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Fig. 1. Schematic diagram of the cylindrical cathode and the electromagnetic coils.
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Table 1. The main reactions of simple Ar gas dis-

charge.

b SR e [eV TR
1 e+ Ar — Art + 2e 15.76 CEN=
2 e+ Ar— Ar™ 4 e 11.56 WMk
3 e+ Ar"™ — Ar+e ~11.56 Bk
4 e+ Arm — Art + 2e 4.2 CEN==
5 e+ Ar — Ar+e — sk
6  Ar+Art — Ar4 Art — S
7 Ar + Art — Art + Ar — HA fap 35 $
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Fig. 2. The distribution of the magnetic induction line vs. the current in electromagnetic coils: (a) 0 A; (b) 5 A; (c) 10 A; (d) 15 A;
(e) =5 A; (f) 10 A and (g) —15 A. The purple dotted line is the center axis of the cylindrical cathode and the magnified area of the
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A; (e) =5 A; (f) =10 A and (g) —15 A. The purple dotted line is the center axis of the cylindrical cathode, the gray square is the tar-

get and the blue line is the contour line of 1x10'7 m 3.
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Table 2. Target discharge width and maximum

plasma density.
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-10 2.6 3.13x10Y
-15 2.3 7.41x10'®
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Fig. 4. Threshold voltage of HiPIMS discharge vs. the cur-

rent in the electromagnetic coil.

AR, B LRSI/ NE T, Ul B M E R e
TREE ETY, 53 2 AR A AR A ST
A TER RGBT N5 A AT, R i i
/N, 391V, BUIE, AR I RS G s N TR Y
b 1 0 368, UL A 0 S 2 ) ELR AR, Wi L
TRAFAE 45 mT 7oAy, A RCPH LT A 1 ke,
FEAF ] BEZ 14 HL 1 B T AR B S B A
JEEAV RS AT DL, e e Rl e 2 P L IR Y R
A I DS e R 9 G N B R L R
PERT, BhAe 55 8 1Rl v DX LA B AU LT
AR, JA 2O BN A VR ISR, S R f] 9 2
BRI ARAS O P4

P 5 S AN [l HL R 2k Bl F U 4 1 T A
IR F) S5 A BE Y RO 18], SR RAES Mg
XF A B TRY AR . AT LAE ), AR A
TR X Az ShTIOR LAY WO &2, BEE T R 2
FSE N, 25 B TR BE B WA, (R Huad R
Z RG], A O AR MR B R A 1 Wi

ARk b RE SR FE o & B (B TEAMInGg ) A
Ee (E 5(a)), HLREZR B BE A MIMBESAIRGE T 5 B
FARMY BASRE RS, A5 RTTE B P A 45 28 1A
PRI, LSO B F o 25 B L 3 P 398 A 4
o, X T RE AT B A [ AN B R = A
MBS B, HEK T sh AR, MR A B (A
BT R S 261, A PR R P R I M AE RS, T
TRTTE PV RRE PR s ) 428 [ B g R R AR, 8 T 11 el
I RESHEN G N, (5 H0 1 T 25 ) MG T B AR PR i ik
TR S i) 5 T B AR Hh Je iz 3. AE BTG
WBIR, S5 B U X 77 A i B n] — 321 i) 1
32, — 300 ) YA, TR TR R BRI R O TR A X
15T A5 B R R A, Wl 5(b)— &l 5(d) fr
. B VB H IR 30, 2R SRR B ) A A
TE B PR AR 91 181 A 25 50 o %) B st R . 24
FL R BT H 3k TR, LA B TR B AR 45 R S
S P HL O I B R S, H O T 1 il 1 R30S, T
F AR 19 i ) A58 [ R 6, (645 FL 1 MRS T B A
Zx I AN ORI RGO, T 1) R S R 2 5
WCFE B I BT, A5 (RS B S 1) o Sl
B, ARG PR AN B R, 7R R IS ME B —
AR R AR R AE B AR, RO vR B, DU
JEAR, WIEl 5(e)—K 5(g) B

WA RE AR B TR B DR AR, TR X 45
TFORVUBHCR J A th 25 7= A T . ARE S
BT E AR e 0 B R, LT
B B B A KB T —fR A, BT3RS
FHREA B BT EER, W 6 s, [E 6(a)
g BT BFIA v g A B8 R AR 0 v 8 1T AS [ Ak Y
PURRLHER ) n] WL BB O B AR, AR R
BTN, PR 2k R R AR A 0 T U R R
i L R 288 P R A ) B R TR K, 15 P e e L 1Y
SIATT LA B 5 8 AR TR SR, EZ R A
e IR AR W R AR R ] 132 2 7 1) 55 A 1 AR
Bl B2 ZBE L5 B IR, (R B T A
W HEIRERAZ ST L T A TR, rL 2R B R 3
IR, S5 P  f) Shiz S L 748/, T 1) Hp
iz B I BEL 45 K, e B e 5 30 F AR A T s o7
Ab (03 cm B, HUTRHOREET I AN B, H2
FE 2K P P R/ NS A B0 A AR (L RE Y
BN, vl b AR TR E AR BRI RN 5T, il
A5 L A8 TR S B IO 25 A 3 T ek A
RS IS NI e RYTR AT 8 e DO W | ESE R i s

195204-7


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. 68, No. 19 (2019) 195204

26 (cm)

F-4 1019

ke 1018

26 (cm)

Bl 5 SBEFAREESMSEBGLRBEBELAIER (a) 0 A; (b) 5 A; (c) 10 A; (d) 15 A; (e) =5 A; (f) 10 A; (g) -15 A. A

HRBE (0 B 2R O Hh R TE e Bl

Fig. 5. The plasma density distribution vs. the current in electromagnetic coils: (a) 0 A; (b) 5 A; (¢) 10 A; (d) 15 A; (e) =5 A; (f)
~10 A and (g) -15 A. The purple dotted line is the center axis of the cylindrical cathode.
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Fig. 6. Spatial distribution of the deposition rates: (a) Deposition rate on the central axis depends on the diffusion distance and the

coil currents; (b) deposition rate at the distance of 8 cm from the cylindrical cathode at different coil currents; (c) deposition rate

distribution at different distances from the cylindrical cathode when the coil current is 15 A.
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Fig. 7. The plasma flow pictures vs. the electromagnetic coil currents: (a) The coil current is positive; (b) the coil current is negat-
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Abstract

High-power impulse magnetron sputtering (HiPIMS) is a new magnetron sputtering technique which can
produce high-density plasmas with a high ionization rate and prepare coatings with a good performance such as
large density and high adhesion. To obtain stable discharge and universal materials’ ionization rates, a
cylindrical cathode is proposed based on the hollow cathode effect. However, the unusual plasma transport
results in a large loss of ions and a low deposition rate. To solve these problems, an expanding electromagnetic
field is proposed to control the plasma transport in this work. The particle in cell/Monte Carlo collision
(PIC/MCC) method and the plasma diffusion model are used to simulate the plasma transport in and out of
the cylindrical cathode with different currents in the electromagnetic coils, respectively. The simulation results
reveal that different electromagnetic fields can achieve different plasma density distributions, resulting in
different accumulated positions and different diffusion paths. When the coil current is positive, the resistance to
axial motion of electrons is small but the resistance to radial motion is large, so that the hollow cathode effect is
weakened and the plasma beam tends to output uniformly. When the coil current is negative, the resistance to
axial motion of electrons is large but the resistance to radial motion is small, so that the hollow cathode effect is
enhanced and the plasma tends to gather on the central axis and then diffuses outward. To verify the
simulation results, Ar/Cr HiPIMS discharge experiments are carried out with the cylindrical cathode in a
homemade vacuum system. The experiment results indicate that the threshold voltage, the plasma flow shape,
the optical emission spectrum (OES) intensity, and the deposition distribution are determined by the
electromagnetic coil current. The variation tendency is in coincidence with the prediction of the simulation.
Consequently, by adding an expanding electromagnetic field, the plasma discharge in the cylindrical cathode
can be easily controlled and the deposition rate is greatly enhanced. This electromagnetic control strategy not
only realizes the enhancement and effective control of plasma, but also improves the homogeneity and the

deposition rate of the coatings, thus laying a foundation for the industrial application of HiPIMS.

Keywords: high-power impulse magnetron sputtering, cylindrical cathode, electromagnetic field, deposition

rate
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