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Fig. 1. Schematic diagram of PAPU5.,
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Fig. 2. PAP machine: (a) The schematic view!*; (b) photo-
graph of the apparatus®”; (c) cross-sectional structure and
SEM image of the polishing film!*.
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Fig. 3. OES spectral®l of plasma: (a) Water vapor contained plasma; (b) oxygen contained plasma.
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Fig. 4. Ball-on-disc wear test!*’: (a) Schematic view of the experimental apparatus; (b) the experimental results.
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Fig. 5. XTEM image of surface irradiated by water vapor

contained plasmal’sl.
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Fig. 6. Nano-indentation tests of 4H-SiC(0001) before and
after surface modification*!: (a) Load-displacement curve;
(b) hardness calculated from measured data.

LRE VL LSRR AR A A, 25 SRR K2R
i O, I, FE TIAHRAEAS S BL SiC Kmiskclk,
M T/KZE LB ™ ER) OH H 2R O, LB ™R
O H HZEHA R A A AL, LUK ZE TR
I AT B A B T R R PR T vy I, AR T
PSR IR AR AT RO SIC 2 1 et R B 55/ 1N iy
Si0,, MU A A L [ R P AT 0.12 4%

4 ¥5 SiC WE B AR5 B r
4.1 BRI RERE

M SO B A 2 A R TR AT L
SER SIC R, A PAP AR I S bRl e R
AT Rt — 20 A S B0 . S50 b I {0
KL R £ T2 S0 PAP HOR B9S2 b TA% R,
DR AT b A AN [R] R RO 4G, DL ]
T PAP WY B RLE AL ZWEIE TAEEN X G WA
AlyO3. SiOy Fll CeOy PUF AL B TT | P40 5245 2
B SCHR [45).

K 7 Jeon T AR R R By B RO ) #Y SiC
2 W T 1 B AEE (atomic force microscopy,
AFM) 05 5 28 W91 py 74 WAy A9 s B2 v T SiC,
DR S A P 6 M B R S Y SIC R TETE A T K
IR T ALO; R IR T SiC, HonTJ5%
TET AR SRS R D, (BRI 5 SR A AR 45
22 Mg 22 77 1 A 3 TR B2 5 i A Si0, X
CeOy AL AT 2R A5 JC KR 19 BAT ML 5 B 45 4
iy SiC K. Bk, ] Si0, Bkt 5 B
BT DU A BE AN ) ELAS R B 5 B A A, T2

nm

nm
nm

1 pm 400 nm

0 0

B 7 CMP il T SiC 9 AFM & (PV 378 5 & g R Ak
I 22H; RMS 2R (a) SRIAIEE (PV, 2.46 nm;
RMS, 0.30 nm); (b) AlLOs#l 5t # (PV, 30.63 nm; RMS,
1.28 nm); (c) SiO, il Y6 ¥ (PV, 2.01 nm; RMS, 0.15 nm);
(d) CeO, il (PV, 0.68 nm; RMS, 0.08 nm)

Fig. 7. AFM images of CMP-processed SiC (PV, peak to
valley; RMS, root mean square)*’): (a) Diamond slurry (PV,
2.46 nm; RMS, 0.30 nm); (b) AlLOj slurry (PV, 30.63 nm;
RMS, 1.28 nm); (c¢) SiOy slurry (PV, 2.01 nm; RMS,
0.15 nm); (d) CeOy slurry (PV, 0.68 nm; RMS, 0.08 nm).
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Fig. 8. WLI images of processed 4H-SiC waferl’”: (a) The
surface polished by ceria abrasive without plasma irradi-
ation (PV, 5.49 nm; RMS, 0.57 nm); (b) the surface pro-
cessed by PAP (PV, 1.89 nm; RMS, 0.28 nm).
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SiC R MR B H A2, H 2 R A0 2 18R,
PAG T —ATCHR | JEFGOFH H EAT A i 72
EUEE A ESESTR

4.3 TREERFFES

SiC % b4k B 10 W0 3% i 4 1 2 S BUME =
B TR R, J0OLJE SiC B iR T4 1

T pm .
S Bl

PV: 13.4 nm, RMS: 1.31 nm

200 nm

PV: 3.39 nm, RMS: 0.52 nm

+| PV: 2.26 nm, RMS: 0.21 nm

PV: 2,50 nm, RMS: 0.20 nm

1 pm 1 pm

| PV: 1.48 nm, RMS: 0.25 nm

200 nm ’ 200 nm

PV: 1.74 nm, RMS: 0.26 nm

(2)

(c)

B9 RREINTH B SiC#E 5 AFM B 1 (a) Jin T SiC 1 ; (b) PAP BRI Tad # e SiC R (c) PAP B AR BN T 451
Fig. 9. AFM images of the surface of SiC substrate during different polishing stages*’: (a) The unprocessed SiC surface; (b) SiC

surface at the in-process stage of PAP; (c) SiC surface at the final stage of PAP.

068102-6


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

Y B ¥ R Acta Phys. Sin.

Vol. 70, No. 6 (2021) 068102

TR RCR I SR bR 2 — P12 /] 10
SRR T PAP RN TG SiC F A [ 43¢
K[ XTEM EUZ W 2558388, I T 5 & mi ok
PEJZFR B, X PAP I TadFerp, 255 11k
BRI TR E B 2 BRE R, B PAP HUR 11
AL 22 BRASOR B A5 B IR SOk R AR e . MRS SC
Bk [45]) HRIE AY L5 H, AE 1 min PN A CPE R EE AT 5K
6 nm, P ATHEWT PAP £ R 4L bR ] ik
300 nm/h VA L. eAh, T 2R 1w T B BRI iR
B, X5 WLI K& AFM A9l & 25 58— 2 & 10(b)
HRZ T SiC SR JE A 5 25 A8 A X
XERH] PAP I/ R AR I T L™
AR )Z, B PAP FAR N S 3 il 2R 18 1) A A
R, ELRERSH RO AR A I T TS A e T
AP, Yamamura 55 10 i Bl iz 49 =X 5 RE FL
17 1 AL (reflection high-energy electron diffrac-
tion, RHEED) #f —25 & 7 #£i 7E PAP Il TR
J B AR R, D b A3 AT T R I AR L
i RHEED 435000 5 7 b AN ]2 w4 9
FH SiC fIRITE PAP T RIS A A 8L 8 11(a)
JiiR A% PAP TG H ) RHEED &, HAg

1KbF:;“ﬁ:??i% ;':;.__1;5:

(?).. .

20 nm §

K10 PAP AR TR 4H-SiC £ 4% XTEM [ 1) (a) i
SRR, (b) W o HERER

Fig. 10. (a) Low and (b) high resolution XTEM image of
4H-SiC surface processed by PAPM.

(@) (b) -
ample 2
g 0.316 O ¢e¢Sample 1
" L ] . =
5 -
=}
®
s % 0312}
=}
Q
o
3 <
= 0.3081 | ]
ey
=S S
H *
0.304 L

As received After PAP

B 11 RHEED JmZ5R1 (a) PAP T /AR RHEED
P&l s () I TS PR S i ik o 4R

Fig. 11. Measurement results of RHEEDM): (a) RHEED
pattern of the SiC wafer processed by PAP; (b) lattice con-
stants calculated from the RHEED pattern.

LRVEMT AT UL, X PAP I TG B2 i EA TR 4
FIZE AR, B 11(b) B T AR YEAT ST BEE T 1 )
PORE S 4 AR 8. T PAP AR A B 075 14 19
FE 1Y SRS B BT 0.307 nm (9 FRISAE (K H
FELRALE), WAE PAP ALEERTH & R 4 SIEAE 0.7%
1 2.9% HYIE R AR,

4.4 BT SiC R HIE

R SCH BV T S5 FARBERS SC B SiC M
RO O, If B2 5 R Si0,, HAl i
/NT SiC, XA F TS R AN T R A 5 SE 5
WX PAP I TH AR BMDOCRCR AT T 56, SR,
PAP £ AR M 579 AL HLEE i ASBRA , BHIEA
B G T AR DG AT AT T SRR R L A
RNTR: DIKZES R RN SRR 55 25 1A% Sic #
an AT AR RS STERE SR TR L — 28 L2, Ak
25 SiC AR [a] () B 2 5 9OF 0 (SLE0 2,
WE 5 FrR), BT R A A2 1) B %
RTHAZ AR R, 282050 4 KRR,
MRS 2T Y SiC 2R

TLIOTRR B B 20 i 7k, BNTEAS
AP 2 B RTEE T Si0, BPE R 2205, AT 552
HTET 22, FEaE— 250 et 43T 2% S 110 2 TR P
KAy, BRI Tk W IR 1 e LA I )
ot SiC, ISR M EE i Fm, ik 12(a)
JIi7 s SRJE R /K 845 B TR SR %R 1 b A
SR AT ; B et S AR AR T HE 3%
W (B E0Ch 50%) LLZIh Si0, 2. HF 2
WEABRMMEZ )G, & NIA BRI a0 B
AR, ANE 12(b) FiR. SRJE HR I T4 B TR
TN HE 200k, Z5 R 12(c) P, REE T
KEBHERRR, S8 YR 2 6 sl ) 7%
T 5 L . S5 Je R AT 5 = R S5 3 P R R A
HF Zph, 85 7 —ASJCRIE ELHURE B 8 1 - 38
R, W 12(d) s, [, AF5ER A AFM X%
FRMEIEAT T, 25 1318 PR xR mHE
A WA 09 2 THORLES B (RMS = 0.11 nm), H AL
TR TR G5,

Kl 14 J&oR T 458 IR 5 SiC A f 3R 1
) XTEM & ), T LW ekt )2 5 Sic 3k
[EAEAE— 2 I )2, 2l W R AR SIC 1R
L54E, WARF TR Si0, BIAERASLEH. 454
o X GOt g% (angle-resolved X-ray
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photoelectron spectroscopy, ARXPS) A9 i il 45
R (FEILSCHR [53]) ATN, )2 BT M S ARE T
Palmieri 55 P 15250 45 5 R W] HF ZI0ANGE 2 5%

nm

Bl 12 ZUHEAT A B T AR IR HE 32965 1 4H-SiC %
16 WLIL B ) (a) 4 WA B R4l Y 3R A5 19 #1043 T (PV,
11.14 nm; RMS, 1.80 nm); (b) 55 — Ak B 5 i 25 1 (PV,
6.65 nm; RMS, 1.02 nm); (c) 5 = W Ab ¥ J5 (4 45 5 (PV,
8.39 nm; RMS, 2.83 nm); (d) 4 — W4 ¥ )5 M 45 3 (PV,
2.45 nm; RMS, 0.45 nm)

Fig. 12. WLI images of processed 4H-SiC surfaces!¥: (a) Dia-
mond lapped surface (PV, 11.14 nm; RMS, 1.80 nm); (b) aft-
er the first cycle of plasma oxidation and HF dipping (PV,
6.65 nm; RMS, 1.02 nm); (¢) after the second cycle (PV,
8.39 nm; RMS, 2.83 nm); (d) after the third cycle (PV,

2.45 nm; RMS, 0.45 nm).

1%

nm

100 nm

0

13 SFE TSR IRA HE ZiAk B2 )5 fY SiC R i AFM
4 (PV, 0.95 nm; RMS, 0.11 nm)

Fig. 13. AFM image of the SiC sueface processed by plasma
oxidation followed by HF dipping®® (PV, 0.95 nm; RMS,
0.11 nm).

B 14 ST IR IRE 4H-SiC B R i A XTEM [ 1)
Fig. 14. XTEM images of water vapor contained plasma ir-
radiated 4H-SiC surfacel*l,
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4.5 [FEFEEBH SRR EREEERE

HRAE TR Y 52 B 45 R T, PAP HOR NN TR
i SiC i 2> H 3R R B 5 Br 44, anl&l 9(b)
5 9(c) s, F55 1, AR SR H
fHSCE AN TS0 SiC F i A T RBIHEm &
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etching) P01 45 SCSLHOR YL [F] S AE T EATHR
el A SO S BRSO, AR R e
JZ, S5 FHEORE BERL I B b 1) 5 12 5 Bl 1k )22
BB R AL B 5. R X EEE AR TR 8
2 TR RE LI 21 J& 37 5 B 2548, (EE AN R T
HOR, H 2 F]— I THA PR AAFE M T80k
4 JEL S £ 05 A A S 5 4 A ) 192631, fgi] fn 7
PAP HARLN B 5 AT, FH B J 391 1 2540
FANBH AANSEEH, 1B B MM b A
FEFIERY), B a-b-a*-b* B 5 Fr; 1l CARE £K
AEFR ST, B RS I A — s — A A
G, B a-b B G B mAE H iy )Tz
CMP JNTHA S, FRIEER TAALE a-b G BT EEH,
W REREILER BMUA —Fh & B 58 1Y a-a B 5 B dh
FIEIFFAE.

S SIC R B X LR R S B i 4
C PO AN HGE , H 2 T H A LB A BIFSE i
HAD AOEAT 640 £ 5 —J7 T A 1 B2 Y
AR AR T LR M & B 25 A O TE 1 2%
F, SCB T AR R B F IR, T SiC R
S5 R A R A2 ) B e AR D) SRR g 1o R
RS AN TR 5 B AL 1477 A i PR R S
BEd RRIEAT IR A

HISCH & PAP TS Y SiC & A 25 5
R, POGJE MR AR 07, Tosan
Ty, HICHEGAK e 5% BR 166671 RIVULIN 3] iy o
5 I G B A B P A SiC A B Y
PRS0 IR DG 4H-SiC /R AR 2 5L SiC i
—, HEARIRAE YT sl TR
P, & HETAT R Iz i —F SiC B ghbkl, B2
SiC R 1 Ji 1 R I S Bt DL H N BF 500 52
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FE. 4 S, 4H-SIiC [ 1A A 44 Si-C

XL 25 0309 ] 15 fif . F58 1, fF 4H-SiC
WA AE T R 2RI A Si-C S 4, Bl 4H1 F1 4H2 SF
&, M H 4H1 V& L UTBUREF Irifs 09 68 & &
4H2 -5 10-72 R 4H1 -5 H 4H2 S5 B infasE.
FEF ISR, Arima 25 31 A R W FlF- 4 X}
JEF AR RE SRR, SRR 5 2l 7=

S, AR T RELI a-b B AR, (B
ZIIE I A R LU a-b-a*-b*BRIF a-a B4 Brah
Fa R = A

One DB per
each C atom\

Two DBs per
each C atom \

e
jast
[
*
One unit cell

15
[1120])l64
Fig. 15. Bond configuration of step-terrace structure on a
4H-SiC(0001) surface viewed from the [1120] direction!64.
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2T K A A AR, R U AR Si-
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i R T B 4548, B AL a-b-a*-b* R &5 4
. s, BRI LB EZ DS, SEES A
B INZRAbr= A o, SBOZALE b= E N AR I & A
AL, O RN A S B AR Y SR A
WriBR. BT ERHL R — R LR AR, B
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Ay, XL R B RGeS I A1 B By
Fo B, NTIE AL a-a L5 B 2548 . 76 iR JLFhelop:

B A ) R ) A e R AR A B
[y il -aa oY I P W o0 N T [ EOF %3 L S S A =
M W R R SR AR FH Y & LA TR], 23T A
[ 270 ) JETBA 1 5 IR S5 R TR

WRAE AH-SIiC it b, BEAE s s fh 2 ek
PESPEL S BRAVE T e, AT AR S E]
) =P E I G S B . Bl 16 #8781 4H-
SiC I —F &5 B tRE5 A8 HIE LR 109). 441k
PEEE SR, BRIt R i TR LBk
AT, EEMIE KA LBRASLZE. TRl Si-C F
G HARFE AR, e 2TE R 58 AR
HYEEALT- 5. RS R CR DU R AN [R] 98 B2 1 - 5 1
14 AL)Z S8 2 R BR UG BT K a-b-a*-b* 5 Fy
45K, 1l 16(a) Fis.

(a) a-b-a*-b*

e
e
Sy

&S
o 63,\:\
o

190 nm . - ° e

(b) \#*;
I»ot@e“]en RS

16 4H-SiC &5 MR & IB AL 0 (a) foF Btk &
FRALE, 774 a-b-a*-D*ELGEH; (b) 1k 2% BOHE AR T 5 8 R
YL BRAE A Y, 7R a-b BUEE R (o) BE R B LB AR
H i ESLHL, R a-a BIE5H

Fig. 16. Probable formation mechanism of step-terrace
structure of 4H-SiCl6

ant, resulting in the formation of the a-b-a*-b* type step-

%l: (a) Surface modification was domin-

terrace structure; (b) physical removal was comparable with
surface modification, resulting in the formation of the a-b
type step-terrace structure; (c) physical removal was domin-
ant, resulting in the formation of the a-a type step-terrace

structure.

BRI (9 25 R AR S A P R A 2
I, R 5 B 15 A i, Wik 16(b) Fix.
H TR Y AR R T 5 W, MUE a-b-a*-
b* RS B IR IR, B8 5 IAZ I e 5 AL
T A, e fk DX I ) B AE 2 3 BOA GeAb i 48 AL
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AT 183 15 40 LA TR 1 3 B e 2 B, TR T 3850
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[ HAEAE, PRI CeO, IUYETRXT 4H-SiC(0001)
B #EA TGRSO a4 A 1 e
DB B 2 I T TR T S A O S R AR R AN
A5 R T WA 5 B S R BE I A o A A 114 Y AR A
T, BRSO T AR 04 ] — 17 B A TR AE
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S EEF A E 179 fr s Yl £ AR
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TN 24 9006 #3575 38 328 T 48 K (1500 1/min) Ji7, 49 FE
EBRVEH 5 8 AL AR AR Y, BB 45 N a-b-
a* bRy a-b AL B, Ak SR R 5
(2500 r/min) J&5, W EBREH L TR, G040
i a-b AR Ry BT AT 5 B A9 58 BE AR TR 1) a-a B 925K
SR 2E R RN, AR O] LIk AR 4H-SiC S
J AR 5 WA A, T RGNl ot £ s S b
BN TS R ) A B 2 PR AR, X S8 4H-SiC
Ik A rp R A el v 5 B R 3 22 B 2 (R 1Y
A R A AR, SEERZE R 5 E] 16 R AL
A v BE ) — B, RIS T R TR A st ) B
FIAHE, O SiC ZEDI RSN A R L

2

nm

0.5 pm 0.5 pm

0

B 17 FEROGEFEAFE LT, #O6F M SIC R M A [F & B R &4 0 AFM B (a) 500 r/min; (b) 1500 r/min;

(c) 2500 r/min

Fig. 17. AFM images of different step structures on SiC surface after polishing with different polishing speed of (a) 500, (b) 1500,

(c) 2500 r/min.
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Abstract

At present, owing to the inherent limitations of the material characteristics of Si based semiconductor
materials, Si based semiconductors are facing more and more challenges in meeting the performance
requirements of the rapidly developing modern power electronic technologies used in semiconductor devices. As
a new generation of semiconductor material, SiC has significant performance advantages, but it is difficult to
process the SiC wafers with high-quality and high-efficiency in their industrial application. Reviewing the
research progress of ultra-precision machining technology of SiC in recent years, we introduce plasma oxidation
modification based highly efficient polishing technology of SiC in this paper. The material removal mechanism,
typical device, modification process, and polishing result of this technology are analyzed. The analysis shows
that the plasma oxidation modification possesses high removal efficiency and atomically flat surfaces without
surface or subsurface damages. Furthermore, aiming at step-terrace structures produced during SiC surface
processing with different polishing technologies, the generation mechanism and control strategy of periodic
atomic layer step-terrace structures are discussed. Finally, the development and challenge of plasma-assisted

polishing technology are prospected.

Keywords: single crystal SiC, atomic and close-to-atomic scale manufacturing, plasma, surface modification
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