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Fig. 1. Diagram of chamber structure.
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Table 1. Reactions and corresponding coefficients in flu-

id models for silane/hydrogen discharges.

e R A eV iﬁ;bl})
R1 SiH,+e—Sil,+e — cal
R2  SiH,+e— SiHj +H+2e 11.9 cal
R3 SiH,+e— SiH; +H 5.7 cal
R4 SiH;+e— SiH; +2H 5.7 cal
R5 SiH,+e—SiHs+H+e 8.3 cal
R6 SiH +e—SiHy+2H+-e 8.3 cal
R7 Hyte—Hyte — cal
R8 Hy+e—2H+e 8.9 cal
R9 Hyt+e— HJ +2e 15.4 cal
R10  Si,Hg+e—Si, H +2H+2¢ 10.2 cal
R11 SigHg+e—SiH34-SiHy+H+e 7.0 cal

RI12  SiHj + SiHj —2Sil; — 1.0x10°®

R13  SiHF + SiH, —SiH;+SiH, — 1.0x10°8

R14  HJ + SiH; —SiHs+H, — 1.0x10°8

R15  HJ + SiH, —SiHy+H, — 1.0x10°8

R16 SiyHf + SiHy —Sil;+H, — 1.0x10°8

RI7  Si,Hf + SiH, —3SiH, — 1.0x10°

RI8 SiH+Hj —SiHT +Hy+H — — 1.0x10°

R19 SiH,+H—SiH;+H, — 1.2x10 12

R20 SigHg+H—Hy+SipHy — 7.0x1012

R21  SiHg+H—SiH;+SiH, — 3.5%1012

R22  SiHy+SiH;—SiH,+SiH, — 1.5x10°10

R23 SiH,+H,—SiH, — 2.7x10 1

R24 SiH,+SiH,;—Si)H — 2.3x10° 1

3 #R53

TEARBEFE L SR SRR A 27.12 MHz, JiX
HL AR SiH,/Hy IRASUAR, IR/ 2 mx2 m
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Table 2.

Periodically and spatially averaged electron density (ne ), sheath thickness (dg, ), skin depth (§), electron-neut-

ral elastic collision frequency (ven ), and effective relative permittivity ( eegr) under different pressures; discharge conditions:
voltage 100 V, gap 1.6 cm, power range 8-12 kW, SiH,/SiH,+H, = 1%.

p/Torr ne/(10% m3) dg, /em é/cm Ven /(10'°Hz) Eeff
1 5.98 0.20 6.88 0.36 4.02+4-0.461
2 19.56 0.13 3.80 0.72 6.08+-0.681
3 37.57 0.08 2.74 1.08 9.30+1.29i
4 55.81 0.06 2.25 1.44 12.654-2.201
1 Torr 2 Torr 3 Torr 4 Torr

(a2)

o = 34.05%, kp = 1.4+0.08

(b2)

a=34.63%, k,=1.14

& 2

=Y

L: 56.75%I kp = 1.7J

AFVTET 8975 18 (al)—(ad) FIZME (b1)—(b4) 2T AR 1) B W DL T 59 9K Bl HiL A rbt 350 R B0 A — 2 20 (LA TRT ik it 38

j

100

75
L:54.71%1 kn:1.74i0.14’ o = 74.49%, ky = 2.03+0.171

50

25

0

SR ) LATAER S BUT B A AR S B o FIR TP IR Ky , HUBRROT 28 2 m x 2 m, HARACHE A5 M 55 2 AR
Fig. 2. Two-dimensional distributions of the potential amplitude on the powered electrode with (al)—(ad) or without (bl)—(b4) the

consideration of the surface wave radial attenuation under different pressures, with the potential nonuniformity factor o and sur-

face wave number kp for each case. Electrode size: 2 m x 2 m; other discharge conditions are the same as in Table 2.
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AR R RO R R 7 AN RE 2, R THTI8 1Y
PR A R 2 A L 36 3 45 T RERE N T
N 90% i SIS [R]SF- 42 (1 L 7 8 L BHJRJREE
FATRTREE | FL - PR S 3800 5 25 1

PR HU R R, RO 25 4R B IEE 50V,
AR 2 cm, D% 2—5 kW.

MFE 3 TR ), ke o s DPR AR 1
BUT, LT B AR TS ST R BRI, X &
TR IR ZL ) Al T BT IR R R, B
IAiOp RE DO by N N R G A W B E
T RACDIRIGO T, T2 B, BRI
A E % IR o O R WA S e N o o (Y
3 43 B 25 W T 25 B8 ORI 228 W 3 ThT % A 1) 5 i Fsf
P HL A A 25 PR R T I AR n] 2B (1] 3(al)—
(ad)), BESET i, MR PEECSTHBN 1.2 BRI E
0.96, &= HERE I R M I KA K. -SRI
P50 1 B S T R B AR G, AT N 19.85%
TR 8.84%. 1M 2. W R THI I A2 ] ZE R, B <0
Fhwn, REBON 1.48 I-THE 1.98, s h44E
(2R T A AR, F R A B S MR SR T
A, NS 38.64% HETFF R 76.2%, FEIEAN

3 ARESETFEHAZSRSF R THERE (ne ) 2R (day ) BEIREEE (§). BP-H PR TR R (ven )
R0 E A ) AR XA H R (e ), WAR S5 F N LR AEL 50 V, JBIBE 2 cm, Zha K E 2—5 kW, SiH,/SiH+H, = 90%

Table 3.

Periodically and spatially electron density ( ne ), sheath thickness ( dg, ), skin depth (§), electron-neutral elastic

collision frequency (ven ), and effective relative permittivity (eegr) under different pressures, discharge conditions: voltage

50 V, gap 2 cm, power range 2-5 kW, SiH,/SiH,+H, = 90%.

p/Torr ne /(10% m3) dgp, /em §/cm Ven /(10'° Hz) Eeff
1 2.40 0.15 10.86 0.59 3.99+3.021
3 7.72 0.10 6.06 1.77 4.33+4.531
5 9.12 0.08 5.57 2.94 2.88+4.251
7 8.70 0.08 5.70 4.12 1.94+3.18i
1 Torr 3 Torr 5 Torr

(al) (a2)

(a3)

50.0
42.5
35.0
27.5
a=19.85%, ky=1.240.4i  a=19.63%, ky = 1.31+0.561 o =12.48%, k;, = 1.14+0.6i 20.0

(bl) 50.0
37.5
25.0
12.5
a—3864% %, k= 1.48

B3 ARAET % E (al)—(ad) FIZBE (b1)—

(=)

(b4) 2 TH1 A (i) TE BB D0 A AL 3500 A LA S B Rl 15 B0 B9 AL 35 o A AN 2 5 B2

o PR IER kp . AR 9 2 m x 2 my HAWCA 4504 5 3% 3 A TR
Fig. 3. Distributions of the potential with (al)—(a4) or without (b1)—(b4) the consideration of the surface wave radial attenuation

under different pressures, with the potential nonuniformity factor o and surface wave number k, for each case. Electrode size is

2 m x 2 m; other discharge conditions are the same as in Table 3.
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(A [ SR Rl 18 1 100 T % 3 R 343 5 P i s T Bt
137 EHBVPAL . LA A Y S PEAR XS B 22 1 3R 2

1 Torr 3 Torr
(al) (a2)

(normalized)

Vi, Gk

(b2)

Vi ME#B (normalized)

(a3)

FE 2 FAHCEE S ], B S mif o el B R AL
X A A ST I G RICR.

Kl 5(al)—(ad) JB/R T HLIRTE A [T A 15t
ADLE AR 4 HEH], B 5(b1)—(bd) &SR
3 Torr BIIELLT, 4 LU A HL 353 A . 5
1 41 ZE 151 B A e Y55 A 7 T HR BRI e T A 2k
REEZE T, 1/4 R FEAL; 55 2 AR A
FL AT A U T A b R R v 2
T 14 BB AL 5 3 AR 4 HREHIR
FH 4 AR A, Hoh s 3 20 st A 53 3]
N FH ERTEXS AL 1/4 LKA, 55 4 4
LB A AT A3 A T AR b SR K £
i) 1/4 LK AL,

MGEFTT LRI, 55 1 AR Jis T2
DX sk, FEL A0 A A (L H B F R TR i A L X
S PR SRR A L AR A R D A A SR AR R
FRIR R /IS, HURE I TGk 5B 4 i, HALHE 1) J2:
TR R R A AL A ZRAL, R5
2ot U 2R A B 22 IR AR TR T AL, e A
PR =2 TR A28 1) 0 ) 42 i) rPos 7 A5 4%, DRI FR
TR AL B 2 R T A R 4. 56 1 A=
L RSSO R SR A T X, (A R
W AE R R AT 2 B WA A e HGA A
DI, FRIEPAE R b R LRI IR 25
5300 05 T S HL B A g 0 A7 3 5 R A
ABLE AT 7 K. [FIRER SR, 55 2 2286
FL 3R A AW ) IR 32 5 A %) L o7

5 Torr 7 Torr

(ad 1.00
0.85
0.70
0.55
0.40

P4 ARV 25 i T 6 A% 1] e sl e JH — {1 L 340 A1 (19 92988 (al)—(ad) FLHE R (b1)—(b4). AR T 2 m % 2 m; Hoflh

TR AR5 3% 3 A

Fig. 4. Distributions of the real part (al)-(a4) and imaginary part (b1)—(b4) of the normalized potential with the consideration of

the surface wave radial attenuation. Electrode size is 2 m x 2 m; other discharge conditions are the same as in Table 3.
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50

a=53.92%

25

B 5 ARG AL B R (al)—(ad) MG A AL I3 AT (b1)—(b4) RIS AT RIS o AR 2 m %

2 m; RSN 3 Torr; H il 454 5 3% 2 MR

Fig. 5. Distributions of power input positions (al)—(a4) under different cases, and the potential (b1)—(b4), as well as the potential

nonuniformity factor a. Electrode size is 2 m x 2 m; pressure is 3 Torr; other discharge conditions are the same as in Table 2.
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(2) 100 (b)
| 75
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25

a=7264% 0

c) H
05%

6 ARESHE TR 5(al) 5 A AT o 3
I (a), (c) FARR ] 2 01T S92 36 WL 1% 390 AR 3 I IS 32 o A
(b), (d). B4l 5 LB S HOMH R, AR 2 m x
2 m; AR A5 535 2 A TH]

Fig. 6. Distributions of the potential from simulation (a),

(¢) and the deposited film thickness from experiment (b),
(d) under different pressures with the case of power input in
Fig. 5(al). Discharge parameters of simulation and experi-
ment are consistent, electrode size is 2 m x 2 m; other dis-

charge conditions are the same as in Table 2.

(a)

a =33.36%

H

7 REAUETT SR HTIE 5(a3) 5t A J7 2R IEL T3 Y H 54
I (a), (c) FAH ) £ 11T S92 56 WL 154 390 AR 3 I I 32 - A
(b), (d). B0 5 LB g ZHOR ], AR T2 2 m
2 my; HAbig s 455 36 2 A )

Fig. 7. Distributions of the potential from simulation (a),
(¢) and the deposited film thickness from experiment (b),
(d) under different pressures with the case of power input in
Fig. 5(al). Discharge parameters of simulation and experi-
ment are consistent, electrode size is 2 m X 2 m; other dis-

charge conditions are the same as in Table 2.
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Fig. 8. Distributions of the normalized potential with the
shaped electrode and the case of power input in Fig. 5(a3).
Electrode size is 2 m x 2 m; pressure is 4 Torr; other dis-

charge conditions are the same as in Table 2.
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Fig. 9. Distributions of the normalized potential (c), (d)

when the power input position deviates from the ideal
position (a) or the current amplitude deviates from the
ideal value (b) with the shaped electrode and the case of
power input in Fig. 5(a3). Electrode size is 2m X 2 my;
pressure is 4 Torr; other discharge conditions are the same

as in Table 2.
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Abstract
Large-area capacitively coupled discharges are widely used in plasma enhanced chemical vapor deposition

(PECVD) processes for solar cell and display manufacturing. With the increase of the chamber size and driving

frequency for improving production efficiency, the non-uniformity of deposited film induced by standing wave
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effects becomes more serious, which deserves more attention and in-depth research. Based on a fluid model
coupled with a transmission line model, the potential amplitude distribution on the powered 2 m? electrode and
the plasma characteristics in a capacitive plasma sustained in a silane/hydrogen discharge driven at 27.12 MHz
are investigated. This work identifies three key control parameters: pressure, silane content, and input power,
with particular emphasis on radial wave attenuation caused by electron-neutral elastic collisions. The simulation
results are validated by industrial experimental results, confirming the relationship between the distributions of
potential amplitude on the powered electrode and the film thickness.

Two different mechanisms emerge from the analysis. Under the conditions of low silane content and high
power, the surface wave radial attenuation is not significant and the surface wave wavelength variations
dominate the potential amplitude distribution on the powered electrode. Conversely, in the case of high silane
content and low power, significant radial attenuation of the surface wave leads to the noticeable weakening of
the standing wave effect due to higher electron-neutral collision frequency. Neglecting the radial attenuation of
the surface wave will result in significant deviations in the potential amplitude distribution on the powered
electrode as shown in the following figure.

Strategies such as adjusting power input positions or using multiple power input are studied to improve
uniformity, but the improvements are still limited. Although it requires strict parameter control and machining
precision, the shaped electrode demonstrates remarkable uniformity improvement of the potential distribution.
In the future work, it is necessary to further analyze the influence of the standing wave effects on the radial
distributions of electron, ions, and neutral radicals under complex conditions, such as different chamber
structures, gas flows, and temperature distributions, as well as the influence on the quality of deposited films.
This will enable a more comprehensive and accurate study of standing wave effects, providing support and

guidance for solving real industrial problems.

Potential amplitude distribution on the powered electrode
1 Torr 3 Torr 5 Torr 7 Torr

50.0

=
z8
5 42.5
i
2
St 35.0
-
8.2 27.5
£73 ‘
Lﬂ -

0 =19.85%, ky=12+04i  a=19.63%, kp=1.31+0.56 o =12.48%, k, = 1.14+0.6i 20.0
° 50.0
58
- 37.5
&3
=5
w03 25.0
£%
B=
25 12.5
2
Z

Keywords: capacitive coupling discharge, plasma enhanced chemical vapor deposition, standing wave effect
PACS: 52.80.Pi, 81.15.Gh, 43.20.Ks DOI: 10.7498 /aps.74.20250279
CSTR: 32037.14.aps.74.20250279

135208-12


http://doi.org/10.7498/aps.74.20250279
https://cstr.cn/32037.14.aps.74.20250279
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

RTEAR AR & B B BN AR E) F 3 A 39 ST PR IR R
R TR WEE ERRE EEE $HR AL Ras
Influence of standing wave effect on uniformity of potential distribution between electrodes in large—area

capacitively coupled discharges

ZHANG Yifan  JIAWenzhu TIAN Gangyu QU Qingyuan  WANG Dengzhi  CAO Xinmin  ZHOU Jian
SONG Yuanhong

5] F{& & Citation: Acta Physica Sinica, 74, 135208 (2025) DOI: 10.7498/aps.74.20250279
CSTR: 32037.14.aps.74.20250279

TEZE RT3 View online: https:/doi.org/10.7498/aps.74.20250279

I N2 View table of contents: http://wulixb.iphy.ac.cn

FRFT BRI AR I HA SCEE

Articles you may be interested in

PR A A B T PR iR S A A W TR U 5T

Numerical investigation of SiO, film deposition enhanced by capacitively coupled discharge plasma
YAz, 2022, 71(17): 170201 https://doi.org/10.7498/aps.71.20220493

MR 5 T B T A R Bk F S

Electron heating dynamics and plasma parameters control in capacitively coupled plasma

WAL 2021, 70(9): 095214 hitps://doi.org/10.7498/aps.70.20210473

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

YIBR2E4. 2023, 72(16): 165202  https://doi.org/10.7498/aps.72.20230686

HLAE X RROU A AR 15 CF o/ Al Fe LR (1 X6 T e e e 20 e ) T 14 52

Gap length effect on discharge mode and etching profiles in asymmetric dual frequency capacitive CF,/Ar discharges

YIBR2EA. 2021, 70(9): 095213 https://doi.org/10.7498/aps.70.20210546

SEAAER & Ar/ O, 55 25 1A Al ) 12 7

Axial diagnosis of radio—frequency capacitively coupled Ar/O, plasma

YIBR2E4. 2021, 70(11): 115204 https://doi.org/10.7498/aps.70.20202113

SRR AR A T A 2 i O T 5
Effect of pressure on discharge mode transition in radio—frequency capacitively coupled micro—beam plasmas

PPz, 2021, 70(7): 075205  https://doi.org/10.7498/aps.70.20201716


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250279
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220493
https://doi.org/10.7498/aps.71.20220493
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.72.20230686
https://doi.org/10.7498/aps.72.20230686
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210546
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210546
https://doi.org/10.7498/aps.70.20210546
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20202113
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20202113
https://doi.org/10.7498/aps.70.20202113
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201716
https://doi.org/10.7498/aps.70.20201716

	1 引　言
	2 模型介绍
	2.1 传输线模型
	2.2 流体模型

	3 结果与讨论
	4 总　结
	参考文献

