quadratic term since the step size is not in�nitesimal�

and thus there will also be some anharmonic contribution included� These frequen�

cies are thus sometimes referred to as quasi�harmonic� and this is discussed in more

detail in Reference ����� Surface H atoms are given a large enough mass 	����H


that they are e�ectively �xed�

To calculate the double derivatives for every atom in the cluster would be too

time consuming� Since most of the cluster atoms approximate to bulk and only act

to perturb the localised vibrational modes� the derivatives are only calculated for the

core defect atoms� The rest of the bulk material is included using a Musgrave�Pople

valence force potential� discussed further in Section ������

	���� Induced Dipole Moments

The induced dipole moment is a useful quantity since it allows determination of ��

the e�ective charge associated with a given vibrational mode of a defect� This is

directly proportional to the absorption intensity of the mode� something that can

be directly determined by experiment� If I is the integrated intensity of absorption

then

I "
����

ncM
��

where c is the velocity of light� n the refractive index of the material� � the

concentration of the impurity� and M its mass ����� Previous calculations using our

method have shown accurate determination of dipole moments for small molecules�

After determining a dynamical matrix from the energy double derivatives as

described in the previous section� this is diagonalised to give a set of eigenvectors

associated with each vibrational mode� These are scaled by the square root of the

atomic masses as described above�

The atoms in the cluster are then shifted along their normal mode directions and

the energy and adiabatic cluster dipole determined� This is repeated in a reverse

direction� and the di�erence between these two gives the induced dipole moment of

the cluster for that vibrational mode� � is simply the square of this value�
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��	 Discussion of the methods used in AIMPRO

AIMPRO is a real space Gaussian hydrogen�terminated cluster method� all of which

bring advantages and disadvantages to the calculational procedure�

	���� Density functional theory 
 Local Density Approxi�
mation

One of the greatest advantage of density functional schemes under the local density

approximation is their reliance on the charge density as the fundamental variable�

which greatly simpli�es the amount of calculation required� However they consis�

tently underpredict bandgaps 	this is to some extent compensated by the use of

clusters� see Section ����� below
� and as a ground state theory they are restricted

in their application to excited state problems� Various methods have been used

to try and overcome this� notably constrained relaxation techniques to determine

saddle points 	see Section �
� In addition since the wavefunction eigenvalues are a

computational tool and do not directly link to experimental eigenvalues� physical

interpretation of these states is somewhat dangerous 	although there is normally

qualitative agreement between the two
� Current work suggests Slater transition

methods may provide a way of quantitatively relating the two �����

Density functional theory under the local density approximation is well known

for overbinding of molecules such as O�� but can be greatly improved through

the use of gradient corrections� AIMPRO actually does better than the standard

DFT result� shown in Table ���� These results support the conclusion that we are

obtaining good structural and vibrational data� but need to improve the accuracy

of our total energies� However the magnitude of such errors normally decreases

with system size� The local density approximation is good for smoothly varying

systems� so given that other DFT
LDA calculations on oxygen
silicon structures

have also had trouble with total energies 	see� for example� Chapter �
� it suggests

that part of the problem of innacurate total energies could be due to the local

density approximation�

	���� Real space

Calculating everything in realspace means that complex conjugate integrals can be

greatly simpli�ed 	removing all imaginary terms
� and it is much easier to directly

interpret wavefunction data� etc� in terms of bonding and anti�bonding orbitals

	given the caveat that they are Kohn�Sham wavefunctions� Section ���
� It removes

the need to �ll the whole calculational real space with �tting functions� thus large

vacuum regions 	e�g� seperating molecular species from bulk surfaces
 do not in�
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Source Binding O stretch Bond Length
Energy 	eV
 mode 	cm��
 	a�u�


AIMPRO� spin
averaged ���� ���� ����
polarised ���� ���� ����

Experiment ���� ���� ����
Quoted DFT ���� ���� ����
Hartree Fock ���� ���� ����

Table 
��	 Properties of the O� molecule� AIMPRO values are obtained using the standard basis
set described elsewhere in the thesis� i�e� six Gaussian �tting functions on each O atom for both
charge density and wavefunction� with three more Gaussian functions on the bond centre for
charge density and two for the wavefunction� All non�AIMPRO values from ��
��

crease the size of a calculation& unlike k�space plane wave calculations� In addition

it makes it easy to increase the local basis size around key atoms such as defect

cores or O atoms where a large basis set is required to accurately model the charge�

In order to accurately model oxygen in silicon a large basis set is required� For

real space methods such as this it is easy to locally increase the basis size� However

for plane wave calculations the basis is determined for the whole supercell by the

cut�o� energy of the plane waves� Using bhs pseudopotentials ���� this is typically

of the order of �� Ry for bulk�� and ���� Ry for surface calculations where the

size of the supercell is necessarily larger in order to include a vacuum region �����

However when including light elements such as carbon� nitrogen or oxygen this �gure

increases to something over �� Ry� for example� recent calculations on bulk GaN

used a cut�o� of ��� Ry ����� In order to increase the basis locally it is necessary to

increase the energy cut�o� for the whole calculation� leading to a rapid increase in

calculation size� The only way to overcome the computational restriction of this is

by changing the pseudo�potential� and using ultra�soft pseudopotentials� These are

more slowly varying nearer the core and so are easier to �t� However they have a

higher core energy and so are no longer norm�conserving� which leads to errors in

self�consistency� In addition� ultra�soft pseudopotentials are less transferable and

less able to cope with unusual structures� In the GaN calculation described above

the use of ultra�soft pseudopotentials drops the required cut�o� energy to �� Ry�

In general� structure converges quicker with cut�o� than band structure �����

�� Ry � �
�����eV
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	���	 Clusters

Clusters have many advantages over periodic systems� one of the strongest of these

being the variety of symmetries that can be accurately reproduced by producing a

cluster of the correct proportions� This makes symmetry constraining point defects

much easier� and allows easy examination of extended structure defects such as line

defects 	the non�zero Burgers vector means that it is impossible to handle a single

line defect in a supercell and they must be constructed in groups with cancelling

Burgers vectors
� Since a cluster is not periodically repeated it is easy to calculate

induced dipole moments�

Charged species are easier to handle with clusters� since the number of electrons

can be arbitrarily �xed� In a supercell an overall non�neutral charge would be

in�nitely repeated leading to an in�nite system charge� This problem is avoided

by adding an equivilent opposite uniform background charge to the supercell to

maintain its charge neutrality� Such problems become worse when� for example�

applying an external electric �eld& whereas with clusters a uniform �eld can be used�

for a supercell it has to be a sawtooth �eld in order to keep the �eld continuous

from one cell to its neighbour�����

However� clusters also have several disadvantages� The main one of these is the

potential for interaction between the cluster surface and the defect contained within�

This problem is avoided when supercells are used� but instead is replaced with

potential defect�defect interaction between neighbouring supercells� Finite cluster

size can also constrain electron delocalisation� Hopefully defect�surface interaction

should be minimised with the use of increasingly large clusters as we have access

to more powerful computing facilities� Such surface e�ects can be seen in small

polyaromatic carbon sheets used to simulate graphite� where the edge termination

can impose a Kekul�e structure across the sheet if it is too small� It is sometimes

useful to repeat calculations in di�erent cluster sizes to check the dependancy of

the result on surface proximity� Alternatively repeating a calculation with surface

hydrogen atoms held �xed and then allowed full relaxation gives an indication of

surface e�ect depending on the degree of relaxation�

Using �nite clusters increases the calculated bandgap of semiconductor material

due to the surface con�nement& this works against density functional theory which

tends to decrease band gaps��

Zinc�Blende type clusters present an additional problem over their diamond

lattice equivilents� due to the di�erent valency of the two atomic species present�

If such a cluster is atom centred and radially symmetric� it will terminate with an

�In the case of diamond these two e�ects almost cancel� giving an AIMPRO calculated bandgap
of ��� eV in a �� atom cluster� C��H��� compared to the experimental �gure of ��� eV�����
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outer shell of only one atomic species� so the cluster will be non�stoichiometric� In

order to have each covalent bond fully populated it is then necessary to charge the

cluster 	e�g� a �neutral� ��� atom In��P��H�� cluster has a charge of #� to remove

the excess P electrons
� The alternative is a bond centred stoichiometric cluster�

Although this does not have to be arti�cially charged� there will be a net cluster

dipole due to the non�symmetric arrangement of atoms� and this leads to anisotropy

in the bonds� The e�ect of these two types of cluster on the core defect structure

and vibrational modes can be seen in Chapter ��

The use of clusters with a �xed electronic charge means that it is sometimes

possible to obtain unphysical solutions� For example with highly delocalised states

such as e�ective�mass type states� these are normally very delocalised in physical

systems� However in a cluster approach they are forced to remain within the con�nes

of the cluster and hence can arti�cally occupy anti�bonding states� etc� For problems

such as the thermal donors this can be surmounted by running the defects in their

ionised charge state� and the e�ect of localisation can be tested by then checking

the structural change when the donor electrons are added once more�

	���
 H termination

If a realspace calculation is performed without using either periodic boundary

conditions���� or an embedding technique then the only other alternative is to use

clusters� A realspace cluster of atoms has a surface array of dangling bonds that

need to be saturated in some way in order to remove them from the gap and cor�

rectly simulate bulk material� This is achieved by terminating the dangling bonds

with H atoms� concentrating surface charge in correctly orientated chemical bonds�

Justi�cation for the use of a H terminated cluster approach comes from the

apparent scalability in chemical bonding from molecular species into semiconductor

bulk� For example� disiloxane� 	SiH�
�O has a Si�O�Si vibrational stretch mode of

���� cm��� only ���$ less than that of Oi in Si����� It has a Si�O bond length of

����� !A����� less than ���$ longer than the bondlengths we calculate here for Oi in

Si 	see Chapter �
�

If the surface H atoms are allowed to move� the number of iterations required to

reach a minimum energy structure is vastly increased� Surface H sits in a shallow

potential and as the defect core relaxes there is a �relaxation ripple� which runs out

to the edge of the cluster� Often over half of the conjugate gradient iterations are

spent moving the surface hydrogens with little overall change in the cluster energy

or defect core structure� If the surface H atoms are not allowed to move then it

is questionable to what extent the resultant cluster is in a fully relaxed ground

state structure� Ideally there should be no motion of the cluster surface indicating
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minimal interaction with the defect at the cluster core� but in practise such clusters

are prohibitively large� Fixing surface H atoms can lead to incorrect structures

where there is a large volume change� e�g� substitutional carbon and VOn centres�

A compromise between these two solutions that has been used for much of this

work is to con�ne the hydrogen atoms in an additional quadratic �spring� potential�

This is a crude �rst approximation to the additional rigidity that would be provided

if the cluster was embedded in bulk� Using a standard Si�Si bond spring constant

gave a potential that was too restricting� so where used in these calculations� the

spring strength is ��� eV
!A� Various other simple methods have been tried with less

success�

	���� Gaussian orbitals

Gaussian orbitals have the advantage that most integrals involving them can be

evaluated analytically� They are a relatively localised basis set that are ideally

suited to modelling rapidly varying functions such as wavefunction tail�o� away from

atomic cores such as oxygen� In this case the basis can easily be increased in the

regions of a cluster where it is needed� whereas plane wave methods have to increase

the plane waves throughout the supercell to achieve the same e�ect� However they

do not individually approximate solutions to the Kohn�Sham equations in the same

way as Slater orbitals� In addition� increasing the number of Gaussian orbitals used

to �t the orbitals can quickly lead to �over�completeness�� In this case the system

has functions which are very close with high overlaps� and can generate unphysical

eigenvalues as a result�

States that are highly delocalised in space� for example weak bonding between

distant molecular species� or fragments far from a surface� can su�er from the use of

Gaussian orbitals� since they are by their nature localised� However they work well

in large molecular clusters where often only a surprisingly small basis is required

to accurately model the structure� Using �xed electronic charge means that it

is impossible for a system to spontaneously lose or gain electrons� For example�

O�
� has a single very weakly bound electron that is distributed over a large space&

this delocalisation is not correctly modelled by AIMPRO and the preference of the

system to lose the electron is manifested in positive occupied eigenvalues�

	���� Bond centred Gaussian �tting functions

The use of bond centred �tting functions has a dual purpose� Firstly it allows better

modelling of the charge distribution in a bond centre� which is normally where the

valence charge is localised in a cluster� Secondly it removes the need to include d�
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orbital �tting functions on the bulk Si atoms� This is because the bond centred

Gaussians act on their nearby atomic sites with s� p� d� etc� character� the strength

of this e�ect tailing o� with distance between the Gaussian and the atomic site and

increasing quantum number� In order to maximise d�like character it is possible to

arrange these �tting functions symmetrically around an atomic site so that their p�

character exactly cancels& the minimum number of functions required for this is an

icosohedral arrangement� We tried this for some of the oxygen di�usion calculations�

where bonds are breaking and reforming and so it is not always obvious where bond

centred functions should be located 	see Chapter �
� however in practise they did

not increase the accuracy of the calculation and signi�cantly slowed calculation

time�

However bond centred Gaussian functions bring associated disadvantages� Such

additional �tting functions will locally improve the wavefunction and charge den�

sity modelling� thus lowering the cluster energy� This makes it harder to compare

di�erent structures� where the energy may change simply because the bond centred

functions are no longer in such optimal locations� This has proved to be a particular

problem in the case of oxygen in silicon where the cluster energy is critically de�

pendant on the number and location of bond centred �tting functions� They often

have little e�ect on �nal structure but the improved local charge description can

improve the local vibrational modes�

��
 Application of AIMPRO to the oxygen in sil�

icon problem

Oxygen in silicon is a problem well suited to modelling using AIMPRO� Oxygen

has a rapidly varying potential close to its atomic core which is much more suited

to �tting with real space Gaussian functions than sets of plane waves� Oxygen

related point defects in silicon exhibit a variety of di�erent defect symmetries which

AIMPRO is able to constrain accurately� Our use of additional �tting functions

placed at bond centred sites means that d orbital �tting functions are not required

on the Si atoms� greatly simplifying the computational problem� Finally� FTIR

has proved to be one of the most important experimental tools used to study these

problems� and we are able to theoretically calculate both the vibrational modes and

induced dipole moments of these modes� In combination with isotopic shift data

these are a good way of comparing experimental data with the theoretical models�



Chapter �

Hydrogen in III�V materials

�You�ve been in my life so long��� I can�t remember anything else��

Ripley� Alien � 	����


Hydrogen plays many di�erent roles in III�V materials� It is traditionally

thought of as a passivating element� able to di�use rapidly through the lattice

and terminate dangling bonds associated with other point defects� resulting in elec�

trically inactive complexes� However hydrogen plays many more roles than this�

and is actually able to form electrically active donors when fully hydrogenating

Group�III vacancy sites 	see below
� In order to have a better understanding of

the role played by hydrogen in these systems we examine two sets of problems&

hydrogenated vacancies in InP� and passivated Group II elements in InP and GaAs�

This chapter initially examines how hydrogen can complex with indium vacan�

cies in InP� producing a variety of donor and acceptor�like defects depending on

the number of hydrogen atoms present� It has been suggested that iron in InP

is compensated by a donor� related to the ���� cm�� local vibrational mode and

previously assigned to the fully hydrogenated indium vacancy� VInH�� We �nd that

VInH� acts as a single shallow donor� It has a triplet vibrational mode close to this

value� consistent with this assignment� We also analyse the other hydrogenated

vacancies VInHn�n " �� � and determine their structure� vibrational modes� and

charge states�

Substitutional Group II impurities act as acceptors in InP� but can be passivated

by hydrogen� We investigate the passivation of beryllium by hydrogen and �nd that

the hydrogen sits in a bond centred site and is bonded to its phosphorus neighbour�

Its calculated vibrational modes are in good agreement with experiment� We then

look at H passivation of Be and Mg in InP and GaAs� to examine trends with

variation in host material�

In order to accurately calculate the vibrational modes a set of parameters for

the Musgrave Pople potential is required for the host material 	see Section �����
�

��
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As our group did not have this for InP� the �rst task was to calculate them� This

also allows calculation of the bulk phonon dispersion curves� which provides a way

of evaluating the quality of the parameterisation�

��� Background

InP has the potential to be an extremely important III�V semiconductor material

for high speed electronic devices� It has both a higher mobility and thermal con�

ductivity than GaAs ����� making it suitable for high�speed switching circuits� and

its direct band gap makes it highly suitable for optoelectronic devices such as �eld�

e�ect transistors� It also has great potential for use in single�junction photovoltaic

cells� as its energy gap is close to that required for optimum solar radiation to elec�

tricity conversion ����� It is also relatively radiation resistant making it suitable for

solar cell use in space�

Trace impurities can lead to a deterioration in the electrical properties of InP

when such impurities are electrically active� For this reason there has been recent

interest in the possibility of passivating these residual impurities using hydrogen

���� ���� Hydrogen is also routinely used during technological processing of InP� A

hydrogen plasma is used during the fabrication of high�speed InP�based devices and

methane is used during reactive ion etching ����� For all of these reasons� a detailed

understanding of hydrogen related defects in InP is required�


���� Electrical e�ects and the role of Fe

There is great interest in the electrical e�ects associated with heavy iron doping

of InP� Iron doping is used to produce mid�gap levels� allowing the use of InP as

a semi�insulating substrate ���� ���� However Fe has many unusual properties in

InP which are not yet fully understood� In particular� the charge compensation

mechanism of iron has not yet been fully explained �����

It is known that in InP�Fe� the Fe substitutes for In and primarily adopts the

neutral Fe��In state 	labelled �# to denote its oxidation state
� However� some of the

iron is compensated� forming Fe��In � and metallic donor defects are not present in

su ciently high concentrations to account for this� Therefore it has been proposed

that another donor must be present� however its identity is not established� Recent

work has shown a correlation between the intensity of the ���� cm�� LVM and the

Fe��In concentration ����� suggesting that this defect could be the unknown donor�

When InP is grown by the LEC method using wet boric oxide as encapsulant�

the water vapour dissociates and hydrogen is incorporated into the material� The
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most intense H�related mode in as�grown crystals occurs at ���� cm�� 	found in

InP crystals both with and without Fe
� and has been associated with VInH� �����

This assignment has been made for several reasons� Uniaxial stress measure�

ments show the centre to have Td symmetry ����� consistent with VInH�� The LVM

lies close to that of other P�H related modes� and this is consistent with results

obtained for VH� in Si ����� The defect can be created by proton irradiation �����

which also leads to the creation of the required In vacancies�

H
D mixed defects have not been observed by mixed H#
D# implantation

because the signal to noise ratio of published spectra ���� is not high enough� and

the FWHPs of the proton� and deuteron�induced LVMs are too broad to resolve

the individual components� This last point is probably the origin of the apparent

decrease in intensity of the ���� cm�� line reported with mixed implantation� since

there are several components near ���� cm��� This is not the case for the LVM at

���� cm�� tentatively assigned to VInH� and this contrasting result also supports

the assignment�

Other LVMs in SI InP include H�acceptor modes 	mainly 	Zn�H

 due to inad�

vertent contamination� as well as other LVMs whose origin is not clear� In slightly

n�type InP�Fe� the 	Zn�H
 LVM is not observed� but another LVM at ���� cm��

is always observed� Annealing of LEC InP produces LVMs attributed to partially

hydrogenated vacancies� but these are much lower in intensity than the line at

���� cm���

There has been no theoretical examination of these defects performed to date�

We therefore investigate the structure� local vibrational modes and charge states of

a range of hydrogenated vacancies� VInHn�n " �� ��


���� Group II impurities in InP

Group II residual impurities are normally present in InP at low concentrations�

They are known to act as acceptors� producing shallow levels in the gap ����� It has

been observed that the presence of hydrogen is able to passivate these impurities�

and it is only recently that there have been attempts to fully understand this process

���� ����

Experimental investigations of H� and D�plasma passivated Be� Mg� Cd and Zn

have been performed ����� Infra�red absorption studies show hydrogen local vibra�

tional modes 	LVMs
 which lie in the frequency range where P�H stretch modes are

expected 	
���� � ���� cm��
� This suggests that hydrogen bonds to phosphorus

atoms in the lattice instead of the acceptor impurities�

Uniaxial stress measurements show that these acceptor � hydrogen defects have

C�v symmetry ����� Therefore� since these Group II acceptors are known to substi�
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tute for indium� hydrogen must lie somewhere along the h���i acceptor�P direction�
Passivation with a mixed H�D plasma produces no peak splitting� suggesting that

there is only one hydrogen atom present in each defect� It was suggested that pas�

sivation occurred through a chemical recombination� allowing a lower coordination

for the Group II acceptor atoms and tying up the resultant dangling bond on the

neighbouring phosphorus atom �����

We examine several possible Be�H complexes in InP in order to determine the

lowest energy structure and the passivation mechanism of the hydrogen� We then

examine how H passivates Be and Mg in InP and GaAs� to examine trends with

variation in impurity or host material�

��� Method

Initial calculations on pure InP used an �� atom bond centred cluster� In��P��H��

with C�v symmetry� We �tted a Musgrave Pople interatomic potential to the pure

InP dynamical matrix and used this to determine the bulk phonon modes 	see Sec�

tion �����
� We used a combination of charge neutral Gaussian orbitals with highly

localised charge varying Gaussian orbitals near the atom cores 	see Section ���
�

Eight Gaussian orbitals were used to �t each In and P atom for charge density�

with a similar number for the wavefunction� Two Gaussian orbitals were used to

model the wavefunction of the surface H atoms� and three for their charge density�

Bond centred �tting functions were placed on all bonds between the inner eight

atoms� Symmetry was maintained at C�v throughout� Hereafter for brevity the

number of �tting functions used will be listed after the element name� so that the

basis sets described above would be referred to as In	���
� P	���
 and H	���
�

In order to examine the hydrogenated vacancies� we generated a ��� atom hy�

drogen terminated InP cluster� In��P��H��� The central In atom was replaced by up

to four hydrogen atoms 	see Figure ���a
� Symmetry was only enforced for VInH
�
�

	Td
� Two electrons were added for each bond so that the resultant cluster charge

was #�� In order to keep the cluster charge constant� the structures optimised

were VInH
�
� � VInH�� VInH

�
� � VInH�� and V��

In 	Charge state is discussed further in

Section ���
� The electronic spin component was averaged� The basis sets used

were In	���
� P	���
 and H	���
� Bond centred Gaussian orbitals were placed on

the twelve In�P bonds neighbouring the vacancy�

For examination of the Be�H complexes we generated an �� atom hydrogen

terminated InP cluster� In��P��H��� This is In�P bond centred� The centre In atom

was replaced with Be� and a H atom inserted in one of three di�erent sites& anti�

bonded behind the Be� anti�bonded behind the P� and in the bond centre between
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a� b�

Figure ���	 Clusters used in the InP work� 
a� �
� atom In��P��H�� containing VInH
	
� � 
b� ��

atom cluster BeIn��P��H�� containing H passivated Be

Be and P� This resulted in the cluster BeIn��P��H�� 	see Figure ���b
� Symmetry

was constrained to C�v� The basis sets used were In	���
 and P	���
 for the seven

core InP atoms� In	���
 and P	���
 for the rest� Be	���
 and H	���
� Bond centred

Gaussian orbitals were placed between the inner nine atoms�

Cluster choice is discussed further in Section ������

��� Pure InP

Initial investigations centred on pure InP� in order to determine vibrational fre�

quencies and a phonon dispersion curve� and to obtain a set of Musgrave Pople

interatomic potentials for frequency calculations in the defect clusters�

After relaxation� we obtained central InP bond lengths of �����!A along the

h���i axis parallel to the C�v axis� and �����!A otherwise 	an error of ���$ and ���$

respectively� as the experimental bond length is ���� !A����
� The bond elongation in

the 	���
 direction is due to the intrinsic dipole moment of a bond centred cluster�

The nearest neighbour P�In�P bond angle was ������� and ������ when using the

In�P bond parallel to the C�v axis& these are within �� of the tetrahedral angle�

We next �tted the Musgrave Pople potential to the derivatives for the inner

eight atoms 	this is described further and the potential given in Section �����
� The

coe cients are shown in Table ����

A supercell calculation of the full phonon dispersion curve was performed using
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Atom kr k� kr� krr k��

In ����� ����� ������ ����� �����
P ����� ����� ������ ����� �����

Table ���	 Parameters for Musgrave�Pople Potential for InP in eV��A�� r� � �����

Location Mode Neutron Raman Far I�R� Theoretical
Di�raction Scattering
	���K
���� 	���K
���� 	��K
����

.	�����
 LO ����� ��� ������
TO ��� � � ����� ������

X	�����
 LO ��� � � ����� ������
TO ��� � � ����� ������
LA ��� � �� ����� ������
TA �� � � ���� �����

L	�� �
�
��

�
�
 LO ��� � �� ����� 	���
 ������

TO ��� � � ����� 	�
 ������
LA ��� � � ����� ������
TA ���� � ��� ���� �����

Table ���	 Phonon frequencies for pure InP 
cm���
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Figure ���	 Calculated Phonon Dispersion Curve for InP� ��Koteles et al ����� ��Hilsum et

al ����� ��Borcherds et al ��
�
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H

P

Figure ��
	 Schematic diagrams showing VInHn� n � �� �� The tetrahedral symmetry is shaded in
VInH��

the Musgrave�Pople interatomic potential� This is given in Figure ��� along with

various experimental values� Selected values from this curve are given in Table ����

We do not obtain any LO�TO splitting because of an absence of long range electric

�eld e�ects in the potential� The highest bulk phonon modes are ������ 	���
�

������ 	�����
� and ������ cm�� 	�����
 at .� X� and L respectively 	the experi�

mental modes are in brackets����� at ��K
� thus our frequency errors are 
 � cm���

The calculated band gap for InP was ���� eV� compared to an experimental value

of ���� eV deduced from optical data����� and is in good agreement with a previ�

ous LDF value of ��� eV���� 	see Section ��� above
� Our calculated band gap is

underestimated� which is unusual for a cluster calculation�

We conclude that our method gives bond lengths and local vibrational modes

within an acceptable error range�

��� Hydrogenated Vacancy Centres

Schematic diagrams of the hydrogenated vacancy centres are shown in Figure ����

The top Kohn�Sham eigenvalues of the hydrogenated vacancies are shown in Fig�

ure ���� These show that VInH� is a single shallow donor� Each of the defects

considered has a single shallow level close to the conduction band� We chose cluster

charge states to empty this level� since in practise it would thermally depopulate�

VInH� contains one electron in this level when neutral and hence is a single shallow

donor� All of the defects also possess a t��like state above the top of the valence

band which splits as the number of H atoms decreases�

As each hydrogen atom is removed from the vacancy� an electron is removed

from the highest occupied state� The resulting defects can act as acceptors that �ll

the t� �level when ionised� This level is already �lled in the case of VInH� so this

defect is electrically neutral� However VInH�� VInH and VIn will behave as single�

double and triple acceptors respectively�

The t��level is split due to the lower symmetry of the partially hydrogenated

vacancies� VInH
�
� has Td symmetry and therefore the level does not split� VInH� has

C�v symmetry� so the t� splits into an e� and a�� level� VInH
�
� has C�v symmetry
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Figure ���	 Top Kohn�Sham eigenvalues of the hydrogenated vacancies� 
a� VInH
	
� � 
b� VInH��


c� VInH
�

� � 
d� VInH��� 
e� V��
In
� Filled boxes indicate electrons and empty boxes indicate holes�

The eigenvalues have been arbitrarily shifted to align the highest �lled level below the t��like state
with zero�

which leads to three separated singlets� VInH�� and V��
In are directly comparable

with VInH� and VInH
�
� � with the dangling and hydrogen terminated bonds reversed�

in addition to the a � e level ordering� This t��like state gradually moves upwards

away from the valence band as hydrogen atoms are removed� In V��
In the t��level is

quite deep in the gap�

The indium vacancy� V��
In � �ts the trend of increasing acceptor character with

decreasing number of hydrogen atoms present� Previous calculations ���� also show

VIn to be a triple acceptor�

The local vibrational modes for VInH� with pure and mixed isotope composi�

tion are shown in Table ���� The highest IR visible mode for VInH
�
� at ������ cm

��

is in excellent agreement with experiment 	������ cm��� a ���$ error
� as is the

������ cm�� mode for VInD
�
� 	experimental value of ������ cm

��� an error of ���$
�

This small drop in error with deuteration suggests only limited anharmonic char�

acter in the bonding �����

The LVMs for the range of hydrogenated vacancies� VInHn�n " �� � are shown in

Table ���� The results show that as the number of H atoms in the vacancy increases�

the P�H bonds are shorten and the vibrational modes increase� This is due to the

compressive e�ect of the other hydrogen atoms on each P�H group� coupled with

the removal of dangling bonds from �unsaturated� P atoms which would have acted
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H� H�D H�D� HD� D�

/ ������� ������� ������� ������� / �������
T ������� D ������� ������� ������� T �������
D ������ ������� ������� D ������� D ������
T ������ D ������ ������� D ������ T ������
T ������ ������ ������ D ������

D ������ ������ ������
������ ������

������
������

Table ��
	 Calculated LVMs for the fully hydrogenated vacancy in InP� VInHnD	
m� n  m � ��

Note that �� IR Inactive� T� Triplet� D� Doublet

to attract the hydrogen away from its phosphorus neighbour� This is consistent

with previous results obtained for Si ���� ����

The shift in P�H length from VInH� to VInH is only ���$ 	from ����� !A to

����� !A
� but it leads to a ���$ shift in vibrational mode 	������ cm�� to ������ cm��
�

The calculated H� stretch modes of the partially hydrogenated vacancies could ac�

count for a group of experimentally observed vibrational modes lying between ����

and ���� cm�� ���� ����

High temperature annealing of InP�Fe reduces the concentration of VInH
�
� � This

is due to the partial dissociation of this centre and� up until now� only VInH has

been identi�ed with certainty� It is shown here that VInH� and VInH are acceptors�

In annealed high�resistivity material they should cause a drop in the Fe�� concen�

tration� This will be in addition to the decrease in concentration of Fe�� due to

loss of the VInH� donor�

In contrast� Bardeleben et al ���� found that thermal annealing of Fe doped InP

in the range ������� �C led to an increase in Fe�� concentration� They suggested

this was due to the formation of some unidenti�ed deep thermal donors� This could

be associated with other hydrogen complexes� However� from this work it seems

unlikely that hydrogenated vacancies are responsible�

In summary� the fully hydrogenated vacancy� VInH�� acts as a single donor due

to a partially �lled singlet near the top of the gap& thus VInH� will compensate Fe
��
In

in InP� Removal of hydrogen atoms from the vacancy leads to increased acceptor

character as the triplet state starts to empty�
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Defect Local Vibrational Modes Symmetry Bond
Exp ���� ���� 	����
 Calculation Length

VInH
�
� ������ ������ ������/ ������T �����D Td �����

VInD
�
� ������ ������/ ������T �����D

VInH� ������ ������D �����D C�v �����
VInD� ������ ������D �����D

VInH
�
� ������ ������ ����� C�v �����

����� ����� �����
VInD

�
� ������ ������ �����

����� ����� �����

VInH�� ������ 	������
 ������ ����� ����� C�v �����
VInD�� ������ ������ ����� �����

Table ���	 Local vibrational modes 
cm���� symmetry� and calculated bond lengths 
�A� of hydro�
genated vacancies in InP �� IR Inactive� T� Triplet� D� Doublet

Experimental Bond Centred Anti�Bonded behind P
H D H D H D

������ ������ ������ ������ ������ ������

Table ���	 Calculated and Experimental LVMs for H passivated Be in InP 
cm ���

��� Passivation of Group II Impurities

Be was used to determine the preferential site for hydrogen in the passivated Group

II acceptor�hydrogen complex� In order to maintain C�v symmetry along the 	���


axis� hydrogen can sit in one of only three sites� at the P�Be bond centre� or one of

the two anti�bonded sites behind P or Be 	see Figure ���
�

The structure with H lying in an anti�bonded site behind Be was ���� eV higher

in energy than the bond centred case� and so was energetically unfavourable� The

structure with H anti�bonded behind P was only ���� eV higher in energy than the

bond centred case� close to the expected errors in our calculation� In all cases the

gap was cleared of any acceptor levels by the presence of the hydrogen atom� showing

that it has passivated the acceptor activity� In order to determine whether the bond

centred or anti�bonded behind P model is correct� it is necessary to examine the

LVMs� shown in Table ����

As can be seen� the calculated LVMs for the bond centred case are in good

agreement with experiment 	errors of ���$ and ���$ for H and D respectively
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Figure ���	 Calculated structure for H passivated Be in InP 
bond lengths in �A�� Black dots mark
ideal lattice positions�

whereas the anti�bonded results are poor 	����$ and ���$ for H and D respectively
�

From this we conclude that H sits in the bond centred location�

The defect is shown in Figure ���� The large H�Be separation shows a lack of

bonding between them& the H atom is strongly bonded to P� The P�H bond length

is comparable to the P�H bond lengths in the hydrogenated vacancy� and compares

to an experimental bond length for the P�H� molecule of ���� !A����� The Be�P bond

lengths are similar to crystalline Be�P lengths in Be�P� 	���� !A
� The impurity is

displaced along the h���i direction away from the hydrogen atom to achieve this�
until it is co�planar with the phosphorus atoms�

Therefore we conclude that substitutional Be acceptors are passivated by a single

H sitting at a bond centred position between the Be atom and a nearest neighbour

P atom� We �nd a LVM at ������� cm��� ���$ larger than the experimental

frequency� There is also an undetected wag mode at ��� cm��� similar to the case

of the C�H defect in GaAs and AlAs ���� ����


���� Varying acceptor and host � InP� GaAs� Be and Mg

We next examined H passivation of Be and Mg in InP and GaAs to examine the

e�ect of changing acceptor and host type� We used Ga	���
� As	���
� In	���
� P	���


and H	���
 for surface H atoms� The core H was H	���
� with Mg	�����
 and Be	���
�

Bond centred Gaussian orbitals	���
 were placed in every bond centre of the cluster�

and symmetry was constrained to C�v� Clusters were �� atoms as in the previous

section unless speci�ed otherwise�

In all cases the energy di�erence between the bond�centred site and the anti�
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bonded site behind the Group V element 	either P or As
 was normally tiny and

much smaller than the expected error in our calculations� Again� in every case the

Group II element dropped back to a planar position in order to form three strong

bonds with its Group V neighbours� while the H atom formed a single strong bond

with its Group V neighbour� which also lay co�planar with its Group III neighbours�

Vibrational mode agreement was not quite as good as that of InP�Be�H� however

in all cases the bonds centred LVMs were in reasonable agreement with experiment�

and were more accurate than the anti�bonding modes� Previous work on GaAs�Be�

H by Briddon et al ���� produced better vibrational mode agreement� and this was

probably due to their choice of cluster� ���atom clusters have the advantage of

being stoichiometric� but then have an inherent cluster dipole moment which will

compress the core bond arti�cially� However atom centred clusters such as the ����

atom cluster have large charges to maintain the correct electron bond populations�

and this charging will also e�ect the local bond lengths� Although much of Patrick�s

work used smaller �� atom clusters� these have the advantage of being atom centred

and also only having a small cluster charge� leading to more accurate core bonds�

For comparison I have included results for both an �� atom and ��� atom cluster

of InP�Mg� and it can be seen that both the BC and AB modes converge on the

experimental �gure with the increase in cluster size�

In the only case where lower frequency modes are known� GaAs�Be� there is

excellent isotopic agreement with the BC site� unlike the AB site� This is the only

case theoretically where the Group�II metal A� mode lies above the H wag mode&

in all other cases the lower quoted frequency is that for H wag� This is re�ected in

the tiny H
D isotopic shift of the ��� cm�� mode of only � cm�� for GaAs�Be�

These results therefore suggest that both Be and Mg are passivated in InP and

GaAs through the addition of a single H atom to the bond centred site� This

bonds tightly to the Group�V atom� which moves co�planar with its three Group�

III neighbours� while the acceptor atom also moves away to lie co�planar with its

Group�V neighbours� As an additional check on the method� test calculations on

the same defects in GaN gave good vibrational modes for Mg with H in the AB

location� as well as predicting this to be more stable than the BC site� consistent

with current theories �����

��� Conclusions

We have shown that VInH� is a single donor forming VInH
�
� � with a donor level in the

upper part of the gap� It is tetrahedrally symmetric and the calculated vibrational

modes are in excellent agreement with experimental data for the ���� cm�� mode�
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Material Experimental Theoretical
BC AB

InP���Mg ������ 	�����
 ���� 	���
 ���� 	���

��� 	���
 ��� 	���


InP���Mg ������ 	�����
 ���� 	���
 ���� 	���

��� atom ��� 	���
 ��� 	���


GaAs��Be ������ 	�����
 ���� 	���
 ���� 	���

����� 	���
 ��� 	�
 ��� 	���


��� 	���
 ��� 	���


GaAs���Mg ������ 	�����
 ���� 	���
 ���� 	���

��� 	���
 ��� 	���


GaAs��Be 	Pat

�� atom ���� ���� ����

������� �������
�� atom ����

���
��� atom ����

���

Table ���	 Local vibrational modes of H�passivated Mg�Be in InP and GaAs� with H in the BC
or AB site neighbouring the P�As 
all modes in cm��� � �gures in brackets show drop with D
isotope�� The lower wag�type modes are doublets� the higher stretch mode a singlet� Clusters are
�� atoms unless speci�ed otherwise�
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VInH� is shown to be electrically inactive� but the partially hydrogenated vacan�

cies� VInH� and VInH act as acceptors� forming VInH
�
� and VInH�� with acceptor

levels in the lower gap region� VInH� compensates Fe
��
In leading to the formation

of Fe��In � The donor electron could also be trapped by the partially hydrogenated

vacancy centers� VInH
�
� � and VInH��� or even V��

In � however these are present in

much lower concentrations than VInH
�
� �

Darwich et al����� have observed a number of vibrational modes in their InP�Fe

samples between ������� cm�� and ������ cm�� which have been attributed to

H�related complexes����� and we suggest that the partially hydrogenated vacancy

centers could account for at least some of these modes�

In agreement with experiment� the calculations show that H is able to passivate

Group II acceptors such as Be� It lies bond centred between Be and P� and forms

a strong bond with P rather than Be� Both the Be atom and its P neighbour drop

away from each other along the C� axis so as to lie co�planar with their three other

neighbouring atoms� This result seems to hold true for both Be and Mg� in InP as

well as GaAs� Since it appears that H passivates Mg in the AB site for GaN it would

be interesting to extend this current study to further acceptor impurities such as Zn

and Cd� as well as other III�V compounds� to determine any trend in passivation

site with host material and acceptor type� In addition� fully hydrogenated vacancies

should act as donors in other III�V materials and this study could be extended to

examine that�



Chapter �

Vacancy � Oxygen complexes in

Silicon

��� Introduction

In this chapter we examine the interaction between oxygen and vacancies in Si�

Vacancies are introduced into Si in large quantities through irradiation treatments

such as electron irradiation or ion implantation� Although most of the resultant

vacancies and self�interstitials immediately recombine� large quantities remain� An�

nealing causes a mixture of recombination and complexing with other impurities in

the crystal� In Cz�Si grown wafers there is a radial band of high vacancy concentra�

tion with radially varying vacancy and self�interstitial concentration� In all of these

cases it is important to know how vacancies behave in the presence of oxygen� An

attraction between V and Oi would be expected due to lattice strain compensation

arguments�

The most common oxygen�vacancy complex is the VO centre 	or �A� centre
�

consisting of a single o��site substitutional oxygen� Annealing at ����C leads to

the gradual loss of VO centres� as they are replaced� initially with a defect with

vibrational modes at ��� and ���� cm��� and then with a defect with a mode at

��� cm��� One of the primary objectives of this section is to positively identify

this defect� and we show it to be VO�� a prediction which has since been veri�ed

by experiment� Annealing at ����C and above leads to higher order Vm�On defects

that form from the ��� cm�� defect�

We show here that the VO� defect has D�d symmetry and only one calculated O�

related high frequency IR active mode at ��� cm��� The VO� defect has three high

frequency IR active modes� The V�O defect has one such LVM� at lower frequency�

These results provide strong support for the assignment of the ��� cm�� 	��� K


local vibrational mode to VO��

We also discuss the annealing behaviour of the VOn centres including interme�

��
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diate species that form between VO and VO�� the role of oxygen dimers� and the

possibilities for higher order VOn species�

����� The VO Centre

Irradiation of Si at room temperature produces mobile vacancies and interstitials�

The former trap Oi yielding A�centres� or VO complexes ����� These are the pri�

mary oxygen�related defect in radiation damaged Cz�Si� and form irrespective of

the irradiation method 	electrons� protons� neutrons� ��particles� ��rays� etc�
 The

structure of the negatively charged centre has been established by EPR ����� whereas

uniaxial stress studies on the local vibrational mode 	LVM
 at ��� cm�� 	���K
 has

shown that the neutral defect has a similar structure ����� This consists of an O

atom bridging a pair of Si neighbours of the vacancy 	Figure ���
� The defect has

associated vibrational modes at ��� and ��� cm�� for the neutral and negatively

charged species respectively� The defect has an acceptor level at Ec����� eV� possi�
bly due to the strained Si�Si bond between the other pair of Si atoms bordering the

vacancy� The lines are� however� broad and no ��Si isotope shifts are seen ����� The

reorientation energy of the centre is surprisingly low� at only ���� eV ����� Their

barrier to migration is ��������� eV ���� 	also given as ���� eV ���� ���
� allowing
them to migrate at lower temperatures than Oi�

����� The formation of VO�

The OV defects anneal out at around ����C and a new line appears at ��� cm��

	� K
 which then grows in intensity ������ This band shifts to ��� cm�� at room

temperature� The original proposal ����� was that the absorption is due a VO�

defect� i�e� two O atoms sharing a vacancy� each bonded between two of the Si

vacancy neighbours 	Figure ���
� The symmetry is then D�d� There are three

processes which contribute to the demise of VO�

�� Initially a fast process in which the �Oi� rapidly increases� This may be related

to the break up of aggregates of Sii introduced during the irradiation� This

then leads to the reaction� VO # Sii � Oi ���� ��� ����

�� A second slower process� This is assumed to be� VO # Oi � VO� and caused

by VO di�usion to the immobile 	at ����C
 Oi� This assignment is based on

the ���� eV activation energy ����� the migration barrier for VO di�usion�

�� Not all VO is lost by this second process and a third involves VO being

captured by some 	unknown
 defect and producing Oi� Roughly half of VO

can meet their fate in this third process�
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Support for the VO� assignment of the ��� cm�� defect comes from its IR�

absorption intensity which is approximately proportional to �Oi�� when VO has

disappeared� However� there is no loss of Oi� as measured by IR�absorption� during

the slow stage when the ��� cm�� defect is being formed ����� This initially provided

the necessity for the third formation mechanism given above� however recent studies

by Londos et al ���� show two distinct activation energies in the slow process� with

a switch in dominance at about ����C� In addition they showed that above ����C

VO� absorption continues to increase� even though VO levels have almost stabilised�

Further� early uniaxial stress studies on the ��� cm�� defect ���� concluded that

its symmetry was lower than D�d& unless the symmetry was D�d� two O�related

LVMs would be expected� However� prompted by our theoretical investigations�

Bech Neilsen et al ���� re�examined the defect with uniaxial stress and showed

it to possess either C�v or D�d symmetry� Although it is di cult to distinguish

between the two� they have recently performed a range of stress�induced dichroism

experiments that were able to unambiguously show D�d symmetry ���� 	see below
�

Finally� for mixed ��O���O samples� only two LVMs were detected and not three

���� ���� with isotopic shifts indicative of a single oxygen atom� This shows that

the two O�modes in this model for the ��� cm�� centre are decoupled even though

their separation can only be a few !A� This objection is not fatal as earlier modelling

studies ���� found that the O atoms were decoupled in the LVMs�

The di culties ���� described here have led to an alternative assignment of the

��� cm�� LVM to V�O ����� This defect would possess only one LVM and possess

C�h symmetry� Presumably� in this model vacancies are thermally released from

VO or Vn complexes and form stable divacancies which subsequently trap VO�

EPR studies have suggested ���� that complexes such as V�O and V�O� with S " ��

form and anneal out around ����C although Davies et al ���� suggest that V�O may

be responsible for an LVM at ���� cm�� 	�� K
� This defect anneals out around

����C�

����	 Higher order VOn defects

The ��� cm�� defect also anneals out around ����C� whereupon LVMs around ����

��� and ���� cm�� 	��K
 are found� The intensities of these LVMs appear to be

correlated� Another band at ��� cm�� also arises but its intensity is not correlated

with the other three� Corbett et al ����� assign the three LVMs to VO� where Oi is

trapped near the VO� centre� since at this temperature Oi is now mobile� Thus VO�

does not dissociate but traps Oi� Support for this assignment is that the rate of

growth of ��� cm�� line is proportional to the product of the intensities of the ���

cm�� line and that due to Oi ����� However� the interpretation here is dependent
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Figure ���	 The OV centre in Si� The box indicates the ����� directions�

on the assignment of the ��� cm�� defect�

Further lines have also been seen and tentatively assigned to VO� complexes�

and a study of higher order VOn defects is currently underway by Lindstr�om and

Hallberg�

��� Method and Results

We used a ��� atom cluster surrounding a vacancy to which O atoms were suc�

cessively added� Si
�H��On� All the atoms other than the surface H atoms were

relaxed� and symmetry was constrained where appropriate� Unless stated other�

wise the defects were all charge neutral and spin averaged� For many of the later

runs we experimented with many of the cluster parameters� e�g� the status of the

surface H atoms 	�xed� free� or constrained in quadratic �spring� potentials
� and

the arrangement of additional bond centred �tting functions� These are discussed

below in the relevant sections�

����� The VO Defect

The O atom lay ����� !A away from the centre of the vacancy and formed Si�O

bonds of length ����� !A� The Si�O�Si angle is ����� There are two short back Si�Si

bonds 	����� !A
 and one long one 	���� !A
� This is similar to the Ci defect in Si

����� in that the h���i bonds in the Si�O�Si plane are dilated� while the bonds above
are compressed� The other pair of Si atoms bordering the vacancy have a shared
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Figure ���	 The O�V centre in Si� The box indicates the ����� directions�

Si�Si bond length of ���� !A� The O atom is known to lie in a shallow h���i oriented
potential valley� and so the precise bond angle is di cult to calculate& however this

is in sensible agreement with earlier calculations which gave �������� and ���������

There is an empty mid�gap level� consistent with the acceptor level seen experi�

mentally at Ec � ���� eV� The LVMs are given in Table ��� and Fig� ��� shows the
structure of the defect� The defect is very tensile and the Si atoms are pulled in from

their ideal lattice sites to form either Si�O bonds or the reconstructed Si�Si bond�

The highest mode at ��� cm�� is an asymmetric stretch of the two Si�O bonds and

is within �� cm�� of the observed mode� This is much lower than the stretch of

bond centred Oi in agreement with the dilated bond lengths� It shifts �� cm�� with
��O in good agreement with the observed shift of �� cm�� ����� This shows that the

method gives isotopic shifts more accurately than the absolute frequencies�

In the last column of the table� one of the ��Si neighbours has been replaced

by ��Si� This gives a shift of � cm��� less than the � cm�� width of the line �����

Presumably the mode is broad because of anharmonic e�ects� the reorientation

energy of the defect is only ���� eV�
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����� The VO� Defect

This structure 	Fig� �b
 has D�d symmetry with four Si�O bonds of length ����� !A�

These are shorter than those in VO and lead to higher frequency vibrations� They

are� however� longer than those of Oi 	����� !A ����
� and the defect is still tensile�

The Si�O�Si angles are ���� and the O�O separation is ���� !A� There are six LVMs

	see Table ���
� The highest at ��� cm�� are E modes and represent independent

motion of the two O atoms� There are no additional modes in the mixed O�isotope

case� The mode at ��� cm�� represents stretch of the O�O bond and is IR inactive�

The E mode at ��� cm�� does display coupled motion of the O atoms� This mode

then gives additional O�O bands in the mixed isotopic case� There are no gap

levels associated with the defect� The LVM at ��� cm�� is about �� cm�� below

that possibly assigned to the defect� but no other modes have been reported� It

has good agreement with the experimental isotope shifts� and shows the correct

upwards shift from VO � VO��

Since performing this work� new symmetry investigations by Lisby and Bech

Nielsen ���� have determined the symmetry of the defect giving rise to the ��� cm��

defect as being D�d� Initial uniaxial stress experiments determined that it was either

C�v or D�d� but the resolution of the �ts was not able to distinguish between the

two� They have since performed stress induced reorientation experiments� where

stress is applied at ����C� maintained while the sample cools� and then released

�����

If a defect is either tensile or compressive it will tend to reorient itself at the

higher temperature with respect to the applied stress �eld� If� for example� this

stress �eld is applied along h���i � and the defect has inequivalent h���i directions�
this means the defects will preferentially align� If the defect is tensile along h���i it
will line up with the stress �eld� and if compressive along h���i it will line up along
one of the two remaining unstressed h���i directions� If the defect symmetry means
it has no preferential h���i direction� they will remain randomly distributed with
respect to the stress direction�

The sample is then cooled to quench this orientation in� and the stress removed�

If the sample is now probed using FTIR along di�erent h���i directions� if the
defects are preferentially aligned along one of these the signal will exhibit dichroism�

i�e� the signal will appear stronger in one of the h���i directions than the others� In
practise� as the chosen h���i direction of stress is known� applying FTIR along one
of the other h���i directions and comparing to the sample before stress is su cient
to show such dichroism� If the defect possesses no preferential h���i direction� there
will be no alignment e�ect and the signal before and after stress will be the same�

Stress applied in this way for VO� along h���i and h���i produced dichroism
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whereas h���i stress did not� This is consistent with D�d symmetry but not C�v

	which has inequivalent h���i directions
� This result is su cient to exclude both
the V�O model and the C�v structure described below� and coupled with our theo�

retical investigation show that the defect responsible for the ��� cm�� line is indeed

VO��

While investigating this structure we examined various other possible con�gu�

rations of V # O�� including a C�v structure where the oxygen atoms were inserted

in Oi positions in bonds neighbouring the vacancy� one either side along the same

h���i orientation� Unfortunately we found that this was a lower energy structure
than the VO� model presented here� We investigated varying the structure to see if

we were inadvertently trapped in some local minimum� and also tried varying the

basis set� however in every case it remained lower in energy� We also varied the

cluster surface treatment� holding the surface H atoms �xed� allowing them to move

freely� and constraining them to move in a quadratic spring potential� but again

none of these reversed the energies�

This model cannot be the correct one for several reasons& it does not have the

correct 	D�d
 symmetry and the vibrational modes are wrong� In addition there is

coupling between the oxygen atoms� so multiple modes are observed in the mixed

isotope case in contradiction with experiment� We are unable at present to explain

why we obtained the energies incorrectly� but note that J� Chadi also found that

addition of Oi to a VO centre was an endothermic process ����� One possibility is

that there is some charge redistribution to the cluster surface which helps to stabilise

pure V�based structures� however this alone is insu cient to explain the di�erence�

Alternatively our charge density modelling may be inaccurate for vacancy�based

structures� and the addition of gradient corrections to the exchange�correlation

energy or the use of a plane wave basis set may overcome this problem� Recent

tests with a new supercell version of AIMPRO that avoids intermediate �ts to the

charge density correctly gives the D�d structure as ����� eV more stable than the

C�v structure& further investigation is required to determine whether this is an e�ect

of the basis or the supercell�

����	 Alternatives to VO� � the V�O Defect

This possesses Si�O lengths of ���� and ���� !A with a Si�O�Si angle of ����� The

Si�O bonds are longer than in VO� and close to those in the VO centre� There

is very little reconstruction of the Si�Si bonds in the divacancy and consequently

there is an empty state very close to a �lled mid�gap state� The LVMs are given in

Table ���� and the structure is shown in Figure ���� There is a single mode at ���

cm��� almost the same frequency as in the VO defect� Thus the calculations give
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Figure ��
	 The OV� centre in Si� The box indicates the ����� directions� The two central dots
mark the vacant lattice Si sites�

no support for an assignment of the ��� cm�� defect to a V�O complex ����� It is

then unlikely that V�O complexes have high frequency modes and this casts doubt

on the assignment ���� of the ��� cm�� line to this defect� In addition the V�O and

V�O defects do not have the required D�d symmetry ����� The table also shows the

e�ect of replacing a ��Si neighbour of O by ��Si�

Divacancy complexes are a common vacancy impurity� which combine with Oi

to form V�O� These centres are more common in heavily damaged samples� V�O

and V�O can� in addition to our studies� be ruled out as candidates for the ��� cm��

line on the basis of various annealing studies� Lee et al showed V�O anneals out at

the same temperatures as VO ����� Other studies show it to anneal out at around

��� �C to form V�O and V�O� ����� with V�O� going on to form either V�O� or

V�O� ����� Although these results are not consistent with each other� neither �ts

the annealing properties of the ��� cm�� mode� For these reasons V�O can also be

ruled out as a candidate for the ��� cm�� line�

����
 The VO
 Defect

VO� forms at ����C when VO� traps an additional Oi� This defect 	shown in

Figure ���
 has an additional O atom� say Oc� next to VO�� The bonds of the Oc

atom are ����� !A to the Si atom bordering the vacancy and ����� !A to the further
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Symm� ��Si��O ��Si��O ��Si��O��O ��Si��O

VO
B� ����� ���� � ���
Expt� ���� ��� ��� ��

VO�

E ����� ���� ���� ���� ���� ���
A� ����� ���� ��� ���
E ����� ��� ���� ��� ���� ���
B� ����� ��� ��� ���
Expt� ���� ��� ��� 	� K
 �� 	��� K


V�O
A ����� ���� � ���� ���

VO�
��O ��Oc

��Ob
��Oa

A ����� ���� ��� ����
A ����� ���� ��� ����
B ����� ��� ���� ���
A ����� ��� ��� ���
A ����� ��� ��� ���
B ����� ��� ��� ���
A ����� ��� ��� ���
Expt� ����� ����� ���� ���

Table ���	 Calculated and Experimental Frequencies� cm��� of LVMs of VOn defects � isotope
values show downwards shift of the modes with shifting isotope� a� b� c for VO� refer to Figure ����



CHAPTER �� VACANCY � OXYGEN COMPLEXES IN SILICON ��

Figure ���	 The O�V centre in Si� The box indicates the ����� directions�

Si� These are much shorter bonds and naturally lead to higher O�related local

modes� Oc is bonded to a Si atom which is also bonded to another O�atom� say

Oa� with length ����� !A� Oa is also ����� !A away from the other Si atom bordering

the vacancy� The third O atom� Ob� also lies within the vacancy and possesses

two bonds of length ����� !A� Thus the presence of the additional O atom has only

slightly perturbed the O atoms within the vacancy� Their separation is ����� !A�

The LVMs are given in the table� The ��� and ��� cm�� modes are localised

on Oc and Oa� The ��� cm�� is localised on Ob� The ��� cm�� and other modes

are extended over all the O atoms� Thus the e�ect of an additional O is to displace

upwards the mode due to VO� by about ��� cm�� and introduce an additional

mode ����� cm��� This top mode is in good agreement with a mode found at

���� cm��� although the other modes are about ������ cm�� too low� A similar

error was found for VO�� and this error lies within the uncertainties of the method�

and again� the upward mode shift from VO� � VO� is correctly predicted� The

prediction and observation of three O�related modes supports the assignment of the

modes at ����� ���� ��� cm�� to VO� and therefore indirectly the ��� cm�� mode

to VO��

Just as we had trouble �nding the lowest energy structure for VO�� we also found

a low energy structure for VO� consisting of an OV centre with two Oi atoms in the

dilated bonds neighbouring the Si�O�Si of the OV� This is similar to the alternative

VO� model described above but with an additional Os sitting in the vacancy� This
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Figure ���	 The OV�Oi centre in Si� pre�cursor to the O�V� The box indicates the ����� directions�

proved to be lower energy than the VO� model described above� and also had good

agreement with experimental LVMs� However since the energies of VO� have to

be corrected in order to �nd the actual lowest energy structure we have assumed

this also applies to VO�� and so exclude this model� Experimental stress induced

alignment experiments should be able to di�erentiate between these two centres�

since the VO� presented above has C�h symmetry� whereas this low energy VO� has

C�v symmetry� Work is currently underway on the higher order VOn complexes by

Lindstr�om and Hallberg� and hopefully they should be able to check this�

����� The OV�Oi pre�cursor to the VO� centre

Annealing OV centres at ����C or above leads to their breakdown and the formation

of VO�� However� a set of careful annealing experiments by Londos et al after

neutron bombardment ���� ��� showed that at ��������C in long time anneals 	���

hours
� a pair of LVMs at ��� and ���� cm�� appear� As the ��� cm�� VO� line

grows� these two peaks anneal out� These peaks are only seen when the material is

initially neutron bombarded& electron irradiation does not lead to these pre�cursors�

They speculated that these modes were due to a metastable intermediate struc�

ture consisting of a VO centre with a neighbouring Oi� which forms when VO

di�uses through the lattice to a Oi atom� This then has to overcome an energy

barrier to form VO�� We modelled the proposed structure with Oi in a Si�Si bond

neighbouring the Si�O�Si of the VO centre� in the same h���i plane� This is the
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��Oi���Os
��Oi���Os

��Oi���Os
��Oi���Os

Relaxed
��� �� � ��
��� �� �� ��
��� �� � ��

Shifted Shared Si
��� � �� ��
��� �� �� ��
��� �� � ��

Experimental
����
���

Table ���	 LVMs associated with Oi�Os� the pre�cursor to O�iV� All modes are in cm��� later
columns show downwards shift as isotopes are changed as listed�

natural bond site for the Oi to adopt if it is not yet in the vacancy� since the bond

is dilated and also highly polarised due to the neighouring Os� The shared Si atom

is able to move into the vacancy towards Os� so that the Si�O bond lengths of both

O atoms are very similar 	this behaviour also occurs in VO�
� The Oi has an outer

Si�O bond of ���� !A and a shared Si�O bond of ���� !A� Os also has an outer bond

of ���� !A but its shared bond is slightly longer at ���� !A� Both have Si�O�Si bond

angles of ����� The resultant vibrational modes are given in Table ����

As can be seen� the modes are in reasonable agreement with experiment� How�

ever� the LVMs are highly sensitive to the position of the shared central Si atom sit�

ting between the two O atoms� Moving this Si atom along h�������������������i !A�
less than ���� !A towards the Oi� causes the modes to shift into excellent alignment

with experiment� as can be seen from the table� There is currently no isotopic shift

data available on these peaks�

��� Discussion

The results give strong support to the idea ����� ��� that VOn complexes prefer�

entially form during annealing of irradiated O�rich Si� The VO� defect gives three

IR active modes but only one has been detected� VO� gives three high frequency

LVMs which have all been detected� VnO complexes on the other hand give modes

close to VO� i�e� around ��� cm��� VO� appears to have no connection with TDs

���� but may be a nucleus for oxygen precipitation�



CHAPTER �� VACANCY � OXYGEN COMPLEXES IN SILICON ��

One of the remaining questions is why �Oi� does not decrease when VO anneals

out at ���� and VO� is formed� We originally proposed this was due to oxygen

dimers ���� complexing with vacancies� and recent work by Londos et al ���� seems

to con�rm this� The third� slow� formation process for VO� occurs while VO levels

remain relatively static� suggesting that this is not a VO transformation process� It

is known that vacancy aggregates exist in the material and frequently release and re�

trap isolated vacancies� It therefore seems likely that these isolated vacancies in the

structure are soaking up oxygen dimers� Alternatively there could be a breakdown

of VO centres as they trap dimers� and the release of Oi through this mechanism

roughly balances the loss of Oi through trapping of Oi by VO centres�

Di�erent treatments will place di�erent emphasis on each reaction step� but it

now seems that the following processes contribute to the breakdown of VO and the

formation of VO� 	the numbering corresponding to the three regimes discussed in

Section �����
�

�a � VO � V#Oi

b � VO# Sii � Oi

� � VO#Oi � VO 	 	 	Oi

VO 	 	 	Oi � VO�

� � V # O�i � VO 	 	 	Oi	�

VO 	 	 	Oi � VO�

Processes such as

VO# VO � V�O�

V�O� � VO� #V

are unlikely due to the low concentration of VO centres as compared to other

defects such as Oi� Note that unlike normal Cz�Si there will be a large number

of Sii present in this material due to the irradiation� This complex behaviour of

VO destruction and VO� formation provides strong evidence for the presence of

interstitial oxygen dimers in Cz�Si� since without them it is di cult to explain the

observed reaction processes�

There is also some uncertainty about the formation kinetics of the VO� defects�

Corbett et al ����� pointed out that the growth of the VO� bands was anomalously

fast and required either a very non�uniform distribution of Oi or a di�usivity of VO�

higher than that of Oi� However more recent work by Lindstr�om et al ���� states

that the activation energy for the growth of VO� is close to that of the di�usion of

Oi� suggesting that Oi di�uses to immobile VO�� If Corbett is correct there could

naturally be Oi present quite close to many of the VO� centres� This could occur

by
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VO#O�i � V#Oi #O�i � VO� #Oi

which could leave the Oi quite close to the VO� centre� An alternative is that

VO� is breaking down to VO and then trapping a dimer before the VO can lose

its second oxygen� The activation energy observed by Lindstr�om is then actually

the activation energy for the formation of the dimers in the �rst place� since once

formed they can rapidly migrate to these VO centres� It seems a new study of the

growth of VO� is called for which should also include the e�ects of mobile dimers�

Finally we note that when Oi is complexed with a defect imposing tensile strain

on the lattice� such as VO� N� ����� or Cs ������ the Oi�related LVM is reduced from

���� cm�� to around ���� cm��� TDs also have modes in this region ����� and this

suggests that they might consist of O atoms surrounding a core which gives rise to

tensile strain� This need not be a vacancy� as many defects such as interstitial N�

pairs ������ Ci ����� and Sii ����� can also give dilated Si�Si bonds� This will be

discussed further in Chapter ��



Chapter �

Oxygen	Oxygen defects

Although oxygen is able to complex with a wide variety of other point defects such

as vacancies� carbon and nitrogen atoms� probably the most important reactions

of O in Cz�Si are those involving aggregation of more than one Oi atom� Oxygen

aggregates are believed to be responsible for the family of thermal donors 	with

the possible addition of Sii
� and it has been speculated that fast di�using pairs of

oxygen atoms may dominate many of the defect formation processes�

In this chapter� we examine the way oxygen behaves in silicon without any

other point defects present� We initially examine isolated Oi� and then an oxygen

dimer� O�i� This includes structural and vibrational mode analysis� as well as

determination of the migration barrier and path� We then go on to look brie�y at

higher order oxygen complexes such as the trimer� O�i� and discuss their implications

in the development of other defect species such as thermal donors� Since this is still

very much work in progress� many of the conclusions are necessarily open ended�

��� Background

����� Interstitial Oxygen

The primary con�guration for oxygen in silicon is single interstitial oxygen� Oi 	see

Figure ���
� Oi sits in a bond centred 	BC
 site between two lattice Si atoms�

dilating the Si�Si bond by around ��$ ����� ���� ����� It has a Si�O�Si bond angle

of ��������� and is able to precess around its Si�Si bond with a low energy barrier

	less than ���� eV
� It is electrically neutral� Table ��� gives various properties of

Oi� both experimentally determined and as calculated by various theoretical groups�

Thus general consensus puts the Si�O bond length at ���� !A� similar to that
in ��quartz at ��������� !A������ There is also remarkable consistency with the

properties of smaller Si�O molecules� The smallest of these is disiloxane� 	SiH�
�O�

	SiH�
� which has a Si�O bond length of ����� !A� Si�O�Si bond angle of ������ and

��
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Source Si�O length 	!A
 Si�O�Si angle LVMs 	cm��


Experimental
Bosomworth and Newman���� ���� ��� ����� ���

Theoretical
Previous AIMPRO����� ���� ��� ���� ��� ����� ���
Snyder et al����� ���� ��� ����� ���
Estreicher����� ���� ���
Oshiyama et al���� ���� ��� ����
Kelly����� ���� ���
Needels et al����� ���� ���
Artacho et al����� ���� ��� ����� ���

Disiloxane ���� ���� ���� ����� ����� ����� ���

Table ���	 Theoretical and Experimental Properties of Oi� The Si�O length is in �A and the Si�O�Si
angle in degrees�

vibrational modes at ���� and ��� cm�� ���� ���� ����� This �scalability� from small

molecular systems to the Si bulk provides indirect support to the cluster method

which similarly assumes that a large molecular cluster is a reasonable physical

approximation to the bulk�

The variation in bond angle is due to the potential surface perpendicular to the

Si�Si bond which appears to be fairly �at providing the bond lengths are kept ap�

proximately constant� Bosomworth et al� estimated this angle by �tting overtones

of the ���� cm�� bend mode to a simple potential for which they deduced a Si�O�Si

angle to be ����� supposing a Si�O length of ��� !A�����

The symmetric and asymmetric stretch modes are well reproduced by most

calculations 	see Table ���
� Previous AIMPRO calculations gave isotopic shifts

in good agreement with experiment ����� The ���� cm�� mode is an assymetric
O�Si stretch mode� The ��� cm�� mode is a symmetric O�Si stretch� where both Si

atoms move symmetrically along the bond while the O atom remains �xed 	hence

the mode does not shift when the O isotope is changed
� There is also a low

frequency �� cm�� bend mode� These modes� along with the AIMPRO calculated

values are given in Table ���� The primary ���� cm�� absorption peak has been

callibrated to the Oi concentration 	ASTM procedure F������
 �����

�Oi� " ����� ���� � Icm��

�Oi� " ����� �MAX � ���
cm��

Where I is the integrated absorption coe cient of the band and �MAX is the peak

absorption coe cient� The value of ���� replaced an earlier calibration coe cient
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of ���� in ����� and so any work based on these calibrations before that time should

be treated with caution�

Oi di�uses by hopping between bond centred sites� In order to achieve this

it has to break one of its current Si�O bonds� move to some intermediate state

often referred to as a �y�lid� ����� 	since in principal the O atom has three bonds
�

and then push its way into the next Si�Si bond� The di�usion constant for this

motion has been determined by several groups� and Mikkelsen ��� �tted data from

six independent experiments� leading to a di�usion constant for this motion of

D " ����e���	�eV�kBT cm�s��

This is valid over a wide temperature range� from ���������C� Stress induced

dichroism experiments show this barrier at temperatures around ����C ����� ����

����� Secondary ion mass spectrometry 	SIMS
 measurements ��� ���� also lead to

the same activation energy for the oxygen di�usivity at temperatures above ����C�

while small angle scattering measurements on the growth of small oxygen precipi�

tates show that the precipitation is controlled by oxygen di�usion at temperatures

above ����C ������

Below this temperature� the process is su ciently slow to become unusable� An

important question is whether long range oxygen di�usion and the growth of oxygen

precipitates at temperatures below ����C is controlled by the same process� It is

known that some impurities 	such as hydrogen
 can increase the low temperature

hop rate ����� ���� and reduce its activation energy to about ��� eV ����� ����� This

then increases the rate of oxygen precipitation as the thermal donor production rate

also increases� It has also been proposed that pairs of oxygen atoms may be able

to di�use faster than Oi� and this is discussed further below�

Various theoretical groups have attempted to model Oi di�usion� and the results

are summarised in Table ���� Apart from Jiang and Brown����� they all obtained

a saddle point midway between the two bond centre sites� either as an implicit

assumption in the calculations� or determined by mapping out the potential energy

surface ����� ����� There are large di�erences between the calculations� which may

be because the potential energy near the saddle point is rather �at�

Needels et al�� ����� suggested the adiabatic saddle point is ��� eV lower than

the experimental one� They argued that although an O atom provided with about

��� eV of kinetic energy moves close to the saddle point� it fails to open up the

attacked Si�Si bond and returns to its starting point� They suggested that the O

atom must develop kinetic energy of above ��� eV to avoid this return� More recent

work by Ramamoorthy and Pantelides ����� developed this idea and suggested that

the total barrier is a mixture of two independent barriers� namely that required
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Author Calculation 
 Measurement Barrier 	eV


Experimental
Mikkelsen ��� Best�Fit to various data ����
Mikkelsen et al ����� ���� ���� ����
Stavola et al ����� ���� ����
Bosomworth and Newman ���� ���� ���

Theoretical
Jones et al ����� Previous AIMPRO ���
Jiang and Brown ����� Empirical �t potential ����
Needels et al� ����� local DFT supercell ���
Oshiyama and Saito local DFT supercell ����� ���

Cluster calculation ���� ���
Estreicher ����� PRDDO ���
Kelly ����� s�c Greens Function ���
Snyder and Corbett ������ Kelly ����� s�c CNDO 
 MINDO� ��� � ���
Ramamoorthy and Pantelides ����� ���� DFT supercell ����

Table ���	 Experimental and calculated di�usion barriers for Oi 
eV�

to break and reform the relevant Si�O bonds� and a second barrier to break and

reform the other two Si�Si bonds� These two barriers together give a potential

surface crossed by a �saddle ridge�� the average height of which is around ���� eV�

����� The oxygen dimer

The �rst stage of O precipitation is considered to be the formation of a dimer�

O�i� It was originally proposed that rapidly di�using O� molecules could lead to

enhanced oxygen di�usion ������ However theoretical calculations ����� showed that

an O� molecule in Si dissociates into two Oi with a large associated gain in energy�

Later calculations showed oxygen molecules to be unstable compared to nearest

neighbour pairs of bonded interstitial oxygen defects ����� ���� ���� �����

The evidence for the dimer started with results in ���� showing thermal donor

formation rates decreased towards the sample surface� Interpreting this as oxy�

gen out�di�usion gave oxygen di�usivities enhanced by more than four orders of

magnitude ������

There are �� thermal donors which are likely to involve increasing numbers

of oxygen atoms� The growth rates of these donors have been monitored and it

is found that they grow with an activation energy around ��� eV � much lower

than the energy for a single Oi hop ������ There have been suggestions that VO�

complexes could di�use rapidly ����� but the evidence is not conclusive� The early
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suggestion ����� that oxygen pairs could di�use rapidly has been supported by

SIMS measurements of the out�di�usion of oxygen ����� between ��� and ����C�

and recent experiments ����� ���� studying carefully the loss of Oi from solution at

temperature as low as ����C� These show that the process is second order below

����C but of higher orders� up to �� as T increases to ����C� The low temperature

process must be controlled by the formation of oxygen dimers� The change in order

of the process is then explained by an instability of the dimer above about ����C

and thus larger numbers of oxygen atoms are required to di�use together to form a

stable precipitate�

A plane wave supercell calculation ����� gave a binding energy for the oxygen

dimer of ��� eV� However other calculations suggest that dimers will not bind ������

Semi�empirical CNDO
S techniques showed that the dimer has a binding energy of

��� eV and the saddle point for its migration is ���� eV ������ The saddle point for

dimer di�usion was found to lie close to an over�coordinated oxygen square defect

� rather similar to the known structure of the nitrogen pair ����� 	see Chapter �
�

However this was obtained from total energy calculations of manually selected in�

termediate structures� and re�examination of this problem using ab initio methods

with constrained optimisation would be desirable�

����	 The ���� cm�� LVM

Until recently no LVMs were assigned to the oxygen dimer� However it has been

suggested that a vibrational mode at ���� cm�� 	�rst observed in ���� �����
 could

be due to the oxygen dimer ������

There are several reasons for this� Firstly it is present after heat treatments at

a wide range of temperatures� ����C ����� ����� �����C ����� and �����C ������ as

well as in as�grown material at concentrations of about ��� � ���	cm�� ������ The

line is de�nitely oxygen related given its �� cm�� isotopic shift when going from ��O

to ��O ������ Its annealing properties 	discussed in Section �����
 are also consistent

with that of a rapidly di�using dimer� Given that it is present over such a range of

conditions it seems sensible that it should be the simplest oxygen complex possible�

namely a dimer�

Assuming that the ���� cm�� mode is responsible for the dimer� simple rate

equation analysis led to a binding energy in the range ��� � Eb � ��� eV ������

This is consistent with the idea that the dimer should not be important in the

kinetics of TD formation at higher temperatures ������ Fits to plots of Log������

vs� Log	�
T
 gave a more accurate dimer binding energy of ���� eV ����� �����

Recent detailed analysis has suggested a �gure of Eb " ��� � ���� eV ������
In addition to the ���� cm�� mode� there is a secondary weaker mode at
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���� cm�� which is normally observed under the same conditions� It is also present

in as�grown material� but at concentrations of about �������� cm�� ������ and shows

similar annealing properties� If the ���� cm��mode is produced by the dimer� given

that the most common defect in silicon is Oi� it is likely that the ���� cm�� mode is

caused by the oxygen trimer� O�i� Little is known about this defect� but crucially�

from �tting their models to experimental data� Markevich and Murin showed the

�ts were greatly improved for the ���� cm�� mode if they assumed that this defect

was highly mobile ������

There is a strong correlation between the ���� cm�� band and the ���� band

due to Oi ������ The band shows very little temperature dependance 	unlike Oi�

suggesting any bonding in the defect is very di�erent to Oi
& it shifts from ����

to ������ cm�� on going from ���K to ��K� With ��O it drops to ��� cm��� It is

always present in as�grown material�

After we suggested a dimer should give rise to more modes� further examination

has determined modes at ���� and ���� cm�� 	���� cm�� at ��K
 which are cor�

related with the ���� cm�� ������ The ���� cm�� mode is nearly twice as intense

as the other two� and is very broad 	FWHM �� cm�� at ��K
� More recently the

���� cm�� was shown to be unconnected� There are also two lower modes at ���

and ��� cm��� the ��� cm�� exhibiting only a small shift with oxygen isotope�

Further evidence has come from irradiation experiments by Lindstr�om and Hall�

berg ������ Electron irradiated material was annealed� giving a high concentration

of VO� centres� This was then proton irradiated 	which leads to Sii production
�

and using FTIR a decrease in the VO� ��� cm�� signal was observed concurrently

with the appearance of lines at ���� and ���� cm��� This is consistent with the

reaction VO� # Sii � O�i�

The ���� cm�� band is not seen in C�rich material ������ where presumably

most dimers are being trapped by CsOn complexes�

Note that there is another� electrically active� defect that forms after long time

annealing� which also possesses a LVM at ���� cm��� The FWHP of this new

���� cm�� is much broader than the early ���� cm�� line and rapidly swamps it�

This is also correlated with a lower mode at ��� cm��� These modes come from a

fundamentally di�erent defect and should not be confused with the dimer modes�

This mode overlap originally led to incorrect assignment of the ���� cm�� line to

some sort of shallow thermal donor centre������
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��� Method

The calculations were performed using a variety of clusters� The structural and

vibrational data presented here comes from large ��� atom clusters� Si
�H��O�� the

same size as used to study the STDs and TDs� The di�usion data was obtained

from ������� atom clusters� Si	
H	�On�n " �� �� similar to those used to explore

the structure and vibrational modes of Oi� VO� VO�i and VO�i defects �����

In order to investigate di�usion barriers and determine the saddle point con�g�

uration of Oi and O�i it is necessary to introduce constraints on the positions of

atoms during the relaxation� Unless this is done� the cluster would relax away from

the saddle point to the nearest stable con�guration�

There are two methods that we have used to constrain the system� one based

on an orthogonality constraint and the other on constraining certain bond lengths

within the system� The �rst is a method common amongst the literature but has a

tendency to overconstrain the system�

����� Orthogonality Constraints

In order to constrain the system in this way it is necessary to �rstly obtain the

ground state structures of the two end points of the di�usion path� A and B� A

vector is then constructed in order to translate A into B� where N is the number

of atoms in the system�

Ri " Bi �Ai� i " �� �N 	�����


The atoms are then moved a fraction � along this vector� where �"� corresponds

to structure A� �"� corresponds to structure B� The atoms are allowed to relax

using a conjugate gradient algorithm at each point� subject to the constraint that

on each iteration the total system relaxation vector must be orthogonal to Ri� If

only one atom is moving then this is equivalent to allowing the atom to relax in a

plane perpendicular to its direction of movement�

This method is simple to implement but can sometimes result in a system that is

overconstrained& it tends to be best for systems where the di�usion motion primar�

ily involves a single atom ������ In particular when examining compound motion

such as the oxygen dimer this method will only sample di�usion paths where both

atoms are moving simultaneously� which need not be the lowest energy di�usion

mechanism�

Therefore although initial investigations were performed with this method� we

later switched to a second� bond�length constraint method detailed in the following
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B

Figure ���	 Schematic of interstitial oxygen in silicon� For explanation of the labelling� see text�

section�

����� Constraining Bond Lengths

Suppose that an atom A is hopping from one site to another� during which one bond

A�B is broken and the bond A�C is created 	see Figure ���
� Then a constraint

is introduced on the relative bond lengths� rA�B and rA�C � and the cluster relaxed

maintaining this constraint� The actual constraint used is

c� " r�A�B � r�A�C 	�����


Now c� is clearly negative in the con�guration where the bond A � B is short

and positive in the con�guration where the bond A� C has been formed�

The saddle point usually� but not always� corresponds to a value of c� around

zero where the A�B and A�C bond lengths are equal� For interstitial O motion�

a constraint is selected so that A� B and C correspond to the O atom and the two

Si atoms which swap bonds with O� However� the imposition of one constraint is

insu cient ������ During the hop� the O atom initially bonded to the Si atoms D

and B� becomes bonded to D and C� However at the same time the Si atom D

also breaks a bond with C and makes a bond with B� To deal with this a second

constraint is required� Here�

c� " r�D�B � r�D�C� 	�����


In the initial con�guration c�� c� are both negative but become positive after the

hop� The cluster is relaxed using a conjugate gradient algorithm subject to these

constraints for a range of values of ci� The saddle point can then be directly found

by interpolation on the resultant �D energy surface�
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Figure ���	 Structure of Oi� bond lengths in �A� Dots mark the ideal lattice sites�

��� Interstitial oxygen

A single oxygen atom was placed at a central BC site of the ��� atom cluster and

all atoms relaxed� The Si�O bond lengths are ����� and ����� !A� with a ���� bond

angle� The Si�Si bond is dilated to ����� !A� an increase of ��$� by the presence of

the oxygen atom� These results are in good agreement with experiment 	��$ bond

dilation� �������� angle
� as well as the quartz bond length of ��������� !A������ The

next Si�Si bonds along the 	�%��
 plane are compressed by ����$� The structure
is shown in Figure ���� Local vibrational modes are given in Table ���� with the

corresponding atomic motion shown in Figure ����

The isotope shifts are in excellent agreement� the absolute values are reasonable

although the asymmetric stretch is a bit low� The symmetric stretch is also in

excellent agreement� since it is experimentally believed to lie at ����� cm��� but

due to its lack of dipole is only observed via a combination mode at ���� cm��

�����& this is very close to our value of ����� cm��� The v� wag modes around

��� cm�� are too high in our calculation� and suggest that the curvature of our

potential perpendicular to the Si�Si bond for O is too steep� The splitting in the

wag modes is due to slight deviations from the symmetric structure� as symmetry

was not constrained during relaxation�

The saddle point for hopping to an adjacent bond centre was found using the

method described above� and corresponds ����� to c� " c� " �� The saddle con�g�

uration then possesses C�v symmetry with O equidistant from the Si atoms B and

C� and the Si atom D is equidistant from B and C� The con�guration in which

an O atom is equidistant from two second neighbour Si atoms� such as B and C is

called the �Y�lid�� as there is some bonding with the third Si atom D� The calcu�

lated energy barrier is ��� eV� in excellent agreement with the experimental value of

���� eV� This is an improvement on the value previously obtained using AIMPRO
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��O �
O ��O ��Si��Si ��Si��Si ��Si

Experiment
Asymmetric v� ������� ���� ���� ��� ��� ���
Symmetric v� ������� ����� ����� ����� �����
Si Asymmetric�wag v� ����� �

This work
Asymmetric v� ������ ���� ���� ��� ��� ���
Symmetric v� ����� ��� ��� ��� ��� ����
Si Asymmetric�wag v� ����� ��� ��� ��� ��� ����

����� ��� ��� ��� ��� ����
Coupled v� wag ����� ��� ���� ��� ��� ����

����� ��� ���� ��� ��� ����

Table ��
	 Local vibrational modes of Oi 
cm
���� Experimental results from References ���
� ����

��� ���� 
LHeT�� Figures in square brackets are determined indirectly ������ All except �rst row
show the downward shift with change in isotope� Theoretical results are new to this work� The
split in theoretical results are slight numerical variation due to cluster assymetry� Atomic motion
associated with each mode is shown in Figure ��
�

664.0655.5

603.31058.9

530.2

544.6

Figure ��
	 Atomicmotion associated with each vibrational mode for the oxygen interstitial 
modes
in cm��� 
see Table ��
��
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Figure ���	 The stable assymmetric dimer in silicon 
lengths in �A��

����� of ��� eV� The saddle point structure consists of B�O and D�O bonds of length

��� and ���� !A respectively� These long bonds re�ect the inability of the O atom at

the Y�lid position to strain the lattice and pull in the Si atoms along ������ There is

then a net tensile strain at the saddle point pulling the Si atoms B and C inwards

along ������ This contrasts with the compressive strain at the stable BC site where

the backbonds to D and B are compressed�

These results show that we are able to accurately obtain the ground state struc�

ture for Oi� and obtain reasonable agreement on the vibrational modes and migra�

tion saddle point energy�

��� The oxygen dimer

In the absence of impurities� especially those with tensile strain �elds which promote

oxygen aggregation� the �rst oxygen complex to be formed is likely to be a dimer�

In this section we explore its stability and kinetics of motion�

An oxygen dimer consisting of two neighbouring BC sited Oi was placed at the

centre of the cluster and subsequently relaxed� The lowest energy structure was a

�puckered dimer� structure� where both oxygen atoms sit bond centred in a kinked

Si�O�Si bond� with the kinks pointing in the same direction along h���i � Rather
than having equal Si�O bond lengths as Oi� each atom has one short and one long

bond� the short bond being formed with the shared central Si atom 	see Figure ���
�

This strong bonding is due to the quadropole interaction between the two oxygen

atoms& both draw charge from their Si neighbours making them 	#� and thus their

shared Si becomes extremely positively polarised� The stability of the dimer is thus

attributed to the creation of a ����� chain of aligned polar bonds as in Si
��O
��

Si
��O
��Si
�� The defect is electrically neutral with no gap levels� It is notable

from the shift in position of the Si atoms compared to the ideal lattice that the defect

has a strong strain �eld in the h���i direction� However along h���i its strain �eld
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is directional& �behind� the dimer the Si atoms show very little displacement from

their ideal sites� but there is a large displacement in front of it� This suggests that

as the dimer moves through the lattice it produces in front of it a large �bow wave�

of lattice compression�

During our investigation we also found a stable symmetric dimer structure�

shown in Figure ���� However this is ����� eV higher in energy than the assymetric

case 	and has vibrational modes that disagree with experiment
� This is discussed

further below with reference to the ���� cm�� mode defect� It exhibits the same

strong binding to the shared Si atom� The in�uence of cluster size on the energy

of the dimer was investigated by displacing it so that it is centred on a nearby Si

atom� i�e� it is displaced by a�� 	���
� This energy changed by less than ���� eV�

showing the cluster surface has negligible e�ect�

This puckered structure is consistent with work by Needels et al ������ but in

contrast to Greens Function calculations by Kelly ����� as well as previous AIMPRO

calculations on the dimer ������ who both found a symmetric C�v structure� This

is discussed further in Section ����� below� Seperating the dimer by one Si�Si bond

along h���i raised the cluster energy by ��� eV� which is a crude �rst estimate
at a binding energy� However such energy di�erences are very dependant on the

number of bond centred �tting functions used� and the error on such a value may

be large� This compares to a dimer binding energy of ���� eV for earlier AIMPRO

calculations ����� 	the energy di�erence between the dimer and a Si�O�Si�Si�O�Si

structure
 and ��� eV by Needels et al ����� 	see Section �����
�

The vibrational modes of the asymmetric dimer are given in Table ���� The

associated eigenvectors are shown in Figure ���� As can be seen� the top two modes

roughly correspond to assymetric stretch modes for the inner and outer O atoms

respectively� The modes are in good agreement with the experimental values for the

���� cm�� defect� including the shifts with ��O���O� There are some calculated

modes which are not observed� however these have a lower 	dipole moment
� and

thus absorption intensity� Thus these modes serve to con�rm that the ���� cm��

defect is indeed the puckered oxygen dimer�

There is a problem however with the mixed dimer modes& experimental FTIR

on mixed ��O 
 ��O samples show no mixed mode absorption� This suggests the

atoms are decoupled in some way� e�g� through greater seperation than that of the

puckered dimer� Current models of the O�H defect suggest that O and H sit in bonds

on opposite sides of a hexagonal interstitial ring site ������ A possible alternative

dimer model would be two O atoms in these positions� which is shown schematically

in Figure ���� Their strain �elds could couple in this way� and if the one buckled

into the hexagonal site through Coulombic interaction with the Si neighbours of
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Figure ���	 Atomic motion associated with each vibrational mode for the assymetric dimer 
modes
in cm���� The top two modes roughly correspond to the assymetric stretch for the inner and outer
O atoms respectively� the lower modes are wag modes� The ��
 cm�� mode is largely localised on
the core Si atoms and hence shows little shift with oxygen isotope� in agreement with experiment�

the other O atom� this would push the other atom to buckle outwards� Thus the

two would be inequivilent� leading to the observed experimental mode splitting� In

this case rapid migration could still occur with the puckered dimer structure� which

would split to give this hexagonal ring as the stable structure� We are currently

investigating such a model�

��
�� The symmetric dimer

The symmetric dimer structure is a local minimum on the potential surface� It

seems to cover quite a large region of phase space� so that the relaxed structure

is very dependant on the choice of starting structure� and most starting structures

we chose produced a symmetric dimer structure� This was originally published as
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��O �
O ��O ��O��O ��O��O Intensity

Experimental �����
� ������ ���� ���
� ������ �� ���
� ��� �� ����
� ��� ��� ����

Assymetric Dimer
� ������ ���� ���� ��� ���� ����
� ����� ���� ���� ���� ���� ����

����� ���� ���� ���� ��� ����
� ����� ��� ���� ��� ��� ����
� ����� ��� ��� ��� ��� ����

����� ��� ��� ��� ��� ����

Symmetric Dimer
������ ���� ���� ���� ���� ����
������ ���� ���� ���� ���� ����
����� ��� ��� ��� ��� ����
����� ��� ��� ��� ���
����� ��� ��� ��� ���
����� ��� ���� ��� ���

Split Dimer
������ ���� ���� ���� ���
������ ���� ���� ���� ����
����� ��� ���� ��� ���
����� ��� ���� ��� ���
����� ��� ��� ��� ���
����� ��� ��� ��� ���
����� ��� ��� ��� ���

Table ���	 LVMs for the dimer 
cm���� Isotopic values show downwards shift for change in isotope�
The assymetric dimer is more stable than the symmetric one by ����� eV� Where mixed isotope
results are listed� the �rst isotope refers to the �inner� atom of the assymetric dimer� Calculated
intensity is the dipole moment squared for the ��O case for the given mode� divided by that of
the ����
cm�� mode� The �symmetric dimer� was not symmetry constrained and slight variations
in position account for the di�erence between the ��O�
O and the �
O��O values�



CHAPTER �� OXYGEN	OXYGEN DEFECTS ��

δ−

Si

Si

Si

Si

Si

Si

δ−

δ+

δ+δ+

δ+

OO

Figure ���	 Schematic diagram of a possible alternative dimer model that should show no mixed
isotope vibrational mode coupling� The atoms sit bond centred� on opposite sides of the hexagonal
interstitial site�

the dimer structure using AIMPRO ������ However according to our calculations

this is ����� eV less stable than the puckered dimer structure� The defect is shown

in Figure ���� This structure is also electrically neutral with no states in the gap�

The vibrational modes are shown in Table ���� and as can be seen� they are very

di�erent from the experimentally observed dimer modes� Thus these results exclude

the symmetric dimer as a model for the ���� cm�� LVM defect�

However� there is an additional mode seen at ���� cm�� in the presence of the

dimer modes ������ and it was speculated that this may be two Oi atoms seperated

by a single Si�Si bond along h���i � An alternative explanation is that this is due
to the symmetric dimer� Although the calculated symmetric dimer does not have

a mode exactly at this value� there is some evidence in favour of this model for the

���� cm�� mode� The defect appears to have an experimental binding energy of

��� eV as compared to ��� eV for the dimer ������ so an energy di�erence of ��� eV

between the two structures is quite close to our calculated value of ���� eV� The

mode is only observed at ��K� and disappears by ���K� This would be consistent

with symmetric dimers getting �frozen in� at lower temperatures with a �nite reori�

entation barrier� At ���K they are able to overcome this and no symmetric dimers

are observed� In addition the ���� cm�� mode drops by ��
�� cm�� when ��O is

switched to ��O� very close to our calculated value of ���� cm��� To fully check

this model it would be necessary to calculate the energy barrier between the sym�

metric and assymmetric structures� as well as locate further experimental modes to

improve the assignment�
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Figure ���	 The symmetric dimer in silicon 
lengths in �A�� This is ����� eV higher in energy than
the assymetric dimer� Black dots mark the ideal lattice sites�

��
�� The split dimer

We tried seperating the dimer to give a single Si�Si bond along h���i between

the Oi atoms� It was suggested that this might be the source of the ���� cm��

vibrational mode often seen at the same time as the dimer modes� The resultant

structure is shown in Figure ���� with vibrational modes in Table ���� As can be

seen� the modes are not in good agreement with the ���� cm�� LVM� excluding

this as a model� Instead of dropping� the assymetric Oi stretch modes increase

in frequency due to the proximity of the atoms� In addition the calculations gave

this structure as over ��� eV less stable than the puckered dimer� which although

probably an overestimate� suggests the defect is not stable in this con�guration� The

defect is not positioned symmetrically in the cluster� and this manifests itself in the

assymetric atomic shifts from their ideal lattice positions� and the split top mode&

in the fully symmetric structure this would be degenerate with D�h symmetry�

Earlier calculations showed that the energy of this structure could be lowered

by placing the Oi atoms in perpendicular h���i planes� thus lowering the con�ict
between their stress �elds� This roughly corresponds to cis� and trans� isomers�

The separation of the O atoms is now a�� 	���
� However the energy di�erences

between these structures is quite dependant on the basis set used and number of

bond centres� and so although this earlier work predicted a binding energy of ��� eV

for the dimer� we might expect an error on this of ��$ or more�

��
�	 Dimer Migration

We turn now to investigating the movement of the dimer� There are several ways in

which a di�usive jump could be executed� We have investigated two mechanisms�
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Figure ���	 The split dimer con�guration� i�e� two Oi atoms with an empty Si�Si bond between
them� All bond lengths in �A� This structure is less stable than the puckered dimer structure�

The �rst involves cooperative dimer di�usion where one of the O atoms drags

the other into a Y�lid con�guration� i�e� both atoms are in a y�lid con�guration

at the same time 	a Si�O�Si�O square is formed
� So far� we have failed to �nd

a low energy route by this mechanism� If the constraints are chosen so that each

O atom lies in a Y�lid con�guration� this means that the O atoms bond to the Si

atoms that are second neighbours to each other� and these two Si�O bonds have

equal length� The energy of this con�guration is ��� eV above that of the stable

dimer� One reason for the high energy is that there is a large tensile stress acting

on the dimer although this is o�set by the absence of any broken Si bonds� It may

be possible that there are low energy migration paths by this mechanism but they

must involve other con�gurations�

An alternative di�usive mechanism occurs when the dimer partially dissociates

in the 	�%��
 plane� This involves a di�usive jump where one O atom of the dimer

moves to its Y�lid con�guration and the other O atom is free to remain at its BC

site� This con�guration was found by imposing a pair of constraints so that the two

arms of the Y�lid are equal and the Si atom at the base of the Y�lid is equidistant

from the arms 	see Figure ���
� Remarkably� the energy of this structure is only

������� eV above that of the symmetric dimer� i�e� ��������� eV above the stable

puckered dimer� Again the uncertainty in energy is due to the di�erent numbers of

bond centres employed� This is in good agreement with the experimental formation

energy for thermal donors of ���� eV� believed to be the dimer migration barrier�
The crucial result is that the dimer energy is now lowered by the presence of the

other O atom�

The structure of the �y�lid� saddle point is very revealing 	Figure ���
� The Si�O

bonds across the arms of the Y�lid are now strong 	bond length of ���� !A
 while the

third Si�O bond is ���� !A and essentially broken� This structure of two strong Si�O
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Figure ���	 A saddle point for oxygen dimer di�usion� This structure is ��
�!���� eV higher in
energy than the stable puckered dimer structure� Black dots mark ideal lattice sites

bonds has to be contrasted with that of the Y�lid obtained for single O di�usion

where only one strong Si�O bond was found� The extra strong Si�O bond has been

made because of the compressive force acting on the arms of the Y�lid from the

other O atom� It is interesting that a shallow double donor level also occurs in this

structure� reinforcing the claim that overcoordinated oxygen atoms are the source

of donor activity�

This con�guration where the two Si�O bonds have equal lengths is not necessarily

the lowest saddle point because of the asymmetry imposed by the second O atom�

However this does represent a saddle point� since if the constraints are removed and

the structure is moved slightly o� the saddle point and allowed to relax� it returns

to either one of the equilibrium end points� Thus this represents a saddle point to

a low energy migration path for the oxygen dimer� Work is currently underway to

explore nearby points on the potential surface and hence determine the potential

surface around the barrier�

These results therefore show that an oxygen pair� O�i� can migrate with a sig�

ni�cantly lower barrier than a single oxygen atom� Oi� This lowering of the barrier

occurs due to compression of the �y�lid� saddle point structure for one of the O

atoms by the presence of the neighbouring Oi� shortening the Si�O bond lengths at

the saddle point and hence lowering the energy barrier�

��� Dimer Formation

Given a uniform distribution of Oi throughout the sample� statistically there is a

chance that some of these atoms will be close enough that they are able to form

dimers through standard Oi di�usion� When the Oi concentration is very high�

as in Cz�Si� the number of dimers able to form in this way may be appreciable�

Taking the dimer concentration equation from ������ and assuming no breakup of
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�hr anneal Equilibrium ����C
Temp 	�C
 �O�i� 	cm��
 �O�i� 	cm��
 Time 	mins
 �O�i� 	cm��


��� ��������� ��������� � ���������
��� ��������� ��������� �� ���������
��� ��������� ��������� �� ���������
��� ��������� ��������� �� ���������
��� ��������� ��������� �� ���������
��� ��������� ��������� �� ���������
��� ��������� ��������� �� ���������
��� ��������� ��������	 �� ���������
��� ��������	 ��������	 �� ���������
��� ��������	 ��������	 �� ���������
��� ��������	 ��������	 �� ��������	
��� ��������� ��������	 �� ��������	

Table ���	 Natural dimer concentration as a function of temperature� T� or anneal time� t� assuming
no dimer dissociation� �Oi� � ���
cm��� rc � � �A�DOi

� ���
e������kT� �O�i� � ��rcDOi
�Oi��t� For

variable temperature data anneal time is set to � hour� for variable anneal time the temperature
is set to ����C� Also included is the equilibrium dimer concentration at various temperatures
assuming a binding energy of ��
 eV�

the dimers� then initially�

�O�i� " ��rcDOi
�Oi�

�t

DOi
" ����e���	��kT

Taking �Oi� " ����cm��� and the cut�o� radius� rc� to be � !A� we can now vary

either the temperature or the anneal time� as shown in Table ��� 	capture radius�

rc� is normally taken to be the separation at which the interaction energy is equal

to kT �����
�

Note that this result does not allow for dimer dissociation� It is useful to compare

these �gures to the equilibrium dimer concentration� using

�O�i�equilibrium "
�Oi��

N
eB�kT

where B is the binding energy� and N is the number of BC sites� Taking B"��� eV

	see above
� N" ����cm��� and �Oi� " ����cm��� we get the results shown in the

third column of Table ���� These show the approximation of no dimer dissociation

breaks down at higher temperatures& at ����C after a � hour anneal a zero disso�

ciation approximation predicts a dimer concentration higher than the equilibrium

value�

These results suggest that for a typical ����C anneal� after an hour we should

expect over ���� cm�� dimers� This result assumes a uniform oxygen distribution
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Figure ����	 Time taken for a single Oi to hop from one bond centred site to another at varying
temperature� Calculated using x �

p
Dt where the distance between sites� x� comes fromAIMPRO

cluster calculations and is set to 
��
��A� D � ���
e������kT�

throughout the material� but in practise this will probably not be the case� Even in

quenched anneal experiments� at higher temperatures the oxygen is able to di�use

rapidly from one BC site to another� Treating this di�usion step using simple

kinetics� x "
p
Dt where x is the distance between BC sites� we obtain hop rates

as shown in Figure �����

This suggests that the oxygen concentration need not be uniform� Any localised

clustering will increase the dimer concentration �gure calculated above� and thus

experimental as�grown concentrations of ��� � ���	cm�� are not inconsistent with

this analysis ������ This is also particularly important in heavily carbon doped

material� where Cs exerts a long range strain �eld in the lattice and can attract

Oi in this way� It has been observed that the oxygen concentration can vary by a

factor of ��� over a given sample� independant of cutting direction������

This result gives us an initial pool of dimers to work with� which should be

present in as�grown material in quantities similar to those observed for the defect

responsible for the ���� cm�� mode� The rate of loss of �Oi� during annealing agrees

with that expected for Oi�Oi interaction with the normal Oi di�usion constant �����

It therefore seems to be the case that the dominant Oi loss will occur through the

formation of dimers� and no enhanced di�usion process for dimer formation needs
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to be invoked 	such as trimer migration to Oi followed by decomposition into two

dimers
�

����� Experimental Evidence

Lindstr�om and Hallberg annealed Cz�Si samples at ����C and ���� for �� hours� and

the variation in absorption of the various observed LVMs provide strong support for

assignment of the ���� cm�� mode to the oxygen dimer� Their results are shown

in Figure ���� and are reproduced from Reference ������ Note that the bands at

���� ��� and ��� cm�� are associated with the early thermal donors� TD�� TD�

and TD� respectively�

At ����C where Oi is not mobile� there is a gradual decrease in the ���� cm��

dimer band from its residual levels� accompanied with an associated increase in the

�������� cm�� bands� These changes have been directly correlated ������ and are

consistent with a thermal donor model constructed from dimers 	see Chapter �
�

There is no notable change in the Oi levels� suggesting the available dimers are

becoming depleted as they form higher order complexes� but the lack of Oi migration

means that new dimers are not being formed and hence the dimer concentration is

dropping�

At ����C when oxygen is mobile 	Figure ����b
� the story is very di�erent� There

is a rapid initial drop in �Oi�� accompanied with a rapid rise in dimer concentration�

Meanwhile there is also an increase in the other modes� The dimer concentration

then tails o�� before reaching a steady state growth along with a similar growth

in the �������� modes� and an associated drop in �Oi�� This can be understood in

terms of an initial glut of dimer formation due to Oi atoms which are close to the

capture radius required to form a dimer� However once these are exhausted� there

is then a drop to steady state Oi di�usion from a more homogenous background

level& the behaviour of the �������� modes is then simply a knock�on from the

�uctuation in dimer levels 	note that this is di�erent from the explanation given in

Reference �����
�

��� Dimer interaction with other defects

Rapidly di�using dimer pairs allows us to explain many of the apparently anomalous

defect formation behaviour of other complexes in silicon� These have been discussed

in the relevant chapters but are summarised brie�y here�

�� There are several di�erent formation process for VO�� and one of these does

not result in any loss of �Oi�& indeed� Oi is produced when VO � VO� by
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Figure ����	 The initial changes of the bands �������� cm�� and �Oi� for annealing at 
a� 
���C

top� and 
b� ����C 
bottom�� Taken from Reference ��
��� In the ����C run� the ��� cm��

signal was too weak for inclusion� and has a maximum that appears and disappears too quickly
to appear on this scale�

this unknown process� It seems likely this is the breakup of VO followed by

trapping of V by a dimer 	Chapter �
�

�� The anomalous formation of thermal donors has been discussed brie�y here�

and in more depth in Chapter �� It seems that thermal donors are formed

through the aggregation of rapidly di�using dimers�

�� In the early stages of annealing C�rich Cz�Si there is strong Cs and CsOi

signals& after anneals at ����C these are replaced with a weaker CsO� signal

and stronger CsO� signal ������ These can form through dimer aggregation to

the earlier Cs and CsOi defects� and this is discussed further in Chapter ���

The work performed on NNO defects involved anneals in temperature ranges at

which the dimer is no longer stable�

��	 Trimer formation

It is next important to consider the ���� cm�� mode� It was suggested earlier that

this could be assigned to the trimer� O�i� since it too is normally present with the
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���� cm�� mode� and since Oi is the most common impurity in Cz�Si it seems

likely that O�i will complex with this� Of the modes discussed here� only the ����

and ���� modes are present in as�grown Cz�Si ������ This also suggests that it

must be one of the earlier complexes to form� with a trimer being the next simplest

structure after the dimer� This mode has not been correlated with any of the early

TDs 	TD���
�

The ���� cm�� dimer mode anneals out under �rst order reaction kinetics ������

This is similar to the

VO#Oi � VO�

reaction ����� which also obeys �rst order reaction kinetics since �Oi����VO� and

so e�ectively remains constant throughout the reaction� Therefore this observation

is consistent with a reaction scheme O�i #Oi � O�i�

Both the ���� and ���� behave similarly when exposed to oxygen dispersion

treatments 	see Figure ����
� This behaviour is consistent with a dimer 
 trimer

model� since in a � hour dispersion treatment at �����C� the integrated intensity

level of the ���� cm�� level halves and the ���� cm�� practically disappears� In the

following anneal at ����C the ���� level then drops further as the dimers are not

being replaced by Oi di�usion� However the ���� rapidly starts to reappear� This

seems inconsistent if it is assigned to a large defect centre but follows naturally if it

is assigned to trimers that are forming from the remaining supply of dimers in the

material� The graph is also useful in later discussions of TD�� since the dispersion

treatment e�ectively removes the as�grown �pool� of trimers which has a knock�on

e�ect on the TD� formation rate� We therefore conclude that the ���� cm�� can

be assigned to the oxygen trimer� O�i�

����� Theoretical Results

This section covers our work to date� however further work is required before we

can make any de�nitive statements on the nature of the trimer�

There are many possible con�gurations for three oxygen atoms� Electrically

active con�gurations will be examined in Chapter � so we restrict ourselves to

neutral complexes here� In this case there are two primary possible structures� a

linear chain 	an extension of the dimer along h���i � see Figure ����
� or placing all
three Oi atoms around the same core Si as shown in Figure ���� 	in this structure

the oxygens all bow �clockwise� around the defects C� axis� earning it the name

the �Manx� defect�
� We relaxed both of these structures in a ��� atom cluster�

Si
�H��O�� and found the Manx structure to be ����� eV more stable� There is in

addition a third possible structure consisting of a dimer with an appended oxygen
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Figure ����	 The initial changes of the ���� and ���� bands during the adjustments to their
respective equilibrium levels and the growth of TD � 
�s�
p�� for an as�grown sample and a
dispersed sample 
�h at �����C�� Note that the TD data applies to the r�h�axis� and the ���������
data to the left� hence the initial dispersed ���� level is almost zero� Taken from Reference ��
���

atom that sits in a perpendicular h���i plane� thus oxygen atoms sit in three of the
six bonds around a hexagonal ring site� This may be more stable as the stress will

be spread over two planes� Nothing is currently known experimentally concerning

the symmetry of the trimer�

The vibrational modes of the linear and Manx structures are given in Table ������

The linear structure gives modes which are close to those of the dimer� although

these calculations would suggest slightly higher� The Manx structure has modes

that are very di�erent� This suggests that the trimermay be the linear O�i structure�

since experimentally its vibrational mode at ���� cm�� is only � cm�� away from

the primary dimer vibration at ���� cm��� Although these calculations predict a

slight increase in this mode as opposed to a drop� that could be a cluster size e�ect�

as the end of the trimer chain is quite close to the cluster edge� Alternatively�

the �half hexagon� structure described above might be expected to have perturbed

dimer�like modes�

��
 Conclusions

In this chapter we have shown that there is a binding energy between two Oi atoms

to form an assymetric oxygen dimer� O�i� Our calculations predict a binding energy

in the range ��� � ��� eV� This assymetric dimer is ���� eV more stable than a
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Figure ���
	 The �manx� oxygen trimer in silicon� The top diagram shows the view along the
h"���i � C� symmetry axis�
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Figure ����	 The linear chain trimer in silicon� dots mark ideal Si lattice sites�
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�Linear Chain� structure �Manx� structure
��O �
O ��O ��O �
O ��O

������ ���� ���� ������ ���� ����
����� ���� ���� ������ ���� ����
����� ���� ���� ����� ���� ����
����� ���� ���� ����� ���� ����
����� ���� ���� ����� ���� ����
����� ��� ���� ����� ��� ����
����� ��� ���� ����� ��� ����
����� ��� ��� ����� ��� ����
����� ��� ���

Table ���	 LVMs and isotope shifts 
cm��� for the trimer in the h���i linear chain structure� and
shared central Si �Manx� structure� The �Manx� structure is ����� eV more stable�

symmetric dimer pair� previously predicted using AIMPRO and other methods� We

have shown that the dimer can migrate with a barrier substantially lower than that

of isolated Oi�

In addition we have shown that it has vibrational modes in excellent agreement

with the experimentally observed ���� cm�� and associated modes� An additional

mode at ���� cm�� has been tentatively correlated with the symmetric dimer� We

have attempted to show how the dimer is crucial in the formation processes of many

oxygen related defects in Cz�Si� that form in the temperature range ���������C in
which the dimer is stable�

Fast di�using dimers will rapidly encounter relatively slow moving single Oi to

produce an oxygen trimer� O�i� We have performed some preliminary investigations

of possible trimer structures� which show three bond centred Oi atoms around a

shared Si atom to have the lowest energy by ����� eV� but a linear structure to have

vibrational modes closer to experiment� The role of dimers and trimers in thermal

donor formation are discussed further in Chapter ��



Chapter 


Nitrogen	Oxygen defects in

Silicon

Nitrogen can be incorporated into Si in a variety of ways� although it only has a low

solubility� Anneals in an ambient environment usually use N� gas� Si�N� is used as

a surface di�usion barrier or as a dielectric layer in metal insulator semiconductor

systems� In addition� N doping in Cz�Si suppresses vacancy and interstitial defects

and increases gate oxide integrity� It suppresses �swirl defects� and stops wafer

bowing during processing� as well as suppressing thermal donor formation� Many

of these properties are dependent on nitrogen�oxygen interactions�

In this chapter we study the interaction between nitrogen and oxygen in silicon�

Previous calculations using AIMPRO have shown that N in Si exists primarily in the

form of interstitial 	Ni
� pairs ������ Isolated Ni has been observed experimentally

but only in small quantities� and it rapidly di�uses to form 	Ni
�� It is shown here

that the primary N�O defect is 	Ni
�O� or NNO� consisting of Oi neighbouring a

	Ni
� pair ������ This is electrically inactive and can reversibly break down to give

	Ni
� and Oi� We also examine a NiOi complex and show that small quantities

of this are also present over similar temperature ranges� Electrically active NiO�i

complexes are considered in Chapter ��

	�� Method

All the defects considered here have been symmetry constrained � C�h for NiOi�

N�iO� C�v for Ni� etc� unless stated otherwise� However we also breached the

symmetry of the defects and allowed them to relax& in every case they returned to

the constrained symmetry structure� A variety of di�erent cluster sizes have been

used� Initial results were obtained using ��� atom clusters� and the �nal results

shown here come from ��� atom clusters for the NNO work� and ������� atom

clusters for the rest� The results are qualitatively identical� showing them to be

���
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Figure ���	 The N�pair defect in Si� Vertical direction is h���i � horizontal is h���i

independent of cluster size�

	�� Background

Nitrogen is commonly used as an inert atmosphere for processing Si� but it has

important e�ects on the material� For example� N impurities can pin dislocations

����� ���� and form electrically active defects such as the substitutional deep donor

����� ����� There have been suggestions that nitrogen�oxygen complexes can form

shallow donors ����� ���� ����� although whether N forms an essential component of

these defects is controversial ����� ����� and this is discussed further in Chapter ��

Nitrogen can be introduced into Si by adding Si�N� to the melt� annealing in an

atmosphere of N�� or by implantation� N is known to enhance O precipitation and

inhibit C enhanced O precipitation at ����C ������ Photoluminescence 	PL
 exper�

iments showed a decrease in oxygen precipitate strain�induced defects in samples

containing a higher N content�

The principal N defect in O�free silicon is a nitrogen pair consisting of two

adjacent ����� oriented nitrogen interstitials� Ni� with C�h symmetry 	see Figure ���


����� ���� ����� It is stable until about ����C ������ Isolated Ni defects have also

been observed 	see Section ���
� and although substitutional Ns is a rare defect it

has been detected by EPR ����� and local vibrational mode spectroscopy ������

In N and O implanted FZ�Si ������ or in Cz�Si grown in a N� atmosphere �����

����� N�O complexes are formed by annealing between ��� and ����C� Under these

conditions� the intensity of the localised vibrational modes 	LVMs
 due to the pair

are progressively reduced and three other IR�absorption lines at ����� ��� and ���

cm�� 	room temperature
 become increasingly prominent� The intensities of these

lines are correlated with each other ����� and they are believed to be due to NNO
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complexes� This is because Oi atoms become mobile around ����C and become

trapped by N�pair defects which are stable at this temperature� Beyond 
 ����C�
these complexes break up with the emission of Oi leaving the N�pair� Cooling allows

the NNO complexes to reform� This dissociation and reformation is reversible�

	�� The Ni defect

Isolated Ni defects also exist in implanted material� but lie below the detection limit

in doped as�grown material� They possess a local vibrational mode 	LVM
 around

��� cm�� ������ which is in close agreement with the calculated N stretch mode of

the ����� oriented nitrogen�silicon split interstitial at ��� cm�� ����� 	see Table ���
�

In this defect N and Si share a lattice site� Berg Rasmussen et� al� ����� observed

Ni in N�implanted Si singly annealed at ����C� They concluded that Ni was mobile

during annealing� and rapid cooling was necessary if N was to be trapped as Ni

rather than forming other defect complexes�

Ni is a ����� split interstitial� structurally similar to interstitial carbon� Ci� N is

much more electronegative than Si� and hence draws charge from its neighbouring

atoms� However� unlike Ci� its lone pair is already �lled� and so it cannot remove

the excess electron from the neighbouring undercoordinated silicon radical� The

wavefunction of this state is small in the vicinity of the N atom and lies deep in

the gap 	see Figure ���
� Like C� the small size of the N atom suggests that the

Si�Si bonds along ����� are dilated� and are therefore sites where O atoms would

preferentially precipitate�

By pairing up as 	Ni
� this leaves all the Si and N atoms fully coordinated and

removes any associated electrical activity� However the localised lattice polarisation

due to the strong electronegativity of N remains� as does the tensile lattice strain�

A single interstitial N atom was inserted into a ��� atom cluster� Si
�H��N and

all atoms were allowed to relax� The Kohn�Sham eigenvalues are given in Figure ����

and it can be seen that the single donor state lies quite low in the gap� The top N�Si

bonds oriented along ����� are ���� !A and the ����� N�Si bond is ���� !A� These Si

atoms are pulled towards the core leading to a dilation of the Si�Si backbonds 	the

two h���i back�bonds are dilated to ����� !A� and the h�%��i pair above the defect are
compressed to ����� !A& these compare to ideal Si�Si bond lengths of ����� !A
� This

makes these bonds attractive sites for oxygen precipitation� Vibrational modes of

the defect have been given earlier ����� and are in good agreement with an observed

��� cm�� line 	see Table ���
�
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	�� N�iO � The dominant N�O defect in silicon

In N and O implanted FZ�Si ������ or in Cz�Si grown in a N� atmosphere ����� �����

NNO complexes are formed by annealing between ��� and ����C� Under these

conditions� the intensity of the localised vibrational modes 	LVMs
 due to the N�

pair are progressively reduced and three other IR�absorption lines at ����� ��� and

��� cm�� 	room temperature
 become increasingly prominent� The intensities of

these lines are correlated with each other ����� and they are believed to be due

to NNO complexes� This is because Oi atoms become mobile around ����C and

become trapped by N�pair defects which are stable at this temperature� Beyond


 ����C these complexes break up with the emission of Oi leaving the N�pair�

Cooling allows the NNO complexes to reform� This dissociation and reformation is

reversible�

��
�� Experimental Work

There were no reports of isotopic e�ects on the LVMs of the NNO defect even

though this information is of the greatest importance in deducing its structure�

Therefore concurrently with our theoretical investigation� experimental IR studies

were performed by Berg Rasmussen et al ������ Float�zone n�type Si samples were

implanted at room temperature with various combinations of ��O� �
O� ��N and
�	N� with a concentration of �������� cm�� for both O and N� All samples were

annealed under �owing N� ambient for an hour in the temperature range from ���

to ����C� Infrared absorption measurements 	shown in Figure ���
 were carried out

at �� K� The LVMs due to the NNO defect are given in Table ����

The ��N frequencies agree with the earlier studies ����� ���� ����� allowing for

their shift 	
 � cm��
 between low and room temperature� All the modes shift with
�	N showing that at least one N atom is involved in the defect� Unexpectedly� the

peak in the ���� cm�� LVM is shifted by around � cm�� with �	N and this suggests

that this mode is almost entirely due to Si�O stretch� This lies between the LVMs

for Oi 	���� cm�������
 and Os 	��� cm������
� suggesting that Oi bridges a dilated

Si bond near the N�pair� The modes at ��� and ��� cm�� are slightly above those

of an isolated N�pair 	��� and ��� cm��
 and show a similar shift with �	N 	��

and �� cm�� compared to �� and �� cm�� for the N�pair
� suggesting that the pair

remains intact but with compressed bonds due to the nearby Oi� No additional

LVMs are observed in the mixed implantation� implying that the N atoms are no

longer dynamically coupled but vibrate independently of each other� They must

also be inequivalent atoms as they possess distinct LVMs� This implies that O lies

closer to one N atom than the other�
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Figure ���	 Absorbance spectrum observed after annealing at ����C for � hour� of samples with
various combinations of ��N� ��N� ��O and ��O� In all cases the total N and O doses are equal�
Data obtained by Berg Rasmussen et al ���
�
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Figure ��
	 The alternative �Humble Ring� model of NNO� This was discarded since it did not
match experimental data�

��
�� Theoretical Work

Calculations on the N pair defect ����� showed that Ni dilated the Si	�
�Si	�
 bond

	Fig� ���
 by �$� making it a prime site for Oi� The other Si bonds bordering the

pair along ����� are compressed making these unlikely sites for the Oi� Previous

investigations on the trapping of Oi at dislocation cores showed a marked preference

for O to bridge dilated Si bonds ������

We investigated several possible con�gurations for the NNO defect� using a ���

atom cluster� Si
�H��N�O� and found that the structure shown in Figure ��� was

the only one that �tted the experimental data� Moving the O atom in this model to

bridge the second nearest Si�Si bond along ����� between Si	�
 and Si	�
 was ���eV

less stable� Neither moving the Oi to lie between N	�
 and Si	�
 in Figure ��� or

using O to bridge the dilated bond in the Humble N�pair model ����� 	Figure ���


gave modes in the right region or produced the correct isotope shifts� Our conclusion

is that the structure in Figure ��� represents the NNO defect�

The vibrational modes of the structure are given in Table ���� The two modes

at ���� and ��� cm�� are clearly N�related� as they barely shift with the O�isotope�

whereas the ��� cm�� mode is O�related� The mixed isotopic results show very

little coupling between the N�related modes� This explains why no new modes are

introduced in this case� since the nearby Oi makes the two N atoms inequivalent�

Thus although the modes are in the correct region and display the correct iso�

topic behaviour� their ordering is incorrect� the O mode should lie above the two

highest N modes� This ordering and their positions are� however� very sensitive

to the position of the common Si atom� Si	�
 	Figure ���
� If this is displaced by

���� !A along ��%�%��� decreasing the Si	�
�O and increasing the N	�
�Si	�
 lengths

by ���� and ���� !A respectively� then the O and N modes are within �� cm�� of
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Figure ���	 Structure of the NNO defect� All bond lengths in �A�

the observed frequencies 	Table ���
� Once again the N atoms are decoupled� The

changes in bond lengths caused by the shift of Si	�
 and the discrepancies between

the calculated and observed modes lie within the errors of the calculation�

The highest O�mode is simply an asymmetric stretch in the Si�O bonds� with

a symmetric stretch mode at lower frequency� It shifts downwards by �� cm��

when ��O is substituted by �
O� which is somewhat larger than the observed shift

of �� cm��� The calculation found no O�shift of the ��� cm�� mode whereas a

downwards shift of � cm�� is observed 	Table ���
� Note however� that with the

displaced Si	�
�atom the calculated O�mode and highest N�mode cross when ��O is

substituted by �
O� Such a crossing is not observed experimentally� The extreme

sensitivity of the position of the common Si�atom 	Si	�

 and the possibility of

crossing of the two highest modes makes it rather di cult to calculate the isotopic

shifts for these modes� In the calculations almost no interaction between the two

highest modes were found� However� just a small interaction would automatically

cause a smaller O�shift of the ��� cm�� mode and a 	larger
 O�shift of the ��� cm��

mode� Contrary to this� the mode at ��� cm�� shows no shift with �
O in close

agreement with the observed shift of � cm���

Consider now the shifts with N isotopes� Substituting ��N by �	N� the calculated

shifts of the ���� ��� and ��� cm�� modes are �� �� and �� respectively in good

agreement with the observed shifts of �� �� and �� cm��� Finally� a mode involving

motion of both N�atoms were found at ��� cm�� in the calculation� The ��� cm��

shifts �� cm�� with �	N but does not show any shift with O� The position and

shift of the ��� cm�� calculated mode is extremely close to the observed mode at

��� cm�� that displays a �� cm�� shift with �	N and no resolvable shift with O�

Furthermore� the ��� cm�� mode is expected to split into four components when
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��N ��O �	N ��O ��N �	N ��O �	N ��N ��O ��N �
O ��N ��O

Calculated
N	�
 ������ ���� ��� ���� ��� ���
O ����� ��� ��� ��� ���� ����
N	�
 ����� ���� ���� ��� ��� ���

����� ���� ���� ��� ��� ���
����� ���� ��� ���� ��� ���

Displaced Si	�
 atom
O ����� ��� ��� ��� ���� ����
N	�
 ����� ���� ��� ���� ���� ����
N	�
 ����� ���� ���� ��� ��� ���

����� ���� ���� ��� ��� ���
����� ���� ��� ���� ��� ���

Observed
O ���� � � ��
N	�
 ��� �� �� �� �
N	�
 ��� �� �� �� �

��� �� �

Table ���	 Calculated and Observed LVMs� cm��� due to the NNO defect in Si� Isotopic values
show drop in modes when di�erent atomic isotopes are used� For modes where primarily one atom
is moving� this atom is given in the �rst column of the table 
numbering refers to Figure �����

both N�isotopes are present 	Table ���
� Considering the small intensity of the

observed mode at ��� cm��� this explains why this mode is not observed in samples

implanted with both ��N and �	N�

	�� NiOi � pre�cursor to STDs and the NNO

Wagner et al ����� have reported two weak LVMs at ��� and ���� cm�� 	��� and

���� cm�� at room temperature �����
 which were seen in the same materials as

the NNO defects� These were also reproduced in experiments by Berg Rasmussen

et al ����� in implanted Si after annealing at ����C� These modes are correlated�

and disappear after annealing at ����C� Long time annealing at ����C increases

their concentration at the expense of N� modes and the O defect responsible for

the ���� cm�� mode� suggesting that oxygen and nitrogen complexes are breaking

up while this defect is forming� They are always of a much weaker intensity than

the NNO vibrational modes� These modes have not to our knowledge ever been

properly characterised� and their origin is unknown�

After high temperature pre�annealing even the N� pairs are broken up� and it

seems reasonable that in material with a high Oi concentration� some of the Ni

could di�use to Oi before reaching a second Ni and reforming a pair� This NiOi
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Figure ���	 The NiOi defect in the neutral charge state� Lengths in �A� angles in degrees�

would form as an intermediate structure between Ni and either NiO�i or N�iOi� and

is a possible source of the ��� and ���� cm�� vibrational modes 	there are other

alternatives� see below
� If this is the source of the modes it would be important

since it shows clear evidence of a N�O precursor to the NiO�i defect� and adds much

support to the claim that the NiO�i shallow thermal donor can form in silicon 	see

Chapter �
�

We examined Ni�Oi using the ��� atom cluster Si
�H��NO� In the neutral charge

state the defect has roughly planar C�h symmetry with a deep donor level close to

that of isolated Ni 	see Figure ���
� This eliminates it as a model for the shallow

thermal donor� The N atom moves very slightly out of plane by ����� !A which

allows its lone pair to become more assymetric� similar to the nitrogen coordination

in ammonia� NH�� This is discussed further below� The O atom sits in a stable

bond�centred location with Si�O lengths of ����� and ����� !A with the shorter bond

on the Si shared with the N� and a Si�O�Si bond angle of ���� 	see Figure ���
� The

N�Si bonds are ������ ����� and ����� !A� with the shorter bond once more shared

with the Si bonded to the oxygen�

The deep donor level is concentrated on a h���i p� type orbital located on

the central Si atom� This atom moves away from the O� The asymmetry of the

defect allows the donor wavefunction to concentrate on the lobe of the p�type
orbital furthest from the oxygen� thus minimising the Coulombic repulsion with O�

This explains why the donor level remains deep in the gap� A plot of the Kohn�

Sham wavefunction for this level is given in Figure ���� This electronic behaviour

is discussed further in Section �����

Since the defect possesses such a deep level it raises the possibility that it could

act as an acceptor� trapping an additional electron to fully populate this level�

The implantation used to add isotopic N
O creates radiation defects� pinning the
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+1

0

-1

Figure ���	 The NiOi defect in the  �� neutral� and �� charge state� The core Si atom has a
p�type orbital in the plane of the defect that is empty in the  � charge state� This is partially
and fully occupied in the neutral and �� charge states respectively� which is re#ected in the change
in bonding character�
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Figure ���	 Kohn�Sham wavefunction for the partially occupied level of NiOi in the neutral charge
state� Note that the diagram is reversed from the ball and stick diagrams� i�e� the O atom is on
the right of the plot� The wavefunction lies primarily on the core Si atom� and is localised on the
side away from the Oi atom�

fermi�level near to midgap� Both the isotope implanted and as�grown material were

n�type����� with no di�erence in modes� which suggests the defects possessed the

same charge state in both� This suggests that the defects would be negatively

charged� We therefore calculated the structure and vibrational modes of the defect

in both the neutral and negative charge states�

In the �� charge state the core Si atom starts to form a bond with its Si next

neighbour on the opposite side to the oxygen& this bond shortens to ���� !A� dilating

the Si�Si back bond to ���� !A 	see Figure ���
� Thus the lone pair on the core Si

appears to have migrated out of the defect core and onto a next neighbour Si atom

of the defect� There is little change in the Si�O�Si lengths 	���� and ���� !A� ����

bond angle
� however the N�Si lengths dilate as the core Si is pulled away from the

N� the new lengths being ����� ���� and ���� !A�

The change in bonding with charge state is shown in Figure ���� and shows an

interesting e�ect� In the #� charge state the core p�type orbital is empty and
thus there is an attraction between it and the O
� atom� It therefore shifts o� site

towards the oxygen� However in the neutral charge state this orbital is occupied and

so there is now a driving force to form a covalent bond with its Si next�neighbour on

the other side� Since this Si atom is fully coordinated already then it has to choose

between bonding to the core Si and bonding to its standard neighbour along h���i�
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In practise it appears to form an extended bond between the two with roughly equal

bond lengths 	see Figure ���
� Finally in the �� charge state there are now su cient

electrons to completely �ll the dangling p�type bond� However it is energetically
more favourable to form instead a Si�Si bond with this next neighbour along h���i�
thus creating a dangling bond on the Si atom further from the defect core� This is

probably since the dangling bond� if it were to stay on the core Si� would have to

sit quite close to the oxygen atom� so the defect can lower the overall Coulombic

repulsion by moving it out of the defect centre in this way� Whether it would be

possible to grow this defect in p�type material and observe the shifted #� behaviour

is an open question�

The vibrational modes are given in Table ���� As can be seen� there is extremely

good agreement between the calculated and experimental values� The change in

charge state has only a small e�ect on the modes� The modes for the �� charge

state are slightly better than the neutral result and add weight to the suggestion

that the defect is negatively charged� however there is not su cient di�erence to

allow us to distinguish the defect charge state purely on this basis� The experimental

resolution was � cm�� and most of the isotopic shifts lie well within this accuracy�

The ��� cm�� mode appears experimentally as a shoulder to the stronger ��� cm��

mode due to NNO� and as this barely shifts with O isotope it could mask any

movement in the ��� cm�� mode�

Both the N and O atoms have one very short Si bond with their mutually

shared Si atom� This is extremely similar to the oxygen pair 	see Chapter �
� where

the two oxygen atoms bind tightly to their shared Si atom� This is due to the

large electronegativities of both the oxygen and nitrogen atom� which draw charge

from their Si neighbours� making the shared Si atom strongly 	#� However the

binding for the NiOi defect will be much stronger than that of the oxygen dimer�

since as well as this electrostatic bonding there is the additional binding due to

strain compensation with is absent in the dimer� This is in agreement with their

dissociation temperatures& oxygen dimers are not important in TD formation above

about ����C whereas the NiOi modes anneal out at ����C�

We originally relaxed this defect with the N atom starting exactly in�plane� but

this is a metastable minimum� Allowing the N extremely small out�of�plane relax�

ation allows the wavefunction of its lone pair to distribute correctly� Without this

the N does not attract as much surrounding charge� decreasing the polarisation of

the surrounding lattice and so weakening the strong shared bonds with the neigh�

bouring Si in the N�Si�O chain� This then shifts their vibrational modes� leading to

an incorrect ordering of the N and O modes� These earlier modes are included in

Table ��� for reference�
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Figure ���	 The NNOO defect�

Note that these results for NiOi di�er to those given in earlier work performed

using semi�empirical PM� clusters������ where it was suggested that NiOi repre�

sented a single� rather shallow� EMT donor�

����� Alternative Models � NNOO

There are other alternative explanations for this defect that need to be investigated�

Oxygen dimers are present in the material� and are probably responsible for the

���� cm�� absorption line 	see Chapter �
& one explanation could be that these

are simply di�using to N pairs and forming N�iO�i defects� It is known that N

suppresses thermal donor formation� and the normal explanation for this is that

it simply �soaks up � the Oi by forming NNO defects� However the N�iO�i defect

provides an intriguing alternative� whereby if dimer migration is the crucial step in

thermal donor formation 	see Chapter �
� then thermal donors can be suppressed

by trapping these to form N�iO�i�

To investigate this� we relaxed the ��� atom cluster� Si
�H��N�O�� which con�

tains the most likely structure for NNOO� i�e� the standard ����� split interstitial

N� pair neighbouring an O�i dimer& the result is a defect lying along h���i� with
Cs planar symmetry� The structure is extremely similar to NNO with the shared

Si atoms between the Ni moved a long way o� site and the Oi atoms only slightly

distorted 	see Figure ���
� As expected� it possesses no gap levels� The furthest

Ni has bond lengths of ���� !A and ���� !A within the square 	bond angle ���
 and

���� !A outside� with the inner Ni having lengths of ���� and ���� !A within the

square and ���� !A to the Si neighbouring O� The oxygen nearest the square bows a

long way from its bond centred site 	���� Si� ,O�Si bond angle
� whereas the outer Oi

has standard bond angles with assymetric bond lengths characteristic of the dimer

	see Chapter �
�

This similarity to both the dimer and the N�square suggests that the NNOO

defect will not have modes in the correct region� as shown by the calculated values
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Defect Source

��N �	N
Ni Experiment ����� ���� ��� ��

Theory ����� ��� ��
��� ��

��N��O �	N��O ��N�
O ��N��O
NiOi Experiment ����� ���� ���� � �

��� �� �

This work
�� ���� � �� ��

��� �� � ��
��� � �� ��

Neutral ��� � �� ��
��� �� � �
��� � �� ��

Local Minimum ��� �� � �
	see Section ���
 ��� � �� ��

��� �� � �

N�iO�i
��N��N ��O��O ��O��O ��O��O ��O��O
This work ���� � � �

���� �� �� ��
��� � � �
��� �� �� ��
��� � � �
��� � � �
��� � � �
��� �� � ��

��O��O ��N��N ��N�	N �	N��N �	N�	N
���� � �� ��
���� � � �
��� �� � ��
��� � � �
��� � �� ��
��� �� � ��

Table ���	 Local vibrational modes 
cm��� for various 
Ni�n!
Oi�m defects in Silicon� Later
columns show the drop in frequency with the change of isotope� For NNOO the second N and O
atoms are the ones in the defect centre�
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given in Table ���� Firstly only two modes are experimentally observed� whereas

this NNOO defect has four higher frequency modes� Secondly the experimental

oxygen mode is lower than that due to the NN�O defect� but in NNOO the O atom

is more compressed and so gives rise to a higher mode� Therefore we can discard

the NNOO defect as a model for the two LVMs at ��� and ���� cm���

An alternative structure for the NNOO defect would be one Oi atom at either

side of the N� core� but we have not yet investigated that� This could not be a

candidate for the ��� and ���� cm�� modes either since it would lead to more than

one nitrogen mode�

In addition� the experimental anneals were performed at ����C� and the dimer

is not expected to be stable at these temperatures 	see Chapter �
� However� if

the annealing was repeated at ��������C� then it is possible that this defect would

indeed be observed� This would be an interesting experiment to perform to con�rm

the presence of dimers in N doped Si� Such a low temperature anneal would also

provide more information about the mobility of the N� pair�

	�� Conclusions and Discussion

Our conclusion is that the structure shown in Figure ��� represents the NNO defect�

the primary N�O complex in silicon� The NNO defect has no deep or shallow donor

levels� and so is not responsible for shallow thermal donors 	see Section �
�

The three atoms of the defect are only weakly dynamically coupled because of

their inequivalence� The O atom is bound to the defect because the N�pair strains

the lattice� The dissociation barrier of the NNO complex is then approximately the

energy necessary for O to migrate to the barrier top starting from O lying between

Si	�
 and Si	�
 and ending between Si	�
 and Si	�
� Taking the �rst �gure to be

that for Oi di�usion� ��� eV ��� and the second one as calculated here� ��� eV� we

�nd this dissociation barrier to be ��� eV� The equilibrium concentration of NNO

defects would equal�
�N���Oi�

Ns
e
���eV�kT ��

where Ns is the density of bond�center sites for Oi� The formation energy of NNO

from N� and O defects is estimated to be around ��� eV which gives a concentration

of NNO equal to that of N� below ����C if �N��" �Oi� " ����Ns " ���
 cm���

We remark that as the trapping of O by N pairs has been attributed to the

strain �eld surrounding the pair� then this mechanism would be also be expected

to operate for other impurities� H and F would behave like O� However� C would

be expected to substitute for Si atoms compressed by the pairs whereas Ge and



CHAPTER 
� NITROGEN	OXYGEN DEFECTS IN SILICON ���

substitutional transition metals would replace Si atoms subject to tensile stress�

This would lead to h���i oriented aggregates�
In addition we conclude that the ��� and ���� cm�� vibrational modes are

produced by the NiOi defect� This is present in much smaller concentrations than

the standard NNO defect� and acts as a deep donor defect similar to Ni� It will

form as a pre�cursor to either NNO or the NiO�i shallow thermal donor� depending

on whether it traps Ni or Oi� and this adds weight to our claim that NiO�i can form

in N
O codoped material 	see Chapter �
� The two models examined above di�er

in that the NNOO model has no gap levels at all� whereas the NiOi model has a

single deep donor state� Therefore it should be possible to experimentally verify

that the defect is NiOi rather than NNOO� for example through detection of an

associated deep level using DLTS 	although this may prove di cult to distinguish

from other centres in the material
 or else electronic transition IR�

An important question that needs to be addressed when discussing the kinetics

and formation of N
O defects is the migration process for N� pairs� It is currently

unknown whether the N atoms are able to di�use as a pair� or have to break up

into individual Ni before di�using and later recombining� An experiment which

may be able to distinguish between these two is as follows ������ A sample should

be ion implantated using ��N and brie�y annealed� so the N forms pairs of ��N� The

sample is then similarly ion implanted� but using �	N& another quick anneal should

pair these atoms o�� leaving a collection of ��N and �	N nitrogen pairs� but very

few mixed isotope pairs� This can be veri�ed by FTIR� before performing a longer

time anneal� If� after the annealing� the sample shows a spread of pure and mixed

isotope pairs� then this suggests the pairs are breaking up and reforming� However

if the pure isotopic pairs are maintained then it suggests that the N atoms di�use

as a pair�



Chapter �

Shallow Thermal Donors in Silicon

Many experimental groups have observed a family of shallow thermal donors 	STDs


in Si doped with both O and N� Our calculations predict that a defect consisting of

a single Ni surrounded by two Oi acts as a STD ������ Isolated Ni possesses a deep

donor state localised on a neighbouring Si� However in Ni	Oi
� this donor level is

electrostatically �squeezed� by the Oi� which pushes it towards the conduction band

to form the observed shallow level� The mechanism is not restricted to Ni based

defects and also occurs in the defect 	C�H
iO�i with a similar defect core� We show

that these structures may be responsible for two of the the �NL��� defects observed

in Si� and discuss some of the rami�cations of such a deep�to�shallow conversion

mechanism�

In addition we show that 	C�H
iO�i is able to structurally re�arrange when

switching from the neutral to the �� charge state� by rotating one of the oxygen

atoms away from the defect core� This suggests that the defect could act as a deep

acceptor to become �� charged� or a shallow donor to become #� charged� The

structure of the neutral charge state defect is almost identical to that of the #�

defect�


�� Background

The shallow thermal donors 	STDs
 are a family of defects which can be formed by

annealing N rich Cz�Si around ����C ����� ���� ���� ���� ����� As single donors they

have ionisation energies from ������ to ������ eV �����& this is comparable with P�

and is much shallower than the thermal double donor 	TD
 	������ to ������ eV
�

N is known to suppress TD formation ������

EPR experiments of Hara et� al� ����� ���� found STD defects to have S " ���

with a g�tensor extremely close to that of the NL�� defect� This led them to

suggest that they were the same defect� The g�tensor shows that the STD possesses

an apparent C�v symmetry� However EPR and ENDOR studies have failed to

���
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resolve any hyper�ne splitting in the defect core ����� ���� and so the presence

of N in the defect is only inferred from its presence in the material and remains

controversial� Although several studies claim to have shown that both O and N

must be present in the Si for STDs to form ����� ���� ����� other workers �����

�nd STDs in nominally N free Cz�Si� In addition� large N concentrations can

actually suppress STD formation ������ We believe that the explanation of these

con�icting observations lies in a
 that other defects� not containing N� can be STDs�

and b
 there are other electrically inactive nitrogen�oxygen defects which form in

competition with the N�related STDs 	see Chapter ���
�

The IR electronic absorption lines observed by Suezawa et� al� ����� originated

from several di�erent families of STDs� In addition� calculations using e�ective

mass theory by Gri n et� al� ����� suggest that the di�erent families of STDs are

due to di�erent numbers of oxygen atoms surrounding a common core� with larger

oxygen complexes leading to increasingly shallow donor behaviour�

Recently� Yang et� al� annealed N�doped Si containing STDs ������ As their

concentration decreased� the concentrations of Oi and N�pairs� as monitored by IR

spectroscopy� increased� Conversely when STDs formed� the concentration of both

Oi and N�pairs decreased� This unfortunately cannot be taken as direct evidence

that these elements are part of the STD� because it is known that electrically in�

active NNO defects can be formed around the same temperature as STDs �����

	Section ���
� and this confuses the issue� It seems to us that while N pairs would

complex with Oi creating inactive NNO defects ������ Ni defects could form active

centres�

Liesert et� al� ����� observed PL from STDs in samples that were nominally

N�free� It may be that there was an undetected level of N in these materials but

it is worth considering whether STDs can be formed with di�erent core centres�

One such possibility to be considered below is an oxygen complex with Ci�H� The

latter defect is to be distinguished from the marginally stable substitutional carbon

� hydrogen defect ����� ����� A CiH defect complexed with a substitutional carbon

atom forms the T�centre ����� which is observed when Cz�Si containing carbon

is annealed between ����C and ����C ������ There is no deliberate H doping of

these materials showing that H is a common and unintentional impurity in Cz�Si

����� ����� The chemistry of CiH seems very similar to that of Ni and hence it is

plausible that 	CH
iOn defects could form in C� O and H rich Si�

Recent work has shown that there does indeed exist a family of STDs that con�

tain hydrogen� since there is a shift in the electronic infra�red resonances associated

with the �s� �p� transitions of the STD when hydrogen is replaced with deuterium

����� ����� This shift is not reproduced in the thermal donor resonances� This work
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correlates IR absorption strengths of these STDs to EPR spin concentration of the

NL�� spectrum� suggesting they are the same defect� However there are at least

two di�erent sources of NL�� containing either H or Al ������ and these results do

not explain the nitrogen containing samples� This therefore suggests there are at

least three types of STD� one N�based� one containing H� and one containing Al� It

is suggested that the H�based STDs could be H�passivated TDs ����� ����� However

the H�related STDs are stable up to ����C ������ whereas TDs have broken down

by then� In addition� H passivated TDs have been identi�ed and are known to lose

hydrogen and reactivate at less than ����C ����� �����

The NL�� centres were originally observed by M�uller et al ������ These are

electron spin resonance 	ESR
 active centres with C�v symmetry after annealing

from ��� to ��� �C� The g tensor of Si�NL�� is less anisotropic than that of NL�

	TD�
� suggesting its paramagnetic electron is only weakly bound� consistent with

a shallow donor state� and it has spin S " �
�
����� NL�� defects have a series�like

character ����� ���� ���� ���� ����� and ENDOR work shows they include oxygen

within one f���g lattice plane forming a planar structure����� ����� In addition�
ENDOR suggests NL�� is structurally similar to NL� 	associated with the thermal

donors
� with an identical oxygen structure ������ Therefore identi�cation of NL��

could give important clues as to the structure of the thermal donors�


�� Method

All defects discussed here were symmetry constrained to C�h or C�v as appropriate�

In every case symmetry was later breached and in most cases the defects relaxed

back to the symmetrical structures& exceptions are discussed in the text� ��� atom

clusters were used for initial results� but the �nal results discussed here were ob�

tained using ������� atom clusters� The results were qualitatively identical� showing

that they are independent of cluster size� In some cases� e�g� the 	CH
iO�i� the �nal

structure shows slight deviation from its overall C�v symmetry& where relevant this

has been discussed in the text�

The Kohn�Sham energy levels arising from the calculations give only an approx�

imate estimate of donor and acceptor levels� This being so� it is di cult to conclude

that an occupied level lying close to the conduction band of unoccupied levels is

a shallow donor as opposed to a donor whose ionisation energy is a few tenths of

an eV� It certainly appears in this work that certain levels are very close to the

conduction band and will be described as shallow to distinguish them from deep

mid�gap states possessed by other defects�
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Figure ���	 The core structure of the  � Ni�O�i defect� All bond lengths are in �A� N atoms are
dark grey� O atoms light grey� black dots mark the ideal lattice sites�


�� NiO�i � The N�O Shallow Thermal Donor

There are two likely structures for the NiO�i defect which have C�v and C�h sym�

metries respectively� These correspond to placing one oxygen atom either side of

Ni� or both on the same side� respectively� Unlike the case of CiO�i� we found the

�rst defect to have the lower energy by ���� eV� and hence the NiO�i has the same

symmetry as that found for nitrogen related STDs ������ Crucially the defect has a

very shallow donor level� which is more properly described by e�ective mass theory�

as shown in Figure ���� The calculated local vibrational modes of Ni�O�i are given

in Table ����

The ��� atom cluster� Si
�H��NO�� was used for investigating this defect� centred

on the N�Si bond centre lying on the C� axis& this ensured that all atoms up to

second shell neighbours of the defect atoms were bulk Si atoms� Its relaxed C�v

defect structure is shown in Figure ���� The oxygen atoms have an Si�O�Si bond

angle of ����� considerably lower than the standard interstitial angle of 
 ����� and
closer to that of substitutional oxygen 	
 ����
� In addition the Si�O bond lengths
are ���� !A and ���� !A for the outer and bonds respectively� again lying somewhere

between normal interstitial and substitutional bond lengths 	���� !A and ���� !A

respectively ����
� The distance between the O atoms and the central Si atom

is ���� !A� considerably longer than would be expected if there was a Si�O bond

forming�

The N atom has two short ���� !A top Si�N bonds and a longer ���� !A �����

Si�N bond� so the presence of the Oi causes a ���$ compression of the top bonds�

slightly compensated by a ���$ extension of the lower N�Si bond�

We also optimised the defect structure in the positive charge state� since at the
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Figure ���	 Top Kohn�Sham eigenvalues for neutral Ni� NiOi� and NiO�i� Filled 
empty� boxes
denote electrons 
holes�� These have been scaled to the experimental ���� eV band gap�

annealing temperatures described the shallow level will depopulate� This revealed

a very similar structure� where the O atoms move only ���� !A towards the central

Si� Thus there is a slightly stronger third Si�O bond� although not three equivalent

bonds as are shown in related �y�lid� models ����� ���� This small change suggests

that cluster size is not playing a signi�cant role�

A plot of the wavefunction of the partially �lled shallow level is given in Fig�

ure ���� The level is di�usively localised on the p� type dangling bond of the

central Si radical� There is negligible localisation on the interstitial nitrogen� con�

sistent with the lack of any hyper�ne interaction with N observed by EPR
ENDOR

experiments� The nodal surface between O and the Si radical demonstrates an anti�

bonding character to the state� There must then be a bonding orbital lying below

this state and this shows that the O atoms are to some extent overcoordinated� A

larger cluster would probably lead to a greater delocalisation of the donor state�

which would then be properly described by e�ective mass theory�

The local vibrational modes for the defect are given in Table ���� As would

be expected� the longer Si�O bonds lead to oxygen related LVMs that are lower

than those of the standard interstitial� and closer to those of substitutional Os�

Interestingly the oxygen modes are strongly coupled due to their shared interaction

with the core Si� yet are largely decoupled from the Ni� Although the STDs are

typically present in concentrations too low to be observed by infra�red spectroscopy�
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Figure ��
	 The pseudo�wavefunction 
 � ��� a� u� � of the highest occupied orbital of neutral
Ni�O�i� Note that it has little amplitude on N and is localised on the Si radical� There are nodal
surfaces lying between this atom and the O atoms demonstrating anti�bonding behaviour�

��N��O��O ��N��O��O ��N��O��O �	N��O��O

������ ��� ��� ����
����� ���� ���� ���
����� ���� ���� ���
����� ��� ��� ����
����� ��� ��� ����

Table ���	 Local vibrational modes of NiO�i 
cm
��� � later columns give downwards shift in modes

with change of isotope�
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there should be enough of them for detection by photoluminescence methods�

Further calculations show that the defect with two more interstitial oxygen

atoms in the h���i plane is stable� Ni�O�i� These atoms sit in standard interstitial

sites but are able to relieve some of their compressive strain through a compression

of the weaker central Si�O�Si bonds� These O atoms move closer to the Si radical�

This should result in pushing upwards the shallow donor level but the limitations

of the cluster method prevent a quantitative estimate of the change�

This mechanism whereby larger oxygen aggregates push the nearest oxygen

atoms towards the Si radical� increasing the repulsive central cell potential� demon�

strates how the family of shallow donor states develops� It also explains the obser�

vation of Suezawa et� al� that the absorption lines of di�erent shallow donor defects

at �rst sight appear to be single absorption line splitting due to small strains at the

defect core ������ A more detailed discussion is given in Section �����

Since performing these calculations we have learned that independant research

by Chadi also shows Ni�O�i to possess a shallow donor level in this con�guration

������


�� Other potential STD models

We also considered a variety of other defects as candidates for the nitrogen related

shallow thermal donor�

��
�� �N�i�n�Oi � Suezawa�s model

A kinetic study by Suezawa et� al� ����� linking the rate of loss of N�pairs to the

increase in STDs 	using IR electronic absorption intensities
� suggested that STDs

consisted of an unknown O�containing core� to which N�pairs attached themselves�

However this modelling neglected dissociation of Nn�Om complexes� which will be

crucial in the kinetics of these defects� In addition it is known that the NNO defect

consisting of an N�pair neighbouring a single Oi is electrically inactive ����� �����

It was proposed that the STD could consist of a core containing Oi� surrounded

by N�i pairs in the h���i direction ������ However in order to maintain C�v symmetry

with only one Oi� the Oi must lie along the central C� axis� This structure will

therefore be of a ����� split interstitial type� similar to Ni� Since it contains an even

number of N atoms it is EPR inactive in the neutral state�

We investigated the cluster Si	
H	�N�O� containing this defect and constrained

it to possess C�v symmetry� No shallow donor level was found and we therefore

conclude that this cannot be a valid model for the STD� However� N�i pairs could

still co�exist with the NiO�i shallow thermal donor core proposed above� Although
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Figure ���	 Structure of the proposed VOsNs defect� This does not have the required bonding or
gap states to behave as a shallow donor defect� The cube marks the 
���� directions� corners on
ideal lattice sites� The N!O distance in �A�

Oi atoms will continue to agglomerate at the defect core due to the polar bond

formation� the outer Oi atoms will not bene�t from the tensile strain �eld of the

defect core� They will themselves still exert tensile stress on the surrounding lattice�

and therefore there will be a driving force for N�i pairs to also collect along the

same h���i plane� This formation mechanism is identical to that of the NNO defect
����� ���� but requires N�i to be mobile�

��
�� Substitutional Nitrogen

It was previously proposed by members of our group that a substitutional NsOi pair

could form the core of a STD ������ The problem here is that the substitutional

defect seems to be a rare defect� However� in analogy with the VO� centre� we

examined a substitutional split Ns�Os pair� This� however� was found to possess a

deep level� with no bonding between the Ns and Os atoms� The addition of extra Oi

in neighbouring bond centres did not provide su cient strain to push the gap state

up to give a shallow donor level� A diagram of the structure is shown in Figure ����

��
�	 Bistable NNO structures

Another proposal for the STD structure was based on the possibility that the electri�

cally inactive NNO defect was actually bistable� and had a singly charged alternative

structure with shallow donor properties ����� 	see Figure ���
� Initial investigations
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Figure ���	 Structure of the proposed bistable NON
 � defect core� Arrows show approximate
movement of Ni and Oi atoms from the electrically inactive NNO defect structure�

Charge PM��CCM AIMPRO AIMPRO using PM��CCM
State relaxed structure

� #���� � #����
#� ����� #���� #����

Table ���	 Calculated energy di�erence 
eV� between the NNO and NON structures� using the
PM
 cyclic cluster method and AIMPRO in the neutral
�� and positive
 �� charge state� Positive
numbers show NNO to be more stable� The � indicates NON
�� spontaneously restructures into
NNO
�� with no barrier�

using PM��CCM semi�empirical methods proved promising ������ We therefore in�

vestigated this using the same clusters as used for the NNO work in both the neutral

and #� charge states�

Both the standard NNO structure 	Section ���
 and the new proposed alterna�

tive were relaxed in the neutral and #� charge states� The original NNO structure

was the most stable in both charge states& the neutral N�ON spontaneously restruc�

tured to form NN�O with no barrier� In the positive charge state NO�N�� although

metastable� was ���� eV higher in energy than NN�O�� This suggests that contrary

to the previous results from PM��CCM calculations������ we �nd that NON	#
 is

not a stable form of the NNO system� and is not predicted to occur in real systems

in either the neutral or #� charge state� In addition it does not display the correct

C�v defect symmetry� and in light of these results we rule it out as a possibility for

the STD�


�� Formation processes for N�O defects

A complication with the unravelling of the processes by which oxygen atoms ag�

gregate in the presence of these impurities is the existence of more than one type

of oxygen complex� In N�doped material the dominant nitrogen defect is the pair

which itself forms electrically inactive NNO defects ����� ����� These have to be
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distinguished from the shallow donor defects originating from Ni� and the question

then arises as to which defect is actually formed�

High temperature annealing is normally used to break up any defect complexes

present in the material� and this will include N�i pairs� On cooling� the di�using

Ni defects are trapped either by Oi or Ni� A high concentration of Ni implies

that N�i pairs will be preferably formed� whereas a high oxygen concentration may

result in NiOi defects� Both defects subsequently complex with oxygen to create

either electrically inactive NNO or STD defects in the form of NO�i� Sun et al �����

showed that for N to have an e�ect on O precipitation it is essential to pre�anneal at

�����C& this step will be required to break up the N�i pairs and any larger oxygen

precipitates� and homogenously distribute the Ni and Oi�

It is likely that the N�pair is more stable than NiOi and hence slow cooling

probably results in higher concentrations of NNO� Hara et� al� ����� examined the

e�ect of cooling rate on N�rich Cz�Si� and found that in quenched Si they obtained

high concentrations of STDs� whereas in slow cooled Cz�Si the STD concentration

was much lower� This is consistent with the above explanation� Slow cooling will

also lead to out�gassing of nitrogen� leaving less N�i pairs to mop up Oi forming

NNO� Similarly� evidence that high N concentrations do not necessarily result in

high concentrations of STDs has been shown by Gri n et� al� ����� using PTIS

on N doped samples annealed at ����C� They found that N suppressed TD growth

� behaviour similar to that of carbon doped Si where C�O complexes are formed�

In addition� for low doping levels of N 	��� � ���	 cm��
� they observed a large

number of STDs� whereas for a higher N doping level 	� � ���	 cm��
� the STD

concentration was strongly reduced� This result is consistent with N�i pairs forming

preferentially at higher concentrations� since Ni atoms are able to combine before

encountering any Oi�

The formation kinetics of the NO�i defects will be dependent on the quantities

of each reaction component� and the rate constants for many di�erent reactions�

Ni #Ni � N�i

Ni #Oi � NiOi

Oi #Oi � O�i

N�i #Oi � N�iO

NiOi #Ni � N�iO

NiOi #Oi � NiO�i

Ni #O�i � NiO�i

N�i #O�i � N�iO�i

Here N�i is the nitrogen pair defect� N�iO is the electrically inactive NN�O
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defect� and NiO�i is the defect proposed here as a STD� In theory there could be

other reaction components such as N�i� as well as reaction paths involving other

point defects such as C�


�� �C�H
 based shallow thermal donors

The observation of STDs in material that is nominally N free ����� suggests that

other families of STDs may exist� Annealing Cz�Si between ��� and ����C pro�

duces a number of PL bands ����� some of which� e�g� the T�line� are due to defects

containing interstitial C�H complexes ������ The hydrogen is present as an uninten�

tional impurity and the concentrations of these centres are comparable with those of

thermal donors� These interstitial defects are to be contrasted with the marginally

stable substitutional carbon�hydrogen centres ����� �����

	C�H
i is believed to be a fast di�using species in silicon ����� which is highly

stable in either a bond centred or three�fold coordinated site depending on whether

the carbon is sp� or sp� hybridised� In the three�fold coordinated site it sits as

a ����� split�interstitial similar to Ci� The C�H bond is parallel to ��%��� and lies

perpendicular to the plane containing the three C�Si bonds� The C�H bond length

is exceptionally small� ��� !A� and as this unit is isovalent with N� it suggests that an

STD might arise if N in Fig� ��� was replaced by C�H� We therefore tried replacing

Ni with 	C�H
i in the STD model�

There are three primary structures to be considered� Firstly the 	CH
iO�i de�

fects� In direct analogy with the NiO�i defects these have two possible structures�

with either one oxygen atom on each side of the 	CH
i� or with both oxygen atoms

forming a dimer pair on one side of the 	CH
i� We therefore investigated both of

these� Then there is also the 	CH
iO�i defects� i�e� 	CH
i �anked by two oxygen

pairs� one on each side�

����� �C�H�iO�i

This was modelled using a ��� atom cluster in the #� charge state� CSi
�H��O�

	Figure ���
� The presence of the 	C�H
 bond gives the defect C�h symmetry

rather than C�v� However� more recent ENDOR symmetry analysis ���� has shown

that NL��	H
� the EPR
ENDOR signal associated with H�related shallow thermal

donors 	see Section ���
 was misassigned using EPR to C�v symmetry� Using EN�

DOR they have shown it to be triclinic� with H lying along ��%��� perpendicular to

the plane containing Oi� in agreement with this model�

The O forms assymetric bonds of ���� and ���� !A� the shorter bond with the

more positive Si atom shared with the 	CH
i� The Si�O�Si bond angle is ����� C
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Figure ���	 The 
C�H�i�O�i �C�v� defect core in the  � charge state� Numbered atoms are referred
to in the text� Symmetry with H included is C�h 
see text�� Black dots mark the ideal lattice
sites� This is less stable than the assymetric structure in Figure ���� The cross�hatched H atom
lies perpendicular to the defect plane�

forms three strong Si bonds� the top two of ����� !A and the bond with the core Si

of ����� !A� The C�H unit has a short C�H bond of ����� !A� and C moves out of

plane by ����� !A� However� unlike NiO�i� this defect was not itself a shallow donor�

the level instead lying closer to mid�gap� Changing the charge state of the defect to

neutral or �� through the addition of � or � electrons respectively� had little e�ect

on the structure� and the level remained deep in the gap� In this case the empty

dangling bond on the Si was either singly 	neutral
 or doubly 	�� charged
 occupied�

The C�H bond dilated 	����� !A when neutral� ����� !A when ��
� and the distance

between the C and the core Si increased 	����� !A when neutral� ����� !A when ��
�

The O atoms were also pushed back into their bond centres 	Si�O�Si bond angles

of ����
� and all of these shifts are consistent with increased charge in the defect

core� These results show that� by itself� the 	CH
iO�i defect in this con�guration

is not a single shallow donor� We deliberately breached the defect symmetry after

relaxation but in all cases it returned to the symmetric structures described above

with the same energies�

We next examined the stability of this defect and found it to be less stable than

the alternative structure with both oxygen atoms on the same side of the C 	similar

to its unhydrogenated cousin� Ci�O�i� responsible for the �P�line� PL absorption
�

This lop�sided defect structure is ���� eV more stable than the symmetric one in the

neutral charge state 	���� and ���� eV in the #� and �� charge states respectively
�

This also has a deep donor level rather than a shallow one� The structure is shown in

Figure ���� We again examined the three possible charge states of this defect� #�� ��

or ��� corresponding to di�erent populations of the Si p�type dangling bond in the
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Figure ���	 The 
C�H�i�O�i defect with O�i neighbouring 
CH�i� in the neutral charge state�
Numbered atoms are referred to in the text� This structure is ��
� eV more stable than its
equivalent with one O atom on either side of the 
CH�i unit� Black dots mark the ideal lattice
sites�

core of the defect� In the #� charge state the core Si stayed close to the h���i axis�
but in the neutral and �� charge state it bows away from the neighbouring oxygen

atom� allowing it to localise the �lled p�type orbital as far from the oxygen lone�
pairs as possible� In this respect its behaviour mimics that of NiOi� and presumably

the exact analogy� 	CH
iOi would also behave in a similar way�

The lack of shallow donor properties for 	CH
iO�i in the C�v con�guration is

initially surprising� given that it is iso�electronic with the NiO�i shallow thermal

donor� However the 	CH
 unit is less electronegative than Ni and so the core Si

atom is less polarised� This in turn provides less driving force to draw the oxygen

atoms inwards and indirectly compress the gap level� In addition the back�bonds of

	CH
i are not as dilated as those of Ni� and so there is less strain energy to be gained

from placing the oxygen atoms next to the 	CH
i& this is why the oxygen atoms

prefer to sit on one side where they gain energy through quadrapole interactions

through their shared lattice Si�

However the C�h defect could still act as a STD core� and would become stable

with the addition of further oxygen atoms� similar to Ni�O�i� This would also

help to compress the defect core� We therefore relaxed 	C�H
i�O�i� and found that

it possessed a single shallow donor level� The Kohn�Sham eigenvalues are shown

in Figure ����� showing the donor level� 	CH
iO�i is examined further� below in

Section ����

In conclusion� it appears that CiHO�i is a stable shallow donor defect� possesses

C�h symmetry and contains a C�H bond lying along ��%���� There is very little spin�

polarised density residing on C or H� The defect core� CiHO�i is more stable in a
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C� con�guration similar to CiO�i� In n�type material the 	CH
iO�i defect would be

either neutral or �� charged�


�	 Identi�cation of NL��

The recent work of Newman and Ammerlaan ����� ���� suggests that there are ac�

tually at least three di�erent types of STD defect� The �rst� not yet been identi�ed

by them� is the N�based defect of Hara� Suezawa� etc� discussed above� This defect

is stable to �����C ������ The second contains hydrogen and corresponds to at least
one of the NL�� EPR signals� This defect is stable to ����C� and has an electronic

IR signal distinct from that of STDs found in N�rich material ������ Finally there is

a defect that contains Al on the core C� axis but no hydrogen ������ which again has

a distinct electronic IR signal� None of these can be attributed to thermal donors�

since TDs break down in anneals at ����C� and can only be H�passivated below

����C������

We suggest that the �rst two STD families correspond to those with an NiO�i

core� and those with a 	C�H
iO�i core respectively� This would be consistent with

the experimental evidence� as well as the thermal stabilities� Ni�O�i is a tightly

bound defect core and should be highly thermally stable 	NNO is known to be

stable to �����C
� However 	C�H
iO�i does not have such tightly bound outer Oi

atoms� and once these have di�used away to leave 	C�H
iO�i� this is no longer a

shallow donor� Therefore we would expect this to be stable to lower temperatures�

In addition� other 	C�H
 based defects have similar thermal stabilities& the defect

responsible for the �T�line� observed in PL experiments� 	C�H
iCs� is stable to ��� �C

������ consistent with the idea that the C�H bond is a strong one�

Recent work by Newman has shown the H�based and N�based STDs are in�

deed two di�erent types of defect������ and after our suggestions they are now

re�examining their ENDOR results for carbon related signals� In their work corre�

lating NL�� to STDs� they assigned the H�containing NL�� signals to H�passivated

TDs ������ However in light of the work of Weber et al 	suggesting H�passivated

TDs are only stable at low temperatures
 ������ and the discussion above� we believe

this to be an incorrect assignment� They have also shown that high carbon concen�

trations suppress STD formation ������ This is similar to the result for nitrogen�

and is probably due to several mechanisms� Cs forming complexes with dimers� Ci

and CiH�

Strong con�rmation of the assignment of 	CH
iO�i to NL��	H
 has come from

recent work by Markevich on the D�� D� and D� EPR centres� where D� and D�

correspond to NL��	H
 centres that form in hydrogenated irradiated material at
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the same time that the absorption signal from CiOi disappears� This is discussed

below in Section ����

Spaeth examined P�doped samples that were subjected to gamma irradiation

������ This created OV� centres� which lowered the fermi level and switched the P

from a neutral to a P� state� However the concentration of neutral STD centres

remained una�ected 	and actually appeared to increase a little
� They explained

this by suggesting the STD levels must lie relatively deep in the gap� over ��meV

below Ec� However an alternative possibility is that the gamma irradiation was

creating Sii atoms� which in turn liberated more Ci 	through Cs#Sii � Cs
 and thus

created further STDs� similar to the irradiation production method of Markevich

discussed above� Their assignment was complicated since the STD absorption only

appears as a shoulder on the larger OV� absorption�

A previous study by Jones et al ����� proposed an Al�based STD consisting of

substitutional Al surrounded by two over�coordinated oxygen atoms� which remains

a possible candidate for the third type of NL�� defect� However an alternative can

be based around thermal donor models with Al substituting for Si in the core� This

is examined further in Section ����


�
 �CH
i�O�i and the �pop�out� mechanism

����� Experimental Background

As well as the experiments described above� there is some work speci�cally relevant

to the 	CH
iO�i defect�

Recent experimental work by Markevich and Suezawa has identi�ed an EPR

active centre that forms in irradiated material containing both H and O ������

This EPR �D� centre� is stable in the singly negative charge state� but has an

alternative structure which is only marginally stable in the neutral charge state

before spontaneously forming a metastable #� charge state structure� The �� charge

state is a deep level defect� however both the neutral and #� charge state defects are

shallow 	identi�ed using DLTS
� It is present in concentrations of up to ���	 cm���

and is a negative�U centre with U � ������ eV ������ It has a g�tensor remarkably
similar to that of NL��	H
� and an activation energy for generation of ���� eV

������ suggesting it grows by dimer addition 	since the dimer migration barrier is

approximately ��� eV� see Chapter �
� They are produced in hydrogenated Cz�Si

crystals after electron irradiation and annealing at ��������C ����� ����� Above

around ����C they transform into further D� and D� centres� all of which anneal

out at ��������C� Their formation corresponds with the loss of CiOi absorption

signal� D� displays well�resolved hyper�ne interactions of the unpaired electron
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with a ��Si atom which shows isotropic s�type character& this is not consistent with

either our calculations or published EPR results on the NL�� centres� The electronic

IR signals for the D centres are in some cases very close to those of NL��	H
� in

other cases identical 	for �s� �p� transitions� the D centres absorb at ������ �����

and ����� cm��� compared to ������ ����� and ����� cm�� for NL��	H

� In addition

the D series donor levels lie at ����� ���� and ���� meV ������ whereas the nearest

NL��	H
 members lie at ����� ���� and ���� meV ������

Thus it appears that the D� centre is a precursor to NL��	H
� whereas D�

and D� correspond to two of the NL��	H
 centres� D� dies away at the same

temperature as NL��	H
 increases� which adds weight to this suggestion� The

isotropic EPR signal of D� suggests it is quite di�erent from any of the centres

modelled here�

����� Results

We modelled the 	CH
iO�i defect in the #�� neutral and �� charge states using the

cluster described in Section ��� above� The neutral structure is given in Figure ����

along with bond lengths and angles� The #� structure is almost identical 	similar

to the result for NiO�i
� The #� and �� structures are shown in Figure ���� and the

eigenvalues in Figure ����� Both the neutral and #� defects act as a shallow donor�

but the gap level becomes very deep for the �� charge state� The vibrational modes

for the #� structure are shown in Table ���� These show high frequency C�stretch

modes at ������ and ������ cm��� much higher than C�stretch modes in either Ci�

CiH or CsCiH& this is due to compression of the C�Si bonds by the neighbouring O�

In the #� and neutral charge state� the oxygen atoms force inwards towards the

core Si� behaving in exactly the same way as NiO�i� However in the �� charge state�

one pair of Oi atoms switch so that their Si�O�Si bond angle points away from the

core instead of towards it� the oxygen atom is then further from the core Si atom�

This allows the core to distort� similar to the NiOi defect� with the majority of the

single donor state localising on a lobe of the p�orbital of the Si furthest from the
remaining compressive Oi atom� This removes the primary method of electrostatic

compression� so the level can once more drop to lie deep in the gap� If this is in

n�type material 	e�g� P doped material
� then it will spontaneously trap a second
electron to become �� charged�

The #� charge state structure shows some assymetry� with the core Si atom

sitting slightly closer to one of the O atoms than the other� This would appear to

breach the experimentally observed symmetry of C�v� However� the energy saved

relaxing from the symmetric to the o��centre structure is only ������ eV� This

represents the energy barrier to the core Si atom switching from one side to the
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��CH��O �
O ��O ��C D

������ ��� ��� ��� �����
������ ��� ��� ���� ����
������ ��� ��� ���� �����
������ ��� ��� ��� �����
������ ��� ��� ���� ����
����� ���� ���� ��� ����
����� ���� ���� ��� ����
����� ���� ���� ���� ����
����� ���� ���� ��� ����
����� ���� ���� ��� ����
����� ���� ���� ��� ����
����� ���� ���� ��� ���
����� ���� ���� ��� ���
����� ��� ���� ��� ����
����� ��� ��� ��� ���
����� ��� ��� ��� ���
����� ��� ���� ��� ���
����� ���� ���� ��� ���

Table ��
	 Vibrational modes of the 
CH�iO�i defect 
cm���� Later columns show downward shift
in mode with isotope change�

other� and since it is so low the core will in practise be switching rapidly between

the two sites� Thus the defect will have a time averaged dynamic symmetry of C�h�

or C�v if the H atom is not observed�

These results provide an explanation of why the D��D� centres are metastable
#� defects that can switch structure to become deep level �� charged defects�

Isothermal capacitance transient 	ICTS
 measurements under DLTS gave a bar�

rier to electron capture of ���� eV� The barrier for major structural reconstruction

should be much higher than this� However the energy barrier for the �pop�out�

mechanism might be expected to be small� The energy for precession of an isolated

Oi atom around its Si�Si bond is ����� eV ������ and this would be the mechanism

by which the defect could restructure itself between the deep and shallow defect

state�

Sample treatment would also suggest 	CH
iO�i� The D� defect is only observed

in hydrogenated irradiated Cz�Si samples� Irradiation produces Ci which goes on

to form CiOi& this disappears as the D� defect is formed� consistent with a Ci based

defect core� The defect forms through dimer addition� which is also consistent with

	CH
iO�i�

The results of Markevich suggest that this is a negative�U centre� although the
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Figure ���	 The neutral 
CH�i�O�i defect 
bond lengths in �A�� Black dots mark ideal lattice sites�
black is carbon� light grey oxygen� with the C�H bond perpendicular to the plane of the diagram�

negative�U energy is extremely small and outside the accuracy of our code�


�� Summary of �CH
�Oni defects and further work

In summary� it appears that the 	CH
i�O�i defect forms with the oxygens in a pair

on one side of the 	CH
i� This defect is not a shallow donor defect but has a partially

�lled level deep in the gap� It is unclear whether it would be naturally neutral or

�� charged since this depends on the respective locations of the defect level and the

fermi level� and our Kohn�Sham eigenvalues are not quantitatively accurate enough

for such a prediction�

When this defect attracts further oxygen atoms to form 	CH
i�O�i this acts as

a single shallow donor� This may happen through the trapping of a fast di�using

oxygen dimer� The donor level is e�ective mass like� AIMPRO predicts it to sit

very close to the conduction band� However� on trapping of another electron� �lling

the core Si p�type orbital and making the defect �� charged� it is able to undergo
a structural change by rotating two of the oxygen atoms on one side of the defect

core so that they bow out of their bond centred sites away from the defect core 	in

e�ect� one side of the wonderbra defect is �popping out�
� This allows the p� lobe
of the Si orbital to redistribute the majority of its charge away from the remaining

O atom in the core� and the defect level drops to mid�gap� This is indicative of

negative�U behaviour� but within the accuracy of our code we cannot determine

whether the defect is negative�U based on our cluster energies�

Photo�luminescence work has observed a number of lines such as the I� and

M�lines in Si� which are believed to be C�H�O defects of some kind ������ It is

possible that these are associated with 	CH
iOn defects such as these� possibly
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Figure ���	 Structure of 
CH�i�O�i in the  �� � and �� charge states� Black dots mark ideal lattice
sites� The neutral and  � charge state structures are almost identical and so the neutral diagram
has not been included seperately� In the �� charge state the oxygen pair on one side bow out of
the defect core� removing the elecrostatic compression on the core Si atom� this shifts o� site to
localise the deep gap state on its p�type orbital�
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Figure ����	 Kohn�Sham eigenvalues for 
CH�iO�i in the  �� neutral� and �� charge states� showing
its shift from a shallow to a deep level defect� The eigenvalues have been aligned and scaled to
the experimental Si band gap of ���� eV�
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either 	CH
iOi or 	CH
iO�i 	or 	CH
iCOn
� Further work would be required to

correctly assign these� however� The I�line forms after �� minutes annealing at

��� �C� and at this temperature dimers are unstable� Its symmetry was found with

uniaxial stress to be monoclinic�I ������ This would exclude 	CH
iO�i but could

still be 	CH
iOi since 	CH
i can also sit in a bond centre with an sp� coordinated

C atom� in which case it could form a tight pair with the Oi similar to the dimer�

and all the defect atoms would lie in the same h���i plane� If these PL�lines could
be assigned to a 	CH
iOni defect this would be important� as it would show proof

of pre�cursors to the 	CH
iO�i STD complex�


��� The �Wonderbra Mechanism��

Deep to Shallow Donor Conversion

The NiO�i defect exhibits the �Wonderbra Mechanism������� a method of converting

a deep level to a shallow one through electrostatic compression� In isolated Ni� there

are two lone pair orbitals� a �lled p� orbital located on the N� and a single occupied
p� orbital on its Si neighbour� This Si orbital normally leads to a deep state� In
the presence of a single Oi� forming NiOi� the level remains deep� since the single

electron is able to distribute most of its wavefunction to the lobe furthest from the

Oi� However in Ni�O�i this orbital is squeezed between the two highly negative

oxygen atoms� This pushes the energy of the level up to become a shallow donor

level�

There are many attractive forces holding the defect together� including the di�

lated bonds which allow tensile strain relief� and large local polarisation of the

lattice due to the electronegative Ni and Oi atoms� The Ni draws charge away

from the central Si core� leaving it overall positively charged� despite the electron

in the p� orbital� This attracts the oxygen atoms and forms a weak dative bond�
inadvertently causing local electrostatic repulsion between the single electron on

the Si p� orbital and the oxygen atoms� The drawing of charge to Ni from its Si

neighbours also acts as an extra initial attraction for Oi attack� in addition to the

dilated bonds�

Figure ��� shows the pseudo�wavefunction of the partially �lled shallow level

of the neutral Ni�O�i defect� The occupation of this orbital is anti�bonding in

nature� suggesting that there is repulsion from the oxygen lone�pairs� which will

also contribute to the elevation of the Si dangling bond state to a shallow level�

There must then be a bonding orbital lying below this state and this shows that

the O atoms are to some extent overcoordinated� Therefore the transformation of

the deep to shallow level occurs through a combination of electrostatic repulsion
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together with some dative bonding of the Si radical with the oxygen atoms�

������ Discussion and Future Applications

One of the fascinating aspects of this model is that this is a new mechanism for

the formation of shallow donor levels� and only initially requires a defect with a

deep level state� In e�ect the compressive neighbouring Oi atoms act to form a

localised quantum well that contains the electronic gap state� This quantum well

is compressed due to the Coulombic repulsion and dative bonding of the con�ning

atoms� and this increases the energy of the locally con�ned electronic state� which

is trapped in this well�

There are many implications of this work beyond the direct attempt to determine

the structure of STDs� This mechanism could provide a mechanism for creating

shallow donor levels in a wide range of materials� including commercially important

shallow donors in diamond� Ultimately it may even be possible to attempt �defect

level engineering�� treating a material in such a way as to produce defects with

energetically �squeezed� levels lying at precisely the energies required for device

design�

In order that the wonderbra mechanism can operate� a core defect has to have

only two fundamental properties�

�� It must possess a deep lying gap state� Although the precise depth is not

important� a relatively localised level is useful since the compression mecha�

nism is also relatively localised� so it helps if the electronic state is initially

con�ned�

�� It has to be able to attract further defect atoms in order to con�ne and

compress the gap state& the spatial arrangement of this gap state will be

important in this respect�

It is possible to imagine various ways in which this could occur� although the

h���i type N�O� structure is possibly one of the simplest� For example� a similar

mechanism could operate through a h���i dangling bond state� which could be
compressed by a non�bonded substitutional atom sitting on the original neighbour

site� A third caveat is that where the electrostatic attraction towards the defect core

is only weak� such as in the 	CH
� shallow thermal donors� some form of external

compression may also have to be applied� such as by the addition of further Oi

atoms�

The mechanism provides an alternative method for producing shallow donor

states in materials that are traditionally hard to dope� for example� n� type
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diamond������ Instead of �nding ways of introducing shallow dopants� the challenge

now becomes one of �nding ways to compress deep donor states already available

in the material in order to shift them upwards in the gap� It is possible to dope

diamond with substitutional nitrogen� which in the neutral charge state has a donor

level ��� eV below the conduction band ������ This sits in an anti�bonding orbital

between N and one of its C neighbours� and hence N does not remain on the Td

lattice site but instead drifts away to form a C�v defect� It could be imagined that

the anti�bonded C could be replaced with some other defect such as Ge� Si� O or

F in order to compress the N donor state through this mechanism� However in

practise incorporating such impurities is extremely di cult� In addition any charge

redistribution e�ects will be less marked due to the higher electronegativity of C

than Si� and so any application of the wonderbra mechanism to diamond doping will

probably be more complicated than this� Another alternative source of this mecha�

nism could come through sp� hybridised carbon atoms where the �lled non�bonded

p� orbital could be compressed�
Some preliminary test calculations by Latham and Jones have shown that a

NsO�i structure similar to that described above is potentially a single shallow donor

in diamond ������ This could prove useful� as Ns is a common impurity in diamond�

The challenge is now thrown open to experimental groups to determine ways in

which these defects can be constructed in real materials�
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Thermal Donors in Si

* If the brain were so simple we could understand it� we would be

so simple we couldn�t�+

Lyall Watson

Thermal donors remain one of the great unsolved problems in defect physics�

First discovered over �� years ago� their microscopic structure still remains a mys�

tery� They are a family of up to �� double donor defects ����� that appear in

oxygen�rich Si 	TD�� TD��
 when annealed in the temperature range ������� �C

����� ���� ����� Higher temperature anneals lead to their destruction but also the

growth of other� �new donor� centres� In addition� higher temperature anneals lead

to quartz precipitation� and associated build�up of Sii and prismatic dislocation

loops� Therefore Si is often subjected to rapid high temperature anneals to break

up these oxygen clusters followed by quenching before other defect centres have

time to form�

There is incentive to understand thermal donors from two camps� Firstly de�

creased tolerance chip design means that future processing will demand lower tem�

perature anneals and less processing steps� which means that a thorough under�

standing of the thermal donors will become increasingly important� Secondly� de�

spite being probably the most studied point defects in semiconductor materials to

date they have remained intransient� and thus understanding them provides one of

the greatest challenges to the point defect research community��

Experimental examination has revealed no other impurity atoms in these centres

apart from Oi� and so it appears that they can only consist of Oi� possibly Sii or

V� and lattice Si� Any complete model appears doomed to con�ict with some of

the experimental evidence� given the amount of material collected over the years�

�Rob Ammerlaan� in the NATO Oxygen��� ARW proceedings says� �By inspection of the �����
unsolved problems related to TDs one concludes that whereas the general properties of these
centres are well studied and� for the major part� understood� the microscopic picture is nearly
completely missing��

���
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Hence we attempt to postulate here a model which agrees with the majority of

results currently available& there are no doubt exceptions in the literature��

In this chapter we consider a number of di�erent models for the thermal donor

based around only Oi and lattice Si� and show that a model consisting of four Oi

atoms� based around a �di�y�lid� core� can account for many of the experimental

observations� We discuss possible formation methods for these defects�

��� Experimental data on the thermal donors

To cover in detail the available experimental data on the family of thermal donors

could easily �ll a book in itself& the reader is referred to various articles in the NATO

ARW proceedings from *Oxygen ���+ ������ Therefore I will only summarise the

results here that are of key importance for determining the microscopic structure

of the thermal donors�

����� EPR and ENDOR

The results of EPR and ENDOR concerning thermal donors are well summarised

in ���� ����� Relatively high TD concentration is required which corresponds to

quite long sample anneal times� and hence EPR and ENDOR has only ever been

applied to the thermal donors TDn� n 
 �� since TD� and TD� anneal out before
the experiments are performed ������

EPR detects two di�erent types of heat treatment centre in Si� NL� and NL��

����� ����� These have since been identi�ed as the singly positive charge states of

the thermal donors and shallow thermal donors respectively� The symmetry of these

was shown to be orthorhombic�I� or C�v� with possible small deviations ������ Thus

they have two perpendicular 	���
 mirror planes and a twofold axis h���i ����� �����
Longer anneals showed a shift in the g�tensor� indicating the gradual change from
earlier TDs to later species in the family� The anisotropy of the g�tensor suggested
the NL� defects were shallow� but not as shallow as the NL�� centres� No hyper�ne

splitting of the spectrum was observed with �
O� since the hyper�ne interaction is

below the detection limit of EPR ����� �����

ENDOR showed s�type character to the donor wavefunction� indicative of a
shallow EMT donor ����� Only super�hyper�ne interactions 	shf
 with Si and O

were observed� suggesting that no other impurities are involved in the centres� It

failed to detect a single Si atom with prominent spin localisation� suggesting that

the donor activity does not originate from a single Si atom ����� Examination of

�Seamus McQuaid� private communication� �Some of the experimental 
not to mention theo�
retical� data must be misleading�
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the �
O shf interaction showed the O lies in a 	���
 plane ����� ����� No evidence of

an electrically active core was found� including no signal corresponding to oxygen

lying on the C� axis� Notably ENDOR did not detect a change in the number of

oxygen atoms in the di�erent TD centres� in contradiction with other techniques

such as FTIR ����� However the number of �
O signals increases with long anneal

time� suggesting oxygen addition ������ and analysis of the growth in ��Si and �
O

signals with time shows an over�proportional increase in �
O signal� i�e� the amount

of oxygen per thermal donor seems to be increasing with anneal time� The TDs

which anneal out earlier have deeper donor states as can be seen by their ��Si

shf interaction ������ i�e� the later TDs in the series have increasingly shallow

levels� There were two shells of oxygen nuclei observed ������ Thus� since the defect

possesses C�v symmetry it was assumed this translated into four oxygen atoms ������

ENDOR also shows that each TD has only one Si atom on the C� axis����� �����

So to summarise� EPR and ENDOR provide a great deal of information about

the core structure of the thermal donor� It must have C�v symmetry� contain only O

and Si� with all O lying in the h���i plane� It can only have one Si atom on the C�

axis 	which cannot be the sole source of defect activity
 and no oxygen atoms� The

core O atoms then lie in two distinct shells� and coupled with the planar constraint

on oxygen that implies at least four oxygen atoms in the core� The addition of

further oxygen atoms must not change the core signal� however ENDOR predicts

the addition of oxygen to TDs with annealing� leading to increasingly shallow levels�

����� Stress�induced alignment experiments

Stress�induced alignment experiments ����� ����� primarily on TD�� show that the

defects can reorient with a barrier of �������eV� likely to be through interstitial
oxygen motion� The time constant is however � times longer than that of isolated

interstitial oxygen� suggesting that reorientation time is limited by �� Oi hops� It

was shown with IR that this time constant increases with higher order TDs ������

Analysis of the NL� alignment gives the average e�ective C�v strain coupling

tensors shown in Table ���� This means the defect must be compressive along

h���i � tensile along h���i � and weakly tensile along h�%��i � IR excitation spectra
were used to show that the B� coupling coe cient dropped o� with increasing TD

�

species ������

����	 FTIR

Many of the FTIR results are discussed in detail in the text so will not be covered

here� There has been a recent major breakthrough in FTIR analysis of thermal
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Average e�ective strain coupling tensor Anneal Time Primary Thermal Donor
B� B� B� 	minutes

h�%��i h���i h���i
��� ���� ����� �� TD�
��� ��� ���� ��� TD�� TD�
��� ��� ���� ��� TD�

Table ���	 Average e�ective C�v strain coupling tensor for the NL� signal� heat treated under
���MPa stress at ����C ��
��

donors� as a series of vibrational absorptions in the region �������� cm�� have been

identi�ed as corresponding to the thermal donors ������ In addition each of these

centres also has a corresponding lower frequency mode at around ������� cm���

These lie very close to the dimer vibration at ���� cm�� 	see Chapter �
� and

the earlier TD�
� modes are also observed in as�grown material� The annealing

characteristics of these lines has been observed at ���� ��� and ����C over long time

scales� as well as their behaviour when subjected to high temperature dispersion

treatments�

In addition� IR has been used to identify the electronic transitions associated

with the thermal donors ����� ����� where the 	�
#
 and 	#
##
 occupancy levels

were shown to lie at around Ec � ���� and ���� eV respectively� with excited states
in agreement with e�ective mass theory predictions�

����
 Other information

There is various other important kinetic� electronic and impurity�complex related

information that is relevant to this work� The initial total TD formation rate at

����C is proportional to �Oi�n� n " � ����� initially suggesting early TDs contained

� O atoms& later work has shown this to be a function of both �Oi������ 	for �Oi�

� �����
 cm�� n was close to �
� and temperature������ At lower temperatures 	T

� ����C
 n " �� and this increases at ����C to n " � as seen earlier� This suggests
that at lower temperatures� oxygen dimerisation is the rate dominating step� but at

higher temperatures this is replaced with simple Oi di�usion� At ����C� n increases

further�

Uniaxial stress measurements on the electronic IR absorption associated with

the TDs has also allowed symmetry assignments� This also showed C�v symmetry

����� ����� with the e�ective�mass like donor state constructed from a single pair of

conduction band valleys ����� along ����� ������ The C� axis is compressive and lies

along ����� ������



CHAPTER �� THERMAL DONORS IN SI ���

001

110

Figure ���	 Schematic diagram of the �di�oxygen square� model for the thermal donor� as proposed
in ������ This structure was found to be lower energy than the di�y�lid structure�

����� Previous theoretical models

There have been several thermal donor models proposed in the past� notably the

O�Sii model ������ the O�i model ����� ����� and the OBS model ������

As the initial concentration of TDs was proportional to �Oi��� initial models

concentrated on defects containing four Oi atoms� Kaiser et al proposed a SiO�

tetrahedral structure ������ This was believed to become inactive on addition of a

�fth Oi� and the model was abandoned when it was discovered that there was a

whole family of TDs�

Later work concentrated on trivalent oxygen in di�erent complexes� The strongest

contender here is O�i with the central O atom in a �y�lid� trivalent structure 	see

Figure ����
� This was originally proposed in ���� ������ and has been modelled by

several groups since ���� ���� ����� Since this model features O on the C� axis it

cannot account for TD� or higher 	ENDOR shows no O on the C� axis
� however

it could be TD� or TD�� This was shown using �rst principle supercell methods

to be ��� eV lower in energy than three neighbouring BC Oi atoms ������ This

structure was also proposed as a core with two further �anking Oi atoms� forming a

�O species ���� 	see Figure ����
� The central O atom becomes trivalent in response

to the compression from the other oxygen atoms� and is the source of the electrical

activity� However ENDOR excludes this as a model for TD�# for the same reasons

as the �O �y�lid� species�

To avoid the problem of O on the C� axis� a di�y�lid model was proposed by two

groups ����� ���� 	see Figure ���
� and later work suggested that the �y�lid� trivalent

structure discussed above could transform into this with the addition of further Oi

atoms ������ CNDO
S calculations found this to be ��� eV unstable with respect to

another alternative �O species� the di�oxy�square ����� 	see Figure ���
� consisting

of four trivalent oxygen atoms in two neighbouring squares� This model was also

discarded since the donor wavefunction is concentrated on the square structures
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Figure ���	 Schematic diagram of the OSB model for the thermal donor ������ The diagrams show
the same defect along perpendicular directions� The bottom Si atom is a lattice atom displaced a
long way from its original site�
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110

Figure ��
	 Schematic diagram of the De$ak � Snyder � Corbett thermal donor model containing
two trivalent Oi atoms and a Sii ���
��

����� in disagreement with that deduced by ENDOR� The di�ylid consisting of two

oxygen atoms in y�lid con�gurations without the �anking Oi atoms was modelled�

but this is extremely tensile and unstable with respect to other con�gurations such

as the BC dimer ������

Prior to the ENDOR result that all O lies on the same C�v plane with no O on the

C� axis� one of the more popular models was the OSB model� shown schematically

in Figure ��� ������ This assumes that oxygen aggregation and compression pushes

a core lattice Si o� its site to become a divalent bridging Si atom� which is the

source of the donor activity� The donor can then become inactive through the

ejection of this atom as an interstitial� The model is compressive along h�%��i and
was abandoned in light of the new ENDOR data�

The model that has received strong support in the last few years is the De�ak

model� shown in Figure ���� This consists of two tri�valent oxygen atoms pinning

a Sii between them which is divalent ����� ����� The electrical activity comes from

the trivalent O atoms� which donate electrons to the empty states on the Sii�

There are several reasons why the De�ak model cannot be correct� One prob�
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lem comes through the bistability of the early TDs� TD� and TD�� which exhibit

isomeric electrically inactive structures ������ There seems no easy way of recon�

structing the De�ak model such that the Sii core atom can become fully coordinated�

It is possible for several Sii to aggregate in such a way that all of the dangling bonds

combine� but not with a single atom� Alternative structures with trivalent Sii were

proposed as the inactive forms� since the CNDO calculations gave its dangling bond

state in the valence band ������ However AIMPRO calculations of trivalent Si give

this state deep in the band gap ������ In addition� the vibrational mode agreement

of the model with experiment is poor� The corrected calculated CNDO modes lie

at ��� and ��� cm��� when calculated with AIMPRO we get modes at ����� and

����� cm��� Experimental modes for TD� are observed at ��� and ��� cm�� so the

agreement is poor� There are other subtleties� for example ENDOR shows only a

single Si atom on the C� axis whereas this model has two& this has been explained

in terms of low electron density on the Sii������

In conjunction with this� SiiOi was proposed as the structure of TD� which

would rapidly migrate and trap an additional Oi� However Newman points out

that SiiOi has been observed and is only stable to �� �C ������ with a binding

energy of somewhere near ��� eV� Thus this is ruled out as a model for TD��

Various other models have been proposed over the years� It was suggested that

an O� molecule in a vacancy might have double donor character if its antibonding

p�� state crossed the gap������ but this was disproved with self�consistent local

density Greens function calculations of Kelly������

��� Results

We have modelled several of the complexes described above� the results of which

are given here�

��� The � O di�y�lid thermal donor

The structure of the di�y�lid is somewhat di�erent to that of the STDs examined in

the previous chapter� The defect consists of a pair of oxygen dimers& all the other

atoms are lattice Si� These dimers lie in the same h���i plane but are separated
by two empty Si�Si bonds& the electrical activity occurs when the inner pair of O

atoms become trivalent� both bonding to the central lattice Si 	see Figure ���
�

The defect has no oxygen atoms on the C� axis along h���i � consistent with the
EPR and ENDOR data available on the thermal donors� Crucially it has a double

donor level very close to the conduction band� Since at anneal temperatures this
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Figure ���	 The core of the di�y�lid thermal donor� Bond lengths are in �A� bond angles are in
degrees� Si atoms are white� O atoms are grey� Black dots mark the ideal Si lattice sites�

would normally be depopulated� in all of the simulations discussed below we have

modelled the defect in the #� charge state� i�e� this shallow level is depopulated�

Exceptions to this are discussed in the text�

The cluster used was Si
�H��O�� charged #�� Weak additional quadratic spring

potentials 	kr " ��� eV
!A�
 were used to constrain the surface H atoms� in order to

simulate the e�ect of the rest of bulk� The structure is shown in Figure ���� along

with bond lengths 	!A
 and angles 	degrees
� The black dots mark out the ideal Si

lattice sites and show the displacements and resultant stress caused by the defect�

The whole cluster� with surface hydrogen atoms removed for clarity� is shown in

Figures ��� and ���� These diagrams clearly show the tensile
compressive e�ect the

defect has on the surrounding lattice� It is highly compressive along h���i � and
tensile along h���i and h�%��i � at least closer to the core� The h�%��i tensile strain
is only extremely weak� and it may be that the shape of our cluster� with very

little bulk Si along h�%��i from the defect� provided too great a constraint in this
direction�

The defect essentially consists of a pair of dimers separated by what would nor�

mally be two h���i Si�Si bonds� However the dimers have tilted in so that the
inner two O atoms are somewhat overcoordinated 	whether they are truly trivalent

is a debatable point� since the inner Si�O bond is extremely long for a covalent

bond
� Meanwhile the top two Si atoms in the defect core form a shared recon�

structed bond� Thus it is possible to either view the structure as a defect core with

fully coordinated Si atoms and two trivalent oxygen atoms� or alternatively with

two roughly divalent oxygen atoms and an undercoordinated core Si atom� whose

remaining non�bonded electron pair are being electrostatically compressed by the

oxygen atoms� The reconstructed Si�Si bond is extremely long� and it is possible
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Figure ���	 The top Kohn�Sham eigenvalues for the �Oi di�y�lid model for the thermal donor�
Charge state of the defect is given beneath each column� Black boxes denote �lled state� white
boxes for empty states� The eigenvalues have been arbitrarily scaled to the experimental band
gap of ����eV�

that this is also contributing an anti�bonding state to the defect� similar to the

�A�centre� 	OV�
 which has a next neighbour dilated Si�Si bond� whose antibond�

ing equivilent can act as an electron trap to make the defect negatively charged�

This reconstructed bond is also important when considering strain e�ects of further

dimer addition 	see below
�

Several of the core atoms move slightly away from the ideal 	�%��
 lattice plane�

and without this shift the defect is not stable� All the displacements described are

along the same direction� The top two Si atoms and the two core O atoms are

displaced by ����� !A and ����� !A from the 	�%��
 plane respectively 	these �gures

are the same within the numerical limits of AIMPRO
� There is some assymetry

in the back Si�Si bonds of the core Si atom 	����� and ����� !A
� The outer two O

atoms are displaced out�of�plane by ����� !A� The other three �core� Si atoms are

displaced by less than ����� !A� These displacements may be su cient to explain

the �slight deviations� from C�v symmetry observed by EPR������

The Kohn�Sham eigenvalues are given in Figure ���� scaled to the experimental

band gap of ���� eV� As can be seen� the defect possesses a shallow double donor

level which is depopulated in the #� charge state� Adding a single electron to the

system and relaxing once more does not produce any signi�cant change in structure

or vibrational modes� The donor level appears to drop very slightly away from the
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Figure ���	 Cross�sections through the Kohn�Sham wavefunction for the donor state of the di�y�lid
thermal donor model in the  � charge state� Vertical direction is h���i � horizontal direction is

a� h���i � 
b� h�"��i �

conduction band in this case� Slices through the donor wavefunction are shown in

Figure ���� Note that in practise the donor states will be e�ective�mass like and will

be considerably more delocalised� however they are con�ned here in a �nite cluster�

We next examined the vibrational modes of the defect core� along with the

square of the dipole moment for each mode� which is linearly proportional to its

absorption strength in FTIR� The results are given in Table ���� As can be seen�

there are two modes lying at ��� cm�� and ��� cm�� which are more intense than

the others� We also examined the shift in these modes with di�ering oxygen isotope�

in Table ���� The agreement with the experimentally observed LVMs for the thermal

donors is remarkable� Unfortunately the accuracy of our method does not allow us

to distinguish between the di�erent thermal donors� whose vibrational modes only

di�er by a few wavenumbers� There is however agreement with the observed TD�

LVMs to less than ���$ in the higher mode� with ��$ error in the lower mode�
The core atom displacements associated with each mode are shown in Figure ����

It can be seen that the two most intense modes are primarily a high frequency

asymmetric oxygen stretch mode associated with the core Oi atoms 	stretch in the

h���i direction
� and a lower frequency out�of�plane wag mode with the two core
Oi atoms once more� this time vibrating in phase� Thus they crudely approximate

to a coupled stretch� and a wag mode�
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LVM 	Dipole moment
� Source ��O �
O ��O
	cm��
 	Intensity


���� ����� Experiment
�


 
���� TD� ��� ���
��� ����� ���
��� �����
��� ����� TD� ��� ���
��� ����� ���
�	� 
����

��� ����� Di�ylid ���� ��� ���
��� ����� ��� ��� ���

Table ���	 Vibrational modes 
cm��� and associated absorption intensities for the di�y�lid thermal
donor model� Stronger modes are picked out in bold� Second section shows shift with isotope
for the di�y�lid thermal donor model� and the experimentally observed values for TD� and TD


room temperature��
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Figure ���	 Side view of the �Oi atom di�y�lid TD� This shows the complete cluster except for the
surface hydrogen atoms� The oxygen atoms are shown in black�
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Figure ���	 Overhead view of the �Oi atom di�y�lid TD� This shows the complete cluster without
surface H atoms� The tensile stress in the h���i and h�"��i is visible in the distortion to the lattice�
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Figure ���	 Displacement of the core atoms associated with each calculated LVM 
given in cm����
Vector length has been exaggerated for clarity� Overhead views of the ��� and ��� cm�� modes
have been displaced slightly o� axis so that it is possible to separate the vectors due to the O and
Si atoms in the core� Stronger modes are given in bold�
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��	�� Discussion of the di�y�lid model

The di�y�lid model is consistent with a wide range of experimental thermal donor

observations� many of which have been discussed above�

Firstly it contains four oxygen atoms in agreement with early oxygen loss ex�

periments ������ It consists of a pair of dimers� consistent with dimer formation

being the low temperature rate limiting step������ It has the correct C�v symmetry

with all O atoms in the same h���i plane� and none of them on the C� axis� In

addition it contains only one Si atom on the C� core which is displaced signi�cantly

from its ideal lattice site ����� ����� The donor activity arises from O instead of

a single Si atom in agreement with ENDOR����� The defect has two shells of O

nuclei ����� corresponding to the trivalent and then divalent O atoms� It exhibits

the correct compressive and tensile properties along the various h���i � h���i and
h�%��i directions������
The defect gives rise to the correct number of vibrational modes� with both abso�

lute values and isotope shifts extremely close to those experimentally observed������

Since it consists of a pair of dimers� its entire formation path can consist of dimer

migration and addition� hence the formation barrier is always ��� eV and never

needs to involve isolated Oi�

It should have an associated inactive form where the two trivalent O atoms

become divalent once again& this could either relax back into two dimers separated

by a pair of Si�Si bonds� or else into a central dimer �anked by two Oi atoms

separated by a single empty Si�Si bond 	with further structural rearrangement it is

possible to imagine other inactive forms
� A �nal alternative is if the two trivalent

O atoms form next�neighbour bonds along h���i � while the top two Si atoms form
a stronger bond which when H passivated could be inactive 	see below
� The modes

of this inactive form might be expected to be slightly higher than isolated dimers

given their proximity& experimentally whereas the dimer absorbs at ���� cm�� the

inactive TD form absorbs at ���� cm�� ������ consistent with this interpretation�

In agreement with stress induced alignment����� the defect should be able to

reorient within about �ve �standard� Oi hops� if some of the motion is coupled and

slightly faster� For example� the two core O atoms initially perform a �coupled hop�

downwards into the Si�Si bonds lying along h�%��i� Next the outer two Oi atoms

perform standard �hops� to replace the original core atoms� The two O atoms

now lying along h�%��i next hop outwards� and �nally the two atoms remaining on
h���i perform a �coupled hop� downwards to adopt the new core sites along h�%��i�
If these �coupled hops� in total take the same time as a standard Oi hop this would

match experiment�

Earlier experiments showed that TD concentration decreased near the sample
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surface� with rates consistent with oxygen di�usion that was enhanced by around

four orders of magnitude������ From this it is expected that the out�di�usion should

increase with �Oi�� but it was found that the depth of depleted material decreases

with increasing O concentration����� ����� This is consistent with increasing oxygen

concentration leading to more dimers� which have thus a higher chance of being

trapped by a second dimer to form a thermal donor before out�gassing� Thus this

result supports a thermal donor model consisting of the binding of two or more

oxygen dimers�

The reconstructed Si�Si bond is interesting� Since it is quite dilated it could

potentially absorb a lot of the surrounding lattice strain� In this case oxygen dimers

might sit in bond sites near to the top of the defect so that their lattice strain is

absorbed in this way� This is discussed further below with relation to higher order

TDs� Such dimers would be able to rapidly respond to applied stress if the defect

core reoriented�

Results of Hallberg showed an initial ��� eV formation rate for the TDs that

rapidly reverted to the standard ��� eV������ If the ���� cm��mode does correspond

to the trimer� then as�grown material contains an initial pool of trimers� and this

��� eV could correspond to the migration barrier for the trimer to travel to Oi in

order to form the di�y�lid thermal donor� Once this pool is exhausted� the dimer

migration barrier then becomes the rate limiting step� This is discussed further

below�

Carbon passivation of thermal donors may occur by C substitution into the core

of this instead of the central Si atom� forming CsO� which would be inactive� This

would either form by Cs trapping dimers initially� or else through Ci migrating to

a TD and kicking out the core Si atom to replace it� This could go on to kick out a

further Cs atom elsewhere and so the process is catalysed and only requires a small

number of Sii atoms to start it o��

Note that this discussion does not address the question of whether this structure

represents TD� or TD�� which is discussed further below�

��	�� Hydrogen passivation

It is known that hydrogen can passivate thermal donors� in a fully reversible manner

that is only stable to T � ����C ������ There are a number of unusual features of
this hydrogen passivation�

�� The attempt frequencies for dissociation are at least three orders of magnitude

larger than expected for an atomic jump process� This could be explained by

an associated large lattice relaxation�
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�� Dissociation of TD�H occurs in a single stage� Earlier work suggested this

occurred with the same dissociation enthalpy of ��� eV for both charge states

and di�erent TDn�H species ������ This suggests that a single hydrogen atom

can passivate a double donor� which would not be expected in a simple �dan�

gling bond� termination model�

�� More recent work ����� showed the dissociation enthalpy for TD��H is ���� eV�

whereas for the other TDs is ����� eV� suggesting that the binding in TD��H
is di�erent to the other TDs� This is consistent with the suggestion that the

core of TD� is di�erent to the other TDs�

�� Earlier TDs are more e�ectively passivated than the later ones ������

There are two potential ways in which hydrogen can passivate the di�y�lid struc�

ture� The simplest is for the H atom to form a Si�H bond with one of the Si atoms

connected by the reconstructed bond at the top of the defect� If both of these Si

atoms form Si�H bonds� then they become fully coordinated in combination with

their two top Si�Si bonds and their shared bond� This allows them to relax away

from the defect core in order to shorten the reconstructed bond� At the same time

the oxygen atoms can drop back to become divalent and sit in next�neighbour po�

sitions between the core Si atom and the Si shared with their outer O atom� This

structure is then fully passivated with no gap states� and exhibits fairly standard

Si�H bonds which should have dissociation enthalpies in the region of the experi�

mentally observed values� However� this process requires two H atoms for full defect

passivation� in contradiction with experiment�

When we attempted to model this by placing H between the core O and the

reconstructed Si atoms� this process began to occur� However the structure con�

tinued to relax with the H atoms attempting to migrate around the Si atoms to

anti�bonding sites� resulting in extensive rebonding in the top of the cluster and

eventually the breakdown of the calculation� This suggests that these Si� bonded

sites were not stable locations for the H� and casts doubt on this passivation mech�

anism�

An alternative way to �passivate� the defect is to place a single H atom in the

centre of the reconstructed Si�Si bond� This disrupts the core bonding� and the

defect is able to relax backwards into two standard dimers� possibly with them

both buckling in the same direction instead of towards each other� This would be

a neutral� electrically inactive defect� Since H has a partially �lled deep level and

the material contains many TDs� etc�� this level will �ll� forming H�� In this case

the H is not covalently bonded to any of the Si atoms� and any bonding would be

Coulombic� This model disagrees with experiment� since the H� still has a �lled
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level deep in the gap� possibly quite close to the valence band� However it is possible

that experiments using DLTS were only measuring signals near to the conduction

band 	or at least� in the top half of the gap
� and hence registered only the loss

of the thermal donor levels and not the emergence of such a deep level� We are

awaiting further information on this subject from J� Weber� who has performed the

DLTS experiments�

This bonding has some similarity with the H�
� defect� H

� normally prefers to sit

anti�bonded behind a lattice Si atom� In the H�
� defect� a H

� atom sits at a bond

centre and a H� atom sits at the neighbouring anti�bonding site� It is stable to

�����C� although two Si�H bonds are formed in this process�
In this passivated di�y�lid model� the Coulomb attraction at the central site is

much stronger� although there are no actual Si�H covalent bonds forming� The

H� ion is positioned between two very positive Si atoms� since they both have O

neighbours and so are 	#� In addition� each dimer is pushing these Si atoms towards

each other� so the H� ion is sat closer to the atoms than it would normally be in a

next neighbour site� For this reason it is feasible that the binding energy might be

higher than that of H�
�� at ���� eV�

The fact that earlier TDs are more e�ectively passivated could be because in

the larger TDs� the di�y�lid core is relieving the strain of many surrounding dimers�

There is therefore less energetic incentive for it to switch back to the double dimer

inactive form� This is similar to the argument as to why earlier TDs exhibit bista�

bility whereas later ones do not�

We tried relaxing this model with H in the defect core� overall charged ��� As

expected the H formed two reasonably strong bonds 	����� !A
 with its neighbouring

Si atoms� however this was at the expense of Si�Si bonds to the core Si atom� which

dropped down along h���i from the defect core� Thus the resultant structure had
levels in the gap due to this roughly divalent Si� and the H did not passivate the di�

y�lid� We are currently examining variations on this structure to see if it is possible

to passivate the di�y�lid in this way with small structural rearrangments�

��� Other models

It is possible to construct various other defect structures that act as double donors�

involving di�erent numbers of oxygen atoms 	Oni� n 
 �
� We have also modelled
many of these for comparison with the di�y�lid model� and to determine whether

they could be responsible for other members of the thermal donor family�
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Figure ����	 The top Kohn�Sham eigenvalues for various alternative thermal donor models� all in
the  � charge state� Black boxes denote �lled state� white boxes for empty states� The eigenvalues
have been arbitrarily scaled to the experimental band gap of ����eV� Structures are 
Oi species

a� Snyder�Stavola� 
b� Partially dissociated trimer� �Oi species 
c� �Flanked square� model� 
d�
Di�square model� 
e� �Oi STD analogue� and 
f� �Oi di�y�lid with dimer in central Si�Si backbonds�
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Figure ����	 The core of the �O thermal donor model� Bond lengths in �A� angles in degrees�
Symmetrically equivilent bonds have not been marked with lengths or angles� Si atoms are white�
O atoms are grey� The di�erence between the central y�lid and its two neighbours can be seen in
the bond lengths�

��
�� The �Oi Thermal Donor

This structure is a direct analogue of the 	CH
i�O�i shallow thermal donor defect�

with the 	CH
i unit replaced by a single trivalent Oi atom� forming O	i� The two

outer atoms provide compression� which stabilises an inner core of three O atoms�

all of which are to varying degrees tri�valent� A central lattice Si atom sits at the

defect core and is between �� and �� valent depending on the de�nition of a bond

in this core� Since this has Oi on the C� axis it can only be a potential model for

TD� or TD� since ENDOR shows TD� and above have no Oi on the C� axis�

The resultant structure is largely C�v and very similar to that of the shallow

thermal donor structure� 	CH
iO�i 	see Figure ����
� There is slight deviation from

C�v in that the two roughly tri�valent oxygen atoms either side of the core 	B and

C
 move ���� !A out of the defect plane in the same direction� The core O atom

remains� to within ����� !A� on the C� axis� It is compressive along h���i and tensile
along h���i�
The structure breaches ENDOR observation ����� ��� that the higher TDs

	TDn� n 
 �
 have no oxygen on the C� axis� and in addition have two shells

of oxygen atoms around the core 	this defect displays three� the core O atom� the

next roughly tri�valent O atoms� and then the outer O atoms
� However this does

not necessarily exclude the model since EPR has previously been unable to detect

light element impurities lying on the C� axis of a defect 	e�g� C
�
i �����
� and so it

may be that the core O atom is invisible to this method�

The Kohn�Sham eigenvalues for this structure are given in Figure ����e� scaled

to the experimental Si band gap of ����eV� Since the defect is #� charged the

shallow donor level is empty�
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Local Vibrational Modes 	cm��
 Dipole moment squared
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����� ����� ����� �����

Table ��
	 Vibrational modes of the �Oi TD model 
cm���� IR�active modes are given in bold�
Last column gives the associated absorption intensity of each mode 
dipole moment squared��

This thermal donor model produces a number of vibrational modes� and these

are shown in Table ���� Altogether there are four strong modes� one much higher

than any experimentally observed values� The two central ones straddle the exper�

imental �gure� and both give reasonable isotope shifts� Experimentally the isotope

shift from ��O to ��O is �� cm��� for the ���� cm�� mode it is �� cm�� and for

the ��� cm�� mode it is �� cm��� The existance of four modes with one of those

extremely high does not provide good agreement with experiment� and the lower

��� cm�� mode is a long way from the experimental lower frequencies of the TDs at

������� cm��� This therefore probably rules it out as a candidate for the thermal

donors� in conjunction with its breach of ENDOR observation� This could be con�

�rmed by examination of experimental FTIR spectra in the higher ��������� cm��

frequency region� where this model predicts an absorption� The two highest modes

of this model are caused by out�of�plane wag motion of the core O� and its two O

neighbours respectively& it is unusual for wag modes to have such high frequencies�

and further investigations are required to ensure this is not simply a basis e�ect�

By analogy to the dimer� the ��� cm�� mode is an extremely coupled relation to

the asymmetric stretch mode� and the ����� cm�� mode is similar to the symmetric

stretch�

In light of the poor LVMs and disagreement with ENDOR we therefore exclude

this structure as a model for any TDs above TD�� and probably also as a model for

TD� or TD��
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Figure ����	 The core of the alternative �O �#anked square� thermal donor model� Bond lengths
are in �A� bond angles are in degrees� Si atoms are white� O atoms are grey� Symmetrically
equivilent bond lengths and angles have only been marked once�

��
�� Alternative 
Oi structures

������� The ��anked square� structure

It is possible construct a thermal donor consisting of � Oi atoms in a di�erent way

to the di�y�lid� This can be done by removing Oi from the � Oi thermal donor

described above� Removing the oxygen atom on the C� axis leads to the di�y�lid

model� however removing one of the outer oxygen atoms� simply shortens the chain

and removes some compression from the defect core�

The defect relaxed by rotating the core around to give an oxygen �square� �anked

by two standard divalent Oi atoms� This has C�h rotational symmetry� the same as

that of the N�i pair� The eigenvalues are given in Figure ����c and its double donor

character can be seen� Distortion in the structure was caused by cluster assymetry�

so the calculations were repeated in a C�h symmetry constrained ��� atom cluster�

Si��H
�O��

The structure is shown in Figure ����� The bonding in this defect is quite

di�erent to that of the di�y�lid� having no core reconstructed Si�Si bond� Whereas

the di�y�lid can be thought of as two dimers held apart by two empty Si�Si bonds�

this square�based structure could be formed from two dimers with only a single

empty Si�Si bond between them� Such a structure does not have the required C�v

symmetry� and thus this could only be a candidate for TD��

The vibrational modes of this structure are given in Table ���� along with their

isotope shifts and their absorption intensities� This model has two strong absorp�

tions at ��� and ��� cm��� The experimental TD� modes lie at ��� and ��� cm���

unfortunately their ��O isotope shifts have not yet been reported������ Thus the
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Local Vibrational Modes 	cm��
 Dipole moment squared
��O �
O ��O for �� O

��� ��� ��� �����
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��� ��� ��� �����
��� ��� ��� �����
��� ��	 ��� �����
��� ��� ��� �����

Table ���	 Vibrational modes of the alternative �Oi �#anked square� TD model 
cm���� IR�active
modes are given in bold� Last column gives the associated absorption intensity of each mode

dipole moment squared��

calculated modes are in roughly the right range� and without isotopic shift data

these LVMs are not su cient to exclude this as a model for TD�� The primary ab�

sorptions for TD� are still quite weak� so it is unlikely that the mode at ��� cm��

will be observable� In the assymetric cluster this structure was nearly � eV more

stable than the di�y�lid and was the lowest energy �O donor structure� although the

error on such a �gure will be large� and also in�uenced by cluster surface e�ects�

Symmetry analysis of TD� would be a useful tool to distinguish between these

models since this structure has well de�ned C�h symmetry� Note that if this is TD�

it would add weight to the suggestion that the di�y�lid is TD�� This is because TD�

and TD� are believed to be isomeric� since their respective electrically inactive forms

show vibrational absorption at the same frequency������ In conclusion� symmetry

excludes this ��anked square� structure as anything except TD�� but the calculations

would be consistent with what is currently known of TD�� Further experimental

data is required to either con�rm the assignment or eliminate it from enquiries�

������� The di�square structure

We also modelled the di�square structure shown schematically in Figure ���� Earlier

CNDO
S calculations showed this to be more stable than the di�y�lid structure ������

However there are several things wrong with this model� the primary fault being

the associated defect states� The defect actually has four electrons in the gap near

to the conduction band� since each square acts as a double donor� Hence running

it in the #� charge state still leaves two electrons close to Cb 	see Figure ����d
�

This is su cient to exclude it as a thermal donor model� In addition it was less

energetically stable than the di�y�lid model�

For these reasons we exclude the �Oi di�square model as a potential thermal

donor model�
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Calculating the modes for one of the two squares gave strong modes at ����

��� and ��� cm��� and hence this suggests that O�square structures on their own

cannot account for the observed experimental TD vibrational modes� However the

mode at ��� cm�� is close to the lower modes observed� and hence it is possible

that a square structure in combination with other Oi could be responsible for TD��

This mode corresponded to an in�plane stretch of one of the trivalent oxygen atoms�

��
�	 Three O atom TD species

We also modelled various three�oxygen species& a y�lid �anked by two BC Oi atoms�

previously proposed as a thermal donor core� and hereafter referred to as the Snyder�

Stavola model����� ����� We also examined a partially dissociated structure consist�

ing of a pair separated by two Si�Si bonds from isolated Oi� In this second structure

the �inner� O of the pair can become trivalent� allowing a reconstructed Si�Si bond

to form similar to the di�y�lid structure 	see Figure ����
� A third possibility is an

oxygen square structure with one �anking Oi� and in practise the Snyder�Stavola

model relaxes towards this with a tiny saving in energy�

������� Snyder�Stavola model

The relaxed structure is shown in Figure ���� with eigenvalues in Figure ����a�

When unconstrained� the central Si atom moves ����� !A o� the C� axis to form

a structure somewhere between the Snyder�Stavola and an oxygen square with a

�anking Oi� saving ����� eV in the process� This is consistent with calculations

by Chadi who found an energy saving of ���� eV for the same process������ This

is presumably the di�usion barrier for reorientation of the defect between the two

o��site con�gurations� and hence it would appear time averaged C�v�

The vibrational modes of the Snyder�Stavola structure are given in Table ����

The high frequency mode is due to out�of�plane wag of the core trivalent oxygen

atom� and seems remarkably high for such a motion� The modes are not in good

agreement with either TD�
TD�� which exhibit two modes each at ���
��� and

���
��� cm��� The only possibility for correlation is if the calculated modes at

����� and ����� cm�� are those that have been observed� and there are additional

experimental modes in the ������� cm�� range which have not yet been observed�

The TD� ��� cm�� mode drops by �� cm�� when ��O is replaced with ��O� which

is not very good agreement with the ����� cm�� mode shift of ���� cm���

We therefore conclude on the basis of the vibrational modes that the Snyder�

Stavola model is unlikely to be TD�� but may be TD� if there are further vibrational

modes which have not yet been detected by experiment�
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Local Vibrational Modes 	cm��
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Table ���	 Vibrational modes of the Snyder�Stavola 
O TD model 
cm���� Last column gives the
associated absorption intensity of each mode 
dipole moment squared��
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Figure ���
	 The core of the Snyder�Stavola 
O thermal donor model 
lengths in �A�� Black dots
mark ideal Si lattice sites� showing the ����� compression and ����� lattice tension� The deviation
from C�v symmetry saves ����
 eV over the relaxed C�v symmetric structure�
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������� Partially dissociated �O model

An alternative �O model is the structure of the di�y�lid� with one of the outer Oi

atoms removed� According to our calculations this is ����� eV less stable than the

Snyder�Stavola model� The structure is shown in Figure ����� with eigenvalues in

Figure ����b�

As can be seen� one of the core y�lid atoms drops back into its bond centre�

leading to a separated defect core� However� the reconstructed Si�Si bond remains�

Symmetry excludes this structure from being any of the higher order TDs� The

local vibrational modes are given in Table ���� At �rst site these do not appear

to bear any relation to the experimentally observed modes� and hence this would

exclude it as a model for any TD� However the top ������ cm�� mode is largely Oi

stretch of the isolated atom� ������ cm�� is primarily bond stretch of the trivalent

O� while the ����� cm�� is bond stretch of its neighbouring Oi� ����� cm�� is the

out�of�plane wag of the trivalent oxygen�

Thus the top mode should lie roughly over the Oi absorption� which leaves

stronger modes at ������ cm�� and ����� cm��� There are various reasons for

considering this as a model for TD�� Apart from the isolated Oi mode� the nature

of these modes are very similar to those of the di�y�lid� except that the out�of�plane

wag only occurs with a single Oi instead of a pair& the low frequency absorption

for TD� is exceptionally weak and took a long time to �nd������ and this would

explain the lower signal strength� These calculated modes are too high for TD�

	they should be lower than those of TD� or TD�
� The calculated donor state lies

deeper in the gap than any of the other TD models such as the di�y�lid� and the

donor level for TD� is known to lie deeper than the others������

TD� forms quickly� and then gradually transforms to TD�& this would be con�

sistent with a scheme where� for example� this defect trapped Oi� Alternatively�

if it is not very stable 	the dimer is quite separated from the isolated Oi
 it could

be a transient species� and eventually instead of dimers meeting Oi to form this

structure they pair up to form a di�y�lid TD�� Such binding could be a Fermi level

e�ect� As a dimer migrates towards the Oi� one of its oxygen atoms passes through

a y�lid as a saddle point� If at this point it loses its two electrons it becomes stable

in this structure� forming this partially dissociated TD� structure� At a later point

when the higher order TDs are forming 	TD� onwards
� these have shallower defect

levels than TD�� and so could depopulate into the TD� level� This would instantly

destabilise the defect and allow it to break up into a neutral separated dimer and

Oi� Hence it would be a rapidly forming defect that would quickly be lost as soon

as defect complexes were formed which possessed a shallower level�
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Local Vibrational Modes 	cm��
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Table ���	 Vibrational modes of a �partially dissociated� 
O TD model 
cm���� Last column gives
the associated absorption intensity of each mode 
dipole moment squared��
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1.733
2.275

2.692
2.254

1.
71

3

2.251

118139

2.248

1.960

1.685

1.741
2.392

2.238
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2.239

Figure ����	 An alternative 
O thermal donor model similar to the di�y�lid but missing an end
Oi� the trivalent O in the pair is stabilised by the presence of the neighbouring Oi�
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Local Vibrational Modes 	cm��
 Dipole moment squared
��O �
O ��O for �� O
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�

����� ���� ���� �����
��	�	 ���� ���� 
����

����� ���� ���� 
����

����� ���� ���� 
����

����� ���� ���� �����
����� ���� ���� �����
����� ��� ���
����� ��� ����
����� ��� ���
����� ��� ���

Table ���	 Vibrational modes 
cm��� of the NL��
Al� proposed structure� a �di�y�lid�with centrally
substituted Al� Also included is the dipole moment squared for the ��O higher modes� which is
proportional to absorption intensity�

��
�
 Six oxygen atom TD species

It is possible to insert an additional dimer into the di�y�lid structure� with one

oxygen atom in each of the Si�Si bonds below the core Si atom� This pushes the

core Si atom upwards into the defect until the trivalent oxygen atoms are closer to

this core atom than their outer Si neighbours� We relaxed such a defect in the ���

atom cluster used above� but the defect is then really too large for such a cluster

and more bulk Si material is needed to accurately simulate the surrounding lattice

relaxation� which is extensive� However the defect core maintains its shallow double

donor nature 	see Figure ����f
 and the structure does not spontaneously relax into

any other& thus it remains a possible candidate for the next in the TD series�

��� Al in the di�y�lid core � NL���Al
�

Several of these thermal donor structures feature a core Si atom surrounded by

oxygen atoms� notably the di�y�lid model� In this structure the core Si would be

a prime candidate for substitution by Al� For full background description of the

NL��	Al
 defect� see Chapter ��

When we relaxed this structure we found it to be stable in a single positive charge

state� where it possessed a 	now depopulated
 level very close to the conduction

band� in agreement with experiment� It also has a �lled singlet quite close to the

valence band 	see Figure ����
�
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Figure ����	 The top Kohn�Sham eigenvalues for the NL��
Al� Al�di�y�lid model� AlsO�i� Defect
is in the  � charge state� Black boxes denote �lled state� white boxes for empty states� The
eigenvalues have been arbitrarily scaled to the experimental band gap of ����eV�
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Figure ����	 The proposed NL��
Al� structure� consisting of the di�y�lid structure with the core
Si atom replaced by Al 
cross�hatched atom�� All bond lengths in �A� black dots mark ideal Si
lattice sites�
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It possesses the correct symmetry of approximately C�v 	there are small out

of plane deviations similar to the di�y�lid discussed above
� In addition it has

a single Al atom on the C� axis and no oxygen on this axis� in agreement with

ENDOR studies� The relaxed structure is shown in Figure ����� There are several

variants on the NL��	Al
 structure observed ���� which are explainable in terms of

Al subsituting for di�erent lattice Si atoms& in the di�y�lid structure there are other

Si atoms neighbouring more than one oxygen atom� all of which would be sites

suitable for Al attack� Isotopic ENDOR studies led to the conclusion that the local

structures around oxygen must be identical for both NL� and NL�� ����� which is

the case in these di�y�lid based models�

Unfortunately there is no unambiguous vibrational data to compare to� so we

cannot use this to help strengthen the assignment������ However an absorption at

��� cm�� has been observed in Al�doped Cz�Si which has an integrated absorption

intensity linearly proportional to the Al content ������ This lies mid�way between

the absorptions of TD� and TD� 	���� ��� cm�� respectively
� suggesting that this

could be a perturbed form of these early thermal donors� If the AlsO�i complex

described here forms from dimer aggregation at Als� then we might expect to �rst

observe the formation of AlsO�i� which could be the source of this absorption� The

calculated vibrational modes of AlsO�i are given in Table ��� along with the square

of their dipole moments�

Substitution for the core Si in the �O model is also stable� although the structure

exhibits slightly more distortion� However this cannot be a model for NL��	Al
 since

it has O on the C� axis� in contravention of ENDOR observation�����

Thus the di�y�lid with Al substituted for the core Si seems a sensible candidate

for the NL��	Al
� which �ts all of the available ENDOR structural restrictions� and

possesses a single shallow gap state at around the right value�

��� Y�lids � Tri�valent oxygen

It seems that for oxygen to move to a trivalent position in Si there are two con�

straints�

�� Firstly there has to be some compression from at least one side� increasing the

strain on a �BC� Oi atom and bringing it closer to a potential third neighbour�

�� Secondly there has to be a strong quadrupole attraction that binds it tightly

to one of its Si neighbours� In this work that has been induced by the next

neighbour presence of another highly electronegative element� in these cases

always O� This pulls the O atom close to this shared neighbour� but crucially
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weakens the second O�Si bond in turn� This allows the O su cient freedom

to move out of its divalent site and form a weak third bond�

Thus these results do not show trivalent oxygen to form three uniform bonds&

instead it seems to form one strong bond� one intermediate� and a third much

weaker bond� This is contrary to previous CNDO
S calculations which show three

equivilent bonds ������ The exception to this is tri�valent oxygen atoms on the C�

axis of defects� such as the core of the �O thermal donor and to a lesser extent

the Snyder�Stavola structure� These have bond lengths that are more uniform�

particularly the �O species� This is probably because these atoms have two next

neighbour O atoms which roughly equalise the Coulombic attraction along both top

bonds�

��	 The role of silicon self�interstitials

In later oxygen precipitation� quartz precipitates are formed with an associated

ejection of Sii� This has led to a general assumption that there are many Sii present

in Cz�Si� and from this to the idea that they may lie in the core of the thermal

donor� This has been supported by the De�ak model which is based around Sii�

This is further supported by the fact that carbon suppresses thermal donors� which

has led to another common assumption that this is occurring through Sii absorption

by the reaction

Cs # Sii � Ci

This has led to many unusual postulates to explain experimental data� for ex�

ample that there are two types of dimer complex� �normal� and �O�
�� which can

eject Sii atoms������ However these assumptions are �awed� It is known that CiOn

defects 	the �P�line� complexes
 form in the �rst �� minutes of annealing����� at

����C� showing the presence of either Ci or Sii to produce Ci via the mechanism

given above� However these are at extremely low concentrations� and indeed� act

as evidence that Sii concentrations are low as a consequence�

In addition� as described above it is not possible as far as we are aware to

construct a single Sii structure that does not possess gap states� and so thermal

donor models based around a core Sii are unable to explain the electrically inactive

forms of the TDs� Carbon suppression of thermal donors can occur through other

mechanisms� primarily Cs absorption of Oi and O�i������ and possibly also a self�

catalysed Ci suppression mechanism 	described brie�y in Section �����
�

Long time annealing FTIR studies����� show absorption at ��� cm�� associated

with the thermal donors� However after long times this disappears and is replaced
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with broad absorptions at ����� ����� and �nally ���� cm��� believed to be asso�

ciated with the shallow thermal donors� This would be consistent with a picture

whereby over long times the thermal donors transform into quartz� releasing large

quantities of Sii� These are then able to initially transform all available Cs into Ci�

leading to a glut of Ci�based STD formation 	CHO� complexes
� Thereafter the

remaining Sii combine to form h���i rod�like precipitates�
This therefore suggests that Sii are not present in large quantities in the early

stages of Cz�Si annealing but are formed later when quartz precipitation occurs� In

addition they are not involved in the structure of thermal donors������

��
 Earlier Thermal Donors � Oi to TD�

Unfortunately these results are not su cient alone to determine whether the � Oi

di�y�lid is TD� or TD�� There are then at least two possible schemes that could

describe the early thermal donor family consistent with these results� The following

section details these� and attempts to select one using further experimental data ��

We �rst present a scheme where the di�y�lid is TD� and show that this contradicts

experimental evidence� We then propose a scheme where the di�y�lid is TD� and

show that this may agree with the experimental data�

In this discussion a few things are assumed� Firstly that the trimer� O�i is

responsible for the ���� cm�� absorption line� for the reasons discussed in Chapter ��

Secondly that the experimental data concerning the inactive form of TD� and TD�

is correct ������ and these defects are isomers of one another� Finally we make use

of the fact that TD� is the primary thermal donor species observed in annealing

studies� As discussed in Chapter �� kinetic analysis by Markevich et al suggests the

trimer is mobile ������

����� Di�y�lid is TD� � a serial process

The �rst of the alternatives is that the di�y�lid is TD�� The formation energy of

TD� is initially ��� eV����� and later reverts to ��� eV� In this case the ��� eV would

be the trimer migration barrier� slightly lower than that of the dimer� Thus the

��� eV represents an initial pool of trimers present in the as�grown material that

migrate to form TD�& once these are exhausted the rate determining step becomes

trimer formation and the barrier for this is ��� eV� i�e� the dimer migration barrier�

The trimer then migrates until it reaches Oi� at which point the strain energy

is su cient to force it to restructure� giving either TD� or TD�� The structure for

�Be warned that these arguments necessarily become quite involved� and a sti� drink may be
required%
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TD� is unclear� but may involve either a single y�lid or an oxygen �square� structure

such as the �O �anked square structure discussed above� TD� is the di�y�lid� Now

the di�y�lid and TD� can restructure into their isomeric electrically inactive form�

which is probably either two dimers separated by a bond centre� or a linear chain

of four Oi atoms�

We then need to explain why TD�
� gradually change into TD�� which becomes

dominant� There are two possibilities here� The �rst is that TD�
� are mobile

	possibly only one of the two species
 and encounter Oi� implying TD� is a �O

species� However it seems impossible to design a �O structure that has the observed

C�v symmetry without putting O on the C� axis� which is in breach of ENDOR

results�

The second possibility is that TD�
� are immobile� and so TD� forms through

dimer addition to TD�
�� We next need to explain the predominance of TD�� If

TD�
� are formed through rapidly migrating trimers encountering Oi� this should

happen very quickly� since the Oi concentration is so high� However if TD� relies on

TD�
� trapping a dimer� this requires the meeting of two much lower concentration

species� The dimer is probably also not migrating as fast as the trimer� Hence we

would expect TD�
� to form much more rapidly than TD�� and there to be no

di�erence in the formation rate of TD� and higher order TDs� We would still

expect TD� to be more predominant than any other higher order TD species since

it is the �rst of these 	there should be a tailed distribution of these depending on

the binding energy of dimers to each species
� This is a �aw in this model since it

appears to predict more TD�
� than TD��

A possible way around this would be that TD�
� were unstable and regularly

broke up into two dimers� However the kinetic analysis of Newman et al �����

suggests that dimers form through Oi migration� If TD�
� broke up into dimers�

under this scheme� they would encounter Oi to form trimers� which would encounter

Oi to form TD�
� once again� and so dimer formation would be a self�catalysed

reaction that did not require Oi di�usion� in contradiction with their results�

An alternative is that TD�
� are mobile� but for some reason on meeting Oi

do not form a thermal donor species� This seems unlikely� since no other pure

O species are observed apart from quartz precipitates after long time anneals� It

seems unlikely that Oi would not bind to TD�
� but a dimer would� It cannot be

that these �O species break up into a trimer and a dimer� for the kinetic arguments

given above� Another more unusual model that appears consistent is to postulate

that as well as TD�
� trapping dimers to form TD�� there is a parallel formation

stage as they migrate 	possibly very slowly
 to Oi� and form �Oi species which are

the �rst step towards quartz precipitates�
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Annealing studies at ����C 	see Figure ����b
 show that TD� forms in the �rst

few hours� but then tails o� with longer anneal time until it practically disappears

after ����� hours� Thereafter there is only trace TD� signal� however the TD� signal

continues to increase in line with the trimers& i�e� there is no observed correlation

between the TD�
� trace and TD�� This loss of TD�
TD� signal with annealing

time presents a problem to any scheme which requires a serial transformation from

dimer � trimer � TD�
� � TD�� since there should always be some sort of

correlation� It eliminates the model proposed here in all the forms discussed above�

as well as any scheme that requires a serial progression through TD�
� to higher

order TDs�

The only possible way to salvage this model is if TD�
� are becoming unstable

for some reason 	e�g� Fermi level movement� see below
� and they are by�passed in

the formation process thereafter� e�g� through dimer
trimer aggregation� However

this seems unlikely given the low concentration of dimer and trimer centres�

����� Di�y�lid is TD	 � a parallel process

A second possibility is that the di�y�lid is actually TD�� and both TD� and TD�

are pre�cursors to the di�y�lid� Therefore� being bistable isomers� TD� and TD�

have to be di�erent forms of electrically active trimer�

In this case� the initial ��� eV formation energy of TD� could be explained as a

barrier to internal restructure of the trimer� If the dimer is able to migrate to Oi

and form a weakly bound trimer� in the initial material there is already a small pool

of trimers 	there are also some early thermal donors present
� These trimers can

restructure with a barrier of ��� eV� Once these are exhausted� the limiting barrier

becomes the trimer formation barrier� i�e� the dimer migration barrier of ��� eV� In

addition both TD� and TD� have an electrically inactive form� with LVMs di�erent

to those of the trimer� Thus there has to be a third form for the trimer� although

this form may be much higher in energy than the others and therefore only frozen

in at lower temperatures�

In such a scheme� presumably TD� and TD� could remain in dynamic equi�

librium with the inactive trimer form� There are two ways of forming the �Oi

di�y�lid� Either the trimers could migrate� or else they could be only weakly sta�

ble and so break into dimers and Oi� so that dimers would eventually meet each

other and bind into the di�y�lid� Markevich found his concentration models for the

dimer and trimer �tted experiment much better if he assumed a mobile trimer� and

such a mechanism would lead to faster di�y�lid formation given the relatively high

concentration of Oi compared to O�i�

This also helps to account for the relative TD concentrations� TD� is the primary
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TD� If both TD� and TD� are mobile� they can form through dimer addition to

Oi� TD� can then form by trimer addition to Oi� However� if TD� is immobile� it

cannot migrate to Oi� Oi is only moving very slowly on the timescales considered�

and thus in order to form higher order TDs� TD� has to rely on dimers migrating

to it& therefore the formation process will slow considerably� Hence there will tend

to be a build up of TD� species�

Against this argument is the necessity that there has to be dimers present in the

material to bond with the higher order TDs� However if dimers are reacting with

Oi to form trimers� that should rapidly take most dimers out of circulation� This

could still be consistent with the above model if the trimer binding energy is so

small that the dimers only bond brie�y� and most trimers dissociate before forming

any of the thermal donors�

The crux of this model then seems to be that TD� and TD� form in parallel

with the main formation scheme� which is dimers to trimers� and on to the di�y�

lid as TD�� However in this form it is not consistent with annealing studies 	see

Figure ����
� In the ����C plot� it can be seen that the TD� absorption exactly

maps that of the trimer� This is consistent with a scheme where the trimer migrates

to Oi to form a di�y�lid TD�� However� the TD� signal rises rapidly in line with the

dimer concentration to begin with� and then tails o� after two hours� until it has

almost disappeared after �� hours or so� If TD�
� were isomers of the trimer� we

might expect the change in their absorption to roughly match that of the trimer�

which is not the case�

However this might be understood if the conditions in the material change to

make the switch from trimer to TD�
� less favourable� As the anneal progresses

increasing numbers of TDs are produced� which should lead to a shift in the Fermi

level� This could shift the relative stability of the trimer and TD�
�� making TD�
�

less favourable� In the �rst � hours of annealing at ����C the trimer peak ap�

pears to remain roughly constant� whereas the TD� peak roughly traces that of the

dimer� Thereafter the trimer peak starts to increase while TD� drops away 	see

Figure ����
� We would expect the combined signal from the trimer� TD� and TD�

to roughly correlate with the dimer& in Figure ����b� this appears qualitatively to

be the case�

This idea is supported by results from samples subjected to dispersal treatment

������ where during subsequent annealing the decrease in the ���� cm�� band cor�

relates with the growth of the ���� and ��� cm�� bands� From these results it

appears that TD� forms simultaneously with the trimers� but as soon as the donor

concentration starts to creep up� the TD� transform into TD�� From this we might

tentatively suggest that TD� is closer in structure to the trimer� and is slightly less



CHAPTER �� THERMAL DONORS IN SI ���

stable than TD��

����	 General discussion of early stages of TD formation

There are also other possibilities beyond those considered above� One of these is

that the dimer can structurally transform into TD�
�� This is unlikely since it would

require four distinct structures for an oxygen pair& the dimer� TD� and TD�� and

the electrically inactive form of TD�
�� In addition� such a model also su�ers from

the lack of direct correlation between �TD�
�� and the ���� cm�� dimer absorption�

We have not been able to determine any electrically active double donor structures

for the dimer 	although structures such as a di�y�lid core could theoretically be

produced by only two Oi atoms� the resultant lattice strain would be huge
�

It has also been suggested that trimers do not form ������ but the models dis�

cussed here all assume they are at least marginally stable� If trimers do not form�

it is di cult to explain the ���� cm�� LVM� However rather than being a stable

defect complex� it is possible the trimer is simple the result of a dimer pushing Oi

along for a few steps before moving on separately again�

There are many other ways these arguments may break down� not least that

some of the experimental evidence may be misleading& for example the isomeric

nature of TD� and TD� could actually just be due to very similar inactive forms

that vibrate at the same frequencies�

It has been stated at above that it is impossible to generate a C�v structure with

an odd number of Oi atoms without putting an oxygen on the C� axis� To further

complicate matters it may be possible to have a structure such as the Snyder�Stavola

model where a single oxygen atom lies o� the C� axis� but has a tiny barrier to the

symmetrically mirrored structure with the oxygen on the other side of the axis� In

this case the structure would in practise �ip rapidly between the two structures

and would obtain time averaged C�v symmetry� have an odd number of Oi� and yet

might not show Oi on the actual C� axis�

Unfortunately without the ability to accurately compare energies between these

di�erent structures there is little more that theory can do for the thermal donor

problem at this point� beyond proposing a variety of models� and eliminating those

that it can on the basis of the available experimental evidence� The variability in

oxygen energies does not appear to be just a problem with AIMPRO but of many

DFT codes& Chadi �nds that addition of Oi to OV is endothermic in contradiction

with experiment ����� and work by Pantelides et al on the Oi di�usion barrier has

varied between ��� eV and ��� eV in recent papers����� �����

This work proposes many models that seem to be suitable as either TD�� TD�

or TD�� The di�y�lid structure �ts TD� very well in terms of structure� electronic
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properties� and vibrational modes� Other structures we cannot eliminate include

the Snyder�Stavola� a new �O ��anked square� structure� and even the partially

dissociated trimer structure given above� However all of these three would appear

to be models for only TD� and possibly TD� for the Snyder�Stavola� on symmetry

grounds� It is de�nitely the case that there are a variety of possible models with

shallow double donor character that only require trivalent Oi� BC Oi and lattice Si�

and do not need to invoke Si self�interstitials�

����
 Early Stages � Summary

Given that the di�y�lid is either TD� or TD�� there only appears to be one mech�

anism consistent with the experimental and theoretical data� Oi atoms di�use

together normally� to form dimers� These are faster di�using� with a barrier to

di�usion of ��� eV� They migrate� and normally encounter a third Oi� In this case

they may form a trimer� but if they do so it is only brie�y stable� The trimer itself

is also capable of di�usion� and so can move to another Oi� At this stage the �Oi

atoms experience su cient lattice strain to switch them into the di�y�lid structure�

and are responsible for TD�� This is not mobile� and so can only grow through fur�

ther dimer addition 	Oi migration is assumed to be too slow for growth purposes
�

Hence TD formation slows down at this stage� and TD�� the di�y�lid� becomes the

primary thermal donor�

In parallel with this process� the trimer is able to restructure into either TD�

or TD� with a barrier of ��� eV� These two defects are also able to restructure

into their electrically inactive shared isomer� which is di�erent from the standard

trimer structure� and probably not stable at room temperature� The low stabilities

of TD�
� are Fermi level dependant� so as the Fermi level rises with the addition of

more thermal donors� �rst the TD� species tend to transform to TD�� and eventually

these are also unstable and transform back to trimers to rejoin the main thermal

donor formation path��

We now need electrically active trimer structures for TD� and TD�� The Snyder�

Stavola �O model is a candidate� assuming there are a few modes which are weaker

and not yet observed by experiment 	this was the case with the oxygen dimer� where

theory predicted modes which were not initially observed by experiment
�

The results of initial dispersion treatments and isothermal anneals ����� suggest

that TD� forms in the initial anneal stages along with the trimers� but rapidly

converts to either trimers or TD�� TD� is stable for a longer time� This suggests

that there is only a small transformation barrier between the trimer and TD�� with

�Using an analogy of Bobs� TD� and TD� are �neanderthal species� that form in parallel to the
evolution of trimers to TD
� and die out during the annealing�
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a larger barrier to TD�& however once formed� TD� is more stable� There are

presumably several schemes that could �t this information� One possibility is if the

trimer is stable in the �Manx� form� as our preliminary results suggest� This can

then become a #� TD� structure by pushing one of the oxygens into a y�lid& in this

case TD� is a y�lid with Oi atoms in both back bonds of the core Si� This requires

little structural rearrangement� Later the Oi atoms are able to migrate around to

lie in the same plane as the y�lid� forming the Snyder�Stavola structure as TD��

Watkins has shown that the reorientation time for TD� is roughly half that of

TD� ������ This is consistent with this model� since the TD� model proposed here

can reorient by the y�lid O atom dropping back into a bond centre� and one of the

other bond centred Oi atoms moving into a y�lid con�guration� However� for the

Snyder�Stavola TD� structure to reorient requires several hops for the Oi atoms at

the ends of the defect� and hence would be slower� The TD� model here would only

be a double donor if both the trivalent oxygen and the core trivalent Si atom both

lost an electron� There is no obvious electrostatic compression mechanism exerting

on the empty p�type orbital of the core Si� so it is not obvious that such a #� donor

state would be shallow� Experimentally however TD� has a much deeper gap state

than TD�� As TD� and TD� are isomeric� it is notable that during the reorientation

experiments� transformation into the thermodynamically more stable phase is not

observed� i�e� the TD� species do not all transform into TD�� Presumably this

must be because the reorientation does not bring the atoms into a position where

they can hop directly into TD� sites& the model described here would ful�ll that

criterion�

��� Later Thermal Donors � TD� and beyond

The problem of later thermal donors is a very di�erent one� Here� experiment

suggests a common core that undergoes small perturbation with increasing oxygen

content� The standard model is one of oxygen aggregation along the h���i plane�
resulting in a defect with a �xed core and two tails of Oi stretching out along h���i �
There have been a total of �� di�erent thermal donors observed������ In this

discussion I will assume TD� is the di�y�lid and hence has four oxygen atoms in it�

Additionally I will assume that this lies at the core of all following thermal donors&

these assumptions do not drastically alter any of the models should they later be

revised� Analysis of oxygen loss from solution by Newman et al ����� suggests an

average loss of ten oxygen atoms from solution per thermal donor� at ����C�

There are a number of possible formation models� but these can be roughly

divided depending on whether they assume a serial development of thermal donors
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or allow isomers� The argument also varies depending on whether the TDs grow

through Oi addition or dimer addition� which is currently not clear ������ However

standard Oi migration alone cannot account for the quantity of higher order TDs

formed ������ and TD formation from TD� to TD� has been shown to have a

formation barrier of ��� eV ������ suggesting that dimers are the dominant active

species rather than Oi�

����� �D thermal donors

The �rst model is the linear tail model described above� the currently accepted

�standard model�� In this case� Oi atoms aggregate in the same h���i plane as the
defect core� in neighbouring BC sites� To form TD�� we require �� new thermal

donors after TD�� If each of these grows through a dimer adding to the previous

defect that implies ����#�"�� oxygen atoms in TD��� If the scheme is slightly
modi�ed and the TDs grow through Oi addition then this number can be reduced

to ��� Thus there is a chain of either � or �� Oi atoms on each side of the defect

core�

This model seems very unphysical� Oi strains its surrounding lattice� causing

��$ Si�Si bond dilation� When paired to form O�i� there is once again a large

strain �eld produced both above 	���
 and in front 	���
 of the defect� Two dimer

structures together� the structure of the di�y�lid� seem su ciently strained to force

the core oxygen atoms into tri�valent positions� A model where Oi atoms collect

along h���i next to the defect core is reasonable for the �rst few Oi atoms� since

TD� is highly tensile along this direction� But it would be unable to equalise the

strain �eld of � to �� Oi atoms on each side� Although the strain �eld in such a

chain might be high enough to force more of these chain Oi atoms into y�lid sites�

these would be electrically active� and the Coulombic repulsion with the TD core

would be too high�

One way in which a chain model can achieve these �� di�erent structures is if

the chains on either side of the core can be of di�erent lengths� and thus isomers are

allowed� In this case� structures such as Oi�TD��O�i would be allowed� Table ���

shows that a minimum of � total �tail� Oi atoms are required for this to explain all

the TDs� i�e� a maximum tail length of �Oi on each side�

The higher order annealing studies do not allow di�erentiation between an iso�

mer and a serial development model� TDs �� to �� were seen simultaneously in

a sample annealed for � hours at ����C ������ and so there is no information on

their relative development& they are named in sequence of decreasing ground state

binding energy�

Finally� extremely long tail models may not be consistent with reorientation
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Number of Number of Cumulative
�tail� Oi TD isomers number of TDs

� � �
� � �
� � �
� � �
� � ��
� � ��

Table ���	 Number of thermal donor structures possible with a �xed common core and Oi adding
in two linear tails� one either side of the core� The defect is assumed symmetric� The table lists
number of isomeric combinations possible for a given tail length� and cumulative total� There are
�
 experimentally observed TDs after TD
�

data������ For TD� �� Oi hops are required for reorientation& this would be possible

with the di�y�lid model� For higher order TDs there is a small increase in the

reorientation time prefactor� corresponding to more hops� However for a long tail

thermal donor to reorient through each atom hopping individually� the number of

reorientation steps would rapidly increase� as the line has to sweep out a circle to

realign itself� One possibly way around this is if the atoms hop towards the core�

through the core� and back out along the new defect line& in this case the number

of hops required would equal the number of Oi atoms in each �arm� of the defect

plus some constant for the core to reorient 	presumably� from the TD� result� �ve

hops for the core
�

����� �
	D thermal donors

An alternative model for higher order thermal donors is a more general aggregation

of oxygen to a common TD core� In this case dimers are attracted to the core but

bond into a variety of bond centred sites around the core including� but not limited

to� those along the h���i defect plane� Although the defect core causes compression
along h���i � there are Si�Si bond sites at angles to this which are dilated due to
at least one of the Si atoms being pushed o��site by the strain �eld of the TD

core� and these sites would provide locations for dimer attack� When discussing

the mechanism in this general way it is impossible to predict whether the process

would be serial� or whether several sites would have equivilent energies� leading to

isomeric thermal donors� In a similar way to the calculations shown in Table ����

if the TD has six sites surrounding it� four of which lie o� the C�v mirror planes

and are symmetrically equivilent� and the other two lie on a mirror plane and are

a symmetric pair� there are �� di�erent permutations obtainable by �lling between

� and � of these sites� Hence only four dimers are required to aggregate to the TD
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core to produce the complete set of observed TDs� if TD isomers are allowed�

However� it appears that any perturbations of the thermal donor core are only

extremely small� and directly bonding dimers to the sides of the core might be

expected to perturb it to a larger degree� In addition� ENDOR results suggest all

oxygen lies along the h���i plane� and Oi aggregates bonded to the defect core

would be expected to provide an ENDOR signal�

An alternative model� and one which seems consistent with experimental data�

is one whereby such sites exist much further from the defect core� In this case they

are regions of the lattice arranged around the core which exhibit some Si�Si bond

dilation� and hence provide weak binding sites for dimers� These adopt these sites�

forming a �cloud� of dimers around the core like �ies� Thus they would only be

expected to weakly perturb the core structure and states� Such sites can be seen in

our cluster results& although the bonds directly along h���i are compressed� those
to one side of these show some dilation as the Si atoms directly above the defect

core are pushed upwards and away from their neighbours further o� this plane�

The thermal donors would be expected to show extremely similar behaviour

under this picture with only slight variations from one another� For example� in

the reorientation experiments discussed above the core would still rotate as before�

with the dimers just shifting position to the new slightly tensile sites� This would be

consistent with the ENDOR result since the O atoms would only be weakly bound

and not very close to the core� and hence would not show up as part of the core

structure� Hence although the total defect could display low symmetry� ENDOR

and EPR would only measure the C�v symmetry of the defect core� Oxygen atoms

in neighbouring dilated sites may be responsible for the broad ���� cm�� peak

observed after anneals� the broadness of the peak explained by the slight variety in

local environment of each of the atoms�

If trimers can occupy these sites it provides an additional variable when de�

termining the number of dimers
trimers needed to give the required number of

structural permutations to explain all of the observed TDs� i�e� less dimer sites

would be required to explain all of the TDs� For an average of �� O atoms per ther�

mal donor� this requires 	with a core of � atoms
 an average of either two trimers

or three dimers per thermal donor� which is a very modest �gure�

In this picture then� there is a dynamic equilibrium concentration of dimers�

and eventually trimers� adopting sites around the TDs� The position of the donor

level in the gap should gradually increase as the surrounding lattice strain goes up

with dimer addition� There is essentially no perturbation of the core and instead an

increasing strain of the surrounding lattice� which compresses the h���i conduction
band valleys used to construct the EMT�like donor state� making it increasingly
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shallow� If this was not the case we would expect a spectrum of vibrational absorp�

tion peaks from TDs with slightly perturbed cores� whereas in long time anneals

there are only four peaks in the �������� cm�� range associated with electrical ac�

tivity ������ the ����TD� band� the ���� and ���� cm�� electrically active bands�

and a later ���� cm�� band� with the latter three thought to be associated with

shallow thermal donors�

A further key piece of evidence for such a picture is that the �gure of on average

�� atoms lost from solution per TD appears to be independant of annealing tem�

perature or time ������ This suggests that TDs form rapidly� and then higher order

TDs become either more unstable or unable to trap further atoms� This would be

consistent with a result where around ����� Oi atoms could bind to the TD with

cumulative loss of energy� but thereafter there was an energy increase������ This

is consistent with this �cloud� picture� where further dimers have to attach further

from the defect core and are increasingly weakly bound� until the higher order TDs

are in a thermal equilibrium with dimers sticking and releasing at regular intervals�

Such a picture would also be consistent with a revised dimer model where Oi

atoms sat on opposite sides of the hexagonal ring site�

����	 Later TDs � Summary and Conclusion

We propose that a scheme consistent with the available experimental evidence for

later thermal donors is one whereby all the later TDs contain a common thermal

donor core which is not modi�ed in the later species� Instead they could develop

through nearby weak dimer binding to the core� forming a �cloud� of Oi around the

donor core� This binding will be increasingly weak with increasing defect size� and

these atoms will not signi�cantly perturb the core� Thus there will be a common set

of vibrational modes as observed� and any symmetry iden�cation will only measure

the C�v symmetry of the core� The defect levels will become increasingly shallow

as these aggregate atoms gradually increase the stress exerted on the defect core�

This model is also consistent with the rapid observed reorientation under stress�

Such a picture does not attempt to tackle the �nal stages of TD formation� After

���� hours annealing at ����C the ��� cm�� thermal donor vibrational absorption

drops away������ while three new bands appear at ����� ���� and ���� cm��� It

seems likely that this stage represents the thermal donors �nally transforming into

quartz precipitates� with these new bands being associated with other electrically

active defect complexes that form at this point� possibly shallow thermal donors� In

addition once quartz precipitates form there are other �new donors� formed� possibly

associated with the quartz boundaries������

There are other explanations for these higher order modes� apart from shallow
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thermal donors vibrations� They could be caused by dimer 
 trimer trapping near

to the quartz� Alternatively if quartz precipitates are being produced in these

regimes� the associated lattice strain punches out prismatic dislocation loops in

the Si� These dislocations can be pinned by Oi� and so it seems reasonable they

may also be pinned by dimers and trimers� Hence these broadened modes could

be associated with dimers and trimers pinned at dislocations� the electrical activity

coming from the dislocations themselves�

The best that theory can do at this stage is to propose various models� as

has been done above� and therefore suggest discriminatory experiments to select

between them� We are involved in on�going discussions with several experimental

groups on this subject 	Lindstr�om and Hallberg� McQuaid� Newman and Markevich

amongst others
� and hope to be able to reach some �rmer conclusions soon�
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Conclusions and Further Work

Normally screws are so cheap and small and simple you think of them as unim�

portant� But now� as your Quality awareness becomes stronger� you realise that this

one� individual� particular screw is neither cheap nor small nor unimportant� Right

now this screw is worth exactly the selling price of the whole motorcycle� because the

motorcycle is actually valueless until you get the screw out� With this re�evaluation

of the screw comes a willingness to expand your knowledge of it�

R� Pirsig

Zen and the Art of Motorcycle Maintenance

Although conclusions have been drawn at the end of each individual chapter�

it is useful to discuss some general conclusions here� as well as further work that

could stem from that presented in this thesis�

The results for H in III�V materials has potential for expansion to other members

of the III�V family� notably GaN which shows great potential as a wide bandgap

semiconductor� Such an investigation for the Group II passivation is currently

underway by Torres and �Oberg ������ and preliminary results suggest a transition

from BC to AB hydrogen for various sized Group II impurity in GaN� The advantage

of such work is the variety of di�erent III�Vs and Group II impurities which makes

it possible to draw general trends depending on host and impurity type�

There are many conclusions to be drawn from the O in Si work� Our successful

collaboration with a variety of experimental groups has shown the advantage of

productive experimental
theoretical discussion� Recent developments in computing

power and parallelisation of the code mean we can now tackle reasonably large

defect systems such as the 	CH
iO�i shallow thermal donor which would have been

impossible only a few years ago� Theory is now equipped to take a place as a serious

investigative tool alongside conventional methods such as FTIR and DLTS� and

���



CHAPTER �
� CONCLUSIONS AND FURTHER WORK ���

theoretical investigations can now help to point experimental groups in directions

for their research��

The problem of oxygen in silicon is a tricky one� since oxygen seems able to com�

plex with most other impurities� both extrinsic and intrinsic� The di culty is com�

pounded for theory since many of the defect structures formed are only metastable

	for example� thermal donors
� and so absolute ground state energy comparison can�

not necessarily be used as a tool for determining the dominant defect structures�

Formation energies with AIMPRO for O�related complexes have proved di cult

	such as VOn complexes
� possibly due to inadequate modelling of the charge density

via our intermediate �ts� In future we may be able to improve on this through the

use of the new supercell AIMPRO code under development in Newcastle� possibly in

conjunction with gradient corrections to the exchange�correlation energy� Although

many kinetic models for TD formation and destruction have been proposed����� ����

����� for these to achieve the desired accuracy� formation energies of the individual

species need to be determined� This has not been done to date� Hopefully with the

improvements to AIMPRO described above� coupled with structural models for the

various component species� we may be able to achieve this�

Signi�cant advances have been made in our understanding of O in Si as a result

of the work in this thesis� The behaviour of O in the presence of N has been

well characterised� both through the primary electrically inactive NNO defect� and

the more elusive NO� shallow thermal donor� as well as the intermediate NiOi

species which for the �rst time shows direct evidence of interaction between Ni

and oxygen rather than N�� In future there will hopefully be direct evidence for

the incorporation of N in the shallow thermal donor centres� and they may be

produced in su cient numbers for clear identi�cation through their vibrational

modes� Various N
O experiments have been suggested here which would �ll in the

remaining gaps in our understanding of how N� pairs di�use� and complex with

either Oi or O�i dimers�

Crucially we have demonstrated a general mechanism whereby defects that nor�

mally possess a deep gap level 	such as Ni
 can have this level electrostatically

compressed� pushing it up to become a shallow level lying close to the conduction

band edge� It may be possible to invoke a similar mechanism in other materials�

possibly those where it has traditionally been di cult to produce shallow donor

doping� We have shown that this mechanism can occur in defects containing both

Ni and 	CH
i� and although there is no direct experimental evidence yet that Ni

or 	CH
i lie in the core of the shallow thermal donor defects� we have presented a

�Dimer modelling described here led successful experimental research to �nd further absorption
modes�
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strong case in favour of these models�

The results on rapidly di�using O�i dimers appear to shed light on many oth�

erwise confusing results� such as the anomalous formation rates of VO� and the

thermal donors� Their role in thermal donor formation is now clearer� although

there is still a long way to go on this problem�

Finally the results on the thermal donors show a variety of di�erent O�based

complexes which display shallow double donor character� The di�y�lid structure�

formed from a combination of two dimers� seems to �t most of the available sym�

metry and structural evidence� and possesses vibrational modes very close to those

of experiment� A variant of this with Al substituted for the core Si acts as a single

shallow donor and is also consistent with experimental data for the third type of

NL�� defect� NL��	Al
�

We thus have a remarkably consistent set of structural predictions for shallow

donor defects in Cz�Si� all based around the combination of two dimers� The thermal

donors form around a di�y�lid� which occurs when two dimers combine� When these

two dimers aggregate at Als� Ni or 	CH
i� they form instead a shallow thermal donor

defect� Such a picture does not yet explain the whole family of thermal donors�

including the various anomalous properties of TD�� although the work presented in

this thesis goes a long way to selecting between various models�

Long time annealing studies show that the shallow thermal donors form after

the thermal donors ����� which is consistent with FTIR studies& these show the TD

absorption at ��� cm�� drop o� at ���� after ��� hours or so� at the same time

as strong absorption at ����� ���� and ���� cm�� begins� These lines are believed

to be associated with the shallow thermal donors ������ Discussion in Section ���

suggests that early Sii concentrations are low� This leads to a consistent picture

whereby small initial Sii concentrations lead to low Ci and hence STD 	CH
iO�i

concentrations� After long annealing times thermal donors form� and then transform

into quartz precipitates� releasing Sii� These convert the remaining Cs into Ci�

providing a sudden glut of 	CH
iO�i defects� Thereafter� any more Sii forming has

to aggregate into h���i rod�like aggregates� as seen with HREM������
For reasons of limited space� results on C
O defects such as CiO�i and CsOni

where � � n � � have been excluded from this thesis� but this work is important
and a thorough study of C
O defects is essential in order to understand O in Si� C

primarily exists as a substitutional defect 	Cs
� but can switch sites with a silicon

self�interstitial 	Sii
 through a �kick�out� mechanism to produce interstitial carbon

	Ci
� Thus �Ci� can be taken as an indirect marker of the Sii concentration� P�line

defects are observed using PL 	believed to be CiO�i
 within the �rst �� minutes of

annealing Cz�Si at ����C������ suggesting that there is either an initial pool of Ci�
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or some initial Sii� However the concentration of these defects is extremely small�

probably � ���� cm�������� Annealing C rich CZ�Si gives rise to a set of vibrational

lines associated with C
O defect complexes instead of thermal donors� Due to the

high frequency of the C�modes it has been suggested that these are CiOni defects

������ and if this was the case it would show that Sii must be produced during early

Cz�Si annealing� However preliminary modelling results with AIMPRO show that

CsOni defects produce vibrational modes close to these frequencies� and the modes

due to the C are high because the Cs is compressed by neighbouring oxygen� In

combination with the low initial concentration of P�line defects� these results suggest

that Sii is not present in signi�cant quantities in the earlier stages of annealing� and

thus provide more evidence that Sii does not lie in the core of thermal donors� In

addition the role of C in suppressing thermal donors is not fully understood 	since

C appears to increase the rate of thermal donor dissociation rather than decreasing

the rate of formation
� Further studies of C
O defects are currently underway������

The work in this thesis has opened up a number of new questions 	and failed

to answer others�
 and many of these deserve further study� As well as modelling

and
or explaining current experimental data we have also attempted to make pre�

dictions� and there are some experiments it would be useful to perform to examine

these� In addition there are more general questions such as the mobility of N� pairs

which could be checked by experiment� Where such experiments suggest them�

selves� these have been described in the text� This following section is therefore

restricted to further theoretical modelling work that could extend the results in

this thesis�

It would be useful to produce a full potential surface map for dimer di�usion to

prove that we have located the lowest energy path between the end structures� If

the assymetric dimer structure is freezing in at low temperatures we could calcu�

late a di�usion barrier between the assymetric and symmetric forms and hence a

temperature at which they could no longer switch between the two�

The trimer requires more investigation of various alternative structures in order

to determine both the lowest energy� and a structure that could give rise to the

absorption at ���� cm��� The results presented here were performed in quite small

clusters given the size of the defects� and for reliability the convergence with cluster

size should be checked by repeating these in larger clusters� In addition� determi�

nation of binding energies and potential di�usion paths for the trimer would be

important to calculate�

The thermal donor problem still has many unanswered questions that we can

address� There are several other possible TD structures not investigated here 	no�

tably the #� variant of the �Manx� trimer
� and it would be useful to repeat many of
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these calculations using the supercell to provide reliable energy di�erences between

alternative structures� We are still unsure of the nature of TD� and TD�� and are

far from a de�nitive explanation of higher order TDs� Such analysis could be helped

through a detailed correlation of electronic IR with vibrational IR absorption data

showing the formation stages of the TDs� and it is clear that this problem will not

be solved without extensive collaboration with experimental groups�

Notable related problems are the mechanism for H�passivation of thermal donors�

and carbon suppression of thermal donors� both of which are currently under inves�

tigation using AIMPRO� Neither of these are obvious� for example� H�passivation

seems to remove both donor states from the gap with the addition of only a single

H ������ suggesting the H is stabilising the TD in an inactive form rather than

saturating dangling bonds�

Clues to the aggregation processes in TDs could come from studying the aggre�

gation of O in higher order VOn complexes� n 
 �� and increased computational
power means we now have the ability to do this� If we can increase the ease with

which di�usion barriers are obtained� it would be nice to model the migration barrier

for other species� notably Ni and N�i�

Finally� there are many other atomic species that can complex with oxygen

which have not been addressed here� A variety of hydrogen�oxygen complexes are

known to form ������ and oxygen can also complex with many metallic species� from

Group II elements ����� to rare earth impurities such as Er ������

Work of this kind could be accused of being �defect stamp collecting�� i�e� a

defect is examined� a structure produced and stuck in the album� and the process

then moves on to the next� However such accusations are somewhat unfair� The

real strength of these results comes from considering them as a whole� in the context

of the additionally available experimental work� In this way they serve to show a

whole cycle of defect formation processes and how they relate to the treatment and

properties of the sample�

Applied theoretical modelling such as this ful�ls three roles� Its �rst role is

to con�rm& either to produce results that can be compared to other calculations

performed using di�erent methods� or to con�rm ideas built up from experimental

results 	see� for example� results on Oi in this thesis
� More usefully� theory can ex�

plain� i�e� take unexplained� and maybe even apparently contradictory experimental

results� and produce a theory that ties them all together� This is true of much of

the work in this thesis� notably the VOn work and N
O complexes� However� the

third and most important job of theory is to predict� In this case� theory should

identify general mechanisms and trends� suggest new experiments and techniques�

and open up new �elds of work� Ideally we would like it to be able to provide new
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ways of examining things� and �nd underlying patterns� trends and mechanisms� It

is at this stage that theory moves far beyond the �stamp collecting� metaphor� and

hopefully this has been achieved with some of the results in this thesis such as the

�wonderbra mechanism��
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