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Table 1 Experimental parameters of MPPMS deposited Cr thin films
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m
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500 150 5725 742 42.5 1.3 50 34/6 10/10 0.1 -50
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500 3300 5754 747 43.0 1.3 50 34/6 10/10 3.0 -50
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Table 2 Experimental parameters of DOMS deposited Cr thin films
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340 500 993.0 119.0 118.2 1.1 50 30/10 0.2 -50
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Fig.2 Residual stress of Cr films deposited by MPPMS and
DOMS under varied film thickness
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Fig.3 XRD patterns of Cr films deposited by MPPMS (a) and DOMS (b) with different thicknesses, and comparison of XRD patterns of
Cr films with the same thickness deposited by MPPMS and DOMS (c)
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Fig.4 Surface (a, b) and cross-sectional (c, d) morphologies of Cr films with the same thickness of 3.0 um deposited by MPPMS (a, c)
and DOMS (b, d)



%2 W

PEESE: BTRENBE T XS5 Cr MR AR R T B0 <741 -

K| 5 4 H 7 MPPMS #1 DOMS JiHY Cr 8 i i) i
FEHIZE . 2 FhECRPTAR A Cr 8 IR 22 I HY B4 1 g 2%
PERE, DOMS Ui Cr # /i 5 MPPMS JiiAR Cr i AR
KB REMEREZE R, RE DOMS IEHE IR H &, H
2 PR 7 sIRAS 10 Cr RS SOR R ST A 2, ok RS
K2 M A& FE MPPMS AR Cr 8 54 55 i o 1)
Ko B F&BGAKERERE, MPPMS i fH i
— B M A B N TR P I R E AR, AL
iz s e AR BAAG, AT RE A T Cr AR /)M i AR 4 11
2.3 BFRHNEKNAOFEBEN

VR JIEE T YRR R Hh Al 445 ) i 73 6 AR AIE I 7 1 T
AN AL A AE L, {H DOMS F1 MPPMS 2 Ffifs
ARUTF Cr TR A B ) 22 7 B 2 52 35 i 85 - ik
Gh BSTREE RO TR, i A TR RE 3
kL RH IR A T k. B 6 4 T Cr MR A
IS 7 B8 kL R ST AR A 28 . 2 B RITRR Cr 8 1 ks
OS5 BR A R 7248 Ak () 06 L R B, A ) 3 5 R R
DOMS ¥R Cr i JiE &k R~/ T MPPMS YR Cr
JEL o FF VL FE AT, SRR RSP IROK, AR AR R
LA o T R RS I, R R A,
BRARTE RN JJE IR o (R MR, A SRR AR N T
TR B BRI R, T d S B A R R EE SRR,
i DOMS {8 i A= KA A B Sl R /), {HE 2 MPPMS
B RRL R R . BRI N, B &R
K (R . 77 20 L 3 S 3 S /E A, i DOMS Ha i bt
JSTHL/IN 5 R ST A% I 7 AT 2 B0 ke 4% 1 82 g At ] o

7 45 T TSR AN 4 iR DT 2 R SR T
FEFARE R s, DR e R A SRR T &
PVER . B 7a L T Ar BB 7R A& )8 Cr Ji 1 H il
SR Cr WS 7= 8. BEE NS B TR 0 FH s, RS

12+ MPPMS 3 um Cr (11.8 £ 0.4) GPa
10¢ DOMS 3 um Cr (10.4 + 0.6) GPa
g gt
Q
l o
s
£ 47
2 L
O L
0 10 20 30
Load/mN

Bl 5 MPPMS I DOMS TR Cr i i i) 1 2 iih 2%
Fig.5 Hardness curves of Cr thin films deposited by MPPMS and
DOMS

200

o
T

-200

-400

Residual Stress/MPa

—a— MPPMS
600 —e— DOMS

-800 : ' ' : ' '
14 16 18 20 22 24 26
Grain Size/nm
Kl 6 MPPMS Fll DOMS JF Cr i IR 7% 42 2 7 B s R~
Ak
Fig.6 Residual stress of Cr thin films deposited by MPPMS and

DOMS as a function of grain size

FEEIZ TN . Ar BT 2 A5 B IR A KT
&R BT HIRSS, 35. 200. 280 eV [ Ar &7 %1 Cr
B RIS 2 AR Y 0,10, 0.76. 0.95 atoms/ion, 50.
200, 300 eV (1)< )& Cr & 12 Cr #E U ™ ik I
4 0.09. 0.56. 0.82 atomsf/ion. & 7b 45 H T WA NG
BT S5SR TS HEEE R R AN S TRER
P, RS R RS R R IR ET N . £ 200 eV A S
Ar 7 RI&E Cr B ER T, 74 Cr 8§51
Re 2 7N 13.68 Al 20 eV. Ui B DOMS JTAH i ik i 72
o R B, SR AREA R, SR
Cr BT orEdm, S8 FhFH&)E Cr i Fres ™
BT Ar B 72l 1 Cr &1 Re s A= 4
NT RS RS Cr AR A B 77 152
B, 0 Ar B R AR T TR SR A R R
FEN 3 pm (EAEAE M AN S 5. i, MPPMS
TUAR Cr IR AR ok RS2 26 nm, SR % 9 0.92 nmfs,
DOMS JiA Cr I i f b RS 2908 24 nm, i %R
N 0.42 nm/s. FIF SRIM #AERUELLL Ar B 7 M
Cr R, NEHRET Ar 7ERE & L%k 4 30, 50.
80. 100. 150. 200 eV, HHL Ar & FIENGREE DA =
fr kb Kok . Cr (I IR B AE &0 22 eV, #5E Cr
BT 1T 28 A 16 eVE®l, SR Chason 25 B4 Hi
& T v R AL T % ol N 8 1R B ) A B
Ar B R AT RN, R AN I A KSR T
I IO B0 By B2, A TH IR R R R
T i e AR R B B S R Ay o AR R Tk A
ECERFE IR E N |, | B BUE T i SRIM THE RS .
51 R AL S i 6 B AR AT i A SR (1) Rk,
anergetic = AoI_L"‘ [1_L) BOI (1)

o,
Ly
Rz,

s




- 742 -

Wit @A RS TR

52 3%

X, LSRR AX()FSALE 1 HHR &
F PR T B AR R AT BN, H A T T
[ 5 SR 2R 1 B Uk (A9 R A Wi N O [ 1 € I B
Fo AT S, Bk TREE UL /7. IR
A K B T OB R . B 2 T v R P S R S
2T 5208, 5 PO RE Hh O B A TR P S £ R s £
BRI . Bo BUH TR NS RL 7 A2 1) e s 2 A
FHRLIE 77 o s A2 B e 3™ Al 280 2R T 988 2K 7 (4 R ALE B 18D
LR T DME E R R AR, kB HR R
WP 5 R A K P A

D7, =1+Rgz, (2)
I AR A
T5=L|:a—l—a ’1—[3j} (3)
R o
Hrh a=Di/2RI, 1Ri% a>2. D; &b HBuE %,
B e B Y B R R A Arrhenius A =UHE,
12
—a—Cr*>Cr a
<« 1.0} —e—Ar>Cr
208}
% 0.6
2
5 04+
g
& 02
0.0L— : - : :
50 100 150 200 250

Primary lon Energy/eVV

300

D, =D, exp(—gj 4)

KT

H, 58RI F Dy=2.12 X 10° m¥s, k[ %% fe
Q=0.65 eVE, k 1 T 43 BN B /R % S 8 BOR T AE 7
2 Fe B S BARE I, DURUE B 352 400 K.

P EE T ERAHR(B)
LN (5)
VCr

Hop, R OUIBLER CRICIEED, Na BT R

T H K Voo N Cr 1 BE R 7.1610° m® mol 1B,
B 8 4hH T BT At N T AR 4y B 743 A R

M. & 8a vk FtHIL EUE LR ) A 4, DOMS
kb MPPMS H & KM /1, X5 DOMS yifd Cr #
JES B & b B /N T MPPMS YT Cr 8 5 (1) ok A 5% o
BRSNS, X S BT B LR K
8b 45 T I PN ER R B N g o0 A i Ze . B W B
MPPMS YA Cr 18 5 P 0 () R B o B2 04 B R, i
T DOMS JiH BA w4 2, RT3 1 Ry
22
—a— Cr'>Cr b
20 —e—Ar*Cr
5 18+
?16-
214-
:%12-
10+
5.0 160 150 260 zéo 300

Primary lon Energy/eV

BT i AR i i 2 o o S 7 AR i 2 1R T

Fig.7 Impact of insert gas and metal atom bombardment on the sputtering yield and energy of sputtered particles: (a) sputtering yield of
Ar ion bombardment and metal sputtering and (b) initial incident ions versus the energy of sputtered atoms
0 a ol b 0L c
-12|
-2 10+
- s 10 p
) % 20+ o -241
e B " S}
t-4r o g
N 25 g-36L
85 S” 30} &
B e wppms agl  —=—wpPus 48| —=—wmPPMms
—e— DOMS —e— DOMS —e— DOMS
-8 : : : : -50 : : : -60 : : : :
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Primary lon Energy/eV Primary lon Energy/eV Primary lon Energy/eV
K8 B Be & W IRk AR N ) A (R RE I SR B, WA ARG, BT & T SR A
Fig.8 Influence of ion energy on thin film residual stress distribution: (a) densification near the grain boundary agﬁe,geuc, (b) internal

bulk

defects of the films genergeiic, and (c) ion bombardment on total stress distribution genergetic



%2 W

PEESE: BTRENBE T XS5 Cr MR AR R T B0 . 743 -

A S E A R R T I KN RS R R A e R
DAt , DOMS AR L P B e %k 2 g P 5 i A5 /0N
X 5 A DOMS YRR Cr 8 B A FEE e AR AR X N o [
I 5 L8 SR AL AT N IR AE L, B 8c At T B T &k
VIS S I ] A3 AT, S T A i S B I S0 A R TR
B B 6 2 3 TR 1 B 0 . BE S N SR T R =T
B S ok T I S R SR e T RS Ay, B T
Fe B I T = R A BT DTERAN T I R . 2 Ar BTk
o Cr WL RN, 45 30 i B 7 2 7 0 A B 77 i 7E
5 SRl AR A B T AR . Rk, R R I ()
DOMS F1 MPPMS Jif! Cr #fEs RN N Z R, &8
Cr & 12 A F R 38 JEL 5k 4% i B2 g 2 31— 58 DT ik,
[F) IR A2 2R P i B AR A T B 4 Rt — g e, (HIE
AR AT DL B 1 25 i b B T R R PR AR
J3 5 T BRI T A A BB A A S R AL, B AR
AR S B T RE R — LR A O

KHI MPPMS £il DOMS £ I3 T — R FUAN A &
FE Cr I, 50T 1R 2 R RGBSR il 0 B 22

o, BT RSN 2 FECRTIR T X E5H Cr B E &
BRI TR REVE Y o R B 1 3% ol 8 TR A A [ i
BIPE R Z A BOR, AR IR, B 1% do o AR
LTS, BB A T A A S AR B 28 R A ok
(3L N 73BN RS TR N 738 32 ok ST 5%
Wi o AE R, BT SR A A R TR AR A
AR N T B AT ] o

3 & it

1) Y4 Cr #EEE/NT 0.5 um B, DOMS Ui
Cr 5% A B 7 3R 0 H B0 IR e R TR S 7, 3 ) 44
A R R RS 22 il T ORI R T AR e . B
o B R B RN, R AR T s st 32 AT [ R B ) A
Ag, Cr MEEELR 1.5 um K, DOMS Ui Cr i
JE (¥ 5 42 B 7% MPPMS YA Cr i JIE B8 [ea) i . 77

2) MPPMS #1 DOMS JT A ) Cr 3 /i 27 5 31 Cr(110)
FEOUIRUIR), HL 8 55 5 58 n Crr(11.0) AT S U i 5 328
F+ . DOMS JUAR Cr B ¥ Cr(110) AT 5 U 1) MK A 7
i#, FEALT MPPMS JAR Cr i Cr(110)FFfEAT 4
WEZE AN, B i T SR IR A AR R g A AT S 0 1) e AR
B B0 K & . MPPMS Al DOMS I3 Cr 3 JiE 1)
TE BB T X250 H f R R AT AH 24

3) XFELAAMRA 4R B T IR R, A NS BT
B 5 1 T v S 7 AR TG I, Ar B8 125 15 2 1
SRR T & B R B BEE NG S TR E
(v, B 2k W S AN 1) 1 RS 7). DOMS it
B Cr i 5 MPPMS AH L, &b Ft BT 8503 4 3 % 43 IR

IS2 77 B SZ MR, T 7 R PR 8 R o X A o T L 77 F) 5
Wi AR . PR, AR TR T A B TR
IS2 77 BT AT 4 ] o

S 2% Sk

[1] Wang Yanfeng(E Z 1), Geng Juanjuan(¥k4E45), Wang Yifei(F
%K) et al. Rare Metal Materials and Engineering(## 4:J&
L5 TFE)[J], 2021, 50(9): 3353

[2] Park J H, Kim H G, Park J Y et al. Surface and Coatings
Technology[J], 2015, 280: 256

[3] Hu Xiaogang(#H/MAIl), Dong Chuang(:£ 1)), Chen Baoging([%:
%) et al. Surface Technology (1 A)[J], 2019, 48(2):
207

[4] Huang He(¥ #), Qiu Changjun(if+ %), Chen Yong(F: 5)
et al. China Surface Engineering(+ [ 3 Lf£)[J], 2018,
31(2): 51

[5] Daniel R, Martinschitz K J, Keckes J et al. Acta Materialia[J],
2010, 58(7): 2621

[6] Hoffman R W. Thin Solid Films[J], 1976, 34(2): 185

[7] Chason E, Sheldon B W, Freund L B et al. Physical Review
Letters[J], 2002, 88(15): 156 103

[8] Chason E, Karlson M, Colin J J et al. Journal of Applied
Physics[J], 2016, 119(14): 145 307

[9] Ishii Y, Madi C S, Aziz M J et al. Journal of Materials
Research[J], 2014, 29(24): 2942

[10] D’heurle F M, Harper J M E. Thin Solid Films[J], 1989,
171(1): 81

[11] Sigmund P. Sputtering by lon Bombardment Theoretical
Concepts[M]. Berlin: Springer-Verlag, 2005: 9

[12] Dahmen K, Giesen M, Ikonomov J et al. Thin Solid Films[J],
2003, 428(1): 6

[13] Davis C A. Thin Solid Films[J], 1993, 226(1): 30

[14] Magnf&t D, Fillon A, Boyd R D et al. Journal of Applied
Physics[J], 2016, 119(5): 55 305

[15] Magnfdt D, Abadias G, Sarakinos K. Applied Physics Letters
[J], 2013, 103(5): 51 910

[16] Gilmore C M, Sprague J A. Thin Solid Films[J], 2002, 419(1):
18

References

[17] Zhang Meng, Rao Zhaoxia, Kim Kyung-Suk et al.
Materialia[J], 2021, 16: 101 043

[18] Abadias G, Chason E, Keckes J et al. Journal of Vacuum
Science and Technology A[J], 2018, 36: 020 801

[19] Cemin F, Abadias G, Minea T et al. Thin Solid Films[J], 2019,
688: 137 335

[20] Mattox D M. Journal of Vacuum Science and Technology A:


http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20210038&flag=1
https://sci-hub.yncjkj.com/10.1016/j.surfcoat.2015.09.022
https://sci-hub.yncjkj.com/10.1016/j.surfcoat.2015.09.022
http://www.cnki.com.cn/Article/CJFDTotal-BMJS201902031.htm
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFD&filename=BMGC201802010
https://sci-hub.yncjkj.com/10.1016/j.actamat.2009.12.048
https://sci-hub.yncjkj.com/10.1016/0040-6090(76)90453-3
https://doi.org/10.1103/PhysRevLett.88.156103
https://doi.org/10.1103/PhysRevLett.88.156103
https://doi.org/10.1103/PhysRevLett.88.156103
https://sci-hub.yncjkj.com/10.1063/1.4946039
https://sci-hub.yncjkj.com/10.1063/1.4946039
https://sci-hub.yncjkj.com/10.1063/1.4946039
https://sci-hub.yncjkj.com/10.1557/jmr.2014.350
https://sci-hub.yncjkj.com/10.1557/jmr.2014.350
https://sci-hub.yncjkj.com/10.1557/jmr.2014.350
https://sci-hub.yncjkj.com/10.1016/0040-6090(89)90035-7
https://www.sciencedirect.com/science/article/abs/pii/S0040609002011823?via%3Dihub
https://sci-hub.yncjkj.com/10.1016/0040-6090(93)90201-y
https://sci-hub.yncjkj.com/10.1063/1.4941271
https://sci-hub.yncjkj.com/10.1063/1.4941271
https://sci-hub.yncjkj.com/10.1063/1.4817669
https://sci-hub.yncjkj.com/10.1063/1.4817669
https://sci-hub.yncjkj.com/10.1016/s0040-6090(02)00609-0
https://sci-hub.yncjkj.com/10.1016/j.mtla.2021.101043
https://xueshu.baidu.com/usercenter/paper/show?paperid=1r410xx0a77t0tr0q66108g0gp439843&site=xueshu_se&hitarticle=1
https://xueshu.baidu.com/usercenter/paper/show?paperid=1r410xx0a77t0tr0q66108g0gp439843&site=xueshu_se&hitarticle=1
https://xueshu.baidu.com/usercenter/paper/show?paperid=1r410xx0a77t0tr0q66108g0gp439843&site=xueshu_se&hitarticle=1
https://sci-hub.yncjkj.com/10.1016/j.tsf.2019.05.054
https://sci-hub.yncjkj.com/10.1116/1.576238

- 744 -

Wi &R S TR

52 3%

Vacuum, Surfaces, and Films[J], 1998, 7(3): 1105

[21] Anders A. Thin Solid Films[J], 2010, 518(15): 4087

[22] Chason E, Engwall A M, Rao Z et al. Journal of Applied
Physics[J], 2018, 123(18): 185 305

[23] Wu Zhili(&E57), Li Yuge(Z=E &), Wu Bi(% ) et al.
Journal of Inorganic Materials(Jt HL#1 #F 2 $)[J], 2015,
30(12): 1254

[24] Li Yuge(Z= X&), Zhu Xiaopeng(Z</MB), Wu Bi(R 1) et
al. Surface Technology(# i £ R )[J], 2020, 49(12): 220

[25] Stoney G. Proceeding of the Royal Society of London A[J],
1909, 82(553): 172

[26] Chason E, Shin J W, Hearne S J et al. Journal of Applied
Physics[J], 2012, 111(8): 83 520

[27] Movchan B A, Demchishin A V. Fizika Metallov |
Metallovedenie[J], 1975, 28(4): 653

[28] Thornton J A. Journal of Vacuum Science and Technology[J],
1975, 12(4): 830

[29] Aadmik M, Barna P B. Surface and Coatings Technology[J],
1996, 80(1): 109

[30] Yu H Z, Thompson C V. Acta Materialia[J], 2014, 67: 189

[31] Ziegler J F, Biersack J P. The Stopping and Range of lons in
Matter[M]. Oxford: Pergamon Press, 1985: 95

[32] Handoo A K, Ray P K. Canadian Journal of Physics[J], 1993,
71(3-4): 155

[33] Thornton J A, Lamb J L. Thin Solid Films[J], 1984, 119(1):
87

[34] Messin L, Chuler T, Nastar M et al. Acta Materialia[J], 2020,
191: 166

[35] Xiong Wenhao, Liu Wei, Dai Minmin et al. Calphad[J], 2019,
66: 101 629

Intrinsic Residual Stress Induced by the lon Bombardment in Dense T-Zone
Cr Thin Films

Li Yuge, Zhao Yini, Qu Yazhe, Leng Yunshan, Lei Mingkai
(School of Materials Science and Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract: For energetic deposition, ion bombardment is an important factor independent of grain size for influencing the residual stress,
and the energy and flux are critical parameters to determine the residual stress evolution. In this work, modulated pulsed power magnetron
sputtering (MPPMS) and deep oscillation magnetron sputtering (DOMS) were employed to control the energy and flux to modulate the ion
bombardment for intrinsic stress generation under similar average power. The films thickness was selected at 0.1, 0.2, 0.5, 1.0, 1.5 and 3.0
um to give a comparative study of the intrinsic part of residual stress. All Cr coatings were textured along Cr(110) preferred orientation
with dense T-zone columnar microstructure of equivalent grain size. Compared with MPPMS, Cr thin films deposited by DOMS show a
compressive residual stress tendency. When the thickness of Cr thin films is under 0.5 um, Cr thin films deposited by DOMS show higher
compressive residual stress. Further increasing the film thickness, the compressive residual stress first shows a sudden decrease in a sharp
slope, and then turns to relative slow decrease and gradually turns to show tensile stress. In the film continuous growing process, the ion
bombardment shows limited effect in the early growth stage, but energy of the bombardment ions shows obvious effect on residual stress
when the thin film grows thicker. lon energy is an important factor influencing the formation of compressive residual stress, and ion
bombardment with high energy assists the generation and control of compressive residual stress.

Key words: modulated pulsed power magnetron sputtering; deep oscillation magnetron sputtering; Cr thin films; residual stress; ion

bombardment
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