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ABSTRACT
NUCLEATION AND GROWTH OF HETEROEPITAXIAL DIAMOND
By

Connie Rebecca Bednarski-Meinke

This thesis describes the growth of single crystal diamond by low-pressure
microwave plasma-enhanced chemical vapor deposition (CVD). Although diamond in
the form of polycrystalline thin films has been deposited by CVD methods in the past, it
has proven difficult to devise methods that induce the diamond crystallites to align and to
coalesce into a single crystal. The method adopted here is based on heteroepitaxy, the
single crystal growth of a desired material on a chemically distinct substrate. Two
heteroepitaxial steps, carried out in sequence, were required. Epitaxial films of metallic
iridium (Ir) metal were grown on lattice-matched single crystal oxides, principally SrTiO;
and a-Al,Os (sapphire). Heteroepitaxial diamond was then grown on Ir, which provides
a good match to the lattice parameter of diamond and is resistant to the high temperature
methane-hydrogen plasma.

Since diamond does not nucleate spontaneously at high densities, methods were
used to stimulate its nucleation on Ir. Low-energy ions, attracted to the substrate from
the plasma by a voltage bias, produced conditions favorable for diamond nucleation with
densities approaching 10'? cm™ across the entire substrate. By terminating the biasing at
a series of time intervals, the sample temperature was quenched and the evolution of

diamond film formation could be followed. Scanning electron microscopy was used to



image individual diamond nuclei and crystallites, their pattern formation, and coalescence
on scales from 10 nm to 10 um.

After 60 minutes of growth, extremely smooth, continuous films of single crystal
diamond were obtained with dimensions the size of the substrate growth region, an area
3.5 mm in dia. By growing for extended periods, to a maximum of 48 hr, diamond plates
of thickness 35 um were produced. Freestanding crystals exhibited (111) cleavage
surfaces, the same as natural diamond, and were transparent in visible light.
Characterization of the material by x-ray diffraction, electron backscattering diffraction,
and Raman scattering confirmed the presence of (001) oriented single crystal diamond.

By optimizing the CVD reactor geometry, this research has led to the highest
density of oriented nuclei yet reported. Coalescence therefore occurs at an early stage,
leading to greatly improved crystalline perfection and homogeneity. The discovery that
sapphire can be used as a substrate to grow (001) epitaxial Ir and diamond promises to
lead to improvements in diamond quality. Sapphire has high thermal stability coupled
with remarkably good crystalline perfection, and is available as large area substrates.

This thesis encompasses studies of substrates, epitaxial growth of electron-beam
evaporated Ir, systematic optimization of biasing procedures, exploration of the vast
parameter space of the CVD reactor, description of characterization tools, and the results
of more than 300 diamond growth experiments. Some new ideas, presented as a model of
diamond nucleation and early growth, may help explain the major improvements

obtained here.



To my parents, Daniel and Reinhild Bednarski

In memory of Opa

v



ACKNOWLEDGMENTS

I am grateful to my advisor, Brage Golding, for the opportunity to work on this
project, and learn what it takes to do real science. His patience and enthusiasm helped
me to focus on a sometimes murky road. I am indebted to our postdocs, Zhongning Dai
and An-Ping Li. Zhongning spent long hours working on the iridium deposition, key to
the success of the diamond films. An-Ping did much of the Raman and EBSD analysis.
Our group shared every frustration and triumph equally.

I learned that no project of this scope is possible without the aid of knowledgeable
people. Baokang Bi, competent in many techniques, was an invaluable source of
information and encouragement. Reza Loloee helped with EBSD analysis, and
encouraged me in my writing and presentations. A. Refik Kortan is thanked for his
excellent x-ray diffraction work. Professor Jes Asmussen helped in the critical early
stages of the project. Brian Wright taught me how to run a CVD system, and the finer
points of university politics. The “machine shop guys”: Tom Palazzolo, Jim Muns and
Tom Hudson cannot be thanked enough for their patience in getting a job done just right,
on a tight schedule, with a willingness to work with whatever material we needed. Ann
Kirchmeier and Darla Conley were a great help in ordering those materials and tracking
things down, as well as giving an encouraging word.

My labmates, Ryan Kruse and Mahdokht Behravan, set excellent examples of
hard work and focus. Ryan is thanked for sitting through countless lunchtime diamond
discussions, and his help and enthusiasm with the Fourier analysis. Mahdokht, one of

few who truly understood the difficulty of this project in all aspects, is thanked for her



unending supply of encouragement and positive feedback. I also want to thank Lowell
McCann for teaching me valuable lab techniques, and useful discussions.

Finally, I never would have attempted a Ph.D. without the love and support of my
family. My sister, Melinda, never doubted I could do it, and was never shy of telling me
so. My parents have been behind me the entire way, and my brothers, Dan and Michael,
warmed a competitive streak in me early on. My husband, Jan, my rock and my

shoulder, was with me at every step.

vi



Table of Contents

LIST OF TABLES ...ttt st sne s nes X
LIST OF FIGURES .......coociiiiiiiiiiinteietrtetnrcente ettt eses et sae e sae e nae e naes Xi
CHAPTER 1 INTRODUCTION ......ccociiiiiiiiiiiiiicietcciectecree et sseene 1

CHAPTER 2 DIAMOND: STRUCTURAL PROPERTIES AND

CHARACTERIZATION METHODS.........c..coirrtrieieenreneneneeeee e 4

2.1 Diamond Crystal StHUCIUTE ..........cccuivrererrerrrenrenreenentnnrisreneesesseseessessessessens 4
2.2  Carbon bonding in diamond leads to unique properties ............ccceceeueneen. 5
2.3 Epitaxial film structural analysis t0OlSs.........c.cceecervervrerrerrrereenenrenrensiesrerennnes 7
2.3.1 Scanning €lectron MiCrOSCOPY ......ccuecveveeererrerieruenrentnereerenseseeeeesresnens 8
2.3.2  Electron backscatter diffraction (EBSD) ........ccccevvevviieeivciecenceenenen. 11
2.3.3  Raman SPECITOSCOPY ...ceevererrenerseeseesensenseneeneesessessessessesseneenessessessaneesens 12
2.3.4  X-ray diffraction .....cc.cccceeciiieecrecninicecceceese et snes 15
23.5  Atomic force microscopy (AFM) ......ccccoeeirenirnrnnccneneneneeneeeneennene 19

CHAPTER 3 BASICS OF CRYSTAL NUCLEATION, EPITAXY AND PLASMA

DEPOSITION ...ttt seeseessstesses e saessesaessesesaens 21

- 3.1  Nucleation: qualitative ideas.........c..cecerreerereerirsereninenrenenieenenreerenesesaenns 21
3.2 EPItAXY .cciicieieiereerentieneneesteie ettt ettt b e ae sttt s s e sresaesae s nens 22
3.2.1  Crystal growth modes ........c..ceceeeiererirnieiinirereeee e 23
3.2.2  Substrates for diamond epitaxy.......c.cccocererrerrenierrerrenienieneeneeeeneenens 24
3.2.3  Other SubStrate Criteria..........cecceverersersuenrenserseesienresseseeseessessessesseneens 26
3.3  Thermodynamics and kinetics of diamond nucleation.............cc.cccceueuenene. 27
3.3.1  Chemical vapor depoSition ..........c.cceeveerereeruersersvesresseesunsresesseessessessens 27
3.3.2  Development of vapor growth methods for diamond growth.............. 28
3.3.3  Diamond chemical vapor deposition methods...........ccccoeeeiriiinucnns 29
34  Plasmas and chemical vapor deposition of diamond..........c.ccccccurverreruennne 29
3.4.1  Properties of plasma.........c.ccceviririirnieninienenerreeseeeereee e 30
342  Microwave plasma discharges.........c..ccceoueeureuenirsenieencncnneninceenncnene 34
3.5  Models of diamond nucleation for vapor phase growth ...........c.cccceeeenne 34
CHAPTER 4 PRIOR STUDIES OF EPITAXIAL DIAMOND GROWTH ................... 36
4.1  Definition of diamond heteroepitaxy ...........cccceverveeerrenreneereereeeneseereriennens 36
42  Diamond epitaxy on bulk SubStrates..........c.ccccecerverrireneneenrrecnreneeniiennens 40
4.2.1  Cubic boron Nitride ..........ccceeeveerrenirniiiniiinriereteeeeccer e 40
422 NICKEL...oieiceecte ettt 41
423  PlatiNUm....cc.cooiiiiiiieieee et 41
4.2.4  SIlICOM et 42
4.3  Diamond epitaxy on thin films ...........cccecieriiiiiiiniiceeeeecceeeen 42

vil



43.1  Pt{111}/sapphire{0001} and Pt{111}/SrTiOs{111}.....cccc0evrvrerueuc.... 42

4.3.2  B-SiC/SIuuuiiiiiiiiiniiitncttteetseeetetee ettt an 43
433 IHAIUML.o et 44
44  Comments and PETSPECLIVES........ccevurruerrerrerienereseereeiereeeessansessessessesseses 48
CHAPTER 5 THE BIAS PROCESS .........ooiiiirieieiniiieteeeseesreee e ee e esseae e ssennennas 49
5.1 Seeding for diamond growth.............ccccecuevureierenienieeeeceee e 49
5.2 BISING ..ccouiriieirirerinereestee sttt se st saestesae e s s e e e e s ee e s e neaeaennens 50
5.3 Models and mechanisms for diamond nucleation due to BEN................... 50
5.3.1  Ion bombardment...........c.cccrerrivirreneninienenierinesene e 51
5.3.2  Electron €miSSion..........coceeuierinerienineeneenienieneesesessesseseeseeseeaessessenaens 57
5.4  The secondary plasma............cccceveeveriereeierieieieerecreee e 59
5.5  Biased enhanced nucleation on iridium..........c.coeeeeeerevenvenreneneeeeeeenenn, 64
5.6 SUMMATY .....ccoocuiiriiitiieienterenrenrestesesese sttt ssestesaessesaesaesasssessessessanes 65
CHAPTER 6 SUBSTRATE PREPARATION FOR DIAMOND HETEROEPITAXY .21
< 6.1 Chapter OVETVIEW .....c.ecurieieiereriieeristeeeesseseeessestessesessestesessessssenssssssessens 66
6.2  Substrate preparation for iridium deposition .............cccceverrereeeerecenrennenene 67
6.2.1  Strontium titanate substrate preparation ..............cocecceverererrerereerennnens 68
6.2.2  A-plane sapphire substrate preparation..............ccceeerieruerieeenenennennens 70
6.3  E-beam iridium deposition...........cccceeuevuenienenenieneeiennesreiesseseesresressessessens 73
6.3.1  Procedure on strontium titanate and sapphire..............ccceereererreererrennen. 74
6.3.2  Description of iridium growth mechanism on strontium titanate and
SAPPIITE ....viniiiriiiictctet ettt sae st sene 74
6.3.3  Structure and morphology of Ir films on SrTiO;......ccccceevevreeerrinnrnnene 75
6.3.4  Temperature dependence of iridium morphology on SrTiOs .............. 79
6.3.5  Morphology and structure of iridium films on (1120)AL,O;.............. 82
6.3.6  Backside COAtING........ccccvevriririeisieiieirenienesesesee e ereesaenesaesesaessessesaens 83
26.4  Silicon Preparation...........cc.ccceveveeererieneseneseeeeseeseeeessessesseseessessesaesaessenes 84
6.5  SUIMMATY ...coiveiviiiiiiieieietertetest et et ss et e s e eressae s e s essessessessessenseseens 85

CHAPTER 7 MICROWAVE PLASMA CHEMICAL VAPOR DEPOSITION OF

DIAMOND ....ooiiiiiniienenineeststententssssssessessessessessaeseesssssesesssessesssssessansons 66

7.1 ChapLer OVEIVIEW ....cveeuieeieuieieieieieeeeesteteste e sseesseseesessessesesessessesennens 86
7.2  Chemical vapor deposition SYSteIM ...........ccccevuerrierurerrerverresreessessuesesnenses 86
7.2.1 Reactor and vacuum chamber............cccocoeenviriiiiinieniniecececeee 87
7.2.2  Gashandling ...........cocovieveiinvienienieniiieesenenr et sae e nens 90
7.2.3  Modifications for biasing..........c.cccccerererieneniniienirieesierie e seesresaens 91
7.24  COMPULET OPETALION ......ceueeeeeureeerereieeensessesseeseeeeaessessessesessessessensens 93
7.3 Operation ProCEAUIE..........c.cccvrrrirreeriirieenriereeraeeeesseessessessesssassassessesssassens 93
7.3.1  Procedure for heteroepitaxial diamond growth on iridium.................. 94
CHAPTER 8 HETEROEPITAXIAL NUCLEATION OF DIAMOND........ccccccecunuennen. 97
8.1 Chapter OVETVIEW .....c.civiiietieiinirtiteneeseeseessessessnesessesssesessessessessensensennens 97
8.2  Role of bias current density ...........ccccvveeeerrierienienniiniieneesenreseerese e eeens 98



8.2.1 Arcing during biaSing ........cc.ceceveeeeveeiieninininerene e 101

8.3  Improving bias cONdItions ..........ccceceeererverrrerreieieresereeee e 103
8.3.1  The molybdenum cap and sample holder ...........cccecervvrvrrrinenennennen. 107
8.3.2  Sample height relative to the plasma...........c.ccocvvreininvnnininenennen. 108
8.3.3  The secondary plasma.........cccccecveeeerrrerreeeieenvernsnerererenseesneesseesessesses 110

8.4 0* growth experiments — The effect of biasing on Ir/SrTiO; and Ir/Al,Os

............................................................................................................ 111
84.1 Bias experimental procedure (07 growth)..........cccccevvvvevevvrrerenrernnnnns 111
8.4.2 20 MIN DIAS...cciiiiiiierieenietrtesteeee ettt siesaaen 113
843 60 min to 80 Min bias.........ceeeevuerenrieveereenenenieneenieseeeeseessessessessesenns 115
8.4.4 120 and 180 min bias .......c.ceceeveeverveenrenrerieinnneeresieeeeseeseeseessessesseenees 117

8.5 Quantitative analysis of 60 min bias on Ir/AL)Os......ccccoveeveivernrenerenennen. 119

8.6 DISCUSSION.....ccueeuiiiriictiresestesaestesresaestessaetesaessseseessessessesssesessessessassanses 124
8.6.1  Nucleation and early growth model of heteroepitaxial diamond....... 126

8.7  SUMMAIY ..coiriiriiiiiiecieceert ettt st e e s e e seesaesaesresnnen 127

CHAPTER 9 HETEROEPITAXIAL DIAMOND GROWTH: CHARACTERIZATION
AND ANALYSIS ... oitrteeterteeeeeetestente e e seessessetesessesaessesessessesassnsnas 86

9.1 Short growth experiments - < 3hr growth time............ccccoveeveevineccnennen. 129

9.2  Progression of diamond growth — It/StTiO3....ccceccrveeiveceninencnrieeinene 130
9.2.1 Early stages of growth — analysis using 2D-FFT.............cccccceennnee. 130
9.2.2  Complete coalescence — 30 to 180 minutes of growth ...................... 132
9.2.3  Comparison with other results by other groups........c.ccccccoervecerernee. 133
9.24  X-ray diffraction studies on 180 minute diamond films.................... 135
9.2.5  Effect of small angle substrate offcut — It/SrTiOs......ccccoceevveerenenne. 138

9.3  Evolution of diamond growth — Ir/ALOj3...c..coveveeveniririecireceeereneee 140

94 Thick fIIMS — IF/SITIO i it e e s esare e s seaanees 142
9.4.1 SEM CTOSS-SECHIONS .....coueeveveerrerneeerreenerreeneteeeseereesesneesnesaesseneeseans 145
9.4.2  X-ray diffraction ......c.ccceeveeveerereesennienenenee et 147
9.4.3  Electron backscattering diffraction...........ccccccvvvverienernrniccnnenneenenne 148
9.4.4  Raman MICTOSCOPY....cccerererrrerrererersresseeessersnessaesseessesssasssessasssaessessaesses 149

9.5 SUIMMATY .....ooovirierieieieneereecee et eseeseeseeessesseesee st esstesseessasssesssessesssensns 152

CHAPTER 10 CONCLUSIONS AND OUTLOOK........cccectrrierreriinirieienrenesseeeeeasaenes 129

10.1 Summary of this research...........ccocevieiiirieriiiniicicceeeee e 154

10.2  Suggestions for further Work ...........ccccocereriniiieninincccrceeeeee 156

REFERENCES ..ottt sttt tessese st esessesaesse st e e sassessesessesaenseneas 158

X



List of Tables

Table 1 Coefficient of thermal expansion for various substrate materials used in

diamond heteroepitaxy (at 300 K). ........cccoceeverrerrininiinirieseneece e 25
Table 2. Properties of a typical microwave plasma discharge (45). .......ccccovvevvevveeennnnene. 34
Table 3 Summary of diamond epitaxy experiments on bulk crystal substrates................. 38
Table 4 Summary of epitaxy on thin film single crystal substrates.............cccccceeverrerenrenene 39
Table 5 Sample preparation for Ir and diamond growth system.............cccceevevrererennnnene. 45
Table 6 Growth parameters for groups studying diamond heteroepitaxy on Ir................. 46
Table 7 Diamond nucleation 0N Si...........ccoceceeveiiieriiinenseieneieeereeesiesee e sae e sessessesens 98

Table 8 Data from experiments carried out using the sample configuration in Figure

B3 et et s e s b e et s et s b e s ae e e aesaenesre s 100
Table 9 Comparison of diamond growth on Ir with growth on Si........c.cccccevvivinvrnnenenne. 103
Table 10 Parameters for carbon saturation of the Ir surface during biasing.................... 106
Table 11 Calculated values for a 2D hexagonal array. ..........cccccceveeverineencnireeencreeereneaes 124
Table 12 Bias and growth parameters for short growth experiments..........cc.cccceeervennee 129
Table 13 Bias and 2-step growth CVD conditions for thick diamond samples............... 142
Table 14 Cross-section thickness measured from SEM or optical micrographs. ............ 145



List of Figures

Figure 1 Diamond 1attice SITUCLUTE. .........ccceveviririinerieiieeeeiree e see e ereenens 4

Figure 2 Diamond structure as two superimposed FCC lattices displaced by a¢/4 along
the body diagonal..........ccciviiiieririiiieieneerereeree et e neneens 5

Figure 3 Schematic of a scanning electron miCroSCope. ...........ccceveverveerevveveveeveenereereneneen. 8

Figure 4 Penetration depth of various electrons and photons produced by electron

beam interaction with the sample. ..........ccocceeniniiineniineeee e 10
Figure 5 Raman Scattering SEOMELTY. .........ccccevveuirierererirenieesieeseeseesesaeessesessessssessssesasens 13
Figure 6 X-ray sScattering SEOMELTY ..........cccveveeurrirrererrnerenieersereseeressessesensesesseersesessssessens 15
Figure 7 The Bragg condition for constructive interference............c.coceveevrverreveriecenrerennnns 16
Figure 8 Ewald CONSIIUCHION .........ccceiririiniiniiiictreserecste et esee et asseevesaese s saeanes 17
Figure 9 X-ray diffractometer 8eometry.............cccovirueiriniiincrnecenee et 18
Figure 10 Schematic of an AFM in tapping mode...........ccccecevuevererenicinenrresieecreeeeeenee 20

Figure 11 The three growth modes as a function of surface coverage, 8, in
INOMOIAYETS. ....cceveeenerenirrrereeiessesertesesteessestesestssessesessenessentesessesessensssesesessssenesseses 24

Figure 12 Laboratory and space plasmas on a density (n) vs. electron temperature (T.)

1OZ-10Z PIOL.....ceiiriiiiiiieetcecete ettt ettt s a e sae e eas 31
Figure 13 A DC Plasma glow discharge between two parallel plates ...........ccccocecvruenneee. 33
Figure 14 Nucleation and growth model of diamond growth on a substrate .................... 35
Figure 15 SEM micrograph of a 1.5um thick diamond film on

(111)P/Ir/Pt/(0001)sapphire SUDSLIALE .........ccceerveerieerieeecreeireeireeeesteeieeceeeseeeeees 43
Figure 16 Plot of nucleation density for negative bias voltages keeping the time-

integrated current constant for each data point ...........ccoceceveveventrcenieeieeeneneenne 55
Figure 17 H, Balmer line (A=656.3nm) intensity..........ccccceverereneneneeneenenierenenieneeeneenes 60

Figure 18 I-V curve for a diamond coated silicon substrate, a silicon substrate, and a
clean graphite sample hOIder. ...........cccevveiiieeerviineneccecereceee e sr e 61

Figure 19 I-V plot for a bare silicon substrate and a diamond covered silicon substrate ..62

xi



Figure 20 SrTiO; unit cell. ag = 0.39050 NM .......ccoovieiiiirrerenereceeee e 68
Figure 21 SrTiOs structure with TiO;-terminated surface. ...........cccoeceeeeveveenenenerreneenens 68

Figure 22 SrTiO; surface AFM scan after ultrasonic cleaning for 10 minutes each in
acetone and methanol, followed by DI water rinse. ...........cocevuevervveveceirennrenrennens 69

Figure 23 AFM image and 3D profile of typical SrTiO; surface after surface

PIEPATALION. ....cueeuirreeniririenteneeeteraeestessestessessseessasstesnssssessesssssssesssessessaessessnessessses 69
Figure 24 Representative AFM images of two different a-plane Al,O; substrates. ......... 70
Figure 25 Schematic of sapphire structure, unit cell, and orientation of (1120) plane.....71
Figure 26 Surface of (1120) a-plane of ALyO3. .......ovvereereeeeereeeeeeseeeseeseeeeseeesesesseseennn. 72
Figure 27 Possible epitaxial relationship of (001) Ir on (1120) AL O3 .cevereeverrereennnee. 73
Figure 28 X-ray 20-0 scan of Ir on SrTiOs using Cu Ka radiation. .........cccceveeerervenenne. 75
Figure 29 The Gaussian linewidth extracted from a least-squares fit to the data: 0.03°

for (200) SrTiO3and 0.19° for (200) IT........ccccererrrrrreeerereiseeeerresesesesssssesessssnnes 76
Figure 30 1x1 umz area AFM images of Ir on SrTiO; ....cocvevivienencnenineneceeeneeeeeeene 77
Figure 31 Ir roughness vs. substrate thickness measured from 1x1pm AFM scans.......... 78
Figure 32 X-ray analysis of Ir (200) vs. film thickness.......... oottt aetesaesasnasaeas 79
Figure 33 1x1 pum AFM scans of Ir on SrTiO; deposited at different substrate

TEIMPETALUTES. ...ceveererrenererereneereeeseessnnesseessneseseesssssssesenesssessssaseseesssessnnesseesasesssesns 80
Figure 34 Iridium roughness as a function of deposition temperature. ............cccccerveunenee. 81

Figure 35 X-ray rocking curve width of Ir (200) as a function of substrate
TEMPETALUTE. ....oeeiicireiierererireeireseseesetteessresesseesesseessressssasesssesesseessssaessneesasseessneses 81

Figure 36 X-ray diffraction rocking curves for 300 nm epitaxial Ir grown on (1120)

ADO 3. ettt et s bbb 82
Figure 37 AFM scans of (1120)sapphire substrate before (upper) and after (lower)

(O01)Ir AEPOSILION. ....ceeerererueenrerieeteeeerertesneseesnteereesee s e eseesaeesstesaeesnessesasessesasennens 83
Figure 38 Microwave plasma CVD diamond reactor SySt€m.............oceevevererurrererernenenenes 87
Figure 39 TMy,; Electromagnetic mode of reactor Cavity. ...........ccceeeereeererreeeseererererenens 88

Xii



Figure 40 Cutaway scale drawing of CVD reactor. The base plate rests on the

VacuUumM ChamDbBET. ......ccociiiiiiiiieiriccceccc et 89
Figure 41Exploded view of CVD stage and sample holder setup. ..........cccccevvrverrerceenenen. 91
Figure 42 Circuit for bias SEtUP. ........ccevueriiiieiiiniiirtrneteeetcteeree e 92
Figure 43 Sample holder, sample platform and bias stage with Si mask and 2x2 cm?

Mo sample hOIder. ........coeiiioirieireeecce e 99
Figure 44 Highly ordered diamond grown on (001)Si.......c..cccceevininicncninininincncnnenn 100
Figure 45 I(t) profile for biasing on Si (22-Apr-00). ......c.ccocevirerininrerinivceiceeeeenenn 101
Figure 46 Illustration of the Mo sample holder and arrangement on the stainless steel

PlAtfOTTN......ooiiiiiieeetc ettt 102
Figure 47 I-V of round cap geometry with Ir/oxide substrate ............coceevevuereneenrennenenes 103
Figure 48 Temperature vs. pressure at -150V bias and OV bias. .........cccccevvercevecirenennene 104
Figure 49 Growth temperature at 32 Torr as function of microwave input power.......... 105
Figure 50 Temperature as a function of negative bias voltage at 32 Torr.. ...................... 105
Figure 51 SEM images of sample (17-Jul-00) with conditions of Table 10.................... 107
Figure 52 Sample 07-Nov-2000 after standard 60 min biasing and 3 hr growth. ........... 108
Figure 53 The temperature during bias vs. sample holder height; relative to the fixed

stainless steel platform in the CVD reactor. .........ccceeceevienerneniennenninnecneenineenes 109
Figure 54 Cross-section of the bias stage and the sample holder .............ccccceunrvrrnnnnncn. 110

Figure 55 SEM image of sample 20-Jul-02 of (001) Ir on SrTiO; after 20 minute bias .113

Figure 56 Center region of 20 min sample (20-Jul-02) .........cccocceverviiniicinninininicncncnnens 114
Figure 57 20 min bias sample (20-Jul-02) SEM image. ........ccccecerererenenenenrenecreneennens 114
Figure 58 High resolution SEM image of 20 min bias sample (20-Jul-02)..................... 115
Figure 59 Central region of 60 min bias sample (18-Jul-02).........ccccecvvererervvivcrennene 116
Figure 60 SEM image of 80 min bias sample (22-Jul-02).........cccecerrerennernnceencneruenenns 116

Figure 61 Edge (within 200 pum of the inside cap edge) of 60 min bias sample (21-Jul-
17 OO OO 117

Xiii



Figure 62 120 min bias sample (08-Sep-00). 30° sample tilt...........ccceovererrrerrrrrrrrnerennes 118

Figure 63 Corner of 180 min bias sample (08-Sep-00). 30° sample tilt. .............cocoo...... 118
Figure 64 SEM scan of 180 min bias sample (08-Sep-00). 30° sample tilt.................... 119
Figure 65 High resolution SEM image of 60 min bias sample 12-Apr-02............cc..c..... 120

Figure 66 Equalized SEM scan (left) of sample 12-Apr-02 and its binarization (right). 121

Figure 67 2-D power spectrum of the binarized image shown in Figure 66 and its

adial CrOSS-SECLION .....ccvevvruirerierinrenrententetsstetistetesteee et e e sesessessessessessesaesaans 122
Figure 68 Radial distribution function plot of 60 min bias sample ..............c.coceveurrnnee. 123
Figure 69 Model for heteroepitaxial nucleation and growth of diamond on Ir ............... 126

Figure 70 SEM micrograph of the sample surface after 60 minutes of biasing plus 1
minute of growth (17-Jul-00)..........ccuevervieieriirrerertecerece e re e e e ereennens 130

Figure 71 SEM micrographs of 5-20 minutes diamond growth and the corresponding
2-D POWET SPECETA. ....ccveuierenreererreeseetesreestesnesseessesstsssesseessesssessesssessesssesaassaesnons 131

Figure 72 Diamond on Ir/SrTiO;, (a) 30 min growth SEM image sample 21-Jul-00,
(b) 30 min growth AFM scan of 21-Jul-00, (c) 60 min 09-Apr-01, (d) 180
MIN, 23-JUN-01. oottt esenreeesssresesssseresssssressssastessessesssnts 132

Figure 73 (1a) SEM micrograph of the center of a 173 nm £ 2 nm thick diamond film
on (001) Ir/SrTiO; grown in this study. (2a) SEM micrograph of a 600 nm
thick diamond film on (00 1)Ir/SITIOx ...cuviiieeieceeecrieeeecree e eaeeraeennes 134

Figure 74 (1b) SEM micrograph of the edge of the diamond film shown in Figure 73
(1a), 1.5 mm from the center. (2b) Edge of the epitaxial area of the film

Shown in Figure 73 (2a).....cccoeevievinieieeeeienenesiene et et esse et saeeseens 134
Figure 75 {111}-¢ X-ray scans of 180 min diamond on Ir/StTiOs. ......ccceverererennnne. 136
Figure 76 (OKL) X-ray area scan of a 180 minute diamond film on Ir/SrTiOs............... 137
Figure 77 Scanning electron micrographs of diamond on Ir on offcut SrTiO;

SUDSITALES. ....ceueeterieeieeneeentestestestestet et e e ssessesaessessessessessassessessnsseseenseneeseesessenne 138
Figure 78 AFM scans of diamond on Ir on offcut (001) SrTiOj; substrates .................... 139
Figure 79 RMS roughness of diamond on Ir on offcut (001) SrTiO; substrates. ............ 139

Figure 80 SEM micrographs of diamond on Ir/A1,0; grown for 5 min (left) and 180
MIN (TIBRE). ¢ttt ettt s ae s 140

Xiv



Figure 81 SEM scans of short growth on (111) Ir/Al,O; and the corresponding 2-D
POWET SPECITA. ...evveeneireieererrereureesiesiesnessssesessessossessssnsssssesossesesssessssessssssssssassneess 141

Figure 82 (a) Typical surface of a diamond film grown for 6 hr on Ir/SrTiO;. The
white speck is a piece of dust. (b) Fractured piece near the edge of the film
that shows a cleaved SUrface. ..........coceeeeveriierinnieccnirceeeeee e 143

Figure 83 (a) Edge (approx. 1.5 mm from center) of the 12 hr diamond film on
Ir/SrTiOs. (b) Macro steps at the center of the film scanned with AFM. ........... 143

Figure 84 (a) A complete diamond film grown for 48 hrs on Ir/SrTiO;. The substrate
broke in half during cooling. (b) Center of the film showing a crack in the

upper right-hand corner, and hillock-type defects.........cccccecereirversernencerncnnenen. 144
Figure 85 Optical micrograph of a single crystal slab of diamond............c.ccocerverincnnen. 145
Figure 86 Cross section of 25 um film showing cleavage angle of (111) plane.............. 146
Figure 87 Fracture surface of a 25 um diamond film revealing the (111) plane............. 147
Figure 88 Thickness dependence of the X-Ray rocking curve linewidth of diamond on

IE/STITIOS. coeeericeeeneenenrenteenreeteenesteretsesseseesests e ssssesssesesaessssessesassessensassnsanssses 148
Figure 89 {111} pole figure from EBSD measurements on a 10x10um area, 120

SEPATALE POINLS .....veeiveiereirrieeieerieeerteisteeseeeseessreesseseseesssnssseessaesssesssesssessssessesesessnes 149
Figure 90 Raman spectrum of a 25 pm (001) diamond film on Ir/SrTiO; ...................... 150

Figure 91 Polarized Raman spectra for 35 pm film. The arrow points to 1332 cm™.....151

Figure 92 Depth profile of Raman peak shift for 35 pm film........cccocevinninnnnnininne. 152

XV



Chapter 1 Introduction

Heteroepitaxial growth of advanced electronic materials depends on the
development of suitable lattice-matched substrate systems. Diamond is of particular
interest since, as a wide bandgap semiconductor, it may prove advantageous in devices.
Progress in diamond heteroepitaxy was instigated by the growth of highly-oriented
crystallites of diamond on silicon, despite the existence of a large lattice parameter
mismatch (/-3). A significant advance occurred with the discovery that epitaxial iridium
films, grown as a buffer layer on magnesium oxide (MgO), could serve as a substrate for
the nucleation and growth of chemical vapor deposition (CVD) diamond (4-6). With a
lattice parameter 7.5% larger than diamond, Ir appears to have the requisite long-term
chemical and physical stability in the high-temperature environment of the CVD
hydrogen plasma. Recently, the use of strontium titanate (SrTiO;) as a replacement for
MgO has proven useful in decreasing the mosaic spread of the epitaxial Ir and the
resultant heteroepitaxial diamond (7, 8).

In parallel with heteroepitaxial growth efforts, the conditions for achieving high
diamond nucleation densities on various substrates have been extensively examined. The
bias-enhanced nucleation process (9), in which a negative voltage applied to the substrate
results in its bombardment by low-energy positive ions extracted from the plasma, is a

key step for inducing the formation of diamond nuclei. It is important that the nuclei



adopt the underlying orientation of the substrate and that their density be maximized, so
as to lead to rapid coalescence of crystallites during the early stages of growth. Although
the conditions that lead to effective nucleation are well known in principle, there is little
agreement on the physical mechanisms that underlie the process. The process is also
system-specific to some degree, depending on details of reactor geometry and a multitude
of processing parameters.

This thesis details the results of a series of investigations of nucleation and growth
of CVD diamond grown on epitaxial Ir with a (001) oriented surface. The oxide

substrates utilized for Ir growth included (100)SrTiO; and (1120) AL,O3, although

(100)MgO and (100)LaAlO; were also studied. Prior to Ir deposition, special emphasis
was placed on the preparation and characterization of the low-index substrate surfaces. A
bias-assisted step was developed and optimized to produce high densities, of order 102
cm across the Ir surface, irrespective of the underlying oxide substrate. High
nucleation densities resulted in growth of (001) single crystal diamond films exhibiting
homogeneity on a scale of mm.

In the course of the investigation, a significant advance was made in observing the
very early stages of growth of epitaxial diamond. This will lead to an understanding of
the mechanisms behind single crystal growth and nucleation as they apply to diamond as
well as other lattice mismatched systems. This in turn will lead to the realization of
superior materials properties of diamond.

The outline of this thesis is as follows:

Chapter 2 covers the crystal structure and bonding of diamond as well as the

analytical tools used for studying iridium and diamond films. Chapter 3 provides a



background for understanding nucleation and growth of diamond. Microwave plasma
CVD is described, as well as basic properties of glow discharge plasmas. Chapter 4
reviews the current status of diamond heteroepitaxy, and places the present work in the
context of previous investigations. Chapter 5 describes the biased-enhanced nucleation
method for diamond, and the physical mechanisms that lead to nucleation. The
“secondary plasma” is discussed and its role in creating conditions for enhanced
nucleation. Chapter 6 describes our methods for substrate preparation and epitaxial Ir
with results for SrTiO; and a-plane Al,O; substrates. Chapter 7 discusses the microwave
CVD reactor configuration and procedures used to grow heteroepitaxial diamond on Ir.
Chapter 8 describes our nucleation results, showing the relationship to bias current
density, and provides a rationale for our high nucleation densities. We also present a
model for the nucleation and early growth of heteroepitaxial diamond. Chapter 9 presents
results of diamond growth, characterization of thick diamond films, and a comparison
with previous reports. Chapter 10 summarizes the major findings and makes suggestions

for further work.



Chapter 2 Diamond: structural properties and

characterization methods

2.1 Diamond crystal structure

The diamond crystal structure is face-centered cubic (FCC) with lattice parameter
29=0.3567 nm with a (0,0,0) and (1/4,1/4,1/4) basis, Figure 1. It can be viewed as two
superimposed FCC lattices, one displaced by ag/4 along the body diagonal of the other

(Figure 2). It belongs to the space group Fd3m.'

Figure 1 Diamond lattice structure. The arrows show the primitive translation vectors.
Nearest neighbor bonds are shown by the solid lines with bond length 0.154
nm. 3=0.3567 nm

! Space groups: The combination of all available symmetry operations that generate space-filling periodic
lattices. There are 230 total space groups. Fd3m is a cubic space group. (10)



Figure 2 Diamond structure as two superimposed FCC lattices displaced by ay/4 along
the body diagonal. Dark lines show tetrahedral bonding.

2.2 Carbon bonding in diamond leads to unique properties

Carbon is a group IV element and in the diamond form is the prototypical and
eponymous structure for silicon, germanium and gray tin. Its four valence electrons
hybridize to form tetrahedral sp’ bonds with a C-C interatomic distance of 0.154 nm.
With the exception of the sp? C-C bond, with 0.142 nm e.g., the basal plane of graphite, it
has the shortest bond of any known element, resulting in a highly compact and rigid
three-dimensional crystal.

The electronic band structure of diamond is somewhat similar to silicon. The
conduction band minima occur along the six <100> directions near, but not at, the edge
of the Brillouin zone. Thus, diamond is an indirect band gap material. Whereas silicon
and germanium have bandgaps of 1.12 eV and 0.67 eV respectively, the gap for diamond
is 5.5 eV. This can be compared to other wide bandgap semiconductors, such as IV-IV

silicon carbide (2.9 €V) and I1I-V gallium nitride (3.4 V). The strong sp’ bonding and



the short bond lengths in diamond lead directly to the large bandgap. Although the
indirect bandgap does not allow strong band to band luminescence, the unusual physical
properties of diamond (high thermal conductivity, hardness, high carrier mobility and
breakdown voltage) have made it extremely attractive as a potential replacement for
silicon in specific electronic applications.

Diamond has few carriers excited into the conduction band, even at relatively
high temperatures, due to its wide bandgap. At temperatures as low as 200° C, intrinsic
carrier levels in silicon, rather than dopant levels, begin to dominate the conductivity.
Furthermore, silicon devices typically fail by high temperature degradation due to electric
field induced diffusion. For these reasons, as well as its high thermal conductivity,
diamond is viewed as an attractive material to realize high temperature and high
frequency devices.

The wide bandgap and strong covalent bonding of diamond also contribute to
another unusual property: negative electron affinity (NEA) of the hydrogen-terminated
diamond surface (/7). NEA implies that the energy of the lowest conduction band state
(conduction band minimum) lies above the vacuum level, i.e., the continuum of unbound
electron states outside the semiconductor. Therefore, the electrons at the surface can, in
principle, easily escape into the vacuum, an attractive property for an electron emitter.
Presently, difficulties exist in realizing this idealized picture for diamond. For example,
attempts to introduce significant amounts of donors (electrons) into diamond have been
somewhat unsuccessful, although acceptor doping with boron leads to a level 0.38 eV
above the valence band maximum. Finding suitable substitutional dopants is difficult in

diamond because incorporating foreign atoms into the dense diamond lattice introduces



large strain. This, in turn, may lead to dopant energy levels that lie deep in the energy

gap, far from the band extrema.

2.3 Epitaxial film structural analysis tools

The methods and equipment used to analyze the iridium and diamond films
produced in this investigation are:

1. Scanning Electron Microscopy — This method yields 2-D images of the surfaces of
films at scales from mm to 10 nm. This allows rapid visualization of the
microstructure of the films. We use SEM for initial analysis of grain coalescence,
measuring film thickness, determining cleavage planes, nucleation sites and densities,
and combined with EBSD for crystal orientation determination.

2. Raman Spectroscopy — Analysis of high-energy vibrational modes provides
“chemical” information, principally on the C-C bond type, and the effect of stress.

3. X-ray Diffraction — Yields basic structural information of the films, and the influence
of stress.

4. Atomic Force Microscopy — Produces topographic scans of surfaces with a lateral
scale of a few um, but a vertical scale as small as 0.1 nm. Combined with SEM,

AFM can distinguish between topographic and other constrast mechanisms.

These techniques are explained in more detail below. In addition, we used optical

microscopy with Normarski differential interference contrast (DIC) to characterize

diamond, iridium, and oxide substrates at length scales >10 um.



2.3.1 Scanning electron microscopy

A scanning electron microscope forms an image of a sample surface using a beam
of electrons swept across the surface of a solid sample in a raster pattern. The electron
beam is focused with a system of electromagnetic lenses and a pair of magnetic scan coils

control the position of the beam. A schematic of a SEM is shown in Figure 3.
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Figure 3 Schematic of a scanning electron microscope.



The Hitachi 4700 II Field Emission microscope (FESEM) used for the imaging
work in this thesis has a cold field emission source as opposed to a hot thermionic one
found in standard SEMs. The gun is a tungsten cathode shaped to a very sharp point of
<100 nm radius. The tip is held at a high potential, so the electric field at the tip is >10’
V/cm. This allows the electrons at the Fermi level to penetrate the potential barrier by
tunneling, rather than thermionic emission, giving a field emission source a beam
crossover diameter of 10 nm compared to 10 um for thermionic guns used in
conventional SEMs. A FESEM requires less magnetoptics to demagnify the beam before
it reaches the sample, allowing for greater beam brightness, and sharper resolution. The
Hitachi 4700 II FESEM has three electromagnetic objective lenses that can focus the
beam to achieve a maximum resolution of 1.5 nm at an acceleration voltage of 15 kV
under ideal conditions.

Electron-solid interactions produce a large number of particles and photons. The
most important of these are: Secondary electrons (SE), backscattered electrons (BSE),
Auger electrons (AE) and characteristic x-rays (/2). The penetration depth and origin of

these are represented in Figure 4.
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Figure 4 Penetration depth of various electrons and photons produced by electron
beam interaction with the sample. PE is the incident electron beam. R~10% nm,
but is dependent on the incident electron beam energy as well as the nature of
the material.

For imaging with the SEM, the most important of these are the secondary

1 and the back d electrons (12, 13). With incident beam energies ~10 keV,
secondary electrons have energies <50 eV sharply peaked at 3-5 eV that are produced by
inelastic scattering from weakly bound conduction electrons in the solid. They are
detected using a positively biased collector grid that accelerates them into a scintillator
and they are emitted as photons, recorded by a photomultiplier. The device is called an
Everhart-Thornley detector. The number of secondary electrons depends on the sample
tilt angle. Enhanced emission comes from edges and small particles. This allows the
sample topography image to be formed. The signal that rasters the electron beam across

the sample also scans a beam across a CRT. The output of the E-T detector modulates



the intensity of the spot on the CRT, producing an image map. The magnification M of
the SEM image is:

M=W/Iw
where W is the width of the CRT and w is the width of a single x-scan across the sample.
The Hitachi 4700 II has two SE detectors, one placed above the sample near the last
objective lens, the other at a low angle with respect to the sample.

BSE are electrons that exit the sample after undergoing multiple elastic and
inelastic collisions at large angles. BSE have a broad energy spectrum between 50eV and
E=eU and may also produce secondary and Auger electrons as they propagate through
the sample. BSE move in linear trajectories that are not affected by the Everhart-
Thornley detector because of their high energies. They are instead detected with a
semiconductor detector that gives a signal proportional to the BSE energy. BSE images
have a lower resolution than SE images due to the larger volume of interaction. However
the contrast mechanism for imaging back-scattered electrons is sensitive to the atomic
number (Z) of the sample. With a wide-angle detector below the objective lens where
only BSE with high take-off angles are detected, image contrast is produced mostly by Z-

differences, and topographic contributions are suppressed.

2.3.2 Electron backscatter diffraction (EBSD)

Backscattered electron yield is also dependent on the sample crystallographic
orientation. For a crystalline surface, BSE that are scattered at low angles with respect to
the sample surface will be scattered according to the Bragg condition. Electron

backscatter patterns (EBSP) are formed when the BSE from a crystal undergo diffraction
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as they re-emerge from the surface (/4). Instead of Bragg spots, the diffracted electrons
emerge in a pattern of lines called Kikuchi bands’.

For EBSD analysis, we mount the samples in a CamScan 44FE SEM at a tilt
angle of 70° with respect to an incident 25 keV electron beam. The backscattered
electrons are detected on a fluorescent screen mounted in the vacuum chamber producing
the Kikuchi pattern. A high gain CamScan Ortex CCD camera transmits the image from
the screen to a computer via a video digitizing board. The diffraction image is analyzed
using the Channel4 software package® to index the pattern and obtain the orientation of
the crystal lattice. The sample stage is translated, or scanned, by computer-controlled
movement of the stage in the SEM to obtain a spatial-orientation map of the sample.

A pole figure may be obtained from the series of point-by-point orientation
measurements. A pole figure, a standard measure of the texture of a polycrystalline
sample, is a plot that shows the density distribution of orientations for a selected set of

crystal planes as a stereographic projection (/4).

2.3.3 Raman spectroscopy

Raman spectroscopy is frequently used for characterizing diamond and other
carbon films (15-17). The Raman effect is the inelastic light scattering from internal

excitations, phonons here. Incident light of energy #w is scattered by a polarizable

sample. This process causes a frequency shift in the scattered light of v = @' + % ,

where AE corresponds to the phonon energy — the so-called Raman shift. In a Raman

2 The Bragg condition is fulfilled for all directions of incidence where the wave vector k lies on a Kossel
cone.
3 HKL Technology, 1997.
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spectrometer, the scattered light is dispersed by a grating, which allows peaks in the
spectrum to be resolved, and assigned to vibrational modes of the crystal (78).

In crystals, Raman selection rules allow only near zone-center optic vibrational
modes to participate in first-order Raman scattering* (19). For diamond, the
characteristic first order peak that corresponds to the temperature dependent C-C
stretching mode appears at 1332 cm™' with a linewidth of 1-2 cm™ (15, 20-22). The
intensity of the Raman peak depends on a Raman tensor derived from the crystal
symmetry and the polarization directions of the incident and scattered light. For diamond
(point group Oy,) oriented in the <001> direction, the Raman line in the (001)
backscattering geometry (Figure 5) is a function of the azimuthal angle of the incident

light polarization e, relative to the crystallographic axes.

<001>

Figure 5 Raman scattering geometry. For a (001) crystal surface in the backscattering

geometry, the incident, k_,and scattered, k,,,, wavevectors are in the <001>

in

direction. k

out

group crystals.

is polarized according to the Raman selection rules for Oy point

4 Zone-center optic: those phonon vibrations that retain the full crystal symmetry with non-zero energy at
the zone center (k =0).
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The scattered intensities, /, and 7, , are either parallel or perpendicular,
respectively, to the incident polarization ¢€,. The scattered intensity is related to the
Raman tensor (R;) and the polarization vectors (¢,,€;) by

I=c-Yle, R, -e| ij=123

The Raman selection rules for this case reduce to:

III =0 and

I, =c-d*, for ¢& ||[100] and

I,=c-d’

1, =0, for €, ||[110]
where c is a constant, d is a parameter proportional to the intensity of the incident light
and the Raman scattering cross section, and ¢, is the incident light polarization.

For the Raman measurements described here, a Kaiser Optical Systems
HoloProbe Raman spectrograph coupled to an Olympus BX-60 optical microscope was
used with the 532 nm line of a frequency doubled Nd:YAG laser source. The
polarization measurements used a fixed polarization of the incident beam and a A/2 plate
to rotate the scattered beam polarization. A 100X objective was used on the microscope
for all measurements; this allowed the incident light to be focused to a spot
approximately 1um in diameter. As a result, both lateral (x,y) as well as depth (z) spatial

resolution was possible. A natural type Ila diamond single crystal was used as a

reference, with a single peak at 1332.3 cm™ and linewidth 2.1 cm™. With a high-
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resolution grating, the instrumental resolution of the Raman spectrometer used here is 1

cm™.

2.3.4 X-ray diffraction
X-ray diffraction measurements are done by placing a sample in a collimated,
nearly monoenergetic x-ray beam at an angle, , to the surface of the sample, and

detecting the diffracted x-ray intensity as a function of the scattering angle 26 (Figure 6).

i
-]

Kout

Figure 6 X-ray scattering geometry

The Bragg condition, nAd = 2d sin@, corresponds to constructive interference and
a peak in the scattered intensity, where 4 is the wavelength of the incoming x-rays, d is
the lattice spacing of the crystal, and » is an integer index corresponding to the scattering

order. See Figure 7.
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Figure 7 The Bragg condition for constructive interference

The Ewald construction is useful for understanding the geometry of x-ray

diffractometers. In an Ewald construction, Figure 8, the incident x-ray &, has an angle of

incidence 0 with respect to the hkl plane. A circle is drawn around the origin of I;,,, with a

radius of | ,, |= 27” .
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sample

Figure 8 Ewald construction

Diffraction results along k,,, only if Ak = EM, —IE.,, = 2ﬂ5hu where ﬁ,,,d is the

out

reciprocal lattice vector having length //d. This can be restated as the Bragg condition:

k,, —k, 2sin®

out in

py 7 27A

=| 27h,,, |=1/d = A = 2dsin@

The Ewald circle defines the Ewald sphere of radius 2n/A about C in 3-D.
An x-ray diffractometer is used for precise measurement of the Bragg angles of
diffraction of a crystal. A typical x-ray diffractometer with a 4-circle Eulerian-cradle is

shown in Figure 9.
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goniometer

Figure 9 X-ray diffractometer geometry

The goniometer (a sample mount with three mutually perpendicular axes of rotation that
allows very accurate centering of the sample in the diffractometer) is mounted on a ®-
circle on a horizontal plane with a vertical rotation axis. A y-circle is perpendicular to
the o-circle with a horizontal axis. The head of the goniometer is mounted on a third
circle — the ¢-circle inside of . The detector for the diffracted x-rays is on a fourth
circle, 0, concentric with w, but decoupled from the other three circles. The zeros of the
circles are defined such that x=0 when the ¢-axis is vertical, and ©=0 when the x-axis is

parallel to the incident x-ray beam.

2.34.1 The w-scan or rocking curve

For an w-scan, the x-ray source and detector remain stationary. ¢, ¥, ® and 20
positions are set to a calculated reflection position (i.e. (004) for the diamond structure).

The crystal is rotated a few degrees through the reflecting position about w, and the
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intensity of the signal is recorded as a function of the angle. In the Ewald sphere

representation, the @-scan rotation is perpendicular to 4, .

2.34.2 The 6-20scan, or w-20scan

For the 0-20 scan, both crystal and the detector are moved. The crystal is rotated
by A as for the w-scan, while the detector is rotated in the 20 circle at 2 times the

angular velocity of the crystal rotation, A26=2Aw at all times. In the Ewald sphere

representation, the 6-20 scan is in the direction of & il -

2.3.5 Atomic force microscopy (AFM)

An atomic force microscope uses a very sharp tip of radius <30nm to map the
morphology of a sample surface on a scale of a few 100 nm to roughly 10 um. The tip is
at the end of a cantilever with a spring constant of the order 1 Newton/m. We use a
Digital Instruments model 3100 in tapping mode with a Si tip to image the samples. In
tapping mode, the tip is oscillated in air near the resonant frequency of the cantilever
using a piezoelectric crystal (23). The oscillating tip is brought near enough to the
surface of the sample to touch. Changes in the topography as the tip rasters across the
surface causes damping of the oscillations. The oscillation amplitude is maintained by a
constant feedback loop in the system controller that interprets changes in signal
amplitude as changes in topography. The movement of the tip is tracked by a
photodetector that captures the light signal of a laser focused on the backside of the
cantilever as it moves across the surface. A schematic of the system is shown in Figure

10.
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Figure 10 Schematic of an AFM in tapping mode (23).
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Chapter 3 Basics of crystal nucleation, epitaxy and
plasma deposition

This chapter presents a brief description of crystal nucleation, the principle of
epitaxial growth and crystal growth methods that were used in this work, particularly
chemical vapor deposition (CVD). The nucleation and growth of diamond is discussed in
this context. A description of DC glow discharges is given, as it will be used in Chapter

5 to explain the phenomenon of the secondary discharge during bias.

3.1 Nucleation: qualitative ideas

The process by which a substance “tries out” another phase is the essence of
nucleation. In any medium, there are thermodynamic fluctuations. In the water-ice
transition, as the temperature of water approaches 0°C, molecules slow down and
occasionally a few attach in a way resembling ice crystals. Most of these “nuclei” break
apart again into liquid phase, but as temperature decreases, attachment becomes more
favorable. Eventually a nucleus reaches a critical size and growth of the crystal is
thermodynamically favored over breaking apart again. Molecules will add to the nuclei
and the transition from water to ice proceeds.

Nucleation can be broadly divided into two regimes, homogeneous and

heterogeneous. Homogeneous nucleation describes a phase transition that is driven by
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thermodynamics. Heterogeneous nucleation, on the other hand, can be compared to a
catalytic process. Formation of a crystalline film on a surface is a heterogeneous process
if the presence of the substrate activates the nucleation. Heterogeneous nucleation is
essential for epitaxial thin film growth, as the growing film uses the substrate as a

template for crystal growth.

3.2 Epitaxy

A crystalline substance (deposit) that grows on a crystalline substrate is said to be
epitaxial if one crystal plane of the deposit crystal and one of the substrate are parallel.
This can be described in terms of the Miller indices of the crystal planes and directions.
For example, (001)4<110>4||(001),<110>; means that a (001) plane of the deposit resides
on a (001) plane of the substrate, with the deposit <110> direction parallel to the <110>
substrate direction. In most epitaxial systems, the coincident growth planes are identical
and of low index. Common growth planes are (001) and (111) for cubic systems or
(0001) for hexagonal systems. The coincidence of high index dissimilar planes is also
feasible. If a matching of two high index planes lowers the interface free energy, then
such an arrangement will be favored in equilibrium. The lattice mismatch, f, between

deposit and substrate is defined as

f= (ayp — ays)

Ays
where ays and agp are the lattice parameters or atom unit spacings of the deposit and the
substrate, respectively. A smaller lattice mismatch is possible if the relative difference

becomes smaller at integer intervals of unit atom spacings, i.e. nagp, mags.
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Homoepitaxy or autoepitaxy describes epitaxial systems where the deposit and
substrate are the same substance. By including dopants in the epitaxial layer, one can
produce thin layers of electronically modified materials on generic, low-cost substrates,
for example, B-doped Si on Si. Growth of diamond on diamond substrates will be
referred to as diamond homoepitaxy. Heteroepitaxy describes deposit-substrate systems
where the epitaxial deposit and substrate are dissimilar and generally lattice mismatched.
Diamond heteroepitaxy will be referred to as the epitaxial growth of diamond on another

material.

3.2.1 Crystal growth modes

Following nucleation, crystal growth generally proceeds by one of three different
modes: island growth, layer by layer, and layer plus island (24). In some cases a
combination of modes may occur. In 3-D island growth, also called Volmer-Weber
growth, islands of deposit first form then coalesce after reaching a critical thickness.
Islands then form on top of this deposit, and again coalesce. Here, the atoms of the
deposit are more strongly attracted to each other than to the substrate. This is expressed
asyp +y >7s, where y* is the interface energy, and yp and ys are the surface energies of
deposit and substrate (25). In 2-D layer by layer, or Frank-van der Merwe growth, single
layers form initially and grow mostly laterally along the substrate surface. For layer
growth to proceed, the atoms in the deposit must be more strongly attracted to the
substrate then each other, i.e., yp + 7" <ys. The intermediate case — layer plus island, or
Stranski-Krastanov growth, occurs if the interface energy increases with increasing

deposit thickness. Usually this is the case for strained layer-growth. In SK mode, the first
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2 to 3 monolayers grow in a layer type mechanism, and then islands grow on the layers.

The three modes are shown schematically in Figure 11.
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Figure 11 The three growth modes as a function of surface coverage, 8, in monolayers
(ML): (a) island, or Volmer-Weber; (b) layer-plus-island, or Stranski-
Krastanov; (c) layer-by-layer, or Frank-van der Merwe growth.

3.2.2 Substrates for diamond epitaxy
For heteroepitaxy, the choice of substrate is dictated by the following
considerations:
(1) Similar structure as the deposit. For diamond this is the diamond, face-
centered-cubic (FCC), or zinc-blende structure.
(2) One, or more, similar lattice parameters. The diamond lattice parameter is
0.3567 nm. Since the C-C sp’ bond is 0.154 nm, most substrates will have
larger lattice parameters than diamond.
(3) Stability of physical properties. The substrate should have a melting point
much greater than the deposition temperatures. For diamond CVD, the

substrate needs to be stable in a hot hydrogen plasma. Matching thermal
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expansion coefficients (o) are preferred to minimize stress during cooling. See

Table 1.
Material a(l0°K’)
Diamond 0.8
Silicon 23
Iridium 6.4
SrTiO; 9
Sapphire 7.5
Platinum 8.8
Nickel 13.4
B-SiC 25

Table 1 Coefficient of thermal expansion for various substrate materials used in
diamond heteroepitaxy (at 300 K).

(4) Surface energy match. Epitaxy is more likely if the surface energies of the
two materials are similar, as is often the case for materials with similar lattice
parameter and chemical bonding. Differences in surface energies lead to the
different growth modes. For epitaxy, layer by layer growth is the preferred
mode because fewer defects are introduced during growth.

In practice, it can be difficult to find substrates that satisfy the above criteria. For
diamond, the small lattice parameter is only one of a number of hurdles that must be
overcome in finding suitable substrates. CVD plasma temperatures are generally 800-
1000°C, leading to rapid etching or decomposition of many substances. Table 1 indicates

that materials used for diamond growth have thermal expansion coefficients much greater
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than diamond. In addition, diamond has an extremely high surface energy, 5.3 J/m? for
the (111) plane, 9.2 J/m” for the (100) plane (26), compared to the substrate materials
used for diamond growth. Large differences in surface energy between substrate and
deposit inhibit formation of nuclei. Consequently homogeneous diamond nucleation
occurs spontaneously only on other diamond surfaces.’

In the absence of an ideal economically attractive substrate, ways to circumvent
the above requirements must be found. Diamond has already been demonstrated to grow
with highly preferred orientation on silicon despite a 52% lattice mismatch, and a large
difference in surface energy (1.5 J/m? for Si(100)). This indicates that diamond epitaxy
on highly mismatched substrates may yet prove feasible. As will be shown in this thesis,
single crystal diamond growth is possible on substrates that provide only a reasonably

good match.

3.2.3 Other substrate criteria

Substrates should maintain phase stability over the span of temperatures
encountered in diamond growth. Furthermore for diamond growth chemical stability,
namely, carbide formation and carbon solubility need to be considered. The role of
carbide formation is unclear and will be discussed below. It is also unclear whether
carbon solubility should be a factor in substrate selection. The two above conditions are
not necessarily mutually exclusive (27). Diamond can form epitaxially on a substrate that
1) forms a flat, well-crystallized, carbide layer under diamond growth conditions, or 2)
forms no carbide, but chemically bond with carbon, and has a small carbon solubility. In

either case, the above criteria limit the choice for substrates in diamond growth.

5 {111} c-BN with surface energy 4.8 J/m’ and lattice parameter 0.3612 nm is an exception.
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3.3 Thermodynamics and kinetics of diamond nucleation

In contrast to the ice-water nucleation, the multitude of condensed carbon phases
greatly complicates diamond nucleation and growth. At CVD temperatures and pressures,
graphite is the ground state of carbon. Diamond is a metastable state of carbon. At room
temperature and pressure, the free energy difference between graphite and carbon is 0.03
eV per atom (28-30). However, there is a large activation barrier between the two
phases, thus graphite is the thermodynamically favored state.

There are in general, two ways to create diamond under laboratory conditions.
With the high pressure, high temperature (HPHT) methods, graphite is compressed and
heated in the presence of a catalyst to thousands of atmospheres and over 2000 K.
Chemical vapor deposition methods, on the other hand, operate at sub-atmospheric

pressures (10'3 to 10! Torr) and temperatures near 1000 K.

3.3.1 Chemical vapor deposition

Chemical vapor deposition (CVD) is a crystal growth technique that involves
chemical reactions at a substrate surface. CVD is related to PVD (physical vapor
deposition) and belongs to the subset of deposition techniques that includes molecular
beam epitaxy (MBE), sputtering, evaporation (including electron beam evaporation) and
laser ablation. Physical deposition processes involve only a state change at a substrate of
the depositing species. Chemical deposition processes proceed using a chemical reaction,
or set of reactions, at the surface. The rate of deposition depends on the reaction rates
and the fluid dynamics of the system (3/). Generally, the exact chemistry that takes place
is usually very difficult to elucidate experimentally, as the system may be far from

equilibrium (kinetically controlled) rather than thermodynamically dominated (at
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equilibrium) (32). CVD may be classified into two general categories: thermal and
activated. In thermal CVD, gas flows past a substrate that is heated to high temperatures
to initiate surface reactions. In activated plasma CVD, energy to ionize gas species is
provided by an external source, such as a plasma or hot filament. Surface reactions are
controlled or strongly modified by the plasma properties. This allows the substrate to
remain at a lower temperature. However, energy from the plasma also leads to heating of
the substrate, blurring the distinction between the two categories. The diamond for this

work was grown using an activated plasma CVD process.

3.3.2 Development of vapor growth methods for diamond growth

CVD methods have a long history of usage for semiconducting film growth (33,
34). For diamond growth, CVD methods were initially complicated by the concurrent
formation of graphite and diamond (28, 35). The realization that preferential etching of
graphite by atomic hydrogen in methane-hydrogen gas mixtures provided the basis for
interest in hydrogen plasma CVD (28, 36, 37). The report of {110} faceted
homoepitaxial diamond growth from mixtures of hydrocarbon-hydrogen gases appeared
in 1981 (30). The process involved a thermal CVD process in a closed system by carbon
transport from a solid graphite source to a diamond substrate using methane, ethane,
ethylene, acetylene, and atomic hydrogen. The growth rate was 1 um/hr at 1000° C. All
other reported methods used before this point, suffered from a slow growth rate of 0.1
pm/hr or less (28). Shortly after, a growth rate of several micrometers per hour was

achieved using microwave and hot filament methods of gas decomposition (38-40).
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3.3.3 Diamond chemical vapor deposition methods

Diamond CVD methods use gas dissociation of hydrogen and carbon into atomic
hydrogen and carbon and methyl radicals. A good review of various gas activation
methods is given in (33). Hot filament CVD (HFCVD) uses a DC filament to ionize the
gases, whereas plasma torches are powered by DC arc discharges. Plasma torch
deposition achieves some of the highest deposition rates recorded — in excess of 60 pm/hr
(41-43). Combustion methods are similar, using a highly exothermic reaction, e.g.
acetylene-oxygen, to heat the gas species. ECR (electron cyclotron resonance) uses an
applied magnetic field chosen so the resulting electron gyration frequency is equal to the
microwave frequency. This allows increased plasma densities by enhanced microwave
absorption (33). RF (radio frequency) and microwave plasmas use electromagnetic
radiation to heat and dissociate the gases to form a plasma. We use the last method.
Microwaves travel from the power source via a waveguide into a reactor where they
energize and dissociate the gases in a bell jar or other confined volume. A ball-like
plasma forms a few centimeters above the substrate. The plasma is confined by the

electromagnetic fields and the physical surfaces of the reactor.

3.4 Plasmas and chemical vapor deposition of diamond

The next section contains a brief introduction to glow discharge plasmas. The
understanding of the regions of a plasma, and the current-voltage behavior is important
for describing the bias-enhanced method we used for diamond nucleation. This is put into
context of microwave plasma chemical vapor deposition — the method used for diamond

growth in this study.
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3.4.1 Properties of plasma

A plasma is a collection of positive and negative charge carriers with overall
charge neutrality (44). The charge neutrality condition gives plasmas some of their
unique properties and distinguishes them from a neutral gas. For instance, electric and
magnetic fields strongly influence plasmas. Charged particles of plasma will rearrange
themselves to shield external and internal electrostatic fields to preserve charge
neutrality. Charge neutrality, however, is only true on a macroscopic scale. At distances

less than Ap, the Debye length, fluctuations of local charge densities can exist. Ap (in cm)

172
is given by: 4, = 743 *(1{;‘ ] where T, is the electron temperature (eV), and N, is the

number density of electrons (cm™). For a typical microwave plasma discharge, T,=5eV
and N, =10 cm”, gives A, = 0.02mm. This is typically much smaller than the system

size, so the plasma is “quasineutral”. The electrons and ions arrange themselves within
the Debye length so that charge neutrality is preserved for distances greater than Ap.

Plasmas differ due to pressure, particle density and temperature — see Figure 12.
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Figure 12 Laboratory and space plasmas on a density (n) vs. electron temperature
(T.) log-log plot. Ap is the Debye length (45).

Stars, for instance, are in thermal equilibrium, meaning all the species are completely
ionized and T, = T;, where T, and T; are the temperatures of the electrons and ions. The

electrons and ions are extremely mobile (34). In the laboratory, gas discharge plasmas
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occur when an electric potential applied across a gap “breaks down” the gas species to
form a weakly ionized plasma (45). Glow discharges generally have particle densities of
10%-10'2 cm™. These plasmas are not in thermal equilibrium because the electrons tend to

be much hotter than the ions i.e., T,))7;, and thus the plasma temperature is normally

given by T.. The electrons are colliding with gas molecules, dissociating them at
temperatures much lower than in a thermal plasma (34). This allows plasma processes in
activated plasmas to occur at much lower temperatures than in thermal plasmas.
Ionization occurs by electron collisions in the gas, rather than by thermal means, and the
plasma is called a glow discharge.

Glow discharges can be formed at reduced pressures (P<atmosphere) by DC or
AC electric fields applied across electrodes and AC current or radio or microwave
frequencies passed through a coil around a tube. A DC plasma glow discharge and its

main features are illustrated in Figure 13.
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Figure 13 A DC Plasma glow discharge between two parallel plates (44).

The glow discharge contains regions that are defined according to their luminosity,
potential, field strength, space charge density and current density. Starting from the
cathode the first three regions, the Aston dark space, the cathode glow and the cathode
(or Crooke Hittorf) dark space comprise the cathode region. Most of the voltage drop in
the discharge occurs in this region. The cathode glow has a relatively high ion density,
and depending on the voltage will mask the dark spaces and cover the cathode. Next,
come the negative glow region, the Faraday dark space, and the positive column. The
positive column is often considered the main discharge, because it generally expands to
occupy most of the volume. The negative glow has the brightest intensity, and electrons

carry most of the current in this region. Last the anode dark space and the anode glow
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comprise the anode region.

3.4.2 Microwave plasma discharges

At excitation frequencies >1MHz, direct contact of the plasma with electrodes is
not needed. Electrodeless discharges can either be RF (radio frequency) or microwave
discharges. Commonly used frequencies in commercial apparatus for microwave plasma
chemical vapor deposition (MWPCVD) are 2.45 GHz and 915 MHz (33). Some

properties of typical microwave plasmas used for deposition are given in Table 2.

Power P (W) 500-5000
Pressure p (Torr) 0.1-10
Plasma density n (cm™) 10°%-10%
Electron temperature T, (V) 2-7

Ion acceleration energy E; (V) 20-500
Fractional ionization 107-10"

Table 2. Properties of a typical microwave plasma discharge (45).

A microwave plasma discharge does not typically exhibit the different regions described
for a DC discharge in the previous sections. Microwave plasma chemical vapor
deposition uses a glow discharge plasma formed at reduced pressure by microwave

excitement of the reactant gases.

3.5 Models of diamond nucleation for vapor phase growth

Most models of low pressure chemical vapor deposition of diamond consider it an

activated process of reactants: hydrogenated carbon radicals, and atomic and molecular
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hydrogen. The basic ideas are shown in Figure 14 for methane and hydrogen gases. The

primary chemical reactions are summarized (32):

H, > 2H° (1)
CH,+XH° - CH, , + XH, )

| I
—C-H+CH, , >-C-C-H+VYH, 3)

Equation (1) illustrates the dissociation of molecular hydrogen into atomic
hydrogen; (2) shows the reaction of the atomic hydrogen to “abstract” a hydrogen radical
from a methane molecule, forming a hydrogen molecule and a methyl radical, (3) shows
the attachment of the methyl radical to a surface hydrogen terminated carbon atom, and

subsequent detachment of a hydrogen molecule.

Diffusion Nucleation Growth
- » o= H
&%
CH, removal H, Growing
critical |\ diamond
o Metastable cluster | Joggog crysta
Surface ‘
Diffusion

no bulk diffusion
NONONN N NN

Figure 14 Nucleation and growth model of diamond growth on a substrate (32).
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Chapter 4 Prior studies of epitaxial diamond growth

4.1 Definition of diamond heteroepitaxy

As a working definition of diamond heteroepitaxy, we adopt the following

criteria:

(1) Size - Growth over areas of order Imm?’ or larger. This is necessary because
it has long been possible to grow single crystals of diamond on substrates,
including Si, that are facetted, but whose size rarely exceeds 10 um on a
side. Diamond heteroepitaxy implies that large scale coalescence of such
oriented grains must occur over substantial regions of a substrate.

(2) Chemical — A Raman peak at 1332 +10cm’’, the C-C stretch in diamond,
that obeys the diamond selection rules for polarization as discussed in
section 2.3.3.

(3) Structural - X-ray, EBSD, or other diffraction confirming epitaxial
alignment of diamond with the substrate. The linewidths provide a
qualitative measure of coalescence, the distribution of orientations of
crystallites and their grain boundaries. Epitaxial diamond is expected to
have x-ray linewidths <1°,

We contrast these criteria with those describing highly ordered diamond (HOD); films

that demonstrate some degree of epitaxial alignment, but still exhibit visible grain
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boundaries. Thus, HOD can be viewed as epitaxial growth with significantly relaxed
requirements of homogeneity.

This chapter presents the progress that has been made towards diamond
heteroepitaxy on various substrates. To date, the following non-diamond substrates have
been reported for diamond heteroepitaxial growth: Si, B-SiC, Cu, Pt(46), Ni, Mo (and
other carbide forming refractory metals), SiO2, Co, Pd(46), Au(46), c-BN, sapphire,
graphite, BeO, and Ir (47, 48). Other than local epitaxy (on a nm scale), reports have

been published of diamond epitaxy on Si, B-SiC, c-BN, Pt, Ni, and Ir. It is useful to

divide the substrates into two categories: those where diamond is grown on a bulk crystal,
namely, Si, B-SiC, c-BN, Pt, and Ni, and those where diamond is grown on a epitaxially
grown thin film deposited on another substrate:3-SiC, Pt, and Ir. Tables 2 and 3

summarize the reports.
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Where multiple reports exist, the results are either combined (for work within the same
group), or the best example is chosen. Examples with thinner diamond films showing
epitaxy are given preference as being more representative. Blank fields in the above
tables indicate the value was not given or could not be deduced from the report. The

following sections explain the data in the tables in more detail.

4.2 Diamond epitaxy on bulk substrates

4.2.1 Cubic boron nitride

Cubic boron nitride was an early choice for diamond heteroepitaxy because it has
a similar lattice constant of 0.3612 nm (mismatch 1.5%), a similar structure (zinc blende),
and a similarly high surface energy (4.8 J/m? for the (111) surface). Diamond has been
grown heteroepitaxially on c-BN, with a growth process similar to diamond homoepitaxy
(49, 61, 62). Reflection high-energy electron diffraction (RHEED) showed twinned
epitaxial diamond grew on {111}c-BN with the epitaxial relation: (111)pi<110>p;/|(111)..
BN <110>¢ g using DC-plasma CVD with 0.5% CH, in H; at 180 Torr, and substrate
temperature of 900° C. A continuous film formed at 0.2 um thickness (49). Polarized
Raman scattering obeyed selection rules for a 0.1-um film, but with a C-C peak at 1325
cm’', having a linewidth of 12.9 cm' that was attributed to tensile stress in the film. This
study utilized substrate areas of only 100-200 pm. Although important as an early
demonstration of the feasibility of diamond heteroepitaxy, the limited substrate size of c-
BN, itself difficult to grow, means it has limited applicability. The largest c-BN single

crystals available are only 1-3 mm, and they often have many impurities (63, 64).
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4.2.2 Nickel

Diamond (111) and (100) was reported to grow on nickel (100) and (111)
epitaxially (65). Ni (FCC) has a lattice parameter close to diamond, 0.352 nm (1.3%
mismatch). 49 hr of growth at 900-950° C in a 0.5% CH,4 plasma in a HFCVD system
produced a coalesced, oriented diamond film 30 um thick. Raman peaks appeared at
1334 cm™ for (100) and (111) diamond on (100) and (111) Ni, with linewidths of 5 cm’'
and 8 cm™' respectively. The processing for seeding the Ni substrates increased the
density and growth rate of the epitaxial particles, leading to some coalescence. But
roughening due to the high carbon solubility of nickel served to limit the final film
quality. The work was done on a polycrystalline Ni substrate with no mention of the
grain sizes, nor the total area of growth. Diamond crystals were reported as 3 um after 7

hrs of growth, with a density of 10 cm™.

4.2.3 Platinum

Platinum (FCC) has a lattice parameter 0.392 nm (9% mismatch with diamond).
Diamond (111) deposited on Pt(111) bulk substrates has been demonstrated on a 12 mm
diameter circular region by Tachibana et al (54, 66). They used microwave plasma CVD
in a quartz-tube reactor to grow diamond with 0.2-0.3% CHj in a balance of H; at 50-60
Torr at substrate temperatures of 850°-880° C. These conditions yielded a growth rate of
approximately 0.3 pm/hr on (111) Pt. A 3 pm thick film had an X-ray Pt{111) peak with
linewidth of approximately 4°. The Raman spectrum showed a small peak at 1330 cm™
with a dominant peak at 1440 cm™' (disordered carbon). SEM showed a <111> textured

film. According to the above classification scheme, this film would be HOD.
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4.2.4 Silicon

The term highly oriented diamond (HOD) was first used to describe
heteroepitaxial growth of diamond on silicon. Si (diamond-structure) has a lattice
parameter of 0.543 nm (52% mismatch). Despite this, oriented crystallites on a (100) Si
substrate have been grown using microwave plasma CVD (2, 3). X-ray pole figures
showed a (001)giamond <110>diamond || (001)s; <110>g; relation, although, grain boundaries
are apparent between the crystals from SEM. No quantitative analysis was done to show
the degree of orientation. Raman spectroscopy revealed a diamond peak at 1335 cm’’,
with a broad weaker peak at 1550 cm™. All of the techniques for highly oriented diamond
growth involve a multi-step bias and growth process, to exploit crystal texture evolution.
The best film on Si reported to date has a linewidth of the (004) rocking curve of 2.1° for
a 2-in diameter 16 pm thick boron-doped film (55). Raman spectroscopy was not

reported for this film.

4.3 Diamond epitaxy on thin films

4.3.1 Pt{111}/sapphire{0001} and Pt{111}/SrTiO3{111}

Diamond grown on Pt{111}/ SrTiO3{111} gave similar Raman and X-ray results
to that grown on single crystals (67). Pt{111} thin films deposited epitaxially on
sapphire {0001} exhibited better structural quality than the single crystal Pt or Pt
deposited on SrTiO; (59). Growth conditions were the same as for the bulk Pt substrates.
Higher nucleation densities were observed (>1x108 cm) for the same type of seeding
process as on bulk substrates. A 1.5 um thick diamond sample had a (111) x-ray rocking

curve with a linewidth of 2.0°. SEM showed a <111>-textured film with grain sizes of
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30-50 um. At 9 pm thickness, the film coalesced, with some remnant grain boundaries,
and (111) x-ray rocking curve linewidths of 0.4-1.0°. The Raman spectrum, with 488 nm
excitation, showed a peak at 1334 cm™ with linewidth 15 cm™, and a broad peak around
1550 cm™ (sp’-bonded carbon). The (111) x-ray rocking curve linewidth of a 1.5 um
thick film decreased to 1.1° when an interlayer of 1um Ir(111) was deposited between
two 1-2 pm Pt(111) layers on sapphire(1000) (54). The film covered an area of

10x10mm?. A SEM micrograph is shown in Figure 15.

Figure 15 SEM micrograph of a 1.5um thick diamond film on
(111)PIr/Pt/(0001)sapphire substrate (54).

43.2 B-SiC/Si

B-SiC (zinc blende structure) with ap= 0.436 nm has a 22% mismatch to diamond.
The process for growing epitaxial diamond on SiC began by first depositing 320-500 nm
of epitaxial B-SiC (001) on Si(001) substrates (68). Then a four-step process was

followed to grow diamond using MWPCVD. Particle density was reported as 0.5-1x10"
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cm after nucleation. After the initial growth step, reflection high-energy electron
diffraction (RHEED) showed a dispersion of approximately 2°. A final growth step
yielded smooth films with some visible grain boundaries at a density of 10* cm™ in the
best 5x5 mm? area. Steps appeared on a 20 um thick sample (grown for 12 hrs) with step

height 30-50 nm in <110> and (1 10) directions. A 300 pum thick (240 hrs) sample did

not show such steps, but had a surface roughness of 100-150 nm over a 50x50 um’ area
(57). For a 20 um film, the x-ray linewidth was 1.5° representing the angular distribution
of the crystals, with an intensity due to first-order twins less than 1% of the other (111),
(220), (400) reflections. The FWHM of the x-ray rocking curve (@w-scan) of the diamond
(004) was 0.92° in the best region. The 300 pum film showed an improvement to 0.62°,
over an area larger than 1 mm”. Improvement in the x-ray rocking-curve linewidth of the
thick diamond is due to the high nucleation density of oriented particles, and the effective

use of a process to select particles with the correct orientation during growth (57).

433 Iridium

Iridium, first proposed as a substrate for diamond heteroepitaxy in 1996, (5) is a
FCC metal with a lattice mismatch of 7.5% to diamond. Iridium has one of the lowest
carbon solubilities (by weight) of the platinum metal group (69). It is stable with no
known phase transitions. Iridium can be grown epitaxially on other single crystal
substrates and used as a substrate for diamond growth, as now demonstrated by several
groups (4-6, 8, 70). A comparison of iridium preparation and diamond growth methods

reported by these groups is presented in Tables 5 and 6.
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Diamond growth on Ir was first reported by Ohtsuka et al. in 1996. They grew
epitaxial (100) Ir films by RF magnetron sputtering on cleaved (001) MgO surfaces (5).
Subsequent diamond deposition used dc-plasma CVD with a 5-10 minute bias at 150V
at 900° C, followed by 30 minutes of growth at 840° C. Initial studies revealed only
“patchy” dense areas of nucleation that coalesced to form single crystals. After 30
minutes of growth, pyramidal structures with distinct {111} facets appeared with density
of order 10® cm™. Single crystal films about 1 mm? with mean thickness of 1.5 um
resulted (4). Cross-sectional analysis by SEM indicated residual grain boundaries. The
Raman linewidth at 1332 cm™ was 18 cm™ and the film had a average roughness of order
1 nm. This group has since demonstrated an 8 pm thick freestanding film of size 2x2 mm
that cleaved along the {111} planes (7). Depth profiles of the Raman spectra were
reported, but no quantitative Raman or x-ray linewidth measurements. RHEED showed a
streaky spot pattern along <110>. The epitaxial relation reported was (100)giamond
<001>giamond |/(100) <001>,. They observed a non-diamond carbon signal in the Raman
measurement within 1000 nm of the back surface.

Schreck et al. (8) have grown single crystal Ir films on SrTiO; substrates by
electron beam evaporation. Using microwave plasma CVD, they observed epitaxial
diamond nucleation with density 10° cm™. Unlike the others, they added 30-50 ppm of
N; to the gas mixture for the nucleation and growth. For an 8 um film, they measured a
(004) rocking curve and a (311) azimuthal scan with linewidths of 0.34° and 0.65°
respectively. Raman spectra from epitaxial areas of a 600 nm film (shown in Chapter 9,
Figure 73 (2a)) had a 15 cm™ linewidth with an upward shift of 1340 cm™, which they

attributed to a biaxial stress in the (001) plane (60).
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4.4 Comments and perspectives

Although heteroepitaxial growth of diamond has been the goal for many research
groups, few efforts have satisfied the criteria outlined in the introduction to this chapter.
Perhaps the best example is thick diamond on B-SiC; but no chemical analysis has been
reported yet. Pt does not appear to be very promising as grain boundaries persist for
large thickness on {111} surfaces. Ir seems to have the greatest potential with several
impressive results.

In the present research, we have grown iridium on SrTiO;, MgO, LaAlO;, and
Al;O; substrates. We have shown that single crystal diamond is indeed possible on all of
these substrates. With nucleation densities two orders of magnitude higher than prior
reports, we have produced completely coalesced diamond films of thickness below 1 pm.
This thesis describes diamond growth on Ir surfaces that satisfy all the criteria for true

heteroepitaxy.
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Chapter 5 The bias process

Negative biasing of the substrate in the presence of a hydrogen-hydrocarbon
plasma is an important method to achieve high nucleation densities. This chapter
describes the method and discusses some of the mechanisms that have been proposed to
explain the enhanced nucleation densities. Although of general applicability, biasing is
discussed in the context of experiments of diamond growth on silicon, the most carefully
studied system. A few remarks on the role biasing plays in nucleation on Ir are also
given. Since negative biasing of the substrate leads to low-energy ion bombardment, it is
reasonable to suspect implantation (sometimes subplantation) as the cause of the
nucleation. The appearance of a cathode sheath or secondary plasma during biasing,
however, suggests enhanced electron emission is a component of the process. We discuss

the secondary glow observed during biasing and its role on nucleation events and epitaxy.

5.1 Seeding for diamond growth

Inducing a sufficiently high nucleation density is a fundamental problem that
must be overcome in growing diamond. Diamond’s high surface energy does not allow
it to spontaneously nucleate on foreign substrates. Thus, to promote diamond growth,
non-diamond substrates must be “seeded”. Early experiments employed a scratch-
seeding method. The substrate is polished or ultrasonicated with a small grit 10-25 um

diamond powder. This may introduce defects or implant small diamond particles in the
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substrate allowing diamond to nucleate (77, 78). This may not promote epitaxy, as
defects or roughness in the substrate surface can propagate into the growing film, or the

nuclei will not have epitaxial registry with the substrate.

5.2 Biasing

Bias enhanced nucleation (BEN) is a process that accelerates low energy ions
towards a substrate in the presence of a dc voltage drop across the plasma. The term ion-
enhanced nucleation has also been used. In its first embodiment (9), an increased
nucleation density on Si to 10'° cm™ was seen when a negative bias was applied to the
substrate with respect to the plasma. Using MPCVD, bias voltages between +100 to -200
V were applied to Si (100) with resistivity of several 2-cm. Biasing for 2-15 min
followed by 30 min of unbiased growth revealed increased nucleation densities for
voltages lower than -70 V. No oriented nuclei were observed, but the demonstration of
an alternative to scratch seeding spurred exploration of heteroepitaxial growth. Using
BEN methods, oriented nucleation of diamond on silicon carbide was next demonstrated
(79), followed shortly by heteroepitaxy attempts of diamond on silicon and other
substrates (1, 2, 80). Why this method increases nucleation density on Si, and how it

leads to epitaxy are questions under current debate.

5.3 Models and mechanisms for diamond nucleation due to BEN

Ion bombardment and electron emission have been proposed as mechanisms for
the increased nucleation densities due to BEN processing. As a negative bias to the
substrate has been shown to increase nucleation densities (9, 81), it seems logical to

assume the ion bombardment from dissociated positive ions in the plasma is responsible.
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However, the indication that a positive bias is also effective at increasing nucleation (82,
83), that increased densities are also found during biasing with HFCVD, which does not
produce large amounts of positive ions (28, 84), and that nucleation densities can be
increased by placing diamond surfaces in the vicinity of the substrate during biasing (85,
86) led many researchers to suggest electron emission may play a prominent role in

biased enhanced nucleation.

5.3.1 Ion bombardment

Based on the experiments described in Section 5.2, Yugo et al. (9) first proposed
ion bombardment as a nucleation mechanism, claiming the acceleration of positive ions
increased the “active” species near the substrate by collisions, thereby enhancing the
diamond nucleation rate. The ion bombardment may also preferentially etch amorphous
or graphitic carbon. It was inferred that the ion bombardment mechanism is a delicate
balance between formation of sp® bonds and etching of sp’ bonds. The following studies
clearly indicated ion bombardment plays an active role in the nucleation enhancement.

Schreck et al. (76) studied the anisotropy of ion bombardment by using
lithography to pattern a silicon wafer with evenly spaced cylindrical columns of 5§ pm
diameter and 8.5 um height. The sample was then biased with a BEN process (-200 V at
10-20 mA) that was terminated at the first sign of current increase (after 5-20 min).
Subsequent two-hour growth showed the tops of the columns and the intervening surfaces
in between covered with a dense diamond film; the sidewalls were almost bare. The
conclusion was that anisotropy arising from the nearly ballistic ion flux explained the

spatially selective nucleation. Other groups have done similar studies with lithographic
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patterned or etched silicon which show nucleation is increased (10-10'° cm™) on top
surfaces, and negligible at the sidewalls (87, 88).

In a more recent work, similarities were noted between bias-enhanced nucleation
on silicon and nucleation on a substrate exposed to a low energy carbon ion-beam (89)
(90). Liao et al. (89) used a mass-separated ion beam deposition technique to implant Si
with 100 eV carbon ions, with reference to suggestions by Robertson et al. (91, 92) . The
substrate temperature was maintained at 800° C, and the ion dose was 2x10"% cm2, Upon
examination of the Si using XPS (x-ray photoelectron spectroscopy), AES (Auger
Electron Spectroscopy), Raman spectroscopy, X-ray diffraction and AFM, no Si peak
was found using XPS and the surface was fully covered by carbon. AES showed a film
that was mostly amorphous carbon. The Raman spectrum showed peaks at 1590 cm’'
(graphite) and 1352 cm’', usually attributed to microcrystalline graphite, and a small
shoulder around 1173 cm’', a signature for nanocrystalline diamond. XRD showed
characteristics of diamond and graphite grains embedded in an amorphous carbon matrix.
With AFM, they observed oriented square 80-100 nm crystallites, believed to be (0002)
graphite surrounded by amorphous carbon. Growth of these samples in a HFCVD reactor
under conditions for microcrystalline diamond resulted in diamond nanocrystalline films,
with a nucleation density comparable those produced by BEN (93).

The suggested mechanisms by which ion-bombardment leads to formation of
nucleation sites are: (1) ion subplantation, (2) growth of a carbon non-diamond layer, (3)
increased surface diffusion and (4) growth of a SiC buffer layer. These mechanisms are

discussed below.
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5.3.1.1  Ion bombardment leads to ion subplantation

Lifshitz et al. (94, 95) proposed ion subplantation, as the main result of ion
bombardment during BEN, based on experimental evidence and molecular dynamic
simulations. Ion subplantation is the deposition of hyperthermal (1-10° eV) species via a
shallow subsurface implantation (94). To understand the role of subplantation, Robertson
et al. (91) measured the ion energy distribution (IED) using a retarding field probe
inserted in a hole in the substrate for samples biased between —150 and —300V. The IED
was sharply peaked at 80 eV at the optimal conditions of 2% methane, -250V. In other
studies (96, 97) it was found that carbon ion subplantation in Si is most efficient around
100 eV. As these energies were in agreement with the Lifshitz model (94), it was
concluded that ion subplantation is the dominant mechanism of nucleation in Si, creating
“diamond-like carbon” with nanocrystalline diamond features in an ordered graphitic
deposit. Other molecular dynamics studies have also suggested an energy window
between 40-70 eV for the deposited atoms (98). A few studies have looked at the ion-
energy distribution in the plasma to determine the main species bombarding the substrate.
Katai et al. (99, 100), using ion beam mass spectrometry, found that the hydrocarbon
radicals C*, CH*, CH,", C;H,", and C,H;" with average energies 50-70 eV are the
dominant species at the onset of bias. As the current increases (with the appearance of a
secondary plasma over the sample) C,H;" species (E=95-105 eV) and H" and H;"
(E=160-180 eV) become dominant. Kim et al. (10]) likewise investigated the plasma
species during bias using optical emission spectroscopy (OES). Increased levels of
atomic hydrogen and hydrocarbon radicals, particularly CH" appeared for bias voltages

between —100V and —250V. They proposed that subplantation of carbon species leads to
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epitaxial formation of SiC and further bias leads to etching of Si atoms with replacement

by carbon atoms and forming sp> bonded structures (102).

5.3.1.2  Ion bombardment causes growth of a non-diamond carbon layer

McGinnis et al. (103) believed a subplantation model was not necessary. The
average energy of carbon ions at the substrate was calculated to be around 15 eV, which
would correspond to a surface process rather than subplantation (95, /104). Using SEM,
Raman microscopy, cross-sectional TEM, and x-ray diffraction, they observed evidence
of nanocrystalline diamond in a non-diamond carbon matrix. A nucleation density of
10" cm™ for a sample biased for 1 hrat -250 to -300 V was reported along with the
suggestion that a threshold voltage must be exceeded for the ion bombardment
mechanism to be effective (105). In two sets of experiments, bias nucleation density
enhancements were related directly to ion bombardment. For the first, a series of
experiments were run under identical process treatments. They made nine separate runs
applying a bias from 0 to —333 V in 2% CH,. Bias duration lasted from 12 min (333V)
up to 300 min (0V). The application time for the bias was calculated to keep the time-
integrated bias current approximately equal for all samples. Higher bias voltage caused a
sharper increase in bias current, which meant a shorter bias time was necessary for the
total current flux to the substrate to remain constant. The plot of nucleation density with

applied bias is shown in Figure 16.
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Figure 16 Plot of nucleation density for negative bias voltages keeping the time-
integrated current constant for each data point (705).

The nucleation density increased sharply above —100 V, and saturated above -210 V ata
value that is five orders of magnitude higher than for 0 V bias. Low nucleation densities
correlated with small increases in current, and this indicated the existence of a critical
voltage for the onset of nucleation. Below the critical voltage, the impinging species are
not energetic enough to overcome the nucleation barrier.

Sheldon et al. (106) used Electron Energy Loss Spectroscopy (EELS) and TEM to
determine an amorphous carbon layer is deposited on the Si substrate during a —200 V
BEN procedure. The deposit thickness, approximately 4 nm, was independent of the
substrate temperature; suggesting the carbon was deposited through a non-chemical
surface process. Ion energies of 2-20 eV were estimated. In other studies of OES during

biasing at -150V, it was shown that atomic hydrogen increases near the substrate by more

than 20% (107). Atomic hydrogen is known to etch sp® carbon faster than sp® carbon
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(108, 109), and it also has been found to stabilize sp3 clusters (110). The increase in
atomic hydrogen directly above the substrate may have enhanced the carbon layer that
formed due to hydrocarbon ion collisions. By stabilizing sp® clusters, it may also serve to

increase the amount of amorphous carbon on the substrate that later nucleates diamond.

5.3.1.3  Ion bombardment increases surface diffusion

Jiang et al. (88, 111) studied the early growth stages of diamond on Si using SEM
and AFM data, and postulated that surface diffusion of the carbon species on the
substrate is increased due to ion-bombardment. First-nearest-neighbor distributions of
particles imaged by AFM, for 10 minute and 12 minute bias times at a —-150 V bias,
showed distributions shifted to larger distances compared to a random (Poisson)
distribution. They claimed a depletion zone develops around the nuclei and small just-
forming islands. Therefore, the growth process induced by ion-bombardment of the
substrate can be completely explained by thermodynamics. On the other hand, Ascerelli
(112) concluded the depletion could be due to a deformation zone induced by the
diamond-Si lattice mismatch. Jiang et al. however, reported that because the depletion
zone is a function of bias voltage, ion-bombardment must influence the diffusion of the
surface species (88). Other studies have been done to show atomic diffusion is enhanced

by ion bombardment during diamond BEN (113).

5.3.1.4  Ion bombardment causes growth of a silicon-carbide buffer layer

Stoner et al. (7114) studied the nucleation and growth of diamond on Si using
XPS, AES, EELS (electron energy loss spectroscopy) and TEM. It was suggested that

ion-bombardment enabled the formation of an amorphous-SiC layer (>9 nm) during the
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first hour of biasing at —250 V in a MWCVD reactor. Further biasing developed an
excess carbon concentration at the surface, which with continued ion bombardment could
have become mobile on the surface and nucleated diamond. Other studies have shown
that BEN on Si led to the formation of an epitaxial SiC layer, which nucleated oriented
diamond crystallites (115-118).

In a detailed study of bias nucleation, Stockel et al. used MPCVD to investigate
the ion-bombardment nucleation mechanism for diamond growth on Si (718, 119). Their
bias setup is nonstandard, as the (100) Si substrate is grounded, and a +250 V bias is
applied to a tungsten electrode in the plasma (720). By examining SEM and TEM images
of the carbon deposits, the following 4-step model for nucleation was proposed: (1) In the
first minutes of bias, nanocrystalline B-SiC forms on the Si substrate with a near epitaxial
relationship. Simultaneously, the Si surface is etched by the H* flux in the plasma. (2)
The B-SiC forms a closed continuous film after about 10 min at 10 nm thickness. This
film is polycrystalline, but with an epitaxial relationship to the substrate. Excess carbon
flux leads to a supersaturation of carbon in the SiC. Diamond nuclei form in the carbon
layer, some with registry to the SiC. (3) Further biasing etches the B-SiC layer and
exposes the diamond nuclei. (4) Growth conditions allow the diamond nuclei to grow —

those with an epitaxial relationship grow as an oriented film.

5.3.2 Electron emission

Ion bombardment has been shown repeatedly to lead to enhanced diamond
nucleation. However, the following experiments indicate it may not be the only
mechanism at work, and some nucleation enhancement may be due to electron emission

Of diamond.
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Stoner et al (/21) studied the effects of a diamond coated substrate holder, an
uncoated molybdenum substrate holder, and an alumina substrate holder during BEN.
For the diamond coated holder they obtained high nucleation densities and a 5-fold
increase in current during bias over the other two substrate holders. In addition, it was
observed that: (1) the diamond coating on the holder surface is etched or removed during
extended biasing (they don’t indicate how long) leading to a decrease in bias current, (2)
the plasma turned red near the surface of the sample and holder at increased voltages,
indicating increased atomic hydrogen (H"), and (3) nucleation began at the substrate edge
and moved towards the center. The enhanced nucleation may be due to (1) a material
transport mechanism, whereby diamond coated surfaces in the vicinity of the sample are
etched and carbon is transported to the substrate and deposited, or (2) electron emission
of the diamond surfaces causes increased levels of dissociated H, and/or hydrocarbons
near the substrate. They noted that BEN experiments in a pure hydrogen plasma under
the same conditions showed no increased nucleation, so the second explanation was more
likely.

Wang et al. studied the mechanism for increased nucleation due to biasing using
HFCVD (122-124). The nucleation density was increased by one of two ways: applying
a negative bias to the substrate, or to a circular diamond-coated tungsten ring 3-5mm
above the substrate. In the second case enhanced nucleation arose from increased
electron emission from the diamond-coated tungsten filament. The substrate is positive
relative to the electrode in this case so the increased nucleation could not be due to
increased positive ion bombardment. Chen et al. (85) also found that it is unnecessary for

the substrate to be negatively biased in HFCVD. Nucleation densities were increased if a
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diamond coated filament was placed in the vicinity of the substrate and biased negatively
while the substrate was held at a positive potential.

Perng et al. (86) studied the role of electron emission in biased MWPCVD. A
BEN process was applied to micropatterned SiO,/Si substrates and sapphire substrates.
For a pattern of silicon dots 5 and 8 um in diameter, nucleation densities of ~10° cm for
the Si dots, and ~10% cm™ for the SiO, masked areas were measured (via SEM).
Nucleation (~10® cm™) and growth of diamond were also observed on the edges of a 1x1
cm’ insulating sapphire substrate placed between four 1x1 cm? silicon substrates.
Without the silicon substrates, the sapphire was only etched during bias. They proposed
that nucleation is enhanced on insulating SiO; and sapphire due to electron emission from
the diamond that was already formed on the Si in the vicinity. Electron emission
increased the concentration of reactive species above the SiO, and sapphire, resulting in

increased nucleation densities.

5.4 The secondary plasma

The deposition of high nucleation densities of diamond has often been reported
accompanied by a bright secondary discharge during biasing. All the reports of the
previous section, 5.3.2, discuss a bright blue, purple or red glow (85, 86, 121-123). The
glow always appeared either above the sample or the surrounding area of the holder
during biasing, and the glow is related to diamond coatings on the substrate and/or
substrate holder. Stoner et al. (121) pointed out that repeatability of bias-enhanced and
HOD diamond results was a problem in early experiments, possibly due to differences in

the coatings, and that it could be etched during biasing.
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Biasing of the substrate affects the charge distribution in the plasma. As was
described in section 3.4.1, mobile charged species in the plasma screen the discharge
from an externally applied field forming a “sheath” region between the main discharge
and the substrate. This will modify the conditions near the substrate and thus the
nucleation process.

Schreck et al. (76, 125) provided evidence that biasing produces a plasma state
that is a superposition of a microwave plasma and a DC glow discharge. They measured
the intensity profile for the H, Balmer emission line® during a bias of —200 V above a

substrate (Figure 17).
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Figure 17 H, Balmer line (A=656.3nm) intensity measured above a diamond covered
sample and a bare silicon sample biased at -200V, and a sample without an
applied bias. Schreck et al. (125).

i Hg emission/absorption line at A=656.3 nm is the first atomic transition in the Balmer series. The Balmer
Series corresponds to atomic transitions that end in the first excited state of hydrogen (E=-3.4eV).
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The intensity above an unbiased Si sample increased monotonically from the substrate
into the main plasma discharge. With an applied bias, a peak in intensity appeared 1.95
mm above the Si substrate. The peak gained in intensity (x20) and shifted closer (0.8
mm) when the Si was covered in a diamond film. The profile of emission intensity was
very similar to that near the negative electrode in a DC glow discharge (See Figure
13(b)). The maxima in intensities develop at voltages much lower than for a normal glow
discharge because the microwave plasma contributes to the DC glow discharge. An I-V
curve for the bias voltage on a graphite holder, a silicon substrate and diamond film
covered Si substrate (Figure 18) was also reported. The first plateau was suggested to
corresponded to positive ion saturation with the subsequent steep increase due to electron

multiplication.
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Figure 18 I-V curve for a diamond coated silicon substrate, a silicon substrate, and a
clean graphite sample holder. Schreck et al. (76).
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It was proposed that the field in the secondary plasma (or the cathode sheath) accelerates
the ions and electrons. The higher ion saturation curve for the diamond film compared to
silicon or graphite means stronger ionization of the plasma (76). The strong electron
multiplication above diamond covered areas on the substrate may influence the plasma
chemistry (cf. Stoner (/21)) and may contribute to the nucleation on uncovered areas.
Kulisch et al. (126) reported a similar I-V characteristic for a microwave plasma
CVD system (Figure 19). Others have suggested that the increase in current over the

diamond covered substrate can be explained by enhanced secondary emission from

diamond (714, 127, 128).
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Figure 19 I-V plot for a bare silicon substrate and a diamond covered silicon substrate.
Kulisch et al. (126). Region I corresponds to a mobility limited current, region
Il to the saturation of positive ions at the surface, region III to current
enhancement by additional ionization.

Although the shape of the I-V curve agrees with others (76) — the absolute measured
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current and the time scale of I(t) (for a 30 minute bias period) were poorly reproducible.
Two plausible reasons were given for this:

1. Current is strongly influenced by diamond surfaces in the substrates vicinity.

This can vary due to relative sizes of the sample and holder, or the elevation of
the sample with respect to the holder.

2. The respective volumes of the microwave plasma and the secondary discharge are
easily influenced by small changes in the sample arrangement, geometry or
quality of the diamond coating. The secondary plasma may change in volume and
sample coverage during biasing. If the secondary plasma is the result of a normal
glow discharge, then current changes would be apparent in changes of effective
electrode area (including diamond coverage of the holder).

Other researchers (129-131) have carefully studied the secondary plasma emission during

biasing and found similar emission spectra and I-V curves.

5.4.1.1  The secondary plasma and epitaxy

The cathode sheath or secondary discharge may play a role in the nucleation of
heteroepitaxial diamond. Stdckel et al. observed a spatially inhomogeneous nucleation
pattern, along with a secondary plasma sheath (718, 119). The secondary plasma was
initially localized over the substrate holder and advanced radially inwards over the
substrate. This correlates with the nucleation front on the substrate. Taking advantage of
the spatial inhomogeneity of the secondary plasma, they interrupted the bias process
when the secondary plasma had advanced 1/3 of the way from the edge to the center.

The sample was examined after nucleation, and after growing out half of the sample

further. The mechanism proposed for epitaxial diamond nucleation was discussed in
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section 5.3.1. Only over a region 1/3 to 1/2 of the way radially inward did they see
oriented diamonds. It was concluded that the epitaxial growth occurs just ahead of the
secondary plasma front and that epitaxial nucleation requires critical timing of the bias
procedure.

Thiirer et al. (132) studied the HOD nucleation and growth on Si using XRD to
examine the linewidths of azimuthal scans of diamond {220} after growth as a function of
bias voltage and bias time. For each particular voltage, azimuthal alignment of the
diamond film was only possible within a certain bias time window. The final film
alignment was determined during the biasing step. As the secondary plasma formation is

a function of time, it is likely the two are related.

5.5 Biased enhanced nucleation on iridium

In contrast to Si, few studies have investigated the role biasing plays in the
nucleation of diamond on Ir. The reports that do exist suggest the role may be quite
different.

Ohtsuka et al. (5) conducted XPS on studies on biased Ir/MgO samples and found
that no Ir-C compounds form during biasing. Instead an amorphous carbon layer
deposits. It was suggested that the effect of biasing (or ion irradiation) is to roughen the
Ir surface and deposit a thin amorphous carbon layer.

Hoérmann et al. (133, 134) studied the effects of biasing on Ir/SrTiO; substrates
with SEM and HRTEM. No evidence for an amorphous carbon interlayer was found on
thin diamond film samples. It was pointed out that defect bands extended directly from
the iridium into the diamond, which would not happen with an amorphous layer in

between (134).



Sawabe et al. (135) conducted cross-sectional HRTEM on diamond/Ir/MgO
samples. Misfit dislocations and the diamond/Ir interface suggested to them a strong
chemical bond between the Ir and diamond in these areas. They found no evidence for an
interlayer, but significant roughening of the Ir surface during biasing. The roughened

regions of the Ir were proposed to act as nucleation sites for diamond.

5.6 Summary

Differences in CVD reactors and experimental repeatability make it difficult to
compare results among groups, or even experiments from the same researchers.
However, it is clear that despite the disparity, ion bombardment is a vital component for
BEN as shown by Robertson, Lifshitz, Jiang and others. But the observations of Stoner,
Schreck and Kulisch, etc. leave little doubt that diamond covered surfaces affect the
behavior of the plasma and thus the nucleation in a way that is poorly understood.
Biasing effects on Ir substrates are less studied. The research in this work will show that
nucleation on Ir is also strongly affected by ion bombardment and the biasing induced

secondary plasma.
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Chapter 6 Substrate preparation for diamond

heteroepitaxy

6.1 Chapter overview

This chapter details the preparation of substrates for diamond deposition. The
substrate is a critical component in heteroepitaxial growth. Highly ordered diamond
(HOD) can be grown on (001) Si substrates; (001) Ir is used as a substrate for growth of
single crystal diamond. The discussion of epitaxial Ir deposition comprises the bulk of
this chapter. Ir is not available as a high quality, single crystal substrate, so we first
deposit it epitaxially on another substrate. We have used (001) SrTiOs, (001) MgO,
(001) LaAlOs, and (1120) Al,O; as underlying substrates for single crystal (001) Ir
deposition using UHV electron beam deposition. A brief review of other Ir epitaxy
studies is given, and the structure and preparation of (001) SrTiOs and (1120) Al,O; are
discussed. In both cases, the goal was to obtain smooth, terraced surfaces for the
deposition of single crystal Ir. The epitaxy of Ir on (1120) Al,Os is not yet fully
understood due to the complex structure of the (1120) surface, and the differing

geometries of the lattices. We suggest a possible epitaxial relationship of Ir on a-plane
AL O;. The UHV electron-beam evaporation system used for all Ir depositions is

described and results of studies on the Ir morphology and crystalline quality evolution
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with temperature and thickness are presented. The preparation of Si substrates for

diamond deposition is straightforward, and is only briefly discussed.

6.2 Substrate preparation for iridium deposition

Ir has a high melting point (2454 °C), and low vapor pressure (1.47 Pa at 2443°C).
It also has a high surface energy for a metal, with a theoretical value of 3.81 J/m? for the
(001) surface (136). Ir thin films have been prepared previously by metalorganic
chemical vapor deposition (MOCVD) (137-139), radio-frequency magnetron sputtering
(140), pulsed laser deposition (141, 142) and e-beam evaporation (/43). Epitaxial Ir thin

films were first demonstrated on sapphire in 1994 using MOCVD (137) with an epitaxy

relation of (100)]| (1120) AL, With <O11>]| (1 100) AL,0,, for iridium deposited at 600°

C substrate temperature. For subsequent diamond growth, Ohtsuka et al. used magnetron
sputtering to deposit epitaxial (001) Ir films onto cleaved (001) MgO surfaces. (5).
Schreck et al. demonstrated epitaxial Ir deposited via e-beam evaporation onto (001)
SrTiO; (7, 8). In the course of our work over the last three years, we have deposited
single crystal (001) Ir onto polished (001) SrTiO3, (001) MgO, (001) LaAlOs, and a-plane
Al,O; using e-beam evaporation. Each of these surfaces requires preparation before
single crystal Ir can be grown. The major portion of the work described in this thesis is
on SrTiO; and Al,O;, so discussion in this chapter is limited to these two. It should be

noted that preparation of MgO and LaAlOj; substrates is similar to SrTiOs.
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6.2.1 Strontium titanate substrate preparation

SrTiO; is a cubic perovskite (space group Pm3m), with a melting point of 2080°
C, commonly used in oxide superconductor growth. The unit cell and lattice TiO,

terminated structure are pictured below.
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Figure 20 SrTiO; unit cell. ap = 0.39050 nm

Figure 21 SrTiO; structure with TiO,-terminated surface.

It has lattice parameter a;=0.39050 nm, a 1.7% mismatch to fcc Ir. The two structures are

similar, so Ir deposits epitaxially on SrTiO3 with the relation (100)1,||(100)s,1.03 and
[110]x]| [1 10]smoy 1x1x0.5 cm® substrates were coated with photoresist and cut into

0.5x0.5 cm’ pieces using a wire saw. They were inspected for defects under an optical
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microscope after ultrasonic ing in and thanol for 10 mi each,

followed by a rinse in DI water. Figure 22 shows a typical surface after cleaning.

3.0nm
Figure 22 SrTiO; surface AFM scan after ul ic cleaning for 10 mi each in
and methanol, foll d by DI water rinse.
Substrates that did not pass inspection due to pits, hes or defects were returned to
the supplier. Terraced, ically flat, TiO,-terminated surfaces were prepared by

standard methods (744, 145). They were first etched for 10-60 s in a buffered pH 4.5
hydrofluoric solution (NH4F:HF = 87.5:12.5). Higher pH resulted in rough surfaces, a
lower one in etch pits. A two hour anneal in flowing O, followed in a tube furnace at

950° C. They were then again cleaned ul ically in sol before being loaded into

the UHV system for Ir depositon. A typical (001) SrTiO; surface is shown in Figure 23.

Figure 23 AFM image and 3D profile of typical SrTiO; surface after surface
preparation. Mean roughness = 0.2 nm.
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After annealing the surface was covered in terraces across the surface, with a mean

roughness of 0.2 nm. The mean step height of the surface in Figure 23 is 0.42 + 0.03 nm,

which is within error of the lattice p of SrTiO;, indicating these are single atomic
steps.
6.2.2  A-plane sapphire substrate preparation

Sapphire has a hexagonal crystal structure and belongs to the space group R 3 c.

It has lattice constants a=0.476 nm, c=1.299 nm, and a melting point of 2040°C. The

crystal structure of a-Al,O; is a h 1 close-packed ar of O% anions, with
two-thirds of the octahedral voids occupied by AI** cations (146). The structure is stable
and standard processing leads to terraced, defect-free surfaces. We have used both small
offcut angle (<0.1°) with <1 nm roughness (1120) Al,O; substrates for Ir deposition and
more typically supplied substrates of this orientation with offcut angles of up to 0.5° and
rms roughness of 5-8 nm. The substrates were coated with photoresist, cut and cleaned
following the same procedure as strontium titanate. They were also inspected under the
optical microscope for defects or pits. The samples that passed inspection were annealed,

in air, at 1450° C for 15 hours. This leads to terraced surfaces, as shown in Figure 24.

1.6nm

Figure 24 Representative AFM images of two different a-plane Al,O; substrates.

70



The above figures show two different A1O3 samples. The morphology of the a-plane
surface after annealing may depend on the offcut angle of the substrate and the direction
of the miscut, which is unknown in Figure 24. The roughness of both samples is <0.2nm.

Epitaxy of Ir on a-Al,O; is not straightforward because of the dissimilar lattice
structures. The a-plane of Al,O; is perpendicular to the c-plane <0001> direction. It is
the lengthwise, diagonal cross-section of the unit cell (Figure 25).

Unit cell
e
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Figure 25 Schematic of sapphire structure, unit cell, and orientation of (1120) plane.
a=b=0.476 nm and c=1.299 nm. The c-axis is aligned along the <0001>
direction.

The unit cell of A1,O; has lattice parameters ¢=1.299 nm, a=b=0.476 nm. The

arrangement of aluminum and oxygen atoms on the (1120) plane is shown in Figure 26.
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Figure 26 Surface of (1120) a-plane of Al,0;. Oxygen atoms are depicted as spheres,

aluminum atoms as rods. The unit cell is outlined in black. Oxygen atoms that
lie in the same plane, are marked with an X.

The projection of the unit cell is outlined in black in the above figure. We believe, that
similar to GaN/sapphire epitaxy, the O terminated surface plays a role in Ir epitaxy on the
(1120)plane (147, 148). O atoms in the unit cell which lie in the same plane are marked

with an “X” in Figure 26. Figure 27 shows the suggested (001)Ir epitaxy on the O atoms.
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Figure 27 Possible epitaxial relationship of (001) Ir on (1 120) AL,O;. The dotted box
indicates the unit cell in the (1120) Al,O; plane projection.

The distance between oxygen atoms for this surface is 0.433 nm along the <0001> and

0.275 nm along the (1 100) directions. When the (001) Ir plane is superimposed with

<110>4]| (1100} i,0,, the lattices match 3:2 in the (110} ||<0001> directions with a 11%

mismatch, and 1.2% in the <110>||(1 100) directions.

6.3 E-beam iridium deposition

Ir single crystal films are deposited using ultra high vacuum (UHV) electron beam
evaporation (75). The main chamber base pressure is 5 x 10™'° Torr, pumped with an ion

pump and a titanium sublimation pump. The load lock is evacuated after sample loading
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using a turbo pump backed by an oil-free diaphragm roughing pump to a pressure of 10”7
Torr. The system has two water-cooled electron guns in the main vacuum chamber. The
power supply can maintain a total current of 660 mA to the guns. 99.9% Ir slugs in Cu
crucibles were evaporated with a focused electron beam with current between 300-400
mA. A 1” diameter resistive heater mounted on the sample puck heats the sample to the
deposition temperature, as measured by a thermocouple mounted to the top of the sample

holder. A crystal thickness monitor measures the deposition rate.

6.3.1 Procedure on strontium titanate and sapphire

The substrates are loaded into the UHV chamber of the e-beam evaporation
system through the load-lock immediately after solvent cleaning and drying in a nitrogen
gas flow. The substrate heater is turned on and in 30-40 minutes reaches deposition
temperature of 800° C. The shutter is opened, and the Ir deposited at a rate of 0.3-0.5 A/s
to a total thickness of 150-300 nm. A 150 nm Ir film takes about 1 hr to deposit. Upon

removal, the films are examined with AFM and X-ray diffraction.

6.3.2 Description of iridium growth mechanism on strontium titanate and

sapphire

Ir growth initiates on SrTiO3 and Al,O; in the 3-D island growth mode (Volmer-
Weber). The films coarsen as the thickness increases. Eventually a continuous film
forms, and 2-D layer-by-layer growth can proceed. We have demonstrated this with the

followings studies on the evolution of the crystalline structure and morphology of Ir.
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6.3.3 Structure and morphology of Ir films on SrTiO;
Epitaxial Ir is deposited on SrTiO; provided the substrate temperature is above
450° C. The morphology of the film is dependent on temperature and thickness. A 150

nm film evaporated at 800° C had the X-ray diffraction pattern shown in Figure 28.
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Figure 28 X-ray 20-0 scan of Ir on SrTiO; using Cu Ka radiation. Film was 150 nm
thick, grown at substrate temperature of 800°C.

Although the (111) Ir reflection has a relative intensity about twice that of the (200), the
20-0 scan above does not show any evidence of (111) Ir, indicating the film consisted
entirely of (100) Ir. The linewidths of the (200) SrTiO; and (200) Ir reflections are
calculated by a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>