B
OEE |
4

& 143

Opto-Electronic Engineering

WA T HRSHRMER

Article
2026 £7 B, ¥ 53%, £ 7H

BT SLM kst s NN
AN '__'Ti'_%\ 3‘"\'3 \E.
WEE B S0 SRR S §S§

i, * e TE TM
A F, R W, HEE d’ - f
INARITE R A O 2 Be , Ll AR G IR 45 1 30 K% o P : ? > - - |
5um ¥ 5um 5pum 0
SeE, LR BERG 250358 ZLn ST S

THE: AMAEAAEARGOREALE ML F AL TEEK, BB HHE. RIFMEMRFFE, AL —H
A F = kA% % (spatial light modulator, SLM) #94k &) KAV %t % & & A B Rk, @id GSW H ikt 2 £ %54
ER, ¥FRELEET G EHERIREZH T EES, FAARFONGHT oA & A£G FZAIHA R & B 2x2,
3x3. 4x4 PAEEY | AR F 57 R HIEH 8~16 T IRM QL2 LK Fo Prd &R FREZEMEN, 4x4 69| BERF
[% 3| £ 4% % (transverse electric, TE) #=4% # (transverse magnetic, TM) 43 T, % &% $ 4L RIKT £ 0.1 dB/cm #=
0.2dB/cm, BT mik L X69tEimasts; O ELLFAE SRR THEAT RAFGEREm. A TzHK, @4 SLM
FEHEA LR, —F XTR QERE FMAR-| Rk FHEI MR BRI 1x9 PR BERFE, BHEaSENE
FhFo K, AR, PABORKR. ZHTEZEUGAENSHAEAEYE SR EHF TR IOSaME, MALT

BRATEMHMNRERAL, AL TERSMHFOREFNERET H T X,

KRR RAEEWRT, ZEE; AT KB

The English title and abstract appear at the end of the paper.

DOI: 10.12086/0ee.2026.260102 | CSTR:32245.14.0ee.2026.260102 | HESHS: TN249 | CEIFRIRAG: A

FI, Kby, (25242 JET SLM Ay WRHOC R AU B B A Bt 3 [J). D6 T/, 2026, 53(7): 260102
Bai X, Song Y, Ren Y Y. Efficient fabrication of optical waveguides in glass via sim-based multi-foci femtosecond laser longitudinal

writing[J]. Opto-Electron Eng, 2026, 53(7): 260102

1 531 &

LA, SL TR S | RBIFE . =4
T PRI A JE , G AR DR, FEERE
i F8OR 5 RO FARBE TR PR R S IR .
PO LS BRI T8 S DK i e 325 WA N 75 AR 2k
PERL RS, R ARUOEE  SOtEE, BT
R PEEMX/N B =AU E, SO H T
BEHS . SRS P & AR R I T AR

WOLRER W S MR R AR, RO Al 7B 8
VoSl DRLEST S AR s & L RN S X, A
Be TN A 2 e S A5 2 AP R T, AR S RO T4
PEAY T SRR B T R BB A .

gk B S AR R B ARG R B AT,
IR A A R R = AR SR S N T
FEAREZBIT 15 RO AT MR B, 5 R FMR L
SO, SRR E AR S BRI DT i K A B R, 5
B ORI B R, B AR —

isHEA: 2026-04-28; f&EIHHEA: 2026-06-16; FFAHHA: 2026-06-18; MEH I HEA: 2026-07-25
EEUH: EFRESUIEITR (2022YFA1404800); [ER AARBIEILETBITH (12274271); IR HRFI2A3E4: (ZR2021ZD02, ZR2023QE145,

ZR2024MA029) %% B0 H
“E@iE1EE: L%, ryywly@sdnu.edu.cn
WA B 5©2026 H [E B} e B £ ARWF5E

260102 (Page 1 of 10)


https://doi.org/10.12086/oee.2026.260102
https://cstr.cn/32245.14.oee.2026.260102
mailto:ryywly@sdnu.edu.cn

H95, 4. 6 TR, 2026, 53(7): 260102

https://doi.org/10.12086/0ee.2026.260102

FEE T R mMIRIER" . ILoh, B8 RE RN
B, T 2 TR 5 R A AR R
AR AR, BEX ER R, BFRE AR TR
B TAE, N, FEFREEsI i i AE S i 2 R
RO T 1R 0 UDESR . RS Bidgar
A T AT S 3RS (I TR SR 32 51 I (2 )
2y, TS APEIHHIES (spatial light modulator, SLM) )
SR AR CAE CRHEOC I Tk -z p Y,
SIS A, SLM HiBh “ RO H S nT Sl 12
T, BCAAEN ERE . $ETHIN TGRS —F AL
HiMg . FETIZ07EE, Li SRS il T Gk B T AUk S v [
() R AR, Sakakura Z5F ] SLM £ 4k Ak
RERTRS, FEDEEEP SN T =4k 1x4 1 BU5r 33 3R
TR 6" Pospiech HER BHAMICOEHE,
PRRFES T e L =4k Y e, SR, Xt
BRI AR, WOCERE T S g e e,
DA G A5 2% 5 L e ST S . A2 ST
Cheng ZFI 3L T SLM (A CHRIERAR , Wi
FRBOR B PUR, $m THIERCRY ), Zhang % FIH]
SLM 771 F e 5 o BT 5 B 0 A Se L T )20
PSR BT W, KRR T TN TR, SR,
AR R 0] 5 A7 A A8 TR T4 7 1)
AR}, SN T OEF BT 2 . Long Z5R AN AE A
Jr%E, FIH SLM JEHI 0 Zs Lot il s 2o T, SCH
TR Tl T 5 225 R AR, 120k
FKHZO N EERNHR, S0 RiEH LV E—E R
B

A TAHER T —FhELT SLM (19 KFP OG22 45 S 9N )
HERM ., FIH SLM A il CRMEOE 2 805, R
W HE BOLEE T SRSz mES), MR
BRI A5 R AR RS . I T SR, AR
BT 1R S S AL F RN R PLERZS
¥, B SEE T 4x4 1 BIRES K 16 Bl 20 R AT
T, FECUEIRBAFERI T T BT TR ] A5 3K
B, b, FIH SLM SERHIIHe 4 B, KA R A v
M KRB 20 T S ) 1AL RS 98K
—TERL 1%9 S A A SR, b FHERLES
AP ] A SR TR TR AR T R

2 LI

2.1 XWEAM LIRS
SRR RO ARSI I T RGO

WE 1R, JEIE R — G BEOLE WEMEOEIORE (b
DK 1030 nm, k552 300 fs, #EMHR 76 kHz), i
ORI AR R IR R i gy, L S
&1 R I AT, DA ARATICR ., #6h, St
1T HESE Ly R L, 4O T R TP R . SRR
M, REE, JERASTE SLM S 7RIZ5IE . SLM 4
¥ BAR6m 4 i GSW Bk A it a e g rl, A
S RTINSO ZER . 48 Ly 5 L, Y 4f RG0R,
JAT % EEUEFLER 0.4 1Y 20 fRiE LT 4N B S
M, AR R ST BT 22 RS RS . SEEG
Y& FH 52 5 =X 4 A0 47 W5 SLM (PLUTO-2.1, Holoeye),
HARZE RS Hy 8.0 um, 43 HEF K 1920 pixelx1080 pixel.,
A S I 1) AT AR AN R S e S A TR S
W IMEE RS 5 R A R TR 204 B ER SR
FROL, HREMAS O AL S Mg BB . 4F REEATIICK
fEFARE SLM AR RoF 55 BUaE FLAR Y IE e K 11
S, R ORA L 2 R SRS BRSSP R S AOR £
WS R I AN 6 mm, SLM A& W5
THYETEHE, I 4f RGN LUK (L, L, B
120 400 mm), B PRIA GG I o B BRI
5§, #RFERER,

CCch

M,

oL

Y

Laser  Shutter HP L L, M,

XYz
translation stage

A1 ARk e SR T AR TR
Fig. 1 Schematic of optical path for femtosecond laser multi-focus

longitudinal processing
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Fig. 2 Fabrication of 2x2 waveguide arrays. (a) Target light field distribution of a 2x2 focal array; (b) Computed hologram; (c) Actual light field distribution

captured by CCD; (d) Cross-sectional view for 2x2 waveguide array; Mode distributions under (e) TE polarization and (f) TM polarization
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Fig. 3 Fabrication of 3x3 and 4x4 waveguide arrays. (a) Target light field distribution for 3x3 foci array; (b) Cross-sectional view, for 3x3 waveguide array;

Mode distributions under (c) TE polarization and (d) TM polarization; (e) Target light field distribution for 4x4 foci array; (f) Cross-sectional viewfor 4x4

waveguide array; Mode distributions under (g) TE polarization and (h) TM polarization
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Fig. 4 Fabrication of cladding waveguide with 8 tracks. (a) Designed target light field distribution for annularly arranged 8 foci; (b) Computed hologram;

(c) Actual target light field distribution captured by CCD; (d) Cross-sectional view for cladding waveguide composed of 8 tracks; Mode distributions under

(e) TE polarization and (f) TM polarization
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Fig. 5 Fabrication of cladding waveguide with 10, 12, 14 and 16 tracks. (a,-a,) Designed patterns of annularly distributed foci with the number of 10, 12, 14

and 16; (b,-b,) Cross-sectional views of cladding waveguides composed of 10, 12, 14 and 16 tracks; Mode distributions under (c,-c,) TE polarization and
(d,-d,) TM polarization
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Fig. 6 Integrated fabrication of 1x9 beam splitter. (a) Schematic of 1x9 beam splitter; (b) Simulated target light field distribution for fabricating input

cladding waveguide; (c) Computed hologram; (d) Actual light field distribution; (e) Cross-sectional view of input cladding waveguide composed of 16 tracks;

(f) Output 3x3 type-l waveguide array; Output mode distributions of the beam splitter under (g) TE polarization and (h) TM polarization
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Table 1 Normalized splitting ratios of each output port of the 1x9 beam splitter (output ports are numbered from top to bottom and left to right)

Port number 1 2 3 4 5 6 7 8 9
Splitting ratio at TE polarization 0.83 0.98 0.91 0.72 1.00 0.68 0.67 0.75 0.71
Splitting ratio at TM polarization 0.96 0.81 0.72 0.64 0.75 0.73 1.00 0.87 0.65
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Efficient fabrication of optical waveguides in glass
via slm-based multi-foci femtosecond laser
longitudinal writing

Bai Xue, Song Yang, Ren Yingying"

Shandong Provincial Key Laboratory of Light Field Manipulation Physics and Application, School of Physics and Electronics, Shandong
Normal University, Jinan, Shandong 250358, China

Abstract

Objective Femtosecond laser direct writing has emerged as a powerful tool for fabricating three-dimensional photonic circuits inside
transparent materials. However, conventional transverse writing geometry suffers from aberration-induced cross-sectional distortion,
resulting in pronounced polarization sensitivity of the inscribed waveguides. Moreover, the single-focus point-by-point scanning strategy
severely limits fabrication throughput when dealing with large-scale waveguide arrays or complex integrated structures. This work aims to
develop a high-efficiency, polarization-insensitive waveguide fabrication strategy that simultaneously addresses the symmetry issue of
transverse writing and the throughput bottleneck of serial scanning.

Methods A longitudinal femtosecond-laser multi-focus writing (LFLMW) technique based on a reflective phase-only spatial light
modulator (SLM) was proposed. The SLM was loaded with computer-generated holograms designed by the GSW algorithm to convert a
single incident beam into programmable multi-focus arrays at the focal plane of the objective lens. The sample was translated parallel to the
laser propagation direction, ensuring that the axial direction of the multi-focus array coincided with the sample scanning direction. An
optical system incorporating a 1030 nm, 300 fs, 76 kHz femtosecond laser amplifier, a 4f imaging system, and a 20x objective (N4 = 0.4)
was employed. Fused silica substrates with dimensions of 10 mm X 10 mm x 2 mm were used. Through systematic optimization of pulse
energy, scanning speed, and inter-focus spacing, Type I waveguide arrays with different channel counts and cladding waveguides with
varied track numbers were fabricated in a single longitudinal scan. Free-space end-face coupling at 633 nm was used to characterize the
insertion loss, near-field mode profiles, and polarization dependence of the fabricated waveguides. Based on this technique, a 1x9 beam
splitter was fabricated by dynamically switching between a ring-shaped hologram for the input cladding waveguide and a rectangular
hologram for the output Type I waveguide array.

Results and Discussions Multi-focus arrays including 2x2, 3x3, 4x4 rectangular matrices and ring-shaped patterns with 8 to 16 foci
were generated with high fidelity, as verified by CCD imaging at the Fourier plane. For Type I waveguide arrays, a 2x2 array was
fabricated with a total pulse energy of 8.4 pJ and a scanning speed of 2 mm/s. The inter-focus spacing of 9 um effectively suppressed
thermal cross-talk between adjacent channels. All waveguides exhibited approximately circular cross-sections with an average mode-field

Foundation item: National Key Research and Development Program of China (2022YFA1404800), National Natural Science Foundation of
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diameter of ~5 um. Average propagation losses of 1.1 dB/cm (TE) and 1.0 dB/cm (TM) were achieved. For 3x3 and 4x4 arrays, the total
pulse energies were increased to 17.9 pJ and 21.7 pJ, respectively, with a reduced scanning speed of 0.4 mm/s to guarantee sufficient
energy deposition at each focal spot. All channels maintained regular matrix arrangement without observable inter-channel distortion.
Single-mode guidance was confirmed for both polarizations. The 3x3 array exhibited average losses of 0.4 dB/cm (TE) and 0.5 dB/cm
(TM), while the 4x4 array achieved losses as low as 0.1 dB/cm (TE) and 0.2 dB/cm (TM).

Cladding waveguides with 8, 10, 12, 14, and 16 damage tracks were fabricated using a total pulse energy of 21.7 pJ and a scanning speed
of 0.4 mm/s. The tighter focal spacing in the ring-shaped arrays induced significantly enhanced cumulative energy deposition through
superimposed stress and thermal effects, pushing the local modification beyond the positive refractive index change regime into the
negative change region dominated by micro-damage and material rarefaction. All cladding waveguides had a diameter of approximately 32
um. Single-mode transmission was observed under both TE and TM polarizations for all track numbers. The measured propagation losses
ranged from 3.62 to 4.83 dB/cm for TE polarization and from 2.98 to 4.17 dB/cm for TM polarization. Increasing the track number
densified the cladding boundary, theoretically enhancing transverse confinement; however, it also introduced additional scattering
interfaces, resulting in no monotonic trend in propagation loss as a function of track count.

A 1x9 beam splitter was demonstrated by cascading a 16-track cladding waveguide (core diameter 35 um) as the input stage with a 3x3
Type 1 waveguide array as the output splitting stage. Hologram switching was executed without sample repositioning, ensuring precise
alignment between the two sections. At 633 nm, total insertion losses of 2.20 dB (TE) and 1.37 dB (TM) were measured.

Coclusions A SLM-based longitudinal femtosecond-laser multi-focus writing technique was successfully developed for parallel and
efficient fabrication of optical waveguides and integrated devices in glass. By active wavefront modulation, programmable multi-focus
arrays were generated at the objective focal plane, enabling simultaneous inscription of multiple waveguide tracks in a single longitudinal
scan. Type I waveguide arrays scaled from 2x2 to 4x4 and cladding waveguides with tunable track numbers from 8 to 16 were fabricated.
Type I waveguide exhibited high cross-sectional circularity, polarization-insensitive guidance, and propagation losses comparable to those
fabricated by conventional single-focus serial writing. Cladding waveguides shown a slightly larger TE/TM loss difference, while all
cladding waveguides maintain stable single-mode guidance under arbitrary polarization. The cascaded integration of a cladding waveguide
input and a Type | waveguide array output was achieved through dynamic hologram switching, realizing a 1x9 polarization-independent
beam splitter with low insertion loss and high splitting uniformity at 633 nm. Compared with conventional serial writing, the proposed
method theoretically reduces the processing time of an N-track structure to 1/N. Compared with transverse writing approaches, the
longitudinal geometry eliminates aberration-induced cross-sectional asymmetry. This technique provides a promising route toward rapid
prototyping and scalable manufacturing of high-performance photonic integrated devices for applications in quantum photonics, optical
interconnects, and waveguide lasers.

Keywords: femtosecond laser direct writing; multi-foci; optical waveguide; glass
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