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“Those who hope in the LORD will renew their strength.
They will soar on wings like eagles;
they will run and not grow weary, they walk and not be faint.”

Isaiah 40:31
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Synopsis

Development of an Electron Cyclotron Resonance Plasma

Source with an Internal Antenna for Carbon Film Deposition

Camille Faith Romero

Electron cyclotron resonance (ECR) sources are of great interest in materials
processing due to their capacity to produce high-density, low-ion-energy plasmas at low
gas pressures. Microwave power is typically coupled to the resonance zone across a
dielectric window. However, with dielectric windows, issues of contamination and
accumulation of sputtered materials require frequent cleaning and maintenance of the
plasma source. In addition, large-area materials processing demands for a thick dielectric
window which can reduce the power transfer efficiency to the plasma. For this reason, a
“windowless” high-density ECR source which couples microwave to the plasma using an
internal antenna was developed in this study. Series of experiments were done to
investigate the novel use of an internal antenna made of carbon material in coupling
microwave power to ECR plasmas used for carbon film deposition.

The brief introduction given in chapter 1 is followed by a theoretical background in
chapter 2 which covers ECR plasma excitation, microwave propagation and power
absorption in magnetized plasmas. Chapter 3 gives detailed descriptions of the

experimental materials and methods used to excite and evaluate the ECR plasmas.
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Chapter 4 focuses on the performance of metal internal antennas in microwave
coupling and ECR plasma generation. Microwave absorption was assessed by monitoring
the reflected and transmitted powers simultaneously. Plasma parameters such as
electron density, electron temperature and plasma potential were obtained using
Langmuir probe analysis. The effects of antenna structure and configuration on plasma
parameters and properties were investigated in various magnetic profiles. Good
microwave coupling was obtained with insulated spiral antennas with fewer turns
positioned about half the microwave free-space wavelength from the coaxial connector.
Strong electrostatic coupling between the antenna and the plasma was reduced by
shielding the connector and the antenna stem. Consequently, the connector shielding
caused a low-density mode over a short range of magnet current, and a stable high-
density mode at higher currents. The occurrence of a low-density mode is attributed to
the transition of power coupling from inductive to capacitive mode.

Chapter 5 discusses the effects of experimental parameters, antenna structure and
magnetic configuration on the properties of plasmas produced using carbon internal
antennas. The position of the resonance zone relative to the antenna geometry was found
to be the key factor that affects the plasma density and uniformity. Based on quantitative
and qualitative characterizations, a coaxial-type carbon antenna demonstrates more
efficient power transfer and sustains more stable and uniform plasmas, compared to a
spiral-type carbon antenna.

Chapter 6 presents the performance of the ECR plasma system in hydrocarbon
emission and carbon film deposition. Local-in situ diagnostics such as quadruple mass
analysis (QMA) and non-invasive diagnostics like optical emission spectroscopy (OES)
were used to characterize plasmas species both in ground and excited states. As observed,

the ECR system requires remote plasma excitation to increase the production of
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hydrocarbon radicals by chemical sputtering and reduce ion impact energy at the
substrate region. The carbon coaxial antenna produced plasmas with good uniformity
and sufficient CH:H and Cz:H ratios for carbon film deposition. By adding a magnetic flux
return, hydrocarbon emission and plasma homogeneity were further enhanced. Carbon
film was successfully formed on Si substrate by immersing a carbon target in ECR
hydrogen plasma without supplying carbon precursor gas. The antenna realized stable
operation for more than 5 h with 100 W input microwave power. The deposited films
were characterized by using a scanning electron microscope (SEM), energy-dispersive X-
ray spectroscopy (EDS) and X-ray diffraction analysis (XRD). As contamination from a
tungsten heater and source chamber walls were detected in the films, additional carbon
targets near these regions were installed, which had successfully reduced impurities on
the subsequently formed films.

Finally, chapter 7 not only gives the general conclusions, but most importantly,
provides the implications of the findings and recommendations for future works of
improvement. These points can be strategically evaluated and employed for efficient film
deposition using a plasma-immersed antenna made of a suitable material that serves not

only as a microwave radiator but also a sputtering target.

vii



viii



Acknowledgements

Throughout my PhD journey, | have experienced the most difficult, humbling and
mind-opening experiences (yet) in my life. I am thankful not only for all the “eureka” and
“finally” moments, but most especially, for each problem and failure I have faced along
the way. These experiences have molded me and taught me to endure, persevere and
depend more on God - my hope and my help. [ deeply appreciate all the people He had
brought into my life to help me in every way.

To my sensei, Prof. Motoi Wada, I thank you for tirelessly mentoring and guiding me,
and most especially for not giving up on me despite my shortcomings. Thank you for all
the pieces of advice and encouragements.

I would like to thank Prof. Tadashi Ohachi for cheerfully giving your time to help me
on XRD. To Prof. Mamiko Sasao, Dr. Naoki Miyamoto and Dr. Shigeo Goto, thank you for
sharing me your knowledge and expertise.

To the members and alumni of Oubutsu laboratory, I am ever grateful to all of you for
continually and hesitantly attending my “tetsudatte kudasai” and “onegaishimashu” every
now and then. Thank you for your help.

To my dear friends, I appreciate how you have stayed with me in every situation, to
cheer me up during my ups and downs. Your company “made my gray skies blue”.

To my church family, your prayers and presence have been my comfort and my
strength. I thank God for giving me a support group and refuge here in Japan.

To my mother and father, I am who I am because of you. I hope to honor both of you
with my achievements.

Lastly, to my husband Jason, you have been the tangible love of God to me. Thank you

for carrying my burdens with me, and for being there when I needed you the most.

Camille Faith P. Romero
Kyoto, Japan
March, 2018

ix






Table of Contents

L — v
AcknoWledgemMBNES . iwummmsimmmsyav v s s R S R T S S A R ix
B e L | L T — xi
List of Tables . .cuscnumummimmusrssrssvevevsovsssssmssms vissn s s s msi s s s e s Xv
LiSEOE FIIRE . aon i e s s s R e G Xvii
List Of ADDBreviations .........ccevvieieiieiiiiiiiriiieiree e e e e s s e s s s s s sansaa e s xxiii
LISEIOF SYMDOIS ... coaurvasssssssssisaarnasesrnsssninmsnnunnnssesnasonsson casasessssssasssrusnnsnss s usansansanaasnasvuanss XXV
LISEIOF COTISTAIES wiisiisiniissionmmmmmmmnrnmssnsmstss s s e s vees £5sa vsss 4810 10 SR SR N 2 A N 4 AN R SRR A RAN AT WSS xXxvii
Chapter 1 Background of the Study ............coviiiiiiiieiieiiicsr e ereee 1
e o o T 1
i1k NOEIVOHONE TOr THE SEHTIY .o s s i T3 U S iTaY B uAb WS smes ammars s 2
13 0DfectivVes Ol The: STUaY s e s e O s G T T S e e e 3
Chapter 2 Principles:of ECR Plasmia Bxeitation .coesssomsosisees isuivsssississsi s s e 4
2. LANTrOEUCTION  cccrvcvvvvinivmivisivirsmvvsiismiveisvaverssn s e s T T T e 4
2.2 High-density PIOSME SDUICES cvuuanasmosascsssivess sowssnbsvvsrasaissiassiesiisa ssesss o s sas miasiss 5
PG 0 Qo o LYo To [ O To 1o [o1 =1 g K 1 ol P 7

2.4 ECR Plasma Source CONfigUITLIONS ........ccveeeecreeeereeeriresiiseesissesisseesseesisesssseessssssssessssesnnins 8
2.5 ECR HEALING ...ccviieiviiviiieiiiieiieeccitee e et eeesctsnsenesssnsessesssssesssssssesssssssessssssssssssssssssssonnsssessesns 11

2.6 Microwave Propagation in PIASITIO ........ccoveevevueeeiiiiiii s iriecseses e ceies st s ssvss s savae s svvsssssesanaenns 12
2.6.1 Propagation in Unmagnetized PIasma..........cccvoviiiiiiiiiiiieiiecis e 13
2.6.2 Propagation Parallel to Magnetic FIeld (K // B)..ooooeeeeeeeeereeeeeeeee e seseseeeseseeenas 14
2.6.3 Propagation Perpendicular to Magnetic Field (K L B) .....coooveoveieieeeeeieeeee e 15

2.7 Microwave ABSOrption in ECR SOUICES ........cccveeevueeeireeereeereresesisesssssssssssssssssssnssssseesseeeens 19

Chapter 3 Experimental Setup & DiagnostiCs ....cccuiuiieiiiiiieiiiiiiiiieie e eeeesce s sssaasseeens 21
3.1 ECR PlASMA SYSEEIM ..ttt te st stt sttt a e n s easasasessenaaasssnasassstsssnnnnanns 21
1] VAT BY S ERN s iiiiniommminsssamme st sninns RS s A A A S AR S EPARERNEC 23

xi



3.1.2 POWET SUPPIIES ciivuvimisusesswmimsmecsivuvesimonsvsmeis s i s eivssses s s o vssisis sovas sussvmess sesures 23

O ) - - < T —— 23
3.1.4 S0UrCE ChAMbBET ... e e nna s 25

I IRl o o ol ch Y3 ol o =T ] 1 U 26
3.1.6 Gas INJECION UNIT...uuiiiiiiiieiiiii s aaas s s s sesssssssassssnnnnnnnns 27
3.2 Langmuir Probe MEQSUIEMENT ........ccueiieeeiiiieeeiieeeeiaiirereeesiseseeessisseseeseessssnseessesssensresssins 28
3.2.1 Principle of Langmuir |-V CharacteristiC...c..ccccveveriiiiieiiieiiiee e, 28
3.2:2 Langmuit Probe SEEUP ..vuuissiris i s e nen i 31
3.2.3 Determination of the Plasma Parameters .......c.cccciiiiciiiiicnnicieeoiinesisnnsonssesisinesessnis 33
3.3 Image Luminosity COPTUIe ..z iissiaisssissivesissvssissinsovss sisassissassmiveisss 35
3.4 Frequency SPectrunmuANGIVSIS. . essvivvevssrvsvsssvsversvossvsssveisn siemasiss i i s s sy s i 37
Chapter 4 Microwave Coupling using Internal AntenNa.......cccceeeiveeccinnreeeieiiineeeeeseeseseeseens 38
E o L oo [V (ora Lo BT OO SRS 38
4.2 Theoretical Background ... S N NN = WO OO DS .
4.2.1 Propagation of Electromagnetlc fleld by an Antenna ............................................... 39
4.2.2 The Antenna as a Terminating IMPedance ......ccccvveccieiieeeiiiiie e 40
4:4.3 Anterinaand Plasma CoMPlINE e st i st i 41
4.2.4 Antenna ResiStanCe i 41
4.3. Materials and Methows ......vvvswsisvissnsmmmsasesimvmsavivimismisimersmingg 42
4.3.1 Antenna Flange Conflguration aeesmisssisanmssmrmssaisssiiissiisisis s 42
4.3.2. ANTEANA BT EIUER v svarvsis b e e T o S e o v SRR 43
4.3.3 ANTenna POSITION oo e i 44
4.3.4 Magnetic Field Configuration.......ccooeiv i 44
Gl RESUILS cveeeeeeeeeeeee et e ettt e e e st e e et e e eatesaeeessaeeebeestsesaesasasasasasseansssabassssennasneesnseaansasnnreebrens 46
4.4.1 Effects of the Antenna Flange Configuration.........cccceeevueeviicieecieiiciic e 46
4.4.2 Effects of ANtenna INSUlatioN . .....oooiiiiiiiiiie e e e e e e 49
4.4.3 Effects of Permanent Magnet s it iiimisiimimsisa iiiisssasasonsssanas 52
4.4.4 Effectsiaf Antenng SErUCHUNe s man s i i s e e i s 53
445 Eftectsof Buniber af Spiral TUrNS e wssssmmmimmms s e i 56
4.:4:6 Effectsof Antenna Position casummmmmummsonai s i nms 57

4 B DS CUSEIO vvivevsnmvvismisvavimmonisnssss sy e s oo oSS S S TSI P TR 59
L oA Go] ni sl [ 1 5] EAE e LI OO WML - L LT T = S e Se 64
Chapter 5 Properties of ECR Plasma Generated using Carbon Internal Antenna.................. 65
B L AP PO UCEIGR s rassnnssnnnenssranss sannmssssssensmvesnasaties amsass 1o sassss s ansnannsns nososs nsnse smass soswrannesssnnunsssssmmnns 65
SV (o1 a=Tg (o] K3 Ta o LY =3 4T o 66
o R ] T [0 = e 0 0 L L 66
5:2.2 Magnetic Field Configuration.ammmmmmnsimsmassers v isiisssssssinsss s e 67
L T I—— 68
5.3.1 Effects of Magnet CUurrent. o smainnmnsmmisimm i smmes s s i aw i 68
5:3.2 Effects:of Ry drogen Pressure s msmsinsss o s s s i s s s st 73
5.3.3 Effects Of MICrOWAVE POWET .......ccouviiiiiiiiiicceeeeri ettt esre s s 75

xii



5.3:4 Effectsof Mapnetic Flaw Retumt e wmmmsmssmmmssiais i iew s 76

S DISCUSSTON civsiveviivivavivasvimuunimvrssssavvivssssssessysssss sy s ss s i i i s o s av s s SR S TR s 79
TG Y 0 T T (7 (o ISR PP 82
Chapter 6 Carbon Film Deposition by ECR Sputtering Method..........ccccceceiiiiiiiiiiiesiiiiseeennn, 83

6.0 INEFOUCTION .eevveeeeeeeeeiieeee ettt sa st e e e e e s e e s s e e ssasssassannesesssssssssnnsesesssesesnns 83
6.2 Principle of Carbon Sputtering by Hydrogen Plasma ........cccccveevvveeiviesiiieesiiesiensessesnnss 84

6:5:MEthods G N OIS ot e s oAb AR SRR RS SR R R AR T P L A RS 85
6 3.1 Beposition Setif vamrmmmmomm o s e R e 85
6.3.2 Carbon Sheet: and Cylinder TArget ....cvanivsmsmissemsmma s i 86
6:3.3 Filen: Pre panation umwasmommmemim s s s v i s st vren e 87
6.3.4 Optical Emission Spectroscopy (OES)s  vwsimsimmssimsaiamsissinimminsmsiaesssnssisssosionise 87
6:3:5/Mass SPRCTROSCOPY o e T 88
6.3.6 X-Ray Diffraction (XRD) AN@lYSIS ......covvierieeieecieecee et 90
6.3.7 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy
BT cscconsm monmasommsconsms oot somasismmass ossmsrs oo A AT RPN 81
6.4 RESUILS QNGO DUSCUSSION cocoivvvvieiieeiieieeeiteeeeeetteeeaeesiaeeaeeeiae e s eesteeeeeesasasseesasasssssnssssennnsnnnnns 92
6.4.1 Using Different Antenna Flange Configuration...........ccceee i 92
6.4.2 Using a Carbon Sheet Target v isssmminioimssisissisisesosisseisasssasesssssns 98
6.4,3 Using Different Carbor Antanna SErUCTUTES ;.uvissississississsusassisrasssasssssiasiaisvasssiia 98
644 Usinga Magnetic Flux Bebirn o s oasyminavsn 102
B TOMCIISION e ciistrmarivssss st oo e ey Ve e T T S ST N s 104
CHAPTer 7 CONCIUSION. .. uancansnssevnnssrs navsrssersarsmavesinssnisransveismsamsssawasvaves S TEs AR S ToPaY 105
7.1 Advantages and APPICOTLIONS . .....cceeiiiiiiiiiiie et sbae e s ssee s sbe e s ssressereesssbaneees 105
7.2 Disadvantages and ReCOMMENAALIONS...........oeveeueeeieeecieeceeeeieeeeeeereeeeeeeeseeeseeaenvnese e 106
PETETETERE. . oo in e A s S S SRR P AR RS AR S o A S AR el sl 107
Appendix

xiii



Xiv



List of Tables

Table 2.1 Range of parameters of high-density and capacitively coupled plasmas. ...oceeresresssssennes 6

Table 2.2 Summary of Resonances and Cutoffs of the Principal Waves.. e 1.8
Table 3.1 Camera settings used in taking photos through the viewports for luminosity calculation
#36

XV



XVi



List of Figures

Fig. 2.1 Configurations of some high-density sources.... T : 6
Fig. 2.2 A typical high-aspect ratio ECR configuration with divergent magnetic field.......ccoooumerrrernn 9
Fig. 2.3 Typical ECR configurations............ RS s 10
Fig. 2.4 Basic principle of ECR heating where there is (a) a continuous energy gain for RHP and (b)
an oscillating energy for LHP Waves. ......coumimmsmsismismssarsssmsssmsassssons L [
Fig. 2.5 Geometry for electromagnetic waves propagating perpendicular to B ......ccccoomeevvssrmecrrisenrnn 16

Fig. 2.6 Dispersion w versus k for the principal waves in magnetized plasma for we > Wpe,

excluding ion motions.......... R A S B B e ——

Fig. 2.7 Experimental parameters for good ECR source operation: pressure p versus incident

DOWRE Pinpusisusicusssssmusssossiiusssssssssssissssisisssisisssssinisans T R T S e M T g 19
Fig. 3.1 Photo of the experimental ECR plasma system ........... . —— .. 22
Fig. 3.2 Schematic diagram of the experimental ECR plasma SYStem ......cecmreeennesessseesssmssessssssesens 2 2

Fig. 3.3 Photo of (a) the electromagnet, (b) the permanent magnet and a diagram of its
magnetization direction, and (c) the temporary magnet installed to the ECR plasma system......... 24

Fig. 3.4 Schematic diagram of the source chamber........cvnuninns . N 25

Fig. 3.5 Schematic diagram of the process chamber: (a) front view and (b) side view. .....cccoeervremuee 26
Fig. 3.6 (a) Photo of the gas injection unit with carbon sputtering targets. (b) Bottom view of the

FAS I BCEIOT VML TS coiimiorisunicaicssicunitiicsoi st onsieds dissdasinmidsssssiiasionsnssbodusssaidabeda siui s s bSO e 27

Fig. 3.7 A typical Langmuir probe current-voltage characteristic CUIrVe......emeessnessssisssssessseness 29
Fig. 3.8 (a) Schematic diagram, and (b) photo of the Langmuir probe used in the experiments....31
Fig. 3.9 Circuit diagram of the Langmuir probe SELUP ..smsissssssssssssssssssssssnosssssssssssenss 3 2
Fig. 3.10 Probe current plotted as a function probe voltage from raw data........eenrssssmseessessans 33

Fig. 3.11 Zoomed semi»logarithmic plot of electron current as a function of probe voltage, with

lines fitted along the transition and positive-V, regions.. N 34
Fig. 3.12 (a) Sampling area for mean luminosity calculation, (b) sampling line for the acquisition
of luminosity spatial distribution, and (c) luminosity histogram of a photo.....ecenesiseeeen 36
Fig. 3.13 (a) Schematic diagram of the frequency spectrum analysis setup and (b) actual image of
the receiving antenna used to detect microwaves transmitted to the chamber. .......ccovemrsvseensersens 37

Fig. 4.1 Diagram of EM Field excitation by a dipole antenna............. e 39

xvii



Fig. 4.2 Diagram of electromagnetic field radiation by a dipole antenna..... .40

Fig. 4.3 Geometry and position of the antenna flange relative to the gas ring in each configuration.

.................. 42
Fig. 4.4 Nickel antenna structures with their corresponding parameters. ..........cocvemsresneesivnn. 43
Fig. 4.5 Nickel antennas mounted to two types of far-configuration flange........oerseeereernecsrsenenn 4k
Fig. 4.6 Source chamber with electro- and permanent magnets.......oseeennens DR ..

Fig. 4.7 Magnetic field intensity profile along the chamber axis at different magnet current I

(a) without and (b) with the permanent magnet. o e s R AN SR 45

Fig. 4.8 Plasma photos taken (a) through the front viewport at various Iz in each flange

configuration, and (b) through the bottom viewport in near configuration. ... 46
Fig. 4.9 Electron density n. plotted as a function of Iz for different flange configurations................. 47
Fig. 4.10 Plasma potential V},y plotted as functions of /5 for different flange configurations. ............ 48
Fig. 4.11 Reflected power P, plotted as a function of I3 for different flange configurations.....c....... 48

Fig. 4.12 (a) Spiral antenna with insulated connector and stem. (b) Image showing the insulators.
.................................... e S s D

Fig. 4.13 Plasma potential V,; and electron temperature T. plotted as functions of /5 for bare and

insulated spiral antennas......... o s D

Fig. 4.14 Photos of plasmas produced using (a) bare and (b) insulated spiral antennas, taken

through the front and bottom viewports at various Ig......cn. e S 50

Fig. 4.15 Luminosity spatial distribution of plasmas produced using (a) bare and (b) insulated

spiral antennas at various Is...... T T W ey e 51

Fig. 4.16 Photos of plasmas produced using bare, stem- and connector-insulated spiral antennas,

taken through the front viewport at Various Ip. ..msmssssssssssssssmsssssssssssssssssses 52

Fig. 4.17 lon saturation current I, and plasma potential Vy; plotted as functions of I in the cases

with and without permanent magnet.............. G M 53

Fig. 4.18 Photos of plasmas produced using (a) spiral and (b) helical antennas, taken through the

front and bottom VIEWPOTES 8t VAITOUS [B. vvvrresssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssesnns 54
Fig. 4.19 (a) Luminosity spatial distribution of plasmas produced at 90 A, and (b) ion saturation
current Iy at various I for spiral and helical antennas. ..., 3
Fig. 4.20 Plasma image luminosity plotted as a function of Izfor plasmas produced using spiral

antennas with different number of turns n.......ooeeeen. e .. -

Fig. 4.21 (a) Plasma image luminosity and (b) ion saturation current I plotted as functions of Iz
for plasmas produced using n = 2 spiral antenna at various poSition D.......esssssssssssmssssssssses 37
Fig. 4.22 Plasma photos taken through the bottom viewport at various Iz for spiral antenna

position D = 55 and 60 mm........ T 58

xXviii



Fig. 4.23 Distance z, at which the ECR field is created along the chamber axis measured from the

base of the antenna flange plotted as a fUnNCction of I5. cmemessemsssssssssssmssssssssenne 59

Fig. 4.24 Radiation pattern of the spiral antenna relative to the axial distance of the ECR zone

from the antenna flange Zres. coeeeeerevessssnncnnns SN R A SR SRR SR e S ey 60

Fig. 4.25 (a) Plasma image luminosity and (b) bottom-view photos at various Iz for plasmas

produced using different antenna structures with D = 65 MM.....ccveenniiensiionns SRR— . 1
Fig. 4.26 Plasma image luminosity plotted as a function of I for plasmas produced using spiral
antenna at various forward MiCrOWaVve POWET Pf c...ceumsmsesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsesss 0 2
Fig. 4.27 Plasma image luminosity with (a) reflected power P, and (b) MW transmission plotted as

functions I for spiral antENNAa. .. W, W—— 63

Fig. 4.28 Vertically shifted MW transmission plotted as functions of Iz at various forward

T CrOWaAVE- DOWEE Phasmammssmimnismin i i S L s 64

Fig. 5.1 (a) Carbon antenna structures with their corresponding parameters. (b) Front view

diagram of the antennas...... TSRS FOE SNt R AR BRSSO AR R AN A S AR 66

Fig. 5.2 Source chamber with (a) electro- and permanent magnets, and (b) with additional

magnetic flux return....... R PO .

Fig. 5.3 Magnetic field intensity profile along the chamber axis at different magnet current Ip

(a) without and (b) with the magnetic flux return............. T ot o

Fig. 5.4 Images taken through the (a) front and (b) bottom viewports at various I for plasmas
produced using different carbon antenna StrUCTULES. .....mmsssssmssssssmmsssssssssssssssssssssssnsesss 09
Fig. 5.5 Plasma image luminosity plotted as a function of I for plasmas produced using different

€arbon aNteNNA SEIUCTUTES. w.ovrveeeeeesereseesesssesssesssessesssmsssnsssesssess e i s 69

Fig. 5.6 lon saturation current I plotted as functions of I for plasmas produced using carbon

erea R aate Byt gl at s b ST —— 70

Fig. 5.7 Plasma potential V,;and electron temperature T. and plotted as functions of I for plasmas

produced using carbon coaxial and spiral antennas. i s L

Fig. 5.8 Luminosity spatial distribution of plasmas produced using carbon (a) coaxial and (b)

spiral antennas at various /Iz. ...t i R —— 72

Fig. 5.9 MW transmission of 2.45 and 4.9 GHz waves with plasma image luminosity for plasmas

produced using carbon (a) coaxial and (b) spiral antennas. ... w713
Fig. 5.10 Ion saturation current I and plasma potential V,; plotted as functions of Hz pressure for

plasmas produced using carbon coaxial and spiral aNtENNAS. we...ssscssssmmesessssssssssssssssssss s 74

Fig. 5.11 Bottom-view photos of plasmas at various H; pressures produced using carbon coaxial

and SPIral anteNNAS. . messssimsses s essssssssssssssssessassssssssssseeees SNSRI

Fig. 5.12 Luminosity spatial distribution along a vertical line at various H; pressures for plasmas

produced using carbon (a) coaxial and (b) Spiral ANLENNAS. .......evvsssmsmmrssssssssssssssssssss 75

Xix



Fig. 5.13 (a) Electron density ne, (b) and plasma potential V,; with electron temperature T. plotted
as functions of forward power Prfor plasmas produced using carbon coaxial and spiral antennas.
................................ S

Fig. 5.14 (a) lon saturation current i, (b) plasma potential V. and electron temperature T

plotted as functions of I in the cases with and without flux return (FR). ..ccomeemmsnesssssmssesssssssssssens 77

Fig. 5.15 Luminosity spatial distribution in the cases (a) with and (b) without a flux return (FR) at

VALTOUS Dnissnssssssmsat i s T T —— i 78

Fig. 5.16 Plasma luminosity and microwave power level at 4.9 GHz as functions of IB for the cases

with and without flux return (FR). e e T e 79

Fig. 5.17 (a) lon saturation current I, and (b) distance zrs at which the ECR field is created along

the chamber axis measured from the base of the antenna flange plotted as functions of Is. ............ 80
Fig. 5.18 Plasma formations near the coaxial antenna at (a) Iz > 65 A and (b) Iz £ 65 A. c.cccesreeeeneeee 80
Fig. 5.19 ECR zone position zs as a function of I in the cases with and without flux return (FR)..

................................ 81
Fig. 6.1 Mechanism of carbon sputtering by hydrogen plasma s R 1

Fig. 6.2 (a) Experimental setup of ECR chemical vapor deposition (ECR CVD) of carbon thin film.

(b) Actual image of the substrate holder..... AR e oS e S e et T e T 85
Fig. 6.3 Carbon film formation of hydrocarbon molecules produced by ECR sputtering. .......c.o...uu... 86
Fig. 6.4 (a) A carbon sheet placed underneath the Si substrate. (b) A carbon cylinder inserted into
the souree Chamber cu s s R .87
Fig. 6.5 Schematic diagram of a quadrupole mass analyzZer......eveessesssssene, .89

Fig. 6.6 (a) Schematic diagram of the mass spectroscopy setup and (b) diagram showing the probe

coupled to the mass spectrometer and facing the carbon target. ... sssssssssssnsinns 90

Fig. 6.7 Schematic diagram of Bragg diffraction where incident X-rays are scattered in mirror-like

reflection by the atoms of a crystalline structure and undergo constructive interference. ............. 91
Fig. 6.8 Typical optical emission spectrum of plasmas produced by the ECR device...ncerennn 92
Fig. 6.9 . Mass spectra before and during ECR plasma excitation in far configuration. .........ccceevuver. 93
Fig. 6.10 Mass spectra of plasma excited in far and mid configurations. ... 94

Fig. 6.11 Schematic diagram of sputtering of the carbon target by hydrogen plasma in (a) mid-

and (b) far-antenna CONfIGUIATIONS. wuimmresismreeessssssssssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssens 94
Fig. 6.12 SEM images of films produced in different flange configurations. A — 95
Fig. 6.13 SEM images of films produced in far configuration at different working pressures.......... 96

Fig. 6.14 Vertically shifted XRD spectra of films produced in different flange configurations........ 96
Fig. 6.15 Partial pressures of C and CH radicals as functions of the bias voltage applied to the
carbon target.......... R T o 07

XX



Fig. 6.16 SEM images of films deposited (a) without and (b) with a carbon sheet underneath the Si

substrate at various working pressures. ... S R .98
Fig. 6.17 (a) Relative emission intensities of Cz and CH species, and (b) peak intensity ratio of CH
to Cz plotted as functions of H; pressure for plasmas produced using carbon coaxial and spiral

B B T T S it 0 iauiii i iEaaiis i ot s mimsmsnmemnms s RS AR R R AR £ PP R AR RS 88 AR 4448 BAARA AR AR AR FRRR SRR R R AR R AR S ERN S SRR RS 99

Fig. 6.18 Weight density of films deposited using the carbon coaxial antenna at various (a) H:

pressures and (b) depoSition tIMEe. s veenee 100
Fig. 6.19 SEM images of films deposited using the carbon coaxial antenna at different gas

pressures and exposure time..... S A e A e TS U TS o s omsn s YRS R SRS 101

Fig. 6.20 (a) Relative emission intensity of H I (486 nm) species and (b) peak intensity ratio of CH

to Cz plotted as functions of Hz pressure in the cases with and without flux return (FR)....coovuuuene 103



xxii



List of Abbreviations

AC
a-C:H
CVD
DC
DSLR
ECR
EDS
EM
FR
LHP
MW
OES
PEF
PPM
QMA
RF
RGB
RHP
SEM
TMP
XRD

Alternating current

Hydrogenated amorphous carbon

Chemical vapor deposition
Direct current

Digital single-lens reflex
Electron cyclotron resonance

Energy dispersive X-ray spectroscopy

Electromagnetic

Flux return

Left-hand polarized
Microwave

Optical emission spectroscopy
Pentax electronic file

Portable pixmap format
Quadrupole mass analyzer
Radio frequency

Red, Green, and Blue
Right-hand polarized
Scanning electron microscopy
Turbomolecular pump

X-ray diffraction

xxiii



XXiv



List of Symbols

Pmin

Acceleration (m/s?)

Probe collecting area (m?)

Magnetic field intensity (T)

Magnetic field vector

Y-intercept of a line

Lattice spacing (A)

Antenna position with respect to the flange (mm)
Electric field vector

Left-hand polarized wave amplitude
Right-hand polarized wave amplitude
Frequency (Hz)

Lorentz force (N)

Bohm ion current (A); Magnet current (A)
Electron current (A)

Electron saturation current (A)

Ion current (A)

Probe current (A)

Ion saturation current (A)

Wave vector

Wave number (m-1)

Plasma dimension (m)

Exposed probe length (m)

Slope of a line; mass number

Ion mass (kg)

Plasma density (m-3); number of turns;
positive integer (Bragg's law)
Refractive index

Critical density (m3)

Electron density (m-3)

Ion density (m-3)

Pressure (Pa)

Power (W)

Forward power (W)

Incident power (W)

Minimum pressure

Reflected power (%)



q Ion charge (C)
R Resistance (1)

p Probe radius (m)

Te Electron temperature (V)

Tex  Electron temperature (K)

Ti Ion temperature (V)

Tix Ion temperature (K)

up Bohm velocity

Vr Floating potential (V)

v Velocity of electron

7 Electron average speed (m/s)

Vp Probe voltage (V)

Vo Plasma potential (V)

Vs Source voltage (V)

z Charge number

Zres  Axial distance of the ECR zone from the antenna
o) Skin depth (m)

€ Relative permittivity

n Efficiency factor

7} Diffraction angle (°)

A Mean free path; wavelength (m)
Ap Debye length (m)

% Frequency of emitted photon (Hz)

w Radian wave frequency (rad/s)

wce  Electron cyclotron frequency (rad/s)
Wei lon cyclotron frequency (rad/s)

w] Left-hand cutoff (rad/s)
Wik Lower hybrid frequency (rad/s)
wpe  Electron plasma frequency (rad/s)

Xxvi



List of Constants

Atomic mass unit
Boltzmann constant
Electron charge

Electron mass
Permittivity of free space
Pi

Planck’s constant

Proton mass

Speed of light

ks

I I A

1.6605 x 10-27 kg
1.3807 x 1023 eV/K
1.6022 x 1019 C
9.1095 x 10-31kg
8.8542 x 1012 F/m
3.1416

6.6261 x 10-34] s
1.6726 x 10-27 kg
29979 x 108 m/s

xxvii



xxviii



Chapter
Background of the Study

Chapter 1

Background of the Study

1.1 Introduction

In the presence of a static magnetic field, electrons gyrate around the field lines due to
the effect of the magnetic force. When the gyration frequency of the electrons is equal to
the incident wave frequency, which is usually 2.45 GHz microwave, an electron cyclotron
resonance (ECR) occurs. Because of this resonance, the electrons gain sufficient energy
which allows ionization of a background gas. The efficient transfer of wave energy by
resonant wave-particle interaction results in the production of high-density plasma.

Over the last several decades, plasma sources based on ECR technology have been
extensively studied and used in plasma generation and processing. ECR technology was
first applied in plasma generation in early 1960s for plasma fusion and acceleration
researches. 1.2 The initial attempts to apply ECR technology in plasma materials
processing were done in mid-1970s for silicon oxidation and etching. 3* However, during
the next decade, ECR was used mainly for plasma fusion applications. In early 1980s, an
ECR plasma source modified for plasma-enhanced chemical vapor deposition (PECVD) of
thin films was introduced.5 Since then, ECR plasma sources have been used for deposition
of various materials such as carbon thin films, silicon dioxide films, boron nitride coatings,

gallium arsenide, and metal oxide films.t-11
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1.2 Motivations for the Study

Since the invention of high-power microwave generators in World War II, microwave-
induced plasmas have been successfully produced. The use of ECR technology in
microwave plasma sources allowed the production of high-density, low-ion-energy
plasmas at low gas pressures. If the plasma density is sufficiently high, deposition rates
can be increased. Moreover, if the ion energy is sufficiently low, damage to the sample can
be prevented. Due to these unique properties of ECR plasmas, they are widely used in
diamond-like, amorphous carbon and diamond thin film deposition.1213

The incident microwave in ECR plasma sources is commonly launched into the
vacuum chamber across a dielectric window to reduce the plasma sheath voltage.
However, the use of dielectric windows in a plasma reactor has several disadvantages.
Firstly, large-area materials processing requires wide and very thick dielectric window
which is not only expensive to fabricate, but also reduces the power transfer efficiency
between the microwave applicator and the plasma.l* Second, the dielectric material is
easily sputtered by the electrostatic coupling between the applicator and the plasma,
resulting in impurities.’> Lastly, when ECR systems are utilized for deposition of
conductive thin layers, such as carbon films, ions and atoms tend to condense on the
vacuum-side of the dielectric window reducing its transmittance efficiency over time.16
The degradation of and deposition on the window requires frequent cleaning and
maintenance cycles. 17

Several techniques were done to avoid the disadvantages of dielectric windows. One
idea is to transmit microwaves from both sides of the plasma chamber using a branched
waveguide.!l Although sputtered atoms that end up on the dielectric window are
considerably reduced, the window still becomes covered with contaminants after long

period of operation. This requires dismounting and reassembling of the loop waveguide,

2
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which is fairly time-consuming. Therefore, further research and development of
alternative methods and materials to overcome such obstacles and inconveniences are

needed to be done.

1.3 Objectives of the Study

One way to exclude dielectric windows and complex waveguide systems from an ECR
plasma source is to introduce power into the chamber through an internal antenna.
Internal antenna is a type of antenna placed inside the vacuum chamber. As oppose to an
external antenna, it does not have to be placed behind a dielectric window and is exposed
directly into the plasma space. Internal antennas of different structures were developed
and successfully used in ECR plasma sources for deposition and etching applications.18-20
The antennas had transferred power into the ECR discharges efficiently. However, the
antennas were subject to sputtering and could introduce impurities into the deposition
plasma. Though insulating the internal antennas can reduce impurities, the insulating
material inevitably becomes source of contaminants as it is still subject to sputtering.
Therefore, it is strategic to cover the internal antenna with the same material being
deposited. To explore such possibility, this study aims to develop and optimize a plasma
source which couples microwave power to ECR plasmas using a carbon internal antenna
for carbon film deposition. Firstly, the performance of metal and carbon internal
antennas in power coupling and plasma excitation are tested. Secondly, the effects of
experimental parameter, antenna structure and magnetic configuration on the plasma
properties are investigated. And lastly, the performance of the ECR plasma source with an
internal antenna in hydrocarbon emission and carbon film deposition are evaluated using

qualitative and quantitative diagnostics.
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Chapter 2

Principles of ECR Plasma Excitation

2.1 Introduction

Plasma is loosely defined as an ionized gas. However, since any gas has some small
degree of ionization, it is more specific to define plasma as a quasineutral gas consisting
of charged and neutral particles which exhibits collective behavior. Plasma is
quasineutral in a sense that it is neutral enough to consider a common density for
oppositely charged particles, n = n; = ne, where n, n; and n. are plasma, ion and electron
densities, respectively. However, it is not so neutral that all significant electromagnetic
forces vanish. 21

In a gas, the dynamics of motion are determined by forces between its local regions.
On the other hand, plasma behaves “collectively” in such a way that its motions depend
not only on the local conditions but also on the condition of plasma in remote regions.
The charge separation between ions and electrons produces electric fields, and current of
charged particles produces magnetic fields. These electromagnetic fields give rise to an
“action at a distance” effect in the plasma.??

In order to produce plasma, sufficiently high energy is needed to initiate ionization in
which electrons are released from neutral atoms producing ions and free radicals.

Required energy can be in a form of radiation, electric fields or caloric energy. Plasmas
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lose energy to their surroundings by collision, diffusion and radiation processes; hence to
sustain the plasma, there should be equilibrium between ionization and loss rates.

This study deals with weakly ionized plasma discharges in which the plasma density
is only a small fraction of the neutral gas density. This type of plasma has the following
features:17

1. They are driven electrically.

2. Charged particle collisions with neutral particles are important.

3. There are boundaries at which surface losses are important.

4. lonization of neutrals sustains the plasma in the steady state.

5. The electrons are not in thermal equilibrium with the ions.

Sources that produce high-density plasmas are introduced in the next section. One of
them is the electron cyclotron resonance (ECR) plasma source of which the

characteristics and fundamentals are discussed in the succeeding sections.

2.2 High-density Plasma Sources

The need for high-density and low-pressure discharges for materials processing have
led to the development of high-density plasma sources such as electron cyclotron
resonance (ECR), helicon, helical resonant and inductive coupled sources. They are
typically ignited and sustained by AC sources such as radio frequency (RF) (f = 13.56
MHz) and microwave frequency (f = 2450 MHz) sources.!” The oscillating electric field of
AC sources accelerates free electrons into simultaneous periodic oscillations. In this
process, electrons collide with gas molecules randomly in which electrons gain sufficient
energy to cause bond dissociation and ionization by picking up an increment of energy
with each collision.?3 Typical parameters of high-density plasma compared to capacitively

coupled RF discharges are shown in Table 2.1.
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Table 2.1 Range of parameters of high-density and capacitively coupled plasmas (after Ref. 17 ).

Parameter High-density plasma Capactively coupled plasma
Pressure p (mTorr) 0.5-50 10-1000

Power P (W) 100-5000 50-2000
Frequency f (MHz) 0-2450 0.05-13.56
Magnetic field B (kG) 0-1 0

Plasma density n (cm-3) 1010-1012 109-1011

Electron temperature Te (V) 2-7 1-5

Typical configurations of high-density plasma systems are illustrated in Fig. 2.1. In
these sources, RF or microwave power is commonly coupled to the plasma across a
dielectric window for noncapacitive power transfer, but they differ in the means by
which power is coupled to the plasma. ECR and helicon sources are commonly driven by

microwave and RF power, respectively. Under an axial magnetic field, these sources

Microwave power RF Antenna
b X
%
(o] N H
rca <
Rl ot S
PLASMA 3.: Multipoles
HASAILIA, Pz
RF bias
ECR Helicon
N
D N S <]
d N <] d N
.) RF power
. RF power
Helical resonator Inductive

Fig. 2.1 Configurations of some high-density sources (after Ref, 17).
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transfer the wave energy to the plasma by resonant wave-particle interaction. On the
other hand, external magnetic field is not required in helical resonator and inductive
sources. Helical resonator sources couple RF power to the plasma by exciting a resonant
axial mode in a slow wave structure. Inductive coupled sources have RF coils around the
dielectric source chamber, similar with helical resonator sources, which induce plasma

coupling by transformer action.1”

2.3 ECR Plasma Characteristics

If the radian frequency of an incident wave and the electron cyclotron (gyration)
frequency are denoted by w and we, respectively, then electron cyclotron resonance

(ECR) occurs when w = wce. The frequencies w and we. are given by:

w = 2xnf (2.1)
_eB
e o (2.2)

where e, B, and m. as the electron charge, magnetic field intensity, and electron mass,
correspondingly. The commonly used microwave frequency is 2.45 GHz since magnetron
sources are inexpensive and commercially available at that frequency. For f = 2.45 GHz,
the wave absorption requires an external magnetic field of intensity B = 87.5 mT. The
applied magnetic field produces a resonance zone in the discharge where electrons are
accelerated and absorb about 95% of the microwave power.24 The effective absorption of
microwave power in the resonance zone ensures energy transfer to the electrons without
depending much on collisions, which allows operation at low gas pressure. Such
collisionless heating mechanism of ECR excitation produces plasma with low sheath
voltage. When the sheath voltage is low, the bombarding energies of ions flowing to the

substrate are also low.17
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The presence of magnetic field not only promotes high power absorption but also
allows operation at high-density plasma. Introduction of microwaves at high magnetic
field region, wee > w, allows wave propagation even in overdense plasma with electron
plasma frequency wpe > w, and with electron density n. > n (critical density). wpe and n¢

are given by,

en
Ope = | —= (2.3)
e-g
Me€qw?
n, = 02 (2.4)

where €, is the permittivity of free space. Unlike ECR plasmas, unmagnetized plasmas
such as inductive coupled discharges have a density limit, n. S n., for good field
penetration and efficient power transfer to the plasma.l” Deposition, sputter and etch
rates can be substantially rapid if the plasma density is sufficiently high. Consequently,
ECR plasma sources are widely used in laboratories and industries for materials
processing due to the following characteristics:

1. They can operate at low gas pressures.

2. They produce plasmas with low ion energy.

3. They can operate at high plasma density range.

2.4 ECR Plasma Source Configurations

An ECR system is usually divided into two regions: the source chamber where most of
the plasma production occurs, and the process chamber where the substrate is located.
The chambers are typically made of stainless steel or aluminum. Shown in Fig. 2.2 is a
typical ECR source configuration with high-aspect ratio, I > r, where [/ and r are the length
and radius of the source chamber, respectively. Microwaves are introduced into the

source chamber across a dielectric window along the divergent magnetic field. High field

8
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intensity, we > w, is needed near the dielectric window so that microwaves can propagate

in the plasma and be absorbed in the resonance zone, where wc = w. The steady-state

magnetic field is produced by one or more electromagnets surrounding the source

chamber. A strong permanent magnet can also be used to generate a divergent axial

magnetic field instead of electromagnets.

Microwave

Magnets

Magnetic Substrate
field lines holder

\ Sub coil
- /=

wi/ |
S /:

Microwave
power A S PIASA
Dielectric e
Window m
Gas /
feed Source Process
chamber chamber

Fig. 2.2 A typical high-aspect ratio ECR configuration with divergent magnetic field (after Ref. 25).

As gas is introduced into the chamber, it breaks down and a plasma discharge forms.

The plasma diffuses along the magnetic field lines into the process chamber where the

substrate is located. Occasionally, electromagnets are added around the process chamber

to modify plasma density and uniformity.17.25

Typical variations of ECR source configuration are illustrated in Fig. 2.3. In these

configurations, microwave power is commonly coupled to the resonance zone across a

dielectric window. High-aspect ratio system, shown in Fig. 2.3a, has its source region far

from the substrate. The expansion of the plasma from the resonance zone to the substrate

reduces ion flux and increases ion impact energy. To decrease plasma expansion, low-

aspect ratio system had been developed (Fig. 2.3b) of which the resonance zone is within

9
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Fig. 2.3 Typical ECR configurations such as (a) high-aspect ratio, (b) low-aspect ratio, (c) low-
aspect ratio with multipoles, (d) close-coupled, (e) distributed electron cyclotron
resonance(DECR) and (f) microwave cavity excited (after Ref. 17).

the process chamber. Substrate holders are typically connected to an RF bias supply to
control the energy of the bombarding ions on the substrate.

By adding linear multipole permanent magnets around the process chamber, as
shown in Fig. 2.3c, the plasma density can be increased and the plasma uniformity can be

further improved. Another way of improving the uniformity and density is to combine the

10
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source and process chamber and position the resonance zone close to the substrate. Such
configuration is called the close-coupled type of low-aspect ratio system (Fig. 2.3d).17

In the configurations described earlier, microwaves with direction of propagation k
are introduced along the magnetic field vector B (wave vector k || B), on the other hand,
microwaves in the distributed ECR (DECR) configuration, shown in Fig. 2.3e, are injected
perpendicular to B (k L B). In DECR, several microwave applicators are placed around
the process chamber creating linear resonance zones near the chamber wall. Similar
linear resonance zones are generated in the microwave cavity source shown in Fig. 2.3f,
where a sliding short and a stub tuner on top and on the side, respectively, are used to

tune the coaxial feed, which excites standing waves in the chamber.17

2.5 ECR Heating

The basic principle of ECR heating of electrons is illustrated in Fig. 2.4. Consider an

incident microwave in sinusoidal steady state propagating along 2 and polarized along £,
Elr,1) = ReZE, [Fig/v* (2.5)

where the complex amplitude Ey is taken to be a pure real value. A linearly polarized

wave can be decomposed into sum of two counter-rotating circularly polarized waves, as
REy, = (X — jPE, + (X + jI)E; (2.6)

where % and ¥ are unit vectors along x and y-axes, and where E; and E; are the amplitudes

of the right-hand polarized (RHP) and left-hand polarized (LHP) waves, with

ET = El = — (27)

11
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Fig. 2.4 Basic principle of ECR heating where there is (a) a continuous energy gain for RHP and (b)
an oscillating energy for LHP waves (after Ref. 17).

The B vector The E vector of RHP and LHP waves rotate in right-hand and left-hand
sense with respect to B at frequency w, correspondingly. At the same time, electrons
gyrate in right-hand sense at frequency wc with respect to B. Based on Lorentz force
given by,26

F; = —eE + (—ev X B) (2.8)
where v is the instantaneous velocity of an electron, the electric field of the resonant RHP
wave exerts a force —eE; on the electron, as shown in Fig. 2.4a. It accelerates the electron
along its circular orbit, resulting in a continuous transverse energy gain. Conversely, the
LHP wave field, in Fig. 2.4b, produces an oscillating force of which the time average is

zero, resulting in no energy gain.17

2.6 Microwave Propagation in Plasma

The following sections discuss how microwave propagation in plasma, unmagnetized

or magnetized, depends on plasma density and magnetic field.

1Z
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2.6.1 Propagation in Unmagnetized Plasma

As wave propagates through a dielectric medium, such as plasma, its phase velocity
changes depending upon its wavelength. Such phenomenon is called dispersion. The effect
of dispersion on wave properties is defined by a dispersion relation, which expresses
wave frequency w as a function of wave number k. This equation can be derived by
substituting a plane wave solution into a wave equation, which is obtained from the

Maxwell’s equations. In unmagnetized plasma, the dispersion relation is,?’

Czkz
it = s 5, F0 8P (2.9)

where c is the speed of light and € is the relative permittivity of plasma given by,

2
T (2.10)
CUZ
The refractive index N of a dispersive medium is defined as,
22
NCPLEL. (2.11)
-
thus, from Egs. (2.9) and (2.10),
0:)2
e=1——Pt = N2 (2.12)
(,()2

Equation (2.10) had been derived assuming that ions are infinitely massive, the
collision frequency is zero and that electrons have no thermal motion. The incident wave
propagates in the plasma only if N is real, hence, only when w > wpe, otherwise, the wave
is reflected on the boundary of the overdense plasma. 28 This leads to a critical density n.
given by Eq. (2.3). For an incident microwave with f= 2.45 GHz to be able to propagate in
plasma, the electron density ne should be less than 7.5 x 1016 m-3, However, in the
presence of a magnetic field, the situation is significantly changed. Magnetized plasma can
support many wave modes that allow wave transmission even in dense plasmas. In the

following sections, we will only discuss the properties of principal waves, which are

13
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waves traveling parallel and perpendicular to B, and only consider electron motions,

taking the ions to be fixed, which is basically a cold plasma approximation.2’

2.6.2 Propagation Parallel to Magnetic Field (k || B)

For a wave propagating primarily along a steady-state magnetic field, the dispersion

relation can be separated into a right-hand polarized (RHP) wave or r wave mode,

2 C()Se
Nf=1- m (2:13)
and a left-hand polarized (LHP) wave or [ wave mode:
e
NE=1- o T, (2.14)

where wc. is defined to be explicitly positive. For r mode, E rotates in the same direction
as the electron gyrate about B, and opposite for the / mode. Based on Egs. (2.13) and
(2.14), the direction of rotation of E is independent of the sign of k. Thus, the polarization
of E is not defined with respect to the direction of propagation k but on the direction of
magnetic field B.21

As wave propagates in plasma, it passes through regions with different wpe and wee,
where it may encounter resonances and cutoffs. A wave is generally absorbed at a
resonance and reflected at a cutoff. A resonance occurs in plasma when N — oo; that is,
when the wave number k — +oco. On the other hand, a cutoff occurs when N = 0; that is,
when k — 0. For r wave, N becomes infinite when w = w., which pertains to electron
cyclotron resonance described in section 2.3. On the other hand, I wave does not have a
resonance for positive w. If ion motions were considered, the [ wave rotates in the same
direction as the ion gyrates about B and would have been found to have resonance at the

ion cyclotron frequency wc;, given by,

14
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Wei = ﬁ [215)

with M as the proton mass. The cutoff frequencies are obtained by setting k = 0,

2
L | SR (2.16)
w(w F wee)
Solving for w, we obtain the cutoff of r wave,
2 2
o, = Wee T /Wée + 4W5e (2.17)
2
and the cutoff of l wave,
. ) 2
el Wee T/ WEe + 45, (2.18)

2

wr is higher than wj, such that w is an upper cutoff frequency above wpe and wce, and w; is
a lower cutoff frequency below wp.. We should, however, be careful with very low
frequencies where ion dynamics may be important.1?

When the frequency of the incident wave w is less than w., the r wave is referred to
as the whistler wave, which propagates even in high-density plasmas, where w < wpe. The
whistler mode is used as the basis for some of the common ECR configurations (see
section 2.4), which rely on a magnetic beach absorption, where low-frequency

microwaves propagate from higher to lower magnetic field to the ECR zone.

2.6.3 Propagation Perpendicular to Magnetic Field (k L B)

For a wave propagating perpendicular to B, it can either have its E vector parallel or
perpendicular to B, as shown in Fig. 2.5. If E is parallel to B, (E || B), it corresponds to a
linearly polarized wave electric field lying along the magnetic field, so that the electron
motion it induces is unaffected by B. Such wave is called the ordinary (o) wave, and its

dispersion relation is identical to that in unmagnetized plasma given by Eq. (2.9).

15
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EIB

ELB z

X

Fig. 2.5 Geometry for electromagnetic waves propagating perpendicular to B (after Ref. 21).

If E is perpendicular to B, (E L B), the wave is then called the extraordinary (x) wave,

where the electron motion is affected by B. The dispersion relation for x wave is given by,

21,2 3 S
Ngzci = o et T (2.19)
w w* w '—wuh

where wyr is the upper hybrid frequency:
Wip = Wie + W (2.20)

The x wave is partly transverse and partly longitudinal electromagnetic wave; that is, E
has components both parallel and perpendicular to k, such that E traces out an eclipse in
the xy plane. 27

By setting k = o0 in Eq. (2.19), it can be observed that the resonance of x wave occur at
w = wyn. As a wave with frequency w approaches a resonance region, both its phase and
group velocities approach zero, and the wave energy is converted into upper hybrid

oscillations.?! If ijon dynamics are considered, a second resonance occur at the lower

hybrid frequency wip, given by,

i | i1 1

—_— R —

2 2
Wi Wy WeeWei

for Wei << wpf (2.21)

where wpi is the ion plasma frequency.

16
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The cutoffs for x wave are found by setting k = 0 and then solving for w. We then

obtain the same equations, (2.17) and (2.18), as we had for the cutoffs of r and  waves.17

To summarize, the resonances, cutoffs and polarizations of the principal waves are

listed in Table 2.2, The dispersion diagram for the principal waves in magnetized plasma

is illustrated in Fig. 2.6, considering only the electron motion in this case. The diagram,

however, is similar with the case with mobile ions for frequencies above the lower cutoff.

Near the lower cutoff and below, the motion of ions can follow the periodic changes in E,

such that the incident waves are strongly modified by the ion dynamics.

Some of the important features of the dispersion diagram are: 21.17

1,

The RHP (r) wave has two regions of propagation separated by a stop band. First,
the region where w < wc (Whistler mode), and second, the region where w > wr.
The extraordinary (x) wave has also two regions of propagation separated by a
stop band. First, the region between w; and wup, and second, the region above w;.
As r wave reaches the resonance at w = we, the phase and group velocities
becomes zero (k— ©0), which is due to the strong absorption of the wave energy in
the resonance zone.

Similar phenomenon occurs for the x wave at the upper hybrid resonance,
represented by the horizontal line at w = wus.

The LHP (I) wave behaves like the ordinary (o) wave except that the cutoff occurs

at wrinstead of wpe.

17
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Table 2.2 Summary of Resonances and Cutoffs of the Principal Waves (after Ref. 21,17).

Wave Resonances (k = o) Cutoffs (k=0) Polarization
2 2 right-hand circularly
rwave B = G _ Yoot YWz t Ay
# 2 polarized
= 2 7 left-hand circularly
[ wave W= We iy = Wpe F wf S+ 4(.Upe
2 polarized
w?ih == wge + (‘-’cze
x wave 1 i 1 Both as above elliptically polarized
Wiy Wl Weew
0 wave none

W= Wpe linearly polarized

lon motion

Fig. 2.6 Dispersion w versus k for the principal waves in magnetized plasma for wee > wpe,
excluding ion motions (after Ref. 17).
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2.7 Microwave Absorption in ECR sources

When microwaves propagate in magnetized plasmas, they can be completely or

partially damped by various dissipative mechanisms, such as:2?

1. Heating of electrons and ions with successive loss of their energy in elastic and

inelastic collisions.

2. Diffusive loss of heated electrons and ions to plasma boundaries.

3. Transformation of microwaves into other waves that are absorbed in the plasma

or reflected back or that propagate to the substrate area.

In ECR plasmas, the dominant power dissipation mechanism is through electron

cyclotron heating in the resonance zone. The efficiency of microwave absorption in the

resonance zone is dependent on experimental parameters such as pressure and incident

power, as illustrated in Fig. 2.7. The boundaries are based on the solutions of the wave

propagation through the resonance zone obtained by Budden.3? The efficiency factor is

Pmin

N

NAASARN

Tangency between good and
poor power absorption at p,,;,

discharge

V4 V 4 L L ra

Fig. 2.7 Experimental parameters for good ECR source operation: pressure p versus incident

power Pi, (after Ref. 17).
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denoted by 7, such that the region at which n = 1 signifies good power absorption. For
parameters inside this region, the incident microwave power is efficiently absorbed over
the entire cross section of the resonance zone. Operation outside this region results in
large microwave power transmission into the main chamber. For good power absorption,
a minimum pressure pmin is needed as in the case for an inductive discharge, in which
there is a tangency between power absorbed and power lost versus density, at low
density. Similar to inductive discharges, the plasma does not turn off immediately at the
minimum pressure; instead, it exhibits transition to a considerably lower density state. At
pressures below pmin, the plasma discharge extinguishes.1?

Microwaves reflected in the plasma chamber can generate interference of waves that
can greatly affect the power absorption. The variation of axial plasma density can cause
upstream power reflection. In addition, radial density and magnetic field variations can
cause microwave refraction, which may lead to a self-focusing effect to the microwave

power profile as the wave propagates to the resonance zone,!?
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Chapter 3

Experimental Setup & Diagnostics

An electron cyclotron resonance plasma system with high-aspect ratio has been
developed for carbon film deposition. Microwave power is coupled to the resonance zone
using an internal antenna. The device utilizes a graphite sputtering target immersed in
hydrogen plasma to supply hydrocarbon through ECR sputtering process. The succeeding
sections give detailed description of the ECR sputtering system used in the experiment,

followed by the diagnostics employed in this study and the principles behind them.

3.1 ECR Plasma System

The actual image and schematic diagram of the ECR plasma system utilized in this
study are shown in Fig. 3.1 and Fig. 3.2, respectively. It consists of a vacuum system,
microwave power and DC bias supplies, magnets, a gas injection unit, source and process
chambers, a water-cooling system and plasma diagnostic equipment. The vacuum
chamber and pumps are mounted on a stainless steel support frames with vibration
damping pads underneath. The chamber walls are connected to the ground. In total, the

system is about 1.10-m long, 0.50-m wide and 1.10-m high.
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FRONT VIEW

Fig. 3.1 Photo of the experimental ECR plasma system
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Fig. 3.2 Schematic diagram of the experimental ECR plasma system
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3.1.1 Vacuum System

The source and process vacuum chambers were evacuated by a rotary pump coupled
to a 560 L/s turbomolecular pump (TMP) to a base pressure less than 8 x 10-5 Pa. A
Pirani gauge, a type of thermal conductivity gauge, was used to monitor the pressure
ranging from atmospheric pressure down to 0.4 Pa. For pressures below 1 Pa, down to
about 1 x 10-6 Pa, a hot-filament-type ionization gauge was utilized.

A gate valve connecting the vacuum chamber to the inlet of the TMP was half closed to
restrict the gas outflow and to keep the pressure in the chamber constant during the

experiments.

3.1.2 Power supplies

Continuous microwave power with 2.45 GHz frequency was supplied to the internal
antenna by an Eiko Brain MR-202 integrated power generator via a coaxial cable. The
MW power generator can be operated up to 200 W forward power. A three-stub tuner
connected to the antenna end of the line was used for impedance matching between the
transmission line and the plasma. The tuner produces a standing wave between itself and
the plasma discharge, increasing the coupling to the plasma and reducing the reflected
power along the line.31

A Texio PSF-400H regulated DC power supply, which has maximum output voltage of
800 V, was used to bias the carbon sputtering target negatively with respect to the
chamber. On the other hand, a Kikusui PAS500-1.2 DC supply, with 500 V maximum

output, was used to bias the deposition substrate positively with respect to the chamber.

3.1.3 Magnets

Three types of magnets were used in the experiments: an electromagnet, a permanent

magnet and a temporary magnet, as shown in Fig. 3.3.
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TR R
Permanent magnet

«

Magnetization direction

Electromagnet Temporary magnet

Fig. 3.3 Photo of (a) the electromagnet, (b) the permanent magnet and a diagram of its
magnetization direction, and (c) the temporary magnet installed to the ECR plasma system.

The electromagnet, shown Fig. 3.3a, has 125-mm height, 160-mm outer diameter, and
80-mm inner diameter. It consists of two connected toroidal solenoids encased in an
insulating covering. It is placed around the source chamber to generate a divergent
magnetic field downward. The electromagnet has two terminals connected to a Kikusui
PVS 12-220 regulated DC power supply, which can be operated up to 12 V. As the current
applied to the electromagnet Iz was changed, the steady-state, spatially-varying magnetic
field also changed in intensity. A water-cooling system is integrated into the
electromagnet to prevent the coils from heating up during the experiments.

Displayed in Fig. 3.3b is a photo of the Neodymium-Iron-Boron (NdFeB) permanent
magnet and its magnetization direction, which was placed around the N-type connector
shown in Fig. 3.4. The permanent magnet has 16-mm height, 40-mm outer diameter, and
30-mm inner diameter. It was used to reduce diffusive loss of electrons to the flange
where the antenna is mounted.

Later in the study (Chapter 5), temporary magnets made of carbon steel, shown in Fig.

3.3c, was attached around the electromagnet to serve as a magnetic flux return. A
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temporary magnet acts like a permanent magnet only when they are within a strong
magnetic field. It was used to swallow magnetic field away from the substrate region. The
flux return consists of five pieces of temporary magnets: two ring-shaped and three
rectangular components. The 160-mm-outer-diameter, 80-mm-inner-diameter, and 15-
mm-thick ring-shaped magnets are placed on the top and at the bottom of the
electromagnet. The 160-mm-high, 20-mm-long, and 15-mm-wide rectangular magnets
are attached on the sides of the electromagnet, and are connected to the ring-shaped

magnets on both ends with screws.

3.1.4 Source chamber

The cylindrical source chamber, shown in Fig. 3.4, is made of SUS 304 stainless steel
with 77-mm inner diameter and 96-mm depth. The microwave antenna was attached to
an 80-mm-diameter water-cooled flange, which is installed on top of the source chamber.
The antenna was connected to the tuner through a vacuum-tight N-type connector. The
structure of the antenna is described in more detail in Chapter 4. The source and process
chambers are joined by fixing the 350-mm water-cooled flange on top of the process

chamber with Rubber O-ring seal in between.

N-type
connector =] ’{
5| Water-cooling
Antenna—— system
ﬂ 77mm
e
1N :
:< 4
350 mm

Fig. 3.4 Schematic diagram of the source chamber.
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3.1.5 Process chamber

The process chamber is an SUS 304 stainless steel cylinder with 260-mm inner
diameter and 230-mm depth, as shown in Fig. 3.5. A 215-mm-long, 65-mm-diameter
substrate holder is inserted through the bottom slot of the process chamber. More details
on the substrate holder are presented in Chapter 6. About 10 mm above the substrate
holder is a gas injection unit, which is described in the following section. Infrared plates
are installed around the substrate holder to enhance the increase in substrate

temperature by infrared radiation from a tungsten heater.

(a) Gas ring Substrate holder
£
g To purrfp
—_—
Infrared > &
plates I
260 mm
= || L =5

lonization ~ Water-cooling

gauge system
FRONT VIEW
(b)
[r— m— 1
e s == 1
)
N Optical
| L] fiber
Langmuir Front
probe viewport
260 mm
1 | RN | 1
Pirani Bottom viewport
gauge
SIDE VIEW

Fig. 3.5 Schematic diagram of the process chamber: (a) front view and (b) side view.
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To be able to install the bottom viewport and the Langmuir probe, the substrate
holder should be removed, as shown in Fig. 3.5b. The Langmuir probe was inserted
radially into the process chamber (perpendicular to the magnetic field) at a distance of
153 mm from the top flange, where the antenna was attached. The front viewport is
about 210-mm away from the chamber axis. It is where the fiber sensor head was

mounted perpendicularly at the same level as the Langmuir probe.

3.1.6 Gas Injection Unit

Hydrogen gas was introduced into the process chamber using a ring-shaped gas inlet,
shown in Fig. 3.6, with 56-mm outer and 38-mm inner diameters. The gas ring was
connected to an s-shaped stainless steel tube that leads to a slow leak needle valve
located outside the vacuum chamber. A disk-shaped, 80-mm-outer-diameter, 38-mm-
inner-diameter, 1-mm-thick carbon sputtering target is placed on the gas ring nozzles,
facing the substrate holder. In addition, a 2-mm-thick, 15-mm-high cylindrical carbon
target was inserted into the inner diameter on the opposite side of the gas ring, facing the
source chamber. Through ECR sputtering process, the unit supplies hydrocarbon

molecules homogeneously to the deposition substrate.

Carbon ~
disk target

Fig. 3.6 (a) Photo of the gas injection unit with carbon sputtering targets. (b) Bottom view of the
gas injection unit.
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3.2 Langmuir Probe Measurement

3.2.1 Principle of Langmuir I-V Characteristic

When a biased Langmuir probe is immersed in plasma, the charged particles
distribute themselves spatially around the probe, forming a plasma sheath, to shield out
electric fields applied to them by the probe. Such phenomenon is called Debye shielding
and it is one of the characteristic and collective behaviors of plasma which keeps the bulk
of the plasma quasineutral at a roughly constant potential V, (plasma potential).32
Plasma sheaths, which also form near the chamber walls or any surface in contact, are
few Debye lengths thick. A Debye length is one of the characteristic lengths of plasma

which is given by,17

= ()

where T, is the electron temperature in volts (V).
Langmuir probe theory applied in this study relies on the following assumptions on
the Debye length of the plasma and other characteristic lengths:33
1. Ap «< L (plasma dimension), so that the plasma is homogeneous, quasineutral and
infinite,
2. Ap < rp (probe radius), so that edge effects can be neglected.
3. Mean free path of all particles A > Ap, rp, such that no collisions occur in the probe
sheath.
4. The probe surface is completely absorbing and non-reactive.
Based on these assumptions, we can now give a qualitative interpretation on the
Langmuir current-voltage (I-V) characteristic. An I-V curve can be obtained by sweeping

the applied bias voltage on the probe (probe voltage), V}, from a negative to a positive
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potential, and measuring the drained current, called the probe current I, for each V. A
typical I-V curve obtained from Langmuir probe measurement is shown in Fig. 3.7, where
a positive I, represents a net current flow into the plasma (electrons attracted to the
probe), and a negative I, denotes a current flow out of the plasma (ions attracted to the
probe). Iy is composed of ion /; and electron I. currents:
=1+ I (3.2)

When V) is at the plasma potential V};, there is no plasma sheath, and the surface of
the probe collects the ions and electrons that hit it.3# V}; is generally positive with respect
to the chamber, because the electrons tend to escape to the walls faster than the more

massive ions, leaving the plasma with an excess of positive space charge.

LA

p

lesar region

|
1
/ !

.ot region V= Ve Vo=V,

|

Fig. 3.7 A typical Langmuir probe current-voltage characteristic curve (after. Ref. 35).

When V) is negative with respect to Vy (V, < Vpi), as in region B, the probe begins to
repel electrons and attract ions. However, the ion current is still negligible in comparison
to the electron current, again because the electrons reach the probe faster than the ions.
As soon as Vp reaches the floating potential Vj, the electron current is suppressed enough

that it equals the ion current, resulting in a zero net current (I, = 0). A positive space
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charge sheath forms near the probe when the ion density exceeds the electron density at
the sheath edge, which occurs if the ions approach the sheath with a speed exceeding the

Bohm velocity us given by, 36

Ug = |[— (3:3)

where m; is the ion mass.

In region A, when V, « Vy, all electrons are repelled and the positive sheath
surrounding the probe shields out and limits the collected ion current. As a result, I,
decreases slowly and becomes approximately constant. This I, value is called the ion
saturation current, lss. When Te > T; (ion temperature), the ion saturation current is
given by the Bohm ion current /3,

Isqr = Iz = 0.6eA,n;ug (3.4)
where 4p is the probe collecting area.

For a Maxwellian ion distribution at the temperature T;, the dependence of the ion

current [; on V, is given by,37

e
Ii.satexp [m (Vpl - Vi))] Vp & Vpl
L(v) = (3.5]
Iisat 1’;7 <% VpI

where kg is the Boltzmann constant and Tix is the ion temperature in Kelvin (K).

In region C, where V), > Vp, the ions are repelled and the electrons are attracted to the
probe. A negative space charge sheath forms around the probe, effectively expanding the
collecting area, thus, slightly increasing 1,.3* For V, > Vj;, the current I, levels off to a

value called the electron saturation current les, which is given by,36
1 _
lesat = 7 €Apne? (3.6)
where 7 is the electron average speed, given by,
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8eT,
T,

(3.7)

<
Il

For a Maxwellian electron velocity distribution, the dependence of electron current I,

on V, is given by,

€

leswer® [ (o= V)| Vo< Vi

Ie(Vp) = (3.8)

Iesat V;, > Vpl
where Tex is the electron temperature in K.
The floating potential Vr can be derived from Egs. (3.5) and (3.8), by setting it as the

voltage V, at which I;(Vy) + Ie(Vy) = 0. Hence,

kgT 2mm
Ve = Vp +—=L1n| 0.6 -
e

(3.9)

m;

3.2.2 Langmuir Probe Setup

The cylindrical Langmuir probe used in this study to measure the local plasma
parameters is shown in Fig. 3.8. It has an inner 0.5-mm-diameter tungsten wire,
surrounded by a ceramic tube, surrounded by a Cu tube, and then covered by a 5-mm-
outer-diameter tubular ceramic. 5-mm length of the tungsten wire tip was exposed to the

plasma, while the rest of the probe components are covered by the outer ceramic.

(a)

Tungsten
% 0.5 mm

Ceramic
@1 mm

!

Ceramic ~ Copper
?®5mm % 2.5 mm

Fig. 3.8 (a) Schematic diagram, and (b) photo of the Langmuir probe used in the experiments.
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The probe tip is positioned at the chamber axis. The radial position of the probe tip
was varied by slightly loosening the adjusting knob, then pulling the probe back or
pushing it forward. The Cu tube is kept in ground potential to serve as a shield that
restricts outside electromagnetic fields to leak inside the shield, and vice versa. A signal
carrying voltage was applied to the tungsten wire through a BNC connector attached to
the other end of the probe. The circuit diagram of the Langmuir probe setup is shown in
Fig. 3.9. The applied voltage to the probe was oscillating at a rate of 10 Hz. As the source
voltage Vs was swept from -35 V to +35 V with respect to the chamber, I, was measured
through the voltage drop it creates across the shunt resistor. The voltage drop is taken as
the difference between Vs and V;, which are measured using a 2-Ch Picoscope 4224 USB

scope with 12-bit resolution. The probe current is then given by,

I :Vs_Vp=VCH1_VCH2
p R R

(3.10)

where R is the electrical resistance of the shunt resistor, which in our case is 3200 Q. The
current [, was plotted as a function of the voltage V, and the plasma parameters were

calculated from this -V characteristic curve.

Plasma R

VCHZ V‘CH1

Oscilloscope
— Chamber =

Fig. 3.9 Circuit diagram of the Langmuir probe setup
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3.2.3 Determination of the Plasma Parameters

Shown in Fig. 3.10 is an example of an I-V curve obtained from a raw data, where the
floating potential Vrand ion saturation current /s can be determined directly, since the
Langmuir probe used in the ECR source is not subject to signal pickup which can greatly
distort the I-V characteristic. The ECR source operate in microwave frequency which is so
high that the signal is completely decoupled from the circuitry, and the measured

currents are the same as in a DC discharge.38

(o]
>
a
o
%)
T

v, (V)

Fig. 3.10 Probe current plotted as a function probe voltage from raw data.

The electron temperature Te can be determined from the transition region of the I-V
characteristic (region B in Fig. 3.7), where V, < V.36 By substituting V, from Eq. (3.9) into

(3.8) for Vp < Vpp, and taking the natural logarithm of both sides of the equation, we get
e
Inll,| = ——( -V) +C (3.11)
kpTek

where C is a constant. Notice that Eq. (3.11) is in the form of a line function y = mx + b,
where m and b are the slope and y-intercept, respectively. In the case of Eq. (3.11), the

slope is given by,
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(3.12)

where kpTex is expressed as eTe. Then, substituting I from Eq. (3.2) into (3.11), and taking

the current J; for V, < Vp in Eq. (3.5), we have,
1
In|l, — ligqe| = T—(Vp -Vi)+C (3.13)
e

The Iscvalue determined in Fig. 3.10 is subtracted from the current I, and the natural
logarithm of the difference is plotted as a function of V}, as shown in Fig. 3.11. Straight
lines are fitted along the transition region and the section where V, > V. The voltage V,
across the intersection of these two fitted lines is the plasma potential V,;, and the inverse

of the slope of the line in the transition region is the electron temperature Te.

In 1L, = lgad (A)

pl

Fig. 3.11 Zoomed semi-logarithmic plot of electron current as a function of probe voltage, with
lines fitted along the transition and positive-V, regions.

As observed in Fig. 3.10, the positive V, is not high enough to reach the electron
saturation current leser. Since it is difficult to determine lesqr in the I-V curve, Eq. (3.6)
cannot be used to solve for the electron density n.. We know, however, that the bulk of

the plasma is quasineutral, such that n. = n;, hence, we can use Eq. (3.4) to obtain the ion
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density n;, then setting it equal to ne.. By substituting the Bohm velocity us from Eq. (3.3)

into (3.4), and then solving for n; now equal to n., we get,

Isar m;
T (3.14)

ne = 3
0.6e24,,

The ion mass m;, is given by,

m; = (atomic weight) x (u) (3.15]
where u is the atomic mass unit. For hydrogen ion, we have, m; = 1.67 x 10-27 kg. The
cylindrical probe used in this study has a collecting area A, = 8.05 x 10-6 m2, which was
calculated using the following surface area formula,

A, = nr2 + 2an,l,, (3.16)

where the probe radius r, = 5 x 10~ m and the exposed probe length I, =5 x 10-3 m.

3.3 Image Luminosity Capture

Excited hydrogen atoms typically emit light with frequencies that are in the visible
spectrum (656, 486, and 434 nm). For this reason the image luminosity of plasmas was
used to roughly estimate the plasma density or the density of the excited species present
in the plasma discharge. Photographs of plasmas were taken with a Pentax K-7 14.6
megapixel digital single-lens reflex (DSLR) camera equipped with an 18-55 mm f/3.5-5.6
zoom lens. The camera was attached to a tripod mount positioned at a fixed distance
from the viewport. The camera settings used in taking plasma photos through the front
and bottom viewports are listed in Table 3.1.

The photos were converted from Pentax raw image files (PEF) to 24-bit color image
files (PPM) using a DCRAW computer program, based on the white balance setting of the
camera at the moment of shot (see Appendix). The colored PPM images were then

converted to grayscale, based on the gray values calculated from the weighted average of
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Table 3.1 Camera settings used in taking photos through the viewports for luminosity calculation

Setting Front viewport Bottom viewport
Aperture size f/32 £/40
Shutter speed 0.6 seconds 1/8 seconds
[SO sensitivity 800 200

Focal length 45 mm 55 mm
Exposure bias 0 0

RGB levels at each pixel. This weighting assumes that red represents 30% of the
perceived luminosity, while the green and blue channels account for 59 and 11%,
respectively. Plasma density and uniformity were estimated using the luminosity of
plasma photos taken through the front viewport. Plasma density was based on the mean
luminosity of the photo taken over the sampling area about 25 mm below the source
chamber, as shown in Fig. 3.12a. An example of a luminosity histogram obtained from a
photo is shown in Fig. 3.12c. The grayscale conversion and mean luminosity calculation of
the plasma photos were done using a batch code (refer to Appendix) executed in GNU
Octave software, which provides a numerical computing environment. On the other hand,

Source chamber

5 (€
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© |
< i
3 50f i ‘ Sampling area for histogram
z il
i ‘1 | ' “ | :: I
dibl
0 L A0 A 1 1 1
0 50 100 150 200 250
I 2000

Luminosity

Fig. 3.12 (a) Sampling area for mean luminosity calculation, (b) sampling line for the acquisition
of luminosity spatial distribution, and (c) luminosity histogram of a photo.

36



Chapter
Experimental Setup & Diagnostics

plasma uniformity was based on the spatial distribution of the luminosity taken along the
sampling line about 20 mm below the source chamber, as shown in Fig. 3.12b. The

luminosity distribution was obtained using an image processing program called Image].

3.4 Frequency Spectrum Analysis

The microwave power absorption of the plasma was assessed through frequency
spectrum analysis. Incident microwave radiated by the transmitting antenna that is
poorly absorbed by the plasma propagates into the process chamber. Thus, a 60 x 8 mm?2
folded dipole receiving antenna inserted into the process chamber 153 mm below the
antenna flange, as shown in Fig. 3.13, was used to detect the local intensity of transmitted
microwave power. When transmitted microwave falls on the receiver, the interaction
between the antenna and the microwave gives rise to a wave in the receiver line
connected to an Anritsu MS2724B spectrum analyzer. The Langmuir probe was taken out
of the chamber during microwave signal detection to eliminate any electromagnetic

interference caused by the probe.

- 2 ; Transmitting
! antenna
i
]
]

(a)

[l
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153 mm

Receiving
antenna

S E—

=

FRONT VIEW

Fig. 3.13 (a) Schematic diagram of the frequency spectrum analysis setup and (b) actual image of
the receiving antenna used to detect microwaves transmitted to the chamber.
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Chapter 4

Microwave Coupling using Internal Antenna

4.1 Introduction

The method of microwave power coupling to the resonance zone, as illustrated in Fig.
2.3, greatly affects the ion energy, uniformity, and density of the plasma.l? Properties of
ECR plasma depend not only on the coupling method but also on the structure of the
microwave coupler.2> Microwave couplers or applicators are utilized for several
functions in plasma processing applications, such as:

1. Impedance matching and optimization of microwave power transfer to the plasma

2. Improvement of plasma particle production efficiency

3. Enhancement of plasma density uniformity and controllability

Microwave applicators that are typically used in ECR reactors include antennas,
waveguides, surfatrons and resonant cavities.3! The common feature of these applicators
is that microwave power is coupled to the plasma across a dielectric window or wall, to
reduce the voltage across plasma sheaths at wall surfaces.l” However, contamination
from sputtered dielectric material and accumulation of ejected particles on the window
requires frequent cleaning and maintenance cycles for the plasma source. Moreover,
although strong electrostatic coupling occurs between the antenna and the plasma in the

absence of a dielectric barrier, the ECR source operates in microwave regime, in which
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the signal frequency of the antenna is comparable to the electron plasma frequency. The
antenna never maintains its polarity long enough to sweep much of the electrons. It
results in reduced electron loss and plasma potential in ECR plasmas compared in RF
discharges.3? Therefore, this chapter investigates and evaluates a “windowless” method

of microwave coupling to ECR plasma using an internal antenna.

4.2 Theoretical Background

4.2.1 Propagation of Electromagnetic field by an Antenna

Microwave antennas are radiation applicators in which microwave energy propagates
freely in the load like free space wave, without being significantly bounded to certain
geometry.*? To give a basic principle of electromagnetic field radiation by an antenna, let
us consider a simple dipole antenna of which length is half of the wavelength, 1/2, of the
input signal, as shown in Fig. 4.1a. When the signal is fed on the antenna, an electron flow

sets up within in it. The electrons flow towards the positive potential and form a

N\

Direction of e-

>
P

Fig. 4.1 Diagram of EM Field excitation by a dipole antenna. (a) The electrons flow towards the

positive potential and (b) moves in the opposite direction as it reverses. (c) Electric fields are

produced between the opposite polarities, and (d) reverses in direction with the polarity. (e)
Magnetic fields are produced from the electron flow, (f) of which direction also reverses.
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maximum concentration on one side (Fig. 4.1a). As the polarity of the potential reverses,
the electrons move towards the opposite direction and form a maximum on the other
side (Fig. 4.1b). A cycle of this process occurs and repeats itself at the signal frequency.
Due to the electron concentration on one side, a negative potential builds up on that side
and a positive potential on the other. The opposite polarities produce electric field
between them which reverses in direction at each half cycle of the signal frequency, as
shown in Fig. 4.1c and d. In addition, the electron flow in the antenna creates magnetic
field which changes in direction relative to the direction of current, as illustrated in Fig.
4.1e and f. These electric and magnetic fields constitute the antenna’s immediate field,
which produces a radiating wave pattern that propagates away from the antenna, as

illustrated in Fig. 4.2.41

|
I

Fig. 4.2 Diagram of electromagnetic field radiation by a dipole antenna (after Ref. 42).

4.2.2 The Antenna as a Terminating Impedance

Let us consider an isolated antenna where all other antennas are removed from the
system such that its interactions with them need not to be considered. The antenna
functions like a dissipative load on the transmission line where it extracts power. Part of
this absorbed power is radiated into space, and part is dissipated into heat in the antenna
structure.®3 If the antenna impedance or if the tuner is adjusted to transform the antenna

impedance equal to the line impedance, the incident forward power is the power
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absorbed by the antenna. Because the line is terminated in its characteristic impedance,
there is no reflected wave and no standing wave in the line.** On the other hand, if the
impedance of the antenna and the line are mismatched, the antenna does not absorb the

entire power incident on it but gives rise to a reflected wave in the line.

4.2.3 Antenna and Plasma Coupling

In the previous section, the transmitting antenna is treated as an isolated system and
the significant feature of the interaction between the antenna and the plasma is neglected.
Now, consider a transmitting antenna that when completely isolated is matched to its line.
When a conducting medium, such as plasma, is introduced into the field of this
transmitting antenna, it gives rise to a scattered wave. This, when detected by the
transmitting antenna, in turn gives rise to a wave transmitted down the feed line of that
antenna. The net effect is that the transmitting antenna no longer gives a matched
impedance to its line.#3 For this reason, the reflected power fluctuates whenever the

plasma condition changes.

4.2.4 Antenna Resistance

The total power dissipated by the antenna is the sum of the radiated power and the
power dissipated in ohmic losses in the antenna structure. Correspondingly, the electrical
resistance of the antenna can be taken as a sum of two elements: a radiation resistance
and an ohmic resistance.*?> The power dissipated in the radiation resistance is converted
into electromagnetic radiation, while that of in the ohmic resistance is converted into
heat.

When an AC signal is fed to the antenna, the electrons radiate electromagnetic waves,
as described in section 4.2.1. These waves carry energy absorbed from the electrons. And,

the loss of energy appears as an effective resistance to the electron flow. This is
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comparable to the ohmic resistance resulted from the scattering of electrons in the
crystal lattice of the material, hence, hindering the electron current. Radiation resistance
depends on the geometry of the antenna, while the ohmic resistance is mainly
determined by its material.4>

In addition to the intrinsic resistance of the antenna described above, a contact
resistance due to weakly contacting interfaces may occur. Surfaces of metallic contacts
may have an oxide layer and adsorbed water molecules which reduces charge transport

efficiency between the interfaces.

4.3. Materials and Methods

4.3.1 Antenna Flange Configuration

Since the microwave antenna excites plasma locally, the distance between the
antenna and the graphite sputtering target is an important parameter that decides the
system’s overall performance. Therefore, the device has been operated with three antenna
configurations to change the distance between the graphite target and the antenna. Fig. 4.3

shows the source chamber of the ECR plasma system in three types of configurations: far, mid

Near
configuration

Far Mid
configuration configuration Kl
connector |
outl Tin
13 mm Channel _|
Water P 6 mm
96 mm Antenna
7& Antenna |
56 mm stem
sus

screw e 16 mm 13"&1_ E —

Gas ring

Fig. 4.3 Geometry and position of the antenna flange relative to the gas ring in each configuration.

42




Chapter
Microwave Coupling using Internal Antenna

and near, in which the antenna flange is 96, 56 and 16 mm away from the gas ring,
respectively. In all the configurations, the distance between the antenna and the bottom
of the flange is 13 mm. In mid and near configurations, the stem of the antenna is inserted
into a 6-mm-diameter channel along the vertical axis and attached to the N-type
connector at the end. The SUS 304 antenna flanges have built-in cavities for the

circulating water of the cooling system.

4.3.2 Antenna Structure

The microwave was launched into the chamber through an antenna which was
modified in terms of its structure and material. Nickel wires were formed to configure
four types of antenna structure: spiral, helical, circular and linear as illustrated in Fig. 4.4.
The spiral and helical antennas are each composed of n = 6 turns. The 1.5-mm-diameter
wire was wound in a counter-clockwise direction when viewed from the vacuum side.
The other end of the antenna was connected to a grounded stainless steel screw, as
shown in Fig. 4.3.

There are two types of far-configuration flange used in mounting the antennas based
on the orientation of the N-type connector. As shown in Fig. 4.5, the spiral and helical
antennas are attached to the flange with a centered connector, while the loop and linear

antennas are connected to the one with an off-centered connector.

49 40,%

Spiral Helical Loop Linear

Fig. 4.4 Nickel antenna structures with their corresponding parameters.
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4.3.3 Antenna Position

The position of the spiral antenna, D, is based on the distance of the spiral plane from
the antenna flange, as indicated in Fig. 4.5. For comparison, the position of the spiral
antenna was initially set to D = 80 mm and was then varied by changing the length of the

antenna stem and the grounded screw.

Centered Off-centered

Antenna  _
stem
D =80 mm : !
Alumina
55 mm shielding |||
1 E
suUs B
screw
Loop
Spiral Helical (Same with Linear)

FRONT VIEW

Fig. 4.5 Nickel antennas mounted to two types of far-configuration flange.

4.3.4 Magnetic Field Configuration

As illustrated in Fig. 4.6, the electromagnet (described in section 3.1.3) is installed

MW power
Permanent 16 mm
magnet \/ \ / ]'
Antenna 125 mm

Electromagnet —* ECR zone

Chamber axis
(z-axis)

Gas ring

Fig. 4.6 Source chamber with electro- and permanent magnets.
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around the source chamber to generate a divergent magnetic field and rely on the
magnetic beach absorption of the microwave power. In addition, the permanent magnet
is placed above the antenna flange to deflect charged particles away from the flange
surface and reduce metal contamination.

The magnetic field intensity along the chamber axis varied with the current applied to
the electromagnet I, as seen in Fig. 4.7a and b, in the cases without and with permanent
magnet, respectively. To examine the dependence of plasma properties on 5, the current
was set from the highest down to the lowest value at each experimental set to avoid any
hysteresis effect. Without the permanent magnet, the ECR condition for 2.45 GHz
frequency was satisfied when the magnetic field intensity is 87.5 mT at Iz = 80 A. With the

permanent magnet, the ECR condition was attained at /g = 55 A.
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Fig. 4.7 Magnetic field intensity profile along the chamber axis at different magnet current /5
(a) without and (b) with the permanent magnet.
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4.4 Results

4.4.1 Effects of the Antenna Flange Configuration

In this section, bare spiral antennas with n = 4 number of turns were utilized. Each
antenna has a stem of different length according to the flange configuration described in
Fig. 4.3. At this point, the permanent magnet was not yet present. The forward power and
hydrogen pressure were fixed at 100 W and 1 Pa, respectively. Photos of plasmas
produced in far, mid and near configurations at various magnet current /z are displayed
in Fig. 4.8. Photos were taken through the front viewport facing the region below the gas
ring, and through the bottom viewport along the axial axis of the vacuum chamber. It can
be observed in the images taken through the front viewport (Fig. 4.8a) that plasmas
produced in far configuration are more diffuse than those of in mid and near

configurations. Plasma discharges in the latter configurations tended to concentrate at

FRONT
(@) s
L
he.
S
©
[¢}]
z
BOTTOM
(b)

Near

Fig. 4.8 Plasma photos taken (a) through the front viewport at various I in each flange
configuration, and (b) through the bottom viewport in near configuration.
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the central region of the antenna. When observed from the bottom viewport (Fig. 4.8b),
plasmas are streaming out from the flange channel in near configuration. It indicates
strong capacitive coupling between the plasma and the antenna, which may have been
caused by the short distance between the antenna stem and the channel walls.
Consequently, plasmas in mid and near configurations were extinguished at relatively
higher I5, since the confining effect of the magnetic field was not enough to sustain the
capacitive discharge.

The plasma parameters were obtained based on the measurements done using the
Langmuir probe inserted radially into the process chamber, below the gas ring (see Fig.
3.5b). The dependence of electron density n. on current [z for different flange
configurations is displayed in Fig. 4.9. When [z was decreased to 70 A, the plasma density
in mid and near configurations suddenly decreased. This event can be due to ECR to sub-
ECR mode transition,*¢ since 80 A was the minimum [ required to satisfy the ECR
condition within the source chamber. Such transition, however, is not observed in far
configuration. This behavior is further investigated in section 4.4.6. The obtained average

of electron temperature T. for the three configurations is about 1.4 V.

15
40x10 ; : : T . :
Antenna
Configuration:
30+ Fa}r 4
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L
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%O 30 40 50 60 70 80 90

Fig. 4.9 Electron density ne plotted as a function of I3 for different flange configurations.
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Chapter

Shown in Fig. 4.10 is the dependence of plasma potential V, on current Iz In far

configuration, the average Vp is about 12 V which is much higher than in other

configurations. Since far configuration produced more diffuse plasma, its high plasma

potential can be due to the increased diffusion of the electrons to the walls, which left the

plasma with more positive charge.

20

T

Antenna

Configuration:

i Far

- Mid
—&— Near

104

Vo (V)

Fig. 4.10 Plasma potential V}; plotted as functions of I5 for different flange configurations.

Reflected power Pr measured from the microwave generator was recorded

simultaneously with probe measurements at various magnet current /. In Fig. 4.11, it is

evident that at /s = 80 A, P, values are very low, which is attributed to the high absorption

of microwave power in the resonance zone.
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Fig. 4.11 Reflected power P, plotted as a function of /5 for different flange configurations.

48



Chapter
Microwave Coupling using Internal Antenna

4.4.2 Effects of Antenna Insulation

In far-antenna flange configuration, plasmas can be sustained even at low magnet
current Iz hence, such configuration is used in the following sections. The plasma
potential, however, tended to be high in far configuration due to the diffusive loss of
electrons to the chamber walls. In addition, when a bare metal antenna, supplied with
high-frequency power and grounded on the other end, is immersed in plasma, electrons
from the plasma flow through the antenna to the ground.!* This event further increases
the plasma potential, hence, the impact energy of the ions to the substrate. To prevent
substrate damage, it is then necessary to reduce the electrostatic coupling between the
antenna and the plasma. In this section, the antenna stem and the inner wall of the N-type
connector are shielded from the plasma discharge using alumina insulators, as shown in
Fig. 4.12. The following results were obtained using bare and insulated spiral antennas,

with n =2 turn and D = 85 mm position relative to the antenna flange.

™~ [nsulated

connector

D Insulated
stem CyJIndriC
z dielegtri

Fig. 4.12 (a) Spiral antenna with insulated connector and stem. (b) Image showing the insulators.

The effect of insulation on plasma potential V,; and electron temperature T. (deduced
from Langmuir probe I-V characteristics) is shown in Fig. 4.13. The average T. for bare-
and insulated-antenna cases was about 1 V. It can be observed that V, was decreased by
half when the antenna was insulated. This indicates that the antenna shielding had

effectively reduced the electrostatic coupling between the antenna and the plasma. Such
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Fig. 4.13 Plasma potential V,; and electron temperature T, plotted as functions of I for bare and
insulated spiral antennas.

effect is also evident in the reduced formation of plasma discharges near the antenna, as
seen in Fig. 4.14. With the bare antenna, the plasma discharge was concentrated near the
antenna stem and the connector, as observed in the bottom-view images. In contrast,
plasmas produced by the insulated antenna tend to form in the front region of the spiral

structure at currents above 70 A.

Bare

—_
=2
-

Insulated
(stem and connector)

50A 60 A 70A 80A 90 A

lg

Fig. 4.14 Photos of plasmas produced using (a) bare and (b) insulated spiral antennas, taken
through the front and bottom viewports at various Iz.
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As discussed in section 3.3, the plasma density is roughly estimated using the image
luminosity of the plasma discharge. And, to assess the radial uniformity of the plasma
density, the luminosity spatial distribution of plasma photos taken through the front
viewport was obtained. The luminosity distribution was evaluated along a sampling line
about 20 mm below the source chamber. Fig. 4.15 shows that plasmas produced using the
insulated antenna were broader and more homogeneous. This is attributed to the
reduced capacitive discharges near the antenna stem and connector, and to the increased
plasma discharges generated from the spiral structure of the antenna. With the insulated
antenna, setting the current at or above 85 A, gave rise to a much broader luminosity
distribution, which might be due to a change in size of the resonant zone.1”

Based on the images in Fig. 4.14, another noticeable property of plasmas produced

using the insulated antenna is the presence of a low-density mode at around 70 A. To
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Fig. 4.15 Luminosity spatial distribution of plasmas produced using (a) bare and (b) insulated
spiral antennas at various Ip.
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examine this behavior, let us isolate the case when only the antenna stem is insulated,
from the case when only the connector is shielded. This time, a spiral antenna with n = 2
and D = 50 mm was utilized. As seen in Fig. 4.16, though the image luminosity of the
plasmas intensified after insulating the antenna stem, it is when the connector was
shielded that the low-density mode began to manifest. This behavior is attributed to the
assembly of the connector and the dielectric around it, which resembled a dielectric
resonator antenna.*’” As microwave power was introduced through the connector,
microwaves can bounce back and forth between the dielectric walls, forming standing
waves. Microwaves could have been radiated into the source chamber in an altered
radiation pattern, producing the low-density mode. Such mechanism and other factors

affecting this low-density mode are further discussed in the following sections.

stem Bare

Insulated

Insulated
connector

60 A 65 A T0A 75 A 80A 85 A

Fig. 4.16 Photos of plasmas produced using bare, stem- and connector-insulated spiral antennas,
taken through the front viewport at various /5.

4.4.3 Effects of Permanent Magnet

The cases with and without the permanent magnet above the antenna flange, as
illustrated in Fig. 4.6, are investigated in this section. Stem-and-connector-insulated

spiral antenna with n = 2 and D = 95 mm was utilized. Since ion saturation current Is: is
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approximately proportional to electron density ne, based on Eq. (3.14), Isa is then plotted
as a function of current I As seen in Fig. 4.17, the I value at which the transition to the
low-density mode begins shifted from 80 to 75 A when the permanent magnet was
present. Note that in the presence of the permanent magnet, 55 A is enough to satisfy the
ECR condition, as shown in Fig. 4.7b. Thus, transitions at 75 and 80 A from high-density
to low-density mode do not actually represent an ECR to sub-ECR transition. Instead, they
could be transitions from inductive to capacitive coupling of the microwave power to the
plasma, which was previously observed with external antennas, but not with internal

antennas, in inductive RF discharges.!*48 Such transition is explained in section 4.5.
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Fig. 4.17 lon saturation current Is: and plasma potential Vy plotted as functions of I in the cases
with and without permanent magnet.

As for the plasma potential Vp, measured values in the cases with and without
magnetic field are comparable. However, about 25% increase in the potential was
observed at some I currents when the permanent magnet was present. This may be due

to the enhanced diffusion of electrons to the side walls of the source chamber.

4.4.4 Effects of Antenna Structure

Insulated n = 6, D = 80 mm spiral and helical antennas, described in Fig. 4.5, are

compared in this section. Photos of plasmas produced at various Iz were taken through
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the front and bottom viewports, as shown in Fig. 4.18. To be able to get a full shot of the
antenna through the bottom viewport, the gas ring was removed. The permanent magnet

was installed in the following series of experiments.

Spiral

(b

~—

Helical

45A 55A 65 A T5A 85A

Fig. 4.18 Photos of plasmas produced using (a) spiral and (b) helical antennas, taken through the
front and bottom viewports at various /.

The bottom-view photos reveal different plasma shapes over the range of Is. When Iz
was above 70 A, the plasma tended to concentrate at the front region of the antenna.
When I was decreased below 70 A, the plasma formed rings close to the flange behind
the antenna coil giving a dark silhouette appearance to it. Decreasing Iz below 60 A
caused the rings to contract into a disc, which eventually decreased in radius until plasma
suddenly disappeared. The occurrence of distinct plasma formations at changing I is
associated to the confining effect of the induced magnetic field and coupling of the
microwave power to the plasma.

Shown in Fig. 4.19a are luminosity spatial distributions of plasmas produced using

spiral and helical antennas at Iz = 90 A. The helical antenna produced more radially
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Fig. 4.19 (a) Luminosity spatial distribution of plasmas produced at 90 A, and (b) ion saturation
current Iy at various I for spiral and helical antennas.

uniform plasma than the spiral antenna. On the other hand, the spiral antenna produced
plasma with higher intensity concentrated within 15 mm around the axis.

To see the effect of the antenna structure on plasma density, Is value from Langmuir
probe measurement is plotted as a function of magnet current Is, as shown in Fig. 4.19b.
Above 70 A, higher I, hence, plasma density, was measured with the spiral antenna. As
observed in Fig. 4.19a, plasmas produced by the spiral antenna tended to concentrate
near the chamber axis where the probe is located, causing high current measurements.

The high-density region beyond 70 A was generated when plasmas diffused to the front

region of the spiral antenna and into the process chamber.
A peaked range was observed between 60 and 70 A in the Iy plot for the helical

antenna. The peaks correspond to 64 and 65 A at which the resonance zone was about 20
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mm below the antenna flange. In this area, the wire bending from the connector to the
helical antenna is located. Consequently, discharges at such currents may have been
capacitively driven by the high-voltage curved part of the helical antenna. As seen in Fig.

4.18b, the bent wire glowed brightly at 65 A when observed from the bottom viewport.

4.4.5 Effects of Number of Spiral Turns

In this series of experiments, insulated spiral antennas with D = 80 mm position were
utilized to test the factors affecting their characteristic high-density mode beyond 70 A.
To roughly estimate the plasma density, luminosity of plasma images taken through the
front viewport were obtained as described in section 3.3. The mean luminosity of each
image over a sampling area, about 25 mm below the source chamber, is plotted as a
function of /5. As seen in Fig. 4.20, the high-density mode is present in the luminosity

plots of spiral antennas with number of turns n = 2, 4 and 6. The n = 2 antenna produced
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Fig. 4.20 Plasma image luminosity plotted as a function of I for plasmas produced using spiral
antennas with different number of turns n.

much brighter plasma possibly due to its less number of turns, causing the formation of
smaller plasma sheath near the antenna.l” It resulted in a decreased loss of ion energy
across the sheath, which in turn, leads to higher plasma density. It can be observed that

the luminosity plot for n = 2 has two high-density modes: the primary and secondary
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regions at about Iz > 70 A and [z < 60 A, respectively, and a low-density mode between 60
and 70 A. The observed discontinuities in the plasma parameter plots and distinct change
in the plasma shape in varying magnetic field are indications of plasma mode

transitions.46

4.4.6 Effects of Antenna Position

The observed mode transitions are further examined by changing the position D of
the insulated, n = 2 spiral antenna relative to the antenna flange. D was varied by
changing the length of the antenna stem as show in Fig. 4.12a. As observed in Fig. 4.21,
the dependence of luminosity and /s.c on magnet current I evolves as position D varies.

When D was increased, luminosity and I values at Ip = 73 A also increased. At 60 mm

and above, the values began to saturate at 73 A. In contrast, the values started to drop at
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Fig. 4.21 (a) Plasma image luminosity and (b) ion saturation current Iy plotted as functions of Ip
for plasmas produced using n = 2 spiral antenna at various position D.
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75 A when the antenna position is at 55 mm. In Fig. 4.22, bottom photos reveal that the
main difference of the 55-mm from the 60-mm antenna is the development of a hole in
the plasma discharge from 75 A. The hole formed near the region where the probe was
located resulting in low Isq: measurements. The origin of the hole formation is yet being
investigated. Such distinct change that occur when D = 60 mm, implies that the length of

the antenna stem plays a significant role in sustaining the high-density mode at Iz > 73 A.

D =55 mm

T0A 1A 72A 73A 74 A 75A 76 A T7A

Fig. 4.22 Plasma photos taken through the bottom viewport at various /g for spiral antenna
position D =55 and 60 mm.

Similar effect of the antenna stem on plasma density was previously observed in
section 4.4.1, where plasmas were produced using different antenna flange
configurations. Recall that in mid and near configurations, high plasma density was
obtained when /g was above 70 A. This can be attributed to the length of the antenna
stem utilized in the experiment: 53 and 88 mm for mid and near configurations,
respectively. For the mid configuration, its 53-mm-long antenna exhibited similar density
profile with the antenna with D = 55 mm, in which density values dropped beyond 75 A.
As expected, the 88-mm-long antenna demonstrated similar density profile with the
antennas having D =2 60 mm. On the other hand, the 13-mm-long antenna utilized in far
configuration exhibited low-density profile above 70 A, since the stem was much shorter

than 60 mm, as with the case of the antenna with position D = 20 mm.
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4.5 Discussion

Let zres be defined as the distance from the base of the antenna flange at which the
magnetic field intensity satisfies the ECR condition (B = 87.5 mT) along the chamber axis.
The position of the ECR zone zr; was obtained based on the axial profile of the magnetic
field at different magnet current Iz shown in Fig. 4.7b. To better understand the
geometrical arrangement of the spiral antenna, with D = 60 mm, with respect to the
position of the ECR zone, the schematic diagram of the antenna is overlaid on z. plotted

as a function of I, as shown in Fig. 4.23.
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Fig. 4.23 Distance z.s at which the ECR field is created along the chamber axis measured from the
base of the antenna flange plotted as a function of I.

At 73 A, Zres is around 34 mm from the antenna flange. Note that for microwave with
2.45 GHz frequency, the wavelength A is about 120 mm. Hence, the length of the antenna
stem at 30 mm is approximately quarter of a wavelength. The 60-mm stem of the spiral
antenna could have served as a dipole antenna, which radiated maximum power near zyes
at 73 A mm, as illustrated in Fig. 4.24. It resulted in highly efficient power absorption
over the entire cross section of the resonance zone at 73 A, which caused a jump in the
density measurements and launched the primary high-density mode. Above 73 A, the

ECR zone is close to the spiral coil, which emits peak radiation perpendicular to the spiral
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Fig. 4.24 Radiation pattern of the spiral antenna relative to the axial distance of the ECR zone
from the antenna flange Zres.

plane. The superposition of radiation from the stem and the spiral coil in this region
could have sustained high ionization beyond 73 A.

When the magnet current was decreased below 73 A, z-.; began to move closer to the
antenna flange, away from the location at which maximum power was radiated, causing
poor microwave absorption in the resonance zone. The absorbed microwave power could
have decreased below the minimum level to sustain an inductive coupling between the
plasma and the antenna, as discussed in section 2.7. Consequently, the plasma exhibited
transition to a low-density state, which is a manifestation of an inductive to capacitive
coupling transition.

The secondary high-density mode was formed when Iz was decreased below 60 A.
This mode extends to currents below 55 A, which was the minimum magnet current to
satisfy ECR condition. Clearly, high-density measurements below 55 A was not due to
electron cyclotron heating of electrons. Instead, plasma discharges at such low currents
could have been capacitively driven by the microwave power radiated from the

connector that resembles a dielectric resonator antenna, as illustrated in Fig. 4.24.
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To evaluate the extent of the effect of position D on plasma density, insulated circular
and linear antennas with D = 65 mm are compared to the spiral antenna with the same
position. Luminosity plots of plasmas produced using spiral, circular and loop antennas
are superimposed in Fig. 4.25a. Plasmas produced by the linear and loop antennas also
demonstrate the primary high-density mode above 70 A. However, unlike the spiral
antenna, they barely exhibit the secondary high-density mode below 60 A. In addition,
their luminosities above 70 A escalate gradually at increasing I, as oppose to the abrupt
increase in the spiral antenna plot. These can be manifestations of high power dissipation

in ohmic losses, as discussed in section 4.2.4, in the circular and loop antennas.#®
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Fig. 4.25 (a) Plasma image luminosity and (b) bottom-view photos at various /5 for plasmas
produced using different antenna structures with D = 65 mm.

The luminosity plots of the three antenna structures exhibit the low-density mode. It
can be observed in the bottom-view photos in Fig. 4.25b that the low-density mode is

initiated by the formation of plasma rings near the flange at around 70 A. As soon as the
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rings were formed, plasma luminosity captured from the process chamber dropped.
Decreasing Iz by several amperes caused the luminosity to increase once the plasma rings
had contracted. In the case of the loop and linear antennas, plasma tended to move
towards the connector at the left side, where the electric field was stronger.

In Fig. 4.26, the dependence of the low-density mode on forward microwave power Pr
is displayed. The spiral antenna with n = 2 and D = 65 mm was utilized. The minimum /5
to sustain the plasma increased as Pr was reduced. Stronger magnetic confinement is
required to compensate diffusion loss of plasma particles to the chamber walls.50 As Pr
was increased, the density of ionized particles also increased, resulting in heightened
depth and shortened length of the low-density mode. Increasing the power to 140 W

provided sufficiently high energy to overcome this low-density or capacitive mode.
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Fig. 4.26 Plasma image luminosity plotted as a function of I for plasmas produced using spiral
antenna at various forward microwave power Py

The electric field from the antenna that crosses the static magnetic field and reaches
the resonance zone is absorbed. When the incident microwave is poorly absorbed by the
plasma near the resonance zone, it propagates into the chamber. Thus, such transmitted
power was detected using a receiving antenna located in the process chamber, as

described in Fig. 3.13. At Pr= 100 W, the image luminosity of plasmas was monitored
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simultaneously with the reflected and transmitted power. Less than 1% reflected power
was measured in high- and low-density modes, as seen in Fig. 4.27a. The relationship
between luminosity and transmitted microwave power detected in the chamber is
presented in Fig. 4.27b. Low MW transmission was observed when Iz was below 60 A and

above 70 A which correspond to primary and secondary high-density modes, respectively.
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Fig. 4.27 Plasma image luminosity with (a) reflected power Prand (b) MW transmission plotted as
functions I for spiral antenna.

Note that low transmission implies high dissipated power. In this case, microwave
power was radiated by the antenna and efficiently absorbed by the plasma which
resulted in high degree of ionization. High transmission was detected between 60 and 70
A where low luminosity values were measured. It is an indication of poor power
absorption of the plasmas. It supports the assumption that these plasmas were generated
through capacitive coupling which resulted in the formation of the low-density mode.
Decreasing Ig from 74 to 70 A caused a steep descent in the luminosity and MW

transmission. This time, power was neither absorbed effectively by the plasma nor
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transmitted into the vacuum chamber. Instead, power could have been dissipated within
the antenna line. The steep descent near 70 A is also evident in the superimposed and
vertically shifted transmission profiles of plasmas generated at different forward power
shown in Fig. 4.28. As Prwas increased, the descent gradually vanished. At 140 W, this
descent which characterized the transition from primary high- to low-density mode was
no longer observed, since the power was enough to eliminate the low-density mode as
shown in Fig. 4.26. Additionally, the peak transmission found between 60 and 70 A

disappeared as Prwas increased to 140 W.
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Fig. 4.28 Vertically shifted MW transmission plotted as functions of I at various forward
microwave power Py

4.6 Conclusion

Good microwave coupling was achieved between plasmas and internal antennas in
ECR and sub-ECR condition by optimizing the magnet current and the antenna structure.
The position of the spiral antenna with respect to the antenna flange, which is associated
to the length of the antenna stem, plays a significant role in producing a stable high-
density mode at 73 A and above. Transition from inductive to capacitive coupling mode
occurred below 73 A which produced a low-density mode with poor microwave

absorption.
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Chapter 5
Properties of ECR Plasma Generated using

Carbon Internal Antenna

5.1 Introduction

Internal antennas of different structures were used to introduce microwave power
into electron cyclotron resonance plasma sources without dielectric windows to avoid
accumulation of conductive layers on the window that prevents further injection of
power.18-20 The antennas were able to efficiently transfer microwave power and sustain
stable ECR discharges suitable for film deposition. However, parts of these antennas
protruding directly into the plasma space were made of stainless steel. Sputtering of
antenna wall surfaces by high-density plasmas in ECR sources can result in metal
contamination. Therefore, it is strategic to cover the internal antenna with the same
material being deposited, particularly, carbon in this study. To explore such possibility,
this chapter gives an evaluation on the performance of internal antennas made of
graphite material in microwave coupling and ECR plasma excitation. The effects of
plasma conditions, antenna structure and magnetic configuration on plasma parameters
and properties are investigated using image luminosity capture, Langmuir probe analysis,

and reflected and transmitted power measurements.
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5.2 Materials and Methods

5.2.1 Antenna Structure

In the preceding chapter, results show that the insulated 2-turn spiral antenna with
position D = 60 mm produced high-density plasmas with good microwave absorption.
Hence, one of the carbon internal antennas tested in this chapter was fabricated based on
the same antenna parameter. Shown in Fig. 5.1, are the three carbon antennas that were
tested, namely: spiral, loop and coaxial. The carbon spiral antenna was attached to the N-
type connector using a 6-mm-diameter carbon stem. A low-thermal expansion
borosilicate glass tube was used to shield the stem and the inner wall of the connector.
The other end of the antenna was also attached to a 6-mm-diameter grounded carbon
stem. As for the carbon coaxial antenna, a carbon rod with 12-mm height and 12-mm
diameter served as its inner electrode. The inner electrode was screwed to a shielded
stainless steel joint attached to the N-type connector. The 44-mm-diameter grounded

outer electrode was separated from the inner electrode by 2 mm. The upper 1.7 cm of the

connector

% SUS joint 27 mm
S D=60mm
[ Pyrex Outer
% shielding electrode
B:__ Inner
3 mm 4 mm electrode
Spiral Loop Coaxial

Fig. 5.1 (@) Carbon antenna structures with their corresponding parameters. (b) Front view
diagram of the antennas.
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inner wall of the outer electrode is cylindrical, while the bottom 1 ¢cm of the inner wall is
conical, as illustrated in Fig. 5.1b, so that the produced plasma exits the antenna along the
linear magnetic field generated by the electromagnet. On the other hand, the carbon loop
antenna was attached to the flange with an off-centered connector unlike the spiral and
coaxial antennas. The loop antenna has 48-mm outer and 34-mm inner diameters, and
was joined to two 6-mm-diameter stems, one was shielded and attached to the connector

and the other was attached to the grounded flange.

5.2.2 Magnetic Field Configuration

Electromagnet coils were placed around the plasma production chamber, which
generated a divergent magnetic field downward, as illustrated in Fig. 5.2a. In section
5.3.4, the magnetic field configuration was modified by attaching the temporary magnets,
described in section 3.1.3, to the electromagnet. They served as a magnetic flux return
which swallowed some of the divergent fields produced by the electromagnet, directing
them away from the chamber axis, as shown in Fig. 5.2b. The magnetic field intensity
along the chamber axis varied with the current supplied to the electromagnet Iz (magnet
current), as seen in Fig. 5.3. The intensity profiles in the cases with and without the flux

return include the magnetic field contribution of the permanent magnet placed 15 mm

(a) (b) MW power
Permanent Magnetic
magnet flux return
Coaxial 150 wim
4
antenna ECR zone £ 0
Electromagnet— setromagrit ok ) ECR zone
G4l
Lis - | . 1
{Eps '
T {1} T
Chember exis—femmepe i Fi) Chamber axis—= 4
(z-axis) i i :
[]] (z-axis)
Without Magnetic Flux Return With Magnetic Flux Return

Fig. 5.2 Source chamber with (a) electro- and permanent magnets, and (b) with additional
magnetic flux return.
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Fig. 5.3 Magnetic field intensity profile along the chamber axis at different magnet current I»
(a) without and (b) with the magnetic flux return. (Effect of the permanent magnet is included)

above the antenna. Without the flux return, the ECR condition for 2.45 GHz frequency

was satisfied when the magnetic field intensity is 87.5 mT at current /z = 55 A. In the

presence of a flux return, the ECR condition was attained at Iz = 49 A.

5.3 Results

5.3.1 Effects of Magnet Current

Shown in Fig. 5.4, are images of plasmas produced using the carbon spiral, loop and

coaxial antennas at various magnet current /. Photos were taken through the front

viewport facing the region below the gas ring, and through the bottom viewport along the

axial axis of the vacuum chamber. The forward power and hydrogen pressure were set at

100 W and 1 Pa, respectively. It can be observed that plasmas produced by the loop
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(@)

Loop Coaxial
(I =90A) (le =70A)

Fig. 5.4 Images taken through the (a) front and (b) bottom viewports at various /5 for plasmas
produced using different carbon antenna structures.

antenna tended to converge at the side of the chamber near the connector, which made it
difficult to compare plasma parameters measured through the probe located at the
chamber axis. For this reason, luminosity of plasma images taken through the front
viewport was used to roughly estimate the plasma density, as discussed in section 3.3.
The mean luminosity over a sampling area, about 25 mm below the source chamber, is

plotted as a function of I in Fig. 5.5. Plasmas produced using the spiral and loop antennas

100 T i '
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Fig. 5.5 Plasma image luminosity plotted as a function of I» for plasmas produced using different
carbon antenna structures.
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exhibit high-density mode above 70 A, which was also observed in the plasmas produced
using the nickel spiral antenna (see Fig. 4.21b). However, with the carbon antennas, the
luminosity values manifested a gradual increase when Iz was set above 70 A, which is
different with the jump observed with the nickel spiral antenna. In addition, the
secondary high-density mode observed at currents below 60 A with the nickel spiral
antenna was not observed with the carbon antennas. These may have been caused by a
contact resistance between the steel N-type connector and the carbon stem attached to it.

Bottom-view photos in Fig. 5.4b show that at sufficiently high magnet current,
plasmas formed at the front region of the carbon antennas, giving high plasma image
luminosities in Fig. 5.5. At 70 A, plasma rings formed behind the spiral antenna, which
resulted in considerably low luminosity values. As in the case of the nickel spiral antenna,
this indicates capacitive coupling between the carbon spiral antenna and the plasma.
Since plasmas produced by the loop antenna tend to concentrate near the connector,
away from the substrate region, only the coaxial and spiral antennas were compared in
the following characterizations. The plasma parameters were obtained based on the

measurements done using the Langmuir probe inserted radially into the process chamber,

0.4+ > \ N
) Coaxial
Spiral
\
0.2t s E%X -
00 e 1 (R oy S a1 P ‘_'*Xx N T il
70 80 9

40 50 60
Ig (A)

l g (MA)

0

Fig. 5.6 lon saturation current /s plotted as functions of I for plasmas produced using carbon
coaxial and spiral antennas.
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57 mm below the source chamber or 153 mm below the antenna flange. Displayed in Fig. 5.6
is the dependence of ion saturation current Iss: on magnet current /z. Based on Eq. (3.14),
the measured I is approximately proportional to electron density n.. The coaxial
antenna exhibited a peaked Isq: profile with the highest value at around 67 A. The effect of
the position of the resonance zone zrs on plasma density for carbon coaxial and spiral
antennas is discussed in section 5.4.

Fig. 5.7 shows the variation of plasma potential V, and electron temperature 7. with
current /p. The average T. obtained was 1 V. Recall that high I value for coaxial and
spiral antennas occurs around 67 and 89 A, respectively. Lower V,; was measured in the
plasma produced by the coaxial antenna at 67 A than that of the spiral antenna at 89 A.
Such low V; measured in coaxial-antenna-produced plasma results in decreased impact

energy of the ions to the deposition substrate, hence, reducing substrate damage.

T T
-o- Coaxial V|, -e- Coaxial T,
151 |- Spiral vy -#-- Spiral T,

T T

(V)

_____ e
--------- *‘R*'ﬁ-3‘-*--”“---l-----u—l-*-l-o-“".!"""’"*'!'!‘;;**ﬂ-ﬂ‘!

% 50 60 70 80 90
I (A)

TRy
1

Fig. 5.7 Plasma potential V; and electron temperature 7. and plotted as functions of I for plasmas
produced using carbon coaxial and spiral antennas.

To see the effect of the magnet current on plasma uniformity, spatial distribution of
plasma luminosity taken through the front viewport was obtained at various /5 in Fig. 5.8.
The luminosity distribution was evaluated along a horizontal line about 20 mm below the
source chamber. The coaxial antenna generated more uniform plasma over an area with

about 40 mm diameter. On the other hand, the spiral antenna produced more dispersed
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Fig. 5.8 Luminosity spatial distribution of plasmas produced using carbon (a) coaxial and
(b) spiral antennas at various /5.

plasmas due to the large surface area of its spiral arms. The spatial distribution for the
coaxial antenna shows a bright central region and a faint peripheral region. The bright
region is considered to be due to the direct plasma flow along the magnetic field lines.
The clear edge of the plasma glow observed at the exit of the source chamber indicates
that plasma was directly colliding with the side walls, and the reflected charged particles
form the plasma in the peripheral region. Fig. 5.8 also indicates that there is some
inhomogeneity in the plasma column streaming out of the source chamber. A change in
the microwave absorption condition is known to cause this plasma inhomogeneity,5!
which can be seen in Fig. 5.9 for different I values.

Transmitted power was detected simultaneously with plasma image luminosity using

the receiving antenna installed in the process chamber, as shown in Fig. 3.13. The
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intensities of the detected 2.45 GHz wave and its second harmonic at 4.90 GHz are plotted
for various Ip in Fig. 5.9a and b for coaxial- and spiral- antenna-produced plasmas,
respectively. Superimposed in the figure is the plasma image luminosity, which was
simultaneously captured while measuring the transmitted power. The absorption of 2.45
GHz wave is in good agreement with the L and luminosity data in Fig. 5.6 and Fig. 5.9,
respectively. Larger transmitted power detected when the spiral antenna was used

indicates poor microwave power coupling to the plasma.
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Fig. 5.9 MW transmission of 2.45 and 4.9 GHz waves with plasma image luminosity for plasmas
produced using carbon (a) coaxial and (b) spiral antennas.

5.3.2 Effects of Hydrogen Pressure

The dependence of ion saturation Iw: and plasma potential V, on hydrogen gas
working pressure is shown in Fig. 5.10. The magnet current Iz was set at 70 and 90 A for
coaxial and spiral and antennas, respectively, since they correspond to nearly equal Isq¢

values as seen in Fig. 5.6. Highest Iso: value was obtained at 0.8 and 2 Pa for coaxial- and
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spiral- produced plasmas, respectively. At higher pressures, measured V, increased due
to frequent electron-neutral collisions causing diffusive loss of the electrons. On the other
hand, Isec decreased at higher pressures due to short mean free path which results in less

ionizing collisions, hence, giving low current measurements in the downstream region.
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Fig. 5.10 lon saturation current Is.c and plasma potential Vy; plotted as functions of H; pressure for
plasmas produced using carbon coaxial and spiral antennas.

When plasmas are viewed from the bottom port, as displayed in Fig. 5.11, it is evident
that plasmas produced at high pressures were brighter, and thus approximately denser.
Plasmas at high pressures, however, were concentrated close to the microwave antenna
and their plasma densities decay significantly along the chamber axis, as observed in the
luminosity spatial distribution in Fig. 5.12. The higher the working pressure, the shorter
the decay length becomes. The luminosity distribution was taken along a vertical line

drawn on photos taken through the front viewport. Since the sampling line starts 100

0.3 Pa 0.5 Pa 0.8 Pa 1Pa 2Pa 5Pa 10 Pa 15 Pa

Fig. 5.11 Bottom-view photos of plasmas at various H: pressures produced using carbon
coaxial and spiral antennas.
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mm below the antenna flange, the bright plasmas observed near the antenna at high

pressures are not evident in the luminosity distribution.
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Fig. 5.12 Luminosity spatial distribution along a vertical line at various Hz pressures for plasmas
produced using carbon (a) coaxial and (b) spiral antennas.

5.3.3 Effects of Microwave Power

Here, the hydrogen pressure was fixed at 1 Pa. As the microwave forward power P

was increased, the electron density n. of plasmas produced using the carbon antennas

also increased, as seen in Fig. 5.13a. The rate of increase in n. with Psfor the coaxial

antenna is higher than that for the spiral antenna. At 120 W, the coaxial antenna began to

produce overdense plasmas with densities above the critical density n..

Using Eq. (2.1) and (2.4), the critical density for an incident wave with f= 2.45 GHz

frequency, is given by,

w = 2m(2.45 x 10°) = 1.54 x 10%° Hz

(5.1)
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me€uw?

flg = =7.5x10%m3 (5.2)

o2

In both cases, the electron temperature Te is nearly constant at 1 V with increasing Py,
as seen in Fig. 5.13b. The plasma potential Vy is nearly steady at 9.5 V, for the coaxial
antenna. Conversely, V, increased with Pr in the case of the spiral antenna, which is

attributed to the more diffuse plasma this antenna generated.
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Fig. 5.13 (a) Electron density n,, (b) and plasma potential V,; with electron temperature T. plotted
as functions of forward power Prfor plasmas produced using carbon coaxial and spiral antennas.

5.3.4 Effects of Magnetic Flux Return

As seen in Fig. 5.8, the coaxial antenna produced more uniform plasmas than the
spiral antenna. However, the plasmas were only about 40 mm in diameter which is
relatively low for large-area deposition. Moreover, the plasma density at the substrate
region was too high that it may cause film erosion. To tune the plasma properties for film
deposition, the magnetic field configuration was modified by adding temporary magnets,
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which are described in section 3.1.3. The temporary magnets were attached around the

electromagnet, as illustrated in Fig. 5.2b, to serve as a magnetic flux return. As seen in Fig.

5.14a, the addition of flux return effectively decreased the current I, measured at the

downstream region. High s values were obtained when Ig was above 55 and 64 A, in

with- than in without-flux-return (FR) case, respectively. As Iz was changed, Isq also

varied. Such behavior is attributed to the influence of Iz on the position of the resonance

zone Zres With respect to the antenna geometry, which is discussed in section 5.4,
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Fig. 5.14 (a) Ion saturation current Isa, (b) plasma potential V,; and electron temperature T.

plotted as functions of Iz in the cases with and without flux return (FR).

Since plasma potential V,; and electron temperature T, were found to be significant

factors in thin film deposition using ECR plasma,!352the dependence of Vu and T. on

current [pis plotted in Fig. 5.14b. The average T, in both cases was about 1 V. When the

flux return was present, V, increased by about 25%. Such relatively higher V, is

attributed to the more diffuse plasma produced with flux return which is evident in the
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luminosity spatial distribution in Fig. 5.15. It resulted in uniform plasma with diameter of
about 60 mm, which is 50% larger than that of observed when there was no flux return.

As the flux return swallowed some of the divergent fields produced by the
electromagnet, the magnetic field further decreased along the chamber axis causing the
plasma to expand and the plasma density to decrease significantly.

The spatial distributions for 55 and 65 A, at which a sudden drop in Isa: was observed
in Fig. 5.14, exhibit peaks at both edges of their plateau region. The peaks were from the
plasma sheath formed around the inner electrode which suggests high capacitive

coupling between the plasma and the antenna resulting in low Is;c measurements.
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Fig. 5.15 Luminosity spatial distribution in the cases (a) with and (b) without a flux return (FR) at
various /.

Finally, plasma coupling to the microwave power is examined through the detected 4.9

GHz wave in various /sas shown in Fig. 5.16. Plasma image luminosity plotted as a function

of Is is overlaid in Fig. 5.16, which agrees with the Isatdata in Fig. 5.14a. It can be observed
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that high microwave intensities correspond to high luminosities at around 57 and 66 A in
with-FR and without-FR cases, respectively. High second harmonic wave intensity at 4.9 GHz

indicates strong coupling between the fundamental 2.45 GHz wave and the plasma.
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Fig. 5.16 Plasma luminosity and microwave power level at 4.9 GHz as functions of Iz for the cases
with and without flux return (FR).

5.4 Discussion

The dependence of ion saturation current Iy and position of the ECR zone zs on
magnet current /g are shown in Fig. 5.17a and b, respectively. Recall that zs is defined as
the distance from the base of the antenna flange at which B is 87.5 mT (ECR field) along
the chamber axis. As seen in Fig. 5.17a, the carbon coaxial and spiral antennas produced
highest Isar at 67 and 89 A, correspondingly. Based on Fig. 5.17b, for the coaxial antenna,
at 67 A, zres occurred at 22 mm where the middle of the inner electrode was located. For
the spiral antenna, at 89 A, z.s occurred at about 60 mm where the spiral plane was
located. Since the inner electrode and the spiral plane are where the excited electric fields
of the antennas are concentrated, high power absorption in the resonance zone at such
locations results in high degree of ionization. Therefore, high plasma density can be

obtained when the position of the ECR zone is near the main radiating part.
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Fig. 5.17 (a) lon saturation current Isoc and (b) distance zr at which the ECR field is created along
the chamber axis measured from the base of the antenna flange plotted as functions of I5.

To closely examine the behavior of plasmas generated using the coaxial antenna, the
corresponding plasma formations at different /5 ranges are illustrated in Fig. 5.18. When
Ip was increased above 65 A, the position of the ECR zone zys was in the conical part of
the outer electrode where the inner electrode was located. This produced high-density
plasma discharge, as illustrated in Fig. 5.18a. As Iz was increased above 67 A, Isq values in

@ | ﬁf |
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=3 E —

ECR zone

ECR zone [

Plasma Plasma

At ly> 65 A At I, < 65 A

Fig. 5.18 Plasma formations near the coaxial antenna at (a) Is> 65 A and (b) Iz < 65 A.
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Fig. 5.17a gradually decreased. It is because the plasma became more diffuse as zres
moved closer to the larger inner edge of the outer electrode.

On the other hand, decreasing Iz to 65 A resulted in a sudden drop in I It occurred
when the ECR zone was formed within the cylindrical part of the outer electrode, as
shown in Fig. 5.18b. This cylindrical area was insulated that it hindered the plasma
discharge to expand out of the antenna, hence, giving low ;o measurements in the probe
region. As observed in the bottom-view photos in Fig. 5.4b, plasmas produced by the
coaxial antenna at 65 A and below tended to concentrate behind the inner electrode,
whereas, above 65 A, plasmas tended to form in front of the inner electrode.

In Fig. 5.19, the dependence of z.s on current Iz in the case without flux return is
superimposed on that of with flux return. Both cases exhibited some similarities and
differences in plasma formation and density relative to the position of the resonance zone.
Firstly, in both cases, z.s was in the conical region of the outer electrode at Iz values
corresponding to high density measurements in Fig. 5.14a. Secondly, both cases had their
peak plasma density when /g was sufficient to form resonance zone in the middle of the

inner electrode. Thirdly, increasing /g further caused z..; to move closer to the wide edge
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Fig. 5.19 ECR zone position z as a function of / in the cases with and without flux return (FR).
Corresponding property of plasmas produced at different z.; is also indicated.
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of the conical region which produced diffuse plasma, thus, lower I values. Fourthly, as
in the case without flux return (FR), in the presence of FR, low-density mode began when
Zres moved to the cylindrical region of the outer electrode. Lastly, in the case with flux
return, the plasma discharge was extinguished when z,,; moved 5 mm away from the
edge of the antenna. It is different from the case without flux return in which plasma
extinction occurred when zr; was about 11 mm from the antenna. This discrepancy may

have been due to the difference in shape and size of their resonance zones.

5.5 Conclusion

Compact pure carbon antennas demonstrated good microwave power coupling to
ECR plasmas. Better power absorption and plasma homogeneity were observed with the
coaxial antenna. Plasma density and homogeneity significantly depends on the position of
the resonance zone relative to the antenna geometry. The magnetic flux return can be

used to make the plasma properties more suitable for film deposition.
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Chapter 6

Carbon Film Deposition by ECR Sputtering

Method

6.1 Introduction

Carbon thin films are of great interest in wide range of industrial and technical
applications due to their high electrical resistivity, high wear resistance, chemical
inertness and wide spectral transparency.>354 In the production process of carbon thin
film materials, systems are often operated with introduction of small amount of
hydrocarbon gases.55-57 The addition of hydrogen to CH4 plasma helps in the stabilization
of film growth through preferential etching of non-diamond carbon structures formed in
the film.58 This allows successful incorporation of methyl radical CHs into crystalline
lattice.>? Flux of hydrocarbon molecule suitable for diamond and diamond-like film
formation can be produced by physical or chemical sputtering of graphite by hydrogen
ion/neutral bombardment.®® The sputtering process can be the source of hydrocarbon
radicals by controlling the chemical reaction at the carbon surface, from which the
produced radical species are directed toward the deposition target. Compared to DC and
RF sputtering, higher sputtering yield of graphite can be achieved with high-density

magnetized plasmas, such as electron cyclotron resonance (ECR) plasmas.6! The ECR
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plasma system can provide controllability of the molecular species depending upon the
plasma parameters and the radical source surface potential. Furthermore, in ECR
condition, low-potential and high-density plasmas can be produced at low working
pressure. Low pressure reduces the amount of ion collisions in the sheaths at the
substrate region which is needed for anistropic etching. In addition, low plasma potential
of ECR discharges decreases ion impact energy on the substrate and on wall surfaces,
which reduces substrate damage and contamination.1225 For these reasons, a system that
produces ECR plasma with an internal antenna coupled to a graphite sputtering target in
DC magnetic field was designed and tested in this study. This chapter reports the

performance of the device in hydrocarbon emission and carbon film deposition.

6.2 Principle of Carbon Sputtering by Hydrogen Plasma

In the case of physical sputtering, an incident ion has to transfer enough kinetic
energy to a surface atom or molecule to overcome its surface binding energy. In contrast,
chemical sputtering requires much lower threshold energy for surface erosion. Chemical
sputtering is different from chemical erosion in a way that the latter is a thermally
activated process which requires a minimum substrate temperature.62

The basic mechanism of sputtering of carbon surfaces by hydrogen plasma was
studied by Salonen et. al,, and is illustrated in Fig. 6.1.63 The small dark spheres represent
hydrogen ions, while the large light spheres represent carbon atoms. Diagram (a) shows
the typical hydrogenated amorphous carbon (a-C:H) arrangement at the surface. In (b),
the H ion slightly interacts with the outer carbon atom, and (c) enters the space between
two carbon atoms. As illustrated in (d), after the H ion collides with the inner carbon
atom, the ion is reflected. Eventually, (e) the carbon atoms are forced apart by the H ion

between them. The carbon atom then (f) leaves the target with H atoms bonded to it.
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Fig. 6.1 Mechanism of carbon sputtering by hydrogen plasma (after Ref. 63).

6.3 Methods and Materials

6.3.1 Deposition Setup

The plasma system used in ECR chemical vapor deposition (ECR CVD) is shown in full
in Fig. 3.2 and described in detail in chapter 3. The main part of the system used for
deposition is shown in Fig. 6.2a. The hydrogen gas was supplied through the ring-shaped

gas injection unit which was located above the substrate holder, as shown in Fig. 6.2a.

(a) '=‘H
Antenna =1 -
Electromagnet —* 77 mm
Infrared ray ‘ﬂ I ¢ Gas ring
reflector arbon<"T= Substrate
e
Tungsten "Substrate
heater holder

Fig. 6.2 (a) Experimental setup of ECR chemical vapor deposition (ECR CVD) of carbon thin film.
(b) Actual image of the substrate holder.
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The substrate holder, shown Fig. 6.2b, has an electrically floating stage which was
connected to a DC source to apply bias voltage on the substrate. A thermocouple wire
directed close to the substrate was used in measuring the substrate temperature.

Generated hydrogen plasma from the source chamber diffused into the process
chamber along the magnetic field generated by the electromagnet. As the hydrogen
plasma interacted with the solid carbon targets on the gas ring, hydrocarbon molecules
were produced by ECR sputtering. The mechanism of film formation starts from touch
down of hydrocarbon molecules to the deposition substrate, followed by successive
hydrogen extraction through substrate heating, leaving the carbon atoms on the

substrate surface, as illustrated in Fig. 6.3.

Hydrocarbon ONN (g) oW
6 ° 6 § P
% ol g
®
2| 9?688%8%8%@@%

Carbon target
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e0 00 0edee ©0-2

Carbon film

Fig. 6.3 Carbon film formation of hydrocarbon molecules produced by ECR sputtering.

6.3.2 Carbon Sheet and Cylinder Target

To reduce contamination from the tungsten heater at the back of the sample stage, a
30 x 30 x 1 mm carbon sheet was placed underneath the Si substrate as shown in Fig. 6.4a.
In addition, a 67-mm-diameter, 90-mm-high, 6-mm-thick carbon cylinder was inserted

into the source chamber, as illustrated in Fig. 6.4b, to cover its walls and eliminate metal
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Fig. 6.4 (a) A carbon sheet placed underneath the Si substrate. (b) A carbon cylinder inserted into
the source chamber.

impurities due to surface sputtering. The gas ring was removed from the chamber when
the cylinder was installed. It served as the sputtering target in replace of those attached

to the gas ring in the latter part of this chapter.

6.3.3 Film Preparation

Carbon thin films were deposited on Si (111) of dimension 20 x 10 x 1 mm at 100 W
microwave power, deposition time ranging from 1 to 5 hours, and working pressure
ranging from 1 to 10 Pa. The Si substrate was cleaned in an ultrasonic bath for 30
minutes and air dried before placing it on the substrate holder. The temperature of the
tungsten wire wound at the back of the sample stage was raised by slowly applying
current up to 19 A. The substrate is then heated to about 650 °C by the infrared radiation
from the high-temperature tungsten wire. The carbon disk target and the substrate stage

were biased at -400 V and 70 V with respect to the chamber wall, correspondingly.

6.3.4 Optical Emission Spectroscopy (OES)

Optical emission spectroscopy (OES) was carried out for the characterization of the

excited hydrocarbon radicals and atomic hydrogen species present in the plasma. When
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atoms and ions gain energy by absorption of radiation or by collision, electrons bounded
to their nucleus are excited from a lower to a higher energy state. Electrons are less
stable in the excited state, and tend to spontaneously de-excite back to the lower energy
state. During this transition, the electrons release the difference in energy between the
two states as photons. The energy of an emitted photon is given by,

Ephoton = hv (6.1)
where h is the Planck’s constant and v is its frequency. Each element or compound emits
a characteristic set of discrete frequencies or wavelengths according to its electronic
structure. By detecting and measuring these wavelengths, using an optical emission
spectrometer, the elemental or chemical composition of a given sample can be identified.

An optical fiber attached to an Ocean Optics USB4000 spectrometer with 0.2 nm
spectral resolution was utilized in this study. The fiber sensor head was mounted
perpendicularly to the front or bottom viewport, as shown in Fig. 3.5b, to collect light

emission from the plasma between 342-1038 nm.

6.3.5 Mass Spectroscopy

To obtain information on the present radicals both in excited and ground states, mass
spectroscopy was employed. A basic mass spectrometer is consisted of an ionizer, an
analyzer and a detector. The analyzer separates the ions according to their mass-to-

charge ratio (m;/q). Based on Newton’s second law of motion and Lorentz force law:
my
(?)a=E+v><B (6.2)

where g is the ion charge and a is the acceleration, particles with the same m;/q ratio
behave in the same way in the presence of electromagnetic fields. Typically, the mi/q
ratio is expressed as the dimensionless m/z ratio, with m as the mass number and z as the

charge number (z = g/e).
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There are several types of mass analyzers, and one of them is the quadrupole mass
analyzer (QMA). The basic principle of QMA operation is shown schematically in Fig. 6.5.
It has four parallel metal rods that “filter” the ions based on the mass-to-charge
dependency of the ion trajectories on RF and DC fields. Each opposing rods are connected,
and an RF voltage with a DC offset voltage is applied between each pair of rods. The
magnitude and frequency of the RF determine the m/z ratio of the ions that can pass
through the quadrupole mass-filter without striking the rods. The RF/DC ratio
determines the filter selectivity. lons that successfully pass through the filter are focused
towards the detector and the resulting analog current is measured by a sensitive
electrometer.6* The derivation of the working equations for quadrupole mass analyzer is
beyond the scope of this discussion. However, it is based upon a second-order differential

equation known as the Mathieu equation.5s

TO
DETECTOR

/'{"

quadrupole rods

exit slit

IONS (to detector)

resonant ion
(detected)

source slit non-resonant ion
(filtered out)

Fig. 6.5 Schematic diagram of a quadrupole mass analyzer (after Ref. 66)

In this study, an SRS 200 Residual Gas Analyzer was connected to a 70 L/s TMP
coupled to a rotary pump. The gas analyzer utilizes a QMA, with mass range of 1 to 200
amu, which identifies different molecules present in a residual environment. To monitor
the gas species near the surface of the carbon sputtering target, the gas analyzer system

was attached to a probe inserted into the process chamber, as shown in Fig. 6.6a. The
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stainless steel 18-mm-diameter probe with 0.5-mm-diameter aperture faces the carbon
disk target along its vertical axis, as illustrated in Fig. 6.6b. The spectrometer ionizer

located at the end of the tube system is about 22 mm from the aperture line-of-sight.

(a) ] (b) =

b ]
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target -

Probe
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To pump /P m!'”
lonizer lonizer i
FRONT VIEW

Fig. 6.6 (a) Schematic diagram of the mass spectroscopy setup and (b) diagram showing the probe
coupled to the mass spectrometer and facing the carbon target.

6.3.6 X-Ray Diffraction (XRD) Analysis

The samples were analyzed through X-ray diffraction (XRD) to determine the crystal
structure and chemical composition of the deposited films. XRD analysis is based on the
interaction of incident X-rays with the atoms in the crystal lattice of a sample.

As illustrated in Fig. 6.7, Bragg diffraction occurs when incident monochromatic rays
are scattered by the atoms of a crystalline structure and produces constructive
interference. Bragg'’s law gives the condition on the diffraction angle 9 for constructive
interference to be at its strongest:67

2dsinf = nA (6.3)

where d is the lattice spacing and A is the wavelength of the incident rays. When scattered
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Incident X-rays Scattered X-rays

Fig. 6.7 Schematic diagram of Bragg diffraction where incident X-rays are scattered in mirror-like
reflection by the atoms of a crystalline structure and undergo constructive interference.

waves undergo constructive interference, they remain in phase since their path
difference (2dsin@) is equal to a positive integer (n) multiple of the wavelength. As the
effect of scattering in successive lattice planes accumulates, the effect of constructive
interference intensifies. These diffracted X-rays are then detected, processed and counted.
A diffraction pattern is obtained by measuring the intensity of diffracted rays while
scanning through 26 range. Conversion of the diffraction peaks to d allows identification
of the chemical structure and composition since each material has a unique set of d.

In this study, a point focus PANalytical X'Pert PRO Materials Research Diffractometer
was used to analyze the samples. Since the bulk of the sample is mostly consisted of Si
substrate, the Si diffraction peaks significantly outsize the peaks from the thin film. Hence,
samples were examined at an in-plane orientation to make the incident X-rays come in

grazing angle (0.1°) and primarily pass through the film region.

6.3.7 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray

Spectroscopy (EDS)

Samples were examined through a JEOL JSM-7001FD field emission scanning electron
microscope to get information on the morphology and elemental composition of the

deposited films. As the incident beam of accelerated electrons in an electron microscope
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hit the sample, the electrons lose energy by repeated random scattering and absorption
within it. The interaction between the electrons and the sample produces secondary
electrons, backscattered electrons, diffracted backscattered electrons, photons, visible
light, and heat. Secondary electrons are commonly used for showing the morphology and
topography of samples in scanning electron microscopy (SEM), while emitted photons or
characteristic X-rays are used for elemental analysis in energy dispersive X-ray

spectroscopy (EDS).

6.4 Results and Discussion

6.4.1 Using Different Antenna Flange Configuration

Emission intensities of the downstream plasma in the process chamber were detected
through the front viewport to observe the excited species in the plasma. The magnet
current and microwave power were set at 80 A and 100 W, respectively. The typical
optical emission spectrum obtained from the plasmas produced by the ECR source is
shown in Fig. 6.8. The first three lines of the Balmer series for hydrogen at Hy 656, Hg 486,

and Hy 434 nm were observed. Strong Balmer line intensity occurs when many of the

T T T T T
HI
3
60x107 -
£}
k..
> 40} ]
‘»
HI
9 v
= 20+ 1
HI
CHICHIV
L‘——AM—/M_‘_,—@A_LL Bt

600 700 800 900
Wavelength (nm)

400 500

Fig. 6.8 Typical optical emission spectrum of plasmas produced by the ECR device.
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hydrogen atoms have electrons that are in the first excited state. Excited neutral carbon
atoms (CI) at 493 at 602 nm were detected as well. Singly ionized diatomic carbon (C II)
lines in the Swan band system were identified at 516 and 473 nm, while, CH radicals
were found at 387 and 431 nm bands.

Shown in Fig. 6.9 is the superposition of mass spectra before and during ECR
microwave plasma operation at 1 Pa Hz pressure in far-antenna configuration (see Fig.
4.3). The mass spectra revealed the increase in the hydrocarbon (CHy, CzHy and C3Hy)
radicals during the plasma discharge which confirms the sputtering of the carbon target
by the ECR hydrogen plasma. The other peaks are caused by fragments of these species.
Residual traces of Nz*, O2* and H20* were also detected in the background. The presence
of air components in the spectra does not necessarily mean that the system was leaking.
Instead, the turbomolecular pump (TMP) may have simply reached its compression limit.

Ideally, the compression ratio of the TMP is in the 10-8 range.
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Fig. 6.9 . Mass spectra before and during ECR plasma excitation in far configuration.

The effect of antenna configuration on hydrocarbon production can be observed in
the mass spectra shown in Fig. 6.10. Recall that each configuration varies in the distance

between the antenna and the graphite sputtering target, as illustrated in Fig. 4.3. More
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Fig. 6.10 Mass spectra of plasma excited in far and mid configurations.

carbon atoms were produced when the antenna was positioned closer to the graphite
target in mid configuration. On the other hand, more CHy radicals were generated when
the antenna was farther from the sputtering target in far configuration. To examine these
results, sputtering of the carbon target by hydrogen plasma in mid and far configurations
are illustrated in Fig. 6.11a and b, respectively. More carbon species were observed in

plasmas excited in mid configuration due to the proximity of the antenna to the carbon

(b) Antenna
(a) P H, plasma i
e o @)
Antenna . ” o
o, ® ¢
H, plasma o ©  sputtered C atoms
.« " 0© C atoms e (g—o
e o ° © o2 @) O b
e O O
® O }j °
N/ :
I Carbon target ] I Carbon target |
Mid configuration Far configuration

Fig. 6.11 Schematic diagram of sputtering of the carbon target by hydrogen plasma in (a) mid-
and (b) far-antenna configurations.
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target. It increased the incident ion energy, thus, increasing the bond breaking probability
by physical sputtering. As for the far configuration, the plasma was excited farther from
the graphite target giving more room for carbon radicals to react with hydrogen ions,
thus, enhancing the formation of CHy radicals by chemical sputtering.

Shown in Fig. 6.12 are SEM images of films deposited using the 4-turn Ni spiral
antenna in different flange configurations. The exposure time and working pressure were
set at 3 h and 10 Pa, respectively. The carbon sheet and cylinder were not yet placed
during this time. Larger and denser grains were found in the film formed in far
configuration, possibly due to the high production of CHx radicals which are necessary for
film growth. On the other hand, fewer grains were found in the near-configuration-
formed-film. In near configuration, the deposition substrate is close to the plasma locally
excited by the antenna. High ion flux to the substrate could have hindered the stable

formation of film due to excessive sputtering.

Mid Configuration Near Configuration

{ 500nm |

e s
SOV XS0000 WD BSmm  100em

Fig. 6.12 SEM images of films produced in different flange configurations.

In far-antenna configuration, plasmas produced at various H; working pressures
exhibit different grain sizes and densities, as seen in the SEM images in Fig. 6.13. Highest

film density was obtained at 5 Pa.
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Far Configuration

Fig. 6.13 SEM images of films produced in far configuration at different working pressures.

Crystalline structure of the films prepared in far, mid and near configurations have
been confirmed in the XRD spectra shown in Fig. 6.14. Tungsten Silicide (WSiz) crystals
were found in the films. It is known that WSiz forms when the substrate is heated to
temperatures of 600 °C and higher.%® Such contamination from the tungsten heater made

it difficult to detect carbon structures.
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Fig. 6.14 Vertically shifted XRD spectra of films produced in different flange configurations.

To further investigate the factors affecting the CH production, as shown in Fig. 6.15,
partial pressures of carbon and hydrocarbon radicals from the mass spectra were plotted
as functions of the bias voltage applied to the carbon sputtering target. The plasma was

excited in far-antenna configuration. The increasing trend of C* until saturation can be
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Fig. 6.15 Partial pressures of C and CH radicals as functions of the bias voltage applied to the
carbon target.

observed as the negative bias voltage was raised. At around -100 V, CHs* and C2Hs* were
formed together with almost equal amounts. As the sputtering target bias was increased,
formation of C;Hz* decreases.

Increased concentration of C2Hz* below -100 V can be attributed to the high hydrogen
adsorption on the surface of the target enhancing chemical sputtering. During that phase,
the carbon target is exposed to more excited atomic hydrogen producing the radicals
CnHm represented by CzHs*. These molecules are known to be weakly bound surface
groups that are typically eroded by chemical sputtering.®® Higher bias voltage
corresponds to increased energy of bombarding hydrogen, and the sputtering yield
should be higher at higher bias, provided the same amount of hydrogen atoms are
adsorbed. The decrease in C;Hs* partial pressure as the bias voltage was raised can be
caused by the depletion of hydrogen atoms near the surface of the carbon target leading

to the reduction of chemical sputtering.
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6.4.2 Using a Carbon Sheet Target

Due to the observed tungsten contamination in the XRD spectra of the deposited films,
a carbon sheet, described in section 6.3.2, was placed underneath the Si substrate to
cover it from the tungsten heater. Surface morphology of films deposited at different
working pressures, without and with the carbon sheet can be observed in the SEM images
shown in Fig. 6.16a and b, respectively. Without the carbon sheet, tungsten silicide
particles with about 50 nm size formed in the deposited films. When the carbon sheet
was present, plasmas were generated using the carbon spiral antenna in far configuration.
The absence of particles on the SEM images in Fig. 6.16b suggests the prevention of

tungsten silicide formation on the film when the carbon sheet was present.
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Fig. 6.16 SEM images of films deposited (a) without and (b) with a carbon sheet underneath the Si
substrate at various working pressures.
6.4.3 Using Different Carbon Antenna Structures

Carbon and hydrocarbon emissions in plasmas produced with carbon coaxial and

spiral antennas (see Fig. 5.1) are discussed in this section. Relative intensities of C; (474
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nm) and CH (431 nm) bands from the OES data are plotted as functions of H; gas
pressure in Fig. 6.17a. p is set at 70 and 90 A when using coaxial and spiral antennas,
respectively, since they correspond to approximately equal I values. In both cases, Cz
and CH emission intensities rise in increasing pressure to a peak value at 0.8 Pa due to
increasing number ionizing collisions. Coaxial antenna-generated plasma has higher C;
and CH intensities when the pressure was below 2 Pa. Emission intensities are not
necessarily a quantitative measurement of ground state species concentration.
Nevertheless, high population of excited Cz and CH species can be attributed to the

enhanced sputtering of carbon by hydrogen plasma. At higher pressures, C; and CH
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Fig. 6.17 (a) Relative emission intensities of Cz and CH species, and (b) peak intensity ratio of CH
to Cz plotted as functions of H; pressure for plasmas produced using carbon coaxial and spiral
antennas.
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emission intensities detected from the process chamber decreased due to the shorter
mean free path.

An important factor in carbon film deposition is the ratio of CH band to excited Cz
dimer peak. CH:C; ratio was found to be correlated to diamond growth rate and quality.”?
Relatively higher CH:C: peak ratios were obtained when using the carbon coaxial antenna.
The highest ratio was achieved at 5 Pa, until it began to decrease at higher Hz pressures. A
higher Hz pressure can cause additional reactions such as C;+H; = C2H + H,7! which
reduces the C; intensities.

Weight densities of films deposited using the coaxial antenna at different working

pressures and deposition time are shown in Fig. 6.18a and b, respectively. The carbon
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Fig. 6.18 Weight density of films deposited using the carbon coaxial antenna at various (a) Hz
pressures and (b) deposition time.
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sheet underneath the substrate was present during the deposition. The magnet current
was set at 74 A to reduce the ion flux at the substrate region and lessen the film etching
effect of the ions. Based on Fig. 5.8a, the plasma uniformity was not compromised when Iz
was set to 74 A. At 2 h deposition time, the highest film density was obtained at 5 Pa
working pressure. In addition, the deposition rate at 5 Pa is about three times as much as
the rate at 1 Pa working pressure. Sufficiently low Isq: value and relatively high CH:Cz ratio
observed at 5 Pa in Fig. 5.10 and Fig. 6.17b, respectively, resulted in the enhanced
deposition rate of the film.

Fig. 6.19 shows the SEM images of films produced at different working pressures and
deposition time. Clustered-structures observed in the film deposited for 5 h at 1 Pa (left)
became larger and denser when the pressure was increased to 5 Pa (center). When the
deposition time was reduced to 2 h (right), nanoparticles of about 40 nm in diameter
were found on the film surface. These particles were not present at 5 h of deposition
possibly due to erosion of the film surface by excited hydrogen atoms during the

prolonged exposure.

Fig. 6.19 SEM images of films deposited using the carbon coaxial antenna at different gas
pressures and exposure time.

The elemental composition of the deposited films based on EDS is shown Table 6.1.
Relatively high atomic percentage of carbon atoms were detected on the surface of the
films deposited at 1 and 5 Pa. Recall that the films deposited without the carbon sheet in
section 6.4.1 abundantly contain tungsten (W) based on their XRD data. This time, the

101




Chapter
Carbon Film Deposition by ECR Sputtering Method

Table 6.1 Elemental composition of films deposited at different working pressures.

Element Atomic % for 1 Pa Atomic % for 5 Pa
C 67.53 61.97
0 2.08 3.84
Si 28.66 30.92
Cr 0.32 0.38
Fe 0.98 1.10
w 0.43 1.69

carbon sheet has effectively reduced tungsten contamination from the heater, resulting in
less than 2% of tungsten atomic percentage.

During the operation, the ECR reactor maintained a stable plasma for more than 5 h.
During this time, the reflected power increased from about 0 to 1%, which is presumably
due to an increase in the antenna temperature. A 2% decrease in the weight of the inner
graphite electrode was measured after the 5 h operation. A thin film deposited on the
inner surface of the conical part of the outer electrode was also observed. The MW power
feedthrough showed no degradation throughout the experiment. The screw connecting
the inner electrode to the MW power feedthrough required replacement after four or five

5 h operations.

6.4.4 Using a Magnetic Flux Return

Based on the EDS data in Table 6.1, traces of chromium (Cr) and iron (Fe) were found
on the surface of the deposited films. Such impurities are possibly from the walls of the
source chamber and the gas injection unit. Hence, the gas unit was removed from the
chamber and a carbon cylinder was used to fully cover the inside wall of the source
chamber. Peak intensity of excited H atoms (Hg 486 nm) based on OES data is plotted as a

function of Hz pressure in Fig. 6.20a. Iz is set at 58 A and 70 A in the cases with and
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without flux return, respectively, since they have nearly equal luminosity as seen in Fig.

5.16. In both cases, H emission intensities rise in increasing pressure to a peak value at 2

Pa. It was known that atomic hydrogen species in ECR plasma play an important role in

preferential etching of amorphous carbon films.12 In Fig. 6.20b, the dependence of CH:C;

peak intensity ratio on Hz pressure is displayed. It is evident that CH:C; is higher by 3 to

24% in the presence of flux return at pressures above 2 Pa. H intensity and CH:Cz ratio

began to decrease as Hz pressure was increased above 2 Pa and 5 Pa, respectively, due to

the shorter mean free path of the plasma particles at higher pressures.
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Fig. 6.20 (a) Relative emission intensity of H I (486 nm) species and (b) peak intensity ratio of CH
to Cz plotted as functions of Hz pressure in the cases with and without flux return (FR).
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6.5 Conclusion

The particle flux from the carbon target during plasma operation was monitored with
a quadrupole mass analyzer, and the result had clearly indicated the presence of both
physical and chemical sputtering. Carbon film was successfully formed on Si substrate by
arranging a carbon target in ECR excited hydrogen plasma without supplying any
hydrocarbon molecule. The formation rate and grain size distribution of the film are
attributed to the dependence of production rate and species composition of hydrocarbon
flux on antenna configuration and hydrogen pressure. The ECR source with carbon
internal antenna operated stably for more than 5 h without any overheating and can be

utilized to maintain a stable plasma for carbon film deposition.
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Chapter 7

Conclusion

The electron cyclotron resonance (ECR) plasma source designed and developed in
this study to couple microwave power to plasma using an internal antenna successfully
generated well-matched discharges (P, = 0) with high plasma densities (1016 m-3) at low
gas pressures (10-1Pa) and low input power (100 W). Overall, the ECR plasma system
worked well for the purposes of plasma generation and film deposition. Yet, it is strategic
to evaluate not only the advantages that the present system provides, but also its

disadvantages, to realize further improvements.

7.1 Advantages and Applications

The following points give some of the advantages of the ECR plasma system
developed in this study and its possible applications in materials processing.

1. The ECR source does not have to use complex waveguide systems due to the low
input power required to sustain a stable discharge.

2. The internal antennas are adaptive to coaxial cable which reduces the system size
substantially and provides simple system construction.

3. The accumulation of ejected particles on dielectric windows is avoided by using an
internal antenna for microwave coupling. The internal antenna offers easy

maintenance of high-density plasma sources used in etching and deposition.
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4. The system does not require additional supply of hydrocarbon gases, instead, the

graphite target immersed in hydrogen plasma forms hydrocarbon flux suitable for
carbon film deposition.

The production of excited atomic hydrogen species can be increased, by changing
the position of the resonance zone relative to the antenna geometry, to improve
the preferential etching of non-diamond carbon structures.

The magnetic field configuration (with flux return) of the ECR device enhances
plasma uniformity and production of CH and C; radicals which are correlated to

diamond growth rate and quality.

7.2 Disadvantages and Recommendations

106

The ECR plasma system requires dc magnetic field which makes it more complex
than other high-density sources such as inductive coupled plasma (ICP) systems.
Strong electrostatic coupling can occur between the antenna and the plasma.
Coupling mode transition that affects the absorption of microwave power was
observed over 0 to 90 A magnet current range.

Contamination from the tungsten heater and wall surfaces were observed.
Additional carbon sheet and cylinder targets are needed to reduce impurities.

To monitor the ion energy distribution at the substrate region, a faraday cup is
recommended to be installed in the device.

To further control the hydrocarbon species generated from the graphite target, it

is recommended to add heating component to the sputtering target.
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Appendix

Conversion of PEF to PPM image file

1.

2.

Put images in a folder on desktop

Put dcraw.exe in the folder

Rename the folder to “images” (by preference, there should be no space)
Open Command Prompt

Enter “cd desktop/images”

Enter “dcraw -v -w -W -0 0 *.pef”

Mean luminosity calculation

1. Check “Notes on using the photo.m Octave script” in the following section
2.

3.

Put photo.m script in the images folder
Open Octave CLI
Enter “cd desktop/images”

Enter “photo;”



Notes on using the photo.m Octave script

1. Replace XYL W in the “rect=[X Y L W]” line with the values given by,

X=XJ'£ Y=YFZ ,l W:Y,E
xl’ yf L—X'x_,. y!

where x, X, y, ),  and w are the measurements of the dimensions shown in Fig. A

using the Pixel Ruler application. X’ and Y’ are the number of pixels (dimension)

along the length and width of the photo, respectively.

Figure A. Dimensions needed to obtain X, Y, L and W values

[ae]

. The script only works to image files with filename from numbers “1” to “90”,

w

. The script has two kinds of csv output files: the luminosity histograms and the

mean luminosity.

>

The luminosity histograms files contain two-column data; the gray value and the

number of pixels that has the corresponding gray value in the first and second

column, respectively.
5. The mean luminosity file also contains two-column data; the filename of the image

and the mean luminosity of that image in the first and second column, respectively.

A-2



The photo.m Octave script is as follows:

1;
clear;
pkg load image;
rect=[XYL W];
forj=1:90
cnt = mat2str(j, 2);
si = strcat(cnt, ".ppm");
chk = exist(si);
if (chk !=0)
[ = imread(si);
[ =rgb2gray(l);
[ =imcrop(], rect);
[counts, X] = imhist(]);
H = [x counts];
so = strcat("hst_", cnt);
csvwrite(so, H);
v(end + 1) = mean2(I);

alend + 1) =j;

endif;
endfor;
p=[a;v];

p = transpose(p);

csvwrite("batch_mean", p);



