#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 10 (2026) 100503

HiPIMS 5§ B8 Bk 38 X9 25 B R B 545 M B0 =2 i ™
HrA HWHAT T W FEx| AT

= S S
=&

(AEE AR IEHI T AR S F kB, JedERImIRIZHORT %, Jb5t 100191)
(2025 4 12 J 23 HI&H]; 2026 4 2 J 11 HUBMESH)

EFER R R IRZ AR E N TR T B Z —. WYR k5 0% 5 (high power
impulse magnetron sputtering, HiPIMS) 4% A 38 3 #4151 B L K HR 3t 7™ A 15 B 0 28 B 45 B9 Ak e, St
T R B R PR B BB T I R R A T T A B L A O A R v, HIPIMS LR A i e i e A
TARBE SR B 35520, O T 3R 28 ko 9 1 X HIPIMS Ji B, 45 B8 TR 77 21 5 2k R 1 5% i B A 5 N 7E L
B, AR S B 7 B ) BE R A R R ET L R SRS W S B A XA IRM 5 BEARSS A it R
RGO T 5B TR | BRE 4010 5 R0 A0 1) B [B) AL AR . 25 3R B 2 ik ol 53 5 A 200 ps 46 0 &
100 ps i, BCH LR B IE(E 29 N 65 A T = 154 A, RN PR M 3x 109 m 3 £ FF = 6.5x10" m 3. IR
BRET DN & BT S Bk B8 25 0F T, Bk obil 30 5L 40 A Fl P IR BE . TRIML RS 31 285 SR 3 B 6 Ik v e 7 A 0 5
FRGRAMA R m 0 TR FHE. T Ti R F et e 2, B 5 & F— 10k
W B AL = 8 H -, DA 18 5 VK i) 2 B B P B R O R SR AR SR B L A A O TR A HIPIMS
FBE RSB EIAN S5 RZ & T 2Rt T5%.

KR m IR RIS R, B SERE, S5 R TSI, SF R

DOI: 10.7498/aps.75.20251748

1 5 =
75 2025 B R TR, 6 0 PR K o

4t (high power impulse magnetron sputtering,
HiPIMS) CiZ4 B S AT (physical vapor
deposition, PVD) B F i A Z — 1. fHE T H
RGN, HIPIMS 38 i 7E BA AT _E it s g
QUL ENATNE 9 NG ERVTE 75 Ay g RN 31 G Y
FREICTLHLA B PO S, HiPIMS JiH R FAR R
B2 10—1000 Hz, 2SR 0.5%—5%, Bk
(145 B TR > 1015—10" m 3, S M J
B o > 90%I7. PS4 Jm kLT B e L | SR A

CSTR: 32037.14.aps.75.20251748

B ORI A B T URRE A R IE 2N H, FE R omah
G, MEEZ AR R AU Rk 2 R R 5 7 TH
N iz B8

ok wh5e B 1> HiPIMS JHL 89 68 S50, e
A SR U S i ) 5 L s A )8, S o D R
TR SRR B R A B 40 | DU
21405 fiF gy FE B HIPIMS %5 Jik 5 il i s s LA
R R BT () 4 T B - < IS B B, DO AT
DR o AT A 25— [ WA 2 T 445 3] i 116181, gl
Konstantinidis %5 19 % P24 Ti 48 IE 2 HiPIMS
UiZs A i, DURHURAE K b 58 B2 20 ps /2
5us SN T 2.5 £ g5 GRS HOE GGG
W7 s, 2 A Ik oot 2 (45 1 W 5 7™ A ) S0 b

*ER AR S (S 12275014, 12305278). dbaiT A ARb A B4 (HLiES: 1252008, 1.252037) 1 HL = 25 B i e 4 | 7

SRR IR S (S DN202514) % RIS,
t iBfE1E#E . E-mail: hanmingyue@buaa.edu.cn
1 BIE1E#E. E-mail: liliuhe@buaa.edu.cn

© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

100503-1


http://doi.org/10.7498/aps.75.20251748
https://cstr.cn/32037.14.aps.75.20251748
mailto:hanmingyue@buaa.edu.cn
mailto:hanmingyue@buaa.edu.cn
mailto:liliuhe@buaa.edu.cn
mailto:liliuhe@buaa.edu.cn
http://wulixb.iphy.ac.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

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 10 (2026) 100503

AR IR R, e TR
FI) AR L 1 (L F % 29, Tiron 45 2V 5286 & B
TES- L3RR 100 W I HiPIMS Jig i o, 25 fpk o
Fo M 50 ps ZA%E 3] 3 ps B, Cut B m 1
10%—50%. Rudolph 45 B2 FI| Fi {5 B 7 vk &K B, %
ok b R L DX 3 A )R T R oM B TR
ZERR, P TR R,

kP BEEE T XHAREUURERAER, 5 HiPIMS
R — A R N A B IR A R R YR
WA R O, S — N B e W BRI R B
R Ik i T30 FEL G S 4 e s v B FL S L AR
T PR, HIPIMS MRSl A+ 2 5%
A5 4 R S ¢ IS, RIS ik i R O I (E RRATG
B L A RO SR G 52 5 R S AR A
BE S R B B AR OC L R [ WS AT 4
e HL B (HE G e B R ) B AR s B
EEUTRR B IR Y S B > 19 R, 2
AL R AR 5 VK o 5 B L B Oy =, Skt
FIRIA FEAAR IR 1 1 B 4

FRCHR 3 Ik AV Dk o8 B I 3 ik o g R ]
DI S TR R (HE AR &) T Bk o e {1 FL T B
IR 26L PRI, 30 e A ik v R SR B e W (L FEL 97,
T o KOS A T 17 B Tk 2327, Oskirko
85 RO RS R B, K E B 7 BRI B s ik e
Ji, $1KE AR &5+ 0 B gy, (H2)
51 HIPIMS R 5 A SR T I, 7 A 4 Ji KMt
B, BARIR 2SS M R, A B\EGEF S 2B, X
Ti, Cr MU FE4s F Dk b HAS AR ¥ H P A, A R 3
U 2 5, R R THUT AR B T4 R S TR %
KNG R AL R AL A 333 Hz T Y TiAl #8
S b P83 AT - A bk v ok oK 391k BR R
THEN 2, SRR YO SR 2T K.

4% HiPIMS Uk 5 sl 8 i 08 1 4 i i B 42
AR, SREARE IS S5 & I 4 e 5
AE T 2 )RR AT G, AR AR O TR AN A LA R
R 2930 FLF Iy, AL Ti $EWFE TR, SRR
ST PRI A B AR A S GIEAN, Al
TR A B AR SR AR, R B A
BE n. FIRE T, L FHEE /0 PR%L (electron
energy distribution function, EEDF) , #i ¥ & 5%
JESE. AL, T2 Wi BORMELL 4x T %48 HiIPIMS
TR HL ISR A N R, AR SO A5 R B AR IX.
AR (ionization region model, IRM), X kil

HLAF B T A S R B SRR AT RN DL 5 S g 45
HEATXF LMY, B A 4 T ok v B B8 A1) 48 FL 3
NIRRT

2 MEERAREGEETEMNT HE
2.1 HiPIMS HEB &%

WME 1 FR, ASSCR BT A 7S A AN
PIELZS EE (BUAA, APS6T) HHATH 5458 F
TRI2 Wik BU. W SRS A BRI 23 2 99.99% . H.
#4100 mm ., JEJE K 7 mm, I 06 HE IR 44
IR A, IR 2 b BHA R BE 294 2 mm., #43
Firl & A LA Type-11 B AES- A ff 30 7Y, AT 2
TE 0.4 Pa S K. 300 V TAEIE M T LA M 2
JiHL B A B IRAEL N 5x107° Pa, SRR
JE2 300 K. 7E S e i F v, 4R Sl 99.99%
AW TEERE 0.8 Pa. R BRI (b
LA DO7-7B) ¥ il < fik, I 38 A v A AR
(INFICON VGC501) YA . A 308 LA AR &R
WR: AR s 3 B AE A R oy, r PEAT
R Lb R LY 7 Ak PRI T R Y B (<1
AR, N 1 .

K FH AT BN B E W& HiPIMS H I (BUAA,
APSHIPIMSO03) #F 47 jift f , H f5 Kbk b i 24
~1000 V., ik v 06 HL I Sk 500 A ik i AR
1—500 Hz, ki si R 1—400 ps (K 20 ns). K
FH 223 R #R3k (RIGOL, RP1100D) . Hi i #48 3k
(RIGOL, RP1001C) ik v o e R 3, I H 4
TN PEAR (Agilent Technologies DSO-X 2024A)
O IIE. R, HiPIMS Jif R B TR 600
FI-800 V, fik b€ G A 7 = 100—200 ps, ik
MR ECN 500 Hz, A SCE XIHANE L ¢ = 0 ps i
HiPIMS HL 0T bR ).

2.2 HEBETFESENERS

AR R A A A A R B2 R 4 (BUAA,
APDLP 15081331 5 A 5] fik o 5 i T 1 45 B8 1k
PR HL T AR 43 A PR EIORIT H R B ) Y Ry
P A 1 PR, BRESGE RS 0.1 mm, K
JEH 5 mm B8 22 il HAMER K 80 mm, 2
1 mm MUZ PG LML 7F 0.8 Pa R FHL
Tz g 1 @ BN A\~13—142 mm, KA SC
PR HARE AR AL ) < A, BOTE FH AR B2

100503-2


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

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 10 (2026) 100503

Oscilloscope

=7 ® | Langmuir probe

HiPIMS
power supply

Ar
(m:mﬂ
MFC

OES probe

Viewing port

Probe
power supply

Oscilloscope

E 1 HiPIMS it 5% 5 FRZH LR R G n 2R

Fig. 1. Schematic diagram of the HiPIMS discharge and plasma diagnosis experimental system.
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Fig. 2. (a) The voltage-current Vj-I, curve of the Langmuir
probe at ¢t = 50 ps; (b) the In(f,)-V,, curves during t =
30-110 ps, plotted with 5 ps time interval.
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Fig. 3. The temporal evolution of discharge voltage Uy (a) and discharge current I; (b) in HiPIMS discharge at negative pulse

voltage of Uy = —600 V, gas pressure of p = 0.8 Pa, repeat frequency of f = 500 Hz, and pulse duration of 7 = 100-200 ps.
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60 : : : 420

100 120 140 160 180 200
Pulse duration/ps

P4 TR Bk oh 58 BE T 0 A P TR Ly, T30 RCFRL T 3R
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Fig. 4. The peak amplitude of discharge current I, aver-
age discharge power density P,, and average on-time power

density P,, as a function of pulse duration 7.
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A0 JE Ik o v B S AR R RO L. O T R X — i
T A B TR R, AT SR 2R IRE 5ok
T R AT Ik 1 1 ) 45 B - R S B0 Ak O TR I 43
Br. Bk SERE 7 = 100, 150 F1 200 ps, #i% 500 Hz,
H1L 800 V, A& 0.8 Pa i, HIPIMS Jift A HL 7 %
LA 5(a) B, Hi ka5 E 3(b) 1L, 3%

IR K o B e (R L . 1T 5(b), () R
FUME (r = 25 mm) _EJF 65 Al 145 mm V&5 T
W, MM TR T, Bt sk, & 5(b) AT,
7 = 100 ps B TFHELE 2 = 65 mm k2| HK(E
29 6.5x 10" m3, AR % B 2 Ry rh kL
JERY) 33.5% (hHE Ar JE T8 EEZ0 1.9%10% m3).
Bt ke P K 2 = 65 mm Ab B TR B K (.
BWEAR: 76 7 = 150 ps BF2) 3.9x10° m3, 7 =
200 ps B2 3.0x 101 m 3. ek, AT AR PG AL AL HL i
Iy VAT B 25 B n l19:

L [m
eAt
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T RGEE AR (2) B B I, (b) B F 5 o M
(c) M FIRE T, il ] AR, Horb e R o -800 V,
0.8 Pa, 11 %4 500 Hz

Fig. 5. Temporal evolution of (a) discharge current Iy, (b) ion
density mn;, and (c) average electron temperature T, in
HiPIMS discharge at various pulse duration (7 = 100,
150 and 200 ps). The Langmuir probe was placed at z =
65 mm and z = 145 mm. The discharge parameters are as
follows: pulse voltage of —800 V with repeat frequency of
500 Hz, gas pressure of 0.8 Pa.
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Fig. 6. The temporal evolution of EEDF in HiPIMS pulse on-time at various pulse duration (7 = 100, 150 and 200 ps) and various

axial positions: (a), (c), (e) z = 65 mm; (b), (d), (f) z= 145 mm.
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Fig. 9. IRM results: (a) Discharge current Iy; (b) electron density n,; (c) electron temperature T.
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Abstract

As an advanced discharge technique, high-power impulse magnetron sputtering (HiPIMS) has the
advantage of high density and high ionization degree plasma, which is widely applied in surface engineering.
However, systematic investigations into the intrinsic correlation between discharge parameters and the resulting
plasma characteristics remain scarce. As an extremely important parameter, the pulse duration can affect the
discharge current, the plasma dynamics, and ultimately the microstructure of deposited films. Recently, it has
been found that the peak amplitude of the discharge current can increase markedly as the pulse duration
becomes shorter, while the underlying physical mechanism remains poorly understood. In this work, to elucidate
the effects of pulse duration on gas breakdown, self-sputtering behavior, and afterglow plasma dynamics, a
comprehensive study combining high-time-resolution diagnostics and numerical simulation was conducted. The
experiments were performed on a Ti target using a custom HiPIMS power supply, operating at fixed voltages
of =600 and —800 V, a pulse frequency of 500 Hz, and apulse duration ranging from 100 to 200 ps. Key plasma
parameters were diagnosed via a Langmuir probe and optical emission spectroscopy (OES), and complemented
by numerical simulations using the ionization region model (IRM). Experimental results demonstrate that
shortening the pulse duration from 200 to 100 ps leads to a substantial increase in the peak discharge current
from ~65 to ~154 A, accompanied by a nearly twofold increase in ion density (from ~3x10Y to ~6.5x
10! m3). Langmuir probe measurements confirm that more high-temperature electrons are present in the early
phase of short-pulse discharges, thereby promoting enhanced ionization. IRM simulation results further uncover
the core mechanism: the short-pulse sustains a significantly higher residual Ti atom density in the afterglow
phase. Owing to their lower ionization energy and higher ionization cross-section relative to Ar atoms, these
residual Ti atoms facilitate a more intense electron avalanche at the inception of the subsequent pulse. This
triggers a positive feedback loop of ionization and sputtering, thereby drastically boosting the initial ionization
rate and the peak discharge current. This work clarifies the intrinsic physical mechanism behind the peak
current enhancement in short-pulse HiPIMS and offers valuable insights into the HiPIMS plasma dynamic

characteristics and the optimization of high-performance coating preparation processes.

Keywords: high-power impulse magnetron sputtering discharge, pulse duration, plasma diagnosis, plasma

simulation
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