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Numerical investigation of the electromagnetic effects in very high
frequency capacitively coupled plasmas

Abstract

Capacitively coupled plasmas (CCP) are widely applied in the semiconductor industry, for
instance, for deposition of thin films, etching of materials and surface treatment. It is well
known that a higher frequency produces higher-density plasmas with lower-energy ions. Thus,
special attention has been paid to very high frequency (VHF) plasma sources due to their higher
ion flux and lower ion bombarding energy. However, at high frequency (i.e., tens of MHz to
hundreds of MHz) in large-area reactors, the so-called electromagnetic effects (i.e.
standing-wave effect and skin effect) have an important influence on the capacitive discharge,
which may limit the plasma spatial uniformity. Indeed, when the excitation wavelength
becomes comparable to the electrode dimension, the standing-wave effect becomes dominant,
and it results in a substantial power deposition at the reactor center. On the other hand, when the
skin depth is not large compared with the plasma thickness due to the high plasma density, the
skin effect has a significant influence, and it yields a pronounced power deposition at the
reactor edge. These effects are important for plasma processing applications, as they affect the
uniformity of the etch and deposition processes. Therefore, it is important to understand the
electromagnetic effects, and to suppress the nonuniformity, in order to control the discharge
process and to improve the application.

In this dissertation, we first briefly review the background, recent advances, and
challenges of VHF-CCP, and also the problems we face in Chapter 1. The contents of Chapter
2 to Chapter 6 are presented as follows.

The two dimensional fluid model used in the dissertation is described in Chapter 2. In
this model, the continuity equations are used to give information on the density evolution for
all species. The drift diffusion approximation is assumed for electrons; the momentum
balance equation based on the cold fluid approximation is adopted for ions. Because the ions
and the neutral species are assumed at room temperature, only the electron energy balance
equation is needed. In order to take the electromagnetic effects into account, the full set of
Maxwell equations is included instead of solving the electric field by Poisson equation
directly. Besides, boundary conditions are also specified in order to complete the problem.

The electromagnetic effects at various discharge conditions have been investigated in Ar
plasmas by comparing the plasma characteristics obtained from the so-called electrostatic
model (i.e., without taking into account the electromagnetic effects) and the electromagnetic
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model (which includes the electromagnetic effects) in Chapter 3. The results indicate that the
electromagnetic effects have an important influence on the plasma properties, especially at
very high frequencies. Indeed, when the excitation source is in the high frequency regime and
the electromagnetic effects are taken into account, the plasma density increases significantly
and meanwhile the ionization rate profile evolves to a very different distribution. Furthermore,
we also investigated the dependence of the plasma characteristics on the voltage and pressure,
at constant frequency. It is observed that when the voltage is low, the difference between these
two models becomes more obvious than at higher voltages. As the pressure increases, the
plasma density profiles obtained from the electromagnetic model shift smoothly from
edge-peaked over uniform to a broad maximum in the center. In addition, the edge effect
becomes less pronounced with increasing frequency and pressure, and the skin effect instead
of the standing-wave effect becomes dominant when the voltage is high.

In Chapter 4, the phase-shift effect on the transient behaviour of electrodynamics and
power deposition, as well as the influence on the radial uniformity of several plasma
characteristics in a hydrogen capacitively coupled plasma has been investigated. It is shown
that the spatiotemporal distributions of the plasma characteristics obtained for various phase
shift cases are obviously different both in shape and especially in absolute values. At the
frequency of 13.56 MHz, the radial electron flux moves towards the chamber wall first and
then is forced in the opposite direction, whereas it exhibits two peaks within one period at the
reverse-phase case. In the very high frequency discharge, i.e., 100 MHz, the radial electron
flux is alternately positive and negative with four peaks during one period, and the ionization
mainly occurs in the sheath region at a phase difference equal to n. Furthermore, the phase
shift has different influences on the plasma radial uniformity at various frequencies.

Chapter 5 shows the phase-shift effect on the plasma radial uniformity and the plasma
composition at various frequencies and gas mixture ratios in Ar/CF, capacitively coupled
plasmas. At low concentration of CF4 (10%), Ar* are the major positive ions in the entire
range of frequencies, and the phase-shift control shows different effects on the plasma
uniformity at various frequencies. When the frequency is fixed at 100 MHz, the phase-shift
control shows a different behavior at high concentration of CF,. For instance, the CFs" density
profiles shift from edge-high over uniform to center-high at the reverse phase case, as the CF,
content increases from 10% to 90%, which indicates that the skin effect is suppressed by the
high electronegativity of the Ar/CF, = 0.1/0.9 mixture. Besides, the ratio of the total negative
ion density to electron density decreases with increasing frequency, and it increases with CF,4
content.
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In chapter 6, a 2D hybrid model, called HPEM (Hybrid Plasma Equipment Model),
incorporating a full-wave solution of Maxwell’s equations, is employed to investigate the
electromagnetic effects on the plasma characteristics, as well as the power effect on the etch
rate in CF4/O, discharges. It is shown that the electromagnetic effects have an important
influence on the plasma density distribution. When the electromagnetic effects are taken into
account, the plasma density becomes higher, and exhibits different shapes. At the frequency
of 60 MHz, the etch rate has a center-high profile. When adding a low frequency power into
the discharge, the etch rate becomes higher and more uniform. As the low frequency power
increases from 300 W to 1000 W, the etch rate at the reactor center increases faster than at the
edge, and therefore the uniformity of the etch rate becomes worse. When the low frequency
power is fixed at 300 W, the etch rate becomes nonuniform with increasing high frequency
power, and it becomes higher due to the higher plasma density.

Key Words: Capacitively Coupled Plasma; Very High Frequency Discharges; Phase
Shift Effect; Low Frequency Power Effect
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Numerieke studie van de elektromagnetische effecten in
capacitiefgekoppelde plasma’s bij zeer hoge frequentie

Samenvatting

Capacitief gekoppelde plasma’s (Eng: capacitively coupled plasmas; CCP) worden veel
toegepast in de halfgeleider industrie, bijvoorbeeld voor de depositie van dunne filmen, het
etsenvan materialenenoppervlaktebehandeling. Het is bekend dat bij een hogere frequentie
plasma’s geproduceerd worden met eenhogere elektronendichtheid en lagere energie van de
ionen. Vandaar wordt er veel aandacht besteed aan zgn. heel hoge frequentie (Eng: very high
frequency; VHF) plasmabronnen, omwille van hun hogere ionenflux en lagereenergie van de
ionen die invallen op het substraat. Echter, in grote plasmareactoren kunnen bij hoge frequentie
(d.w.z. tientallen tot honderden MHz) de zgn. elektromagnetische effecten (d.w.z.het
“staande-golf-effect”’en het“skin-effect”) een belangrijke invloed uitoefenen op de capacitieve
ontlading, wat een nadelige invloed kan hebben op de ruimtelijke uniformiteit van het plasma.
Inderdaad, als de excitatiegolflengte vergelijkbaar wordt met de elektrode dimensies, wordt
het“staande-golf-effect” dominant, en dit resulteert in een aanzienlijke vermogensdepositie in
het midden van de reactor. Anderzijds, als de zgn “skin” diepte niet groot is vergeleken met de
plasmadikte omwille van de hoge plasmadichtheid, dan zal het “skin-effect”’een belangrijke
invloed uitoefenen, en dit zal een aanzienlijke vermogensdeposite geven aan de randen van de
reactor.Deze effecten zijn van belang voor “plasma processing”’toepassingen, vermits ze de
uniformiteit van de etsprocessen en de depositieprocessen bepalen. Daarom is het belangrijk
om de elektromagnetische effecten goed te begrijpen, en om deniet-uniformiteit te
onderdrukken, om zo het ontladingsproces te controleren en de toepassingen te verbeteren.

In dit proefschrift zullen we eerst in Hoofdstuk 1 kort de achtergrond, de recente
ontwikkelingen, alsook de uitdagingen en problemen van VHF-CCP bespreken. De inhoud van
Hoofdstuk 2 t.e.m. 6 zal hieronder toegelicht worden.

Het twee-dimensionale fluid model gebruikt in dit proefschrift wordt beschreven in
Hoofdstuk 2. In dit model worden de continuieitsvergelijkingen gebruikt om informatie te
bekomen over de dichtheidsevolutie voor alle deeltjes. De zgn. drift-diffusie benadering wordt
verondersteld voor de elektronen, terwijlde impulsbehoudsvergelijking gebaseerd op de “koude
vloeistof” benadering gebruikt wordt voor de ionen. Vermits we kunnen veronderstellen dat
deenergie van de ionen en deneutrale deeltjes overeenkomt met kamertemperatuur, moet enkel
de elektronen energievergelijking opgelost worden. Om de elektromagnetische effecten in
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rekening te brengen, wordt de volledige set van Maxwell vergelijkingen opgelost, in plaats van
enkel de Poisson vergelijking. Tenslotte moeten ook randvoorwaarden gespecifieerd worden
om specifieke condities te simuleren.

In  Hoofdstuk 3 worden de elektromagnetischeeffecten Dbij  verschillende
ontladingsvoorwaardenbestudeerd voor een Ar plasma, door het vergelijken van de
plasmakarakteristieken verkregen met het zgn. elektrostatischemodel (d.w.z.zonder het in
rekening brengen van de elektromagnetische effecten)en het zgn. elektromagnetische model
(dat de elektromagnetische effecten wel in rekening brengt). De resultaten duiden aan dat de
elektromagnetische effecten een belangrijke invloed uitoefenen op de plasma-eigenschappen,
vooral bij zeer hoge frequenties.Inderdaad, als de elektromagnetische effecten in rekening
gebracht worden in het hoge frequentieregime, neemt de plasmadichtheid aanzienlijk toe, en
het profiel van de ionizatiesnelheid krijgt een andere verdeling. Bovendien hebben we ook de
invloed van spanning en druk op de plasmakarakteristieken onderzocht, bij constante frequentie.
Bij lage spanning is het verschil tussen beide modellen groter dan bij hogere spanning. Bij
hogere druk verandert het profiel van de plasmadichtheid, zoals bekomen met het
elektromagnetisch model, geleidelijk van een maximum aan de randen, over een uniform
profiel, naar een breed maximum in het centrum. Bovendienwordt het zgn.“rand-effect” minder
uitgesproken bij toenemende frequentie en druk, en wordt het “skin-effect” belangrijker dan het
“staande-golf-effect” bij hoge spanning.

In Hoofdstuk 4 wordt het zgn. “fase-shift” effect ophet transient gedrag van de
elektrodynamica en de vermogensdepositie bestudeerd, alsook het effect op de radiale
uniformiteit van verschillende plasmakarakteristieken in een waterstofcapacitief gekoppeld
plasma. De ruimte-tijdsverdeling van de plasmakarakteristieken, verkregen voor verschillende
fase-shiften, zijn duidelijk verschillend, zowel in vorm en vooral in absolute waarden. Bij een
frequentie van 13.56 MHz beweegt de radiale elektronenflux eerst naar de wand van de reactor,
en vervolgens in de omgekeerde richting, terwijl hij twee pieken vertoont binnen & periode in
geval van omgekeerde fase.In geval van heel hoge frequentie, d.w.z. 100 MHz, is deradiale
elektronenflux alternerend positief en negatief, met vier pieken gedurende & periode, ende
ionizatie vindt dan vooral plaats in de “sheath” vlakbij de elektrode, bij een faseverschil gelijk
aann. Tenslotte wordt ook aangetoond dat het “fase-shift” effect verschillende invloeden heeft
op de radiale uniformiteit in het plasma bij verschillende frequenties.

Hoofdstuk 5 toont het “fase-shift” effect op de radiale uniformiteit en de samenstelling in
het plasma  hij verschillende  frequenties  en gasmengsel-verhoudingenin
Ar/CF4capacitiefgekoppelde plasma’s. Bij lage CF4concentratie (10%) zijn de Ar+ionen de
belangrijkste positieve ionen in het ganse frequentiebereik, en de zgn. “fase-shift” controle
toont verschillende effecten opde plasma-uniformiteitbij verschillende frequenties. Bij een
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constante frequentievan 100 MHz toont de “fase-shift” controleeen verschillende gedrag bij
hoge CF4 concentratie.Het dichtheidsprofiel van de CF3+ionen verschuift van een maximum
aan de randen, over een uniform profiel, naar een maximum in het centrum, in het geval van
“omgekeerde fase”, wanneer de CF4 concentratie stijgt van 10% naar 90%, wat erop wijst dat
het “skin-effect” onderdrukt wordt bij de hoge elektronegativiteit typisch voor het Ar/CF4 =
0.1/0.9 mengsel. Bovendient daalt de verhouding van totale negatieve ionendichtheid tot
elektronendichtheid met toenemende frequentie, en stijgt deze met de CF4 concentratie.

In Hoofdstuk 6 wordt tenslotte een 2D hybride model, het zgn. HPEM (“Hybrid Plasma
Equipment Model”), dat ook de volledige set van de Maxwell vergelijkingen oplost, gebruikt
om de elektromagnetische effecten op de plasmakarakteristieken, alsook het effect van
vermogen op de etssnelheid in CF4/O2ontladingen te onderzoeken. We tonen aan dat de
elektromagnetische effecteneen belangrijke invioed uitoefenen op de
plasmadichtheidsverdeling. Als de elektromagnetische effecten in rekening worden gebracht, is
de plasmadichtheid hoger, en vertoont ze ook een verschillend profiel.Bij een frequentie van 60
MHz wordt de etssnelheid gekarakteriseerd door een maximum in het centrum van de wafer.
Wanneer een lage frequentie wordt toegevoegd aan de ontlading, stijgt de etssnelheid en wordt
deze meer uniform. Als het vermogen van de lage frequentiebron stijgt van 300 W naar 1000 W,
stijgt de etssnelheid in het centrum van de reactor sneller dan aan de randen, en dus verslechtert
de uniformiteit van de etssnelheid. Als het vermogen van de lage frequentie constant blijft op
300 W, wordt de etssnelheidniet-uniform met toenemend vermogen van de hoge frequentiebron,
en ze wordt hoger door de hogere plasmadichtheid.

Sleutelwoorden: Capacitief Gekoppeld Plasma; Zeer Hoge Frequentie Ontladingen;
Fase Shift Effect; Lage FrequentieVVermogenseffect
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Fig. 1.6  Uniform slab model of axisymmetric discharge*?
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Fig. 1.7 Schematic of the capacitive discharge (a), and the equivalent transmission line
model (b)3*
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1. 8 (a) R = 15 cm, (b)R = 25 cm HTJ" ;Flg.lj’ﬁiz—lt Pind/Pcap Biﬁ_%_"rg Neo H,‘]§1'K[4O]
Fig. 1.8 Inductive-to capacitive power ratio, Pina/Pcap, VErsus neg at equilibrium for several
frequencies and for (a) R = 15 cm and (b) R = 25 cm!*”
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Fig. 1.9 Radial distributions of the electron density along the reactor gap center for various
frequencies, at 40 W and 150 mTorr*®!
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Fig. 1.10 (a) The electron density, (b) the electrostatic power deposition, and (c) the
electromagnetic power deposition for an Ar discharge sustained at 180 MHz, 100 W*"!
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Fig. 1.11 The spatial distribution of H," density in the middle of the interelectrode gap at
various frequencies: (a) 13.56 MHz, (b) 27 MHz, (c) 40 MHz, (d) 60 MHz, (e) 100 MHz, and
(f) 200 MHZzP®!

_12_



REH TR 2R3
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Fig. 1.12 Time averaged (a) electron density, (b) total negative ion density for various high
frequencies as a function of radius at mid-gap for Ar/CF, = 90/10 (50 mTorr, Pyr=P_ =300 W,
LF = 10 MHz)P”
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Fig. 1.13 lon flux profile at (x,y = 0), for 150 mTorr/50 W, at 13.56 MHz (stars), 60 MHz
(full squares), and 81.36 MHz (empty circles)!
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Fig. 1.14 The electron density as a function of the radial position measured at 90 MHz, 100
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Fig. 1.15 Normalized EEPF for different frequencies at a fixed voltage Vs = 140 Vpp and
nitrogen pressure of (a) 60 mTorr, (b) 120 mTorr, (c) 200 mTorr!"®!
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Fig. 1.16 Measured and modeled radial profiles of the vertical electric field in vacuum for
frequencies 13.56, 67.8 and 100 MHz. Left-hand column: with parallel plate electrodes.
Right-hand column: using the Gaussian lens electrode (desigh frequency 100 MHz)?
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Fig. 1.17 Geometry of (a) graded conductivity electrode and (b) segmented electrode®
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Fig. 1.18 Plasma nonuniformity degree versus phase shift in process gas (C4Fs/O,/Ar) at 15
mTorr, top VHF power is 500 W, bottom VHF power is 250 W™

,18,



REH TR 2R3

Bera %5 NV SRR v, WFST T 46 Ar J5CR v AN BRAR 2 190 R 37 2 % 45
B RRE R EIE A . B, Sung SENCRADGZEERE ST B, R T AN R AL 22
T, Ar/Oo/CHF3/C4F6/CaFg LA I CaFg/ArlO JHHLHH A5 B AR AR M) 73 AT o 55 1 TARANEY
SR XA o= (3,0 — ) 1 23,,)100%, A g 3, J_ Sl il fe B ) 3k
Fr T Ar LR R () i KA, S/ MEATPEEIE . B 1.18 Hha) UL 3 25 5 AR ANy
A PR A R LY 2 (RN RARA, 22 A8 A 3%, HOMARRL 222 40 I, 453 TRy
LS 3/T

1.4 AXHARABZNLHE

gr EPIE, RVE AT E SR R RO T e T RAE S LA, HH
HISRAAAEIR Z Il 2 _ESCERBIR BB, R85 T ARBBR AT, 558
TAREFPER 20 AT o 10 PR A F Y B e A 2 ] PR 2 5, UL 4 A A R 4
TR & AL, AR ARG 2 . A, AN SRR AR SRR
b, HATE R Z R BRIk, AT BRI I = I A, TERCR o) 5
o AR TAHALZ RN IR A, RE G R R SE R W (K T Bl (AT FRIERIE
WET AR, BIUREXE Ar SRR A, R RBCRAR RO R ARIAESE PR i) T
SRR, SRR SR A IEAE Ha LU ArCR, S5 & 11k, AR 220N
TG EINLHE], LU A 2 A I AT Dy A 1 S S VR R ST AT e — 2B 0T 9T
JEIHFEAE ArCFy IR AT, D0 (05 TN LR 2 5 M LR8N, LA B 22 280
X TR, XL RAFFST I TE. IEAh, T DF CCP e S xT & il
AR T RE RIS P, DI SR e M TR B AR L. AU
T, EHOEAEAFRIBOE IR, AN 45 B A PR 52w, o AT Y

AR XS AR 450 mm dnlEl I Z1 B CZ, BRI i IR TR L2, &
GEHLIT I T AL T AR L i AR 15 55 B 5 A R AR RN, DA R ARG AR R A
BVER ik

FEGIET, NG TGRS PRI 5, S PRI AS B AR 1S R S
HVEE, Bl CCP USRI KR . tuhh, IETEM A4 T Ui T, Y, (B
PBNARE RGN ) Xt 55 18 TR, JCH AR TSI PRI, LURAT N (R fift R IR o

FEASCI SR B rp, SRR D) A R IA 55 2 1 b A8 s ks 1 BLURch v B
L Ra R, RS2 T R RS, EVE SRR L S8R I A AL Y F s

,19,



LR RS S 5 B R LRGN R EL T

FERSCIEE =35, Bt Ar S8 70k, W UASEAR R BOE A T GRer A |
AR LD, EHEA (VRS RIBERER (RIS TR E ) i
HAR B T8 A RS S m AT AT, RGEHUTIT T RGN N R
PEIIRZ M

TEASCH IR, BT YRR ) A, R T A Hy TR0 A [R] A3
YR 2 A) AR 220 55 B TR 3N ) 24T A S AR I 4 A PR e o 383 2% AN [RI AR A
S N €811 i {15 SR T = g v B <1 2 2N R < 1 i R N o T Ml o T
BT T AR 25060 45 B AR R I R PE R . AN, ARZIERFSY T AN R, AL ZE SN
) G B AR ) 38 S PR )5

TEASCH S TR, BT T YEmAR ) B8, WE9T T4 Ar/CR, & AT,
PHAN [R) AR Y5 R) PRV RH AR, 2560 46 B8 AR PR IR S o 150, e B S 2R R P
BREATH A 3 (1) L2 FE AT IR BE (1) 20 Ain, Ui T e SRS BO R, R A Y
TARI 2 . R, [ AR5 ArICF,=0.9/0.1, it Art s oA, Wl T
AR, AN [RIATA H Y5 T (AR A7 2 56 25 B 1~ R By S P R R ) ol i 8 s LA %
[E 52 100 MHz, 4345 H T 24 CF, & 54 10%, 50%F1 90%H, CFs % & oA, A
TR A T IT T AN AR DL AN FNR A SR LLETR, PN RIS rL 52 TR PR AR 26 ) 45
BRGS0

TEARSCIEE NTE S, SKH HPEM BB, 5T T XU CFa/O2 YA A H Hh I H 1
RN o 1556, I PR H AR R R A A R T A B 1 A A B W A, U T A
BUSUSCEE AT, PRGSO R 45 8 - R 1) B35 5 o L I S B A T R, R T AN
JRHLAAE T, b 3R ARk 18 & (AR 1 20 AT, I 5 S0 I & i Z0 T 380 T T H AL

,20,



REH TR 2R3

2 HEMMBEER TR N FRE

2.1 3|5

AR T-SEIAS T 5, BUEBUEILT M, P AR, SRR SEI0 AL, B
Iz N TSR AR SO I R . BT, W B A AT AR, AR
LI AR Y X Y W TR A Koy PRIk MRSy VRV

AT A U T80T L P Sk A B (AR P P LU T B K vk o ZERRBT R
WK — R A Bk A ) 3, 492055 5 b % 2 BT RIS, 2Eim sEaing
RN G R B SN e S T S o 7l a v e SO VER AT 8

FE AR BT QR o rh, RIS B AR A A R . BT A R A
W R A AR e e R, T SRR TR, SRS E M RE RIS OC R, i
(TR G R AR A S B i R EE R R LY U R e AN S o R VARt U knl [ETE TR N A PN o
FARRES TRP S BN B AT PeA = BUE T 0F R A2 b 28 s B 7
th, SR TREMES SRS ERERR SR

FHT A M A IR RS A TR 1T 35, 37 A 25 92 97D opsg At g (AR o R — ol it 22 b R 2
R B k1) dl sl i, I B A s SRR &R 1 I BUR 2% 2 40 7 12
(RESE TR S TIELL L RE R IE) , BB E R M ENSE (SR,
WAL WA NS0 FUARBIR BA TR R . WSt St AL, DRIt
TR % i = A RG22 N AT o AEE SR IR ) 2B, ek FA T S FL e
AT (ESERR R R, U R SR IS O, B R
e R T RGEVRFE B, U AR TR DGR i b 4R 55 B AR N M 3 2 #AT A,
R T AT L

B TR [¥] PIC/MC(Particle-In-Cell/Monte Carlo) 7758202 iy -7 14 vh A
PER 2 3 1V | N ) TR P T D12 1 0. R B LB B e e R N SR |95 B W T E | B R g e S
PICIMC J7iEMBEAREAZ SN KR INZ R T, WSRO, IRERAZE R 7
HIZER T RIS B . R0 B TR R 1 4 | A 1) B S R BE A8 4k, T el MC 358
ARSI . MBANRGEIFREZ G, KRG, B sSigs s F RS20 S a
(1134 . PIC/IMC J7 7k BARKG, AR T OG5 A 2B T D KR TR D KA 5 4% 11
PR, HLRR SO K R 1 s s Bt T gevt, DR R uEmi e, DItb Rk
KIvHE & BUER HIATEYE, TR,

,21,



LR RS S 5 B R LRGN R EL T

S T TR) I3 M50 s (R K R A DR PR S R, R A A AR R OSL0Th g Sly —doir f
PTG 2 R A, RHER AR S MC(Monte-Carlo)t AR 45 &, BEAR
T TR AT AR Y, IR TR R . Hoh MC BRI H R BV
M SR A LT RE TR 0 AT MR, DL AR DG I s N R RIS R A T B 25 B AR
WAARLE Sy, H T — P S TR B S I N s A . i)a, W X s 15t
B MC BRIy, FFEE S HEshR s Wtk FikR, HEWEL.

KRBT PRSI 0718, LT Y SRS AR RAR ) E R, S e i T AR
R, FRFR B m U RN . Horp, s IE S LU A R
RS RS RS o Ll R SRS TR, B U o S A 1) B A
JIRERAR . TR B IR A IR AR A, DR rp ARG R A L T RE ST R T R
2.2 FEBETFERRIKHFIRE

TR D) 2 AT (R A AR W 55 i ARG B FPimiAk, it — R A AR )24 )5
P SRR AR SRR T, W BT T HHEERER SR TSRS
JIEAT R o FERBRUERE R, FRAT BSR4 B AR — 28 AT Ny, ks 7 [ B
PR R RN TR P A IR R R S (R AT, T LU e SR I A A A A R I (1]
AT TRE, BVBUR 222 W &M dE T Rk 3k A
2.2.1 RFETIEHTE

W /K 2% 2 7 RRAE B A% F) BRSBTS 20 MG S #E . . BRIk
RL T (P& S 7 FE U T TR :

M vr =s, 2. 1)
a?+v-mui:s“ (2.2)
i;r+v.o{%vmg=sm (2. 3)

Forlr, ng, n B AR ST PR T EE T, =nu, W TR U,
W IE G T D, R IO R AL S, = Y kann, =Y kongn, b oL T,

Fbr a R AR LT RO RE SO, B RO L SRR BB A s A AR b RN R FE T
RIEFRE SN, AR B S Ny A SR AR sk, R K, AR S NI R AL, n RN SNl [

,22,



REH TR 2R3

P RORL T3 B B, IE SR T IRVETIUR S, = knn, = > kongn, 5 R T KR
a b
Sy = _knn, = > kynn,
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Fig. 2.1 The limit volume cell and staggered grid scheme!®”!
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Fig. 2.2 The Yee cell with labeled field components™®®
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Fig. 3.1 Schematic picture of the reactor configuration
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Fig. 3.2 Comparison between the radial distributions of electron density along the reactor
centerline (z =L/ 2) in the electrostatic model (solid line) and the electromagnetic model
(dashed line) at different frequencies
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Fig. 3.3 Distributions of ionization rate in the electromagnetic model at different
frequencies
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Fig. 3.4 The radial distributions of (a) the normalized axial electric field along z=L, (b)
the power deposition from the axial vortex electric field, (c) the radial electric field along the
reactor centerline (z=L/2), (d) the power deposition from the radial vortex electric field in

the electromagnetic model at different frequencies
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Fig. 3.5 Comparison between the radial distributions of electron temperature along the
reactor centerline in the electrostatic model (solid line) and the electromagnetic model
(dashed line) at different frequencies
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Fig. 3.6 Comparison between the radial distributions of electron density along the reactor
centerline in the electrostatic model (solid line) and the electromagnetic model (dashed line)
at different voltages
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Fig. 3.7 Distributions of ionization rate in the electrostatic model at different voltages
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Fig. 3.8 Distributions of ionization rate in the electromagnetic model at different voltages
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Fig. 3.9 Comparison between the radial distributions of power density from the radial
electric field (solid line) and the axial electric field (dashed line) along the reactor centerline
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Fig. 4.22 Distributions of the ionization rate at different phase shift values: (a) ¢ =0,
(b)p=0.24r, (c)p=0.37, (d) p =7, for a hydrogen discharge sustained at 60 MHz
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Fig. 4.23 Distributions of the ionization rate at different phase shift values: (a) =0,
(b) p=0.197, (c) ¢ =0.457 , (d) @ = 7, for a hydrogen discharge sustained at 100 MHz
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Fig. 4.24 Distributions of the ionization rate at different phase shift values: (a) ¢ =0,

(b)p=0.157, (c)p=0.47, (d) p =7, for a hydrogen discharge sustained at 200 MHz
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Fig. 4.25 Radial distributions of the axial ion flux at the bottom electrode at different phase

shift values for four different frequencies: (a)13.56 MHz, (b)60 MHz, (c)100 MHz, (d)200
MHz
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e +CF,— e+ CF, + 2F Cross-section? 129
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e+F,—e+2F Cross-section® 130
e+CF;" — CF, 9.6x1077 131
CRy +F—CR3+F 5.0x1078 119
CF3 + CF3" — 2CF; 1.0x1077 119
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Fig. 5.1 Comparison between the radial distributions of electron density along the reactor
centerline (z=1L/2) in the electrostatic model (solid line) and the electromagnetic model

(dashed line) at different frequencies
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Fig. 5.11 Calculated densities of charged particles at the reactor center at different phase
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S A, BEE AR ZE 38 0 h 7, FAR IR 0 AT AR5 45 k) 100 MHz, ¢ =0.257
I, F )l A A M b i o BEAE AR ZE 0o &, G 1 B KA S BAE AR 1) 1A
Ghb

N T DI CFy & i i I IR ARAS ZER008, [ 52 Sl H A% Ok 100 MHz, 433l
5T Y CRy &l 10%. 50%A11 90%I, CF3™ B IS /Ao 75T 82 HIR &4k
HoF, Me=00, CFs B T3 LI KA Z IR 1A 5k 4 Ar/CF4=0.5/0.5,
@ =0.337 I}, CFs B T2 FE M A PRI i o B AT ZE 880k 7, HLas1a) 3 A e AR AL,
AU AE AT BTN, 24540 M 0] A8 T Ar/CF,=0.9/0.1 I 45 5 . 24 CF4 &84 90%lh), CFa*
BT R AR . Mo =0.127 I, CFa™ 315 5 75 3R FhoL A4z ) 1 g Ak
AN KA. M o=r I, BTN 52 20 v A7k e, % R %) s KA H IR T
H M

5, ANSCHEFT T A A DL A FTR AR LT, PIAS [R) S H Y (9] IR AR,
ZEXNE R TARA T . 2 CRy T ERAK, b 10%0, Ar' @i EZMIER 1, H#%
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BEH CRy" i M. FIURHL T, O8N 3 B 2 i SO R 10 AT, Bl A0
I, SR TR S TR A, RIS R AR TR, 24 CFa
BNk B0%IN, CRs"# B WM, 5 Arv& M. 4 Ar/CF,=0.1/0.9 Itf, CFs"j
MR AR R E RN IER T [, 08T LN B M LR B Ry )
s, B 15(Ar/CF,=0.9/0.1, o= )HiN%] 2.6(Ar/CF,=0.1/0.9, @=r).
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6 XS CFa/02 Tk H BT R A

6.1 3|5

(ERE B FARZIM T 20, NATTIE R B A, W1 CFay RPN 22 A e 24 T & 1]
SR, FESERR AL B R T, BAT 59 AR O o 9l FHAE TAE k. h4h,
O 255 B TR Bh TR — A RN E AL S I B AR TAE SR 2 — o DRIE RGEHUAH 5T
CFa/Op S5 FARTBO Th I B AL 22 R, W TR EE B AR Z R T2, a2 R
FEEH

FESZIGRTSY 71, Mogab % NIV BILEE% CF/O, IR AT O SR Issin, F IR
TR SRR NS /N . BT, o2 Agostino 25 AR A s ik, RSN T CO. CO,.
F 1 O 2535 [A 1 I 5 JE B CFA/O, LAk 6 R . Kim 25 NI S H9% T 78 CF/O,
SR AR BN B TR A AR R Z mhot RE R RE ), 4 AR HH 2 i AR AR TR T 1)

il

FEFEHTST T, Plumb 2 NPSSUR ML v, REH 8 T/ h &8l A i3t
¥ [ % . Dalvie A1 Jensen™ Vil #7597 J5 1 F 1135 B0 A AN ZI %, IFSE T CRa/O2 i e
SRR A I A S 4 T L b4, Kimura F1 NotoM SR H T 3Rk BE AR T T 76 ICP
L, AR F R 3R O S BN A, JF 55845 kT T AL,

76 FIRERXT CCP IBFFT T, 0 R T8 5 A2 i SRR IR B I o AR T 7R S AR L
JCVEN RS 2RI 1) 8 3l P B - Re R AT MO . DR, A T AL R T RS 41
SEIL SRR AVIRA Y T R Z0 g B, X5 CCP RS 1T AT 2 1) 55
Booth 25 A\ MM it 56 i, W T 7E 2/27 MHz WU Ar/CF4 F1 AtICF4/O, Ji5CHL 4 471
BT, MEL RV M7E 27 MHz SBUSHE FR IESE N, FE IS A
B, f6iT, Song Al Kushner™ 2R 4ty #F5% T AUk CCP e h it a7
A 4341 42 (Electron Energy Distribution Function, EEDF). fiff57 45 & . i ik oA fik
PRE S AEE AN b, T LAY EEDF, @ 105 e A S 2125 5 2 T 1 25 R0 B bl 2
5, AN ZI ORI CRR G A ) 1 i

WAEsR, A THR&EEE TSR, BRI FEhnes, Haiiling) 2 N T3
CCP JjftHiH . Hebner 25 NCOFFCRIL: 4 U [ 12 2 60 MHz I, H 12 8 AN
R Th M AE . BiJS, Barnat 4 AWK T 4E 13.56/60 MHz BUSHLHT, )2 3
B4R [ A4 501 . Bear 25 A\PUR I RERURI S2 86 T B, ESE 7 R HIR & Hmits, nrel
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A 20 R 5 B AR 1938 511k« Yang Al Kushner" 58152 F 4 22 s 7 SR il 9%, o S0AF
FUT R CCP JiHL Y, 45 B R Pk B 2 0 AR A A

IRZITEE R LW, e m R, RN 4 S R AR B AR R ATk
ARSCI R DY T RIS FL5E, ST T A ) AT B2 (] PR AR 25 0 45 B AR Ik 11 52
Wi, i, Chabert Fil Braithwaite! M4t it i, thn] LAZE— i R B b3l e g
BN R BIAR I AN ST o A T A FORUSURE L PR HLRE AN, DA R S e Ty e ) 45 125 7
RIS VE 50, A2 ) HPEM (Hybrid Plasma Equipment Model) 5%, R T
XU CFo/Og J5FE P A5 B8 AR M, 95 S50 8 i 200 R HEA T T LR

6.2 HPEM #&8I

HPEM KL 2 i1 Kushner 25 A2 fERIF A1, BITRT I T HEl e 8 T-pheeb ity 3 Ay 8
%, AT AR . HPEM ORCF 4032, ATHI 0 i [ e S
BRSNS B TR AR A B T g

TS B TR L B ELRUBCR L AR U S AT AR

% 6-1 HPEM g lton
Tab.6.1 Major modules in the HPEMY]

Inputs Outputs
ASM Analyltic sheath module N¢T(F), Bs(F. d) Ady(n)
MSM Magnetostatic module ;TF_(F. @), Ms (7. &) Bs(F. )
EMM Electromagnetics module Bs(F, ). o(F, ), E{F.q:rj. EB(F.)
JelF. )
EETM Electron energy N(r), EBs(F, ¢»), Fle, Fog), kS (F, ¢n)
transport module EB(F, ¢)
FKPM Fluid kinetics-poisson EB(F. ¢). Bs(F. ), NPT(F). DEs(F. )
module kS, (F, @), ag(F), B(F)
SKM Surface kinetics module e F. ), p(F) celF), Bi(F)
DTM Dust transport module EB(F, &), Bs(F.d), Dust particle positions
D ES(F, ¢), NoT (F) and trajectories
RTMCM  Radiation transport NpT (P kS.(F, g, dplv, )
Monte Carlo module kS(F, )
PCMPM  Plasma chemistry NoT (P kS.r, ), &(F)
Monte Carlo module kS(F, ¢
RTCM Real time Sensorreadings of plasma  Changes in
control module and circuit parameters actuator settings
SM Sputter NoT(FYkS.(F, ). &(7), AH(F)
module kS(F, ¢
IMCS Ion Monte Carlo NoT(FikS.(r, ¢, Fle F, dhon
simulation ES(r, g
CcM Circuit module :r"{F. @) Voltages on electrodes
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HPEM Hi HIREREE . LT REE SIS . WAAS) Ty A A — RS A T SR
ARG HORBAUBE AR Y B R o 2800 5 A BRI, R A N iR 1
AR BT, DOk B AU . se4h, X TARRR PR, HPEM iew] LR
PR SFEIA TR, . B QAERIE ST R R 55 55 8 7 R AT LA TN, B n] LI FEAE Ak
N EAT SIRAE AT AR Iy BR 22 00 5005 B WO Aol 50925 B3 & 21 i ARSI 5%
I ERBRNIETT, W5 T A Re B as, (AT E R LI R L K 4 2R, iy AR
TR RS R I S

HPEM )= 2, BLRAH . (1 g A HH AR SR 6-1 P A2 SE B AR =5 12 1
AU, BT ) B A T R ) R AR - e B B R 22 e 5 U Re 2
Tl LA S AR AL SR RN, T EE B AR S R 0 A . LT R
- PRE R FRE AR ) pR K, 1T L PSR SRR T LT BE B AT R . T
B AT R BB AT AR, T i SRR TR LR IR 93 AR

FKPM

EETM | Continuity, Drift- >

Diffusion

» Local Field |
Approximation . I
kSe(r) > l&antmulty, > N
— e omentum T
> Monte Carlo
Simulation f(g ql — : —p
Continuity, >
» | Electron Energy] | omentum, Energ
Equation

Direct Simulation
P Monte Carlo ,,—""'_b

" p(r)

Low pressure, .
Low current density Poisson _
Electrostatics : ‘ Es(r)

High pressure, .
High current density Ambipolar
Transport

Es(r), N(r)

& 6.1 HPEM iiiEE 107
Fig. 6.1 Paths through the EETM and FKPM for a case operating at low pressure with low
current density; and a case operation at high pressure with high current density[1°7]

M4 HPEM B8l ICP JiCrE I, 75 2R H H g5k (electromagnetic module, EMM)
AR v i T R4 . A EMM b, TR NZe b i AORHE ME DL SRR A
FHRE . EMM i th i 1 s 8 oA, WE SN S Bt B e sdeb . it
UK T 5 R I B (electron Monte Carlo simulation, EMCS)SK i i 1~ g 220 A7 B
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oy, W R R S ) o Ao [FIRERT, FESUVAARER(fluid Kinetics-Poisson module,
FKPM) 75 2240 N\ HL R4 2R 500 YR DA K FEURESA (1) 20 AT, SR SR ARty R 7 R P 7
(s B B AR T E I 5y R B 2 T R G IR %, DR e A
REh 55 B RIS SRABIAAA Ty R o R T AT b 75 B R L i S f b 1 LR AR, DRI
FKPM HR 42 se 3 sk s, SR E AT fi ) o

DA g 17 5L PR BRSO A 8, AERERL R AN 7 22 Y 7 RE i i (electron energy
transport module, EETM)K fi# FL ¥ mllfEdsi0i, DL FKPM SRARSE B 1A% BEAIE R L7,
AR A 6.1 Prom o an RS =U iy FRLL% B (B0 I 7, 78 EETM Hh RF 22
KA TRERTRE, JRB AR PRI FKPM, 38 i i 22 7 FE RN i L
BE— 0 SR ARAE B T2 B o 0 TR AR AR R % I F AR, 5 2R A EMCS Skl
WSS 78 FKPM T FF R AR 5 3 1 2 B 5 R R AR 3 G AL

TEAE ] HPEM B, JFARDTA IBLEAS & 2521 . 1Al CCP JBCRET, T ANE
FERIE g, A A EMM. BT Bid = AR 2 4, HPEM Hidfh& T H
EAREE, TR AR R K . BEOGEE R, RS B gl N HL g A
VEINAEZ B IN 2 3 Ao WX SRS, SR AR A SR RIS B (plasma chemistry
Monte Carlo module, PCMSM) ] DA fif A\ S 2115 v 2 1h 70 2+~ A B 2R 1 BE 5 20 A A1 A
JEE oA o 1T FH A I 2 1T s . P 3R THI AL 2= A5 B (surface chemistry module, SCM), MY T
DA HPEM $fiti F 46, [RIINE ] DLRISR VH SRR IR ) S B 22, ) oh #e 4%

RIAEBAE e T K 2224 S I, 75245 2] M. Kushner 18+ (#2480, 1/ HPEM
BEIYEL KT CRalOp JBUBHEAT — RANBFUB I TAE .

6.3 CF./0.FEBHFIRFRMNIEE

1E CFy/Ox 25 & 1AL 7 SO R, 05 T 2 Fhrp ki1, 1 CRs, CF,, CF, C,
F, F,, O, CO,, CO, COF, COF,, FO, O, F. It4h, A5 9 FhiER 71 3 A
Bi1, BICFsY, CR', CF', F', F,', 0,5, O, CO,", CO*, CFy, F, O, DL HLT.
Horf, WORA OMEE T 4s Rl dp KT RERS . HITHLIT15 O (¥R S S5 N £ 5% 10 L 1)
REmIUR, 12 RN ST O, PRSI KV o 0 O WOR A B3 FE /3 A A A
D& Y TV B B R R (ST 413D e 5 i - A M 5 ) v d 2 R S 0
A5 TSN T, BEAEE N 8.4eV., 10.0eV MIIERA, VASLAN KRS BRA.

1t CRJO; A F1A, TS HIMHE R VR 6-2 P, HrhafEdr 548
7 A ORI DR T IR SN, WO O HEE RO i R
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ARSI S AN A A S WAk o O K 0 HL 1 2 S IR A S 02, e 2 2% B34 e AR R 1)
AR o AR AN, BB S ORISR NI S N R B AR 6-3
IV

#*6-2 CF/0,FBE TP R TFRIER N

Tab. 6.2 Electron impact reactions for the CF4/O, plasma included in the model

N FH(cm’™) 2225 3R
e+CF, — F +CF; Cross-section? 129
e+CF, —»CFy +F Cross-section? 129
e+CF, > CF+F+e Cross-section? 129
e+CF,— CF,+2F +e¢ Cross-section? 129
e+CF, > CF+F+F,+e Cross-section® 129
e+CF,—>CF +F +e Cross-section® 129
e+CF, — CFs" +F +2e Cross-section® 129
e+CF, — CF5" + F" + 3e Cross-section® 129
e+CF,— CF," +2F + 2¢ Cross-section? 129
e+CF, > CF +F+F,+2¢ Cross-section? 129
e+CF,— F +CF3+ 2 Cross-section? 129
e+CF;— F +CF, Cross-section? 129
e+CF; > F+CF,+e Cross-section” 129
e +CF; — CF;" + 2e Cross-section” 129
e+CF; — CF, +F+2¢ Cross-section” 129
e+CF; — CF' + 2F + 2¢ Cross-section” 129
e+CFy— F +CF,+ 2 Cross-section? 129
e+CF,—» F +CF Cross-section? 129
e+CF, >CF+F+e Cross-section? 129
e +CF, — CF," +2e Cross-section? 129
e+CF, > CF +F+2¢ Cross-section” 129
e+CF, — F +CF+2e Cross-section” 129
e+CF>C+F+e Cross-section® 153
e+CF—CF" +2¢ Cross-section® 153
e+F, > F"+2 Cross-section? 130
e+F, > 2F+e Cross-section? 130
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Fz6-2 4
Tab. 6.2 Cont
Y F ¥ (em’s™) 22 R
e+F, >F +F Cross-section? 130
e+tF—>F +e Cross-section” 132
e+F—F +2e Cross-section” 132
e+F >F+e Cross-section” 132
e+F >F +e Cross-section” 132
e+CF"  — CF+F Cross-section? 132
e+CF, > CF+F Cross-section” 132
e+F,"—2F Cross-section” 132
e+F —F Cross-section” 132
e+0,— 0, +2¢ Cross-section? 154
e+0, -0, +¢e Cross-section? 154
e+0,—>20+e Cross-section? 154
e+0, >0 +0+e Cross-section? 154
e+0,->0+0 Cross-section? 154
e+0, 50" +0+2e Cross-section? 154
e+0," —20 1.2x10°°T 7 155
e+0,’ >0 +0 8.88x107°T, 7 155
e+0 >0 +2e 1.95%107T,** exp[-3.4/T,] 155
e+0—>0" +2e Cross-section” 156
e+0—-0 +e Cross-section” 156
e+0 > 0" +2e Cross-section” 156
e+0">0+e Cross-section” 156
e+CO—->C+0+e Cross-section” 157
e+CO—CO" +e Cross-section” 157
e+C0O, »CO+0O Cross-section? 158
e +C0O, »CO," +2¢ Cross-section? 158
e+CO," »CO+0 Cross-section? 158
e +COF, »COF+F +e¢ Cross-section? 129

L) WARYEREREE I Maxwell 73 AR Al 5
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#* 6-3 CF./0, % & Fikrh ERF 2 B BRIl 1E /2 2

Tab. 6.3 Heavy particle reactions for the CF,/O, plasma included in the model

S0 FH(cm’™) S 3k
F+CF;—>CF+e 4.0x107%° 155
F+CF,—CF+e 3.0x107"° 155
F+CF—CF+e 2.0x107" 155

F+C—CF+e 1.0x107™% 155
F+F—-F+e 1.0x107% 155
F+CF' - CFR+F 8.7x10°® 155
F +CF;" — CF,+ 2F 3.0x1077 155
F +CF;" > CF;+F 8.7x107" 155
F+CF,"—CF+F, 9.1x10°® 155
F+CF,"—>CF+F 9.1x10°® 155
F+CF ->CF+F 9.8x10°° 155
F+CF —>C+2F 4.0x1077 155
F+FR > F+F 9.4x10°® 155
F+F —2F 3.1x1077 155

CFy + CF;" — 2CF; 1.5%x10”" 155
CFy + CF," — CF; + CF, 2.0x107’ 155
CF; + CF" — CF; + CF 2.0x1077 155
CFy +F —CFs+F 2.5x107 155
CFy +F > CR+ F, 2.0x1077 155
CF," + CF, — CF3" + CF; 4.0x107% 155
CF," + CF; — CF;" + CF, 1.48x10°° 155
CF,"+CF—>CF; +C 2.06x107° 155
CF,'+C —CF" +CF 1.04x10°° 155
CF' + CF, — CF;" + CF, 1.8x107%° 155
CF" +CF; —» CF;" + CF 1.71x10°° 155
CF"+CF, » CF," + CF 1.0x10°° 155
F +CF, > CF;" + F, 1.0x10°° 155
F'+CF; — CF," + F, 2.9x10° 155
F"+CF, — CF" +F, 2.28x10°° 155
Ff+F, > F, +F 7.94x107% 155
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*6-3 4
Tab. 6.3 Cont
SR FH(cm®™) 22 ik
F,"+CF,— CF" +F+F, 1.0x107% 155
F," + CF; — CR;" + 2F 1.6x10°° 155
F,"+CF,—>CR +F, 1.0x10°° 155
F,"+CF, > CFs" +F 1.79%107° 155
F, ' +CF—CFR, +F 2.18x107° 155
F,'+C—>CF +F 1.04x10°° 155
CFs +F—CR+F 5.0x10°® 155
0"+0,—>0;"+0 2.0x10™ 151
0'+0 —20 2.7x107'[T /298] °° 151
0, +0-0+0, 2.0x107[T /298] °° 151
0,"+0 —30 1.0x10” 151
O+0—0;+e 2.0x107" 151
0'+0—-20 8.0x1072 151
0'+0,>0+0, 2.56x10 " exp[67.0/T] 151
0"+ CF, — O+ CF, 1.8x1078 155
0"+ CF; - COF, +F 3.1x10% 155
0"+ CF, — COF +F 1.4x10™ 155
O +CF,—»CO+2F 4.0x107% 155
O"+CF—CO+F 2.0x10™ 155
0"+ COF, — O + COF, 5.3x107 155
0"+ COF, — F, + CO, 2.1x10™ 155
O +COF - CO,+F 9.3x10™™ 155
O"+FO— 0, +F 5.0x107™ 155
O+FO—-0,+F 2.7x107" 155
C+0,—»CO+0 1.6x10™1 155
COF + CF, — CF; + CO 3.0x107" 155
COF + CF, — COF, + CF 3.0x107" 155
COF + CF3 — CF4 + CO 1.0x10™ 155
COF + CF3 — COF, + CF, 1.0x10™ 155
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*6-3 4
Tab. 6.3 Cont
R FH(cm®™) 22 ik
COF + COF — COF, + CO 1.0x10™™ 155
O+CF—CO+F 6.6x107" 155
O+CF,— COF+F 3.1x10™ 155
O+CF, > CO+2F 4.0x107% 155
O+ CF; — COF, + F 3.3x10™ 155
O+ COF — CO,+F 9.3x10™™ 155
0, + CF — COF + O 3.3x10™ 155
CO"+0—0"+CO 1.4x107% 155
CO"+0,— 0" +CO 1.2x107" 155
CO" + CF4; — CF;" + COF 7.0x107%° 155
CO" + CF; — CF," + COF 7.0x107"° 155
CO" + CF, — CF" + COF 7.0x107"° 155
FF+O—->0O"+F 1.0x107% 155
FF'+0,—> 0, +F 7.14x107%° 155
F'+0,—>0"+FO 5.04x10™ 155
0"+ CF, — CF;" + FO 1.4x107° 155
F+O->F+0+e 1.0x107" 155
CF3 +0;," > CF + O, 2.0x1077 155
CFy +0" > CFy+ O 2.5x1077 155
CF; + CO" — CF3+ CO 2.0x1077 155
CF; + CO," — CF3 + CO, 2.0x1077 155
F+0," >F+0, 3.0x1077 155
F+CO"—>F+CO 3.0x10™ 155
F +CO," > F+CO, 3.0x10”" 155"
F+0">F+0 3.0x10” 155
O +CF;' > 0 +CFy 2.0x10” 155
O +CF," > 0 +CF, 2.0x10” 155
O +CF > O0+CF 2.0x10” 155
O+F > O0+F 2.0x107 155

O+F >0+F, 1.5x10” 155
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#*6-3 &
Tab. 6.3 Cont
Fan FH(cm®™) 22 3R
O +CO"—>0+CO 2.0x1077 155
0O +C0O," - 0+ CO;, 2.0x10” 155"

VEL) AR CO™R S MR Bl A5 3]

6.4 KIERBERISETARZL

N T RGN CCP B P (R HLRARY., IR 0] 4 B AR I S PRI 5%
Wi, SRR g R AU, T EERII IMEC(Interuniversity Microelectronics Centre)
WL A AE, IWSEE EWFIE T AN FRCRAAE T, R 2 R R AR ) 3 AT

6.2 2300 Exelan Flex %I/§f/[15]
Fig. 6.2 2300 Exelan Flex Etcher!**”
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IMEC 37T~ 1984 4F, SRR LU A IS &, St Ft b i Kk i B o0,
HAFFU T ) EEEFAE CMOS 4. ML S . i PR Rl 2= R
BIG AL Ba8 D R G ALK ES RGEE TR N, DA BB ARG H AR . IMEC
HN T HERE BB WAL B, BT T2, R AR CHES, gekER, MA
Gt oA B dsb e, ORI e Huth, AR 15 iy 2 1 o A 3 vp ) S 56 43 /2 B IMEC
WF53 0 i) Peter De Schepper 52 %[ . Peter [ 2008 4F 9 Hiffr IMEC $HAF TFEIii—HH,
12010 4 9 H BB A 2440

TESEE S W, SRHZ LAM AR A7~ 181524 2300 Exelan Flex fIZIpL,
Kl 6.2 oo ZITHLH ) CCP M i = HATFERT ARG589, IF4% FH % 300 mm s J gk
ATl ARSI, RN T EARAR A SN VN N IR, B2 b
FET IR EJ7 . EARBREEH, AR B « A, TN ARAR B BBl A i
L, IR S R ARARL, BRI AT LA 55 120 % 5 ) A5 B AR AT P R R
TERES ST A1 AT — P AT BEIR, 2% BREA A RS BRI, TR b mT AR5 0 B B 3 1) F 3,
AT I35 1

SIS PSR ) A A2 B AR AR 0T, R — 2 IR BE A 70-150 nm [P 3508 E A il = 7 5
K FH KLA Tencor Spectra CD A i A3 F: 5256 117 /5 [ dd e 25 1R )2 B %ﬁ%@J&@
-

S, R [ 52 D 50 mTorr, CFg % 4 90 scem, O, Wik 4 10 scem. AT
AR A 2 MHz, SRR 2> B4 27 MHz Al 60 MHz, 5450525 4 300 W-1000 W

6.5 XRS5V
BRI = g S s — 2L Wk 6.3 P

3 shw;r head me\t!al
E 2 pump out/ absorhing boundary condition —m
L ] cable wafer substrate focusringd  focus ring 2
N I
0 5 10 15 20
R {cm)

E 6.3 IREFHTEE
Fig. 6.3 Schematic picture of the reactor configuration
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6.5.1 CF./0, & F IR B M BRI SGE R

AR, [ e RS 50 mTorr, JRAARIECH 100 scem, CF, Ml O, [ LE
B4 0.9/0.1. 155G, K 6.4 45 H TAERHAT (27 MHz) i L P 45 85 1R 43 F B PR A JUL &5
R HrP SRS D) #2300 W

27 MHz, 300w

10'6-;
1
10“'!
1
107 4
1
‘IO'"'i

=

Volume averaged density (cm™)
a,

—
o

)

Lod s uad s

Species

6.4 27 MHz, 300 WEJ, CF./0,Z5EF IR &HFBIRT % EBIRIIE R
Fig. 6.4 Calculated volume averaged densities of all the plasma species, for a CF4/O;
discharge sustained at 27 MHz, 300 W

M 6.4 TLLMER R E%E S TR RE T, CRy i EE M k1, HE
H1.21x10%em®, HFAER A ST O A EAUN 10%, NILHSE L CRyk— i
%%, N1.37x10%cm>, {ERCREFE, CFy BB HUBIAT S RN 23 fift Pl i85 I
LA 3 MW B S 82, DRI CFs A AT F 7 I3 Bt LA e, 23 ik 2.22%10% em™
M 4.76x10%cm™>, oAU E B P kL 1 COF,, "B R 2L O Ji 1 F1 CFs
Wb =R ), LN F T 15 5.

F T Rk UE, CRTRI O & Aok B IEE 7, Bl Rl 75
CFy 1 Oy I BRI FE I A7 A 0, L% 1% 43 il 2.65%10™ em™ F17.60x10°cm™. FA
O N i EE PRI B 7, e FE LML CRy Al O RN I FE =4, s
Sr A h1.14x10° cm® F14.64x10° cm, 5 BEVERE ML, IR AN, TR R i
AT TR R T, IR T F
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AT VRNt ] AL RE NI X CFa/Op 55 1 TR PR KIS, AT LEAR T 48 27 MHz
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Fig. 6.5 Comparison between the spatial distributions of electron density in the electrostatic
model and the electromagnetic model, for a CF4/O, discharge sustained at 27 MHz
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Fig. 6.6 Comparison between the spatial distributions of electron density in the electrostatic
model and the electromagnetic model, for a CF4/O, discharge sustained at 60 MHz
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Fig. 6.7 Comparison between the spatial distributions of CF3" density in the electrostatic
model and the electromagnetic model, for a CF4/O, discharge sustained at 27 MHz
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Fig. 6.8 Comparison between the spatial distributions of CF3" density in the electrostatic
model and the electromagnetic model, for a CF4/O, discharge sustained at 60 MHz
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Fig. 6.9 Comparison between the spatial distributions of F~ density in the electrostatic model
and the electromagnetic model, for a CF4/O, discharge sustained at 27 MHz
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Fig. 6.10 Comparison between the spatial distributions of F~ density in the electrostatic

model and the electromagnetic model, for a CF4/O; discharge sustained at 60 MHz
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Fig. 6.12 Measured etch rates as a function of radial position at different LF powers, for a
CF4/O, discharge sustained at 2/27 MHzi164
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Fig. 6.14 Measured etch rates as a function of radial position at different LF powers, for a
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Fig. 6.16 Measured etch rates as a function of radial position at different HF powers, for a
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Fig. 6.17 Calculated (a) F flux, (b) O flux, (c) CF; flux, (d) total ion flux above the wafer as
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