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SOk EEE T RS S BT ki FAEA R

Vasiliy Pelenovich)?)?) DY B HEEY  Rakhim Rakhimov?!
XY KHFEY HWE? fgKkEY O FEEY BRI

1) (R HB 2 SHEAR 2, I 430072)
2) (RIS Be AL SH RSB, WL 524048)
3) (RBUK23 1 HGHEEBE, I 430072)
(2020 4E 9 A 2 Hik#; 2020 4F 11 A 2 HUEMERR)

AR SR H SR MR AT 1 SR B A i e 18 B 95 R B3 4H-SiC(1000) i A R IHHE . S 15 keV 19
AE Ar H#% B T AT BB IR, 1 5 keV AR BE MR B9 T D0 L. 25 2R 3R W1, e AR [ O AT 7 8 73Rl i T
5 — 15 keV 19 BE A FR AL BEAH L, W25 B I 1) 3R a1 B A SEIR A 35 D7 AROMLBE B2, P35 20- 594 1.05 nm Al
0.78 nm. ASCE VLS 2RO BTN R, fa78 1 3088 B 5 1R 09 ¢ 308 B 7805 (IN70) 5 W % g 1
M FR, B ML RE B TR I AR ORI B B B A 3. 7 IR 1 0 S OB SR AE A SR L, ST T — 4k 2 448 5 2 R
B, DUV 4 T 25 BB T SR SRR (1) 1 704 45 SRR W], S AT AT B ik 1) AT Ak B 1%
A IR, 75 0.05—0.20 wm P F P, AR 35 o A0 RE AT 28 P AROHLBE S22, 1T 78 0.02—0.05 pm S I, I

WL TR, SR T T BRI B A, (EER AP AR R Y AT B 1 Ak B AT L) 55 X MR AR

KR AR TR, R, MR IE L, RITHIKE

PACS: 36.40.—c, 36.40.Wa, 52.77.Bn, 78.67.Qa

1 3

SRR E T (gas cluster ion, GCI) &£ 4>
JEF BT R R B, ROFEER), AL
JE PR T A ER EAANEFAE, AR T
0.1 % 10.0 nm. 44~ % 8 - 1 v far 0000 L
AHL e, 2 s e, KRS
By A T A BE R AT AR AR N X g A L
(m/ q) ¢ ., A5 H AR B 1 o5 [E AR THAH B A
FHIF, 2o 7= LR AN T B o R IR —— =i g
TR e I e DX R e RSSO L 2 Y
&, LR AERR R R A5 1F T il s S 2 a0k, 3

i
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AP0 7 3 i A A AR AR AR TR B T DI, BT LR
PRI B F R (gas cluster ion beam, GCIB) 7E44
BER SO T BA T Z 0, e HSE R AL
A3

GCIB F A ML e 25 L4 RS T
TRK I A e, g g+ A Z0 o T2 21 > R b 8}
Bk BT AU BTN MPRLER TR B R
YR B B Al U Fngh K 2 ) [ 22 P9 4§, GCIB
o SRUA ) 1N HH s AT 5 g i G s AR THI
CHCAE [ SR 24007 (1, Xof v A R RS 19 4 T T 7 A 4
PBIERON, PP R RIS BRI 0.1 nm. GCIB
H ) LA B - 5 2 T R B 2 Y
AELRPEC R, ANRER B Sigmund W8 5T PRIS K

* R H AR A (e S 11875210, U1832127) Al R4 A AR I 4 (e 5 2018A050506082, 2020A1515011531,

2020A1515011451) ¥ Bh i,
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A, 2 S AR AT 5 AR R A LA
JHI et 7 A 1 S SH AR —— PR 8 1 o A
PRI, AR EAR IS A e T AL, (7S
A AR, MR A TS B AR OO
SRR, JLPEATHIM R Rk 2 n Rl R
AL, A5 5 Ak R B 22 B ), Ik
SHALRCR.

(ELPAT A% 1S el A N, L2 AN ] e G g5t B
AR BER R R AT B T, TERE A R X
TE R RE R Ry, TR 2RI BT, (R R SR I
JET BT, 2 - 3E A R H S R
WA Ty i W BROE B 1405, By IE BT 7,
PR g fa et Dl RE AR g 8 R i, A AR e
TSt R AR 5 B R IRBE, AT b R TR Y
PR, (H G 2 R TR SR A FROIR
HE, XA R G A RIE, FEAR R
WA TR A, AR RIS EE PR FITE 1.0 nm,
MELLIEAE. PFRAR O B I Y P ELAR G LA

NV
E\3
—145( 2 1
r=115()", 1)

Hr ERWERESE, 507 eV B AR S A7 [ Al
JE 181 PRI, X6 0 8 — B #0192 R o
15t B AT BLAR R K ),

Matsuo %5 1 #4717 43 F 8 J12% (molecular
dynamics, MD) &48l, 5% T Argg ¥ Si(100) )
PR, BAUZERRY], (RREHIE (2—4 keV) A
SN 3 RS F i, REER R 6 keV I, fH T IX
TR B OAL R B | il 2kl - HERR SRR AN -2
IRIT (crater), H 4545 XIS AR IE | 5 B Bl 2 vh b
AE A R AR K. MD B ZE SRMAR AE A 7
AT S BRI AL PR BEE T BB A 2 ),
Houzumi 45 M % 155 B [a] 4% 47 2% (highly orien-
ted pyrolytic graphite, HOPG) ¥Ei#E1T T Ar A7
MRS, NSEES FIESE T RE AT T 45 5 T2 I
KORYT, BEIREE M R . Greer &5 121 L) Ta IR Ky
STESXTR, WSS T 10, 20 F1 28 keV Y Aryooo H15E
(RS- IEAR RN, B 28 keV 1Y A 75 15 1 F Rt
I T IR, M 14 keV AU R B R R IR Y
L. 25, Isogai 55 19 1 Sekill 43 ff
FE T Ar Ml SFq 25 HHE B 7 30 Si i Al Aw i
IR %) 6 L, 3% TRDAELARE o 3ok 8 1 P 3 o i 72 2%

Ju—

Toyoda 45 9 HIRN[F] g £ ) Art Al Ar-GCIB 4 fig
CosFe, I, UESE 1 AR B HL T Z Hifif GCIB
I B2 BRI, IAE GCIB 45 Bl T2 1P

R, S T ARG B PSR AR SR, A R
TR RE B AT — R M ARG A % A B AR P-4
FETT, 2 P Ry SR AR I AN A AS A K GRS ]
1 ELAPK A A 2 0 S5 1% T 5 A A e 01, AR MERR 25
T, A RIS FIREZ AR
BUBBAA3, 2 T REARE B X L 35 2 T4,

FE ERBFSE T, RIS MD A J S iF
5, R o — B i AR, Bz 245
FiE T 1Y) SE IR A 5.

W2 BE B 1k R AR A 4 X 2 i 3H 1k
TF 5 19 E 2 07191 AT D 1K 16 1A 72 o3 1o MK
IR, ASBIFGR SO TR T A AR A 7 2 7 Ak
PR P RS EE, 00T T Ar SRR B o)
(CFHIRSTR 1000 atoms/cluster) HE E4R AR 4H-SiC
(1000) 5| & B P ARSL R, X Eb T B — =5 BE A1 7%
KRB RIFE, DL AL e it A RS TR vL i TR Ak

St WFFT A T B T ALROR | e i A R T

TESHA 2R L.

15 A F VOB R T s gs EolmH
PR R o, H AR R PR HERE T, 8@
IR — R TR B i 2B R, U o
TNy, PR A W F LA AR /)N, S SO T Sk A A
BRI s i 22 R B2 22, AR filf AR I I O 2 T
A, Ve B E L B AR SR N B i B
PR R FH A 224 T3, e T st Fl 7 AR AR -, (P
KL T FL B, TR R 28 15 SR T s g =
WBFERERGAEN T, BB T R A
T R RS 18 E BUKBERR G vh 2 3
WACZETIVER, JFERIRE ), R R Ak
R B B T R R D R AT 1 T
B S BGE AR/, TR 22 T RIVE TR Wi i,
T A B 1 T L i S AR 1) 2 3, 2
P4 15 o (17.19,20]

PATEPESUA Ar AR5 TARSUA, PSR4 10 bar
(1 bar = 10° Pa), i ®ATHS ] B3E{X (time of fli-
ght mass spectrometer, TOF-MS) | 15 /= 4= %) °F-
A1 RS R 1000 atoms/cluster. fmy SR TE I
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FEEARHR 65 um. HEM S 14° B BT A 4 BIAEIE it
W A TR I K, T LA R I Lk o
AL, W T A &, AR TR K ]
. TR RN A IR Y LS FE 400 0.16 Pa
5 x 103 Pa.

L 4H-SiC(1000) falal (G BEFHE B BB AR A
FRAANFD) SRR RE, 46 HA IR 2T 3 3R 1 Y
4H-SiC FIRTHA A UG (WIR) 1Y 4H-SiC, AL
BT 1 o B AR 14 4 NI PR S T B I . 52
P SiC ik B U1 #E AL 4.0 mm x 4.0 mm X
0.5 mmAy 7 E, B F 5 mm x 5 mm AYHBTEE 5
5, AR R S TR T R . 8 T RE2GE A
B T T I A BRIE B8 451073, A9 26 g
WBICIEAEIGUE R | WU LB h gL, W
Fl 9] 46 T8 351G SiC R Fr &R 28 3 1T H A Y B —
15 keV =i, B— 5 keV flKAE . 15-5 keV B
BB, 2R wE4h 3 x 101 cm 2,
15 F1 5 kV T A% B A0 43 54 1.0 1 0.5 pA.
2 1R 2 0 BIFIH T PR R G ELAROE R S
B s L BRI B D).

# 1 HAFTHOFRERIN 4H-SiC HHIE R RS

B (BIRRRERE . B 70 0 . 48 RN 1] ) e R 4% 3

(BT AR THLRETE R,)

Table 1. The smoothing parameters (cluster energy,

ion flux, and treatment time) and root mean square

roughness R, The samples have atomically smooth

initial surface.

HIfRRE BT /(1016 LYy B piyicsitl
1 /keV ions-cm?) [4] /min B /nm
0 0 0 0.15
15 3 20 0.99
5 3 40 0.61
15-5 1.54+1.5 10+20 0.62

# 2 4AH-SiC(1000) Fedif (A HLIRG) 1971
S H (EIFERERE 2551w | P ) A3
EER (BT HERIALREE R,)

Table 2. The smoothing parameters (cluster energy,
ion flux, and treatment time) and root mean square
roughness R, The samples have mechanically polished

(scratched) initial surface.

HIfRRE BT /(101 ElUpIRin] B piyicsitl
1 /keV ions-cm?) [4] /min B /nm
0 0 0 1.35
15 3 20 1.05
5 3 40 0.90
15-5 1.54+1.5 10+20 0.78

KT 71 B35 (atomic force microscope,
AFM)(Shimadzu SPM-9500J3) , ) 5 i % Ji bR %
(power spectral density, PSD) &5 J7 ikt 17l %
fiE, A Al AR BRAT JS , ADRER TR A AR A L.
AFM AR H tapping B, FHEHEFN 5 pm x
5 pm.

3 HERHH
3.1 HHEBFRITFIEREEER

R T SR 2 RE A B st B R i AR
5 o R A 5 2R [R) s 3k G ) i 2 T A R Rl
IR | FLIR L 28R AT X B A R TR A RLRS B2 (A
s fa) Msg e, R EA R 9O R R
4H-SiC(1000) fhHIEHBFFEXS &, WIHRIEERE R, =
0.15 nm. [ 1 HZR[ARE & Y Ar A1 7% 3 1 46 19
J&, 4H-SiC [ AFM RHTESEL K 1(a) J 15 keV
VAT 22 i I 1 2R T A, HL 3R T 1 MR R 2
R, 0.99 nm, W& 1. 5] 1(a) FR1H W] WA 54/
WokL, RSFAF 1020 nm. K5 1(a) KR, W
& 1(b) s, WEE BB R 1T lbT, HAR
24 25—35 nm, JRYTEEFE K, LIS L [0 477
Y& EA, W, A REE R ITTA R A
SERIIES, AFM EUE I BoR 19 H gl /N gk B
JFRRIRIT A %%, B 1(c) HE 1(b) HiRBTHy
BUE R, BARR I LT SiC P30 .
NG T SiC YR AT L5, BT
#2930 nm, % 4 nm, HHEHIZINGT R, 1.13 nm.
XFEGIE 1(d) 5 keV WG T 5 BRI, KM
P HARBERE R, 0.61 nm, W3 1, JE R AGINT
HAZRZ) 15—20 nm. X EE 1(b) FE 1(d) okt
RF, B T R0 5 A2 5 W % e i 1 ¢ R 575
(1) X, RUMKRE B FEAEAR AR B EFRAR T X $E A4
TR B 7, TR R TR, an SR A R
WAl DRI EZEET 0 keV, B F AT LIS
SEA T M SE A 2R Tm . SR SE BRI, R AR
TEREARA R, 28— o 2 VR AR, ARAR 77
BB R R A > PRIV

e, RS ML R RBI, h
FH 15 F1 5 keV WIS 22750, 20 B8
¥Ih 1.5 x 106 ions/cm?. HZ¢ SiCIEFRUIE 1(e),
R, 0.62 nm, 55— 5 keV §EIRAY 45 R —5, 1
i 1 OFIEARRETE], ULER 1 Rk, #E 15 keV HiHE
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g T E, HH 5 keV IKBEHRIE— KT, &
BEERTIEN, ARHMEE 15 keV S REATE " 2E
(R 45105, BUMARZ R 5 keV P=AE RS  B0E:
HOARXT I/ N IR, 28 LAk, IR BE 7% 56 R AEHI
553 1o R A A ) B8 A s, T B BRI TR Ik
AT AR K I B] N ARAS S0 1 2 i, P AbsseoRe

5

Kl 1 4H-SiC(1000) £ A [F) A 1 19 Ar [ 5% 3 15 6 S 19
AFM KIfEHE  (a) 15 keV; (b) 15 keV (ERI%E3); (c) K
(b) IR A T B A5 (d) 5 ke (e) FIAIE, 15, 5 keV
Fig. 1. AFM images of 4H-SiC(1000) surface after Ar
cluster bombardment at different energies: (a) 15 keV;
(b) 15 keV at higher magnification; (c) cross section of a
crater from Fig. (b); (d) 5 keV; (e) 15 keV and subsequent
5 keV.

TR B pRABUR AT (1) R B, DLEDEIE i
AN T RS B AL 1 2 T AR B 2 T AR Bl A
(W) WA FEARER 2 (8] A 4B i R
BEFE KT, BRI AR A 25 (A1 90 6] P9 Ty 3 1
PRI PIT 7 5 DX Sl T R 7 S RN X 2 T
FEURE B AR A0, 2 1A B i 7). 3 e L I
A AFM BG4S h 2D-PSD pRkih<k, AfE T
Ao T, K AL R e B B A, BRAS IS8
SCH T PSD REI R R AL 1 2 A L
H AFM B AHXT B B PSD pRB 28, 75 24N i
KT, 4 15-5 keV AL EE PSD 2821k

T 15 A1 10 keV AT £, X2 H T 5 keV AILAE
AR IERE T 15 keV P2 A 3RYT, (H 58—
5 keV KRB AH LG, PHE BT 143423k, PSD
Bl ot — UM, 5 keV I RE A1 #% 1T LUE & Je i
15, 10 keV I 7= A= 1 B8 451477, FRATCRELRS 2.

3.5

3.0

2.5

—— 15 keV Rk
—— 10 keV H—ghE
—— 5 keV H—{[GAE

20} —— 15—5 keV WRER

0.02 0.1 0.3

Log 2D isotropic PSD/nm*

Kl 2 4H-SiC(1000) £ ARl fig e Y A 35 7 5, AFM 1%
Xt Y PSD fh £k
Fig. 2. PSD functions of 4H-SiC (1000) surface after Ar

cluster bombardment at different energies.

3.2 HEEEFI 4H-SiC RH (B SR
15) BAbIE

DA WU 4H-SiC(1000) &5 A 5T
XFGe, W HGAIFSE T A7 B AR B — R i N 25 e i
I ETENUR B & T irEH. B 3 A& A F 6E
WY Ar P IR BRI, 4H-SiC(1000) 9 AFM
FKHIEHE. B 3(a) K 535 & 590 46 2% 1
4 H-SiC F i 1 wm B4R 5 4 W A7 A0 S 8 4T B i
W, RS ARZ 100 nm J8 . 2—3 nm AT 5
REVIE, P07 RS R, 1.35 nm, W& 2. &
H— 15 keV fRifE Ar BB & &5, WK 3(b),
R RHBEEE R, FEIRE 1.05 nm(IL3 2), £
1 KR L 438k 25, 5 SiC ks (B9 IT A9 i1
%) ARFHRLR AN, R 15 keV B REHTE AT LIPR
TR LR SEAUT, RS A TR ARG, P2
FERO M RIS B R NI B 405, 45— 5 keV
fikBE Ar MRS T3 d )5, WIE 3(c), My R
HRERE R, 5 15 keV BAHZEARHIE, 24 0.9 nm, {H
BEBsE SiCfB0kE (IRBL) B an s, # i 2 m R JR £k
WA, BB SRR TE, &
B 5 keV fIKAE AR H 8 — @ R 1B Lo )
JE. I, 5 15 keV AEFREERA L, T 5 keV K
il AT 78 A I 2 1 R 00 6 R R B b 7 BT R o L
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RK, [FIRFE 5 keV BRI, SIGTRSHISVIN, XA
B 1 TR/, Y Sl U RELRE B R A AR, 3%
Bit— 5k, K 3(d) HE& 15-5 keV A AE B 45
WS TSR, SRIOET RS R, B 0.78 nm,
FEG R ITA QIR A ZARAE, HIRLA%, R D
LT TCI5 3%, IEBI AL fg A= 3R AR B
IR, Seidid AR At bR 2 T T A IR AEHIL
WA, FEHMIRE A8 52 mr R AT st B2 1 iy ade
E=S it}

nm

nm

pm pm

Kl 3 4H-SiC(1000) £ A [A] g 4t B9 Ar 7% 3 14 48 U5 19
AFM FHESE  (a) FERIESL; (b) 15 keV; (¢) 5 keV;
(d) 15-5 keV ML fE &

Fig. 3. AFM images of mechanically polished 4H-SiC (1000)
surface before and after Ar cluster bombardment with dif-
ferent energy: (a) Initial surface; (b) 15 keV; (c) 5 keV; (d) 15
and subsequent 5 keV.

Bl 4 & 3 AFM EUGAH XS R ) PSD 45 1% i
£k, 0.02—0.05 1 0.05—2.00 pm P T A
() PSD FRAFE B AR R ETE S, 4 58N
i (#5358 AR 2 BRIE B 31405 AR (4
I RIS AT BB T AR ). £330 — 15 keV HIFEAL I
J&, 7E 0.05—2.00 pm #FEFEFHIN, PSD 22k
K. KR 0.3 pm BF, RS B REAR 1 R0
9%, oA RO R T RPR. 2R, 78 0.02—0.05 um
WA N, 5500 4 2 T AH b, RERE B2 R T4
DCFPRLAL RO S RIS B 285 B— 5 keV
FEAL PR, 78 0.05—2.00 pm ST P, HLRE B2
I /IMEAR T 15 keV, BRI AE 152 X6 $E R 11 T
SFRREAR, EAHF BB TR T, X520 2B
RORE 2. 5 —J7 1, 7€ 0.02-—0.05 pm KL K

FIN, 5 15 keV ACERZE AR EL, HIREREREAK T,
AR A A B A I RS BN, Rk, A
et TR ik, 454 m AR R ol LR R (4
K K) FRRE bR (7 A B/ DR IRIT (38
FEUEA)) BIPEF, W] DAt — 2B PR AR i 2 RS . 52
USRS T 3RO IR B R, WA 4 B, P RE
BB 15-5 keV P 3L, MFlE SR
—fE AL BRI AR, PSD PRELAE 0.05—2.00 pm %
KGN, LRI — 15 keV = REH R R AL
PHACH: T7E 0.02—0.05 pm P FEHE N, 55—
5 keV (KRB A FE AL BEACR — 3K, 2/ — L S el %
Pk L BRRIR, 5 AR FRIE = SRR HTARIE ik
T 3 A6 ) N U R = 3 5 2 S STl s E
R A e i — AP A, A T 0.02—0.05 pm
WARIEFRN A PSD #h 2t R 2 R 4R e mi Y PSD
Mk F, LBl R Pk, B3R T2 iR
FHAE A

10

— JRhaFm

—— 15 keV H—hE
—— 5 keV H—{KhE
—— 15—5 keV WihER

[o.}

[=2]
T

Log 2D isotropic PSD/nm*
~

[~}

0.03 0.04 0.05

Ofl i 10
WK /pm

Kl 4 4H-SiC(1000) &K R AE 1 i A 7 3 i )5, AFM BHR
Xof L PSD 24 151 3% 230 DX dak, 77 Sk s MUK B I 141
B BB n A2 4k

Fig. 4. PSD functions of 4H-SiC (1000) surface after Ar
cluster bombardment at different energies. The inset repre-
sents short wavelength region. The arrow represent change

of the roughness with increasing cluster energy.

4 % b

K Ar K A B R X 4H-SiC(1000)
AT I ALAR B X L T S — i BRI | KRR
VI, LA 20 R TR AT 1k 0 4 BRASCR,. RS
XGNP RI AT AN R AL B 120730
FIH 1 4H-SiC F1 2K 1 A A ML (IR ) 1Y
AH-SIC. 55— Rl AT A LS LI | = RE A1 3 4%
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Abstract

In this study we use the double step gas cluster ion beam treatment to improve smoothing process of
mechanically polished 4H-SiC (1000) wafers and compare it with conventional single-step smoothing. The first
step is a higher energy treatment with 15 keV Ar cluster ions, and the second step is a lower 5 keV treatment.
Single-step treatments are performed at 15 and 5 keV. It is shown that single-step 15 keV smoothing as
compared with lower 5 keV one is very effective for removing the initial surface morphological feature
(scratches), however, cluster ions impacting on the surface can create larger craters, resulting in roughness R, of
1.05 nm. Whereas, 5 keV treatment at a selected fluence cannot remove initial scratches, which requires using
higher fluences, i.e. such smoothing becomes time consuming. On the other hand, crater morphology with such
a treatment is less developed, hence, the roughness slightly decreases to 0.9 nm. Using the double-step
treatment, one can obtain the surface with lower R, roughness of 0.78 nm as compared with single-step
treatment, at the same total cluster ion fluence. Therefore, the double-step treatment combines the advantages
of the effective smoothing of scratches at high energy and smaller crater morphology at low energy. To evaluate
the contribution of the cluster morphology introduced by the accelerated clusters into the total roughness, the
cluster ion beam treatment of an atomically smooth 4H-SiC (1000) surface is also carried out. It is shown that
the crater diameter increases in a range of 15-30 nm with the cluster energy increasing. More detailed analysis
of the smoothing process is carried out by using two-dimensional isotropic PSD function. It is shown that the
cluster treatment of mechanically polished 4H-SiC wafers effectively reduces the roughness in a wavelength
range of 0.05-0.20 pm and the efficiency of smoothing is higher at higher cluster energy. In a range of 0.02-0.05 pm,
a roughening effect is observed, which is due to the formation of craters. This roughening effect can be
effectively reduced by the subsequent lower energy step treatment, which can be shown by the PSD function

analysis of the smooth SiC surface treated initially by cluster ion beam.

Keywords: gas cluster ion beam, surface smoothing, steps energy model, surface roughness
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