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Abstract

Boron nitride (BN) in its cubic form (cubic boron nitride (¢-BN)) is one of the
known superhard materials with superior mechanical, chemical and electronic prop-
erties. These properties have made it an excellent material in many modern indus-
trial and electronic applications and as such, extensive research grounds have been
developed for over half a decade now with the aim of finding alternative ways to
synthesize it.

The work presented in this thesis was inspired by the fact that defects intro-
duced into the hexagonal form of boron nitride (h-BN) under certain conditions
can lead to a change in its local structure and hence the formation of the cubic BN
symmetry.

The work focused on the introduction of different ions which included helium,
lithium, boron, nitrogen and argon into A-BN, by the ion implantation process, in
order to promote a defect-induced phase change to the cubic symmetry and possibly
to other BN polymorphs. We introduced these ions at different fluences (number
of ions per unit area) and energies so as to investigate the best conditions that will
influence the lowest activation energy that will in turn favour the ¢-BN formation.
The resulting thin hard layer could be an excellent sub-surface treatment.

All the samples used were high quality polycrystalline and single crystal ~A-BN,
obtained from various manufacturers. The fluence range used was from 1x10*
ions/cm? to 5x10' ions/cm?, with energy ranging from 40 keV to 150 keV. This
energy and fluence choice was inspired by previous research that had been done at
higher energies (MeV range) and recommended that low energy (keV range) and
fluence could induce similar change.

To investigate these effects, various analysis techniques were employed. The

major techniques involved optical vibrational methods using Raman Spectroscopy
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(RS) and Fourier Transform Infrared Spectroscopy (FTIR) carried out on the sam-
ples before and after implantation. Other techniques used included Glancing Inci-
dence X-ray Diffraction (GIXRD), Transmission Electron Microscopy (TEM), and
Energy Dispersive X-ray Spectroscopy (EDS).

Raman and FTIR measurements showed the introduction of new phonon and vi-
brational modes in the samples after implantation. The position, size and broaden-
ing suggested that they originated from a symmetry attributed to nano-structured
cubic BN (n¢-BN). The nature and extent of the nc-BN features was very depen-
dent on the implantation parameters with different atomic mass ions each having
an optimum fluence with regards to the intensities of the Raman and FTIR signal
associated with them. Glancing incidence X-ray diffraction showed new diffraction
patterns whose angles corresponded to the cubic and rhombohedral BN symme-
tries. The linewidths of these peaks were used to estimate the crystal size, which
were in the nanoscale range, hence complementing the results obtained by optical
spectroscopy.

The High-Angle Annular Dark-field Scanning Transmission Electron microscopy
(HAADF-STEM) analyses showed regions with low contrast within the implanted
region, suggesting that there were regions within the implanted layer that contained
dense structures which were attributed to the cubic BN symmetry.

Computer simulations using the Stopping and Range of Tons in Matter (SRIM)
programme were performed to understand the events that take place during the
interaction of the ions with h-BN. Phonon confinement model calculations were
also performed to understand the nature of peaks forming after implantation with
an aim of support Raman measurements and to estimate the size of the nc-BN
domains.

With these complementary analyses, it was concluded that indeed implanta-
tion is an effective method of creating nanocrystalline ¢-BN under less extreme

conditions of pressure and temperature.



To my parents, mr and mrs Aradi. You are the best

parents in the whole world!



Acknowledgements

The past few years have been the most challenging yet the most eye opening and
exciting years of my academic life. I would never have made it on my own and
so I am very grateful to everyone who has made it possible for me to successfully
complete my degree.

I would like to express my sincere gratitude to my supervisors Prof. Trevor
Derry and Dr. Mervin Naidoo who have constantly been available throughout the
course of my studies. Their expertise, encouragement, and support were extremely
motivational. This work was made possible through their guidance, wisdom, fore-
sight and never ending supervision. I also extend so much gratitude to Prof. John
Carter, the head of the School of Physics, for always believing in me in so many

ways.

Many thanks to the iThemba LABS Gauteng, for allowing me to use the ion im-
planter facility throughout the course of my studies. I am grateful to Dr. Rudolph
Erasmus who has always been available to help me carry out all the Raman Spec-
troscopy analyses. Many thanks to Dr. Ronald Machaka, from whose work I formed
the basis of this research and who helped me with the theoretical section of the
work. I am also grateful to my collaborator Prof. Basil Julies from the University of
the Western Cape and Prof. Alexander Ziegler from the Microscopy Unit-Wits for
guiding and training me on how to use the Transmission Electron Microscope. A
big thank you to Dr. Daniel Wamwangi and Prof. Dave Billing for their help with
X-ray diffraction measurements and Mildred Airo for FTIR measurements. Much

appreciation to Dr. Charles Levitt who assisted me with sample preparation.

I would also like to thank my mentors and former supervisors, Dr. Nicholas
Makau, Prof. George Amolo and Dr. Zack Mapelu from The University of Eldoret,

Kenya, who gave me the right guidance and a better start towards my career. They

il



iv
have also constantly checked my work providing necessary corrections, advice and

suggestion, despite their busy schedule and the fact that they are far away in Kenya.

The financial support of the DST-NRF Centre of Excellence in Strong Materials
(CoE-SM) towards this research is highly acknowledged. The financial assistance
from Wits Postgraduate Merit Award and Bradlow post-graduate award, and the
School of Physics, Wits University is also highly appreciated.

My beloved parents Mr and Mrs Aradi, my siblings Catherine, Shiller, Sylviah
and Hillary and my love Kennedy have been my source of strength. They always
encourage me to go for what I believe in and to be the best that I can be in

everything. Above all, their unconditional love has made me a better person.

Much gratitude to my colleagues, Dr. Emmanuel Nshingabigwi, Isaac Motochi,
Anna Kozakiewicz, and George Manyali, from the University of the Witwatersrand,
Cecil Moro from University of Pretoria, and Enoch from Moi University’s Compu-
tational Physics and Materials Science Group. Their assistance and encouragement
was overwhelming.

Thanks to all my friends Indrah, Mr and Mrs Misoi, Tabither, Loreen, Kuda,
Moshe, Bridget, Marie Chantel, just to mention a few, who always made me have
a good laugh away from my busy research work. Their friendship is highly appre-
ciated as they have made me a better person, both academically and socially.

Above all T thank the Almighty God for His guidance, protection and never
ending favour. He has given me the most important gift of life and good health

and ensured that my work is a great success. Thank you God!



Contents

Declaration

Abstract

Acknowledgements

List of Figures

List of Tables

List of Symbols and Abbreviations.

1 Introduction

1.1 Motivation . . . . . . . .

1.2 Statement of the Problem . . . . . . . . . . .. .. ... ... ...

1.3 Research Objectives. . . . . . . . . . ... ... ... ... .. ...

1.4 Thesis outline . . . . . . . . . .

2 Ion-Solid Interactions

2.1 Introduction . . . . . . . . .

2.2  Fundamentals of Ion-Solid Interactions . . . . . . . . . . . . . . ..

2.3 lon Implantation . . . . . ... .. .. ... ... ... ...

23.1
2.3.2
2.3.3
2.34
2.3.5
2.3.6

Introduction . . . . . ... oo
The Theory of Ion Implantation . . . . . . .. ... ... ..
The Electronic Energy Loss . . . . . . .. ... ... . ...
The Nuclear Energy Loss . . . . . . . ... ... ... ....
Ion Range . . . . . . . . .. ..

The Ton Channelling Effect . . . . . . . ... ... ... ...

ii

iii

ix

xviii

XX

Tt = W = -

J



2.3.7 Lattice and Lattice Disorder . . . . . . . . .. ... ... ..
2.4 Radiation damage in boron nitride . . . . . .. ... ... ... ..

2.4.1 Stopping and Range of Tons in Matter (SRIM) Simulations .

Boron Nitride

3.1 Structure, Properties and Applications . . . . . .. ... ... ...
3.1.1 Introduction . . . . . . . . ...
3.1.2 Synthesis of Boron Nitride . . . . . . ... ... ... ....
3.1.3  The Phase Diagram of Boron Nitride . . . . . . ... .. ..

3.2 Hexagonal Boron Nitride . . . . . . .. ... .. ... ... .....

3.3 Cubic Boron Nitride . . . ... ... ... ... ... .. ......

3.4 Synthesis of Cubic Boron Nitride . . . . ... ... .. ... ....
3.4.1 High pressure High Temperature (HPHT) Synthesis . . . . .
3.4.2  lon Beam Assisted Deposition (IBAD)Synthesis methods . .
3.4.3 Ion Implantation method . . . . . . . ... ... ... ....

Experimental Methods

4.1 Introduction . . . . . . . .. ..

4.2 Experimental instruments . . . . .. ...
4.2.1 Diamond Wire Saw . . . . . . . . . ... ... ... ...
4.2.2 The Ion Implanter . . . . . ... ... .. ... .......
4.2.3 Summary of the Principle of Operation of the Ion Implanter
4.2.4  Raman Spectroscopy System . . . . . ... ...
4.2.5 Transmission Electron Microscopy . . . . . . . . ... .. ..
4.2.6 TEM working principles . . . . . . ... .. ... ...

4.3 Experimental Procedures . . . . . . . . . ... ... ...
4.3.1 Sample and sample preparation . . . . ... ... ... ...
4.3.2 Ton implantation experiments . . . . . ... ... ... ...
4.3.3 Raman Analysis. . . . . . . ... ... .
4.3.4 TEM Sample and sample Preparation . . . . . . . .. .. ..

5 Results and Discussions

5.1 Raman Spectroscopy Results . . . . . . ... .. ... ... .....

vi



5.2
5.3
5.4

9.5

5.6

5.7

5.8

5.9

5.10

5.11

c-BN powder . . . . ... 86

Unimplanted hA-BN Samples . . . . . . . ... ... ... ... .. 89
Boron Ion Implantation . . . .. ... .. ... ... .. ...... 92
5.4.1 Polycrystalline h-BN Sheets . . . . . . ... ... ... ... 93
5.4.2 Polycrystalline h-BN Rod sample . . . . .. ... ... ... 122
5.4.3 Single crystal -BN . . . . ..o 124
Helium Ion Implantation . . . . . . ... ... ... ... ...... 129
5.5.1 Helium Energy variation . . . . .. ... ... ... ..... 131
Lithium Ion Implantation . . . . . . ... .. ... ... .. .... 133
5.6.1 Varying ion fluence . . . . . .. .. ..o 133
High Mass Number Implantation . . . . ... ... ... ... ... 137
5.7.1 Nitrogen Ion Implantation . . . . . . . ... ... ... ... 137
5.7.2 Argon Ion Implantation . . .. .. .. ... ... ... .. 139
SUMMAry . . . . ... 142
Fourier Transform Infrared Spectroscopy (FTIR). . . . . .. . ... 147
5.9.1 Unimplanted sample . . . . . . ... ... ... ... ... 147
5.9.2 Jon mass variation . . . ... ..o oL 150
5.9.3 Fluence dependence . . . . . . . .. .. ... 154
Glancing Incident X-Ray Diffraction (GIXRD) . . . . . .. ... .. 160
5.10.1 Unimplanted A-BN Samples . . . . . . ... ... ... ... 161
5.10.2 Cubic BN GIXRD . ... ... ... ... ... ....... 162
5.10.3 Implanted Polycrystalline h-BN rod samples . . . . . . . .. 164
5.10.4 Implanted Polycrystalline ~-BN sheets . . . . . .. .. ... 170
5.10.5 Fluence variation . . . . . . .. .. ... ... ... ... 173
Transmission Electron Microscopy . . . . . . . . .. .. ... . ... 178
5.11.1 Focused Ion Beam sectioning . . . . . ... ... ... ... 178
5.11.2 Energy Dispersive X-ray Spectroscopy . . . . . . . .. ... 181
5.11.3 Polycrystalline samples . . . . . .. ... ... ... ... .. 182
5.11.4 High Resolution TEM . . . . . ... ... ... ... .... 184
5.11.5 Single crystal -BN . . . . . . .. ..o 185
5.11.6 HAADF-STEM . . . . . . . ... ... ... .. ... ... 187

vil



6 Spatial Correlation model

6.1 Introduction . . .

6.1.1 Theory of Phonon Peak . . . . . .. .. ... .. .. ....

7 Summary and Conclusions

7.1 Summary . ...
7.2 Conclusion . . . .

7.3 Recommendations

Appendix

References

viil

190
190
191

196
196
200
201

202

206



List of Figures

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

Crystal lattice for a target material before irradiation with energetic
TOTUS. o v v v e e e e
An illustration of the possible interactions that take place during ion
beam bombardment (IBB) in the ion- solid interaction process.

Photographic representation of the ion-solid interaction process. The
red sphere represents an energetic ion while the blue spheres repre-
sent the atoms in the target material [22]. . . . . . ... ... ...
Typical dependence of the and electronic and nuclear stopping of
ion in matter with respect to energy (plotted logarithmically). E. is
defined as the energy below which nuclear and electronic stopping are
comparable [36]. . . . ..
Depth distribution of implanted ions in a target where; (a) the ion
mass my is less than the mass my of the substrate (my<my) (b) the
ion mass my is greater than the mass my for the substrate (my>ms)
[43]. The mean depth R,, depends only on m; and E; whereas AR, /R
p depends on the ratioof my and mo. . . . . .. ..o
Schematic representation of the channelling effect in a monocrys-
talline material. (Oscillations of the channelled trajectory occur with

wavelengths typically several hundred thousand times the lattice spac-

A schematic representation of the collision cascade process showing
the collision cascade and focused collision sequences extending be-
yond the main cascade regime [49]. . . . . . . ... ..
An example of SRIM output at 150 keV showing (a) the collision
events and (b) the ion distribution as boron ions come to rest within

the h-BN matriz. . . . . . . . .

X

19



2.9 SRIM simulation for the number of primary atom displacements (va-
cancies) per ion and unit length (A) versus depth for argon, nitrogen,
boron, lithium and helium ions species implanted into h-BN at 150
keV.

2.10  Relationship between the ion penetration depth and the relative
atomic mass for different ions implanted into h-BN. All simulations
were carried out at 150 keV. . . . . . ..o

2.11 SRIM simulations for h-BN implanted with different ions in energy
range of 40 keV to 150 keV for (a) Helium, (b) lithium (c) boron,
(d) Nitrogen and (e) Argon. . . . . . . . ... ... ...

2.12 A summary of the relationship between the penetration depth vs im-
plant energy for the different ions. . . . . . . .. ... ... ... ..

2.13 SRIM simulations for h-BN implanted with different ions in energy
range of 0.1 keV to 150 keV. The figure is a schematic illustration
of how the (1) electronic and (2) nuclear stopping contribute to the

stopping power with respective energies for the different ions. . . . .

3.1 Crystal structures for the different polymorphs of BN. The blue spheres
represent the nitrogen atoms while the orange ones represents the
boron atoms. The unit cell indicating the stacking sequence is shown
by green dotted lines. AA’A represents the stalking sequence for h-
BN and w-BN while ABCA represents the staking sequence for r-BN
and c-BN [2]. . . . ..

3.2 The generally accepted phase diagram for boron nitride. (Dash line
is the phase diagram as proposed by Corrigan and Bundy [96] and
the continuous line is the phase diagram according to Wentorf [98]).

3.3 A photograph of hexagonal boron nitride rods and sheets obtained
from GoodFellow UK Ceramic company website. . . . . . . . . . ..

3.4 Comparison between the structures of graphite and hexagonal boron
nitride [102, 103]. . . . . . . .

3.5 The structure of ¢-BN [103]. . . . . . . . ...

3.6 Photograph representation of c-BN. (a) is the amber, semi-blocky
c-BN, with and irregular crystal morphology and (b) is the golden
coloured c-BN with a blocky morphology [112]. . . . . . . . ... ..

27

35

41

42



3.7

3.8

4.1

4.2

4.3
4.4

4.5

4.6
4.7

5.1
5.2

9.3

5.4

9.5

5.6

5.7

5.8

Conditions of high temperature and ultra-high pressures are required
to convert the hexagonal (graphite and h-BN) to the cubic (diamond
and c-BN) structures [128, 129]. . . . . . . . ... ... 51
The formation regions for c-BN by direct synthesis and using flux

precursors or non-catalytic processes [118]. . . . . . ... ... ... 54

Photograph of the 3032-model diamond wire saw (From the series

Well Model 3032 diamond saw catalogue). . . . . . . . . ... ... 60
A photograph of the freeman ion source of the 200-20A2F Ion Im-

planter (photo taken at iThemba LABS Gauteng). . . . . . . . . .. 62
Block diagram for the 200-20A2F ion implanter. . . . . . . . . . .. 64

Stages involved in the production of Art laser(From Operational
Manual for Spectra Physics 2020/2025 ion laser). . . . . . . . ... 72
Schematic diagram of the Raman Spectrograph showing the beam
path. (From the Instruction Manual for the Jobin-Yvon T64000 Ra-
man Spectrograph). . . . . . ..o 73
FElectron interaction with matter processes [179]. . . . . . . . . . .. 75
Magjor parts of and electron microscope and the schematic mode of

operation [179]. . . . . . .. 76

Raman measurements for the c-BN powder. . . . . . . . ... ... 87
A SEM micrograph for c-BN powder showing the larger micron sized
crystals. . . . . . 88
A SEM micrograph for c-BN powder showing the smaller crystallites

after centrifugation. . . . . . . . . ... 89
Raman spectroscopy measurements for the unimplanted polycrystalline
h-BN sheets. Inset is the spectrum for polycrystalline h-BN rod sample. 90
A photograph for h-BN polycrystalline samples (a) before and (b)

after implantation as shown for the rod sample. . . . . . . . .. .. 93
Raman measurements for h-BN sheet samples implanted at 1x 10" ions/cm?
and an energy of 150 keV (unsmoothed data). . . . . . . . . . ... 94
Raman measurements for h-BN sheet samples implanted at 1x 10
Yions/cm? centred around the region of interest. . . . . . . . . . .. 95
Raman measurements for h-BN sheet samples implanted at 1x 10 '

ions/cm? measured at different points across a 0.5x0. 5 mm area. . 96

pal



5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

Raman measurements for h-BN sheet samples implanted with boron
at 5x 10" ions/cm?.(Unsmoothed data) . . . . . . . ... ... ... 97
Raman measurements for h-BN sheet samples implanted with boron
at 5x 10" ions/cm? centred around the region of interest. . . . . . . 98
Raman measurements at eleven different points across implanted
area for h-BN sheet sample implanted at 150 keV and fluence of
SX10% dons/em®. . . ... 99
Raman measurements for h-BN sheet samples implanted higher boron
fluences (a) at 1x 10" ions/cm?(b) at 5x 10* ions/cm?, (¢)1x 10"°
ions/cm?, (d) 5x 10" ions/cm?, all at an energy of 150 keV. . . . . 100
Raman spectra for principal h-BN peak for (a) unimplanted sample,
(b) implanted with 1x 10" dons/cm? (c) at 5x 10" ions/cm?* (d)
1x 10" dons/em? (e) at 5x 10 Yions/cm?, (f)1x 10 jons/cm?, (g)
5x 10" jons/cm?, all at an energy of 150 keV. . . . . . . ... ... 101
Schematic representation of the processes that take place during ion
implantation of h-BN . . . . . . . ... 103
Relationship between the Raman peak intensity for the Gaussian fit
and the ion fluence for samples implanted with boron ions at 150
keV for the nc-BN peak . . . . . . . . . . ... 108
SRIM simulations showing the relationship between the projected
range and the ion energy for h-BN sheets implanted with boron ions
from 1 keV to 150 keV. . . . . . . . . .. 110
Raman spectra for h-BN sheets samples implanted with boron ions
at various energies at a constant fluence of 5x 10" ions/cm?. . . . 111
Relationship of the normalized (with respect to the intensity of the
unimplanted sample) c-BN peak intensity and linewidth as functions
of energy for samples implanted with boron ions at 5x 10 1* ions/cm? 112
Dependance of the LO ¢-BN Raman peak with the Raman laser en-
ergy (centred in the region of interest) for h-BN sheets at 150 keV
and a fluence of 5x10 ™ ions/em?. . . . .. ... 113
Raman spectra for h-BN sheet samples analyzed by the UV Raman

(a) is the unimplanted spectrum (b) spectrum for sample implanted

with boron ions at 150 keV and a fluence of 5x 10 1* jons/cm?. . . . 114
Dependance of the LO c-BN peak with the objective lens for B im-
planted at 150 keV and fluence of 5x 10 ** ions/cm?. . . . . . . .. 116

xii



5.22 Temperature dependence of the linewidth of the LO c-BN peak for
h-BN sheet samples implanted with boron at 150 keV and 5x 10"
ions/cm?. The sample was annealed for 5 minutes. The slope of the
graph was -0.06 cm™ C. . . . ...

5.23 Temperature dependence of the linewidth of the LO c-BN peak for
h-BN sheet samples implanted with boron at 150 keV and 5x 10"
ions/cm?. The sample was annealed for 20 minutes. The slope of
the graph was -0.08 em™ /C. . . . .. ...

5.24  Raman spectra for h-BN peak, for h-BN sheets implanted with boron
at various implantation temperatures as indicated at 150 keV and a
fluence of 510" dons/em?. . . . . ...

5.25 Raman spectra for LO, c-BN peaks for h-BN sheets implanted with
boron at 150 keV and a fluence of 5x 10" ions/cm? at various im-
plantation temperatures. . . . . . . ... .o

5.26 Raman spectra for polycrystalline rod h-BN samples implanted with
boron at 150 keV using various fluences. . . . . . . . . . ... ...

5.27 Photograph of single crystal h-BN flakes. Note the millimetre scale.

5.28  Optical micrograph for h-BN single crystal samples (a) at low mag-
nification (b) at high magnification. . . . . .. ... ...

5.29  Scanning FElectron Microscopy image for h-BN single crystals. . . .

5.30 Raman measurements for h-BN single crystal sample before implan-
tation. . . . . .

5.31  Raman measurements for h-BN single crystal samples after im-
plantation with boron at 150 keV and at various fluences (a) 1x 10"
ions/cm? , (b) 5x 10" ions/cm? , (c) 1x 10" dons/cm?, (d) 5x 10"
ions/cm?, (e) 1x 10'° ions/cm? and (f) 5x 10'° ions/cm?. Note the
differences in the intensity scale. . . . . . . . . . ... ... ... ..

5.32 (i)Raman spectra for h-BN sheet samples implanted with helium
ions implanted at the energy of 150 keV and fluences (a) 1x 10
ions/cm?, (b) 5x 10" dons/cm?, (c) 1x 10" ions/cm?, (d) 5x 10"
ions/cm? and (e) 1x 10" ions/cm? (ii) Represents the relationship
of the fluence with the linewidth and the integrated intensity of the
nc-BN LO peaks. . . . . . . ...

xiii



5.33

5.34

5.3

5.36

5.37

5.38

5.39

5.40

5.41

5.42

5.43

5.44

5.45

Relationship between the normalized intensity of the LO nc-BN peak
and the implantation energy for helium ions implanted in h-BN sheet
samples at 5 10% dons/cm?. . . . . . . ... .. 132
Raman Spectra for h-BN sheet samples implanted with lithium ions
at 150 keV and with various fluences. . . . . . . . . . .. ... ... 134
Represents the relationship of the fluence with the linewidth and the
integrated intensity of the nc-BN LO peaks for all the Li implants
h-BN sheet samples at 150 keV. . . . . . . . . . .. ... ... ... 136
Raman spectra for h-BN sheet before implantation and implanted
with nitrogen ions implanted at the energy of 150 keV and fluence of
(a) 1x 10 dons/cm?, (b) 5x 10" ions/cm?, (c) 1x 10" ions/cm?,
(d) 5x 10" ions/cm? (e) 1x 10" dons/cm?. . . . . . . . . ... ... 137
Relationship between the linewidth and normalized intensity for the
LO nc-BN Raman peaks as a function of the fluence for samples
implanted with nitrogen tons. . . . . . . . . ... 139
Raman spectroscopy for h-BN samples implanted with argon ions
at 150 keV with various fluences (a) 1.0x 10" (b)5.0x 10", and
(c)5.0x 10" ions/cm 2 (d) represents the relationship between the
intensity of the nc-BN LO peaks with fluence. . . . . . . . ... .. 140
Raman spectroscopy for (a) the unimplanted samples and (b, c, d)implanted
with argon ions at various energies (b) 40 keV, (¢) 80 keV and (d)150
keV at 1.0x 10" ions/cm?. The spectra are for the principal h-BN
peak . ..o 141
Relationship between the intensily of the nc-BN LO peak with the ion
fluence for helium, lithium and boron ions for h-BN sheet samples
implanted at 150 keV [204]. . . . . . ... 143

Comparison between the estimated c-BN amount (expressed as %)

and the ion fluence for helium, lithium, boron and nitrogen ions. . . 145
FTIR spectrum for h-BN sheet samples before implantation. . . . . 148
FTIR spectrum for c-BN powder sample. . . . . . . . . . ... ... 149
FTIR spectrum for h-BN sheet samples after implantation with boron

ions at 150 keV and fluence of 5x 10™ ions/em?. . . . . . . .. .. 150
FTIR spectrum for h-BN sheet samples after implantation with lithium
ions at 150 keV and fluence of 1x 10"° ions/em?. . . . . . . . . .. 152

Xiv



5.46 FTIR spectrum for h-BN sheet samples after implantation with he-

lium ions at 150 keV and fluence of 5x 10" dons/cm?. . . . . . . . . 153
5.47 Fourier Transform IR for h-BN sheet sample (a) unimplanted and

(b) implanted with boron at 150 keV and fluence of 5x 10" ions/cm?. 154
5.48 FTIR spectrum for h-BN sheet samples after implantation with boron

ions at 150 keV with various fluences (a) 1x10* ions/cm?, (b)

5x 10" dons/cm? and (c) 1x 10" jons/cm?, showing the nc-BN modes. 155
5.49 FTIR spectrum for h-BN sheet samples after implantation with lithium

ions at 150 keV with various fluences (a) 510" ions/cm?, (b) 1x10'

ions/cm? and (c) 5x10'° ions/ecm?. . . . . ... 156
5.50 (a) The relationship between the c-BN TO wvibrational mode position

with the ion mass and (b) the relationship between the transmittance

intensity and the ton mass at optimum fluence. . . . . . . . . .. .. 157
5.51 The relationship of the estimated c-BN amount with the implantation

fluence for boron, lithium and helium ions at optimum fluence as

calculated by 5.9.3. . . . . . . 159
5.52 GIXRD diffraction pattern for unimplanted (a) polycrystalline h-BN

sheets, (b) polycrystalline h-BN rod sample analyzed using an inci-

dent angle of 0.3°. . . . . . . 162
5.53 XRD diffraction pattern for c-BN powder supplied by Element Siz

Company. . . . . . . . . 163
5.54 GIXRD diffraction pattern for h-BN rod sample (a) before and (b)

after implantation with boron ions at 150 keV and fluence of 5x 10**

dons/cm? at wi= 0.3°. . . .. 165
5.55 GIXRD diffraction pattern for (a) h-BN rod sample before implan-

tation and (b, ¢, d and e) after implantation with boron ions at 150

keV and fluence of 5x 10" ions/cm?. (b) is the pattern analyzed at

w=0.1°, (c) at w=0.2° (d) at w=0.3° (e) at w=0.5°. . . . . . .. .. 167
5.56 Relationship between the glancing incident angle and the diffraction

peak intensity for the c¢-BN (202) plane peak at 74.37° for boron

implanted samples at 150 keV and at the fluence of 5x10'* ions/cm?.168
5.57 (a) Relationship between the calculated penetration depth p in (mi-

crons) of incident X-rays and the glancing incident angle w;. (b) Is

the SRIM simulation for the collision events of boron ions implanted

in h-BN at 150 keV. . . . . . . 169

XV



5.58

5.99

5.60

5.61

5.62

5.63

5.64

5.65

5.66

5.67
5.68

5.69

GIXRD diffraction pattern for h-BN sheet sample (a) before and (b)
after implantation with boron ions at 150 keV and fluence of 5x 10'
ions/cm? at wi= 0.3° . . . . ... 171
GIXRD pattern for h-BN sheets (a) unimplanted and implanted with
5x 10" dons/cm? boron ions at 150 keV at glancing angles (b) 0.1°
(c) 0.2°, (d) 0.3° (e) 0.4° and (f) 0.5°. . . . . . ... ... .. ... 172
Relationship between the peak intensity for the c-BN and r-BN with

respect to the incident glancing angle for h-BN implanted sheets. . . 173
Comparison for the shift of the (004) h-BN for the different fluences
at a glancing angle of 0.5°. . . . . . . . . . ... ... ... ... .. 174

GIXRD pattern for h-BN sheet samples implanted at (b) 1x 10"

ions/cm? (c) 5x 10" ions/cm*and (d) 1x 10" ions/cm? at a glanc-

ing angle of 0.3° . . . . . . L 176
GIXRD pattern for h-BN sheet samples implanted at (b) 1x10*
ions/cm? analysed at different glancing angles. . . . . . . . . . . .. 177

GIXRD pattern for h-BN sheet samples implanted at 1x 10" jons/cm?
analysed at different glancing incident angles. . . . . . . . . . . .. 177
Block and micrographic representation of the processes that take place
during the FIB milling sample preparation. The micrograph rep-
resent the actual FIB-SEM images obtained during the sectioning
process. In both figures (a) deposition of the Pt coating (b) initial
milling process on one side of the strap (c) milling of the other side
of the strap (d, e) further milling at low beam currents (f) the undercut.179
FIB-SEM micrographs showing the final stages of (a) “lift out” (b,c)
mounting of the specimen into the TEM grid. (d) shows the image
of the grid with the specimen barely visible at low magnification. . . 180
EDS spectrum for h-BN sheet sample. . . . . . . . . .. . ... ... 181
TEM micrograph for (a) h-BN sheet and (b) h-BN rod sample at
low magnification showing the overall view of the sample after FIB
SECHIOMING. .« o v v v v e e e e 182
TEM micrographs for sheet sample implanted with boron ions at
5x 10" dons/cm?® and 150 keV. The images are taken at different

MAgnificalions . . . . . . . ... 183

XVl



5.70 HRTEM micrograph for B implanted sheet sample (a) unimplanted
region (1 pm deep into the substrate). Image on the right is an FFT
pattern for the sample taken from the region (a). (b) HRTEM taken
from the a region 0.35 um from the surface. Image on the right is
an FFT pattern taken from region (b). . . . . . . . ... ... ...

5.71 Cross-sectional TEM micrograph for single crystal h-BN sample im-
planted with boron ions at 5x 10** ions/em? and 150 keV. Regions
(b,c,d) represent the different sections as enclosed in figure (a). . . .

5.72 SRIM simulation for h-BN single crystal sample implanted with boron
ions at 5x 10" ions/cm? and 150 keV. The highlighted region repre-
sents region of maximum damage. . . . . . . ... ...

5.73 HAADF STEM micrograph for single crystal h-BN sample implanted
with boron ions at 5x 10" ions/cm? and 150 keV. . . . . . . . ...

5.74 SRIM simulation for multiple energy implantation from 37 keV to
170 keV, for h-BN samples implanted with boron ions at different
fluences to create a uniform distribution of damage from the surface

to the end of range. . . . . . . .. L

6.1 (a) Calculated Raman Spectrum of confined LO phonon in c-BN
[184] and (b) GaAs particles with different crystal sizes [227].

6.2 Raman experimental measurements for boron optimum fluence (open
symbols), the cleaned experimental data after background subtraction
(filled symbols) and the calculations (continuous line) using the Spa-

tial correlation model in equation 6.1.1 for the c-BN LO mode. . . .

1 Photograph of the Varian 200-20A2F ion implanter located at i Themba
LABS Gauteng, Johannesburg. . . . . . . . . . . ... ... ..
2 Photograph of the D8 ADVANCE Bruker X-ray diffractometer lo-
cated at the school of Chemistry, University of the Witwatersrand. .
3 Photograph of the Auriga Cobra FIB-SEM located at Council of Sci-
ence and Industrial Research (CSIR) in Pretoria. . . . . . . . ...
4 Photograph of the FEI Quanta F20 TEM located at the University
of Western Cape, South Africa. . . . . . . . . ... ... ... ...

xvii

185

188

. 193

195



List of Tables

2.1

3.1

3.2

3.3

3.4

5.1

5.2

5.3

5.4

5.9

Some of SRIM input and output conditions for boron implantation in
h-BN. All the calculations were performed at the energy of 150 keV
and the damage density calculated for the different ions at optimum

fluences. . . . . . 28

Position of boron and nitrogen atoms for the various phases of boron
nitride. A common feature to all the BN polymorphs is the location
of B and N nearest neighbour in alternate positions [64]. . . . . . . 36
Structural and cohesive properties of the wvarious phases of boron
nitride. AFE is the enerqy difference with respect to the cohesive
energy of the c-BN structure [65, 66]. . . . . . . .. ... ... ... 37
Comparison of the Vickers hardness and fracture toughness of com-
mon superhard materials [119, 120]. . . . . . . . . . ... ... .. 48
A summary comparison of the physiochemical properties of cubic

boron nitride and diamond [72,90,92]. . . . ... ... 49

A summary of the nc-BN peak characteristics for h-BN sheet samples
implanted with boron ions at 150 keV. . . . . . . . . . ... ... .. 107
A summary of the nc-BN peak characteristics for h-BN sheet samples
implanted with helium ions at 150 keV. . . . . . . . . . .. .. ... 129
A summary of the peak characteristics for h-BN sheet samples im-
planted with lithium ions at 150 keV. . . . . . . . . . . . . ... .. 135
A summary of the nc-BN peak characteristics for h-BN sheet samples
implanted with nitrogen tons at 150 keV. . . . . . . . ... ... .. 138
The relationship between the estimated percentage amount of c-BN
and the optimum fluence for the different ions. The values in bold

indicate the amount at optimum value. . . . . . . . . . .. .. ... 144

xviil



5.6

5.7

The relationship between the estimated amount of c-BN and the op-

timum fluence for the different tons. . . . . . . . ... ...
Summary of peak positions for sheet h-BN samples implanted with

different fluence. . . . . . . ..

Xix



List of Symbols and

Abbreviations.

The following are the symbols and acronyms used in this thesis.

B Boron

c Carbon

L1 Lithium

N Nitrogen

0 Oxygen

H* Hydrogen ions
He* Helium ions
GaAs Gallium arsenide
GaN Gallium nitride
SiC Silicon carbide
GaN Gallium nitride
BN Boron nitride

a — BN | Amorphous boron nitride
c-BN Cubic boron nitride

E-BN Explosive boron nitride
h-BN Hexagonal boron nitride
r-BN Rhombohedral boron nitride
t-BN Turbostratic boron nitride
w-BN Wurtzite boron nitride

EFEL Electronic Energy Loss
NEL Nuclear Energy Loss
bee Body centered cubic
fec Face centered cubic

XX



InN

TiC

TiN

GPa

eV

keV

MeV
GeV
MOSFET
HP-STP’S
HTHP
IBAD
CcVD
PVD

wc

RS

EELS
EDS/EDX
FTIR
HRTEM
HAADF
TEM
SBS
GIXRD
XRD

Indium Nitride

Titanium Carbide

Titanium Nitride

Giga Pascal

Electron volts

Kilo electron volts

Mega electron volts

Giga electron volts

Metal Oxide Semiconductor Field Effect Transistor
High Pressure Structural Phase Transitions
High Temperature High Pressure

Ion Induced Beam Assisted Deposition
Chemical Vapour deposition

Physical Vapour deposition

Tungsten carbide

Raman Spectroscopy

Electronic Energy Loss Spectroscopy
Energy Dispersive Xray Spectroscopy
Fourier Transform Infrared Spectroscopy
High Resolution Transmission Electron Microscopy
High Angular Annuler Dark Field
Transmission Electron Microscopy

Surface Brillouin Scattering

Glancing Incidence X-Ray Diffraction
X-Ray diffraction

xx1



Chapter 1

Introduction

1.1 Motivation

The search for materials with unique properties continues unabated due to the
ever increasing demand, especially in the modern high temperature-high frequency
microelectronic device fabrication, optical device fabrication, coating materials for
heavy duty machines, the abrasive subsector and the beauty and fashion industries.
It is no longer feasible to satisfy these increasing industrial requirements using the
already known natural materials (which are becoming overly scarce with time) and
hence the need for modifying the already existing ones, or creating new ones with
more superior properties than the existing ones.

Diamond has been widely used over the years for most of the above mentioned
applications, and as such, the possibility of synthesizing new materials with ultra-
hardness and other superior properties similar to, or even better than diamond
has become of great interest to physicists, chemists and the entire community of
material scientists. Over the years, this search has indicated that to synthesize
stable materials which have hardness greater than that of diamond is a great chal-
lenge. Research is therefore being focused on the synthesis of materials with phases

that are almost as hard as diamond, but with possibly other qualities that will be



superior to diamond in other respect.

The superior properties of cubic boron nitride (¢-BN) including super hardness
(second after diamond), high thermal conductivity and high melting point [1, 2,
3, 4] makes it useful for the above mentioned applications. Cubic BN has been
found to surpass some of the properties exhibited by diamond. These include
the oxidation (1200 °C) and phase transformation temperatures (1500 °C) of ¢-BN
which are much higher than those of diamond at 600 °C and 1400 °C respectively [2,
3]. It is chemically inert against molten ferrous materials, whereas diamond reacts
with them to form iron carbides. Moreover, ¢-BN is a potentially semiconducting
material superior to diamond and other group III-V semiconductors such as gallium
arsenide (GaAs), gallium nitride (GaN) and indium nitride (InN)[4, 5] because it
has a wider band gap, with moderately shallow n-type (with B, Si and S) and
p-type (with Be and Mg) dopants. A shallow n-type dopant is still problematic in
diamond [6].

These and many more extreme properties of ¢-BN (discussed in detail in Chap-
ter three) have prompted material scientists to carry out extensive research on the
development and synthesis of novel structures of the ¢-BN phase to cater for the
before mentioned applications. The study on the synthesis and characterization of
c-BN started in late 1950s [7]. To date, ¢-BN has been synthesized industrially for
commercial use in large quantities as powder, with sizes ranging from sub-micron to
millimeter by high temperature high pressure (HTHP) method, initially developed
by Wentorf Jr in 1956 [7, §].

The severe nature of the HTHP method, particularly with regard to the extreme
pressure and temperature conditions and the limited size of ¢-BN grains produced

prohibit many attractive potential applications of ¢-BN [2, 4, 9]. This has become
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a major motivating factor for thin film synthesis of ¢-BN using vapour deposition

techniques. Researchers have also been prompted to explore the role of defects in
the structural transformation of BN together with the thermodynamic processes
involved [10, 11, 12]. There have been many first principle theoretical studies
for this structural phase transformation. Recent theoretical research and study
carried out by T. E. Mosuang and J. E. Lowther [13], on the “Influence of Defects
in Affecting Transformation of h-BN to ¢-BN”, using the ab initio Local Density
Approach (LDA), suggested that a subtle change in the thermal behavior of h-
BN, in the presence of strain deformation due to defects could lead to a phase
transformation to the cubic form [13].

Experimentally, ion bombardment has been found to strongly influence the
thin film growth, with defect production of ¢-BN occurring immediately upon ion
impact [1]. In their research, Machaka et al demonstrated that by introducing
helium ions into h-BN at the energy of 200 keV and fluence of 1x10'7 ions/cm?,
using the ion implantation process [14]. The study suggested that ions with larger
atomic masses than helium could promote a ¢-BN to hA-BN phase transition at

lower energies and ion fluences.

1.2 Statement of the Problem

Synthesis of ¢-BN has been found to have great economic benefits, since it is a hard
material and has some superior properties as compared to those of diamond and
other materials as outlined previously and in later chapters. On the other hand,
h-BN also possesses excellent physicochemical properties. The production of a thin
film ¢-BN on h-BN surface and subsurface would have advantages in combining the

properties of both materials.
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Irradiation of soft h-BN with protons or alpha particles has been predicted and

shown to introduce phonon vibrational changes in A-BN to nanostructures related
to the ultrahard ¢-BN symmetry at high energies and at high fluences. Presently
the mechanisms for the hA-BN structural modifications with respect to control-
ling the different implantation parameters have not been studied. More research
therefore needs to be carried out with regards to varying different parameters and
especially the ion mass by using heavier ion species such as, Li, B, C, N and O, the
ion fluence and with different energies in order to establish the optimum or critical

conditions for the occurrence of these ¢-BN nanostructures.

1.3 Research Objectives

The aim of this work is to determine the effect of radiation damage through ion
implantation in ~-BN with the anticipation of inducing a possible structural change
to the ultrahard cubic boron nitride nanoparticles and/or possibly other phases of
boron nitride.

It aims at determining the physical parameters that control the nc-BN oc-
currence and to establishing the relationship and trend of these parameters with
regards to how they influence the h-BN to ¢-BN structural modifications and to
what extent the irradiation end products are generated. The parameters that are
investigated include the ion mass (by the varying the incident ions such as helium,
lithium, boron, nitrogen and argon), the ion fluence which is the number of ions
implanted per unit area, and the ion energy.

The effect of varying the implantation temperature and annealing after im-
plantation will also be investigated, with implantation temperatures ranging from

liquid nitrogen to about 400 °C and annealing up to 400 °C.



1.4 Thesis outline

This work is organized in the following way:

Chapter Two gives an overview of ion implantation, starting with ion-solid
interaction information, the theory and physics of ion implantation, stopping power
mechanisms and the resultant disruption of the pre-existing lattice structure. The
chapter ends with details on the computer simulations by Stopping and Range
of Tons in Matter (SRIM2008) with regards to events that take place during ion
implantation of boron nitride such as the stopping power, the range of implants
and the damage densities.

Chapter Three gives a general view on boron nitride, its structure, synthesis
and the different forms or phases of its existence. It focuses on the properties and
applications of the h-BN and ¢-BN phases, ending with information on the different
synthesis methods for the ¢-BN.

Chapter Four describes the experimental details and the characterization mech-
anisms used in this work. It gives details on the instrumentation and principles of
operation for the apparatus used, samples and sample preparation techniques and
the overall experimental procedures carried out on the prepared samples.

Chapter Five presents the results obtained from experiments and their discus-
sions thereafter. The first section is on the results obtained from Raman Spec-
troscopy (RS) followed by Fourier Transform Infrared Spectroscopy, Glancing Inci-
dent X-ray Diffraction, Energy Dispersive X-ray spectroscopy and finally Transmis-
sion Electron Microscopy (conventional TEM, high resolution TEM and HAADF-
STEM).

Chapter Six focuses on the theoretical calculation and analyses on the Raman

results using the Phonon confinement model.
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Finally Chapter Seven gives the conclusions and recommendations from the

work.
Appendix A1l shows photographs of the different instruments used in the ex-
periments, Appendix A2 gives a list of publications from this work and Appendix

A3 gives a list of conferences attended to present this work.



Chapter 2

Ion-Solid Interactions

2.1 Introduction

The science of energetic particles, emitted from a radioactive material, was discov-
ered in the early 20" century. Research by Ernest Rutherford showed that alpha
particles can be easily stopped in matter while gamma rays penetrate deeper into
matter before being stopped. This led to a great deal of interest by other scientists,
including J. J. Thompson and Niels Bohr who designed experiments to show how
these particles penetrate, slow down and finally settle/stop in matter and hence
unveiling the physics of ion-solid interaction [15, 16].

Ion-solid interactions is a field of materials science that involves the acceleration
of charged particles into a solid material. The development and advancement of
ion beam technology has been ongoing for over half a century to the state of the art
well known in the present age. Before the discovery of nuclear fission in 1939, the
theoretical, computational and experimental advancement in this field were both
few and essentially academic.

Today, a fully developed science of ion-solid interactions belongs both to well
established academic and research techniques in materials science, which is used

for various commercial applications, especially in the field of semiconductor physics



(17, 18].

Ion-solid interactions processes, also known as ion beam processes, involve
among others, substrate sputtering, Ion Beam Assisted Deposition (IBAD), ion
beam mixing, ion implantation and ion induced phase transformations [19].

Ion beams have been used extensively in Nuclear Physics, where the interaction
with detector material enables not only the identification of the unknown particle
and its properties, but also played a special role in the establishment and evolution
of Atomic Physics, for example in the development of atomic or nuclear power. Ion
implantation is important in the semiconductor device manufacturing industry, to
introduce a wide range of dopants into semiconducting materials, such as silicon
(Si), germanium (Ge), gallium nitride (GaN) and gallium arsenide (GaAs).

Other applications of ion-solid interactions include fusion power generation,
Laser Isotope Separation plasma processing (LIS) and controlled fusion [18]. Heavy
ion beams have also been used in cancer therapy with heavy ion treatment of deep
seated cancer being more effective and at the same time less destructive for benign
tissues than the conventional proton therapy [20].

High fluence irradiation of nitrogen or chromium ions has been seen as an
essential way in corrosion protection of metals. Nitrogen ion implantation assists
in formation of a highly resistive nitride surface layer that withstands tribological
load much longer [17]. Materials can also be sterilized by ion irradiation [19].

With regards to this thesis, ion irradiation has also been used quite extensively
in ion induced phase transition of hard materials from a soft phase. A good example

is the phase transformation from graphite to diamond and h-BN to ¢-BN [17, 19].



2.2 Fundamentals of Ion-Solid Interactions

In general, ion-solid interaction is a physical/atomic process resulting from the
collision of energetic ions with a solid material [21]. When a high energy particle
is incident on a material’s surface it may cause sputtering and degradation of
the surface. The resultant processes involve elastic and inelastic scattering of the
projectile ions, penetration of the projectiles into the solid and the emission of
electrons and atoms from the surface of the solid material. The passage of the
accelerated ions in the solid and the subsequent slowing down process leaves along
its way both extended and isolated defects (displacement of the atoms leading to
a vacancy or by settling on the interstitial site of the lattice of the material). This
displacement of atoms and the resultant defect cascade leads to a volumetric strain
that in turn changes the chemical, electrical, physical and optical properties of the
target material [19, 22]. Figure 2.1 below shows a schematic illustration of the
ion-solid interaction process.

The surface of the solid plays a participatory role in all the material’s interac-
tions with its external environment e.g. friction, oxidation and wear among others.
Ion-solid interactions techniques are therefore important since they aim at modify-
ing the surface and sub-surface characteristics of the given material making them
resistant to these possible harsh external interactions.

All ion-solid interactions processes are energy dependent. At high energies (>1
MeV) processes such as nuclear reactions and emission of high energy radiation
(Bremsstrahlung and Cherenkov radiation) take place as the ion penetrates the
solid [23, 24]. The generation of phonons leads to local heating of the target
material, charge exchange and the emission of other secondary particles such as

Auger electrons. For the purpose of this work, which is based in the keV energy
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Figure 2.1: Crystal lattice for a target material before irradiation with energetic
10ns.
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Figure 2.2: An illustration of the possible interactions that take place during ion
beam bombardment (IBB) in the ion- solid interaction process.
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Figure 2.3: Photographic representation of the ion-solid interaction process. The
red sphere represents an energetic ion while the blue spheres represent the atoms in
the target material [22].

regime, high energy processes such as nuclear reactions do not occur and therefore
will not be discussed further.

Ion beams are the basic requirement for performing any ion-solid interactions
experiment and therefore a readily available and reliable source is needed. There
are various common producers for these ions, including, using radioactive atomic
sources yielding alpha particles or fission fragments. An example of this is the
exploitation of the nuclear reaction using neutrons from a reactor, emitting protons,
tritons, among others, depending on the type of the material.

Tons can also be produced by the bombardment of swift heavy ions (SHI) [17,
22], onto a specific target, using various types of nuclear reactions such as fission
reactions. Sporadically arriving cosmic rays can be used to obtain or produce
particles with very high energies.

Currently, the most convenient way of obtaining charged particles with sufficient

fluence in a wide energy range from keV to MeV is to produce them in a particle
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accelerator with an appropriate ion source [17].

2.3 Ion Implantation

2.3.1 Introduction

Ion implantation process is a harsh, non-equilibrium and powerful ion beam modifi-
cation technique which involves the acceleration of energetic charged particles/ions
(usually in keV to MeV ranges) into the subsurface layer of a solid material. In
their stopping process, these ions interact with the atoms in the shallow regions of
the host material’s matrix, resulting in the creation of point and extended defects.
It is the added ions (which become neutral), their interaction with the host atoms
and the resultant defects that are consequently responsible for the modification of
the physical, chemical, electrical and optical characteristics or properties of surface
and subsurface layers of solid state materials [14, 19, 25, 26].

Ion implantation has successfully been used to modify controllably the var-
ious properties of different materials because it possesses numerous advantages
compared to other surface modification techniques such as coating, diffusion and
oxidation [27, 28]. Ion implantation enables selective alteration to the material
without necessarily altering the bulk of the material i.e. the implantation depth
can be controlled. It is possible to control the ion concentration to be used for im-
plantation into a given material by changing the energy and the ion fluence, hence
a precise choice for the energy and fluence can develop a desired impurity profile
beneath the surface. The choice of the implant is not limited by the conventional
rule of solubility and so any ion may be used for implantation in any substrate
23, 25].

Ion implantation is a low temperature process, as such there is no change on
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the size of the material due to thermal alterations and hence minimal surface

degradation. The dimensions of the material are also retained since it is not a
coating process. Ion implantation processes are carried out in particle accelerators
that are able to produce isotopically pure beams, selected by a mass analyzing
magnet, so there is minimum or no contamination to the substrate or the material
to be implanted [25, 27].

The major problem involving ion implantation is that, many atoms in the tar-
get material are displaced, causing radiation damage which may be undesirable
especially in semiconductor modification. This damage can in most conventional
materials like silicon and germanium be annealed away by thermal treatment. The
damage may however be beneficial for altering the properties of other materials as

is the case in this thesis.

2.3.2 The Theory of Ion Implantation

When an energetic ion impinges upon the surface of condensed matter, it expe-
riences a series of inelastic and elastic collisions with the atoms which lie along
its path. This results in loss of kinetic energy of the projectile and excitation of
the solid material as well as momentum transfer between the interacting bodies
29, 30].

The energy loss is dependent on the incident energy and the atomic mass of the
projectile ion, as well as the atomic mass and binding energy of the target material.
Energy loss (with distance) determines the final penetration depth of the projectile
into the solid and the amount of disorder that is created in the material’s lattice
31, 32].

The energy lost by the projectile as it goes through the solid is determined
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by the “stopping power”, defined as the energy transfer per unit path length of a

particle along its trajectory [17, 14, 26, 31, 29, 33], and denoted as:
dE

S(E) = -— (2.3.1)

The sign of the stopping power is negative to indicate an energy loss change
along the path length.

If the maximum possible energy transfer in the course of a collision event is
Tinar and there are Nj,,s target atoms per unit volume, then the stopping power

is given as:

B dF
dx

= —Nions/Tmamds (2.3.2)
where de the differential implanted cross section by the trajectory. Nj,,s is also
referred to as the implant density. If expressed as the atomic density, then N,

can be approximated as a Gaussian range distribution as predicted by Lindhart,

Scharff and Schiott [34], and is given as:

M} (2.3.3)

N(x) = S exp [—

AR,2m 2(AR,)?

where ¢ is the ion fluence, AR, is the standard deviation for the mean projected

range (projected range straggle) which defines the peak position measured from

the target’s surface, R, the mean perpendicular penetration depth also known as
the projected range and z the ion depth of penetration [32, 35].

There are two main processes that contribute to the energy loss mechanism.

They are, the electronic stopping power denoted as S, (F), also known as the

inelastic energy loss mechanism, and the nuclear stopping power denoted as

S, (E), also known as the elastic energy loss mechanism, based on the energy regime
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Figure 2.4: Typical dependence of the and electronic and nuclear stopping of ion in
matter with respect to energy (plotted logarithmically). E. is defined as the energy
below which nuclear and electronic stopping are comparable [36].

where they are dominant [18, 27, 29, 33],

When the ion’s velocity is high at the beginning of its impinging path into the
material, electronic stopping is primarily responsible for the energy loss of the ion
in the solid. As the ion penetrates further into the solid, its speed is reduced, as
a result the nuclear stopping increases and eventually form the major part of the
energy loss mechanism. The stopping process responsible for the most damage in
the material depends on the incident ion species, the implantation energy and the
target material’s mass (as will be seen in the discussions for boron nitride).

The total stopping power is therefore given as the arithmetic sum for the elec-
tronic stopping, the nuclear stopping and energy losses due to radiative processes!

[37] given as:

!such as Bremsstrahlung and Cherenkov Radiation
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S(E) = S.(E) + Su(E) + S,(E) (2.3.4)

The energy loss S, (E) due to radiative processes is small and can therefore be
neglected. The units for S(E) can be eV /cm/atom among other several units given
in literature. Figure 2.4 shows the schematic illustration of how electronic and

nuclear energy losses contribute to the stopping process with respect to energy.

2.3.3 The Electronic Energy Loss

The electronic energy loss (EEL) mechanism/electronic stopping involves the inter-
action between the incident ion and electrons of the host material [33]. It occurs as
a result of the elastic collision between the bound electrons in the medium/ target
material and the incident projectile ion moving through it leading to ionization
and excitation of the atoms.|[38].

As the ion interacts with the electron cloud of the target atoms, it experiences a
“viscous drag” causing it to slow down until the nuclear process dominates. Since
electronic stopping is associated with high energy and velocity regimes for the
incident ion, there is less interaction with the target nuclei at this stage. Therefore
the damage in terms of the target atom displacement is minimal in the electronic
stopping regime [19, 39].

The relationship between the electronic stopping power S, (E) of the material
and the incident ion energy was developed by Lindhard and Scharff [34, 40] and is

given as:

(2.3.5)

1
8me’a, 2129 E |2
Se(B) = 2 2 [E }

T (2 23)2 Lo

Where a, is the Bohr Radius, F the current energy of the ion, £, the Bohr’s



17
energy, e the electronic charge and z; and z the ion and target’s atomic numbers

respectively. From this relationship, the electronic stopping power S.(E) varies

directly as the square root of energy of the incident ion, given as:

S.(E)aE? (2.3.6)

Electronic stopping in this regime occurs typically in energy regions ranging
from 100 keV to 10 MeV. For relativistic projectile energies E >10 MeV, the elec-
tronic stopping is described by the Bethe-Bloch formalism [41, 42]. The electronic
stopping decreases when moving towards higher energies in the in the Bethe- Bloch
region. This is due to the fact that the higher the velocity of the incident ion, the
less time it has to interact with each target atom it encounters [43]. In this work

all energies are in the keV region therefore the Bethe Bloch formulation does not

apply.

2.3.4 The Nuclear Energy Loss

The nuclear energy loss (NEL) mechanism, also known as the nuclear stopping
process, is the energy loss process that involves the interactions of the incident
ions with the nuclei of the host material. It occurs as a result of scattering of the
projectile ions by the screened nuclear potential of the of the target atoms, also
known as Rutherford Scattering [29, 37, 38].

As the ions slow down, reaching low energy regimes, electronic stopping de-
creases and now nuclear stopping begins to dominate the stopping process as shown
in figure 2.4. In the nuclear stopping process, the ions experience elastic collisions

with the atoms of the target as they penetrate through the solid, dislodging many
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of these atoms from their equilibrium positions [26]. It is in this region that max-

imum damage usually occurs. Nuclear energy loss dominates at low ion energies
(typically below 10 keV for light ions in boron nitride). Tt is given as:

Su(E) = NW—2E2a[ (2.3.7)

21221y
2

my + Mo

where N is the atomic concentration, a the lattice parameter, z and 2z are the
ion and target’s atomic numbers respectively, and m; and my the atomic masses
for ion and target respectively [44]. From this equation, nuclear stopping has an

inverse square relationship with the energy of incident ion i.e.

Sy (E)aE™? (2.3.8)

When all the atoms’ energy in the system fall below the threshold displacement
energy F,, no further damage cascade is produced and as a result nuclear stopping
ceases. The total amount of energy deposited by nuclear collision is called the

Nuclear Displacement Energy [39, 45]

2.3.5 Ion Range

As the incident ion travels into the solid matrix, it does not move in a straight line
to its end of range position as it encounters multiple collisions with the substrate’s
atoms. The implanted range R(FE), therefore defines the total integrated distance
the ion travels through the solid before coming to rest [29, 26, 32, 38]. It is given

as,

dFE
0 = [ s s (23.9)

where S,,(F) and S.(F) are the nuclear and electronic stopping powers respectively.
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The projected range defines the net perpendicular peak position measured from

the target’s surface or in other words the mean penetration depth relative to the
surface. Because of the statistics of the process, not all the ions reach the same
depth and the ion distribution obtained after implantation can be approximated
by a gaussian distribution being characterized by mean projected range R, and the
straggling AR, (E) (see equation 2.3.3)[29, 43].

The probability function describing the implantation depth distribution is of-
ten approximated to be Gaussian for relatively low ion concentration and in the
absence of crystallographic channelling effects [19] . In this case, the largest num-
ber of ions will be located at R, and AR, is R,/2.35. The range of distribution
however deviates from this Gaussian profile for high fluences and where there is

crystallographic ion channelling (see channelling next section) [29, 38, 43].

Substrate
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Figure 2.5: Depth distribution of implanted ions in a target where; (a) the ion
mass my is less than the mass my of the substrate (my<my) (b) the ion mass my
is greater than the mass my for the substrate (my>my) [43]. The mean depth R,
depends only on m; and E; whereas AR, /R , depends on the ratio of m; and ms.

Figure 2.5 shows the variation of R(E), R,(E) and AR, (E). The mean depth
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Rp depends on the ion mass m; and the incident energy F;, whereas the relative

width ARp of the distribution depends on the ratio between ion mass and mass of
substrate [29, 43]. The concentration N(z) is the implant density given in equation

(2.3.3).

2.3.6 The Ion Channelling Effect

All ion-solid interaction processes (energy-loss mechanisms, Rutherford scattering,
nuclear reaction) have cross sections which depend on the impact parameter of the
collision with the target atom [42, 45]. When the target material is isotropic and

homogeneous, the impact parameter distribution

9(b) =~ 27b (2.3.10)

does not depend on the target and the relative orientation of the beam’s direction,
therefore both the projectiles and the target atoms move chaotically with respect
to each other.

If the target material is monocrystalline (single crystal), the distribution of the
impact parameters strongly depends on the relative orientation of the target atoms
with respect to the incoming beam. This dependence of the ion’s penetration on
the crystal orientation is known as ” The Channelling Effect” [14, 46, 47]. The
effect takes place when the angle between beam direction and crystal axis is lower
than a critical angle which depends on the crystal structure of the material and
mass and energy of the incoming ions

In the channelling effect, the ions incident upon a crystal along a symmetry axis
or plane, suffer a series of small-angle scattering that steer them by a succession of

low energy-loss event into the open channels between the rows/planes of the lattice
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Figure 2.6: Schematic representation of the channelling effect in a monocrystalline
material. (Oscillations of the channelled trajectory occur with wavelengths typically
several hundred thousand times the lattice spacing) [46].

atoms and thus penetrate deeper into the crystal than in other directions [28], as
shown in figure 2.6. The channelled incident ions do not get close to the lattice
site, where they would experience large angular scattering. This implies that in
highly symmetric crystals, the ion comes to rest much deeper into the bulk of the
material when they enter along a crystallographic plane. To avoid this effect, the
incident ions are directed into these materials at an angle about 7° in the planes
of the lattice atoms, which is grater than the critical angle for A-BN (2-3°) at 150

keV.

2.3.7 Lattice and Lattice Disorder

As the ion slows down and comes to rest within the target’s lattice, it makes many
collisions with the lattice atoms, breaking their chemical bonds and displacing
them from their lattice sites. The disruption of the preexisting lattice atomic
arrangement is known as the Radiation Damage. All the atomic collisions initiated
by a single ion are known as a Collision Cascade [36]. For radiation damage to
occur, the incident energy of the ion should be greater than the displacement energy

E; the target atom of the materia/lattice. This causes a phenomenon known as a
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Displacement Spike or the Prompt Stage [48].

The atoms that are displaced by an incident ion are known as the primary
knock-on atoms or PKAs. These displaced atoms further displace other atoms,
referred to as secondary and tertiary knock-on atoms, in the target material and
the net result is the production of a highly disordered region near the end of range
of the implanted ion [19, 29]. The total amount of disorder and the distribution
in depth is dependent on the ion species, the total ion fluence, the incident ion’s
energy, the temperature of the material and the channelling effect.

Typical defects created include point defects such as vacancies and interstitials.
The agglomeration of the point defects forms complexes, generally referred to as
extended defects which include dislocation loops, grain boundaries, clusters and
voids (gaseous inclusions) [32]. Due to these collisions, the atoms in the ion’s path
are in thermal motion and at high temperatures. The heat created will spread and
be reduced in the crystal by conduction, in a phenomenon is known as Thermal
Spikes which lasts for about 1 ns [49]. If the lattice temperature is high enough,
many of these defects will relax by thermally activated migration in the relazation
phase of the collision cascade . When the incident ion’s energy is less than the
displacement energy F,; of the target atoms, the ion is no longer capable of ejecting
the target nuclei from their lattice sites [50, 51]. This is the the energy which has
to be transferred to a lattice atom for obtaining a stable pair of one vacancy and
one interstitial atom (Frenkel pair) as shown in figure 2.7.

It should be noted that radiation damage does not necessarily have adverse ef-
fects on the properties of the material. These created defects are in fact responsible
for changes in the chemical, physical, optical and electrical properties of materials

which in many cases are beneficial. Annealing, a thermal treatment technique, is
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normally carried out after implantation of the material in order to repair the radia-

tion damage and trap dopant atoms on substitutional site in case of semiconductor

applications. A schematic representation of the collision cascade is shown in figure

2.7.
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Figure 2.7: A schematic representation of the collision cascade process showing the
collision cascade and focused collision sequences extending beyond the main cascade
regime [49].

2.4 Radiation damage in boron nitride
2.4.1 Stopping and Range of Ions in Matter (SRIM) Sim-
ulations

After understanding the theory of ion implantation, it was necessary to know the

effect it produces in the material (h-BN) used in this study, at a much higher
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level of accuracy. To understand the phenomena that take place during A-BN ion

implantation with different ions, computer simulations were carried out using the
SRIM (Stopping and Range of Tons in Matter) programme, a later version of TRIM
(Transport and Range of Ions in Matter). It is a Monte Carlo computer simulation
method that predicts the range and distribution of damage that occur during the
interactions of energetic ions with a given target material.

It was developed by James F. Ziegler and Jochen P. Biersack around 1983, since
then, it has been revised every 5 years [52]. This program uses several physical
approximations like the Binary Collision Approximation (BCA), interpolation of
the measured stopping powers, and random selection of collisions, to obtain vari-
ous computational calculations with high efficiency and accuracy [53, 54]. Tt was
used in this work to carry out the respective calculations on BN before the actual
experiment.

The SRIM-2008 version was used in this work to perform calculations in order
to determine the depth distribution and collision details of the implanted ions
and of the energy deposited in electronic and nuclear interaction in the h-BN
material. Using this program, calculations for different ion beams including helium,
lithium, boron, nitrogen and argon were performed on a layer of h-BN at different
ion energies and fluence in order to establish the relationship of these parameters
(energy and ion mass) with the damage caused as ions come to stop/settle within
the A-BN matrix.

The simulations were done at various energies for the different ions that were
used in the actual experiment, implanted into A-BN with a density of 2.27g/cm?.
The displacement energies used in these calculations were 19 eV for boron and 23

eV for nitrogen.
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Figure 2.8 below shows an example of SRIM output. Figure 2.8(a) is known

as the collision event plot which is given as the number of vacancies produced per
ion and unit length as a function of depth. This plot can be used to determine the
estimated damage density when the value of the peak of the plot is multiplied by
the fluence used in the actual experiment. Figure 2.8(b) shows the ion range in

terms of the proportion of the implanted atoms against the target depth.
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Figure 2.8: An example of SRIM output at 150 keV showing (a) the collision events
and (b) the ion distribution as boron ions come to rest within the h-BN matriz.

Ion Mass dependence

Figure 2.9 represents the relationship between the vacancies created per angstrom-
ion and the penetration depth for the different ions. The total displacements in-
cludes the sum of the number of vacancies created in the sample’s matrix by the
implanted ions and vacancies created by the recoils (the vacancies created by the
recoils are normally more than those created by the incident ions). All the simu-
lations were carried out at a constant energy of 150 keV (which was used in the
experiment) to realize the maximum depth of the damage at the same energy for
the different ions. This relationship compares total atomic displacements generated

into the target material and the depth of distribution of different ion species (which



26

0.7
0'6__ Argon
0.5 - — Nitrogen

—— Boron
w— |_jthium
Helium

04

0.3

Vacancies/ion/A

0.2
0.1

0.0 -

0 2500 5000 7500
Target Depth (A)

Figure 2.9: SRIM simulation for the number of primary atom displacements (va-
cancies) per ion and unit length (/i ) versus depth for argon, nitrogen, boron, lithium
and helium tons species implanted into h-BN at 150 keV.

were used in the actual experiment) implanted into A-BN in order to demonstrate
the effect of varying the incident ion mass.

It is observed the all the accelerated ions came to rest and are embedded within
shallow depths, creating a damaged region which is < 1pum below the surface of
the host A-BN material.

From figure2.9 it is observed that the integrated number of vacancies/ion and
unit length increases with increasing ion mass, since argon had the highest inte-
grated number of displacements followed by nitrogen, boron, lithium and finally
helium. This implies that more damage is generated by heavier ions at the same
energy as compared to lighter ions. The heavy ions are more likely to knock off
more of the substrate’s atoms during their stopping process as compared to the

light ions which interact less with the substrate atoms in their stopping process.
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Figure 2.10:  Relationship between the ion penetration depth and the relative atomic
mass for different ions implanted into h-BN. All simulations were carried out at

150 keV.

It is also observed that lighter ions penetrate deeper into the substrate as com-
pared to the heavier ones. Helium penetrated a depth of 0.75 yum and an end of
range depth/maximum depth of 0.87 pm, lithium penetrated to a slightly higher
projected range of 0.80 pum and end of range depth of 0.94 pum. Helium and
lithium had almost similar values due to the fact that they have almost similar
atomic masses. Boron penetrated closer to the surface at 0.4 pm and 0.50 pm
for projected range and end of range depths respectively. Nitrogen and argon had
a penetration depth of 0.35 pm and 0.13 pm respectively. The ion’s penetration
ability depends on its atomic mass, as such, heavier ions are bound to be stopped
faster with the atoms of the target material as compared to their lighter counter-
parts and as such will settle closer to the surface. This is shown in figure 2.10

together with data for hydrogen, neon and aluminium.
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When the mean number of vacancies/ion/A for damage distribution is multi-

plied by the fluence over the entire region, it gives the damage density/vacancy

concentration p in the material [55] i. e.

p = Meanvacancies/ion]A) x fluence(ions/cm?) (2.4.1)

with p having units of vacancies/cm?. Taking an example of boron with the number

of vacancies per ion per unit length= 0.036 vacancies/(10 ~® cm-ion) at a fluence

of 5x10 ions/cm?, which is the optimum fluence that was obtained in the actual

experiment, then its damage concentration in A-BN will be,

p = 0.036vac/10 8em —ion) x (5 x 10*(ions/cm?) (2.4.2)

p = 1.8 x 10*vac/cm?®

(2.4.3)

Table 2.1: Some of SRIM input and output conditions for boron implantation in
h-BN. All the calculations were performed at the energy of 150 keV and the damage
density calculated for the different ions at optimum fluences.

Ton Ton Optimum Projected Mean Vacancy Vacancy

species fluence Range Straggle  per ion Concentration
(ions (pm) (pm) per unit length  (x10*' Atoms
Jem?) fem®)

Argon 1x10%  0.09 0.03 0.68 20

Nitrogen 1x10% 0.28 0.04 0.128 3.1

Boron 5x10M  0.35 0.05 0.036 2.4

Lithium 1x10% 0.69 0.10 0.017 1.8

Helium  5x10% 0.70 0.07 0.006 1.3

A summary of all the parameters obtained from SRIM is shown in table 3.4.

All the simulations were carried out at 150 keV and at the mean number of vacan-

cies/ion and unit length. The implantation density was calculated at a different
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optimum fluences that were obtained in the actual experiment. From this data,

it is observed that the almost equal damage concentration is obtained for the dif-
ferent ions at optimum fluence. As such there is a uniform dependence of the
damage density independent of the ion used. Similar trends have also been seen in

implantation of other substrates e.g. in gallium nitride (GaN) [56].

Ion Energy dependence

Figure 2.11 shows the energy dependence of the vacancy distribution and target
depth for the different ions used in A-BN ion implantation. The simulations were
done for energies between 40 and 150 keV which was the energy range used in the
actual experiment.

From these SRIM calculations, it is observed that the implant depth is localized
to depths just below the surface and as the energy increases the implanted region is
buried more into the sub-surface regions of the substrate. The depth distribution
also depends on the ion mass, with the lighter ions penetrating more below the
surface than the heavier ones at the same energies. Integrating the number of
vacancies over the entire range for each ion, the number is observed to increase with
increasing energy for all the ions with the highest number of vacancy introduced
by argon at the highest energy. The energy variation is normally important in
situations where a uniformly implanted layer from the surface is required. In this
case a multiple implantation sequence is employed where implantation is done on
the same sample at different energies and fluence fractions [32].

An important observation is also with respect to the damage distribution with
mass and energy. Helium at 150 keV, for example, has the implanted layer buried

about 0.9 um into the substrate with minimal interference/interaction with the
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Figure 2.11: SRIM simulations for h-BN implanted with different ions in energy
range of 40 keV to 150 keV for (a) Helium, (b) lithium (c) boron, (d) Nitrogen and

(e) Argon.

surface atoms. On the other hand, argon at the same energy has a damage dis-

tribution extending from the surface up to the end of range of the implant about

0.2 pm (the trend is the same for the intermediate ions used). This knowledge is

important in material modifications where top-most surface modifications are best

achieved by heavy ion implantation at low energies while the sub-surface modifica-

tion are best implemented by light ion implantation at high energies. Figure 2.12

gives a summary on how varying the incident energy affects the penetration depth

for each ion.
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Figure 2.12: A summary of the relationship between the penetration depth vs im-
plant energy for the different ions.

Stopping power in boron nitride

Since the energy regime used in this simulation was up to 150 keV, it is essential
to study the stopping process across this energy regime for the different ions as
they settle within the A-BN matrix. Calculations were carried out to establish the
dominant stopping process responsible for the maximum damage exhibited by the
different ions as they lose their energy from 150 keV to the lowest energy possible
which is 0.1 keV in SRIM.

Figure 2.13 shows the SRIM simulations for A-BN implanted with different ions
where each graph shows how the different ions exhibit different energy loss regimes
as they settle within the substrate’s matrix.

Figure 2.13 (a) shows the stopping power-energy relationship for helium im-
planted into A-BN. The electronic stopping is the dominant stopping process for
helium at higher energies, with nuclear stopping having its maximum at a very low
energy of 0.7 keV. This implies that only when the ion’s energy has reduced to

0.7 keV does nuclear stopping become the dominant stopping process. In practice
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Figure 2.13: SRIM simulations for h-BN implanted with different ions in energy
range of 0.1 keV to 150 keV. The figure is a schematic illustration of how the (1)
electronic and (2) nuclear stopping contribute to the stopping power with respective
energies for the different ions.

helium being a light ion, at high energy has less interaction with the nuclei of atoms
in the substrate, interacting mostly with the electrons and hence making electronic
stopping the major process when the implanted ions are at high energy.

Helium and lithium ions have very close atomic masses and therefore will have
almost similar stopping power regimes. Figure 2.13 (b) represent the relationship
of the stopping power and the energy for lithium ions with the nuclear stopping
being dominant and maximum at 0.8 keV.

Figure 2.13 (c) and (d) are the SRIM simulations for the stopping power against
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the energy for boron and nitrogen ions respectively. The behavior is similar as

that observed in lithium and helium where the electronic stopping dominates the
stopping process in both cases at high energies and the nuclear stopping becomes
dominant at when the ions have lost most of their energy in the low energy regimes.
Nuclear stopping is maximum at 1.6 keV for boron and 2.5 keV for nitrogen.

Figure 2.13 (e) represents the SRIM calculation for argon ions. This was the
heaviest ion that was used in this work. The stopping power versus energy plot
for this ion is different as compared to all the other ions. Unlike for the light
ions, where electronic stopping is dominant for most of the stopping process, for
argon the nuclear stopping is the most dominant process. The electronic stopping
is dominant from the time of implantation at 150 keV, and as the ions loose their
energy to 120 keV, the nuclear stopping begins to dominate the stopping process
attaining a maximum at 15 keV.

In summary, the stopping process depends on the mass of the incident ion in the
same matrix. Most light ions, at high energy, interact primarily with the electrons
of the host material’s atoms and interact more with the nuclei only when the ions
have lost a sufficiently large amount of energy and their velocity reduced. For the
heavy ions, they are slowed much faster and therefore lose their energy faster in
the electronic stopping process. This increases the probability of interacting with
the the nuclei of the substrate’s atoms hence making nuclear stopping dominant.

It is noted that for light ions, when electronic stopping is dominant, the nuclear
stopping is not completely zero, but has very low value of energy per micron.
Also noted, unlike in the light ions where the nuclear stopping is very small when
electronic stopping is dominant, for heavier and larger implanted ions like argon

both stopping processes are high for the energy regime used in this work.



Chapter 3

Boron Nitride

3.1 Structure, Properties and Applications

3.1.1 Introduction

Boron nitride is an important inorganic compound with the chemical formula BN.
A BN unit cell consists of boron (B) and nitrogen (N) atoms in equal proportions.
These atoms straddle carbon (C) in the periodic table hence making BN isoelec-
tronic to carbon. It therefore has the tendency of forming compounds that are
isostructural (with similar structures) to those of carbon [57, 58].

Five crystalline phases in BN exists, namely: hexagonal boron nitride (h-BN),
cubic boron nitride (¢-BN), wurtzite boron nitride (w-BN), rhombohedral boron
nitride (7-BN) and rocksalt boron nitride (RS-BN) [57, 59, 60, 61, 62]. The crystal
structures for BN are shown in figure 3.1. Cubic BN and w-BN structures are
the dense and harder phases of BN made up of 4 strong covalent o-bonds with
sp® hybridization, similar to that found in cubic diamond and hexagonal diamond
(lonsdaleite) respectively. Hexagonal BN and the high pressure modification r-BN
phases have the graphite-like structure, in which flat hexagonal sheets with sp?
hybridization (w-bonds) are layered by different stacking sequences on top of each

other [57, 60, 63].

34



35

Figure 3.1: Crystal structures for the different polymorphs of BN. The blue spheres
represent the nitrogen atoms while the orange ones represents the boron atoms.
The unit cell indicating the stacking sequence is shown by green dotted lines. AA’A
represents the stalking sequence for h-BN and w-BN while ABCA represents the
staking sequence for r-BN and c¢-BN [2].
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Table 3.1: Position of boron and nitrogen atoms for the various phases of boron
nitride. A common feature to all the BN polymorphs is the location of B and N
nearest neighbour in alternate positions [64].

Phase Atomic position

h-BN B (0,0,0), (2,1, 1)
N (%7 %7())7 ( 707 %)
r-BN B (0,

~—
—~
=
\.o -
winN,
~—

=)

)

S—

—

I

N =00 | =
Mh—‘wl»—l
SN—

—
N[ =
Wi
Wi
SN—

Z
—
wirn O
W=
[an]

~—
—
ow

~—

N[+
N[
(e=)

¢-BN B (0,0,0
1
1

—~
|
oo
=

w-BN

00| LN |—
N—

W Wl
o IoW N

—~
)
)
oo|w
~—
—~

The ¢-BN and h-BN structures are the stable phases of the boron nitride at
ambient conditions hence they have many applications as compared to w-BN, m-BN
and rock salt structures which are the metastable phases at standard temperature-
pressure conditions. The structural parameters shown in table 3.1 and table 3.2.

Occasionally observed is the explosive boron nitride (e-BN) [60, 61] between
the low density and high density BN. It contains equal amounts of sp? and sp®
covalent bonds, where nitrogen and boron atoms are placed parallel to the strongly
deformed hexagons [67].

There also exist two non-crystalline forms of boron nitride, which are tur-
bostratic boron nitride (¢-BN) and amorphous boron nitride a-BN/(a-BN) [2, 64,
65]. In turbostratic boron nitride, the stacking of the sp* layers is random, and the
layers are rotated randomly along the c-axis. It is similar to A-BN but the order
in the direction of the c-axis is disturbed in such a way that each hexagonal layer

is twisted in a random way against its neighbour’s layers. The stacking produces
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Table 3.2: Structural and cohesive properties of the various phases of boron nitride.
AFE is the energy difference with respect to the cohesive energy of the c-BN structure
(65, 66].

Phase  a(A) c¢(A) d(A) Space Bulk Volume A E(eV)

group modulus /atom  /atom
(GPa)  (A)
h-BN 2.504 6.66 1.446 P63/mmc 36.5 8.747 0.055
r-BN 2318 999 1.450 Rsm 32.8 8.693 0.052
c-BN 3.615 - 1.560  Fysm 400 5.797 0.000
w-BN 2.501 421 1.576 Pb6ymc 395 5.813 0.011
Rock 3.474 - - Fndm 410 5.244 1.244

Salt BN

a broad and diffuse X-ray diffraction pattern that is distinct from h-BN and BN
(68, 69], since it has a larger interplanar spacing by 15 percent than the basal planes
of these ordered phases.

Amorphous BN is the most disordered phase of BN, characterized by an atomic
level structural disorder, which has a non-detectable order on the microscopic level
2, 70]. It is usually difficult to distinguish between the ¢-BN and the o-BN using
X-ray diffraction patterns and spectroscopy, therefore best analyzed by electron

microscopy. The a-BN is used in the manufacture of semiconductor devices for

example MOSFETs [71].

3.1.2 Synthesis of Boron Nitride

The synthesis of boron nitride has been made possible by the fact that boron and
nitrogen have almost equal atomic radii. It has been produced by a nitridation or

ammonolysis process of boron oxide at elevated temperatures of 1000 °C [72, 73, 74].
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These industrial processes are based on two reactions: either by melting boron

oxide with ammonia, or melting boric acid or alkaline borate with urea, guanine,

1

melamine', or a suitable organic nitrogen compound in nitrogen atmosphere [73,

75, 76).

The synthesis reaction involving ammonia and boric acid is given as

Upon heating to temperatures of about 1000 °C, one obtains,

B(NH)2(S) — 2NH3(g) + BN(S) (3.1.2)

The combustion of the boron nitride powder in nitrogen plasma at 5500 °C
yields the h-BN used for lubricants and tones. Hexagonal-BN can also be ob-
tained by hot-pressing the BN powder using boron oxide as a sintering agent with
subsequent machining [77].

The other BN phases have been produced from hexagonal BN as a starting
material. Wurtzite BN, with polytype 2H, has been synthesized from h-BN by
high pressure structural phase transition (HP-SPT’S) [78, 79, 80]. It is obtained
via high pressure or dynamic shock method applied to h-BN at temperature ranges
of 300 - 2500 °C under static pressure of 11.5 - 13.0 GPa, in the presence of a Fe,
Ni or Mg catalyst. Lian et al [81] also reported that w-BN can be obtained from
h-BN at relatively hypothermal condition of 300 °C at a much lower pressure of 12
MPa. Wurtzite BN is known to be a superabrasive material harder than diamond
[82], with Vickers hardness of up to 117 GPa. Its applications has however been

limited because it is metastable at ambient conditions.

! An organic base and a trimer of cyanide with a 1, 3, 5,-triazine skeleton
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Rhombohedral BN with polytype 3R is formed transitionally during the h-BN

to c-BN phase transformation, at temperatures of 1600 °C and a total gas pressure
of 400 GPa on the h-BN substrate [83, 84]. Ishii et al [85] also reported that
heating h-BN in sufficient amount of oxygen up to temperatures between 1700 and
2000 °C in nitrogen atmosphere yielded a r-BN crystal system.

A phase transformation from the ¢-BN to RS-BN has been shown to be possible.
This stems from the theoretical work of Cui et al [86] on the first-principle study
of zinc-blende to rock salt transition of BN, where it was concluded that structural
transformation from ¢-BN to RS-BN is found to occur at pressures between 550
and 1088 GPa. Rocksalt BN is also formed from the w-BN under very high pressure
[58].

Amorphous BN is produced by chemical vapour deposition of B-trichloroborazine
(BCI3NH3) with caesium metal as a catalyst, or of Ny /NH3 with ZrB, [87, 88]. This
amorphous product can be converted into ¢-BN phase upon heating to tempera-
tures of 1100 °C [89]. Cubic BN is synthesized using various methods which will

be discussed in details in section 3.4.

3.1.3 The Phase Diagram of Boron Nitride

Phase diagrams are the primary visualizing tools in materials science because they
allow one to predict and interpret changes in the composition of a material from
one phase to another. As a result, phase diagrams have been proven to provide an
immense understanding of how a material forms microstructures within itself [90].

An understanding of the thermodynamic stability of a material can lay a foun-
dation to ascertain the kinetic processes that take place during its synthesis. It is

well known that the Gibbs free energy is an adaptable measure that determines the
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stability of a state in the phase transformations among competing phases [90, 91].

Thermodynamically, the phase transformation is prompted by the difference in
the free energy. The Gibbs free energy (G) can be expressed as a function of both

pressure and the Helmholtz free energy (F) given as [91, 92]

G=F+PV (3.1.3)

here P is the pressure of the system, V is the volume and F' is the Helmholtz free

energy which depends on temperature, and is given by,

F=U-TS (3.1.4)

where U is the internal energy of the system, 7T is the temperature and S is the
entropy.

The most important phases of BN are ¢-BN and h-BN since they are the stable
forms under ambient conditions as mentioned earlier. Under a given condition of
pressure and temperature, c-BN and h-BN can coexist, but only one of the phases
is stable, with minimal free energy, while the other is metastable [65, 92, 91]. The
cubic and the hexagonal phases are found to coexist at the point where the Gibbs
free energy is zero [93].

The first phase diagram for BN was reported by Bundy and Wentorf in 1963
(67, 94]. Over recent years, this equilibrium phase diagram of BN has been under
constant modification. The generally accepted version was proposed by Corrigan
and Bundy in 1975 [95, 96] based on several research works concerning the equi-
librium line between graphite and diamond [90]. This phase diagram is shown in
figure 3.2 [97].

It shows that ¢-BN is thermodynamically stable up to temperatures of 1600
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Figure 3.2: The generally accepted phase diagram for boron nitride. (Dash line is
the phase diagram as proposed by Corrigan and Bundy [96] and the continuous line
is the phase diagram according to Wentorf [98]).

K, and since it has a low molar volume it is characterized by a wide region of
thermodynamic stability at high pressures [89]. It also shows that h-BN is ther-
modynamically stable at high temperatures [65, 70, 99]. The phase diagram for
BN is strikingly different from that of carbon where in contrast to ¢-BN being the
stable phase, diamond is the metastable phase under ambient thermo-baric condi-

tions [2, 100]. The knowledge of the phase diagram for BN is therefore important

in the synthesis of ¢-BN and the other BN phases.
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3.2 Hexagonal Boron Nitride
Hexagonal boron nitride (h-BN) is one of the most important and widely used
form of boron nitride and therefore forms the basis of many industrial applications
(68, 87]. It is transparent when in single crystal form and appears as a white solid
when pressed as shown in figure 3.3. It has similar structure and bonding as that

found in graphite, hence often referred to as ”white graphite” [2, 101, 102].

Figure 3.3: A photograph of hexagonal boron nitride rods and sheets obtained from
GoodFellow UK Ceramic company website.

Hexagonal BN (h-BN also g-BN) is a light material with a density of 2.27g/cm?.
It is made of hexagonal rings which form basal planes, with every boron atom
bonded to three nitrogen atoms in the same plane and vice versa [101, 103]. Each
layer in a plane consists of flat or nearly flat network of regular B3N3 hexagons

[104, 105, 106]. These hexagon layers are arranged into AA’AA’ stacking sequence
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a=0.246 nm ¢=0.674nm

Hexagon boran nitride

Figure 3.4: Comparison between the structures of graphite and hexagonal boron
nitride [102, 103].
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(see fig 3.1), where there is a 180° rotation in the atomic arrangement of every al-

ternate layer, different from that of hexagonal graphite which is the ABAB stacking
sequence in which the hexagonal sheets are attached directly above each other but
with each successive layer rotated by 30° as shown in figure 3.4 [64, 70, 104].

The strong directional bonding between the adjacent coplanar atoms shows
charge delocalization. The in-plane atoms are bonded by localized sp? hybridiza-
tion, while the out of plane layers are bonded by the delocalized weak m-orbitals,
with electrons in the m-orbital localized closer towards the N-atom than to the
B-atoms. This characteristic makes h-BN to be an electrical insulator. Depending
on the atomic radii assumed for each atom, the N atom gains 1-3 electrons to its
three neighboring boron atoms [64, 101, 104]. The interplanar layer bonding is
weak with no directional bonds present and is a mixture of van der Waals bonding
and ionic attraction between the oppositely charged ions in the adjacent planes
(103, 106].

The stacking pattern of h-BN can lead to the production of a diamond-like
structure by direct compression along the c-axis as well as splitting the basal planes.
This splitting leads to strong chemical bond formation between the (0002) planes
and finally a tetrahedral coordination can be induced. This process is known as
the puckering mechanism [70, 103].

Great interest has been directed towards h-BN due to its fascinating properties.
Most of these properties are exhibited due to the strongly anisotropic character
(directional dependence) of A-BN [103]. It is a good insulator, commonly used in
vacuum technology, X-ray lithography masks and in thin film form for microelec-
tronic device fabrication [102, 63]. It has a high melting point (>3000 °C) and

is an excellent thermal conductor, therefore quite useful as an additive to various
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types of heat radiation materials [73, 101].

Because of its weak interplanar layer bonding, A-BN is a soft material which has
become a popular wear-resistant dry lubricant. The ease of sliding between basal
planes makes it a great solid lubricant [101, 107] for reducing wear and friction. it
can therefore be added to other solid/liquid lubricants for machining processes.

Hexagonal BN is a very inert refractory material to molten metal and salts
hence, commonly used for crucibles in vacuum evaporating technologies and as a
mould release agent [11, 108]. It is also a non wetting material and therefore used

widely in glass manufacturing [11].

3.3 Cubic Boron Nitride

Cubic boron nitride (¢-BN) represents itself as one of the simplest and most inter-
esting group I1I-V compounds [104, 109, 110]. Pure ¢-BN is transparent or amber
in colour, with different colours occurring with introduction of defects or excess
boron or nitrogen. (Figure 3.6 is an example of ¢-BN with excess nitrogen). It
crystallizes into the zinc blende (sphalerite) structure with a cubic unit cell which
closely resembles the structure of diamond as shown in figure 3.5. Its space group
is changed from the centrosymmetric Fds, of diamond to the non-centrosymmetric
Fy3m group in ¢-BN [65, 104, 111].

The ¢-BN structure is composed of two interpenetrating face centred cubic
(FCC) sublattices, each containing only one type of atoms and shifted over one
quarter (1/4) of the lattice along the diagonal direction [113]. It is bonded through
strong sp? hybridization (o- bond), with each boron atom tetrahedrally coordinated
to four neighboring nitrogen atoms, and vice-versa. These atoms are arranged in

a three layered (ABCABC...) stacking sequence as shown in figure 3.1 [64, 70].
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Figure 3.5: The structure of ¢c-BN [103].

Figure 3.6: Photograph representation of c-BN. (a) is the amber, semi-blocky c-BN,
with and irregular crystal morphology and (b) is the golden coloured c¢-BN with a
blocky morphology [112].
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Detailed studies of charge deformation densities from X-ray diffraction show

that a formal charge transfer of 0.46 electrons occurs from boron towards the ni-
trogen as expected from their respective electro-negativities, and 0.36 electrons are
transferred from nitrogen to boron [110, 113]. The bond in ¢-BN is covalent and
partially ionic, thus making the structure electrostatically favoured [109].

Due to its structure and bonding, ¢-BN exhibits excellent properties which
make it very important in mechanical, optical, chemical, thermal and electrical
applications.

The large charge accumulation between atoms and the high density strong co-
valent bonds with a short B-N bond length of 1.57A are responsible for the extreme
hardness inc-BN [109, 114]. It exhibits hardness values of between 73 and 75 GPa,
second only to diamond’s 115 GPa [104, 115, 116, 117], hence it is classified as a
“superhard” material. A comparison of the hardness of c-BN with other superhard
materials is shown in table 3.3 This extreme hardness makes ¢-BN an important
material for various industrial applications. Some of these applications include, as
powder for abrasive processes (i.e. with a wheel setup) and as a sintered ceramic
for sawing, cutting, drilling or crushing purposes. Sintered ¢-BN in particular is
inserted in high speed machining equipment for hardened steel, chilled cast iron,
carbides and nickel or cobalt based superalloys [9, 67, 70]. Borazon, commercially
produced ¢-BN, is the only material that can scratch diamond and is therefore used
in diamond cutting applications [92, 94, 118].

Cubic boron nitride has a low value of molar volume, and it therefore has
high thermodynamic stability at high pressures, for instance, it has a high melting
point (3000 °C) and high thermal conductivity (13 Wem™*K™'), second to diamond

(4000 °C and 20 Wem 'K ™!) respectively. It also has a low a dielectric constant
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Table 3.3: Comparison of the Vickers hardness and fracture toughness of common
superhard materials [119, 120].

Material Vickers Hardness Fracture toughness
(GPa) (MPam)*/2

Diamond 115 5.3

Cubic BN 75 6.3

Cubic BC;N 72 4.5

Cubic BCj 71 9.5

B,C 38 3.5

ReB, 48

of 7.1 making it useful in high-temperature high-frequency microelectronic device
fabrication [2, 94, 121, 122].

It is essentially a semiconducting material superior to other group III-V semi-
conductors. For instance, it is the lightest known group III-V compound with the
widest indirect band gap (E,= 6.0-6.5 eV) of all semiconductor [9, 67, 123]. It also
has a large refractive index (n . gpy=2.17), and a high transparency in a wide region
of the electromagnetic spectrum, including the infrared, the visible light and the
ultra violet regions. This makes it applicable in the fabrication of opto-electronics
and electron emitting devices [102, 117, 124].

Cubic BN can be doped as both n-type and p-type semiconductor, making it
superior to diamond whose shallow n-type semiconductivity is still problematic
[122]. Beryllium and magnesium form the most ideal shallow p-type dopants forc-
BN with activation energies of 0.23 and 0.3 eV respectively, while Zn and Si dopant
make an ideal shallow n-type dopant with activation energies of 0.1 and 0.3 eV
respectively [125]. This makes it useful in high speed electronic applications [62,
65, 102, 126], for example in the creation of a p-n junction diode having a portion
of its emission spectrum in the UV region [22, 127]. u?

It also surpasses diamond in some chemical and electrical properties, one of
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Table 3.4: A summary comparison of the physiochemical properties of cubic boron
nitride and diamond [72, 90, 92].

c-BN Diamond
Structural properties
Structure Cubic Fys,, Cubic Fgsm,
Unit cell parameter (A) a=3.615 a=3.567
Interatomic distance(A) d=1.57 d=1.54
Density(g/cm?) 3.48 3.52
Chemical Properties
Doping elements B, Be, S, Si, Al B, P
Reaction with Fe Materials  Inert Forms (Fe3Cs)
Mechanical Properties
Hardness (kgmm™?) 4500 9000
Knoop hardness (Gpa) 73 115
Bulk modulus (GPa) 847 1141
Thermal Properties
Conductivity (Wem™'K~!) 13 20
Expansion (°C 1) 4.8 3.5
Oxygen stability (°C) 1200 600
Phase change temp. (°C) 1500 1400
Melting Point (°C) 2967 3726
Breakdown field (MV cm™) 8 3.1
Optical Properties
Refractive index 2.117 2417
Band gap(indirect)(eV) 6.1-6.5 5.47
FElectrical Properties
Resistivity (Q2m) 1010 1016
Dielectric constant 7.1 5.50
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these being with respect to oxygen stability. The ¢-BN’s oxidation (1200 °C) and

phase change temperatures (1500 °C) are much higher than those of diamond (600
°C and 1400 °C) [2, 57]. This is due to the formation of a B,O3 protective layer in
air that prevents further oxidation. Cubic BN shows high chemical inertness with
molten ferrous materials even at high temperatures up to 1500-1600 °C, whereas
diamond readily forms iron carbide (Fe3Cs) in the presence of these materials.
This property makes c-BN very important in coatings and tribological applications
where ferrous materials are concerned [59, 61, 74, 124]. Other properties of ¢-BN

with respect to diamond and ¢-BN are given in Table 3.4.

3.4 Synthesis of Cubic Boron Nitride

The excellent properties exhibited by ¢-BN leading to its enormous potential ap-
plication have prompted scientists to research on ways of synthesizing it. This
research has been ongoing for the past half a century after its discovery in the late
1950’s. To date, ¢-BN has been commercially synthesized in large quantities as
powder and as thin films.

Owing to the fact that ¢-BN has similar structure, properties, technological
evolution and application as those of diamond and as discussed earlier, most de-
velopments in its synthesis evolved from synthesis methods for diamond. Various
methods reported below have been successfully used in the formation of ¢-BN as

powder and as thin films.

3.4.1 High pressure High Temperature (HPHT) Synthesis

The first successful synthesis of ¢-BN was by the high pressure high temperature

(HTHP) method which was discovered in 1957 after being used in the preparation
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of diamond from the graphite as shown in figure 3.7.
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Figure 3.7: Conditions of high temperature and ultra-high pressures are required
to convert the hexagonal (graphite and h-BN) to the cubic (diamond and c-BN)
structures [128, 129].

As shown in equation 3.1.3 and 3.1.4, for high pressure high temperature sys-

tems, the Gibbs free energy determines the stability of the system is given as

G=U+PV-TS, (3.4.1)

where U is the internal energy of the system, P the pressure, V the volume, T the
temperature and S the entropy of the system. Equation 3.4.1 shows that as pressure
and temperature increase, the phases with lower molar volume are favoured even
if they have high internal energy. In connection to our system, high pressure and
high temperature applied to the low dimensional BN modification, i.e. hexagonal
BN reduces the Gibbs free energy leading to a reduction in its molar volume and
hence structural modification to the cubic form [87, 66].

Hexagonal BN is thermodynamically stable over a wide region as seen from
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figure 3.2, it therefore has a high activation energy barrier. The high temperature

(~ 2000 K) used in this method leads to melting of the h-BN system and the
subsequent emergence of a liquid phase, which abruptly decreases this activation
barrier and lowers the parameters for ¢-BN production [87, 100]. The high pressure
(~12 GPa) used causes the breaking of the sp? bonds in h-BN and a subsequent
sp> bond reconstruction for the ¢-BN phase [100].

High pressure high temperature synthesis of ¢-BN includes two processes; the
direct synthesis and the use of multicomponent/flux precursors (catalysts) synthe-
sis.

Direct conversion of pure h-BN to ¢-BN was performed by Bundy and Wentorf
(91, 128, 130], in 1963 when they were able to produce ¢-BN crystallites with sizes
of ~ 1um at high pressures of 12 GPa at 2000 K. At lower threshold pressure of
11 GPa, the synthesis temperature range was 3000 - 4000 K [67, 98]. It was later
reported by Wakatsuki et al [131] that direct conversion at even lower pressures of
6 GPa is possible at temperature ranges of 1470-2720 K.

A study by Ichinose et al [132] and a recent study by Will et al [113] show
that the degree of crystallinity of h-BN used as a starting material influences the
thermodynamic conditions for ¢-BN formation. Ichinose et al showed that poorly
crystalline h-BN can be converted to ¢-BN at 6 GPa with temperatures of 1470
K. Will et al showed that using amorphous BN as a starting material reduced the
thermo-baric conditions to 2.5 GPa at 2000 K. The HPHT phase transformation
process is also highly dependent on other parameters such as the grain size, defect
concentration and the purity of the starting material [60, 95].

The second HPHT method, which involves the use of flux precursors (catalysts)

is the major method used in commercial and large scale production of ¢-BN [60,
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133]. It involves the use of a multicomponent system which significantly reduces the

thermo-baric conditions. In this process, h-BN is dissolved into the flux precursor
to form a eutectic composition. When moderately high temperature and pressure
are applied to this system, ¢-BN crystallites proceed as a precipitate [67].

Different precursors have been used to enhance this transformation. Molten
alkali and alkaline earth metals, in particular lithium, magnesium and calcium
metals have been used. They react with h-BN to form corresponding nitrides
(LizN, MgsNy, and CagNy) and an elemental boron or borate. The metal nitride
then reacts partially with ~-BN and because of the difference in solubilities of the
hexagonal and cubic phases, ¢-BN crystallizes [67, 101].

Alkali and alkaline earth metal nitrides have also been used as flux precursors.
They include LisN, MgsN, and CagN,. For Mg3zNs as a solvent, the lowest synthesis
parameters were found to be 4.7 GPa and 1670 K. For CasNy the parameters
were 6.5 GPa and 1670 K and for LizN the parameters were 6 GPa at 1823 K
[101, 132, 134, 135].

The third group of precursors includes alkali and alkaline earth metal fluoroni-
trides which are LigNF, MgsNoF, and CazNyF. The lowest synthesis parameters
were found to be similar to those of metal nitrides but the ¢-BN conversion rate
was much faster [67, 124].

Water has also been used as a flux precursor when combined with additives such
as boron oxide to form boric acid. Boric acid in the presence of h-BN produces c-
BN at the low thermo-baric conditions of 6 GPa and 1100-1300 K or 5 Gpa at 1770
K, which is the lowest thermo-baric condition obtained compared to all precursors
used in ¢-BN production [101, 134, 136]. Other flux precursors that have been

used in ¢-BN synthesis include silicon, silicon nitride or silicon alloys as well as
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mixtures containing aluminium [118], where ¢-BN was produced at pressures of

5.2 GPa and temperatures of 2000 K. Figure 3.8 is a phase diagram showing the
formation regions of ¢-BN by direct synthesis and using different precursors.
Despite being successfully used as a method of ¢-BN synthesis, HPHT poses in
itself some disadvantages. The severe nature of the HPHT method and the limited
size of ¢-BN produced prohibit many attractive potential applications of c-BN.
This method also requires very expensive machinery hence it is not cost effective.

This has led to a major motivation for thin film synthesis of ¢-BN [2].

P (GPa)
utectic CazB:M4-BN
Fi Direct .
Eutectic Eutectic
Mg:B2Na-BN £yi.8,N,-BN
H:0 L
6 NH: -F N
¢-BN (Stable) ca/
CazBaMNy
5
undy-Wentorf
Equillibrium Line
4 h-BN {Stable)
1000 1500 2000 T(K)

Figure 3.8: The formation regions for c-BN by direct synthesis and using flux
precursors or non-catalytic processes [118].

3.4.2 Jon Beam Assisted Deposition (IBAD)Synthesis meth-

ods

Ion Beam Assisted Deposition (IBAD) has been used as an alternative method
of synthesizing ¢-BN at relatively low pressure and temperature conditions [137,

138]. This technique involves the use of high voltage, bias sputtering or ion beam
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bombardment applied on the h-BN substrate [139]. Low energy ranges of 0-1000 eV

are used to produce high compressive stress (up to 10 GPa) in the h-BN substrate
enhancing the phase transformation to the cubic form [2, 140].

IBAD is generally a combination of various physical processes which include
Physical Vapour deposition (PVD), Chemical Vapour Deposition (CVD) [78], Radio-
Frequency Sputtering among others [70, 139, 141, 142, 143].

Physical Vapour deposition (PVD) was first recognized by Weissmantel et al
[143, 144]. The process involves the transfer of materials at an atomic level, where
the raw materials are solid precursors [138]. Ion induced nucleation of ¢-BN on
the h-BN basal layer is employed, where boron is thermally evaporated on to the
h-BN substrate and simultaneously bombarded with nitrogen and argon ions from
a given source [144].

The ion bombardment causes nitrogen and boron interstitials in A-BN material
and the boron atoms to be driven into the lattice by the argon ions. The interstitial
atoms condense to create inserted Ab-planes in A-BN, leading to an increase in the
local density and hence alterations to the cubic phase [137, 145, 146].

PVD includes various processes. Those that have been successfully used in ¢-BN
synthesis include plasma deposition, Ion Plating PVD, Pulsed Laser Ablation PVD,
mass selected ion deposition, ball milling, and magnetron sputter PVD [2, 146, 147].

The chemical vapour deposition (CVD) processes involves the deposition of
solid materials from a gaseous phase [142, 148|. The synthesis procedure is similar
to that of PVD, except that gaseous precursors are used instead of solid ones used
in PVD [64]. The various gaseous precursors used in CVD include; BoHg, BH;NH3,
Hy, F and trimethyl borazol [2, 148, 149]. These reagents are often deposited on

h-BN substrate with temperature ranges of 100-1000 °C [150]. Ion bombardment
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of the substrate plays an essential role in the formation of the cubic phase of boron

nitride.

The CVD processes used in ¢-BN production include: Radio-Frequency plasma
CVD, Laser CVD, Jet Plasma CVD and microwave plasma CVD/ Cyclotron Mi-
crowave plasma CVD (which produces a thick ¢-BN film) [149, 150, 151, 152].

For both PVD and CVD, studies show that ion bombardment with energy
ranging from 60-1000 eV is essential for c-BN nucleation. Above 1000 eV ion
bombardment induces strong re-sputtering and no film is deposited [153]. It is
however reported that deposition at low energies leads to c-BN growth with reduced

stress and improved crystallinity [152].

3.4.3 Ion Implantation method

Ion Implantation involves the use of energetic ions E >1000 eV on a target in order
to change its properties or to create new materials. It has successfully been used
in the transformation of the h-BN to ¢-BN phase.

Investigation by T. E. Mosuang and J. E Lowther [13] using the ab-initio Lo-
cal Density Approximation for simple defects, such as C, O, B and N, predicted
that these defects induced in h-BN could facilitate a low activation energy from
hexagonal to a cubic boron nitride phase transformation.

An examination of the “Core Level Photoabsorption Study of Defects and
Metastable Bonding Configuration in Boron Nitride”, carried out by Jimenez et
al [11] reported that point defects (nitrogen vacancies in the hexagonal bonding of
BN, nitrogen interstitials and boron clustering,) created during ion bombardment
of h-BN with argon ions at 2 keV, and with fluences of 2x10'" ions/cm? led to

the formation of a significant proportion of the sp® bonding characteristic found in
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c-BN.

The formation of ¢-BN by ion implantation is also reported by Hu et al [154].
In this study, ¢-BN was synthesized by nitrogen ion implantation. Boron films
were used as implantation target on a Si (100) substrate. Nitrogen ions at 30 keV
were used as implantation ions at fluences of 1x10'7 - 2x10'® ions/cm?. Pure ¢-BN
was obtained at a fluence of 2x10'® ions/cm?. During this ¢-BN synthesis, several
other BN phases such as t-BN, w-BN and BysN were obtained at fluence of 6x 107
ions/cm? [154].

Machaka et al used ion implantation as a technique of introducing H" and He™
ions at energies of 200 keV-1.2 MeV at fluences of order 10'¢ - 10! ions/cm? to
introduce defects into ~A-BN [1]. Results from Raman spectroscopy showed that
indeed He™ induced A-BN to ¢-BN symmetry change [14]. Traces of the rhombo-

hedral (r-BN) were observed at fluence of 1x10' ions/cm?

and 1.2 Mev energy
during this transformation.

From this research, it was suggested that other ions, heavier than helium, such
as Li, B, N and Ar could also induce this phase transformation at much lower
energies and ion fluences, which forms the basis of work herein.

The work presented here focuses on the optimization of the implantation condi-
tions for a possible A-BN - ¢-BN symmetry change by varying various parameters
such as the ion mass (by varying the ion species), ion fluence, incident ion energy
and implantation temperature, followed by analyses using various characterization

techniques to establish the changes that occur as a result of implantation and

varying this parameters.



Chapter 4

Experimental Methods

4.1 Introduction

This chapter entails a detailed view on the experimental and characterization in-
struments used in this work. It gives a detailed overlook on the sample types, their
preparations and the experimental procedures carried out on them and finally the
characterization procedures.

In order to achieve the objectives of this work, suitable samples were chosen.
Ion beams from appropriate sources, with different energies and ion fluences were
also selected. The results obtained from these experiments are recorded in the

subsequent chapter.

4.2 Experimental instruments

This section gives details of the instrumentation and principle of operation of the
apparatus used in this work. The experimental apparatus used include the Dia-
mond Wire Saw used for sample preparation, the 200-20A2F Ion Implanter used for
ion implantation, the Raman Spectroscopy system, The Fourier Transform Infrared

Spectroscope, the Transmission Electron Microscope system (TEM and HRTEM)
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and Glancing Incidence X-ray Diffraction systems (GIXRD) used for characteriza-

tion.

4.2.1 Diamond Wire Saw

The Well Model 3032 precision horizontal Diamond Wire saw was used to cut
all the h-BN samples used in this work. Figure 4.1 shows a photograph of the
3032 diamond wire saw model, located at the School of Physics, University of the
Witwatersrand.

The Model 3032 model cuts samples with the wire travelling horizontally across
the sample. It uses particularly thin diameter wire ( ranging from 0.06 to 0.3 mm)
which cuts by the abrasion process. A single strand of the wire is roughened by
impregnating it with abrasive compounds such as borazon or diamond beads (and
spacers) [155, 156]. The Model 3032 affords the operator the option of positioning
the sample inside the loop of the wire thereby allowing for accurate positioning prior
to the cutting, and viewing of the sample during the cutting process. Pressure
against the wire is accomplished by attaching the sample holder to a counter-
balanced arm that uses weights to establish and maintain the proper amount of
force throughout the entire cutting or slicing process [157].

A microscope is normally mounted on the saw so that accurate positioning of
the diamond wire can be readily accomplished and to watch the cut or slice while
in progress. A special sample holder is designed in such a way as to position the
wire to rotates to and fro on the sample through a 360° turn. As a result, proper
orientation of the cutting axis is achieved [156].

Two standard micrometers are supplied on this machine: one for accurate po-

sitioning of the sample and the other for setting the depth of a slice or cut. The
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cutting process involves a high generation of heat on the wire, therefore the saw is

always cooled or lubricated using oil, distilled water or other commercial coolants
[155]. An adjustable electrical motor unit with an end-switch automatically shuts

off the signal when the desired depth of cut is obtained

Figure 4.1: Photograph of the 3032-model diamond wire saw (From the series Well
Model 3032 diamond saw catalogue).

4.2.2 The Ion Implanter

The Varian-Extrion 200-20A2F ion implanter was used to carry out all the im-
plantations in this work. This facility is located at the iThemba LABS (Gauteng),
formerly known as the Schonland Research Institute for Nuclear Sciences, at the
University of the Witwatersrand, Johannesburg.

This discussion involves the instrumentation of the ion implanter and the mode
of operation of the different parts as provided from manuals of the supplier of the

200-20A2F ion implanter together with other references.
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Instrumentation

A typical 200-20A2F ion implanter consists of five major parts or systems, which
include: the ion source, the mass analyzer magnet, the electrostatic accelerating
tube, the beam manipulating system (consisting of a horizontal and vertical beam
electrostatic lenses) and the end station. All these systems operate under high
vacuum for sustainable plasma generation and transportation of the ion beams
from the source to the processing chamber. Figure 4.3 shows a block diagram of

the 200-20A2F ion implanter [35, 158].

The Ion Source

The ion source is a plasma generator, from which different ion beams can be ex-
tracted. The 200-20A2F ion implanter makes use of the Freeman Arc Discharge
ion source because it can provide ion beams from most species (ranging from solids
to gaseous material) [35]. It comprises seven different parts: the gaseous ion source
chamber, the vaporizer, the gas feed system, extraction electrodes, a cooling sys-
tem, a vacuum system and a 23 keV bias power supply.

Ion beams to be used for implantation can be generated from either a gaseous
or a solid source. Beam formation from a gas (e.g. helium) occurs by feeding the
gas into the ion source chamber. The ion source chamber contains a tungsten rod
“filament” which is heated to white hot by a high filament current (=160 A) to
produce electrons through thermionic emission. These electrons collide with the
specific gas molecules, ionizing the gas to create a plasma.

Formation of beams from solid elements involved the in-situ chlorination, where
the solid element is placed in a crucible within the chamber. The high tempera-

ture in the chamber causes vaporization of the lithium metal which combines with
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carbon tetrachloride (CCly) gas to form lithium chloride (LiCl) in vapour form

which collide with the electrons from the filament to produce different ions. The
ions produced from a feed-through are dissociated and ionized in the arc chamber
then accelerated from the ion source by a 23 kV extraction potential towards the

analyzer magnet [158]. An extra 2 kV electrode assists in focusing the beam.

Figure 4.2: A photograph of the freeman ion source of the 200-20A2F Ion Implanter
(photo taken at iThemba LABS Gauteng).

The Mass Analyzer Magnet

Various ion species can be produced in the ion source but only a specific beam
is required to carry out the ion implantation process. The analyzer magnet is
therefore used to select the desired ion species. As the beam of ions enter the
analyzing magnet from the ion source, the light ions strike the inner wall and the
heavier ions strike the outer wall of the magnet. Only the ions that have equal
electromagnetic and centripetal forces are allowed to pass through the slit to the

next section [158, 159]. This is known as the filtering process and it is achieved by
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mass analysis selection of the incoming beam. In this process the mass analyzing

magnet separates different ionic species according to their charge to mass (g/m)
ratio, by passing them through a narrow resolving aperture.

The 200-20A2F model uses a 90° mass analyzing magnet to do the resolution
of the stream of ions coming from the ion source and obtain a low impurity level in
the desired ion beam. For an ion with charge ¢, accelerated by a potential V' and

moving with velocity v, the conservation of energy relation will be given as,

qV = (4.2.1)

Since the ion will experience a magnetic force equal to the centripetal force as it

travels in through the 90° path, then

va

It then follows that the charge to mass ratio for the ions will be,

q 2V

with R being the critical orbit of radius of aperture for the ions as they move
through a circular path and proceed to the accelerating tube and B is the magnetic
field. In addition to the mass resolution, the analyzing magnet also acts as a
converging lens to the desired beam on the resolution aperture and thus focuses

the ion beam towards the accelerating tube [35, 65, 160].

The Accelerating Tube

The accelerating tube enables the ion beams to attain the energy required for

implantation. After separation of the ions in the analyzer magnet section, the
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Figure 4.3: Block diagram for the 200-20A2F ion implanter.

beam enters the acceleration stage with an energy of 25 kV. The acceleration
tube contains electrodes which operate in three modes depending on the required
implantation energy, i.e. the drift mode, the post accel mode and the post deccel
mode.

The drift mode of operation refers to the operation where the ion beam’s energy
remains unchanged after leaving the analyzing magnet. The post accel mode refers
to the mode of operation in which the ion beam’s energy is increased after leaving
the analyzing magnet. This energy ranges from 25-180 keV. The post decel mode
is the operation mode in which the ion beam energy is reduced after leaving the
analyzing magnet and these energy ranges are 0-7 keV [161, 162].

The implanter is equipped with a high frequency Cockcroft-Walton power sup-
ply used to maintain the high voltage terminal at accelerating potential. The

physical components that make up the acceleration tube all have round edges to
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combat the arcing effect from the electric field concentration at sharp points [160].

Beam Manipulation System

It is necessary for the beam to be uniformly distributed onto the substrate to ensure
proper implantation. This is done by the beam manipulating system. The system
makes use of electrostatic fields to direct the ion beam on to the target as well as
ensuring uniform surface implantation of the sample [161, 163, 164]

Following acceleration, the beam is focused by an electrostatic quadrupole
triplet lens which applies transverse forces to maintain a small beam radius about
the main beam axis (other implanters also use magnetic lenses) [162, 160, 163].
The ion beam tends to lose its shape as a result of rapid expansion due to its space
charge (blow up effect). This is because at low propagation energies the ions are
exposed to one another for much longer, resulting to significant mutual repulsion
of the individual ions in the beam, causing the beam shape to diverge away from
the beam’s main axis.

The beam then passes through two sets of beam scanning electrostatic plates,
that is the x and y scanners, that sweep the beam across the sample to provide
a homogeneous fluence such that the beam is scanned in both x and y directions
by separate voltages with triangular waveforms applied at the deflection plates.
The available scanning frequencies, whose ratios are varied, are unsynchronized to
prevent path retracing. A beam current integrator, located at the control console,
measures the fluence to be implanted in the sample and closes the beam gate i. e.
deflects the beam aside using the y-plate when the desired fluence level is reached.
The x plates carry a deflection bias voltage to remove any neutral ions created
in the beam, because these are undeflected and strike the tube wall. Only when

the ion beam is actually required for implantation is it deflected onto the target
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chamber [161, 164].

The End Station

After the beam has been scanned, it is directed to the end station where the ion
implantation process takes place. The end station contains a target holder, where
the samples to be implanted are mounted. The implantation process often causes
a considerable phonon generation as a result of the stopping mechanism, leading
to a considerable temperature rise in the target sample and therefore requires an
active cooling mechanism. The active temperature control system makes use of a
heater and liquid nitrogen to maintain the implantation temperature at a particular
value. The end station also measures the implant fluence and minimizes fluence
error. This implant fluence control is carried out using Faraday cups which expels
secondary electrons to avoid the current multiplication effect [26, 159].

The design has four corner cups and the main cup at the centre, all designed
with a 500 V bias electron suppression voltage at the entrance of each faraday
assembly. As a result, an electrostatic field is set up in such a way that it prevents
slow moving secondary electrons from leaving the Faraday cups entrance without
inhibiting the passage of the high energy ion beam. The corner cups gives a measure
of the current reaching the substrate i.e. it is an indirect measurement of current
on the sample (which is harder to measure accurately) using the area of the corner
cups to calculate the fluence on the sample [26, 160, 164]. The current signal
from the four cups is integrated over the entire duration of implantation to get the

desired fluence.
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The vacuum system

The main purpose for a vacuum system in the implanted is to increase the mean
free path inside the machine to several metres (according to kinetic theory) so that
the ion can travel all the way to the end station. Another purpose is to combat
problems that may occur due to the intense electromagnetic field associated with
ion extraction and selection processes [165, 166]. The ion implantation process is
associated with a variety of highly reactive and corrosive materials. For instance
some gases used in the ion source for plasma generation such as boron trifluoride
(BF3), in the presence of water vapour react to form hydrofluoric acid (HF') which
is a corrosive liquid.

A high vacuum system is therefore required to ensure that the ion implantation
is a clean process. To ensure this, a number of pumps are used to pump pressures
down to the ranges of 107 mbars and below. Each section of the implanter has a
specialized pump to reduce the pressure to the required amount [167]. To ensure
vacuum to the required pressure ranging from 10~% to 10~% mbars, a combination of
oil-sealed diffusion pumps are used. Other typical pumps used in an ion implanter
include rotary pumps, Turbo pumps and Cryo pumps. High vacuum pumps have

to be backed up by other mechanical pumps which can exhaust to the atmosphere.

4.2.3 Summary of the Principle of Operation of the Ion

Implanter

The basic function of the ion implanter is to generate a stream of electrostatically
charged particles of a specific atomic mass, accelerate them and direct them to the
target sample.

The ion implanter generates plasma in the ion source. A stream of positively
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charged ions is then extracted by electrostatic means and subsequently accelerated

towards an analyzing magnet which steers the ion beams through a 90° bend im-
planting unwanted ions on the wall liner of the magnet and focusing ions of the
desired q/m ratio through the resolving aperture into the acceleration tube. The
accelerating tube further boosts the acceleration of the ion beams to the desired
beam energy.

The beam then passes though an array of electrostatic plates that deflect and
scan it. A 7° offset voltage is fixed on the x-scan plater and deflects the charged
beam onto the target. This further eliminated residual neutral particles so that

the correct fluence is calculated by the current integrator.

4.2.4 Raman Spectroscopy System

This section will provide a description of the Raman Spectroscopy system located in
the Raman and Luminescence laboratory at the University of the Witwatersrand.
The system consists of an argon-ion laser used in the excitation of the source, the
Jobin-Yvon T64000 Raman triple grating spectrograph, and an optical microscope
with a movable stage. A camera is attached to the microscope and the micrometer

movement of the stage enables the study of the specimen at various positions.

Introduction

The inelastic scattering of light by matter was first observed by Sir C. V. Raman
in 1928. He observed that a minute fraction of the incident light was shifted from
its original wavelength after interacting with a liquid under observation. When a
material is illuminated, some light will be transmitted, some will be absorbed and a
very small fraction will be scattered. The scattering is a result of inhomogeneities

in the material such as molecular vibrations and defects. Most of the scattered
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light will be scattered elastically, that is the frequency and energy of the incident

and the scattered light will be the same. This scattering process is called Rayleigh
scattering. An even smaller fraction of the scattered light, typically about 1077,
will be inelastically scattered. This scattering process is known as the Raman
effect. The incident light radiation undergoes an energy change. The difference
between the incident light energy E;,. and the energy of the Raman scattered light
is equal to the energy involved in changing the molecules vibrational state from v;
to v; and the energy difference is called the Raman shift. In other words the shift
in frequency of the incident light is due to the interaction of the photons of light
with the phonons (vibrations and rotations of the molecules) in the material being

investigated.

Raman Effect

Raman scattering is basically concerned with lattice dynamics. It can be treated
in two ways, either classically or quantum mechanically. The classical mechanic
details are given in detail in [168]

The From a quantum mechanical perspective, the Raman effect can be consid-
ered, in principle, as a lightmatter interaction where the incident photon interacts
with the phonon in matter. The phonons can either be vibrational, rotational
modes or a combination of both. The basis of this treatment comes from the
understanding that the electronic, vibrational and rotational states of a molecule
are considered to be quantized.The direct transition from one vibrational (or ro-
tational) state v, to another v,y gives rise to an IR spectrum and the direct
transition from any state n to the virtual state and relaxation back to that state

gives rise to the Rayleigh scattering, this process has a large crosssection. Raman
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scattering can arise as a result of a change in the vibrational or rotational or elec-

tronic energy states of a molecule in a vibrational state to a virtual state and the
subsequent relaxation transition to another vibrational or rotational state almost
simultaneously. The molecule can either gain or lose energy in the anti-Stokes and
Stokes process respectively. The progression of the transition is governed by the
quantum mechanical selection rules.

The scattering process is viewed as the creation and annihilation of vibrational
excitations (phonons) by photons and the resultant Raman frequency shift equals
the frequency of the phonon created or annihilated. It is perceivable that since
the Raman effect is a two photon process, the permitted transitions are; for a
vibrational transition v = 1 <— 0 (Stokes transition) and v= 1 — 0 (anti-Stokes
transition), hence the overall vibrational transitions obeys the A v = £1 selection
rule. For rotational transitions, ’each rotational’ 'photon’ transition obeys the A
v = =1 transition, therefore it follows that the overall transition obeys A v =
0, £2, since this process is a two photon process where A v = 42 corresponds
to Rayleigh scattering, A J= 2 to Stokes scattering A J= -2 to an antiStokes
scattering transition. Where J is the total angular momentum quantum number

and J is the vibrational quantum number.

The Argon-Ion Laser

Raman spectroscopy is a form of vibrational spectroscopy based on inelastic Raman
scattering which requires an intense and monochromatic source of light. This light
may be obtained from laser sources or from mercury lamps with appropriate filters
(169, 170, 171].

The argon-ion laser was used in this work. Laser light was produced by am-

plification of radiative electronic transition of the ionized states of inert gas atoms
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[172]. In order to produce the laser beam, argon gas, contained in a sealed cylinder

known as a plasma tube at low pressures, is used. The cylinder also contains two
electrodes with intense electric discharge. The electrons produced by these elec-
trodes collide with the neutral argon gas particles creating plasma which is at a
highly excited state as seen in figure 4.4 [173, 174].

This excited state has a short lifetime so the ions decay non-radioactively to
a 4p orbital level. This level has a longer lifetime hence allows buildup of ions,
creating a condition known as population inversion. At this stage, there are more
ions in the higher level as compared to the ground state. This population inversion
is necessary for lasing operation.

The ions in the 4p orbital then decay into the 4s orbital either spontaneously
or by stimulation of a photon of equivalent energy. This transition is radiative and

a photon of wavelength

e

A= E

(4.2.4)

is emitted where h is the Plank’s constant, ¢ the speed of light and F the separation
energy between the states [175].

Light released through stimulated emission in the plasma tube is stored in an
optical cavity. One end of the optical cavity has a reflective mirror with 100%
reflectivity and another end is a mirror with reflectivity slightly less than 100%.
The emitted photon moves back and forth between these mirrors and in the process,
more atoms are stimulated to produce photons. A small percentage of photons

manages to pass through the output mirror and makes up the laser output [174].
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Figure 4.4: Stages involved in the production of Ar™ laser(From Operational Manual
for Spectra Physics 2020/2025 ion laser).

The Raman Spectrograph

The Jobin-Yvon T64000 spectrometer was used in this research. It is a triple
monochromator dispersive system shown in figure 4.5. Laser light is directed into
the spectrometer using an Olympus BX/0 microscope attached to the spectro-
graph. Scattered light from the sample returns through the microscope into the
spectrometer where it is processed.

This processing involves the single spectrograph mode in which light is directed
to a holographic notch filter, which suppresses the elastic scattered light but allows
the Raman scattered light to pass through. The transmitted light then passes

through an entrance slit and falls on the grating where it is dispersed [176].
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Figure 4.5: Schematic diagram of the Raman Spectrograph showing the beam path.
(From the Instruction Manual for the Jobin-Yvon T64000 Raman Spectrograph,).

The light dispersed by grating falls on the Charge Coupled Device (CCD) de-
tector, which detects the scattered light and produces a spectrum. The CCD com-
prises 1024-256 pixels with each pixel being a silicon photosensor. When scattered
radiation falls on the pixels, photoelectrons are produced in numbers proportional
to the intensity of radiation. To provide the best performance to the spectrometer,
the CCD is cooled by liquid nitrogen to 140 K. The CCD offers rapid analysis of
the spectrum and is ideal for most analytical purposes [177].

In the coupled configuration, a monochromator has the capability of measuring
Raman signals of very low intensity in a broadband vibration/rotation with high
resolution [26, 176, 178].

The output from the detector is analyzed on a computer using Labspec scientific

software supplied by Jobin-Yvon. The spectrum can be saved in form of data or
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text file which can be exported to a spreadsheet for analysis using the Origin8 Pro

software.

4.2.5 Transmission Electron Microscopy

Electron Interaction with Matter

An electron microscope is an instrument that is able to resolve an image of an
object to nano-meter dimension by the use of electrons. Electrons gained major
attraction in the development of transmission microscopy since they are smaller
than the atom and therefore were thought theoretically and seen experimentally to
be able to resolve images at the atomic level [179] because the de Broglie wavelength
of electrons is far less than that of light.

The resolving power of an electron microscope is defined as the separation
distance between two detailed objects. For an incoherent beam of electrons, the

resolving power is given by,

~0.16A
P= [ sin 8

(4.2.5)

where A is the wavelength of the electron, u the refractive index of the viewing
medium, 4 the maximum angle between the incident and the deflected beam in
the limit of lens aberrations.

A summary of electron-solid interactions are shown in figure 4.6 When an elec-
tron at energies usually in keV is accelerated onto a material, it interacts with the
electrons and nuclei of the target material. The accelerated electrons upon hitting
the material may be scattered elastically or inelastically, or may remain undeviated
when the material is sufficiently thin. Elastic scattering is due to the interaction

of the electron with the electrostatic potential of the nuclei of the atom. Here
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Figure 4.6: Electron interaction with matter processes [179].

there is no energy loss but only a change in the direction of the interacting elec-
trons. In inelastic scattering, the energy of the incident electron is transferred to
the atom/specimen causing an excitation of the bound electrons from the electrons
of the lattice leading to heating or radiation damage of the specimen [180, 181].
These excitations lead to different signals that give details on the composition
and structure of the sample. The processes that occur due to electrons hitting the
surface i.e backscattering, secondary electron, Auger electrons and visible light are
used in Scanning Electron Microscopy analysis of materials. The processes that
occur due to the electron penetrating and being transmitted i. e. inelastic and
elastic scattering are the ones used for TEM analysis of the material. Analysis
with this technique requires the specimen to be electron transparent, usually less

than 100 nm thick.
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TEM Instrumentation

The electron microscope has several parts on which its mode of operation depends.
It is subdivided into the following sections: the electron gun, the illuminating
stage, the objective lenses (with an electron transparent sample immersed in the
electromagnetic field), the magnification and projection system with several electro-
magnetic lenses, a detector, photographic cameras, and a Charge-Coupled Device
(CCD) camera. Figure 4.7 shows some major parts of the TEM system and the

schematic mode of its operation.
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Figure 4.7: Major parts of and electron microscope and the schematic mode of
operation [179].

The Electron Gun

This is where the electrons are produced. The electrons are mainly generated by

the thermionic emission, which uses tungsten or Lanthanum Hexaboride (LaB6)
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filament, or the field electron emission processes. The beam of electrons produced

is then accelerated towards the microscope’s magnet by a positive anode.

The electromagnetic lens system

The beam of electrons is then manipulated and focused by electromagnetic lenses
and metal apertures. The system allows electrons within a small energy range to
pass through so that the electron beam will have a well defined energy. Magnetic
lenses which are circular electromagnets, act like optical lenses which focuses the
beam of electrons. The metal apertures, which are thin discs with small holes
with diameters between 20 nm and 100 nm, are used to restrict the unwanted
electrons before hitting the sample/specimen. Sample holders are located on a
platforms equipped with a mechanical arm for holding the sample and controlling

its position.

The Imaging System

The imaging system consists of a photographic and CCD cameras, a set of elec-
tromagnetic lens system and a screen for viewing the sample’s image. The elec-
tromagnetic system consists of two lens systems, one for re-focusing the electrons
after passing through the specimen and the other for enlarging image and pro-
jecting it onto the screen. The screen is made up of a phosphor-fluorescent plates
which glows when hit by the electrons. The images form in a similar manner as in
photography.

The TEM system has other systems that are vital to its operation. It requires
a high voltage system to accelerate electrons to energies usually 80 to 300 keV.

Electrons require a high vacuum ranging from ~ 10~7 to 1072 mbar in order

to travel typically a distance of 1-2 m of the TEM column, therefore, TEM is
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equipped with a high vacuum system. To maintain the high vacuum the system

is equipped with several pumps e.g. roughing pumps, diffusion pumps, getter ion
pumps, turbomolecular pumps with manual and automatic valves [182].

Due to the high voltage used in TEM, lot of heat is generated, therefore the lens
coils which carry several amperes of currents require a cooling system. The TEM
system is normally automated in such a way that the cooling system is interlocked
with other systems so that the microscope does not overheat if there is insufficient
cooling. Deionized water is mostly used as a coolant.

When the electrons hit the solid material, X-rays are produced by the bremsstrahlung
radiation process. As a result, all the areas where the X-rays may be generated are
covered with a double shield: the first one is an aluminium shield which converts
all the electron’s kinetic energy into low energy X-rays and the second shield is
made of a high atomic number material such as lead which absorbs the low energy
X-ray photons preventing them from reaching the operator. The viewing window is
also made of a special lead containing glass to absorb X-rays. The radiation shield
contributes significantly to the weight of the microscope, with thicker shields for
high energy TEM [180, 182].

The TEM also contains other systems such as the Energy Dispersive X-ray
Analyzer (EDS), Electron Energy Loss Spectroscope (EEL), scanning attachments,
detectors and image energy filters. The EDS spectroscopy is used in the analysis of
materials by using characteristic X-rays generated by the material after interaction
with electrons.

In this study we used the Field Emission TEM (the Tecnai F20) system equipped
with EDS, and a HAADF-STEM (High Angle Annular Dark Field Scanning TEM)

detectors. The TEM system is interfaced with a PC containing the Field Emission
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and Ton Technology (FEI) Quanta software for all the data display and collection.

4.2.6 TEM working principles

TEM works like a slide projector. A beam of electrons is passed though an electron
transparent specimen. The pattern formed by the specimen’s image only allows a
certain part of the beam of electrons to pass through, thus the transmitted beam
replicates the pattern of the specimen when falling on the screen. In TEM, the
transmission of the electrons is highly dependent on the properties of the material
being examined. These properties include the density, porosity, composition and
crystallinity.

Other techniques used in this work such as Fourier Transform Infrared spec-
troscopy (FTIR) and High Annular Angle Dark Field (HAADF-STEM) will be

discussed briefly in the next chapter

4.3 Experimental Procedures

4.3.1 Sample and sample preparation

Hexagonal BN samples were used as substrates throughout this experiment. These
samples were were supplied by Goodfellow Cambridge Company Limited, England
and HQ graphene ceramic company, Netherlands. Three forms of A-BN samples
were used: the first two sets of h-BN samples used were in the form of hot-pressed
polycrystalline powder, generally synthesized by the reaction of boric acid and
urea followed by sintering using boron oxide and subsequent machining (a detailed
explanation is given in Chapter 3, Section 3.1.2).

The first polycrystalline sample was a 50 mm long, and 15 mm-diameter white

rod, weighing 16.1 g, and with 99.9% purity. The main sample preparation involved
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slicing and polishing of the samples. Slicing was carried out using the diamond wire

saw. An appropriate sample holder was designed at the School of Physics Workshop
in such a way as to fit in the diamond wire saw and to hold the sample firmly in
place during the cutting process.

The samples were cut into 25 pieces, each with 2 mm thickness. This was
accomplished using the vernier scale on the wire saw, attached to the knob of the
sample holder. Since h-BN is a soft material, the cutting speed of the saw was
reduced to 3 rotations per second to minimize any damage on the sample during
the cutting process.

After cutting/slicing, the samples were polished mechanically using a P1200
sandpaper with average particle size of 15.3 pum, with final polish done using either
diamond paste with 0.5 pum particle size or alpha micro polish alumina gel with
particle size of 0.3 um. The paste and gel were used since they are non corrosive
and ensure a smooth finish on the surface of the sample. The polished samples
were then cleaned using methanol. After the sample preparation the samples were
analyzed using various analysis techniques before implantation.

The second set of polycrystalline samples were h-BN sheets with dimensions
of 5 mm by 5 mm with 0.2 mm thickness. These samples were easier to prepare
especially for FTIR and TEM analysis compared to the rods. The sample prepa-
ration involved cutting the sample to thickness of 0.1 mm, using a diamond wire
saw followed by mechanical polishing using diamond paste.

The third set of samples were h-BN single crystals with 1 mmx1 mm surface
area and thickness of 100 pm. The main sample preparation on these samples was

using Focused Ion Beam Sectioning for TEM which is discussed in Chapter 5.



81
4.3.2 Jon implantation experiments

All the implantations were carried out using the Varian 200-20A2F ion implanter
at high vacuum conditions with most implantations being carried out at room
temperature, and a few at liquid nitrogen and at high temperatures of 200 °C and
400 °C. Different ions including helium, lithium, boron, nitrogen and argon ions

were chosen for the implantation, at various fluences and the implantation energies.

Ton Production and Acceleration

Helium, nitrogen and argon gases were used for helium, nitrogen and argon ions
respectively. For boron ions, boron trifluoride gas (BF3) was used and BT and F*
were produced. The analyzer magnet was used to select the desired ion to be used
for implantation.

To produce lithium ion beams, lithium metal was used. Lithium metal is usually
very reactive, hence it is normally stored under oil to prevent reaction with air.
The lithium metal is cut into a rice grain sized piece and placed in the arc chamber.
The high temperatures created by hot tungsten filament inside the arc chamber
vaporizes the Li metal. The Li vapour then combines with CCly to form LiCl
vapour which then collides with electrons produced by thermionic emission from
the hot tungsten filament to form lithium ion beams.

The ions produced were accelerated to energies ranging from 40-150 keV and
implanted at fluences ranging from 1x10'3 ions/cm? to 5x 106 ions/cm?.

The surface area of the rod sample was large such that the sample could be im-
planted with different fluences. This was achieved as follows: the sample holder was
designed so that an externally controlled mask in front of the sample could be low-

ered. The first implant was 1x10' ions/cm? over the entire surface of the sample.
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The mask was then lowered by 3 mm, and a fluence of 1x10™ ions/cm? implanted

over the remaining area, now having a total fluence of 2x 10 ions/cm?. The mask
was lowered by a further 3 mm and a fluence of 2x10 ions/cm? implanted on
the remaining surface which now had a total fluence of 4x10' ions/cm?. In the
last step the mask was lowered again by 3mm and an additional 4x10'* ions/cm?
implanted on the remaining surface so that the forth region had a total of 8x10*
ions/cm?. The sample then had four regions implanted with different fluences i.e.
1x10™ ions/cm?, 2x10' ions/cm?, 4x10™ ions/cm? and 8x10™ ions/cm?. We
referred to this as sample 1.

Further, the second rod sample was implanted in a similar manner. The sample
had a minimum fluence of 1x10% ions/cm? and a maximum of 8x10' ions/cm?.
For the third rod sample, the entire sample was implanted with a fluence of 5x 106
ions/cm?. The polycrystalline sheets and the single crystal samples were implanted
with different individual fluence from 1x10 ions/cm? to 1x10'¢ ions/cm? because
of their small sizes.

Raman characterization and GIXRD were carried out on these implanted sam-
ples since these techniques are nondestructive and require no elaborate sample
preparation. For FTIR, further mechanical polishing was done for the polycrys-
talline samples before analysis because the infrared penetration depends on the
sample thickness (the thicker the sample the lower the transmission), with all pol-
ishing done on the unimplanted surface and implantation performed on the origi-
nally hot pressed unpolished surface of the sample. Focused Ion Beam sectioning
(FIB) was further done on samples used for TEM analyses (see Chapter 5).

The implantation experiments were also conducted by varying the implanta-

tion energies. The different energies used were 150 keV, 120 keV, 80 keV and 40
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keV. To investigate the effect of varying implantation temperature, some samples

were implanted at different temperatures from liquid nitrogen to 400 °. These im-
plantations were carried out at an optimum fluence obtained for boron implants,
and analyzed using the various techniques. Some of the implanted samples were
annealed at temperatures ranging from 50 °C to 400 °C and analyzed by Raman

spectroscopy.

4.3.3 Raman Analysis

Raman scattering was carried out on the samples for characterization before and
after implantation. The 514.5 nm argon ion laser excitation line, the 488 nm Ar ion
laser and the 244 nm UV lasers were used for the Raman analysis, under ambient
conditions. Parallel polarization configuration(light wave in which the vibrations
occur in a single plane) of the incident laser light of power 20 mW was used where
individual light waves are aligned parallel to each other. In order to focus the beam,
an optical microscope with different magnifications (20x, 50x and 100 xobjective)
was used. A 1800 groove/mm grating and a nitrogen cooled CCD was used to
analyze the scattered light.

The spectrometer was operated in the micro-Raman modes, with the measure-
ments done on a microscopic stage where light with a spot size of 1 pym in diameter
focused on the sample surface.

The first set of micro-Raman measurements were carried out on the unim-
planted sample. The mappings were carried out over a 500x500 pm square area on
25x25 points for the polycrystalline samples and over a 500 pm line for the single
crystal samples. Subsequent Raman experiments were carried out on the samples

implanted with boron, lithium, helium, nitrogen and argon ions. The same area of
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500x 500 pm (25x25 points) and 25 points over a 500 pm line for the single crystal

samples were used for all the implanted samples. The final set of Raman measure-
ments were carried out on samples implanted at different implant energies ranging
from 40 keV to 160 keV. Prestik was used to hold the polycrystalline samples on
the X-Y stage in order to keep them in position during the ’Jacking’” movements of
the stage.

The output from the detector was analyzed by an interfaced PC using spectro-
max software supplied by Jobin-Yvon in graphical form. The software was also used
to control all functions of the spectrometer which include moving the monochroma-
tor, changing the modes and intermediate slits between the gratings among others.
The data obtained from the software was stored as text file data and the Origin8

Pro program used to export the data for further analysis.

4.3.4 TEM Sample and sample Preparation

The most important consideration in the TEM studies of material is the ability
of the materials to be electron transparent. This implies that the material should
have a thickness ranging between 10 nm and 100 nm. There are several methods
of preparing samples for TEM analysis. They include the Focused Ion Beam (FIB)
technique, mechanical polishing and ion milling, jet electropolishing and powder
suspension among others, depending on the type of the material to be analyzed.

In our current work we mainly used FIB techniques in preparing our sample.



Chapter 5

Results and Discussions

This chapter describes the results obtained from all the experimental work in the
preceding chapter.

Raman spectroscopy was the major characterization technique used in this
work. Various analyses will be discussed herein including results for the unim-
planted h-BN samples and for samples implanted with the individual ions (boron,
lithium, helium, nitrogen and argon) with variation of the ion fluences, energies,
laser parameters and the effect of annealing for the different ions.

The next section will be on the analyses and discussions for Fourier Transform
Infrared spectroscopy (FTIR) characterization followed by Glancing incidence X-
ray Diffraction (GIXRD) and finally Conventional and High resolution Transmis-
sion Electron Microscopy (TEM). Other minor subsections including the Energy
Dispersive X-ray Diffraction Spectroscopy (EDS), Scanning Transmission Electron
Microscopy (STEM) and Scanning Electron Microscopy (SEM), will also be dis-
cussed briefly in this chapter.

Conclusions and recommendations from these results are recorded in the sub-

sequent chapter.
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5.1 Raman Spectroscopy Results
Micro-Raman spectroscopy is a useful method of characterization that can be used
to gain information from the crystal’s surface and sub-surface. It is sensitive enough
to detect vibrations and changes in stoichiometry of a given material.

Raman results are presented as a plot of the Raman intensity (with units of
counts per second) as a function of the frequency shift/wavenumber from the inci-
dent radiation, which is the Raman shift (with units of cm™). Most of the data
presented in this section are for smoothed data. Because of background fluores-
cence, the spectra may have a noisy /irregular signal and therefore some important
signals may not be well interpreted. As such an ”adjacent averaging” method in

Origin Program was used to get a cleaned /smoothed signal.

5.2 c¢-BN powder

Due to the difference between the bonding nature of ¢-BN and h-BN, it is expected
that they will have different Raman vibrational modes. In contrast to h-BN, the
space group Fy3m of ¢c-BN allows only T vibrational modes to be active in Raman.
The Raman signal for bulk ¢-BN therefore normally exhibits two vibrational modes
i.e. the Longitudinal Optical mode (LO) which occurs at 1305 cm™' and the
Transverse Optical mode (TO) which occurs at 1056 cm™ for pure samples. The
bonding in ¢-BN; i.e. being covalent and slightly ionic and its functional sp® groups,
are responsible for the presence of these two modes [2].

The existence of these modes in terms of the frequency position, linewidth and
intensity are highly dependent on the crystal orientation, the crystal size and the
the defect density within the ¢-BN samples. Based on the selection rules and the

Spatial Correlation Model [183] (discussed in chapter 6), bulk ¢-BN with micron
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Figure 5.1: Raman measurements for the c-BN powder.

sized crystals will exhibit both modes. As the crystal size decreases, the Raman
intensity of the TO mode decreases and eventually vanishes when the ¢-BN under
investigation is of nano-size crystals, leaving an unstructured LO peak visible. The
nature of the LO peak also depends on factors mentioned above. A broad and
asymmetrical peak with a shift to low wavenumber indicates that the c-BN is of
nanosized crystal nature [184].

Figure 5.1 shows the Raman signal for a ¢-BN powder sample that was pro-
vided by Element Six. It exhibits two vibrational modes: the longitudinal optical
(LO) phonon mode which is observed at 1304 cm™! and the transverse optical
(TO) phonon modes observed at 1056 cm™!, with similar results also reported
by Hidetochi et al [185]. The LO and TO mode peaks have linewidth of 28 and
33 cm™! respectively. Together with these two peaks, there occurs a broad un-
structured feature at 1296 cm™!, with a linewidth of 80 cm™'. According to the
selection rule for ¢-BN crystal symmetry, we attribute this peak to the LO mode

for the nanocrystalline ¢c-BN present in the sample.
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Figure 5.2: A SEM micrograph for c-BN powder showing the larger micron sized
crystals.

From this Raman analysis, it is evident that the ¢-BN sample contained both
micron and nano sized crystals. To establish this, Scanning Electron Microscopy
(SEM) measurements were carried out on this sample. Figure 5.2 represent the
SEM micrograph for the c-BN sample. The image shows that the sample contains
crystals with approximate sizes of between 1 ym and 1.5 pm. Figure 5.3 is the
SEM micrograph for the ¢-BN sample showing crystal sizes of between 80 - 100
nm. To obtain these smaller crystals from the micron sized ones, the sample was
mixed with methanol as a solvent, the sonicated for 20 minutes and filtered with a
filter paper. The filtered mixture was then separated using a centrifuge located in
the School of Chemistry, University of the Witwatersrand.

The Raman spectroscopy of the other BN phases has not been studied at length.
In summary w-BN and r-BN have Raman bands at 1000 cm™* and 790 cm™!
respectively [14]. Amorphous BN has a Raman band near the 2-BN mode and it
appears as a broad and continuous peak of h-BN. The Raman spectroscopy study
for the different BN phases will be used to give a comparison for h-BN spectra

after implantation.
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Figure 5.3: A SEM micrograph for c-BN powder showing the smaller crystallites
after centrifugation.

5.3 Unimplanted h-BN Samples

Introduction

Raman spectroscopy was carried out on pristine/virgin polycrystalline and single
crystal h-BN samples with measurements collected in a backscattering geometry.
The spectrometer was calibrated using silicon wafer (100) as a standard sample to
check for linearity and repeatability of the intensity. These were used as control
samples which were to be compared to all the samples analyzed after implantation.

Generally, the normal optical vibration phonon modes of h-BN with space group

P65 /mmec is expected to be at the Brillouin zone centre given as;

[ = 2B, + Aoy + Ep + 2E», (5.3.1)

The term 2B, in equation 5.3.1 represents the phonon mode that is optically
inactive, and it is therefore absent in any optical vibrational spectrum. The terms
A,, and E,;, represent the phonon vibrational modes that are active in infrared,

corresponding to the out-of-plane B-N-B stretching and in-plane B-N bending of
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boron nitride respectively, therefore they will also not be expected in the visible

Raman spectrum [103]. The last term of the equation (E,,) represents the Raman
active mode which normally exhibits two vibrational centres. These symmetry
centres are as a result of in-plane and out-of-plane atomic displacement of the
boron and nitrogen atoms [186].

The first normal mode frequency of the vibrational centre appears at around
1366.1 cm™!. It represents the high frequency vibrational Raman mode, and it
is the characteristic B-N bond stretching vibrations within the basal planes. The
second centre appears at around 51.8 cm™!. It represents the low frequency mode,
also known as the “rigid-layer shear mode”, and is characterized by the layer shear-
ing vibration between the basal layers [187]. We therefore expect Raman peaks to

occur at 1366 cm ™! and 52 em ™! in the spectrum of the unimplanted h-BN sample.
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Figure 5.4: Raman spectroscopy measurements for the unimplanted polycrystalline
h-BN sheets. Inset is the spectrum for polycrystalline h-BN rod sample.
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Prior to implantation, scans from Raman spectroscopy were performed on poly-

crystalline and single crystal h-BN samples. These were used for subsequent com-
parison with, and as a reference to the spectra obtained for the samples after im-
plantation throughout this work. Figure 5.4 shows the point-to-point Raman map-
ping of the virgin polycrystalline 2~-BN sheet sample analyzed using a Lorentzian
peak fit. The inset is the spectrum for the polycrystalline rod sample. The Raman
measurements were carried out at room temperature, using the green 514 nm line
of argon ion laser. The laser beam was located to map 25 different points on 500
x 500 pm area matrix on the surface of the sample. The laser power used was 20
mW with a 1 gm laser spot size.

Approximately 1 um penetration depth below the sample surface was sampled
using the 514 nm Ar line (2.14 eV). The laser penetration depth p is given as the

inverse of the absorption coefficient (a), i.e. p= a~'.

This is the average depth
that a photon travels through a material before being absorbed. The absorption

coefficient « is given as

_ank
D\

«

(5.3.2)

Where A is the wavelength of the photon and £ the extinction coefficient ~

0.041 for h-BN [122].

Discussion

The sheet sample spectrum shows a Lorentzian peak at 1366 cm ™! which exhibits an
intensity of 22,500 counts per second and a linewidth/full width at half maximum
(FWHM) of 8.4 cm™*. The FWHM is the measure of crystallinity and stress of a
material, with narrow FWHM values indicating the material is of high crystallinity

and low stress. Based on the normal mode for BN, this feature represents the sp?
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hybridized planar bonding to which has been attributed the high frequency mode

for h-BN with low internal stresses.

The low frequency Es, shear mode for 2-BN which normally occurs at 51.8 cm™*
was not observed in this spectrum due to the Raman Shift cut off for wavenumbers
less than 400 cm™! by the notch filter used in the Raman Spectroscope. The
polycrystalline rod samples also showed closely similar results, with the peak’s
position at 1366.1 cm™, FWHM of 8.5 cm™! and an intensity of 19,500 counts/s.
No other modes were observed in both spectra.

Since the unimplanted Raman spectra only showed the Lorentzian features at
1366 cm™, it implies that the two polycrystalline starting samples were h-BN with
no impurities and compared to microcrystals with high crystal quality. The main
focus will be on any changes that occur to the h-BN spectra after implantation
and their variation with different implantation parameters such as the incident
ions, ion fluences and the incident ion energies. The behavior of the h-BN peaks’
characteristics including the peak positions, the peak’s intensities and the full width

at half maximum (FWHM) will be of major interest.

5.4 Boron Ion Implantation

The p-Raman spectra in this section were obtained for different A-BN samples im-
planted with boron ions. Different parameters were varied including the ion fluence,
the implanting energy, and the annealing effect. The Raman laser parameters such

as the wavelength and the objective lens magnification were also varied.
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5.4.1 Polycrystalline h-BN Sheets

Varying the fluence

The polycrystalline h-BN sheet samples were implanted at an energy of 150 keV
and with fluences ranging from 1x10' ions/cm? to 5x10'® ions/cm?. All the

implantations were carried out at room temperature.

Samples before and after implantation

Figure 5.5: A photograph for h-BN polycrystalline samples (a) before and (b) after
implantation as shown for the rod sample.

Figure 5.5 is a photographic representation of the difference between the unim-
planted and implanted samples. One of the most obvious changes observed on
the implanted h-BN samples’s surface is the colour change from white to amber-
brown colour. The hue of the implanted samples were dependent on the different
implantation parameters. For instance, with respect to the fluence, samples im-
planted with higher fluence were observed to be darker as compared to the samples
implanted with lower fluences.

It was also dependent on the implantation energy where higher energy im-

planted samples were darker as compared to those implanted at low energies for
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the same fluence. The higher mass implanted samples also indicated a darker

hue as compared to those implanted with lower mass ions for similar energies and
fluences. No other colour changes were observed on the samples after varying the
implantation temperature or after annealing. This indicated that the colour change
was only isolated to the implantation and the resulting radiation damage. The im-
plantation depth is quite shallow as compared to the penetration depth of Raman

laser light as such the colour does not interfere with the Raman signal.
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Figure 5.6: Raman measurements for h-BN sheet samples implanted at
I1x 10"ions/cm? and an energy of 150 keV (unsmoothed data).

Figure 5.6 represents the Raman spectrum for the sample that was implanted
with boron ions at the energy of 150 keV with the fluence of 1x 10 ions/cm?. This
was the lowest fluence used for all the boron implants. The measurements were
taken on three different areas with an average of twenty five points (25), over a
0.5x0.5 mm square area, scanned on the sample’s surface. Each scan was carried

out over a period of 20 minutes, implying that for each single point, measurements
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Figure 5.7: Raman measurements for h-BN sheet samples implanted at 1x10

Yions/cm? centred around the region of interest.

were carried out for 48 seconds to increase the count statistics. Figure 5.7 is the
spectrum centred at the region of interest, to view clearly the additional features
of the spectrum after implantation.

The data in figure 5.6 and 5.7 was fitted using Lorentzian and Gaussian peak
functions to determine the integrated peak intensity of each peak. From this fitting,
the h-BN peak which was present in the unimplanted sample was predominantly
retained and was observed at the frequency of 1366.5 cm~t. The peak had a wider
FWHM of 9 ecm™! as compared to the unimplanted A-BN sample’s spectrum in
figure 5.4. The peak’s intensity (intensity is in arbitrary units) was also observed
to decrease from 22,500 counts to 20,000 counts.

Since Raman laser light can focus down to lpym on the sample surface, the
presence of the Lorentzian peak at 1366.5 cm~! is an indication that the bulk of

the material was still predominantly h-BN. The defects that were created after
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implantation were localized on the subsurface, less than 1 ym below the surface.

For most of the implants, the range of the Raman scattering volume was much
larger than the implanted range, and it is therefore not possible to correlate the
intensity of the h-BN peak relative to the implanted volume and broadening. For
higher fluences the impact on the principal h-BN peak after implantation was more
observable.

In addition to the Lorentzian peak at 1366.5 cm™!, there are two new broad
peaks appearing in the spectrum, which were not present in the unimplanted spec-
trum. The first peak is centred at 1299 cm ™! with a relatively low intensity of 1032
counts, as compared to the h-BN peak and a linewidth of 77 ecm~!. The second

peak has a much lower intensity and is centred at 997 cm™! as seen from figure 5.7.
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Figure 5.8: Raman measurements for h-BN sheet samples implanted at 1x 10 **
ions/cm? measured at different points across a 0.5x0. 5 mm area.

Figure 5.8 shows the Raman spectra for the sample measured at six random
points across the h-BN implanted surface over an area of 0.5x0.5 mm. The spectra

have been offset in order to show a clear distinction for the different spectra. The



97
spectra shows the presence of the new peaks for all the points investigated.
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Figure 5.9: Raman measurements for h-BN sheet samples implanted with boron at
5x 10" jons/cm?.(Unsmoothed data)

Figure 5.9, 5.10 and 5.11 represent the spectrum for samples implanted with
boron at 5x 10 ions/cm?, with figure 5.9 being the spectrum centred around the
region of interest. These measurements were also carried out on twenty five different
points over a 0.5 mmx 0.5 mm square area with similar time intervals as for the
previous measurements. Figure 5.11 represents the spectra for measurements taken
from eleven random points chosen from the 0.25 mm? area.

From these spectra, the h-BN peak was still predominant, but its intensity was

further reduced to 18,700 counts. Its position is at a wavenumber of 1366.6 cm~!

1 1

as compared to the principal A-BN peak at 1366.0 cm™ ", a linewidth of 10 cm™".
There are new features also appearing in the spectrum. At the region of interest as
shown in figure 5.10, the broad features were more apparent with the first feature

located at 1025 cm™!, and the second at 1303 cm™!. The intensities of these peaks

are higher as compared to the intensities of spectrum in figures 5.6 and 5.7, for the
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Figure 5.10: Raman measurements for h-BN sheet samples implanted with boron
at 5x 10" ions/cm? centred around the region of interest.

lower fluence of 1x10' ions/cm?.

It is also observed that the Gaussian feature at 1303 cm™! has a lower frequency
shift (1 cm™') as compared to one for low fluence in figure 5.7 which had a 5 cm™!
frequency shift with reference to the position of the ¢-BN nanopowder LO peak at
1296 cm ™! in figure 5.1, with a further reduced FWHM of 56 cm™!. The intensity of
this feature is increased by 800 counts as compared to the intensity of the samples
implanted by 1x10 ions/cm?.

The spectrum for samples implanted with higher fluences is given in figure
5.12. The h-BN Lorentzian peak drastically reduced with increasing ion fluence
as observed in the spectra, with intensity decreasing with larger margins at the
highest fluence. The broad Gaussian LO ¢-BN peaks are observed at 1300 cm™!,
1292 ecm™!, 1287 ecm™! and 1276 cm™! for the respective fluences. These peaks

also reduced in intensity with increasing fluence and at higher fluences starting at

1x10' ions/cm? and the peak had the lowest intensity at 5x10' ions/cm? of all
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Figure 5.11: Raman measurements at eleven different points across implanted area
for h-BN sheet sample implanted at 150 keV and fluence of 5x 10" ions/cm?.

the implanted samples.
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Figure 5.12: Raman measurements for h-BN sheet samples implanted higher boron
fluences (a) at 1x 10" ions/cm?(b) at 5x 10" ions/cm?, (c)1x 10" ions/cm?, (d)
5x 10'° jons/cm?, all at an energy of 150 keV.
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Discussion

After implantation the principal A-BN high frequency vibration symmetry mode
peaks are predominantly observed in the spectra. SRIM simulations in figure 2.9
show that for boron implantation at 150 keV the range of implantation is 0.4 pm.
The Raman signal can probe the sample up to a penetration depth of 1 um, which
means that it is able to penetrate beyond the end of range of implantation for boron
implantation. A significant portion of the Raman scattering therefore emerges from
the unimplanted region beyond the end of range of the implantation and damage

profile where the bulk of the sample is purely h-BN.
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Figure 5.13: Raman spectra for principal h-BN peak for (a) unimplanted sample,
(b) implanted with 1x 10" jons/cm? (c) at 5x 10" dons/cm? (d) 1x 10" ions/cm?
(e) at 5x 10 ¥ions/cm?, (f)1x 10" jons/cm?, (g) 5x 10'° ions/cm?, all at an energy
of 150 keV.

Figure 5.13 shows the variation of the Raman spectra for ~-BN high vibrational

Raman mode with the implantation fluence. The peaks’ intensities decreases with
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increasing fluence. Its linewidth also increases slightly with the implantation flu-

ence. There is also a slight upshift in the frequency of the peak with increasing
fluence from 1366.1 cm ™! in the unimplanted to 1366.3 cm™!, 1366.5 cm™!, 1366.7
cm ™1, 1367.0 cm ™!, and 1367.2 cm™! for the respective fluences. In an ideal crystal
the Raman frequency will be measured at its theoretical position which is seen in the
unimplanted spectrum. With implantation, the crystal is subjected to stress gener-
ated due radiation damage created by implanted ions and its general introduction
into the sample’s matrix, as such the phonons within the lattice are subsequently
affected causing the phonon frequency to shift. Erasmus et al [188] in their study
have shown that a high wavenumber shift indicates that the crystal has undergone
a compressive stress. We have observed a shift to higher wavenumbers which we
attributed to residual compressional stress caused within the crystal lattice. The
residual stress was attributed to the effect of induced defect density in the sample
due to ion bombardment which distorted the pre-existing lattice. This effect has
been shown theoretically to induce phase transformations of A-BN to other BN
phases [13].

The new peaks appearing in the implanted samples for wavenumbers between
1289 cm~! and 1303 cm™! correspond to the LO phonon mode for nanocrystalline
¢-BN (nc-BN) that occurs at 1296 cm™! (figure 5.1) therefore we attribute the
peaks to the presence of ¢-BN structure in the implanted sample.

Theory and experiments have shown that the presence of defects introduced
into h-BN matrix may lead to a symmetry change to the cubic form [13, 189]. The
changes that occur in h-BN to the creation of the ¢-BN symmetry in this work
are proposed to occur due to the accumulation of point defects introduced during

ion implantation. As the energetic ions are introduced into the A-BN matrix, they
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enter the lattice sites of the material colliding with the atoms and displacing them

from their equilibrium position creating either a vacancy or by temporarily settling
in the interstitial site within the interplanar space of the material hence causing a
large defect concentration. The concentration of defects and the distortion of the
lattice sites create high stress/strain level in A-BN. These midplane defects and the
subsequent volumetric stress they cause are known to induce a significant amount
of buckling and breaking of the weak van der Waal bonds within the h-BN planes.
The progressive buckling of the weak van Der Waal bonds and stretching the bond
of the basal B3N3 honeycomb hexagon increases the bond length and as a result

the local density of the material increases.
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Figure 5.14: Schematic representation of the processes that take place during ion
implantation of h-BN

As the interplanar bonds break, there occur changes in the electron density in

the interatomic and interlayer spaces. The electron density between the boron atom
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and the nitrogen atom in adjacent layers increases, decreasing local interlayer spac-

ing and lowering the formation energy. The B3N3 honeycomb buckles into a cubic
chair configuration that favours a nonplanar steric covalent bond reconstruction of
the atoms in the adjacent planes. The bonding network is now tetrahedral and
3-dimensional with an sp® hybridization which results into a change in symmetry
of the material to the high density ¢-BN whose phonon vibrations are detected by
Raman as shown in spectra after implantation. Similar cases have also been seen
in the transformation of graphite to diamond [190]. A schematic representation of
the processes that occur during ion implantation of A-BN is shown in figure 5.14.

The nature and extent of the LO-c-BN feature seen after implantation is how-
ever different from the microcrystallite ¢c-BN, in that, the features are observed to
have a characteristic asymmetric line broadening, a shift to lower wavenumber and
a low intensity. Similar characteristics have been observed in semiconductors and
in diamond with nanocrystal size [191, 192]. A careful observation of the spectrum
does not show any feature at or near the TO phonon mode mode for ¢-BN. Similar
occurrence have been observed by [184, 193] for nanocrystalline ¢-BN where no TO
mode for was observed. We therefore attribute the nature of the ¢-BN symmetry
formed to be nanostructural.

Parayanthal and Pollak developed a Spatial Correlation Model (SCM) to ex-
plain these changes in the Raman spectra [183]. This model is based on the varia-
tion of the shape, size and position of Raman peak with changing crystal size. In
an ideal infinite crystal, phonons near the center of the Brillouin zone (¢=0) give
rise to the Raman spectrum because of the conservation of momentum between the
phonons and the incident scattered light. The Raman peaks here have a symmetric

Gaussian distribution with a fairly narrow FWHM and high intensities. When the
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crystal size of the material reduces to nano-scale, there occurs an uncertainty in

the phonon momentum allowing phonons with ¢#0 to contribute to the Raman
spectrum. The resulting Raman features have an asymmetric broadening of the
linewidth, a shift in the frequency and a reduced intensity. The SCM is discussed
in detail in Chapter 6.

We therefore conclude that boron ion implantation induces a structural change
of h-BN to nano-regions associated to the ¢c-BN symmetry, with the changes orig-
inating from the presence of defects introduced as interplane interstitial and the
associated stress.

Generally observed in all the spectra are the high intensities of h-BN peaks as
compared with the ¢-BN peaks. It is well known that ¢-BN has an indirect band
gap with values between 6-6.5 eV. The resonant frequency for materials with wide
indirect band gaps generally have a low light absorption property because of the
additional phonons necessary for the optical transition in the scattering process,
as such it will experience a low Raman scattering cross-section and hence a low
intensity. Normally the Raman Gaussian signal for ¢-BN is almost 1000 times
less than of A-BN which has a direct band of E;=5.8 eV hence it is more visible
(194, 122, 195] in case of a mixed phased sample.

Another factor that may explain the low intensity of the signal is the fact that
we expect most of the Raman signal to originate from A-BN since Raman probes
the sample up to a depth of 1 um. It is expected that all the changes occurring in
the h-BN material are localized within the implanted region, which constitutes a
very small thickness with respect to the volume probed by the laser. Only a small
sub-surface layer of the material approximately 0.4 pm for boron (0.7 pm for He

and Li) interacts with the ions (from SRIM calculations the implantation density
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is within a small volume).

Together with the ¢c-BN symmetry phonon modes, new peaks are observed in
the lower wavenumbers as outlined above. According to the theoretical calculations
for w-BN [196], its phonon vibration normally occurs at wavenumbers between 930
and 1015 cm~! which represents the the E, mode for the Raman signal, but no
symmetry assignment has been made due to the random orientation of w-BN crys-
tallite reported in [73, 197]. The w-BN phase has been observed as an intermediate
phase that forms during the transformation of ~-BN to ¢-BN. Comparing these to
the modes observed in the present work, they coincide well with frequency shifts
seen in the implanted spectra. It could therefore be suggested that the additional
features occurring in figures 5.7 and 5.10 at 997 ecm™! and 1025 cm™! respectively
might be attributed to a possible wurtzite symmetry of boron nitride (w-BN).
Analysis carried out with other techniques in Sections 5.8 and 5.9 however did not
show any suggestion of a wurtzite BN symmetry.

These peaks (at 997 cm™! and 1025 cm™!) are only observed in samples that
are implanted with boron ions and therefore only isolated to B implantation (as
will be seen in the subsequent subsections for implantation with other ions i.e. He
and Li), as such more investigations were carried out to determine another possible
origin for these peaks. Boron has a tendency of forming clusters when in excess in
some materials [198]. A detailed Raman study on boron-rich crystals shows that
there are Raman phonon modes that occur at similar wavenumbers or frequency
shifts as observed in the implanted samples. These have been observed to overlap
the Raman doublet associated with total symmetrical vibration commonly found in
the spectra for boron and boron rich solids [197, 199]. It is therefore possible that

these peaks are as a result of boron clusters in the crystal, although the fluences
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used in these implantations are small compared to the atomic density of A-BN.

It should be noted that these peaks are almost 200 cm ™! away from the LO ¢-BN
peaks therefore we cannot attribute them to the Raman mode for ¢-BN structures
at 1300 cm~!. We do not associate these peaks to the TO mode either. The TO
c-BN mode is only observed in bulk ¢-BN with particle size of over 200 nm and
according to calculations, simulations and TEM analysis, it is highly unlikely that
these Raman vibrations are from bulk/microcrystal ¢-BN. As discussed earlier, the
TO and LO modes for nc-BN merge into a single broad asymmetrical peak at, or
very close to the LO mode when the particle size is reduced to nanoscale.

There was also a small peak visible in some spectra at about 1175 cm ™!, which

is due to the calibration mercury Raman line.

Table 5.1: A summary of the nc-BN peak characteristics for h-BN sheet samples
implanted with boron ions at 150 keV.

Fluence Peak position FWHM Is1f Additional
(ions/cm?)  (cm™1) (em™!)  peaks (cm™1)

1.0x10% 1299 7 0.045 997
5.0x10 1303 35 0.062 1000
1.0x10%° 1301 68 0.032 1025
5.0x10%° 1292 91 0.020 1256
1.0x101'6 1287 106 0.012 -

All the peaks obtained were analyzed as a Lorentzian fit for the principal h-BN
peak and as Gaussian fit for the peak occurring after implantation for the different
fluences. From this, table 5.1 was constructed to give a summary that compares
peak details for Raman scattering measurements for the polycrystalline sheet h-BN
samples. The table also shows the additional peaks occurring in the spectra.

To give a clear comparison for the effect of varying the ion fluence with the Ra-

man peak intensities of the nc-BN LO mode peak, a graph of the Raman intensity
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Figure 5.15: Relationship between the Raman peak intensity for the Gaussian fit
and the ion fluence for samples implanted with boron tons at 150 keV for the nc-BN
peak .

as a function of fluence was plotted as shown in figure 5.15. For each spectrum,
data points for the peak intensities were obtained from the position of the highest
intensity after fitting the data using a Gaussian fit.

From figure 5.15, there is a clear dependence of the intensity with the ion fluence,
and hence the nc-BN formation is dependent on the fluence. It is observed that the
peak intensity increases with an increasing ion fluence up to 5x 10 ions/cm?, then
it reduces with a further increase in the fluence. Comparing the intensities for the
lower fluences with the higher ones, the lowest fluence gives a higher intensity than
the highest fluence used (5x10'% ions/cm?) which exhibits the lowest intensity of
all.

The plausible explanation for this behaviour is, at low fluence, there is sufficient
accumulation of defect induced stress to cause buckling up of the hexagonal plane

and subsequent bond reconstruction initiates sp® structural formation of the cubic
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nanostructure. With increasing fluence, more defects are introduced into the mate-

rial, leading to an increase in the bond breaking and subsequent reconstruction to
the cubic symmetry until an optimum is obtained. Above this optimum value, the
higher fluence leads to more radiation damage, increasing the compressive stress
in the material. At this point excess stress levels in the film reduced the nc-BN
Raman signal or the high damage density exceeded the c-BN formation threshold
and as such no signal was observed.

From this study the optimum fluence for all boron implants in the h-BN was
obtained as 5x 10 ions/cm?. The linewidth also decreases with increasing fluence,
reaching its narrowest value at 5x10'* ions/cm?, above which it begins to increase.
This implies that the extent to which this new mode occurs is fluence dependent.
Generally observed is the broadening of the linewidth and a peak intensity reduction

for the h-BN peak with increasing fluence.

Energy Dependence of the LO c-BN Peak for B implants

The energy dependence on the frequency, intensity and the linewidth for implanted
h-BN sheet samples were studied herein in order to determine how varying the
energy affects the formation of the sp® symmetry with all the other parameters held
constant. The samples were implanted with boron ions at the optimum fluence of
5x10 ' ions/cm?. The implant energy was varied from 40 keV to 150 keV. This
was carried out to determine how the implant energy affects the nature and extent
of the new peak formed.

Before the actual experiment, SRIM simulations were carried out to establish
the damage density and the penetration depth of the ions at various energies. Fig-
ure 5.16 represents the SRIM simulations for h-BN samples implanted with boron

ions from 1 keV to 150 keV. Figure 5.16 shows an increase in the projected range
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Figure 5.16: SRIM simulations showing the relationship between the projected range
and the ion energy for h-BN sheets implanted with boron ions from 1 keV to 150
keV.

for the ions with increasing energies. At 40, 80, 120 and 150 keV, the penetra-
tion depths were approximately 0.1pym, 0.2pum, 0.3um and 0.4 pum respectively.
The slope remains rather constant and so the range of implantation increases al-
most linearly with increasing energy. The the integral damage concentration also
increases with an increase in energy within our experimental energy range.

Figure 5.17 shows the Raman spectra for the samples implanted with the dif-
ferent energies with the spectra centrered around the region of interest. Broad
peaks were observed exclusively on the implanted samples, which are absent in
the unimplanted samples. The peaks have the characteristic asymmetric broad-
ening characteristic of nc-BN. There is also a downshift in the frequency at with

increasing energies.
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Figure 5.17: Raman spectra for h-BN sheets samples implanted with boron ions at
various energies at a constant fluence of 5x 10** ions/cm?.

Discussion

Figure 5.18 shows a summary of the relationship of the implant energy with re-
spect to the normalized (with respect to the intensity of the h-BN principal peak
Iorentzian) LO ne-BN Gaussian peak intensity and the linewidth. The normalized
intensity and the linewidth are observed to increase with increasing energy.
Simulations with SRIM shows that with increasing energy, the implanted layer
is buried deeper below the crystal surface as seen in figure 5.16. The integrated
damage density increases with increasing energy seen in Chapter 2 and as a result
the induced stress also increases with increasing energy and will be dependent on
how far the implanted layer is below the surface. The peak broadening and increase

in the normalized intensity therefore is stress related. At low energy there is a low
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Figure 5.18: Relationship of the normalized (with respect to the intensity of the
unimplanted sample) c-BN peak intensity and linewidth as functions of energy for
samples implanted with boron ions at 5% 10 ** ions/cm?

defect concentration and hence insufficient stress build up that is able to initiate
the nc-BN symmetry formation, which agrees well with the SRIM calculations.
As the energy increases the critical stress build-up is achieved and as such,
the LO Raman active modes are able to be detected until the highest percentage
nc-BN amount is achieved. If this is the case then the observed broadening of
the vibrational band is possibly from the nc-BN crystallites created in the elec-
tronic stopping region when the ions have a high energy. When the ions energy
decreases, the nuclear stopping becomes dominant and the Raman modes for nc-
BN observed may have been formed as a result of nuclear stopping, suggesting that

both processes are responsible for ne-BN formation also observed by [200, 201].

Incident Laser Energy Dependance

Due to the nature of ¢-BN, i.e. the wide band gap, it has been seen that its Raman

scattering efficiency is quite low as compared to that of h-BN. As such, different
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Raman laser lines were used to determine the relationship between the Raman laser

energy and the corresponding nc-BN LO peak intensity, linewidth and frequency
shift.

To accomplish this, the samples that were implanted with boron ions at 150
keV and the optimum fluence of 5x 10 ions/cm? were analyzed by three different
Raman lines i.e. the green 514 nm Ar™, the blue 488 nm Ar* and the ultra violet
(UV) 244 nm Raman lines to determine which of the three laser lines was the most

effective in detecting and analyzing the nc-BN structure in the implanted sample.

Visible Raman

Figure 5.19 represents the Raman spectrum for the nc-BN LO peak analyzed by
the 514 nm, 488 nm and the 700 nm lines. All the scans were taken at the same

sample at the same point.
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Figure 5.19: Dependance of the LO c¢-BN Raman peak with the Raman laser energy
(centred in the region of interest) for h-BN sheets at 150 keV and a fluence of 5x10
4 jons/cm?.

Comparing the two spectra, the blue Ar™ 488 nm line shows a stronger nc-BN
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LO peak signal for the Raman intensity as compared to the green 514 Ar™ nm line

with a sufficient signal-to-noise ratio for measurements carried out on the same
sample under similar conditions. A close comparison shows that the 514 nm line is
up to 700 units lower than the 488 nm line. Because of the high intensity, the 488
nm line it is suggested that it better at distinguishing nc-BN phonons as compared

to the 514 nm line. No nc-BN LO mode was detected with the 700 nm line.

UV-Raman

Ultra-violet Raman spectroscopy with wavelength of 244 nm was also used in the
analysis of the sample before and after implantation. It was used in order to
determine the effect of increasing laser energy in the analysis of the h-BN and c-
BN nanostructures already observed with the laser of longer wavelengths i .e. the
488 nm and 514 nm laser lines. Figure 5.20 represents the Raman spectrum for
samples analyzed by UV Raman. Figure 5.20 (a) is the spectrum for unimplanted
sample and 5.20 (b) spectrum for the sample implanted with boron ions at 150 keV

and fluence of 5x10'* ions/cm?.
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Figure 5.20: Raman spectra for h-BN sheet samples analyzed by the UV Raman (a)
is the unimplanted spectrum (b) spectrum for sample implanted with boron ions at
150 keV and a fluence of 5x 10 * ions/cm?.

It is observed that the unimplanted spectrum is similar in linewidth (8.4 cm™!)
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and position (1366 cm™1) as compared to the other spectra analyzed with the 488

nm and the 514 nm, but with decreased intensity up to about 2000 counts. After
implantation, the A-BN 1366 cm~! vibrational mode is still dominant with the nec-
BN LO phonon peak observed previously with visible Raman present, but almost
invisible with UV. When zoomed into, the nc-BN peak becomes visible but has a
low intensity as seen in the inset of figure 5.20 (b).

The penetration depth of the 488 nm and 514 nm Raman lines is about 1 um
below the surface of h-BN sample as seen from calculations using the absorption
coefficient in equation 5.3.2 and also reported by Reich et al [122], as a result
analyses with these lines sampled the entire implanted region. The absorption
coefficient of A-BN in UV is large therefore it will penetrate less (=0.3 pum) into the
material, sampling a small volume of the implanted region before being absorbed.
As a result a weaker nc-BN signal as observed in UV compared to the two visible
Raman lines.

From these observations it is concluded that the Raman spectral lines in the
visible light range gave better analyses for ¢-BN nanostructure as compared to
the UV Raman, with the 488 nm line being more effective in detecting the nc-BN
particles as compared to the 514 nm line. The 488 Ar™ line is well known for the
detection of nanosize particles, which has also been observed by Werninghaus et
al [202]. The UV Raman was ineffective due to its large absorption coefficient in

h-BN which makes it to get absorbed.

Laser Power Density Dependence

Figure 5.21 represents the Raman spectra for samples implanted with boron at 150
keV, analyzed with objective lenses of different magnifications to determine the

effect of varying the incident laser beam power density. The measurements were
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Figure 5.21: Dependance of the LO c-BN peak with the objective lens for B im-
planted at 150 keV and fluence of 5x 10 ** ions/cm?.

carried out with 20x objective, 50x objective and 100x objective. The spectrum for
100x objective gave the highest peak intensity followed by the 50x and finally the
20x objective. Generally the higher the magnification the higher the laser power
density, as such, the 100x objective concentrated the laser beam to the sample more
within a small area, hence increasing the phonon interaction of the material with
the laser beam compared to the other two objectives. The lowest magnification
gave the weakest phonon signal

This dependence show that high objective/magnification a gave stronger sig-
nal. Normally a beam with high power density affects the sample by raising the
temperature which in some cases may burn the sample. Besides, the exposure time
for the laser beam on the sample was minimized as much as possible to avoid any
heating up effect. As such this objective was not used for the measurements in this

work. The 50x objective was used throughout.
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Annealing Effect

Annealing is a thermal process where a material is exposed to heat or heated to
a given temperature in order to change its properties. Annealing is commonly
carried out to repair any radiation damage caused after ion irradiation processes.
Annealing was carried out on h-BN samples in order to determine whether the
changes being carried out by implantation were permanent.

The samples were annealed to different temperatures ranging from 80 to 400 °C.
The first set of samples were annealed under argon in the Linkam high temperature
cell (TS 1500) microscope furnace located in the Raman Spectroscopy unit.

The annealing was done carefully to remove any moisture that may have been
absorbed by the sample. The first measurement was carried out at room temper-
ature (at 23 °C). The temperature was then raised to 80 °C and the samples kept
at this temperature for 5 minutes and Raman measurements carried out on them.
The temperature was again raised to 100 °C and the sample kept in this temper-
ature for five minutes and analyzed with Raman. Using the same procedure the
temperature was raised to 200 °C, 300 °C and 400 °C with the sample maintained
at each temperature for 5 minutes, then analyzed with Raman.

The second set of measurements were carried out with the same procedure but
the samples annealed for 10 minutes. Finally, the third set of measurements were
recorded for each temperature after annealing the sample for 20 minutes.

The nc-BN LO mode peaks are present before and after annealing with imply-
ing that the damage caused on the material are permanent. To study the annealing
effect, the relationship of the Raman linewidth and intensity with annealing tem-
perature was analyzed. The Raman linewidth is usually the measure of phonon

lifetime. The variation of the phonon linewidth with temperature was expressed
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by [203] given as,

2
where v is temperature independent part of the linewidth and z is given by,

o hw
© 2kpT

(5.4.2)

with hw is the phonon energy, I', the linewidth for the Raman peak and kg is the

Boltzmann constant.
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Figure 5.22: Temperature dependence of the linewidth of the LO c-BN peak for
h-BN sheet samples implanted with boron at 150 keV and 5x 10" ions/cm?. The
sample was annealed for 5 minutes. The slope of the graph was -0.06 cm™ /°C.

Figure 5.22 and 5.23 represent temperature dependence of the linewidth of the
LO c¢-B peaks as a function of temperature for polycrystalline h-BN sheet samples
that were implanted with boron at 150 keV and at the optimum fluence of 5x 10
ions/cm? and annealed for 5 minutes and 20 minutes respectively.

From both figures, it is clear that the linewidth decreases with increasing an-

nealing temperature. High temperature annealing leads to a decrease in defects in
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Figure 5.23: Temperature dependence of the linewidth of the LO c-BN peak for
h-BN sheet samples implanted with boron at 150 keV and 5x 10" ions/cm?. The
sample was annealed for 20 minutes. The slope of the graph was -0.08 cm™ /°C.

c-BN produced. This is in good agreement with equation 5.4.1. The integrated
intensity of the ¢-BN peak increased with increasing annealing temperature, sug-
gesting an increase in the amount of nc-BN produced. Increasing the annealing
temperature also causes a shift in the position closer to the ¢-BN LO peak posi-
tion 1304. Most importantly, the implantation effect associated to the formation
of nc-BN structure permanent up to the maximum annealing temperature used in

this work.

Temperature variation implants

All the results shown thus far have been for implantations done at room tem-
perature. This subsection represents an initial study of varying the implantation
temperature. For the low temperature implantation, the h-BN sheets were im-

planted at liquid nitrogen temperature (-196 °C/77 K) and for high temperature,
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implantations were done at 200 °C and 400 °C in a temperature controlled cham-

ber. Figure 5.24 represents the h-BN spectra after implantation with boron ions at
5% 10 ions/cm?, with an implantation energy of 150 keV and with the implanta-
tion temperature varied from liquid nitrogen temperature (LNy), room temperature
(RT), 200 °C and 400 °C.

After implantation, the intensities of A-BN peaks show a reduction in intensity
with increasing temperature for the same fluence and energies. The LNy implanted
sample shows the least reduction in intensity followed by the RT implanted sample.

Also observed after implantation are the nc-BN phonon modes for all the dif-
ferent temperatures at 1296 cm~! for the LN, implanted sample, 1295 cm™~! for the
RT implanted sample, 1290 cm™! for sample implanted at 400 °C and 1288 cm™!

for 400 °C. The combined Raman spectra, centred around the region of interest,

are shown in figure 5.25.
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Figure 5.24: Raman spectra for h-BN peak, for h-BN sheets implanted with boron at

various implantation temperatures as indicated at 150 keV and a fluence of 5x 104
ions/cm?.



121

2000

1500

1000

500

Intensity (arb.unt)

1200 | 12%0 | 13b0 | 1350
Raman Shift (cm'1)

Figure 5.25: Raman spectra for LO, c-BN peaks for h-BN sheets implanted with
boron at 150 keV and a fluence of 5x 10" ions/cm? at various implantation tem-
peratures.

Discussion

The phonon features in figure 5.25 have already been associated with the LO
phonon mode for the nc-BN structure created due to strain/stress in the h-BN
material which is driven by defects introduced after implantation. The analyses
also show that the intensity of these nc-BN peaks increase with increasing implan-
tation temperature up to 200 °C and decrease in intensity at 400 °C.

We presume that at low temperatures (LNjy), the interstitial mobility is greatly
suppressed. The knowledge that defect concentration and the subsequent volumet-
ric stress are responsible for h-BN to ¢-BN symmetry change, then, at LN,, if the
defects’ movement is slowed by the low temperature, then the nc-BN formation
is also reduced. As the temperature increases the defect mobility is increased re-
sulting in an increased nc-BN symmetry. The results suggest that the formation

of nc-BN symmetry is favoured at 200 °C which has the highest nc-BN LO peak
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intensity. At 400 °C it is possible that the defects created during irradiation are

annealed away reducing the amount of nc-BN produced. As a result, a low nc-BN
Raman phonon vibration signal is detected as seen in figure 5.25. We predict that
at even higher temperatures, beyond 400 °C the ¢-BN peak may reduce even fur-
ther. It is therefore concluded that implantations done with temperatures around

200 °C may favour the nc-BN production.

5.4.2 Polycrystalline h-BN Rod sample

Ion implantation and subsequent Raman analysis were carried out on 99.9% pure
polycrystalline h-BN rod samples. These samples were also supplied by the Good-
fellow Ceramic company in England with the difference being in the sintering pro-
cess with the polycrystalline sheets.

The first set of experiments were done by varying the ion fluence, with a single
energy of 150 keV, at room temperature. Different fluences, i. e. 1x10' ions/cm?,
5% 10 ions/cm? and 1x10' ions/cm? were used, and Raman Spectroscopy carried
out on them. The details of the Raman spectrum for the sample before implantation
is shown in the inset of figure 5.4. Figure 5.26 represents a combination of spectra

for h-BN rod samples at 150 keV, with boron at various fluences.

Discussion

After implantation, together with the principal h-BN peak, there are features at
frequencies 1301 cm ™!, 1303 cm ™! and 1301 cm™! for the respective fluences. These
peaks had a slightly lower intensity and a wide FWHM as compared to the sheet
samples implanted at similar fluences.

These peaks are associated to the LO peaks present in nc-BN also seen in

the sheet samples in section 5.3.1, indicating that ion implantation introduced
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Figure 5.26: Raman spectra for polycrystalline rod h-BN samples implanted with
boron at 150 keV using various fluences.

defects that led to stress that favoured a symmetry change in the h-BN to ¢-BN
nanostructure for these samples as well.

There was a clear dependence of the nature and extent of the peaks with the ion
fluence. The highest fluence gave the lowest intensity with the optimum observed
at 5x 10 jons/cm?. This trend is similar to that observed in the sheet h-BN
samples, indicating that the sintering process for the sample preparation during
pressing does not have any impact on the observed results. The behaviour of the
FWHM is also similar to that of the intensity with the narrowest peak with the

2. The peaks are however broader as

highest intensity being at 5x10'* ions/cm
compared to sheet h-BN samples. In these samples however, there were no extra

peaks observed in at around 997-1005 cm ™! wavenumber that were observed for
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the sheet samples (5.7).

5.4.3 Single crystal h-BN

Boron ion implantation was carried out on single crystal A-BN samples supplied by
HQ Graphene company in Netherlands. We used single crystal h-BN samples in
this section in order to determine whether the possible phase transformation of h-
BN is influenced by the nature of the crystal and crystal orientation. The samples

were approximately 1x1 mm transparent flakes with a thickness approximately 5

.

Figure 5.27:  Photograph of single crystal h-BN flakes. Note the millimetre scale.

Before implantation the samples were cleaved using polydimethylsiloxane (PDMS)
in order to obtain a smooth surface. Because of the minute size of the samples,
handling them was a challenge, as such, the samples were held onto a sapphire
plate using a double sided carbon conducting tape, also supplied by HQ Graphene

company to hold them firmly during implantation.
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Figure 5.27 represents a photograph of the h-BN single crystal samples indicat-

ing their dimensions and the transparency aspect. Figure 5.28(a) shows an optical
micrograph of a sample at low magnification of 50x. It also shows the sapphire

plate and the carbon tape that were used as sample holders.

Sapphire plate

Figure 5.28:  Optical micrograph for h-BN single crystal samples (a) at low mag-
nification (b) at high magnification.

Figure 5.28(b) represents the micrograph at a high magnification with a 100x
objective, while figure 5.29 represents the Scanning Electron Microscopy (SEM)

image for samples showing the h-BN flakes laying on top of each other.

Mag= 100KX 10pm*
Auriga39-42

Figure 5.29: Scanning Electron Microscopy image for h-BN single crystals.

Figure 5.30 represents the Raman spectroscopy measurements for the single
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crystal samples before implantation, carried out point by point on a 200x200 pm

square area on the sample using the 514 nm argon line. The spectrum shows an
intense Lorentzian peak at 1366.0 cm™! with a FWHM of 8.0 cm™!. This peak
represents the phonon vibration for h-BN. There was no other peak present in the
spectrum and the spectrum is very similar to the spectra obtained for the two

polycrystalline h-BN samples reported before.
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Figure 5.30: Raman measurements for h-BN single crystal sample before implan-
tation.

Implantation for these single crystals were carried out perpendicular to the c-
axis and at an incident angle of 7° so as to reduce the effect of ion channelling.
Boron was used for implantation at fluence between 1x10 ions/cm? and 5x10'°
ions/cm?.  After implantation the samples’ colour changed from transparent to
translucent amber crystal with high fluence implants having a darker hue, indicat-
ing the effect of radiation damage.

Figure 5.31 represents the spectra for samples implanted at 150 keV using vari-

ous fluences as shown. Similar to the other samples, the intensity of the ~-BN peak
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reduced with increasing fluence, with slight increase in linewidth due to concentra-

tion of defects and the resultant stress introduced into the material by implantation.

There are new peaks that are observed in the samples’ spectra after implantation
occurring between 1295 cm~! and 1300 cm™!. The phonon modes are broad with
a low intensity as compared to the h-BN peak. The position and nature of these
peaks have been attributed to the nc-BN LO phonon mode peak. It implies that
like the polycrystalline implanted sample, the single crystals showed vibrational
mode associated with the ¢-BN nanostructure after implantation.

The intensities of these peaks was dependent on the fluence. At the lowest flu-
ence used (1x10' ions/cm?), the peak’s intensity is low and has a broad linewidth.
The intensity increases and line narrows down as the fluence increases attaining a
maximum at 1x10' ions/cm? after which the intensity decreases and the linewidth
becomes broader. This observation has also been seen in the polycrystalline sam-
ples, showing that there is a fluence dependence for the stress that lead to a ¢-BN
symmetry in A-BN below and above which the little of no phonon vibration can be
detected by Raman as a result of more radiation damage.

Unlike for both rod and sheet samples where the optimum fluence was 5x 10
ions/cm?, the optimum for the single crystal samples was 1x10'® ions/cm?, which

is twice as high.
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Figure 5.31:  Raman measurements for h-BN single crystal samples after im-

plantation with boron at 150 keV and at various fluences (a) 1X10* ions/cm?
, (b) 510" ions/cm? | (c) 1x 10" dons/cm?, (d) 5x 10'° ions/cm?, (e) 1x 10"
ions/cm?® and (f) 5% 10'® jons/cm?. Note the differences in the intensity scale.
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5.5 Helium Ion Implantation
Helium ions were also used for ion implantation carried out in this work. They were
the ions with the lowest atomic mass to be used. The results in this section are
for polycrystalline sheet samples. Implantations were also carried out with fluence
range of 1x10* ions/cm? to 1x 10 ions/cm? at a constant energy of 150 keV. Table

5.2 shows a summary of all the nc-BN peak details for all the He implantations.

Table 5.2: A summary of the nc-BN peak characteristics for h-BN sheet samples
implanted with helium ions at 150 keV.

Fluence Peak position FWHM Iql;

(ions/cm?)  (cm™!) (cm™1)

1.0x10 1260 125 0.015
5.0x10 1275 122 0.019
1.0x10%° 1285 109 0.023
5.0x101 1298 104 0.032
1.0x10 1283 112 0.025

Figure 5.33 (i) represents the Raman spectra for all the He implantations im-
plantations at various fluences.

The FWHM for the h-BN peak increases while the intensity reduces with in-
creasing ion fluence, due an increase in stress levels in the h-BN material. The
margin of the peak intensity and linewidth reduction is however lower as compared
to boron implantation for the same fluence.

Together with the principal A-BN peak, phonon bands, similar to those observed
in boron at almost similar positions are observed after implantation. The peaks
are located at 1260, 1275, 1285 1298 and 1283 cm ™! for the respective ion fluences.
The peaks have the characteristic asymmetric broadening and low intensities which
we attributed to nc-BN structure after implantation. We therefore suggest that

helium ion implantation also induced structural modification of h-BN to nc-BN
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Figure 5.32: (i)Raman spectra for h-BN sheet samples implanted with helium ions
implanted at the energy of 150 keV and fluences (a) 1x 10" ions/cm?, (b) 5x 10
ions/cm?, (c) 1x 10" ions/cm?, (d) 5x10% ions/cm? and (e) 1x10'° ions/cm?
(7i) Represents the relationship of the fluence with the linewidth and the integrated
intensity of the nc-BN LO peaks.

symmetry. The most distinctive characteristic for these peaks in contrast to the
ones observed in B is the large ¢-BN LO peak shift.

Figure 5.33 (ii) shows the relationship for the broad peak linewidth and peak
intensity as a function of the fluence. From this relationship, it is deduced that the
Raman intensity increases with increasing fluence, attains a maximum at 5x10%
ions/cm? then decreases with further increase in fluence. On the other hand the

linewidth decreases with increasing fluence with the narrowest linewidth obtained
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at 5x 10 ions/cm? and then increases with further increase in fluence.

From this observation and analysis, A-BN to ¢-BN symmetry change is favoured
at relatively high fluences for low mass number ions. A possible explanation is,
helium being a light ion requires a high ion concentration to cause a large intrinsic
stress that induce the cubic symmetry visible in Raman. At fluences higher than the
optimum, the threshold stress is exceeded therefore very little nc-BN Raman active
mode are visible because of high radiation damage and stress levels. The reduction
in the intensity between 5x 10" ions/cm? and 1x10'% ions/cm? for both ~A-BN and
c-BN features indicates that indeed higher fluences damaged the material.

In contrast to boron for all fluences, the cubic symmetry formation in He im-
plantation is favoured towards higher fluence for instance the intensity of the c-BN
LO peak at the highest fluence 5x10® ions/cm?) is almost 100 times more for
helium compared to boron. In relation to calculations by SRIM simulations, the
damage concentration for helium is far less as compared to boron at similar fluences
and energies, therefore at high fluence B ions induce high stress levels beyond the
threshold for ¢-BN formation compared to He. No other peaks were observed in

the spectrum after implantation.

5.5.1 Helium Energy variation

An energy variation was carried out on helium implanted samples. The samples
were implanted with the optimum helium fluence of 5x10% ions/cm? at 40 keV,
80 keV, 120 keV and 150 keV. All implantations were also carried out at room
temperature. The ¢-BN LO peak is clearly visible in all the implanted spectra at
1282, 1289, 1299 and 1301 cm™! for the respective energies, indicating the pres-

ence of stress induced nano-cubic symmetry. The intensity and linewidth of these
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peaks varies depending on the implantation energy. Like boron implantation, the

normalized (normalized with respect to the principal A-BN peak) intensity of the
nc-BN LO peaks increase with increasing implantation energy with implantation
at 40 keV being almost invisible. The peak at high energy of 150 keV has a wider

linewidth as compared at 80 and 120 keV.
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Figure 5.33: Relationship between the normalized intensity of the LO nc-BN peak
and the implantation energy for helium tons implanted in h-BN sheet samples at
5x 10" dons/cm?.

Discussion

For the implantation done at He’s optimum fluence (5x10' ions/cm?), low energies
did not produce much change to the spectrum after implantation but the important
effect is seen at higher energy regimes. The total damage density is higher at high
energy as predicted by SRIM and as such high energy implantation leads to large
intrinsic stress into the material as compared to implantation at low energy and
hence the nc-BN symmetry is favoured at high the highest energy used. Another
effect of the increase in stress with implantation energy is seen from the shift of

the LO peaks to higher wavenumbers with increasing implant energy.
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5.6 Lithium Ion Implantation
Polycrystalline h-BN sheet samples were implanted with lithium ions. For lithium
ions, different ion fluences were used to determine the optimum Li fluence. Other

parameters were also altered such as the Raman laser power.

5.6.1 Varying ion fluence

Polycrystalline hot pressed h-BN sheet samples were implanted with lithium ions
at various ion fluences ranging from 1x10™ ions/cm? to 4x10'¢ ions/cm?. All the
implantations were also done at room temperature at the energy of 150 keV. The
first Raman scans were measured on 25 points over a 500x500 pm square area with
the 514 nm argon ion laser.

Figure 5.34 represents a combination of all the spectra for samples implanted
with lithium ions at different ion fluence, using the 514 nm argon ion laser. Fig-
ure 5.34 (a) represents the spectrum for the sample before implantation (b) is
the spectrum after implantation with lithium ions at 1x10 ions/cm?, (c) at
5x10M ions/cm?, (d) at 1x10'° ions/cm?, (e) at 5x10% ions/cm? and (f) at 1x 106
ions/cm?. All the Raman analyses were done on the samples under similar condi-
tions as for boron and helium for consistency.

Similar to all the boron and helium implanted spectra, after implantation the h-
BN peaks are still predominant in the spectra. The peaks’ intensity are dependent
on the implantation fluence with the highest implanted fluence’s intensity having
reduced by up to 15000 counts. These h-BN peak intensities are higher compared
to the boron implants for similar fluence, for instance the intensity of the sample
implanted with boron at 1x10' ions/cm? is up to 5000 counts lower than that of

lithium at this fluence. These peak reductions are due to the effect of implantation
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Figure 5.34: Raman Spectra for h-BN sheet samples implanted with lithium ions at
150 keV and with various fluences.

stress due to radiation damage in the h-BN matrix.
Together with the h-BN principal peak, similar peaks between 1290 and 1302
1

cm™ as observed in B and He implants appear in the Raman spectra after Li

implantation.

Discussions

For all the lithium implantation, it was found that the spectrum changed after

implantation with the nature and extent of the changes being fluence related. The
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features are observed to be in similar positions as the LO mode for ¢-BN with

nanoscale characteristics observed in boron and helium implantation, and as such
it is concluded that lithium implantation also introduced sufficient stress levels
into the h-BN which in turn led to structural distortion and subsequent bond
reconstruction with nc-BN symmetry. A summary of all the nc-BN LO peak
properties for all the different fluences for lithium implants is shown in table 5.3,
and a graphical representation os the relationship between the fluence as a function

of the intensity and linewidth is shown in figure 5.35

Table 5.3: A summary of the peak characteristics for h-BN sheet samples implanted
with lithium ions at 150 keV.

Fluence Peak position FWHM Ig/I

(ions/cm?)  (cm™!) (cm™1)

1.0x10 1290 150 0.019
5.0x10 1296 137 0.033
1.0x10%5 1302 92 0.042
5.0x10'° 1298 138 0.025
1.0x101'¢ 1290 142 0.018

The fluence of 1x10' ions/cm? produced nc-BN peak with the highest intensity
and narrowest linewidth, above and below this fluence, the intensity of the peaks
decrease. It is suggested that the amount of structural transformation increases
with increasing fluences up to the optimum and above this fluence any addition
of the ion to the substrate’s matrix induces stress levels beyond the formation
threshold and the Raman signals is observed to attenuate as seen by the decrease
in intensity of the nc-BN LO peak. No other features are observed in the spectrum

after implantation.
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5.7 High Mass Number Implantation

5.7.1 Nitrogen Ion Implantation

After carrying out implantation with boron and comparing it with the implantation
of other ions i.e. helium (which is a light and noble gas) and lithium (which is a
metal), the data suggested that boron was a better ion species of the three ions
in inducing the required intrinsic stress in h-BN to create nc-BN symmetry at low
fluences. It was suggested that this may be due to the fact that a boron atom
forms part of the BN compound and making it easier to cause a transformation as
compared to the other ions. As a result it was also suggested that nitrogen, also
being one of the atoms that form BN material, be used as an implantation species

and investigate if the result compared to those of boron implantation.
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Figure 5.36: Raman spectra for h-BN sheet before implantation and implanted
with nitrogen ions implanted at the energy of 150 keV and fluence of (a) 1x 10"
ions/cm?, (b) 5x 10" dons/cm?, (c) 1x10" dons/cm?, (d) 5x 10" dons/cm? (e)
1x 10" dons/cm?.

Implantations were carried out under similar conditions of fluence and energy
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Table 5.4: A summary of the nc-BN peak characteristics for h-BN sheet samples
implanted with nitrogen tons at 150 keV.

Fluence Peak position FWHM IgI,

(ions/cm?)  (cm™1) (em™1)

5.0x10'3 1295 125 0.043
1.0x10 1298 100 0.052
5.0x101 1292 85 0.031
1.0x10%° 1285 135 0.024
5.0x10%° 1279 142 0.013
1.0x101'¢ 1273 153 0.008

as those used in B, Li and He implantations. The lowest fluence of 1x 10" ions/cm?
was used since an optimum had not been realized even at the 1x10'* ions/cm?,
which was the lowest fluence used for the other ions. Figure 5.36 represents the
spectra for the samples implanted with nitrogen ions at different fluence. Like
boron, nitrogen also induced stress into the A-BN matrix to form the nc-BN sym-
metry evident from the LO vibrational phonon mode. The new peaks are observed
after at 1295 cm™t, 1300 cm™t, 1302 ecm™!, 1289 cm™! and 1270 cm™~! for the re-
spective fluences. Table 5.4 gives a summary of the nc-BN LO peak details, created
after implantation.

Figure 5.37 represents the relationship between the normalized intensity and the
linewidth as a function of the implantation fluence for N implants. The normalized
intensity for these peaks increases with increasing fluence attains an optimum at

1x10™ ions/cm?

and any increase in fluence lead to a decrease in the normalized
intensity. The optimum fluence was found to be lower to that of boron’s 5x10*
ions/cm?, however the intensity at this fluence is lower as compared to the peak
intensity for boron’s optimum fluence at similar energy. The overall comparison

also shows that for similar fluences, boron gave better results with higher intensities

and symmetric linewidth compared with nitrogen.
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Figure 5.37: Relationship between the linewidth and normalized intensity for the

LO nc-BN Raman peaks as a function of the fluence for samples implanted with
nitrogen Lons.

5.7.2 Argon Ion Implantation

Argon ion implantation was carried out in order to determine the effect of much
higher mass ion implantation. Implantation was carried out on polycrystalline h-
BN sheet samples using argon ions at different energies and fluences. The energy
range remained the same as for all the other ions i.e. from 40 to 150 keV for
consistency. The fluence however was chosen according to the trend seen for the
other ions. Since the implantation effect optimum was obtained at lower fluence
with increasing ion mass, the fluence for argon was much lower as compared to the
other ions. The range was from 1x10" ions/cm? to 1x10' ions/cm?.

Figure 5.38 represents the spectrum for the samples that were implanted with
argon ions at various fluences at 150 keV and figure 5.39 represents the Raman
spectra for samples that were implanted by argon ions at different energies with a
fluence of 1x10'3 ions/cm?,

The major observation in both figure 5.38 and 5.39 is the principal h-BN peak,

still present after implantation also observed for the other implants implying that
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Figure 5.38: Raman spectroscopy for h-BN samples implanted with argon ions at
150 ke V with various fluences (a) 1.0x 10" (b)5.0x 10'3, and (c)5.0x 10" ions/cm
2 (d) represents the relationship between the intensity of the nc-BN LO peaks with
fluence.

the material remains predominantly h-BN after implantation.

Observed in the spectra are broad features at wavenumbers 1236 cm™!, 1249
cm~t and 1247 cm™! after implantation showing a larger shift than previously
used ions if we also consider them to be from the LO peak for nc-BN vibrational
symmetry. The features at these wavenumbers have broad FWHM and with low
intensities and large shifts as compared to the other ions used for similar fluences
and energies. The broad features observed after implantation with 1x10'* ions/cm?
and 5x 10" ions/cm? were are consistent with ne-BN LO vibrations. Argon being
a much heavier ion as compared to the ions used previously is likely to create a
large defect concentration and hence more stress to the material at these fluences
which is beyond the threshold for the stress that leads to the ¢c-BN symmetry. The
estimated nc-BN amount for argon is found to be extremely low for the fluence

levels used in this work. We therefore propose that in order to get the same effect,
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Figure 5.39: Raman spectroscopy for (a) the unimplanted samples and (b, c,
d)implanted with argon ions at various energies (b) 40 keV, (c) 80 keV and (d)150
keV at 1.0x 10" ions/cm?. The spectra are for the principal h-BN peak

lower fluence implantation should be used in future research. Figure 5.38(d) shows
how the intensity of the nc-BN LO peak decreases exponentially with increasing
fluence.

It is interesting to note the behavior of the h-BN peak after Ar implantation.
The nature of this peak is dependent on the implantation fluence and energy. To
begin with, the intensity of the peak reduces drastically with increasing fluence. At
the highest fluence of 1x10' ions/cm?, the intensity reduces in the order of about
10,000 units compared to the unimplanted sample’s spectrum. The peak’s linewidth
also increases with varying fluence. Similar trends are observed for energy variation
with respect to the integrated peak intensity where the intensity of the principal h-
BN peak which reduces exponentially with increasing energy at a constant fluence.
The h-BN peaks show frequency shifts of 1 cm™', 3 em™ and 5 cm™! for (a) 40

keV, (b) 80 keV and (c) 150 keV respectively.
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Argon ions induce a high radiation damage, hence the high stresses influence

the h-BN vibration more as compared to the other lighter ions. This agree well
with SRIM simulations which show the damage density of argon ions in A-BN being
very high as compared to boron for example, of the order of 1000 vacancies/cm 3.
From this it is concluded that argon ions introduces too much radiation damage in
h-BN at the fluences and energy ranges used in this research. Similar observations

were made for polycrystalline rod and single crystal A-BN samples.

5.8 Summary

A summary of all the Raman spectroscopy results are presented herein. Both
polycrystalline and single crystal samples were used in this work. Different ions
were used in these investigations including helium, lithium, boron, nitrogen and
argon which were implanted at different ion energies and fluences. These ions
were used to investigate the effect of varying the ion mass during the implantation
process. Other parameters that were investigated were the dependence of the
Raman peak shifts and intensity with respect to the wavelength and power of the
incident Raman light.

The unimplanted Raman spectra always showed that both single crystal and
polycrystalline sample were homogenous A-BN with high quality and with insignif-
icant internal stress. After implantation there were changes to the spectra of the
samples. First, the h-BN main peak broadened and reduced in intensity as a result
of radiation damage that caused stress in the material. Besides the changes in the
h-BN peak, new peaks are also observed after implantation. The position of these
features have been attributed to the LO peaks found in ¢-BN indicating that the

defect concentration induced a volumetric strain/stress at shallow regions of the
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h-BN sample. This intrinsic stress in turn caused the buckling of the interplaner

bond and a subsequent reconstruction to the c-BN symmetry. The nature and
extent (asymmetrically broadened with low intensities and a low frequency peak
shift) of these features indicate that they are nanostructures of ¢-BN.

The nature of the LO ¢-BN peak was investigated with respect to the different
parameters. This section gives a comparison for all the ions used. Results for argon
ions are not presented herein because Ar implanted samples gave very low signal to
be compared with the other ions. Figure 5.40 represents the relationship between
the integrated intensity ¢-BN LO peak and the ion fluence for the first three ions

with lowest ion mass.
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Figure 5.40: Relationship between the intensity of the nc-BN LO peak with the ion
fluence for helium, lithium and boron ions for h-BN sheet samples implanted at 150
keV [204).

All the three ions show similar trends with varying ion fluence i. e. there
is an increase in the intensity with increasing ion fluence, which then attains an
optimum for a particular fluence and then reduces further with increasing fluence.

The maxima are attained at 5x 10 ions/cm?, 1x10% ions/cm?, 5x10'* ions/cm?
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and 1x10' ions/cm? for helium, lithium, boron and nitrogen respectively. There

is a shift in the optimum fluence to lower values with increasing mass number.
In other words, the maximum sp® symmetry production is attained when there is
some threshold amount of defect concentration to cause sufficient stress in h-BN
sp? symmetry which is dependent on the incident ion mass. It is inferred then that
with lighter ions more ions are required compared to a heavier ion to produce a
close to or similar structural change to the A-BN sample. The ratio ¢ /I, roughly
estimates the amount of ¢-BN in the implanted sample [122] with I being the
integrated intensity for the ¢-BN LO mode peak as a Gaussian fit and I the
integrated intensity for the principal hA-BN peak fitted as a Lorentzian fit. All the
estimates were calculated for the normalized intensity (normalized with respect to
the intensity of the principal A-BN peak sample) at the optimum fluence of each
ion. Boron ion at its optimum fluence, gave the highest ratio, followed by nitrogen
then lithium and finally helium produced. A summary of all estimations for the

amount of ¢-BN present for each ion at various fluences is given in table 5.5.

Table 5.5: The relationship between the estimated percentage amount of c-BN and
the optimum fluence for the different ions. The values in bold indicate the amount
at optimum value.

Fluence | Estimated Amount

(Ie/1L)

He Li B N
5.0x10% | 0.008 0.015 0.033 0.043
1.0x10™ | 0.015 0.019 0.045 0.052
5.0x10' | 0.019 0.033 0.062 0.031
1.0x10% | 0.023 0.042 0.032 0.024
5.0x10%° | 0.032 0.025 0.020 0.013
1.0x10' | 0.025 0.018 0.012 0.008

Figure 5.41 shows the graphical representation for the relationship between the

normalized intensity of the LO nc-BN (expressed as percentage) in the sample after
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Figure 5.41: Comparison between the estimated c-BN amount (expressed as %) and
the ion fluence for helium, lithium, boron and nitrogen ions.

implantation with different ions at different fluences. Of all the four ions, boron at
the optimum fluence gave the highest amount of about 6.2% followed by nitrogen
at 5.2%. Lithium was next at 4.2% while helium had the lowest amount of 3.2%.

The amount of ¢-BN produced is an underestimation. The penetration depth of
the laser light is approximately 1 pm while the implanted depth is approximately
0.5 pum for boron for example, therefore the intensity of ~-BN will always be larger
compared to that of ¢-BN.

It is possible to calculate the intensity of the laser light as it penetrates the

h-BN material using

I = lexp px (5.8.1)

where I, is the initial laser intensity , u the absorption coefficient for h-BN and z
the penetration depth.
For the penetration depth of 1 pm, with the initial laser intensity being 20

W /m? the intensity reduces to 0.0075 W/m?, while at 0.5 ym, the intensity will
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have reduced to 0.012 W/m?. This intensity at 1 ym still contributes to the Raman

scattering seen in the spectra. We cannot consider the intensity at with respect to
the implantation depth since other factors such as the ion mass, the fluence and
energy have to be considered as well making this method a complex.

Boron and nitrogen ions thus gave the best results as compared to the other
ions. One of the reasons may be due to the fact that they are part of the atomic
species of boron nitride and as a result they do not alter the composition of the
material. Boron defects are is known to have a low formation energy in h-BN to
favour the formation of the ¢-BN structure [13].

Energy variation for all the ions used was also studied. The most common
observation for all the ions with regards to energy is the frequency shift to low
wavenumbers and the broadening of the ¢-BN linewidth with increasing energy,
and an increase in the integrated intensity with increasing energy. It is found that
the nc-BN integrated intensity for all the ions used increases with increasing energy.
Implantations carried out at different fluences and energy show that altering the

energy does not affect the optimum fluence for any ion.
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5.9 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy was used in the identification of the local
structural order and composition of the samples before and after implantation. The
mid infrared spectral region (2500-400 cm™') was used for all characterization of
samples in this work, with all analyses carried out at room temperature. Fourier
Transform IR like Raman spectroscopy has the ability of identifying the chemical
bonds and functional groups in boron nitride since the hybridization states i.e. sp?
and sp3, of B-N atomic bonds can be easily differentiated though a well defined
absorption band in a given sample. All FTIR analyses were carried out on polycrys-
talline h-BN sheet samples using the Bruker TENSOR 27 Infra-Red Spectroscope
located at the University of the Witwatersrand.
This method was used to determine the change in h-BN after implantation with
different ions. The IR active mode for h-BN is at the center of the Brillouin zone

I' given as,

I = Ay, + B (5.9.1)

where E;, and A,, are the vibrational modes active in the infrared spectral

region for h-BN.

5.9.1 Unimplanted sample

Figure 5.42 represents the spectrum for hA-BN samples before implantation. The
samples were mechanically polished to thickness of 0.05 mm. The spectrum shows
two distinct peaks at 776 cm~! and 1378 cm~!. These peaks represent the trans-
verse optical modes for h-BN also reported in literature [205, 206]. The peak at

1378 cm ™! represents the E;, mode which corresponds to the in-plane B-N bond
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Figure 5.42: FTIR spectrum for h-BN sheet samples before implantation.

stretching vibration and the peak at 776 cm™! represents the A,, mode which is
due to the out-of-plane B-N-B sp? bond bending vibration for BN in equation 5.9.1.

Depending on the synthesis conditions, h-BN has shown a range of values in
the location of these vibrational modes, i. e. 770-810 cm~! for the A,, mode
and 1360-1400 cm™! for the E;, mode [207, 208]. No other vibrational mode was
observed in the spectrum and so it was concluded that the sample is purely h-BN.

Other phases of BN also exhibit IR vibrational modes at different wavenumbers:
for instance, the r-BN exhibits a vibrational mode very close to the h-BN mode
at 1375 cm ™! and the w-BN has its mode centred at 1267 cm™! [64, 209]. Cubic
BN exhibits vibrational mode centres given in equation 5.9.2. The mode represents
the Transverse Optical (TO) infrared vibration for ¢-BN that is due to B-N bond

stretching at the Brillouin centre at ¢=0.

=T, (5.9.2)
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The vibrational mode occurs at different frequency positions depending on the

purity, grain size and stress level in the c-BN material under investigation. For pure
¢-BN with minimum internal stress, the vibrational mode occurs at centres between
1000-1010 cm™* [210]. This has been largely seen for samples prepared as thin films
by CVD and PVD techniques. For bulk ¢-BN sample with micro-crystal size, the
vibrational mode is centred at about 1050-1070 cm™! [193]. This mostly occurs for
c-BN samples prepared by the HPHT technique. The shift is due to the residual
compressive stress experienced by the material during the synthesis process. When
the ¢-BN product is nanosized, the vibrational centre occurs at about 1090-1110
1

cm™, mostly for samples prepared by techniques such as magnetron sputtering

and Low-Temperature Low-Pressure conditions [211, 212].

Transmittance (Arb.unts)
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Figure 5.43: FTIR spectrum for c-BN powder sample.

Figure 5.43 represents the IR spectra for the ¢-BN powder sample previously

analyzed by Raman. It shows a vibrational mode at 1083 cm™!. Of interest to this
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work, are the changes that occur to the h-BN spectrum after implantation.

5.9.2 Ion mass variation

Boron Implanted

130 "
B Implanted sample

120
110

100

o]
o
| L

792 cm™

Transmittance (arb.unt)
3

~
o
|

1389 cm™

(=2
o

T T T T T T T T T T T T T T
600 800 1000 1200 1400 1600 1800 2000
Wavenumber (cm'1)

Figure 5.44: FTIR spectrum for h-BN sheet samples after implantation with boron
ions at 150 keV and fluence of 5x 10** ions/cm?.

Figure 5.44 shows the infrared transmission spectrum for samples that were
implanted with boron ions at fluences of 5x 10 ions/cm? at 150 keV. This fluence
was chosen since it gave the optimum fluence for boron implants with Raman
analyses. The spectrum shows two distinct vibrational modes corresponding to the
A,, and E;, IR modes for ~-BN samples also observed in the pristine sample.

A closer look at the h-BN peaks indicate that there is a frequency shift to high

wavenumbers in the out-of-plane stretching mode from 1378 cm™! to 1389 cm™!
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and the in-plane bending mode from 776 cm™! to 792 cm~!. The shift in the in-

plane mode is as a result of ion induced hybridization alteration to other crystalline
orders as a result of the implantation. The transmission intensity of these peaks
shows a high intensity even after implantation showing that the material is still
largely h-BN.

There also occurs a new peak in the spectrum centred at 1090 cm™!. The peak
has a weak intensity as compared to the h-BN peaks, and it has a FWHM of 30
cm~!. Considering the vibrational modes for BN, this peak is related to the c-BN
vibrational mode also seen by [211]. The peak position is shifted by up to 40 cm™!
in comparison with the vibrational modes for bulk ¢-BN [193] and it is similar
to the mode exhibited by nanosize ¢-BN crystal reported by [212], hence we can
attribute it to having originated from nc-BN symmetry formed after implantation.
There is also a small peak at around 884 cm~!, whose origin is unknown and a

split on the A-BN peak at 1378 cm™! (discussed later).

Lithium and Helium Implanted

Fourier Transform IR was also carried out on samples that were implanted with
lithium and helium ions. Lithium samples investigated were implanted at 150 keV
with the fluence of 1x10% ions/cm? which was the optimum fluence for all lithium
implants as analyzed by Raman. Figure 5.45 represents the FTIR spectrum for
lithium implanted sample.

The spectrum shows the Ay, and E;, IR A-BN features at 780 cm~! and 1385
cm ! having a shift of 4 and 7 cm™! respectively from the unimplanted sample. In
addition to these peaks, there is a new feature emerging at 1096 cm~! and 1113
cm ™! respectively. The origin of the peak at 1096 is most probably due to nc-BN.

1

The origin of the peak at 1113 cm™" is also proposed to be due to nc-BN with a
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Figure 5.45: FTIR spectrum for h-BN sheet samples after implantation with lithium
ions at 150 keV and fluence of 1x 10" ions/cm?.

shift of 10 cm™!. The reason for the split in the ¢-BN vibrational mode in figure
5.45 is not yet known.

Figure 5.46 represents the spectrum for samples that were implanted with he-
lium at 150 keV and fluence of 1x10' ions/cm? which was the optimum fluence
for all helium implants in Raman. The A,, B-N-B bending and E;, IR B-N bond
stretching h-BN vibrational features are still visible at 780 and 1382 cm™! respec-

1

tively having a smaller shift of 6 and 4 cm™ respectively with reference to the

unimplanted sample. A new weak feature is also observed at 1113 cm™!.

Discussion

All the h-BN peaks show a shift to higher wavenumber almost linearly with in-
creasing implantation ion mass. Since a peak shift is associated with the increase

in compressive stress within the material, it implies that B, which has the highest
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Figure 5.46: FTIR spectrum for h-BN sheet samples after implantation with helium
ions at 150 keV and fluence of 5x 10" ions/cm?.

mass introduced more defects and hence large compressive stress into the h-BN
matrix as compared to lithium and helium.

In all the implanted spectra, it is observed that the A-BN at 1380 cm™! has
been split into two as seen in the spectra centred around the region of interest

in figure 5.47. The new mode is centred at 1362 cm™!.

This peak appears as
a shoulder with very low intensity and wide linewidth. This work associates the
existence of this new peak with the presence of a r-BN phase in the sample after
implantation. Rhombohedral BN vibrational studies have shown that it exhibits
similar modes as those of h-BN, as such it will have its peak centred very close to
the E;, mode for h-BN [64]. The existence of this r~-BN IR mode, which is due
to the vibration of B and N between the planes, has been found to have the same

atomic displacement as the E;, IR mode for A-BN at 1380 cm™! and commonly

occurs close to this position in IR. After implantation we see the new peak at 1362
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L and therefore suggest it is due to r-BN phase. Rhombohedral BN normally

cm”~
occurs as a transitional phase during the A-BN toc-BN phase transformation and it
is possible that traces of it also exist after ion implantation. This phase is however
not visible in Raman; this may be due to the fact that, in Raman, it is a challenge
to differentiate between the different phases of BN with similar hybridization i.e.

r-BN and h-BN (sp?).
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Figure 5.47: Fourier Transform IR for h-BN sheet sample (a) unimplanted and (b)
implanted with boron at 150 keV and fluence of 5x 10 ions/cm?.

5.9.3 Fluence dependence

A fluence dependence for the different ions was carried out on the samples and
FTIR analyses carried out on them. Figure 5.48 and 5.49 represents FTIR spectra
for samples that were implanted with boron and lithium ions at different fluence.
A fluence variation graph for helium was not shown however a comparison with the
other ions is shown later in this section. For each ion used at different fluences, the
nc-BN vibrational mode are observed with the nature and extent of these peaks
being dependent on the fluence.

Figure 5.48 represents the spectra for the samples implanted with boron at dif-

ferent fluences. The spectra have been plotted around the region of interest, cutting
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Figure 5.48: FTIR spectrum for h-BN sheet samples after implantation with boron
ions at 150 keV with various fluences (a) 1x 10" ions/cm?, (b) 5x 10" ions/cm?
and (c) 1x 10" ions/cm?, showing the nc-BN modes.

off the two h-BN modes, to clearly view the details of the ¢-BN vibrational mode.
The peaks appear at (a) 1095 cm™, (b) 1090 cm™! and (c) 1103 cm™! for the
respective fluences as shown in the diagram. It is clear that the transmittance in-
tensity is highest for implantation carried out at 5x10'* ions/cm? and lowest for the
highest fluence of 1x10' ions/cm?. The peaks slightly shift to higher wavenumbers
moving away from the optimum fluence. This implies that the nc-BN symmetry is
created in the h-BN matrix at a certain optimum stress level related to a specific
defect density below and beyond which the ¢-BN nanoparticles created cannot be
detected by the IR signal. These results correspond well with the results from
Raman spectroscopy with the optimum being 5x10 ions/cm? in both analyses.

Figure 5.49 shows the FTIR spectra for lithium ions also implanted at different



156

Lithium varied fluence

95 1

Transmittance (arb.unts)
& 8

(a)

80

T T T T T T T
1000 1050 1100 1150 1200
Wavenumber (cm'1)

Figure 5.49: FTIR spectrum for h-BN sheet samples after implantation with lithium
ions at 150 ke V with various fluences (a) 510" ions/cm?, (b) 1x10' ions/cm? and
(c) 5x10'° ions/cm?.

fluences. At the optimum fluence i. e. 1x10'® ions/cm?, the spectrum has a two
peak at 1096 and 1113 cm™!, while at low fluence 5x 10 ions/cm?, there is only a
single ¢-BN at 1092 ecm™!. At 5x10'° ions/cm?, there is a small peak at 1135 cm ™!
together with the main ¢-BN peak at 1102 ecm™!. Also generally observed here is
a systematic upward frequency shift with increasing ion fluence.

In summary, figure 5.50(a) represents the relationship between the peak position
and the ion mass and while (b) shows the relationship between the intensity and
the ion mass for the c-BN peaks, all taken at the optimum fluence for each ion (All
lithium comparison data were from the intense peak after implantation). For all the
three ions used in these experiments, the analyses shows an additional vibrational
mode after implantation. The peaks are centred at 1090 cm ™! for boron, 1098 cm ™!

for lithium and 1113 cm ™! for helium ions. The position of these peaks correspond

to the position of the TO vibration mode for nanocrystalline ¢c-BN. The nature
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Figure 5.50: (a) The relationship between the c-BN TO wvibrational mode position
with the ion mass and (b) the relationship between the transmittance intensity and
the 1on mass at optimum fluence.

and extent of the peak depends on the ion mass, with the boron peak being the
highest, followed by lithium and then helium. In addition to boron having the
highest intensity, its peak is more symmetric with narrow FWHM. Lithium shows
another peak at 1130 em~! whose origin is also likely due to ne-BN with smaller
crystallites since this at this wavenumber it lies within the range for nanocrystalline
c-BN. The intensity from the sample implanted with helium is quite low with only
10 counts, with the peak being asymmetrical compared to boron and lithium IR
spectra.

FTIR analysis has been used to give a quantitative assessment of volume/
amount of individual polymorphs comprised in a mixed sample. To estimate the
volume of ¢-BN in the sample, the relative transmittance intensity, for instance
the intensity at 1090 cm™! (for a boron implanted sample) was normalized with
respect to the h-BN B-N stretching bond intensity at 1382 cm™! [64]. This volume
can be calculated as the ratio of the intensities of the cubic phase and the sum of

the cubic phase and the hexagonal phase in the transmitted spectrum, given as
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]c—BN
Do = x 100 5.9.3
femBN (I.—gn + In—BN) ( )

Where I,_gy is taken at the B-N stretching vibrational mode of the principal
h-BN.

To obtain the normalized peak intensities, the ¢-BN TO peak data were fitted
using the Gaussian fit and the estimated volume calculated with respect to the
h-BN peak for an unimplanted sample fitted using the Lorentzian fit. The results

obtained are indicated in table 5.6.

Table 5.6: The relationship between the estimated amount of c-BN and the optimum
fluence for the different ions.

Ion Optimum Fluence Estimated % amount
(Tons/cm?

Boron 5.0x104 8.3

Lithium | 1.0x10" 4.6

Helium | 5.0x10% 3.7

These results show that there is an ion mass dependence at optimum fluence
for each ion, of the estimated amount of ¢c-BN converted in the sample. Boron
ions gave the highest % yield of ¢-BN at the lowest fluence, implying that it is
the best candidate to be used for the h-BN to ¢-BN symmetry change. These
results complement the results from Raman in terms of both fluence and ion mass
dependence. A graphical representation for FTIR spectra for the amount as a
function of the fluence for the three different ions looks very similar to that observed
for Raman, as shown in figure 5.51 in terms of the estimated amount, however in
FTIR results here not all the fluences used were recorded.

The rod samples FTIR measurements were unsuccessful due to the sample

thickness. Reducing this thickness was a challenge due to the nature of the sample.
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Figure 5.51: The relationship of the estimated c-BN amount with the implantation
fluence for boron, lithium and helium ions at optimum fluence as calculated by
5.9.5.

Mechanical polishing led to crumbling of the sample below 0.5 mm. The FTIR
measurements were also a challenge for the single crystal sue to their small size

and the carbon tape used as a holder during implantation.
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5.10 Glancing Incident X-Ray Diffraction (GIXRD)
Glancing incident XRD is a technique used to characterize and understand crystal
sub-surface structure material. Contrary to the conventional XRD which gives
information on the bulk structure of a given material, most of the incident X-rays
arrive at a glancing angle (w) with respect to the surface of the material. These
X-rays are then scattered near the surface of the material and depending on the
magnitude of the incident angle, i.e when the glancing incident angle is slightly
larger than the critical angle for total reflection (w;>w.), then the reflected X-rays
are able to reveal the sub-surface or buried layer information of the material under
investigation [213].

From SRIM calculations, we require information on the implanted layer which
is a approximately 0.5um below the surface of the h-BN, therefore GIXRD is a
suitable technique as compared to conventional XRD as it is able to carry out a
depth profiling on the sample from the surface to the end of range of the implant
by varying the glancing angle of the incident X-rays.

The GIXRD data output is given in the form of diffraction peak intensity as a
function of the diffraction angle. Any material will reflect X-rays at a specific 260
angle if the angle of incidence satisfies the Bragg’s equation (discussed in appendix
2). Each diffraction peak corresponds to a particular set of Miller indices that
are used to identify different planes of material which in turn are used to analyze
the crystal structure details such as the lattice parameter, hence assisting in the
identification of material under investigation.

The measurements were carried out on h-BN before and after implantation
using the D8 ADVANCE Bruker X-ray Diffractometer located in the School of

Chemistry, University of the Witwatersrand. The diffractometer is equipped with
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CuKa radiation of A=1.504 A, operating at a voltage of 40 kV and 40 mA current.

The analyses were carried out for various incident angle ranging from w;=0.05° to
w;=1.50°, with the recording made step-by-step from 20=20° to 20=90°, in steps
of 0.02° with accumulated time of 5s per step, amounting to a total time of 4 hours

for a single run.

5.10.1 Unimplanted h-BN Samples

Figure 5.52 (a) represents the GIXRD spectrum for a virgin sheet sample, which
was analyzed at an incident angle w;=0.1°. The diffraction pattern reveals sev-
eral peaks at Bragg angle values 20=26.64°, 41.70°, 43.89°, 50.03°, 55.26°, 75.96°,
and 82.32°. These peaks are observed to have very narrow linewidth of 0.3° with
different intensities. The peak at 26.64° has the highest intensity while the one
at 20 = 43.9° has the lowest intensity. Figure 5.52 (b) is the GIXRD pattern for
the polycrystalline rod sample analyzed at an incident angle of 0.3°. Similar to
the sheet sample the diffraction pattern shows various peaks at 20=26.52°, 41.69°,
44.11°, 50.24°, 55.16°, 75.96°, and 82.29°.

he analyses of both the sheet and rod samples’ peaks show diffraction angles for
high quality A-BN crystals corresponding to the (002), (100), (101), (102), (004),
(110), (011) A-BN planes respectively. The lattice parameter was calculated to be
a=0.250 nm and ¢=0.667 nm, similar to the standard lattice parameters for h-BN
as identified by JCPDS database no. 34-0421 and also seen by Saito et al [214]
(see table 3.2). There are some other peaks at 36.08° 39.84° and 48.48° present for
the sheet samples which are not present in the rod samples. These peaks represent
the (202), (003) and (005) planes also identified by the JCPDS database no. 34-

0421. The absence of these planes in the rod sample could be as a result of different
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Figure 5.52: GIXRD diffraction pattern for unimplanted (a) polycrystalline h-BN
sheets, (b) polycrystalline h-BN rod sample analyzed using an incident angle of 0.5°.

texturing between the two material because of the different sintering processes used
in the samples’ preparation. As such certain orientations are preferred and hence
visible in the XRD diffraction pattern for the sheet samples and not in the rod
samples.

All the peaks were retained even after using various incident angles indicating
that both the surface and the sub-surface part of the crystal were purely h-BN.
There is also another diffraction peak at 28.50° which is characteristic of silicon
(311) diffraction peak, most likely obtained from the glass that was used as a sample

holder.

5.10.2 Cubic BN GIXRD

Since we have observed cubic symmetry with the optical spectroscopies after im-
plantation of h-BN which we attributed to the nc-BN symmetry, it is essential to

investigate the XRD pattern for ¢-BN in order to relate it to the pattern after



163
implantation. Figure 5.53 represents the XRD diffraction pattern for ¢-BN that

has already been analyzed by Raman and FTIR spectroscopies. Since the samples
were of powder form, standard X-ray diffraction using the conventional 6- 20 geom-
etry was used for analysis. The analyses were carried out using the D2 PHASER
Bruker X-ray Diffractometer located at the School of Chemistry, University of the
Witwatersrand. The measurements were carried out in the 6- 20 range of values
from 20° to 90°, for 1 hour in the step size of 0.1° counts per every 5 seconds to

increase precision and consistency.

5000
c-BN
s <
4000 - 2 5
P4 P4
@ @
o (8]
3000 -
g
2000 - S
= Z
= o
A o
1000 - 3
L )
0_ -—‘..a.‘_
T T T T T T

. ——
30 40 50 60 70 80 90
Diffraction Angle (0)

Figure 5.53: XRD diffraction pattern for c-BN powder supplied by Element Siz
Company.

The diffraction pattern shows several peaks at 20 values of 43.79°, 50.88°, 74.82°
and 88.89°. These peaks correspond to the (111), (200), (202) and (311) planes
with lattice parameter calculated to be 0.3615 nm which corresponds to the c-BN
lattice parameter identified by the JCPDS database (no. 35-1365). This has also

been observed by other researchers [212, 215].
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The FWHM of these peaks are relatively wide because of the nanosize particle

size of the powder crystals in the sample. it is possible to calculate the particle
size for the ¢-BN particles using the Scherrer equation. This equation relates
the estimated crystal size (Deystar) to the line perpendicular to the (hkl) plane

corresponding 26 angle and the linewidth [216]. It is given as,

kA
Dcr stal —
ystal 6%C089

(5.10.1)

where ) is the wavelength of the radiation (in this case CuKa with A=1.504 A), k is
the Scherrer’s constant=0.94, 3,5 the full width at half maximum of the diffraction
peak, and 6 the Bragg angle for the specific (hkl) plane. The particle size for the
c-BN powder was calculated to be 120 nm. This calculations agreed well with
the particle size obtained from Scanning Electron Microscopy shown in figure 5.3,
showing the crystals to have an average diameter of approximately 100 nm for the

smaller crystallites.

5.10.3 Implanted Polycrystalline h-BN rod samples

Glancing incident XRD measurements were carried out on the polycrystalline h-
BN rod sample slice that was implanted with boron ions at 150 keV and fluence of
5% 10 ions/cm?. The measurements were carried out under the same conditions
as for the unimplanted, i.e. at voltage of 40 kV and current of 40 mA with 26
range of 20-90° in steps of 0.02° for 5 seconds per step. Figure 5.54 represents the
GIXRD diffraction pattern for the implanted sample with measurements done at
the incident angle of w = 0.3°.

The diffraction peaks for h-BN are observed to shift slightly by 0.2° after implan-

tation as compared to the unimplanted sample. The peaks also show a broadening
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Figure 5.54: GIXRD diffraction pattern for h-BN rod sample (a) before and (b)
after implantation with boron ions at 150 keV and fluence of 5x 10" ions/em? at

compared to the ones before implantation. The lattice parameter was calculated to
be ¢=0.251 nm and ¢=0.668 nm. These slight lattice expansions are attributed to
surface stress induced atomic displacement and to point defects in the h-BN lattice
as a result of the irradiation. The silicon diffraction line is also present since the
same sample holder was used.

Together with these peaks, there occur three new diffraction lines at 63.69°,
74.37° and 89.56°. The first line, at 63.69° corresponds to Bragg angle values of
the (015) plane for 7-BN as identified by JCPDS database no. 45-117 suggesting
that there are traces of r-BN symmetry induced after ion implantation, confirming
a possible h-BN to m-BN symmetry change. The r-BN phase has also been observed
during some of the ¢c-BN growth processes from the A-BN phase, for example as an
intermediate phase in in HPHT phase transformation [14, 83]. By ion implantation
it is suggested that there is sufficient defect concentration and stress level that

favoured the formation of rhombohedral symmetry which is observed by GIXRD
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in this section. The r-BN vibrational mode has been observed in FTIR spectra after

implantation hence the two analyses are complementary. The Raman spectrum for
r-BN has been rarely observed because it exhibits a Raman shift very close to that
of h-BN [217]. It is therefore difficult to distinguish between the the two spectra
by Raman especially for nanocrystalline 7-BN and in thin films. work.

The diffraction patterns at 74.37° and 89.56° correspond to the (202) and (311)
planes for ¢-BN with the lattice parameter calculated to be ¢=0.3614 nm and
a=0.3616 nm respectively. This corresponds with measurements done in [218],
showing that the implanted sample contains the planes associated to ¢-BN struc-
ture. The peak at 89.56° appears to be broader and with very low intensity com-
pared to the one at 74.37°. This may be so considering the indexing factor for
c-BN, where the (202) plane has a higher factor and will therefore diffract X-rays
with a much greater intensity as compared to the (311) plane, as given in JCPDS
database no. 35-1365.

The diffraction line broadening is normally attributed to reduction in crystal
size and hence the ¢-BN could be composed of nanoscale particle size crystals. We
can calculate the tentative c-BN particles size using the Scherrer equation 5.10.1.
The Scherrer equation is based on the assumption that the nc-BN formed are
spherical nanoparticles. The particle size for nc-BN for the (202) plane at 74.37°
with a linewidth of 1.4° is estimated to be 12 nm and for the (311) plane at 89.56°
the crystal size was approximately 9 nm. X-rays diffract from planes in a material,
and as such it is plausible that the ¢c-BN symmetry observed may also be as a result
of nc-BN aggregated structures within the h-BN matrix formed by stress created
in the material as a result of defect concentration after implantation. These results

correspond synonymously with results from Raman and FTIR where nc-BN with
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nanosized characteristics were observed after implantation.

Glancing incident XRD was further carried out on the same boron optimum
implanted sample but with different angles of incidence w; from 0.1° to 1°. Figure
5.55 represents the diffraction pattern for the samples analyzed at the different
incident angles, with (a) being the unimplanted (b) at w=0.1 °, (¢) at w=0.2°
(d) at w=0.3° (e) at w=0.5°. The diffraction patterns for the implanted samples
show all the h-BN peaks. Together the h-BN, the BN diffraction lines at around
63.50%, and nc-BN peaks at around 74.30° and 89.50° are also visible for the four

respective incident angles.
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Figure 5.55: GIXRD diffraction pattern for (a) h-BN rod sample before implanta-
tion and (b, ¢, d and e) after implantation with boron ions at 150 keV and fluence
of 5x 10" ions/cm?. (b) is the pattern analyzed at w=0.1°, (c) at w=0.2° (d) at
w=0.5 (e) at w=0.5°.

We will focus on the nc-BN diffraction peaks at 74.37° since they are more

intense as compared to the (311) peaks at 89.56°. Figure 5.56 represents a graph
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Figure 5.56: Relationship between the glancing incident angle and the diffraction
peak intensity for the c-BN (202) plane peak at 74.37° for boron implanted samples
at 150 keV and at the fluence of 5x10' ions/cm?.

of the diffraction peak intensity as a function of the incident X-ray angle. The
GIXRD information depicted a sequence in the proportional yield (based on the
diffraction peak intensity) of ¢-BN at various angles. At a shallow angle of 0.1°,
which corresponds to position (a) in figure 5.56, the peak intensity is very weak
with only about 180 counts per second. The intensity then increases with increasing
glancing angle and levels out at 0.3° corresponding to position (b) in figure 5.56,
after which it remains relatively constant up to 1° as seen in position (c) of 5.56.
To understand this behaviour, we studied the theory on GIXRD, in terms of
the relationship between the penetration depth of the X-rays as a function of the
incident angle [214, 219] and related this to the ion range of the ions as they settle
in the h-BN material using SRIM simulations. The penetration depth of the X-rays

p can be expressed as a function of the incident angle w; as
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p = sinw;/ (5.10.2)

for w;>w, (i.e. beyond the critical incident angle edge where total reflection occurs

with w,. for h-BN being 0.14°), p is the linear absorption coefficient for h-BN [220].
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Figure 5.57: (a) Relationship between the calculated penetration depth p in (mi-
crons) of incident X-rays and the glancing incident angle w;. (b) Is the SRIM
simulation for the collision events of boron ions implanted in h-BN at 150 keV.

Figure 5.57(a) represents the relationship between the penetration depth of the
X-rays into the material as a function of the angle of incidence of the X-rays from
w;=0 (the surface) to w;=2°, calculated using equation 5.10.2. As the incident
angle of the X-rays increases, the X-rays penetrate deeper into the material. This
was compared with simulations from the SRIM Program as seen in figure 5.57(b).
In SRIM, as boron ions come to rest within the A-BN matrix, a damage cascade
is formed from the surface of h-BN to the end of range at 0.45 pum, with the
projected ion range being 0.4 pm. Comparing the projected range and the X-
ray penetration depth, the penetration depth of the X-rays increases rapidly with
increasing glancing angle. Of interest are the events that occur from the surface

up to the end of the ion range.
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At low glancing angle (0.05°) the ¢-BN peak has a low intensity as seen in figure

5.56. It increases with increasing glancing angle and reaches maximum at w=0.3°
after which it remains constant up to 1°. Comparing this to at the p-w graph in
figure 5.56 (a), at w=0.3°, the penetration depth is approximately 0.37 pm which
according to SRIM calculations is within the implanted layer which is close to the
projected range of the ions as they come to rest within the material. As such, we
presume the reason for the diffraction peak intensity reaching maximum is that the
diffracting volume in the entire range of the implantation contains the maximum
damage where the ¢-BN symmetry is likely to be formed.

At incident angles greater than 0.3, such as at ¢ (in figure 5.56) synonymous
to the region beyond end of range of the ions in SRIM, the ¢-BN and r-BN X-ray
diffraction intensity remains fairly constant with increasing incident angle. This is
because, at higher incident angles, the sampling volume by the X-ray constitutes the
entire volume of the implanted region so, the diffraction peaks originating from c-
BN and r-BN will be visible having almost constant intensities even with changing
incident angle at depths beyond the implantation range where the material is purely

h-BN.

5.10.4 Implanted Polycrystalline h-BN sheets

Similar measurements were done on the h-BN sheet samples with measurements
recorded form 0.01° to 0.5°. The measurements recorded here were obtained using
similar parameters as used before.

Figure 5.58 represents the diffraction pattern for polycrystalline h-BN sheets,
analyzed at 0.3°. Figure 5.58 (a) is the pattern for angles between 40° and 60°,

while (b) is the pattern for angles between 60° and 85°, for the same sample.



171

500

71 (100)
(102)

h(101)

h(104)
h(112)

400

300

200

Intensity (counts/s)

(b)

100

(a)

40 45 50 55 60 . 70 . 80 90
Diffraction Angle 20 Diffraction Angle (260)

Figure 5.58: GIXRD diffraction pattern for h-BN sheet sample (a) before and (b)
after implantation with boron ions at 150 keV and fluence of 5x 10** ions/cm? at
W;= 0.5° .

We separated the pattern in order to show clearly any features with low intensity
centred around the region of interest.

All the h-BN peaks as seen for rod sample are also observed in these sam-
ples. Similarly as before, the h-BN diffraction peaks show a slight increase in the
linewidth of the A-BN after implantation. We have attributed this line broadening
and peak shift to residual stress due to implantation. New peaks are observed in
the sample after implantation at Bragg angles of 43.2°, 63.04°, 74.32 and 89.2°.
These peaks have a wide linewidth, with low intensities relative to the h-BN peaks.
The peak at 63.04° was associated with the (015) plane for r-BN. The peak at
74.32° was associated with the (202) plane and the one at 89.2° is associated it
with the (311) plane for ¢-BN. Similar peaks were also observed in the A-BN rod
samples after implantation. The other peak at 43.2° present in the sheet sample’s
pattern was not observed in the rod h-BN samples. From JCPDS database no.

35-1365 this peak was identified to represent the (111) reflection for ¢-BN.
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Calculation of the lattice parameter for this plane is a=0.3615 nm, which is

the lattice parameter for ¢-BN (refer to table 3.2). Using the Scherrer equation
5.10.1, and assuming the particles produced are spherical, the approximate crystal
size was calculated to be 11.6 nm.

The occurrence of the (111) reflection was significant in verifying the presence
of nc-BN since the peak at 74.32° could have been easily identified by the JCPDS
database file no. 49-1327 as the w-BN phase, with lattice parameters a=b=0.255
nm and ¢=0.42154 nm, which also forms transitionally during the ~A-BN to ¢-BN
phase transformation process. It was concluded that this peak originated from the
c-BN phase as no other w-BN peak was identified here or with the other analyses

techniques (Raman and FTIR).
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Figure 5.59: GIXRD pattern for h-BN sheets (a) unimplanted and implanted with
5x 10" dons/cm? boron ions at 150 keV at glancing angles (b) 0.1° (c) 0.2°, (d)
0.8 (e) 0.4° and (f) 0.5°.

The diffraction patterns for the sheet samples implanted with boron at 5x10*
ions/cm? and analyzed at different incident angles are shown in figure 5.59. The

unimplanted pattern was analyzed at 0.3°. The red arrows indicate the (111),
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Figure 5.60: Relationship between the peak intensity for the c-BN and r-BN with
respect to the incident glancing angle for h-BN implanted sheets.

(202) and (311) planes for ¢-BN while the green arrows represents the (015) plane
for r-BN. The intensities of the new diffraction peaks were also dependent on the
incident glancing angle with an increasing intensity up to 0.3°, after which the
intensity remains fairly constant as shown in figure 5.60. This also corresponds
well with the SRIM results for the penetration depth of ions and the incident angle

for the X-ray with similar trend as observed with the rod samples.

5.10.5 Fluence variation

To investigate the dependence of the r-BN and ¢-BN diffraction peaks on fluence,
h-BN sheets were implanted with boron at 1x10' ions/cm?, 5x10'* ions/cm? and
1x10" ions/cm? were analysed using GIXRD. Figure 5.61 represents the diffraction
pattern for implanted samples for the A-BN (004) reflection analyzed at a glancing
angle of 0.3°. (This peak was chosen arbitrarily since the trend was the same for
all the h-BN peaks). It shows a shift towards higher angles and line broadening of

the diffraction peak with increasing fluence indicating that the higher the fluence
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the more the compressive stress in the h-BN material.
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Figure 5.61: Comparison for the shift of the (004) h-BN for the different fluences
at a glancing angle of 0.5°.

Figure 5.62 represents the diffraction patterns for the respective fluences com-
pared to the unimplanted. All analyses were carried out at 0.3°. After implantation
there are new peaks appearing in the GIXRD pattern for all the three fluences as
summarized in summary table 5.7. These peaks are associated with the (111), (202)
and (311) reflections for ¢-BN and (015) reflection for r-BN also seen previously.

The r-BN peak is strongest at 1x10'* ions/cm? and it decreases as the fluence
increases. The lattice parameters for these peaks were calculated for the different
fluences. At 1x10™ ions/cm?, the r-BN value is ¢=0.232 nm which corresponds
to the lattice constant of the bulk (0.2318 nm) and the constant expands with
increasing fluence which suggests there is an increase in compressive stress with
increasing fluence. It is suggested that at a lower fluence, the induced stress favours
the formation of 7-BN in the implanted volume. At higher fluences, the increase

in defect concentration and high stress induce a higher cubic symmetry.
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Table 5.7: Summary of peak positions for sheet h-BN samples implanted with dif-
ferent fluence.

Fluence (ions/cm?) | ¢-BN  r-BN

1x10M 43.11 63.67
74.26
89.37
5x 101 43.12  63.53
74.37
89.56
1x10%° 43.23 63.93
74.69
89.75

The ¢-BN peaks’ intensities increase with increasing fluence, attain a maximum
at 5x 10 ions/cm? and decrease in intensity with further increase in fluence where
a small diffraction signal is detected as shown in figure 5.62. There is also a line
broadening of the peaks, and using the Scherrer equation (assuming the particles
are spherical) the particle size is largest at 5x 10 ions/cm? at 11.6 nm. The ¢-BN
lattice parameters are calculated as 0.3613 nm for 1x10% ions/cm?, 0.3617 nm for
5x10™ ions/cm? and 0.3616 nm for 1x10™ ions/cm?. The shift and broadening of
the nc-BN peaks indicate that by increasing the fluence, more atomic displacements
and defect concentration lead to an increased stress which favours ¢-BN symmetry
up to an optimum.

The incident angle dependence is similar for boron ions implanted at 150 keV
for all the fluences i.e. the intensity of the diffraction peaks increases with increas-
ing incident angle and beyond 0.3° the intensity remains constant with increasing
glancing angle. These are shown in figure 5.59 for 5x10* ions/cm? (previous
section) and in figures 5.63 and 5.64 for 1x10'" ions/cm? and 1x10' ions/cm?
respectively.

Boron at the energy of 150 keV and at 5x 10 ions/cm? has shown to have the



176

800
5wt
o 600 -
s
0
o 400 -
2
g )
§ 200 -
£
(b
0 - a)
T T T T T T T T T T
40 50 60 70 80 90

Diffraction Angle (20)

Figure 5.62: GIXRD pattern for h-BN sheet samples implanted at (b) 1x 10*
ions/cm?® (c) 5x 10" dons/cm*and (d) 1x 10" idons/cm?® at a glancing angle of
0.5

optimum nc-BN symmetry formation from the GIXRD analysis technique used in
this section. We therefore suggest that this fluence induces an effective stress into

the h-BN matrix which drives the material to a region where ¢-BN symmetry is

stable.
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Figure 5.63: GIXRD pattern for h-BN sheet samples implanted at (b) 1x 10"
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Figure 5.64: GIXRD pattern for h-BN sheet samples implanted at 1x 10" ions/cm?
analysed at different glancing incident angles.
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5.11 Transmission Electron Microscopy
Transmission Electron Microscopy was used in this work, mainly in cross-section, to
investigate the morphology of the h-BN samples before and after ion implantation.
The TEM specimens were prepared by Focused Ion Beam (FIB) sectioning to get

an electron transparent specimen.

5.11.1 Focused Ion Beam sectioning

The FIB milling process for TEM specimen preparation has gained popularity as
one of the best ways to prepare TEM specimens and especially when cross-sectional
details of the samples are required. It poses various advantages over the other sam-
ple preparation techniques, for instance the specimen can be prepared directly from
the bulk material with no other sample preparation like polishing required. The
material can be thinned down to electron transparency with acceptably low level
of radiation damage. It is a relatively quick process that is suitable in preparing
both superhard materials and the very soft ceramics since all the parameters are
controlled. This method has become successful since there is less degradation of
finer details of the specimen as the final polishing is done at very low currents and
voltages. The nature of the samples motivated the use of FIB sectioning in this
work.

All the FIB sample preparations were carried out at the Council for Scientific
and Industrial Research (CSIR) in Pretoria using the Auriga Cobra FIB-SEM. In
the FIB process, the entire sample was first lightly coated with gold in order to
reduce the charging effect and beam drift during milling and imaging of A-BN. An
area of interest was identified on the surface of the bulk sample and a platinum

“strap” deposited on this section with a surface area of 10 ym by 5 pm and 4 pm
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Figure 5.65: Block and micrographic representation of the processes that take place
during the FIB milling sample preparation. The micrograph represent the actual
FIB-SEM images obtained during the sectioning process. In both figures (a) deposi-
tion of the Pt coating (b) initial milling process on one side of the strap (c) milling

of the other side of the strap (d, e) further milling at low beam currents (f) the
undercut.

thickness to further minimize charging, and as a protective layer to the sample
during the milling process.

The FIB ion source is fed with liquid gallium that is ionized to produce a beam
of Ga ions. These ions are accelerated at an energy of 30 kV then manipulated with
a nanometer precision to the target material at a current of 20 nA, and directed
to the sample using electrostatic lenses. The beam excavates the material (by
sputtering) from both sides of the strap with a step-cut geometry to allow for the

last step cutting up to a depth of about 4 pum. The entire FIB sectioning process
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Figure 5.66: FIB-SEM micrographs showing the final stages of (a) “lift out” (b,c)
mounting of the specimen into the TEM grid. (d) shows the image of the grid with
the specimen barely visible at low magnification.

is shown in figure 5.65.

After the excavation process, the ion beam perforation procedure follows, which
involves the undercutting of the specimen. The removal of the specimen is done
using a hydraulic micromanipulator and a stereomicroscope where a drawn glass
needle is directed to the excavation site and the thin specimen extracted by elec-
trostatic attraction to the needle as shown in figure 5.66 (a).

The sample is then soldered/attached on to a 3 mm copper TEM grid as shown
in figure 5.66 (b and c) using platinum. A low beam current of approximately 100
pA is used for the final polishing to a thickness of about 50 nm. This sample is
electron transparent as shown in 5.66 (c¢) with dimensions of 10 um x5 pm with a

thickness of 50 nm and ready for TEM analyses.
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5.11.2 Enmergy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is an analysis technique used to iden-
tify the elemental composition of a given sample under investigation. It gives the
qualitative and quantitative information of the elements present in the material.
The EDS system analyses the materials by the use of the characteristic X-rays that
are produced when a beam of electrons strikes a material.

The EDS system is normally an integral part of the Transmission Electron
Microscope the (FEI Quanta F20 TEM used in this study). It is composed of an

X-ray Si detector cooled by liquid nitrogen a pulse processor and an analyzer.
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Figure 5.67: EDS spectrum for h-BN sheet sample.

All the EDS measurements were carried out on an h-BN sample that was im-
planted with boron ions at 150 keV and a fluence of 5x10' ions/cm?. Figure 5.67
represents the EDS spectrum for the hA-BN sample with measurements collected
from the sample. The spectrum indicates a high amount of boron and nitrogen in
the sample with their dispersive peaks being close to each other.

Other elements including copper, gallium and platinum were also detected.
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Copper was observed to have a high count as it originated from the copper grid

that was used as a sample holder. Gallium counts observed were obtained from
gallium ions that were used during the Focused Ton Beam (FIB) slicing of the h-BN
to obtain an electron transparent specimen. Platinum observed was obtained from

the platinum that was used as a coating and protective layer during FIB sectioning.

5.11.3 Polycrystalline samples

Pt Coating

Figure 5.68: TEM micrograph for (a) h-BN sheet and (b) h-BN rod sample at low

magnification showing the overall view of the sample after FIB sectioning.

Conventional TEM employs diffraction contrast or mass thickness to measure
the intensity of the diffracted electrons in the imaging process. In this process, the
microscope is operated at low to medium magnification. The TEM measurements
were carried out on the polycrystalline 2-BN sheet implanted by boron ions at
150 keV and fluence of 5x10' ions/cm?. Figure 5.68(a) and (b) represent the
TEM micrographs for FIB lamella of A-BN sheets and rod samples respectively.
After preparation, TEM images show that the FIB sectioned specimen contains a
number of voids. Because the original sheets were prepared by hot press sintering,

voids present in the specimen will grow as a result of preferential etching along the
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boundaries of the voids. The voids present in the lamellae may be a contributing

factor for Pt diffusion into the material observed by EDS.

Figure 5.69: TEM micrographs for sheet sample implanted with boron ions at
5x 10" dons/em?® and 150 keV. The images are taken at different magnifications .

Figure 5.69 represent TEM micrographs for the polycrystalline h-BN sheet sam-
ple, prepared by FIB sectioning, at different magnifications. Figure 5.69 (a) shows
the TEM micrograph for the region of the sample from the surface to about 4 ym
below the surface of the sample, (b) 600 nm below the surface and (c) 300 nm
below the surface of the material. In figure 5.69 (d), the region is composed of
the surface coated with the platinum, an intermediate layer between the platinum
coating and the implanted region labeled 1, region labeled 2, which coincided with
the implantation range and the substrate’s bulk labeled 3 which is about 0.6 pm
below the surface. The contrast seen in section 2 coincides with the implanted
range but no imaging has shown a clear difference in the composition with section

3 and therefore may not necessarily represent the implanted layer. Platinum can
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be seen clearly having diffused into the material. Because of the poor quality of

the samples efforts to image the nanoparticles was unsuccessful with conventional

TEM.

5.11.4 High Resolution TEM

Figure 5.70: HRTEM micrograph for B implanted sheet sample (a) unimplanted
region (1 pm deep into the substrate). Image on the right is an FFT pattern for
the sample taken from the region (a). (b) HRTEM taken from the a region 0.35
um from the surface. Image on the right is an FF'T pattern taken from region (b).

High Resolution TEM involves imaging of the specimen at high magnification
> 200,000x. The method involves the use of phase contrast to image atomic lattice
fringes from which the lattice parameter can be measured and the specimen can
be identified. A Fast Fourier Transform (FFT) image can be collected within

small regions to determine the diffraction planes for the particular material that



185
form the lattice pattern. Figure 5.70 (a) is the region, 1 pm below the surface,

which represents the bulk/unimplanted region. The lattice fringes are clearly seen
indicating that the material is crystalline. The FFT micrograph represents the
diffraction pattern of the sample showing the (0002) planes for h-BN. The atomic
spacing was found to be 0.2504 nm which is the lattice parameter for A-BN. Figure
5.70(b) represents the HRTEM image collected 0.35 pum from the surface. The
FFT image in this region shows a (111) planes which are associated to the ¢-BN

[221] implying there are traces of the ¢-BN in this region.

5.11.5 Single crystal h-BN

Figure 5.71: Cross-sectional TEM micrograph for single crystal h-BN sample im-
planted with boron ions at 5x 10* ions/cm? and 150 keV. Regions (b,c,d) represent
the different sections as enclosed in figure (a).
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Figure 5.71 represents the cross-section TEM micrographs for boron implanted

h-BN single crystal specimen prepared by FIB sectioning. Figure 5.71(a) shows
the micrograph for the entire sample at low magnification, (b and c¢) shows the
regions close to the surface and (d) the region where most of the implanted region
is expected to be according to SRIM simulations in figure 5.72. Boundaries are seen
in the micrographs which are as a result of small crystals which are attached by
van der Waals force on the large size crystal during the growth process. With this
scenario, it was challenging to view the implanted layer using TEM imaging for the
single crystal samples. Note that there was no Pt diffusion into this single crystal
sample. Apart from these, there is no visible difference in the entire specimen from

the surface to about 0.6 pm.
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Figure 5.72: SRIM simulation for h-BN single crystal sample implanted with boron
ions at 5x 10* ijons/cm? and 150 keV. The highlighted region represents region of
mazximum damage.
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5.11.6 HAADF-STEM

Due to low fluences that have been used in ion implantation for the samples here,
the sp® coordinated regions may be sparingly distributed within the A-BN matrix
making TEM analysis challenging. The High-Angle Annular Dark-field (HAADF)
analysis that operates in the Scanning Transmission Electron Microscopy (STEM)
mode was employed to study the microstructure of the sample since the contrast
of the image correlates strongly with the sample’s density [222]. This method is
important as it helps visualize stress regions and identify defects, ad-atoms and im-
purities with different masses from the surrounding pristine material. The regions
in the material with high density have a lower contrast (will appear brighter) as
compared to the low density regions which appear dark.

The HAADF detector consists of a scintillator-photomultiplier that is placed
in a housing above the projection chamber of the FEI Quanta F20 TEM. The
HAADF-STEM uses highly incoherent, elastically scattered electrons to record
images with different atoms giving different Z contrast/intensity.

Figure 5.73 represents an HAADF-STEM image for single crystal sample that
was implanted with boron ions at 150 keV and fluence of 5x10' ions/cm?. The
micrograph represents a cross-sectional length of about 0.5 yum from the sample’s
surface, which according to SRIM is the region where most of the nuclear stopping
process takes place. In region 1, about 0.1 pum from the surface, there is a high
intensity contrast as compared to region 2 about 0.4 pum from the surface. We
know high contrast represents regions with low density and as such we suggest
that region 1 is composed of the low density sp? bonded h-BN.

The low contrast region 2 is attributed to regions of high density in the material

and as such we attribute this region to contain sp* bonded high density c-BN lattice.
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Figure 5.73: HAADF STEM micrograph for single crystal h-BN sample implanted
with boron ions at 5x 10" ions/cm? and 150 keV.

The width of this region is about 0.1 pm which corresponds to that part of the
range of the implantation in SRIM highlighted as the area under the curve as shown
in figure 5.72.

All the TEM results presented in this section are preliminary. The main chal-
lenge has been to get a sample in which we can distinguish between the implanted
and unimplanted regions using TEM imaging, because of either plate boundaries
or voids in the material which are seen after FIB sectioning. In the analyses carried
out here this was difficult.

This work recommends that a multiple energy implantation be carried out,
where an entire region from the surface to the end of range that will represent the
implanted region, as shown in the SRIM simulation in figure 5.74. This will be
useful since the entire region is implanted even if there are plate boundaries and

voids between the surface and the end of range.
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Figure 5.74: SRIM simulation for multiple energy implantation from 37 keV to 170
keV, for h-BN samples implanted with boron ions at different fluences to create a
uniform distribution of damage from the surface to the end of range.



Chapter 6

Spatial Correlation model

6.1 Introduction

In the previous chapter, Raman spectroscopy was employed as one of the tech-
niques to determine the effect of implantation on h-BN by observing and analyzing
the changes in the phonon spectra before and after implantation. It was shown
that nanostructured c-BN symmetry was induced after ion implantation of h-BN.
This chapter seeks to correlate the experimental information analyzed by Raman
spectroscopy with the Spatial Correlation Model/Phonon Confinement Model cal-
culations in order to understand the changes in the Raman line with changes in
the crystal size. This study also aims at determining the approximate crystal size
for nc-BN produced and correlate it with calculation obtained using GIXRD.

In the nc-BN experimental Raman results in Chapter 5, the Raman spectra
are broad and shifted with respect to the bulk value of approximately 1304 cm™!
to lower frequencies, which was mainly attributed to the lateral compressive strain
caused by ion implantation in A-BN. The Spatial Correlation Model (SCM) or the

Optical Phonon Confinement Model (OPCM) study is fundamental in our cur-

rent research as we observe changes in the Raman peak after introducing disorder
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in A-BN by ion implantation. The main purpose is to understand the charac-

teristics of the strain and the optical phonon confinement in self-assembled ¢-BN
nanoparticles. The experimentally observed optical phonon frequency shift values

are analyzed with quantitative calculations.

6.1.1 Theory of Phonon Peak

Normally in an ideal infinite crystal, the momentum conservation selection rule for
phonons near the Brillouin zone centre ¢=0 are allowed to contribute to the first
order Raman spectrum. When the crystal lattice periodicity of the material is in-
terrupted such that the size of crystallites in the material is decreases to nanoscale,
due to extended defects and stress in the material, this selection rule is violated
and as such phonons at Brillouin centre ¢#0 are now allowed to contribute to the
Raman first order spectrum [202]. This results in changes to the Raman line char-
acteristics including (1) the asymmetric broadening of the linewidth (2) Reduction
in intensity and (3) A shift of the phonon line toward lower frequencies.

The Spatial Correlation Model was first developed by Parayanthal et al [183]
and later developed by Richter-Wang et al [223] whose work was based on quanti-
fying the relationship of the Raman first-order peak shift, asymmetric broadening
and change in the intensity with respect to the disorder in semiconductor alloys.
This model correlates quantitatively the crystal size and quality and the Raman
spectrum. The model is based on a Gaussian function exp (¢?L?/4) which has
been used to account for the contribution of phonons away from the Brillouin zone
centers. It calculates the intensity I(w) of the phonon dispersion of the Raman

peak at frequency w given as
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_q2L2) y dSq _
17 - w(oP + (5

I(w) x /exp( (6.1.1)

where L is the correlation length, ¢ has units of (2r/a) with a being the lattice
parameter (in this case a=3.616 A for ¢-BN), and I', is the estimated full width
at half maximum of the Raman line determined from the experimental spectrum
of the ¢-BN LO mode. The dispersion relation of optical phonons is derived from
a one-dimensional linear chain model assumed to be isotropic [168, 224] and is

approximated to be of the form

w?(q) = A+ /[A2 — B(1 — cos(mq)] (6.1.2)

with A and B being constants specific to the material under investigation.
Raman scattering studies have appeared in the literature on the modifications
to the original Richter-Wang-Ley’s model. Today the Raman line-shapes of nanos-
tructures (nanowire [225], quantum dots, quantum wells [223], thin films [226])
can be modeled successfully using the modified Richter-Wang-Ley Phonon Con-
finement Models. For the phonon dispersion relation of the bulk material, w(q) of
the LO mode used in our model is assumed to be isotropic and also based it on a

theoretical calculation reported by Zhang et al [215], where

w?(q) = 1284.2—0.1g—147.94¢° +81.39¢> +726.79¢° — 1870.3¢° + 1074.72¢° (6.1.3)

From the calculations, w(q) at ¢=0 is 1284.2 cm ™! which is 19.8 cm ™! wavenum-
bers from the bulk ¢-BN LO phonon peak at 1304 cm ™.
Figure 6.1 (a) represents the Raman spectra for ¢-BN with different crystal sizes

as measured by [184] and figure 6.1 (b) shows an example of the Raman spectrum



193
for GaAs with different particle sizes as calculated by Arora et al in their study

on “Phonon Confinement in Nanostructured Materials” [227], in both cases using
the Spatial correlation model. The bulk material was used for comparison and
it is observed that as the crystal size reduces from the bulk material, there is an

asymmetric line broadening and a shift to lower wavenumbers.

(a) c-BNLO

BN TO

60
| mm (b)

40 -
100 pm 4 nm
. 20 |- /\ 8 nm
100 0 ; /\ Bulk

1 1 1 1 ] 1 1
1000 “-UO 12‘00 13I00 240 260 280 300 320 340 360

Raman Shift (cm™) Raman Shift (cm™")

Raman Intensity / Arbitr. units

Figure 6.1: (a) Calculated Raman Spectrum of confined LO phonon in c¢-BN [184]
and (b) GaAs particles with different crystal sizes [227].

Before fitting our experimental data, our custom-design OPCM was calibrated
against simulated Raman lineshapes presented by Zhang and Matsumoto in [215].
This report was chosen mainly because our work employed a phonon dispersion re-
lation similar to the one reported therein but for ¢-BN prepared by HPHT method.
Zhang and Matsumoto also, in that same report, present Raman lineshapes sim-
ulated from a wide range of correlation lengths. In this work, different values of
correlation length (L = 10 A, 20 A, 50 A, and 100 A) were used to fit Raman line

shapes calculated in [194]. The values of I',=4 cm™! and ,=0.36157 nm [184] were
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L at

used in this work. The natural width of the phonon at 1299 cm™! is 4 cm™
room temperature [203].

Figure 6.2 represents Raman measurement for the polycrystalline A-BN sheet
samples that were implanted with boron ions at 5x10' ions/cm?, at 150 keV, and
the spectrum generated from calculations using the SCM Model in equation 6.1.1.
The filled symbols represents the experimental data after background subtraction
while the continuous line represents a fit of the calculated data. The peak position
for the experimental measurements is 1299 cm ™!, while the calculated peak position
is 1301 ecm™! in good agreement with each other. The correlation length from this
calculation, which relates to the crystal size of the ¢-BN was obtained to be 15.2 nm.
Considering this correlation length (and also assuming the crystals are spherical),
the nanocrystalline nature of ¢-BN formed was confirmed. These calculations for
the crystal size Correlates well with the GIXRD measurements in Chapter 5 which

also show that the estimated crystal size for nc-BN created is between 9 and 15

1.
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Figure 6.2: Raman experimental measurements for boron optimum fluence (open
symbols), the cleaned experimental data after background subtraction (filled sym-

bols) and the calculations (continuous line) using the Spatial correlation model in
equation 6.1.1 for the c-BN LO mode.



Chapter 7

Summary and Conclusions

7.1 Summary

The work presented herein focused on selectively introducing defects into sp* h-
BN with an aim of inducing an sp® bonded cubic BN structure. Ion implantation
was the major process used to modify different h-BN substrates including sliced
polycrystalline rods, recrystallized sheet and single crystal sample types. Different
ions including helium, lithium, boron, nitrogen and argon were used. The ion
fluence, ion energies and substrate temperatures were varied.

The samples were analyzed by various techniques including Raman spectroscopy
(which was the main analysis technique), Fourier transform Infrared spectroscopy,
and Glancing incident X-ray diffraction. Transmission electron microscopy, Energy
dispersive spectroscopy and scanning electron spectroscopy were also used with
moderate success.

The simulation and experimental results obtained show that ion implantation
introduced a substantial number of point defects into the surface and sub-surface
of an h-BN substrate. These defects led to an increase in stress levels in the
material, increasing the local density to favour the formation of the high density

cubic symmetry. Different analyses have shown that the defect concentration was
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found to be controlled by and depend on factors such as ion mass, the implantation

energy, the ion fluence and implantation temperature.
Raman spectroscopy done on the material show that the initial material has a

1 assigned to the h-BN material. After im-

Lorentzian peak centred at 1366 cm™
plantation, new phonon vibrational mode peaks were introduced, centred between
1290 cm~! and 1303 cm ™! depending on the ion mass, the implantation energy and
the implantation temperature. These were associated with the formation of ¢-BN
symmetry after implantation. Using the Phonon Confinement Model, based on the
characteristics of the Raman spectra i.e. asymmetric broadening, low intensities
and shift to lower wavenumbers compared to the ¢-BN peak for bulk material (1304
cm~! cm), it was suggested these peaks originated from the implanted region which
consisted of the nanostructured ¢-BN symmetry (nc-BN).

The extent of the occurrence of the nc-BN mode depicted a sequence in the yield
of the ¢-BN with respect to the implantation parameters on basis of the intensity
and linewidth. For a fixed ion mass and implantation energy of 150 keV, each
ion used had an optimum fluence that gave the highest intensity for the LO nc-
BN phonon peak. Helium ions had an optimum at a fluence at 5x10'° ions/cm?,

2 and nitrogen at 1x10%

lithium at 1x10" ions/cm?, boron at 5x10' ions/cm
ions/cm?, implying that for each ion, there is a critical defect concentration, hence
stress level required to induce the cubic symmetry below and above which much
less nc-BN LO Raman signal was detected. Above these fluences, radiation damage
overwhelms the conversion process.

With respect to the ion mass, boron ions at 5x 10 ions/cm? gave the highest

nc-BN yield followed by nitrogen, lithium, helium and argon respectively for the

same energy of 150 keV. The reason was suggested to be because B is one of the
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atoms that constitute the BN compound and it has a high formation energy in BN.

The formation energy for N ions, also a constituent of BN, is lower than B most
likely because it has a higher mass number and hence caused more damage to the
material. Argon ions showed the lowest yield of all the ions within the energy and
fluence ranges used.

Energy variation analysis revealed that an increase in energy caused an increase
the yield of nc-BN symmetry for the energy range used in this study. SRIM
simulations showed that for the same ion with similar fluence at variable energy, the
integrated damage concentration increases at higher energies and hence increasing
the stress levels responsible for ¢-BN formation.

Annealing the samples after implantation caused a reduction in the linewidth
of the nc-BN LO peak, which was associated with the relaxation of crystal strain
created during implantation. Boron implantation at 200°C showed a favorable
increase to the nc-BN Raman intensity.

Results from FTIR also showed a change in the structure of the h-BN material
after implantation. New vibrations were observed at wavenumbers between 1090
and 1114 cm™! depending on the ion type and the fluence which were attributed
to the vibrational modes for nanocrystalline ¢-BN. Using the FTIR formula an
estimated amount (6%) for ¢-BN in the sample was determined. The samples
implanted with boron at 150 keV gave the highest estimated amount followed by
lithium and finally helium. The estimated amount for ¢-BN produced was also
fluence dependent with the same optimum fluence obtained for each ion as the
ones using Raman.

Traces of r-BN were also observed using FTIR showing that there existed a

multi-symmetry in the samples’ matrix after implantation.
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Glancing incident XRD results were also reported for boron implanted samples.

The diffraction patterns after implantation showed diffraction peaks at 43°, 74°
and 89° which were associated with the (111), (202) and (311) planes for ¢-BN.
There were also diffraction patterns at 63° associated with the (015) plane of the
rhombohedral BN.

Finally TEM results were recorded. FIB sample preparation was used as the
major sample preparation technique. Both polycrystalline and single crystals were
analyzed with the single crystals being easier to work with. Imaging did not yield
very positive results primarily due to the nature of the samples after FIB sectioning.
There was also no contrast between the unimplanted and the implanted regions be-
cause the nc-BN structure is burred within a matrix with the same atomic number.

HAADF-STEM analyses proved to be fairly successful of all the microscopy
analyses. There was an indication of regions of high density in the implanted
specimen which were associated with the cubic symmetry since this technique uses

density contrast to differentiate between materials with different densities.
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7.2 Conclusion
eCubic BN symmetry was successfully induced by ion implantation of h-BN evi-
dent from the various complementary analyses, with the particle size of the nc-BN
particles estimated to be between 9 nm and 15 nm. The occurrence of the ¢-BN
structural symmetry was attributed to point defects (interstitials) introduced into
the samples by ion implantation. The aggregation of these point defects caused
compressive strain/stress into h-BN. This stress in h-BN drives it into a region
where the c-BN formation begins to take place. The defect concentration and the
subsequent volume strain scaled up with threshold for the formation of ¢-BN struc-
ture which was found to depend on the implantation parameters such as the ion
mass, ion fluence, the implantation energy and the substrate temperature. Low
ion mass species required higher defect concentration to cause the same effect as
for high mass number ions. Higher mass number species such as Ar used here
caused large compressive stress and as a result very little signal was detected by
the different analyses techniques.

eGlancing Incident XRD showed nc-BN structures within the h-BN lattice.

eAn increase in the annealing temperature led to reduced stress, with the LO
nc-BN mode still present after annealing to 400 ° C.

eRhombohedral BN symmetry was also formed during the implantation process.

eThe nature of the starting material did not have any effect on the occurrence
of the ¢-BN symmetry as all the samples used showed the same change after im-
plantation. The nature of the material only affected the analyses techniques used,
i.e. both the polycrystalline samples’ preparation was challenging for TEM mea-
surements. The FTIR measurements for implanted rods also proved difficult as it

was difficult to polish the samples down to suitable thickness being a challenge,
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while the single crystals were not suitable for GIXRD measurements because of

their small size.

7.3 Recommendations

Transmission EM analyses posed a big challenge especially due to the nature of the
sample. Due to either voids or plate boundaries in the polycrystalline samples it
was difficult to determine the actual implanted layer which is buried between the
h-BN layers for single energy implants done in this study. This work suggests that
a multiple energy implantation be carried out on these samples in order to get a
uniformly implanted layer from the surface to the end of range.

Varying the implantation temperature and annealing was preliminary in this

work and therefore more studies with these variables should be carried out.
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APPENDIX

Al: Instruments

Figure 1: Photograph of the Varian 200-20A2F ion implanter located at iThemba
LABS Gauteng, Johannesburg.

Figure 2: Photograph of the D8 ADVANCE Bruker X-ray diffractometer located at
the school of Chemistry, University of the Witwatersrand.
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Figure 3: Photograph of the Auriga Cobra FIB-SEM located at Council of Science
and Industrial Research (CSIR) in Pretoria.

Figure 4: Photograph of the FEI Quanta F20 TEM located at the University of
Western Cape, South Africa.



204
A2: List of Publications

1. E. Aradi, S. R Naidoo, R.M. Erasmus, T. E. Derry, Raman Characterization
of Ton Implanted Hexagonal Boron Nitride, S. A. Inst. Phys. 978-1-8688-3
(2011) 672-676.

2. E. Aradi, R. M. Erasmus, T. E. Derry, Formation of Cubic Boron Nitride
Nanocrystals by Helium, Lithium and Boron lon Implantation, J. Nucl. Instr.

Method, B, 257, (2012) 57-60.

3. E. Aradi, S. R. Naidoo, R. M. Erasmus, B. Julies, T. E. Derry, Investigations
on the Characterization of lon Implanted Hexagonal Boron Nitride, J. Nucl.

Instr. Method, B 307 (2013) 214-217.

4. E. Aradi, S. R. Naidoo, T. E. Derry, D. G. Billing, D. Wamwangi, fon beam
Modification of the Structure and Properties of Hexagonal Boron Nitride:

X-Ray Diffraction and Fourier Transform Infrared Spectroscopy Analysis, J.
Nucl. Instr. Method, B, 331 (2014) 140-143.

5. E. Aradi, S. R. Naidoo, R.M. Erasmus, T. E. Derry, Raman Studies on the
Effect of Multiple Energy Ion Implantations on Hexagonal Boron Nitride,
Radiation Effects and Defects Solids. Accepted manuscript(2014).

6. E. Aradi, R. Machaka, S. R. Naidoo, R.M. Erasmus, T. E. Derry, Size Effect
Investigations of c-BN Nanocrstals Studied by the Spatial Correlation Model
of Raman Scattering, J. Raman Spectros. In preparation (2014)

A3: Conferences Attended

1. July 13-18, 2014: The 26" International Conference on Atomic Collisions
in Solids (ICACS) Debrecen, Hungary.

2. July 9-12, 2014: The 7" international meeting on Recent Developments in
the study of Radiation Effects in Matter (REM7), Budapest, Hungary.

3. Oct 19-25, 2013: International Conference on Adaptive Optics, Cape Town,
South Africa

4. July 8-12, 2013: The 58" South African Institute of Physics (SAIP2013)

Conference, Zulu Land, South Africa.
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. Sept 2-7, 2012: The 18" International Conference for Ion Beam Modifi-

cation of Materials (IBMM2012), Qingdao, China.

. July 9-13, 2012: The 57" South African Institute of Physics (SAIP2012),

University of Pretoria, South Africa

Nov 13-20, 2011: The International Conference on Radiation Damage in
Nuclear Materials, at the International Centre for Theoretical Physics, Tri-

este, Italy.

Sept 4-6, 2011: International Conference on the Advancement of Women

in Science and Technology, Johannesburg, South Africa

. July11-16, 2011: The 56" South African Institute of Physics (SAIP2011)

Conference, Pretoria, South Africa

April 4-9, 2011: International Conference for Women in Physics (ICWIP
2011), Cape Town, South Africa

Oct 23-36, 2010: Post Graduate cross faculty Symposium University of the
Witwatersrand, South Africa

Sept 11-16, 2010: South African Institute of Physics (SAIP2010) Confer-
ence, Council of Scientific and Industrial Research Institute, Pretoria, South

Africa.

Aug 22-27, 2010: The 17""International Conference for Ion Beam Modifi-
cation of Materials (IBMM2010) in Montreal, Canada.

Dec 4, 2009: Annual Postgraduate Seminar, Moi University Eldoret, Kenya.

Sept 20-23, 2009: Annual Postgraduate Cross Faculty Symposium, Wits

University.

July 7-13, 2009: The 55" South African Institute of Physics (SAIP2009)

Conference, Durban, South Africa.
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