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Abstract Since its birth, the nanograting structure in glass induced by a single femtosecond laser has attracted
extensive attention and becomes a hot topic in the field of femtosecond laser interaction with matter, which has
gained major progress in both basic research and application exploration after more than ten years of development.
The research status of femtosecond laser induced self-organized nanogratings in glass is reviewed. As for the major
influence parameters, formation mechanism, application exploration, and other aspects of nanogratings, the main
progress in recent five years is specifically introduced. In addition, as for this topic, the critical issues at present are
commented and the future development is prospected.

Key words laser manufacturing; ultrafast optics; femtosecond laser; nanograting; glass; anisotropy

OCIS codes 140.3390; 20.7173; 130.5440; 160.2750

Wi B 2016-08-26; WRIERFTmEH: 2016-10-08
E&TH: HEHAREIES TSI HE (51132004) (AR IR A HOLIERE 5 HOR B R H 25050 = s
EZERE N : EFHRRA989—), 5 1 L5 AE 2N OO 5 B0 R AR 7 T A IF Y .
E-mail: wjch12345@126.com
SRS B 1964, B W BUR , EE TR BT RE A R B RENOG S R R G T O R B Y
E-mail: qjr@zju.edu.cn GAFE R )

0102001-1



15 "

TREPHOL K vh ) ik 5E — B JLASBL T TCAD, kg 4 Bk S T DA RE e AR I ) B BEAR R T AR AR
WEAE DR, B, Bk SE 0 100 fs REECA 1 ] BYRKvh HEE IR F 0k 107 W, X — R E e 220 R AR K
PG TE 5 AR EL AT A0 3 A b, T LAR T DR 5 1 5 i 00 B 2% o AT L 5 81 4% o 3 S 3808 S K bk i
PO S50 AN 2 B ) BRSNS B . ok BT A BN R A E RN R T ONATRE 5 W SO BLAE A
W I H AR T S BUE Se i R . B T CA RO v i T R ] AR (8 B A S O P AT 5 e A 2
REAEAL e AR TR RO TR I RE R A R A SE R AT B P R L R A R AR O TE
75 WP R P A 6 SR 2 Ol 2 oG A PR g . 3 e 0 ) 5 I T2 B T L S B X A R DX 2 A 7 A 1
BRI DT AR AT AN ] b 2 AR BE ) De A oo AR 11

— BT 5 25 QR K i 3R A 0 WA P I AR A S TR K b B B S SR AN TR L 7 R R AT L
P 3t 77 AR = A [R] S B PR 254 748 Ak« 25 Jhk o B ik Ak T AR A 1 I A B DX I e BT S R 2 1 B 1 (R
B AT X — B AT LLTE B P B AR FE L D R0 5 2 K o B ek Ak T A R KT I D e 2 7 £ BRI
V55 45 B T M R UL R, 77 A o 2500 T A0 L85 R A R s B 254 T, S S 4 M T T = 4t A7
St AR5 2 K b BB A T IX T 2 DI DR 2 T B — T S A I SR O3 A A a5 L O B
A WY 1 D' 2 LT S AN BRL TG B Sl R OK B . 2003 4F , Shimotsuma 551 fe 544 95 AKOL X — 44 17
P T8 AR R R IO TR B rh g5 5 04 15 OGO 4% D7 1) T LAY AT 2 00T 5 R A B SOUHT SR Y T
WA T I 2R U R o X T A KO 2 4 2 B HE 3/ 22 3 2 19 45 A AR5 O R Dl 2 BT, a0l 2 4% el S L 3
P R TR R AR AR 2 U )T IR i R T AT R % S 4ok ROBE S i in T
D715 F B T R 2 s R T 2 kL BRI T RCRAR 5 T R AR TR R G, A R AR
WO S BOR A B AR LR AR S5 2 2 B0 O R 0, A i L = 4R 8% 2l 1 SF 5 i mT 52 B K T AR
A T S A5 R i AT ARG ) AT ER S LA R T A T T o DRI T S 5 R R I B R I o AR
20 TR A — A ST R

A SCH ST AR T B RN OGS T 9K OU M A W 5 Dy s R0 B A R GRS A3 R DL AE AR DR 2L 2 Y
ERR TR AR T SR TE /N AR S0 G 98 KOG RBIL B K 1 45 T T R A 14 B T E R L O
5 T 24 BT 98 K C M A5 R BT 5 rh A7 A B4 T R R R B K T 1)

2 ARG BT 5T Dy s R R AR A
2.1 TREEOLE SN AR SEM AR R 2

1999 4F, Kazansky &7 765 18 24 1Y A1 9 3 5 HUULGE 21 TORDHOL 48 IR DR A 4% 1) S PR O B 42 L X2 e
HIOCT R R HOETE S BOE AR AOCI B S E . 25 Qiu S5V R BUIX Bl I QA A7 AE T A7 35 B 55
FEEL R, HEATCACE IR 000 T 48 BR DX 2 T 5 O IR DGR K A . 2003 4, Shimotsuma 451
A A A R B (SEMD S BT A B DX T 1Tl A% 40 D 1) 1) 80T SR R P T L A 7 2 K RUBE RSB 25 4 HL
HEZ J5 16 5 A S5 50 B4 i 41 7 ) e L, AT 1R IIESE T Qi AYHERT . AP 1 AT LA Y 8 R X 4R
U ER T JE 5 SR A R I T 2 2 S0 XA SR 0 2% R AR T Ak 0 3K A W R AR AR T . SRR A S
A 14 Tl R R A T 94 DXl e 5 R AR R R A 1474 A% S XA S ol B el 1) 2 TR A5 T AR
SEM Mg,

HE— 2L IR T R W] 9K DR W X B AE 25 ) B2 W18 MR W 2 () BrRt L Hoh E OB IR AR 7
o] o XA EE R AR BN Sy S SR FR RO | Bk 25 RN A G Al — i K o Sl £ P A R0 S TR A Y 4
R Bricehi 8V RFSE A B 98K I 100X T S A< I O i B T e S T S0 HE S L SRR R e
5 PR DR CTE BE Ay ¢ ) Xk T B8R PR 4T 259 238 JF 42 1 T 9 oK IG5 g A RS AL AT, 8T 2 (o) B 7R e
AT R LE N B HOC W IRTT 1 . & ABOCERE T M. SRE R R A . BT RO AR Rk — 0.1
T S AL B IR TAESE— D 4B R T GO A 45 4 0, SR IEPR B — Ak 2 LB
JZ AT S AT DL LG S R B B AR 2 0.2, 32 A K OL A AR 35 XS S 1 9 S IR . 3o Ao A KO Al 45 4 1) i A

0102001-2



H | i ot

RTI T 9A OK S A2 4 14 0 Bl i 17 1) o 8 B HC B iR A o R — 2R W5 L R SR A R A R AR O T A R
o A 7 R R M) K o 9 R I 5 R SR A R A A AR

B 1 KRR O R X B RS Y (2) (b) SEM Y HL T BRI (o) () 15 i v T R
Fig. 1 (a)(c) Secondary electron images and (b)(d) backscattering electron images of silica glass surface polished

close to the depth of focal spott'
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Fig. 2 Nanograting structure. (a) SEM image along the incident light direction ; (b) schematic diagram of the spatial structure
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Fig. 3 Relationship between minimal period of nanogratings and incident laser wavelength""
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Fig. 4 Influence of laser repetition rate on material modification within fused silica™"
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Fig. 5 Influence of incident pulse number on nanograting growth'*
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Fig. 6 Analysis of lines imprinted in fused silica by laser pulses with different polarizations.
(a) Optical microscope photograph; (b) polarizing microscope photograph; (c¢) transmitted light intensity corresponding to

lines under polarizing microscope; (d) cross-sectional photograph of lines™®
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Fig. 7 Variance of optical path retardation with pulse duration for nanogratings in different

glass versus light with wavelength of 633 nm""
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Fig. 8 Evolution from nanopore array to single nanopore with the laser intensity decreasing
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Fig. 9 Secondary electron images of cleaved sample surfaces in the modified regions in GeO, glass created by

femtosecond laser pulse with a pulse energy of (a) 0.2 pJ and (b) 0.4 pJ; (¢) schematic diagram of

nanograting structure in GeO, glass!”
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Fig. 10 (a) TEM image and (b) high resolution SEM image and diffraction pattern of femtosecond laser-induced

nanostructures; (c¢) schematic diagram of nanostructuresm]
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Fig. 11 (a) SEM image of nanograting formed in AF 32 glass surface; distributions of light retardation values

in (b) silica glass, (c) AF 32 glass, and (d) Borofloat 33 glass versus pulse energy and duration under

the conditions of 3 um/s laser scanning speed and 100 kHz pulse repetition rate™
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Fig. 12 (a) Evolution of nano-plasma into nano-plane®®” ; (b) schematic diagram of local field
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enhancement around a nano-plasma

43 BRHTFHNIE

HT T A0 KO 9 T Bt BE 220 bk infr 5% 03 [) AV FHOR S, T L 38 25k 7 28 1 1 A ) AL o A6 2 o s 5 ok ok
VA T — K ™ A B0 A B T AR A S 1 R R e /s TR o T BRI D) . Richter 55050 3 i SC06 4K, §2
H Gl 5 Al B %0 20 R AR JCL L L BV R ST 654 TR i R AR AR Ik e e ] 1) R R LA Sk P RR R B, i 13
PR 1) 20 o e i) B I ) A L B AR I TRAR OGO B 1 Hh R TR R A AR JE B 1 B T (STED
A )T 8 50 I 5 K e g IR AL ISR T B T R B R R A ) Sl T Y RE e AR L B T A KOl
SERRIE 5 2) 20 ik i 1] 1] B A58 (R T 500 ps) I 4 80738 2 T i 28 0B K AR AP Y R B AR
B L 306 26 S I B A TE TR AR T R S RE L 2 E 1S SO K e RS IS A T A K S T
T4 A e o A, 5 28 B Ry 4 K M 4 28 1B 4 . Buschlinger 285 i 78 Bl I T B B8 b Bl ML 43 A 1) 40 K IR
JE AN I S P Gl B L B L 25 ) 2 B0 R 0 32 07 5 5 88 A 9 T2 S 45 88 1 il A KOl R 2E 1K . Beresna
AN SR ALY L A i R T D Ak T AR T B WL R T AR ROE I O R D 1) A 7R R I R B AR

conduction band plasma life time 7~150 fs
excitons* —
o —
excitation .
9eV - absorption
5.4 eV
self trapping
- -
-
- non radiative relaxation
- STEs (z400 £s)
-
radiative relaxation ; —
(temperature 7<220 kV)| point
2.1eV defects
I

P13 BT T R it B8 7 A A R B Y 7R TR T

Fig. 13 Schematic diagram of forming self-trapped excitons and decaying to semi-permanent point defects
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Fig. 15 (a) Concept map of exciting surface plasma wave at interface between laser modified and unmodified areas

of porous glass; (b) relationship between calculated period of surface plasma wave and electron density™®

0102001-11



H # ot

e P4

Rudenko 250 3 F HE TH 5, XF 94 KL MHE LB DR A7 T HE B 52 . TA 8 40 K S M A il B it 2 A
PO B P BB A3 A 0 AR oK RUBE 2% B0 A B OB Z R T3 . 26 R 25 S8 S5 193 H B R 2% 1 Keldysh
SR B R DL T R A T A S I T AR A B AL A A T B AR M B O M IR A R R T
A, TR R T T A e T NERTE G4 K S S5 1) ] 3 A ) 4 K T AL R e R L R
T IO R A1 7 1) 14 48 K T Sl O T SR . RO A T 8 UA R T 2 A M 3 AR R A A EAE S L
MAGHE S Z BT, Z EHU /SRRSOy M2t T B s B B fE . S s T
ol 24 78 ) 5 5 BOAS [R) ) 0 9K S BT 18- 1D 22 2% SO 43 A1 55 T 9 AT B, A S O U S 2 RO Ol ik =z TRl Y
T¥6 52805 A G R AT 9 JE S 25 R BT s 2) 2 4 AR 3% B b o A Y AT B 3 T 06 R PR 5 1) Y H
Y oy 50175 5 0 30 T AH I 19 4 T 5 B0 2 F RO O i 22 100 & AR T8 08 T -5 B80T 30 K o A0 400 KO 4 T

Zimmermann 5&°YWESE T 7 T QKOG Y BT AR L R Y A S K b e 2 R AN E A L A
DX ST BT 43 B8 AN oK LA . Bl 2 A G IOk e £ 2 37 28 0 33X 426 90 K AL T i T 2 A T ) EAE BE AR T L TR
kL] LA 17 0 386 I i 24 0, - 7 38 AR B [ 4L 2L K S 5 4 L B 16 () TR . 45 A SEM R R
AN XSRS BT (SAXS) L 48 H A0 KT it B2 4 S 4 A B BRI A, an &l 16 (b i, Hip E Lo
539 2 BOG R AR I 1) EOGE O RSO R AR L AR B B B Ik ol 8V S B0y S 9 B A AR AL IR
TE 18 FLAR A ROH B ke T 0 B R R R A5 1 . X — S B2 52 2 0 2 19 o A U0 AT AT B A 1 - b e o
JT A il AR o A O AR AUl Dk b S0 R A ) PR T S T A A B R I R R KA gk
FL 2 7 3 TR B 2 00 O 1 e Ak . FLAIR T LA A et 2 B A 32 B RN 4 1 MR F L IR T TR A
T 5 0185 B ) W AEAE AR AR TR B FLR & R HE A /s 9 24 SRS 2 R O 1) 1 K 4 Ak . b R T R B0 A
YK B R R T A A T 30 0T LAk 490 K A 28 B 43 B 4 K T A T A% . (RS L B
T U1 2L BN ] 1) KRS LR 16 (b) 88 = B Be 1 WOG A 4 J7 10 747 B T 3486 7 m] PR EE T 1Y
YK A 0 BR M T A AE T LT T i 0 D AR T 9K T il S R SR B ) — 3, R A KO
Gy R BWOGRAR T3 ) 5 A 5 s 45° B B TR RS0 ) 3 5 B A0 B 40 K T 1) AN TR 1 AS 3
B 2T A% PR R B0 T 40K T AR K B et . 2 K AR TE © 2 T8 B JROIR R i R AR kA
BN K T 2 2 T T IO O IR 1 A R SO0 S T T s 4 K T 1 A0 R R B . A SO R O 1 AT
FVEE BT 75 ) PRI DL T o 4K A 4 JBAR I H Y 38 B A5 A I TR A T A B AR AR
R E AR E . AR K AN B, — 2 22 2 43 3 385 v 0 DK ST AR B4 i DR 38 35 v LA BCFL D 38 385 1Y)
7 2F PR RE AN R BE R TR B U E T AN KOGHEE 18 1

(@

r M 3 .‘
i B el
" crack A
5 51 PA5) I\

v E
2w,

. 1 2 3 4 10 30 100

Number of pulses per spot

B 16 #OCm IR Ty w47 (oD AR B T3 7 m CROBAE BLT BY GRS U B9 SEM IR BRI
(YGRS ik i 1) 28 J e
Fig. 16 (a) SEM image of nanograting after polishing and etching and (b) schematic diagram of nanograting

forming process for parallel scanning (upper) or perpendicular scanning (lower) "
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Fig. 17 (a) Schematic diagram and (b) photograph of nanofluidic device; fluorescent images of

nanochannel arrays with width of (¢) 50 nm and (d) 200 nm, respectively”

5.2 tHIEFEMH

20 K I 225 46 LA 118 56 2 XTS5 30 4 A 45 A Ol 4 B A7 it T LA I R AR e . SR R = 4k
SEAEAEA BG40 2K G 64 516 2E 38 DG Al AT R R L AT D G770 20 13 N = Al B B T Ak . %07 1) 04 1
9% TR v T 2 . — 2 R P T B A AR Ok S B A N 1 T BRI 2 ok s AT R R
S A Y AR A R ) T ok S B KA R B A . TR 2R, DA AT I SRR R AT T Ay
U AR B Zimmermann Y BESE T ORGSR SCPRIH O & A K IE Z T, X
T 25T . [ Shimotsuma %5 HU/R T 78338 b EAT 2 481 BUR A6 2 )5 5 2014 4F Kazansky 8141 X
AF T LM S BT S B TR RSO R T 00 XU B A AT RO SR Y 2 2 R A A R L
B, R 90Kk 6 i el R TR BT A O 0 DR 4R D 1) 3 2 7RO B AR 2 TR R R 4 A
Ty 22— R AL 2 D R I 81 G X O % S R O PR 2R AT R LSS T AR AN ST S A R RS = L
(biv) M5 B . I — 3 Tl W 08 RB A D B 2 21 18 XUHT S 5 5 0 6 3R 56, AT LA 20 8 33 B ) s
20 pn [ =2 05 R 18 DG R AE 3R (RN D' Bl BB ) B 2R A OE — Ak A B8R A A S8 B Y R R, an Rl 18
JIE Rt e ] 18 () H AN [R) B35 3 AN ) A LA 7 i) . S 56 36 T X b 32 B = B9 v A SR ik 99.6 %6, O
AT DA ok BRI A R — 2B AR . ARSI AR R L IRAR S A 6 kb/s, 768 (CD) RS 1Y

0102001-13



H = # ot

BRG] 60 J2 S FETT ARG 18 Gb MfFfie 2e it . (H2 i PR A 280 TH 3 S Bk, 5 n 2 PR etk 7T 1A
eAF 120 Mb/s BYAFfiff 8 FI7E CD R‘\J‘E’ﬂiﬁ’iﬁ%tf%@)b 360 TB Ay KA & . il i Bl Je {07 il 58 1 4t
TGRS T BRI (] S 35X 101 AR 33K R WK 36 8 e 3 — B R BEA T B A7 i 14 7 i LR TE PR Y

Normalized retardation value

“V

(@

P18 HAECAF M E AR M BRI A2 . () X9 SR AR 3 18 119 =2 A I 19 5030 4 A7 LT SR 2 5 (o) R 1 5 <5 R B 8 ol b B e
Co) ToL )2 0908 1) D16 A8 A2 3R A 43 A1 5 (D T2 28008 1 516 it 1) 0+ A 5 () TBOR B VA — A S 7Rt A 38 16 I
DR A I — PG5 A 1 5 () M Ce) mP s A 8 3 500 5 (ho A (O R 2 BRCAY a0k ol 43 4 T
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Fig. 19 (a) Distribution along optical axial direction of polarization diffraction grating; (b) slow axis orientation
and corresponding phase modulation for two circular polarizations across the dashed line in (a); (c¢) phase
distribution for light passing through polarization diffraction grating; (d) far-field intensity and polarization distributions
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optical vortexes splitted by polarization diffraction grating!”* ™"
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