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Fig. 1 Second-harmonic intensity versus propagation distance

in nonlinear crystal under conditions of perfect phase

matching, quasi-phase matching, and non-phase

matching
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Fig. 2 Schematics of nonlinear photonic crystal and involved phase-matching®™. (a) 1D nonlinear photonic crystal and its phase-

matching condition; (b) 2D nonlinear photonic crystal and its phase-matching condition; (¢) 3D nonlinear photonic crystal and its

phase-matching condition
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Fig. 3 Formation of inverted domains in LiNbO, crystals by combining femtosecond laser processing with thermal treatment™.

(a) Femtosecond-laser induced filaments in sample; (b) inverted domains below filaments after thermal treatment; (c) Cerenkov

second-harmonic generation micrograph of lower surface of inverted domain lattice; (d) 3D Cerenkov second-harmonic

generation micrograph of inverted domain lattice

32 kMEAREHBEBEHSELZEXTRE
2015 4F , 1K F W [ 37 K 4 Yan AfF 58 41 85 K S5 56
R TR BOG IR kR wE S il KA
800 nm ik & 4 180 fs . H & Ml K Jky 76 MHz ik i g 1=
R4 nd 19 REREOE WO £ S LINDO, iy 4K — = ] 1]
+ 2 W HEAT AN T, B S RN T X 48 3 17 Cerenkov
B PG IR AR AR, R T GRS SR
T S5 0 L WA () A7 AE o PR ) B0 e I 2 i ] A A 22 1
J5 T i s R EL At HE A 2B B 90 5 4, 224 A 4 I s ik
[ B /N F 1.5 pm B, S 5 W 2 6] A B Rl A, Y I g 5K
PR e /NG AR TS R 1.5 pmo AR 25 1 19 U Ik
TG 7R L B2 Bk F W X I SEE A B A LT
60 pm , {H Bifi 5 % B 4k 52 38, S 5 Wk X35 3% o 40 /)
M LU E2 00 G TR R, i 4(a) L (b) Fras . ATk R,

A G R R B L RV A5 5 . RS RO A X DL AR UE A
AR W DX 3 ) AR AR A R R R T LA R 15 pm (1)
TR EE N AR BE R FF AR AF TR IR o X o TAE R B, CRM Y
JE AR T B2 B v e A AE b AR PR N T ORIR EE /N R
e T SR MR R IR A R . AR BLSERE b AT A T
— R H 3 e R LR MG T AR R RO
o S 1) 2 B W DX 32 R 22 B O TR 2 800 ) H 250 K]
TR R X R RR IR IR Y 4R R 2ok
T A A A AR AR ) B B R R TR RS R I A4 R 1) A
PLRHE . A RFE E 1.3 um PR IS T, —
I Raman-Nath #l Cerenkov — Y38 i & 5 ff1 [ 4,
I HSF R D5 R 2 T i A R ) R A 1) A [] B R 37 DT
B , DA T 38 58 1 A A B9 Cerenkov AT 5t . 3 Flt — 4
AELAMEET SR B & s T RO R G AL 58
A e S A5 Fh A S A5 A i AR Ze vk s T R L S BT

0802401-6



&50% £ 8HI/2023 &£ 4 A/HEHH,

LR M2 A 1 i £ 250 T A .

RO B 5P H AR — KA SR LU S H
5 TR AF AL DG 0 235 4 4 1 B Bk e R AR O S b o ek
Kt 78 B WO A7 A 4 vh B i i BR ) AR AR/ 1 A4
PN AT I B AL 375, 3 S N B AR = O B, 4%
WOtF e AR RS . W, FHE S TR
P W1 58 B 46 i 6% AR A5 LU AR B L B g B R 4 Rl R 2R
PR AR AR D T A A A B . AR 25T 22 f
b2 D T R R 7 DG B 25 4 &5 A A O LA S B R U
) v 285 R DL i R R SR R R A b S T Bl
25 JE) M A A R B v Ak e W 2 R B S R R AR O
HE ST BRI TS & R HZ
7 B 4 AE LINDO, "  KTiOPO, ** LiTaO, """ 4%
R E N RSV R L W VA LTV 2 1 I e 17 N S Y

WO B 8 38 a8 A T R T S Ok 8 D T A A
b B T 1 3 A A I LR AR B, AT AR B S P R
WERAALVEBL S5 4 . 2016 4F , Yan WF 98 41565 — R &
PO O B AR 42k 22 800 7 3k A I S P in T T — 4k
ALV 25 4017 L R BT Ti 9 88 78 LiNDO, i i —=
I N R P F S o e o v R A
DL 10 pm /s B4 38 BE 4 L 38 AN 0 T H R 2 6 X ek, g
H R A 2,74 pm B4R 10 mm B HE A A7 DE i 4544,
MK 4(c) 7. Cerenkov YR IEIE B K14 8w,
ol W A 1) 5 AR R TG L) R 28 pm Ak, AL S B BRI
HE, WK A(D)FrR . ZHEMALVE R S SE 8 T
WK Ry 815 nm 149 B 1 RS I A, e SOR L
VAT L5 #8 1) LINDO, I T 88 5 T 440 /%, HLIEAH AL
D J5c 25 440 110 5 | A X6 2 5 i e P ) 2 i) T 2 AR 3

P4 TRAMBOLTE LINDO, fi A b S Bk v e i 1 — 2 A — 2 E 2 Vs T AR . () 2 15 pom B2 FT () A A 8 B T I T
1% R L EZ5 R 1y Cerenkov A Y I b BBE = 2k 5 (o) T v L B W 45 A0 1) 06 2 S BRI 5 (d) R 3% Wh 45 44 1) Ceerenkov

T Y I e = A
Fig. 4 Fabrications of 1D and 2D nonlinear photonic crystals in LiNbO, crystals by femtosecond laser domain inversion. 3D Cerenkov

second-harmonic generation micrographs of square lattice inversion domain structure (a) at depth of 15 pm in surface layer and

(b) at large depth inside crystal®¥; (¢) optical micrograph of inverted domain structure in waveguide”; (d) 3D Cerenkov second-

harmonic generation micrograph of inverted domain structure
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Fig. 5 Fabrication of 3D nonlinear photonic crystals in CBN crystal by femtosecond laser domain inversion™. (a) 3D inverted domain

structure visualized by Cerenkov second-harmonic generation micrograph; (b) second-harmonic pattern obtained for hexagonal

inverted domain structures fabricated in multidomain crystal; (c) second-harmonic pattern obtained for inverted domain

structures fabricated in monodomain crystal
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Fig. 6 1D nonlinear photonic crystals fabricated inside LiNbO, by femtosecond laser. (a) Schematic of erasing nonlinear coefficients by

femtosecond laser line scanning™’; (b) microscopy image of cross section of fabricated quasi-phase matching structure”™;

]

(c) femtosecond laser direct writing waveguide and erasing nonlinear coefficients in waveguide™; (d) quasi-phase matching

structures with one period and four periods embedded in waveguides™; (e) temperature tuning curves of waveguide embedded

with four parallel quasi-phase matching structures™

]
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Fig. 7 3D nonlinear photonic crystal fabricated by erasing nonlinear coefficients in LiNbO, crystals with femtosecond laser™. (a) First

two-layer structure and (b) partial three-layer structure of 3D nonlinear photonic crystal visualized by Cerenkov second-harmonic

generation micrographs; (c) optical micrograph of top layer structure of 3D nonlinear photonic crystal; (d) schematic of second

harmonic emission enabled by 3D quasi-phase matching
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Fig. 8 Femtosecond laser fabrication of two-dimensional nonlinear photonic crystals for nonlinear structured light generation.

(a) Second-harmonic images of HG,,, HG,;, HG,, holographic patterns fabricated by femtosecond laser selective erasing

ferroelectric domain™; (b) beam profiles at first diffraction order in output from HG,, HG,,, HG,, structures™; (c) integrating

function of fork grating and axicon into nonlinear photonic crystal to generate second harmonic beam of perfect vortex light™’;

60],

(d) nonlinear micrographs and (e) intensity distribution of emitted second harmonic beam of fabricated structures with different

topological charges™”’
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Fig. 9 Nonlinear beam shaping with 3D photonic crystals fabricated by femtosecond laser domain inversion”. (a) Three-layer structure

comprised of fork gratings with different orientations; (b) 3D three-layer fork structure visualized by Cerenkov second-harmonic

generation micrograph; (c) far-field second-harmonic pattern emitted from three-layer fork structure; (d) three-layer structure

comprised of fork, linear and circular gratings; (e) 3D three-layer structure comprised of different gratings visualized by

Cerenkov second-harmonic generation micrograph; (f) far-field second-harmonic pattern emitted from three-layer structure

comprised of different gratings
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Fig. 10 High-efficient beam shaping with 3D nonlinear photonic crystals fabricated by femtosecond laser. (a) 3D nonlinear photonic

crystal visualized by second-harmonic micrographs in x-z and z-y planes; (b) second-harmonic diffraction patterns at different

input wavelengths and their corresponding quasi-phase matching configurations'; (c) designed nonlinear volume holographic

pattern; (d) fabricated nonlinear volume hologram in CBN crystal; (e) second harmonic vortex beam reconstructed from

nonlinear volume hologram'®

2020 4F , Yan PR AZH 4k 21 40 B = 4R LR MOk T
BT B, Ol A T AR R 2 B I T
LR e AR A R . Z AT RS A S e
A VAR F VT N 1 HE B ) 6 A 1w 4 8 o) B e AL R T
TAE R IO SR P S 7 AR R AR U, IF

]

A5l 2 P A U 15 LB A AR 7 — 4 25 ) )
1 057y A 0 o A T B 2
PR =gk b b TR T CRHOL R BRI T
T T 0 Y SR S5 A TE = T E ST B U R L IR
S 10(c) . (d) FF R 9 3D £ 2 UL M & 4. 4 8

0802401-13



&E50% £ 8HI/2023 £ 4 A/HEHH,

A, 78 FEOE IR ST CBN S A By 1K 42 5 45 46 9 3
R 73 ) AR AR Y AR Ze PR A e R T T R
WU BE Y I E O R B 4 A &1 10 (Ce) RO L TR
1560 nm FEA4TOE T fy H Uk % 3k B BB g (E , R
BB A e A DL L A5 F, STt g R — 8, R
S e B sk R LA 6100 H G A Ak &7 25 HE 3 n
ghE R e OG0 A K B GE S, A S B Ak
) AT 23 B e
42 FLELEREK

R 1 AE BT U B H A R A IR RN R L 43 A Y
iR Z AN AR G R B Y 38 ] DL O A 2% 1
ERER R S 2 Wi |2 R S - oy S It - e L U
TR B 9 0 52 440 )7 1 4k F Wk R 52 T RAED O
W Al A B o) T2 X LUK iy HboRE 3 6 P 520 T3
MH i T SR RS R T R R AR A R 22, ®
M T 4 BB AR . A T PRI A [, Yan 41 AE
2021 4F 44 3 10 AR A7 g 55 0 1 0 AR B A B SR Pk 4
SR X R DB U A A E AT RS B 9 A A [l
AR 4 B — RIS A T b, BT
B — B K7 T B W () FJE B 2898 1 ) —

DX, 3 3 8 5T R A Wl 5 B T v 0 2 A B A o X
HITHEZE S T 7 AR B O B AT AR, H —~m
DX 8] f4) AR A7 A2 Ak 5 2% A% R B 0 L o T G Y
Je B 5 2% AR AL 43 AT B T 6 Sy — R AR Y fin T DX
WOARE S H RO S T/EGMB LM, H T
T A AT A S v R PO AN B O A A
X 0O g B8 R B A SR AR BT, AP R AL R
T2 T CBN fu ik iy il 8 45 8 5t e B KA R I
B — S0, B 11 (a) Brs o AT 3R T s
“HYIE 7B 2R 4 B A i, an & 11(b) R, JF IR 52
Tz 4 B OB 2 = A1) Raman-Nath AH 47 VT Bt 4%
ot Bk — 20 s 4 8RS B A IR RE S B
B R AG  a, W 11 Ce) B o BRI W A 5% 24 o )
i ] AH A g A FE IR R 4 BORUIR O R AS T i
JRET TN TR A R 4 PR FE AR BT R ) W O bR
g0 By IX 38 AT KSR B . FH 1064 nm 3 55 18
SHIE MUAHAL 4 2 B e s S N B S 0 e 3
M B AR S o BT AR 0 D) 1) e R TR AR R T
AT A AL DT B A% 1, SE IR AR AR T 2.8%0 WY B
B

FI11 CAD O N T [R5 4 S8 1Al bk 42 AR ™ . () T o 8 (10 o] T 2 7 4 8 P16 K R 4 6 AR BT 1) — 0
e BBE AT 5 (b) 52 96 0 A% A 0 375 — U I 7 B TR 5 (o) e 9 O A R TR 4 3B Oy S04 81 ) O oy 0 A A G283 — U D 7

R[5

Fig. 11 Detour phase coded holograms processed by femtosecond laser for nonlinear holographic imaging™. (a) Fabricated whole

detour phase coded hologram and four basic units visualized by second-harmonic micrographs; (b) experimentally measured

second harmonic holographic image of letter in far field; (¢) simulated second harmonic holographic image of letter in far field

with improved quality obtained by increasing numbers of hologram pixels

A TR AR A B 5] A £l 2 HIHOR AT AR
AR T SR i 2 A SR A5 B IR FE R E &
PER B PRIk . 2021 4F sk B WP ST 41§ 1 1 AR AL
VLA XS MRS o ALK 24> F AR I 58 43 3 44

TE 3D {823 18] Y AN W] Ewald BRI, 4> 2R 0 #B 2 — 26
FE AR THEAR AV VE TIE 26 1 B B S AR i ek g ALY
FEH ' e ok S5 A IO ) 1 AR A2 VT E 2% 1F , AT 7R 28 37
JAG DX e 6 P ot R A () R T B A TR AN 8] 12(a)

0802401-14



&50% £ 8HI/2023 &£ 4 A/HEHH,

JItR o I 3D HL i 72 4 325 4R B30 5 45 2 ) 19 3D £
& R 43 A7 e 40 ol SE SR S Ak 3D A 2 B IR, R T
52 211 3D AH D 43 A5 AEAH B LINDO, & A v, Al f] 4, 5% F
TAE AR GRS i, HUR AR H 22 R R GE A9 2D 4 8,
T AE SR B oL 5 RS AR BT 4 1 3D BB, &
PR BOGTEBEAS B0 S [R 40 BB 4 5 ) LA Fs il % P
JCHARZAE , I 12(b) fifs o el 45 15 38 2 vy 2 7 1]
RSP 435120 16,16, 10 pixel (8 = 4R 4 % 7 Ak, 43

S = BROAS TR) I K AT BE S  HE A G D 45 A
T =8 HAREZE N 12(0) iR, TS 3D i
D7 VEHE £, 776 PR PR 0 5 e 3 Rk 1) 1.7 X107,
HE— B0 gE T X R R O U A IR LS E AR
I K MG ERE I8 B 9N 1) S 3R AR ) — 2, Ry T s/ A 46
T, L R 2 R T 6 R RS R R
I TAERE T AR LR T M IARTE f e ek R A D
B AU P ) 1S R 5

Bl12 CRD OGN T = 2 R 2R M Sl U T A L D R X A L Ca) M AL DG TR 43 DX A P Al R 4 8RR
() FHT AP WOL R Ak 4214 2 HUAE LINDO, b 7 P78 52 3L 3D 3 1m0 AH 157 45 5 5 () = 38 18 i AR 32 DE 150 43 DX 52 T 4 8L i ae 3 —
YR 45 R

Fig. 12 3D nonlinear photonic crystals processed by femtosecond laser for quasi-phase-matching-division multiplexing holography™.

(a) Schematic of quasi-phase-matching-division multiplexing nonlinear holography; (b) detour phase encoding in

LiNbO,realized by femtosecond laser erasing nonlinear coefficients; (c) far-field second harmonic imaging results of three-

channel quasi-phase-matching-division multiplexing holography
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Fig. 13 Femtosecond laser processing quasi-phase-matching structure in quartz crystal for deep-ultraviolet coherent output.
(a) Experimental setup of deep-ultraviolet second harmonic generation”™; (b) second harmonic signals in quartz crystal with
nonlinear structure and as-grown quartz crystal”™; (c) angle regulation of multilayer quasi-phase-matching structure in quartz"™;
(d) tuning second harmonic generation wavelength and effective second-order nonlinear coefficient of crystal by varying phase-

matching angle™™
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Abstract

Significance The fabrication strategy for nonlinear photonic crystals has drawn substantial research interest because of their highly
efficient nonlinear optical interactions. Femtosecond laser engineering has distinct advantages over conventional methods for the
fabrication of nonlinear structures. These advantages include its high precision, resolution, and flexibility. This paper summarizes the
research progress of femtosecond laser processing technology for constructing nonlinear photonic crystals and provides a brief
introduction to the quasi-phase matching theory involved. The processing mechanism of femtosecond-laser-induced ferroelectric

domain inversion and laser erasure of second order nonlinear polarization coefficients (%)

are discussed, and the experimental results
and applications of nonlinear photonic crystals in different dimensions realized by these two approaches are demonstrated. Finally, the
challenges of the femtosecond laser technique in the processing of nonlinear photonic crystals are analyzed, and the prospects for

future development are presented.

Progress This paper summarizes the research progress of femtosecond laser processing technology for constructing nonlinear
photonic crystals and also provides a brief introduction to the quasi-phase matching theory involved. The processing mechanism of
femtosecond-laser-induced ferroelectric domain inversion and laser erasure of ¥'? are discussed, and the experimental results and
applications of nonlinear photonic crystals in different dimensions realized by these two approaches are demonstrated. Finally, the

challenges faced by the femtosecond laser technique for processing nonlinear photonic crystals are analyzed, and the prospects for
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future development are discussed.

Tightly focused femtosecond laser pulses can induce a thermoelectric field in the ferroelectric crystal that inverts the direction of
spontaneous polarization. On the basis of this mechanism, an arbitrary arrangement of 2D inverted domains can be constructed to
enhance the second-harmonic emission from the crystal, and quasi-phase-matching structures can be integrated in the LiNbO,
waveguide to achieve efficient frequency conversion (Fig. 4). This technique can also be used to fabricate 3D nonlinear photonic
crystals in multi-domain/single-domain Ba, ,,Ca, ., TiO,(BCT)/ Ca, ,Ba, »,Nb,O(CBN) crystals, which demonstrate second harmonic
diffraction with 3D quasi-phase matching (Fig. 5). Another technique that relies on the laser-induced amorphization of the crystal to
partially erase ¥ shows versatility for processing non-ferroelectric crystals. Multiple quasi-phase-matching structures can be inscribed
into the waveguide core to realize a parallel multiwavelength output (Fig. 6). A 3D nonlinear photonic crystal has also been obtained
using this technique in LiNbO, to provide abundant 3D reciprocal vectors for second-harmonic generation in various directions (Fig.
7). When processing inside the crystal, the aberration resulting from the mismatch of the refractive index causes an axial shift of the
focal spot, which seriously limits the axial resolution as well as the fabrication quality of the structures. Reasonable diffractive optical
components for aberration compensation must be implemented during fabrication. One method is to introduce a spatial light modulator
into the femtosecond laser processing system, thereby eliminating the effect of aberration by loading a specific phase hologram. To
date, few attempts have been made to combine nonlinear photonic crystals with other optical devices to extend their functionalities.
Various functional optical devices, such as electro-optic modulators, resonators, waveguides, and nonlinear frequency converters,
can be integrated within a single ferroelectric crystal by combining the flexibility of the femtosecond laser and other processing
techniques. The integrated photonic chips exhibit more powerful functions in modern optical signal processing and quantum

{2 can only be reduced by 20% using the femtosecond laser erasure technique, which restricts the modulation

computing. Currently, y
efficiency of the structures. Therefore, a deep understanding of the femtosecond laser interaction mechanism with the lattice is
required to determine the optimal fabrication parameters for large-amplitude '? erasure, thereby improving the frequency conversion
efficiency of the as-prepared structures. In addition to the aforementioned development trends, certain topics, such as the development
of a fabrication strategy with high efficiency to lay the foundation for mass production, must be investigated further. With improved
femtosecond laser processing technology, nonlinear photonic crystals show promising prospects.

The spatial distribution of ¥'» can modulate wavefronts in a new wavelength range; thus, it can be applied in optical
communication, optical storage, and quantum information processing. Nonlinear patterns constructed flexibly by a femtosecond laser
are capable of the nonlinear generation of vortices and Hermite - Gaussian beams. The as-prepared 3D nonlinear photonic crystal can
realize the simultaneous conversion of the fundamental beam into multiple structured beams (Fig. 9) or efficient beam shaping based
on full-dimensional phase matching and nonlinear volume holography (Fig. 10). In the past few years, researchers have also
introduced detour phase encoding by femtosecond laser fabrication into nonlinear holography to realize the reconstruction of arbitrary
target images (Fig. 11). Moreover, the strategy of erasing nonlinear coefficients using femtosecond lasers can be applied to quartz

crystals to obtain efficient frequency doubling in the challenging deep-ultraviolet region (Fig. 13).

Conclusions and Prospects While substantial progress has been made in the femtosecond laser processing of nonlinear photonic
crystals, some challenges remain.

When processing inside the crystal, the aberration resulting from the mismatch of the refractive index causes an axial shift of the
focal spot, which seriously limits the axial resolution as well as the fabrication quality of the structures. Reasonable diffractive optical
components for aberration compensation must be implemented during fabrication. One method is to introduce a spatial light modulator
into the femtosecond laser processing system, thereby eliminating the effect of aberration by loading a specific phase hologram.

To date, few attempts have been made to combine nonlinear photonic crystals with other optical devices to extend their
functionalities. Various functional optical devices, such as electro-optic modulators, resonators, waveguides, and nonlinear
frequency converters, can be integrated within a single ferroelectric crystal by combining the flexibility of the femtosecond laser and
other processing techniques. The integrated photonic chip will exhibit more powerful functions in modern optical signal processing and
quantum computing.

Currently, x* can only be reduced by 20% using the femtosecond laser erasure technique, which restricts the modulation
efficiency of the structures. Therefore, a deep understanding of the femtosecond laser interaction mechanism with the lattice is
required to determine the optimal fabrication parameters for large-amplitude x'? erasure, thereby improving the frequency conversion
efficiency of the as-prepared structures.

In addition to the aforementioned development trends, certain topics, such as the development of a fabrication strategy with high
efficiency to lay the foundation for mass production, must be investigated further. With improved femtosecond laser processing

technology, nonlinear photonic crystals show promising prospects.

Key words laser optics; femtosecond laser; micro/nano fabrication; nonlinear photonic crystal; quasi-phase matching; nonlinear

beam shaping

0802401-20



