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Fig. 1. Schematic diagram of simulation region, el represents
elastic collision, iz represents ionization collision, ex repre-

sents excitation collision.
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Fig. 2. Distribution of magnetic induction intensity in vacu-

um chamber.
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Fig. 3. (a) Closed and (b) unclosed magnetic field; electron

distribution in (c) closed and (d) unclosed magnetic field at
10 ps.
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Fig. 4. (a) The actual and limit magnetic induction intensity;
(b) closure degree of magnetic field.
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SO TR B T . T A DX S F R
* 2 ORIEVECE BIAS BY G G 30 ps B
Fia g gt
Table 2. Statistics of electron motion in closed
magnetic field composed of 4, 6, 8 and 10 cathodes

at 30 ps.
Bt R /% BRI T b/ %
4 7.57 22.77
6 4.45 25.78
8 1.77 27.53
10 0.10 26.87
(b1) _ (b2)

]
0 01 02 03 04 0.5

z/m

0.1 0.2 03 04 0.5
z/m

HEEE .

10-2 10-' 10° 10t 102

Rt TR/ m 2

Bl 5 BG5OSR 30 ps YR I0 HL FRER B B0 (a) WWEAAR; (b) ZSEAMR; () /\BAMR; (d) +BIH%
Fig. 5. Distribution of the magnetic field and the electronic probability density at 30 ps: (a) Four cathodes; (b) six cathodes;

(c) eight cathodes; (d) ten cathodes.
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(al) (a2)

(c1) (c2)

z/m

HEEE .
10-2 10-' 10° 10t 102

g BT RER A /m 2

Bl 6 R34 A0 AU Y 30 ps ARG 56 e A 2% 25 B2 43 A

0.1 0.2 03 04 0.5

7T A5 SO R DX S5 FL - AE R R I R R L 2
b, HESE RSF BRI I X 45 B TR B Y
TR ATRERG AR, $ S S AU TR0R, AR S0k
FEA2 500 mm H2S E 5 A R /NI 7 48, ]
AL A I ORI AR X A 45 B T3

* 3  AFEEERSTERAE#S T 30 s
L FIE B

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

BB ROT /mm HUT O /% BB T L /%

400 0.82 29.93
500 1.77 27.53
600 3.95 21.59
700 5.49 19.13

3.4 HRIVEHEIS

(EARE R IR, (e B2 2 2 I AR
LS B NGB 55 B LU BRI IR (DLIRT 6(a)),
SRR TR T A B e AL T RS DR LA, %
KWL IHR I A TR 2 A A, M i
R AR R AR A A LS 3 v RS I i R 3,

(b1) (b2)

0.5

0.4

0.3

y/m

0.2

0.1

0
0 01 02 03 04 0.5

z/m

(d1) (d2)

0.1 0.2 03 04 05
z/m

HEEE .

10-2 10-' 10° 10t 102

B BT RER A /m 2

(a) 400 mm; (b) 500 mm; (c) 600 mm; (d) 700 mm

Fig. 6. Distribution of the magnetic field and the electronic probability density at 30 ps: (a) 400 mm; (b) 500 mm; (¢) 600 mm;

(d) 700 mm.
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B, T o) R A A R X e

(a2)

0O 01 02 03 04
xz/m

| B
10-2 10-' 100 10! 102

g TR /m —2

(b1)

— RV, #EES IS RA T B RS,
TR ARG R R, AT AR, U T
R TS T P I R B, RN e T TR
Gy JERUIN, AR R, ik e 5 B s 22, i
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[ HEAR 7E B 2s B %k, 4 3 FIRE i i &%
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VA BOSH M RS e AR AR R G R, b A+
AT FL 8 B IR SR DTSR I B E R, A SOk b
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Hh e B IR 5 0 2 B R R 1 2% 8 - R S [ AR X
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T8 1E X 3100 % B AR I IE X 1 28 U8 7 (A A,
ARSCE e B 55 1 Gk A AR A S (R TRD)
FRAFANE (FHJF). RG], B E %
MR AR T 1 7 BRI IR, H L4, i o
B , 3 F T SR 4 A T i LA A R
A, 2S00 W SRk 2% B B A R R R AR
ANFEEAF T I E2s E i Gl P AR e A 1 Ol
KM, G BoR, 30 ps I 21 B 23 5 h ks
A HL T 5 FE AL T 1.51%—2.26% Z [8], BT
TR R e AR A U3 L5 = A R S R e
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WELR ) WG REREAN T ) RO 45 £ B ) e 2%
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ARV M LA, FL BRI 5, WnlEl 8(a)

0 01 02 03 04 05
z/m

| B

10-2 10! 100 10! 102

TR TR /m =2

B 7 BG5S R 30 ps BRI HLFHER B0 (a) IEX AR (b) IEXF A%
Fig. 7. Distribution of the magnetic field and the electronic probability density at 30 us: (a) Attract exactly; (b) repel exactly.
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(a1) . @ (b1) . )

0.1 0.2 03 04 0.5

x/m

(c1) . (c2) (d1) . (d2)

L.

0O 01 02 03 04 05

0.1 0.2 03 04 0.5

z/m z/m
HEEN .
10-2 10t 10° 10t 102 10-2 10t 10° 10t 102
Kot BRI/ m KB BEK A/ m 2

P8 ARG W 43 A FINE I 9 30 ws ARG 38 L AR A0 (a) 0% (D) 15°%; (c) 30°; (d) 45°
Fig. 8. Distribution of the magnetic field and the electronic probability density at 30 ps in attraction mode: (a) 0°% (b) 15°% (c) 30°%;
(d) 45°.

02 03 04 0.5
x/m

0 3 ! £ .
0 01 02 03 04 05 0 01 02 03 04 05
z/m z/m

HEEE .
10-2 10-' 10° 10t 102 10-2 10! 10° 10t 102
T TR /m 2 KR TR /m =2

P9 AHRBEET WG 43 A0 ORI 30 ps IAG I L FRER B 4040 (a) 0% (b) 15°%; (c) 30% (d) 45°
Fig. 9. Distribution of the magnetic field and the electronic probability density at 30 us: (a) 0% (b) 15°% (c) 30°% (d) 45°.
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Fig. 10. The proportion of the electron in the coating re-
gion with different angles at 30 ps.
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Working principle and layout logic of closed
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Abstract

Closed magnetic field constructed by unbalanced magnetron sputtering (MS) cathodes has been a general
means of developing the MS coating system. However, owing to the difficulties in characterizing the complex
plasma behaviors, there are still no quantitative criteria or design bases for some critical points, such as the
effective object, the working mechanism, the closure condition, the layout logic and the effectivity of the closed
magnetic field. Here in this work, out of the movements of charged particles in magnetic field, the motion
behaviors of electrons and ions in the vacuum chamber are studied and it is also revealed that the closed
magnetic field can affect mainly the 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 electron constraint and coating deposition efficiency
are studied by different layouts of the magnetron cathodes and the ion sources. The simulation results show
that the cathode numbers and vacuum chamber size determine the constraint effect on electrons in closed
magnetic field. By 8 MS cathodes and the chamber radius of 0.5 m, the proportion of the overflow electrons can
decrease to 1.77%. To increase the proportion 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 proportion of the overflow electrons is less than 3%. A local dense plasma distribution
and a continuous uniform plasma distribution can be observed in the vacuum chamber, corresponding to the
same and opposite layout in magnetic poles of the MS cathodes and the ion sources, and the proportion of the

electrons in the coating region significantly increases to 53.41% and 42.25%, respectively.

Keywords: closed magnetic field, electron motion, vacuum layout, deposition efficiency
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