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Table 1.  Collision reactions considered in the model.

%' SRR SCHk i FATE St SCHk
1 e+ Ar—e+ Ar (19] 39 e+ CF,— CFy; + F (19]
2 Art + Ar — Art + Ar [19] 40 e+ CFy — CF; +F [19]
3 CF{ + Ar — CF{ + Ar [19] 41 F- 4 CF3 —> e + CF, [19]
4 CFS + Ar — CF} + Ar [19] 42 F+ CFy — e + CFy [19]
5 CF* + Ar — CF* + Ar [19] 43 F + CF — e+ CF, [19]
6 F* 4 Ar — F* + Ar [19] 44 F+F—ec+F, [19]
7 F +Ar—F + Ar [19] 45 CF; + CF{ — 2CF; [19]
8 CF; + Ar — CF; + Ar [19] 46 F~ 4+ CFf — CF; +F [19]
9 Ar’ 4 Ar — Ar’ + Ar [19] 47 F+CF] — CF, + F, [19]
10 CF; + Ar — CF, + Ar [19] 48 F~ +CFf — CF, +F [19]
11 CF, + Ar — CF, + Ar [19] 49 F~ +CEf — CF+F, [19]
12 CF + Ar — CF + Ar [19] 50 F + CF+—CF +F [19]
13 Fy+ Ar — Fy + Ar (19] 51 F +F*—2F [19]
14 F+Ar—F + Ar [19] 52 CF; + CE — CF; + CF, [19]
15 e+ CF,— e+ CF, [19] 53 CF; + CF+ — CF; +CF [19]
16 Art + CF, — Art + CF, [19] 54 CF; 4+ FF - CF3 +F (19]
17 CF;" + CF4 — CF{ + CF4 [19] 55 CF; + CF3 — CF{ + CF, [19]
18 CF} + CFy — CF; 4 CF4 [19] 56 CFt 4 CF3 — CF{ + CF [19]
19 CF* + CF, — CF* + CF, [19] 57 CFt 4 CF, — CFJ + CF [19]
20 F* + CF, — F* + CF, [19] 58 F + CFy — CF, (19]
21 F + CF,—F + CF, [19] 59 F 4 CF, — CF,4 [19]
22 CF; + CF4 — CF; + CF4 [19] 60 F + CF — CF, [19]
23 Ar" 4+ CF, — Ar" + CF, [19] 61 F, + CF3— CF, + F [19]
24 CF; + CF, — CF4 + CF, [19] 62 Fy+ CF, » CFy + F [19]
25 CF, + CF, — CF, + CF, [19] 63 CF; +F — CF3 +F~ [19]
26 CF + CF,— CF + CF, [19] 64 e+ Ar— 2¢ + Art [20]
27 F, + CFy — F, + CF, [19] 65 e+ Ar—e+ A 20]
28 F + CF, — F + CF, (19] 66 e+ Ar" — 2e + Ar+ [20]
29 Ar + Ar — Ar + Ar [19] 67 Ar' + Ar" — e + Ar + Art [20]
30 CF, + CF, — CF, + CF, [19] 68 Ar" 4+ CF, — Ar + CF + F [21]
31 Ar + CF, — Ar + CF, [19] 69 Ar" + CF3 —> Ar + CF, + F [21]
32 e+ CF,—e+ CF;+F [19] 70 Ar" + CF, — Ar + CF, + F, [21]
33 e+ CF, — e+ CF, + 2F [19] 71 Art + CF, — Ar + CF' + F [21)
34 e+ CF, —e+ CF + 3F [19] 72 Art + CF; — Ar+CF} +F [21]
35 e+ CFy — 2e+ CFf +F [19] 73 Art + CFy — Ar+ CF{ +F [22]
36 e+ CF4 — 2e + CF) + 2F [19] 74 Art 4+ CF] — Ar+ CF3 [21]
37 e + CF, — 2e + CF' + 3F [19] 75 Art + F > Ar + F [21]
38 e+ CF, — 2¢ + CFy + F! [19] 76 CFf + Ar — CF; + Art [21]
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Fig. 1. Diagram of chamber structure (7-z plane).
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Fig. 2. Discrete mesh of the simulation area.
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Fig. 3. The representative convergence curves of species in dual frequency capacitively-coupled Ar/CF, plasma, where the y-axis

represents the spatially averaged density.
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Fig. 4. The three-dimensional simulation results of (a) electron density, (b) electron temperature, (c¢) potential and (d)—(j) ion densi-
ties in the dual frequency capacitively-coupled Ar/CF, plasma.
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Fig. 5. The three-dimensional simulation results of (a)—(f) densities, velocities and temperatures of background gases and (g)-

(1) densities of active neutral particles in the dual frequency capacitively-coupled Ar/CF, plasma.
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Fig. 6. The radial spatial distribution of (a) electron density, (b) electron temperature, (c) Ar™ density, (d) CF;’ density, (e) F-

density, and (f) F density under different low-frequency voltages.
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Fig. 7. The radial spatial distribution of (a) electron density, (b) electron temperature, (c) Ar" density, (d) CF;’ density, (e) F-

density, and (f) F density under different lower frequencies.

. B H A S B E o B E SRR 100 mTorr
A FLE it 2000 scem, AR 53 il Ar:CFy =
5:5. FHREHEE 200 V., SR 27.12 MHz,
LB AR LR 200 V., TR EL TR B R % 0.15,
[ s BE A AL AR ERAA R . [ 7 R oR T R TR A A
RIFEZEYHEEAEREZIESO (B 2= 4.5 cm F
1) Kb r 5 oA . NEL 7 el LUE SR

PARALT 2 MHz i, SO AR A0 i JLF- 3
Al UL, i S AR T, e — 2B
AERAIII A ] LR A5 B 1 PR /MR o, [R] sl
PHA SRR T 2 L W (B MR ZEA% . IR N g B
T B AR AT R I 23 XA R T 7™ AR ) o BN
A ol P S S AR TR AN A e P R A 1Y
o BEAIMAAATI IR AR T A K B L .

235201-8


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

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025)

235201

3.4 EINBEMNIY
B TR R ARSI R 2 b, i L s [ e

XA . X — &Ry, R A S E

A B EEASE 100 mTorr . A RS 2000 scem .

AR5y Hefi) Ar:CFy = 5:5., b H A 8 49 001 3%
27.12 MHz, & H B AR H L e 200 VAR 5 25
400 kHz, Y HL T S 55 % 0.15, [A] i ph ik 22
PR AL PR, DT AR 5 v A0 b PR X HL ) S i ] 8
Hr R R T K [R] e A0 H R T B ) B TR e O
Huts (B 2 = 4.5 cm “F1) &0 r 5153 4. AAEL 8
W] U Y, SRR R B, B8 A R BB RS
0 B R AR S R B, SR T OB H o A
B AR S B P AR S kS R RE . TR
B, Bt e 00 R R BB 0N, S0 R0 B 4 B I
BN FE A 118 L B D 5 320 8 2 % B 5 26 1S WAl
N, X —id B B TR S L THE T
R TEEL 8 ) 200 VA HL R AR 0L 25 SR 5L L
A P 4T B e A ) 1, L RS RN AR ) i 2K
N FE—EFEE A HETH.

SERIFNT
B HABSHLE R - R Hei] Ar:CFy =

3.5

5:5. FHRERHE 100 V. S5 27.12 MHz.

T HE ARSI E 100 VARSI R 400 kHz, K

HL - & 5 244015, Jf-7E 100 F] 1000 mTorr Z [1]
HOAE Y T Ak BRI R v ) el 3 i
A 2000 F] 20000 scem, B 155 5 7 5 1) Eb il
[ %€ > 100 mTorr:2000 sccm, MIM#FASTE 5K
T K/ NEAUAAS. [/ 9 /R T ARASE T B2
PHEEEZESG (B 2 = 4.5 cm P 46 1Y
r P Ay A INEL 9 HRET DUE ) 45 B TR FE R
FSERIE TGN, TR R SR BB 0 i
N, AL T AER S AUE N TR SRR
A& A TR A B R A, DT R B8 0 5 43 i
ML P RAF R RE R AR HL . ILAh, TR
BRI A P SR 0 i B R R X T RE
PR Ay 25 Tk 7R 458 e SR T 12 R BUIE, T3
AR RSk, TR HR AR Ak 7 A 1 v R S
FUAME LAY BN A IR, M (A5 28 PN R

3.6 AL BIHRIT

B HAL S E N 0 VS 100 mTorr,
A EVRE 2000 scem, | HL B @548 R 200 'V,
AR 27.12 MHz, T HRARS L E 200 V., K
WA 400 kHz, BT & 41 240 0.15, [FEH
G G s S =R NS B N B | NN s R B RO
L RS2 ] 10 HR AR T ORRI 4L 4 He i T
YRR IEHO (B 2 = 4.5 cm 1) 4

— 100 V. — 200 V 300 V
3 4 3
(a) (b) _

% ?
|

2f 3t g
i % 2
e = £
— &~ —
<1 2 ‘ >
g ‘ ;

0 . A A A 1 A A A

0 5 10 15 20 25 0 5 10 15 20 25
r/cm r/cm r/cm

3 2.5
—~ @
@ ’T‘ o 20
E of £ 5
© © - 1.5
2 E =
< Z = 1.0
> 1r >~ ~
=] & =
g g £ 05

1 1 1 1 1 1 1 1 O (f) 1 1 1 1 !
0 5 10 15 20 25 5 10 15 20 25 0 5 10 15 20 25
r/cm r/cm r/cm

8 ARIFEEMAEET (a) MFHE . (b) TR, (o) AvrBFHE. (d) CFf BTHEE. o) FETHE. (O F R FEEN 1y
fi] 23 [f1) 73 A3

Fig. 8. The radial spatial distribution of (a) electron density, (b) electron temperature, (¢) Ar" density, (d) CF;‘ density, (e) F-
density, and (f) F density under different high-frequency voltages.
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Three-dimensional multi-physics simulation of dual-frequency
capacitively coupled Ar/CF, plasma source’
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School of Physics, Dalian University of Technology, Dalian 116024, China)
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Abstract

Capacitively coupled plasma sources, which are widely used in the etching and deposition processes of
semiconductor manufacturing, have the advantages of simple structure, low cost, and the ability to generate
large-area uniform plasma. To meet the requirements of advanced processes, fluid models are usually required to
simulate plasma sources and optimize their important plasma parameters, such as density and uniformity. In
this work, an independently-developed capacitively coupled plasma fast simulation program is employed to
conduct three-dimensional fluid simulations of a dual-frequency capacitively coupled Ar/CF, plasma source,
with the aims of verifying the effectiveness of the program and investigating the influence of discharge
parameters such as gas pressure, high and low-frequency voltages, low frequency, and background component
ratios. The simulation results show that the program has an extremely high simulation speed. As the low-
frequency voltage increases, the plasma density initially remains approximately constant and then significantly
increases, while the plasma uniformity initially rises and then significantly decreases. In this process, the 7-mode
heating of the low-frequency source increases and becomes the dominant mode in replace of the a-mode of high-
frequency source. As the lower frequency increases, plasma density initially remains approximately constant and
then slightly increases, while the plasma uniformity does not change much. this is because the 7-mode heating is
frequency independent, while the a-mode heating is much lower than high-frequency source. As the high-
frequency voltage increases, the plasma density significantly increases, while the plasma uniformity initially rises
and then significantly decreases, the a-mode heating of high-frequency source is significantly enhanced in this
process. As the pressure increases, the plasma density significantly increases, and the plasma uniformity also
rises significantly, the reason is the more complete collision between particles and background gases. As the Ar
ratio in background gases increases, the plasma density changes slightly, the density of Ar-related particles
generally increases and the density of CFrelated particles generally decreases, although there are some non-
monotonic changes in particle densities, which reflects the mutual promotion between some ionization and

dissociation reactions.

Keywords: capacitively coupled plasma, three-dimensional fluid model, numerical simulation, plasma

uniformity
PACS: 52.50.Qt, 52.65.—y DOI: 10.7498 /aps.74.20251121
CSTR: 32037.14.aps.74.20251121

* Project supported by the National Natural Science Foundation of China (Grant No. 11935005).

1 Corresponding author. E-mail: mlzhao@dlut.edu.cn

235201-12


http://doi.org/10.7498/aps.74.20251121
https://cstr.cn/32037.14.aps.74.20251121
mailto:mlzhao@dlut.edu.cn
mailto:mlzhao@dlut.edu.cn
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

KRB R & Ar/CF 58 TR S MBS =0 K
FREFE RPZE K F EAF
Three—dimensional multi—physics simulation of dual—frequency capacitively coupled Ar/CF, plasma source

Ll Jingze  ZHAO Mingliang ZHANG Yuru GAO Fei  WANG Younian

5| {5 B Citation: Acta Physica Sinica, 74, 235201 (2025) DOI: 10.7498/aps.74.20251121
CSTR: 32037.14.aps.74.20251121

TELR T2 View online: htips://doi.org/10.7498/aps.74.20251121

IS View table of contents: http://wulixb.iphy.ac.cn

AT REBOGEBR  HAN S

Articles you may be interested in

T[] 2 S AR T2 A T 2 R S PR 5 S 25 8 1 AU ) — 2 S A DL

Three—dimensional fluid simulation of a planar coil inductively coupled argon plasma source for semiconductor processes

YrE2E 4. 2024, 73(21): 215201 hitps://doi.org/10.7498/aps.73.20240952

B A B TR rP e I A A R S R

Electron heating dynamics and plasma parameters control in capacitively coupled plasma

YrH2E 4. 2021, 70(9): 095214 https://doi.org/10.7498/aps.70.20210473

FEARAT/ SR 5 Kl PR 25 18 MR rp UL AR AL

Numerical investigation of the secondary electron effect in capacitively coupled plasmas driven by ultra—low frequency/radio

frequency sources

WIBEAEA. 2025, 74(13): 135203 hitps://doi.org/10.7498/aps.74.20250341

PR RS B TR AR RISURL 2 (8] 3 A ) 2 S AR
Two—dimensional fluid simulation of spatial distribution of dust particles in a capacitively coupled silane plasma

YIBR2EA. 2023, 72(16): 165202  https://doi.org/10.7498/aps.72.20230686

XU A AR T o 55 25 1A R e

Discharge characteristics of dual-frequency magnetized capacitively coupled Ar/CH, plasma

PPz 2025, 74(14): 145201 https:/doi.org/10.7498/aps.74.20250244

= YRS B TR B o0 A

Three—dimensional numerical simulation of physical field distribution of radio frequency thermal plasma

PFEEEAR. 2021, 70(15): 155202 https:/doi.org/10.7498/aps.70.20202135


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20251121
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240952
https://doi.org/10.7498/aps.73.20240952
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210473
https://doi.org/10.7498/aps.70.20210473
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250341
https://doi.org/10.7498/aps.74.20250341
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230686
https://doi.org/10.7498/aps.72.20230686
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250244
https://doi.org/10.7498/aps.74.20250244
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20202135
https://doi.org/10.7498/aps.70.20202135

	1 引　言
	2 模型与方法
	2.1 模型方程
	2.2 边界条件
	2.3 碰撞反应
	2.4 数值方法

	3 结果与讨论
	3.1 等离子体的三维空间分布
	3.2 低频电压的影响
	3.3 低频频率的影响
	3.4 高频电压的影响
	3.5 气压的影响
	3.6 组分比例的影响

	4 结　论
	参考文献

