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Progress in femtosecond laser fabrication of microlens array

with spatial light modulators
FAN Hua', CAO Xiao-wen’, LI Zhen-ze’, WANG Yi', WANG Lei**, XU Ying®"

(1. Department of Precision Instrument , Tsinghua University , Beijing 100083, China ;
2. Ningbo Institute of Materials Technology and Engineering ,
Chinese Academy of Science, Ningbo 315201, China ;
3. College of Electronic Science and Engineering , Jilin University ,» Changchun 130012, China)

Abstract: As a basic micro-optics element, microlens has widespread applications in many fields,
whereas the common fabrication methods for microlens compounded from transparent and brittle ma-
terials always have a low efficiency and high requirement for environment. Liquid crystal spatial light
modulation (SLLM) as a light modulation instrument, can realize multi-focus or structured light fields

easily, and has important potential application values in optical communication or microfabrication
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based on ultrafast laser. Herein, a fabrication method is introduced for microlens, which combines the

advantages of femtosecond (Fs) laser microfabrication and wetting etch. The key factors influencing

the morphology of microlens are analyzed systematically. By introduction of the spatial light field

modulation in the femtosecond laser micro/nano fabrication, the number as well as the position of fo-

cused spots can be finely controlled, which not only greatly enhances the fabrication efficiency of mic-

rolens arrays out of transparent and brittle materials, but also makes it possible to adjust the mor-

phology of femtosecond laser ablation modification dynamically during processing. The application of

spatial light field modulation in micro-photonic integrated chip fabrication is well demonstrated.

Key words: femtosecond laser; wet etching; spatial light modulation; microlens
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Fig.1 (a) Optical microscope images of structures
inscribed by femtosecond laser by different

pulse energy'”; (b) Fluorescent emission

spectra of NBOHC defects irradiated by fem-
tosecond laser™®; (¢) Working flow of fem-
tosecond laser irradiated and wetting etching

method.
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Fig.2 (a) Surface morphology of microlenses fabri-
cated at different etching times and the same
pulse energy; (b) Cross-sectional profile data
of microlenses at various etching times™,

Reprinted with permission from [60]® The

Optical Society.
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Reprinted with permission from [62]® The
Optical Society.
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Fig.5 (a) SEM images of 9 different micro-pits di-

rectly ablated on the quartz surface using par-

allel holography with relative energies from

0.6 to 13 (b) Partial enlargements of nine

different ablated structures; (c¢) Top views of
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of 9 different sized microlenses™™, Reprinted

with permission from [65]© The Optical So-
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32 BRESRYXERTENRERERES
M 2.2 WD TE ) A 0 B R AR R A e
ok A S ) A X A b 5 20 o Bl Y RS Al
T AR AR B UL A I B TR ik
AE A2 19 77 TN DUA RE AR B KT ] P9 308 B0 T ik
B RT 23 5 BHOE B8 A KR 2. AL
it 2o 3 o 2 o s 18] 4 75 3OS T ARSI Rz 5 1Y
EAR AH R IR I AR AL L IH 2 R B S



56 1 ik

A 2 TRRR o O 25 810 3 VR 5 B4 R0 B 1 41 o 5 B R E g 833

] 6 Do i ) A L AR R R e G 2R R A AR
BRI

PP OB ok S TR S S R e i P
BERCTFRYSCHEN R . N TSR RS H R A B
HOE AL AR BB BT 0 In 1 B T AR K L AR Y
W oK 38 T i B 1) RS US55 A a2 A
1] 141 014 77 2k 2 Sl 4 B ol e P e R L A
7T i e a8 5 ) B A P I B (EL R 3 b i Ol Bl O
fi 41 41 114 7 X2 AR T 28 5 A R O T AR sk
75 5 4 57 11 1 5

R TS B LA TR R T A ) (Rl B R A Y
KU 2%, 31X HLA) % 37 98 1 5 AR Sfe S 0 e v R
AT . AP 6 Ca) BT s, f 22 ) B SR A Y A f
VR ) BT D' A 11 22 A AR I R AR A R
O X e et B P R AT o i 28 S B X ko B
RF e A g A vl 6% 5 (e LA
0.7 ARG 2 L), HAE A7 52 PR £ A D 1) £
RAEIT 3 pomy NI AR 00 2 I BB o 8T E
(2)

Single focus

Multi-focus

LM

©
|

Air Silica ,
0

1111

K6 Ca) A 245 s A9 R B (b) AL ORA
ST RE S B n P A R A Hom 4
&5 (o) MR AT S R R B Ry Y m) £

f S U B E Y
Fig.6 (a) Schematic of longitudinal multifocal modula-
tion; (b) Holograms that can generate different
focal points in the longitudinal direction by ORA
algorithm; (c¢) Light field simulations of longi-
tudinal multifocal by applying the vector diffrac-
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tion integration algorithm"*"". Reprinted with

permission from [66]€ The Optical Society.
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Fig.7 (a) Top views and side profiles of microlenses
fabricated from holographically modulated focal
numbers; (b) Relationship between holographi-
cally modulated focal numbers and microlens
size; (c¢) Relationship between holographically
modulated focal numbers and the focal length
and numerical aperture of the microlens'®’. Re-
printed with permission from [66]¢ The Optical

Society.
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Fig.8 (a) Schematic of the micro-concave lens test;

(b) Top view of the 3D microlens array. (c)
and (d) Imaging results of the 3D microlens ar-
ray at different focal planes, respectively™™’.
Reprinted with permission from [65]¢ The Op-
tical Society. (e) Top view of the microlens
array with different numerical apertures; ({) 3D
imaging results of the microlens array with dif-

ferent numerical apertures®’. Reprinted with

permission from [66]€ The Optical Society.
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Fig.9 (a) SEM images of ablated sapphire surfaces

with different single pulse energies; (b) Evolu-

tion of the structure of 36 n] ablated sapphire

surfaces with etching time; (c¢) Cross-sectional

profiles of sapphire microlenses with different

etching times; (d) Top views of parallel fabri-

cated sapphire microlens arrays; (e) Imaging

results of sapphire microlens arrays™®’.

& % X #:

i DR AN AE o (H R JER S UK B9 =R HE TR AR
BT BRI o I L BE A 20 i 1) 3 — 2 5,
JEE T R b 2 28 K. 2250k %R 45 1 B
A B SERMERIAE . R — B 5. M DL
I VA ) T A R R R 4 <4 1 R BB R 2 1]
F% T R s/ 17 220 b 5 0 5 A Y B BR TR AR T
DAt B Hy A () i 1] 5 | RS A = A 00 300, DA T 52 B
HA o T W A OB B A5k . 19
() 2 TR ' 25 18] 5 S ] ) 19 3% 22 ke
w0 R T AR 5 A O B B S5 A, n] LA B
RoF oA B3 20, AR BAT LRI 19 AR OR
(B 9Ce)),

5 & i

FHY T 980 0 2 18] 1 38 il 48 14 1 AT S0 2880 3 e 22
PR 637 98 1 BE 1 . oFF AR O 25 6] D 3 14 i 5
D3 22 P RH 45 5 AT LA 52 B A e 3% T A 1M 9 B
BB v i o I ELAE i o R (00 i A 4
ST 7 3 AT 52 B Bl 375 i R~ R FL AR
ORI i e 7R L I R s ) | B U
v 2 AWy B A4 L DA O O M B
S U A7) A A3 SRR S BE L B Ol BV T S B
= Y= Al HE S B ol MO B R B A A . A X R
67 V] ] 55 9 1 2] el g o 5 S A T Al RE
0 B 7 5 T 1) P 220 ol ) ) £ 9 W 5 A
PRBFRE. 1RO T 05 2R A AR w5 S8 B R
e

JUAE M DG 7 8 ) R 1 2] by T LS B i K
POG A ToPF R &, (E 2 it B RS A RE ]
3] ] 5 A B 111 325 5 e ) of 1 AT O % R S ) AR
JeF LTI A RME . el G 3 9 i 5 3 vk 22
b 7 3 S BB e 2 T o B EL — 4 e T 4% B B
SR RO 27 T8 1 1 i 280 A, 0 TR ER O T
T T A A Bk 4 O o RS B o LAY

[1] HAN B, ZHANG Y L, ZHU L, et al. Plasmonic-assisted graphene oxide artificial muscles [J]. Advanced Materi-

als, 2019, 31(5): 1806386.

[2] JINY, FENG J, ZHANG X L, et al. Solving efficiency-stability tradeoff in top-emitting organic light-emitting de-
vices by employing periodically corrugated metallic cathode [J]. Advanced Materials, 2012, 24(9): 1187-1191.
[3] YIN D, FENG J, MA R, et al. Efficient and mechanically robust stretchable organic light-emitting devices by a la-



i B AR S TRRR ko O A 816 3 YR 5 B4 R0E B I 41 o A B R oE T 837

[4]

(5]

(6]

[7]

[8]

(9]

(10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

ser-programmable buckling process [J]. Nature Communications, 2016, 7: 11573.
FLAMINI F, MAGRINI L., RAB A S, et al. Thermally reconfigurable quantum photonic circuits at telecom wave-
length by femtosecond laser micromachining [JJ. Light : Science & Applications, 2015, 4(11): e354.
WU Y C, SHARMA M K, VEERARAGHAVAN A. WISH: wavefront imaging sensor with high resolution [ J].
Light : Science & Applications, 2019, 8: 44.
MATSUO S, MIYAMOTO T, TOMITA T, et al. Applications of a microlens array and a photomask to the laser
microfabrication of a periodic photopolymer rod array [J]. Applied Optics, 2007, 46(34): 8264-8267.
HUJ Y, LINCP, HUNG S Y, et al. Semi-ellipsoid microlens simulation and f{abrication for enhancing optical {i-
ber coupling efficiency [J]. Sensors and Actuators A: Physical , 2008, 147(1) . 93-98.
SCHONBRUN E, STEINVURZEL P E, CROZIER K B. A microfluidic fluorescence measurement system using an
astigmatic diffractive microlens array [J]. Optics Express, 2011, 19(2): 1385-1394.
Wk 4, kK%, ZAFILTHEERMSM LED Yo f gL 2k 4 48,2009.30(1) :69-72.
TIAN D L, GUAN R F, WANG X, et al. Studies on the optical properties of LED based on microlens array []].
Chinese Journal of Luminescence, 2009, 30(1): 69-72. (in Chinese)
ONG N S, KOH Y H, FU Y Q. Microlens array produced using hot embossing process [J]. Microelectronic En-
gineering , 2002, 60(3/4): 365-379.
YANG J J. LIAO Y S, CHEN C F. Fabrication of long hexagonal micro-lens array by applying gray-scale lithog-
raphy in micro-replication process [ J]. Optics Com munications, 2007, 270(2): 433-440.
ROY E, VOISIN B. GRAVEL ] F. et al. Microlens array fabrication by enhanced thermal reflow process: to-
wards efficient collection of fluorescence light from microarrays [J]. Microelectronic Engineering , 2009, 86(11) :
2255-2261.
MALINAUSKAS M, FARSARI M, PISKARSKAS A, et al. Ultrafast laser nanostructuring of photopolymers: a
decade of advances [J]. Physics Reports, 2013, 533(1); 1-31.
DANILEVI IUS P, REKSTYT S, BAL IUNAS E, et al. Laser 3D micro/nanofabrication of polymers for tissue
engineering applications [J]. Optics & Laser Technology, 2013, 45: 518-524.
BUKELSKIENE V, GADONAS R, SIRVYDIS V, et al. Laser 3D micro/nanofabrication of polymers for tissue
engineering applications []]. Optics & Laser Technology, 2013, 45:518-524.,
SUGIOKA K, CHENG Y. Femtosecond laser processing for optofluidic fabrication [J]. Lab on a Chip, 2012, 12
(19): 3576-3589.
CHU W, TAN Y X, WANG P. et al. Centimeter-height 3D printing with femtosecond laser two-photon polymer-
ization [J]. Advanced Materials Technologies, 2018, 3(5): 1700396.
XU J, L1 X L, ZHONG Y, et al. Glass-channel molding assisted 3D printing of metallic microstructures enabled
by femtosecond laser internal processing and microfluidic electroless plating [J]. Adwvanced Materials Technolo-
gies, 2018, 3(12): 1800372.
WU D, WU SZ, CHEN Q D, et al. Curvature-driven reversible in situ switching between pinned and roll - down
superhydrophobic states for water droplet transportation [J]. Advanced Materials, 2011, 23(4): 545-549.
XIA H, WANG J., TIAN Y. et al. Ferrofluids for fabrication of remotely controllable micro - nanomachines by
two - photon polymerization [ J]. Advanced Materials, 2010, 22(29): 3204-3207.
WU D, WU SZ, NIU L G, et al. High numerical aperture microlens arrays of close packing [J]. Applied Phys-
ics Letterss 2010, 97(3): 031109.
ZHANG Y L, CHEN Q D, XIA H, et al. Designable 3D nanofabrication by femtosecond laser direct writing [J].
Nano Today, 2010, 5(5): 435-448.
ZHANG Y L, GUO L, WEI S, et al. Direct imprinting of microcircuits on graphene oxides film by femtosecond
laser reduction [J]. Nano Today, 2010, 5(1): 15-20.
JIANG L, WANG A D, LI B, et al. Electrons dynamics control by shaping femtosecond laser pulses in micro/
nanofabrication: modeling, method, measurement and application [J]. Light : Science & Applications, 2018, 7

(2): 17134.



838

W5 B % 36 %

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

L1ZZ, WANG L, FAN H, er al. O-FIB: far-field-induced near-field breakdown for direct nanowriting in an at-
mospheric environment [J]. Light: Science & Applications, 2020, 9: 41.

LIN H, XU Z Q. CAO G Y. et al. Diffraction-limited imaging with monolayer 2D material-based ultrathin flat
lenses [J]. Light: Science & Applications, 2020, 9: 137.

ZOU T T, ZHAO B, XIN W, et al. High-speed femtosecond laser plasmonic lithography and reduction of gra-
phene oxide for anisotropic photoresponse [J]. Light : Science & Applications, 2020, 9: 69.

RE AR AR AR PV R R TR R LT ). P B e #,2020,13(6) :1209-1223.

ZHANG G D, CHENG G H, ZHANG W. Progress in ultrafast laser space-selective welding [J]. Chinese Optics »
2020, 13(6): 1209-1223. (in Chinese)

MISHCHIK K, DAMICO C, VELPULA P K, et al. Ultrafast laser induced electronic and structural modifica-
tions in bulk fused silica [J]. Journal of Applied Physics, 2013, 114(13): 133502.

VELPULA P K, BHUYAN M K, COURVOISIER F, et al. Spatio-temporal dynamics in nondiffractive Bessel
ultrafast laser nanoscale volume structuring [J]. Laser & Photonics Reviews, 2016, 10(2): 230-244.

MARUO S, NAKAMURA O, KAWATA S. Three-dimensional microfabrication with two-photon-absorbed pho-
topolymerization [J]. Optics Letters, 1997, 22(2); 132-134.

WANG J, HE Y, XIA H, et al. Embellishment of microfluidic devices via femtosecond laser micronanofabrication
for chip functionalization [J]. Lab on a Chip, 2010, 10(15): 1993-1996.

CHEN Q D, WU D, NIU L G, et al. Phase lenses and mirrors created by laser micronanofabrication via two-pho-
ton photopolymerization [ J]. Applied Physics Letters, 2007, 91(17): 171105.

WU D, CHEN Q D, NIU L G, et al. 100% fill-factor aspheric microlens arrays (AMLA) with sub-20-nm preci-
sion [J]. IEEE Photonics Technology Letters, 2009, 21(20): 1535-1537,

WU D, WANG J N, NIU L G, et al. Bioinspired fabrication of high-quality 3D artificial compound eyes by voxel-
modulation femtosecond laser writing for distortion-free wide-field-of-view imaging [J]. Advanced Optical Mate-
rials, 2014, 2(8): 751-758.

DUMITRU G, ROMANO V, WEBER H P, et al. Femtosecond ablation of ultrahard materials [J]. Applied
Physics A, 2002, 74(6): 729-739.

VOROBYEV A Y, GUO C L. Direct femtosecond laser surface nano/microstructuring and its applications [ J].
Laser & Photonics Reviews, 2013, 7(3): 385-407.

LIG Q, LI J W, ZHANG C C, et al. Large-area one-step assembly of three-dimensional porous metal micro/
nanocages by ethanol-assisted femtosecond laser irradiation for enhanced antireflection and hydrophobicity []].
ACS Applied Materials & Interfaces, 2015, 7(1): 383-390.

QIU J R, JIANG X W, ZHU C S, et al. Optical properties of structurally modified glasses doped with gold ions
[J]. Optics Letters, 2004, 29(4): 370-372.

WILL M, NOLTE S, CHICHKOV B N, et al. Optical properties of waveguides fabricated in fused silica by fem-
tosecond laser pulses [J 1. Applied Optics, 2002, 41(21): 4360-4364.

SHIMOTSUMA Y, HIRAO K, KAZANSKY P G, et al. Three-dimensional micro- and nano-fabrication in trans-
parent materials by femtosecond laser [J]. Japanese Journal of Applied Physics, 2005, 44(7R): 4735-4748.
NOLTE S, WILL M, BURGHOFF ], e al. Femtosecond waveguide writing: a new avenue to three-dimensional
integrated optics [J]. Applied Physics A, 2003, 77(1): 109-111.

EATON S M, ZHANG H B, HERMAN P R, et al. Heat accumulation effects in femtosecond laser-written
waveguides with variable repetition rate [J]. Optics Express, 2005, 13(12): 4708-4716.

BT, B A, Bk RO 20 S AR R R 0 400K R DL DL F B S % ,2020,13(4) 1 737-744.
MING X Y, GUO Q, XUE Z K, et al. A femtosecond laser-inscribed fine-core long-period grating with low tem-
perature sensitivity [J]. Chinese Optics, 2020, 13(4): 737-744. (in Chinese)

EFIMOV O M, GABEL K, GARNOV SV, et al. Color-center generation in silicate glasses exposed to infrared
femtosecond pulses [J]. Journal of the Optical Society of America B, 1998, 15(1): 193-199.

VINS V G, PESTRYAKOV E V. Color centers in diamond crystals: their potential use in tunable and femtosec-



i B AR S TRRR ko O A 816 3 YR 5 B4 R0E B I 41 o A B R oE T 839

[47]

(48]

[49]

[50]

[51]

[52]

[54]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

ond lasers [ J]. Diamond and Related Materials, 2006, 15(4/8): 569-571.

EATON S M, HADDEN ] P, BHARADWA] V., et al. Quantum micro-nano devices fabricated in diamond by
femtosecond laser and ion irradiation [J]. Advanced Quantum Technologies, 2019, 2(5/6): 1900006.

YANG W J, BRICCHI E, KAZANSKY P G. et al. Self-assembled periodic sub-wavelength structures by femto-
second laser direct writing [J]. Optics Express, 2006, 14(21): 10117-10124.

BERESNA M, GECEVICIUS M, KAZANSKY P G. Polarization sensitive elements fabricated by femtosecond la-
ser nanostructuring of glass [Invited] [J]. Optical Materials Express, 2011, 1(4): 783-795.

SHIMOTSUMA Y, KAZANSKY P G, QIU J R, et al. Sell-organized nanogratings in glass irradiated by ultra-
short light pulses [J]. Physical Review Letters, 2003, 91(24): 247405,

AHMED F, LEE M S, SEKITA H, et al. Display glass cutting by femtosecond laser induced single shot periodic
void array [J]. Applied Physics A, 2008, 93(1): 189-192.

SUN H Y, SONG J, LI C B, et al. Standing electron plasma wave mechanism of void array formation inside glass
by femtosecond laser irradiation [J]. Applied Physics A, 2007, 88(2): 285-288.

MA H F, ZAKOLDAEV R A, RUDENKO A, et al. Well-controlled femtosecond laser inscription of periodic
void structures in porous glass for photonic applications [J]. Optics Express, 2017, 25(26): 33261-33270.
STOIAN R, BHUYAN M K, RUDENKO A, et al. High-resolution material structuring using ultrafast laser
non-diffractive beams [ J]. Advances in Physics: X, 2019, 4(1): 1659180.

CHEN F, LIU HW, YANG Q, et al. Maskless fabrication of concave microlens arrays on silica glasses by a fem-
tosecond-laser-enhanced local wet etching method [J]. Optics Express. 2010, 18(19): 20334-20343.

YONG J L, CHEN F, YANG Q. et al. Rapid fabrication of large-area concave microlens arrays on PDMS by a
femtosecond laser [J]. ACS Applied Materials & Interfaces, 2013, 5(19): 9382-9385.

DENG Z F, YANG Q, CHEN F, et al. Fabrication of large-area concave microlens array on silicon by femtosec-
ond laser micromachining [J]. Optics Letters, 2015, 40(9): 1928-1931.

LIM J, YANG Q, CHEN F, ez al. Integration of great water repellence and imaging performance on a superhy-
drophobic PDMS microlens array by femtosecond laser microfabrication [J]. Advanced Engineering Materials »
2019, 21(3): 1800994,

CAO X W, CHEN Q D, ZHANG L, et al. Single-pulse writing of a concave microlens array [J]. Optics Letters ,
2018, 43(4) . 831-834.

My TRSK L 3EF 5% L B3R R S WD A AR T 2 O R T ARG B 9 Sk DR (T )i dh 5 27, 2020.35(6) :537-546.
YANG F Y. HUANG Z Q, PENG Y W. Algorithm research of spatial light modulator for multi-beam two-di-
mensional deflection [J]. Chinese Journal of Liquid Crystals and Displays, 2020, 35(6): 537-546. (in Chinese)
FAN H, CAO X W, WANG L, et al. Control of diameter and numerical aperture of microlens by a single ultra-
short laser pulse [J]. Optics Letters, 2019, 44(21): 5149-5152.

B A IR AT S DG 8 SRR RO RIS ]k & 5 R 7 .2018.33(9) : 764-771,
LIY K, QI J, ZHANG J, et al. Laser beam expanding technology based on liquid crystal spatial light modulator
[J]. Chinese Journal of Liquid Crystals and Displays, 2018, 33(9): 764-771. (in Chinese)

FISCHER J, WEGENER M. Three-dimensional optical laser lithography beyond the diffraction limit [J]. Laser &
Photonics Reviews s 2013, 7(1): 22-44.

ZHAO Y, CAO L C, ZHANG H, et al. Accurate calculation of computer-generated holograms using angular-
spectrum layer-oriented method [J]. Optics Express. 2015, 23(20) : 25440-25449,

CAO L C, WANG Z, ZONG S, et al. Volume holographic polymer of photochromic diarylethene for updatable
three - dimensional display [J]. Journal of Polymer Science Part B: Polymer Physics, 2016, 54 (20);
2050-2058.

HE Z H, SUI X M, ZHANG H, et al. Frequency-based optimized random phase for computer-generated holo-
graphic display [J]. Applied Optics, 2021, 60(4); Al45-A154.

P iR B R R T RO BT R S G R 1 B O B 4 R SR LT ] AR F AR, 2015,36(11) £ 1325-1329.

TONG Y., XU X P. Protection system for optoelectronic sensors against laser radiation based on light modulation



840

GRS RN

836 %

of DMD []]. Chinese Journal of Luminescence, 2015, 36(11): 1325-1329. (in Chinese)

[68] MENG X W, CHEN F, YANG Q, et al. A simple way to fabricate close-packed high numerical aperture micro-
lens arrays [J]. IEEE Photonics Technology Letters, 2013, 25(14); 1336-1339.

[69] CAO X W, LUY M, FAN H, et al. Wet-etching-assisted femtosecond laser holographic processing of a sapphire

concave microlens array [J]. Applied Optics, 2018, 57(32): 9604-9608.

1EE @It

B (1991 ), B E R BN T
+- L B BRI 5T 51, 2020 4E T 7 ARk 243k
(GRS VANE Y Y S T Ll
LA B 58 . E-mail: fanhua2020@

tsinghua.edu.cn

E OZAT LI LEMKRKEAME
&0 H 4%, 2015 4FE T E MO RAG
AL, FENF CEHOL S Y B EAE
MR Z 405 B A 5 b5 .
E-mail: leiwangl1987@jlu.edu.cn

= #® OO L HMKREAN A,

7R

2002 4E T HARTE S Rz 405 1+
ESVREE-YIE B RS S
RO % T e %L A it /K 45 5 Tl ) T

5% . E-mail: xuyingl969@ hotmail.com



