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Fig. 1. The schematic image of the temperature pro-

file of a metal film under the illumination of a laser

spot with a Gaussian profile [3].
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Fig. 2. SEM images at different magnifications of hole array fabricated by LDW on a 40 nm thick Ti film,

each hole with a diameter of 40 nm [].

BE3  (a) WEBORHATS RN T 6H-SiC 44k 2k SEM B A5 (b) M 1 pm, £8% 240 nm [ 6H-SiC £k [ 5

SEM & p 1121

Fig. 3. (a) SEM picture of the super diffraction limit resolution fabrication of 6H-SiC nano-line by femtosec-
ond laser; (b) SEM picture of line array on 6H-SiC with period of 1 pm, width of 240 nm 12,
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Fig. 4. Grayscale pattern of the wolf written on the

20 nm Sn films with a resolution of 200 nm [16].
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Fig. 5. Temperature field and oxide distribution in the sample at the laser power of 10.0 mW after 1 us

pulsed laser-induced oxidation (211,
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Fig. 6. The processes of single-photon absorption and

two-photon absorption.
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Fig. 7. 35 nm-fabrication size of continuous line by

two-photon polymerization (361,
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Fig. 8. Non-degenerate two-photon absorption.
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Fig. 9. The mechanism of stimulated emission depletion lithography (451,

144207-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 14 (2017) 144207

2009 4, ZAMISLHE SN T IR 53 5 STED
JRH T gk n T o8l 6 T B 22 ok A
Fourkas Bff 7T 21 61 7 1| Fi 800 nm (17 Jik 3 4 % £
HeTF RO 5 R AR R A R, FIH
800 nm 3% &2 (1) 51 IR WA R R 25 BB YR R A 1
A, W33 7 /MRS 40 nm EREAEY). RE
B2 $i1 % K2 1) McLeod 25 U710 R ] 473 nm A1
364 nm FIHOGSEIL 70 #FRACT 100 nm FPERE
Y. S5 BRAE FE T 22 BE i Menon BF 720 1S R T
— PO AR 0 oy T, IX R 4 T 325 nm
1633 nm 7 B, {H 22 [F] B BE SR I 5 b 3 K 1

(a)

NA 1.46

1o

Piezo stage

i, B T AR /N X R AEE I 325 nm (OGS, K
ANFIE W, HVE MG R SE AL 36 nm. FE gk, FE
F STED JF# IO E S 40Kk THEARBLLR .
2010 4F, 78 [H R} 3 5K Fischer 25 49 £F STED 06
S I0 THARAE—Fog 820k ERIFH 810 nm
WOROGH 532 nm HFE S T 65 nm 12k %6
T.. 20134, 4 [ Wollhofen 25 159 F H 780 nm [¥]
WOt E S 6 HR 532 nm ) STED YR sLEL 7 n T
Sy HEF 9120 nm, RO/ 54 nm (458, 0
Kl 10 B,

h
o
—_—

v

{m)

. : : g
3
1.0 DETC in PETA [102
g ~3
g ——FEmission _5
=) —=—Absorption @
.g 0.5 4 Excitation|g. 5 QE)
el
e Stimulated 8
o emission =
wn Q
2 2
N £
04 0 O
400 500 600 700 800 E

Wavelength /nm

(e) )
87 nm i 54 nm
150 nm 150 nm

B 10 % STED FH SN R 54 nm 2% P0)
Fig. 10. The 54 nm fabrication size of line based on the STED 501,
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3.1 Az AR

I 6 2+ K (scanning near field pho-
tolithography, SNP) & Tt 5 H#E ¥ Ot 4 4R £ 1)
MEER, e RumAE% N, K21 4950 nm, 5
R THT PR B K208 1020 nm, W 11 fioR. 16
6L I v b 7 AR AR g, T T 3 BRI R A8 R
TR — A GF BR, DRIAA TT e SE B AT
SN T AR 5 RE SRR I R R AR IR T A 2
% e 5 B U S R R TR A AE . Krausch
2 DA R 3 BB R AR 58 (R BB O 4F 4R
Uity SEHL TR 1) 43 R 2 A 100 nm A0 T, Sun
Leggett [°526] Fi ] SNP 5 A ik 4% P b 5 4k — Fh 7
SR B R R 48 | AR YUK R R, Sl
JEE, 193] 7 2025 nm 3 PER AR L5, 52
T HATES B R b0 T, Grigoropoulos A1 Huang [°7)
P 4 JB PR AT 2 54 D 7 B U UK R T 55
BT, 7825 nm RS ESCI T 14 nm 58 1M
BN T, Wang 2 58] 1] F 40 45 74 40 2K 45 4 380K =)
BRSO, 2R ESEEL T BEARRA N
50 nm GRS (WIE 12 FToR), Sl s a g5 J
XA R A K53 348 5 % 22 nm P9,

I AR ORI L) — DN EE K
J&J7 ), A E R T AR BGE SR (solid immer-
sion lens, SIL) #AR. 2Judilid SIL &, JGH# R
HIFE e R, FAER R IR B K A7E 1 MK TE ]
W, B 13 72 B R, [ AR EOE B R IR S
HUEFLAIR B3R & 3 H 0 H 1), S i 3SR

(a) (b)

200 nm

WEB I IE e, fEidx)Z LBl EEmZS.
Terris %5 [60:61] Fi| FJ SIL B AR SZHL T 125 nm K/hid
S RZNE . X7 2 KRR 2 TARRE B R
(1£40 nm 72 47), X Tk filigEdeE 7R KPPk,

l Laser

Fiber probe

e—
Substrate

BI11 AR e 2R R w53

Fig. 11. The schematic of scanning near field pho-

tolithography (531,

iR 73 F¥ I 3% 45 ¥ (super resolution near-field
structure, Super-RENS) AR & A T3 H 1) 53— Fh
AR HEOR, K AR S RE A i EOR
B SE . 1998 47, H A Tominaga 45 9 i@
I G AR /AR G MR IR 2 /A RS
JZ 1 = BHYE [ )2 Super-RENS £ A 7E S22 7 7%
PRI, ¥ TAERR R 3 2K ER, K 134
KIFfi7s. 76 Super-RENS o, 24— & D) & 0L F
FITEREIEJE b, BORHR R It 2 A2 A2 A, i i 4% )
WO'L D 28] U A A2 A0 [X 380 BR il 72 1R /N 1) 31
B, R A i 3 — DX O RSB 70k, JA 3k
53 #%. Super-RENS $5 AR AE G4 K Z1 455 ] S 3
RGN L, 43982 — %9 30—100 nm [93:64,

.,

Threshold do

(Ew) line -

Intensity g
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12 (a) LG RANKILLE S, (b) BT b MK 5 HOR o B T8 B WO E B b 20 2 e 58]
Fig. 12. (a) Structure of nano-bowtie aperture; (b) scanning near field photolithography based on the SPPs

excited by nano-bowtie aperture (58],
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Fig. 13. Solid immersion lens technology and super

resolution near-field structure technology (621,
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R KENMEZ, HHHRERELESE
R X I A, ML 15 SPPs 7E FE A AT 5
B F) 70 3 2R 2 AT LA [ K o T 9 7 1661,

T S5 SPPs B T 20 (14 A 2 R TH 45 59 L
LT RZIEAR. 20044, HAEALAT FEAT Luo F1
Tshihara (7 38 7 B A 98 884 8 Mt YeZ i fn
ik 25 IO DU 3 40 2H B ) 6 % & 4, I 436 nm (3L
FELEJE 1300 nm 455 48 Yl b0k H 3R T A
Wot, TEE AN Z R ST b = AR 1 SPPs TR
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Fig. 14. The schematic of surface plasmon polaritons interference lithography (671,

5 NN R A e 1 43 A 5 SR 5 LR R R
A 2 R MR UK 2 A SPPs I AT AH B
T, M AT CASEEUT & T B S 0 R AT ST
e 165691 2009 4F, wf [ R} 22 B o BB A 9T T
B e NI A4 OV 3 s ok & R -4 ik -4 )R
(MIM) &5 #4) &3 8 Xk A 250k /s SPPs + # Ji &K
J&E; 2014 4F, Dong 2% " HU{E i+ H N T MIM &7
FE 1) SPPs Y Z Al LLIA 2] 15 nm [ 4> # % 2016
4, Chen %5 [T B F IbHoR 5256 ES2Bl T 61 nm (1)
LRI PR, T, 2ok NI T 4 1O6) B kg X — i 5t
FEr B T 45 nm. T &8 /N2 2 S5 R
AR 125 B 0T (BPPs) T35 6 2 BOAR t % 1
el F IR WP K H R TWEER, B RN
£H 1791 ) F SiOq / ALK il 8 44 KL % BPPs #E 47 & 4
T = A2 KT AR S 38150 20 % ik 22.5 nm (2
A/16) HfE = BPPs T K. ik, IEHERYH
S AR WF 7T 2H 7 70 X T R R B 5 SPPs T

FeZN & A T — X SPPs BRI T (two-SPP-
absorption interference, TSPPA) Y& ZIH AR K H2E 5
B B R &, 55T 800 nm KR IO UK
480 nm A 6l A 19 SPPs T s 21 £k %5 W ik
120 nm.

1965 4, Birnbaum ##3% "% 71| F 21 5 1 ki
JGHR S GaAs FRIH H RO IL T I HITE R SUHI L.
Ja ok, MR S 454 (laser-induced
periodic surface structures, LIPSS) & —Ffi 1 i B
B, AEB R 2 SRR BT 5 AR 2 AT DA 2%
HK. 2003 4, Borowiec fil Haugen [l 7£ InP 2 &
PRRPRE L Dh i 2% s SRR T I SUA . 2005 4,
Jia %5 () 15 ZnSe FTHI LI T 4K HO M 45 1 (¥ )
% [F4E, 2 B 2 Y)W K 2 Vorobyev il Guo [™]
fE Au R TH 3RAF T RN, R R
JEIRIRE 7. 2009 4, Qi %% B0 2 IRAE 45 49 2 T
) L RS RS B A S I A LIPSS T
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Tl T H o] YA P e 22, — B LA
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WL FE. 2009 4, H il K22 b ERL 2 B LG
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>
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Bl E SN, BERZERS ™™g, Hiet
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BAFIEGI NP B TR o 25 5 S 8 T 7Y
ABOE RO — RIESR T —Flofr i & TR, JF
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TR 2 Z st ST 2 1501 5288 53R 4 i 17 DO
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Fig. 15. The uniform nanostructures based on the LIPSS

S
et —

K16 RPN AT T K AR SUR AR A 185]
Fig. 16. The physical model of sub-wavelength inter-

ference fringes by ultrafast laser [85],

[81].

2003 4, Shimotsuma 2 (571 F| F] KAV BOGE B
BN S SO m IRy R B R BT
P A R OUAIT S A e ) 2 S K TR I 2 AL
ZER) —— g KO, BN BB S 5 A ELAE A
I FEATUIE A — KA. KoMt % F8 T 2T 1
e BE TR B8 e 1 1) % AR il AR DA e e v R
B2 YA H AR ST RE T 7 . 4K e
T BA R T 22 AN P Bt 2 8] AR LA A, B A g
e 5B e 2 1B BT 2 EEOH L R 1 08 2k
ISR 22 6T HL S BRSO AR BRI WD K 2R ok
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3.3 BIEFRMEARIEA
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YRR}
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SRR I U AH 102 58— RSB T 4B AR B B AR AT
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B 17 foR, 20 A BEFE R S HEARAR <40 nm [ 5
F IR S (PMMA) J2.35 nm (UHEBEE B G
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120 nm AP M, iZ 62 KRG S2BL T 25 i
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B JG, NATTREX P4 IR 3% Bt GO 21 1) 4
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Fig. 17. The schematic of Ag superlens plasmonic imaging lithography (931,

PRI K 2 1) Jacob 25 1°1 - 2006 4E 4 Hi
< JR R L A T 5 MY TG o ) bR 4 ) ok S R A
BRI BRn 5 XK B R, 2R ERE BA
5 BRI, B RR A XU 8 7 8 (hyperlens). XU
fH R 325 455 v 4k 2 A R R A IR R S, BABCAT LA
EFH AR I 2 Ta) 3R AT S5 BRI 4 100) 0 ity o 5 At
5 % ) e M AR &R, AT LA EE LR 58 R al
RESR ML B O o &, T AT S LB A W AR TR
WF T2 5200 b 58— ORAE SR A B ST 1 XL i 52
BRUE OO B SRS BT 1 16 2 Ag A AL O
LR AT ETR, FEREEN
35 nm, SZHL T N/2.92 UG 5 R 7 A AR

it b 37 e A REAE — AN T A) B SEEIL RS, T BR R X
it 8 37 45 P DALE W O B A iy — 4R BB 7 HE R
s FRAE 75 20 081 B i BBt B B 18 )2 Ag Al
TigO5 fEFERAY A ST 22 BRI %, )= %
%830 nm, BT EA Tis O 4 K5 AT Wi
B Ag I mi /i FH B0 AT VLT, K 410 nm &R
H B 5 Hdse /MRS AT 160 nm. 2008 4, 5K #IF
784 190 ) X0 3% B SE UL T E 405 nm RS T
50 nm JA HIZE G R 4y HEE 2. A ATIZERS f5 ) 38
AL 8 U AE 375 nm B TAE KT, 280 nm
91435 k)R ) R OO0 it 7 07 B8 S I 20 o JA A 1RO %)
gy 11001 2009 4, BT E PR 7T 4 01§
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SPECIAL ISSUE—Diffraction limit of electromagnetic waves

The mechanisms and research progress of laser
fabrication technologies beyond diffraction limit”

Zhang Xin-Zheng! Xia Feng®? Xu Jing-Junb?

1) (The MOE Key Laboratory of Weak-Light Nonlinear Photonics, TEDA Institute of Applied Physics, School of Physics, Nankai
University, Tianjin 300457, China)
2) (College of Physics Science, Qingdao University, Qingdao 266071, China)
( Received 28 April 2017; revised manuscript received 31 May 2017 )

Abstract

Laser is recognized as one of the top technological achievements of 20th century and plays an important role in
many fields, such as medicine, industry, entertainment and so on. Laser processing technology is one of the earliest and
most developed applications of laser. With the rapid development of nanoscience and nanotechnology and micro/nano
electronic devices, the micro/nanofabrication technologies become increasingly demanding in manufacturing industries.
In order to realize low-cost, large-area and especially high-precision micro-nanofabrication, it has great scientific sig-
nificance and application value to study and develop the laser fabrication technologies that can break the diffraction
limit. In this article, the super resolution laser fabrication technologies are classified into two groups, far-filed laser
direct writing technologies and near-field laser fabrication technologies. Firstly, the mechanisms and progress of several
far-field laser direct writing technologies beyond the diffraction limit are summarized, which are attributed to the laser-
matter nonlinear interaction. The super-diffraction laser ablation was achieved for the temperature-dependent reaction
of materials with the Gaussian distribution laser, and the super-diffraction laser-induced oxidation in Metal-Transparent
Metallic Oxide grayscale photomasks was realized by the laser-induced Cabrera-Mott oxidation process. Besides, the
multi-photon polymerization techniques including degenerate/non-degenerate two-photon polymerization are introduced
and the resolution beyond the diffraction limit was achieved based on the third-order nonlinear optical process. More-
over, the latest stimulated emission depletion technique used in the laser super-resolution fabrication is also introduced.
Secondly, the mechanisms and recent advances of novel super diffraction near-field laser fabrication technologies based on
the evanescent waves or surface plasmon polaritons are recommended. Scanning near-field lithography used a near-field
scanning optical microscope coupled with a laser to create nanoscale structures with a resolution beyond 100 nm. Be-
sides, near-field optical lithography beyond the diffraction limit could also be achieved through super resolution near-field
structures, such as a bow-tie nanostructure. The interference by the surface plasmon polariton waves could lead to the
fabrication of super diffraction interference fringe structures with a period smaller than 100 nm. Moreover, a femtosec-
ond laser beam could also excite and interfere with surface plasmon polaritons to form laser-induced periodic surface
structures. Furthermore, the super-resolution superlens and hyperlens imaging lithography are introduced. Evanescent

waves could be amplified by using the superlens of metal film to improve the optical lithography resolution beyond the
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diffraction resolution. The unique anisotropic dispersion of hyperlens could provide the high wave vector component
without the resonance relationship, which could also realize the super resolution imaging. Finally, prospective research
and development tend of super diffraction laser fabrication technologies are presented. It is necessary to expand the

range of materials which can be fabricated by laser beyond the diffraction limit, especially 2D materials.

Keywords: beyond diffraction limit, laser micro/nano-fabrication, laser direct writing, laser near-field

fabrication
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