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Fig. 1. Principle of the method developed in this work.
21 FETFHEER

XFFARSCH ERRA R ICP il (K% p <
30 mTorr (1 Torr = 133 Pa)) 1fi 5, T M

235206-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 235206
F 1 FEETHRER W RFH AR
Table 1. Equations mentioned in the model.
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Table 2.  Different species taken into account in
the model.
2 Yyl
T CFi, CFf , CF*, Ar*
H 3 CF3, CFy, CF, COF, F, C, O
o pE) CyFy, CFy, Fy, COF,, CO, CO,
JERF CyFg, Oy, Ar

235206-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 23 (2025) 235206

FHLL Arrhenius ZEUWIENG i, H Rl R
(Y SCHR VR 35K [ Font 45 12 32 5, Fokr
F 5 R 2 F Kushner 45 03] () HPEM (hybrid
plasma equipment model) S W4, 4% & 8% 1 27
IR B NFE T HR A3 SN Y 3 RS A R

AT HPEM 4 [l 52 4% (1) 2 4E 204, A5
R BBk s ) 72, LT C Fg 7 fif 1%
WK 2 iR, CyFg 3 E2E EZWE T+ CF,
(z = 2) MHXR BT, XFF T ZIRRAY - C,Fg,
C,Fy 3| CoF , by A2 HAA Sl BE, H ot
BRFEAT T 90%, PHIHAT 208 CoF g Fll CoF 5 S5 HA,
HRL T U281 CoF 1B CFy H AR iU
[ 724, AR BT R , FL 5 Aok () il
A B A AR o 2 B i CF, (2 < 3)
S 2Z [ VR AL A A5 2 T i fe. Xt T8
il CF,, 430075 & T i i B85 5 %
2 3 Pl PRI S NV FE, CF,_ 1 /CF | BN 2
fiff / it B A ME— BEAR 7, R AR TR N R
AR TAT LN 1 A9 . CF, () EER 1 filf 4
T 3k AR A 4 P ey A4 S 0 5 2H SO LA A A
RN R AEAE CF, B -k f 2 8], 3t
PEFRL A B 4. AR, 5 Art i B foy 28 i th B
PR CFF B BRI, 2 i v it F/F, 1
ISARET CF, A R EE M — 51k, SEal T H
fift 25 - F ALY B IATEER.

A Oy 251 A CF, A AL, G 3
fli7s. CF, CFy, 5 CF3 43 ll# %4k CO, COF #i
COF,, Hh R ff) COF A 3 nl pE— 4k
h COy. ik L4 AL 1) 2 [R]38 1 F il 43 S5 7 4
8¢ CF, H A IR EHSE AR B % 4. LRI
NEHL 2 T R R, R A
T OtLL K COTEE& E B F Y52, BINTE Ar 2
ik O, T, XEEFXF CF, H LA E L TTHk
AT L) Z2 W

COF +F +M — COF, + M.
A AR O AN R R AR T B, AR
PRI TR L% IER T A

Art

Kl 2 C,Fg 7B 1%

Fig. 2. Reaction pathway diagram of C,Fg dissociation.

K3 CF, ALK
Fig. 3. Oxidation mechanism diagram of CF,.
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CF5 + (wall) — loss.
R ZBCGA FEA RNAL T [ — 2, BEARIE
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Bl R+ /5 TR S REDR, I3k 3 IR,

£ 3 WEREYRSE

Table 3.  Excited state species taken into account in the model.
2 Yy
Ar' Ar(1s5)-Ar(1sy), Ar(2pyg)-Ar(2p;)

O(2p.'D), O(2p.1S), O(3s.35°), O(3s.°S°), O(3p.*P), O(3p.°P), O(3p.*D°), O(3p.°D°)

F F(3s.2P), F(3s.'P), F(3s.?D), F(3p.28°), F(3p.1S°), F(3p.2P?), F(3p.'P?), F(3p.?D°), F(3p."D°)
CF" CF(a'Y"), CF(A%), CF(b'), CF(B%A), CF(C*2)
CF3 CFy(A'B)), CF5(X'Ay), CFy(X3A,), CF,(X?B,), CFy(X®B,)
Cco’ CO(a’ll), CO(A'II), CO(b’E), CO(B'Y)
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Fig. 4. F, O, and CO density experiment-model validation: (a) F; (b) O; (c) CO.
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EAVEH, CO 7 FHEZRBIE K. Y Roc T 0.5
i, —J5 T CF H B #iFER, CO M= i
A I AN COF+0—CO,+F(R32) H4
7= 1 B ik — A S Ak R CO,, CO AT FE R 3 K
THFESET CO T RER L.

AR Hh R R A rh MR 5 R
JERE Roc /A il 5 ME 6 i, HardEtke i
MR F, O & CO (1% 525645 U T i ] 422 31E B
5 eHiiiR —3, HHEE CF, CF, 5 CF; M Roc
(R IR AL =8 Z A5l 5 FE AP U G
% CF, > CF; > CF. CF, gk CFg s fiftr=
Wb RS, TRV B A R, L%
JEBRAE Roc BARKI I &, Z )5 Ak C,Fy —
FEE/ . EAL COF #il COF, 5 CO B Roc
AR AL FE BB, 3 B W AR

CF, A H3E; 78 F B, CO, BFIHM T, M 5 i
FFHAL. AHIE) Ro T, B 1% B8 b ks 1
N2 ARG, Hoh BRI T CFY, CFf, CF%%
JFER IS F AR TR, AR RN R K
UK. X T Art, S BRI T 1 L S
¥ Art+CF,— CF! | +F+Ar(R26—R28) 3 & [
1% BEAh, IR BB Roc FHRETHIE R Art

101

AP /cm—3

1012}
0.3 0.4 0.5 0.6 0.7 0.8 0.9
HAB] (Roc)

B 5 ks R AR

Fig. 5. Calculation result of neutral particle density.

BITHE /(101 cm—?)

L CF+ | : :
0.3 0.4 0.5 0.6 0.7 0.8 0.9
ARIHB (Roc)

K6 pTHEIER

Fig. 6. Calculation result of ion density.
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M — R 5 A L B IV e+ Ar—Art+2e(R21) 3
MR, “HILE ST ActE R LT &
WAL T 5 ERE O, 7 172 1b 1 & DL Fths ] A
C4F8/02/Ar %%%1¢*ﬁﬂﬂgﬁﬁ/ﬁﬁﬁﬁ% EF'IIE;'; [56],
HAA XTS5 R LI % B.

4 7

SR MNAEALE, B 2 5E 3 h Rk T
FEAURALR B — L, CAEZ SR AR, 3
H B A AR S B Z MR N B AR
LACFS M, #t— B CF, ish 14 2
A7k CF, XF R T3 1 E1 2AY s R f v
AT A T REE R R A TR R I T A0 L
Kl 7(a) B/R T Roc = 0.1 Bf, C,F/Oy/ A% e 1
AT 8 4 S B AL 1B X CFy PR A (+) BT AR
() DTER 5 L R B = s ;. CFg AT LA i S
R19 1) CFy H # HL & (e+CFy—CFf 4+2¢). X
IV R13 1 CF3 47 fift L 5 (e+CF3— CF§ +F+2e)
5 R27 B Art-CFy L fif 28 # (Art+CF3—
CF3 +F+Ar)4: i, L7 524 52 7 19 DTk oK T
Hop =%, g )12t B 5 L 5 RO ) R RO R
PV BE AR OG: X L R R R27 MR RS
HL TR S N R13, R19 AHY; X2 5O, Art
Fb LT 5 B R — A Bl g DR I R g 58 H i
R27 2f CF§ F7AE M fe B FE . CFY M FE L 2
G OV R16 15l HLES (e4+ CFy —CF+F) .
N R22 HIHL i ACHR (CFy +CF— CFf +C), LI
I RAT R P #L (CFy —CF,). [ H H % CF,
(RIS N 45 2% TR o bE R K BT R T OAR IE
] 5 e T 2 AR UG 4, T A SORIE SR TR &
YIRS, JC T X — AT o A T BRI
TEHAM Roe T, 18383 J) 2 88 L —3K.
¥IEF| CFS , CFF , CF =R s B 710 S 2 |
AR AT, LI HL AT AC 4 R T 4 A e 9B
FI 2 5 B R ) 2 A A

ARG T AR ) CyFg/ O,/ Ar 25 B85 1 1AAR Y
MERE OES Wi o i i3, A B 7ESLkR ICP/
CCP ZITHHL A 6 R 76 e W v g . (A5
RN, Actinometry J5 bR e W16 Pk 1%
T A — 8 WANEA 2 BE, E 25 T3l 12 pL i
2% . FL I B IS iR 22 DA SO M LR . R
LA O J5 7% B2 1062 bnae i, BRG] ik

SRR, 2 Roc 4 0.1 1), 844.6 nm 52k
REZ O(3p.*P) W i~ 7 o5 LN &l 7(b) Fir
7K. O(3p.SP) EHZA AL O J5i1 i TRl UK,
I3 IR O(35.95%) IOARM BRERERL. A%
A, Oy 73T B R O(3p.°P) YA K

TR E] T 10%.
1 (@)

CF4— CF,
CFi+C — CF*4CF |

CFi+e > F+CF |

CF3+e = CFj+F+2e i
CFy+e — CFi42ef I
Arf+CF; — CFij+F+Arf |
10 S50 05 10
Tk E

O(3p.*°P) > O+hv | (b)
O(3p.3P) > O

O(3p.*°P)+e —> O+ef

Oz+e = O+0(3p.3P)+e B
0(3s.58%) +e — O(3p.3P) +e B
O+e— O(3p3P)+el e
Eo— 0 0.5 1.0
DUk L

B 7 (a) CFJ 15 (b) O(3p.5P) 3 /123 F o LA AT 4% 1
Fig. 7. Analysis results of the proportion of (a) CF2+ and
(b) O(3p.*P) kinetic processes.

TEWEIE T, Actinometry FRiE e R AL
15(844.6 mm)
Ixr(750.4 nm)
AN E FESF T Og s MU RT O(3p.°P) A: Yy
DR 5 L. A&l 8(a) BN, TEASAA LB, R
FROEHFREEIER O JEF% B 5 AR RE ]
AN IR 2215 BGRB8, oRFERIAE] 10%.
IR, MR R Cro 5 Cono
W TR 25 E B L IR, H TR R AR
5 7R 2B (Arrhenius JTE3X), HLFIR
JE BN e Bl RIVR] 8 e 3 AR R OOk, AnfEl 8(b)
FiR, 5 Co,. o MHEH O(3p.°P) F& 5 7 i &
14 3458 ZR BN PR IR R AR FE R, F IR 1—
2 eV, ZHHERRBLIE T — MR, R R
BB IR AR AR ], B FIREER T 2 eV I,
O(3p.*P) B WHUR B RS 7 i i 22 5™
K, Co,, o 2SR BE R Z 3G K. F -1 B8 1) At 1

no = Nar Car,0 — 10,C05,0
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A LIGE 2 RS- S B0 — SO TR, it
A GE R E AN E BETE R E 5 00i%—BUE R
# EFA. TE Oy BRI T T, 15(844.6 nm)
TSR LRSS, (5 SRR AR 5 T, 3O
JEL A o 2 AN A B 5 i A ELi L.

20

(a) B RS IR
6l SRR

12

AR R/ %

0.35 0.50 0.65 0.85
AR (Roc)

10-9F(b) — Poy. 3 03

HESWE
2 10-10
o
g
N2
~. 101t
Ex)
E;-é
{EQ 10-12
10-13 L L L
0 2 3 4 5
W /eV

Kl 8 (a) O T % BESL 2 hn A /16 1E 5 A B i AR U R 22
(b) O(3p.*P) HLAs /73 ifp I o ) 3 = ZR 4

Fig. 8. (a) Relative error between optical calibration/correc-
tion of O atom density and model; (b) rate coefficient of

O(3p.*P) ground state/decomposition excitation.

ARLFE T CyFy/Oy/Ar %5 B 1 VKRl 8 4 5
BRI 5 H0HIE, B F#t= Kimura fil Hanakil?!
ICP JCH 52560 1Y & SBHOCIE 8, A 347 OES 12
Wr. 76 N A1 Ar/Kr 55 285K 0798 3 2 11 R
JE AT AT — S SRR OES 2Wi i i A5 3
IO . X AR A LA () 2 SR OGS AR 2 53 B BE )

# Al

M, BRI TAR Rl — R 5D
TN R SRR S B

5 & #®

ARSCHESE T — 5| ASCHERL TR SR
CyFs/0,/Ar S5 B FARRHE R AL 6% C,Fg 77
fitt S B A SO Bl o RS | SRR T4 R AR
fEiaH. R Ar, ZFh B B BRECLASXT R 1S
RYPE T 5 — SRR I ik, 12 B A
RESERDCbr o R X g ICP 52
55 T 00T BRIS TN 5 36 Hoh Ot bn g A5 R, 50
WE T BRI ZE R 52 ki a] SEvE. 5 AT
TR SRR A BE Y™ A - R AL 5 L,
DRSS B T EAE T SR AT . e T
Actinometry 777 SC 55 5 VT GEAFTE 1R 22, 4T
AR AT & FE ATV, B2 T BRI, A
AU B — A S ok T A st b Se R SOk
TEATEZ .

fif % A

junil

. W% ST
Enu|
”"El ] IJ_‘I == T
2R (160 mm &)
T
N s 7k = HER
)
4 3
A
WEE

AL SEBE BRI W R g B IR
Fig. Al. Schematic diagram of experimental setup and dia-

gnostic system.

SRR RS

Table A1l.  The set of gas phase reactions.

BRRE/ (cm?s™)

e k= S ) . E= BTN
HL TRl SN
R1 e 4+ CFg — 2C,F, + ¢ 9.58 x 108 0.042 8.572 [12]
R2 e+ CF, — 2CF, + ¢ 1.32 x 108 0.412 6.329 [12]
R3 e+ CF,— CF; + F +e 2.10 x 10°¢ 0.936 12.004 [35]
R4 e+ CF;— CF, + F + ¢ 7.94 x 108 —0.452 12.100 [12]
R5 e+ CF,—>CF +F +e 1.16 x 108 -0.380 ~14.350 [12]
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AL (88) SAHRSE
Table Al (continued). The set of gas phase reactions.
_ _ AR/ (cm®s )
S i SR SR
a b ¢
R6 et+CF—>C+F+e 4.51 x 108 -0.110 8.941 [12]
R7 e+F,—>2F +e 1.08 x 108 -0.296 4.464 [12]
RS e+ COF, — COF + F + e 3.20 x 10°¢ 0.013 10.300 [36]
R9 e+CO,—>CO+0+e 2.90 x 109 0.302 12.100 [37]
R10 e+CO—C+O0+e 1.54 x 108 0.270 14.600 [38]
R11 e+ 0,—20 +e 1.71 x 108 ~1.270 7.310 [39]
R12 e+ CF, — CF§ +F +2e 2.29 x 10°8 0.680 18.304 [35]
R13 e+ CFy— CFJ +F + 2 7.02 x 107 0.430 16.280 [12]
R14 ¢+ CFy— CF* 4+ F + 2¢ 5.43 x 109 0.561 14.290 [12]
R15 e+ CFf > CFy,+F 6.54 x 108 ~0.500 0.025 [13]
R16 e+ CFf — CF +F 6.54 x 108 ~0.500 0.025 [13]
R17 e+ CFt+—>C+F 6.54 x 108 ~0.500 0.025 [13]
RI18 e+ CF3 — CF§ + 2 1.36 x 109 0.796 9.057 [12]
R19 e+ CF,— CFJ + 2 1.10 x 10°8 0.393 11.370 (12]
R20 e+ CF — CF* + 2¢ 5.48 x 109 0.556 9.723 [12]
R21 e+ Ar — Art 4 2¢ 7.35 x 108 0.208 19.100 [40]
HL AT S SN
R22 CFf + CF — CF§ +C 2.06 x 10° 0 0 [13]
R23 CFJ + C— CF* + CF 1.04 x 10°° 0 0 [13]
R24 CF* + CF3 — CF$ + CF 1.71 x 1079 0 0 (13]
R25 CF*+ 4 CF, — CFj + CF 1.00 x 10°* 0 0 [13]
R26 Art 4+ CF, — CF§ +F + Ar 4.80 x 1010 0 0 [13]
R27 Art + CF3— CFJ +F + Ar 5.00 x 10710 0 0 [13]
R28 Art + CF, — CF* + F + Ar 5.00 x 1010 0 0 [13]
LR
R29 CF; + O —> COF, + F 3.30 x 101 0 0 [13]
R30 CF, + O — COF + F 3.10 x 101 0 0 [13]
R31 CF+0—CO+F 6.60 x 1011 0 0 [13]
R32 COF + 0 — CO, + F 9.30 x 1011 0 0 [13]
R33 COF + COF — COF, + CO 1.00 x 1011 0 0 [13]
R34 C + CO, — 2CO 1.00 x 10 0 0 [41]
R35 COF + CF; — COF, + CF, 1.00 x 101 0 0 [13]
R36 COF + CF, — COF, + CF 3.00 x 1018 0 0 [13]
R37 COF + CF; — CO + CF, 1.00 x 101 0 0 [13]
R38 COF + CF, — CO + CF, 3.00 x 1013 0 0 [13]
YL SR
R39 F + CF; — CF, 2.00 x 101 0 0 [13]
R40 F + CF, — CF, 1.80 x 101 0 0 [13]
R41 F + CF — CF, 9.96 x 101 0 0 [13]
R42 F, 4+ CF; — CF, + F 1.90 x 101 0 0 [13]
R43 Fy + CF, — CFy + F 8.30 x 101 0 0 [13]
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% A2 RERIE
Table A2.  The set of surface reactions.
e =) EAIVE:N AR AR
TR
R44 0 — % 0y 4.20 x 10° st
R45 F— %F2 3.2 x 10%s!
R
R46 CF; — CF, 6.73 x 10° s
R47 CFf — CF, 7.91 x 103!
R48 CFt — CF 1.00 x 10*s!
R49 Art — Ar 8.85 x 103 st
SRR ]
R50 CoFy + CoF, — CFg  1.00 x 10" cm?/s
R51 CFy + CFy = CoFy  1.00 x 10 cm?®/s

R52 C+F—CF 1.00 x 10! cm?/s

it % B

g TR ERUEA S CyF 5/ O,/ Ar %5 B T A5 A 1) 3
FHPE, FELEIE IR C Fg/Oo/ Ar BRI ST T4 24T 43
Briti. DL Lee %5 50 38 1928 O TR LA T BB Ny
R, Bof A 5A SO H S5 RIER Hitie.

AL CyFg/Oy/Ar 45 B F A AU v 25 TGUKL T %5 JiE il
0, Fr 7L S (8 5) M RS RS Lee %150
B B Oy 2 it i K, CF, iy T L /EHI A
JEREVSR CFg R, 5 FREFS O il COy R T3
BLRIR Oy BN FE RN 43, 22 E % COF AT H T
CF, KiF BB ER DL K R O, Fr it — 284k h CO,,
B FTHE TR AR Lee 55 9 B2 5
FE TR AL IR XTI BEK/INATR], ANTEAIR O, 2 ith, A<
3C CFy R IR #Ah, 1E Lee %5 59 Bl CF,.

X AR Lee %5 5610, Fg /O, ) Ar 25 8 TR R ) i
ASHL, Wk Bl R, WA Y Lee P9 125 22 57
i D A AR ICP s % RSE R U . Lee 45 10
ICP B = RHARULTF- 24 (Kimura A1 Hanakil®!) #5540
JE A B2 A, S B U A E R R S L
SN T AT AE BRI X B Lee 25 561 AFL4BL v il By <
10 mTorr (1 Torr = 133 Pa), MMl AS SCHL L AR A T
30 mTorr, ﬁhﬂﬁ%%?1$§ﬁ[é%“ﬁj@ Xof 45 TURL T 72 A
JBR 0 T2 5 B0 ) 2 R U

F &R LR SHCE M, WA B E S Lee SR
H—30, 7E 15%0, & & FAEX Hitie . T 45 R R WA
10 mTorr K 15%0, & & fAH [F] R~ ICP U s =
T, AR P A BT % 5 Lee 55 P9 SCBRE AT & 4047

WE Bl fis. A SRR T CFg 40l Az, 15
Y CF, R 2% B AR B HA 73 BR A2 1) Lee 55 0O STk
e/ (BESEYFA CF,, 5 Lee Z—2L.

Xt CF, i1 gh F12 s B A T4 b, He 32 2R R
Gt P42 R39: F+CF,—CF, il R3: e+CF,—e+CFy+
F, Wi 08 REOV 0 S0 A, 32 HL IR B S ),
Jri 35 T R 62 43 F A TR S ), PR T AR f K

F Bl AL CF/0y/Ar H B TR A SRS
Lee 45 00 SCHkXT LE 2%
Table Bl.  Comparison of C,Fg/O,/Ar plasma model in-

put parameters of this work with Lee et al. [5,

24 KimurafNoto Lee%:[56]
ICPHE=E R}
4% /mm 80 80
i /mm 80 130
TACHL T
K /mTorr 30 10
IR /W 140 700
A /scem 40 40
FETSH
LT IRE [eV 2.93—3.05 3.60—4.25
. ) 5.48 x 1010— 5.00 x 1010—
pr7dite -3
LT em 1.00 x 10! 6.20 x 101
I R
1014 E 43:3‘[
-
g 108
Q
~
&
1 1 12 b
w10
ia
101 F
1010

F O CF CF, CF; CF; CO CO, COF COF,
LAl T

B Bl A3C C4Fs/Oo/Ar 58 T MR 5Rr T 9% BETHR 2
IR 5 Lee 2509 SCHRE (15% O,) HL#R

Fig. B1. Comparison of C4Fg/O,/Ar plasma particle densi-
ties of this work with Lee et al.(15% O,)/%.

ICP 45 B ¥R v, r 7 I B2 Bl O 521 e 4 09,
R SO SR T (43R 30 mTorr, AH#E T Lee %5 56 ()
10 mTorr, 558 F A& B B F IR B TR (<3.05 eV). FHEL
I+, Lee % PO BIZERAE O, Tt E R, CF, KPR EE
ZERT CF,. Lee % 9 38 (1 HL I 2 R A B
TRt 5%0, R 4.25 eV FFFEF] 38%0, & i1
3.6 eV. HULH R ASE RN R3 A SN R K, S5 CF,
KR A U [ B FE LD
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BEAh, 5 CF ML, CFy BB T FL Tl 8 7 25 A 71
FERKAZAN, B R30: CFy-O—COF+F RS fLIHFE. X
B )7 N 1R R BOT FAY RN R, A7 L IR R AN K
PRI 7 W T B AR B < 23 CF, 1 I #6 K T CFy,
CF, R FREWMERTF CF,.
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SPECIAL TOPIC—Non-equilibrium transport and active control strategy in
low-temperature plasmas

Collisional-radiative model for on-line analysis of C,F3/0,/Ar
plasma optical emission spectroscopy”

ZHANG Zhanling? ZHU Ximing V2" WANG Lu?"
ZHAO YuY?  YANG Xihong?

1) (School of Energy, Harbin Institute of Technology, Harbin 150001, China)
2) (School of Physics, Harbin Institute of Technology, Harbin 150001, China)

( Received 31 August 2025; revised manuscript received 10 November 2025 )

Abstract

Octafluorocyclobutane (C4Fs)-based fluorocarbon plasmas have become a cornerstone of nanometre-scale
etching and deposition in advanced semiconductor manufacturing, owing to their tunable fluorine-to-carbon
(F/C) ratio, high density of reactive radicals, and superior material selectivity. In high-aspect-ratio pattern
transfer, optical emission spectroscopy (OES) enables in-situ monitoring by correlating the density of
morphology-determining radicals with their characteristic spectral signatures, thereby providing a viable
pathway for the simultaneously optimizing pattern fidelity and process yield. A predictive plasma model that
integrates kinetic simulation with spectroscopic analysis is therefore indispensable. In this study, a C,Fg/O,/Ar
plasma model tailored for on-line emission-spectroscopy analysis is established. First, the comprehensive
reaction mechanism is refined through a systematic investigation of C,Fg dissociation pathways and the
oxidation kinetics of fluorocarbon radicals. Subsequently, the radiative-collisional processes for the excited states
of F, CF, CF,, CO, Ar and O are incorporated, establishing an explicit linkage between spectral features and
radical densities. Under representative inductively coupled plasma (ICP) discharge conditions, the
spatiotemporal evolution of the aforementioned active species is analyzed and validated against experimental
data. Kinetic back-tracking is employed to elucidate the formation and loss mechanisms of fluorocarbon radicals
and ions, and potential sources of modelling uncertainty are discussed. This model has promising potential for

application in real-time OES monitoring during actual etching processes.
Keywords: fluorocarbon plasma, collisional-radiative model, optical emission spectroscopy
PACS: 52.65.—y, 52.20.—j, 52.50.Dg, 52.80.Pi DOI: 10.7498/aps.74.20251182
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