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Abstract

Abstract

This research presents an innovative approach to diamond coating by
integrating magnetic fields into the Hot Filament Chemical Vapor Deposition (HFCVD)
process. This novel method addresses the traditional challenges of HFCVD, such as
slow growth rates and inconsistent film uniformity, by leveraging magnetic fields to
enhance efficiency and quality in diamond coating technology.

The study begins by optimizing key parameters of the HFCVD process,
including methane concentration, substrate temperature, and chamber pressure.
Through experimental design, response surface methodology, and parameter
optimization, significant improvements in film uniformity and growth kinetics were
achieved. After obtaining the optimum coating parameters for diamond film in HFCVD,
an application of magnetic field in HFCVD is demonstrated. Notably, applying a 400
mT magnetic field increased diamond nucleation rates by 45% and overall growth rates
by nearly 45%, crucial for producing high-quality, consistent films for industrial
applications. Incorporating a magnetic field during the HFCVD process also enhanced
the structural and morphological characteristics of the diamond films. The magnetic
field facilitated the formation of larger, more uniform columnar grains with a dominant
(111) crystallographic orientation, known for superior mechanical strength and thermal
conductivity. These properties are advantageous for high-performance applications,
such as cutting tools and thermal management systems. The research further explored
the impact of rotational dynamics in the magnetic field system during deposition.
Rotating the magnetic field at speeds up to 2 RPM significantly improved the
uniformity and thickness of the diamond films, addressing issues related to non-
uniform magnetic influence and plasma stability common in static configurations.

Additionally, various magnetic field configurations, including balanced and
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unbalanced setups, were investigated. The South-North (SN) orientation proved
particularly effective in promoting uniform grain size and consistent coating thickness.

Complementing the experimental work, comprehensive Finite Element
Modelling (FEM) was employed to analyse the effects of magnetic fields on
temperature distribution and reactive gas flow within the HFCVD reactor. The
simulations demonstrated that the magnetic field optimized the distribution of reactive
species, improved plasma stability, and ensured a uniform temperature profile across
the substrate, providing predictive insights into optimal conditions for diamond film
growth.

This study significantly advances HFCVD technology by demonstrating the
potential of magnetic field assistance in diamond coating. It promises to reduce
production costs, increase productivity, and enhance the performance of cutting tools,
particularly in specialized applications. The successful integration of this technology
offers high levels of efficiency and quality, reshaping the landscape of cutting tool

manufacturing and beyond.

ii



Publication arising from this study

Publication arising from this study

Journal papers

1.

Kwok, F. M., Sun, Z., Yip, W. S., Kwok, K. Y. D., & To, S. (2022). Effects of
Coating Parameters of Hot Filament Chemical Vapour Deposition on Tool
Wear in Micro-Drilling of High-Frequency Printed Circuit Board. Processes,
10(8).

Kwok, F. M., Du, X., Sun, Z., Ng, M. C., Liu, Q., Luo, F. L., Yip, W. S., Kwok,
D. K. Y., & To, S. (2024). Fabrication of diamond film under low methane
concentration by hot filament chemical vapor deposition with magnetic field
assistance. Surface and Coatings Technology, 483, 130802.

Kwok, F. M., Du, X., Sun, Z., Ng, M. C., Yip, W. S., Kwok, K. Y. D., & To,
S. (2025). Investigation of rotational magnetic field assisted hot filament
chemical vapor deposition for diamond film growth. Surface and Coatings

Technology, 495, 131588.

Conference papers

1.

Kwok, F. M., & To, W. S. Y. S. (2022). Hot filament chemical vapour
deposition on tungsten carbide milling tools with magnetic field assistance.

ASPEN 2022.

il



Acknowledgements

Acknowledgements

First and foremost, I would like to express my deepest gratitude to my wife,
Sarunchana Viputsakul, for her unwavering support throughout this journey. Her
patience, encouragement, and assistance in numerous aspects of life during my research
period have been invaluable. Without her, this achievement would have been much
harder to reach.

I am sincerely grateful to my supervisor, Prof. Sandy To, and co-supervisor,
Prof. Lenny Yip, for their guidance, encouragement, and insightful discussions. Their
expertise, invaluable advice, and constructive suggestions have greatly influenced my
research and allowed me to explore innovative ideas. Their mentorship has been
instrumental in shaping both my academic and personal growth.

I would also like to extend my heartfelt appreciation to my family, especially
my mum, dad and sister, for their unwavering support and belief in me. Their
encouragement and assistance throughout my academic journey have been the
foundation of my success. I would not be where I am today without them.

Furthermore, I would like to acknowledge my research group members, the
staff at State Key Laboratory of Ultra-precision Machining Technology, and my friends.
Their support, collaboration, and shared experiences have made my research journey
not only intellectually stimulating but also enjoyable. I deeply appreciate the
friendships and the memorable moments we have shared.

Finally, I want to thank everyone who has supported me in any way throughout
this journey. Your kindness and encouragement have meant more than words can

express.

v



Table of contents

Table of contents

AADSTTACT ...ttt ettt ettt e at e bt e sbeeeabeenaeeeane 1
Publication arising from this StUAY ........ccceeiiiiiiiiiiiee e 1ii
ACKNOWIEAZEMENLS.......cciiiieiiieciie et e e e abeeenaeeennneas v
Table Of CONEENES. ....ecueiiieiiiieeiee ettt sttt v
LSt OF fIUIES ...tieiieeieciiecte ettt ettt e et e e saessbeesaeeesbeessseensaessnaans X
LSt OF tADIES ..ot s XVi
LSt Of QCTONYIMS ...ttt ettt ettt et e saeeebeesaeeeanee s Xvii
Chapter 1 INtrodUCHION ......cc.viiiiie ettt e et e e sbe e e s beeesbeeesareeenes 1
1.1 Research back@round.............c.covveeiiieniieiienieeieeceeeeesee e 1

1.2 ReSEarch ODJECHIVES .....eevuiiiiiiieeciie ettt 5

1.3 ThesiS OULINE. ....cc..eiiiiiiiiiieiee e 7

Chapter 2 LItErature TEVIEW .......cceevueriiriiiieeiienieete st sieete ettt st sae et sieeseeeneesaeens 9
2.1 INErOAUCHION ..ottt ettt ettt eneeas 9

2.2 Pre-treatment for HFCVD coating process ........ccoccevveveevveeeeneenenniennens 10

2.2.1 Cobalt removal using chemical reagents ..........cccceeveeecveeecieeenneenns 12

2.2.2 Interlayer COAtING .......eeveuieeriieeriieerieeerteeeriteeeereeesreesaeeesaeeesneeenns 16

2.2.3 SUrface QUALILY ....ooeeveeeeiie et 19

2.3 HFCVD COQtING PIOCESS ... uvveurrerieeurietiesieenieeaseenseesseesseessseessnesnseessneens 21

2.3.1 Methane concentration in gas MIiXtUI€.........ccccueerveerueeerueenveeneeennenns 24

2.3.2 Addition of precursor gases in gas MIXtUIC .......ccceervveerveerveeiveennnenns 26



Table of contents

2.3.3 Growth of single crystal films ..........cccccveeviiiieiiiiieiieeeeeeeee, 27
2.3.4 Chamber PIESSUIE .......cccvveerveeeireeeiieeesieeesireeesereessreesseeesseeessseeenns 32
2.3.5 Bia8S SYSTEIM ..uvieiieeiiieiie et eiie ettt ettt e et eebe et e beesabeeneesaae e 33
2.4 Magnetic field assisted HFCVD.........ccoovviiiiiieiiiiieeiieeeeee e 37
2.4.1 Static magnetic field .......c.coocvveiieiiiiiiecce 38
2.4.2 Periodic magnetic field ..........coceeiiiiiiiiiiiii 39
2.4.3 Magnetic and electric field coupling ...........coecevvieniieiinniiiiiens 41
2.5 Difficult-to-cut materials processed by diamond-coated tools................ 44
2.5.1 5G printed circuit board (PCB).......cccoveviieiiiniiiiiiieeeeeeeees 44
2.5.2 Zirconium diOXIde.......c.oeoveveriiriniriniieieietentenese et 49
2.6 Quality measurement of diamond coating films ........c..ccceeveeneinenccnnn. 52
2.6.1 NON-dEStrUCTIVE TESTS...ccuveruririeiiriienieeieeienieeste ettt 52
2.6.2 DESIIUCTIVE TESS ..euvvenrieureriieiieieeiteeie ettt st 55

TNACKININE ©...etiieiiie ettt et et e e st e e s ateeessbeeesaeeensaeeensaeeensseesnseeennseens 61
3.1 TNErOAUCTION .ottt st e 61

3.2 Fabrication of drills with MCD and NCD by HFCVD ...........ccccoeeune.. 62

3.2.1 Pre-treatment of PCB drillS.......ccccooeeviiiniiniiiiniiicieceeee 64

3.2.2 HFCVD diamond coating ProcCess .........ceccueerueereeereeerveenueesveenneenns 64

3.2.3 Diamond film growth on PCB drills........c.cccccoiiniininiiniininennn, 64

3.2.4 Observations and teStING .........cceevvvereriiieeriieeriee e 65

3.3 Results and diSCUSSION ........eeruiiiiiiiiiiiiieiie ettt 66

Vi



Table of contents

3.3.1 Effects of coating parameters on grain size and coating thickness..66

3.3.2 Surface morphology and roughness analysis...........ccccceeeevveerveeennee. 68
3.3.3 Effect of coating thickness and grain size on adhesion strength .....69
3.3.4 Investigation 0N t00] WEAT..........ccveeiieriieriieiieeii e 71
3.3.5 PCB hole quality and wall roughness.............ccceceevieniieniencieenenne. 74
3.4 SUIMIMATY ..ccoeeeiiieieeeieeee ettt s 76

Chapter 4 Diamond film fabrication under low methane concentration via HFCVD with

mMAagNetic field asSiSted.........eoiuiiiiiiiie e 77
4.1 INtrOAUCTION ..ottt ettt ettt ea 77
4.2 Experimental procedures and Set UP........cccveeveeriierieeiiieniieiieereeieeenens 79

4.2.1 Design of magnetic field system in the HFCVD machine............... 79
4.2.2 Deposition of diamond films ............cceeviieiiiiiiiiiiniieceee 81
4.3 Multi-physics simulation of magnetic field-assisted HFCVD ................ 82
4.3.1 SIMUIation SELUP ...cveerveeiiieiieeieeiie ettt 83
4.3.2 Magnetic field configuration ............cceccveeeviieeiiieeiiieeieecee e 85
4.3.3 Particle flow state Specification ..........cccveevvieerieeeiiieeeieeeie e 87
4.3.4 Mathematical framework for particle tracking............cccccecvveernenne 88
4.3.5 Simulation setup for solid heat transfer.............cccceeeveiienciiiiiennnnns 90
4.3.6 Boundary conditions and mesh generation.............ccoeeueevveeiieennnnns 90
4.3.7 Strategy for grid partitioning ............ccceeeeeerueerieeiienieeniesee e 91
4.4 Simulation results and analysis .........cccceevviieeriiieeniie e 92
4.4.1 Simulation of magnetic field distribution..............ccceeevveeiirencnnnns 92

vii



Table of contents

4.4.2 Investigation of ion movement under magnetic influence............... 93
4.4.3 Evaluation of magnetic field impacts on deposition efficiency....... 93

4.4.4 Analysis of the impact of temperature distribution on the process of

AEPOSTLION. ...ttt ettt te e s e b e e aaeenbeesnneenseenes 96
4.4.5 Summary of the simulation teSt..........ccecueevvieriirerieniieiecie e 98
4.5 Experimental result and analysiS..........ccoeevveeiierienieeiieeiieieecee e 99

4.5.1 Initial stages of diamond film growth under magnetic field assistance

4.5.2 Coating thickness, surface morphology, and growth rate of the

diamond fIlM........c.ooooiiiiiiee e 101
4.5.3 Raman analysis of diamond films...........cccccceevviiiiiiieniieinieee. 105
4.5.4 X-ray diffraction analysis of diamond films.............ccccceeerrerennnenn. 108

4.6 Theoretical explanation of magnetic field effects on diamond film growth

..................................................................................................................... 110

4.6.1 Influence on Grain SIZ€........cceeeveevueerieesiienieeiee et eee e 111

4.6.2 Impact on coating thickness...........cccceevierciierieniiiiiieieeeeeee, 112

4.7 SUIMIMATY ....tieeiiiieeieeeeiie ettt e et e et eesaaeesbteesabbeesabaeesaseeenaseesnnnes 113

Chapter 5 Static and rotational magnetic assistance in HFCVD .............ccccoooee. 116
5.1 INErOAUCLION vttt 116

5.2 Materials & methods ..........cooieiiiiiiiiiiie e 119

5.2.1 The design and functionality of the magnetic field assistance ...... 119

5.2.2 Diamond film deposition ...........ccceerieeiiienieeiiienieeieeee e 122

viii



Table of contents

5.2.3 Comprehensive characterization............cccuveeeevveeecuveesceeeesireeeeieeenns 122
5.2.3 SIMUIAtION SELUP c..vvveeiiieeiiie ettt e e e eaee e 124
5.3 SiMulation TESUILS ......cc.eeviiriiriieiiieieee et 131
5.3.1 Simulation of magnetic field distribution...........ccccccoevveereennennnen. 131
5.3.2 The influence of temperature field on deposition.......................... 132
5.3.3 The influence of particle flow state on deposition......................... 135
5.4 Experimental result and analysis.........ccccceerviieiiiniiiiiieniieeeeeeee 136
5.4.1 Thickness diStribUtiON..........cccueerieriiieniieieeie e 136
5.4.2 Diamond film morphology ..........cceeieeeiieniieiiieniecieeie e 143
5.5 Thermal conductivity analysis.........ccccceerieeviierieriieenienieesieesieeieeenens 150

5.5.1 Real-time thermal profiling of diamond coated silicon wafers to reach

specified tEMPETATUIES ......ccuvieriieriieeiieeie ettt 151

5.6 Theoretical explanation of magnetic field and rotational effects on

diamond film Growth .........cccoeiiiiiiiiii e 154

5.6.1 Influence of magnetic field orientation on deposition uniformity.154

5.6.2 Decomposition dynamics and radical generation............c...ccuu.... 155

5.7 SUMMATY....uviiiiiiiiieeeeiiee e et ee e et e e et ee e e st ee e esaeaeeessnsaeeeesnseeeesnnseeas 156

Chapter 6 Conclusions and suggestions for future wWork ............ccecceeeveveercieeenneeennee. 159
0.1 CONCIUSIONS ....oueiiiiieiieiiesitee ettt 159

6.2 Suggestions for the future Work ..........ccocceeiiiiiiniiii e, 160
RETETEICE ...ttt 164

X



List of figures

List of figures
Figure 2.1 Diamond sp* structure (Gracio et al., 2010)..........ccoeevevereeeeeeeeeeeeenens 9
Figure 2.2 Coating Film Nucleation (Kromka et al., 2013)........cccccvveeviieniieeciieene. 12
Figure 2.3 Cobalt reaction with carbon (Polini et al., 2000). ........c...ccccvvererveeerreenneen. 13
Figure 2.4 Pre-treatment with different etching time (Lei et al., 2014)....................... 15
Figure 2.5 Six different PVD arc coating samples (Polini et al., 2006). ..................... 18
Figure 2.6 Wear analyse by using optical profilers (Polini et al., 2000). .................... 19
Figure 2.7 Indentation without and with CrN interlayer (Chou et al., 2008). ............. 19
Figure 2.8 Sandblasting and no sandblasting sample (Shen et al., 2017).................... 21
Figure 2.9 HFCVD mechanism (Chandran, 2018). ......c.cccooiiiiiiiiiniiiieeieeieeeeee, 23

Figure 2.10 Filament carburization during diamond coating process (Kromka et al.,
20 T3 ettt et h ettt et b et st sb e b et ae e 23
Figure 2.11 Gas Source with different Methane Concentration (a) 1% (b) 3% (c) 5%
(d) 1 and 5% (Yan et al., 2019). ..cooeiiiiiiiieieeeeeee e 25
Figure 2.12 Indentation with different Methane Concentration (a) 1% (b) 3% (c) 5% (d)
I and 5% (Yan et al., 2019). c...ooiiiiiieieeee et 26
Figure 2.13 (a) MCD multilayer (b) multilayer (c) multilayer with transition layer
(Dumpala et al., 2015). c.oooiiiiieieee ettt 30
Figure 2.14 Flank and nose (a) MCD multilayer (b) multilayer (c) multilayer with
transition layer (Dumpala et al., 2015). ..c.coioiiiiiniiieeee e 31
Figure 2.15 Insert flank and nose for different coatings (Dumpala et al., 2015)......... 31
Figure 2.16 Machining time for different coatings (Dumpala et al., 2015)................. 31
Figure 2.17 SEM images of the films deposited at 850 °C with 1% CH4 concentration
under various pressures: (a) 0.125 kPa, (b) 0.25 kPa, (c) 0.5 kPa, (d) 1.0 kPa, (e) 2.8

kPa, (f) 4.0 kPa, (g) 5.0 kPa (Liang et al., 2007). .....ccceeriirrieniieiienie e 32



List of figures

Figure 2.18 Growth rate in various pressure levels (Liang et al., 2007). .................... 33
Figure 2.19 a) With bias applied. b) Without bias applied. (Cui & Fang, 1996). ....... 34

Figure 2.20 (a) Raman with bias applied (b) Without bias applied (Cui & Fang, 1996).

Figure 2.21 Nucleation density with bias (Cui & Fang, 1996)..........ccccceevevvveeciveennenn. 35

Figure 2.22 Surface morphology under 10 Torr with different pressure (Chattopadhyay

€1 AL, 2008). ittt st ettt nbe st 36
Figure 2.23 Roughness measurement. (Chattopadhyay et al., 2008). ...........cccocun.ee. 36
Figure 2.24 Static magnetic field (Wen et al., 2003)......c.ccooveviniiniininiineinieeienene 38

Figure 2.25 SEM images of diamond film produced by HFCVD with periodic magnetic
field (a) no PMF, (b) 10,000 rpm, (c) 20,000 rpm and (d) 30,000 rpm (Long et al.,
2015 ettt bttt bbbt bt ettt ettt 41
Figure 2.26 Schematic diagram of etching film with plasma. (a) assisted by electric
field (b) assisted by MEFs. (Lietal., 2017). c.ccccoeiiiiiiiiieeeeeeee e 43
Figure 2.27 (a) The thickness of carbon films deposited without (sample E0-E40) and
with magnetic field (sampleMEO-ME40) at different bias current (b) The cross-

sectional SEM images of sample E10, ME20 and E40 respectively (Wang et al., 2018).

Figure 2.28 Abrasive wear after drilling holes on PCB board (Zheng et al., 2016)....46

Figure 2.29 Adhesion wear after drilling holes on PCB board (Zheng et al., 2016)...47

Figure 2.30 PCB quality index (Zheng et al., 201 1)....c.ccoceeviiiiniiniiiniinieiceeene 48
Figure 2.31 Microcrystalline diamond coating (Chen et al., 2013)......c.ccccceeveriennnne 53
Figure 2.32 Submicrometric diamond coating (Chen et al., 2013). .......cccceevennennnen. 54
Figure 2.33 MCD and NCD (Najar et al., 2020). .....ccceeriieiieeiieiieeieeieeeieeieeeee e 55

X1



List of figures

Figure 2.34 Full width at half maximum (FWHM) analysis indicating the crystalline
quality of the diamond film. (Taher et al., 1996)........ccceeevirieiiieeiieeeeee e 55
Figure 2.35 Indentation Principle of the indentation Rockwell measurement (Broitman,
B () ) TSR 56

Figure 2.36 Level Adhesion level from HF1 to HF 6 by using Rockwell indentation

(Tang €t al., 2016).....oeeeieieeiieeeeee ettt e sre e e s e e e eabeeeenseeeennees 57
Figure 2.37 Diamond coating examples (Xu et al., 2013)......ccceoieriiiiiiniieieieeen, 57
Figure 2.38 NCD and MCD scratch tests (Dumpala et al., 2014). .......cccoocveeienienen. 59
Figure 2.39 MCD and NCD films (Dumpala et al., 2014). .......cccooriiiiiiinieieeee. 60
Figure 2.40 Coating spallation in the scratch track (Dumpala et al., 2015). ............... 60

Figure 3.1 Schematic diagrams illustrating: (a) the layout of the HFCVD system and
the endothermic bond-breaking process; (b) chemical gas reactions leading to the
formation of a diamond layer on the substrate surface............ccceceevieiiieniiencenieenen. 63
Figure 3.2 Schematic layout of board stacking configuration during machining and
structural design of the PCB........cccoooiiiiiiii e 65
Figure 3.3 Cross-sectional SEM images of diamond-coated drills: (a) M1; (b) N1; (c)
M2; (d) N2; () M35 () N3 ottt e st 67
Figure 3.4 Surface morphology characterization of diamond-coated drill tools: (a) M1;
(B) NT; () M2; (d) N2; (€) M3; (1) N3 oo e 68
Figure 3.5 AFM Images of the surface morphology of diamond-coated drills: (a) M1;
(B) NT; () M2; (d) N2; (€) M3; (1) N3 oo e e 69
Figure 3.6 Rockwell A indentation results for diamond-coated drills: (a) M1; (b) N1;
() M2; (d) N2;(€) M35 (£) N3t e s 71
Figure 3.7 Flank wear states of diamond-coated drills after drilling 1000 to 5000 holes.:

(2) M1; (b) N1; (€) M2; (d) N2; (€) M35 () N3 iovveeeeeeeeeeeeeeeeeeeeeseesesesseeeeeseeeseesseens 73

Xii



List of figures

Figure 3.8 Maximum flank wear length of NCD and MCD coated samples with respect
to the number of holes drilled...........cooiiiiiiii e, 74
Figure 3.9 Variation in PCB hole wall surface roughness with the number of holes
drilled using NCD and MCD coated toOlS. .......c.ceeeuieerieeeiiieeiieecee e 75
Figure 4.1 Configuration of the HFCVD system incorporating magnetic field system:
(a) Overview of the experimental setup; (b) Schematic illustration of the magnetic field
41751 11 USSP 80
Figure 4.2 Schematic diagram of deposition on the workpiece surface. ..................... 84
Figure 4.3 Mesh configuration for simulation: (a) Overall mesh layout and (b) Close-
up around gas inlet, workpiece, and fIXtUIE. ..........ccveviieriierieeiiieie e 91
Figure 4.4 Simulation Results for Magnetic Flux Density at 400mT.......................... 92
Figure 4.5 Simulation of ion motion in a magnetic field generated by the ring magnet
inside WOTKPIECEe fIXTULE. ...oouviiiiiiiiiiicteet et 93
Figure 4.6 Ion motion and deposition simulations: (a) number density distribution of
ions in the field for a 400mT magnetic flux; (b) ion deposition number density under
different magnetic field intensities; (c) number density distribution of free ion
AEPOSTLION. ...ttt ettt et e et et e st e e bt e et e e beeeabeesateenbeesnaeenseas 95
Figure 4.7 Temperature distribution simulation for different magnetic flux Intensities:
(a) temperature distribution in the field for a 400mT magnetic flux; (b) temperature
distribution curves for the field under different magnetic flux intensities. ................. 98
Figure 4.8 SEM micrographs of the diamond film after 30 minutes of deposition (a)
MI and (D) N1 oottt ettt et et ae e b e e seeenseesaeaens 101
Figure 4.9 SEM of cross-sectional profiles of the diamond film coating with 6 hours

deposition time (a) M1 and (b) N 1. ...cccoooiiiiiiiiiiiiieeeeeeeee e 104

xiii



List of figures

Figure 4.10 (a) Surface morphology of sample M1, (b) Surface morphology of sample
N1, (¢) Grain size distribution histogram for sample M1 and (d) Grain size distribution
histogram for Sample N 1. .......oooiiiiiiiiiicee e e 104

Figure 4.11 Diamond film coating thickness corresponding to the deposition duration.

Figure 4.12 Raman intensity images of N1 and M1, (a) Raman spectra of diamond films
after 30 minutes deposition and (b) Standard Raman spectra of diamond films after 6
NOUTS AEPOSTEION. ...eeuviiieiiieeiee ettt ettt e e te e e ebeeetaeeetaeesasaeesasaeenaseeenanes 108
Figure 4.13 Comparison of X-ray diffraction patterns for M1 and N1 samples. ...... 110
Figure 5.1 Schematic diagram of MA-HFCVD setup. .......cccceoeveveiieniieiieniieiieeinns 121

Figure 5.2 Schematic diagram of the thermal response time measurement setup using

QRO PLALE. ...ttt e 124
Figure 5.3 Schematic diagram of deposition on the workpiece surface. ................... 126
Figure 5.4 Complete mesh grid generated for MA-HFCVD simulation. .................. 131

Figure 5.5 Simulation results for magnetic flux density at 400 mT. (a) Magnet attraction
arrangement; (b) Magnet repulsion arrangement. ..........occeeeeverveereenieerieneeneeneeneens 132
Figure 5.6 Simulation of substrate temperature distribution: (a-c) No magnetic field,
magnets repelling each other, and magnets attracting each other; (d-f) With substrate
rotation, no magnetic field, magnets repelling each other, and magnets attracting each
OLRET. .o 134
Figure 5.7 Simulation of CH3- radical concentration distribution on the substrate
surface without a magnetic field, magnets repelling each other, and magnets attracting
each other: (a-¢) Orpm; (d-1) 20PML..eeiiiiiiiiiiiiieeee e 136
Figure 5.8 Cross section of film thickness on silicon wafer at the centre area with

different magnetic field orientations and rotational speeds: (a) Orpm NMF; (b) Irpm

X1V



List of tables

NMF ; (c) 2rpm NMF ; (d) Orpm SS ; (e) 1rpm SS; (f) 2rpm SS ; (g) Orpm SN ; (h)
Lrpm SN 5 (1) 20PM SN Lottt ettt eseesae e e sneens 138
Figure 5.9 The summary of coating thickness of the centre area of the silicon wafer for
different magnetic field configurations at various rotational speeds......................... 139
Figure 5.10 Cross section of film thickness on silicon wafer at the edge area with
different magnetic field orientations and rotational speeds: (a) Orpm NMF; (b) Irpm
NMF; (¢) 2rpm NMF; (d) Orpm SS; (e) 1rpm SS; (f) 2rpm SS; (g) Orpm SN; (h) 1rpm
SING (1) 21PN ettt et ettt sttt ettt ab e et e e ab e et e e sae e et e e ateebeeeneeeaneas 141
Figure 5.11Summary of coating thickness at the edge area of silicon wafer for different
magnetic field configurations at various rotational speeds. ..........ccoeceeeieeniiriiennnes 142
Figure 5.12 Surface morphology on silicon wafer centre deposit with different
magnetic field orientations and rotational speeds: (a) Orpm NMF; (b) 1rpm NMF; (c)

2rpm NMF; (d) Orpm SS; (e) 1rpm SS; (f) 2rpm SS; (g) Orpm SN; (h) Irpm SN; (i)

Figure 5.13 Grain size distribution on the centre area silicon wafer for different
magnetic field configurations at various rotational speeds. ..........cccceveevercneennenne. 146
Figure 5.14 Surface morphology on silicon wafer edges deposit with different magnetic
field orientations and rotational speeds: (a) Orpm NMF; (b) 1rpm NMF; (¢) 2rpm NMF;
(d) Orpm SS; (e) 1rpm SS; (f) 2rpm SS; (g) Orpm SN; (h) 1rpm SN; (i) 2rpm SN. ..148
Figure 5.15 Grain size distribution on the edge area of silicon wafer for different
magnetic field configurations at various rotational speeds. ..........cccceveeverieneenenne. 149
Figure 5.16 Time required to heat the workpiece to a temperature of 200°C for both
one edge and all edges with different magnetic field orientations (a) 0 rpm; (b) 1 rpm;

(¢) 2 rpm; (d) Difference in heating times between MF-HFCVD conditions. .......... 153

XV



List of tables

List of tables

Table 2.1 Summaries different methods of nucleation density (Liu & Dandy, 1995).

Table 2.2 Deposition details of diamond coatings by HFCVD (Yan et al., 2019)......25

Table 2.3 Comparative configurations of various magnetic field systems employed in

the HEC VD PrOCESS.. ..ciiviiieiiieeiiie ettt ettt et e et eessaeesaaeesasaeesssaeensees 37
Table 2.4 Characteristics of 5G High-Frequency and High-Speed PCBs.................... 45
Table 2.5 Properties of various ceramic materials. (Ferraris et al., 2016)................... 50
Table 2.6 Different types of ceramics applications (Ferraris et al., 2016). ................. 50
Table 3.1 Coating Types and Thicknesses of the Drill Samples. .........cccccevevereenenen. 65

Table 4.1 Magnetic field intensities applied for different sample growths in HFCVD.

..................................................................................................................................... 82
Table 4.2 Experimental parameters for diamond film used in HFCVD...................... 82
Table 4.3 Geometric parameters of the simulation model.............ccccoeevevniieencinennnnn.. 92
Table 4.4 PDI for grain size distribution of M1 and N1.......ccccoociiiiiiniininnn 105
Table 4.5 X-ray diffraction patterns results of M1 and N1 samples. .........ccccceueeee 110
Table 5.1 Deposition parameters for diamond film used in MA-HFCVD................. 121

Table 5.2 Magnetic field system for different sample growths in MA-HFCVD....... 121
Table 5.3 Material properties assigned for the simulation model. ............................ 130

Table 5.4 PDI values at wafer centre for different magnetic configurations and rotation

Xvi



List of acronyms

List of acronyms

AFM=Atomic force microscopy
CFRP=Carbon fibre reinforced plastic
CNC=Computer numerical control
CMP=Chemical mechanical polishing
CVD=Chemical vapour deposition
DI=Deionised
FEM-=Finite element method
FWHM=Full width at half maximum
HRC-DB=Daimler-Benz Rockwell-C adhesion test
HFCVD=Hot filament chemical vapour deposition
Lc=Ceritical load
MA=Magnetic assisted
MCD=Microcrystalline diamond
MEFC=Magnetic and electric fields coupling
MF=Magnetic field
MMC=Metal matrix composite
NCD=Nanocrystalline diamond
PCB=Printed circuit board
PCD=Polycrystalline diamond
PDI=Polydispersity index
PMF=Periodic magnetic field
PVD=Physical vapour deposition
RPM=Revolutions per minutes

SCCM=Standard cubic centimetres per minute

Xvii



List of acronyms

SEM=Scanning electron microscope
SmCo=Samarium-cobalt
SP2=Graphitic carbon bond
SP3=Diamond-like carbon bond
TiN=Titanium nitride
UTGM=Ultra-thin glass moulding process
WC-Co=Tungsten carbide-cobalt
ZrO2-Zirconium dioxide

3D=Three-dimensional

XViil



Chapter 1 Introduction
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1.1 Research background

In recent years, the development of advanced materials has led to significant
improvements in product performance across various industries. However, as materials
evolve to exhibit superior properties such as increased hardness, stiffness, and
toughness, the challenges associated with manufacturing and processing these
materials have also intensified. These challenges are particularly pronounced in the
machining of 'difficult-to-cut' materials, which not only demand more robust
manufacturing techniques but also result in higher production costs. These increased
costs can impact the financial viability of manufacturing operations, highlighting the
need for more efficient and cost-effective processing methods.

Diamond, known for its exceptional mechanical, physical, and chemical
properties, has emerged as a promising material for addressing these challenges.
Diamond films are valued for their high thermal conductivity, extreme hardness, high
electrical resistivity, and chemical stability, making them suitable for a variety of
applications, including electronic devices, cutting tools, and thermal management
systems. Additionally, diamond films are resistant to wear and chemical deterioration,
making them advantageous for use in harsh environments (Auciello & Aslam, 2021;
Auciello & Sumant, 2010; Montes-Gutiérrez et al., 2018; Shen & Sun, 2009).

The HFCVD technique is widely used to grow diamond films by decomposing
hydrocarbon gases, such as methane, in the presence of a hot filament. This process
results in the deposition of carbon atoms on a substrate surface to form diamond
crystals. The growth rate and grain size of the deposited films are significantly

influenced by activated radicals and ions derived from the decomposition of methane
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(CH4) and hydrogen (H2) molecules (Roy et al., 2002; Yu et al., 1997). Despite its
widespread application, the HFCVD process faces challenges in producing high-
quality diamond films with good crystalline quality and smooth surfaces, particularly
under low methane concentrations. The reduced availability of carbon atoms in such
environments makes it difficult to achieve a high density of nucleation sites, which is
crucial for good crystalline quality (May et al., 1993; H. Wang et al., 2021; Wang et
al., 2015).

Various strategies have been explored to improve the HFCVD process,
including the selection of different precursor gases (e.g., acetone, methane, methanol),
filament materials (e.g., tantalum, tungsten), along with surface pre-treatment
techniques applied to the substrate (Kwok et al., 2022; Moustakas, 1989). Bias-assisted
HFCVD has shown potential in enhancing the nucleation rate, but it also presents
challenges, such as the antenna effect (edge effect), which can lead to uneven
temperature distribution and potential overheating, particularly on complex geometries
like cutting tools (Bohlmark et al., 2011; Kubecka et al., 2019; Macak et al., 2003).

Recent research has focused on the addition of magnetic fields in HFCVD as a
novel approach to improving the growth rate and quality of diamond films(Long et al.,
2015; Wang et al., 2016; Wang et al., 2018; You et al., 2009). However, there is still a
lack of understanding regarding the effects of permanent magnetic fields within the
HFCVD process. Previous studies have typically positioned magnetic field systems
outside the reaction chamber due to the extreme temperatures inside the HFCVD
machine, resulting in weak magnetic flux densities within the reaction zone (Li et al.,
2017; Liu et al., 2023; Wang et al., 2017; Wu et al., 2012). Installing magnets inside
the HFCVD machine, closer to the tungsten carbide tool, could potentially offer several

advantages, including a stronger and more localized magnetic field in the coating zone.
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This setup may allow for better control over the deposition process, potentially
overcoming the limitations associated with external magnetic field systems. However,
the effects of an internal permanent magnetic field system within the HFCVD chamber
have not been thoroughly studied.

This research aims to investigate the impact of magnetic fields, including
rotational permanent magnets with varying magnetic field configurations, on diamond
film growth during HFCVD under low methane concentrations. Additionally, it aims
to elucidate the underlying coating mechanisms. By examining the growth rate, film
quality, and other properties of diamond films grown with and without magnetic field
assistance, this study seeks to fill a gap in understanding the influence of localized
magnetic fields on HFCVD processes. Specifically, understanding these fields is
crucial for improving deposition uniformity, enhancing growth rates, and ensuring
better film quality, which are all essential for high-performance applications. The lack
of comprehensive studies on the internal positioning of permanent magnetic fields in
HFCVD represents a significant gap in the existing literature, particularly in terms of
how these fields directly influence deposition characteristics and film quality.

Both experimental and simulation approaches are employed to gain insights
into how magnetic fields, particularly those generated by rotational permanent magnets,
affect reactive gas species in HFCVD processes, including temperature distribution,
gas flow dynamics, and chemical species concentration, and how these factors
influence diamond deposition. The findings from this research are expected to
contribute to the development of more efficient and controlled diamond deposition
techniques, with significant potential applications in various industrial sectors.

Specifically, this research provides a deeper understanding of the role of magnetic field
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positioning within the HFCVD reactor, offering potential advancements in deposition

uniformity, growth rates, and overall film quality.

1.1.1 Application scenarios and tools improved by diamond films

Diamond films support industrial use because the combination of high hardness,
strong abrasion resistance, chemical stability, and, in many cases, high thermal
conductivity can be transferred onto engineering substrates through a thin coating.
Performance gains are most apparent in applications limited by wear, edge degradation,
local overheating, or rapid surface damage.

Diamond-coated tools are widely used when conventional hard coatings cannot
provide sufficient abrasion resistance, for example during machining of aluminium
alloys with high Si content, metal matrix composites, fibre-reinforced polymers, and
filled PCB materials. In such cases, diamond coatings reduce flank wear and crater
wear, improve edge retention, and stabilise surface finish. For micro-drills and other
small-feature tools, coating uniformity becomes a dominant factor because small
variations in thickness or grain size change cutting-edge geometry and promote local
heat generation, which accelerates chipping. Process improvements that increase
coating uniformity and repeatability therefore translate directly into longer tool life and
more consistent hole or surface quality.

Diamond films improve durability of sliding or contacting parts such as guides,
bearing surfaces, seals, and precision components that operate under limited lubrication
or in contaminated environments. The primary value comes from reduced abrasive
wear and slower performance drift over time. Adhesion, surface morphology, and
coating continuity remain critical, since local defects often become initiation sites for

coating failure.
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High thermal conductivity diamond films are attractive for thermal
management, including heat spreading layers and coatings on substrates exposed to
intense local heating. Film quality and thickness uniformity influence thermal
performance, thermal stress, and reliability during thermal cycling. Deposition
approaches that reduce temperature gradients and maintain uniform growth are
therefore valuable for practical integration.

Diamond films provide chemical inertness in many environments and can
protect surfaces against corrosion or erosion. Examples include components exposed
to reactive gases, plasma environments, or particle-laden flows. For such uses, coating
density, defect population, and coverage of edges and corners often matter more than
maximum growth rate.

Across these application scenarios, recurring requirements of reliable
nucleation and adhesion, uniform thickness and microstructure over complex
geometries, sufficient growth rate for practical coating thickness, and stable thermal
conditions during deposition. These requirements motivate process strategies that
improve mass transport and temperature distribution in hot filament chemical vapour
deposition. Magnetic-field assistance provides a route to enhance growth kinetics while

improving coating uniformity, aligning with the objectives of this work.

1.2 Research objectives

The primary aim of this research is to enhance the understanding and
optimization of HFCVD for diamond coatings, with a particular emphasis on the role
of magnetic fields. This research is driven by the increasing technological demands in

advanced material applications. The specific objectives are as follows:
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This research aims to advance the understanding and optimization of HFCVD
for diamond coatings through several key objectives. Firstly, the study seeks to
establish correlations between coating properties, such as thickness and grain size, and
standard coating parameters, including temperature, pressure, and gas flow. These
parameters are critical as they directly affect the deposition environment, impacting
nucleation rate, coating uniformity, and overall film quality. Understanding these
relationships is fundamental for optimizing coating quality and performance.

Additionally, the research addresses the challenge of diamond film growth
under low methane conditions in HFCVD. By employing magnetic field assistance, the
study aims to enhance growth rate, film quality, and overall performance, particularly
under low methane conditions. Understanding the influence of magnetic fields on
chemical processes and nucleation is crucial for improving film properties.

Another objective is to characterize the influence of magnetic field orientation
and dynamic rotation on the deposition characteristics of diamond films. The study
investigates the effects of different magnetic field orientations, such as north-north,
south-south, and south-north, and examines the combined effects of magnetic field
orientation and rotation on the uniformity, crystal structure, and growth rate of the films.
This research aims to uncover the potential of magnetic fields to enhance the uniformity
and quality of diamond film growth.

Finally, the research aims to develop a comprehensive Finite Element Method
(FEM) framework to simulate temperature distribution and chemical transport
mechanisms in magnetic field-assisted HFCVD. The FEM simulations will predict the
quality and characteristics of diamond coatings under various process parameters, such
as temperature, gas flow, and magnetic field intensity. The simulation results will be

validated against experimental data to ensure robustness and accuracy, providing
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insights into any discrepancies and refining predictive capabilities. By achieving these
objectives, the research seeks to offer improved deposition techniques, enhanced film
uniformity, and better tool wear resistance, ultimately contributing to advancements in
industrial processes.

In addition to validating experimental observations, the FEM framework is
developed to provide insight and predictive capability for process optimisation. The
model can be used to examine the influence of magnetic configuration and operating
parameters on coating uniformity and growth rate, and to identify conditions that

minimise temperature gradients and edge-related non-uniformity.
1.3 Thesis outline

This report is structured into six chapters, offering a comprehensive exploration
of the role of magnetic fields in the Hot Filament Chemical Vapour Deposition
(HFCVD) process for diamond coatings.

Chapter 1: Introduction provides an overview of the HFCVD process and the
challenges currently limiting the effectiveness of diamond coatings. The proposed
solution of integrating magnetic fields into the HFCVD process is introduced, setting
the roadmap for the following chapters.

Chapter 2: Literature Review delves into the fundamental mechanisms of the
HFCVD process, the influence of pre-treatment and equipment parameters on diamond
coating attributes, and the definition and relevance of "difficult-to-cut material." The
chapter also reviews established methods for evaluating diamond film quality and the
potential of magnetic fields in improving the HFCVD process.

Chapter 3: High-Frequency PCBs and Tool Wear focuses on the first paper. It
investigates the interrelationships among tool wear rate, diamond coating thickness,

and grain size, with particular focus on their effects during the machining of fifth-
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generation PCBs. The chapter details the challenges of 5G PCB designs, the role of
ceramic particles, and the potential of HFCVD-coated drills in addressing these
challenges.

Chapter 4: Diamond Films under low methane concentration delves into the
second paper's content. It explores the challenges and intricacies of achieving high-
quality diamond films under low methane concentrations in HFCVD. The chapter
highlights the role of magnetic fields in potentially enhancing the quality and growth
rate of these films.

Chapter 5: Influence of magnetic field orientations and rotation in HFCVD is
dedicated to the third paper. It investigates the effects of different static magnetic field
orientations and the rotation of the magnetic field system on diamond film growth. The
chapter also touches upon the potential of the FEM in simulating and understanding
these effects.

Chapter 6: Conclusion and Future Directions sums up the research findings
from all three studies and their collective contribution to the broader knowledge base
in the domain of HFCVD with magnetic fields. Suggestions for potential future

research are made, with an emphasis on expanding the application of the findings.
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2.1 Introduction

Diamond exhibits a unique giant covalent structure where each carbon atom is
bonded to four others via covalent bonds. This arrangement leads to a regular
tetrahedral configuration, as depicted in Figure 2.1. The bond distance between

adjacent carbon atoms is approximately 0.15 nm (Gracio et al., 2010).

Figure 2.1 Diamond sp* structure (Gracio et al., 2010).

For methane to decompose on the diamond surface, it necessitates a substantial
activation energy, typically ranging between 230-243 kJ/mol (Gracio et al., 2010). To
facilitate this, various CVD enhancement techniques employ methods like thermal,
plasma, or combustion processes to dissociate carbon-containing compounds. These
processes effectively isolate the reactant species vital for diamond nucleation and
subsequent growth. Among the multitude of diamond deposition techniques, HFCVD
stands out as one of the most straightforward and consistent methods. Its scalability,

combined with a typically lower operational cost compared to alternative diamond
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deposition approaches, makes it an attractive choice. The core components of an
HFCVD setup include a power source, a filament (typically made of tungsten or
tantalum), and a gas source. Nonetheless, the efficiency of HFCVD is often found to
be lower than plasma-enhanced CVD methods. To address this shortcoming,
integrating a magnetic field assistance system into the HFCVD mechanism has been
proposed to bolster its efficiency.

Research has indicated that a reduced gas chamber pressure during HFCVD is
beneficial for nucleation in the early stages of diamond grain growth. Specifically,
during the initial nucleation phase, the nucleation density sees a marked increase when
the reactor pressure is reduced (Das & Singh, 2007). However, at higher pressures, the
aggressive plasma, predominantly consisting of hydrogen atoms, tends to degrade the
nuclei formed on the substrate. Conversely, elevated pressure conditions can be
favourable for enhancing the grain growth rate during the deposition phase. This
enhancement is attributed to the increased concentration of reactive species in the dense
plasma, especially when a bias system is employed.

Previous studies on machine parameters have also been conducted on
processing pressure, temperature and chemical concentration. Among these, substrate
temperature and CH4 concentration have been identified as pivotal determinants of both

the growth rate and the overall quality of diamond films.
2.2 Pre-treatment for HFCVD coating process

The HFCVD process for diamond coating involves two principal phases: the
initial pre-treatment and the subsequent diamond film growth. The primary goal of pre-
treatment is to introduce diamond seeds within the substrate, which are crucial for

initiating the growth of the diamond film. This seeding step must be executed before

the commencement of the diamond coating phase.
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Enhancing the density of nucleation sites on the surface has been shown to
mitigate morphological irregularities and diminish the surface roughness of the
diamond films. Moreover, a heightened nucleation density fosters the uniformity of the
films and curtails the development of voids at the interface between the substrate and
the coating layers, thereby bolstering the adhesion quality. This correlation between
surface nucleation density and film properties was highlighted in the research of Liu
and Dandy (Liu & Dandy, 1995).

Subsequent work by Liu & Dandy (1995) provided a comprehensive overview
of how various surface pre-treatment techniques influence the nucleation density, as
encapsulated in Table 2.1 of the study. They observed that untreated substrates exhibit

a relatively low nucleation density, ranging from 103 — 10° cm™2

. In response,
several pre-treatment methods underwent review, with effectiveness in enhancing

nucleation density measured.

Table 2.1 Summaries different methods of nucleation density (Liu & Dandy, 1995).

Pretreatment Method Nucleation Density (cm™2)
No pretreatment 10*-10°
Scratching 10510
Ultrasonic scratching 107-10"
Seeding 10-10%
Biasing 10%-10"
Covering/Coating with
Fe film 4.84 x 10°
Graphite film 10°
Graphite fiber >10°
a-C film (first scratched) 3 x 10"

Cro clusters + biasing = seeding effect
Y-Z1rO:, a-BN, cSiC layer Enhancement
C* ion implantation on Cu Enhancement
Ar* ion implantation on Si 10°-10°
Pulsed laser irradiation + Enhancement

coating a-C, WC, cBN layer
Carburization Enhancement

11
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Figure 2.2 Coating Film Nucleation (Kromka et al., 2013).

Kromka et al. (2013) further expanded on this topic by categorizing pre-
treatment methods into three distinct groups, as illustrated in Figure 2.2. These
categories include electron bombardment of surfaces, involving use of energetic ions
to create nucleation sites; application of a thin interlayer on substrates prior to final
coating, serving as a preparatory layer; and mechanical pre-treatments, entailing
abrasion of substrate surfaces through particles in an ultrasonic bath to generate

nucleation sites.

2.2.1 Cobalt removal using chemical reagents

Several pre-treatment methods have been studied with the primary aim to
reduce the cobalt content in tungsten carbide (WC) tools and increase surface
roughness of the cemented carbides so as to maximise adhesion of diamond coating
films. This can generally be done in two ways: using reagents to remove the cobalt (Co)
composition or creating an interlayer film between the substrate with cobalt
composition and the diamond film.

Cobalt serves as a binder phase within WC grains, significantly contributing to
the toughness of WC-Co composites. In the carbon-cobalt (Co-C) system phase

diagram, carbon exhibits considerable solubility (0.2—-0.3 wt. %) and diffusivity in
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cobalt, particularly under the typical diamond growth temperatures of 700 — 1000 °C,
as noted by Polini (2006). The solubility and diffusion behaviour of cobalt promote the
catalytic formation of graphitic, non-diamond phases at the early stages of diamond
film deposition (Polini et al., 2010). Removal of cobalt on the substrate’s surface is
required as it will influence formation of the diamond film onto the said surface.
Without carrying out this critical step, the cobalt will chemically react with the carbon
source to form graphite (sp?) instead of diamond (sp?), resulting in the coating quality

and hardness being reduced, as shown in Figure 2.3.

COBALT ENHANCED
FORMATION OF GRAPHITE

DIAMOND

‘CARBON >

.
AR

T

GRA

Figure 2.3 Cobalt reaction with carbon (Polini et al., 2006).

The most effective and widely used pre-treatment approach to remove cobalt
from the substrate surface is to use chemical solution Deuerler et al. (1996), Haubner
& Kalss (2010), and Polini et al. (2006). However, as mentioned, cobalt binds with
tungsten carbide. This means that it helps increase mechanical properties of the
substrate like toughness of the substrate surface. Its removal could induce the substrate
to become porous and brittle. Thickness of the cobalt-etched zone remains important
because even though cobalt adversely reacts with carbon, porosity in the substrate also

results in reduced layer adhesion between the diamond film and the substrate (Haubner

13
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& Kalss, 2010). Therefore, controlling the thickness of the cobalt-etched zone is crucial,
as porosity also leads to reduced adhesion between the diamond film and the substrate.

The most common etching agents are aqueous solutions of either strong oxyacid
or hydrochloric acid. Together with these etchants, WC-Co substrates are usually
placed in ultrasonic bath for several minutes and then rinsed with deionised (DI) water.
The etching time which determines the depth of the ‘‘etched layer’” can be up to a few
micrometres. Lei et al. (2014) carried out the chemical etching process on the tungsten
carbide workpiece using two etching agents: etching with Murakami’s reagent (KOH:
Ks(Fe (CN)g): H20 = 1:1:10) for two, five and ten minutes, followed by etching with
Caro’s acid (30 ml HCI:70 ml H>0,) for 10 seconds. The results analysis from Raman
spectroscopy and scanning electron microscope (SEM) show that the optimised pre-
treatment time for Murakami’s reagent should be more than 5 minutes for effective
surface preparation conducive to subsequent acid pre-treatments. This is shown in

Figure 2.4.
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Figure 2.4 Pre-treatment with different etching time (Lei et al., 2014).

The application of Murakami reagent results in the modification of WC grains,
leading to increased surface roughness and contact area of the substrate. This
enhancement in surface texture significantly improves the mechanical interlocking
properties of the diamond coating layer, as detailed by Zhang et al. (2019). Following
this, Caro acid subsequently oxidises the binding cobalt, reducing the cobalt

composition in the substrate.
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However, controlling the reaction with Caro’s acid poses challenges. The
process is highly sensitive to etching duration and substrate size. Micro drills, for
instance, often have small diameters, rendering their flexural stiffness particularly
vulnerable to the acidic reagent, as noted by Lei et al. (2014). Consequently, the pre-
treatment process must be optimised in order to guarantee not just the adhesion between
diamond films and substrates, but also to take into consideration the thickness and
flexural stiffness of the substrates.

In summary, the first step in preparing tungsten carbide cutting tools for
diamond coating is to remove cobalt from the surface, to prevent formation of graphite
films in place of diamond films. Cobalt etching is the pre-treatment type most

processed in the cutting tool coating industry.
2.2.2 Interlayer coating

In an HFCVD diamond coating process, a mixture of gas is inherently required
to deposit the diamond film onto a substrate’s surface. In this context, an interlayer
coating is employed as a strategic buffer layer, primarily to prevent the catalytic
interaction between cobalt present in substrates and the carbon molecules in the gas
mixture. This intervention is crucial in ensuring the formation of diamond rather than
graphite.

Numerous scholars have proposed incorporating a buffer interlayer through the
deposition of a thin transition layer (e.g., nitrides and carbides) on substrates as barriers
to stop the diffusion and catalytic effect of the cobalt. The interlayer technique is
normally processed using Physical Vapour Deposition (PVD) which can deposit
various types of interlayer coating films before depositing the diamond film layer, e.g.,
Chromium-based (Chou et al., 2008; Hojman et al., 2013; Lu et al., 2013; Polini et al.,

2010), Titanium-based (Contreras et al., 2000; Polini et al., 2006; Raghuveer et al.,
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2002), Aluminium-based (Gaydaychuk et al., 2019; Liet al., 2019; Ye et al., 2016) and
silicon-based (Cabral et al., 2008; Yuan et al., 2020).

Diamond films could adhere better to substrates with chromium carbide
interlayer films than ones without interlayer coating (Chou et al., 2008; Polini et al.,
2006). Polini et al. (2006) applied the PVD “arc” technique to create interlayer films
on substrates. The reason to use the arc technique is it would produce droplet on the
substrate surface during deposition, thus increasing the surface roughness of the
substrate more than other PVD coating techniques generating interlayer. Six different
samples were coated by the PVD arc technique, followed by being diamond coated for
three hours, as shown in Figure 2.5. The two types of samples went through dry sliding
wear tests for 30 minutes and three-dimensional (3D) optical profilers were used to
analyse the wear caused by the tests, as shown in Figure 2.6. The result shows that the
buffer layer Chromium Nitride (CrN) PVD film improves the diamond film properties.

Additionally, Chou et al. (2008) also investigated an experiment using
Chromium based interlayer to analyse tribological and mechanical properties of
cemented tungsten carbide substrates with 6% cobalt content. For chromisation, one of
the chromium-based interlayer samples was placed in a double steel can with the
temperature of 950°C for 4 hours. Adhesion properties of diamond-coated WC-Co
specimens were evaluated by Daimler-Benz Rockwell-C Adhesion Tests (HRC-DB).
Microstructures of indentation craters on the PVD-coated substrates after the tests are
shown in Figure 2.7. It was found that indentation occurred around the crater of the
cemented tungsten carbide substrate without interlayer. Meanwhile, indentation on the
interlayer chromium carbide substrate occurs only partially on the exposed surface. In
addition, the sliding tests carried out detected no measurable wear volume. Thick

diamond films deposited onto interlayer chromium-based substrates shows excellent
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wear resistance behaviours. Therefore, the introduction of an interlayer enhances the

adhesion between the diamond coating and the underlying substrate surface.

Figure 2.5 Six different PVD arc coating samples (Polini et al., 2006).
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Figure 2.7 Indentation without and with CrN interlayer (Chou et al., 2008).

2.2.3 Surface quality

The importance of rough and corrugated surfaces in tungsten carbide substrates,

particularly those with a high defect density, is well-recognized in the context of

Chemical Vapor Deposition (CVD). As noted by Zhang & Zhou (1997) and Shen et al.
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(2017), these surface properties contribute significantly to an increase in adhesive
strength through mechanical interlocking and enhance the nucleation density during
the CVD process. In preparation for this, mechanical treatments like peening and
sandblasting are employed to intentionally scratch or mar the substrate surfaces. Such
pre-treatments have been observed to effectively reduce the depth of the brittle Co-
depleted layer, consequently improving the surface toughness of the substrate.

Shen et al. (2017) also carried out Rockwell indentation tests on substrates that
underwent pre-treatment to verify the increase in coating film’s adhesion strength. For
comparative analysis, similar tests were also performed on samples that had not
undergone sandblasting. The results showed a significant difference in response to a
load of 1000 N: the indentation diameter was 599 um for non-pre-treated substrates
and significantly smaller at 305 um for pre-treated ones, as depicted in Figure 2.8.
Notably, the indentation regions on the sandblasted substrates were circular with
minimal film delamination around the indented area. These findings suggest that the
adhesion of diamond films is markedly better on substrates that have been both
sandblasted and acid-etched compared to those that have not undergone such pre-
treatment. This evidence underscores the efficacy of increasing surface roughness
through mechanical treatments as a means to enhance the adhesive bond between
diamond films and tungsten carbide substrates. By optimizing the substrate surface
properties, the overall quality and performance of the CVD-coated tools are

significantly improved.
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Figure 2.8 Sandblasting and no sandblasting sample (Shen et al., 2017).

2.3 HFCVD coating process

The HFCVD process for diamond coating is an advanced coating technique in
which hydrocarbon gases serve as the carbon source, while heated filaments supply the
thermal energy required for diamond film growth. The thermal energy generated by the
filaments initiates chemical reactions that result in the nucleation and growth of
diamond films on the substrate surface. The quality of these films is influenced by
several factors, including pre-treatment methods, temperature, gas source, pressure,
bias installation, and magnetic field intensity.

The diamond coating process using HFCVD requires a hot filament to react
with the input gas carbon source methane (CH,). Tantalum (Ta) and Tungsten (W) are
commonly used as filament materials in HFCVD due to the thermal stability and
mechanical integrity exhibited by tantalum and tungsten. At the beginning of the
deposition process, the carbon source (CH,4) and hydrogen (H,) would pass through the
hot filament as shown in Figure 2.9. The interaction between the heated tungsten
filament and the reactive gas mixture (CH, and H,) results in carbon accumulation on
the filament surface, causing structural embrittlement.

Figure 2.10 shows the tungsten filament carbonisation, set at the pressure of

3,000 Pa, being heated up to 1500 C°. Flowing the mixed gas into the chamber, it was
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discovered that increasing the voltage steadily would increase electricity resistivity of
the filament (Kromka et al., 2013). During the carbonisation process, the tungsten
would react with carbon and form tungsten carbide (WC). After a certain point of the
power input, the electricity resistance of tungsten filaments no longer increases, and
the carbonisation process stops. It is important to prepare the filaments by carrying out
the carbonisation process before commencing the diamond coating process, because
the filaments’ electricity resistivity can be fluctuating, and this would result in the
substrate not being uniformly coated by the diamond film.

After passing through the heated filament, the gas mixture absorbs sufficient
thermal energy to dissociate hydrogen containing molecules (Hz, CH4) into formation
of hydrogen molecules (H°, Hz) as shown in Eq. 1, and this dissociation into atomic
forms makes diamond growth possible. The atomic hydrogen (H®) can further interact
with small hydrocarbon molecules (mostly CH,) to form methyl radicals (CHjz),
following Eq. 2. As schematically described in Figure 2.9, the chemical equations are
as follows (Asmussen & Reinhard, 2002):

H, o H°+H° (1)

CH,+H° - CHy+H, )
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Figure 2.10 Filament carburization during diamond coating process (Kromka

etal., 2013).

There are numerous techniques to enhance nucleation and growth of the
diamond film. These include increasing methane content in the gas mixture, raising

chamber pressure, seeding substrate surfaces with not only diamond but also metallic
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or ceramic powders, applying bias, and scratching the substrate surface with abrasives
to augment surface roughness and mechanical interlocking. Grain size control within
the film is achievable by monitoring the gas composition and pressure, as suggested by
Das & Singh (2007). The bias application method is particularly noted for its ease of
control and minimal damage to the substrate surface during treatment, as detailed by

Liu & Dandy (1995).
2.3.1 Methane concentration in gas mixture

Yan et al. (2019) conducted experiments using HFCVD to coat several
cemented tungsten carbide tools using gas source with different methane
concentrations of 1%, 3% and 5%, as shown in Table 2.2. The reason of experimenting
on varying deposition time (between 6 and 10.5 hours) on each tool sample is to obtain
the same coating layer thickness on all series of tools with different mixed gas
concentrations and different rates of coating film grain growth. The methane
concentration does not only influence the coating surface morphology (Taher et al.,
1996) but also the adhesion strength of the diamond coating and the mechanical
properties of the tooling. For surface morphology, Figure 2.11 shows that the lower the
methane concentration, the larger the grains of the coating film. Larger coating grain
translates to stronger mechanical properties of the coating film and larger contact area
between the coating and the substrate. A strong mechanical anchoring is formed at the

interface between the diamond coating and the tungsten carbide substrate.
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Table 2.2 Deposition details of diamond coatings by HFCVD (Yan et al.,

2019).
Sample CH4 Deposition Gas flow (Sccm)
number concentration time (h) CH4 H»
1 1% 10.5 8 800
2 3% 7.5 24 800
3 5% 6 40 800
4 1%/5% 8 8/40 800

Diamond columnar crystal Micgo-diamond particles

Dumond columnar Uym s Micro-diamond particles

Dlamond clyster crystal
/ Nano-diamond particles

Diamond coating

Nano-diamond particles

Diamond coating

Cemew

Figure 2.11 Gas Source with different Methane Concentration (a) 1% (b) 3%

(¢) 5% (d) 1 and 5% (Yan et al., 2019).
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Figure 2.12 Rockwell indentation test results for HFCVD diamond coatings at

varying CHa concentration (a) 1% (b) 3% (c) 5% (d) 1 and 5% (Yan et al., 2019).

2.3.2 Addition of precursor gases in gas mixture

Besides methane, argon, and nitrogen, other gases can be added to the mixed
gas to enhance diamond film nucleation density. Each gas plays a specific role in the
deposition process. Methane (CHj) is the primary carbon source needed for diamond
growth, and its concentration directly influences the growth rate, grain size, and quality
of the diamond film. Low methane concentrations favour the growth of
microcrystalline diamond (MCD), while higher concentrations encourage the
formation of nanocrystalline diamond (NCD). Nitrogen (N2) enhances nucleation
density and improves film adhesion by creating additional nucleation sites, which
increases the density of diamond crystals. However, excessive nitrogen can lead to
reduced grain size, which may adversely affect the mechanical properties of the film.
Argon (Ar) serves as an inert buffer gas that modifies the plasma environment during
deposition. By diluting the reactive gases, argon helps reduce grain size and results in

a smoother surface morphology, which is advantageous for applications requiring low
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surface roughness. The nucleation stage significantly affects the growth stage in terms
of grain growth rate, texture, roughness, and mechanical properties (Das & Singh,
2007). By adding these precursor gases into the gas mixture, film layers with smoother
surfaces and reduced grain sizes can be generated, leading to NCD films.

In case of the gas mixture consisting of methane and nitrogen (CH4/N2/H>),
Locher et al. (1994) stated that the mixture with low methane concentrations (e.g., 0.5%)
bore only minor influence on the nitrogen. On the other hand, slightly higher methane
concentrations (1%-2%) would react rapidly with low concentration of nitrogen,
tremendously increasing nucleation density of the film. However, Das & Singh (2007)
recalled that while increasing higher concentration of methane in the CH4/N2/Ha
mixture beneficially improves the nucleation density, this comes at the costs of the
grain size and the strength of the coating film being subsequently reduced.

In case of the gas mixture consisting of methane and argon, Marton et al. (2007)
stated that gradually increasing the argon flow rate from 0 sccm to 14 sccm in the
CH4/H> gas mixture (of 3:300 sccm flow rate) would change the coating film
morphology, from the typical MCD films with grain size around 500 nm to the NCD

films with grain size around 1-100 nm.
2.3.3 Growth of single crystal films

Thin films of grains are generally grown from the bottom up (Francis et al.,
2016). Under suitable growth conditions, low nucleation density would result in high
growth rate of the diamond grains, due to less intense competition of grain growth (Das
& Singh, 2007). Grains growing normal to the substrate surface have the highest
probability of survival while ones growing off normal are more likely to be terminated

(Das & Singh, 2007).
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In less than ideal conditions, the nucleation rate also affects the grain size and
film structure. Although low nucleation density leads to faster growth rate, it promotes
heteroepitaxial growth of diamond films. Heteroepitaxy refers to the unmatched
crystalline structures of the growing film layers (Francis et al., 2016).

In other words, lower nucleation density with higher growth rate of grain results
in discrete large diamond crystals. Higher nucleation density with lower growth rate of
grain results in rapid growth of multi-oriented nuclei and thus films with more
polycrystalline morphologies.

As mentioned, besides addition of nitrogen and argon, the crystal size of the
diamond film is mainly dependent on the methane concentration of the gas mixture.
This implies that using gas mixture with low methane concentration of about 1% would
result in lower nucleation density and hence the growth of MCD films with strong and
large diamond grains. On the other hand, using gas mixture with high methane
concentration of about 5% would result in higher nucleation density and hence NCD
films with finer diamond grains.

Diamond films with smaller grain sizes exhibit reduced stiffness and hardness
compared to those with larger crystallites. MCD film layers exhibit higher hardness,
higher elastic modulus and superior adhesion characteristics while NCD film layers
exhibit lower and more stable friction behaviour, due to presence of non-diamond
phases at grain boundaries. MCD-coated tools are suitable for heavy duty works
because of larger diamond grain, higher hardness and better film mechanical
interlocking. On the other hand, NCD-coated tools process workpieces with smoother
surface finishes. By using multilayer coats, workpieces can take advantage from both
the MCD and NCD film properties. Recall is that whereas Interlayer is the diamond

coating pre-treatment technique of generating metallic film layers to prevent graphite
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formation and promote diamond film deposition, the multilayer diamond coating
technique is aimed at improving properties of the diamond film.

Yan et al. (2019) further conducted Rockwell Indentation Test for examining
adhesion properties by applying the load of 588 N onto the surface of the diamond
coated cemented tungsten carbide substrate. Three different types of deformation can
be observed: radial cracks, plastic deformation and spalling. It was proven that the
substrate in which the multilayer strategy was applied exhibited the best adhesion
properties, with relatively minimised coating delamination and cracking, as shown in
Figure 2.12. Displayed in Figure 2.13, the first coating layer onto the substrate is the
MCD layer, followed by the NCD layer as the surface coating layer. The MCD coating
film has larger grains and is more advanced in adhesion strength while the NCD coating
film exhibits higher nucleation density which leads to better ability to prevent internal
crack propagation (Takeuchi et al., 2001).

Dumpala et al. (2015) used the multilayer coating technique to manufacture
difficult-to-machine materials. Aluminium silicon carbide (AI-SiC) metal matrix
composites (MMCs) and carbon fibre reinforced plastics (CFRPs) are widely utilized
engineering materials in the aerospace and automotive industries owing to their high
strength to weight ratios. These materials are classified as difficult-to-machine due to
the presence of hard and abrasive reinforcing particles and fibres. Therefore, coating
films are required to increase high wear resistance, reduce friction during machining
and increasing quality of the surface finishing. Figure 2.13 shows comparison between
the five machine inserts differently coated, used as substrates. One was uncoated, one
TiN-coated by PVD, one diamond-coated with MCD layer, one diamond-coated with
both MCD and NCD layers and one diamond-coated with slow transition from MCD

layer to NCD layer. The experiment used the inserts in a turning machine in dry cutting
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condition (without lubricants) to cut AI-SiC MMC of the diameter size of
100x300 mm. In Figure 2.14, flanks and noses of the inserts were measured before
machining, to determine which coating type was suitable for processing the difficult-
to-machine workpiece. The quality of the inserts is considered to be failed if either the
maximum flank wear or of the maximum nose wear reaches 0.3 mm.

Figure 2.15 and Figure 2.16 display experimental results of utilising insert tools
with different coatings. It was found that tools uncoated and PVD-coated by TiN were
the worst performers, commencing to wear after less than 1 minute of machining time.
Insert tools MCD coated and multilayer coated with MCD-NCD transition layer were
the best performers, respectively wearing after 13.5 and 14.7 minutes of use.

Poor performance of the multilayer-coated tool with no MCD-NCD transition
time could be due to sharp interface between the two layers (Figure 2.13). Long
machining time for tools multilayer-coated with the MCD-NCD transition layer is due

to its integration of the smooth dual-layer architecture.

) NS B )

NCD

Figure 2.13 (a) MCD multilayer (b) multilayer (c) multilayer with transition

layer (Dumpala et al., 2015).
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Nose

Figure 2.14 Flank and nose (a) MCD multilayer (b) multilayer (c) multilayer

with transition layer (Dumpala et al., 2015).
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Figure 2.15 Insert flank and nose for different coatings (Dumpala et al., 2015).
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Figure 2.16 Machining time for different coatings (Dumpala et al., 2015).
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2.3.4 Chamber pressure

The chamber pressure also affects the diamond film grain size and growth rate.
Liang et al. (2007) investigated the effect of different pressure levels in the HFCVD
chamber with fixed temperature and the gas mixture of 1% CH4 concentration in Ho.
Figure 2.17 presents SEM images illustrating the surface morphology of the deposited
diamond films. It was found that an increase in chamber pressure resulted in a
corresponding increase in the diamond film’s grain size. The grain growth rate was

however highest when the chamber pressure was 2.8 kPa (Figure 2.18).

Figure 2.17 SEM images of the films deposited at 850 °C with 1% CHg4
concentration under various pressures: (a) 0.125 kPa, (b) 0.25 kPa, (c) 0.5 kPa,

(d) 1.0 kPa, (e) 2.8 kPa, (f) 4.0 kPa, (g) 5.0 kPa (Liang et al., 2007).
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Figure 2.18 Growth rate in various pressure levels (Liang et al., 2007).

2.3.5 Bias system

Bias in HFCVD refers to an applied electrical potential difference between
substrate holder and filament or an auxiliary electrode. Positive substrate bias promotes
electron bombardment and can increase nucleation density and modify surface
morphology. Installing bias system in the HFCVD machine is one of the methodologies
used to enhance nucleation, affecting grain growth rate and surface morphology. When
the bias system is turned on, positive voltage to the substrate platen and negative
voltage to the filament caused electrons bombard onto the surface of the substrate and
the growing film. Hence, the diamond film surface is altered.

Cui & Fang (1996) studied on surface morphology of the coating film when
applying positive bias and when not using bias. Figure 2.19 compares the surface
morphology of diamond films deposited for 2 hours, with 200 V bias applied and

without bias applied. From the SEM images, it is clear that the film surface grown on
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the substrate is much smoother when the positive bias is applied. However, in Figure
2.20, the Raman spectra shows that the film obtained under positive bias has a weaker
and broader Raman diamond first-order line than that obtained without bias. This may
be due to the difference in the size of the diamond crystallites, as indicated in Figure
2.19. In addition, they found that nucleation density dramatically increased after 120 V

of positive bias voltage was applied, as shown in Figure 2.21.

Figure 2.19 a) With bias applied. b) Without bias applied. (Cui & Fang,

1996).
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Figure 2.20 (a) Raman with bias applied (b) Without bias applied (Cui &

Fang, 1996).
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Figure 2.21 Nucleation density with bias (Cui & Fang, 1996).

One of the notable studies of the HFCVD system with applied negative bias has
been that of Chattopadhyay et al. (2008). Figure 2.22 captures the surface morphology
with pressure under 10 T. Increase in negative DC bias voltage to 1500V leads to
increase in coating uniformity and gradual decrease in crystal size. Additionally,
surface roughness of the diamond coating decreases following increase in the negative

bias voltage, at the constant pressure of 10 T, as shown in Figure 2.23.
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Figure 2.22 Surface morphology under 10 Torr with different bias

(Chattopadhyay et al., 2008).

4.0
tZZZ1Ra
3.5 B Rz
s 1 S Rmax.
& 3.0
£
£ 25
]
[ 4 ey
£ 20
& ]
=] ]
3
S 1.5
@
g 1.0
£ 101
=3 reterer
@ e
0.5 ey
0.0_ W REE V/

non-bias

Figure 2.23 Roughness measurement. (Chattopadhyay et al., 2008).
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2.4 Magnetic field assisted HFCVD

The integration of magnetic fields into Hot-Filament Chemical Vapor
Deposition (HFCVD) systems has emerged as an essential method for enhancing
diamond film deposition. The ability to manipulate magnetic fields within the
deposition chamber allows for improved control over the growth rate, crystal
nucleation and crystal morphology of deposited films (J. Li et al., 2017; Long et al.,
2015; Wang et al., 2018). There are three primary magnetic field configurations
commonly used in HFCVD: Static Magnetic Field (MF), Periodic Magnetic Field
(PMF), and Magnetic and Electric Fields Coupling (MEFC). Each configuration offers
unique advantages, allowing for tailored control of the deposition process, which in
turn enhances the film properties and broadens potential applications.

Table 2.3 provides an overview of the parameters associated with each of these
magnetic field systems.

Table 2.3 Comparative configurations of various magnetic field systems

employed in the HFCVD process.

Magnetic Flel.d Static Magnetic ~ Periodic Magnetic Magn‘e tlc.and
Enhancement in Field (MF) Field (PMF) Electric Fields
HFCVD Coupling (MEFC)
1. Distance 1. Field strength 1. Field strength (Bo)
Parameters between magnets (Bo) 2. Angular frequency
adjusted for the 2. Size and 2. Angular (®)
novel system location of frequency (o) 3. Electric field
magnets intensity
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2.4.1 Static magnetic field

X. Liu et al., (2023) demonstrated that static magnetic fields contribute to the
uniform confinement of plasma, improving film deposition consistency and growth
rates. This phenomenon is attributed to the enhanced plasma confinement, which
stabilizes the plasma environment and increases the interaction between the reactive
species and the substrate.

Little et al. (2005) and Wen et al. (2003) highlighted that static magnetic fields
lower the surface energy of diamond, facilitating enhanced nucleation and crystal
growth, even under atmospheric pressure conditions. Wen et al. (2003) further showed
that at field strengths ranging from 10-20 Tesla, static magnetic fields not only improve
the yield of diamond nanoparticles but also enhance the overall film quality. Their
study indicated that the presence of a static MF resulted in a 30% increase in diamond
film yield (Figure 2.24).

The static magnetic field's primary role is to guide the motion of plasma species,
aligning precursor molecules in ways that favour crystallographic alignment and film
quality. This results in a more uniform particle distribution and accelerated growth
compared to conventional methods. As observed by Wen et al. (2003), a stronger static
magnetic field increases plasma density near the substrate, which boosts the nucleation

rate, resulting in films with improved characteristics.
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Figure 2.24 Static magnetic field (Wen et al., 2003).
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2.4.2 Periodic magnetic field

PMF introduce a dynamic oscillation in the magnetic field, given by
B=Bosin(wt), which plays a critical role in enhancing energy transfer between the
plasma species and the substrate, leading to improved deposition efficiency. According
to Long et al. (2015) and You et al. (2009) the use of PMF in HFCVD significantly
increases the growth rate of nanodiamond films, demonstrated that the implementation
of HFCVD system with PMF increases the growth rate of diamond films compare to
the conventional HFCVD system.

The primary advantage of PMF over static magnetic fields is its dynamic nature,
which improves the interaction of reactive species, such as carbon ions and radicals,
with the substrate. This leads to a higher deposition rate and better film morphology.
You et al. (2009) also reported that films grown with PMF exhibited a much higher
ID/IG ratio in Raman spectra, indicating a higher quality of diamond-like material
compared to films grown without PMF. These findings demonstrate that PMF not only
accelerates the growth rate but also improves the quality of the films by increasing the
proportion of sp*-bonded carbon, a key characteristic of diamond films.

In addition to these improvements, You et al. (2009) also noted that the
application of PMF influenced the crystallographic orientation of the deposited films.
Their study revealed that films grown under the influence of PMF showed a preference
for the (111) orientation, which is typically associated with lower friction properties
and is desirable for tribological applications. In comparison to films grown under
conventional HFCVD conditions, where the orientation is less controlled, the films
grown with PMF exhibited improved orientation towards specific crystallographic
planes. This is particularly significant because the orientation of diamond films can

dramatically impact their mechanical, thermal, and electronic properties. For example,
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the (100) orientation of diamond films is known for its superior thermal conductivity,
making it suitable for electronic applications, whereas the (111) orientation is more
favourable for tribological applications due to its low friction characteristics.

The improved crystallographic orientation observed under PMF conditions is
likely the result of the oscillatory magnetic field, which promotes a more directed
alignment of the carbon species as they are deposited onto the substrate. This dynamic
alignment helps to stabilize the formation of the diamond lattice in specific orientations,
thereby improving both the structural and functional properties of the films. The ability
to control orientation provides a significant advantage in applications requiring specific
film characteristics, such as cutting tools, electronics, and coatings.

Long et al. (2015) investigated the effects of PMF with field strengths ranging
from 32 to 106 Gauss and angular frequencies (w) between 3,000 and 45,000 rpm. The
study demonstrated that higher angular frequencies (®) were particularly beneficial for
promoting nanodiamond film growth and observed that increasing the angular
frequency facilitated better motion and increased collision rates of charged particles
within the plasma, improving energy transfer and making the deposition process more
efficient. Consequently, films produced at higher angular frequencies exhibited better
uniformity, surface morphology, and faster growth rates. Furthermore, films produced
under PMF conditions exhibited superior field emission properties, with the turn-on
electric field of 2.9 V/um and current densities of 32.7 pA/cm? at an applied field of
6.5 V/um, demonstrating that PMF significantly improves the electron field emission
efficiency of diamond films.

The use of PMF for diamond film growth has proven to be particularly
advantageous in enhancing the field emission properties of films. The enhanced plasma

density and improved crystallinity contribute to better electrical conductivity and field
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emission performance, which is essential for applications in field-emission displays
(FEDs), vacuum electronics, and other devices that require high-performance diamond-

based materials.

500nm 2 500nm

5008m - 500nnt”

Figure 2.25 SEM images of diamond film produced by HFCVD with periodic
magnetic field (a) no PMF, (b) 10,000 rpm, (c) 20,000 rpm and (d) 30,000 rpm (Long

et al., 2015).

2.4.3 Magnetic and electric field coupling

The coupling of magnetic and electric fields (MEFC) represents a sophisticated
approach in field-assisted HFCVD, offering enhanced control over plasma density,
energy distribution, and film growth. By combining the advantages of both magnetic
and electric fields, this method significantly optimizes the deposition process,
improving both the efficiency and quality of carbon films. Li et al. (2017) the effects
of this dual-field approach on the deposition of various carbon films in HFCVD

systems. Their results suggest that the combined influence of both fields can
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substantially optimize the deposition process, resulting in higher plasma densities and
improved film characteristics (Figure 2.26 and Figure 2.27).

The magnetic field in MEFC serves to concentrate gas molecules near the
substrate surface, thereby increasing the local plasma density. This concentration of
reactive species accelerates the nucleation process, enhancing the uniformity and
quality of the deposited film. Moreover, the increased plasma density helps to reduce
grain size, which is a critical factor in producing films with fine, uniform structures.
On the other hand, the electric field plays a crucial role in promoting the ionization of
reactive gases, facilitating the conversion of carbon species from the sp? phase to the
more stable sp?® phase. This transformation significantly enhances the quality of the film,
as sp*>-bonded carbon atoms are characteristic of the desired diamond-like structure.

The coupling of magnetic and electric fields has proven to be highly effective
in reducing grain size and improving the uniformity of the films. Li et al. (2017) showed
that the simultaneous application of both fields not only increased the deposition rate
but also resulted in films with finer grain structures, enhanced morphology, and more
consistent thickness. The electric field's ability to ionize reactive gases increases the
reactivity of carbon species, accelerating film growth and ensuring more homogeneous
deposition. This process helps to produce films with improved surface morphology and
overall better quality.

Wang et al. (2018) further explored the role of MEFC in improving the
thickness and morphology of carbon films. Their study compared films deposited with
and without the assistance of magnetic fields under varying bias currents. The cross-
sectional SEM images, shown in Figure 2.27, reveal that films produced with MEFC
exhibited finer grain structures and more uniform thickness compared to those

deposited without magnetic fields. These results highlight the superior control afforded
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by the coupling of both fields, which stabilizes the plasma environment and results in
films with improved consistency and quality. In addition to improving film morphology,
MEFC systems also enhance field emission properties. The increased ionization of
reactive gases and more uniform film deposition contribute to better electrical
conductivity and enhanced performance of the resulting films in applications like field-
emission displays (FEDs). The application of both magnetic and electric fields thus
represents a powerful tool for tailoring the properties of carbon films, providing greater

flexibility and efficiency in the fabrication of advanced materials.
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Figure 2.26 Schematic diagram of etching film with plasma.

(a) assisted by electric field (b) assisted by MEFs. (Li et al., 2017).

(a)6.s

T

E10 —=a— Electric field (b)

6.0 - —e— Magnetic field

W
W

N
=]
T

Thickness (um)
e

..l;
S
T

oﬁ SN NGB

ME40

E-OmA E-I0mA  E-20mA E-40mA
Electric field

Figure 2.27 (a) The thickness of carbon films deposited without (sample EO-
E40) and with magnetic field (sampleME0-ME40) at different bias current (b) The
cross-sectional SEM images of sample E10, ME20 and E40 respectively (Wang et al.,
2018).
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2.5 Difficult-to-cut materials processed by diamond-coated tools

Diamond-coated cutting tools have been widely used for machining non-ferrous
materials, such as aluminium-silicon alloys, copper alloys, fibre-coated polymers,
green ceramics and graphite (Kanda et al., 1995). Materials with unique metallurgical
properties require different types of diamond coating, such as MCD coating, NCD
coating and multilayer diamond coating. Diamond coating film comes with the benefits
of high strength and toughness, good tribological efficiency and chemical inertness,

outstanding wear resistance. Difficult-to-cut workpieces include the following:

2.5.1 5G printed circuit board (PCB)

The adoption of the fifth-generation wireless communication system (5G)
comes with the increasing demand for high-frequency and high-speed printed circuit
boards (PCB). The 5G technology is applied in satellite communications, automotive
radar and other wireless communication equipment to provide higher reliability and
lower delay in signal connectivity (Shi et al., 2019).

Unlike previous wireless system generations, the PCB used in the 5G system
has a very different layout design, with inclusion of epoxy resin, polyphenylene oxide
resin and inorganic filler (Liu et al., 2020), posing new challenging problems of
manufacturing the board, decreasing the manufacturing tool life. Printed circuit boards
(PCBs) are generally classified into two main categories: high-frequency and high-
speed PCBs. Examples of 5G PCB plated details are summarised and illustrated in

Table 2.4.
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Table 2.4 Characteristics of 5G High-Frequency and High-Speed PCBs.

High-speed High-frequency
Multilayer PCB Microwave PCB
Number of Multi-layer structure, generally
L de by laminati board
ayers made by laminating a core boar 2 layers

and a semi-cured multi-layer
board.
Board Thickness Depending on the number of

o 0.8mm
layers after lamination

Structure Copper foil, epoxy resin, Copper foil, PTFE and
fiberglass cloth and hard filler . . .
(ALOY) ceramics (Si0z, TiO2)
Automotive radar, GPS
Application High-end servers, autonomous antenna, patch antenna and
driving and satellite other communication
communications equipment in wireless

communication

There are several challenges when using the microdrill to process the high-
frequency and high-speed 5G PCB. First, due to the increasing proportion of fillers in
the 5G PCB, the board has increased wear resistance and is more difficult to be
processed by the micro drill. Second, the wear of the micro drill closely affects the
quality of the micro-hole and the accuracy of the hole registration. The issue the of
microdrill’s wear resistance therefore needs to be addressed imminently.

During a typical PCB drilling process, epoxy resin fibreglass cloth chips and
glass fibre chips are formed in white powder wood (Chengyong et al., 2016). Under
high-temperature drilling condition, the easily molten resin chips adhere with the glass
fibre chips, and together they further form mixed chips, known as drilling dirt. The
drilling dirt adhered to the spiral groove prevents chip removal, further causing more

dirt to be adhered to the hole wall and the drill tip, affecting the next cutting operation
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of the drill bit. This results in the tool being worn and fractured before its expected
lifespan. It also causes the phenomena of delamination and microcrack on the
workpiece PCB.

Zheng et al. (2016) discovered from SEM images that the two main types of
microdrill wears were abrasion and adhesion. Figure 2.28 demonstrates that the
abrasive wear mainly occurs on the chisel edge and the main cutting edge, affecting
service life of the microdrill. Fiberglass and fillers in PCBs are the main causes of
abrasive wear on microdrills. Figure 2.29 shows that adhesion wear is caused by
adherence of resin mixed chips and wear on the surface of the microdrill’s tip and spiral
groove, affecting the cutting performance and chip removal of the microdrill. In turn,

this increases then temperature in the drilling hole and worsens the microdrill wear.
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Figure 2.28 Abrasive wear after drilling holes on PCB board (Zheng et al.,

2016).
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Figure 2.29 Adhesion wear after drilling holes on PCB board (Zheng et al.,

2016).

According to Lei et al. (2014), one of the effective ways to machine 5G PCB
workpieces is to apply thin diamond coating film onto PCB drilling tools. The NCD
coating layer could reduce friction and surface roughness of the drill, making the tool
extremely resistant to abrasive wear and thus expanding its operating life as compared
to uncoated drills.

In general, the quality of the mechanically drilled holes of PCBs greatly
influences subsequent manufacturing processes and properties of the board, such as
electroplating factor, welding quality and electronic reliability. Currently, the global

trend on developing high density PCBs have made it more difficult to control the
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manufacturing and quality of the boards. This is due to high brittleness, anisotropy and
poor heat conductance of the material’s mechanical properties.

Figure 2.30 depicts quality index evaluation of the main drilled hole on the 5G
PCB (Zheng et al., 2011). Quality of the drilled holes on PCB workpieces is an
important issue as it influences interconnections, electrical properties and assembly of

PCB components.

Figure 2.30 PCB quality index (Zheng et al., 2011).

Delamination can occur in composite materials due to insufficient adhesive
strength between the copper layers and resin layer of PCB materials. Additionally,
when directions of the radial and axial cutting forces are positioned inaccurately during
the drilling process, the drilling tools can vibrate sideways away from the drilling axis,
excessively removing the material volume.

Delamination can occur in composite materials due to insufficient adhesive
strength between the copper layers and resin layer of PCB materials. Additionally,
inaccuracies in the positioning of radial and axial cutting forces during the drilling

process can cause the drilling tools to vibrate laterally away from the drilling axis,
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leading to excessive removal of material. The roughness of the hole wall is influenced
by the expansion and retraction of the workpiece material. Since the PCB contains
various components with different materials and coefficients of linear expansion, the
resin's relatively higher linear expansion compared to other parts can lead to a larger
area of material being cut by the drill bit. Consequently, as the resin cools and retracts,
the surface roughness may differ across various sections of the wall.

Another factor contributing to the variation in roughness is the effect of high
centrifugal forces. Chips that are caught up in these large centrifugal forces, directed
radially outward from the drilling axis, may undesirably cut into the softer resin
material of the hole wall. When the cutting edge of the drill begins to wear, it can cause
the tool to press against the workpiece wall rather than effectively remove material.
This action generates excessive heat in the hole during the drilling process, leading to
the melting of the resin and copper foil components of the workpiece. These molten
materials may adhere to the drill flute, which further decreases the material removal
rate. Zheng et al. (2012) suggested that, in order to reduce the probability of unintended
connections between two adjacent circuits, the nail head thickness should be kept at a
maximum of 1.5 times the copper foil layer thickness.

During the drilling process, the copper foil layer of the PCB heats up and softens,
which reduces its ability to withstand the thrusting force from the drill. As a result,
burrs are formed at the bottom of the workpiece hole. The hardness of the PCB
workpiece can be adjusted to control the shape and size of these induced burrs, thereby

improving the quality of the finished hole.
2.5.2 Zirconium dioxide

Zirconium dioxide (ZrO:), a member of the oxide family of engineering

ceramics, is widely recognized for its exceptional mechanical and thermal properties,
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making it a material of choice in a range of demanding applications. Engineering
ceramics include a diverse array of materials such as oxides, carbides, nitrides, borides,
silicates, and glass ceramics, with the most commonly used being aluminium oxide
(Al203), zirconium dioxide (ZrOz), silicon nitride (Si3N4), and silicon carbide (SiC) (Y.
Liang & Dutta, 2001). As detailed in Tables 2.5 and 2.6, zirconium dioxide stands out
primarily for its remarkable strength, biocompatibility, and high resistance to thermal

and chemical degradation (Ferraris et al., 2016).

Table 2.5 Properties of various ceramic materials. (Ferraris et al., 2016).

Material Properties ALOs Si3Ny ZrOs SiC
Density (g/cm?) 3.8-4.0 3.2 5.0-6.0 3.1
Vickers hardness (kg/mm?) ~ 1800-2000  1500-1600 1100-1300 2600
Fracture toughness (MPa'?) 3-4 4-8 4-12 3-5
Flexural strength (MPa) 300-500 700-850 500-1800 400-600
Weibull modulus 8-12 18 10 10-18
Young modulus (GPa) 300-400 310 200 400-450
Thermal expansion 10K 7-8 3.2 10 4.5-8
Thermal conductivity (W/m 25-35 30-40 1.5-2 80-120
K) @RT
Electrical conductivity <1074 <1074 <1071 0.2-1

(S/em) @ 20° C

Table 2.6 Different types of ceramics applications (Ferraris et al., 2016).

Applications Performance advantages Ceramics
Wear parts, seals, High hardness, low SiC, ALLO3
bearings, valves, nozzles friction

Cutting tools

Heat engines: diesel
engine components, gas
turbines
Medical implants: hip,
shoulder, knee, dental,
joints

High strength, hardness

Thermal insulation, high

temperature strength, fuel

economy

Biocompatibility, surface

bond to tissue, corrosion
resistance

Si3N4, ALOs3

710>, SiC, SizN4

Hydroxyapatite, bioactive
glass, A,O3, ZrO>
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ZrO: is renowned for its high mechanical strength, making it suitable for
applications requiring materials that can withstand both mechanical and environmental
stresses. One of the most significant advantages of ZrO: is its biocompatibility, which
minimizes the likelihood of adverse reactions such as allergies or inflammation when
used in medical or dental applications. These characteristics have made ZrO. an
excellent choice for dental restorations, where it is used as an alternative to traditional
high-toughness core materials. Its excellent mechanical properties, coupled with its
natural, aesthetic appearance, have made it particularly suitable for producing implant
superstructures, root dental posts, crowns, and fixed partial dentures.

As a high-temperature oxide ceramic, ZrO- offers exceptional thermal stability,
with a high melting point and superior thermal insulating properties (Piconi &
Maccauro, 1999). Additionally, ZrO: exhibits excellent chemical inertness, which
contributes to its durability and longevity in harsh environments. This makes it a
versatile material for use not only in dental applications but also in industries that
require materials capable of withstanding high temperatures and aggressive chemical
environments.

While ZrO: offers impressive mechanical and chemical properties, its hardness
also presents challenges during machining. Traditional tungsten carbide tools,
commonly used in machining processes, often lack sufficient hardness and abrasion
resistance when used to machine hardened ceramics like zirconium dioxide (Bian et al.,
2018). The wear of cutting edges on tungsten carbide tools results in rapid deterioration
of the tool shape, reducing efficiency and precision in the machining process. To
overcome these limitations, it is necessary to apply coatings such as diamond films to
the cutting tools. These coatings significantly enhance the durability and performance

of machining tools, enabling them to better handle the hardness of zirconium dioxide.
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The application of diamond coatings, particularly through chemical vapor deposition
(CVD), has been shown to significantly improve the performance of dental burs used
for machining zirconia dental materials. According to Sein et al., (2003), CVD
diamond-coated dental burs exhibit a markedly longer lifetime and superior
performance compared to their uncoated counterparts. The wear rates of these
diamond-coated burs are reduced by a factor of three, significantly improving milling
efficiency and reducing the need for frequent tool replacements. Moreover, the
hardness and abrasion resistance of diamond coatings allow for more precise and

effective machining of zirconia, contributing to better outcomes in dental restorations.

2.6 Quality measurement of diamond coating films

There are two ways to determine the diamond coating quality: by using non-
destructive tests or destructive tests. Non-destructive tests mean the measurement
would not damage the coating surface, allowing for further use after testing. Meanwhile,

destructive tests would damage the coating surface.

2.6.1 Non-destructive tests

The non-destructive tests are used to observe surface morphology. A scanning
electron microscope is employed to examine the grain orientation and structural
uniformity of the coating film. 3D optical dimensional metrology can be used to
evaluate surface roughness of the film. Raman spectroscopy serves as a non-destructive
analytical technique for assessing the phase composition and crystalline purity of the
diamond film.

Surface morphology of the diamond-coated tools was assessed using SEM.
Under the SEM, it can be observed whether the diamond film is MCD or NCD. For
MCD layers, the size for each grain is greater than 1 um and for NCD layers, the size

is smaller than 100 nm. It is important to select the appropriate coating films for
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different applications as they have different mechanical properties, e.g., roughness and
hardness (Dumpala, Chandran, Madhavan, et al., 2015). Stiffness and hardness of the
diamond coatings decrease with the reduction in crystal size. MCD layer exhibits high
hardness, high elastic modulus and superior adhesion characteristics and NCD coatings
exhibit low hardness and high toughness due to the presence of non-diamond phases at
the grain boundaries.

The 3D optical surface profiler can be used to determine the surface roughness
of'the tool after the diamond coating process. Moreover, after machining the workpiece,
an 3D optical profiler can also be used to determine the surface roughness of the
workpieces. Examples of different diamond coating films obtained from the 3D optical

surface profiler are shown below in Figure 2.31 and Figure 2.32.

Figure 2.31 Microcrystalline diamond coating (Chen et al., 2013).
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Figure 2.32 Submicrometric diamond coating (Chen et al., 2013).

For the Raman spectroscopy, the wavelength of the monochromatic laser
reflecting from diamond coated surface and collected by the detector should be around
1330-1340 cm™ (D-peak) and around 1540-1570 cm™ (G-peak). As shown in Figure
2.33. the D/G ratio serves as a key parameter for evaluating the sp*/sp? carbon bonding
ratio, prov iding insight into the structural quality of the diamond film. If the D-peak is
higher than the G-peak, it means that there are more sp> bonds than there are sp® bonds.
In addition, Full Width at Half Maximum (FWHM) is another variable used to measure
purity of diamond films deposited (Figure 2.34). The higher the D/G ratio, the lower

the FWHM figure, and the purer the diamond film.
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Figure 2.33 MCD and NCD (Najar et al., 2020).
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Figure 2.34 Full width at half maximum (FWHM) analysis indicating the

crystalline quality of the diamond film. (Taher et al., 1996).

2.6.2 Destructive tests

There are two types of hardness testing: indentation testing and scratch testing.
For indentation tests, geometrical aspects of the indentation is analysed after force is

applied onto surface of the specimen. An example is the Rockwell test. For scratch tests,
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it is observed whether surface of the workpiece can be scratched by a list of standard
materials. In addition, Computer Numerical Control (CNC) machines can be used to
simulate real usage of the coated cutting tools in the manufacturing industry.
Regarding indentation test, the Rockwell test determines adhesion and hardness
of the coating by measuring the depth of penetration of an indenter under a load
(Broitman, 2017), as shown in Figure 2.35. The level of adhesion is measured by
comparing deformation profile of the coating and the substrate around the indented

surface area.

Figure 2.35 Indentation Principle of the indentation Rockwell measurement

(Broitman, 2017).

Several authors used Rockwell indentation test to validate the diamond film
quality (Chattopadhyay et al., 2008; Kao et al., 2010; Polini et al., 2000; Vidakis et al.,
2003; Wang et al., 2016). Tang et al. (2016) classified acceptable and to-be-rejected
coating film qualities based on the 6 levels of adhesion classes (HF1-HF6) which
describe surface resistance of cracks, shown in Figure 2.35. They stated that indentation
types of levels 1 to 4 (HF1-HF4) are acceptable, as only small cracks and regions of
spallation appear around the indentation point. Levels 5 and 6 (HF5-HF6) are not
acceptable, as large areas of spallation can be found around the indentation point.
Figure 2.36 illustrates some samples of diamond coating films going through Rockwell

indentation test (Xu et al., 2013).
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Figure 2.36 Level Adhesion level from HF1 to HF 6 by using Rockwell

indentation (Tang et al., 2016).
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Figure 2.37 Diamond coating examples (Xu et al., 2013).

57



Chapter 2 Literature review

Regarding scratch test, it is one of the most practical approaches in evaluating
adhesion of a hard thin coating film on a substrate surface (Barnes et al., 2012). For
instance, scratch test can be used to examine film delamination, coating adhesion and
surface resistance. It is a reliable and simple test that can be performed on any specimen
regardless of its geometry.

Coating adhesion is measured as the number of times the amount of critical load
can be applied before the coating fractures. A spherical indenter tip slides over the
surface of the coating to generate a groove at an incremental or constant load mode.
Applying a desired load (measured in nanometre depth) across distance (measured in
millimetre length), the profile pass on the top surface is measured. Scratched tracks are
characterised by coating film layer delamination from the substrate surface and coating
film cracking.

Adhesion strength is a measure when a critical load is reached at which the
substrate and the coating film interface delaminates (Lu et al., 2014). In addition,
scratch testing may also be used to identify cracks on the coating film. While coating
films with high hardness can withstand compressive stresses induced by the indenter
to a certain extent, such films may fracture if a large amount of tensile stress or shear
stress is applied. Coating film’s cracking failure occurs when the mechanical work of
the brittle failure in the coating is equal to the energy release rate from coating cracks.
Ping Lu et al. (2013) states that for cemented carbide substrates like tungsten carbide,
diamond delamination is due to insufficient adhesion between the coating and the
substrate, partially as the result of the formation of non-diamond compounds at the
substrate—diamond film interface due to the cobalt—carbon interdiffusion at CVD

deposition temperatures.
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According to Dumpala et al. (2014), scratch adhesion testing of NCD and MCD
films on tungsten carbide substrates revealed that the predominant failure mode was
spallation occurring in advance of the indenter. Parts of the scratch tracks of MCD and
NCD coating layers captured by SEM are shown in Fig 2.37. It was observed that the
failure mechanisms were different for the two coating films, and that this behaviour
was attributed to their crystallinity. In particular, fractures in the MCD coating film are
induced by compressive shear crack propagation, and they can be observed at the edge
of the spalled region, due to the MCD film’s high crystallinity and brittleness. While
the MCD film failed due to delamination between the film and the substrate covering
large area, edges of the spalled regions of the NCD film were almost normal to the
substrate and only shear cracks appeared (Figure 2.37a). The MCD coating film was
found to survive up until the critical load (Lc) of 42 N, whereas the NCD coating film
was found to fail at the Lc of 20 N, as shown in Figure 2.37. The relatively poor scratch
adhesion performance of the NCD film may result from both its lower intrinsic
hardness and the possible occurrence of non-diamond carbon phases at the film—

substrate boundary.

Figure 2.38 NCD and MCD scratch tests (Dumpala et al., 2014).

Dumpala et al. (2015) reported coating failure in CVD diamond films

characterized by spallation in front of the scratch indenter, attributing it to compressive

59



Chapter 2 Literature review

shear stresses induced during the scratch test. Coating adhesion and the maximum
sustainable stress prior to failure are the principal factors influencing the spalled area

observed during spallation events., as shown in Fig 2.39.
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Figure 2.39 MCD and NCD films (Dumpala et al., 2014).

Figure 2.40 Coating spallation in the scratch track (Dumpala et al., 2015).
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Chapter 3 Influence of HFCVD parameters on tool wear during
high-frequency PCB machining

3.1 Introduction

In the rapidly evolving technological landscape, the move towards 5G
communication systems has brought forth unprecedented demands on Printed Circuit
Boards (PCBs). To meet the challenges of enhanced transmission speeds and thermal
management, modern PCB designs have incorporated ceramic particles. While these
ceramic components aid in improved heat dissipation, they simultaneously pose
challenges concerning the machinability of the boards (Zhang et al., 2020).

Historical research efforts have delved deep into the intricacies of drill coating
thickness and grain during the machining of third and fourth-generation PCBs,
specifically the ones using copper-clad resin-based FR-4 (Lei et al., 2016; Wang et al.,
2019; Zheng et al., 2015, 2016). However, as the industry is progressing towards the
fifth generation, new challenges are emerging. These latest PCBs, vital for the robust
5G mobile communication infrastructure, boast of superior heat resistance and a
notable reduction in transmission losses, setting them apart from their predecessors
(Huang et al., 2020). Their unique composition, comprising copper-clad laminate,
ceramic particles, anisotropic fibres, and epoxy resin, has intensified the machining
challenges (Watanabe et al., 2008; Zheng et al., 2012).

Given the intricacies introduced by the new-gen PCBs, micro drills, known for
their efficiency, have been widely adopted to create micro holes on these boards. But
there's a caveat. The inherent properties of these drills, such as high anisotropy and
limited thermal conductivity, lead to significant tool wear, compromising the quality

of the drilled holes. These drills face the arduous task of enduring the abrasive wear
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from ceramic components and the adhesive wear due to the molten resin at elevated
temperatures (Zheng et al., 2012).

In response to these challenges, the HFCVD technique has gained traction.
Employed to deposit protective diamond films on drills, this technique ensures the
substrate remains shielded. This research endeavour is primarily anchored in
identifying the ideal parameters namely, coating thickness and grain size suited for
machining high-speed boards. Preliminary studies have underscored the promise of
HFCVD-coated drills, which, intriguingly, showcase a lifespan extending beyond three
times that of their non-coated counterparts (Gébler et al., 2000).

Delving deeper, the HFCVD technique, with its assortment of pre-treatment
methods and deposition parameters, induces variations in the characteristics of
diamond films. The two main categories, MCD and NCD films, each have their set of
advantages when it comes to tool protection. Their unique topographies and frictional
coefficients translate to distinct machining outcomes (Wang et al., 2021). MCD films,
for instance, exhibit commendable adhesion to substrates and provide enhanced wear
resistance. In contrast, NCD films excel in delivering a smoother surface, resulting in

refined finished products (Chen et al., 2013; Dawedeit et al., 2013).

3.2 Fabrication of drills with MCD and NCD by HFCVD

The HFCVD method is a prevalent technique for the deposition of diamond
films on various substrates. In the realm of PCB drilling, understanding the influence
of HFCVD processes on diamond-coated drill fabrication is imperative, especially
when dealing with fifth-generation PCBs that incorporate ceramic particles. This
chapter delves into the detailed processes and parameters of fabricating diamond-
coated drills using HFCVD. Tungsten (W) and tantalum (Ta) are the most common

filament materials used in HFCVD. As shown in Figure 3.1(a), methane (CHa4) and
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hydrogen (H:) flow through the hot filament region at the start of deposition. Under the
combined effect of high filament temperature and reactive gas species, a tantalum
filament can undergo carburisation, which increases brittleness over time. After passing
through the filament region, the gas phase gains sufficient thermal energy for
dissociation of H. and CHa, producing atomic hydrogen (H) and hydrocarbon
fragments. Atomic hydrogen plays a key role in diamond deposition by activating gas-
phase chemistry and promoting surface reactions. In particular, hydrogen reacts with
small hydrocarbon species to generate methyl radicals (CHs), which are widely

regarded as a main growth precursor for diamond in HFCVD.

CI; 44— Input gases (a)
.
Ta Filament
2000-2300°C
+—— Tungsten carbide tool
44— —— Magneticfield system
<+ Working table
-‘ Rotary pump
H. H® (b)
/H H H CHy H CH,
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Figure 3.1 Schematic diagrams illustrating: (a) the layout of the HFCVD
system and the endothermic bond-breaking process; (b) chemical gas reactions
leading to the formation of a diamond layer on the substrate surface.
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3.2.1 Pre-treatment of PCB drills

Before the deposition of diamond films, the PCB drill surface must undergo
specific treatments to ensure optimal adherence and growth of diamond films. Initially,
the drill surface is treated with Murakami’s solution, comprising of a mixture of KOH,
K3(Fe (CN)6), and water. This treatment facilitates the dissolution of WC into the
chemical mixture, enhancing the substrate surface roughness. Following this, Caro's
acid, a blend of H202 and H2S04, is employed to eliminate cobalt from the surface, a

crucial step that circumvents graphitization during the diamond film growth phasel.
3.2.2 HFCVD diamond coating process

The fundamental principle of the HFCVD technique lies in employing
hydrocarbon gases as carbon precursors, while heated filaments supply the energy
necessary for gas-phase dissociation and film growth. The thermal energy generated by
the filaments initiates chemical reactions that facilitate the nucleation and growth of
diamond films on the substrate surface. The primary carbon source is methane (CHa),
which reacts with the heat from commonly used filaments, such as tungsten (W) and
tantalum (Ta). As the methane and hydrogen gas mixture passes through the heated
filament, bond dissociation occurs, producing atomic hydrogen (HO). The presence of
atomic hydrogen facilitates diamond growth by interacting with small hydrocarbon
molecules, primarily methane (CHa4), resulting in the formation of methyl radicals
(CH3). The ensuing chemical reactions can be represented as:

H, < H°+H’(1)

CHs +H® — CH; +H: (2)
3.2.3 Diamond film growth on PCB drills

In the study, PCB drills (@1.1, 6% Co) made of tungsten carbide (WC) with a

grain size between 0.5-0.8 um were chosen. Both MCD and NCD films were
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investigated, with coating thicknesses of 3 um, 6 um, and 9 pm as presented in Table
3.1. Specific deposition parameters were employed, including a tool temperature range
of 800-900°C, methane flow rates between 20—80 sccm, and deposition durations
spanning from 10-24 hours. The effects of substrate temperature, methane
concentration, and deposition duration on the growth rate and grain size of the diamond
films were investigated.

Table 3.1 Coating Types and Thicknesses of the Drill Samples.

Samples Coating Type Coating Thickness (um)
M1 MCD 3
M2 MCD 6
M3 MCD 9
NCD 3
NCD 6
NCD 9
Phenolic board _ Copper clad
PCB boards - W Ceramic filled

Phenolic board
% Hydrocarbon resin

PCB boards composite material

E

Phenolic board

Glass reinforced

Figure 3.2 Schematic layout of board stacking configuration during machining

and structural design of the PCB.

3.2.4 Observations and testing

Subsequent to the deposition process, scanning electron microscopy (SEM) was
utilized to assess the coating thickness and grain size of the diamond films. The drilling
performance of the coated tools was assessed on Rogers 4350B high-frequency PCBs
using the VEGA-D2CMSL equipment. The condition of the drills was periodically

assessed, specifically after every 1000 holes were drilled. Post-drilling, ultrasonic
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washing with acetone was performed to cleanse the drills. Wear patterns and
morphological changes were examined using a KEYENCE VHX-7000 digital
microscope. Surface morphology assessments of the films were conducted using
atomic force microscopy (AFM), and the adhesion characteristics of the films were

analysed using the Rockwell indentation method.

3.3 Results and discussion

3.3.1 Effects of coating parameters on grain size and coating thickness

The process of HFCVD is a crucial step for achieving a controlled deposition
of MCD and NCD films on PCB drills. The intricacies of this procedure revolve around
a handful of parameters, including temperature, methane concentration, and deposition
time. These parameters have profound effects on the outcome, especially in terms of
grain size and coating thickness.

Figure 3.3 displays the surface microstructures and cross sectional views of the
MCD and NCD coatings with thicknesses of 3 um, 6 um, and 9 um.. The M1-M3 drills
coated with microcrystalline diamond (MCD) films exhibit distinct columnar crystal
growth, with well-defined grains ranging from 2 to 4 um in size. In contrast, the N1—
N3 drills coated with nanocrystalline diamond (NCD) films display clustered growth
of nanoscale diamond grains, characterized by a cauliflower-like surface morphology.
The observed differences in grain size and growth rates are attributed to variations in
methane concentration, deposition time, and substrate temperature during the HFCVD
process. Examining the cross-sectional profiles of the diamond-coated drills reveals
noticeable differences between the MCD and NCD films. As demonstrated in Figure
3.4, the MCD coated drills (M1-M3) showcase a pronounced columnar crystal growth

with grains ranging between 2—4 pum in size. In contrast, the NCD coated drills (N1-
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N3) present a growth structure composed of nanosized diamond grains resembling a

cauliflower-like arrangement.
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Figure 3.3 Cross-sectional SEM images of diamond-coated drills: (a) M1; (b)

N1; (c) M2; (d) N2; (e) M3; (f) N3.
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Figure 3.4 Surface morphology characterization of diamond-coated drill tools:

(a) M1; (b) N1; (c) M2; (d) N2; (e) M3; (f) N3.

3.3.2 Surface morphology and roughness analysis

Surface roughness is a telltale indicator of the quality of the diamond film As
shown in Figure 3.4, SEM imaging captures the surface morphology of the MCD and
NCD films, which is further corroborated by AFM images in Figure 3.5 display similar
structures of the MCD and NCD films. The AFM images, with dimensions of 10 um x
10 um, are presented in Figure 3.5. The average surface roughness (Ra) measured for
drills M1, M2, and M3 was 91.4 nm, 107.6 nm, and 123.0 nm, respectively, while drills
N1, N2, and N3 exhibited significantly lower roughness values of 22.3 nm, 25.7 nm,

and 27.8 nm, respectively. The MCD films exhibited higher surface roughness due to
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the uneven grain sizes, whereas the NCD films showed lower surface roughness owing
to their smaller grains and lower coefficient of friction. The findings indicate that
coating thickness has a limited influence on surface roughness, as evidenced by only a
32 nm increase from M1 to M3 and a 5 nm increase from N1 to N3. The findings
demonstrate that surface roughness is primarily influence by film grain size, with

coating thickness contributing minimally relative to other examined factors.

Figure 3.5 AFM Images of the surface morphology of diamond-coated drills:

(2) M1; (b) N1; (c) M2; (d) N2; () M3; (f) N3.

3.3.3 Effect of coating thickness and grain size on adhesion strength

The adhesion strength of diamond coatings applied to WC-Co substrates was

evaluated using the Rockwell A indentation test under a load of 588 N. The Rockwell
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indentations on the tool surfaces, featuring 3 um, 6 um, and 9 um MCD and NCD
diamond coating layers, are depicted in Figure 3.6 using SEM images. Significantly,
two primary defective outcomes were identified: crack propagation and coating
delamination. The crack diameters upon delamination were measured on six samples,
M1-M3 and N1-N3, with values of 120 um, 110 pm, 101 pm, 158 um, 135 um, and
130 um, respectively. The ranking of the deformation area can be established as follows:
M3, M2, M1, N3, N2, and N1. Notably, cracks were visible on both the MCD and NCD
films with thicknesses of 3 pm and 6 pm. It is noteworthy that samples M3 and N3,
each with a 9 um diamond coating, exhibited no evidence of crack initiation on their
surfaces. Nonetheless, delamination occurred in both MCD and NCD films with
thicknesses of 3 um and 6 pm films with 3 pm and 6 pum thicknesses. It is worth noting
that greater coating delamination was noted in samples with 3 um coating layers
compared to those with 6 um coating layers, suggesting that the adhesion of the coating
i1s more robust in thicker films. Overall, coating thickness emerged as the key factor
affecting the adhesive strength of the diamond films, as demonstrated by the lack of

crack propagation after indentation in the M3 and N3 samples.
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SEM HV: 200 kV wo:10.3amm |
SEM MAG: 500 x 100 pm

Figure 3.6 Rockwell A indentation results for diamond-coated drills: (a) M1;

(b) N1; (c) M2; (d) N2; (e) M3; (f) N3.

3.3.4 Investigation on tool wear

To assess tool wear behaviour, six drills with varying grain sizes and film
thicknesses were employed in the fabrication of micro-holes on high-frequency PCB
substrates. It can be observed from Figure 3.7 that a notable amount of abrasive wear
was detected on the flank face of both the MCD and NCD drills coated with a 3 um
thickness, following the completion of 1000 holes, leading to coating delamination. At
3 um thickness, early edge delamination and local substrate exposure were observed,
which increased damage for N1 under the tested drilling conditions. At higher thickness,

improved coating coverage and load support reduced cutting-edge exposure,
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supporting better durability and hole quality for thicker NCD coatings. This suggests
that in contrast to MCD drills, NCD drills exhibit a prolonged tool lifespan owing to
the reduced adhesion of the diamond film on the WC-Co substrate.

In the investigation of NCD drill wear, a comparison was made between coating
thicknesses of 6 um and 9 um (N2, N3) after the completion of drilling 3000 holes.
Despite noticeable abrasive tool wear evident in the NCD drills coated with 6 um
thickness (N2), the tool wear of N3 exhibited a consistent increase throughout the
experimental process. The maximum lengths of flank wear for N3 ranged from 9.54
pm to 12.17 um as the drilling progressed from 1000 to 5000 holes, respectively.
Conversely, no apparent tool wear or coating delamination was observed in the case of
9 um coating thickness (N3) after the drilling of 5000 holes. This can be attributed to
the adequate thickness of the NCD film layer, which enables it to withstand both
abrasive and adhesive wear when processing 5000 holes owing to its adhesive
properties and smooth surface.

When drilling high-frequency PCBs, it is essential for drills to endure abrasive
wear from the ceramic layer and adhesive wear resulting from molten resin adhering to
the drill post-friction and heat generation during the process. The maximum length of
flank wear for MCD and NCD drills with various coating thicknesses is depicted in
Figure 3.8, indicating the superior performance of NCD-coated drills over MCD-coated
ones. Moreover, a thicker coating layer leads to a reduced distribution of drilling force
onto the drill substrate layer, thereby lowering the likelihood of localized delamination
while enhancing elasticity and resistance to abrasive wear. Figure 3.7 does not
showcase the tool wear of M1 and N1 since the maximum length of flank wear for
these drills could not be measured due to tool cutting edge delamination after drilling

1000 holes. The ranking of tools in terms of lifespan is as follows: N3, M3, M2, N2,
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M1, and NI1. Notably, the maximum length of flank wear for NCD drills is

approximately 90% less than that of MCD drills.

1000 2000 3000 4000 5000

M1
Tool failure
N1
Tool failure
M2
Tool failure
N2
Tool failure
M3 -
c.r.lrlrﬁof SR
Tool failure
N3

Figure 3.7 Flank wear states of diamond-coated drills after drilling 1000 to

5000 holes.: (a) M1; (b) N1; (c) M2; (d) N2; (e) M3; (f) N3.
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Figure 3.8 Maximum flank wear length of NCD and MCD coated samples

with respect to the number of holes drilled.

3.3.5 PCB hole quality and wall roughness

Figure 3.9 illustrates the wall roughness of PCB hole walls after machining, a
key quality indicator for finished PCBs. Along with wall roughness, dimensional
accuracy, burr presence, resin smearing, and delamination are critical characteristics
for evaluation. The grain size and thickness of the drill coating significantly influence
the quality of the drilled holes. The data in Figure 3.9 show that as coating thickness
increases, the surface roughness of PCB holes decreases.

When comparing 3 um MCD-coated drills (M1) to 3 um NCD-coated drills
(N1), and 6 um MCD-coated drills (M2) to 6 um NCD-coated drills (N2), the MCD-
coated drills consistently produce better hole quality than their NCD-coated

counterparts. However, 9 pm NCD-coated drills (N3) can successfully drill over 5000
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holes with a smooth surface, outperforming 9 um MCD-coated drills (M3), which
degrade after 3000 holes. Figure 3.9 demonstrates that NCD-coated drills yield PCB
hole walls with surface roughness values approximately 30% lower than those
produced by MCD-coated drills.

The condition of the drill significantly affects the quality of PCB holes, with
wall roughness increasing as the tool deteriorates. The surface roughness of the drill
coating directly impacts the roughness of the processed PCB hole walls. AFM results
from Figure 3.5 reveal that NCD films have significantly lower surface roughness
compared to MCD films. This lower roughness facilitates the chip removal process,
allowing molten resin to be easily expelled from the flute. As a result, maintaining tool

geometry helps to minimize the risk of delamination and microcracks within the PCBs.

B N3
I N2
[CTINT
M3
I M2
[ M1

PCB HOLE WALL ROUGHNESS (um)

T T |
1000 2000 3000 4000 5000
Drilled holes

Figure 3.9 Variation in PCB hole wall surface roughness with the number of

holes drilled using NCD and MCD coated tools.
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3.4 Summary

This chapter detailed the comprehensive evaluation of diamond-coated drills
with varied grain sizes and coating thicknesses, emphasizing their performance in
drilling high-frequency and high-speed PCBs. The overarching objective was to bridge
the gap in knowledge in this domain, ultimately benefiting both industrial applications
and academic research. The major conclusions derived from the research are as follows:

The grain size of the diamond film undergoes a significant transformation based
on the methane concentration. Specifically, as methane concentration surges, the film
transitions from a microcrystalline to a nanocrystalline structure. This variation in grain
size exhibits an inverse relationship with both substrate temperature and deposition
time. A paramount advantage of thicker diamond coatings is the protection they offer
to the underlying drill substrate. Under applied drilling forces, thicker coatings more
effectively distribute the mechanical stresses throughout the entire coating layer. This
ensures that the substrate remains largely shielded, reducing the risk of damage.
Notably, Rockwell indentation tests indicated that when the coating thickness reached
9 wm, there was an absence of both crack propagation and coating delamination,
highlighting the superior bond between the diamond film and the substrate.

Thicker diamond coatings impart enhanced wear resistance and durability to
the drills. The force distribution mechanism in these drills ensures that localized
delamination is minimized, as the coating thickness bolsters adhesion. In contrast, drills
with thinner coatings bear the brunt of the drilling force both at the substrate and the
coating level, leading to quicker wear and potential delamination. The tool's surface
condition plays a pivotal role in determining the quality of the drilled holes. With their
inherently smoother surfaces, NCD-coated drills promise superior hole quality,

reducing defects such as burrs or resin smearing.
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Chapter 4 Diamond film fabrication under low methane

concentration via HFCVD with magnetic field assisted

4.1 Introduction

Diamond films, recognized for their remarkable set of properties such as
superior thermal conductivity (Auciello & Sumant, 2010), high hardness (Montes-
Gutiérrez et al., 2018), elevated electrical resistivity (Auciello & Aslam, 2021), and
consistent chemical stability (Shen & Sun, 2009), have been integrated into various
technological applications, ranging from electronic devices to cutting tools and thermal
regulation systems. Their inherent resistance to wear and chemical impacts makes them
a preferred choice in challenging operational environments.

The increasing demand for diamond films has led to the development of
efficient methods to accelerate their growth rate. One such method, HFCVD involves
the decomposition of hydrocarbon gases, predominantly methane, in the vicinity of a
heated filament. This results in the deposition of carbon atoms on a substrate, forming
diamond structures. The process is significantly influenced by radicals and ions,
specifically those derived from the breakdown of methane (CH4) and hydrogen (H>)
molecules, such as [H], [CH], [CH2], and [CH3]. These components critically affect
both the growth rate and the grain size of the resultant diamond(Roy et al., 2002; Yu et
al., 1997). However, cultivating top-tier diamond films with excellent crystalline
quality and smooth surfaces is a nuanced task, especially when working with reduced
methane concentrations. The limited availability of methane curtails the supply of
carbon atoms, which may affect the density of nucleation sites essential for achieving
optimal crystalline quality.

Various strategies have been devised for producing diamond films via HFCVD.
These include the selection of diverse carbon-source precursor gases like methane
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(Wang et al., 2021), methanol (Wang et al., 2015), and acetone (May et al., 1993),
choice of filament materials such as tungsten and tantalum(Kwok et al., 2022;
Moustakas, 1989), optimization of filament temperatures, substrate pre-treatment
methods, and nucleation techniques. An emerging trend in this domain is the
incorporation of magnetic fields into the HFCVD process. While there have been
several studies exploring the potential of magnetic fields in HFCVD (Long et al., 2015;
Wang et al., 2018; You et al., 2009), a comprehensive understanding, especially of the
permanent magnetic field setup within HFCVD, is still in its infancy. Most studies have
traditionally positioned the magnetic system externally due to the high temperatures
within the chamber, leading to a relatively diluted magnetic flux density within the
reaction chamber (Li et al., 2017; Liu et al., 2023; Wang et al., 2017; Wu et al., 2012).
Introducing Samarium—Cobalt (SmCo) magnets internally, in proximity to the tungsten
carbide tool, suggests the potential for a more intensified and localized magnetic field.
Such an arrangement could offer refined control over the magnetic field in specific
chamber regions, enabling the optimization of film characteristics and growth rates.
This chapter delves into the influence of magnetic fields on diamond film
growth under limited methane conditions during HFCVD and elucidates the underlying
coating mechanisms. By comparing diamond films grown with and without magnetic
field assistance, it seeks to understand the magnetic field's role in influencing growth
rates, film quality, and other related properties. Using both experimental and
simulation-based approaches, the chapter aims to gain insights into how magnetic fields
affect reactive gas species within the HFCVD process and their subsequent effects on

diamond deposition.
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4.2 Experimental procedures and set up

4.2.1 Design of magnetic field system in the HFCVD machine

In the design of the magnetic field system for the HFCVD machine, precision
and attention to materials' properties are paramount. Figure 4.1(a) displays the practical
arrangement of the system components. Central to this setup are the filaments, typically
composed of tungsten, which play a crucial role in initiating the chemical reactions for
film deposition by thermally decomposing the precursor gases. These filaments are
suspended parallel over the working table, the location for substrate placement. Below
these elements, a thermocouple is strategically placed to monitor and maintain the
requisite temperature conditions necessary for the deposition process.

Adjacent to this thermal assembly is the magnetic field assistance setup.
Although not explicitly showcased in the provided image, its implied function is to
introduce a magnetic field to the deposition zone. This integration is designed to create
a magnetic environment that is consistent over the area where the substrate is located,
based on the strategic placement of the field-generating components.

Complementing the experimental setup, Figure 4.1(b) offers a schematic
illustration that expounds on the configuration of the magnetic field within the HFCVD
system. It presents a cross-sectional view, showing the direction of the magnetic flux,
indicated by uniform horizontal arrows. This suggests an even distribution of the
magnetic field in the region where the substrate is positioned. The depiction implies
that the field is generated by components such as permanent magnets or

electromagnetic coils, which are not visible in the figure.
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Graphite holder

Figure 4.1 Configuration of the HFCVD system incorporating magnetic field
system: (a) Overview of the experimental setup; (b) Schematic illustration of the

magnetic field system.

The schematic denotes the use of SmCo magnets, chosen for their capability to
endure the high-temperature environment of HFCVD. These magnets are ensconced in
a graphite holder and positioned centrally beneath the filament and around the tungsten
carbide workpiece. Quartz insulation is utilized to encompass the workpiece, magnets,
and the graphite holder's top surface, serving to mitigate heat transfer and protect the
magnetic properties of the SmCo magnets at elevated operational temperatures. This
system's design aims to facilitate the examination of magnetic field interactions with
the charged particles in the deposition chamber, hypothesizing that such interactions
may influence particle behaviour and energy profiles. These effects could, in turn,
impact the growth and structural characteristics of the deposited films. The field
strength is set at 400mT, providing a quantifiable parameter for the investigation of
these potential influences.

Overall, the design of a magnetic field system within an HFCVD apparatus is
aimed at enhancing the control over the deposition environment. The objective is to
utilize magnetic fields to potentially influence the kinetics of the film formation process,
which, in theory, could lead to variations in the microstructural properties of the

deposited films. However, the efficacy and benefits of such a system would necessitate
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rigorous experimental validation to confirm the theoretical advantages in practical
applications. The design thus provides a foundation for further investigation into the

interplay between magnetic fields and material deposition.
4.2.2 Deposition of diamond films

The study employed square rod (D4, 6% Co) tungsten carbide (WC) specimens
with a grain size ranging between 0.5-0.8um. Before diamond film deposition, the
surface of the square rod underwent chemical pretreatment using Murakami's reagent
(KOH: K3(Fe (CN)s: H>O= 1:1:10) followed by Caro's acid (H-0:> + H2504). The
present work investigates the effect of magnetic fields on diamond film growth, where
M1 and N1 refer to diamond film growth with and without magnetic field assisted,
respectively, as shown in Table 4.1. Table 4.2 summarizes the experimental parameters
selected for the diamond film deposition process. These included scanning electron
microscopy (SEM: Tescan MIRA), a micro-Raman spectrometer (Renishaw) with
532nm wavelength, and an X-ray Diffractometer (Rigaku SmartLab). The study
employed several techniques to examine the structure and quality of the diamond films.
SEM was used to observe the surface morphology and grain structure of the diamond
films, while the growth rate of the films was quantified. Raman spectroscopy was
utilised to determine the purity of the diamonds and identify any defects present in the
diamond films. The orientation of the diamond crystals was determined using XRD.
These results provide a comprehensive view of the properties of the grown diamond

films.
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Table 4.1 Magnetic field intensities applied for different sample growths in

HFCVD.

Samples Magnetic field strength
M1 400mT
N1 -

Table 4.2 Experimental parameters for diamond film used in HFCVD.

Parameters Deposition conditions

Power (W) 3000
Number of filaments 2

Hydrogen content (sccm) 2000
Methane content (sccm) 10

Tool temperature (°C) 800

Filaments temperature (°C) 2300

Pressure (Pa) 1500
Deposition Duration (h) 6

4.3 Multi-physics simulation of magnetic field-assisted HFCVD

The simulation of the HFCVD process under the influence of a magnetic field
has been carried out using the COMSOL Multiphysics software. The virtual model is
constructed as a cylindrical chamber with a diameter of 400 mm and height of 500 mm,
segmented into four primary zones: the inlet, the gas reaction chamber, the deposition
space, and the outlet. Each zone serves a unique function in the deposition process,
from the entry and reaction of gases to the deposition of thin films and the exit of
exhaust gases.

Utilizing the heat transfer module in COMSOL, temperature distribution
throughout the chamber is mapped. This involves a comprehensive analysis of heat
conduction, convection, and radiation effects that are pertinent to the deposition

process. The gas flow dynamics are encapsulated by employing the laminar flow
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module, reflecting the typical flow conditions within HFCVD reactors. Incorporating
the magnetic forces in the simulation requires solving the continuity equation and the
Navier-Stokes equations for fluid flow, with an added term representing the magnetic
force interaction. This additional force is crucial for understanding how the charged
particles in the gas phase respond to the magnetic field presence.

The simulation allows for adjustment of variables such as gas inlet velocity,
reactor pressure, and magnetic field intensity. By altering these parameters, their
impact on the thermal and fluid distribution can be studied, providing a detailed
prediction of the process behaviour under different conditions. The results from the
COMSOL simulations are intended to offer a deeper comprehension of the magnetic
field-assisted HFCVD process, potentially leading to refined control over deposition
quality. This simulation-based approach aids in the identification of optimal
operational conditions, which can then be tested and verified through experimental

examination.
4.3.1 Simulation setup

Figure 4.2 depicts the layout of the HFCVD system, showing the coaxial
arrangement of the workpiece and its fixture relative to the filament. The entry of gases
such as hydrogen and methane into the system leads to their thermal decomposition
into carbon and hydrogen radicals and ions, a critical process in deposition outlined in
(Hu et al., 2019). A ring magnet, integrated within the fixture, allows for adjustment of
magnetic field strength, which influences the trajectory and behaviour of ions and
paramagnetic radicals (Kanaya & Kawakatsu, 1972). Analysis of the magnetic field's
influence encompasses the examination of density distributions and deposition rates of
ions and radicals on the surface of the workpiece. Secondary emissions are considered

to have negligible energy and, thus, minimal impact on the deposition process. The
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investigation here is confined to the elastic scattering between ions and radicals,
highlighting the interactions of charged particles in the HFCVD environment. Neutral
species, although participating in collisions, are not subjected to the Lorentz force, and
their role is not considered central to the current study. This research primarily focuses
on elastic scattering from ion-ion and radical-radical collisions. However, the hot
tantalum filament is also significant in the decomposition of hydrogen and methane
gases into reactive species. The high-temperature environment above the filament
converts precursor molecules into carbon and hydrogen radicals and ions, reducing the
number of undecomposed molecules on the substrate surface. Thus, collisions
involving molecules, including those that remain undecomposed, have a significantly
lower potential impact under our experimental conditions. Our analysis is guided by
the efficient decomposition process that underpins the simulation setup and
experimental focus, allowing us to focus on the interactions most relevant to the

observed growth of the diamond film.

Hog) +CH g} — C(g) + HH g+ CH; (g~ H ()

-==""" Tantalum Filaments

Figure 4.2 Schematic diagram of deposition on the workpiece surface.
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4.3.2 Magnetic field configuration

The magnetic field distribution produced by the ring magnet within the

workpiece fixture is determined using Maxwell's equations (Equations 1, 2, and 3).

These equations describe the magnetic field intensity vector ( / ), magnetic flux

density vector (E ), total current vector (.J ), and magnetic potential vector (;1)‘ A

relative permeability model informs the external magnetic field of the workpiece

(Equation 4), involving vacuum permeability ('u 0) and relative permeability ('u 7).

VxH=J (1)
B=VxA4 2)
J=cE+J, (3)
B = pyp1, H )

The magnetic field's behaviours aligns with the conductivity conduction model

(Equation 5) and the dielectric model (Equation 6), involving current density (jc ),
electrical conductivity (o), electric field intensity (E ), electric flux density (D), ¢,1s

the vacuum dielectric constant and the relative dielectric constant (¢, ). The workpiece

fixture's B-H curve adheres to a magnetization model considering residual magnetic

flux density (Equation 7).

J =cE (%)
D= gogrE (6)

_ L — ~ e
B = IUOILlrecH + Br > Br - ‘ B” ?” (7)

Adjustments to the magnetic induction intensities via the ring magnet within

the fixture result in variable magnetic fields, characterized by auxiliary functions
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(Equations 8 and 9). Ais referred to as the dynamic vector magnetic potential, or
magnetic vector potential; U is referred to as the dynamic potential.

B=Vx4 (8)

E=-VU-— 9)

By incorporating specific vector identities and laws from Maxwell’s equations

(Equations 10 to 13), the electromagnetic field parameters are defined for both dynamic

and steady-state conditions. The computational solutions for the electric field intensity

(E) and magnetic induction intensity (B) are facilitated through the COMSOL

Multiphysics software (version 6.1), within the Lorentz framework.

d(¢E)

Vx(B/u)=J+ (10)

To deduce
1 - - 0 - 04
Vx(—=VxA)=J+—[e(-VU —— 11
(ﬂ ) 81[( at)] (11)

Use vector identities VXV x A= V(V x 2) ~-V*4 , the above equation becomes,

5=

VQA—,ugaaAz—,uj+V(Vx;1+,ugaa—(tj) (12)

t2

Equation (12) is substituted into Coulomb's law of Maxwell equation

VLE = p/é& to deduce:

.~ -
v+ L (vxd)=-L (13)
ot £
In the special case where the electromagnetic field is time-independent, the
synthesis of equations (1) - (13) yields Equation (11).
VA=—uj (14)
Since V* is the second partial derivative with respect to the space coordinate

system, the above equation is a nonhomogeneous second order partial differential
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vector equation. The COMSOL Multiphysics software (version 6.1) can be used for its
solution. Under the Lorentz condition, solving for the magnetic vector potential A

provides the electric field intensity E and magnetic induction intensity B.
4.3.3 Particle flow state specification

The velocity and pressure fields of a single-phase fluid in the laminar flow state
are calculated using the laminar flow model. The flow remains laminar if the Reynolds
number is below a certain critical value. If the Reynolds number exceeds this value,
perturbations grow and cause a transition to turbulence. It is important to note that the
critical Reynolds number is dependent on the model used. The particle emission flow
in the designed model resembles the central axis of the reactor flow, which has a critical
Reynolds number of approximately 2000. To ensure the validity of the laminar flow
assumption in the simulation, the experimental setup closely matched the reactor size
and gas flow rates to the simulation parameters. This correspondence ensures that the
laminar flow conditions used in our simulations accurately reflect the experimental
conditions, addressing concerns about the possibility of a diffusion-dominated process.

Particles are introduced at the axis and directed towards the workpiece surface
via the ion source. The particle movement is simulated using both Reynolds-Averaged
Navier-Stokes (RANS) and k—e turbulence models, with a wall function addressing the

interaction with surfaces. Turbulence parameters such as the velocity scale (U

scale

) and
length scale (L, ) are set to predefined values, 1m/s and 0.035m, respectively. The

governing equations for particle motion in a steady-state scenario (Equations 15 to 21)
allow for the comprehensive calculation of the velocity field, accounting for fluid
density, particle velocity, pressure, dynamic viscosity, and turbulent kinetic energy.
These calculations facilitate the subsequent particle tracking analyses to assess

deposition conditions on the workpiece surface under various magnetic field influences.
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PUN=V]-p2I +K]|+F (15)
V=0 (16)

K =(p+ p)(Vu+(Vu)") (17)
PNk =VI[(u+ 1,6,)Vk]+ p, = B, peok (18)

PUN)0=VI(p+ o, Vol ta p=pho’  (19)

by =pE (20)
(0]
Py = Vi (Vu+ (Vo)) @1

p 1s the density of fluid particles; u is the particle velocity, where the initial
velocity of the particle at the source is set 010m/s in a downward direction (0,0,-1); p
is the pressure with an initial value of latm; 7 is the mixing length limit; 4 is the
dynamic viscosity of the fluid, where the fluid’s constitutive relation is Newtonian. 7
is the time scale; ﬂg is the slip length; & is turbulent kinetic energy.

Through COMSOL software (version 6.1), the velocity u , velocity component
u,, U,,u,_,outlet pressure p, and turbulent kinetic energy @ of the velocity field in
the fluid domain of particles can be calculated. Consequently, particle tracking can be
employed to determine the deposition conditions on the workpiece surface, both with
and without a magnetic field.

4.3.4 Mathematical framework for particle tracking

The assessment of particle deposition, with and without the influence of a
magnetic field, is integral to the understanding of the coating process dynamics. The
particle tracking module is engaged to simulate the particle trajectories once the
magnetic configurations and initial conditions for particle release have been defined.
Particles emitted from the ion source are subjected to the Lorentz force, resulting from

the combined effects of the magnetic field and particle inertia. The equation governing
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the motion of particles under these forces is given by Equation (22), which is pivotal

for predicting the final deposition patterns on the workpiece.

= (22)
In this equation, m, represents the particle mass, v is the particle velocity, and

F denotes the net force experienced by the particle.
Upon entering the flow field from the source, the particles adhere to Newton's

second law of motion, detailed in Equations (23) through (26).

q =4, (23)

V=Y, (24)

f(0,p)= L(l—cos o)sin @ (25)
2

0<[0,a] (26)

These equations encompass the kinetic energy of the particles g , velocity of

the particle v and release angle « . The simulation initiates with a batch of 1000
particles for a statistically significant analysis.

As particles make contact with the workpiece surface, they transition to a
stationary state upon deposition. The wall boundary condition is adjusted to a 'frozen'
state, allowing particles to adhere to the boundary grid. An accumulator is employed to
quantify the deposition, represented in Equation (27), which is essential for comparing

the deposition rates in the presence and absence of a magnetic field.

ONd x
[ 2R

ot  meshvol =

27)
Within this equation, Nd denotes the cumulative variable, meshvol is the

surface mesh area on the workpiece, and R, is the initial number of released particles.

89



Chapter 4 Diamond film fabrication under low methane concentration via HFCVD with
magnetic field assisted

The totality of particles within the fluid domain and the quantity adhering to the
workpiece allows for the determination of particle deposition density and rate under

varying magnetic conditions.
4.3.5 Simulation setup for solid heat transfer

Solid heat transfer modelling incorporates the fundamental mechanisms of
conduction, convection, and radiation within solid materials. The governing
temperature distribution is derived from Fourier's law, expressed in its differential form
within the solid matrix. Quadratic Lagrange polynomials serve as the standard shape
function for temperature distribution within the domain. Solid heat transfer is simulated
using the steady-state conditions of the magnetic field and ion movements as captured
in Equations (28) and (29):

pCuUNT+Vg=0+0,, (28)
qg=—-kVT (29)

Here, pis the density of the solid, C, its specific heat at constant pressure, k
the thermal conductivity (scalar or tensorial to account for anisotropy), # the velocity
field associated with any material movement, Q represents heat sources within the

domain, ¢ is the heat flux vector, and VT the temperature gradient.
4.3.6 Boundary conditions and mesh generation

The computational simulation employs the COMSOL laminar flow model. An
incompressible flow physical model defines the boundary conditions with a standard
atmospheric pressure level and a reference temperature of Trr= 293.15K. The
simulation assumes the fluid's density and viscosity as constants, employing a steady-
state solver with a relative tolerance of 0.001 for precision. The solver's design, a
segregated solver, enhances ease of operation and robustness, especially pertinent for
small-scale simulations. No-slip boundary conditions are imposed on the walls of the
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domain, and to counteract any non-ideal flow conditions at the inlet, the inflow is
modelled as fully developed, with the mean velocity tailored to specific test
requirements. The outlet is defined with a pressure boundary condition, complemented

by a backflow prevention mechanism to maintain a unidirectional flow field.
4.3.7 Strategy for grid partitioning

The mesh comprises free tetrahedral elements, with Figure 4.3 showcasing the
grid partitioning for the gas inlet, reactor's central axis, workpiece, and fixture. The
meshing strategy prioritizes quality and computational accuracy, with a minimum cell
size of 0.08 mm along the reactor's central axis, a maximum cell growth rate of 1.05,
and a curvature factor of 0.2. Table 4.3 catalogues the grid information across different
cell regions, noting the spatial arrangement from the workpiece to the gas inlet is set at

450 mm.

® (b)

Figure 4.3 Mesh configuration for simulation: (a) Overall mesh layout and (b)

Close-up around gas inlet, workpiece, and fixture.
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Table 4.3 Geometric parameters of the simulation model.

. . Maximum
Maximum Minimum
) element  Curvature
Size(mm) element element
) . growth factor
size(mm) size(mm)
rate
Ion Source 15x10 5.2 0.08 1.05 0.2
Workpiece 3x50 0.6 1.05 0.2
Fixture 15x40 3 1.05 0.2

4.4 Simulation results and analysis

4.4.1 Simulation of magnetic field distribution

The magnetic flux density distribution, as generated by the workpiece fixture

with a flux of 400mT, is presented in Figure 4.4. This figure shows the direction of the

magnetic vector and reveals a symmetrical distribution about the reactor's z-axis. The

magnetic field created by the workpiece fixture forms a parabolic shape along the

central axis, with the magnetic vector intersecting at this central point. This

configuration influences the behaviour of reactive species within the reactor,

significantly impacting the deposition process. The study explores various magnetic

field intensities, including OmT, 200mT, and 400mT, in 200mT intervals, providing a

comprehensive view of the field's impact on deposition.
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Figure 4.4 Simulation Results for Magnetic Flux Density at 400mT.
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4.4.2 Investigation of ion movement under magnetic influence

Figure 4.5 shows the simulation of ion movements within a magnetic field. The
ions follow trajectories along the magnetic vector due to the Lorentz force. According
to the COMSOL software simulation (version 6.1), ion velocities can reach up to
200m/s. The Lorentz force generated by the magnetic field concentrates particle
movements towards the central axis of the reactor. Introducing a magnetic field during
electrochemical deposition has been shown to enhance the velocity of ion motion,
thereby improving the HFCVD deposition rate on the workpiece surface. The Lorentz
force of the magnetic field also plays a crucial role in directing ions towards the centre

of the workpiece.
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Figure 4.5 Simulation of ion motion in a magnetic field generated by the ring

magnet inside workpiece fixture.

4.4.3 Evaluation of magnetic field impacts on deposition efficiency

This section discusses the impact of magnetic fields on ion motion and
deposition during the HFCVD process. Specifically, it examines how varying magnetic

field intensities affect ion behaviour, deposition efficiency, and quality.
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The analysis commences with a simulation that illustrates the distribution of ion
number density within a 400mT magnetic field, as shown in Figure 4.6(a). The
simulation demonstrates that the magnetic field confines ions to the central axis of the
workpiece, resulting in a more directed and effective deposition process. Additionally,
the study compares ion deposition number density distributions under different
magnetic field intensities, as depicted in Figure 4.6(b). The deposition patterns differ
significantly between the absence and presence of a magnetic field. Without a magnetic
field, the deposition is uniform but occurs at a lower rate. The simulation in Figure
4.6(c) illustrates the ion deposition density on the workpiece surface in the absence of
a magnetic field. However, under magnetic influence, the ion deposition density
increases, with a concentration at the bottom of the workpiece, as shown in Figure
4.6(d). In Figure 4.6(e), the trend intensifies at 400mT, where the deposition rate is
higher and more uniform.

The HFCVD process involves the thermal decomposition of methane and
hydrogen gases, which leads to the formation of reactive species such as radicals and
ions. These species are crucial for depositing diamond films on the workpiece. The
simulations show that the magnetic field, generated by SmCo permanent magnets
placed beneath the tungsten filament, has a significant impact on reactive species. At a
magnetic field strength of 400mT, the behaviour and distribution of these species,
particularly methyl radicals and atomic hydrogen ions, are altered. This alteration may
result in a higher concentration of reactive species in the vicinity of the cutting tool,
potentially affecting the growth rate and quality of the diamond films.

The simulations confirm the hypothesis that the magnetic field modifies the
distribution of reactive species around the workpiece. A magnetic field in operation

produces a more uniform and concentrated distribution of the gas mixture, promoting
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consistent and controlled diamond growth. The magnetic field's effect is crucial in
restricting the dispersion of reactive species from the workpiece, reducing the
possibility of growth defects in the diamond film. The magnetic field facilitates the
concentration of methane and hydrogen radicals and ions, resulting in increased
interaction between these radicals and the substrate. This interaction is crucial for an
efficient diamond growth process since it affects the formation and quality of the
diamond films.

The analysis reveals the complex relationship between magnetic field strength,
ion behaviour, and deposition efficiency in diamond film growth using HFCVD. It

highlights the potential of magnetic fields in optimising this process.
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Figure 4.6 Ton motion and deposition simulations: (a) number density
distribution of ions in the field for a 400mT magnetic flux; (b) ion deposition number
density under different magnetic field intensities; (c) number density distribution of

free ion deposition.
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4.4.4 Analysis of the impact of temperature distribution on the process

of deposition.

During the process of HFCVD, the movement of ions on the surface of the
workpiece within a magnetic field generates Joule heat, which in turn elevates the
temperature of the workpiece surface. To simulate the field and workpiece temperature
under various magnetic flux intensities, COMSOL's solid heat transfer and multi-
physical field coupling modules were used. Figure 4.7 illustrates the field temperature
under different magnetic flux intensities. Figure 4.7(a) shows the field temperature at
a magnetic flux of 400mT, indicating a noticeable temperature increase on the
workpiece due to the magnetic field. Figure 4.7(b) illustrates temperature changes on
the workpiece surface under various magnetic flux conditions. As per the simulation in
Figure 4.7(b), in the absence of a magnetic field, the workpiece temperature is 828°C,
with ions depositing freely in the field and generating less heat. Based on the ion
deposition rate and workpiece surface temperature, it was determined that the optimal
temperature for the workpiece surface is 858°C when the magnetic flux is 400mT. This
temperature minimizes Joule heat generation on the workpiece surface, resulting in
reduced thermal stress, a good ion deposition rate, and uniform ion deposition on the
workpiece surface.

Regarding material characteristics, the quality of the diamond film is affected
by the temperature of the workpiece surface. This, in turn, affects the structural
properties of the film, including the diamond phase content and grain size. To ensure
high-quality diamond film, it is crucial to maintain a balance between the ion deposition
rate and the workpiece surface temperature. This balance can be achieved by finely
adjusting the magnetic field intensity. The simulation results show that temperatures of

830°C and 858°C were observed at magnetic flux densities of 0T and 0.04T,
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respectively. Although the temperature of 858°C is slightly higher than the ideal
production range of 800-850°C for MCD, the use of a 0.04T magnetic field improves
ion behaviour. The magnetic field directs ions to spread evenly across the workpiece
surface, reducing the possibility of localized overheating, which is a common cause of
thermal stress. This condition results in an optimal ion deposition rate and a more
uniform ion distribution on the workpiece surface, contributing to a better quality
diamond film. The study deliberately selected 0.04T to investigate the potential use of
magnetic fields in influencing the growth of MCD film.

In simulations of HFCVD, the magnetic field system produced by permanent
SmCo magnets plays a crucial role in raising the temperature of the workpiece. The
magnetic field, which exerts a strength of 400mT at the surface, originates from SmCo
circular magnets housed within a graphite holder, with the tungsten carbide tool
centrally situated. The temperature elevation in the workpiece results from enhanced
heat transfer processes between the filament and the tool, facilitated by the magnetic
field. The magnetic field induces a magnetic force that causes charged particles and
molecules in the surrounding gas mixture to move. This movement leads to increased
collisions with the workpiece, enhancing heat transfer from the filament. Additionally,
the magnetic field affects the temperature of electrons in the gas mixture, further
amplifying the heat transfer process. The magnetic force causes the electrons to move
in circular orbits, increasing their kinetic energy and temperature. This rise in electron
temperature results in increased heat transfer from the electrons to the workpiece. To
verify the simulation results, we compared them with experimental data obtained from
a thermocouple and a pyrometer, which showed satisfactory agreement between the
simulated and measured temperature values. The magnetic field system exerts a dual

influence on the deposition process, affecting both the film growth dynamics and
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microstructural evolution. Firstly, it increases the temperature of the workpiece surface.
Secondly, it exerts a Lorentz force on charged and polarized species, such as ions and
radicals, directing their movement towards the workpiece surface. This movement is
intended to improve the efficiency of the deposition process by promoting effective
interactions with the substrate. The uniformity and quality of the diamond film are
improved by the magnetic field's influence on the trajectories of the species,
minimizing their random motion and leading to a more streamlined and focused
deposition. The dynamics show that, in addition to thermal effects, the magnetic field

significantly improves the performance of HFCVD.
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Figure 4.7 Temperature distribution simulation for different magnetic flux
Intensities: (a) temperature distribution in the field for a 400mT magnetic flux; (b)

temperature distribution curves for the field under different magnetic flux intensities.

4.4.5 Summary of the simulation test

The simulation of magnetic field-assisted HFCVD analysed the effects of
different magnetic field intensities on-ion motion. The model used magnetic field
intensities of OmT, 200mT, and 400mT to investigate corresponding ion behaviour.
The magnetic field guides ion motion through the Lorentz force, directing their paths
towards the central axis of the workpiece. Increasing the probability of ion contact with

the workpiece surface enhances the deposition rate. However, introducing a magnetic
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field leads to additional complications, such as the generation of Joule heat on the
workpiece in the field. This, in turn, produces thermal stress during ion deposition,
which could potentially degrade the coating's performance. As the temperature rises,
the thermal stress increases, causing a reduction in coating performance. However, an
optimal balance was observed under different magnetic flux conditions. When the
magnetic flux was set to 400mT, the temperature increase was moderate, and the ion
deposition rate was reasonably high, resulting in a more uniform deposition. In
summary, the simulation shows that the introduction of a magnetic field during
HFCVD can enhance the ion deposition rate by directing ion paths. However, it is
important to manage the thermal stress generated during this process to prevent
degradation of coating performance. Based on the results, it is suggested that a

magnetic flux of 400mT provides an optimal balance between these factors.

4.5 Experimental result and analysis

4.5.1 Initial stages of diamond film growth under magnetic field

assistance

The initial stages of diamond film growth are pivotal in determining the quality
and uniformity of the final coating. This phase is characterized by the nucleation of
diamond crystals on the substrate, and the influence of magnetic field assistance during
HFCVD on this process is profound. An examination of diamond coatings fabricated
with a deposition time of 30 minutes reveals a significant difference in nucleation rates
between magnetic field-assisted and traditional HFCVD methods.

As evidenced in Figure 4.8, the nucleation density in the magnetic field-assisted
HFCVD process reaches 1.3x10° cm™, markedly higher than the 4.5x10% cm™ observed
in the standard HFCVD process. This substantial increase in nucleation rate underlines

the effectiveness of magnetic field assistance in fostering diamond nuclei formation.
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The enhanced nucleation rate can be attributed to several factors influenced by
the magnetic field. Firstly, the presence of a magnetic field during the HFCVD process
impacts the dissociation of hydrogen and methane into various hydrocarbon species,
which are essential for diamond film formation. The magnetic field's influence on these
reactant gases leads to a more homogeneous distribution of reactants, thereby
increasing the number of active sites for diamond nucleation.

Additionally, the magnetic field enhances the dissociation of carbon species
within the reaction zone, resulting in a higher concentration of reactive carbon-
containing species. This increase is crucial for promoting diamond nucleation, as it
provides a larger pool of necessary species for the formation of diamond crystals.
Furthermore, the magnetic field also affects the thermodynamics of the reaction process.
This impact is seen in the reduced activation energy required for the reaction, leading
to an accelerated rate of diamond nuclei formation. The magnetic field effectively
lowers the energy barrier for nucleation, thus facilitating a more efficient and robust
diamond growth process.

The investigation into the nucleation stage of diamond film growth under
magnetic field assistance in HFCVD demonstrates that this method significantly boosts
the nucleation rate, thereby enhancing the overall quality and uniformity of diamond
films. By promoting a higher density of diamond nuclei, magnetic field assistance
creates a more favourable environment for the growth of high-quality diamond films.
The resultant diamond films exhibit improved substrate surface coverage, characterized
by uniformity and density, which are crucial attributes for high-performance diamond-

coated tools and devices.
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Figure 4.8 SEM micrographs of the diamond film after 30 minutes of

deposition (a) M1 and (b) N1.

4.5.2 Coating thickness, surface morphology, and growth rate of the

diamond film

Figure 4.9 displays cross-sectional profiles of diamond films produced by
HFCVD of N1 and M1 with a deposition time of 6 hours. In the absence of an applied
magnetic field, the coating thickness measured on the N1 tool was 15.14 um. A coating
thickness of 23.70 um was achieved on the M1 tool under a 400 mT magnetic field,
indicating a significant increase compared to the 15.14 pm thickness of the N1 tool.
The results demonstrate that the diamond film on the M1 tool exhibited a higher growth
rate compared to the N1 tool, given that both samples underwent deposition for an
identical duration of 6 hours. This suggests that the addition of 400mT magnetic flux
density enhances the coating growth rate. Additionally, the SEM results show that both
films on the M1 and N1 tools exhibit columnar growth of multiple crystal grains. The
diameter of the columnar grains on the M1 tool is noticeably larger than that of the N1
tool. This is due to a higher growth rate, which is caused by magnetic field assistance.
As illustrated in Figure 4.9, the microstructural features suggest that the diamond film
on the M1 tool possesses a larger grain size. Figure 4.10 displays the surface
morphology of the diamond films on tools N1 and M1, along with a statistical analysis
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of their grain sizes. SEM images of the films after 6 hours of deposition on N1 and M1
are presented in Figure 4.10(a) and Figure 4.10(b), respectively. The accompanying
histograms in Figure 4.10(c) and Figure 4.10(d) show the distribution of grain sizes for
M1 and N1, respectively. M1 has a mean grain size of 18.0 um, ranging from 5.5 pm
to a maximum of 25.8 um, while N1 has a smaller mean grain size of 8.1 um, ranging
from 3.35 um to 14.95 um. The analysis indicates that the use of a magnetic field during
the deposition process is associated with an increase in diamond grain size. This is
supported by the larger grains observed on sample M1 compared to N1, as shown in
Figure 4.10. The larger grains in M1 are due to the differential growth rates of crystals
with different orientations, rather than low nucleation density, as opposed to the
presence of intergranular gaps. The finding is in line with Van der Drift's evolutionary
selection model (Van der Drift, 1967). The model explains that crystals with sharp
corners protruding into the growth direction (110 oriented crystals) grow faster and
eventually outgrow crystals with faces parallel to the substrate surface (100 oriented
crystals). This growth rate difference causes gaps on the film surface because 110
oriented crystals grow faster than 100 oriented crystals (Wild et al., 1990). The
magnetic field is significant because it promotes nucleation and influences crystal
growth. Its use accelerates the growth of crystals with pointed corners more than flat
ones, intensifying the evolutionary selection process. The microstructure is
characterised by larger grains separated by gaps, which demonstrates the interaction
between nucleation enhancement, crystal orientation, and the influence of the magnetic
field on the formation of the diamond film microstructure. Figure 4.11 illustrates the
trend in coating thickness and duration for tools M1 and N1. Tool M1 has a steeper
gradient than tool N1, meaning it has a higher growth rate with nearly 45% more than

that of tool N1 throughout the entire deposition of the diamond film. The use of a
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magnetic field improves various aspects of the deposition process, potentially
explaining the observed increase in growth rate. This improvement is due to increased
gas transport, higher nucleation density, and better utilization of reactant gases, as
demonstrated by COMSOL simulation.

Polydispersity index (PDI) was used to quantify dispersion of grain size
distributions measured from SEM images. Grain sizes were obtained by image analysis
of representative SEM micrographs, and the mean grain size () and standard deviation
(o) were calculated from the measured grain size population. PDI was calculated using:

PDI=(c/p)y

Lower PDI values represent narrower grain size distributions and higher grain
size uniformity. Higher PDI values represent broader grain size distributions and
reduced grain size uniformity. PDI definition and calculation procedure are used in
Chapter 5 for quantitative comparison across magnetic configurations and rotation
speeds.

PDI values for the static magnetic field comparison remained similar between
conditions, with M1 =0.15 and N1 = 0.14, as shown in Table 4.4. The small
difference indicates comparable dispersion of grain size distribution under both
conditions. The static magnetic field therefore correlates more strongly with changes
in growth kinetics, such as enhanced nucleation and increased growth rate, rather than

changes in grain size uniformity.
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Figure 4.9 SEM of cross-sectional profiles of the diamond film coating with 6

hours deposition time (a) M1 and (b) N1.
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Figure 4.10 (a) Surface morphology of sample M1, (b) Surface morphology of
sample N1, (c) Grain size distribution histogram for sample M1 and (d) Grain size

distribution histogram for sample N1.
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Figure 4.11 Diamond film coating thickness corresponding to the deposition

duration.

Table 4.4 PDI for grain size distribution of M1 and N1.

Samples PDI
M1 0.15
N1 0.14

4.5.3 Raman analysis of diamond films

The Raman spectrum with a wavelength of 532nm characterises the phases of

the diamond films fabricated with deposition times of 30 minutes and 6 hours, as shown

in Figure 4.12. During the 30-minute nucleation stage, M1 exhibited more intense

diamond and G peaks than N1. A higher intensity of the Diamond peak indicates an

increase in crystalline diamond content in M1, implying effective nucleation with

magnetic field assistance. The M1 sample exhibits a pronounced G peak, indicating the

presence of sp2-bonded carbon at grain boundaries. This peak is associated with a

higher nucleation density, as observed by SEM analysis. The higher relative intensity

observed in the G peak during the nucleation phase reflects the microstructural

characteristics of initial growth, which includes a denser population of nucleation sites
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near grain boundaries. During the 6-hour deposition, M1 exhibited a peak position of
1333.42 cm-1 and a full width at half maximum (FWHM) of 12.64 cm-1, while N1
exhibited a peak position of 1334.69 cm-1 and an FWHM of 17.21 cm. These findings
indicate that the M1 sample had a narrower diamond peak, suggesting a more evenly
distributed diamond phase and less structural disorder. As the deposition progresses to
6 hours, both M1 and N1 samples show a dominant peak indicating the sp3 bonded
diamond phase. This suggests that the films evolve towards a similar crystalline
structure with less difference in sp2 content. The shift in Raman peak positions from
1333.42 cm-1 in M1 to 1334.69 cm-1 in N1, as well as the corresponding FWHM
values, can be attributed to changes in the films' internal stress and crystallinity. A peak
position closer to the standard 1332 cm-1 and a smaller full width at half maximum
(FWHM) in M1 suggest a reduction in internal stress and an improvement in crystalline
order due to the magnetic field. The slight deviation in N1 suggests higher internal
stress and a lower degree of crystalline order, possibly due to less controlled growth
conditions in the absence of magnetic field assistance. The structural properties and
quality of the resulting diamond films are significantly influenced by magnetic fields,
and it is important to note the objective role of magnetic fields in this process.

In addition, Raman spectroscopy analysis offers a comprehensive view of the
internal stress variations in diamond films. The M1 sample's peak position is closer to
the ideal 1332 cm-1 than the N1 sample, indicating lower internal stress. The peak shift
and FWHM directly reflect the stress state within the diamond lattice. The reduced
FWHM in the M1 sample is consistent with a more uniform crystal structure and
minimized stress-induced distortions. The magnetic field plays a crucial role in
influencing the concentration and distribution of reactive gases on the substrate surface,

resulting in enhanced gas transport, more efficient nucleation, and ultimately a
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diamond film with improved crystallinity over time. By modifying the concentration
and distribution of reactive gases on the substrate surface, the magnetic field can impact
the deposition process. The Lorentz forces induced on charged particles by the
magnetic field cause them to move in a circular motion, enhancing gas transport to the
substrate. This can lead to more efficient deposition and nucleation, resulting in a
diamond film with improved crystallinity.

After the initial nucleation stage, the M1 sample shows increased intensity in
the diamond and G peaks, indicating a higher initial nucleation density. The films
undergo a significant transformation during the extended 6-hour deposition period. The
Raman spectra in Figure 12b show the transition to a predominantly sp3-bonded
diamond phase after 6 hours. This phase is characterized by a sharper and more intense
diamond peak, which is a hallmark of high-quality diamond films. The M1 sample
demonstrates the beneficial effects of magnetic field assistance, not only in increasing
nucleation density but also in promoting the growth of well-ordered diamond crystals
with minimal internal stress. The transition to a narrower FWHM and peak orientation
closer to the ideal 1332 cm-1 is evidence of this.

This transformation exemplifies the primary goal of our low-methane
deposition process: to maximize the sp3 bonded carbon content, which is characteristic
of pure diamond. The quality of diamond films is determined by the crystallinity and
order within the sp3 diamond lattice, rather than the sp2 content observed during the
initial nucleation phase. Therefore, while the G-peak intensity is an early indicator of
nucleation density, the final assessment of diamond film quality is based on the
characterization of the sp3 content, as revealed by Raman spectral features throughout
the entire deposition process. The results suggest that magnetic field-assisted HFCVD

is a feasible method for producing high-quality MCD films. The magnetic field plays
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a crucial role in optimizing the distribution of reactive gases and enhancing the overall

crystallization process.
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Figure 4.12 Raman intensity images of N1 and M1, (a) Raman spectra of
diamond films after 30 minutes deposition and (b) Standard Raman spectra of

diamond films after 6 hours deposition.

4.5.4 X-ray diffraction analysis of diamond films

The structural properties of the diamond films produced via HFCVD, with (M1)
and without (N1) the assistance of a magnetic field, have been characterised analysed
through X-ray diffraction (XRD), as depicted in Figure 4.13. The XRD patterns
elucidate the crystalline nature of the films, with diffraction peaks corresponding to the
diamond planes at (111), (220), and (311) being evident in both samples, as presented
in Error! Reference source not found.. M1 exhibited diffraction peaks at 2-theta
angles 0 43.9919°, 75.4425°, and 91.612° for these respective planes, accompanied by
Full Width at Half Maximum (FWHM) values of 0.4505°, 0.4886°, and 0.6731°, which
signify well-defined crystallinity. In a similar manner, N1 displayed analogous peak
positions; however, it demonstrated slightly altered FWHM values, implying slight

variations in crystallite size and strain between the samples.
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Notably, while the relative intensities of the (111) plane are normalized to 100%
for both samples, the relative intensities for the (220) plane reveal a discernible
variation: 20.98% for M1 in contrast to 24.23% for N1. This approximately 15%
disparity underscores subtle distinctions in crystal texture, potentially reflecting the
differential impact of magnetic field assistance on the growth dynamics. Such
variations, although not significantly pronounced, offer insights into the role of the
magnetic field in modulating the crystalline structures of the diamond films. The
elevated peak heights observed for M1 in comparison to N1 further substantiate the
superior crystallinity of the film subjected to magnetic field assistance. This finding is
corroborated by Raman spectroscopy results, which demonstrate a narrower D-peak
and a higher Raman signal efficiency factor for M1 relative to N1, indicating that the
magnetic field not only augments crystallinity but also fosters more ordered crystal
growth, culminating in a denser and more crystalline diamond film. The evidence posits
that magnetic field assistance during the deposition process potentially enhances film
crystallinity, a conclusion that is substantiated by both XRD and Raman analyses.

In summary, the synergistic application of XRD and Raman analysis
underscores the successful deposition of high-quality crystalline diamond films, with
the magnetic field playing a crucial role in enhancing crystalline quality, as evidenced
by elevated peak heights and corroborated by Raman spectroscopy. Although the
comparative XRD data does not reveal a significant alteration in grain orientation
preference between the two samples, the comprehensive analysis accentuates the

advantageous effects of magnetic field assistance on diamond film deposition.
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Figure 4.13 Comparison of X-ray diffraction patterns for M1 and N1 samples.

Table 4.5 X-ray diffraction patterns results of M1 and N1 samples.

Samples  2-theta(deg) FWHM Int.I(cps deg) Rel. int. I

(deg)
M1 43.9919 0.4505 2330.87 100
75.4425 0.4886 489.06 20.98
91.612 0.6731 272.18 11.68
NI 44.0415 0.4369 1904.68 100
75.4169 0.5586 461.59 24.23
91.6793 0.6595 242.46 12.73

4.6 Theoretical explanation of magnetic field effects on diamond film

growth

The use of a magnetic field during HFCVD has been shown to significantly

improve the quality and properties of diamond films when using low methane
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concentrations. This section will explain how the magnetic field affects both grain size

and coating thickness, with a focus on distinguishing between the two.

4.6.1 Influence on grain size

The size of diamond grains in films fabricated via HFCVD largely depends on
the methane concentration in the gas mixture. Typically, a lower methane concentration
results in a reduced nucleation density, which in turn leads to the formation of larger
diamond grains. Conversely, a higher methane concentration increases nucleation
density, resulting in finer grains. During the HFCVD process, gas molecules are
exposed to temperatures exceeding 1800°C near the hot filament, where they gain
sufficient energy to dissociate into radicals and ions.

When considering the impact of a magnetic field on grain size, particularly
under low methane concentration conditions, it is important to integrate both
experimental observations and theoretical principles. Lower methane concentrations
are traditionally associated with slower growth rates and smaller grain sizes due to the
limited supply of carbon-containing species necessary for deposition. The introduction
of a magnetic field into the HFCVD chamber, especially under low methane
concentration conditions, helps to mitigate these limitations. The magnetic field
effectively guides and controls the trajectory of ion and radical particles, reducing the
loss of kinetic energy typically observed due to frequent collisions. In a standard
HFCVD setup, ions and radicals move erratically in various directions, losing kinetic
energy through frequent collisions. However, with the application of a magnetic field,
the movements of these particles are influenced by the magnetic forces, leading to more
controlled trajectories and minimized energy loss.

The kinetic energy of ions and radicals is transformed into thermal energy upon

impacting the tool surface, resulting in an increase in the tool's temperature. This
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elevated temperature enhances the diffusion rate, as described by the Einstein-
Smoluchowski equation (D = pugksT/q), where D is the diffusion rate, p is the mobility,
q is the charge, kg is Boltzmann's constant, and T is the temperature. A higher substrate
temperature, therefore, leads to an accelerated diamond film growth rate, even under
low methane concentration conditions. This is further corroborated by the Arrhenius
equation, which emphasizes the exponential relationship between reaction rate and
temperature. Under these optimized conditions, larger diamond grains are more likely
to form, despite the low methane availability. The increased diffusion rate allows
adatoms on the substrate surface to move more dynamically and coalesce more
effectively, facilitating the growth of larger grains.

In summary, the integration of a magnetic field into the HFCVD process
substantially enhances diamond film growth. This advancement is achieved through
improved deposition efficiency and elevated substrate temperatures, fostering the
development of larger diamond grains in spite of the inherent challenges posed by low

methane concentrations.

4.6.2 Impact on coating thickness

The influence of a magnetic field on the coating thickness of diamond films
during HFCVD can be explored by integrating both experimental data and theoretical
principles. In conventional HFCVD, ions and radicals exhibit rapid, multidirectional
movements, leading to frequent collisions and consequential loss of kinetic energy.
However, the introduction of a magnetic field inside the chamber significantly alters
this dynamic. With the magnetic field in place, the trajectories of ions and radicals are
steered by the magnetic forces, resulting in more controlled movements and reduced
kinetic energy loss. When these particles collide with the tool surface, their kinetic

energy is converted into thermal energy. This conversion causes an increase in the tool's
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temperature, which in turn enhances the diffusion rate. The relationship between the
diffusion rate and temperature is quantified by the Einstein-Smoluchowski equation (D
= uqgksT/q), indicating that the diffusion rate is directly proportional to the temperature.
As the substrate temperature rises, so does the diamond film growth rate, despite
potentially low methane concentrations. This effect is also emphasized by the
Arrhenius equation, which illustrates the exponential dependency of reaction rates on
temperature, reinforcing the significance of higher substrate temperatures in facilitating
diamond growth.

Additionally, Fick's first law of diffusion (J =-DVC) plays a crucial role in this
process. This law states that the diffusion flux J is directly proportional to the
concentration gradient VC and the diffusion coefficient D. Since the diffusion
coefficient is temperature-dependent, variations in temperature will influence the
diffusion flux. An increase in diffusion flux corresponds to a heightened diamond film
growth rate, leading to a thicker coating. The temperature increase under magnetic field
assistance is corroborated by both the thermocouple inside the tool top tip and the
Pyrometer outside the chamber observation window, aligning with the observed trends
in simulation results.

To summarize, the incorporation of a magnetic field in HFCVD significantly
influences diamond film growth and coating thickness. Enhanced deposition efficiency
combined with raised substrate temperatures leads to a more robust growth rate. This,
in turn, results in the formation of thicker diamond film coatings, overcoming the

limitations imposed by low methane concentrations.

4.7 Summary

This section of the thesis has delved into the multifaceted impacts of

incorporating a magnetic field in the HFCVD process for diamond film growth. The
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exploration encompassed various aspects, from the initial stages of diamond film
nucleation to the final characteristics of the diamond film, including grain size, coating
thickness, and crystal structure.

Key findings from this investigation are summarized as follows:

The application of a magnetic field during HFCVD significantly increases the
nucleation rate of diamond films. This enhancement is attributed to the magnetic field's
influence on reactant gas distribution and dissociation dynamics, leading to a more
homogeneous distribution of active sites for diamond nucleation. The magnetic field
influence extends to the growth rate and morphology of diamond films. Films grown
under magnetic field conditions exhibit increased thickness and a change in grain size,
indicating that the magnetic field assists in accelerating the deposition process and
influencing crystal growth patterns. Raman and X-ray diffraction analyses reveal that
diamond films grown with magnetic field assistance have improved crystallinity and
phase purity. A more dominant (111) crystal orientation, indicative of high-quality
diamond films, is observed in films grown under magnetic field conditions.

The benefits observed in the diamond film characteristics under magnetic field
conditions are supported by theoretical explanations. These include the influence of the
magnetic field on-ion and radical particle behaviour, enhancing thermal energy transfer
and improving reaction kinetics, which are critical for high-quality diamond film
growth. The introduction of a magnetic field in HFCVD alters the thermal dynamics of
the process. Enhanced substrate temperatures, resulting from controlled particle
movements and improved heat transfer, contribute to the observed improvements in
diamond film growth.

In conclusion, the research underscores the significant potential of magnetic

field assistance in the HFCVD process. This technique not only enhances the nucleation
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rate and growth of diamond films but also contributes to the improved structural and
morphological qualities of the films. These findings cover the way for further
optimization of diamond film deposition processes, with potential applications in

various industrial and technological fields.
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Chapter 5 Static and rotational magnetic assistance in HFCVD

5.1 Introduction

Diamond films have garnered significant research interest due to their
exceptional properties, including high thermal conductivity, extreme hardness, and
excellent electrical insulation. These unique characteristics offer a wide range of
potential applications across various fields, such as electronics, optics, wear-resistant
coatings, and the biomedical sector. The potential of diamond films to drive
advancements in these industries is considerable (Handschuh-Wang et al., 2021; May,
2000).

One of the most notable properties of diamond films is their remarkably high
thermal conductivity, exceeding 2000 W/mK, which makes them highly efficient in
dissipating heat (Umezawa et al., 2012; Yang et al., 2019). Effective heat dissipation
is crucial for the optimal functioning of high-power electronic devices, as it prevents
overheating and ensures reliable performance. Diamond film synthesis can be achieved
through several techniques, including HFCVD, microwave plasma chemical vapor
deposition (MPCVD), and radio-frequency chemical vapor deposition (RFCVD)
(Schwander & Partes, 2011). Among these methods, HFCVD stands out for its cost-
effectiveness, scalability, and ability to deposit diamond films on large substrates.
However, achieving uniform growth remains a significant challenge. The uniformity
of diamond film growth is related to the performance and reliability of devices that
utilize these films. Variations in uniformity can lead to inconsistent properties, which
may adversely affect device performance.

The quality and uniformity of diamond films are also critical for semiconductor
manufacturing, particularly in Chemical Mechanical Polishing (CMP). CMP is a key

process for planarizing wafer surfaces in semiconductor fabrication. Due to their
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hardness and thermal properties, diamond films are promising materials for CMP,
either as the material being polished or as a component of the polishing pad (Kim &
Kang, 2011; Thomas et al., 2014). However, the effectiveness of diamond in CMP
applications is heavily dependent on the uniformity and quality of the films. Non-
uniform films can result in inconsistent polishing rates and suboptimal outcomes,
underscoring the importance of achieving uniform growth, particularly for CMP
applications (Kumar Mallik et al., 2016).

To address the challenges associated with uniform growth, researchers have
explored the use of magnetic fields during the deposition process. Magnetic fields can
significantly influence the chemical species within the deposition chamber, thereby
affecting both the growth rate and the quality of diamond films. Previous studies have
demonstrated that magnetic fields can enhance the quality of diamond films, improving
attributes such as crystallinity, uniformity, and surface morphology (Kwok et al., 2024;
Li et al., 2017; Little et al., 2005; Long et al., 2015; Wang et al., 2016). For example,
the introduction of a periodic magnetic field (PMF) in the HFCVD process has been
shown to increase the growth rate and improve the crystal quality of diamond films.
This enhancement is achieved by increasing the collision probability of reactive gas
molecules with electrons and polarized hydrocarbon species, facilitating more efficient
ionization and film growth. Furthermore, using a static periodic magnetic field has
revealed that optimizing the magnetic flux density within the deposition chamber can
lead to improved film uniformity and quality.

However, most studies have focused on periodically varying magnetic fields
rather than permanent magnets. Due to the high temperatures within the deposition
chamber, magnetic field systems are typically positioned outside the chamber, resulting

in a weaker magnetic flux density, ranging from 1 mT to 11 mT, in the reaction zone
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inside the chamber. This limitation highlights the need to investigate both static
magnetic field orientations and the rotation of the magnetic field system. Despite this,
a comprehensive study on the distinct effects of various static magnetic field
orientations on the growth of diamond films in HFCVD has yet to be conducted. In
addition to static magnetic fields, researchers have also explored the effects of magnetic
field rotation on diamond film growth, aiming to enhance uniformity during the
deposition process. Rotating the magnetic field may alter the exposure of the substrate
to reactive species, potentially improving the uniformity of film growth, which is
crucial for the functionality of diamond-based devices. However, the combined
influence of static magnetic field orientations and the rotation of the magnetic field
system on diamond film growth in HFCVD has not been extensively explored.

This study seeks to address this research gap by examining the impact of
different static magnetic field orientations and the rotation of the magnetic field system
on the growth of diamond films in HFCVD. The research combines experimental work
with FEM simulations to analyse these effects. The goal is to enhance the fundamental
understanding of how magnetic fields influence the growth dynamics of diamond films.
The findings from this study have the potential to significantly improve the HFCVD
process, leading to more efficient methods for producing high-quality diamond films
with enhanced growth uniformity. These advancements are crucial for expanding the
use of diamond films in various industries, particularly in thermal management systems,
and will contribute to the development of advanced techniques for creating diamond

films and broadening the potential applications of HFCVD.
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5.2 Materials & methods

5.2.1 The design and functionality of the magnetic field assistance

The magnetic field assistance system is integrated within the HFCVD machine,
and when used in conjunction with a magnetic field, the process is referred to as the
Magnetic-Assisted Hot Filament Chemical Vapor Deposition (MA-HFCVD) process,
as illustrated in Figure 5.1. The implementation of the magnetic field assistance system
utilizes Sm2Co17 permanent magnets, characterized by a magnetic flux density of 400
mT. An essential aspect of this system is its capacity to alter the magnetic flux density
and orientation, which can be achieved by either substituting the magnets or adjusting
their placement. These modifications play a crucial role in investigating the impact of
magnetic fields on the deposition process. Furthermore, the system integrates a
rotational mechanism to explore how the orientation of a magnetic field impacts the
properties of chemical species. This specific attribute is crucial for comprehending the
effect of magnetic field orientation on the growth rate and characteristics of diamond
films. The magnets are securely positioned within the system and have the ability to
rotate on their axis to attain the desired magnetic field orientation.

The system also includes a rotational mechanism designed to explore how the
orientation of the magnetic field influences the properties of the chemical species
involved in the deposition process. This capability is essential for understanding how
different magnetic field orientations impact the growth rate and characteristics of
diamond films. The magnets are securely mounted within the system and are capable
of rotating on their axis to achieve the desired magnetic field orientation. The alignment
of the magnetic field is maintained using clamps and a casing that allows for rotational

motion. Adjustable screws facilitate the initial placement of the magnets, and once the
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desired positioning is set, the rotational mechanism can be engaged to adjust the
magnetic field alignment during the deposition process.

Managing the thermal challenges inherent in the HFCVD process is critical due
to the high temperatures involved. The filament can reach temperatures of up to

2,300C°, while the working table may approach 800C°. These extreme conditions pose

a risk of overheating the magnets beyond their Curie point, which could lead to
significant changes in their magnetic properties and potential demagnetization. To
mitigate this risk, the system includes a protective insulating layer that shields the
magnets from excessive heat. Additionally, the magnets are encased in quartz, a
material known for its high thermal resistance.

Beyond static magnetic fields, the system is designed to investigate a range of
rotational speeds, from 0 RPM to 2 RPM. This feature allows for an in-depth study of
the interaction between magnetic fields and the diamond film deposition process under
various dynamic conditions. Furthermore, the system supports multiple magnetic
alignments, such as North-North (NN), South-South (SS), and South-North (SN),
enabling a comprehensive analysis of how these configurations affect the deposition
process.

In summary, the MA-HFCVD setup provides a robust platform for
investigating the impact of magnetic fields on the deposition of diamond films. It
allows for precise control over the magnetic field strength and positioning, effectively
addressing the thermal management challenges of the HFCVD process. The system's
capability to operate at different rotational speeds and magnetic alignments offers a
unique opportunity to conduct an extensive study on the influence of magnetic field

dynamics on diamond film deposition.
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Figure 5.1 Schematic diagram of MA-HFCVD setup.

Table 5.1 Deposition parameters for diamond film used in MA-HFCVD.

Parameters Deposition conditions
Power 3000
Number of filaments 2
Hydrogen content (sccm) 2000
Methane content (sccm) 40
Tool temperature (° C) 830
Filaments temperature (° C) 2300
Pressure (Pa) 1500
Deposition duration (h) 3

Table 5.2 Magnetic field system for different sample growths in MA-HFCVD.

Samples Size (mm)  Magnetic Magnetic Rotational
field strength field speed (rpm)
(mT) direction
SS 20x20x0.5 400 South-South 0-2
SN 20x20x0.5 400 South-North 0-2
NMF 20x20x0.5 - - 0-2
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5.2.2 Diamond film deposition

Diamond films were deposited on silicon substrates following a 30-minute
diamond seeding process to prepare the substrate surface for optimal diamond growth.
The deposition process (Table 5.1) involved introducing a gaseous mixture of methane
(CHa) at a flow rate of 40 standard cubic centimeters per minute (sccm) and hydrogen
(H2) at a flow rate of 2000 sccm into the chamber. The experiments were conducted
using the MA-HFCVD system, equipped with a magnetic system measuring 420x400
mm. The deposition setup featured a functional table with dimensions of 400x600 mm,
designed to securely hold the silicon wafer substrates (20x20x0.5 mm) in a graphite
holder, ensuring stability and minimizing disruptions during the deposition process.
Two tantalum (Ta) filaments, each with a diameter of 0.6 mm, were positioned 5 mm
above the substrate. Throughout the three-hour deposition process, a stable gas balance

and an atmospheric pressure of 3000 Pa were consistently maintained.
5.2.3 Comprehensive characterization

Several characterization methods were employed in order to investigate the
deposited diamond films. The utilization of Scanning Electron Microscopy (SEM)
facilitated the examination of the surface topology of the diamond films, thereby
offering detailed information regarding the sizes of the grains, their distribution, and
the overall uniformity of the films. Raman Spectroscopy was employed to explore the
vibrational states of the crystalline structure, thus aiding in the differentiation between
the diamond's quality and other forms of carbon. In addition to these techniques, the
thermal response time measurement method was introduced to analyse the thermal
properties of the films by examining the temperature changes of the silicon wafer under

controlled heating conditions. The combination of these tools provided a
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comprehensive understanding of both the physical and thermal properties of the
diamond films, thereby establishing a solid foundation for subsequent discussions.

The comprehension of the thermal properties of diamond films subsequent to
their deposition is of utmost significance. These measurements provide valuable
insights into the impact of magnetic assistance and rotational dynamics on the
uniformity and quality of the film, which are linked to its heat distribution capabilities.
This understanding is not solely of academic interest, but also carries significant
implications for the practical application of these films, particularly in industries where
effective dissipation of heat is imperative.

To carry out this investigation, a high-precision hot plate capable of adjusting
to specific temperatures of 200°C was utilized. The selection of these particular
temperature values was purposeful, with the aim of simulating various operational
conditions and observing the corresponding thermal behaviour of the diamond films.
For the purpose of the experiment, silicon wafers with diamond films, produced with
different magnetic orientations and rotation speeds, were meticulously cleaned to
ensure direct and uniform contact with the hot plate. On the uncoated side of each
silicon wafer, five K-type thermocouples with high sensitivity were affixed. The central
thermocouple was positioned at the geometrical centre of the wafer, while the
remaining thermocouples were evenly distributed along the edges.

Subsequently, the side of the wafer coated with diamond was placed in direct
contact with the hot plate, establishing a physical connection between the two entities
as shown in Figure 5.2. As the temperature gradually increased to a maximum of 200°C,
the thermocouples diligently recorded and analysed the resulting measurements.
Adequate time was allocated for the hot plate to reach a state of thermal equilibrium,

thus ensuring consistent and reliable data acquisition. Each and every wafer that has
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undergone the rigorous process of HFCVD, involving a wide range of magnetic
orientations (NMF, SS, SN) and rotation speeds (0 rpm, 1 rpm, and 2 rpm), has been
subjected to this testing procedure. This thorough and comprehensive approach played
a paramount role in identifying any potential variations in thermal conductivity that
may arise from different deposition parameters. The data collected and organized from
these extensive tests serves as the foundational element, shedding light on the intricate
interaction between deposition parameters and the resulting thermal characteristics of

the diamond film.
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Figure 5.2 Schematic diagram of the thermal response time measurement

setup using a hot plate.

5.2.3 Simulation setup

COMSOL Multiphysics 6.1 software was employed to simulate the temperature
and gas flow dynamics within the context of magnetic field-assisted HFCVD. An
analytical model was established for a cylindrical reactor characterized by specific
dimensions: a diameter of 400 mm and a length of 500 mm. The segmentation of the
model encompassed distinct zones, namely the inlet, gas reaction area, deposition
region, and outlet segment. The temperature profile within the reactor was computed

through the utilization of the heat transfer module, while the analysis of fluid dynamics
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was conducted using the laminar flow module. Through the resolution of the continuity
equation and the Navier-Stokes equation, the investigation successfully elucidated the
behaviour of chemical species under the influence of a magnetic field. This scrutiny
also encompassed an evaluation of the magnetic phenomena resulting from the external
field. Furthermore, an examination was carried out to assess the impact of magnetic
field strength and rotational velocity on temperature variations, chemical species
distribution, and flow characteristics. In essence, the COMSOL simulation framework
facilitates a comprehensive comprehension of the operational principles underlying
field-assisted HFCVD. This framework presents avenues for enhancing the deposition
process across diverse operational scenarios. The schematic depiction of the HFCVD
reactor, as shown in Figure 5.3, delineates the various parameters such as the filament
diameter (d), filament separation distance (D), and substrate velocity (n). Each element
of the model aligns with the established physical framework. A silicon wafer with
dimensions of 20 mm x 20 mm x 0.5 mm served as the substrate, positioned on a
graphite sheet forming a cuboid measuring 20 mm x 20 mm X 10 mm, which was
further situated on a water-cooled worktable also in the shape of a cuboid measuring
20 mm x 20 mm x 30 mm. This configuration ensured uniform bottom temperature
within the HFCVD reactor enclosure. Two tungsten wires, each 200 mm long, were
employed as heating components, positioned in parallel at a distance of 5 mm above
the substrate.

The introduction of the reactant gas into the reactor occurs via the gas inlet and
its expulsion through the gas outlet. Methane functions as the primary carbon source,
with hydrogen playing the role of the reacting gas. Under elevated temperatures,
hydrogen and methane gases undergo thermal decomposition due to the hot filament,

leading to the creation of carbon, hydrogen free radicals, and ions. A magnetic field,
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created by a magnet, is responsible for directing the particles it generates to move in an
orderly fashion within its confines. This magnetic field configuration rotates around a
stationary silicon wafer at a specific velocity. Through the manipulation of the
alignment of two magnets, factoring in the repulsion and attraction between different
poles, and controlling the strength of magnetic induction, it becomes feasible to
concentrate the particles onto the surface of the silicon wafer. An assessment was
carried out to analyse the impact of the magnetic field on the deposition process. This
assessment involved the computation of the spatial distribution and velocity at which
ions and free radicals were deposited onto the substrate surface. In order to streamline
the process, specific assumptions were made, for example, excluding chemical
reactions like hydrogen atom recombination that occur during deposition. Within the
computational framework, variables related to deposition, such as filament temperature

and chamber pressure, were regarded as constant values.
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Figure 5.3 Schematic diagram of deposition on the workpiece surface.
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5.2.3.1 Configuration of the magnetic field and particle flow state

The stability and distribution of the magnetic field produced by the magnet in
the reactor chamber are observed in the absence of any conducting current. As
stipulated by the Ampere loop theorem, every closed path within the specified domain

fulfils the following condition:
$ H-dl=[[Jo-dS=0 (1)
where H represents the magnetic field intensity at each point in the region, and
dS represents the area element. The magnetic field in this domain becomes a

conservative field. Therefore, the magnetic scalar potential ,, can be introduced

similarly to the potential in an electrostatic field:
H=-7-V, @)
V-B=0 (3)

Here, B is the magnetic flux density vector. According to the conservation of

magnetic flux, the constitutive relation of B-H is:

T

B = pomy @

where p, is the vacuum permeability and p, is the relative permeability.
COMSOL Multiphysics software (version 6.1) was utilized for solving these equations
under the Lorentz condition to determine the magnetic induction intensity B.

The Reynolds number serves as the key parameter for differentiating between
laminar and turbulent flow. Re = pvL/u is the ratio of inertial force to viscous force.
Based on the calculated Reynolds number being less than 2300, the reaction gas flow

and the cooling water flow are defined as laminar flow (Codina et al., 2010; Lee et al.,

2012). Hydrogen is defined as an incompressible ideal gas with a flux (standard) of 500
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cm?®/min, and the mass fraction of methane in the gas mixture is 2%. The cooling water
flow rate is set at 25 ml/s according to actual conditions.

The particles generated by the surface reaction of the hot filament enter the
magnetic field and are deposited on the silicon wafer surface under the action of
Lorentz force. To model particle movement, both the Reynolds-Averaged Navier-
Stokes (RANS) turbulence model and the K-W turbulence model are employed. The
wall function is utilized for wall processing. The turbulence variable velocity scale U
is set at 1 m/s, and the length scaling factor L is 0.035. The governing equations for
steady-state particle motion are expressed as follows:

p(u-VYu=V-[-pl +K|+F (5
V-(pu) =0 (6)
K = u(Vu+ (Vu)") = u(@ -0l ()

Here, p is the density of fluid particles, u is the particle velocity with the initial
velocity of the particle at the source set at 0.2 m/s in a downward direction (0,0, -1), p
is the pressure with an initial value of 1 atm, I is the mixing length limit, and p p is the
dynamic viscosity of the fluid, assuming a Newtonian fluid. The time scale is
represented by T. Using COMSOL software (version 6.1), the velocity u and its

components u,, Uy, and u, can be calculated.

5.2.3.2 Simulation setup for solid heat transfer

The temperature distribution of the HFCVD diamond film substrate is
influenced by thermal radiation, heat conduction between fluid and solid components,
and heat convection between gas and water. Therefore, three heat transfer mechanisms
radiation, conduction, and convection are used to calculate the temperature distribution
inside the reactor. The conservation equations used to simulate heat transfer in HFCVD
systems are as follows:
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Mass conservation:

Vx(pv) =0 (8)

Conservation of momentum:

VX (pvv) = =Vp+VXxu(Vo+ViT)+pg (9)

Conservation of energy:

Vxpc,vT =V X (kVT)+ S, (10)

where p is the density of the fluid, v is the velocity vector, p is the pressure, u
u is the viscosity coefficient, T T is the temperature, k k is the thermal conductivity,
and Sy, is the heat source. In this model, the heat transfer equation is:

pCy I+ pCou VT +V-q=0Q (11)
q=—kVT (12)

Here, p is the solid density, C, is the solid heat capacity at constant pressure, k
is the solid thermal conductivity (expressed as a scalar or tensor if the thermal
conductivity is anisotropic), u is the velocity field defined by the Translational Motion
sub-node when portions of the model are moving in the material frame, Q is the heat
source, and q is the heat flux vector. The temperature gradient (VT) is the temperature
gradient.

In the numerical simulation, several details are assumed for simplicity. The
boundary treatment of the cooling chamber wall and the bottom of the table is handled
using an isothermal boundary condition of 293.15 K. Heat dissipation is considered
through four layers of temperature gradients in the tables and brackets made of graphite
and copper substrates. All materials are assumed to be grey bodies. Given the oxidation
of materials in the HFCVD system, an emissivity value slightly higher than that of

general metals is used (Kanaya & Kawakatsu, 1972; Song et al., 2017).
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5.2.3.3 Mesh generation and boundary conditions

Based on the actual temperature measured by the infrared thermometer during
deposition, the hot filament temperature is defined as 2350 K. The initial ambient
temperature is set to 293.15 K, and the pressure in the reactor is maintained at 3 kPa.
The boundary condition for the filament is defined as a constant temperature boundary
with an emissivity of 0.28 on the filament surface (Allen et al., 1960). The substrate
boundary is a coupled boundary condition, so the substrate temperature is determined
by calculation. The defined material properties (all at room temperature except for the
tungsten wire at 230°C) are listed in Table 5.3, where p is the density, K is the thermal

conductivity and ¢, is the specified heat capacity.

Table 5.3 Material properties assigned for the simulation model.

K/ (W-m™ cp/(J kg™

. 3
Material p/ (kg -m=>) K1) K
Hydrogen 0.01 0.1769 14439.68
Methane 0.7174 0.109 2200
water 998.24 0.5941 4186
Copper 8939.81 386.7 383.02
Graphite 1800 130 710
Silicon 2300 140 700

The HFCVD system is described using the 3D geometric structure shown in
Figure 5.3. The system is divided into multiple control bodies according to Cartesian
coordinates (X, Y, Z). Most control bodies are described using a free tetrahedral mesh,
and the physical boundary is represented by corner refinement mesh. The complete grid
contains 760,957 domain units, 24,572 boundary units, and 3,246 edge units. The
simulation employs the CFD code COMSOL Multiphysics 6.1 to solve the coupling

problem of magnetic field, flow field, and heat transfer using the FEM algorithm.
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Figure 5.4 Complete mesh grid generated for MA-HFCVD simulation.

5.3 Simulation results

5.3.1 Simulation of magnetic field distribution

Figure 5.5 depicts the distribution of the magnetic field resulting from the
symmetrical arrangement of two 400 mT magnets within the field domain. The magnets
illustrated in Figure 5.5(a) and Figure 5.5(b) exemplify the concepts of attraction and
repulsion. The alignment of magnetic vectors, as denoted by arrows, is symmetrical
along the z-axis. Simulation outcomes reveal a symmetrically distributed parabolic
magnetic field enveloping the workpiece. The magnetic attraction between the two
magnets in Figure 5.5(a) establishes a left-to-right magnetic field, guiding particles
along the magnetic field lines through the Lorentz force for deposition on the substrate
surface. In Figure 5.5(b), the magnetic repulsion between the magnets generates four
distinct parabolic magnetic fields symmetrically positioned between them. Despite the
magnetic field lines converging towards the substrate centre, particles in the magnetic
susceptibility field also tend to move towards the substrate. This specific configuration

of magnetic fields facilitates the precise positioning of particles on the substrate surface.
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To enhance the consistency of diamond deposition, the magnetic field system rotates
around the stationary substrate at a speed of 2rpm. Further simulations are carried out

to assess the system's performance at magnetic field strengths of 0 mT and 400 mT.
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Figure 5.5 Simulation results for magnetic flux density at 400 mT. (a) Magnet

attraction arrangement; (b) Magnet repulsion arrangement.

5.3.2 The influence of temperature field on deposition

Hydrogen and methane experience decomposition into reactive chemical
species in close proximity to the hot filament at elevated temperatures. The
transportation of these species towards the substrate is facilitated by molecular
movement and the presence of a magnetic field. The temperature of the surface of the
substrate plays a significant role in determining the orientation of diamond crystals.

Alterations in substrate temperatures induce variations in the configuration of carbon
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active species, leading to distinct grain sizes in the resulting diamond. Therefore, the
substrate temperature is crucial in the context of diamond film deposition through the
process of HFCVD. The temperature profile of the silicon substrate under different
conditions, without rotation, is depicted in Figure 5.6 (a-c). The left panel illustrates
the temperature distribution under a magnetic field strength of 0 mT. The middle panel
represents the temperature profile under a magnetic field strength of 400 mT with
magnets exhibiting repulsion. The right panel showcases the temperature distribution
under a magnetic field strength of 400 mT with attracting magnets. In the absence of a
magnetic field, the temperature of the wafer substrate ranges from 808 to 833°C. The
uneven heat distribution from the hot filament and the lack of rotation contribute to
higher temperatures at the substrate's periphery. When the magnets repel at a magnetic
field strength of 400 mT, the central temperature of the wafer substrate varies from 845
to 863°C, whereas the edge temperature ranges from 865 to 872°C. Under a magnetic
field strength of 400 mT, the central temperature of the magnets spans from 847 to
862 °C, with the edge temperature potentially reaching up to 874 °C. Figures 5.6 (d-f)
present the temperature distribution of the wafer under different magnetic field
conditions while the substrate is in rotation. At a magnetic field strength of 0 mT, the
central temperature falls within the range of 804-814°C, characterized by a relatively
uniform temperature distribution. With magnets exhibiting repulsion at a magnetic
field strength of 400 mT, the central temperature ranges from 838 to 854°C, while the
edge temperature varies from 860 to 867°C. Under a magnetic field strength of 400 mT,
the central temperature varies from 845 to 867 °C, with the edge temperature ranging
from 867 to 872 °C. The simulation outcomes reveal that the temperature of the wafer
substrate increases with higher magnetic field strengths. This rise is attributed to the

boost in molecular thermal movement of particles and active species induced by the
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Lorentz force. The outermost section of a single substrate experiences elevated
temperatures, gradually decreasing towards the centre. The temperature profile of the
silicon wafer substrate demonstrates elevated temperatures at the centre and lower
temperatures at the edges, which is closely linked to the thermal contact model of the
graphite fixture. The central part of the substrate undergoes a faster cooling process,
resulting in enhanced heat absorption by the graphite substrate in this region and

consequently leading to a lower temperature at the centre.
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Figure 5.6 Simulation of substrate temperature distribution: (a-c) No magnetic
field, magnets repelling each other, and magnets attracting each other; (d-f) With
substrate rotation, no magnetic field, magnets repelling each other, and magnets

attracting each other.
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5.3.3 The influence of particle flow state on deposition

Methane and hydrogen are utilized to generate the carbon species essential for
the deposition of diamond on the heated filament's surface. The concentration of carbon
species present on the silicon wafer substrate's surface directly influences the efficacy
and calibre of diamond deposition. A schematic diagram in Figure 5.7 delineates the
distribution of free radicals' concentration in the vicinity of the silicon wafer substrate.
The outcomes of the simulation reveal that the application of a magnetic field
significantly boosts the concentration of free radicals on the substrate's surface by a
magnitude of 10 to 100, thereby effectively heightening the nearby concentration of
free radicals in the silicon wafer. Figure 5.7 (a-c) depicts the radicals' concentration on
the substrate's surface under various magnetic field configurations without rotation: 0
mT, 400 mT with repelling magnets, and 400 mT with attracting magnets. In contrast,
Figure 5.7 (d-f) illustrates the radicals' concentration on the substrate's surface when
the magnetic field rotates at 2 rpm under the same magnetic field settings. The existence
of'a magnetic field substantially enriches the abundance of radicals on the silicon wafer
substrate's surface. Through the rotation of the magnetic field at a specific speed, a

more uniform dispersion of radicals on the silicon wafer's surface is accomplished.
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Figure 5.7 Simulation of CH3- radical concentration distribution on the
substrate surface without a magnetic field, magnets repelling each other, and magnets

attracting each other: (a-c) Orpm; (d-f) 2rpm.

5.4 Experimental result and analysis

5.4.1 Thickness distribution

This section provides a detailed analysis of the effects of different magnetic
field orientations on the thickness and consistency of diamond films deposited at the
centre of silicon wafers using HFCVD. The study systematically measured the coating
thickness under three magnetic field configurations: No Magnetic Field (NMF), South-
South (SS), and South-North (SN), at rotational speeds of 0, 1 rpm, and 2 rpm, as
illustrated in Figure 5.8 and Figure 5.10.

The absence of a magnetic field (NMF), the coating thickness at the wafer
centre demonstrates stable growth regardless of rotational speed. Without magnetic
influence, the deposition process remains largely unaffected by rotational variation. As
shown in Figure 8(a), at 0 rpm, the coating appears uniform and smooth, indicating
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consistent deposition. As the rotational speed increases to 1 rpm (Figure 5.8(b)) and 2
rpm (Figure 5.8(c)), the thickness remains similar, with overall uniformity and
smoothness maintained. This consistency underscores the stability of the deposition
process under NMF conditions.

When the magnetic field is aligned in the South-South (SS) configuration,
deposition dynamics become more complex. At 0 rpm (Figure 5.8(d)), the film
thickness is already higher than under NMF, with a slightly rougher surface. As
rotational speed increases to 1 rpm (Figure 5.8(e)) and 2 rpm (Figure 5.8()), the surface
roughness and variability in thickness increase, suggesting that SS alignment
influences the concentration of reactive species at the wafer centre. This pattern
indicates that rotational motion under SS alignment affects deposition dynamics,
resulting in thicker and less uniform films compared to the NMF condition.

The South-North (SN) alignment excels in achieving uniformity and
consistency in film thickness. At 0 rpm (Figure 5.8(g)), the SN alignment produces a
thicker film than the NMF and SS configurations, with a smooth and homogeneous
surface. As rotational speed increases to 1 rpm (Figure 5.8(h)) and 2 rpm (Figure 5.8(1)),
the film thickness increases steadily and controllably, maintaining consistency across
all increments. The SN alignment effectively harnesses rotational energy to optimize
the distribution of reactive species, leading to a thicker and more uniform film,
demonstrating the synergistic effect of SN alignment and rotation.

Figure 9 summarizes the coating thickness at the wafer centre for different
configurations and rotational speeds. The SN configuration consistently results in the
highest and most uniform thickness, increasing from 6.88 um at O rpm to 7.41 pm at 2
rpm. The SS configuration shows increased thickness with higher rotational speeds,

from 6.16 pm at 0 rpm to 6.61 pm at 2 rpm. In contrast, the NMF configuration
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maintains relatively stable thickness, ranging from 6.33 pm to 6.46 pum, highlighting

the minimal impact of rotational dynamics without a magnetic field.

Figure 5.8 Cross section of film thickness on silicon wafer at the centre area

with different magnetic field orientations and rotational speeds: (a) Orpm NMF; (b)
Irpm NMF ; (¢) 2rpm NMF ; (d) Orpm SS ; (e) 1rpm SS; (f) 2rpm SS ; (g) Orpm SN ;

(h) 1rpm SN ; (i) 2rpm SN.
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Figure 5.9 The summary of coating thickness of the centre area of the silicon

wafer for different magnetic field configurations at various rotational speeds.

Under NMF conditions, the edge of the silicon wafer shows a nearly uniform
thickness profile, with slight increases as speed increases, from 6.61 um at 0 rpm to
6.69 um at 2 rpm, reflecting the process's stability without magnetic influence (Figures
5.10a-c). This consistency emphasizes the deposition process's inherent stability in the
absence of external magnetic forces.

Switching to the SS alignment, edge thickness dynamics change noticeably. At
0 rpm (Figure 5.10(d)), the edge thickness is initially higher, with a rougher surface
compared to NMF. As rotational speed increases to 1 rpm (Figure 5.10(e)) and 2 rpm
(Figure 5.10(f)), the edge thickness decreases, with reduced roughness and improved

uniformity. This suggests that SS alignment and rotational motion affect the
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distribution of reactive species, leading to a more even coating as speed increases. The
initial thicker coating at 0 rpm and subsequent decrease with increased rotation
highlight the interaction between magnetic fields and rotational dynamics, influencing
the deposition process.

The SN alignment demonstrates superior performance in maintaining edge
uniformity across varying rotational speeds. At 0 rpm (Figure 5.10(g)), the SN
alignment produces a uniform and smooth coating, thinner than the SS alignment. As
rotational speed increases to 1 rpm (Figure 5.10(h)) and 2 rpm (Figure 5.10(1)), the edge
thickness shows minor decreases, resulting in a relatively consistent and uniform
thickness profile. The surface remains smooth and homogeneous, indicating the SN
alignment's ability to promote uniform deposition and effectively distribute reactive
species. This configuration maintains a stable and even thickness, even at the wafer
edges, where variations are typically more pronounced.

Figure 5.11 summarizes the edge thickness for different configurations and
rotational speeds. The SN configuration shows the most consistent thickness,
decreasing slightly from 7.82 pm at O rpm to 7.51 pm at 2 rpm. The SS configuration
exhibits a significant reduction in thickness with increased speed, from 8.54 pm at 0
rpm to 7.83 pm at 2 rpm, indicating improved uniformity. The NMF configuration
maintains stable thickness across all speeds, ranging from 6.61 um to 6.69 pum,

reflecting the lack of influence from rotational dynamics without a magnetic field.
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Figure 5.10 Cross section of film thickness on silicon wafer at the edge area

with different magnetic field orientations and rotational speeds: (a) Orpm NMF; (b)
Irpm NMF; (c) 2rpm NMF; (d) Orpm SS; (e) 1rpm SS; (f) 2rpm SS; (g) Orpm SN; (h)

Irpm SN; (i) 2rpm.
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Figure 5.11Summary of coating thickness at the edge area of silicon wafer for

different magnetic field configurations at various rotational speeds.

The data from Figures 5.9 and Figure 5.11 provide a comprehensive overview
of coating thickness under different magnetic field orientations and rotational velocities.
The SN configuration consistently produces the highest uniformity and thickness,
regardless of speed. The SS configuration shows increased thickness with rising speeds,
demonstrating how magnetic influence can enhance deposition, though careful
management is required to ensure overall uniformity. The deposition dynamics and
radical generation in HFCVD processes are intricately influenced by magnetic field
orientation. The SS orientation may create localized high-intensity areas with amplified
radical generation, risking non-uniform distribution across the substrate. Introducing
rotational dynamics helps mitigate this by continuously redistributing chemical species,

demonstrating the MA-HFCVD technique's capability to control film properties
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through magnetic field manipulation and rotation. These findings highlight the critical
role of magnetic field dynamics in optimizing film deposition by improving uniformity

and consistency.
5.4.2 Diamond film morphology

The morphological characteristics of diamond films synthesized via MA-
HFCVD are significantly influenced by both the alignment of the magnetic field and
the rotational speed during deposition. At the centre of the silicon wafer, in the absence
of a magnetic field (NMF), grain sizes exhibit random growth patterns. Figure 5.12(a)
shows that at 0 RPM, the diamond film morphology consists of grains that are randomly
distributed, with a mixture of small and moderately larger grains. This randomness
persists even at 1 RPM (Figure 5.12b), with a slight tendency toward smaller grains,
but the distribution remains relatively random. At 2 RPM (Figure 5.12¢), the grain sizes
decrease slightly, indicating that without the influence of a magnetic field, grain sizes
tend to remain small and decrease marginally as rotational speed increases.

Under the South-South (SS) alignment, the grain sizes at the centre of the wafer
exhibit more significant variation. At 0 RPM (Figure 5.12d), the grains are larger and
more unevenly distributed compared to the NMF condition. As rotational speed
increases to 1 RPM (Figure 5.12¢), grain sizes remain relatively large but begin to show
signs of reduced size and improved uniformity. At 2 RPM (Figure 5.12f), grain sizes
decrease noticeably, suggesting that while SS alignment initially promotes larger grain
sizes at the centre, increasing rotational speed leads to smaller, more uniform grains.

The South-North (SN) alignment produces the most consistent distribution of
grain sizes at the centre of the wafer. At 0 RPM (Figure 5.12g), the grains are uniformly
larger compared to those in the NMF and SS conditions, indicating a more controlled

growth environment. As rotational speed increases to 1 RPM (Figure 5.12h), grain sizes
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decrease slightly but maintain a uniform distribution. At 2 RPM (Figure 5.121), grain
sizes reduce further, resulting in a uniform orientation that promotes relatively larger
grains at the centre compared to the NMF and SS configurations, though with a
decrease in size as rotational speed increases.

These observations suggest that the SN alignment provides the most uniform
and consistent grain sizes, while the SS alignment leads to larger grains that decrease
in size with increased rotation. The NMF condition is characterized by random grain
growth with a slight decrease in size as rotational speed increases. Overall, the impact
of rotational speed is evident across all magnetic field alignments, with higher
rotational speeds generally leading to smaller grain sizes by promoting a more even

distribution of reactive species.

(€))

Figure 5.12 Surface morphology on silicon wafer centre deposit with different
magnetic field orientations and rotational speeds: (a) Orpm NMF; (b) 1rpm NMF; (c)
2rpm NMF; (d) Orpm SS; (e) 1rpm SS; (f) 2rpm SS; (g) Orpm SN; (h) 1rpm SN; (i)

2rpm SN.
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Figure 5.13 summarizes the grain size distribution under different experimental setups,
highlighting the impact of rotational speed. In the NMF configuration, grain size
decreases slightly with increasing RPM, from 1.90 pm at 0 RPM to 1.75 um at 2 RPM,
showing limited sensitivity to rotation. Conversely, the SS configuration exhibits a
more pronounced reduction in grain size with rotation, from 2.71 um at 0 RPM to 1.90
um at 2 RPM, suggesting that rotation enhances grain uniformity. The SN
configuration begins with the largest grains at 3.34 um at 0 RPM and experiences a
steady decrease with rotation, reaching 2.95 um at 2 RPM, underscoring the beneficial
effect of rotation on grain size control. These findings indicate that rotational speed
plays a more significant role in reducing grain size and enhancing uniformity in the SS
and SN configurations than in NMF, with SN showing the most considerable
improvement toward larger but more uniform grains under rotation.

PDI was calculated using the method defined in Chapter 4, based on SEM grain
size measurements for each magnetic configuration and rotation speed. Grain size
uniformity on the centre area of the silicon wafer was quantified using PDI for different
magnetic field configurations at rotation speeds of 0, 1, and 2 rpm are summarised in
Table 5.4. Under NMF, PDI increased from 0.16 at O rpm to 0.18 at 1 rpm and 0.21 at
2 rpm, indicating a broader grain size distribution with increasing rotation speed. Under
SS, relatively high PDI values were obtained at 0 and 1 rpm (0.34 and 0.36), while a
marked reduction occurred at 2 rpm (0.15), indicating improved grain size uniformity
at higher rotation speed. Under SN, PDI decreased progressively with rotation speed
from 0.22 at O rpm to 0.17 at 1 rpm and 0.09 at 2 rpm. The lowest PDI value on the
centre region was obtained under SN at 2 rpm, corresponding to the narrowest grain

size distribution among the tested conditions.
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Figure 5.13 Grain size distribution on the centre area silicon wafer for different

magnetic field configurations at various rotational speeds.

Table 5.4 PDI values at wafer centre for different magnetic configurations and

rotation speeds.

Samples 0 rpm 1 rpm 2rpm
NMF 0.16 0.18 0.21
SS 0.34 0.36 0.15
SN 0.22 0.17 0.09

At the edges of the silicon wafer, in the absence of a magnetic field (NMF),

grain sizes exhibit random growth patterns. The larger grain sizes at the edges are

primarily attributed to temperature gradients that influence growth. Without specific

numerical values, it is observed that at 0 RPM (Figure 5.14a), grain sizes are randomly

distributed and larger than at the centre. As rotational speed increases to 1 RPM (Figure
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5.14b), grain sizes decrease slightly but maintain a random distribution. At 2 RPM
(Figure 5.14c¢), grain sizes decrease further, suggesting that without a magnetic field,
grain growth at the edges remains relatively stable across different rotational speeds,
with only slight decreases in size.

Under SS alignment, there is a notable accumulation of reactive species toward
the edges, resulting in considerably larger grain sizes. At 0 RPM (Figure 5.14d), grain
sizes are larger and more uneven compared to the NMF condition. As rotational speed
increases to 1 RPM (Figure 5.14e), grain sizes decrease slightly but remain larger than
those under the NMF condition. At 2 RPM (Figure 5.14f), grain sizes decrease further,
indicating that SS alignment initially promotes larger grain sizes at the edges, but
increasing rotational speed leads to smaller, more uniform grains.

The SN alignment shows consistent grain sizes at the edges. At 0 RPM (Figure
5.14g), grain sizes are larger and more uniform compared to the NMF and SS
conditions. As rotational speed increases to 1 RPM (Figure 5.14h), grain sizes decrease
slightly but maintain uniform distribution. At 2 RPM (Figure 5.14i), grain sizes
decrease further, resulting in a uniform grain size distribution at the edges, larger than
those in the NMF and SS configurations but decreasing in size with increased rotational
speed. These observations suggest that the SN alignment provides the most uniform
and consistent grain sizes, whereas the SS alignment initially leads to larger grains that
decrease in size with increased rotation. The NMF condition shows random grain
growth, with a slight decrease in size as rotational speed increases. Across all magnetic
field alignments, higher rotational speeds generally promote smaller grain sizes by

enhancing the distribution of reactive species.
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Figure 5.14 Surface morphology on silicon wafer edges deposit with different
magnetic field orientations and rotational speeds: (a) Orpm NMF; (b) 1rpm NMF; (c)
2rpm NMF; (d) Orpm SS; (e) 1rpm SS; (f) 2rpm SS; (g) Orpm SN; (h) 1rpm SN; (i)

2rpm SN.

Figure 5.15 provides further insights into the grain size distribution at the edges
under various conditions. In the NMF setup, grain size changes minimally with
increasing RPM, from 2.87 pm at 0 RPM to 2.85 um at 2 RPM, indicating low
sensitivity to rotation. The SS configuration demonstrates a substantial decrease in
grain size with rotation, from 6.17 pm at 0 RPM to 4.67 um at 2 RPM, highlighting the
effectiveness of rotation in achieving more uniform grain sizes at the edges. The SN
configuration also shows a decrease in grain size, starting at 3.59 um at 0 RPM and
reaching 3.39 um at 2 RPM, while maintaining relatively larger but more uniform

grains with rotation. These trends suggest that while the NMF setup is less affected by
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rotation, both SS and SN configurations benefit significantly from increased RPM in
achieving better grain size uniformity, with SS showing the most dramatic
improvement. PDI values for the edge area under different magnetic configurations and
rotation speeds are summarised in Table 5.5. Under NMF, PDI decreased from 0.31 at
0 rpm to 0.29 at 1 rpm and further to 0.10 at 2 rpm, indicating a narrower grain size
distribution at higher rotation speed. Under SS, PDI increased from 0.25 at O rpm to
0.44 at 1 rpm and remained high at 0.38 at 2 rpm, indicating reduced grain size
uniformity under SS with rotation. Under SN, PDI increased from 0.26 at 0 rpm to 0.33
at 1 rpm and then decreased to 0.27 at 2 rpm, indicating moderate dispersion with
partial recovery at 2 rpm. The lowest PDI value at the edge was obtained under NMF

at 2 rpm, while the highest PDI value was obtained under SS at 1 rpm.
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Figure 5.15 Grain size distribution on the edge area of silicon wafer for different magnetic

field configurations at various rotational speeds.
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Table 5.5 PDI values at wafer edge for different magnetic configurations and

rotation speeds.

Samples 0 rpm 1 rpm 2rpm
NMF 0.16 0.18 0.21
SS 0.34 0.36 0.15
SN 0.22 0.17 0.09

The combined visual and numerical analyses of Figure 5.12, Figure 5.13, Figure
5.14, and Figure 5.15 highlight the significant impact of magnetic field orientation and
rotational speed on the grain size distribution in diamond films synthesized through
MA-HFCVD. The SN configuration consistently yields the most uniform and largest
grains, benefiting greatly from rotational dynamics, while the SS configuration shows
a reduction in grain size with increased rotation. The NMF configuration, both at the
centre and edges, remains largely unaffected by rotational speed, emphasizing the
crucial role of magnetic fields in optimizing diamond film deposition. These findings
offer valuable insights into the controlled synthesis of diamond films, underscoring the

importance of magnetic field manipulation in achieving desired film properties.
5.5 Thermal conductivity analysis

This session conducted a detailed investigation into the structural and thermal
properties of diamond films synthesized using HFCVD, with a particular focus on the
influence of magnetic field adjustments. The primary aim was to explore the correlation
between the structural characteristics of the films such as coating uniformity and
thickness and their thermal responses under varying HFCVD parameters. The thermal
properties of the films were measured using the thermal response time measurement
method, which provided precise real-time data on the thermal behaviour of the

materials. Temporal readings were accurately captured using Type-K thermocouples,
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offering valuable insights into the dynamic heating processes of these diamond-coated
wafers. The thermal performance of the coated wafers was systematically monitored
by placing them on a hot plate consistently heated to 200°C. The study concentrated on
the nuanced effects of coating uniformity, thickness, and specific HFCVD parameters
on thermal behaviour. The primary objective was to assess how variables such as
magnetic field orientation and rotational speed during deposition impact the heating
efficiency and uniformity of the films. These factors are critically important in

applications where effective heat dissipation is necessary.
5.5.1 Real-time thermal profiling of diamond coated silicon wafers to

reach specified temperatures

Figure 5.16 presents comprehensive data on the time required to heat both a
single edge and all edges of diamond films to a temperature of 200°C under different
conditions, highlighting differences in heating times.

Figure 5.16a illustrates the heating times at zero rotational speed across various
magnetic field orientations. Under the No Magnetic Field (NMF) condition, it takes 32
seconds to heat one edge to 200°C and 42 seconds to heat all edges, indicating a
baseline thermal efficiency without magnetic influence. The South-South (SS)
orientation shows a slight enhancement, requiring 28 seconds to heat one edge and 46
seconds to heat all edges. This suggests that even minimal magnetic influence can
affect thermal dynamics. The South-North (SN) orientation exhibits the best
performance at this speed, taking only 18 seconds to heat one edge and 30 seconds to
heat all edges, indicating superior heat dispersion and efficiency.

Figure 5.16b explores the heating durations at a rotational speed of 1 rpm across
different magnetic orientations. Under the NMF condition, the time to heat one edge

decreases to 28 seconds, and to heat all edges, it takes 40 seconds, showing improved
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heat transfer due to increased rotation. The SS orientation further decreases the time to
25 seconds for one edge and 44 seconds for all edges, indicating that the focused
deposition of reactants at the edges may contribute to more efficient edge heating. The
SN orientation consistently outperforms the others, with a heating time of just 18
seconds for one edge and 26 seconds for all edges, confirming its capability to achieve
rapid and even heating across the wafer.

Figure 5.16¢ examines heating times at a higher rotational speed of 2 rpm across
various magnetic orientations. Under the NMF condition, the heating efficiency
improves, reducing the time to heat one edge to 26 seconds and all edges to 38 seconds.
This reflects the positive impact of increased rotational speed on thermal dynamics. In
the SS orientation, the heating time for one edge decreases to 24 seconds, and for all
edges to 41 seconds, indicating a slight yet noticeable improvement in heating
efficiency, particularly at the edges. The SN orientation once again demonstrates
superior performance, requiring only 18 seconds to heat one edge and 25 seconds for
all edges, showcasing its excellent thermal management and uniformity across different
rotational speeds.

Figure 5.16d provides a comparative analysis of the variations in heating times
under different magnetic field orientations and rotational speeds. The absence of a
magnetic field (NMF) results in moderate unevenness in heating durations, although
higher rotational speeds help improve uniformity. The SS orientation displays
significant variations in heating times, suggesting inconsistencies in thermal
distribution across the films. Conversely, the SN orientation shows minimal variation
in heating times between one edge and all edges at all rotational speeds, affirming its

ability to produce films with high uniformity and efficient heat distribution.
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Figure 5.16 Time required to heat the workpiece to a temperature of 200°C for
both one edge and all edges with different magnetic field orientations (a) 0 rpm; (b) 1

rpm; (c) 2 rpm; (d) Difference in heating times between MF-HFCVD conditions.

The experimental results highlight the substantial impact of magnetic field
orientation and rotational speed on the heating efficiency and uniformity of diamond
films synthesized using HFCVD. The South-North (SN) orientation consistently
delivers superior performance by reducing heating times and achieving uniform
temperatures across the substrate at all examined rotational speeds. This orientation
effectively manages the distribution of thermal energy, ensuring optimal performance

and consistency under varying conditions. The consistent success of the SN orientation
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at different rotational speeds underscores its suitability for applications requiring

precise thermal management.
5.6 Theoretical explanation of magnetic field and rotational effects on

diamond film growth

The study of diamond film growth in MA-HFCVD systems provides a refined
comprehension of the substantial impact of magnetic fields and rotational dynamics on
the deposition process. This comprehensive theoretical perspective delves into the
orientations of magnetic fields and rotational dynamics, thereby emphasizing their

pivotal roles in the deposition of diamond films.
5.6.1 Influence of magnetic field orientation on deposition uniformity

The orientation of the external magnetic field in MA-HFCVD systems
profoundly influences the physical and chemical processes essential for diamond film
growth. Considering specific orientations, such as the South-South (S-S) and South-
North (S-N), reveals how these configurations distinctly impact the behaviour and
distribution of reactive species.

In the S-S orientation, a divergent magnetic field is created when like poles face
each other, leading to a non-uniform distribution of magnetic field lines. This setup
affects the trajectories and dynamics of both neutral radicals and charged plasma
particles, causing a concentration of reactive species in localized areas. This can lead
to uneven deposition rates and non-uniform film thickness across the substrate. The
paramagnetic attraction forces in the S-S orientation cause spatial variability in radical
species and plasma density, significantly influencing the growth regime and affecting
the microstructural properties of the deposited diamond films. This explanation is

accurate. The non-uniform magnetic field lines in an S-S configuration can indeed lead
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to localized concentration of reactive species, resulting in non-uniform deposition. This
is consistent with the principles of plasma physics and material deposition processes.
In the S-N orientation, a more uniform and direct magnetic field is generated
when opposite poles are aligned, facilitating a homogeneous distribution of reactive
species and charged particles across the substrate. This uniformity enhances the
evenness of the chemical species flux and contributes to stable plasma conditions above
the substrate. The uniformity in magnetic field distribution in the S-N orientation not
only enhances the evenness of the chemical species flux but also contributes to stable
plasma conditions above the substrate. This stability is crucial for achieving consistent
diamond film growth, with uniform thickness and quality across the entire substrate
surface. This is correct. A uniform magnetic field in an S-N configuration provides
stable plasma conditions, leading to uniform deposition. This stability is crucial for

achieving consistent diamond film growth.
5.6.2 Decomposition dynamics and radical generation

The decomposition dynamics and radical generation in HFCVD processes are
intricately governed by the magnetic field orientation, significantly influenced by
whether the setup is in an S-S or S-N orientation. The divergent magnetic field in the
S-S orientation may lead to localized high-intensity areas where radical generation is
amplified, but with a risk of non-uniform distribution across the substrate. This can
result in areas of the substrate receiving a higher concentration of chemical species,
potentially leading to localized overgrowth or variations in film properties. The
divergent magnetic fields may lead to uneven distribution of chemical species, causing
localized overgrowth or variations in film properties. This is accurate. Divergent
magnetic fields can create localized hotspots for radical generation, leading to non-

uniform film properties.
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The introduction of rotational dynamics, particularly in the context of these
magnetic field orientations, provides a dynamic mechanism for addressing the
limitations inherent in static magnetic field configurations. For instance, a rotating
magnetic field in an S-S oriented system can help mitigate the issue of localized radical
concentration by continuously redistributing the plasma and reactive species. Similarly,
in an S-N oriented system, rotational dynamics ensure that the uniform distribution of
species is maintained throughout the deposition process, further enhancing the quality
and uniformity of the diamond films.

The implementation of a rotational magnetic field, with its sweeping field lines,
dynamically modulates the plasma properties, stimulating radical generation and
ensuring a balanced distribution of chemical species and crystal defects. This dynamic
approach, especially when applied in rotational frequencies between 1-2 rpm,
effectively counters static field limitations, such as uneven distribution in the S-S
orientation or potential stagnation in chemical species delivery in the S-N orientation.

In summary, the control of magnetic field orientation (S-S or S-N) combined
with the application of rotational dynamics plays a crucial role in the MA-HFCVD
process. This strategic approach allows for fine-tuning the deposition environment,
leading to the synthesis of diamond films with enhanced uniformity and superior
quality. By understanding and manipulating these parameters, it is possible to tailor the

growth process to achieve specific desired properties in diamond films.
5.7 Summary

This study comprehensively investigates the impact of different static magnetic
field orientations and rotational speeds on the growth and properties of diamond films
synthesized using HFCVD. The findings highlight the substantial influence of these

parameters on the uniformity, quality, and thermal properties of the diamond films.
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The South-North (SN) magnetic field orientation consistently produced the
most uniform diamond films, characterized by a homogeneous distribution of chemical
precursors. This uniformity resulted in consistent film thickness and controlled grain
size, attributed to enhanced precursor localization. Grain size dispersion was quantified
using PDI, and the lowest centre-region PDI was obtained under SN at 2 rpm. This
result confirms improved grain size uniformity at the wafer centre under SN with
rotation. In contrast, the South-South (SS) setup exhibited significant thickness
variations and edge irregularities, likely due to uneven precursor distribution caused by
the divergent magnetic field. PDI results support reduced grain size uniformity under
SS, with the highest edge-region PDI obtained under SS at 1 rpm. Introducing rotation
to the SS configuration significantly mitigated these issues, promoting a more uniform
distribution of chemical species and resulting in smoother film surfaces. In the NMF
setup, rotation produced limited improvement at the wafer centre, while the wafer edge
showed improved grain size uniformity at higher rotation speed based on PDI. The
consistency of measurements across different speeds underscores the critical role of
magnetic fields in achieving deposition uniformity in the HFCVD process. This finding
emphasizes that magnetic assistance is essential for obtaining desired film
characteristics, as the absence of a magnetic field fails to achieve the same level of
uniformity.

Thermal distribution assessments further confirmed the superiority of the SN
orientation in providing uniform and efficient heat distribution during the HFCVD
process, which is vital for applications requiring precise thermal control. Films grown
under the SN orientation exhibited optimal thermal properties, ensuring consistent heat
management. Although the SS orientation initially struggled with thermal uniformity,

the introduction of rotational dynamics improved both thermal distribution and film
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quality. This highlights the synergistic effect of combining rotation with specific
magnetic field orientations to enhance film properties.

Overall, this study conclusively demonstrates that magnetic field orientation
and rotational parameters play a crucial role in the HFCVD process, significantly
affecting the uniformity, quality, and thermal behaviour of the synthesized diamond
films. Specifically, the SN orientation combined with controlled rotation yields the
most favourable results, showing promise for achieving highly controlled film
properties. These advancements are essential for the integration of diamond films into
specialized high-tech applications, where uniformity, quality, and precise thermal
management are critical, thereby expanding the applicability of this technology within

advanced industries.
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Chapter 6 Conclusions and suggestions for future work

6.1 Conclusions

Diamond films have numerous applications in various industries such as
electronics, optics, wear-resistant coatings, and thermal management systems.
Traditional methods of diamond film deposition face challenges in terms of uniformity,
quality, and efficiency. This thesis addresses these issues by exploring innovative
approaches to HFCVD with a focus on magnetic field assistance and rotational
dynamics. The main contributions and findings of this research are summarized as
follows:

Incorporating magnetic field assistance in the HFCVD process has notably
improved the uniformity and quality of diamond films. The South-North (SN) magnetic
field orientation was identified as the most effective configuration, promoting uniform
grain size and consistent coating thickness across the substrate. This enhancement is
attributed to the optimized distribution of chemical species and improved plasma
stability under the SN orientation.

Introducing rotational dynamics to the magnetic field system further refined the
deposition process. Rotating the magnetic field around the stationary substrate
significantly improved the uniformity of diamond films. The study showed that
rotational speeds of 0 RPM, 1 RPM, and 2 RPM influenced the deposition process,
with higher rotational speeds contributing to more uniform grain size and coating
thickness. This dynamic approach mitigates the limitations of static magnetic field
configurations and enhances film quality.

The studies confirmed that diamond films deposited with magnetic assistance
exhibit superior thermal conductivity properties. This finding is pivotal for applications

in thermal management systems where efficient heat dissipation is critical. The
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improved thermal properties are linked to the enhanced structural uniformity and
reduced defects within the diamond films.

These findings provide a comprehensive understanding of the interplay
between magnetic fields, rotational dynamics, and HFCVD process parameters. The
research highlights the potential for tailored diamond film properties through controlled
adjustments of these factors, paving the way for advanced applications in various
industrial contexts, including cutting tools, thermal management systems, and wear-

resistant coatings.
6.2 Suggestions for the future work

In this study, the focus was on investigating the impact of different static
magnetic field orientations and rotational dynamics on the growth and properties of
diamond films deposited using HFCVD. The findings have significantly enhanced our
understanding of how magnetic fields can influence film uniformity, grain size, and
thermal properties. However, to further advance this field and broaden the applications
of diamond films, several areas warrant further exploration.

Firstly, exploring the effects of open-field and closed-field magnetic
configurations in the HFCVD process presents a promising avenue for future research.
Open-field configurations, where magnetic field lines extend outward and are not
confined within the deposition chamber, may interact differently with the plasma and
reactive species compared to closed-field configurations, where magnetic field lines
loop back into the chamber. Investigating these configurations could provide deeper
insights into how magnetic fields can be optimized to control film growth, uniformity,
and properties. Understanding the influence of these magnetic field topologies on the
distribution of chemical species and energy within the deposition environment is

crucial for fine-tuning the HFCVD process.
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Secondly, diamond films offer a route to improved cutting-tool durability and
thermal management due to their high hardness and thermal conductivity. Future work
should apply the optimized HFCVD conditions developed in this thesis to coat cutting
tools under magnetic-field-assisted operation, explicitly comparing open-field and
closed-field configurations. Building on prior demonstrations of MCD/NCD coatings
for PCB drilling using conventional HFCVD, extending to magnetic-assisted
configurations will enable controlled evaluation of wear progression, cutting efficiency,
and process-dependent failure modes under industrially relevant conditions.

In addition, the effect of magnetic-field strength/orientation and substrate
rotation on film substrate adhesion should be quantified. Translating improvements in
thickness uniformity and microstructural control into reliable tool performance requires
a direct assessment of interfacial integrity under the same process conditions. Adhesion
should be quantified using Rockwell A indentation across the full parameter matrix
(e.g., 0 mT, intermediate levels, and 400 mT; SN vs SS; 0, 1, and 2 RPM), evaluated
using both qualitative failure-mode ranking and quantitative measurements such as
crack radius and delamination/spallation diameter. To complement Rockwell
indentation, progressive-load scratch testing should be used to extract critical loads for
cohesive and adhesive failure and to distinguish interfacial delamination from near-
surface cracking. These adhesion metrics should then be correlated with coating
thickness, grain-size statistics, thickness non-uniformity, and tool wear performance.

Additionally, extending the research to include substrates with different
magnetic properties, such as paramagnetic and non-magnetic materials, will help
determine the versatility of the magnetic field-assisted HFCVD process. Understanding
how these substrates interact with both open-field and closed-field magnetic

configurations and influence the deposition process is essential for expanding the range
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of potential applications. This includes assessing how magnetic susceptibility and
permeability of the substrates affect the growth kinetics and film adherence.

Furthermore, investigating the deposition of diamond films on irregularly
shaped substrates is another important area for future research. Adapting the HFCVD
process to coat complex geometries uniformly, especially under different magnetic
field configurations, is critical for many industrial applications. This would involve
studying the effects of magnetic field-assisted deposition on three-dimensional
substrates and developing techniques to achieve consistent film quality over intricate
surfaces.

Moreover, integrating magnetic field-assisted HFCVD processes with other
deposition techniques could open new possibilities for tailoring diamond film
properties. For instance, combining magnetic fields with plasma-enhanced CVD
methods may enhance film deposition rates and quality. Investigating the synergistic
effects of such hybrid processes could lead to advanced methods for producing
diamond films with customized properties.

Finally, considering the scalability of magnetic field-assisted HFCVD
processes for industrial applications is essential. Future work should address challenges
associated with scaling up the process, including the design of magnetic field systems
suitable for large-area or high-throughput deposition. Optimizing process parameters
to maintain film quality at larger scales, while ensuring energy efficiency and cost-
effectiveness, will be vital for the commercial viability of this technology.

In conclusion, by exploring these areas such as the impact of open-field and
closed-field magnetic configurations, application to cutting tools, substrate versatility,

coating of irregular geometries, integration with other techniques, and future research
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can significantly contribute to the advancement of diamond film deposition

technologies and their industrial applications.
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