
Development of an Electron cydotron Resonance

Plasma source with an lnternalAntenna for

Ca巾on Film Deposi"on

A disserta廿on submitted in partialfU1負11ment

Ofthe requirementsforthe degree of

DoctorofEn客ineerin写

The Graduate scho010fscience and Engineering

Doshisha university

Cami11e Faith p. Romero

Kyoto,1apan

March,2018





"Those who hope inthe LORD wi11renewtheirstrength.

Theywi11Soar on w'ings like eagles;

ywiⅡ run and not growwealy,theywalkand notbe faint."

Isaiah 40:31





Synopsis

Developmentofan駐lectroncydotronResonanceplasma

SourceW北han lnternalAntennaforcarbon FilmDeposiuon

Electron cydotron resonance 〔ECR〕 sources are of 8reat interest in materials

Processin号 due to their capacity to produce high・density,10W・ion・ener幻,' plasmas at low

gas pressures. Microwave power is typica11y coupled to the resonance zone across a

dielectric window. However, with dielectric windows, issues of contamination and

Cam並leFai廿IRomero

accumulation of sputtered materials require 丘equent deanin三 3nd maintenance of

Plasma source.1n addition,1arge・area materials processin三 demands for a thick dielectric

Window w'hich 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 materialin coupling

microwave powerto ECRplasmas used forcarbon 飢m deposition.

The brief introduction 号iven in chapter l is f0110wed by a theoretical background in

Chapter 2 Which covers ECR plasma excitation, microwave propagation and power

absorption in magnetized plasmas. chapter 3 gives detailed descripuons of the

experimental materials and methods used to excite and evaluate the ECR plasmas.



Chapter 4 focuses on the performance of metalinternal antennas in microwave

Couplina and ECR plasma generation. Microwave absorption was assessed by monitorin8

the renected and transmitted powers simultaneously, plasma parameters such as

electron densiw, electron temperature and plasma potential were obtained Uslng

Langmuir probe analysis. The e仟ects of antenna structure and configuration on plasma

Parameters and properries were investi目ated in various ma目netic pr0行les. Good

microwave coupling was obtained W辻h insulated spiral antennas W北h few'er turns

Positioned about halfthe microwave 丘ee・space wavelength from the coaxial connector.

S廿on8 electrostatic couplin晉 between the antenna and the plasma w'as reduced by

Shielding the connector and the antenna stem. consequently, the connector shielding

Caused a low・densiu『 mode over a short ran目e of magnet current, and a stable high・

densiul mode at higher currents. The occurrence of a low・densiり, mode is attributed to

the transition ofpower coupling from inductive to capadtive mode.

Chapter 5 discusses the e仟ects of experimental parameters, antenna structure and

ma8netic con打guration on the properties of plasmas produced using carbon internal

antennas. The position ofthe resonance zone relative to the antenna geometry was found

to be the key factorthat a仟ects the plasma densi司r and uniformiw. Based on quantitative

and qualitative characterizations, a coaxial・司rpe carbon antenna demonS廿ates more

e仟icient power transfer and sustains more stable and uniform plasmas, compared to a

the ECR system requires remote plasma excita廿on to the production ofIncrease

Spiral・wpe carbon antenna,

Chapter 6 Presents the performance of the ECR plasma system in hydrocarbon

emission and carbon 打lm deposition. Local・in situ dね三nostics such as quadruple mass

analysis 〔QMA) and non・invasive diagnostics like optical emission spectroscopy (OES)

Were used to characterize plasmas species both in ground 3nd excited states. As observed,



hydrocarbon radicals by chemical sputterin客 and reduce impact energy at10n

Substrate re目ion. The carbon coaxial antenna produced plasmas with good uniformity

and sU仟icient cH:H and C2:H ratios for carbon 則m deposition. By addin目 a magnetic aux

return, hydrocarbon emission and plasma homogeneiりI were further enhanced. carbon

film was successfU11y formed on si substrate by immersin目 a carbon tarRet in ECR

hydrogen plasma without supplying carbon precursor gas. The antenna realized stable

Operation for more than 5 h W北h loo vv input microwave power. The deposited films

Were characterized by using a scanning electron microscope (SEM), ener器'・dispersive x・

ray spectroscopy 〔EDS) and x・ray diffraction analysis 〔XRD). As contamination from a

tun号Sten heater and source chamber wa11S were detected in the 丘lms, additional carbon

ねrgets near 血ese reaions were insta11ed, which had successfu】1y reduced impurities on

the subsequently formed films.

Fina11y, chapter 7 not only 号ives the 晉eneral condusions, but most importanuy,

Provides the implicauons of the nndings and recommendations for future works of

improvement. These points can be strate目ica11y evaluated and employed for ef丘Cient nlm

deposition using a plasma・immersed antenna made ofa suitable materialthat seNes not

Only as a microwave radiator but also a sputtering t3rget.
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Chapter l

Backgroundofthestudy

1.11ntroduC廿on

In the presence ofa static magnetic field, electronS 圃1『rate around the aeld lines due to

the e丘ect ofthe magneuc force. when the 幻『ration frequency ofthe electrons is equalto

the incident wave frequency, which is usuaⅡy 2.45 GHz microwave, an electron gclotron

Chapter
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resonance 〔ECR) occurs. Because of this resonance, the electronS 8ain sufficient ener幻1'

Which a110ws ionization of a background gas. The e伍Cient transfer of wave eneray by

resonant wave・partide interaction results in the production ofhigh・density plasma.

Over the last several decades, plasma sources based on ECR techn010幻l have been

extensively studied and used in plasma 晉eneration and processina. ECR techn010幻I was

nrst applied in plasma 目enerauon in early 1960s for plasma fusion and acceleration

researches.1'2The initial attempts to app】y ECR techn010冒y in plasma materials

Processing were done in mid-1970s for silicon oxidation and etching.3,4 However, during

the next decade, ECR vvas used mainly for plasma fusion applications.1n early 1980S, an

ECR plasma source modified for plasma・enhanced chemicalvapor deposition (PECVD〕 of

thin films was introduced.5 Since then, ECR plasma sources have been used for deposiuon

Ofvarious materials such as carbon thin films, silicon dioxide films, boron nitride coatings,

gaⅡium arsenide, and metal oxide nlms,6'11
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Since the invention ofhigh・power microwave generatorsin world w'ar Ⅱ, microwave・

induced plasmas have been successfUⅡy produced. The use of ECR techn010幻『 in

microwave plasma sources a110wed the production of high・densi切r,10W・ion・ener舒

Plasmas at low gas pressures.1fthe plasma density is sU仟iciendy hiah, deposition rates

Can be increased. Moreover,ifthe ion ener宮y is suf丘Ciently low, dama8e to the sample can

be prevented. Due to these unique properties of ECR plasmas, they are widely used in

dねmond・1ike, amorphous carbon and dねmond thin film deposition.12,13

The incident microwave in ECR plasma sources is commonly launched into the

Vacuum chamber across a dielectric window to reduce the plasma sheath volta三e.
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However, the use of dielectric windows in a plasma reactor has several disadvanta目es.

Firstly,1ar宮e・area materials processing requires wide 3nd 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.14 Second, the dielectric materialis

easily sputtered by the electrostatic coupling between the applicator and the plasma,

resulting in impurities.15Lastly, when ECR systems are utili乞ed for deposition of

Conductive thin layers, such as carbon films, ions and atoms tend to condense on the

Vacuum・side ofthe dielectric window reducing its transmit仏nce e丘iciency over time.16

The de8radation of and deposition on the window requires frequent deanin号 and

maintenance cydes.17

Severaltechn川Ues were done to avoid the disadvantages of dielectric windows. one

idea is to transm北 microwaves from both sides ofthe plasma chamber using a branched

Waveguide.11 Although spU杜ered atoms that end up on the dielectric window are

Considerably reduced, the window sti11 becomes covered with contaminants a丘er lon三

Period of operation. This requires dismounung and reassemblin三 ofthe loop waveguide,



Which is fairly time・consuming. Therefore,",1rther research and development of

alternative methods and materials to overcome such obstades and inconveniences are

needed to be done.

130bjectives ofthe study

One way to exclude dielectric windows and complex wave宮Uide systemsfrom an ECR

Plasma source is to introduce power into the chamber through an internal antenna.

Internal antenna is a 司Ipe ofantenna placed inside the vacuum chamber. AS oppose to an

external antenna,北 does not have to be placed behind a dielectric window and is exposed

directly into the plasma space.1nternal antennas of different structures were developed

and successfU11y used in ECR plasma sources for deposiuon and etching applications.18'20

The antennas had transferred power into the ECR discharges e仟icienuy. However, the

antennas were subject to sputtering and could introduce impurities into the depositi0Π

Plasma. Thouah insulaung the internal antennas can reduce impurities, the insulating

materialinevitably becomes source of contaminants aS 北 is sti11 Subject to spU杜erina

Therefore, it is strategic to cover the internal antenna with the same material being

deposited. To explore such possibili司,, this study aims to develop and opumize a plasma
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Source which couples microwave powerto ECR plasmas usina a carbon internal antenna

for carbon film deposition. Firsdy, the performance of metal and carbon internal

antennas in power coupling and plasma excitation are tested. secondly, the e仟ects of

experimental parameter, antenna structure and magnetic connguration on the plasma

Properties are invest珸ated. And lastly,the performance ofthe ECR plasma source with an

internal antenna in hydrocarbon emission and carbon fHm deposition are evaluated using

qualitative and quantitauve diaanostics.



Chapter 2

PrinciplesofECRplaS直naExcitation

2.11n廿odudion

Chapter
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Plasma is loosely defined as an ionized gas. However, since any 目as has some sman

degree ofionization,it is more specific to denne plasma as a quasineutral gas consistin目

Of char目ed and neutral particles which exhibits c011ective behavior. plasma is

quasineutralin a sense that it is neutral enoU8h to consider a common density for

OPPOS北ely charged partides, n = ni = ne, where n, ni and ne are plasma,ion and electron

densities, respectively However, it is not so neutral that aⅡ Signザicant electromaanetic

forces vanish.21

In a gas, the dynamics of motion are determined by forces between its local re即ons.

On the other hand, plasma behaves "C011ectively" 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 charae separation between ions and electrons produces electriC 負elds, and current of

Charged particles produces magnetic fields. These electromagnetic fieldS 8ive rise to an

" action at a diSねnce" e仟ectin t e

In order to produce plasma, suf丘dendy hi三h ener幻『is needed to initiate ionization in

Which electrons are released from neutral atoms produdn三 ions and free radicals.

Required eneray can be in a form of radiation、 electric nelds or caloric ener宮y. plasmas

P asma.22



10se ener幻rto their surroundings by c011ision, di仟Usion and radia廿on processes; hence to

Sustain the plasma,there should be equilibrium between ionization and loss rates.

This study deals W北h weaMy ionized plasma discharges in which the plasma density

is only a sma11 fraction ofthe neutral gas densiり1. ThiS 司アPe of plasma has the f0110wing

features:17

1. Theyare driven electricaⅡy

2. char三ed particle c0Ⅱisions with neutral pa此icles are important.

3. There are boundaries atwhich surface losses are important.

4.10nization of neutrals sustains the plasma in the steady state.

5. The electrons are notin thermal equilibrium いlith the ions.

Sources that produce high・densi司, plasmas are introduced in the next section. one of

them is the electron cydotron resonance 〔ECR) plasma Of which theSource

Characteristics and fundamenねIs are discussed in the succeeding sections.
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22 Hi目h・densi司rplasma sources

The need for high・density and low・pressure discharges for materials processing have

Ied to the development of hiah・densi司F plasma sources such as electron cydotron

resonance 〔ECR〕, helicon, helical resonant and inductive coupled sources. They are

typica11y i宮nited and sustained by Ac sources such as radio hequency 〔RF)〔f = 13.56

MHZ) and microwave frequency σ'= 2450 MHZ) sources.17 The osci11ating electric neld of

Ac sources accelerates free electrons into simultaneous periodic osci11ations.1n this

Process, electrons c0Ⅱide Mlith 冒as molecules randomly in which electrons aain sufficient

ener郡『 to cause bond dissociation and ionization by pickin宮 Up an increment of energy

W北h each c011ision.お Typicalparameters ofhigh・density plasma compared to capacitively

Coupled RF discharges are shown in Table 2.1.
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Table 2.1 Range ofparameters ofhi宮h・densi司rand capaciuvely coupled P13Smas 〔a丘er Ref.17〕.

High・densityplasma capactivelycoupledp】asmaParameter

0.5-50Pressurep 〔mTorr) 10-1000

50-2000100-5000Powerp(W)

0-2450Frequencyf(MHZ〕 0.05-13.56

MagnetiC 丘eld B (kG〕 00-1

Plasma densiりrn 〔cm'3) 109-10111010-1012

EleC廿on tempera加re T.(V)

Typical configurations of h培h・densiw plasma systelns are iⅡUstrated in Fig.2.1.1n

these sources, RF or microwave power is commonly coupled to the plasma across a

dielectric window for noncapaciuve power transfer, but they differ in the means by

Which poweris coupled to the plasma. ECR and helicon sources are commonly driven by

microwave and RF power, respectively. under an axial magnetiC 6eld, these sources

MicrowaYe power
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transfer the wave ener別' to the plasma by resonant wave・partide interaction. on the

Other hand, external ma三netic field is not required in helical resonator and inductive

Sources. Helical resonator sources couple RF POW'er to the plasma by exciting a resonant

axial mode in a slow wave structure.1nductive coupled sources have RF coils around the

dielectric source chamber, similar with helical resonator sources, which induce plasma

Coupling by transformer action.17

23 重CR plasma characterisucs

If the radian hequency of an incident wave and the electron cydotron (gyration)

frequency are denoted by ω and ωC. respectively, then electron cyclotron resonance

〔ECR) occurswhen ω=ω詑. The frequencieS ω and ωCe are given by:
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eB

(2.2〕ωCe ^

↑Tle

Where e, B, and 1ηεヨS the electron char宮e, ma目netic field intensi司,, and electron m3SS,

Correspondin目ly. The commonly used microwave frequency iS 2.45 GHz since ma宮netron

Sources are inexpensive and commerciany available at that frequency. Forf= 2.45 GHZ,

the wave absorption requires an external magnetic field ofintensiり↑ 8 -875 mT. The

applied ma目netic field produces a resonance zone in the discharge where electrons are

accelerated and absorb about 959゛o ofthe microwave power.24 The e仟ective absorP廿on of

microwave powerin the resonance zone ensures energy transferto the electrons W辻hout

dependin客 much on c011isions, which a110ws operation at low gas pressure. such

C011isionless heating mechanism of ECR excitauon produces plasma with low sheath

Voltage. W"hen the sheath voltage is low, the bombardin宮 energies ofions nowin号 to the

Substrate are als010W.17

ω 2πf (2.1)=



The presence of magnetic field not only promotes high power absorption but also

a110ws operation at hi三h・densiw plasma.1ntroduction of microwaves at hi宮h maanetic

neld region,ω">ω, aⅡOws wave propa三ation even 伽 overdense plasma with electron

Plasma hequency ωPe >ω, and with electron densi勺1『 nε> nc (criucal density).ωPe and nc

are given by,
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Where εo is the permittivi司『 of free space. unlike ECR plasmas, unmagnetized plasmas

Such as inductive coupled discharges have a deDsity limit, ne s nc, for good field

Penetration and efncient power transfer to the plasma.17 Deposition, sputter and etch

rates can be substantia11y rapid if the plasma density is sU缶Ciently hi宮h. consequenuy,

ECR plasma sources are widely used in laboratories and industries for materials

Processin目 due to the f0110win目 Characteristics:

1. Theycan operate auowgas pressures.

2. Theyproduce plasmas with low ion energy.

3. They can operate athigh plasma densiwrange.

れC
ηιeε0ω

e2

2.4ECRplasmasource con丘套Urauons

An ECRsystem is usua11y divided into two re号ions:the source chamber where most of

the plasma production occurs, and the process chamber where the substrate is located.

(2.3〕

The chambers are wpica11y made of stainless steel or aluminum. shown in Fia.2.2 is a

typical ECR source configuration with high・aspect ratio,1> r, where land r are the length

and radius of the source chamber, respectively. Microwaves are introduced into the

(2.4)

Source chamber across a dielectric window along the diver目ent ma号neuc "eld. High field

π
ε
e
机

=
eP
ω



intensiw,ωCe >ω,is needed nearthe dielectric w'indow so that microwaves can propa音ate

in the plasma and be absorbed in the resonance zone, where ωCe =ω. The steadystate

ma号netic field is produced by one or more eleC廿omagnets surrounding the source

Chamber, A strong permanent ma三net can also be used to generate a diver宮ent axial

magnetic neld instead ofelectroma宮nets.
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to modify plasma density and uniformi司1'.17'25

Typical variations of ECR source confi号Uration are iⅡUstrated in Fi目.23.1n these
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Source and process chamberand posiuon the resonance zone dose to the substrate. such

Confiauration is ca11ed the dose・coupled 匂1『pe oflow・aspect ratio system (Fia.23d).17

In the con6gurations described earlier, microw'aves with direction of propa三ation k

are introduced alon宮 the maanetic field vector B 〔wave vector k 11 B), on the other hand,

microwaves in the distributed ECR (DECR) configuration, shown in Fig.23e, are injected

Perpendicular to B (k B).1n DECR, several microwave applicators are placed around

the process chamber creating linear resonance zones near the chamber wa11. similar

inear resonance zones are generated in the microwave cavi司『 source shown in Fig.23f,

Where a sliding short and a stub tuner on top and on the side, respectively, are used to

tune the coaxialfeed, which excites standin号 Waves in the chamber.17
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2.5 ECRHea廿n客

The basic principle of ECR heaung of electrons is iⅡUstrated in Fi三.2.4. consider an

incident microwave in sinusoidalsteady state propagatin目 along 含 and polarized along戈,

E(r、t)= Re 戈E"(r)ejω' (2'5〕

Where the complex amplitude Ex is taken to be a pure real value. A linearly polarized

Wave can be decomposed into sum oftwo counter・rotating circularly polarized waves, as

戈&=(戈一jめ勗+伐+jタ)EI (2.6)

Where 又 and9 are unitvectors alongx andy・axes, and where Erand 勗are the amplitudes

Ofthe right・hand polarized 〔RHP) and le介・hand polarized 〔LHP) waves, with

Er
E
'
2

勗



@
B
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Fi耳 2.4 Basic principle ofECRheatin目Where there is (a〕 a con廿nuous energygain for RHp and 〔b)
an osci11a廿ngener部,for LHp waves (a丘er Ref.1刀.

①
B

The B vector The Evector of RHp and LHp waves rotate in ri三ht・hand and le丘・hand

Sense with respect to B at hequency ω, correspondin81y. At the same time, electrons

gyrate in right・hand sense at frequency ωCe W辻h respect to B. Based on ιorenιZルrce

目iven by,26

^ーーーーーーーーー・

e

e

〔2.8)

Where v is the instanねneous velocity ofan electron,the electric neld ofthe resonant RHP

Wave exerts a force -eEr on the eleC廿on, as shown in Fi宮.2.4a.1t accelerates the electron

alon8 its circular orbit, resulting in a continuous transverse energy a3in. conversely, the

LHp wave neld,in Fig.2.4b, produces an osci11ating force of which the ume average is

Zero, resulting in no ener幻lgain.17

Fι=-e五+(-eu x B)

2.6Microwavepropa雪a廿oninplasma

The f0ⅡOwin宮 Sections discuss how microwave propagation in plasma, unmagnetized

Or magnetized, depends on plasma density and maanetiC 打eld.
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2.6.1Propaga廿on inunma容netized plasma

As wave propagates throU号h a dielectric medium, such as plasma,its phase velodty

Changes dependingupon 北S wavelength. such phenomenon is ca11ed dispersion. The e仟ect

Of dispersion on w'ave properties is defined by a dispersion rela訂'on, which expresses

Wave 介equency ω as a function of wave number k. This equation can be derived by

Substituung a plane vvave soluuon into a wave equation, W'hich is obtained 丘om the

Maxwe11's equations.1n unmagnetized plasma, the dispersion relation is,27

C2k2
(2.9〕+ C2k2ω ^

E

Where c is the speed o"ight and εis the relauve perm北tivity ofplasma given by,
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The refractive index Nofa dispersive medium is defined as,

(2.1の

thus,from Eqs.〔29) and 〔2.1の,

(2.11)

(2.12)N21 ^ε ^

Equation (210) had been derived assuming that ions are innn北ely massive, the

C011ision frequency is zero and that electrons have no thermal motion. The incident wave

Propagates in the plasma only ifN is real, hence, only when ω>ωPe゛ otherwise,the w'ave

is renected on the boundary ofthe overdense plasma.28 This leads to a critical densiり1 "。

宮iven by Eq.(2.3〕. For an incident microwave withf= 2.45 GHz to be able to propagate in

Plasma, the eleC廿on density n. should be less than 7.5 × 1016 m'3. However, in the

Presence ofa ma筈netic field, the situatjon is si号nificantly changed. Magnetized plasma can

Support many wave modes that a110w wave 廿ansmission even in dense plasmas.1n the

f0110wing sections, we いli11 0nly discuss the properties of prinCゆαI waves, which are

13

ε 1

C2k2
N2 =

ω2

e
2
P
ω=

2
P
 
2

2
P



Waves traveling para11el and perpendicular to B, and only consider electron mouons,

taking the ions to be nxed, which is basica11ya cold plasma approximation.27

2.62 Propa客a廿on para11elto Ma雪neuc Field 【k 11Bj

For a wave propaaating primarily along a steady・state magne廿C field, the dispersion

relation can be separated into a ri宮ht・hand polarized 〔RHP〕 wave orrwave mode,

ω(ω一ω化)

and a le丘・hand polarized 〔LHP) wave orlwave mode:
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ω(ω+ω卯)

Where ωCぞis de丘ned to be expliciuy positive. For r mode, E r0ねtes in the same direction

as the electron 号yrate about B, and opposite for the l mode. Based on Eqs.〔2.13) and

(2.14), the direction ofrotation ofEis independent ofthe sign ofk. Thus,the polarization

Of E is not defined with respect to the direction of propa三ation k but on the direction of

magnetiC 丘eld B.れ

As wave propagates in plasma,北 Passes through regions with different ωPe and ωCe,

Where it may encounter resonances and cut01!'j台. A wave is generaⅡy absorbed at a

resonance and renected at a cutoff. A resonance occurs in plasma when N →伽; that is,

When the wave number k →+伽. on the other hand, a cut0仟Occurs when N → 0;thatis,

When k → 0. For r wave, N becomes innnite when ω=ωCe, which pertains to eleC廿on

Cydotron resonance described in section 23. on the other hand,1 Wave does not have a

resonance for positive ω.1fion mouons were considered, the lwave rotates in the same

direction as the ion gyrates about Band would have been found to have resonance atthe

ion cydotron frequency ωd,即Venby,

N2 1

NI 1

(2.13〕

〔2.14)

e
2
P

e
2
P

=



W北h Alasthe proton mass. The cut0丘frequencies are obtained bysetun宮k= 0,

ω(ω干ω卯)

Solvin目 orω,we obtain the cut0仟ofrwave,

ωCe + Vωle + 4ω;e

and the cutoffoflwave,

ωCi
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2

ωris higherthan ω1, such that ωris an uppercut0仟hequency above ωPe and ωCe, and ωlis

a ower cutoff hequency beloW ωPe. vve should、 however, e careful with vely low

frequencieswhere ion dynamics maybe important.17

When the hequency ofthe inddent wave ω is less than ωCe,the rwave is referred to

as the whiS牡erwave, which propa8ates even in hi宮h・densiulplasmas' where ωくωPe. The

Whistler mode is used as the basis for some of the common ECR conn宮Urations 〔see

Section 2.4), which rely on a lhagnetic heach absorpuon, where low・frequency

microwaves propa8ate from highert010W'er magnetic field to the ECR zone.

1

ωr

0

ωι

2

(2.15)

ω昆+ 4ω;e

2.63 Propa留a廿on pe印endicularto Ma宮ne廿C Field fk j.. B)

For a wave propa宮atin号 Perpendicular to B,it can either have its E vector paraⅡel or

Perpendicular to B, as shown in Fia.2.5.1f E is para11el to B,〔E 11 B〕,it corresponds to a

Iinearly polarized wave eleC廿ic neld lying along the magnetic neld, so that the electron

motion it induces is una仟ected by B. such wave is ca11ed the ordinαηノ(の Wave, and its

dispersion relation is identicalto that in unma宮neuzed plasma given by Eq.(29〕.

(2.16)

(2.1刀

(2.1田
一ω

竺
M
=

e
2
P
ω

+
eC



Fig.2.5 Geometry forelectromagne廿C waves propagaun三 Perpendicularto B (a丘er Ref.21).

E J. B

k
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E 11 B

y

fE is perpendicular to B,〔E J、 B), the wave is then ca11ed the extraordinαηノ(X) wave,

Where the electron motion is a仟ected byB. The dispersion relation forxwave is given by,

↑.

C2k2
N2 ^

ω

Where ω岫 isthe upper hybrid hequency:

ωUh

X

十ω2 (22の十ω'.e

The x wave is partly transverse and paruy lon目itudinal electromagneuc lNave; that is, E

has components both paraⅡeland perpendicularto k, such thatEtraces out an edゆSe in

the )w plane.27

By settin号 k =如 in Eq.(2.19),it can be observed thatthe resonance o xvvave occur a

ω=ωUh. As a wave with frequency ω approaches a resonance region, both its phase and

三roup velocities approach zero, and the wave energy is converted into upper hybrid

Osci11ations.211f ion dynamics are considered, a second resonance occur at the lower

hybrid frequencyωlh,目iven by,

1 11
^^^^^ for ωd (221)ω川
ωlh ωi ωCeωd

Where ωPiisthe ion plasma hequency.

Z

(2」9)1
ω2 ω2

ω ωPe

16

h
2
U

e

2
P
ω
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2
P
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The cutoffs for x wave are found by setting k = o and then solvin宮 for ω. W、e then

Obtain the same equations,(2.17) and 〔2.18), as we had forthe cut0仟S ofrand lwaves.17

To summarize, the resonances, cutoffs and polarizations of the principa1 いlaves are

Iisted in Table 22. The dispersion dね且ram for the principal waves in maanetized plasma

is i11Ustrated in Fia.2.6, considerin三 only the electron motion in this case. The dねgram,

however,is similar with the case W此h mobile ions for frequencies above the lower cut0仟.

Nearthe lowercut0仟and below,the mouon ofions can f0110w the periodic changes in ε

Such thatthe incident waves are strongly mod廿ied bythe ion dynamics.

Some ofthe important features ofthe dispersion diagram are:21,17

1. The RHP (r) wave has two regions ofpropagation separated by a stop band. First,

the regionwhere ω<ωιe(whisuermode), and second,the region where ω>ωr.

2. The extraordinary (X) wave has also two regions of propagation separated by a

Stop band. First,the re部on between ωland ω"h, and second,the region above ωr.
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3. As r wave reaches the resonance at ω=ωCe, the phase and group velocities

becomes zero 〔k→伽〕, which is due to the strong absorption ofthe wave ener幻lin

the resonance zone.

4. similar phenomenon occurs for the x wave at the upper hybrid resonance,

represented bythe horizonta11ine at ω=ω"h.

5. The LHP 〔o wave behaves like the ordinary 〔0) wave exceptthatthe cut0仟Occurs

at ωlinstead ofωPe.



Table 22 Summary ofResonances and cutoffs ofthe principalw'aves (a丘er Ref.21,17).

Cut0仟S(k=のResonances(k =如) Polarization、Nave

r^ave

Iwave

Xwave
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ωUh

0 、んlave

ωr =
ωCe 十 Vω子e + 4ω;e

+ω'.

ω1
ωle + 4ω;e一ω伽+

2

10n rnotion

2
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Fi宮.2.6 Dispersion ω Versus k forthe principalwaves in magnetized plasma forωCe >ωN,
exdudin目 ion motions 〔a丘erRef.17〕.
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2.7 MicrowaveAbsorptioninECRsources

INhen microwaves propagate in ma8ne廿Zed plasmas' they can be completely or

Partia11y damped byvarious dissipative mechanisms, such as:29

1. Heaung of electrons and ions with successive loss oftheir ener幻『in elastic and

inelastic c011isions.

2. Diffusive loss ofheated electrons and ions to plasma boundaries.

3. Transforma廿on of microwaves into other waves that are absorbed in the plasma

Or renected back orthat propagate to the substrate area.

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

Cydotron heating in the resonance zone. The e仟iciency of microW3Ve absorption in the

resonance zone is dependent on experimental parameters such as pressure and incident
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Power, as i11Ustrated in Fig.2.フ. The boundaries are based on the soluuons ofthe wave

Propagation through the resonance zone obtained by Budden.30 The ef"ciency factor is

,

Fi号 2.7 Experimentalparameters foraood ECRsource operauon: pressure pversusincident
Powerpm'〔a丘er Ref.17).

Pmin

NO

Good

disC始rEe

TangencY between good and

Poor power absorption atpmm

=η

1=

心
鳥



denoted by η, such that the region at which η之 I si套ni"eS 名ood power absorption. For

Parameters inside this re目ion,the inddent microwave power is e丘icienuy absorbed over

the entire cross section of the resonance zone. operation outside this region results in

Iarae microwave powertransmission into the main chamber. For号ood powerabsorption,

a minimum pressure pmm is needed as in the case for an inducuve dischar晉e,in which

there is a ねn号ency between power absorbed and power lost versus densiり1, at low

densi訂1. similar to inductive discharges, the plasma does not turn 0丘 immediately atthe

minimum pressure;instead,it exhibits transition to a considerably lower density state. At

Pressures below pmm, the plasma dischar目e extinguishes.17
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Microwaves reaected in the plasma chamber can 目enerate interference ofwaves that

Can greauy affect the power absorption. The variation of axial plasma densi司, can cause

Upstream power renection.1n addition, radial densiw' and ma三netiC 丘eld variations can

Cause micro、vave refraction, which may lead to a self・focusing e仟ect to the microwave

Power profile as the wave propagatesto the resonance zone.17



Chapter 3

Experimentalsetup & Dia晉nostics

An electron cydotron resonance plasma system with hi三h・aspect ratio has been

developed for carbon film deposition. Microwave power is coupled to the resonance zone
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Using an internal antenna. The device utilizes a graphite sputtering target immersed in

hydrogen p asma to supp y y rocar on rouah ECR sputtering process. The succeeding

Sections give detailed descripuon of the ECR sputtering system used in the experiment,

f0110wed bythe diagnostics employed in this study and the principles behind them.

3.1ECRplasma system

The actualimage and schematic diagram ofthe ECR plasma system utilized in this

Study are shown in Fig.3.1 and F喰.32, respectively lt consists of a vacuum system,

microwave power and Dc bias supplies, maanets, 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 W北h vibra"on

dampin三 Pads underneath. The chamber wa11S are connected to the 三round.1n total

System is about l.10・m lona 050・m wide and l.10・m high.
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3.1.1VaCⅡUm system

The source and process vacuum chambers were evacuated by a rotary pump coupled

to a 560 L/s turbomolecular pump crMP) to a base pressure less than 8 × 10'5 Pa. A

Pirani 三auge, a type of thermal conductiviw' gauge, was used to mon北or the pressure

rangina from atmospheric pressure down to o.4 Pa. For pressures below l pa, down to

about l x lo'6 Pa, a hot・filament・type ionization 目auge 、vas utilized.

A aatevalve connectingthevacuum chamberto the inletofthe TMp was halfdosed to

restrict the gas outnow and to keep the pressure in the chamber constant during the

experiments.
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3.12 PowerSⅡPplies

Continuous microwave power with 2.45 GHZ 丘equency was supplied to the internal

antenna by an Eiko Brain MR・202 inte宮rated power 8enerator via a coaxial cable. The

Mvv power generator can be operated up t0 20o w forward power. A three・stub tuner

Connected to the antenna end ofthe line was used for impedance matching between the

transmission line and the plasma. The tuner produces a standin号 Wave between 北Selfand

the plasma discharge,increasing the couplin号 to the plasma and reducin三 the renected

Power along the line.31

A Texio psF・40OH re宮Ulated Dc powersupply, which has maximum oU如Ut voltage of

80O V, was used to bねS the carbon spU杜ering ねraet ne冒auvely with respect to the

Chamber. on the other hand, a Kikusui pAS500・12 DC supply, with 50o v maximum

Output, was used to bねS the deposition substrate positivelyW北h respectto the chamber.

3.13 Ma目nets

Three wpes ofma8nets were used in the experiments: an electromagnet, a permanent

magnetand atemporary magnet, asshovvn in Fig,33.



W創宙

3yat引n

Dc t剖mln81

Fig.33 Photo of(a)the electromagnet,(b)the permanent ma目netand a dia三ram ofits
ma宮netization direction, and (C)the temporary magnetinsta11ed to the ECR plasma system.
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ng

eectromヨ宮net

The electromagnet,shown F槍.33a, haS 125・mm hei号ht,160・mm outer dねmeter, and

80・mm inner diameter. n consists of two connected toroidal solenoids encased in an

insulating covering.1t is placed around the source chamber to aenerate a divergent

magnetic neld downward. The electromagnet has two terminals connected to a Kikusui

PVS 12・220 regulated Dc powersupply, which can be operated up t012 V. Asthe current

applied to the electroma8net lB was changed, the steady・state, spatia11y・varying magnetic

neld also changed in intensity. A water・coolina system is integrated into the

electromagnetto preventthe coils from heatin号 Up during the experiments.

Displayed in Fig.33b is a photo ofthe Neodymium・1ron・Boron (NdFeB) permanent

ma目net and 北S magnetization direction, which was placed around the N・wpe connedor

Show'n in Fig.3.4. The permanent magnet haS 16・mm heiaht,40・mm outer diameter, and

30・mm inner diameter.1t was used to reduce di仟Usive loss of eleC廿ons to the aange

Where the antenna is mounted.

Laterin the study (chapter 5),temporary magnets made ofcarbon steel, shown in Fig.

33C, W'as attached around the electromaanet to seNe as a ma晉netic aux return. A

Perrnanen maEne

"

Ma居netization direction

160 mm

TemporarYmaanet



temporary magnet acts like a permanent magnet only when they are within a stron套

magnetic field.1t was used to swa110w ma8netic neld away from the substrate region. The

aux return consists of 丘Ve pieces of temporary magnets: two rin冒・shaped and three

rectangular components. The 160・mm・outer・diameter,80・mm・inner・diameter, and 15・

mm・thick ring・shaped ma宮nets are placed on the top and at the b0廿om of

electromagnet. The 160・mm・hiah,20・mm・10n号, and 15・mm・wide rectana'ular magnets

are attached on the sides of the electromagnet, and are connected to the rin目・shaped

magnets on both ends with screws.
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3.1.4Source chamber

The cylindrical source chamber, shown in Fig 3.4,is made of suS 304 Stainless steel

Mlith 7フ・mm inner diameter and 96-mm depth. The microwave antenna was a廿ached to

3n 80・mm・dねmeter water・cooled flange, which is insta11ed on top ofthe source chamber、

The antenna was connected to the tuner through a vacuum・ti号ht N・type connector. The

Structure ofthe antenna is described in more detailin chapter 4. The source and process

Chambers are joined by fixin宮 the 350・mm water・cooled nange on top ofthe process

Chamberwith Rubber o・rin号Sealin between.

N・type
Connector

Antenna

■
■冒盲

^

Fig.3.4 Schematic dね8ram ofthe source chamber.

フ7 mm

Vvater・cooling
System

350 mm



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・rnm・10ng,65・mm・diameter

Substrate holder is inserted throU号h the b0廿om slot ofthe process chamber. More details

On the substrate holder are presented in chapter 6. About lo mm above the substrate

holder is a gas injection unit, which is described in the f0110win号 Section.1nfrared plates

are insta11ed around the substrate holder to enhance the increase in substrate

temperature by infrared radiauon from a tun8Sten heater.

Gas ring(a)
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To be able to insta11 the bottom viewport and the Langmuir probe, the substrate

holder should be removed, as shown in Fig.3.5b. The Langmuir probe was inserted

radia11y into the process chamber 〔perpendicular to the magnetic field〕 at a distance of

153 mm from the top aange, where the antenna was attached. The front viewport is

about 210・mm away from the chamber axis. n is where the nber sensor head was

mounted perpendicularly atthe same level asthe Lan目muir probe.

3.1.6 Gas lnjeC廿on unit

Hydrogen 目as was introduced into the process chamber using a ring・shaped gas inlet,
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Shown in F喰.3.6, W北h 56・mm outer and 38・mm inner diameters. The 三as ring was

Connected to an s・shaped stainless steel tube that leads to a slow leak needle valve

10cated outside the vacuum chamber. A disk・shaped,80・mm・outer・diameter,38・mm・

mner・diameter,1・mm・thick carbon spU杜ering target is placed on the 目as rin目 nozzles,

fadn号 the substrate holder.1n addition, a 2・mm・thick,15・mm・high cylindrical carbon

target いlas inserted into the inner diameter on the opposite side ofthe 目as ring, facin目 the

Source chamber. ThroU目h ECR sputterin8 Process, the un辻 Supplies hydrocarbon

molecules homogeneously to the deposi廿on substrate.

Carbon spU壮Edn宮tarEets 闘mm

Fi耳 3.6 (a) photo ofthe gas injection unitMli血 Carbon spU壮ering ねrgets.〔b) Bottom view ofthe
gas injecuon un比

Gas ri"且

5Ubstmte

holder

Carbo"

diskt急屯ot
Gヨエ nozzles



32 ιan套muirprobeMeasurement

32.1Prindpleofl'an琴muirl・vcharacteristic

When a biased Lan宮muir probe is immersed in plasma, the char三ed particles

distribute themselves spa廿a11y around the probe, forming a plasmo sheath, to shield out

electriC 丘elds applied to them by the probe. such phenomenon is ca11ed Debye shielding

and it is one ofthe characteristic and c011ective behaviors ofplasma which keeps the bulk

Of the plasma quasineutral at a roughly constant potential vpl (plasma potential).32

Plasma sheaths, which also form near the chamber wa11S or any surface in contact, are
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few Debye lengths thick. A Debye length is one of the characteristic lengths of plasma

Which iS 即Ven by,17

Where Tεis the electron temperature in volts 〔V〕.

Langmuir probe theory applied in this study relies on the f0110wing assumptions on

the Debye length ofthe plasma and other characteristic lengths:33

1.入D くくし(plasma dimension), so thatthe plasma is hom08eneous, quasineutral and

.。・(ー)

innnite.

2.入D くく rp (probe radius〕, so that ed三e effects can be ne三lected.

3. Mean free path of a11 ParticleS 入>>入D, rp,such that no c011isions occur in the probe

Sheath.

4. The probe surface is completely absorbingand non・reactive.

Based on these assumptions, we can now give a qua1辻ative interpretation on the

Langmuir current・voltage 〔1・V) characteristic. An l・V CUNe can be obtained by sMleeping

the applied bねS volta目e on the probe 〔probe v01ね且e), VP, hom a negative to a positive



Potential, and measuring the drained current, ca11ed the probe current lp, for each vp. A

typica11・v curve obtained from Lan目muir probe measurementis shown in Fi冨.37, where

a positive lp represents a net current now into the plasma (electrons a廿racted to the

Probe), and a ne目ative lp denotes a current now out ofthe plasma 〔ions a廿racted to the

Probe).1P is composed ofion liand electron le currents:

(3.2〕

INhen vp is at the plasma potential Vル there is no plasma sheath, and the surface of

the probe c011ects the ions and electrons that hitit.34 Vplis genera11y positive with respect

to the chamber, because the electrons tend to escape to the wa11S faster than the more

massive ions,1eaving the plasma with an excess ofpositive space charge.
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Fia.37 A wpical Langmuirprobe current・voltage characteristic cuNe (a丘er. Ref.35).

0

15,1 regiorl

When vp is ne宮ative with respect to vpl(VP く VPI〕, as in re号ion B, the probe begins to

repel electrons and a廿ractions. However, the ion currentis stiⅡ neg1喰ible in comparison

to the electron current, a宮ain because the electrons reach the probe faster than the ions.

As soon as vp reaches the aoatina potentia1 レケithe electron currentis suppressed enoU三h

that it equals the ion current, resulting in 3 Zero net current (1P = 0). A positive space

29
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Charge sheath forms nearthe probe when the ion density exceeds the electron density at

the sheath edge, which occurs ifthe ions approach the sheath with a speed exceeding the

Bohm velocjり↑ UBgiven by,託

Where miis the ion mass.

In reaion A, when vp 《 Vル a11 electrons are repe11ed and the positive sheath

Surroundin目 the probe shields out and Hmits the c011ected ion current. As a result

decreases slowly and becomes approximately constant. This lp value is ca11ed the ion

Saturation current,1工卯 When Te >> Ti (ion temperature), the ion saturation current is

8iven by the Bohm ion currentlB,
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Isat = 1B = 0.6eAPπiU三

Where Ap is the probe c011ectin目 area.

For a Maxwe11ian ion distribution at the temperature Ti, the dependence of the ion

Currentlion vp iS 即Ven by,37

玲く V削

Where kB is the Boltzmann constant and TiKis the ion temperature in Kelvin (K).

In region c, where v > Vル the ions are repe11ed and the electrons are attracted to the

Probe. A negative space charge sheath forms around the probe, e丘ectively expandin宮 the

C011ectin目 area, thus, slightly increasing lp,34 For vp >> VPI,血e current lp 】evels off to a

Value ca11ed the electron saturation currentlel, which iS 即Ven by,36

岡一ー"'ー"1ι'。'

B.3)

Iesat =-eAPれeラ

Where , isthe electron average speed, given by,

30

〔3,4〕

1

(3.5〕

〔3.6)

B= 需

V>一VP



For a Maxwe11ian electron velociw distribuuon,the dependence of electron currentl.

On vpiS 三iven by,

Where TeKis the electron temperature jn K.

The aoating potential w' can be derived from Eqs.〔3.5) and B.8〕, by setting it as the

V01ねge Ⅶatwhich l'(吻+ 1.(W)・ 0. Hence,

,・呼{'"'ー1..。t
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3221'an客muirprobesetⅡP

The cylindrical Lan目muir probe used in this study to measure the local plasma

Parameters is shown in Fig.3.8,1t has an inner 05・mm・diameter tunasten wire,

Surrounded by a ceramic tube, surrounded by a cu tube, and then covered by a 5・mm・

Outer・diametertubular ceramic.5・mm length ofthe tunasten wire tip was exposed to the

Plasma, while the rest ofthe probe components are covered by the outer ceramic.

ーーイ0・0月

(3.フ)

レ分> VPι

(3.8)

^

^

Fig.3.8 (a) schemahc dね三ram, and (b) photo ofthe Lan号muir 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 sli8huy lo0託nin三 the adjusting knob, then pU11in8 the probe back or

Pushin目 it forward. The cu tube is kept in around potentialto serve as a shield that

restricts outside electromagnetic fields to leak inside the shield, and vice versa. A signal

Carrying volta宮e was applied to the tungsten wire through a BNc connector a廿ached to

the other end ofthe probe. The circuit dia号ram ofthe Langmuir probe setup is shown in

Fia.3.9. The applied voltage t0 血e probe was osci11ating at a rate of lo HZ. As the source

Voltage v$ was swept hom ・35 V to +35 V W北h respectto the chamber,1P was measured

throU目h the voltage droP 北 Creates across the shunt resistor. The voltaae drop iS ねken as

the difference between vs and vp, which are measured using a 2・ch picoscope 4224 USB

Scope with 12・b北 resolution. The probe currentis then given by,

VCHI - VCH2
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R

Where R is the electrical resistance ofthe shunt resistor, which in our case iS 3200 Ω. The

Current lp was plotted as a funC廿on ofthe volta目e vp and the plasma parameters were

Calculated from this l・v characteristic cuNe.

P

P伯Sme

Chamber

Fig.39 CircU北 diagram ofthe Langmuirprobe setup
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3.23 Determinauonof杜le plasma aralne ers

Shown in Fig.3.10 is an example ofan l・V CUNe obtained from a raw data, where the

noatjna potentia1 1シ, and ion saturation current ls。ι Can be determined djrecuy, since the

Langmuir probe used in the ECR source is notsubjectto sianal pickup which can areauy

distortthe l・v characteristic. The ECR source operate in microw'ave hequencywhich is so

hi号h that the signalis completely decoupled hom the circuitry, and the measured

Currents are the same as in a Dc discharge.謁
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6×10'

4

2

Sat

0

The electron temperature Te can be determined from the transition re即on ofthe l・V

Characteristic 〔region B in Fia.37), where vp く VPI.託 By substituting vplfrom Eq.(39) into

〔3.8) for vps Vル and ねkinathe natura110garithm ofboth sides ofthe equation, we 8et

In11.1 = kBア(玲一")+ C (3.11〕

Where c is a constant. Notice that Eq,(3.11) is in the form of a line function y = n1χ+ b,

Where m and b are the slope and y・intercept, respectively.1n the case of Eq.(3.11), the

Slope is given by,

Fi8.3.10 probe current pl0廿ed as a function probe voltage from raw da仏.
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〔3.12)η1 =

kBTeK

Where kBTeKis expressed as e7'e. Then, substituting le from Eq.〔32〕 into (3.11), and ねkin目

the currentlifor vp く Vplin Eq.(35〕, we have,

The lS口tvalue determined in F珸.3.10 is subtracted from the current lp,3nd the natural

10garithm of the difference is plotted as a function of vp, as shown in Fi号 3.11. strai号ht

Iines are fi廿ed along the transition region and the section where vp > VPI. The voltage vp

across the intersection ofthese two fi廿ed lines is the plasma potential Vル and the inverse

Ofthe slope ofthe Hne in the transition re宮ion is the electron temperature Te
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Fig.3.11Zoomed semi・10gar北hmic plot ofelectron current as a function ofprobe voltage,、vith
IineS 6tted alon宮 the transition and positive・vp reaions.
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As obselved in Fi宮.3.10, the positive vp is not high enoU三h to reach the electron

Satura廿on current lesat. since it is difncult to determine l"。tin the l・V CUNe, Eq.(3.6)

Cannot be used to solve for the electron densiw n.. vve know, how'ever, that the bulk of

the plasma is quasineutral, such that ne = ni, hence, we can use Eq.(3.4〕 to obtain the ion

Slope =
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density ni,then setting 辻 equalto n'. By substitutin目 the Bohm velociw uB from Eq.(33〕

into (3.4), and then solving for nb now equalto ne, we 宮et,

The ion mass mi,is given by,

Where u is the atomic mass unit. For hydrogen ion, we have, mi

Cylindrical probe used in this study has a c011ectina area AP = 8.05 × 10'6m2, which was

Calculated usin宮 the f0110win8 Surface area formula,

AP =π先+ 2π先IP 〔3.1句

Where the probe radius rp = 5 × 10'4m and the exposed probe length lp = 5 × 10'3 m.
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331ma套el.uminosi切CaptⅡre

〔atomic weight〕 X 〔U)

Excited hydrogen atoms wpica11y em北 liaht with frequencies that are in the visible

Spectrum 〔656,486, and 434 nm). For this reason the ima8e luminosiw ofplasmas was

Used to rouahly esumate the plasma densiw' or the densiりr ofthe excited species present

in the plasma dischar冒e. photographs of plasmas were 仏ken with a pentax K・7 14.6

megapixel di目北alsingle・1ens renex (DSLR) camera eqUゆPedW北h an 18-55 mm f/3.5-5.6

Converted to grayscale, based on the 8ray values calculated from the weighted average of

(3.14)

Zoom lens. The camera was a杜ached to a tripod mount positioned at a 行Xed distance

1.67 × 10'27 kg. The

from the viewport. The camera settings used in ねking plasma photos through the front

and b0廿om viewports are listed in Table 3.1.

(3.15)

The photos were converted from penねχ raw imaae files 〔PEF) t024・bit c010r ima三e

files (PPM) usin目 a DCRAvv computer program, based on the white balance se壮ing ofthe

Camera at the moment of shot (see Appendix). The c010red ppM images were then

=



Table 3.1Camera se出ngs used in takin三 PhotosthroU昇h the viewports forluminosi切『calculation

Se廿in宮 B0壮om viewportFrontviewport

f/40f/32Apermre size

ShU廿erspeed 0.6 Seconds 1/8 Seconds

Iso sensitivity 800 200

Foca11en宮th 45mm 55mm

Exposure bias 0 0

RGB levels at each pixel. This weighting assumes that red representS 3091'o of

Perceived luminosi司1, while the 晉reen and blue channels account for 59 and 11%,

respectively. plasma density and uniformi匂,1 Were estimated using the luminosi司, of

Plasma photostaken throU8h the hont viewport. plasma densiwwas based on the mean

Iuminosity of the phot0 ねken over the samplin号 area about 25 mm below the source

Chamber, as shown in Fi三.3.12a. An example ofa luminosiw histogram obtained 介om a

Photo is shown in Fi号 3.12C. The grayscale conversion and mean luminosiulcalculation of

the plasma photos were done using a batch code 〔refer to Appendix〕 executed in GNU

Octave software, which provides a numericalcomputing environment. on the otherhand,

/.0叱om町岫
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F喰.3.12 (a) samplin宮area for mean luminosiwcalculauon,(b) sampling line for the acquisition
Onuminosi司『spahal distribution, and (C)1Uminosi司lhistogram ofa photo.

伺

50

0
0

Samp!ing are3 for hist09ram

100 150

の
一
Φ
X
一
α
』
0
6
Z



Plasma uniformiりrwas based on the spatial distribution ofthe luminosity taken along the

Sampling line about 20 mm below' the source chamber, as shown in Fig.3.12b. The

Iuminosi司ldistribution was obtained using an image processin目 Pr0目ram ca11ed lmagel.

3.4FrequencyspeC廿UmAnalysis

The microwave power absorpuon of the plasma was assessed through frequency

Spectrum analysis.1ncident microwave radねted by the transm北ting antenna that is

Poorly absorbed bythe plasma propagates into the process chamber. Thus, a 60 × 8 mm2

folded dipole receivin8 antenna inserted into the process chamber 153 mm below the

antenna nange, as shown in Fig.3.13, was used to detectthe localintensi匂,r oftransmi廿ed

microwave power. when 廿ansmitted microwave fa11S on the receiver, the interaction

between the antenna and the microwave gNes rise to a wave in the receiver line

Connected to an Anritsu MS2724B spectrum analyzer. The Langmuir probe wastaken out

Of the chamber during microwave sj目nal detection to eliminate any electromagnetic

interference caused by the probe.
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Fia.3.13 〔a) schematic diagram ofthe hequencyspectNm analysis setup and 〔b〕 actuaHmaae of
the receiving antenna used to detectmicroW3Ves transmiせed to the chamber.
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Chapter 4

MicrowavecouplingusinglnternalA亘ltenna

Microwave

4.11n廿oduC廿on
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The method of microw'ave power coupling to the resonance zone, as i11Ustrated in Fig.

23, greatly a仟ects the ion energy, uniformi司r, and density ofthe p】asma.17 Properヒies of

ECR plasma depend not only on the coupling method but also on the structure of the

microwave coupler.お Microwave couplers or applicators are utilized for several

functions in plasma processina applications, such as:

1. 1mpedance matchingand optimization ofmicrowave powertransferto the plasma

2. 1mprovement ofplasma particle production e仟iciency

3. Enhancement ofplasma densi司『 uniformity and contr011ability

Microwave applicators that are wpica11y used in ECR reactors indude antennas,

Wave目Uides, surfatrons and resonant cavities.31 The common feature ofthese applicators

is that microwave power is coupled to the plasma across a dielectric window or wa11, to

reduce the volta8e across plasma sheathS 3t wa11 Surfaces.17 HOW'ever, contamina廿on

from spU壮ered dielectric material and accumulation of ejected particles on the window

requires hequent deanina and maintenance cydes for the plasma source. Moreover,

althoU晉h stron目 electrostatic coupling occurs between the antenna and the plasma in the

absence of a dielectric barrier, the ECR source operates in microwave re即me,in which



the si号nalfrequency ofthe antenna is comparable to the electron plasma frequency. The

antenna never maintains its polarity long enough to sweep much of the electrons.

results in reduced electron loss and plasma potentialin ECR plasmas compared in RF

dischar8es.39 Therefore, this chapter investigates and evaluates a "windowless" method

Ofmicrowave coupHngto ECRplasma usingan internalantenna.

42 TheoreticalBack套round
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42.1Propa目ationofElectroma晋neuC翫eldbyanAntenna

Microwave antennas are radねtion applicators inwhich microwave energypropagates

heely in the load like free space wave, without being significanuy bounded to certain

三eometry.40 To give a basic principle ofelectromagnetic neld radiation by an antenna,1et

Us consider a simple dゆole antenna ofwhich length is half ofthe wavelength,λ/2, ofthe

input signal, as shown in Fig,4.13. when the signalis fed on the antenna, an electron now

Sets up within in it. The electrons now towards the positive potential and form a

^1

Fig.4.1 Dねgram ofEM Field excitauon bya dipole antenna.(a) The electrons aowtowardsthe
Posi廿Ve potentialand 〔b) moves in the opposite direction as it reverses.(C) ElectriC 6elds are
Produced between the opposite polari廿es, and 〔d) reverses in direC廿on with the polari匂i『.〔e)
Ma宮ne廿C 丘elds are produced h'om the electron aow゛〔o of訊!hich direction also reverses.

,

Directlon of e・

'
▼



maximum concentration on one side 〔Fi号 4.1a). As the polari訂10fthe potentialreverses,

the eleC廿ons move towards the opposite direcuon and form a maximum on the other

Side (Fig.4.1b〕. A cyde ofthis process occurs and repeats itself at the signal hequency.

Due to the electron concentration on one side, a negative potential builds up on that side

and a positive potenual on the other. The opposite polarities produce electric field

between them which reverses in direction at each half cycle ofthe si套na1 介equency, as

Shown in Fi目.4.1C and d.1n add辻ion, the electron now in the antenna creates magnetic

neld which changes in direction relative to the direction of current, as iⅡUstrated in Fig.

Microluave

4.1e and f. These electric and ma宮netiC 丘elds constitute the antenna's immediate neld,
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Which produces a radねtin宮 Wave pattern that propaaates away hom the antenna, as

iⅡUstrated in Fig.42.41

Fi宮.42 Diaaram ofelectromagne廿C "eld radia廿on bya dipole antenna 〔a丘er Ref.42).

422TheAntennaasaTerminatinglmpedance

Let us consider an isolated antenna where aⅡ 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 partis dissipated into heatin the antenna

Structure.431fthe antenna impedance or ifthe 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 renected wave and no standing wave in the line.440n the other hand,ifthe

impedance ofthe antenna and the line are mismatched,the antenna does not absorb the

entire powerincident on 辻 but gNes rise to a renected w'ave in the line.

423Antennaand plasmacoupling

In the previous seC廿on, the transmitting antenna iS 廿eated as an isolated system and

the si目nificant feature ofthe interaction between the antenna and the plasma is ne三lected.

NOW, consider a transmitting antenna that when completely isolated is matched t0 北S line.

When a conductin8 medium, such as plasma, is introduced into the field of this

transmitting antenna, it gNes rise to a scattered wave. This, when detected by the

Chapter
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transmitting antenna,in turn 創Ves rise to a wave transmitted down the feed line ofthat

antenna. The net e仟ect is that the transmitting antenna n0 10nger aives a matched

impedance to its line.43 For this reason, the renected power 打Uctuates whenever the

Plasma condition changes.

42.4Antenna Resistance

The total power dissipated by the antenna is the sum ofthe radねted power and the

POW'er dissipated in ohmic losses in the antenna S廿Ucture. correspondingly, the electrical

resistance ofthe antenna can be ねken as a sum oftwo elements: a radねtion resistance

and an ohmic resistance.43 The pow'er dissipated in the radiation resistance is converted

into electromagnetic radねtion, while that of in the ohmic resistance is converted into

heat.

When an Ac si号nalis fed to the antenna,the electrons radiate electroma目netic waves,

as described in section 42.1. These waves carry energy absorbed from the electrons. And,

the loss of ener幻,' appears as an e仟ective resistance to the electron noMI. This is



Comparable to the ohmic resistance resulted hom the sca杜erina of electrons in the

Crysta11attice ofthe material, hence, hindering the electron current. Radiation resistance

depends on the 三eometty of the antenna, whjle the ohmic resistance is mainly

determined by its material.45

In add詫ion to the intrinsic resistance of the antenna described above, a contact

resistance due to weakly conねCtin三 interfaces may occur. surfaces of metaⅡic contacts

may have an oxide layer and adsorbed water molecules which reduces charge 廿ansport

e仟iciency between the interfaces.
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43.Materials andMethods

43.1AntennaFねn套econnguration

Since the microwave antenna exdtes plasma locaⅡy, the distance between the

antenna and the 目raph北e sputterin宮 target is an important parameter that decides the

System's overaⅡ Performance. Therefore, the device has been operated with three antenna

Con6三Urations to chan宮e the distance between the 三raphite tar8et and the antenna. Fig 43

Showsthesource chamber ofthe ECRplasmasystem inthree wpes ofcon介号Urations:far, mid

Near

Confiauration

「『

Far

Configuration

Out↓

96 mm

「

13 mm

Fig.43 Geome廿yand position ofthe antenna nan宮e relative to the gas ring in each con6guration.

↑io

Anten舶

Mid

Confi8Uration

Wat引

N・wpe
C伽lnecta'

5US

5Crew

Channel

06 mm

Ant印na

Stem

16 nlr,、 13mm



and near, in which the antenna aanae iS 96,56 and 16 mm away from the gas ring,

respectively.1n a11the configurations, the diSねnce between the antenna and the b0廿om

Ofthe nange iS 13 mm,1n mid and near confiaurations,the stem ofthe antenna is inserted

into a 6-mm・diameter channel alon宮 the vertical axis and attached to the N,司rpe

Connector at the end. The suS 304 antenna nanges have built・in cavities for the

Circulatin号 Water ofthe coolin号 System.

432 AntennastructⅡre
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The microwave was launched into the chamber through an antenna which was

modi6ed in terms of its structure and material. Nickel wires were formed to con丘gure

four wpes ofantenna structure: spir口1, heh'Cα1, a'rcular and h'near as i11Ustrated in Fig.4.4.

The spira and helical antennas are each composed of n = 6 turns. The 15・mm・diameter

Wire was wound in a counter・dockwise direction when viewed from the vacuum side.

The other end of the antenna was connected to a grounded stainless steel scre、V, as

Shown in Fig.43.

There are two types offar・conngurauon nanae used in mounting the antennas based

On the orienねtion of the N・wpe connector. As shown in Fi号.4.5, the spiral and helical

antennas are attached to the nange with a centered connector, while the loop and ljnear

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

4mm

のIhn)

HelicalSpiral LOOP Linear

Fig.4.4 Nickelantenna stNctures Mth theircorresponding parameters.

m mm
0
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433Antennaposiuon

The posi"on ofthe spiral antenna, D,is based on the distance ofthe spiral plane from

the antenna nan冒e, as indicated in Fig.45. For comparison, the posiuon of the spiral

antenna wasinitia11ysetto D = 80 mm and was then varied by chan宮ing the len8th ofthe

antenna stem and thegrounded screw.

Centered

Chapter
Microwave couplingusin81nternalAntenna

^

D=80mm

Helicel

FRONTV旧VV

Fig.4.5 Nickelantennas mounted to two types offar・confi三Uration nan8e.

Antenna

Stem

43.4 Ma宮ne廿CFieldconn目Ⅱration

As iⅡUstrated in Fi号.4.6, the electromagnet (described in section 3.13〕 is insta11ed
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55mm

SUS
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哩暫
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Fi号 4.6 Source chamberwith electro・ and permanentmaanets.

16 mm
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around the source chamber t0 目enerate a divergent ma8netic neld and rely on the

magnetic beach absorption ofthe microwave power.1n add辻ion,the permanent ma目net

is placed above the antenna aange to denect charged particles away from the nan三e

Surface and reduce metalcontamination.

The magnetic field intensity alon目 the chamber axis varied with the current applied to

the electroma号net18, as seen in Fig.47a and b,in the cases without and W北h permanent

magnet, respectively To examine the dependence of plasma properties on lB,the current

Was setfrom the highest down to the lowest value at each experimentalsetto avoid any

hysteresis e仟ect. W北hout the permanent ma8net, the ECR condition for 2.45 GHZ

frequency was satisfied when the ma目netic "eld intensity iS 87.5 mT atlB 之 80 A. with the

Permanent magnet,the ECRconditionwas a廿ained atlB之 55 A.
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4.4 Results

4.4.1 E章ects of血eAntenna "an今e con丘留Ⅱration

In this secuon, bare spiral antennas with n = 4 number ofturns were utilized. Each

antenna has a stem of differentlen号th according to the nan目e connguration described in

Fig.43. Atthis point,the permanent ma目netwas notyet present. The forward power and

hydr0目en pressure Mlere fixed at loo w and l pa, respectively photos of plasmas

Produced in far, mid and near confiaurations at various magnet current 18 are displayed

in Fig.48. photos were taken through the front viewportfacing the region below the 号as

rin宮, and throuah the b0廿om viewport alon号 the axial axis ofthe vacuum chamber.1t can

be obseNed in the images taken throU目h the 丘ont viewport (Fig.4.8a〕 that plasmas

Produced in far conn8Uration are more diffuse than those of in mid and near

Con丘8Ura廿ons. plasma dischar号es in the latter confi目Urauons tended to concentrate at
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(a)
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(b)

Fig.4.8 Plasma photos taken 〔a) through the frontviewport at variouS 1θ in each nan宮e
Con"guration, and 〔b)through thebottom viewportin near con"宮Uration.
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the centralre号ion ofthe antenna. vvhen obseNed hom the bottom viewporヒ〔Fi号.48b),

Plasmas are streamin宮 Out from the 打an目e channelin near configuration,1t 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 wa11S.

Consequently, plasmas in mid and near configurations were extinguished at relauvely

hiaher 1勗 Since the con"ning e仟ect ofthe mヨ目netic field was not enough to sustain the

Capacitive dischar目e.

The plasma parameters were obねined based on the measurements done usin宮 the

Langmuir probe inserted radia11y into the process chamber, below the gas ring (see Fi8.

35b). The dependence of electron density ne on current lB for different nan8e

Conngurations is displayed in Fi号 49. vvhen1丑Was decreased t070 A,伽e plasma density

in mid and near confi8Urations suddenly decreased. This event can be due to ECR to sub.

ECR mode transition,46Since 80 A was the minimum lB required to satisfy the ECR

Condition within the source chamber. such transition, however, is not observed in far

Con6三口ration. This behavior is further investigated in section 4.4.6. The obtained avera三e

Ofelectron temperature Tε for the three configurations is about l.4 V.

40×10
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Fi宮.49 Electron densitynepl0せed as a function oflBfor di仟erent 丘ange con6gurations.
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Shown in Fi宮.410 is the dependence of plasma poten廿al vpl on current lB.1n far

Con丘三Uration, the avera三e vplis about 12 V which is much hi8her than in other

Configurations. since far con打目Urauon produced more di仟Use plasma, its hi宮h plasma

Potential can be due to the increased diffusion ofthe electrons to the wa11S, which leftthe

Plasma with more positive charae.
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Fig.4.10 plasma potential vplplotted aS 負.1nctions oflB for different nange configurations.

1。

Renected power pr measured from the microwave generator was recorded

Simultaneously with probe measurements at various magnet current 18.1n Fi目.4.11,it is

evidentthat atlB 之 80 A, P,values are very low, which is aせributed to the high absorption

Ofmicrowavepowerin the resonance zone.
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Fi宮.4.11 Renected power pr plotted as a function of18 for differentflan三e con6gurations.
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4.42 E章'ects ofAntenna lnsula"on

In far-antenna nange configuration, plasmas can be sustained even at low magnet

Current lB、 hence, such conn宮Uration is used in the f0110wing sections. The plasma

Potential, however, tended to be high in far conflgura廿on due to the dif員Isive loss of

eleC廿ons to the chamber wa11S.1n addition, when a bare metal antenna, supplied with

high・frequency power and 号rounded on the other end,is immersed in plasma, electrons

from the plasma now through the antenna to the 三round.14 This eventfurther increases

the plasma potential, hence, the impact energy of the ions to the substrate. To prevent

Substrate dama目e,北 is then necessaly to reduce the electrostatic coupHng between the

antenna and the plasma.1n this section,the antenna stem and the innerwaⅡ ofthe N・wpe

Connector are shielded from the plasma dischar号e using alumina insulators, as shown in

Fig.4.12. The f0110wing results were obねined using bare and insulated spiral antennas,

With n = 2 turn and D = 85 mm posi廿on relauveto the antenna nange.
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{aj
^

Fig.4.12 (a) spiralantenna with insulated connector and stem.(b) 1maEe showingthe insulators.

The e仟ect ofinsulation on plasma potenual vpl and eleC廿on temperature Te (deduced

from Langmuir probe l・v characteristics〕 is shown in Fi三.4.13. The average T. for bare・

and insulated・antenna cases was about lv.1t can be obseNed that vplwas decreased by

half when the antenna was insulated. This indicates that the antenna shieldjng had

e仟ectively reduced the electrostatic coupling between the antenna and the plasma. such
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Fig.4.13 Plasma potential vpland electron temperature T.plotted as functions of18for bare and
insu】ated spiral antennas.

effectis also evident in the reduced formation ofplasma discharges near the antenna, as

Seen in Fig.4.14. W北h the bare antenna,the plasma discharge was concen廿ated near the

antenna stem and the connector,3S obseNed in the bottom・view imaaes.1n contrast,

Plasmas produced by the insulated antenna tend to form in the front region ofthe spiral

Structure atcurrents above 70 A.
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Fig.4.14 Photos ofplasmas produced using 〔a〕 bare and (b)insulated spiral antennas,taken
throU宮h the frontand b0廿om viewpor伽 atvariouS18.
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As discussed in section 33, the plasma density is roU留hly estimated using the image

Iuminosi訂10f the plasma discharae. And, to assess the radial uniformity of the plasma

density、 the luminosiw spatial distribution of plasma photos taken throU8h the front

Viewport was obtained. The luminosity distribution was evaluated alon目 a sampling line

about20 mm belowthe source chamber. Fi目.4.15 Showsthat plasmas produced usingthe

insulated antenna were broader and more hom0目eneous. This is attributed to the

reduced capacitive discharges nearthe antenna stem and connector, and to the increased

Plasma dischar三es generated from the spiralstructure ofthe antenna. with the msulated

antenna, se杜in目 the current at or above 85 A, gave "se to a much broader luminosity

distribution, which m婚ht be due to a chan8e in size ofthe resonant zone.17

Based on the images in Fig.4.14, another noticeable properり『 of plasmas produced

Usin三 the insulated antenna is the presence of a low・densi司l mode at around 70 A. TO
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Fi宮.4.15 Luminosi匂7Spatialdistribuuon ofplasmas produced using (a〕 bare and (b) insulated
Spiral antennas at various lB.
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examine this behavior,1et us isolate the case when only the antenna stem is insulated,

hom the case when only the connector is shielded. This time, a spiral antenna W北h n = 2

and D = 50 mm was utilized. As seen in Fi目.4.16, though 伽e ima宮e 】uminosi匂,, of the

Plasmas intensined a丘er insulating the antenna stem, it is when the connector was

Shielded that the low・density mode beaan to manifest. This behavior is attributed to the

assembly of the connector and the dielectric around it, vvhich resembled a dielectric

52

resonator antenna.47As microwave power was introduced through the connector,

microwaves can bounce back and forth between the dieleC廿ic wa11S, forming Sねnding

Chapter
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Waves. Microwaves could have been radiated into the source chamber in an altered

radiation paせern, producing the low-density mode. such mechanism and other factors

affecting this low・density mode are further discussed in the f0110wing sections.

IB

Fi宮.4.16 Photos ofplasmas produced usin留bare, stem・ and connedor・insulated spiralantennas,
ねken through the h'ontviewport at various lB.

4.4.3 亘竈ects ofpermanentMa宮net

60A

The cases with and without the permanent magnet above the antenna flange, as

i11Ustrated in Fig.4.6, are investigated in this section. stem・and・connector・insulated

Spiral antenna W北h n = 2 and D = 95 mm was utilized. since ion saturation currentlsatis
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approximately proportionalto electron density nE, based on Eq.(3.14),1$。tis then plotted

as a function of current1丑. As seen in Fi号 4.17, the lB value at which the 廿ansition to the

10W・densi司7 mode be8ins shi丘ed from 80 t0 75 A when the permanent magnet was

Present. Note thatin the presence ofthe permanent magnet,55 A is enough to sa廿Sfy the

ECR condition, as shown in Fig.4フb. Thus, transitions at 75 and 80 A from h喰h・density

t010W・densi訂, mode do not actua11y represent an ECR to sub・ECR transition.1nstead,they

Could be transitions from inductive to capadtive coupling ofthe microwave power to the

Plasma, which was previously obseNed with external antennas, but not with internal

antennas,in inductive RF dischar8es.14,48 Such transition is expla伽ed in section 4.5.

8
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Fig.4.1710n saturatjon current 1工。ι and plasma potentia1 νPIPI0廿ed as functions of18 in the cases
With and withoutpermanent magnet.
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As for the plasma potenual Vル measured values in the cases with and without

magnetic field are comparab】e. However, about 259"o increase in the potential was

ObseNed atsome lBcurrents when the permanent magnet was present. This may be due

to the enhanced diffusion ofelectrons to the side wa11S ofthe source chamber.
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4.4.4 E丘ects ofAntenna str11C加re

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

Compared in this section. photos of plasmas produced at various lB were taken through
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the front and bottom viewports, as shown in Fig.4.18. To be able to get a h111Shot ofthe

antenna through the bottom viewport,the gasrin三Was removed. The permanent magnet

Was insta11ed in the f0110wina series ofexperiments.
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Fi宮.4.18 Photos ofplasmas produced using (a) spiraland 〔b) helicalantennas,ねken through the
frontand bottom viewports atvarious lB.
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The b0廿om・view photos reveal different plasma shapes over the range of1丑. when lB

Was above 70 A, the plasma tended to concentrate at the front re三ion of the antenna.

When lBwas decreased beloW 70 A, the plasma formed rings dose to the nange behind

the antenna co"目ivin三 a dark silhoueせe appearance t0 北. Decreasin目 1丑 beloW 60 A

Caused the ringsto contractinto a disc, which eventuaⅡy decreased in radius untilplasma

Suddenly disappeared. The occurrence of distinct plasma formations at chan即n目 16 is

associated to the confining e仟ect of the induced magnetic field and coupling of the

microwave powerto the plasma.

Show'n in Fig.4.19a are luminosiり, spatial distribuuons of plasmas produced usin目

Spiral and helical antennas at 1Ξ= 90 A. The helical antenna produced more radia11y

bent wlre
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Fig.4.19 (a〕 1'uminosi訂lr spatial distribuuon ofplasmas produced at 90 A, and (b) ion saturation
Currentl at variouS 1θ for spiraland helicalantennas,

Uniform plasma than the spiral antenna. on the other hand,the spiral antenna produced

Plasma W北h higherintensiw' concentrated within 15 mm around the axis.

To see the e仟ect ofthe antenna structure on plasma density,1Saι Value from Lan底muir

Probe measurementis pl0せed as a function of ma三net current18, as shown in Fig.4.19b.

Above 70 A, h喰her lsot, hence, plasma density, was measured with the spiral antenna. AS

ObseNed in Fig.4.19a, plasmas produced by the spiral antenna tended to concentrate

near the chamber axis where the probe is loC3ted, causjn宮 hi目h current measurements,

The high・densiり『 region beyond 70 A waS 宮enerated when plasmas di所.1Sed to the 丘'ont

region ofthe spiral antenna and into the process chamber.

A peaked ran宮e was obseNed beNeen 60 and 70 A in the 15。t plot for the helical

antenna. The peaks correspond t064 and 65 A atwhich the resonance zonewas about 20

Probe p05ition

AtlB = 90 A

0

R (mm)

0又。

h
一
功
0
三
E
3

(
4
E
}
一
三
一

5
4
3
2
1

0
 
0
 
0
 
0
 
0



mm below the antenna aange.1n this area, the wire bending from the connector to the

helical antenna is located. consequenuy, dischar号es at such currents may have been

Capacitively driven by the high・volta8e curved part ofthe helical antenna. As seen in Fig.

4.18b,thebentwire glowed brighdyat65 Awhen obseNed from thebottomviewport.

4.4.5 亘章ects ofNumberofspiralTurns

In this series ofexperiments,insulated spiral antennas with D = 80 mm posiuon were

Utilized to test 伽e factors a仟ectin号 their characteristic high・densiul mode beyond 70 A.

To roU宮hly estimate the plasma densiul,1Uminosiりr of plasma ima套eS ねken through the

front viewport were obtained as described in section 33. The mean luminosi訂10f each

ima目e over a sampling area, about 25 mm below the source chamber,is plotted as a

function oflB. As seen in Fig.420, the hi宮h・density mode is present in the luminosity

Plots ofspiral antennas lAlith number ofturns n = 2,4 and 6. The n = 2 antenna produced

100
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Fig.420 plasma image luminosiり,plotted as a "、1nction oflBforplasmas produced usin三 Spiral
antennas with di仟erent number ofturns n.
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much brighter plasma possibly due t0 虻S less number ofturns, causing the formation of

Sma11er plasma sheath nearthe antenna.17 n resulted in a decreased loss ofion ener幻7

across the sheath, vvhich in turn,1eads to higher plasma density.1t can be observed that

the luminosity plot for n = 2 has two hi8h・densi訂l modes: the primary and secondaly
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regions at aboutlB> 70 A and 1白く 60 A,respectively, and a low・density mode between 60

and 70 A. The obseNed discontinU北ies in the plasma parameter plots and distinct change

in the plasma shape jn varyin目 magnetic "eld are indications of plasma mode

transitions.46

4.4.6 E竈ects ofAntenna

The observed mode transiuons are further examined by changing the position D of

the insulated, n = 2 Spiral antenna relative to the antenna nan宮e. D was varied by

Chan8ing the len宮ヒh ofthe antenna stem as show in Fig 4.12a. As observed in Fig.421,

the dependence onuminosity and ls0ι on ma目net current lB evolves as position D varies.

When D was increased,1Uminosiりland ls。tvalues atlB 之 73 A also increased. At 60 mm

and above, the values be留an to saturate at 73 A.1n contrast, the values started to drop at
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FiE.421 〔a) plasma image luminosiu,and (b) ion saturahon currentl'。tpl0廿ed aS 丘lnctions of18
forplasmas produced usin宮 n = 2 Spiralantenn3 atvarious position D.



75 A when the antenna position is at 55 mm.1n Fig.422, b0廿om photos revealthatthe

main difference ofthe 55・mm from the 60・mm antenna is the development ofa hole in

the plasma discharge hom 75 A. The hole formed near the re号ion where the probe was

10cated resulun三 in loW 1工口ι measurements. The ori即n ofthe hole formation is yet bein宮

investigated. such distinct change that occur when D = 60 mm,implies thatthe len宮[h of

the antenna stem plays a significant role in sustainin号 the high・densi司,' mode at1三之 73 A.
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D=55 mm

D=60 mm

Fig.422 Plasma photos taken throuah the bottom viewportatvariouS 18forspiral antenna
Posi廿on D= 55 and 60 mm.

Similar e仟ect of the antenna stem on plasma density w'as previously obseNed in

Section 4.4.1, where plasmas were produced usin目 different antenna nange

Con打目Urations. Reca11 that in mid and near con丘宮Urations, hi号h plasma densiw was

Obねined when lB was above 70 A. This can be attributed to the length ofthe antenna

Stem utilized in the experiment:53 and 88 mm for mid and near confi号Urations,

respectively, For the mid con"三Uration,itS 53・mm・10ng antenna exhibited similar density

Profile with the antenna with D = 55 mm,in which densiw values dropped beyond 75 A.

As expected, the 88・mm・10n三 antenna demonstrated similar density profile with the

antennas havin目 D 之 60 mm. on the other hand, the 13・mm・10ng antenna utilized in far

Con丘且Uration exhibited low・densi切r pronle above 70 A, since the stem was much shorter

than 60 mm, as with the case ofthe antennaW辻h positionD = 20 mm.
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4.5 Discussion

Let Z郎 be defined as the diSねnce from the base ofthe antenna nange at which the

ma号netic fleld intensi勺lr satiS丘es the ECR condition 〔B = 87.5 mT) along the chamber axis.

The position ofthe ECR zone 易" was obtained based on the axial profile ofthe ma留netic

field at different ma目net current lB shown in Fig.4.7b. To be廿er understand the

geometrical arrangement of the spiral antenna, with D = 60 mm, with respect to the

Position ofthe ECR zone,the schematic diaaram ofthe antenna is overlaid on zres plotted

as a funcuon oflB, as shown in Fi号 423.
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Fig.423 DiSねnce z,部 atwhich the ECRneld js created alongthe chamberaxis measured from the
base ofthe antenna nan宮e plotted as a 6.1nction of1θ.
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At 73 A,2r" js around 34 mm hom the antenna nan宮e. Note thatfor microwave with

2.45 GHz frequency,the wavelen8th 入 is about 120 mm. Hence, the len8th ofthe antenna

Stem at 30 mm is approximately quarter ofa wavelength. The 60-mm stem ofthe spiral

antenna could have seNed as a dipole antenna, which radiated maximum power nearzrel

at 73 A mm, as iⅡUstrated in Fi宮.424.1t resulted in highly e仟icient power absorption

Over the entire cross secuon ofthe resonance zone at 73 A, which caused a jump in the

densi訂l measurements and launched the primary high・densiw mode. Above 73 A, the

ECR zone is dose to the spiral coil, which em北S peak radiauon perpendicularto the spiral
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Radiation rom

Connedor
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Radiation frotη the

antenna stem

Fig.424 Radia廿on patヒem ofthe spiral antenna re】ative to the 3Xial diSねnce ofthe ECRzone
from the antenna aange Zル'.

Plane. The superposition of radiation from the stem and the spiral coilin this re即on

Could have sustained high ionization beyond 73 A.

Radiation from

the 5Piral coil

20

When the magnetcurrentwas decreased beloW 73 A, zre$ be宮an to move doserto the

antenna nange, away from the location at which maximum power was radiated, causina

Poor microwave absorption in the resonance zone. The absorbed microwave powercould

have decreased below the minimum levelto sustain an inductive coupHng betvveen the

Plasma and the antenna、 as discussed in section 2.フ. consequently, the plasma exhibited

transiuon to a low・density state, which is a manifestation of an inductive to capacitive

Coupling transition.

The secondaty hi宮h・densi司1' mode was formed when 18 Was decreased beloW 60 A.

Z゛.,

Ot73A

40

Z (mm)
80

This mode extends to currents beloW 55 A, which was the minimum magnet currentto

Satisfy ECR condition. clearly, h璃h・densi訂1『 measurements beloW 55 A was not due to

electron cydotron heating of electrons.1nstead, plasma discharges at such low currents

Could have been capacitively driven by the microwave power radiated from

Connectorthat resembles a dielectric resonator antenna, as j11Ustrated in Fig 424.



To evaluate the extent ofthe e仟ect of position D on plasma densi司,,insulated circular

and linear antennas with D = 65 mm are compared to the spiral antenna with the same

Position.1,uminosity plots of plasmas produced using spiral, circular and loop antennas

are superimposed in Fi宮.425a. plasmas produced by the linear and loop antennas also

demonstrate the primary hi号h・densi", mode above 70 A. However, unlike the spiral

antenna, they barely exhibit 伽e secondary h喰h・density mode beloW 60 A.1n addition,

their luminosities above 70 A escalate gradua11y at increasing lB, as oppose to the abrupt

increase in the spiral antenna plot. These can be manifestations ofhigh power dissipation

in ohmic losses, as discussed in section 42.4,in the circular and loop antenn3S.49

80

LOOP
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FiE.425 〔a) plasma image luminosi切land 〔b) bottom・view photos atvariouslBfor plasmas
Produced usingdifferent antenna structures W北h D = 65 mm.

The luminosi匂I plots ofthe three antenna structures exhibitthe low・density mode.

Can be observed in the bottom・view photos in Fig.425b that the low・density mode is

initiated by the formation of plasma rin目S near the nange at around 70 A. As soon as the
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rin宮S were formed, plasma luminosiり, captured hom the process chamber dropped.

Decreasing lBby several amperes caused the luminosiwto increase once the plasma rings

had contracted.1n the case of the loop and linear antennas, plasma tended to move

towardsthe connector atthe le丘 Side, where the eledric held was stron目er.

In Fig.426,the dependence ofthe low・densi切' mode on folward microwave power 乃'

is displayed. The spiralantenna W北h n = 2 and D = 65 mm was utilized. The minimum lB

to sustain the plasma increased as pf was reduced. stronger magnetic confinement is

required to compensate diffusion loss of plasma particles to the chamber wa11S.50 As pf

Was increased, the density of ionized particles also increased, resulting in heightened

depth and shortened length ofthe low・density mode,1ncreasing the power t0 140 W

Provided sU仟icienuyhigh ener部 to overcome thislow・density orcapadtive mode.

Chapter
Microwave couplinausin目 lnternalAntenna

70

IB (A)

Fig.426 Plasma image luminosi匂1『 PI0せed as a h.1nction oflB for P13Smas produced usingspiral
antenna atvariousforward microwave powerp/;

The electric field from the antenna that crosses the static ma宮netic field and reaches

the resonance zone is absorbed. when the incident microwave is poorly absorbed by the

Plasma near e resonance zone,it propagates into the chamber. Thus, such transm北ted

Power vvas deteded usin琴 a receiving antenna located in the process chamber, as

described in Fig 3.13. At pf= 10O W, the image luminosity of plasmas was monitored

P =,舶W
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Simultaneously with the reaected and transm辻ted power. Less than 19、o reaected power

Was measured in h地h・ and low・densi訂l modes, as seen in Fig.427a. The relationshゆ

between luminosity and transmitted microwave power detected in the chamber is

Presented in Fig.427b. LOW Mw transmission was obseNed when lBMlasbeloW 60A and

above 70 Awhich correspond to primary and secondaryhi8h・density modes,respecuvely.
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Fig.4'27 Plasma ima宮e luminosi切,with (a) renected power p,and 〔b) Mw transmission plotted as
functionS 1θ for spiral antenna.

Note that low transmission implies high dissipated power.1n this case, microwave

Power was radiated by the antenna and efficiently absorbed by the plasma which

resulted in h珸h degree ofionization. High transmission was detected between 60 and 70

A where lo、v luminosiul values were measured.1t is an indicauon of poor power

absorP廿on ofthe plasmas.1tsupports the assumption thatthese plasmas were generated

血rough capacitive couplin目 Which resulted in the formation of the low.densi司r mode.

Decreasing lB from 74 t0 70 A caused a steep descent in the luminosity and MW

transmission. This time' power was neither absorbed e仟ectively by the plasma nor
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ransmitted into the vacuum chamber.1nstead, POW'er could have been dissipated W北hin

the antenna line. The steep descent near 70 A is also evident in the superimposed and

Vertica11y shi丘ed transmission pr0丘les of plasmas generated at different forward power

Show'n in Fig.428. As pfwas increased, the descent 宮radua11y vanished. At 140 W, this

descentwhich characterized the transition from primary high・t010W-density mode was

n0 10n言er observed, since the povver was enoU目h to eliminate the low'・density mode as

Shown in Fig.426. Additiona11y, the peak transmission found between 60 and 70 A

disappeared as pfW3S 伽Creased t0140 VV.

Chapter
Microwave couplinausing lnternalAntenna

200

150

100

50

IB (A)

Fig.428 Vertica11yshi丘ed Mw transmission plotヒed aS 6.1nctions oflB at various forward
microwave powerp.

0

20

4.6 Condusion

30

Good microwave coupling was achieved between plasmas and internal antennas in

ECR and sub・ECR condjtion by optimizing the magnet current and the antenna structure,

The position ofthe spiral antenna with respectto the antenna nange, which is associated

to the len目th of the antenna stem, plays a si三nificant role in produdn容 a stable high・

density mode at 73 A and above. Transiuon 介om inductive to capacitive couplin言 mode

Occurred beloW 73 A which produced a low・density mode with poor microwave

absorption.
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Chapter 5

Properties ofECR plasma Generated usin目 Carbon lnternalAntenna

PropertiesofECRplasmaGeneratedusing

CarbonlnternalA直ltenna

5.11n廿oduC廿on

Internal antennas of different structures were used to in廿oduce

into electron cydotron 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 e仟iciently transfer microwave power and sustain

Stable ECR dischar目es suitable for Ⅷm deposition. However, parts of these antennas

Protruding directly into the plasma space were made of stainless steel. SPU廿ering of

antenna w'aⅡ Surfaces by high・density plasmas in ECR sources can result in metal

Contamination. Therefore,it is strate号ic to cover the interna antenna with the same

material bein三 deposited, particularly, carbon in this study. To explore such possibility,

this chapter 即Ves an evaluation on the performance of internal antennas made of

目raph北e materialin microwave coupling and ECR plasma exciねtion. The e仟ects of

Plasma conditions, antenna structure and magneuc conn宮Uration on plasma parameters

and properties are investigated usin宮 imaae luminosity capture, Langmuir probe analysis,

and renected and transmitted pow'ermeasurements.

mlcrowave power



52 Materials and Methods

52.1Antenna S廿ⅡCture

Properties ofECR plasma Generated usin号 Carbon lnternalAntenna

In the precedin号 Chapter, results show thatthe insulated 2・turn spiral antenna with

Position D = 60 mm produced high・densi司r plasmas with good microwave absorption.

Hence, one ofthe 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,10op and coaxial. The carbon spiral antenna was attached to the N・

type connector using a 6・mm・diameter carbon stem. A IOW・thermal expansion

borosilicate alass tube was used to shield the stem and the inner waⅡ ofthe connector.

The other end ofthe antenna was also attached to a 6・mm・dねmeter 目rounded 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 steeljoint attached to the N・司Ipe connector. The 44・mm・diameter 目rounded

Outer eleC廿ode was separated hom the inner electrode by 2 mm. The upper l.7 Cm ofthe

(ヨ)

2mm

6mm

(b)
^

D 60 mm

LOOP CoaxialSpiral

Fig.5.1 〔a) carbon antenna structures with their corresponding parameters.〔b) Frontview
diagram ofthe antennas.
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inner wa110fthe outer electrode is cy1血drical, while the bottom l cm ofthe inner waⅡ is

Conical, as i11Ustrated in Fig.5.1b, so thatthe produced plasma exits the antenna alon8 the

inear magnetic field generated by 仙e electromagnet. on the other hand,the carbon loop

antenna was a廿ached to the aange W北h an off-centered connector unlike the spiral and

Coaxial antennas. The loop antenna haS 48・mm outer and 34・mm inner diameters, and

Wasj0伽ed to tw06-mm・diameterstems, one was shielded and attached to the connector

and the otherwas attached to the 目rounded aange.

Properties ofECR P13Sma Generated usin目 Carbon lnternalAntenna

522MagneucFieldcon丘gurauon

Electromagnet coils were placed around the plasma production chamber, which

generated a diver8ent ma8netic neld downward, as i11Ustrated in Fig.5.2a.1n section

53.4,the magnetic field conn宮Uration was modified by a壮aching the temporary maanets,

described in section 3.13, to the electromagnet. They served as a ma号netic flux return

Which swa110wed some ofthe dNer8ent fields produced by the electromaanet, directing

them away hom the chamber axis, as shown in Fig 52b. The ma宮netic neld intensity

along the chamber axis varied with the current supplied to the electromagnetlB (magnet

Current〕, as seen in Fig.5.3. The intensiw' pronles in the cases W北h and W北hout the nux

return indude the magnetic field contribuuon ofthe permanent ma三net placed 15 mm

Coaxial

an1邑nna

Electr口magnet

Mwpower

Chambor exls

(Z■XIS)

Permanent

ma9net

Vvithout Magnetic FIUX Retum

Fi耳 52 Source chamberwith (a〕 electro・ and perrnanent ma昔nets, and (b) with additional
ma三netic aux re加rn.

ECR zone

向
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Properties ofECR plasma Generated usingcarbon lnternalAntenna
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ECR (B = 875mT)

eEctromagn●t

Prob●Bヨ与他 ofth●
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Fig.53 Magneuc "eld intensity profi】e along the chamber axis at differentmagnet current18
(a) without and (b) with the magneuc nuxreturn.(E仔ect ofthe permanentma三netis induded)
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above the antenna. without the aux return, the ECR condition for 2.45 GHz hequency

Was satisfied when the ma目netic field intensity iS 87.5 mT at current 1三之 55 A.1n the

Presence ofa aux return,the ECR conditjon was attained at18 之 49 A.

.■.

ECR (B 髭 875 mT)

53 Results

8

^80A

ー,・・・ 70

ーー・ 60

50A

40A
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53.1重仟ects ofMagnet current

Shown in F地.5.4, are ima留es of plasmas produced using the carbon spiral,10op and

Coaxial antennas at various maanet current lB. photos were taken throuah the front

Viewportfadn底the re即on belowthe gasrin目, and through the bottom viewport alon号 the

axialaxis ofthe vacuum chamber. The forward power and hydrogen pressure were set at

10o w and l pa, respectNely.1t can be observed that plasmas produced by the loop

早.
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Properties ofECRplasma Generatedusin宮 Carbon lnternalAntenna

40mm
゛ー・^

(b)

Spiral
(/8 = 90A)

',

C■イシ,くシ(シ,

Fjg.5.41mages taken through the (a) front and (b) bottom viewports atvarious lB for plasmas
Produced using differentcarbon antenna structures.

0

L伽P
(18 = 90A)

antenna tended to conver目e atthe side ofthe chamber nearthe connector,which made i

difficult to compare plasma parameters measured through the probe located at

Chamber axis. For this reason,1Uminosity of plasma images taken through the hont

Viewport was used to roU8hly estimate the plasma density, as discussed in section 33.

The mean luminosity over a samplin8 area, about 25 mm below the source chamber,is

PI0せed as a function oflB in F璃.55. plasmas produced using the spiral and loop antennas

100
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.
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U8.70 A)
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@
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Fi言.5.5 Plasma image luminosiりrplotted as a 負lnction oflB for plasmas produced usinE different
Carbon antenna st川Ctures.
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exhibit h培h・density mode above 70 A, which was also obseNed in the plasmas produced

Usin目 the nickel spiral antenna (see Fig.421b). However, with the carbon antennas, the

Iuminosi勺,r values manifested a 宮radualincrease when lB was set above 70 A, which is

Properties ofECRplasma Generated usin目Carbon lnternalAntenna

different with the jump obseNed with the nickel spiral antenna.1n add辻ion, the

Secondary high・density mode observed at currents beloW 60 A W犹h the nickel spiral

antenna was not obseNed with the carbon antennas. These may have been caused by a

Con松Ctresistance between the steel N-wpe connector and the carbon stem attached t0 北.

Bottorn・view photos in Fig.5,4b show that at sU仟icienuy high ma号net current,

Plasmas formed at the front re即on of the carbon antennas,即Vin8 high plasma imaae

Iuminosities in Fig.5.5. At 70 A, plasma rings formed behind the spiral antenna, which

resulted in considerably low'1Uminosi切, values. As in the case ofthe nickel spiral antenna,

this indicates capaciuve 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 f0110win目 Characterizations. The plasma parameters were obtained based on the

measurements done using the l'angmuir probe inserted radねⅡy into the process chamber,

0.4

60

IB (A)

Fi宮.5.610n saturauon current/'。tplotted as functions of18for plasmas produced usin耳 Carbon
Coaxial and spiralantennas.
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57 mm belowthe source chamber or 153 mm belowthe antenna 打an宮e. Displayed in Fig.5.6

is the dependence ofion saturation current1工。t on magnet currentlB. Based on Eq.(3.14〕,

the meaS11red l.ot is approximately proporuonal to electron densiu, n.. The coaxial

antenna exhibited a peaked 1工。tpr0丘le with the highest value at around 67 A. The e仟ect of

the posiuon of the resonance zone zres on plasma density for carbon coaxial and spiral

Properties ofECRplasma Generated using carbon lnternalAntenna

antennas is discussed in section

Fig.57 Shows the variation of plasma potential vpland electron temperature Te with

Current 1召. The average Te obねined was l v. RecaⅡ that hi冒h 1工αt value for coaxial and

Spiral antennas occurs around 67 and 89 A, respectively.1,ower vplwas measured in the

Plasma produced by the coaxial antenna at 67 A than that ofthe spiral antenna at 89 A.

Such low vpl measured in coaxial・antenna・produced plasma results in decreased impact

ener島『 ofthe ions to the deposition substrate, hence, reducing substrate dama号e,

15

^ Coaxialv

^ Spiralv

10

IB (A)

Fi昇.5.7 Plasma potentia1 νPland electron temperature T. and plotted as functions oflB for plasmas
Produced using carbon coaxial and spiralantennas.

5
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帳 SplralT

40

To see the e仟ect ofthe magnet current on plasma uniformity, spaual distribution of

Plasma luminosity ねken throU目h the front viewport was obtained at various lB in Fig.58.

The luminositydiS廿ibutionwas evaluated alonaa horizonta11ine about 20 mm belowthe

Source chamber. The coaxial antenna generated more uniform plasma over an area W犹h

about 40 mm diameter. on the other hand,the spiral antenna produced more dispersed
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Properties ofECRplasma Generated usin目Carbon lnternalAntenna

(a)
150 Coaxial

(b)
150

70A

Spira

0・20 20 40

R (mm)

Fi三.58 Luminosityspatial diS廿ibution ofplasmas produced using carbon 〔a〕 coaxialand
(b) spiralantennas at various lB.

Plasmas due to the larae 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 now alon8 the magnetic neld lines.

The dear edge ofthe plasma 810w observed atthe eX北 ofthe source chamber indicates

that plasma was directly c0Ⅱidina with the side waⅡS, and the re打ected charaed particles

form the plasma in the peripheral region. Fig.5.8 also indicates that there is some

inhom0目eneity in the plasma column streamin80ut ofthe source chamber. A change in

the microwave absorption condition is known to cause this plasma inhom0目enei勺,r,51

Which can be seen in Fig.59 for different18Values.

Transmitted power was detected simultaneously with plasma ima三e luminosity usin目

the receivin宮 antenna insta11ed in the process chamber, as shown in Fig.3.13. The
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intensities ofthe detected 2.45 GHz vvave and its second harmonic at 490 GHz are pl0廿ed

for various lB in Fi宮.5.9a and b for coaxial・ and spiral・ antenna・produced plasmas,

respectively superimposed in the figure is the plasma image luminosi司1, which was

Simultaneously captured while measurina the transmiせed power. The absorption of 2.45

GHz wave is in 80od agreement W北h the ls。tand luminosity daね in Fi号 5.6 and Fig.59,

respectively Lar号er transmitted pow'er detected when the spiral antenna was used

indicates poor microwave powercoupling to the plasma.
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Fig.5.9 M、v transmission of2.45 and 49 GHZいlaves with plasma image luminosity for plasmas
Produced using carbon (a〕 coaxial and 〔b) spiralantennas.
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532 E音ectsofHydr0雪enpressure

The dependence of ion saturation lsot and plasma potential vpl on hydrogen aas

Workin三 Pressure is shown in Fi宮.5.10. The magnet current1三Was set at 70 and 90 A for

Coaxial and spiral and antennas, respectively, since they correspond to nearly equa1 1Iat

Values as seen in Fig.5.6. Hi目hestllat value was obtained at o.8 and 2 Pa for coaxial・ and

73

柴 490GHZ

68

.

.
尋.

70 72

.

50

.

■■

.

肩

74

60

.、

,..

.
.'

凱

首.'

゛

70

量

゛

ず
.

.

L

一
.
.一

.
゛

(
E
Φ
で
)
仁
0
一
切
の
一
E
の
仁
偲
」
↑
勇
Σ

,
.
゛
.
...

(
E
m
で
)
に
0
一
の
の
一
E
の
仁
Φ
』
↑
勇
Σ

'弄卸
畳

戸

0

0
0
0
0
0
0
4

を
 
4
 
6

4
 
2



Spiral・ produced plasmas, respeC廿Vely At h珸her pressures, measured vP1伽Creased due

to hequent electron-neutral c0Ⅱisions causing difh.1Sive loss ofthe electrons. on the other

hand,1Satdecreased at higher pressures due to short mean free path which results in less

ionizing c011isions, hence、 givine low current measurements in the downstream re8ion.

1.0
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Properties ofECR plasma Generated usin8 Carbon lnternalAntenna

10

03 Pa

H2 Pressure (pe)

Fi号.51010n saturation currentl'。tand plasma potenhal vplpl0せed as functions ofH2 Pressure for
Plasmas produced using carbon coaxial and spiralantennas.

INhen plasmas are viewed from the bottom port, as displayed in Fig.5.11,itis evident

that plasmas produced at h璃h pressures were brighter, and thuS 3Pproximately denser.

Plasmas at hi目h pressures, however,いlere concentrated dose to the microwave antenna

and their plasma densities decay significanuy along the chamber axis, as obseNed in the

Iuminosi匂,r spatial distribution in Fig.5.12. The hi宮her the w'orking pressure, the shorter

the decay length becomes. The luminosity distribution waS ねken along a vertica11ine

drawn on photoS ねken through the front viewport. since the sampling line starts loo

6 789

Fi宮.5.11 B0比om・view photos ofplaslnas atvarious H2 Pressures produced using carbon
Coaxial and spiral antennas.
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mm below the antenna aan客e, the bri号ht plasmas observed near the antenna at h璃h

Properties ofECR plasma Generated usin三 Carbon lnternalAntenna

Fi宮.5.12 Luminosi司『 spa廿al distribution along a vertica11ine at various H2 Pressures for plasmas
Produced using carbon 〔a〕 coaxial and (b) spiral antennas.

匪祠

533 E章ectsofMicrowavepower

Here, the hydrogen pressure was fixed at l pa. As the microwave folward power pf

Was increased、 the electron density ne of plasmas produced using the carbon antennas

also increased, as seen in Fi号 5.13a. The rate of increase in ne with pffor the coaxial

antenna is higher than that for the spiral antenna. At 120 VV, the coaxial antenna beaan to

Produce overdense plasmas with densities above the criucal density nc.

Using Eq,〔2.1) and 〔2.4), the cri廿Cal density for an incident wave W北h f= 2.45 GHZ

hequency,is given by,

ω 2π(2.45 × 10') 1.54 × 1010 HZ (5.1)==



e2

In both cases,the electron temperature 7'"is neady constant at l v with increasin三 Pji

as seen in Fig.5.13b. The plasma potential vplis nearly steady at 9.5 V, for the coaxial

antenna. conversely, vplincreased with pl in the case of the spiral antenna, which is

attributed to the more d廿hlse plasma this antenna genera e
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Fig.5.13 (a) Electron densi司lne,(b) and plasma potential vplW北h electron temperature Te plotted
aS 丘lncuons offorward powerpffor plasmas produced using carbon coaxial and spiral antennas.
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(5.2)

60

53.4E章ectsofMagneuc"UXRetⅡrn

As seen in Fig.58, the coaxial antenna produced more uniform plasmas than the

Spiral antenna. However, the plasmas were only about 40 mm in dねmeter which is

relatively low for lar目e・area deposition. Moreover, the plasma density at the subS廿ate

re宮ion w'as too h培h thatit may cause film erosion. To tune the plasma properties forfilm

deposiuon,the magnetiC 丘eld connguration was modified by adding temporary ma宮nets,
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Which are described in section 3.13. The temporary magnets were attached around the

electroma宮net, as i11Ustrated m Fig.52b, to serve as a ma宮netic nux return. As seen in Fi宮.

5.14a, the addition of nux return e仟eC廿Vely decreased the currentls。t measured at the

dow'nstream region, Hi8h lS口ι Values were obtained when lB was above 55 and 64 A,in

With・ than in W北hout・nux・return 〔FR) case, respectively AS IB was chan8ed,1$。t also

Varied. such behavior is a廿ributed to the innuence oflB on the posiuon ofthe resonance

Zone zr" with respectto the antenna geometry, which is discussed in section 5.4.

Properties ofECR plasma Generated usingcarbon lnternalAntenna
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Fi宮.5.14 (a〕 10n saturation current l'。t,(b) plasma potential vpland electron temperature T.
PI0廿ed aS 6.1nC廿ons oflBin the cases with and without nux return (FR).

Since plasma potential vpl and electron temperature Te were found to be signincant

factors in thin film deposiuon usin宮 ECR plasma,13,52the dependence of vpl and Te on

CurrentlB is plotted in Fig.5.14b. The avera目e Tein both cases was about l v. W"hen the

aux return was present, vplincreased by about 2591'0. such relauvely higher vplis

a杜ributed to the more di仟Use plasma produced with nux return which is evident in the
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Iuminosiw spaual distribution in Fig.5.15.1t resulted in uniform plasma with diameter of

about 60 mm, which iS 509゛olargerthan that ofobseNed when there was no nux return.

As the nux return swa110wed some of the divergent 丘elds produced by the

electromagnet, the ma目netic field 丘lrther decreased along the chamber axis causing the

Plasma to expand and the plastna density to decrease sign廿icanuy.

The spaual distributions for 55 and 65 A, at which a sudden drop in ls。tvvas obseNed

in Fig.5.14, exhibit peaks at both ed目es oftheir plateau region. The peak w'ere from the

Plasma sheath formed around the inner electrode which suggests high capacitive

Couplingbetween the plasma and the antenna resulting in loW 1工。tmeasurements.

Properues ofECR plasma Generated usin目Carbon lnternalAntenna

匝三コ

Fi宮.5.15 Luminosi司アSpatialdiS廿ibution in the cases 〔a) with and 〔b) without a nux return (FR) at
Various /B.

FinaⅡy, plasma coupling to the microwave povver is examined throuah the detected 4.9

GH2 Wave in various lBas shown in Fi目.5.16. plasma ima宮e luminosi司I PI0廿ed as a 61ndion

Of 18 is overlaid in Fi三.5.16, which a冒rees with the lS口tdata in Fi号 5.14a.1t can be obselved

78



that h婚h microwave intensities correspond to hi套h luminosihes at around 57 and 66 A in

With・FR and without・FR cases, respective y 1号 Second harmonic wave intensiw at 49 GHZ

indicatesstrona couplinabetween the h.1ndamenta12.45 GHz wave and the plasma.

^ Luminositywi小 FR ● MVV(dBm)W血 FR
^ LuminosityW託hout FR ム MW (dBm) W11hout FR
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Fi宮.5.16 Plasma luminosityand microwave powerlevel at 4.9 GHz as functions of1召forthe cases
With and without aux re加rn 〔FR).
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5.4 Discussion

The dependence of ion saturation current 1工。ι and position of the ECR zone zres on

magnet currentlB are shown in Fig,5,17a and b, respectively. Reca11that zresis defined as

the distance from the base ofthe antenna nange at which 8 iS 87.5 mT (ECR field) alona

the chamber axis. As seen in Fi宮.5.17a, the carbon coaxial and spiral antennas produced

highest 厶ot at 67 and 89 A, correspondingly. Based on Fi目.5.17b, for the coaxial antenna,

at 67 A, zre50ccurred at 22 mm where the middle ofthe inner electrode was located. For

the spiral antenna, at 89 A, zrel occurred at about 60 mm where the spiral plane was

10cated. since the inner electrode and the spiral plane are where the excited electric fields

Ofthe antennas are concentrated, hi目h power absorption in the resonance zone at such

10cauons results in hiah degree of ionization. Therefore, h珸h plasma density can be

Obtained when the position ofthe ECRzone is nearthe main radねtin自 Part.
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(日)
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Fig.5.17 〔a) 10n saturatjon currenu,'and (b) distance z,"at which the ECR 負eld is created along
the chamber axis measured from the base ofthe an加nna nange plotted asfunctions of18.

To dosely examine the behavior of plasmas generated using the coaxial antenna, the

Correspondin号 Plasma formauons at differentle ranges are iⅡUstrated in Fi三.5.18. when

18 Was increased above 65 A, the position ofthe ECR zone zrel was in the conical part of

the outer electrode where the inner eleC廿ode was located. This produced high.density

Plasma discharge, as iⅡUstrated in Fig.5.18a. AS IB was increased above 67 A,1S。tvalues in
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Fi宮.5.17a gradua11y decreased.1t is because the plasma became more di仟Use as zr"

moved doser to the lar号erinner edge ofthe outer electrode.

On the other hand, decreasin目 IB t065 A resulted in a sudden drop in lsat.1t occurred

When the ECR 乞one was formed within the cylindrical part of the outer electrode, as

Shown in Fi8.5.18b. This cylindrical area was insulated that it hindered the plasma

dischar8e to expand out ofthe antenna, hence,三ivina low l$at measurements in the probe

region. As obseNed in the b0廿om・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 介ont ofthe inner electrode.

In Fi冒.5.19, the dependence of zrι$ on current lB in the case W北hout nux return is

Superimposed on that of with aux return, Both cases exhib北ed some similarities and

differences in plasma formation and density relative to the position ofthe resonance zone.

Firstly, in both cases, zrel was in the conical region of the outer electrode at 18 Values

Correspondin目 to high densi匂l measurements in Fig.5.14a. secondly, both cases had their

Peak plasma densiW 刃Vhen 1三 W'as sU仟icient to form resonance zone in the middle ofthe

inner electrode. Thirdly,increasing lB further caused zre$ to move doser to the wide edae

0
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Fig.5.19 ECR zone position z,凹 as a hlnction of18in the cases with and W北hout nux ret口rn (FR).
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Of the conical re目ion w'hich produced di仟Use plasma, thus,10wer lsatvalues. Fourthly, as

in the casewithout 打Ux return (FR),in the presence ofFR,10W・densi司r mode be宮an when

Zres moved to the cylindrical re8ion ofthe outer electrode. Lasuy,in the case W辻h nux

Properties ofECR plasma Generated using carbon lnternal Antenna

return, the plasma dischar目e was extinguished when zre5 moved 5 mm away hom the

ed目e of the antenna.1t is different from the case W北hout aux return in w'hich plasma

extinction occurred when zres was about 11 mm from the antenna. This discrepancy may

have been due to the difference in shape and size oftheirresonance zones.

5.5 Condusion

Compact pure carbon antennas demonstrated 80od microw'ave power couplin8 to

ECR plasmas. Be廿er power absorpuon and plasma homogenei匂Iwere obseNed with the

Coaxia】 antenna. plasma density and homogeneity signincanuy depends on the position of

the resonance zone relative to the antenna geometry. The magnetic nux return can be

Used to make the plasma properties more suitable for film deposition.



Chapter 6

CarbonFi11nDepositionbyECRsputtering

Method

Carbon Film Deposjtionby ECR SPU廿erin三 Method

6,11ntroduC廿on

Carbon thin films are of great interest in wide range of industrial and technical

applications due to their hi8h electrical resistivity, hi8h wear resistance, chemical

inertness and w'ide spectral transparency.53・541n the produC廿on process of carbon thin

film materials, systems are 0丘en operated W北h introduction of smaⅡ amount of

hydrocarbon gases.55'57 The addition of hydr0宮en to cH4 Plasma helps in the stabilization

Offilm growth throU目h preferen廿al etchin80f non・diamond carbon structures formed in

the film.58This a110いIs successfulincorporation of methyl radical cH3 into clysta11ine

Ia壮ice.59Flux of hydrocarbon molecule suiねble for dねmond and diamond.1ike 則m

formation can be produced by physical or chemical sputtering of graphite by hydrogen

ion/neutral bombardment.60 The spU廿ering process can be the source of hydrocarbon

radicals by contr011ing the chemical reaction at the carbon surface, from which the

Produced radical species are directed toward the deposition tar言et. compared to Dc and

RF SPU仕erin宮, higher sputterina yield of graphite can be achieved with hi8h.density

magnetized plasmas, such as eleC廿on cydotron resonance (ECR) plasmas.61The ECR



Plasma system can provide contr011abili匂,r ofthe molecular species depending upon the

Plasma parameters and the radical source surface potential. Furthermore, in ECR

Condition,10W・potenual and high・densiりI plasmas can be produced at low workin宮

Pressure. Low pressure reduces the amount Of ion c0Ⅱisions in the sheaths at the

Substrate region which is needed for anistroplc etching.1n addition,10w plasma potential

Of ECR dischar目es decreases ion impact energy on the substrate and on wa11 Surfaces,

Carbon Film Deposition by ECRsputterina

Which reduces substrate damage and contamination.12,25 For these reasons, a system that

Produces ECR plasma with an internal antenna coupled to a graph北e spU壮erin目ねrgetin

Dc magnetic field was designed and tested in this study. This chapter reports the

Performance ofthe device in hydrocarbon emission and carbon nlm deposition.

nnclp eofcarbonspU廿erin唇byHydr0套en

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 ener幻『.1n contrast,

Chapter
Method

Chemicalsputtering requires much lower threshold ener目y for surface erosion. chemical

SPU廿ering is different from chemical erosion in a way that the laせer is a therma11y

activated process which requires a minimum substrate temperature.62

The basic mechanism of sputterin8 0f carbon surfaces by hydrogen plasma was

Studied by salonen et. al., and is i11Ustrated in Fig.6.1.63 The sma11 dark spheres represent

hydroaen ions, while the large li三ht spheres represent carbon atoms. Dね晉ram 〔a〕 shows

the wpical hydroaenated amorphous carbon (a・C:H〕 arrangement at the surface.1n (b)

the H ion slightly interacts W北h the outer carbon atom, and (C〕 enters the space between

two carbon atoms. As i11Ustrated in (d), after the H ion c011ides with the inner carbon

asnla

atom, the ion is renected. Eventua11y,〔e) the carbon atoms are forced apart by the H ion

between them. The carbon atom then 〔o leaves the tar号et with H atoms bonded to i
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H゛
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(田 (η(d)

Fig.6.1 Mechanism ofcarbon spU廿eringby hydrogen plasma 〔a丘er Ref.63).

(日)

63 Methods and Materials

^^^

63.1Deposi廿onsetup

The plasma system used in ECR chemicalvapor deposition (ECR CVD〕is shown in fUⅡ

in Fia 32 and described in detailin chapter 3. The main part of the system used for

deposition is shown in Fig.62a. The hydrogen gas was supplied throU8h the ring・shaped

三as injection unit which was located above the substrate holder,3S shown in Fig.62a.
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Fi8.62 (a) Experimentalsetup ofECR chemkalvapordeposiuon (ECRCVD) ofcarbon thin 川m.
〔b) Actualimage ofthe substrateholder.
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The substrate holder, shown Fig.62b, has an electrica11y floating sta宮e which was

Connected to a Dc source to apply bias volta目e on the substrate. A thermocouple wire

directed dose to the substrate was used in measurin号 the substrate temperature.

Generated hydrogen plasma from the source chamber diffused into the process

Chamber along the magnetiC 負eld aenerated by the electromagnet, As the hydrogen

Plasma interacted W北h the solid carbon targets on the gas ring, hydrocarbon molecules

Were produced by ECR sputterin目. The mechanism offilm formation starts from touch

down of hydrocarbon molecules to the deposition substrate, f0110wed by successive

hydr0三en eX廿acuon through substrate heating,1eavina the carbon atoms on the

Substrate surface, as iⅡUstrated in Fig.63.

Carbon
Chapter

FⅡm Deposition by ECR SPU杜ering Method
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Fig.63 Carbon 州m formation ofhydrocarbon molecules produced by ECR sputterin三.

6.3.2 Carbonsheetand cylinderTar宮et

イ゛餓罷懸器ゞ▲
Ca巾on target◎@

To reduce contammation hom the tungsten heater atthe back ofthe sample stage, a

30 × 30 × 1mm carbonsheetwas placed underneath the sisubS廿ate asshown in Fig.6.4a.

In add北ion, a 67・mm・diameter,90・mm・hi宮h,6・mm・thick carbon cylinder was inserted

into the source chamber, as iⅡUstrated in Fig.6.4b, to cover its wa11S and eliminate metal
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Carbon Film Deposition by ECRsputterin目Method

Fig.6.4 (a) A carbon sheetplaced underneath the sisubstrate.〔b) A carbon cylinderinserted into
the source chamber.

Si

Substrat

ノ
4

、

(b)

impurities due to surface spUせerin号. The aas ring was removed hom the chamber when

the cylinder was insta11ed.1t seNed as the spU仕ering 始r冒etin replace ofthose attached

to the 8as ring in 血e latter part ofthis chapter.

Ca巾on

昌
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633 Film preparation

^■

Carbon thin 丘lms were deposited on si(111〕 ofdimension 20 × 10 × 1 mm at loo w

microwave power, deposition time ranaing from l t0 5 hours, and workjn目 Pressure

67mm

ranging from l t0 10 pa. The si substrate was deaned in an ultrasonic bath for 30

minutes and air dried before pladng it on the substrate holder. The temperature ofthe

tun目Sten wire wound at the back of the sample stage was raised by slowly applying

Current up t019 A. The substrate is then heated to about 650 c by the infrared radiation

hom the high・temperature tungsten wire. The carbon diskねr宮et and the substrate sta宮e

Were biased at・40o vand 70 VW北h respectto the chamberwaⅡ,correspondingly.

Substrete

holder

63.40pucalEmission speC廿Oscopy 〔OES)

Optical emission spectroscopy (OES) was carried out for the characterizauon ofthe

excited hydrocarbon radicals and atomic hydrogen species present in the plasma. W'hen

1rry

b
e乱S



atoms and ions gain ener郡1' by absorption ofradiation or by c0Ⅱision, electrons bounded

to their nudeus are exC北ed from a lower to a hi三her ener別' state. Electrons are less

Stable in the exC北ed state, and tend to spontaneously de・exC北e back to the lower ener幻1

State. During this transition, the electrons release the difference in ener幻l between the

two states as photons. The ener別 ofan emittedphoton isgiven by,

Ephot0η= 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 hequencies or wavelengths accordin三 to its electronic

Structure. By detecun目 and measuring these wavelen宮ths, using an optical emission

Spectrometer,the elemental or chemical composition ofa 宮iven sample can be identified.

An optical aber a廿ached to an ocean optics usB40oo spectrometer with 02 nm

Carbon Film Deposition by ECRsputterin晉Method

Spectral resolu"on was utilized in this study. The fiber sensor head was mounted

Perpendicularly to the front or b0廿om vieいIport, as shown in Fig.3.5b, to c011ect light

emission from the plasmabetween 342-1038 nm.

=E十υXB

63.5 Mass spectroscopy

To obtain information on the present radicals both in excited and ground states, mass

SpeC廿Oscopy 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 rauo (mi/q〕. Based on Newton'ssecond law ofmouon and Lorentz force law:

Where q is the ion charae and a is the accelera廿on, particles with the same 1ηi/q rauo

behave in the same way in the presence of electroma三netic fields. TypicaⅡy, the mi/q

ratio is expressed asthe dimensionless m/z rauo, W辻h m asthe mass number and zasthe

Charge number (Z= q/e).
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There are several w'pes of mass analyzers, and one ofthem is the quadrupole mass

analyzer 〔QMA). The basic principle of QMA operation is shown schematica11y in F槍.6.5,

has four paraⅡel metal rods that "nlter" the ions based on the mass.to.char目e

dependency ofthe ion trajectories on RF and Dc fields. Each opposing rods are connected,

and an RF voltage with a DC 0寵Set volta三e is applied between each pair of rods. The

magnitude and frequency ofthe 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 "1ter selectiviur.10ns that successfU11y pass through the filter are focused

Carbon Film Deposition by ECR sputterin冒 Method

towards the detector and the resultin号 analog current is measured by 3 Sensitive

electrometer.64 The derivation ofthe workin8 equations for quadrupole mass analyzer is

beyond the scope ofthis discussion. However,it is based upon a second・order differenual

equation known as the Mathieu equatioh.65

10NS

^^

,究"'^、^
。^'

quadrupole rods

In this study, an sRS 20O Residua16as Analyzer was connected to a 70 L/S TMP

COUP】ed to a rotary pump, The gas analyzer utilizes a QMA, with mass range of l t0200

Fig.6.5 Schematic diaaram ofa quadNpole mass ana1πer (a丘er Ref.66)

Source 511t

amu, Mlhich identifies different molecules present in a residual environment. To monitor

the aas species near the surface ofthe carbon spU廿ering ねr8et, the gas analyzer system

Was a廿ached to a probe inserted into the process chamber, as shown in Fi冒.6.6a. The
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eXιt S11t
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Stainless stee1 18-mm・diameter probe with 05・mm・diameter aperture faces the carbon

disk target along its vertical axis, as iⅡUstrated in Fig.6.6b. The spectrometer ionizer

10cated atthe end ofthe tube system is about 22 mm hom the aperture line、of、siaht.

Carbon Film Deposition by ECRSPU廿erin宮 Method

Pmbe

(wlth an eperture)

M粛5

SP此U引rlet創

Fi宮.6.6 (a) schematic dね目ram ofthe massspeC廿Oscopysetup and 化) dia三ram showing the probe
Coupled to the mass spectrometerand facin三 the carbon tar宮et.

63.6×・RayDi丘raC廿on (XRD) Analysis

^亜^

1Ⅸ11Z引

The samples were analyzed throU三h x・ray diffraction 〔XRD) to determine the crystal

Structure and chemical composition ofthe deposited films. XRD analysis is based on the

interaction o"ncident x・rays with the atoms in the clysta11attice ofa sample.

■

FRONTVIEW

■

Cerbon

Iargot

As iⅡUstrated in Fig.6.フ, Bragg dioli'ach'on occurs when incident monochromatic rays

are scattered by the atoms of a clysta11ine structure and produces constructive

interference.8ragg、 1aw aives the condition on the diffraction angle e for constructNe

interference to be atits strongest:67
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、vhere d is the la廿ice spadng and 入 is the wavelength ofthe inddent rays. when sca杜ered
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Fi宮.6フ Schemauc diaaram ofBraag diffraction where inddentx・rays aresca杜ered in mirror.1ike
renection by the atoms ofa crysta11ine structure and under旦O constructive interference.

Inddent x・rays

Carbon Film Deposiuon by ECRSPU廿eriΠ目 Method

Atom

.

Waves under目O construcuve interference, they remain in phase since their path

di仟erence (2dsine) is equalto a positive integer 〔n〕 multiple of the wavelength. As the

effect of sca廿ering in successive laせice planes accumulates, the effed of constructive

interference intensifies. These diffracted x・rays are then detected, processed and counted.

A difhaction paせern is obtained by measuring the intensity of diffracted rays while

Scanning throU冒h 2θ range. conversion ofthe diffraction peaks to d a110ws identification

Ofthe chemical structure and composition since each materjal has a unique set ofd.

In this study, a point focus pANalytical x'pert pRO Materials Research Diffractometer

Was used to analyze the samples. since the bulk ofthe sample is mostly consisted of si

Substrate,the si diffraction peaks si8nificantly outsize the peaks from the thin 川m. Hence,

Samples were examined at an in・plane orienta廿on to make the incident x・rays come in

grazing an目le (0.10) and primarily pass through the 田m region.

SC日廿ered x・rays

d

＼

.

.
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63.7Scannin客ElectronMicroscopyfS筥M) and Ener琴yDispersivex・Ray

SpeC廿Oscopy 【EDS)

Samples were examined through a lEOLISM・700IFD neld emission scannin8 electron

microscope to get information on the morph010目y and elemental composition of the

deposited films. As the incident beam of accelerated electrons in an electron Inlcroscope
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h北 the sample, the electrons lose energy by repeated random scattering and absorption

Within 北. The interaction between the electrons and the sample produces secondary

electrons, backscattered electrons, diffr3Cted backsca廿ered electrons, photons, visible

Ii三ht, and heat. secondaly electrons are commonly used forshowingthe morph010部 and

top0三raphy ofsamples in scanning electron microscopy (SEM〕, while emitted photons or

Characteristic x・rays are used for elemental analysis in ener底y dispersive x・ray

Spectroscopy (EDS).

Carbon Film Deposition by ECRsputtering Method

6.4 Results and Discussion

6.4.1Usin客 Di寵erentAntenna "angecon丘套Ⅱration

Emission intensities ofthe downstream plasma in the process chamberwere detected

throuah the front viewport to obselve the excited species in the plasma. The magnet

Current and microwave power were set at 80 A and loo vv, respeC廿Vely. The wpical

Optical emission spectrum obtained from the plasmas produced by the ECR source is

Shown in Fig.6.8. The nrstthree lines ofthe Balmerseries for hydr0号en at Hα 656, Hβ 486,

and Hγ434 nm were obseNed, stron目 Balmer line intensity occurs when many ofthe
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Fig.68 Typjcaloptical emission spectrum ofplasmas produced by the ECR device.
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hydrogen atoms have electrons that are in the nrst excited state. EXC北ed neU廿al carbon

atoms (C D at 493 at 602 nm were detected as weⅡ. sin宮ly ionized dねtomic carbon (C21

Iines in the swan band system were identi丘ed at 516 and 473 nm, while, CH radicals

Were found at387 and 431nm bands.

Shown in Fi三.69 is the superposition of mass spectra before and during ECR

microwave plasma operation at l pa H2 Pressure in far-antenna con"guration 〔see Fig.

43). The mass spectra revealed the increase in the hydrocarbon (CHX, C2Hx and C3HX

radicals durin目 the plasma discharge which confirms the sputterina ofthe carbon target

by the ECR hydrogen plasma. The other peaks are caused by fra目ments ofthese species.

Residua1 廿aces of N2+,02+ and H20゛ were also detected in the background. The presence

Of air components in the spectra does not necessarily mean thatthe system was leakina.

Instead,the turbomolecular pump 〔TMP) may have simply reached its compression lim北

Idea11y,the compression ratio ofthe TMp is in the lo'8 range.

10
H、

5
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Fig.69. Mass spectra before and during ECR plasma exciね廿on in farcon丘晉Urauon.
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Carbon Film Deposition by ECRSPU杜erin宮 Method
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Fig.6.10 Mass spectra ofplasma excited in farand mid con6gurahons.

Carbon atoms were produced when the antenna was positioned doser to the 三raphite

target in mid configuration. on the other hand, more cHx radicals were generated when

the an enna wasfartherfrom the spU廿e"n目targetin farconfi8Uration. To examine these

results, sputtering ofthe carbon 始raet by hydrogen plasma in mid and far con丘目Urations

are ⅡIustrated in Fi目.6.11a and b, respectively. More carbon species were obseNed in

Plasmas excited in mid configuration due to the proximity ofthe antenna to the carbon
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tar号et. n increased the incident ion ener幻1, thus,increasin三 the bond breaking probability

by physical sputterin目. As for the far confiauration, the plasma was excited farther from

the 三raphite ねr8et giving more room for C3rbon radicals to react with hydrogen ions,

thus, enhancingthe formation ofcHxradicals by chemicalspU廿ering

Shown in Fig.6.12 are sEM images of films deposited usin8 the 4・turn Ni spiral

antenna in different nange configurations. The exposure time and workin三 Pressure were

Set at 3 h and lo pa, respectively. The carbon sheet and cylinder were not yet placed

during this time. Lar三er and denser grains were found in the film formed in far

Configuration, possibly due to the hi目h production of cHx radicals which are necessary for

nlm 宮rowth. on the other hand, fewer grains were found in the near-configuration・

formed・film.1n near configuration, the deposition substrate is dose to the plasma loca11y

excited by the antenna. Hiah ion nux to the substrate could have hindered the stable

formation offilm due to excessive spU廿erin筈.

Near configurationFar configuration Mid confi9Uration
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Fi宮.6.12 SEM images of側ms produced in different nange con丘guratjons.

In far-antenna configuration, plasmas produced at V3rious H2 W'orking pressures

exhib北 different grain sizes and densities, as seen in the sEM ima目es in Fig.6.13. Highest

Ⅷm densitywas obtained at 5 Pa.
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Far configuration
.
.

,.,",ιto0川 1 、ゞ

F地.6.13 SEM images of創ms produced in far con6guration at differentworkingpressures.

Crysta11ine structure of the films prepared in far, mid and near conn名Urations have

been confirmed in the xRD spectra shown in Fi目.6.14. Tungsten silicide 〔wsi2) ctystals

Were found in the Ⅷms.1t is known that w'si2forms when the substrate is heated to

temperatures of600 ゜c and hi冒her.68 Such contaminauon from the tun8Sten heater made

it difficultto detect carbon structures.

Carbon
Chapter

Film DepoS詫ion by ECRSPU廿eringMethod
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Fig.6.14Vertica11yshi丘ed xRD spectra of田ms produced in different aange con6gurahons.

Vvsi

To further invesugate the factors affectina the cH producuon, as shown in Fig.6,15,

Partialpressures ofcarbon and hydrocarbon r3dicals from the mass spectra were pl0廿ed

as functions ofthe bias volta三e applied to the carbon spU廿erin目ねr三et. The plasma was

excited in far・antenna con"aurauon. The increasin目 trend of c+ until saturation can be
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Carbon Film Depositionby ECRsputterin号 Method

■

・100 -200 -300400 -500

B恰S V01怡ge (V)

Fig.6.15 Pardalpressures ofc and cH radicals as functions ofthe bias v01ね宮e applied to the
Carbon tar耳et.

Observed as the ne号ative bias voltage was raised. At around ・10O V, CH3+ and C2H3+ were

formed t0宮etherwith almost equal amounts. Asthe spU杜ering ねr宮et bias was increased,

formation ofC2H3゛ decreases.

Increased concentration ofC2H3+ below ・10o v can be a杜ributed to the high hydrogen

adsorption on the surface ofthe ねrget enhancing chemicalsputtering. During that phase,

the carbon ねr底et is exposed to more excited atomic hydrogen producina the radicals

C"Hm represented by C2H3+. These molecules are known to be weakly bound surface

groups that are wpica11y eroded by chemical sputtering.69 Higher bias voltaae

Corresponds to increased ener幻1、 of bombarding hydrogen, and the sputtering yield

Should be hi三her at h珸her bねS, provided the same amount of hydrogen atoms are

adsorbed. The decrease in C2H3+ partial pressure as the bias volta8e was rajsed can be

Caused by the depleuon ofhydrogen atoms nearthe surface ofthe carbon taraetleading

to the reduction ofchemicalsputterin8.
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6.4.2 Usin客a carbon sheetTarget

Dueto the obseNedtun8Sten contamination inthexRD spectra onhe deposited 則ms,

a carbon sheet、 described in secuon 632, was placed underneath the si substrate to

Cover it from the tungsten heater. surface morph010部, of 釧ms deposited at different

Workinapressures, withoutand with the carbon sheetcan be obseNed in the sEM Images

Shown in Fig.6.16a and b, respectively vvithout the carbon sheet, tungsten silicide

Particles with about 50 nm size formed in the deposited 飢ms. when the carbon sheet

Was present, plasmas Mlere generated usingthe carbon spiral antenna in farconΠ8Uration.

The absence of particles on the sEM images in Fig.6.16b sug宮ests the prevention of

tungsten silicide formation on the film when the carbon sheetwas present.

(a)

Carbon Film Deposi廿on byECRSPU壮e"n三Method
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6.43 Usin宮Di章'erentcarbonAntennaS廿Uctures

Carbon and hydrocarbon emissions in plasmas produced with carbon coaxi31 and

Spira an ennas 〔see Fi三.5.1) are discussed in this section. Relative intensities of C2 〔474
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nm) and cH (431 nm) bandS 丘om the oEs data are pl0廿ed aS 員lnctions of H2 gas

Pressure in Fig.6.17a.1B is set at 70 and 90 A when using coaxial and spiral antennas,

respectively, since they correspond to approximately equa11Sat values.1n both cases, C2

and cH emission intensities rise in increasin三 PresS11re to a peak value at o.8 Pa due to

increasin三 number ionizing c011isions. coaxial antenna・aenerated plasma has higher C2

and cH intensities when the pressure was beloW 2 Pa. Emission intensities are not

necessarily a quant北ative measurement of ground state species concentration.

Nevertheless, high population of excited C2 and cH species cen be attributed to the

enhanced spU杜ering of carbon by hydr08en plasma. At higher pressures, C2 and cH

4000

(a)

Carbon Film Deposition byECRSPU杜erin宮 Method
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Fig.6.17 (a) Relative emission intensi艇es ofC2 and cH species, and 〔b) peakintensity rauo ofcH
to C2 PI0廿ed as funC廿ons ofH2 Pressure for plasmas produced using carbon coaxjal and spiral

antennas.
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emission intensiues detected 介om the Chamber decreased due to the shoHerProcess

mean 丘ee path.

An important factor in carbon 俳m deposition is the ratio of cH band to excited C2

dimer peak. CH:C2 rauo was found to be correlated to diamond growth rate and quality.70

Relatlvely h屯her cH:C2 Peak ratios were obtained when usin三 the carbon coaxial antenna.

The hi三hestrauo was achieved at 5 Pa, untilit began to decrease at higher H2 Pressures. A

hi宮her H2 Pressure can cause additional reactions such as C2+H2 → C2H 十 H,71Which

reduces the C2 intensities.

Vveight densities of films deposited using the coaxial antenna at different workin晉

Pressures and deposition time are shown in Fi三.6.18a and b, respectively. The carbon

(a)

Carbon Film Deposition by ECRsputterin宮 Method
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Fig.6.18 Vvei号ht densi司『 ofⅧms deposited usin三 the carbon coaxialantenna atvarious (a) H2
Pressures and 〔b) deposi廿on ume.
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Sheet underneath the substrate was present during the deposiuon. The ma号net current

Was set at 74 A to reduce the ion aux atthe substrate re部on and lessen the Ⅷm etching

e丘ect ofthe ions. Based on Fig.5.8a,the plasma uniformiりIwas notcompromised when lB

Was set t0 74 A. At 2 h deposition ume, the hiahest 介lm densiul was obtained at 5 Pa

Workin号 Pressure.1n addition,the deposition rate at 5 Pa is aboutthree times as much as

the rate at l pa workjn宮 Pressure. sufficiently low lsaιValue and relatively high cH:C2 ratio

Observed at 5 Pa in Fig.5.10 and Fig.6.17b, respectively, resU辻ed in the enhanced

deposition rate ofthe 州m.

Fig.6,19 Shows the sEM images ofmms produced at different working pressures and

deposition time. clustered・structures obseNed in the 飢m deposited for 5 h at l pa (1e丘〕

Carbon Film Deposition by ECRSPU廿ering Method

became lar号er and denser when the pressure w'as increased t0 5 Pa (center〕. vvhen the

deposition time was reduced t0 2 h 〔right), nanoparticles of about 40 nm in diameter

Were found on the film surface. These partides were not present at 5 h of deposition

Possibly due to erosion of the 俳tn surface by excited hydr08en atoms during the

Pr010naed exposure.

Fig.6」9 SEM images of"1ms deposited usingthe carbon coaxial antenna at different gas
Pressures and exposure time.

The elemental composiion ofthe deposited "1ms based on EDs is shown Table 6.1.

Relatively high atomic percentage of carbon atoms were detected on the surface of the

打lms deposited at l and 5 Pa. RecaⅡ thatthe films deposited withoutthe carbon sheetin

Sec lon 6.4.1 abundanuy contain tungsten 〔W) based on their xRD data. This time, the



Table 6.1 Elementalcomposition of介lms depositedat differentworkingpressures.

Element

Carbon

function of H2 Pressure in F培.620a.1B is set at 58 A and 70 A in the cases with and

Chapter
Film Deposition by ECRsputterin三 Method

AtomiC ψofor l pa

Carbon sheet has e仟ectively reduced tun8Sten contaminauon from the heater, resultin三 in

Iess than 29、o oftungsten atomic percenta目e.

Durin宮 the operation, the ECR reactor maintained a stable plasma for more than 5 h.

Durin目 this time,the reflected power increased from about o t01%, which is presumably

due to an increase in the antenna temperature. A 2% decrease in the weight ofthe inner

araph北e electrode was measured a丘er the 5 h operation. A thin 飢m deposited on the

innersurface ofthe conical part ofthe outer electrode was also observed. The Mvv power

feedthroU8h showed no de8radation throU目hout the experiment. The screw connectin宮

the inner electrode to the Mw powerfeedthrough required replacement after four or five

5 h operauons.

67.53

2.08

28.66

0.32

098

0.43

Atomic% for5 Pa

6197

3.84

3092

038

1.10

1.69

6.4.4 Usinga Ma容ne廿C "醐 Return

Based on the EDs data in Table 6.1,traces ofchromNm (cr) and iron 〔Fe) were found

On the surface ofthe deposited 則ms. such impurities are possibly hom the wa11S ofthe

Source chamber and the aas injection unit. Hence, the 三as unit was removed from the

Chamber and a carbon cylinder was used to fU11y cover the inside waⅡ of the source

Chamber. peak intensity ofexcited H atoms 〔Hβ 486 nm〕 based on oEs data is plotted as a
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Without aux return, respectively, since they have nearly equa11Uminosi訂l as seen in Fia.

516.1n both cases, H emission intensities rise in increasing pressure to a peak value at 2

Pa、1t was known that atomic hydr0三en species in ECR plasma play an important role in

Preferential etchin目 of amorphous carbon 州ms.12 1n Fi号.620b,the dependence of cH:C2

Peak intensiw' ratio on H2Pressure is displayed.1t is evident that cH:C2 is hi宮her by 3 to

249"o in the presence of aux return at pressures above 2 Pa. H intensi匂r and cH:C2 rauo

began to decrease as H2 Pressure was increased above 2 Pa and 5 Pa, respectively, due to

the shorter mean free path ofthe plasma particles at higherpressures.

40×10

Carbon Filtn Deposi廿on by ECRsputtering Method
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to C2 Plotted as functions ofH2 Pressure in the cases with and Mthout nuxreturn 〔FR).
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6.5 Condusion

The partide aux hom the carbon target during plasma operation was monitored W北h

a quadrupole mass analyzer, and the result had dearly indicated the presence of both

Physical and chemicalspUせerin号. carbon 州m was successfU11y formed on sisubstrate by

arranging a carbon ねr目et in ECR exdted hydrogen plasma W北hout supplying any

hydrocarbon molecule. The formation rate and grain size distribution of the 則m are

attributed to the dependence ofproducuon rate and species composi廿on ofhydrocarbon

aux on antenna con"gurauon and hydrogen pressure. The ECR source with carbon

internal antenna operated stably for more than 5 h without any overheatin号 and can be

Utnized to maintain a stable plasma forcarbon film deposiuon.

Carbon Film
ChaPιer

Deposition byECRsputterin宮 Method



Chapter 7

Condusion

The electron cydotron resonance (ECR) plasma source desi三ned and developed in

this study to couple microwave power to plasma using an internal antenna successh,111

宮enerated we11'matched discharaes 〔pr =の With high plasma densities 〔1016m,3) at l。W

aas pressures 〔10'1Pa〕 and low input power 〔10O W). overaⅡ, the ECR plasma system

Worked we11forthe Purposes ofplasma 目eneration and fnm deposition. Yet,北 is strategic

to evaluate not only the advanねges that the present system provides, but also its

disadvantages,to realize further improvements.

Chapter
Condusion

フ.1Advan仏冒es and Applications

The f0110win三 PointS 目ive some of the advanねges of the ECR lasma s stem

developed in this study and its possible applications in materials processin .

1・ The ECR source does not have to use complex waveguide systems due to the l

input power required to sustain a stable discharge.

2・ The internal antennas are adaptive to coaXねI cable which reduces the s stem size

Substantia11y and provides simple system construction.

3・ The accumulauon ofejected particles on dielectric windows is avoided

easyinternal antenna for microwave coupling. The internal antenna Offers

maintenance ofhi号h・densi勺,, plasma sources used in etchin宮 and deposition.

byusingan



The system does not require additional supply ofhydrocarbon gases,instead,the

graph北e targetimmersed in hydrogen plasma forms hydrocarbon flux suitable for

Carbon 創m deposiuon,

5・ The producuon of excited atomic hydr0宮en species can be increased, by chan in

the position ofthe resonance zone relative o e antenna 琴eometry, to improve

the preferential etching ofnon・dねmond carbon structures.

6・ The magnetic field configuration 〔with 打Ux return) of the ECR device enhances

P】asma uniformi司『 and produdion of cH and C2 radicals which are correlated to

diamond growth rate and quality.

72 Disadvanね容esandRecommendauons

1・ The ECR plasma system requires dc maanetic field which makes it more com lex

than other high'densiり『 sources such as inductive coupled plasma (1CP) systems.

2・ strong electrostatic couplin目 Can occur between the antenna and the plasma.

3・ coupling mode transition that a仟ects the absorption of microwave ower w・as

ObseNedoverot090A

Chapter
Condusion

4・ conねmination from the tun宮Sten heater and waⅡ Surfaces were ObseNed.

Additionalcarbon sheet and cylindertar8ets are needed to reduce impurities.

5・ To mon北or the ion ener部11" distribution at the substrate region, a farada cu is

recommended to be insta11ed in the device.

6・ To further controlthe hydrocarbon species generated hom the gra hite ねr et,

is recommended to add hea廿n三Componentto the sputterin目target.

magnetcurrentrange.
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Appendix

ConversionofpEFto ppM image 症le

1. putimaaes in a folder on desktop

2. putdcraw.exe in the folder

3. Rename the folderto "images"〔by preference,there should be no space)

4, open commandprompt

5. Enter "cd desktop/ima号es"

6. Enter"dcraw -V ・W ・W ・00 *.pef'

Mean luminosi訂rcalcula廿on

1. check "Notes on usingthe photo.m octave script"in the f0ⅡOwin宮 Section

2. put photo.m scriptin the images folder

3. open octaveCι1

4. Enter"cd desktop/imaaes"

5. Enter"photo;"



Notesonusin雪thephoto.m oC始Vesc"pt

1. Replace xYLwin the "rect=[X Y L咽"1ine with thevalues given by,

Where x,×1y,y11and w are the measurements ofthe dimensions shovvn in Fig. A

Using the pixelRuler application, X' and r are the number of pixels (dimension)

along the length and width ofthe photo, respectively.

γ'

2. The script only worksto image nles with 丘lename from numbers "1" to " 90".

3, The script has two kinds of csv oU即Ut 丘les: the luminosity histoarams and the

mean luminosiw.

4. The luminosi司, histograms nles contain two・column data; the gray value and the

number of pixels that has the correspondin三 gray value in the nrst and second

Column, respectively

5. The mean luminosity file also conねins two・column data;the nlename ofthe image

and the mean luminosity ofthatimaae in the first and second column, respectNely.

Figure A. Dimensions needed to obtain x, Y, L and wvalues
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Thephoto,m oCねVe scriptis asf0110WS:

1;

Clear;

Pk宮 10ad image;

rect=[Xγι咽;

for j=1:90

Cnt * mat2Stro,2〕;

Si = strcat〔cnt,".ppm");

Chk = exist(si);

if〔chk !*の

1 = imread〔si);

1 = r宮b2目ray(D;

1 = imcrop(1, rect〕;

fcounts, X]= imhist(1〕;

H =[x counts];

SO = strcat(" hst_", cnt);

Csvwrite(SO, H);

V(end + 1)= mean2(0;

a(end ゛ 1〕* j;

end謡

endfor;

P =[a; V];

P = transpose印);

Csvwrite("batch_mean", P);


