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P A 37 AR 7 15 BG4 Ik % ( Closed-field Unbalanced Magnetron Sputtering,
CFUBMS), RIFI A Z A B A AE-FHr im0 A (g 2 et B A%, 38 3 1A B Ak
R g T, o LA B M DX 3R B P 5 3 [ B P — P s e B R e i it vk,
T ZAEHHET, BRGNS T MR RIS 2| Y] 812
Ho SR, EEORM R AL T HEAR R, BT EEE N EE T AmiEs)
AT R 1R] ( A AR P A%, ARG 3RAE, WG B3 1 B S G e FRATL )
P S5 A R B A LA P RICR 5 O 1) AT 5k = 49— PR LA VRN BV 0 2 A
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BRICTEN S T A G A LU AP A B = A B R R o A, R4

I IR R At P, oA 32 5] BV BB, AT DUA R i 55 1 A JEE

VIR . M. Yusupov S8 NUSISE & A4 IR 505 A% S8 AR 1~ IS/ S s R ik

), T T AR P 3 A 4R 70 25 B AR TR i, R L 53 HL T e e
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P2 DB S 100477 BT 98— MR AN A5 B TE B % 3R G (R 37 i P 4 A AT P X A%

[SH A 2 [ P 25 18 AR R 118200, R AT S R B s =
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ST VA M R T S S Ak 1 B A U B o T R TE R R RS B e,
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2 FIRFE
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B = H
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TAEREA JVERY SIE 8. R, 7 AL RS PR B i /2 7 AR (3D

——=ev(t)xB(r)
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=)
dr
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Fig. 1. Schematic diagram of simulation region
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{’1 =r,—2(m-r))m

v, =v,=2(n-v,)n
Horbro, vo IZ 3 B0 HLF1E 45V T, EAEEE, m A Bl S 9 i) 547 2%
B, nRTRRIL A ] S R
2.3 MCC ##%
FEIZFNSFE T, K T — E MR 5T Seh R R AR, R RER
FI MCC B RIRL2105 B 7 (i 72 . BB e LS | NI SR8 Ar
K, BREE TN600K, SJEp N 1Pa, Ar B THUEHE Nar () AFDhE i 7 48

SRRETERE, WA (6) P

pV =nRT
nN, (6)
NAr: V

o R=8.314 J/(mol-K) NEE/RSARE H, Na=Z602%10% mol™! Bl (R ANFE % 5 4L,
n (mol)F/RYI R I &, ¥V (m®) R iAfs

B 555 Ar JRFZ B EERNIME 1 s, GEBE. SRR
i, XS, B SEORAS A ETF 1 BB REE AR UK B TR AR AR /N T

BIEAT
K TS5 Ar R E RN R
Table 1. Reactions of Ar discharge
Frs SR T3 FE S iR SN RERBIE (eV)
1 etAr—Ar'+2e FHL B Rl 15.7
2 etAr—Armte POl 11.5

3 etAr—Art+e A VERG —




R = N AR S W AU 7S, BT Ar JRF AR Nar (m?) A,
W —ASBAKET TR, B R A R (A 20y
P =1-exp|-N, o (&)vAt] (7
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v, sm(
v, sm(

(2) WORKEAE: OB 1 H T BURBOR A RE R, T RR R
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7
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Fig. 2. Distribution of magnetic induction intensity in vacuum chamber
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— MR, EETIRE B ZEE N (600-1000 V), Cu/Ar & RN FH-T

PR AT 2.5-3.5 eV, ANEUAN 3.0 eV TR, HIAZ(10):

2¢T
%z/ee (10)
mC

AR T P8 1e=1.03%10° m/s.

M A4 M. Samuelsson 25 NBPOIHT T, 4 )8 BT DAB AR 1,y 5 TT AL IX

[eT
ubohm = m% (11)

Horb mion N TR AU Cu BT R, IR U, <2113x10° m/s.

B, WmER(11)FR:

K f AT Cu” B3 B 2 AR S (9), Al A5 R 7R = b Y ] e 42
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HIEAE AN T 1 om, AW 7, <SP <TG, RUTHLTAE LA 5 T LA
KEZENE G, 1 Cu" &7 LPFERER T EN ER A gzs), MRS
HIts I S2 bR B R BEA BOM AR T, (HIVER & T IR RA AR BT E
P T 1 PR B SR T 7 T R B L 78 3 51 R F 3 AR 1
FIFERT, T B 55 H TR 3 A B o

AT it SAE PG S v T I LI RAE T B AR AR 7 e R s T A
a5 AR GRS, SR AT E ), W 3 B o AHARBI R R AR S
TS R AEAR SR AR ) B T B P 45 [T 5 (RT3 Cad), T 2 T 808 B AR P 7 R s 0
R, 3% S AR (1 il A GO, TEIRAE AR AT B 2 1R P 5 Tl i (& 3
(b))o MW TAEHAEAERAIER FIE3) 10 ps J5, HoAm e 3 (o
A (dD Fira, TP A3 v ) R AR B B A AN A v s A, R A
FINFACIBEEAG, TR A XA A A 3 (o) Pt LR,
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MARFE: T HE A0 B A S H s SRR 0, B I L = BE I Bod
P2 BRI IBAC 2L I RAER, R B R KR b kA0 22 I R4 7
7 BemE FUS S BE M MG . Geit PRI L I A I N S T R 10748 b P A
S AR P A3 3 H T 43 A 7.19% 811 27.93%, 15 B 14153 SERE i X6
FIERCA B R A . B RS P A I R0 1 1 F AL e RINE T P e o
rEUN, RHENEA S5 RIHE2385), G R e IRAS (8 Y T B & R 1
Yyl , 29T o A5 B AE TR 25 1), TR Rl ¥ P 34 A8 A T ) 2 1
B3N, AR ) P55 AR B R T v, I BRI [X 35 1 25 Ak 6 R
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K3 (a) MG (b) ARG, @) A00ps &R 10 A

A (d) 10 ps AR 570 A1
Fig. 3. (a) Closed and (b) unclosed magnetic field; (c)electron distribution in (c) closed and (d)
unibldsed magnetic field at 10 ps.
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JIEREIR, 58 X re=d W IR N 58 BE I FRE RS P Biim, V52 Bim=meve/ed,
AR S PR B L A o TR AU SRR R, W 4 () HhiE
LFTR. A d (kD Bum GEHEK, RAMEL T ZLN, QRET
it 5 RO SRR R L 58 B oK o | T P& W2 I RS ) A A AE o R e, HLEE RS
H A0 T S 7 i B )N, S ARAH AT B AR 2 [B) (R Bl (11 3 Cad i BB i )
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2 _LHSEBR RSB Brea 271N, WNEI 4 (a) LR W] W Brea i d YR
NI St RS NES 5 Bim FTZETE deq=0.039 m (REZLLED AAH
Ao d>deg W) s Brea™Biim, VLI re<d, BIVFL-FREWS 5¢ iS¢ $ 1 I8 A i sl i AR AE
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ikt L, AlirE L iz 5 (R Brea=Biim»  deq=0.039 m) [IHAKLERIY
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DX T LI HGA LA, AP X, T RS 52 2 P 5 RES A e, TTTAL
XA T LA T LS, AR X, T B R A REfTEE A
FEE PR, Bk, UL R = AR A X A RSO R AL A =
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=) =n
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il M A
4 | R
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Fig. 4. (a) The actual and the limit magnetic induction intensity and (b) closure degree of magnetic
field.
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FEBIE R o X 2 B A 5 0 F R AR (A o) DX T AR i D
Ny R ENRARA G XN, BT A AR R GE . MAG R 7 s =

BEN RO ST R W], £E 30 ps B, Y. o5 ANV IARRAT /T E, M=

HEE A R 0 PGB AR, 0K 2 oo AV R i, i B IR o

PR X R AT A, GENR] B R 2R B S R IR IZ AR, A
H R R R R e T BE B AR G, R B AR,
B DX 5l A T SR 2 SR AR (K S R 2 PR 2 o SR IR N 9 PR 5, B B T
MR BN B o T RO RSE ISRy R 7 M 3 B BB 8, EL o AR iy 27,
X T B, AT A R — A N S P R R A A
TEERE DI, T SR L T AE AR B X IAR 2R, (EBEE IR B A B+, HL
L IR A BB X A, BOEIX 1) 7 e 2 TR . gEit 45 AR W]\ B R
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Fig. 5. Distribution of the magnetic field and the electronic probability density at 30 ps: (a) four

cathodes; (b) six cathodes; (c) eight cathodes and (d) ten cathodes.
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2 AFECERA R A & 3 30 ps BT igsh s gt it

Table 2. Statistics of electron motion in closed magnetic field composed of 4, 6, 8 and 10 cathodes

at 30 ps
FA M K FL i Y B A5 PR X I LT 5 B
4 7.57% 22.77%
6 4.45% 25.78%
8 1.77% 27.53%
10 0.10% 26.87%

SARBCEM L, A RO AT DA A 2 BRI, R e ke T

HAEUF LRI E . Bl A NI AR AL A, Wt 1

24 400, 500, 600 A1 700 mm HYJE %S = SO Dith, HOTESERE 6

/.

=
21l

o Al WL A S ARG K 3 BUH RN 18 U BE B1E K, 28 = 10 2 (A gk

LR LR, MRS S3 B/, o R AL DX TR ARG K, o1 20 R R ik
59. HPIaahgi RERY], FERAE ARG R, M I A SRR 1 i 1405 LEiE

#r ETt, W5k 3 Fron . Jaliye A S AUEHHE K, S EE = N AR

55 1) B BRI, SRR DX 3 1 o EU B . 32 i 2 = AR A S AN LA A

SRR ) PR 2L Mg, (R Aok 02 S T AR 2 IR eR MO I, 1T 3 B
DX sk L7 BRSO I S el o 2% b, S S RS SR ORUE PN [X S5 88 1A [
FIRTHR MR ATRERE R, SR M3 AN LRCR, ASCEFEFE2 500 mm H 2=

S NI T 58, AT SR L I PRUE B X 1) <5 B AR
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Fig. 6. Distribution of the magnetic field and the electronic probability density at 30 ps: (a) 400

mm; (b) 500 mm; (¢) 600 mm and (d) 700 mm.
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*® 3 AFERAE RSP S 7 30 s LT Is sl i gt

Table 3. Statistics of electron motion in closed magnetic field with different sizes at 30 us

HAE R/ mm HL 0 S LA PR XS LT 5 B
400 0.82% 29.93%
500 1.77% 27.53%
600 3.95% 21.59%
700 5.49% 19.13%

3.4 heH s

EARERRR, NERT UG E AR, B S G MR N 9 E LE
Xt (il 6 (a)), T30 F MR 5 BE I i g A FHE B X I LA A, ax 3 A
YR 53 55 B TR W ORI RS SR IR R A . A E 5 2 v ey
IS REY, AT DATE B4 5 o S G 2% [RNIE PRI R0 1, RE AT 280 B i e
DI R RN R, AT B2 5| 3 LS S G ) LT NI X 3, oyt — b
P T B B [X S5 S A R B S RN 2 8 [FIARAT R RN |, R hg A 4
AN, T2 s, AR T e B AR 55 TR a2 % B AR R AR AH Je CRR M ARRD
AR CRRONAR 5O IR 73 AT AR -85 B2 o A AR, il 7 o ATRAE
Hh R B A ) AN AE L SR I RRT vh S B AR 2 TRI TR R T P O R R [ %, 1 .
o B LG VAR . RN, SN RS, TR
R B e 2 LS s AR, SRR ENBERRIX 3, 30 ps I ARSI HREBE X 3 Y
T o L2 Tl $E = 21 37.86%FH 38.26%, HiiliZk 8 BAMKACLE (27.53%) 1R
PTk. [FR, BEREEE =1 m? EE LI AR R A W, RYNZH S IRA
PEFFE RIFAVHETARBCR, PR T B 78St G E el oy 1.20% 40
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1.29%, MUFTA0A% 8 BIMAG)R (1.77%), ZZRF Ny RBAM 5 NEIES T 5
FEIDG T AR, AT RIS 1 14 G 7 T B X B AR IR 5 7
MR, A R X el ) R R B B A B ey, R TR TP AR AR LA AR
R € X TS 2 PRI P9 ) R M8 B AT B I 50, AR R RE BN o TR
XA ZE AR B U, B E T AN G IRR A S R s, 2N
FLT A RAE N AN I TV S Rl igiz 3y, DRI R T B B 04 1T
Eﬁﬁﬁﬁ?,E%%$W%%é%%@%§%ﬁ#%%%$,@é%?gﬁw
%WW@%ﬁELﬂ,%ﬁ%?&ﬁ@%%ﬁﬁ%ﬁ&ﬁ@§%§d

Ol AT
050

i s

B 7 Wm0 AT AN R 30 ps PRSI0 LT M5 25 B 40 AT -
(a) IEXFAHIRAN (b) 1EXAH R
Fig. 7. Distribution of the magnetic field and the electronic probability density at 30 ps: (a) attract

exactly; (b)repel exactly
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Fig. 8. Distribution of the 1d and the electronic probability density at 30 ps in attraction

&\ﬂwode: (a) 0% (b) 15°; (c) 30° and (d) 45°.
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Fig. 9. Distribution of the magnetic field and the electronic probability density at 30 ps: (a) 0°%; (b)

15°; (c) 30° and«(d)45°.
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Working principle and layout logic of the closed
magnetic field in sputtering”
Cui Sui-Han"*©  Guo Yu-Xiang" ©  Chen Qiu-Hao! Jin Zheng" Wu Zhong-Can Su
Xiong-Yu) Ma Zheng-Yong"  Tian Xiu-Bo» Wu Zhong-Zhen! '
1) (School of Advanced Materials, Peking University Shenzhen Graduate School, Shenzhen
518055, China)
Abstract
Closed magnetic field constructed by unbalanced Magnetron sputtering
(MS) cathodes has been a general design in the developing of the MS
coating system. However, due to the difficultiesin_characterization of the
complex plasma behavior, some criticalspoints, such as the effective
object, the working mechanism, the closure.condition, the layout logic and
the effectivity of the closed magnetictield are unknown definitely. Herein,
originating from the movements of charged particles in magnetic field,
this work studies the motion, behaviors of electrons and ions in the
vacuum chamber and tveveals that the closed magnetic field can mainly
affect electrons<.and further control the distributions of ions. A
Monte-Carlo Collision (MCC) model of the closed magnetic field MS
coating system is established by test-electron to characterize the plasma
transport characteristics and the electrons constraint and coatings
deposition efficiency are studied by different layouts of the magnetron
cathodes and the ion sources. The simulation results show that the
cathodes numbers and vacuum chamber size determines the constraint
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effect on electrons in closed magnetic field. By 8 MS cathodes and the
chamber radius of 0.5 m, the ratio of the overflow electrons can be
decreased to 1.77%. To increase the ratio of the electrons in the coating
region, four coupled magnetic fields are introduced in the center of
vacuum chamber. The studies of cathode type, rotation angle and
magnetic field direction reveal that the ratio of the overflow electrons is
less than 3%. A locally dense plasma distribution and a’<continuous
uniform plasma distribution can be observed, corresponding\to same and
opposite layout in magnetic poles of the MS cathodes and the ion sources,

and the ratio of the electrons in the coating region significantly increased

to 53.41% or 42.25%, respectively.

Keywords: Closed magnetic field, Electron mdtion,/Vacuum layout, Deposition efficiency
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