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Fig. 1. Image of the GCIB accelerator.
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Fig. 2. Working principle and structure diagram of gas cluster ion accelerator.
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Fig. 3. AFM surface topography of single crystal silicon wafer: (a) Before cleaning; (b) after chemical cleaning; (c) after cluster

cleaning.
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Fig. 4. One dimensional PSD curves of AFM images of

single crystal silicon wafer.
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Fig. 5. AFM images of single crystal ZnO substrates before and after Ar GCIB irradiation at different incident angles (energy,

10 keV; dose, 4 x 10'% ions/cm?; arrows indicate the direction of ion beam bombardment): (a) Before cluster irradiation; (b) 30°;

(c) 45° (d) 60°.

FR, 207 1) AR LLEE 5T, ARIR T W 4R 2R 11 A 45
][] 1. T 4% 1) S PR 2 1T A9 — 48 PSD B 1B i
M7 e, G R ATTE o BRI, B T A
y 7 1 RO ST K AFM US4
4k PSD pRZR, M4 B b D 20 55 40 A, W] LA
EGE T DR AR IR, 118 AFM & X
BN (5 pm x 5 pm) FOKIESRITE N FIEEE N,
THEAL T

A=1/v, (3)
N =5pum/A, (4)
BARGHESRAnE 1 ).
R RGEHE PSD IR B SR A
Table 1.  Wavelength and number of nanowaves
calculated from two-dimensional PSD.
NI
30° 45° 60°
y i y il z y il
FHEAR /um ! 2 6 2 4
WL K N /um 0.5 0.167 0.5 0.25
PRI SEEN 10 30 10 20

GCIB T FLAGIHE ST, 30k [ 5 #5112
{7 EE DR R TH T IR (RAE = RS Y rhty
FUEF, B RRLTK, vhds KBUREEFUE )
AT, SR ARG A AL B0, TE AL,
H A SR RS e I O A AL S % 22 B T — A
AR M, BT DR EAGHE LT, M 2R L
REWLZE B — AN 151 BEXTRRE (AR R i LR (1. 4K
MM, 24 GCIB & 45°5; 60°4F A S, FL iR A 7t
PR, WS H (R8I D7 2 o 1) R I i —
R = M 1030, 30 PR ARSI, B 3y b)is
B, s DX R ke 32 3 S A R T R A A
BELA, 23 ANXFFRbd i, ML A - 3h i e
BCAZ B, EIEAH R 5 1) L, 3K S SR T 1Y
BRANBELRSH B | A5 FLAR A TR 3 320 2% TT LA 1 T i
BB i F GCIB 2% 7 Wi B0 K 45 48 1) S A 41
JICH 3 e R T B LA B, BT LA, 78 K At
AP v BB R B T sg e R R 2 A N
KL, 25N SBOR Ui B 2 T 50 1 A e o
b, BIE R T 9K 4L

093601-6


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

W F R

Acta Phys. Sin.

103 nm*

6.0

3.0

vy /pm =1

—50 0 50

ve/pm !

105 nm*
5.00

3.75

2.50

vy /pm =1

1.25

—50 0 50

ve/pm !

Vol. 69, No. 9 (2020) 093601
10% nm*
5.00
3.75
g 2.50
3
1.25

—50 0 50

v /pm 1

5 nmé
3.00

2.25

1.50

0.75

B 6 1EARFRASAT Ar GCIB % I8 55 ZnO LA — 4k PSD B4 (figh, 10 keV; HIH&, 4 x 10 ions/cm?; ik KR & TR

HI7I) () HREREIRAT: (b) 30° (c) 45% (d) 60°

Fig. 6. Two-dimensional PSD images of single crystal ZnO substrates before and after Ar GCIB irradiation at different incident

angles (energy, 10 keV; dose, 4 x 10'6 ions/cm?; arrows indicate the direction of ion beam bombardment): (a) Before cluster irradi-

ation; (b) 30°; (c) 45°% (d) 60°.
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Fig. 7. SEM images of ZnO nanorods before and after Ar GCIB irradiation at different cluster energy and dose: (a) Before cluster
irradiation; (b) 5 keV, 4 x 10' ions/cm?; (c) 10 keV, 2 x 1016 ions/cm?; (d) 10 keV, 4 x 10'¢ ions/cm?.
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Abstract

A custom-built gas cluster ion source with energy up to 50 keV is constructed, and Ar, CO,, Ny, and O, are
used as the working gases. The clusters are formed by a metal supersonic conical nozzle with critical diameter in
a range of 65-135 pm and a cone angle of 14°. The nozzle is powered in the pulsed mode, which improves the
pumping conditions, and also makes it possible to increase the gas pressure in the stagnation zone to 15 atm
and thereby obtain larger clusters. Based on the principle of ultrasonic expansion, gas cluster ions with an
average size of 3000 atoms are obtained. The cluster beam current of 50 pA is obtained. The Ar cluster beam,
which is less reactive, is used for treating surface, namely, surface smoothing and formation of self-assembled
nanostructures. The Ar cluster bombardment perpendicular to the surface of the substrate is used to
demonstrate the smoothing of the surface of Si wafers, Ti coating, and Au film. For the initial Si wafer, its root-
mean-square (RMS) roughness of 1.92 nm decreases down to 0.5 nm after cluster beam treatment. The cleaning
effect of the cluster beam is also observed very well. The one-dimensional (1D) isotropic power spectral density
of the Si surface topography before and after smoothing are also discussed. The off-normal irradiation Ar cluster
beam is also used to form self-assembled surface nanoripple arrays on the surface of flat ZnO single crystal
substrates. The ripple formation is observed when the incident angle of the cluster beam is in a range of
30°-60°. The process of nanoripple fabrication is significantly governed by the cluster beam incident angle,
energy and dose. The nano-ripples formed on the flat substrates remain eolian sand ripples and their formation
starts at the incident angle of 30°. The most developed nanoripples are observed at the incident angle within a
range of 45°-60°. The surface morphology and characteristic distribution of the nano-structures on the flat ZnO
substrate are also analyzed by the two-dimensional (2D) power spectral density function. Next, Ar cluster beam
is used for irradiating the ZnO nanorod arrays grown on the Si substrate. Due to various angles between the
nanorod’s axis and the substrate normal, the conditions of the ripple formation on the nanorod facets are also
realized. The dependence of wavelength on the accelerating voltage of the cluster ions and the dose are studied.
Similar dependence of wavelength on accelerating voltage and dose are found for nanorods. Comparing with the
flat ZnO surface, nanoripples on the ZnO nanorod faces at high irradiation doses demonstrate an ordering effect,

and morphology of the ripples resembles that of more parallel steps rather than eolian ripples.

Keywords: gas cluster ion beam, surface smoothing, self-assembled nanostructures, power spectral density

function

PACS: 36.40.Wa, 52.77.Bn, 78.67.Qa, 87.57.np DOI: 10.7498 /aps.69.20191990

* Project supported by the National Natural Science Foundation of China (Grant No. 11875210) and the Science and
Technology Planning Project of Guangdong Province, China (Grant No. 2018 A050506082).

t Corresponding author. E-mail: 1714399588@qq.com

1 Corresponding author. E-mail: pelenovich@mail.ru

11 Corresponding author. E-mail: djfu@whu.edu.cn

093601-10


http://doi.org/10.7498/aps.69.20191990
mailto:1714399588@qq.com
mailto:1714399588@qq.com
mailto:pelenovich@mail.ru
mailto:pelenovich@mail.ru
mailto:djfu@whu.edu.cn
mailto:djfu@whu.edu.cn
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

