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Table 1. The smoothing parameters (cluster en-

ergy, ion dose, smoothing time) and root mean

square roughness R,.

HIfERERE BT JuOERSE STTARM
/keV /(ions-cm?) /min BéE /nm

0 0 0 1.69

15 6 x 10 10 1.64

8 6 x 10'6 20 1.07

5 6 x 10'6 25 1.10

3 H#ER53b
3.1 H—REFAKIERY Si FHEN

BT TR LB B PR R S R e
M F, e —ae A LB (RDR) 1Y
SiF. B AR R Y Ar R T AR RS,
Si FHY AFM R LS. B 1(a) A AR &0
MIRIIR R ETES, v LLE B R A R 2R, R
RARWEA 9—10 nm, HEE D R R,
9 1.69 nm, N3 1 FR. 258 15 keV i RERI %
diZJa, Si B AFM RmESE A 1(b) i,
YR BARER, #0576 1 nm LUF, (HRmERHIR, H
FI Yy OB R, R 1.64 nm, AR R A %
I, 3 PR 7 R e e P PR S o o, AT ARG ok
FRWR, [FIHTE SR RMns A T B (L), R
FOMF R LA, BT DL MR AR . &5
8 keV KAEMI#EE )5, Si A i AFM £ IES &
WE 1(c) FizR, 7T LAE BIB0R AR 40, H R
JIARKUREEE R, N 1.07 nm, 302 7R A R %
T HOM IS, B 2 T BE A T S A, AT
AT AR e (HRIIR R OR 2, SRR
JRIRBETE 2 nm 2247, d5cJa FEARARE & 5 keV HfE
R, Si RS AFM R mE SR 1(d) B
N, FIRERTLIE B Si i RSN, PR
B AT 0L, HRR IR AR K, e KRR IR E A

2 Si AR AR SR (HIRRAE S | B 750 | SO ) FPFHAREE R (BRI R,)

Table 2. The smoothing parameters (cluster energy, ion dose, smoothing time) and root mean square roughness R,

MR /keV B P&/ (ions-cm 2) T E] /min Y iRAHLRE B /nm
0 0 0 1.69
15+8+5 2 x 1010 + 2 x 10 4 2 x 106 34+6+8 0.62
15+8+5 3 x 1016 + 2 x 101941 x 10 54+6+4 1.02
5.9 nm
—8.9 nm

pm

10

pm

B 1 Si A& AREB—REE N Ar AR BTG AFM FHJESE  (a) 0 keV (initial); (b) 15 keV; (c) 8 keV; (d) 5 keV

Fig. 1. AFM images of Si surface before and after Ar cluster bombardment at different single energies: (a) 0 keV (initial surface);

(b) 15 keV; (c) 8 keV; (d) 5 keV.
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10" cm 2) 4 fg A RS RIS, FEbh

0 1
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FLK, BA E 2(b) e, oA TELHEE
A T BRI T 3 x 1016 cm 2 EFIRAY
15 KV = AE A 2 i e 1w, o kE i Be AR S
Ja 2 B 2 W U, JE IR 2 x 106 cm
RFIER A 8 kV ARBEMIFE . 1 x 10 cm 2 K5y
5 kV (IKRE & R RERR 80 00 8 74105, 182 1)
A, 52 AR LR —, SR
T 2 x 10' cm 2 fIR5 i i AE AT L 22 M A 2R
TR 157 A kP 7T DA S R 2 B it e T e 8
IR, HAEMGREET, REFBE TR
ZETH, FITREEE. It B2 R
—JG ], SRAET 4 x 10' cm 2 & A AR AR K &
A R, XFEA AT DA B G, iR T
PARER AR BE P A& 52 8 B A3 i st 1), AT A5 380 i
LRI

XTI 2 ) AFM B8 R B 17401, 3L PSD i i
fhkaniE 3 s, E 3 i LIE H: ok ih 4k S5
Ao R — BRI DX, T34 X TR R /N R
o7t 240 RRORELARE B8 A R/, BT IX sk v R A, DA
P15 RRORE A R A 5 i s 2 TR IS ) DX 3 v A e
K, F PR 2 g Re AR AT HE, 2R AR
— T B A DX 35 T AR L 22 2 A X T A X K
AV, KRR, 2R — 1 TR
T ZHRE AR RSO

: : iy (b) (c) 5.9 nm
—8.9 nm
00 10 0 10
pm pm

2 Si A Z WA R Ar B R E RS B AFM EHRESRE (a) 0 keV (BIHR); (b) 15 keV + 8 keV + 5 keV 4 fig
i (B FHEN 2 x 100 em 2); (c) 15 keV + 8 keV + 5 keV 2 figw (LB T/ 410 3 x 10'6, 2 x 106, 1 x 10'6 cm 2)

Fig. 2. AFM images of mechanically polished Si surface irradiated by two different modes of Ar cluster bombardment: (a) Initial
surface; (b) 15 keV 4+ 8 keV + 5 keV, consequently (all ion doses are 2 x 10' cm?); (c) 15 keV + 8 keV + 5 keV, consequently

(ion doses respectively are 3 x 10, 2 x 10 1 x 10' cm?).
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Fig. 3. PSD curves of Ar clusters after vertical irradiation

of Si wafer under two different modes.
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AT LAE th R SR A A 2, 1] 4(f) S AL 0
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HREEAL — 15 keV + 8 keV + 5 keV(3 it iE
XTI BT 2 x 1016 em 2) RARJS Si Ry
AFM RETESE, 7T LA B BRARD, B 4(g) 2t
FLIR P AR R ER I, FLIA AR 4, HAREY 25 nm,
® 3nm. B 4(d) A Z A EHEA T 15 keV +
8 keV + 5 keV(3 AN BE X W 14 2 F 71 2 40 1k
3 x 10,2 x 106, 1 x 10" cm2) $EHR /5 Si A 1
AFM RIHDJESLE, 7 LA BRI/, B 4(h) &
LT %) 485 1o B I, LT A X — s R A TR
FLIF B 422 15 nm. 3% 5 nm. MIRYE (L) AY AR
TS BRI TP AR, 1] 4(e) . I 4(f) FNIEL 4(h) Bk
BA RS T St P3RS e T St AR
KRR L5, w22 80K A 4(g) AT
DL LI SRR 22 1R8N, A Ly —F
. FRIE], 29 iB X — - ARCR
BIIR—mRERIE | R —(RRE R, DL E e

X T R T IR BT

8.7 nm

u —7.6 nm
500 0 500
nm nm
10 0
f
0
0 ;_-_-_.__-—-'—“——-.__.--"'—-‘__-
_5 . . . ! . .
5 10 15 20 25 30
nm
10 ™
h
g 0
a 0 ____..-w
-5 L L L L L L

5 10 15 20 25 30
nm

(a) 15 keV; (b) 5 keV; (c) 15 keV + 8 keV + 5 keV (&5 F

IR 2 x 101 cm 2); (d) 15 keV + 8 keV + 5 keV (B FHIH M4 3 x 100, 2 x 100, 1 x 10'6 em 2); (e) Kl (a) "L ) # i
IIEL () F (b) FALIR AR R 1R (g) P (o) HALIR R s m A8 30 15T () 18T (d) mh LT iy 48 i s 8 1)

Fig. 4. AFM images of mechanically polished Si surface after Ar cluster bombardment with different energy: (a) 15 keV; (b) 5 keV;
(c) 15 keV + 8 keV + 5 keV, consequently (all ion doses are 2 x 10'6 cm 2); (d) 15 keV + 8 keV + 5 keV, consequently (ion doses
respectively are 3 x 10'6, 2 x 10, 1 x 10' cm 2); (e) cross section of a crater from (a); (f) cross section of a crater from (b);

(g) cross section of a crater from (c); (h) cross section of a crater from (d).
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Abstract

In this study, two kinds of gas cluster ion beam energy modes with different ion dose ratios are proposed to
improve the traumatic surface of n-Si (100) single crystal. In model, low-dose high-energy clusters and high-
dose low-energy clusters are used, while in mode2, high-dose high-energy clusters and low-dose low-energy
clusters are used. The results show that the flattening effect of mode 1 is better than that of mode 2, and the
root mean square roughness of mode 1 and mode 2 are 0.62 nm and 1.02 nm, respectively. This is because in
multi-level energy mode 2, high-dose high-energy clusters are used to bombard the target surface in the early
stage, so that more ion damages will be left after high-energy cluster bombardment. In the later stage, low-dose
low-energy clusters can only remove part of the ion damages, and the repair strength is not strong enough. In
multi-level energy model, we first use low-dose high-energy clusters to bombard the surface of the target, so
that the high-energy clusters can quickly remove the shape objects with high protrusion on the sample surface,
and in the low-dose mode, it will not leave too many ion damages, which is conducive to the later repair. In the
first stage of multi-level energy mode, high-dose low-energy clusters are used to bombard the target surface,
which can not only reduce the ion loss, but also increase the time for low-energy clusters to repair ion damages,
thereby yielding the optimal flattening effect. In order to verify the relationship among the damage removal, ion
damage degree and cluster energy, a single energy cluster bombardment experiment with mechanical damage is
carried out before the multi-level energy mode modification is studied. The results show that when the cluster
ions are accelerated at 15 kV high voltage, the scratch removal efficiency is highest, and the surface scratch is
very shallow, but the decease of roughness is not obvious; when the cluster ions are accelerated at 8 kV and
5 kV, the sample surface becomes fine and the remaining ion damages are least. At the same time, a comparison
of the target bombarded by the multi-level energy mode 1 clusters with that by the single energy clusters shows
that the multi-level energy mode can obtain a smoother target surface than the single 15 keV high-energy
cluster treatment; the multi-level energy mode can better remove scratches and other wounds than the single
5 keV low-energy cluster treatment. Multistage energy mode 1 integrates the advantages of high and low energy
clusters, thereby achieving the best flattening effect.

Keywords: gas cluster ion beam, surface smoothing, ion dose ratio, multistage energy model, surface

roughness
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