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Fig. 1. Basic structure and magnetic field configuration of ITO cylindrical cathode: (a) Three-dimensional (3D) model; (b) cross-sec-

tional view; (c) top view of the magnet configuration, where the blue vectors represent the direction of the magnetic poles;

(d), (e) magnet configuration of (d) the end and (e) the straight section.
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Fig. 2. Distribution of magnetic field on the surface of the cylindrical target: (al), (a2) Normal (r) magnetic flux density by

(al) simulation and (a2) experiment; (bl), (b2) azimuthal () magnetic flux density by (bl) simulation and (b2) experiment;

(c1), (c2) axial (2) magnetic flux density by (c1) simulation and (c2) experiment.
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Fig. 3. Schematic diagram of the PIC/MCC model for the
double cylindrical cathodes.
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Table 1.  Table of Ar gas discharge reaction parameters/?.

e g 7 R S R FREL k,/(mPs ) SR B /eV e sl
1 e+Ar — Ar+e 2.336 x 107147, 1609 exp [0.0618(lnTe)2 - 0.1171(lnTe)3] — PEPER AR
2 e+Ar — Art42e 2.34 x 107147.0-59 x exp (—17.44/T¢) 15.76 P P Al A
3 e+Ar — Ar"+e 2.5 x 1071074 x exp (—11.56/T¢) 11.56 WOE Rl
4 e+Ar™ — Art+42e 6.8 x 107 15T,0-67 x exp (—4.2/T¢) 4.2 MRS
5 e+Ar™ — Arde 4.3 x 107167074 ~11.56 IR ARl A
6 Art4+Ar — Art4Ar T ER Al {3 — L AR
7 Art+Ar — ArArt Rkl 4t — HLAT A3
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Fig. 4. Steady-state distribution of (a) plasma density, (b) electric potential, and (c¢) magnetic flux lines for the discharge of double

cylindrical cathodes at 250 V, 0.6 Pa.
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Fig. 6. Electron density distribution (a) on the target surface and (b) at different cross-sections.
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chart of dynamic erosion simulation with the rotational CA model.

A, = I/max(I) R A — {6 i Z) bl & a0 2R
Cky < Az, WIZICHL CF = 0, M7 J ik v IX
ok, [RIEE R 5 JCHE OF 1 KBl 2 il A ot 20 ik
SERLJE, HUAE T 0 M B TR A = BE RE AT (7) 5
SRih:

ct, 2
MZM¢C;@kD+(kD. (7)

2,0
Tt IR 2 A E AR A S TR RS H
H, = (k—1)Al + h*. (8)

TEMHERT FoR T H, vs. 2 AR, RSB ZIIESL.

4.2 EFEEERHRZIMGE

ET e CA BRI I A B 14 %0 fh AT S st
05 B, 4 1 4 58 folos 220 il i) e R 220 ol TR R Oy
1 mm, 25t 9 5, 13 2] 5 #UA 20 e S A i A
W 8(a) Frzs. Al WLEEH 21 TR, 75 B B
[k Z WL RT3 MR, KA 2 = 104 mm
N2 R AR, SR R Bk E) 0 mm, R IR
Z1ZF. S AN AR 5 0090 BRAE 2 = 40 mm Al
75 mm A, FE N ZITR A, FIARIEEE N 0.9 mm;

Je B A2V, FARIEEE 1.2 mm. HH (2 >
110 mm) FIAHAEE A 0.3 mm, FEALERFHEE.
FIFH RS A= ROW R Z0 28 1) TTO BIARIE Sk A 5 I
g Al R R S e (| R I DO U NAOE S (I -1
E 8(b) Frzw. Al UL, S B 044 2 1k 558 [R) RE A7 76
3ARRIE s, A B A 21 ZE A B 2 = 105 mm
Ib, KR AN, 50 B R A RAF. S A
AN RRAE A 3 BE 2 = 40 mm A1 55 mm
Ak, S I B R 4% JEE B 43 5 A 0.25 mm Al 0.4 mm,
JEFEAR T B R, %R 22 PTREVR A 1 B35 5
BRAFAE Y 25 5. SO0 e 75 3] 1) R A ¥ bA TR
0.5 mm, S5O7EEREARYIG. &5, @) H
TR0 0 S 56 ik 4 310 45 20 S8 44 1) TRk 85.81%
1 84.36%, WA 1.45%, KT 2%. HULAT UL, jiE
e CA B AR m 1 0 BORS BE, BRI 80 it i
TEFEARZS T [BIAE AR A 220 A 1A

5 SRRy E

AR FEAA ) 20 b AR EE R In A S i1, A
PG BB T~ MC R 3 Hoaz sh ke, S B v

155202-8


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 15 (2025)

155202

(a) 10

TS EE / mm

I I I
40 175 1104

0 50 100 150 200 250
Sl #EES 2/ mm
&l 8

(b) 23

' |
| z1 =40 mm
|

I
| #3 =105 mm

dimax = 153.0 mm

d; = 135.5 mm

do = 135.8 mm

d3 = dpin = 135.0 mm
dy=136.0 mm

2z = 55 mm

X

MR R HAR dina

(a) PFELFN (b) S2HAT 2] (Y B4R 20k E 55

Fig. 8. Cathode erosion profile obtained by (a) simulation and (b) experiment.

1.0+ 41250

0.8 4200
0.6 - 4150

0.4 4100

VTR I T

0.2 F 450

0

. . . . . . 0
100 150 200 250 300 350 400

/mm

0 50

[l 9

SR RS T/ nm

1.0} (b) ;W\/\WWWWWM\I
4 [ 1730 mm [
ﬁ 0.8 F ! !
K | |
% | |
| |
2 06 | [
< | |
% | |
z | |
% 0.4 ) )
T | |
1 1
g | |
= 0.2 . .
| |
| |
0 1 1 1 1 11

0 500 1000 1500 2000

z/mm

MR (a) T 2 J7 1) B (b) TR 2 7 18] b R ORI 43 A

Fig. 9. Deposition distribution of target material particles along (a) the z direction and (b) the z direction.

PO f5 L. 45 R R W, f5 B 5 RE & A HOE YL
(energy dispersive spectroscopy, EDS) il = 15 F|
#HM EY In/Sn J5i L4350k 11.76 F110.98, —
FHAY S, REN 6.6%. T In 7T EEE
(5.79 eV) X T Sn JF 1 (7.34 eV)BY, In J5 7 5 %
Sy VLB AR B I 5 1T 4 A I . i 5 L 20 T
AL R HL R, BRI AY In/Sn HE 5 T 55 PRt
Ol B9 R TR B Rk Ui . o AR
a7 1) b, POBURL 5~ B0t Se 1S K5 W, 78 ¢ =
148 mm Ab TR S AR S50 Xof JREJEE I 152 25 2R 1) e 4
505 55 B IR FEU i AW &, —F
TR 220 6.75%, W RJEW A E AT ¢ =
155 mm, 55 EAZE 7 mm. 1 PR UM S
e b ITO WY R IF AN 58 550, AF7E—
ERZE B TR 2 J710) b, PUBURE 80T 2 e [235 mm,
1965 mm)] A4 X [B] N SEA dEREfR e, IR U
%), GERES 1730 mm, X SEPRIEREH 4] IX S
i 20 mm, BRZEAE 1.1% LA, fIen] L, BBk
T T B B AR ) TR S

& b

AR ST X G B AR A A T = 2 HAR &R,
ST XA A | A AR | R 22 ik A
EEUTAR 4 i FR B = ZEALHEL, JF X ITO [RIAEF
e A7 5 B R AF 58 T 5 RS B . A 4
PIC/MCC #E R0 X 38k P A 25 1 45 8 1A
2 B RN L AR 1S 5, ORI = 4ER 5 B MC
PRI PR L T2 3, RENSEN X B AT MR S = 4k 5
B TRRC R B SRR b, DLSE B R
s NE M Z kil i, A CA 7 ik Fk 5k MC
D5 ¥R ) S B = A S 2 sk R OB B, AT
P 3T BRI 00 3 A6 5 - A b - 220 - AT
R 5 2 = 2R FUR R 2550 [ ST A sl
) 22 P SRR R A B R B TSR AR— 2,
FLAAE R R 85.81%, F2brXUARZ 1.45%, 15
FASEN MR In/Sn BE/R L5 52 bR EDSIASS
— 5, [RGB U TR A1 5 SR R B 43 A

B E Y AR R A O R S I A A s

6

155202-9


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 15 (2025)

155202

ARG R SERY BB TE =, AT A R IR
RIS A

S 0k

(1]
2]
B3l
4]
[5]
(6]
[7]
(8]

(9]
[10]

1]
12]
13]
[14]

(15]

Saenko A V, Tominov R V, Jityaev I L, Vakulov Z E, Avilov
V I, Polupanov N V, Smirnov V A 2024 Nanomaterials 14
1901

Dhage S R, Badgujar A C 2018 J. Alloys Compd. 763 504
Chen J F, Ding X P, Wang J F, Xie Z Y, Wang S H 2024 J.
Alloys Compd. 1002 175318

Sarakinos K, Alami J, Konstantinidis S 2010 Surf. Coat.
Technol. 204 1661

Matthews S, De Bosscher W, Blondeel A, Van Holsbeke J,
Delrue H 2008 Vacuum 83 518

Park J H, Ahn K J, Na S I, Kim H K 2011 Sol. Energy
Mater. Sol. Cells 95 657

Park J H, Ahn K J, Park K I, Na S I, Kim H K 2010 J. Phys.
D: Appl. Phys. 43 115101

Van Aeken K, Maheude S, Depla D 2008 J. Phys. D: Appl.
Phys. 41 205307

Fan Q H, Grago J J, Zhou L Q 2004 J. Appl. Phys. 95 6017
Teunissen J, Ebert U 2016 Plasma Sources Sci. Technol. 25
044005

Bogaerts A, Bultinck E, Kolev I, Schwaederlé¢ L, Van Aeken
K, Buyle G, Depla D 2009 J. Phys. D: Appl. Phys. 42 194018
Musschoot J, Depla D, Buyle G, Haemers J, De Gryse R 2006
J. Phys. D: Appl. Phys. 39 3989

Fu Y, Ji P, He M, Huang P, Huang G, Huang W 2024
Plasma Chem. Plasma Process. 44 601

Bogaerts A, Kolev I, Buyle G 2008 Modeling of the Magnetron
Discharge (Berlin: Springer) pp61-130

Zhu G, Yang Y, Xiao B, Gan Z 2023 Molecules 28 7660

[16]

(17]
(18]

(19]

20]
(21]

(22]

(23]

[24]

(25]

[26]
27]

(28]
(29]
(30]

(31]

Cui S H, Zuo W, Huang J, Li X T, Chen Q H, Guo Y X,
Yang C, Wu Z C, Ma Z Y, FuJ Y, Tian X B, Zhu J H, Wu
7 7, 2023 Acta Phys. Sin. 72 085202 (in Chinese) [f£ % %€, 7
i, Bl 2R BRAKES, SRR, A, SR, EHIEK, ()
#, EBN, RE1ZE, ZBIR 2023 PIFEEH 72 085202

Kapran A, Ballage C, Hubicka Z, Minea T 2025 Vaccum 238
114324

Sabavath G K, Swaroop R, Singh J, Panda A B, Haldar S,
Rao N, Mahapatra S K 2022 Plasma Phys. Rep. 48 548

Cui S H, Chen Q H, Guo Y X, Chen L, Jin Z, Li X T, Yang
C,WuZC,SuXY, MaZY,FuRKY, Tian X B, Chu P
K, Chu W Z 2022 J. Phys. D: Appl. Phys. 55 325203

Sirghi L, Aoki T, Hatanaka Y 2004 Surf. Coat. Technol. 187
358

Bultinck E, Kolev I, Bogaerts A, Depla D 2008 J. Appl. Phys.
103 013309

Cui S H, Wu Z Z, Lin H, Xiao S, Zheng B C, Liu L L, An X
K, Fu R K Y, Tian X B, Tan W C, Chu P K 2019 J. Appl.
Phys. 125 063302

Lennon M A, Bell K L, Gilbody H B, Hughes J G, Kingston
A E, Murray M J, Smith F J 1988 J. Phys. Chem. Ref. Data
17 1285

Shen X Q, Xie Q, Xiao Q Q, Chen Q, Feng Y 2012 Acta
Phys. Sin. 61 165101 (in Chinese) [P IR, MR, M55, WK
¥4, £ 2012 YRR 61 165101

Chen L, Cui S H, Tang W, Zhou L, Li T, Liu L, An X, Wu
Z, Ma Z, Lin H 2020 Plasma Sources Sci. Technol. 29 025016
Nanbu K, Konodo S 1997 Jpn. J. Appl. Phys. 36 4808

Shidoji E, Nemoto M, Nomura T 2000 J. Vac. Sci. Technol.
A 18 2858

Mikolaychuk M, Knyazeva A 2014 AIP Conf. Proc. 1623 419
Liu H, Niu X, Yu D R 2019 J. Plasma Phys. 85 905850208
Rumble J R 2024 CRC Handbook of Chemistry and Physics
(Florida: CRC Press) pp10-113

Shon C H, Lee J K 2002 Appl. Surf. Sci. 192 258

Establishment and validation of three-dimensional
simulation model for magnetron sputtering of
rotating cylindrical cathode®

MA Zigi#* XU Qiang#
YANG Dongjie

CUI Suihan f

XIAO Mengran
AN Xiaokai

TANG Shiyi  TAO Zhiqun

LIU Liangliang

WU Zhongzhen *

(School of New Materials, Peking University Shenzhen Graduate School, Shenzhen 518055, China)

( Received 28 April 2025; revised manuscript received 21 May 2025 )

Abstract

Rotating cylindrical cathodes possess high theoretical target utilization rates and have been widely used in

thin film deposition in various industries. Regarding plasma research, the plasma discharge and transport

processes of rotating cylindrical cathodes involve three-dimensional systems, unlike those of planar cathodes.

Traditional plasma models applied to these systems require a large quantity of computational resources and

have poor convergence, making simulation difficult. In this context, the plasma density and electric potential
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distributions are calculated by a two-dimensional particle-in-cell/Monte Carlo collision (PIC/MCC) model, and
they are used as a self-consistent background field in this work. Furthermore, a three-dimensional electron
Monte Carlo method is used to track electron motion, so that three-dimensional plasma discharge simulation
can be performed. On this basis, using plasma density projection as the etching flux and the cellular automata
method, the rotational etching process of the cylindrical cathode is decomposed into stepwise micro-element
static etching, thereby achieving three-dimensional etching behavior simulation. Subsequently, the etched target
morphology is equivalently treated as the emission flux of In and Sn atoms, and a three-dimensional test
particle Monte Carlo method is employed to trace their motion, realizing three-dimensional particle deposition
simulation. Thus, a comprehensive three-dimensional simulation system is constructed through incorporating
the cathode magnetic field, plasma discharge, target etching, and thin-film deposition into a complete
simulation chain. The results indicate that this three-dimensional simulation system can accurately predict the
operating conditions of cylindrical cathodes. The plasma stably accumulates on the cylindrical cathode surface,
forming a three-dimensional discharge race track. The simulated etching profile is consistent with experimental
result, showing the precise matching of the feature points with the residual thickness of the target. The
utilization rate of the target material is 85.81%, with an error of less than 2% compared with that of the
measurement. The molar ratio of In/Sn on the substrate is 11.76, with an error of 6.6% compared with the
results measured by energy dispersive spectroscopy. The particle distribution on the substrate matches the
actual film thickness distribution, with a uniform deposition length of 1730 mm, representing an error of only

1.1% compared with corresponding actual value.
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