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Fig. 1 Principle of direct laser writing (DLW ) technology based on two photon polymerization
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Fig. 2 Results obtained from the writing and characterization process of a DOE lens array'”. (a) Parameters used for writing the

structure; (b) an optical microscope image of the resulting written structure array; (¢) an SEM image of an individual structure in

Fig. 2(b); (d) normalized light intensity distribution at the focal plane as simulated for the proposed structure; (e) simulated

intensity distribution curve and (f) experimentally measured intensity distribution curve in the light intensity distribution plot, full

width at half maximum for the two curves is approximately 0.49 pm and 0. 47 pm, respectively
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Fig. 3 Achromatic diffractive lens. (a) Optical microscopy image; (b) normalized light intensity distribution at the focal plane as

simulated for the achromatic focusing; (¢) SEM image of the segmented structure; (d) enlarged profile
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Fig. 4 A freeform lens structure on the end face of an optical fiber. (a)-(c) Optical images of integrated freeform lens on the optical

fiber; (d) experimental result of beam shaping

T HE ' A 32 B SRR (STED) B 30Ul f% |
I B P43 F 5 7 (MINFLUX) 500%™ 8 43 98 i
NHE T EE R PR EBEER . fFEid Rl
AR TR 4R G TR 2 H AR PR AR TR E G, il
et FH 5 5 AH AV A 3 T s ] i VA g B o e
SR AV B R O A R R e TR R T
VTR E R AT B — e LA M P A R 7 R,
TGRS 0 SRS R IR AR 4 AR AR
T HE SR — A S R R TR I ROR & YA SRR
A6 5 IR E AR S AR [R) 4 5 ) B H O iR BE BT 23T T O,
NS RV = A 3 N (1 W NI B S e
SRR TR AR IR O R R 2 — . M AR fk
LA L0, 20 ] B I HE AR A2 AR (AR AL 20 A @ T R n A
@(r,0)=0, - (r,0) 3755 108 e A ARCF- T8 (094 A8 B

T8 J0E A 57 A 6T 10 5 BE A AT AR

. (2)
Anek
s An TR A TR AR B 5 25 ST S %6 2% skl
NS B BB, AT R h=2n /A T B B (A O Bk
K)o B (2) AT A, W E A A MR Y = B A A R
I AR AT IC R AR A2 R O F1 20 B 1Y) 88 22 O A/ A
& 5Ca) il (b) @R Tl HHAOLF BHE B AR ZS 03 g
AH A M 45 44, i FH 9 980 0 K O 640 nm, AH A M B AR
150 pmo AE A A B ' 2T S IR B2 S 150 pwm, 3 AT
DA FH S 2T v T S SR 00 A% 196 R 1 7 R AR A A S
JCR I B . TR as T )2 UK B S 205 4y PR i
TE A A7 A S B O T il TE A A . B 5 (o) TR Sl
640 nm P 19 306 PO £ sty 187 HH 5, 2830 9200 e A 7

hir,0)=

1623013-5



Wb ke i e S B e 2 A o il LU B SRR
22 3 6 £ A AR IS BRI ) Sy i i O R, B B 25 0
WS RE ) 9 B AT o AT R R — 20 W T R B A

(c)

(b)

40 um

%43 % 5 16 #1/2023 &£ 8 A/RFFIR

Or BEUR R G SO BREOE B R G, T L3 46/
ARG IR R G E I E

| mm

PS5 B2 st b Ay I e AR L AR 4544 o (a) (b) ' 21 B8 B e AH A A 45 #4 1Y SEM S 5 (o) 52 80 v 285 3 HEAH 2 7 15 f 06 2F 5ol
BE 3 5 53 A1

Fig. 5 Vortex phase plate structure on the end face of an optical fiber. (a) (b) SEM images of vortex phase plate structure on the optical

fiber; (¢) intensity distribution of fiber output beam after vortex phase modulation in the experiment

3 BAHEEOCEE AR

MO F HE HARRE—FamTHEAR, BA %
FERE o AR = e S5 2 S 0] i T RS ) S
Mo BEE R R R R AT R B AR ROE T B
5o BRI B R MO M . RO T HS BR AR BENE
il X 2 2% 0 Tl A 5 A, (L HL 43 538 A7 A S5 A B R
JREE A2 500 1 BR A, TG 7% 0 AR AE 9 N B TE 9 OK O T AR
PRI T sk . S T OGBS BR 4
KRBT R T 5T A gO6EH H (PPI) #Y #8 7
HEE R FEAR . H RGBS S S PR,
ST AR R, B RTE 2528 7 50 nm BYARAE R S
AP EE R H ARG Y ES BT B G R R
SR AN N T AT SR T T B T B, R 4% il R FH 45 38
PAL T k8. AU A 2022 4F 41 H L T L4
PPLIWHE 7 ¥ B £ A R E R 3K 3 36 nm, e/ 2k
[] B35 3] 140 nm™ . R T fAf B4 49 3 T L@ PPTAY
THFEEHAREG) .

W& 6 R R A I K A 532 nm, & MR
80 MHz . ik % J 140 fs 19 K AP IO %% , 10 1l % I8 48 7
538 % 6 i K A TR Y 532 nm i SE O RE . BB SRR
I 56 43 53] 38 3 75 6 I a2 (AOMD) 52 BLR S ) ]
PET o PR AN R R S R A (PBS) #E AT A
HE L 43 B0 2 18] 56 i g% (SLM) B A7 2 50 Fl A2 2
DX s 8 ) R SR BE RIS BE . R G R IR IR R

excitation
inhibition
substrate
SLM layout M
E i \ photoresist
e 5 @ lens @
: Qe Y o
H g
->- =]
e galvo
B < scanners
excitation
AOM  532nm 140 fs
inhibition

AOM 539 nm CW

CW: continuous wave;

AOM: acousto-optic modulator;
SLM: spatial light modulator;
PBS: polarizing beam splitter;

M: mirror;
H: half wave plate;
Q: quarter wave plate

6 kT HOPPIIEN I ES RESHHRER

Fig. 6 Schematic of super-resolution DLW system based on

single-color PPI

5K NA=1. 41 100X ¥ 58 =2 W E WS OC 2 I h .
WK 532 nm 1Y RRME R O R SEO O BE, SEELXOE
W K R 532 nm Al 3 SR O N A OOBEE, T LLE
aok A2 A S A RE R = AR RO, o 20 G B i 2 X
B RO F R A BN, DT 4 R 20 A R

B, PP 23 9 B S HOR AT AE W H 98 K FRAE RS
B 0T SE B = 4 1S I B A KA S &

1623013-6



FINT 205 AT 38 = HE S5 F 5 ™ AR ZKE 8 43 Bk
WO S HOR N H] 3 2 T DG T SRS 2 L
JE& 7R A2 2 HARTE 9K #1580 S B 1 b
EXET.
3.1 ZHBRE

Wik T I F AR OCR N T IE S 8 i R
B A X EEE BN TE B AL ARG {5 A ST
SEAL TR AR SRS . L AN 3 e AR Bl LA
sl — N EENOLFEII R R, K, B e o
SO0 RS AT OG0 2 T [ i o' A TE T8 i O't X Y
H e s aE 50 k1R — 1. fif R 3R ik TR
LA 5 (8 01 27 50 R 22 D) e 2 I A5 R 1 S8 B AR 3 i Y
R R — RO 2 O B RS AR
P30 K ROBE Xl SR AR A IR i 8 A R 7 R s A
T 29 THT 380 5 TR 4% 1) S R DG IO g (Ao R 2
W 30 20 1, JHL B0 45 o i) B R RO SE Rz /0 i R X
o B A BE RS R R . A PRSI A PPT
R A5 19 i B R T RO R TN OGRS AR
fE B 5E T AR

K 7 () Fr it /Y A e dl R s 2K, A
JREAS T LA 4 3R £ A0 B i AR AR R IX Ao 2 i ] A i [
P ¥z (LCP) S BB I, £ s AL N (— 20, 30) 0 24
HEC BT 118 i 41 R 285 DA e ] % (RCP) §% 7% S LCP I,
£ SR E A R (o, o) 5 P SE BT 245 1 540 1) R4 1
I T i 3 e 3 1D AT A7 AR 5 O TR 1 e A AH DG 1Y L AR AR
A7, Hor JUAAT A8 A7 B 4% F% 4 Pancharatnam-Berry (PB)
AR I s RS K R A SRS O T A o (e,
) AT LI AL 224, A K 200 (2, y) , Hit o=+1
TR LCPYE AR, o=—1F/RRCP A, E 7(b)
JRIR T I fire i 2R T 0T 0L ) A K R T A A B 43 A
R B 7o) @R TR A PPIE 3 RO ES
AR 1 L figp RS R 2 T ) 45 L, 2088 3R A R RS
60 pm X 60 pm , FEAK LR Z) 5 1y 2.5 min, X GE
ST A B PPT S R AT LSS B A5 45 4 3 52
R (7 P s 4 . 16 7(d) L (e) J8oR T 8 3R T 1Y B
SN K W E N 75 nm, KE R
250 nm, A4 4 350 nm o

B 7D fen 7l R ae R 1 RAE LI 45 R . A&
7(a) it 78 2 24 LCP O A GF B, Ot 8 5 1 L & 7
(—5pm,42 pm) ; 4748y RCP Y6 A ST, £ 5 0] ) 4
(5 pm, 42 pm) BYALE o AR M AL E AT DL A B
HR B[], S 6 0 A5 7 A 67 B R iR A 1 e AR 5 D
FERWIA . 4 BB LCP A RCP A S 6 10 £5 5
BE Oy A M AR S — 25 X L, 5 R 7 (g) iR, SE 5
MR M 507 s REEA —3% . 28 b xR
AR S 6T 5 SR A BRI S0 8l w0 Y e i A R A
—E M S

T B R PP AE 2 55 8 % T 45 A4 1) 1 68 43 B
Z15 Be 7, A PR A T X LG T 1 4 i % AR AR T iR R

F43% F 16 H1/2023 £ 8 A/ RFFHR

KA TR ST L5, mE 8w, 455REM, ST )H L
SR OGRS 94 K 5 S8 BE AT DL A 100 nm 9 /) #
75 nm, H- AT DLA R0 a2 g oK B 2 TR B sE 1E (i E] 8
T Sk TR ), DA $ i 220 5 KGR AN 45 A AR LR
3.2 RFRME

YA R R — RO S TS, R HE A
B AS T 47 S 2 A B s B, AT T 2% gk B sl R
b sSEENSE NN Do {2 e ol X % N RE L O e X 2 N S EN 5 Y 52
T 0 R A IRR A B ST B T A
Y AZ U R AIE B R 8T 238 I AT B P B O B B
NI R TN rR N I I O W7 P U riw Al 11 N e a4
PR A AE (A7 i ik BT g5k 6, T8 1 ik
B 25 4 25 00 LA SRR (0, X R 95 gy /NS Y X TE
R DL SR AT A 25 B R B g FH Y T o

Y205 T VA AE G AR A B 5 RS B N Pk
HEZENAIER 6 5 AT 58 R0 52 bRV Y 2
filh o H S EOCES FR OH ML, ] UL 5217
SYEZE R YT AR I E B R SRR L )
6 S 16T AR SR BGE FE pm RO IR AE 4L
HRIGTE X BT AE . S 1R 3K S8 fb A A 1 FH U B
J& 2] DLYGTE VG B (380~780 nm) , I F fh K BY i S B
b3 @I NI LRV A N o R el 2 RS RS R 1
M EE A, AT LU A SR R RO 250 nm B EE R
75 nm 1 5 HE RO SRR 8 Ly i B0 € Ah
AT WG B HE R R R R 2 2
o R FR B T2 D SRR 2, R Y ] i
A, BUAS L B 5 o i FH B 68 PPIOG 20 HOR 7T LS
PR 3, B K b T Ak 2D R ) B L e W
YK I RRE R S

S8 HE R b R = s [E) v AR O R B o
M, 33X 8 £ 3% 465 K R DAl = 4k 20 5 RE D R I AR ME
[ 9(b) 7R T # ] i 1 oA a=250 nm %) 48 M R Ff
RS R 25 BB DR R 4.9 mW, il
Hl DR 5 mW , R B 1 mm/s. SeHERG T
mn A A6 JZO0 M A5 A, B AR R SF O 20 pm X 20 pm,
SZ IR R 10 so W 2 07 ) B9 2 3 AR 6
B, TE 2oy F T b 5 M 41 4 D0 3 5 iR 58 44 S8
o B 9Ce) 7R T 48 HE Bt 1 b AR 19 6 Ml 52 45 7L 45
#y, Horp R ) AR AE RSE S 58 nm. WHE 9(d) s, 7E R
PR PR FOE R REBH T, 28 (0 i 4504 (8 05 8 M R T 48 3k
RS AR 0 5T a5 o A B A0 1

FLJRIR T W 250 2 5 A 18 ) 58 HE RO+ &
WtERE. Bl BB LN ZE HEARA THeZ™
HLF R 25 WGBS AR R N oy R i
B WG F BE B R XU PP S A IR B
G g A s JE AL BV A L T I 6 AN TR B R )
B RS HE R T SR, v LR AR B PPT B 4
AT DLk 2 5 A o 205 A ] A& R R (250 nm)
[R] Bsf 4R AE 58 E L3R 3 T 58 nm AU M s AE . W] DL, A

1623013-7



243 % 5 16 H1/2023 £ 8 A /HFZEH

I B AU TR, A WL )

D =

10 pm

NS =N s—N oy

~
=)
=
a
e~}
=
e}
2]

Simulation

Experiment

X (um) x (pm)

(X Y0)

(=X, ¥0)

» Py

=t RN == NN S

’
5
-

,l “EL._ N

® i —— Simulation
i o Experiment

—— Simulation
o Experiment

2 T ' -

z 1 |

<] |

o I

E éE,L_

E 0.5 ?

= LCP

<

g 0 RCP

4

TSR R I BT I RFRAE L (a) P AR R T A4 7S R R AR T Y 1 S O TR A e B A 43 S 1 £ 5 (b) H AR
T8 A7k 4 R 2 THT B 44 K 7 1] 2 B 5 ()~ (e) FH BP0 PPT I I B9 1 0 A 4 18 2 T A9 SEML IR, L S 544 240735 165 (D LCP Al
RCP ASFGAE s BRI 56 00 B R 0 AR TE B 5 (@) LCP A RCP A GG 78 45 300 52 50 00 52 A4 588 8 A il 2

Fig. 7 Design, fabrication, and characterization of spin-decoupled metasurface”™. (a) Schematic of spin-decoupled metasurface, and

different spins are transformed into two separated foci; (b) nanorod orientation profile of the spin-decoupled metasurface;

(c)-(e) SEM images of the metasurface fabricated by single-color PPI, with magnified views; () simulated and measured

focusing patterns for LCP and RCP incident light; (g) simulated and measured intensity profiles for LCP and RCP incident light
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Fig. 8 Comparison of the metasurfaces with the inhibition beam on and with the inhibition beam off””. (a) With inhibition beam on;
(b) with the inhibition beam off
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Fig. 9 3D subwavelength structured photonic crystals fabricated by single-color PPI super-resolution DLW lithography™.

(a) Schematic of 3D woodpile photonic crystal structure with a lateral period of a and an axial period of V2 a; (b) (¢) SEM

images of the photonic crystal structure fabricated by single-color PPI super-resolution DLW technique with a feature size of

58 nm and lateral period of @=250 nm; (d) optical microscope image of woodpile photonic crystal under white light illumination
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Table 1 Comparison of fabrication methods and printed size of woodpile photonic crystals

Lateral period @ /nm Width w /nm Fabrication method Ref.
1500 750 Interference lithography [76]
1000 296 Two-photon DLW [78]
650 190 Two-photon DLW [79]
476 171 Two-photon DLW [77]
310 103 Two-color PPI-DLW [81]
300 110 Two step absorption DLW [75]
280 98 DLW +heat-shrinking method [21]
275 — Two-color PPI-DLW [80]
250 75 E-beam lithograohy+deposition+etching [74]
250 58 Single-color PPI-DLW [26](our work)
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10(e) 7R T fifi I AGHE I B 5 BT ol Rk & a5 .
ST 51 LA S5 A = 4k (3D) XU TR ZIH R AT LU
FERELS R BB G B 4 e Fal ki A BB
ARET DAAR IS R 0 07 B AT R, JC R AT A R R Y
BT A AR R 22 B R A ORI . 1%

(d)
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Fig. 10 System and applications of parallel peripheral-photoinhibition lithography (P*L)"". (a) Schematic of P’L system; (b) focal spot

intensity distribution on x-y and y-z planes, dual-channel PPI direct writing achieved through 532 nm dual-beams and 780 nm

dual-beams; microlens arrays with dual-focal distances of (¢) 18 pm and (d) 50 pm; (e) photonic wire bonds
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Table 2 Comparison of printing speed, feature size, and number of channels for two-photon direct writing under various scanning

mechanisms

Printing speed / Minimum feature

Number of channels

Scanning mechanism Ref.

(mmes™") size /pm
400 0.5 9 Galvo mirror [90]
0.1 0.12 9 Galvo mirror [91]
5 0.5 4 Digital micromirror device [87]
8200 1 1 Resonant-galvo mirror [92]
7770 0.15 6 Polygon laser scanner [28](our work)
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Fig. 11 Large-scale structures fabricated by multi-channel high-speed DLW. (a) Grating structure of 25 mm X 25 mm; (b) SEM image

of the grating structure; (c) iconic building of Zhejiang Lab and the slogan "Dedication to Science and National Prosperity";

(d) Fresnel lens with a diameter of 15 mm
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Abstract

Significance Micro-nano optical devices, resulting from the integration of photonics and micro-nano technology, are
rapidly growing within the optoelectronics industry. These devices can effectively modulate light fields according to their
design and have been widely used in fields such as photonic integrated chips, optical communications, optical storage,
sensing imaging, display, solid-state lighting, biomedicine, and photovoltaic energy. As the applications for micro-nano
optical devices continue to expand, there is an increasing demand for the development of micro-nano manufacturing
technologies to support their production.

A range of micro-nano manufacturing techniques is required to meet the writing requirements of different micro-nano
optical devices. These techniques include direct laser writing (DLW), interference lithography, mask projection
lithography, nanoimprint lithography, electron beam lithography, and ion beam lithography. Interference lithography can
achieve rapid large-area writing through interference exposure but is limited in its ability to customize writing patterns, and
it 1s difficult for writing aperiodic structures. Both mask projection lithography and nanoimprinting are well-suited for the
fast fabrication of high-resolution features but require the prior fabrication of templates and offer limited flexibility in
structure writing. Writing with focused charged particles (ions and electrons) can achieve resolution below 10 nm, but both
electron beam lithography and ion beam lithography require a vacuum environment. They have high system costs and are
not well-suited for writing three-dimensional structures.

DLW technology based on two-photon polymerization (also known as two-photon direct writing) has emerged as an
important technology for manufacturing micro-nano optical devices due to its submicron resolution, ability to write
arbitrary  three-dimensional structures, and cost-effectiveness. Two-photon polymerization exhibits nonlinear
characteristics that can confine photochemical conversion to the central region where excitation light is focused. Complex
three-dimensional structure writing can be achieved through the relative movement of any three-dimensional position
between the laser focus and substrate. The exposed area of photosensitive material will undergo polymerization while
unexposed areas can be dissolved in the developer and washed away during development, resulting in a microstructure on
the substrate after exposure and development.

Devices fabricated using two-photon direct writing primarily consist of polymer materials, with their composition
largely dependent on the photoresist used. Photoresists can be liquid, gel, or solid and can be composed of organic
molecules or organic-inorganic hybrids. Many types of polymers can be combined with new or active materials to achieve
specific functions. The high degree of freedom in polymer material design and the flexibility of two-photon direct writing
exposure have led to a widespread study of micro-nano optical devices based on two-photon direct writing. These devices
have played an important role in diffractive optics, imaging optics, fiber optics, color optics, integrated optics, and optical
data storage.

As the applications for micro-nano optical devices based on two-photon direct writing continue to expand, there are
increasing demands for improved performance from two-photon direct writing technology. In terms of writing resolution,
two-photon direct writing is primarily limited by the diffraction effect of the optical system and the proximity effect in
photoresist material. To further improve writing resolution, researchers have proposed a super-resolution DLW
technology based on peripheral photoinhibition (PPI) inspired by stimulated emission depletion (STED) microscopy. This
technology can overcome the diffraction effect and reduce the proximity effect. Super-resolution DLW technology can
advance the fabrication dimension of two-photon direct writing to the nanometer scale and has been successfully applied in
fields such as photonic metamaterials, optical data storage, and biological applications. In terms of writing throughput,
two-photon direct writing is primarily limited by its single-focus serial writing mode. Compared with that of projection
lithography, the throughput of two-photon direct writing is lower, and two-photon direct writing is not well-suited for

large-area rapid manufacturing. Utilizing multi-channel parallel writing techniques can significantly enhance the writing
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throughput of two-photon direct writing processes. This advancement facilitates large-scale printing capabilities for micro-

nano optical devices. The ability to achieve cross-scale fabrication with nanometric resolution and centimetric size is crucial

for the mass production of large-area and high-quality micro-nanostructure devices.

Progress Building upon two-photon direct writing technology, the State Key Laboratory of Extreme Photonics and
Instrumentation of Zhejiang University along with Zhejiang Laboratory have developed several advanced techniques to
achieve super-resolution and high-throughput writing in two-photon direct writing. These techniques include single-color
PPI lithography, two-focus parallel PPI lithography, and high-speed parallel two-photon direct laser writing lithography.
We focus on the applications of these techniques in the fabrication of micro-nano optical devices. First, we provide an
overview of the principles of two-photon direct writing (Fig. 1) and its applications in diffractive optical devices (Figs. 2-3)
and optical fiber integrated devices (Figs. 4-5). We then introduce the principles of single-color PPT lithography (Fig. 6)
and discuss our research on the applications of super-resolution direct laser writing in nanophotonic devices, including
metasurfaces (Figs. 7-8) and photonic crystals (Fig. 9). We also summarize the current fabrication methods and printed
sizes of photonic crystals (Table 1), indicating the extremely high resolution of single-color PPI lithography. Finally, we
present the technical advantages of high-precision and high-throughput DLW technology for manufacturing centimeter-

scale micro-nano optical devices.

Conclusions and Prospects The technology proposed and developed by our group exhibits nanoscale resolution and
centimeter-scale cross-scale processing capabilities. This technology has been successfully applied to manufacture various
micro-nano optical devices. We continue to explore new technologies and methods to better meet the demands of micro-
nano optical device manufacturing. We anticipate that DLW and its enhancement technologies will play a crucial role in

advancing the field of micro-nano optical device fabrication in the near future.

Key words direct laser writing; two-photon direct writing; micro-nano optical devices; nanolithography; high-throughput

writing
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