| F49% B 10H9/2022 5 5 B/ chE Ok

CORR DU RO AL G PE iR PR TR LR OB T IR Sh i

REE ERTT, AN, BER, 288
MR IR 2 RS i 2 O TSR . b At 1001245
Pb AT Tl R 2 B RE O 1R T B R A A A S B & L b AT 100124

TE AL Y He R R AT LU B O R O I 10 3 R o S B A D' T R MR AR . SR A Y
AR T AR A2 20 Pl B RO ) FL A D YR AR X AR AT O 1 b A T B TR AR HE B AL . AR SR T TR ik b s
WL ) 3 R L Ik 9 ) i AR AR i 3 5 0o D' RO AT DL S AR TR L B ke Dl TR 0 R 8 A 4 AR B A T AT 9 £ R
FE R B fk e 7 A8 PR AR A A A B — 2 T R R AR L2 700+ 1LY R TN AR B ST RAL B . MR A5 R R WL B O

45 0 T8 TR AR L AL B B0 % F AR S5 K 6 450 ~510 nm T Bl A6 SRHL AT B 2 A B i 1

ES 40

HESKE TN249 XEARERL A

1 5l =

JeT R R SR — R G JUE - BAT AR
SERERTRE L AT L AR BERR 06 Al B B A 1k A
A N A H G A N TR G R AT BT R
AT LS B[R] A 5 Lk AR 3K B 45 G0 DI T B9
HfS o BT O R e e iR gz B T 5
SR LR e A A . AT, T O
T R 32 B AR A S A S R R RS
B by FRAWSY . o SRR A AR LI 5 0
AR LA G B R O RS T £ X 2 A R 4 B L A5 A A
Je 33 B 470 R AT Bt AT LA Sk — b B 5]
(6T b A . SRTAT A8 R A U 1 R T LA
PR 15 & 1% 52 19 MUK 8 Ak =7 7 SUAR e 552 B i 41
B T A BT T AL &S R . SRR TR
(FIB) 2 foh £ A J2 i ] 28 418 R B A 1 290 KR A AL Y
EFINTFET A TR FIB AL 4 i B b, Bt
B3 BORE i By A DO, R BORICAL TR 2 A BR L) B
ABBEE . A BRA AL TR IR T O 5 0 1 A
SR Z A R AR T RO R T REME . DI RS

WOLHOAR ;s PO TUZEROGIR Jemsl; WARLL; LT Mk

DOI: 10.3788/CJL202249.1002503

— P i 280 RT HE Y R TR AR LE AL A A B R DL 1 R A
il s ik R EER L,

PP OE B A R R A Tk b 5 RE R R Y 0
R B b n] DUAE AT B bR 3 w2 A7 n T, i B
AL LLAT 00 /N I T R A AR W R e i R
FER ST AESR R B AR T B EOE S B
TR R AR 2 B A R R T i AR
Z1 O 31 R 2 1 I T A R PR R O 1 ) e A
MR PR 1 ARAT TR ZI TR R 110 pm 1974 1Y, IF:
LERL B N T RO R TR N 7R
A 5 L AR R A 1 I e AT BN SR T TRRD B8O 3o 4 iR
L AR D S AT 220 e 0T A A A R A R
0.5 dB/em WYELJE P T . SR, H TR R HOE
S IR A A R o TR AR LU L S M R i AT R —
APl X EZRG TN T B R EOL R B
A D IR AW S RS
Tt R BE BRI 7E 10 e (9 RUBE PN, 76 B 4% 06 5
e A R O AT AL TR S T 3RS
AITRAE LE . 22 R JH 34 2 ik b IBC 5 £ 5 B8 3l T
LB 040 0 T 2 2 AL A O L R

WA HER: 2022-01-10; 1EE B HA. 2022-02-06; RABH. 2022-02-15
BEE&WB: BEHRB 2R 4 (51975017) 4t 50 T #0 £ & 5 B BF 5 H (KZ202110005012) [ K & & 0F & 3 &I

(2018YFB1107500)
BIEEE . nclyi@bjut. edu. cn

1002503-1



£49% £ 10 #9/2022 £ 5 A /R E M

T 3 Fh 07 35 e T RO 19 25 4 5 6E R e I D R 2>
b Ji £ Jok i I T A DL B R W L AR B i
BB FL 3 ZE L AL AR SR A PR EL N TR R
T XE LA I 28 A o A R R

D1 9E /R Y63 M Durnin 481 F 1986 4F 2 1k 42
H s O RR A4 23 1] 3 98 B o A 0T DA 00 Y RS
Jey 8 HL B 43 A T B K L X AT Y A AR
X, [FIEF, DUSEJRSETR A B i B e il 7
o) P R A% 4 e EL A AR 5 B P L BE 8 AT AR
FRLePEmE A, R ARt L S R R A A L
FEJROC AL FEAT i IR A He &5 M in T B AN ] FE Al
gt

AT 5% A A FH BT 5 KRR DL 26 JR S RO 4
PR S A HEAT I T 2 X T AT AR R
B 43 BT o T S8 T R TE R o R AR LU B L B 3]
(18— A i £ ok R R AR R A O 1 i R B8 R 1 D A L
HEENEFEX.

A
W

2 5 i

AHIEFE I AR D E RO AL T R RS S
PEE MR 1 TR . SER AT S st e H
K B AR A BR A B] (Huaray Laser) 22 P2 I K Sl
1035 nm B CRMEOG AR WOE K b 98 B2 350 fs, A
W 1 Hz~800 kHz, JEi it M* 4 1. 17, ok
i e v o AGE 1 AR R AT A B
FR 2 MO B e A A — X DL ZE RO IR, B BT
AR S — X DL ZE R S R s ) RUBE 8K HLRE =4
R TOTE B T R B T, R AR B (AR R
2% 8 mm, ECE LR K 0. 45) %6 HEAT 23 18] K
FE4i BT J5 S5 2 0 DUSE RO SR LR 290 2 pm,
TLHFESL R 0.5 mm R Z VIR AR A . B A AR R
FH 2T W AN 2 8 F oK AT BB 7R I Uk L SR R [ E T
“HBNTE EHTRRRAETE SR, T HRIUEEE
1 — B BTG B e B+ Z TR A O A ST .

e

expander

femtosecond laser

Bl 1 CARP DI SEIRE R B %
Fig. 1 Sketch of femtosecond Bessel beam direct writing device (LN:LiNbO,)

ALRES S A B 2 FiR . s P 06
HER [ LB Sh B o, 78 T ) B S 4
o e v S B TRAR SO Bk b i RN T, — 28 58 L

1.

sample

I
|
axicon |
i -
objective

lens
LN +Z

3D translation stage

AR (LN R MR )

FLEEF Al 5 . b B R H i O6 EE 2 000K
S MR E o LRI E (H = o/ /) Qh 1 [ L
HAT 41 4 18] B D

ﬂO%COGGD

NN Y Y YY)
esc0306Ce

N =

1
S

Laser output
=iy

>

Time

2 PRAL S 55 on A

Fig. 2 Schematic of microholes array fabrication

1002503-2



BHEERR- TRANE

$£49%5 £ 10 H3/2022 £ 5 A/ E#E

UL B 21 il 50 G SR T O 3 58 £ W BB
(Olympus OLS-3100) Pk K fi )6 & i 58 (LEICA DM
2700 P)RIEGLFL A O BYIE S, A IR OE W il
(LEICA DM 2700 P) 414 B+ i {58 (SU8020)
Yot A FL R w 2E A . i O % X (Oceanhood
XS11639-350-1000) X 15 £L B 51 1) 75 5 5 1% i 47 )
i, ASHIFSE b Y i AT S0 A A R AT 3 Wl i, LA
TR AE T 1 A e

3 LI

W DU TE SR O AR a5 1 s DX T 2 R R A
P b T L R E RO K AR £ O 200 Hz, P 5
Bahil o A 1 mm/s, ALEESI N RIBE R 5 pm,
P WO O ¥ 0 & 48 B 0.29, 0.62, 0,76,
114 mW B 47 1o £L B 510 245 4 i il 46 . 3 Ca) ~
() it 7 S AR [R] P 2 Ty S 80k 5 4 1 B 5 4 11 1
FLA VI3 DL KO Ry i B TR 30 . H B AT 0O F

1.8 1.2
(© —-- d11Eg

E17} .
5_1.7 - - -103
516} ;,’ - Oy

° i Bes 109 8
£ L5 J / -0.8%

g 14F v

sl #4 A B {077
13 /’ — motion stage i 0.6 g;f)
g12 7 : g
£ o - -0 - entrance diameter | 5 £
= L1F —~— average diameter | 0.4 =
1.0 1 1 1 ! L ’
02 04 06 08 10 12
Laser power /mW

oy g e A LB S B A B 3 W, OC R B A
KIS N TR &, ML I ER
0.29 mW B, FLIRIE AR 261 pm, A HEHEH
1.1 pm, $AR B AL Y AR 28 0. 48 pms
OO T I R 1. 14 mW IR AL I
JNZE 347 pm, AH EHAEMME 1.7 pm L4 MR
TALA S E S EAR N ZE 1.1 pm, AL, BEE O
SF- 35 Ty SR B L B AL BN AR e RS S B AR R
TREESHE R . XU T 0% T2 2 800 LI #1
MR, EAE BN, RRFOE IR
B8 R A A AL AR RO B A, EL AL R TR AR
PO N B . 308 B0 7 34 T 2R 09 1 Jin X Ak L P
S NER AN A TN R OR - €17 B TS N A o
Ty (1 B ok D1 SE 7R 6 B A R T AR A5 = IR AR L
AL . HBOETFH TR 0.29 mW B, 5§ Jjk oft
DU ZE IR S A A £ 45 X 8 BE T2 AR 9 e K TR AR L
Y% 541 ¢+ 1,

(®)

114 mW 100 pm
R T
360
[CR. hole depth ;1550
340 i
§ —e— aspect ratio i 1500 .
= | =
=820 {450 E
o) g
= 300r {400 2
Z <
= 280 1350
260 F {300
02 04 06 08 10 12

Laser power /mW

[ 3 WOLF I DA ALTE SRR B I . () ~ (D BOEF I TR 5510 0. 29.0.62,0.76,1. 14 mW I, il fLA A J 3
b O RT3 s (o) OB T3 D 33 LA 1 AR T 2 BRI s (D BOLT- 25 2y 30 ofL R B R R A2 L i

A

Fig. 3 Influence of average laser power on microholes morphological characteristics. (a)—(d) Images of microhole entrance

and corresponding cross-section at average laser power of 0.29, 0.62, 0.76,

and 1. 14 mW, respectively;

(e) influence of average laser power on entrance diameter and average diameter of microhole; (f) influence of

average laser power on depth and aspect ratio of microhole

1002503-3



RS- TRANE

£49% £ 10 #9/2022 £ 5 A /R E M

X531 A% 5 1 v T D B, DL SE R O ARGl DL —
FRAVELC I T AFAE . 5256 i FH DL S8R SR
Yo Ain] th & By DL ZE IR eR () 47 L B nl LA
B AF SR 18 0 5 T JE 5 HE Y 26 1 kK = TR R
(e, B

E(r.p,2) =A explik.2)],(k,r), (@D
e Tl 43 3 375 1 1] A bR R AL A s = R 1%
T B AR AR sk RN K, 4 ) R G\ ) B R 1] O K B
A, FRPRIE .

T 2 T 3P B R A DL SE RO R A B
Ky SR XL B8 RE 7 (B D ZEIR O R E
Je| L £ (B8] B ) A9 485 ol ' TR g ko A1 O 2 ] 43 B R
Fenig i A RA kK. aniEl 3 B, B & HOLF
B 0. 29 mW B % 0. 62 mW, I ZE /RO
AR 4 2 1T T2 R T 32 9T 348 K A 32 9 221 okt L R O
CENE VIS T AT &/ S Sl
£ 0.76 mW H}, DUZE RO o 1 W 7E 98 e B 3R T
055 7 2 1ol 5 Bt 5 SO BB ek — 25 B, 55 91 A I 4K
B RE R, RO YREE R E 1. 14 mW
A P8 R 0 3% 1T L R S A )0 [ B R ) )
IX TG B T B ik e DL S R O SR A R 2 T A A
DX, 2 fk AL B 30 A o) S 1o ] G /0N 55 R 2 ot X
SIS L A AR Ik b FH X8k 2k R B BOa 1 e
PEREACE AR . B L, X DL 3 JR Bk L B 9 1
2 WOLRE I 5 RS S E] DT R

BT RSB AL K T RN
0.76 mW ,fLIEFEI% K 6 pm, M 482X (2) Frs i HE %
BEAR I 14 T 0T DL 2 JR O AU B 4 A A K5 B
e (3 PR B e A AL 4% f B RO FE IR B A R %)
S0 FH 35 5 B AR 5 1 DL ZE IR S SR TE AR i v 14 5 B )
A3 AT B2 BT B ZE J A & 4 B

‘ —2 :
I(r.,2) =2kn(tan )’ zexp [(taznﬁ)} X
1
Ji Ckrtan B) . (2)
B—a sin{sin [sin(n,, — 1)a] N} ’ (3)

ng

N I RGN RAT R w, A& EEF R
GE LI n S5 A A R AR () = w /N w,
AR OCHR B sk PR o O HE I B
A sn., HEEBBEITH HR 0, AR ITEE

MRS R AR S R DL JE RO R TR AN
600 pm . K T 52 56 BT JH 48 IR B AF R B JRE BB (20K
500 pem) o B BE I8 B AT RLSE S 9 5 O o AR R Y
R X 57 T PR P A R 5 A b T DL FE RO TR Y 4R

Intensity

‘..k 1
0.5
10
threshold: 0.34J - cm™
10 0
00

Intensity

0 350 7
2 /um

[ 4 R 5 Y DL ZE R O oA 5 B2 23 A A 4L [

Fig. 4 Simulation of intensity distribution of Bessel

beam after focusing

X BN, G LS S4B S B A Z By
FHFE S D1 ZE RO AR SR ol CBE 25 R G
KB R TR, KRG ES ML, E 5 iR,
5 DU ZE IR A A 5 b0 DX R B e T A I S i
R AZ, M AZ=0 B, DUZE IR G A AR Y s X
PR R m . SR LA RE 3R 1E 261 pm
F49 90 BTN 2B B, 5 DR RO R L5 R W) &, 20 DL
FEIROCHR B P15 LRI — 2, FERE S I L3R Al
LU 3 B 3 0 A FL A T, LSS 0 1k FL R R A A —
G Rl [ 24 55 A, A R R O A fLIt . Bl
FHOCHARX A A R TE N 40 pm, P8 B2 HE N E Y
THFLUR BE HE K 24 80 pm , N N S B 1) 2 £%,
TAL A T 500 32 i 44 50 H— 2[R 34 55 e 0 5 B AR T
Jo BE— RGO X B S E R TE T A% 80 pm, 7
FE S Y T 2 T 43 WS LI A, 45 SR e 9 S R
T AL, HAL A A DR SRR — 3 A
ML . R 4 BT 7R B B0 1] AT 240 D1 S R O B
T A R DX 42 30 60 B 4 A s HLOYG 5 0 T B Y
AT HF G, PR ARG 1 00 T DU 2 IR Ol o 4 A5 IX 8 19
HhC AL TR R O B I L G B R R Y A A
Biab T DU IEROC R A £ s X B . i T REREOG Y
7R R Dk BB R S 3 v BT O SR O B B (2R
1.2 eV)iE/NFHR MR AR 2545 58 B (92 3.8 eV,
BB 2K AT DL 2o JE ek W Wi AL w1 2R 15 fig i DT
FREE200 Sl 4 0 ML ) 45057 T 6 AR A A X Y
PERE AR K [ L, O A R XS A kR
JFE RV FC T AL Sl AL . 2 G AR XA i 1
P B T E AZ=160 pm B, EE & F KM
LA B 23 25 T T A I AL S Bk & B
2O A XS RE R TR A 200 om0 ZE R £R

1002503-4



$£49%5 £ 10 H3/2022 £ 5 A/ E#E

cross-sectional view

top surface

laser direction

P 5 D2 R Ol SRR DX SRR Rk 9 AR 37 5 T AL 50 ) 52

Fig. 5 Influence of relative position of Bessel beam focus area and material on microhole morphology

KD G RS B RE T SR T BT A R R
TR 149 D1 2 I 16 R 5% 3 e #5217 104 B 12t /8 T 8 IR L d 4K
05 B A DRI B T AE S0 T 3R 2Y 330 pm X
B N AT WL BE 0 AL Ah L B BETEFE TR R
LEL R [F] T AZ =0 B By 5550 2 Bl JE 351, 3 i 55
e 2l i) 22 S E R TAE L R AR TAL A B b
A B AR EAIR S R[]

ZE bk GE A R R DL ZE IR O R 5 R
B4 AE R 57 B AT DA AT RUCHE K A FL R BE L O A 3 R
PP ALIE B X 8. (B A5 T B Y S L OGS RTEE
A XAV BB AR I R 2 X L FL AR v R R L R
I DL ZE IR SO S AL AL AR 5 LB B A 5 K Y
FRHE 1 A R T 52 LA ORE Y8 A BB A0 L RS AL
S5 1 25

ik s g R R, Y MOLE B Y R
0.76 mW, £ 507 TR AR Mk LR 1i FJ7 120 pm
BF AT RASRAT 58 42 DU iy TR AR Ll AL . TR
T AR ANE LEIMEA N 2 cm X3 em
(PR R BE b A N BB A T ARG R 4 e (14 0 L P
G, & 6 Ca) TR o BCFL BT TR A 00 45 6 L B 6
Bl i 6 (b Pros . fLAE A 715 nm, IR L EY Ky
700:1, G 6 (o) fros, Rk H K H Y 400 ~
1100 nm 1Y Ze i 41 ' 43 1) DA J5E 46 418 18R 441 i 44K iy T

FIE 2 TAL B 5 1 ' - b A s T8 7Y T T GOAL
P50 1 J7 ) NG AR O 2 RO DA [ RE Y
Ty — i T UL O B0 CHE Ol 27 S B0BE 0 AR R
i Z RN 5 A6 i PR T 1) 2 A D R D .
B6Cd r /m o 1 4 W %8 3 1 ok B £,
Pl 6 Ce) iy 00 455 45 3] 9 i 1A B i 1) 3 S D6 3, AT L
il £ A5 6 S R SFL B 0 1 A 2 0 B 1
28, OG5 I 52 W 75 3% % B fEL R 450~510 nm)
T VA ) 25 B L 45 4 1 D s o U0 2 B h 5 A 5
A I E A G A . R A AR Y LT S R
A5 9 T T A RO il O ) CED 2 T iR0AL R A
4 5 1) ) A B 4 2 A O 2B O iR D ) A B AR B Y
PO IE Lan & 6 (oo fir s 1, 5 1 6088 /i 9= R oF
1096 A5 DL i, T 55 O ik R i B 0% O D ) Bk
SEAPHEY . 6T R AR ST S B Y A Ak 0] 1 B
TFLIE S X 450~510 nm J% B 1 Fl N B9 B A %
B b ME RS2 TP A OL A R R 4F R R
et

4 5 %

A TR 2 3 0 TRFRHOL DU ZE O R B AT RO
SCEL T GRAR HL LR 700+ 1R K T AR R R R R FL 1 51
(0 — 2B il g5, AL OB B 2] B AT e . AR SCR

1002503-5



ey = v 49 % F 10 H9/2022 £ 5 B/PEHE

sessscocce
|esecoavse,
Qcoo.cooc.

sege
o-bd’o.oo-

© optical
microscope A
/ // G incident
ol N polarized
light
double 2\
refraction %
microhole original
incident polarized light structure sample
e
2500 ©
2
5’ 2000
o
5 1500
2
2 1000 [
g
S 500

0
300 400 500 600 700 800 900 1000 1100
Wavelength /nm

B 6 CRb I EERIEH EE RS RALEES] . () BT LR S Y6 T A RS A S L (b)) L A T Y R D't B TR

J LA KK SEM B R 5 (o) 6T it A 0 I8 1 B 0 /s 8 PR R e ST Sk 3R s S IR AR O 10D 5 (D % i A 0 DB
RN ZE A s (o) JGF i ie i 1 35 B 6 1%

Fig. 6 Femtosecond Bessel beam direct write periodic microhole arrays. (a) Optical microscope image of photonic-crystal
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(¢) schematic of filtering performance test of photonic-crystal (the double arrows in the figure indicate polarization

direction of the light); (d) test result of photonic-crystal filtering performance; (e) transmission spectra of photonic-

crystal sample
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Fabricated via Femtosecond Bessel Beam Direct Writing
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Abstract

Objective Lithium niobate crystals with deep microhole structures are excellent photonic-crystal devices with
modulation properties of wavelength selection. However, current fabrication methods, such as focused ion beam
etching, chemical etching, or conventional laser drilling, remain a considerable challenge for obtaining microholes
with high-aspect-ratios in lithium niobate crystals. This paper presents a strategy for the one-step fabrication of
uniform deep microhole arrays with a 700 : 1 aspect ratio within lithium niobate crystals using the ultrafast laser
temporal Bessel shaping technique. This efficient and high-quality strategy for fabricating deep microhole arrays has
excellent process stability. The prepared lithium niobate microhole array has remarkable selective beam
transmittance, and we hope that this strategy can be used as a promising method for fabricating lithium niobate
photonic-crystals.

Methods In this study, the original femtosecond Gaussian beam was transformed into a zero-order Bessel beam
using a series of beam shaping units and the energy distribution of the femtosecond Bessel beam was calculated via
COMSOL simulations. The one-step fabrication of deep microholes was realized using the high peak power of the
femtosecond laser and by adjusting the spatial energy distribution of the Bessel beam. By matching the pulse
frequency and the speed of the moving stage, stable and uniform fabrication of large-area deep microhole arrays could
be achieved by varying beam energy and the relative focal position. The resulting microhole morphology and aspect
ratio were evaluated using scanning electron microscope, confocal laser scanning microscope, and optical
microscope. Additionally, the beam transmission test was performed on the microhole arrays, verifying the
structure’s excellent selective beam transmission ability.

Results and Discussions The femtosecond Bessel beam obtained after beam shaping successfully realized the
fabrication of microhole arrays with a 700 : 1 aspect ratio. Varying the laser power can effectively adjust the
morphology and aspect ratio of the fabricated microhole. With an increase in laser power, the diameter and depth of
the microhole become larger but the aspect ratio gradually decreases. At the same time, an increase in laser power
can lead to a side lobe etching effect on the sample surface, resulting in degradation of the device performance or
even its damage. Variation in the relative focal position slightly changes the microhole diameter but considerably
affects the depth of the microhole. Furthermore, maximum utilization of the Bessel beam energy can be achieved
when the Bessel beam is focused at the center of the sample, and a complete through-hole of a 500 pm thick lithium
niobate crystal is realized. This high-aspect-ratio microhole array demonstrates excellent selective transmission of
light beams in the 450—-510 nm range.

Conclusions In this study, a femtosecond Bessel beam is successfully used to rapidly produce a uniform array of
microholes with an aspect ratio of 700 :1 inside a lithium niobate crystal. The effects of laser output power and
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relative focal position on the microhole’ s morphology, depth, and aspect ratio are systematically studied and
summarized. The laser power range for inhibiting the side lobe etching effect and the design principles of the
microhole array are presented. The high-aspect-ratio lithium niobate photonic-crystal filter is fabricated based on the
optimization of the processing parameters, and the wavelength-selective transmission of the structure for beams in
the range of 450-510 nm is demonstrated through the transmission spectrum measurements. The efficient and
reliable processing of high-aspect-ratio microhole structures provides a new pathway that is worth exploring for the
fabrication of lithium-niobate-based photonic-crystal devices.
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