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PIC/MCC Simulations for Capacitively Coupled Plasmas in Mixed
Direct Current and Radio Frequency Discharges

Abstract

Low temperature plasma technology plays an important role in the development of the
semiconductor industry. Capacitively coupled plasmas (CCPs) are commonly used as etching
and deposition devices in microelectronic manufacturing, due to the simple geometry
structure and the ability of producing large area and uniformity plasmas. In the past several
decades, the microelectronics industry has developed very rapidly, and the critical dimensions
of semiconductor devices shrink continuously, hence this requires strict control of the CCP in
the various processes. Motivated by this need, CCPs are evolving all the time, and many new
plasma sources with special features are generated, such as the dual-frequency operation of
CCPs, which can, to a large degree, independently control the plasma density and ion energy;
the direct current/radio frequency (dc/rf) CCPs, which can alleviate the charging of the
bottom of high aspect ratio features etched in insulators; and the electrically asymmetric
CCPs, which can control the ion energy in a flexible way. In the development of these plasma
sources, numerical simulations play an essential role in the fundamental researches for CCPs.
Numerical simulations can not only give information on trends of the plasma behavior for
different conditions, but also explore the physical mechanisms in CCPs. The most commonly
used simulation methods include fluid models and PIC/MCC (Particle-in-cell/Monte Carlo
collision) models. Although a fluid model runs with good stability, it cannot consider the
non-local behavior in CCPs, and it can not acquire the energy distribution of the charged
particles. A PIC/MCC model is a fully kinetic method based on the first-principles, so it does
not have any of the above shortcomings. However, a PIC/MCC model is very
time-consuming, since it needs to track a large number of particles and the time and space
steps need to be very small to reach convergence. Nevertheless, with the rapid development of
computer technology, computers become faster and faster. Thus, PIC/MCC models are
getting more and more applications.

The main purpose of the presented work is studying the characteristics of two new
operations of CCPs, i.e. a dc/rf CCP and an electrically asymmetric CCP. A dc/rf CCP is
mainly used to alleviate the charging of the bottom of high aspect ratio features etched in
insulators, by introducing an extra dc source on the electrode opposite to the substrate
electrode. An electrically asymmetric CCP is driving the discharge by a voltage waveform,
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that contains a fundamental frequency and (at least) one even harmonic. By tuning the phase
angle between the driving frequencies, a self-bias can be generated on the powered electrode,
and flexible control of the ion energy can be thus achieved. Although these two new CCPs
have been verified experimentally and good processes can be obtained, the physical processes
occurring in the plasma are still not completely clear. We will study in detail the influence of
different discharge parameters on the plasma density, electric potential and heating rate in
these two types of CCPs by a PIC/MCC model.

In chapter 1, we introduce the application of plasma technology in microelectronic
manufacturing, as well as several commonly used plasma sources. Subsequently, we pay
particular attention to the key issues in dry etching processes, and to the research progress of
dc/rf CCPs and electrically asymmetric CCPs.

In chapter 2, we present the algorithms of the PIC/MCC model and of external circuit
model. According to the flow of the PIC model, the weighting scheme, electrostatic field
solving and particle pushing are outlined, respectively. In the MCC part, we mainly introduce
the null-collision method and the method for calculating the post-collision velocity of
different collision types, such as elastic, excitation, ionization, recombination and
endothermic reactions. In comparison with the normal collision method, the computational
saving can be quite significant by using the null-collision method. Furthermore, several
external circuit models, including the dielectric equivalent-circuit model, the physical circuit
model and a general two-dimensional circuit model, are given.

In chapter 3, firstly, the surface-charging effect in dc/rf CCPs is investigated by
incorporating the equivalent-circuit module to the PIC/MCC model. A large number of
high-energy electrons are propelled to the substrate, and a self-bias is built up under the effect
of the negative dc voltage. However, with increasing the dc voltage, the plasma bulk is largely
compressed, which results in a monotonous decrease of plasma density. When increasing the
thickness of the substrate, the self-bias increases and the net dc voltage between the two
electrodes decreases. Secondly, we study the heating mechanism of electrons in dc/rf CCPs.
In a single frequency discharge, the superposed dc source always weakens the overall heating
rate, so that the plasma density drops by reducing the plasma bulk length. In the dual
frequency (DF) discharge, there exist clearly two competitive effects due to the coupling of dc
and DF source: the addition of a dc bias weakens the heating rate in the first LF half-period,
while it can drastically enhance the stochastic heating in the second LF half-period. Finally,
we investigate the heating mode transition in a dc/DF capacitively coupled CF, discharge.
When applying a superposed dc voltage, the plasma density first increases, then decreases,

and finally increases again, which is in good agreement with experiments. This trend can be
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explained by the transition between the four main heating modes, i.e. DF coupling, dc and DF
coupling, dc source dominant heating, and secondary electron dominant heating.

In chapter 4, firstly, simulations based on the one-dimensional PIC/MCC model are
performed to study the electrical asymmetry effect on electronegative oxygen discharges, and
the results are compared with those of electropositive argon discharges at the same conditions.
The self-bias voltage, in both electropositive and electronegative discharges, increases almost
linearly with the increase in the phase angle & between the two driving voltages in the range
0° <#<90°, and the maximum ion energy varies by a factor of 3. However, relative to the
small variation of ion flux in an argon discharge (i.e. £5% at 30 mTorr, +12% at 103
mTorr), the ion flux varies with 8 by *12% at 30 mTorr and by +15% at 103 mTorr in
the oxygen discharge. This may place a limitation for achieving separate control of ion energy
and flux in electronegative plasma. Secondly, using a combined experimental and numerical
approach, we investigate the control of plasma properties via the electrical asymmetry effect.
It is shown that the self-bias decreases with increasing pressure, and the density profiles and
electric potential distribution have a clear dependence on &, while the peak densities stay
rather constant (within *£10%). At low pressure, the plasma series resonance (PSR) is
self-excited, which results in high frequency oscillations in the temporal evolution of the
conducting current. The amplitude of the PSR is just too small to cause a reasonably enhanced
electron heating. Thirdly, a two-dimensional PIC/MCC model is used to investigate both the
geometrical and electrical asymmetry effects in CCP. When changing the ratio of the top and
bottom electrode surface areas and the phase shift between the two driving frequencies, the
induced self-bias, power deposition and parameter optimization were found to develop
separately. Moreover, it is shown that both the axial and radial plasma density distributions
can be modulated via the electrical asymmetry effect, by adjusting € and the ratio between
the high and low harmonic amplitudes. The modulation of the radial plasma density by the
electrical asymmetry effect is found for the first time.

The influence of the dc bias on the properties and internal physical mechanisms of
electropositive and electronegative plasmas are studied in this work. However, in most
applications, a mixture of gases revealing complex chemical and physical features is
employed, and the uniformity of the radial density distribution greatly affects the surface
processes. Thus, in future work, a two-dimensional model based on a mixture of gases should
be adopted for more accurate simulations of a dc/rf CCPs.

Key Words: low temperature plasma; capacitively coupled plasmas; PIC/MCC

simulations; dc/rf; electrical asymmetry effect
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PIC/MCC Simulaties voor Capacitief Gekoppelde Plasma’s in
Gemengde Gelijkstroom en Radiofrequente Ontladingen

Samenvatting

Lage temperatuur plasmatechnologie speelt een belangrijke rol in de ontwikkeling van
de halfgeleiderindustrie. Capacitief gekoppelde plasma’s (Eng: capacitively coupled plasmas:
CCPs) worden veelvuldig gebruikt als ets- en depositietoestellen in het fabriceren van
microelectronica componenten, omwille van hun eenvoudige geometrie en de mogelijkheid
om uniforme plasma’s te produceren op grote schaal. In de voorbije tientallen jaren heeft de
micro-electronica industrie zich heel snel ontwikkeld, en de kritische dimensies van
halfgeleidercomponenten daalt continu. Dit vergt dus stricte controle over de CCPs in
verschillende processen. Omwille van deze noodzaak evolueren CCPs de ganse tijd, en er
worden dan ook vele nieuwe plasmabronnen ontwikkeld met speciale eigenschappen, zoals de
dubbele-frequentie CCPs, die in grote mate onafthankelijk de plasmadichtheid en ionenenergie
kunnen controleren; de gelijkstroom/radiofrequente (dc/rf) CCPs, die de oplading op de
bodem van smalle diepe etskanaaltjes in niet-geleidende materialen kunnen verminderen; en
de “elektrische asymmetrie effect” CCPs, die de ionenenergie op een flexibele manier kunnen
controleren. In de ontwikkeling van deze plasmabronnen spelen numerieke simulaties een
essentiéle rol in het fundamenteel onderzoek naar CCPs. Numerieke simulaties kunnen niet
enkel informatie geven over trends in het plasmagedrag bij verschillende werkvoorwaarden,
maar ook de fysische mechanismen in CCPs onderzoeken. De meest gebruikte
simulatiemethoden omvatten vloeistofmodellen en PIC/MCC (“Particle-in-cell/Monte Carlo
collision”) modellen. Hoewel een vloeistofmodel een goede stabiliteit kent, kan het niet het
niet-locale gedrag in CCPs beschrijven, en kan het ook geen energieverdelingen van geladen
deeltjes berekenen. Een PIC/MCC model is een volledig kinetische methode gebaseerd op het
microscopisch gedrag van de plasmadeeltjes, en daarom heeft het deze beperkingen niet.
Daarentegen is een PIC/MCC model heel tijdsrovend, omdat het een groot aantal deeltjes
moet volgen, en de tijdsstappen en het rooster klein moeten zijn om convergentie te bereiken.
Echter, omdat computers steeds sneller en sneller worden, vinden PIC/MCC modellen ook
meer en meer toepassingen.

Het hoofddoel van dit werk is het bestuderen van de karakteristieken van twee nieuwe
vormen van CCPs, nl. een dc/rf CCP en een elektrisch asymmetrisch CCP. Een dc/rf CCP
wordt vooral gebruikt om de oplading op de bodem van smalle diepe etskanaaltjes in
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niet-geleidende materialen te verminderen, door het inbrengen van een extra dc bron op de
elektrode tegenover de substraatelektrode. Een elektrisch asymmetrische CCP wordt
opgewekt door een wisselspanning die zowel de fundamentele frequentie en (minstens) één
even harmonische frequentie bevat. Door de fasehoek tussen de aangelegde frequenties, kan
een zelf-bias gegenereerd worden op de aangedreven elektrode, en zo kan een flexibele
controle over de ionenenergie bekomen worden. Hoewel deze twee nieuwe CCPs
experimenteel goede resultaten opleveren, zijn de fysische processen die optreden in het
plasma nog niet volledig duidelijk. Wij willen door middel van een PIC/MCC model in detail
de invloed van verschillende ontladingsparameters op de plasmadichtheid, de elektrische
potentiaal en de verhitting van de elektronen bestuderen voor deze twee types van CCPs.

In hoofdstuk 1 lichten we de toepassing van plasmatechnologie in de microelectronica
industrie toe, alsook de verschillende veelgebruikte plasmabronnen. Vervolgens besteden we
speciale aandacht aan de belangrijkste aspecten van droog etsen, alsook aan de
stand-van-zaken in het onderzoek naar dc/rf CCPs en elektrisch asymmetrische CCPs.

In hoofdstuk 2 presenteren we de algorithmen van het PIC/MCC model en van het
externe circuit model. Op basis van de opbouw van het PIC model bespreken we
achtereenvolgens het gewichtsschema, de oplossingsmethode voor het elektrostatische veld,
en het berekenen van het traject van de deeltjes. In het MCC deel leggen we de zgn.
“null-collision” methode uit, en de methode voor het berekenen van de snelheid na botsing
voor verschillende types botsingen, zoals elastische, excitatie, ionizatie, recombinatie en
endotherme reacties. In vergelijking met de normale botsingsmethode kan de tijdswinst door
gebruik te maken van de “null-collision” methode aanzienlijk zijn. Ook worden verschillende
modellen voor het extern circuit, zoals het di€lektrische equivalent-circuit model, het fysisch
circuit model en een algemeen twee-dimensioneel circuit model, gepresenteerd.

In hoofdstuk 3 wordt eerst het oppervlakte-opladingseffect in dc/rf CCPs bestudeerd
door inbrengen van de “equivalente-circuit” module in het PIC/MCC model. Een groot aantal
hoogenergetische elektronen worden aangetrokken naar het substraat, en er ontwikkelt zich
een zelf-bias tengevolge van de negatieve dc spanning. Met toenemende dc spanning wordt de
plasma bulk volledig bij elkaar gedrukt, wat resulteert in een monotone daling van de
plasmadichtheid. Met toenemende dikte van het substraat stijgt de zelf-bias, terwijl de netto
dc spanning tussen de twee elektroden daalt. Vervolgens bestuderen we het
verhittingsmechanisme van de elektronen in dc/rf CCPs. In een enkele-frequentie ontlading
verzwakt de opgelegde dc bron altijd de algemene verhittingssnelheid, waardoor de
plasmadichtheid daalt, door het reduceren van de plasma bulk lengte. In de dubbele-frequentie
(DF) ontlading bestaan er duidelijk twee tegengestelde effecten door de koppeling van dc en
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DF bron: het aanleggen van een extra dc bias vermindert de verhitting in de eerste halve
periode van de lage frequentie (LF), terwijl de stochastische verhitting in de tweede LF
halve-periode aanzienlijk toeneemt. Tenslotte bestuderen we de overgang in verhittingsmode
in een dc/DF capacitief gekoppelde CF4 ontlading. Wanneer een bijkomende dc spaning
wordt aangelegd, zal de plasmadichtheid eerst toenemen en dan dalen en tenslotte terug
toenemen, in goede overeenstemming met experimenten. Deze trend kan verklaard worden
door de overgang tussen de vier belangrijkste verhittingsmodes, nl. DF koppeling, dc en DF
koppeling, dc dominante verhitting, en secundaire elektron dominante verhitting.

In hoofdstuk 4 worden eerst simulaties uitgevoerd met het ééndimensionele PIC/MCC
model, om het elektrische asymmetrie effect op elektronegatieve zuurstof ontladingen te
onderzoeken, en de resultaten worden vergeleken met die van elektropositieve argon
ontladingen bij dezelfde voorwaarden. De zelf-bias spanning stijgt nagenoeg lineair met de
fasehoek @ tussen de twee aangelegde frequenties, in zowel elektropositieve als

elektronegatieve ontladingen, in het bereik 0° <8 <90°, en de maximale ionenenergie
varieert met een factor 3. Anderzijds, in de argon ontlading is er een kleine variatie in de
ionenflux bij variérende € (nl. £5%bij 30 mTorr, en +£12% bij 103 mTorr), terwijl de
ionenflux in de zuurstofontlading met +12% varieert bij 30 mTorr en met +15% bij 103
mTorr. Dit kan een beperking geven om onafthankelijke controle te verkrijgen in de
ionenenergie en -flux in elektronegatieve plasma’s. Ten tweede bestuderen we de controle van
de plasma-eigenschappen via het elektrische asymmetrie effect, door een combinatie van
experimenteel werk en numerieke simulaties. We tonen aan dat de zelf-bias daalt met
toenemende druk, en de dichtheidsprofielen en de elektrische potentiaalverdeling zijn
duidelijk afthankelijk van @, terwijl de piekdichtheden min of meer constant blijven (binnen
+10%). Bij lage druk is de “plasma serie resonantie” (PSR) zelf-geéxciteerd, wat resulteert in
hoge frequentie oscillaties in de tijdsevolutie van de stroom. De amplitude van de PSR is net
te klein om een verhoogde elektronenverhitting te krijgen. Ten derde wordt een
twee-dimensioneel PIC/MCC model gebruikt om zowel de geometrische als de elektrische
asymmetrie effecten in CCPs te onderzoeken. Wanneer we de verhouding van de bovenste en
onderste elektrode-oppervlakken veranderen, alsook de faseverschuiving tussen de twee
aangelegde frequenties, ontwikkelen de geinduceerde zelf-bias, vermogensdepositie en
parameter optimizatie zich onafhankelijk van elkaar. Bovendien wordt aangetoond dat zowel
de axiale als radiale plasmadichtheidsverdelingen kunnen gemoduleerd worden via het
elektrische asymmetrie effect, door aanpassen van 6 en de verhouding tussen de hoge en
lage harmonische amplitudes. De modulatie van de radiale plasmadichtheid door het
elektrische asymmetrie effect werd voor de eerste maal gevonden.
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In dit werk hebben we de invloed van de dc bias op de eigenschappen en interne fysische
mechanismen in elektropositieve en elektronegatieve plasma’s bestudeerd. In de meeste
toepassingen wordt echter een mengsel van gassen gebruikt, met complexe chemische en
fysische eigenschappen, en de uniformiteit van de radiale dichtheidsverdeling bepaalt sterk de
oppervlakteprocessen. In de toekomst zullen we dus een twee-dimensionaal model toepassen,

gebaseerd op een mengsel van gassen, voor meer accurate simulaties van een dc/rf CCP.
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Fig. 1.1 Semiconductor manufacturing process®!: (a) film deposition; (b) Photoresist

coating; (c¢) exposure through a pattern; (d) photoresist development; (e) plasma etch; (f)
plasma cleaning; (g) dielectric film formation; (h) Gate formation
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Fig. 1.3 Schematic illustration of single frequency CCP reactor

ik 1.3 o, AN CCP 3% B R S b P e PSR IR B s e, B CCPo — A
FAREE B SRR, BRSO 13.56 MHz, 55— ANkt . @ FEFELE, 16
SR ES I ERS, AT E R T 2RI, 5HAMK ST T KA
i B HUBT T S W8RG AR o, T AR R . R
PN FELAR 22 TB) A AR 1) P T 7 2 S S0P PR BT AT B AR H R PE RO BR R, B8R BB PR A T
mm%%mm%% BEMOINFA T, BV A BENUINRGE RS A& BT, 1EshE
O XGRS SRR, SRt P IR AR, VR A BRI R . XA
%Lh%dﬂ¢ﬁ£%%ﬂ%ﬂﬁom?$ﬁa?ﬂuﬁimﬁﬁ@%%%¥%,ﬁ
ﬁtﬁiﬁjﬁi—*TﬁggE%ﬂzﬁk%:%E?Uﬁﬂﬁﬁ§KﬁﬁHﬁééﬁgﬂzﬁkﬂ? RS CCP MAF/ERR A, H

kéﬁzﬁki?F“iﬂﬁﬁf:VﬂHﬁﬂai%f]ﬁf;aﬁfﬁﬁﬂaEEHﬁE” i, ARGV ST 428 1) 3135 3 By 1
%?%Lgﬂ%? B, ROPE R A I IRIEIS S5 2 1 IR 5 DA R BITA3E B (K88 1
HEAE T RE R FN T, B9 1 2R i [F N, e i T R A B B g K
it

BT B FEEREE LZAMENCR, M8 TR S E L ZNRE S,

U SEERT 2 BB ST A hAE T2 AL AR ) . s lix — E%J%w%kmhﬁT



R TR AR

BUARAS VRS G 55 B TR, AN 1.4 o, K P AR AE 22 50K B P B IR 3] I 3R B T80,
4127 MHz 12 MHz, 60 MHz fl 2 MHz, XM EJEA LLERE R R —flk CERD 5
FHNREREEF BN CHED o RAEEtreR®Y, SE R R IE T RS IR
V7, TE T B SIRGERAC, A e BARAT IR AR, DR AT AR H e A
REHEE TR @R, @O R w5 B TR S FReE . i VLid
&Y D) ZEAAE, @R B SN R @ R R B M, X AR
Cap) Iz NHABEE AR T ZE A, WzkA" (L2 R, Lam Research
Corporation, LAM) ®1, S FH# R A (Applied Materials, AM) ), Rt 7R &4t
A7 (Tokyo Electron Ltd. , TEL) ML dhfdl ( i) 2 G4k % %3 24 7] (Advanced
Micro-Fabrication Equipment Inc, AMEC) M5\ S0 & (4 51 Z1 i b L350 2 J5k T3 sl
CCP JEUHEBIA

- 5
Kz

IHA]

L 1
1.4 X35 COP TR fE = R E A
Fig. 1.4 Schematic illustration of dual frequency CCP

1.2.2 AMBEFBETFHIE

SRS 5455 K (Inductively coupled plasma, ICP) & i i FE LIRS RN
HI A A5 3 BT 5 S ) R R A B T P A A S AT . i 1.5 BoR, ICP RS AT
JURI S5 IR BFIAR G ] . P TRAE Zs R, STz 2 “ R FM 7 gl EE



LS SR S AR G55 B TR PIC/MCC AL

JE =TGR s AEADIRZR I R, S ALk Pl R TR 2 Se (e AL TR ORI = T . 2 28
RN AZAZ T ELIAL, 2 1 o gl 2 SN L i 17 PR IR AR 37, I AR )T 2 i3k — 20 JRONE HH A
IR, e R I T R B IR i, Bk 1T 44 55 B AR . 2k Bl it n 1)
LR I8 8 J L kHz 21U MHzo T I AR 1537 P IR N 280 R A A TS FL A 2
PFROQIBRIERL (B0 HAES0 iRl )a, ZeRli i, Bl koAb, =
FAERKK RS ZE, KR =hES R CAL Y, WiF CCP BCayLEE,

X2 I R 2 R A B A, XM SRR BRI (B E D o L
AR, AT BN Y IR ) FEAA AR 59, XA 2 B X ST, ks
24 Bl v FL R IA B R, S AR SN H PR3 ) RS AR s, K 2o HORR U RO,
Bl i ek A i E AU E) H AR RIS . E B R AL S CCP ARARL, &5 &1
RE R E AL KR (100~10" em™) , AR B-FRERRE (3~5eV) ; HIMNE, H
BB TR R (10''~10% em™) , L FIRENEUK. £ ICP b, B Ih%
HIEAE, AMAT ARLSE 28 AR s b A, [N 2 f A [l I R A A2

B 1.5 IcP iEEEEREEY: (a) HREEZEH, (b) FELELSH
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Fig. 1.8 Size of scaled SRAM cell embedded in SoC as a function of the technology
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Fig. 1.9 Undesirable profiles in high aspect ratio plasma etching!"”’
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Fig. 1.12 Spatiotemporal ionization rate for different LF voltage V| and secondary electron
emission coefficient ¥ Cunits are 10'* cm™s™!) at 6.6 Pa, HF voltage V=200 yia

FURT, Tl r 3 SR FH 4 A A4 R ZE AR KR OO0 R R BB VAR BT, SRS BILX
T [ A R s ] 3% 333531 12,1 TR, WU CCP &R v AT
VR PR A7 ) S R AN RS i B, e AT F R A PR T R I 2 1 1 N

_12_



REHTRAM AR

B SR, IEHIMVFZ AR, P FRUR (RS Z R B A R b PR 1] T XU
CCP X & rEE Mt ERMA =R, T ZSHEEN, SR ER, S8k
P2 PS5 RS - i 2 (R B 2 3 o g D0, 26, 37,3839, 40,91 221 kg 1 12 454 T Donko 25 AR
PIC/MCC #EHJ7EA3 BRI CCP K L B i = A P, WP AT LA B, HA%
F& T RELF RS (B 1120 1.12(b)) » SIANRAE R G, &5 5510 1 2 8] H 25 R AE
& TR, JF HEE XA, & iR E (Bl 112(c)f 1.12(d) , 45 AK
BT, B TARMAS S RE SR B, 82 XA R, (HRAEX Tk
TR, BHEEEAMRZ o T 555 T 5 28 B e e o 5 B A 1 2 B
METEE, MHEEEHERRES PRI EMEFeeE. Fitk, £E 1.12
IS HGEEIA, R R R S B 7 s E A ae &, HX T RAANE R
TR REA R, XA

1.13 ARV, (t) =315.0(cos(27 ft + 0) + cos(4x ft)) TEA[E] 0 FaBTAY B8 3 iz

Fig. 1.13 The plot of the function V,_(¢) =315.0(cos(27 ft + )+ cos(4r ft)) for different
values of the phase angle 6*!
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Fig. 1.14 Schematic diagram of the sheath structure in dc/rf CCP*"
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Fig. 1.15 Electron energy distributions with -800 V on the dc electrode: (a) electrons

escaping to the rf electrode; (b) bulk plasma electrons!**!
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Fig. 1.17 Mean energy of ions hitting the grounded electrode (left) and ion fluxes at the
grounded electrode (right) as a function of @ at 4, 10 and 20 Pa at different electrode gaps'*”
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— LG LA B, 3 TR XA B TT R BE A Az IR B W] 2.2 BT, BT I HL A
B BCR AT L (g Al g+1 A% ) B, g ARERBITIEAN:
S(z,)= (2, —2,)/ Az. (2.2)
g+1 NS BUE BT R EE SR A
TE TG RORAAAR R T, 23 [ RS SR TN TR 4544, A7 ) IR XA B 23 ) A Ax
Ay . WEFR, B HBEAE AL EILRE NP A Ay B Cy D B, A SALE
BN

g+l

('xp _xi)(yi-H _yp)
Ax-Ay .

S, = (2.3)

ﬁﬁTuﬁﬁE*:ﬁMﬂéuﬁ

TE SRR R T, 43 BPRE A ) AN 17 DX TR) K1) 2 B TR B A Ar R Az (I35 5 XA
() DX 5 B A [ PR 25 44 MI23w>%T M?%ﬁﬁ“ﬁﬁﬁﬁ%@AH%ﬁA\
B. C. D L, A KR ERECN:

SA:(F{”:fé;AZ 28 2.4)

&) FE A LS 3 H e = S AR R .
2.2.2 ;AN AR
TESRAZ IS s LA 2 E 2 ), TR BB R Vi =—p/ g, RIFR T

[l AT o X T —4ERAT, JHAR T R AT AR UL -

_ _¢i—l_2¢i+¢i+l
p =ttt (2.5)
Az 52 PR E] e o

X YRR, FERRABRR R R, VAR RE R DL AL

_pi,j=¢l 1,j 2¢12,+¢z+1, ¢zj—l_2¢i,2j+¢i,j+l ’ (2.6)
Ax Ay

Ax AT Ay 72 PN TT 18 _E R A% ]
MAEFEARR R T, R T RE AT LA AL A -

2r 2r
Pk = +1/2(¢1+1k ¢/k) ,—1/2(¢]1k ¢/k)+ (¢;k+1 2¢]k+¢,kl)
, (2.7)

(Ar?) A, (M), Ar,
B _ 2’"1/2 P —Pos N (Posr =205, + o ir)
A AR, AZ*
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Az M1 Ar 73 SRR AR A RIS TR, Ar,, =1y =0 (AP, =12 =7

H 23 [ P A0 A o o P Ay 5 o A AR AR B (1) R 3L (R SR 1, X 5 B s
RESE IR, PRI SR A rh R 0 S AL F 2 o T JBOHE S 6 A FRL AR
FEIE LA LR BUARAR B0, DO SRS SEONMERR ORISR, A I i ZE R SR A A
R RNNARA R, R AR, KA 2.4 T PRI 4 .

RIGEMEBHE, R ZES%EXE =-Ad/Ac KRG BRI EY 4. BT 8,
FEL AR R A 2 P o SCAE A% b, PRI RER A o 2 AR ORI 8 X — 4
ot

2 2
’ AI’O:VI,ZO

E =l "l (2.8)

of T 4E B,

¢ifl,_j - ¢i+1,_/
2Az
b
¢i,j—1 - ¢i,j+1

2Ar
MRS, 7T LR A AME R 77 X3k

2.2.3 RFHEDD
TR AR B BRI A T igsh. L ABbr R T, T LCRERL T 1 s 5l 7
FES

(2.9)

av
m—=g(E+vxB
7 q( )

o~ (2.10)

dt
Horprm R IFE, vEEZ, BRM. A RHEERHBINER, KA LZ
s PIH) B o i i U SEMIR L, D EEDRL Y, TR 2.1.1 iR
PIRBUE SR, AAfE RN A AL R Y, R

E(z,)=) ES(z,-z,) . (2.11)

\Y

XY FRORADRLT A AR R A X T 4RSS, LUK 2, AR E A

z,—z E
. —Z.

i+l

Z[+1 _Zp
E(z,) = [ —IE, 4|

i+l

s (2.12)

V4
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Horbz, Az 23 BIARLT 2, A7 PR R A% A
FERFE] BRI A0 ZE 0 J7 %, AT AL s T R EU . W T 4R S R, TT R
RERE T 1S B 5 R B R

Y2 a2
m z A z — qu
t+A t t (213)
Z —Z — Vt+Az/2
At :

XA AR ROyt 2, I AT R E P IEAR , Cg 2 M T PIC B
[ BT 45 21 “4ER 0L T I IS ZAE IS 3 T R B UL A 3K

2.3 MCC =%

2.3.1 {RRIHETSE
PIC A& —MoGhE i Al . S8, RIMER/ERICAET, kiS5 tERr
Z IR BRSO T AERF IR B OCE E ). R, AL Monte Carlo (MC) 7754
bk FEA A 2 PIC 773 2, Al PIC J7id 72 K I E & B I [R] A2 K [B] I HE S B A kL1
i&3)), MAESEH MC J7 A0 AT 2 P9 ARl 2 18] st 8] [R] B A0 2 BE AL ™ A2 1), Xt S 2
MC J7 A PIC J7i AR MEHe 22 B — 2 o IR JE K A1 5o B 23 RS IR 8 /N At —
WA A Y —Monte Carlo collision (MCC) #5#116% 81 B 5 iy [ 5 f i e) 2B, )ik
15 F D il A8 v A B B ARG st A
HRE—ART | BERE e =mv? 2, B 5B 2 18] A X R A% N
g=lv,—V|. WRIK T HELE NN (x), WEOEENoE), Bafiihizo,, o
LS -
U =1,(x,)0(£,)g » (2.14)
pe e R = A N P O & & ARG B Y5 25 iy N o A . e SRR T A 0 VAR R O 11
FEIy, W7 CLE R A R v, SRACE A XIS ¢, AR BE B 5 v M1 [P Rk 2 )
I 5 ZASE FEY A X T
W —ILE N MR R KA, il S ER o, (&) B X BT A AL A T
(0,(¢),1< j<N ) KAl
G (6)=0,(6) 4t 0 (2), (2.15)
M2 i FiFAE—ABEE K A N, &R 2
P =1-exp(—vAto,.(&)n,(x,)), (2.16)
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KRR P SEENLELR (O<R<1) LLE. WIRR<P, NWRAEREE, JHH 7 — AR
SKAIWTRERE R B0, AR AR

T MCC BRITE At N, B2 Ao bl — kA, BhimsreE—MREr, AN
R 2 IR 3 IR 2 o A0 SRR B R ORI B U L T I B AR, A At AR
A n R AR R KB P o AR AR B R 2

2

M8

(2.17)

k=2

~&§ﬁﬁ%wﬁm,WEAM%,L¢ﬁimT ER K. HIAZ(2.16) AT LIS F] At
T AL v.Ate, (6)n,(x,) < 0.1,

MR AR BB, BT DALY S PIC BERLSEILAESY . SR,
R MR AERE— NN ADE K N BRIEAT — MR P ITHEE, SRR K. [
X HE LM A RHES R o,

V.. —max(n (x))maX[JT(g)[zEJ J, (2.18)
m

m, & R T AR, max() NHUEROE BB X MR R T A — I A6 R A5 .
T 0, TS A KA LR AR R, PIEsE 8y PREE I —

@@Lﬁ,w Dot o I A A FUAE I R R AR AR Dy Rl T i
PIC/MCC A7 rith 3 B0 A VA B AL X IR, BAT 2SI 70 AT,

EAE AL BE AT HRL T 2 [A) ORI, W) BEAEREAS Ar A SRAGHE MU XIS, e KITEERL T

HREE n(x,) o
FEREAS Ar N, RO Rl 75 9245 31 0 B KRS 0N
P, =1-exp(-v,, At), (2.19)
0 SRS AIR T MO N, IS A SRR T8 A 9, BT AR T R IO SR T4 N,
N, =N,bB,, =N, (1-exp(-v,, A1), (2.20)

T%ﬁh%¢&jMMMV”%ﬁéﬁﬁﬁﬁ~¢ﬁ¥nﬁi~4%MﬁRm3Rgy
AT Q0 e S R ) 0 T
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R &) g e Tt
Uma
v, (&) <R< v(g)+v,(&) filf i 270
Upnax Upnax , (2.21)
2.0,(&)
HU— <R Pl 2 (A & A Al )

W N, <N, , 3Dy A bk R 5 5 A R 2 v S a], AR 2
2R LIHTE 100 51T HE &

— BRI A, AR Rl P SR A SR IRAG A 2 SR R BE AU M, BATHER
KLY Rl 2 J5 B B A w2 T BATS S5 R el , AR TR P B AR
s SRR A F e R 7 FE I SR BRI E - BOE IR 1 A1 j, R Mn,
EANTZ RIRE S B I LT nn, SRR AR AORAR, WS myn, /N AR 22 T8 10 %
JETRN, AR LLABSIX PR 1, j AT Bk A2 . B, X Ar IR
W, SEETHRPRBETMETEE B A ~n~10°m”, PR TEEN
n,=2x10" m*, WA nn, 50 FIEG], KT e-Ar, Ar -Ar RS/ 5x10°, T4 T e-e
e-Ar I EE RN Y 2.5% 107" o BRI T Ar AUBCHL, — A 5 R Bk 1~ 5 PR T
Z AL . B, fERAPER RS, Wo,, CF A, HTIEfE 7 A
HE RPN E TR EE R, FHWFHRENEH )RR, MAEIR R CF, S
R, M5 IER A R A SN TR FE SO A, R AE R AL b
i AU T R R
2.3.2 BT SRR T ROMIHELL T

1 i@ 32

KRS R SR EFE: Ar, O,, CF, =Mk, FER T R EREE Al kL
THIzs, R =R a5 1. R 2.1 9, ol sl 7T S =6
SRR E T () Z A AR

AR T AR R AL B T, B 2 5 R AR TSR DT VR R AN R Y o AT DARIE
BISRE KB AWIE: SRR S AR e . RS R AR T, SR T Er T A RE
A, MZhReseE; MRS rERAE T, an GBok, e , JEreiarnGe
KA,

1=

1=
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2 iiERIRERTE

B, BE N ERLE S BRI ERS AR IR, H R B m A M
Tl 2 BTRSEZ v AV, HXSEE N g =v—V o ML 25 R AR B2 7000 ie A
Vi, VURTg ==V AR, T RURERL T I A B B0 R, AIRYE SR ATRE
B SPEROR AR R 2 J5 AR L o AEL AR R, AR AR RIE S8 AT R AR 282 A BT
1T, ROERE A 5 Ak BEAE R R IS BT eS¢ e — BE TR ¢ i, 7T RAH
T A Bl A > .

!

Vi=v— [g(1—=cos y)+hsin y]
m+M , (2.22)
VA [g(1—=cos y)+hsin y]
m+M
HERRTERN
h =g, cos¢g
N .
- 8.8, cosp+gg sing ’ (2.23)
81
5 = g.8.cosp+gg sing

4

Hoig=\Jg+e2+g> s g =\g +g’ + z WHAMA, TPl RO RAHE—2
ERIIM. BTIR—BE RO RN, B BER®EREy Q)" Bih
iy LRI

¢=27R, (2.24)
Sl R RAE(O, 112 195154 HIBEHUAL. WU 7 J2 P8/ LT 2 1) R 1 P 350
SN o (g, ) JERIVSE, 76 BETI T SR T R 5 B 204 A7 T ) T ok A5 31
CERR AL AT, R T RO B — A B L

P, ) =282 G i yag, (2.25)

T

o, AT BLE o (g, ) X LR A Ay

o, = J‘:ﬂ o(g, x)dQ= 27{[0” o(g, y)siny'dy’, (2.26)
DRI BB 1 e v A
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i_—” o(g,y)siny'dy =R, (2.27)
T

Xt T4 WU o (g, 2) TS, KT A AR 3 Bl 7 5 @ i 1 2 e i fir AT
flpfE, A EAE AT CUE RO BRI e 3. XMIBILT, A — LRI B ki

[85]

1 1+8¢

o(g,y)=— , 2.28
(&:7) 4 (1+4¢—4ecos y)° (228)

Hor g = £/, R TCHARAEEY, EARm TIMX AL, £, 25 T Ha et 27.21 eV, ik
—3p g

cos;(zl—z—R, (2.29)
1+8&(1-R)

I RARBE R BN A 5 Ry ook, RO HIE ¢ M EL B4 o, =4n0(g)
BONEIT (2.27) RIS K 16 R OO
cosy=1-2R, (2. 30)
BBy FE[0, 7] )2 & ] [RI PR B o 55T a2 g A L ) e 70 50k T 5080 ) 1 0
PR & ] [RPE R . AEAS RS, X T e-O, fillf# A e-CF, fill-f# i 4L 22, 3t%%7ﬁﬁﬁ‘T
R RN, X H - S P 2 R AR, 8 R DATRIAL AR B, U H 5
EATRYERL T HERE, BIM +m~M Mgy
o S SR RO R, BB RE ) SRS R
mVv'+ MV'=mv+ MV, (2.31)

1 , , 1
SHOV V) +E, = 2 p(v=V) (2:32)

K E, RO NBRER, u=m -M/(m+M)ZIEFE. WREEF A, B
M+m~M Mg=~v, A4

vi= v -2 (2.33)
m
R AR Y — RS RO BE T i, R — AN
V=v 1—%, (2.34)

Hot, E=mv? /2 B 7R 2 AT RS . B8 PSR 7E Rl 2 B (038 43 590 © R
Vo A AR PR S ) ik BT T SRR A 2 R
Ba, BAVEEET 5 S AR B B R . L i R Rk RS
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e (V)+ A(V) > e, (V) +e,(V)+ A (V'), (2.35)
HP A RET, eMe, 0nl R NSFAFHEEHP R T, HoNRRFSREERE. 6
w=EEAN

%mvz +%MV2 = %mv%%MV °+E,, (2.36)

HE, REEMBEMER. HTHERFMET BRI EZE, AT MR 4+
Pk F 2 EEMEm AL — "N RS TG, HiEshPul s ESAZEm, J
V'=V, WaEEHESEAA N
lmv2 -E, =lmv‘2+lmv'e.2, (2.37)
2 2 2 /

XL R R AR IR . BATHR ER B — RS20 I R B 70 45 20 R F AU AT R
BT, —BCRABENER, /D

12
my

E.. = 5 =RAE, (2.38)
mv",
E, = 2‘”:(1—R)AE, (2.39)
] LS 2
v'= \/ ) : (2.40)
m

AL ORI (A0 B, AT DU — A )

N E,+E,
V=v,/1- Z L (2.41)

7 WS PR A A BE DT 3%, BRI SRS AR S R o TR TR AR R T, W]

DUARS s Lkt g 182
v, = %,/ 2?" , (2.42)

Tl A28 2 J AR P AR e, w] AR AR R A i o

BeAh, TR TS0 TZRENE R, BT RNE ST B E T
DAL A R L BB B, IR 2 R T REE D SR T, 183 AR
R T 5 A o
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#2.1 Ar, 0,, CF,=fSKFETF () Sh MR THMHETIEIIR. o) RE
REEE, « RREEEH RERERMETRETWEMSFH 10 m s Fevl™

Table 2.1 Collisions of the electron-neutral considered in the Ar, O,, CF,4 simulations. o( &)

and « represent the cross sections and rate constants, respectively. The rate constants and

electron temperature 7, are in 10"°m?s ™" and eV, respectively!

73, 81]

Ar
e+ Ar— e + Ar Elastic scattering o(&)
e+ Ar— e + Ar Total electronic excitation (11.5 eV) o(&)
e+ Ar— e + Ar’ Ionization (15.8 eV) o(¢&)

O,
etO0,—> e+ 0Oy Momentum transfer o(&)
et Op— e+ O;(r) Rotational excitation o(¢&)
e + O = e + Oy(v=1-4) Vibrational excitation o(¢&)
e+ 0O,— e+ Oya 1Ag) Metastable excitation (0.98 eV) o(&)
e+ 0,— e+ Oyb 'Egh Metastable excitation (1.63 eV) o(&)
et 0, —>0+0 Dissociative attachment (4.2 eV) o(&)
e+ O0,—> e+ O0c'E,,AE" Metastable excitation (4.5 eV) o(&)
e + O, —» e +O(3P) + O(3P) Dissociation (6.0 eV) o(&)
e + O, > e +O(3P) + O(1D) Dissociation (8.4 eV) o(&)
e + O, > ¢ +O(1D) + O(1D) Dissociation (10.0 eV) o(¢&)
e+ 0,—>e+0, +e Ionization (12.06 eV) o(€&)
e+ 0,—> et O+ O (3p’P) Dissociative excitation (14.7 eV) o(&)
e + Oya 1Ag) — O+0 Dissociative attachment k(1))

CF4
e+ CF,— ¢ + CF, Momentum transfer o(¢&)
e+ CF;— e + CFy(vl) Vibrational excitation (0.108 eV) o(&)
e + CFy— e + CF4(v3) Vibrational excitation (0.168 eV) o( &)
e+ CF;— e + CFy4((v4) Vibrational excitation (0.077 eV) o(¢&)
e+ CF,— e + CF, Electronic excitation (7.54 eV) o(&)
e+ CF,—~ F + CF; Electron attachment (5 eV) o(¢&)
e+ CF4,—~ F + CFy Electron attachment (5 eV) o(&)
e+ CF,—~ e + F + CF5’ Dissociation (12 eV) o(&)
e+ CF,—~ 2 + F + CF5 Dissociative ionization (16 eV) o(¢&)
e+ CF,—~ e + F + CF, Neutral dissociation (12 eV) o(€&)
e+ CF;,—~ e + 2F + CF, Neutral dissociation (17 eV) o( &)
e+ CF,~ e + 3F + CF Neutral dissociation (18 eV) o(&)
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2.3.3 BT 5 MR TFaoaiEL IR
1 W& 12

T =R SAR CAr, 0,, CF) , BB E TS 008: Ar SH AT &
T, O,FMO MO, BT, LACF,FHF, CF, CF BT, £22H4HT ArflO,
Sk, B SR TR I R

®2.2 Ar, O, SFPBETHMHEIIEIIR. o(c) KRR NEHE, « KRHZ
EEEH. EERERMEFEETHRMLSFN 10 m s eV

Table 2.2 Collisions of the ions considered in the Ar, O, simulations. o( & )and x

represent the cross sections and rate constants, respectively. The rate constants and electron

temperature 7, are in 10°m?s " and eV, respectively!

81]

Ar
Ar' + Ar — Ar + Ar Elastic isotropic scattering o(&)
Ar' + Ar — Ar+ Ar’ Scattering in the backward direction o(€)
O,
O + Oj(a IAg)—> Ojte Associative detachment k(107%)
O +0,~>0+0,te Detachment (1.456 eV) o(&)
O +0,~0 + 0, Scattering o(&)
O +0,,—~ 0 + 0, Mutual neutralization x(3.0)
0, + 0,— 0, + 0, Charge exchange o(&)
0, + 0,— 0, + 0, Scattering o(€)

T CF, S & B 5 2 M Rk R A 5 2, H IR R 2 08 1R AL
T, 75 LR PR RS IR PR A S S G A AR 5 ST b3, R I L L 45 Y CE - CF, 55
F - CF, ZIA)fffili e S L MBI e, BoAR WA 2.3, 2.4 F0 2.5 4 0 ek i A2 di i
Langevin-Hasse AR, B — NI Mk AE IR U2/ A Rice-Rampsperger-Kassel

(RRK)H IS K15 .
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#< 2.3 CF, 54 CF BFrGlHELIZSIR. AE AFME

Table 2.3 CF, - CF, reactions considered in the model and the corresponding

ob =

AR, Bfrev™”

thermodynamic threshold energies AE in eVl'> "

CF; + CF, —~ AE (eV) CF; +CF, — AE (eV)
1.CF; + CF;+F 5.621 21.CF," + CF +F, +2F 19.024
2.CF," +CF,+F 5.843 22.CF;" + C +4F 20.392
3.CF +CF,+F, 7.546 23.CF, + CF +4F 20.624
4. CF; "+ CF, +F, 7.598 24.CF'+CF+2F,+F  20.727
5.CF"+ CE, +2F 9.146 25.CF'+CF+F,+3F 22327
6. CF;" + CF, + 2F 9.198 26.CF,"+C+2F,+F 23.035
7.CF, + CF;+F, 9.846 27.CF'+ CF + 5F 23.927
8. CF, + CF; +2F 11.464 28.CF," + C+F, +3F 24.635
9.CF +CF;+F,+F 13.167 29.CF' + C + 3F, 24.738

10. CF;' + CF+ F, +F 13.181 30. CF," + C + 5F 26.235
11.CF," +CF, + F, + F 13.441 31.CF" + C + 2F, +2F 26.338
12. CF" + CF; + 3F 14.767 32.CF" + C + F, +4F 27.938
13. CF;" + CF + 3F 14.781 33.CF + C+6F 29.538
14. CF,"+ CF, + 3F 15.041 34.C"+C+3F,+F 32.555
15. CF" + CF, +2F, 15.144 35.C"+C+2F,+3F 34.155
16. CF" + CF, + F,+ 2F 16.744 36.C"+C+F,+5F 35.755
17. CF;" + C + 2F, 17.192 37.C"+C+7F 37.355
18. CF," + CF + 2F, 17.424 38.F +2C+3F, 38.717
19. CF" + CF, + 4F 18.344 39. F +2C+2F, + 2F 40.317
20. CF," + C + F, +2F 18.792 40. F +2C + F, + 4F 41.917
41.F +2C+6F 43.517
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#< 2.4 CF, 54+ CF, BFRGIHEL T2k, H AL AFE

ob =

A, gfrevl>™

Table 2.4 CF,; - CF, reactions considered in the model and the corresponding

thermodynamic threshold energies AE in eV

CFy + CE, — AE (eV) CFy +CF, — AE (eV)
1.CF;+ CF,+e 1.871 35.CFy +C+F, +2F 18.792
2.F + CF, + CF, 1.927 36.CF;+C+2F, +e 19.063
3.CF,+CFE;+F+e 5.448 37.F + 2CF + 2F, 19.091
4.CFy +CF;+F 5.621 38.F + CF, + C + 2F, 19.119
5.2CF;+F+e 7.492 39.CF,+CF+4F +e¢ 20.229
6.F +CF+CF,+F 7.510 40. CFy + C +4F 20.392
7.F +CF,+CF;+F 7.548 4]1.CF;+C+FE,+2F +¢ 20.663
8. CFy + CF, + F, 7.598 42.F +2CF +F, + 2F 20.691
9. CFy + CF, + 2F 9.198 43.F +CF,+ C +F,+ 2F 20.719
10. CF+CE;+F, +e 9.431 44.CF;+C+4F +e 22.263
11.CF;+CE, +F, +e 9.469 45. F-+ 2CF + 4F 22.291
12.F +2CE, + F, 9.525 46. F-+ CF, + C + 4F 22.319
13.CF+ CF,+2F +¢ 11.031 47.2CF + 2F, + F +e 22.612
14.CF;+ CF,+2F +e 11.069 |48.CF,+C+2F,+F+e 22.640
15. F + 2CF, +2F 11.125 | 49.2CF+F,+3F+e 24212
16.F + CF+ CF; + F, 11.531 50.CF,+C+F,+3F+e 24.240
17.2CF, + F, +F+e 13.046 | 51.F +CF+C+2F,+F 24.702
18. F + CF + CF;+ F, 13.131 52.2CF+5F +e 25.812
19.CFy +CF+F, +F 13.181 53.CF,+C+5F+e 25.840
20.F +C+ CF, + F, 14.219 54.F +CF+C+F,+3F 26.302
21.2CF,+3F +e 14.646 | 55.CF+C+3F,+e¢ 26.623
22. CFy + CF + 3F 14781 | 56.F +CF+C + 5F 27.902
23.C+CF,+F,+F+e 15.042 57.CF+C+2F,+2F +e 28.223
24.CF3+CF+F,+F+e 15.052 58.F +2C + 3F, 28.713
25.F +CF,+CF+F,+F 15.108 | 59.CF+C+F,+4F +¢ 29.823
26.F +C + CF, +2F 15.819 | 60. F +2C + 2F, + 2F 30.313
27.C+CF,+3F+e 16.642 61.CF+C+6F+e 31.423
28. CF;+ CF + 3F +e 16.652 | 62. F +2C +F, +4F 31.913
29. F + CF, + CF + 3F 16.708 | 63.2C +3F,+F+e 32.234
30.CF,+ CF+2F, +¢ 17.029 | 64.F +2C + 6F 33.513
31.F +C+CF;+ F, +F 17.142 65.2C+2F, +3F+e 33.834
32.CFy + C +2F, 17.192 66.2C + F, + 5F +e 35.434
33.CF,+CF+F,+2F+e¢ 18.629 67.2C+7F+e 37.034
34.F + C + CF; +3F 18.742
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% 2.5 CF, SR F BTHAHESIEIIR, AE NHEREE, BV
Table 2.5 F - CF, reactions considered in the model and the corresponding

thermodynamic threshold energies AE in eVl'> "

F +CF, — AE (eV) F +CF, — AE (eV)
1.CF4+F+e 3.521 11. CF +2F, + e 15.102
2.F+CF;+F 5.621 12.CF+F,+2F + e 16.702
3.CF;+F,+e 7.542 13.F + C+2F, 17.192
4. F +CF,+F, 7.598 14.CF +4F +¢ 18.302
5.CF;+2F +e¢ 9.142 15.F + C+F, +2F 18.792
6.F +CF,+2F 9.198 16. F +C +4F 20.392
7.CF,+F,+tF+e 11.119 17.C+2F,+F+e 20.713
8.CF,+3F+e 12.719 18.C+F,+3F+e 22.313
9.F+CF+F,+F 13.181 19.C+5F+e 23913

10. F+CF + 3F 14.781
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A"V )+B(V,)—> A (v, +B(v,", (2.43)
A"(V )+ B(V,)—> AV, )+ B (v, (2.44)
Sof T 4% 1) [P (R sk Al R DA P AR R e A A SR A B, R S ) R TR Ak
v, '= : (MmN +mNg+my [V, =V, |R)
m,+m,
, (2.45)
Vy'= : (MmN, +mpNy—my |V, =V, |R)
m,+m,
Hm, Mom, 535 BB AR i, RAZFENEEHLT R RA R E,
R_=sinfcoso, R, = sin@sing, R_ =cos b, (2.46)

Hor 0 1 o 23 I [0, 7] AN [0, 272 Z 18] B BE M LA

FEHTA A S R S AR T, BRI ER R b, TENEA PEEA
R, AV, =v, Fv,'=v,, BR RN T HET.

T B 1 A R T AR Y, R AR A B B T IR N, 5 e T s
A B R AR R (RIFR MR IR AR 2D RS S, B
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S IR AR T o, /238 Id Langevin-Hasse #ERU3R7S, ST 8l fif 58 145 18]
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B.=3, a,=19.0a,, i a fEB/RAAE . RULER A AR, BT 55 TR

ma e’

12
P =n,go At = z pin,At, (2.48)
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Horfn, P PE SRR L .
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FE— A RS AR T, Rl N TR E OV, BT RN RS
i, FEEAS | AP SN ER AR SO A S R R AR RIS, X — Al R AR
g ) 8. A SCiE I Rice-Rampsperger-Kassel (RRK)H 66 8815k vh 5 B % A= it e
KA LS MO AR BT P RE R

Rii _ (8 _ AEi )s—l
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e +Z(£ AE)*
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i CE +CF, — CF; +CF,+2F , HEIEAEN AE , A4y 3 B E R R& M, &% CE Al
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xRl RIEEC S W

1 . 1 0

—ug’ =—ug"+AE, 251

SHE =T HE (2.51)
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B RTINS TR R AR, T2 IR A BESR B SN AR K AR T, DX
AT 8RR Pl 8 R OR A FE A A IR VR
FRIER T A AR T B RESKRMN, A™+B — A+B. HXMNREHIE L

3/2 2
k(1) =go(g) = Jg (g)(2 ij exp( ;‘ijMg dg | (2.53)

Hifg=|v,-vy|, o(g) REAERMAIHE I, ujﬂﬂﬁ/\*i¥ﬁ"]?ﬁé\fﬁ%, k R IR 2% 5
W MW, AR AL (T) SR T R, B

k(T)=k (T, /T), (2.54)
Hhn>0,

B T7E PIC/MCC A, =[] kg 2 B /N, BRI AT BLUACHTERRAN IS P 1
R0 E 2 1), BIEREASPIRE A (04 e B R ECR AR E 1, 1017 v] DAE B — AN A P4 ke A
HEG RN, EREDK AL N, — MR EEE SR ARTECN
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N, =N nzk At =W, V kAt (2.55)
A, KEEEH BR-THY
N, =W, N ;/N 5 kAl (2.56)

T PIMORL T AR N TR, 44 FEUR 4 5 & MW R R T (5 B A,
(AR R A A SRR FHURAR S, BIN W, =N W, . s, EGAMKEH, i
SRR T IR, DB R R ARk, FRRENLEEN,, BN, SR AT
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(M8 EREOEA L, T HACFEE A B S R 4, A0 HERT, B AT LU RS AR £ I Ji)
BRI — IR B R
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Fig.2.4 Schematic diagram of the equivalent circuit with dielectric
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Kby (o) 2P RIEHI RS, V() ZRESHRAEES, 0@/ C, NEF LB A O@) ¥

SHIHE, 1/KJ’E(t)d1zEé%iZﬁfﬁ%E@%J£ CHHEEB TR A TT 7)) , E () &RER

KBRS I, « NN SRORRC, =xeyd/d,, Fbd ZRATUE

B, AR FAIRE . B AT Lok iR R 5% R il

av,(1) _ Ve (1) , 4y G =-&E )
dt dt KE, dt

ot o () 2 BB P R T 4 A e, 452y g L9 ;foEs(”) = b5 S AR -

), (2.58)

FIS T, Bld(o@)-&E @)/ di=(J,~J,+J,) > J,» J,» J, 700t T i

P

FE, R AR i B, Rk BT L Oy

dv(t) _dvVy(t) 4,
L= + J —-J +J)), 2.59
dt dt K'EO( =i+ ) (259)
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KN R BTERME— UG TTRE, WA R, HRHTEFE &S B ERE, PN
RIE ARG R 5 E. AP 5 AR BRI RN A O ) — 4R, 252 R H
AT

2 FEAFR RSN BRAREY

Discharge

Cathode

J_ =5

W__L
(V)
\E?

E 2.5 GESEENEERAMERER

Fig.2.5 Scheme of the external circuit connected to the discharge!”

I
|
I
I
I
|
|
i
|
|
|
I
|
|
1
|
|

_40_



REHTRAM AR

AT MRS S OB B, A8 S K P A A AR A b A RO
O, R R RAAR RS, LA A e P T BRI Cnm g
BRI E AN AT ARIEAES, X EAEEE.

el 2.5 Jy B A g EOR AR B s R, SR R A A R B R R AR
MRYER/RE R EH, [R5
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Horr 1(r) RAMRES IR, A NWARTERL, T, NS B FAARRE AR S R .
¥ T e B HLAL T 15
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Fig. 2.6 The Gauss’ theorem on a box surrounding the bottom cathode
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Fig. 3.1 Schematic diagram of experimental setup with the dc-superposed dual frequency
CCP reactor'*™
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Fig.3.2 Self-bias dc voltage and accumulated charge at the surface vs applied dc voltage
amplitude
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Fig. 3.3 Electron and ion charge and charge ratio flowing into the dielectric vs applied dc
voltage amplitude
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B 3.4 AETREREET, ARTHFETHEE
Fig. 3.4 Average plasma density over one rf period for different applied dc voltages
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Fig. 3.5 Average electron energy at the surface for different dc voltages over one rf period
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Fig. 3.6 Ion energy distributions at the surface for different applied dc voltages
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Fig. 3.7 Self-bias dc voltage and accumulated charge at the surface vs thickness of the
dielectric (V, -200V)
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Fig. 3.8 Average plasma density over one rf period for different thicknesses of the dielectric
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Fig. 3.9 Electron and ion charge and their ratio flowing into the dielectric vs thickness of
the dielectric (V, -200V)
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Fig.3.10 IEDs at the surface for different thicknesses of the dielectric (V, =-200V)
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Fig.3.11 Average electron energy at the surface for different thicknesses of the dielectric
over one rf period (V,, ., =—200V)
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Fig. 3.12 Time-averaged electron density profiles, for different dc voltages at (a) 2.5 cm,
(b) 3 em, (c) 4 cm gap, in a DF discharge with V), =240V, y, =0.12

B 3.12 45 8 7 BB, LEANR] BR8] 6T BT X A I 4 4 11
BN AT IR o AE 2.5 em (IR N, MERAEEN 0V, BT EReE, X2
FEFRL T 10 B 3 P i A 5 g9 100 101, 102, 103, 104 105, 106 107 1081 g e AN IR, e
PR MU T RS 0 A2 L7 ) B BRI 2% 1, BRIV A 3RO 5 0 55 B AR XK I TR IR 4

_53_



LS SR S AR G55 B TR PIC/MCC AL

FF AU 7, DUl DA R 5K 5 A 1 e RE TR AR A AR BT Y 5
EARX, FFIEGS 55— sk E A EAE T . I Le s TR AN 2 2 AR 8] S,
PAHR AR, JFoTakh R s 1 B

3.13 WSHAMER 2.5 cm [E]BRAES, —MESIAHARNBEERNFZESMm (RAK
10°m7s") UREREN, () 0 VERBE (b) -240 VERBE. #HEXIEM
E X AEBIHE >10000 V'

Fig. 3.13 Spatiotemporal distribution of the ionization rate (in units of 10 m>s™) for
one LF period, together with the variations of the sheath edges (dashed lines) at both
electrodes, for a gap of 2.5 cm, with dc voltage of (a) 0V, and (b) =240V, in the DF discharge
with V), =240V, y, =0.12. The sheath region in the simulation is defined by

E >10000 Vm™
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Fig. 3.14 Spatiotemporal distribution of the ionization rate (in units of 10° m— s™") for
one LF period, together with the variations of the sheath edges (dashed lines) at both
electrodes, for a gap of 4 cm, with dc voltage of (a) OV, and (b) =240V, in the DF discharge
with ¥, =240V, y, =0.12. The sheath region in the simulation is defined by

E >10000 Vm'
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Fig. 3.15 Time-averaged electron density profiles, for different dc voltages at (a) 2.5 cm,
(b) 3 cm, (c) 4 cm gap, in a SF discharge (¥, =0 V) with y, =0.12
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Fig. 3.16 Spatiotemporal distribution of the ionization rate (in units of 10°°m > s ') in a
SF discharge with y,=0.12 (i.e. ¥, =0V), for a discharge gap of (a) 2.5 cm and (b) 4 cm,

with 0 V (al), (bl) and =300 V (a2), (b2) applied dc voltage
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Fig. 3.17 EEPFs for a discharge gap of (a) 2.5 cm, (b) 3 cm, (c) 4 cm, with =300 V applied dc
voltage and y; =0.12, in the case with and without LF source (i.e. ¥, =240V or0 V)
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Fig. 3.18 Time-averaged electron density profiles in a DF discharge with 3 cm gap, =300 V
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Fig. 3.19 Normalized and time-averaged EEDFs on the bottom electrode in a DF discharge
with 3 cm gap and V), =240V, for different (ion- and electron-induced) secondary-electron

emission coefficients
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Fig. 3.20 Calculated time-averaged density profiles of the various plasma species in a DF
discharge operated at 70 mTorr, without dc voltage
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Fig. 3.21 Time-averaged calculated (a) and measured (b) electron density profiles for various
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Fig. 23 (a) Calculated time-averaged ionization rate profiles for various dc voltages; (b)
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Fig. 24 Spatiotemporal distribution of the ionization rate (in units of 10° m™ s™') for one
LF period with dc voltages of (a) 0 V, (b) -200 V, (c) -400 V and (d)-600 V
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Fig. 4.19 (a) Experimentally determined discharge current as a function of time within one
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Fig. 4.23 Average electron density profiles for G1 at (a) @ = 45°, (b) §=90°, (c) 6=135°
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Fig. 4.27 Electron power density for G1 at (a) 8 = 45°, (b) @ =90°, (c) @ =135°
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R PRAN HL IR 2 TA] (R AR A A AN PR AN B R F R AR b, mT DAYEAR RAR B B 45 5 114
HERAR M A B R AT . B, FRATEBET 7 AR FR RN 3L [F 4 I D 2 TR
P,
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5 FipERE

51 it 58#FH=

AR PIC/MCC BUERAUIE, JFai &4 s R A Seie 2 W B, 70 Al st
T ERA CCP JEATHLARX AR CCP JRrh,  FL I He X 55 B TR RRME R RE R . B4
B CCP R FRAESL X i AR S AL LT, DA AR R0 48 A FR) v E PR 7 R, 410
e EIERTRITE AN HARXRR CCP Y2 R A — N A0 A Y AN e FA A IR FRL R
SER SR A, G T A IR R ARG Ay, AR AR D FARXS FR A, BT AR
LA b VA A LR R R, TR BT AR Bl A B R H . ST BN T
ANTFITEC R ZHON ) U 2 H00 S5 8 TR RES S HU i, LR SE B 1R A R B LA A2
.

=8N, HHRM 4 PIC/MCC BRSPS A, 28— IRAESL
(AR, 25 R 3 iy B R A O OB A5, BT 7T 1 B/ SR CCP A (R T
FEHBON . WFFTIESE SR BRI AT SIN, B AT A 5O A 73 o 2103 3R
Fr A=A B . SRT TSR R AR X B R T IR 4, R B L
RISEIN, S5 BT RS R IE e ER JE RN, S B A S 2T, JRHI
59 b AR AL LSRRI VE T, PRI THR M Fr s BEZoR A B v 1 ELURE S LA SE AR E
(CEENERID AR

B2, WATRAET Ar 1—4% PIC/MCC #5584, BFFL T B /AR B DU
CCP T FB 152 AT AL FEELIU/ AR R, A RRL S R (R I 2 23 A B
FTLLEIE 2, ARENBHEN, S8 T ENERX S - BEWRERBET RS, DE
T R R A NS A P BE A LU R R B v B e s AR B U R T
FEME BRI 22 AT B T DUE B, 4 B S R R IR AR 24 i, R RT S SR
FRAWIA, AAAEE PR ST S AIn AN AR AT IR A, BRI SRR A &,
G EER TR RIS, AT HERARIRDN; e MESEN, B
RS R BRI i I Pk, S EOHER R SE, Rl =2 Ik s, o
BRI R ER T AR, HOB T BN NS B BRI . — K]
BTSSR ERE . [N, RAOBOUE &S 25 il B EReE 1, 20k
VT I A (RO 4, BTSN e T, Jf B — kR
AR BOR B 2 I MU A
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Ba, B AR T CF —4 PIC/MCC BASRISZIG 2 F B, AR T Hif/
XA CCP H HL T IR U 4% A8 . B FE R IBEE 7 IR L R B 1G04 %5 P2 9
ARBIAR, TR, FRh, FEin. X—ZEH S RHERB T AR 4
FERIZN AT I A5 ) SE 56 25 AT 8 B AP ARG . B S E AR, RATE R T R AEX
TR R IR, BOBEE ELR A R T, RS TR AR AR T 4 Rl s ) %
A 1) CHERHEER, JHOH 3 EE AU & AN 4E R 2) Y B R SR R R
EARI A, B H R ASUSUR (RS & 2 BON R I ANLE], BIFEEAMESE AN, B
TR SR R — e FE T L, DL TEENCR R4S, miiRs ithog, &
BRI R, BUESEE FAREE BT 3) B AR AR IR TGRS =i, B AR
W EFBOBNS], EERXYES, HHEIFEE NS 4 &5, YEMBEEEER
K, LI HLAR AL S ) e R O L T ST RO 4 FELES, DA T 56 8 A% B PO

TS, YRR T B AESA O, —4E PIC/MCC FRLHE & 41 s A5 7Y,
BRI T AR AR BNAE PR B AR TR VR, IR H I T S B A i g
AT T X RGBSR I 4 M 00 21 90° YT ARAT M1 0, FiL TE VAN H 47 P S5 28 1A vb (1) L
JE BB 0 ISR TR AL, B ECRRERAE 3 RAYE B A . SR, AHEC T HLIE
PSR A B Tl E ARG (30 mTorr: +5%, 103 mTorr: +12%) , Hi it
B BT HE R IEEEE K (30 mTorr: +£12%, 103 mTorr: +15%) , iX7E
—EFERE LRRE T AR T A S TR E S EE ML . R S R A
W, BT U B w, T S TR S T R I, RS o, THRE
HOMIMNA, aEBWRA, FISHT ort, AT o IESE K, Bass 1
PR ) BS Fi EEARE FE BEEE OR

FHR, BAMEH—4 PIC/MCC BERFISLIGASE A 17 3K, B FE T FLARRTFR RS0
HL 1 Oy JCFE &8 B8 PR B M R E . ALK BL, MR 2 Rk, &S5
H fi FELE AR MEAEL AR B/ o 7E BV LR IR R T, S5 B8 AR I % B 23 A L35 70 AT 45410
KA BB, AR T IR D 2R AR AR S, DL 2R T4 B A B A KA ANAE £10% 3
IR esh. ok, fERRIAER, S5k R PSR AR, HAErE SRR H
PR« R iX — IR IRIR AR /N, AN 2 DA &5 B 14405 B2 7= AR AR K R 520
REFLT B 25 AN SZI0 45 AT e M EE T & 1R LT

Ba . K Z4E PIC/MCC #8Y, #5987 CCP Ff E AN AR R8N ) LART X AR R )
A o BRATTIESZIX P AP AEXS BRGS LT o] DML A 5 6 3 TS S48, B
L, ThEGTORAMSEAMRAG . LR E R U Z GO, B ek e AR AN Dl 28 B A I AR
Fe A [ e B, JLART X R ON AT 7E — 8RR b F AR AR BT i1 55 o RIS, 1
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XPFR RN, BRI IE s 1 755 PR A B 1] RO AR S A A A F R F R IR B, mT DAFEAR KFE
J55 b SR 85 B8 44 B FEE R A% [l Rl ) 2 AT R TR 1T o D I L AR R RR SBUS X 25 FE A ] )
SRS, FEAR SRR ORI (R ICHT A T B AR FR SR S BT 52 A
HRRR T — 4 ), X SEbr L 2B R IER A SHEMEN .
5.2 BIFIRIEHE

(1) 7£ PIC/MCC BLBYHAEE 1 JUFR S ) SRS AR R, ] DAERE LA, o 2% R 3 Ay
JRFEEF . AR RIS . BT SR R R, R YRR A i DU T FE R A B
WAR b, DRI A A P ER A Y, R LB o ff (R A0 S B i RO 72

(2) #a7s T B/ CCP HARRFR IS IAANLE , Bl LR R B3 0, S5 8 AR it 2
KA 4 PR, SRR RS, ERCN, HEN, I HiX 2
# 5 Sgn AR 25 RAE EME ERF ARG

(3) KA =4t PIC/MCC #AY, 5T 1 HLAERTFR RN AN LART FEXF RN IS SR
UESE T PR AEX RS J LT o] DA B T 5 5 T AORES S 8. B2 i AR AR
RONE GRS AN IR 8] A AR A A IRIE EL ) 5 AT DA SBILN 265 B —F4A 4% 1 24 2 M P 1
W, BTSRRI ES, WSS TR RSN FBIRD, KX — &I T S2br
TZHEERIBARE L.
5.3 R

ASSCWEFT T S A0S0 R AT B L IS X Rl CCP R RSP, I PIC/MCC AL 45)
W VERTEIESE, WE i, B NSRS, R B AR AL, JF
B 2R 5 te, fEEtE B aRdy. REmtk, JATMOT RIS L,
A2 TAREA

(1) LR LEHh 2 ARG TR EET AL, W0 CFy, Ar A1 N, FITRE U, B
BEAE UG BB TR, AT L S0 TR AU I B/ 4 CCP AT ARXS Fk CCP
R o

(20 kA E R/ CCP 2L 2y = AR BB 2548 CBP b B AR AN BE AL FD
Jie = MEE Ak T IR, DAAE LR A AR AT 0 B 2 1A g ol LA P 9L T BAREIE Y [ o 1
TR B/ CCP HIBE T, #R RN — 4B, JEik5 pE s = M BE RIS . [A L,
FECLE IR T, NOZR ] e AR, B3 S B =5 52 ELJAL/ 4 90 CCP R KR A
FFAITFC LI HL e o 58 5 1 (A AR R 220 SO R A5
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(3) HAETH) =4k PIC/MCC #E8 H BeBLAHE I AR T i =, TSPl F s = 2 9k
FUU) ‘H BIEhR, DRI RR ZOREE R AR — s o, DA T A () RN S50 E 475 R

(4) REHRFM 48 PIC/MCC R D2 R HAT A B i b AT oAk, (Bt
SRR, FERRBR A SRR, (R — AR A, Ktk, LAUERTRLE R
¥ 4k PIC/MCC BERLE R AL PESS” (Graphic Processing Unit, GPU)JIIE [ 70925k
PRAF R B
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