XU = T 2R Bk oA R 4 Tk 5 PR AR B8 XU /= B B R4 AIE
RHEIEFrEE20m"
SRIr= " AR B 7R 2 =S
D bk R, VUCRE & B stk B, et RIREHAR LK =,
JLE 100190)
2) (bR HIRKREE, PR & B B 22, R sz /3 1225 %
sEag e, dER 100190)

W E

KU 25 T ki g A5 5t (Bipolar pulsed HiPIMS, BP-HiPIMS) 1E Jik i
HAE] B BHA FEXUZ (Double layer, DL) A& &7 Il sE 22454, H
HI, HXUZ T BUARAE B Fo0 B8 T Re & I A AL AT T £ Xt ik,
KRR B EHR ) S S W IRE, S5 G A, REGIZH TR
48 BP-HiPIMS Jit L FP &5 38 AR AL (V) AR 2575 A8 K B8 1 e B 4 AT
fiE, 24T 1 IBOR SO BXUZ B RHIE S B R R . 25 R,
BRI R Ja, SEATXIRE ) TR A A R SRS . &6
A B A5 SR A R I R R, R Z A A e R s I, TR
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FESL IR, AH R 2 REORE B 1A UK 8] 28 B AL B, R 4e
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MW 842 SR I8 Re BN, v s e il E. PIASE
FEFR AL T S0 RIS LAt o
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& PEPTREIPER A0S EDE G5 HFZL2023CXY014). [H 5 5 R F
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Rl St FP OB R T RE R RS, — BORRIR S5 55 T A3 5 2 1 i e 4
H ) TR T IER O-el, AR, AT AL Gt i Dh R ik R I (High power
impulse magnetron sputtering, HIPIMS) 45 & J& 44 (i [ 5 H AR AE &2 Z4 ¥ 1 b5 248 25 4k
B A N R BR . XAk = T 2R K R 4% Wk S ( Bipolar pulsed HiPIMS,
BP-HiPIMS)# 4 i, TR 28 7 Re & A SO 54 78144201 BP-HiPIMS
47 % 0 ) B WL 1) 2 T ) R 7Rk e 25 B RS e 1 IR Bk e, X o R I RS T
(10"~10% m™) FEATHNEN, 2SR & 5310 2L (Ton energy distribution function,
IEDF) [l & 45 RAESE, BP-HIPIMS i H I A% o2 30— AN 5 A 1 Jhikor v e
(U X REReE T (B, ZFITANHE Ein = eUB10120, 3XFis e &1 1
HIL, 155 BP-HiPIMS AR VTAR AR T4 48 HiPIMS TEROMA . &
AR L RS & T DUSO RS ke B, SR S L 45 5 T e
sl gk Ah, b5 0% G I B A AR BV BOR AR LG, BP-HIPIMS A3 R i T 515k
BB Ar' 2ty BT U5 5 100 A B, AT (R AR e v o 00 L B 25 1
fr LA RFAE

3£T BP-HIPIMS HIARMAZARHY, JEIEH S A8 1 i 5 5g Hl IF se
DS FReR IR IS, CBONFARFOCERE R, RECHREMREZH
LB TARCWHEAR SEERNT B, KB R BN B B TRy i S BT 4hig
AR H ST B A O R XA A 2 PO e Horr, B2 H A,
B RAE A B BN B A ARG B 223, T 5 — S R, B R
1 LR BT A8 2 A HEAT s 2329, BT BP-HIiPIMS ik Al 4k b7 36 5T )5 f0 8 77
AL B RER SR, AR AR R R HUR B RS R T O AR
T ME LR SR A AN S5 W R, R ig s oA R e R, TE ka3 ) =
(1) LA, 25 AE) VA I L 3 R B T LR, 22 AT — SRR IR NAR FE R 1]

o

Fg b, BN I i ks R SR B AR s R AL (V) B A )
K. T ERTEFKEMRE L, &R BRSBTS 8 T A
A, gERPAER e, ik, S8 TR S AR E AL CREZ AT IR
HRESD HIREFEARRY, Oy T BRROININ i3 J 4 R 45 B TR By~ AT, S AERS
Sl AL S ARME PR S A T 2 (BIEEZ ) B SRR Sk R E T 5 i A Ag
B IR E] B AR, AR SRS B TN ) RO, BERRRE T E
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[ 7, KN 124 M1k, &F%F BP-HiPIMS 1E Bkt B B Ab T 1IE (IR S O R
[, SEACHEH T UM SR R AT A E A AR, BRI 1 s

Potential

Electron sheath

Axial distance
K 1 BP-HiPIMS JiCHL I R r #E i 4 R 2 R e o o 25 1 A LA 73 AT

Fig.1 Sheathes near the target and plasma potential distribution in BP-HiPIMS discharge.

R U AT 2 5 AL B B MR T TR R I PR A S B S
FE—AN5E 41 BP-HiPIMS TSR JIk e, #E R X IEE [ A Sk b S99 18] R B AR 38 2
BB S IR A R A, P 3 IR bk S R B AR AN 2 B Sh A A . A AE TE )
ik A T R 8 A g @ SL IR AEREAT AR AL B, IR TR 24 WA AL DL
W AR S B TR B FE A5 46 At o Forhr, TN I ikl — @ I 1) 5, ST H0UZ (Double
layer, DL) &5 IITE R, A2IE H1iE IS PIC-MCC #E3UF1 ICCD s B H AR 3R A5 1)
— I SR IR, — HARRURT R RS, 1% AL ) S A R A
THRAFFHMNOZhEE, XS H NI [ R ks 5h B2, R 7E By SR ol 4 b kL
O AR S, AU IH A SR A BIA BRI S TR, By — Pk
HN B, DL A5 i) SUARRIEAE T S8 #0H ) X diAF
(E— N FAL X CHEAS R4k v A7 T 200 5 2 i AN v D, Bl s PE I A X
SRS S FE X A B A R R () FE A R pR T A B R M
ETE SRR R BRI DX AR B 1 S AT R, BT S
R DX I R P S R ARl LSS . BTk, DL 2R Fo — il fe B =) 30 5
ROGHI A B FF I R 12328 FRA T A R B e 45 SRR, DL ) N7 0 230 A2
SEARPI B /R4 M (Langmuir condition), RJJ7E I S Ab 85— A1 HL 1 J & 7504 2 30
BT EAERIZ, SR TR IT AR SRR R T R G, B
SR B 1) b ) T s S A T )RS S s, R SO B Tl . TR A FRATTE A
F PIC-MCC #E R FrigiE sz 7, DL i Ft— e T “ 762 55 (magnetic null point)”
b S5 Ol AR LR B BURIRET FE S Wi 25 2R, e IR ki, RS
DL Misr, 7S5 & TR AT R A R AR ALY, X —I R EHAESE T DL
ZERRRAIE 5 55 B AR (R AT AR 2 R AR G R &R
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£ BP-HiPIMS 1E [ ki #1a], FHAREXUZ (DL B 53T 7 s
7 (6] (1) F AT B A SR I I Bl g S B, e SERLTA B T RE R R 1 R . R
B O AR ICHIE TN 2 (8] S5 B8 R B ALk AT 1 )0 I B 722272831 (0 iy T~ DL & —
M AEAE PR SR Z S50, DA 12 T BAT AR Gk = 8 RO 2 0 A, AERLSE
ORI LGS S AL . Rk, PR DL JEARRIE 45 25 A0t 7Lk =
RGN BN B SLUG B S . ST, AR AT B TR AR 25 43 IR 45 B A
(] FL A 5 HH &, X BP-HiPIMS J8UHE R DL 80 25 8 B 72 K 3L 32 T8 e S 501 1
PENLH R IR I . A DGl 5 ] ks RO RS W R G, S A () 73 7%
#~1 mm PRI 8] 73 3% 200 ns (155 B AR AL & . RFBIZ RS, A SO
PRTH X3 (FEFETH~10 mm) B 2N E (FEHIH~80 mm) 88455 i il 1) 25
[F) A 48 B AR B AL BEAT T BA BT 2 H T . 55 2 A4 BP-HIiPIMS
TR ZR G LA B R R AT (2 W & D7 s 28 3.1 15 R | BP-HiPIMS Ji LI F42
SRS TR AL BB AR R S5 DL BIZSRAFAE s 28 3.2 WERI T 240 DL
FEARRHERISZW: 55 3.3 WG PUEIE, R 17 DL BTN E T Re R0 1h
ISR e, TE58 4 XSO EELERIT T A4,

2 BP-HiPIMS HHE5EEFFCHRSR

2.1 BP-HiPIMSH{ B &%

P2 45 1 ASHIF S BT R FH RO R DS TR0 5 48 B TR 2 i R AR SO
B AR — N E~600 mm. 75 ~800 mm I NEE N B = AT
TSR R FH 4B w308 99.99% (1 4 J@ 4 (Cu) #E, $EM RSP A ER 50 mm. JERE S
mm. RO DA K8 A A N A R E M, ST T D@ 20°C A E IR G
HIKIEATAH . MeAh, BER 53 i 1B B T FE~3 mme SEBGR FH P )
PR CEH SN Type T D, ZKEHiRiTT (Tunkia TD8620) Sllbs e, 1EHLIH
H3E X OE B 77 AT T AR R 37 77 BE~105 mT, #2% s (magnetic null point)
AT HE0 EJ7~25 mm db. SERGAEREN B, VLR S5 70 7 R I E AR E T
FEHHAE 10 Pa. ORI FERAG S (Ar, 40 99.999%) 1E ALY 54k, 1
BANES RS, SEARMENEEHRERET (Qixing D07-7B) AT, [H
I 2 9 I AR SO BRI FE 2R 3250 (INFICON VGC501) AT ST Bl o
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Fig.2 Schematic of the BP-HiPIMS system (a) experimental setup with the plasma diagnostics

and (b) the magnetic-field configuration.

Sk T H ERFK K BP-HIPIMS HJE (APS-BPHIPIMS03P4),  HAR R 4
HZHCN: fn) kL i —1000 V. IE 8] ki L +400 V. Gk g (E FLIR 1600 A
TRk B 100 A, ikl 25 B ARATEH N 1~500 Hzo ESCIGMIE I FE S, #E
ST 100:1 FEIRAR L (Agilent 10076B) BEATRAE, AHM L HEIR R A 2 K
2k [El (Rogowski coil, CWT) HEATIIE . ¥ K5 ¥ IR P ARk a8

(Agilent Technologies DSO-X 2024A) SEifidsk. FEEfEHZ, HiPIMS i&1T
T FEBRAS I S WG TRO R IX R, 5 B AR [ A RO AS R e 1 (s
BRI e ) LAR bkt 8] 1 3003, G R BRI IR ik, FBOR G2
XL F R T, AR T WS W BCRE . B, ARYE HiPIMS
W U, AT BT B 20 7 R4 0 B Y 128 Yk 2
TP R o SX 3076 ROERR T kst [R] B B AL e 72 S 5 LR 7, B S T
B TARER T Gvt 2 R BRI, Fe o RIE T SR EHR B . B 3(a)
ST R SRR BRI — AR, BRI (AG) BB kil (NP)
B BORUIE Bkt (PP) BB o SREGZ I I S H05 € v Sl ki B £ -500 V,
G Bk 8 FE 150 wss  IE A Bk R LR 480V, IE [FIKIFTE BE 250 ps; ik E B AR
100 Hz, TAEAE 0.8 Pao ZEFTA IR AL, A fm) ki 5 1 [ Jhkvh 2 18] )
D43 I (A1 S5 RIFTE 1.5~2 pso FEFUBKIRII B, A AR I S0 20 (1 25 1 FELIR
REAE, FEREINIE MK S, BT B2 R R, FFE HLALY) BP-HiPIMS i
HURRAED22],




(a) 200 —— T —— 6
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100f la
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3 (a) HEHRURATHRRBIY (b) AR Ly 1500 N RS RET &7 AL BT

Fig.3 The waveforms of (a) the target voltage and current and (b) the floating potential of

emissive probe at various heating current /ep

22 REFHAUERS

A TR B ERER R SHREH2 I RS (APD-EP3APY) X 45 8514 7% A]
AL (V) BT . R DI B TR G I AR E AR 25 e e B0, R4
A3 1 TR LR F AR N 100 pm. KN 8 mm AYES 2211 p, H 5 BEAR 0.2mm.
KAE 100mm F4R SRS, JEREEEE N AR 0.2mm. FME 0.3mm ¥ B8 P98 .
DURE TR ERE 22 b SR AL, RS E I PN S E R BRI R (R=20 Q) 5K
SHRET IR IEIE, MO s s RS 5o R, Dy 7 AR & A i RS v
R, 7ERRENHHL (RIS ZREBBHEN T — A EbBiHEE (R=1 MQ).
ST TRHATIEH 100:1 FRHR S (Agilent 10076B) 4, I hi¥irnik %
(Agilent Technologies DSO-X 2024A) #EATic3%. A T 3REL v, (175 8] 43 A0 5 A8 H
HE, R ATERERE PRI 2 SIE R B FEA R 10 mm % 80 mm I X R N AT #
ENERI . T2 BRG] e I ZL IR X3 (z=10~25 mm), #REFIIHEE)
B RKEEN 1 mm; MEZE X (z=25~100mm), #EEKN 5 mm. RIEK
S ERET LR BRI ERATT 2 A1 (1 S B b 2 81, fl T RE 1) B R @ W U 2 2
wH CEARTZEMEERRD, HARH M FHRREIL (~02eV), Hapil
A BA SR R R LA, PRI 4 Ry 55 B8 TR B A 25 A LB vl B g AN it 3
FEERIE IR, REHEAT LR T RARISW, MIRE O ST R (2
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<10 mmD, FREFHMES I M B o Py 3 SRS B v 5 2 P 1S X N B 31 ExB A&
ERingh (BP0 7 R A /R L EIE ), S B0 R F i R AR 5.5~6 A BRAR
NEERIAL 4 Ao BRI FCA R B 1ETE, AT TR RS, SCR AT
JRCE AR AE I B R sl BISE ALK IH R FF 5.5~6 A I R BRI 5
Byt 5 e
FEAE I T (A AL BT S50 b, AR I SRR PO b it ) < Al 1 K
SRR E S5 B TR AL MRS Kemp A Sellen MURFFERT, %771k ] 1465
THEFES T 10"~10" m JE A TSR . AEREAT IEACIN B2 1, 20 52 1K 3]
VAN T S5 A BRI R BIR Lepo ] 3(0) IR THER] 3(@) BT RIS HCR, A
FIINARIR (Ip=1.5~2.0 A NSRS AL 2. ZPRKW, 2 15,>1.7 A
I, AR R & i ALE B AR, XU IR C R A e g s 2L A I
e SIPOL AR RURSPIRES , BRET 5 8 B A5 8 IR 2 TRV 2 s e T3
PR B A 1) i F AL R A S O 12 JR) 8 DX S5 8 T AR HL AL Vo SR 1T, 518
32 [ LAy RN T FEL A RO BR A1), S o 0058 ) 25 125 R HEL 7 38 O EE RO SAELAIR 4
keTo/e (HH ks NBURKZHEH, T A TR . HTZMNERES R T
TPE LR VEIEAR DG, 454 BT HIXT BP-HiPIMS 1 ik #H [A] F -5 52 1)l 2 25 SR8,
AR S H AT B R ZEAE VG EIAE 3~8 Vo BT BIRbRE o tr, AU 5 2Rk
HOREIREF AR E BB N Tep=2.0 A, LABA ORI & 25 2R 1 7] Stk

23 HETHRESARENE

AWFFEH, BTReE KA (IEDF) J&ilid i i%{¢ (Hiden PSM003) il
B ZIEREE TEREENSBESEE )G, Bah A BRI s
(ESA) it tHArESNREMI BT, Bl 5 3k N DURRAT o7 S R A%, 070G Hh R < Jo 4
FEROBE S 7 AR 1, B TR TR 4 (SEMD #EAT(E S iHE. fEARSK
e, RIS RAEFLE AN 300 pm, IEXTEEAE AL, T R #E~80 mm.
A, SRAEFLORRFEHIRES (ZH A BE N0 V), WESHER B EBOE A
-36 V, PISEHLETHIARGIHANCER . B es FRE R AR A (5%
EAEH <5, HEEWUETEE TR M HOR KW BRI S 5R. 7E
DEHE RE T THD, TR AR 5B MR E N~1 amu. FEA R IHEIE TR ST
IR ET X B BT (Cu™) SRE& [ I AV IEDF. JRE % RS0 8 71
#ipR %L (Transmission function) ARAEFRE, (HXTTFME T (Cu", HALMRLE
AFRZHCNRFFIEE, B 2 XS Ee -t IEDF A AR AR K . MR AE
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EFEHEREBE N 0.1~300 eV, 254 0.1 eV BN SRR LE B I T A 100

o BT ASZIG B P AT R G5 & B N 100 Hz, X &R E RN BE 50 82
LR 10 ANkt IS FE SRR Z T B0 Wig . SR BT R4
S SR FRAH [, R 22 fhkan B ST B0 20 RCE R T S R R S
TRMIBENLIK 7 SO AR E M, BRI 4 tH Ae il A 5 RUARR T 2 W B FRe =
REAE, AT DR 10 20 i B AE R

ZR511e
3.1 BP-HiPIMSH & E-F&k BAEN & EBXUE FITE BUAFIE

FERATHTAB 7 TAEF, SR PIC-MCC BERIN PR XUZ (DL (#3h
DI RGS FEAT T 07 B S BRI e R A b SeBX S AT DL B S i 5
P SERGHATE, TEATTRRIFIZE 2.2 TRTR IR EREF S R, W& T AR
) 2% [ o7 A PS5 B8 PR L (W), BRAET I RS R -5 2=10~80 mm.
BP-HiPIMS MRS E € A S m Kt 56 fE 100 psy HE-600 Vs IF [ ik o8
F£ 250 us+ HUE+150 Vi SRFRFEELE 100 Hz, TAES /% 0.8 Pa.

(a) Overshoot,,,W V. (V)

140  Overshoot

oy 120 | Potential drop:
<= 100
® 80f Target voltage
E 60 [ —V,at15mm
5 40l —V,at20mm
o ool ——V,at30 mm
OF —V, at 50 mm
= —V,at70 mm

-100 0 100 200 300 400
Time (us)

Pl 4 i H 30 1) S5 B AR F AL R I R AR s (@) RIS A RRAE s (b) AN[RVh e 7 B AL SR
T A RS PR P T 366 2 R of [ 4 L

Fig.4 Spatiotemporal evolution of V4, during the discharge: (a) 3D spatiotemporal distribution

of V;; (b) Temporal evolution of V}, at different axial positions and the target voltage.
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B 4(a) il 4(b) e T BTS2 1A FBLAL W, ZEAN RVl ) 1 B I3 A 84K
RAE . SICRBIEARL, BN AT e ikl (NPYL IESkF (PP) J¢
R (AG) =/NHA BEZEF WY EEAM B 7 fubkoh (BIEBE HIPIMS Ji5 D
VIR B,V RIFEARES o 1X 322 Hh T 735 BT 3 BRI A AN B 2 L S 808 1
I BE AL, PR RV H A TSI A L R AR T AR KR 2 1] A R ]
s . WA TBCRIEAT, R ANESR 4R = 6 TR BB (~2eV), BLIHRER
TN e 25 R AT DU W BUSEI W, BEANERIZS IR NI 7 CREFFERA R T Hh B AL 1)
RSB ACT (947 VDo IX—4FE 5 S AL ) HiPIMS JBCH &5 B TR B — 339401, %
A P B 5 55 B A 2 ] 1) e e L7 4 30 o 7 B T 2 DX A 231, H 4 4
R e A 1 2 R S T v RO ) 22

AN IR B S R D)4 2 T Bk e, A AR SRR ) 1 i B 37 48t
B2, #EN PP BrB. Wil 4b)fias, TEERKF R BREb gt 5 A, BT &AL
B Vv, & T AN EE AR “i R (Overshoot) 7, Bl 4EFE/E— Mg
RKTHERALIE . B KT R — 2D HERS , W, B BUZE R B T 2% (R At
P IERRIX ¥, TS B BEHOR AMINEE R IR, FEEETRI AR A K
MORIRIRF LR YRR E i ADIRS . MZ BSHERTIN v, WIAEZ J I [R] . 50K
FE 0T B R G W T i, ZERIR IR ki R0 AR 5 7E — M T B e 1 AT
Fa b WEAESE LB T —1N220 V HEAEEE (Potential drop). 1X—H
PR 45 B 5P ST 55T BP-HIPIMS 1 ik 391 ] J=5 505 25 85 7 1 Az Fy s 1)
AT R — Bt ORI SR AR RFAE, MRS A SRS 1 1E A ik i 3
6], BEFT DL G542 0 1 — AN 57 2IZN A 4k Rr B0 AL 159 .

MR KR CWT, BOEBEARME (AG) BB, B 4(a)fl 4(b)) B & 2 [l fr
B ARG, S IRE D B YE R B IRAS TR LA K . X B B
FEAMINIE A LR R 2, JRAT I FAUZ (DL S5l BUf . Bhi, 281 1k%2
W T, AR A AT RS U S B A, RGEN A TC NS T
o e PR



—a—f{=-80 uys —e—¢t=-70 us
—A—t=-50us —v—t=-10 us

A

0 10 20 30 40 50 60 70 80 90
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Z 160/ .

©
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5 ANIRIN Z055 B - fA B AL Bl e ) A RFAE: (a) SUBkP ) (b) IE AR
Fig.5 Axial spatial distribution of V}, at various times: (a) during the negative pulse; (b) during the

positive pulse.

Bl 5 3t — 20 R 1 AE SUBK PR IE Bt (AN RIS 20 S W, TRl v £ 2% ) 43 A 1
Ble B S@FR, FESUKTIIE, SR K S S AT TR RS TR BT e b
S AL AR S VI Rk (B 5(0)), EBCRRIFIIEE (1=6
us 5 1=20 ps), ) v, AR TS, HIRER & TAMNIER LS, i, R4
P 2 T2 R A o P A R E B A 5 B S AR BT o B TR R A 2R A B Y
JE 1 (¢=100 ps F t=250 ps), ZE[ AL RA T B BEAREN Il 4
TR s, Vo BT BRI B, K s a1 4y Sy S IR R T L B A T R L
HrmE AL X (2<<25 mm) Az 2 48 I LA X 8k (2=25~80 mm) . fEXPIA
XA 0], B BRMRAE~20 V23 F) R AL BR FE IX 35, Dy MR R s XUZ S5 A2 i
1SRV AISE, T DL S5MIBEERAE, X P 5 o0 i S A A0 o B 1 2 (] FLAvr
gitt, FELME RSB RIS 58 i R ICA A B H e B & 3. X — s A
RABGIESE T & 4(a) FOULI B T 7, FREA LA IR E AN 82,
(] DL Z5 M O EE 58, A 45 JRATT AT LU B 2 N A 23 A7 1 BEFR 78 DL 4 i) A8
Wi, — H DL WA Z5 S, Fl SAb i 2% 8] o A7 s P mT ARG Ak it ik i 32
FE R g B Re, ARSI ES 72 M RERIR B )y, O RS
1 HE B T U IR R R I RS SR AL 1 BRI I
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3.2 BUASEON BXURE T AR IR

T FE S « AR BP-HiPIMS JAH N EE S B —, RE TR m
AR CHn R A0 1) i 2 55 T < J S 11 S LD R LB RSB43,
I IE Bk o UAG % T IR LT 5 I i 5 B RO I AR Fa a8 Rk, A
WA IERK R (Us=+150V fl Us=4250V) %1FE T, WF7C T Fubkoh 5
(7-=25~200 ps) Xf 4585 TR AL AL P A HE AT DL S5 A4 RpAE A FEMA o AH N
PR LR B TR U P 6(a) BT o SRR R AR RS S 1 F AR 100 Hz, £
[ ik LR —600 V,  IE Bk T8 BE AR RF 250 ps, TAESUEN 0.8 Pa. 4T HiPIMS
RN B S BS FR BRL T I O AR, 10 ms 1Rk ) 82 DA 7 1) 4 B 114
TE N — A HATE I8 A0 08 AR AR v R M U KT, B ER T 80 S 250 e AR 11
MLt SArEENE . T ISR EIR B S T, B 6 TR A A R (RIS
2 W — e e IRk R BRIl Wl 6(b)Frr, ERTANNA T, S
TR IR 352 8 4ERFTE 5.5~6 Ao

T
|

ettt 1
—— 25us/150V T
- -~ - 26us/250V Y

r ---- 50us/150V
gk e s nc oy 50us/250V

-400} | 100us/150V
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o o
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Fig.6 The temporal evolution of discharge voltage and discharge current in BP-HiPIMS discharge

K 7(a) s 1 AN RIS 2500 il ) 7, 02 18] AT R A AN o) v AL I A, 7T A
K, AR SET, DL AL G 8 ST AR I F AL IE K T 5 I 8] 58 ik
(1, M2 T SRR 2P RSET LR, BB o R
B0, DL ST 1 (8] 2P e da fkads: 2 USRI, fEAIR « T DL
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FIG T 75 (TR [ H B 980/ o X 5B DL (TR B 25 IR - F 2 5 1F ) B3 A LA
2R . BARTI S, SO SE o B 1 Ik ke 8 i S8 AT IR aa 4 i
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Abstract

The precise regulation of deposition ion energy is a critical frontier in low-temperature plasma physics
and surface modification. Bipolar pulse high-power impulse magnetron sputtering (BP-HiPIMS) has
emerged as a promising technology that achieves the acceleration of high-density ion fluxes via a
reversed positive pulse. However, the basic characteristics and formation process of the double layer
(DL) during the positive pulse and its effects on the energy of deposition ions remain incompletely
understood. This study aims to systematically investigate the spatial distribution and temporal evolution

of the DL and elucidate the underlying correlations between discharge parameters and ion acceleration

mechanisms. A home-built emissive probe system (APD-EP3A) and an energy-resolved mass

spectrometer (Hiden PSM003) were synchronously employed to_diagnose the BP-HiPIMS ‘discharge

with a Cu target. The emissive probe, operating in the saturated electron emission regime, provided a

high spatial resolution of ~1 mm and a temporal resolution of ~200 ns to_capture the transient plasma

potential (V) evolution from the near-target region (z<<25 mm) to the bulk plasma (z=25~80 mm).

Specifically, the evolutionary trajectories of the DL structure and the time-averaged ion energy
distribution functions (IEDFs) were comprehensively evaluated under varying positive pulse voltages
(Us=+150 V and U-=+250 V) and negative pulse widths (z-=25~200 us).

The spatiotemporal potential mapping reveals that upon the onset of the positive pulse, the near-target
plasma undergoes a dynamic physical reconstruction from a quasi-neutral state to a DL structure.

Notably, the physical boundary between the high-‘and low-potential regions appears near the magnetic

null point (z=20~25 mm). This spatial anchoring effect exhibits strong physical robustness governed

by the cross-field transport resistance of thé magnetic mirror topology. Furthermore, the structural

reconstruction of the DL generates a‘steep local spatial potential drop of ~20 V, serving as the primary

axial acceleration source for traversing ions. Varying the discharge parameters demonstrates distinct

21



regulatory mechanisms on the DL and ion energy. Elevating the positive voltage (U-) not only directly
increases the spatial potential drop of the DL boundary but also establishes a clear quantitative
correspondence with the high-energy shift of the ion peak in IEDFs. Simultaneously, a higher U-
shortens the DL formation time, effectively extending the acceleration time window and thereby
increasing the overall proportion of high-energy ions. Conversely, prolonging the negative pulse width

(z-) intensifies the gas rarefaction effect, rendering low-ionization-energy metal atoms the dominant

species upon the onset of the positive pulse. While this compositional evolution significantly accelerates

the DL formation process, a longer z- simultaneously allows a massive flux of unaccelerated initial ions

to diffuse to the substrate. This dramatically expands the absolute base of low-energy ions, ultimately
leading to a monotonic decrease in the relative proportion of high-energy ions.

This study provides direct spatial measurement evidence for the highly transient DL structure and
physically elucidates the logical chain from microscopic electric field reconstruction to macroscopic ion
kinetic energy gain, offering a theoretical foundation for tailoring energetic ion fluxes to deposit

superior-performance advanced thin films.

Keywords: Bipolar pulsed HiPIMS, Plasma Potential, Double layer, lon energy
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