& x93

Opto-Electronic Engineering

WA FZ EHERELTHR

Article
2026 £7 H,5% 53%, $5 7 H

)
OEE |
4
ET Bi,Se; BI#shiEA Q ’F
&K REEE LS

ITER, BXF, PR

INAR KA 2B, 1LZR BFR 250100

1030 nm

femtosecond laser

s

! %

Input face ’”gwal/ Vortex laser
. g,

r=15 pm gg/dss

Output face
r=15 pm

% RAECABALEHAE NAYAG ik 614 B & AR F, ARF UARTAR K] 4 0 4641 2L 448 Z AL e
(Bi;Se;) 15 A T A Bk, MK AWM IA Q BB ANR LB, BE I MRS, s 2 AERRDHBEN K, IE
KR & B R F A AR RO UTH RS FARAMR. i BiSe, A &ML FHMIATEIRAIE, WFLAH T
# 8.6%, taAei% K% 26.25 GW/cm®s /£ 1 um K& R A I TRk 58 QX T bmmhat, 2R %
9, ZEANEFAESRFHMRARTNE, EXRRBAHFEKFTARER SRS RRATEY T LMK EE A 850 MW

B, SOt ARSI RE: RAMFEAN 39ns, REHEEMERH 9.1 MHz, R RFERFAEE T 442 nd,
KR RABOLAE; MFHoL: WA Qs BiSes: WRMAL

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

DOI: 10.12086/0ee.2026.260082 | CSTR: 32245.14.0e€.2026.260082 | HEDES: 0436 | XHEiFRINEE: A

LA, PG,

FNGERT. F2T Bi,Ses IR hIH Q I Pk miiiEEoLas [J]. J6H T, 2026, 53(7): 260082

Wang X R, Sun W Q, Sun X L. Passively Q-switched Nd:YAG waveguide vortex laser using Bi,Se; saturable absorber[J]. Opto-

Electron Eng, 2026, 53(7): 260082

it

1 3l

104 THE S o 45 2 M RE %) 938 A 3l i (orbital angular
momentum, OAM), LA BBE R AH 037 I 715 5 AH A A7 05,
A AR A7 s AL AE O AN E BRI, AR eI
RS BERPOLER A, H OAM BEEC AR HEAY TG RR
IEREAS, R IRE TR, (e inietEs+
HE . OAM &R . W E AL A i iy S 9 ) e 1Y
R ETSECY HAT, IR BEE A A K T i e S i
FESLIL, W AL SR AR A A L A TR)G I s
Q Ul &, o, B MR AR A AR i i S R A
A BUIR e & T AR ikt A T S
(continuous wave, CW) IR JiEVG, HAG =8 (E D12 17 ik v

ATEHOCAE ARG e 4 . OB T 48 G 2
A R HNE . SR, ARGk iR e oG 21O
TRFRPE K IR i A . 2 24123 [RGB I I 27 45
¥, XMELLTE I 22X IR Z AL . = AR AR
b Rk e e psa bR,

e T 25 M Sy g 528 RO 48 Bl FR % A A 0
B AT ROR G, BERROER R, AT
KOC S5 YA RO BAE RS, #F i SE BN RO G
B, EACRA B B B, Bekgk
JUAT S5 K T 250 s i R T AR B L, RE e T
RGRYEIARE ST, AT AR R AR A
BRI, AR FH S AT, CHEOLH
' (femtosecond laser direct writing, FSLDW) 7 A 5 H:

s EHEA: 2026-04-01; {£EIHHS: 2026-06-18; R HH: 2026-06-22; M&itihi HEA: 2026-07-25

*BIE1EE: FMBEH], xlsun@sdu.edu.cn
WA B ©2026 1 [E R4 B o B AR 5T

260082 (Page 1 of 10)


https://doi.org/10.12086/oee.2026.260082
https://cstr.cn/32245.14.oee.2026.260082
mailto:xlsun@sdu.edu.cn

TA48mh, 4. 6 TR, 2026, 53(7): 260082

https://doi.org/10.12086/0ee.2026.260082

e 4 = 223 (B0 T 3 A 32 (A ko R A i it
L Hodr, R ZHEARR S “CRES, R E
AR A SO GG IO 27 8 DXl T o KRR B
Jo AR AT 1) R R S AR T, AR R e A
S AR AT T LA IR A

FEW RO ARk s R 1 SE I b, ST A
W7 WA (saturable absorber, SA) B #f 318 Q i AR K1t
fAs . G BB ARz Bz e, Ak, 4k
oA AR 8 T i gy W R P 5 i o R T, FE SA
GURS| & T Z I . IS AR — A 3K
PO HEIE LT BB AS A BB AL AR, JRELI AL R
e AR N, T AL AE (Bi,Ses) VE g Fh4
R IRACER, BRI 1 pm B BEAY ik O S
W, B KO e = A A L SE 4 FT 1Y SA BERFT
SR, HETCT K FsSLDW A E il 1 i 143 55 Bi,Se,
WEREARZE O, TRR MO Ik b BEBOE s A AL ke
PRt A SEHGE A M=

BT, ACHHE T —FLL BiSe, WKl SA Y
Nd&:YAG 5Bk ih IR Ot a% . A FsLDW HA il 5
Nd:YAG 260, 4a AU (chemical vapor
deposition, CVD) 5 (19 Bi,Se, MM, 78 1 um P BSL
WY IAERE RSN Q It A . 7E 850 mW
WO IR, 3-8 TR IKSE 39 ns. fem EE M
9.1 MHz, HfikmRER 4.42 n) fFE Kb FS], His
PHERDIRIE R, IRTEEREA T A AR

2 F[HEHIFSHMERIE

21 BERSHHIESRIE

ARWFFEE FHIB I HE N 1 at.% Nd™ 1) Nd:YAG fik
YRk R, HRSFH 20 mm (x)%10 mm (y)x2 mm (z),
It 2 2w B B GohRE, IS A&
K e Tt sE MR AL T R A7 3 mt . SR FSLDW
FARTEZ NEYAG fb A b il 8 B8 B2 R 15 pm
MR AL )2, 5 2 B2 T R ARDIOG 2% (Spitfire,
Spectra Physics, Santa Clara) 5 S80n T Hooiik
795 nm, il EE M 1 kHz, HPkoPfgst 1 md, fkop
VoI 120 fs, MK oR L MR . REMEOES S0
B (BB ALIE NA=0.65) RFET Nd:YAG fiARE LT,
R BAERE A5 150 pm. S AR b AR S [ E T
HAPER I =468 6 L, il Ao M o752 4 M0t

TRPHOCR B S, HARE RFFAE 500 pm/s,
TE A R IR BE AL S AT HES AR S A 0, AT
4 BB T £ J2 U 454 . FSLDW R #5461 206k =
7R B AAE 1(a) FT7R o

P 1(b) S BT i b IR 60 )2 0 5 A B AR T 25 4 7S
el FC A S - A i 9 L= AR 40 15 am, -
TR T W A RS FRIE S —BeE . B 1(c, d) 2355
B A i TR -5 i Y i T OGS R TT P&, DI rp T o
ML B = TR AR 1, LTRSS, S,
W] s AR T BAT R At Sk

P 1(e) G S AT AL e e X
FROCHE X R R 2O6IE IR, Fp il T 781 em
BRI AP SR o A 2RARIT, SRR T 0 X
SRR LE OGS DX A 7 2 W (B B 0 ) AR T 2
129% 1 8%, FRWIHOE HE PLIE AL Y S ks 2540 52 31 1%
W, PR, BT IR KT R, 15 1 2)
5 1(h, 1) KW, ZBCFAE TE A TM i diR 4 T BIREH
LR EDE, HSHOEERER I R AP HEBIG, TR
ST il AR T BA U R RE ST o

2.2 Bi,Se, (@ FNIRUIARIFF M 7317

AL BT Bi,Se, AR i F IR S B B A BR
oE R, SRAMFSMHTIBUE TR T S a# ik L,
SRy Je S AT A RS R P DU SO S B B TR G
filh o Bi,Se, 8 B8 1 7 & O 33 MK 45 2R 40 5] 2(a) TR,
FE 532 nm SO BL AT, AT B E] 70 em'
130 cm ™' il 174 em ' AbAY = NBRAEN , HdA 5 56 R AH
A — 2", UESE T TR A Bi,Se, W A A S5 4
SERCPE AN, JBiET 84 em ' 5 250 em ! Ak H IR A

fik g, YR TN R I A v R I A A R el R A
B

MR+ 77 845 (atomic force microscope, AFM)
Xf BiSes W AR BEREA TG THRAL , SRARSE AN 2(b)
B, fgeit o Aris R B R 490 16 nm. 255
Bi,Se; HUZIEEEZAN 1 nm RS AR, THEMNZAE Y
YK R JZEA Y 16 2, D9 TR A ot RE R P4 42
BET RBAT SR A, FIRIESN AT IL/ZL ANt
B 31 (Cary 5000 UV Vis-NIR, Agilent Technologies) X}
Bi,Se; [ 1) & MOl 2 Wl vk AT R, 4R AN
B 2(c) B s 1675 B A0 A IR I AR I B R S R s
AR ENZHEAE 1064 nm BAALHBOEREZA 0.38.

260082 (Page 2 of 10)


https://doi.org/10.12086/oee.2026.260082

AR, 45 J6H T HE, 2026, 53(7): 260082 https://doi.org/10.12086/0ee.2026.260082

a ¢ e ® Waveguide
30 pum @ Bulk
f b ® Track °
O -
o9
o.. o
Input face z .:
Radius=15 um = o® !
2 °
g )
d £ o’ o0
$ s
0 ()
b N 30 pm “
1R, Ros (@) 1:'
[}
—_— of° tog,,
! L \ M
. Output face 770 780 790 800
Radius=15 pm

Raman shift/cm™

O]O)

B 1 NdYAG & B EF0H & 54, (a) CHEAALBLEARSFTER,; (b)) AF/UTEMTER; (C)MARBAFE
BAREE: (d)MEREAE AR EE: () LK SRR (BE). KIS PR (FE) 5HEHG KK (42
&) iR R () TERIRTRFASAGESRE XD (9) TM ok TR FAH LG LSR5 (h) TE 4k TR
FHRAAGEIGEXSAF (1) TM Ak TR -F B4 L0898 X5 H
Fig. 1 Preparation and characterization of the Nd:YAG cladding optical waveguide. (a) Schematic of femtosecond laser direct writing of the cladding
waveguide; (b) Schematic of the waveguide geometric structure; (c) Optical microscope cross-sectional image of the input facet; (d) Optical microscope
cross-sectional image of the output facet; (e) Micro-Raman spectra of the bulk material (blue), waveguide central region (green), and laser damage region
(red) at the waveguide output facet; (f) Near-field mode distribution of the incident light under TE polarization; (g) Near-field mode distribution of the
incident light under TM polarization; (h) Near-field mode distribution of the output light under TE polarization; (i) Near-field mode distribution of the
output light under TM polarization
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Fig. 2 Properties and saturable absorption characterization of the Bi,Se; film. (a) Raman spectrum; (b) AFM image; (c) Linear absorption spectrum;

(d) Schematic of the Z-scan experimental setup; (e) Open-aperture Z-scan results
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Fig. 3 Experimental setup and output characteristics of the Nd:YAG waveguide pulsed vortex laser. (a) Schematic of the laser optical path (CL1, CL2: lenses;
IM: input mirror; WG: waveguide; SA: saturable absorber; SPP: spiral phase plate; LPF: long-pass filter); Output power of continuous-wave and pulsed
modes versus absorbed pump power under (b) TE-polarized and (c) TM-polarized pumping; (d) Near-field mode distribution of TE mode at low power;
(e) Near-field mode distribution of TM mode at low power; (f) Near-field mode distribution of TE mode at high power; (g) Near-field mode distribution of
TM mode at high power
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Fig. 4 Single pulse envelopes and Q-switched pulse trains under different absorbed pump powers. Single pulse envelopes at absorbed pump powers of
(a) 450 mW, (b) 650 mW, (c) 750 mW, and (d) 850 mW; Q-switched pulse trains at absorbed pump powers of (e) 450 mW, (f) 650 mW, (g) 750 mWw,
and (h) 850 mwW
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Fig. 6 Measurement results of the topological charge of the vortex beam.

(a) Intensity distribution after focusing by a cylindrical lens; (b) Diffraction

intensity distribution after an equilateral triangular aperture

5 % ip

Al REMOE S BRTE Nd:YAG fh ik i
F TR S pm WEJZW T, IR CVD Hil#1
Bi,Se, WA A AT AI AR, SEBL T AR E Wkl Q
W ERO o 455 L Z 113 BiSe, Y =Bk
AR TRAE, VTR 8.6%, (HAIHE
42625 GW/em®, SLEG 45 PR W, 24 0 505 il o R
9 850 mW B, kG K 5E k39 ns, HE AR K
9.1 MHz, Hfjkrhfiett ly 4.42 nJ, ZWFFEEE T BiySe,
e S = AR A0 A 20 S S, A
TIEEH R . PEUEMEE R NEYAG 3Bk i ie
HOGa AL T SRR

12 Tk

EAR, PNCH: DIEBORIER | b7, SERAIBOTS S,

WG PMGERT: $5 IS RSB

W

Flamhze
AT 8 0 T e
S2E 3Rk

1. Liang X F, Li H, Wang Y L, et al. Research progress of the
generation of vortex beams[J]. Laser J, 2024, 45 (6): 1-12.
gRIpRIE, 2T, S, AL RIEGIR M T A B S R D). HOL AR,
2024, 45 (6): 1-12.

2. Hu J Q, Eriksson M, Gigan S, et al. Generalized angle—orbital
angular momentum Talbot effect and modulo mode sorting[J]. Nat
Photonics, 2025, 19 (4): 392-399.

3. Gao X Y, Yu Z P, Yao J, et al. Discontinuous orbital angular
momentum metasurface holography[J]. Nat Commun, 2025, 16 (1):
10688.

4. LiuJdY,Mo S Q, XuZQ, et al. High spectral-efficiency, ultra-low
MIMO SDM transmission over a field-deployed multi-core OAM
fiber[J]. Photonics Res, 2025, 13 (1): 18-30.

5. Cheng M J, Jiang W J, Guo L X, et al. Metrology with a twist: probing
and sensing with vortex light[J]. Light Sci Appl, 2025, 14 (1): 4.

6. WanZY,Tang ZY, Zhang X, et al. Compact and reciprocal probe-
signal-integrated rotational Doppler velocimetry with fiber-sculpted
light[J]. Light Sci Appl, 2025, 14 (1): 88.

7. WanZsS, ShenY J,Wang ZY, et al. Divergence-degenerate spatial
multiplexing towards future ultrahigh capacity, low error-rate optical
communications[J]. Light Sci Appl, 2022, 11 (1): 144.

8. Xie C, Liu T Y. Applications of vector vortex beams in laser micro-
/nanomachining[J]. Opto-Electron Eng, 2024, 51 (8): 240089.

BHR, LR, KRS TEROGHSN Trb gy n ). e T,
2024, 51 (8): 240089.

9. Gibson G, Courtial J, Padgett M J, et al. Free-space information
transfer using light beams carrying orbital angular momentum[J].
Opt Express, 2004, 12 (22): 5448-5456.

10. JJ Nivas J, He S T, Rubano A, et al. Direct femtosecond laser
surface structuring with optical vortex beams generated by a g-
plate[J]. Sci Rep, 2015, 5: 17929.

11. Ma Z Y, Tian T, Liao Y X, et al. Electrically switchable 2"_channel
wave-front control for certain functionalites with N cascaded
polarization-dependent metasurfaces[J]. Nat Commun, 2024, 15
(1): 8370.

12. Wang Y B, Shen Y J, Meng Y, et al. Generation of 1535-nm pulsed
vortex beam in a diode-pumped Er, Yb: glass microchip laser[J].
IEEE Photonics Technol Lett, 2018, 30 (10): 891-894.

13. Sun W Q, Liu Y, Romero C, et al. Q-switched vortex waveguide
laser generation based on LNOI thin films with implanted Ag
nanoparticles[J]. Opt Express, 2023, 31 (22): 36725-36735.

14. Sun W Q, Liu F Q, Guan J, et al. Femtosecond laser fabricated semi-
tapered waveguide for Q-switched vortex laser generation[J]. Opt
Express, 2025, 33 (2): 1749-1759.

15. Lian T H, Ji X Y, Xing J H, et al. Characteristics of Q-switched
vortex solid-state laser with spiral chirality controlled by injection
seeding[J]. Acta Phys Sin, 2025, 74 (17): 174204.

FERMT, Lo BRE, TRAR LT, 4. Fh T ABRE P PR A I8 Q IR e &
BOGCERREL]. W BIE 4z, 2025, 74 (17): 174204,

16. Zhang W D, Wei K Y, Mao D, et al. Generation of femtosecond
optical vortex pulse in fiber based on an acoustically induced fiber
grating[J]. Opt Lett, 2017, 42 (3): 454-457.

260082 (Page 7 of 10)


https://doi.org/10.14016/j.cnki.jgzz.2024.06.001
https://doi.org/10.14016/j.cnki.jgzz.2024.06.001
https://doi.org/10.1038/s41566-025-01622-3
https://doi.org/10.1038/s41566-025-01622-3
https://doi.org/10.1038/s41467-025-65722-y
https://doi.org/10.1364/PRJ.533993
https://doi.org/10.1038/s41377-024-01665-1
https://doi.org/10.1038/s41377-025-01747-8
https://doi.org/10.1038/s41377-022-00834-4
https://doi.org/10.12086/oee.2024.240089
https://doi.org/10.12086/oee.2024.240089
https://doi.org/10.12086/oee.2024.240089
https://doi.org/10.12086/oee.2024.240089
https://doi.org/10.1364/OPEX.12.005448
https://doi.org/10.1038/srep17929
https://doi.org/10.1038/s41467-024-52676-w
https://doi.org/10.1109/LPT.2018.2822838
https://doi.org/10.1364/OE.503501
https://doi.org/10.1364/OE.540104
https://doi.org/10.1364/OE.540104
https://doi.org/10.7498/aps.74.20250667
https://doi.org/10.7498/aps.74.20250667
https://doi.org/10.1364/OL.42.000454
https://doi.org/10.12086/oee.2026.260082

TA48mh, 4. 6 TR, 2026, 53(7): 260082

https://doi.org/10.12086/0ee.2026.260082

17.

20.

21.

22.

23.

24.

25.

26.

27.

Feng Z Y, Gao Y X, Zhao T X, et al. Wavelength and pulse-number
tunable ultrafast vortex fiber laser[J]. Opt Laser Technol, 2023, 159:
108970.

LiuHY, Yan L S, Chen H S, et al. High-order femtosecond vortices
up to the 30th order generated from a powerful mode-locked Hermite-
Gaussian laser[J]. Light Sci Appl, 2023, 12 (1): 207.

Aadhi A, Samanta G K. High-power, high repetition rate, tunable,
ultrafast vortex beam in the near-infrared[J]. J Opt, 2018, 20 (1):
01LTO1.

Kim D J, Kim J W, Clarkson W A. Q-switched Nd: YAG optical
vortex lasers[J]. Opt Express, 2013, 21 (24): 29449-29454.

Sun X L, Jia Y C, Chen F. Thin-film lithium niobate-based detector:
recent advances and perspectives[J]. Opto-Electron Sci, 2025, 4
(12): 250028.

Grivas C. Optically pumped planar waveguide lasers: Part Il: gain
media, laser systems, and applications[J]. Prog Quantum Electron,
2016, 45-46: 3-160.

Grivas C. Optically pumped planar waveguide lasers, part I:
fundamentals and fabrication techniques[J]. Prog Quantum Electron,
2011, 35 (6): 159-239.

Jia Y C, Chen F. Advances in dielectric crystal waveguides
produced by direct femtosecond laser writing[J]. Laser Optoelectron
Prog, 2016, 53 (1): 010001.

BUFUR, BRig. REMBOG TS At ARG S s kSR [J]. W0t 56
et e, 2016, 53 (1): 010001.

Yang X, Fan W Z, Xiao K H, et al. Femtosecond laser direct writing
of single-mode short-wavelength sapphire optical waveguides
(invited)[J]. Infrared Laser Eng, 2025, 54 (9): 20250267.

g, 0, HYUE, % WREOL EE AR F A0S (B
BRO[J]. ZIAM S5O T, 2025, 54 (9): 20250267.

Sun XY, Chen Z, Wang Y Y, et al. Femtosecond laser direct-writing
optical waveguide amplifiers and lasers (invited)[J]. Laser
Optoelectron Prog, 2024, 61 (3): 0314003.

INVHTE, PR, 952, 5. WO E S OGSO SROEE (Ri)
1. Hot S 2k, 2024, 61 (3): 0314003.

SunY X, LiZY,LiMY, et al. Advances in Raman lasers: from bulk
crystals to fibers and on-chip platforms (Invited)[J]. Chin J Lasers,
2025, 52(16): 1603002.

IAERE, 2R IH, 20T, 45, R 2 ROCHIRHE R iR, JeEF B ).
EOE, 2025, 52(16): 1603002.

EEEN

FEAER (2005-), 5B, WWARKZEFLHIE 24 GLARHE
W5 ) WO E TS e S 4

E-mail: wxrl12905@outlook.com

INCH (2000-), L, WEBIFEA, DIFE B TR
PR B RO T 5 T
E-mail: 15169831710@163.com

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Jiang N. Controllable fabrication and property optimization of
composite structured ytterbium doped garnet structure laser
ceramics[D]. Shanghai: University of Chinese Academy of Sciences
(Shanghai Institute of Ceramics, Chinese Academy of Sciences),
2019. https://doi.org/10.27970/d.cnki.gksgs.2019.000039.

A, KA SRS A A SO L R & Y AT 4 R o5 5 MR O AL [D).
g T ERN R (hEREBE L ERERRERIISTIT), 2019.
https://doi.org/10.27970/d.cnki.gksgs.2019.000039.

Yin SY, Guo Q, Liu S R, et al. Three-dimensional multichannel
waveguide grating filters[J]. Opto-Electron Sci, 2024, 3 (12): 240003.
Yin J B, Lin Z Y, Ji L F, et al. Femtosecond laser micro/nano-
processing via multiple pulses incubation[J]. Opto-Electron Technol,
2025, 1 (2): 250003.

Jia Y C, Wang S X, Chen F. Femtosecond laser direct writing of
flexibly configured waveguide geometries in optical crystals:
fabrication and application[J]. Opto-Electron Adv, 2020, 3 (10):
190042.

Chen F, de Aldana J R V. Optical waveguides in crystalline
dielectric materials produced by femtosecond-laser
micromachining[J]. Laser Photonics Rev, 2014, 8 (2): 251-275.

Jia Y C, Chen F. Compact solid-state waveguide lasers operating in
the pulsed regime: a review [Invited][J]. Chin Opt Lett, 2019, 17 (1):
012302.

Liu X, Gao Q, Zheng Y, et al. Recent progress of pulsed fiber lasers
based on transition-metal dichalcogenides and black phosphorus
saturable absorbers[J]. Nanophotonics, 2020, 9 (8): 2215-2231.
Zhao G, Han S, Wang A Z, et al. “Chemical weathering” exfoliation
of atom-thick transition metal dichalcogenides and their ultrafast
saturable absorption properties[J]. Adv Funct Mater, 2015, 25 (33):
5292-5299.

Jia F Q, Chen H, Liu P, et al. Nanosecond-pulsed, dual-wavelength
passively Q-switched c-Cut Nd: YVO, laser using a few-layer Bi,Se;
saturable absorber[J]. IEEE J Sel Top Quantum Electron, 2015, 21
(1): 1601806.

Xu B, Wang Y, Peng J, et al. Topological insulator Bi,Se; based Q-
switched Nd: LiYF, nanosecond laser at 1313 nm[J]. Opt Express,
2015, 23 (6): 7674-7680.

Lin HY, Li W S, Lan J L, et al. All-fiber passively Q-switched 604
nm praseodymium laser with a Bi,Se; saturable absorber[J]. App/
Opt, 2017, 56 (4): 802-805.

(EMEEE ] PMGERT (1993-), &, Hd%, MEBsEA
SPIW, BT BT AR R L R T
LT3 BIEOLHA

E-mail: xIsun@sdu.edu.cn

260082 (Page 8 of 10)


https://doi.org/10.1016/j.optlastec.2022.108970
https://doi.org/10.1038/s41377-023-01241-z
https://doi.org/10.1088/2040-8986/aa9a03
https://doi.org/10.1364/OE.21.029449
https://doi.org/10.29026/oes.2025.250028
https://doi.org/10.29026/oes.2025.250028
https://doi.org/10.29026/oes.2025.250028
https://doi.org/10.1016/j.pquantelec.2015.12.001
https://doi.org/10.1016/j.pquantelec.2011.05.002
https://doi.org/10.3788/LOP53.010001
https://doi.org/10.3788/LOP53.010001
https://doi.org/10.3788/LOP53.010001
https://doi.org/10.3788/LOP53.010001
https://doi.org/10.3788/IRLA20250267
https://doi.org/10.3788/IRLA20250267
https://doi.org/10.3788/LOP232213
https://doi.org/10.3788/LOP232213
https://doi.org/10.3788/LOP232213
https://doi.org/10.3788/CJL250845
https://doi.org/10.3788/CJL250845
https://doi.org/https://doi.org/10.27970/d.cnki.gksgs.2019.000039
https://doi.org/https://doi.org/10.27970/d.cnki.gksgs.2019.000039
https://doi.org/10.29026/oes.2024.240003
https://doi.org/10.29026/oes.2024.240003
https://doi.org/10.29026/oes.2024.240003
https://doi.org/10.29026/oet.2025.250003
https://doi.org/10.29026/oet.2025.250003
https://doi.org/10.29026/oet.2025.250003
https://doi.org/10.29026/oea.2020.190042
https://doi.org/10.29026/oea.2020.190042
https://doi.org/10.29026/oea.2020.190042
https://doi.org/10.1002/lpor.201300025
https://doi.org/10.3788/COL201917.012302
https://doi.org/10.1515/nanoph-2019-0566
https://doi.org/10.1002/adfm.201501972
https://doi.org/10.1109/JSTQE.2014.2346612
https://doi.org/10.1364/OE.23.007674
https://doi.org/10.1364/AO.56.000802
https://doi.org/10.1364/AO.56.000802
mailto:202400101120@mail.sdu.edu.cn
mailto:15169831710@163.com
mailto:xlsun@sdu.edu.cn
https://doi.org/10.12086/oee.2026.260082

TAERL, 45 B TR, 2026, 53(7): 260082 https://doi.org/10.12086/0ee.2026.260082

Passively Q-switched Nd:YAG waveguide vortex
laser using Bi,Se; saturable absorber

Wang Xirong, Sun Wengqing, Sun Xiaoli"

School of Physics, Shandong University, Jinan, Shandong 250100, China

Abstract

Objective Vortex beams, characterized by a spiral phase wavefront and a central phase singularity, carry orbital angular momentum
(OAM). The infinite orthogonal states provided by OAM offer a new degree of freedom for manipulating optical fields, showing
tremendous potential in high-capacity spatial division multiplexing communications, optical micromanipulation, and quantum information
processing. Compared to continuous-wave (CW) vortex beams, pulsed vortex lasers with high peak power hold significantly greater
application value in nonlinear optical frequency conversion and laser micromachining. However, traditional pulsed vortex lasers generally
rely on bulky solid-state crystal resonators or complex spatial optical paths, making it difficult to meet the urgent demands of modern
photonics for device miniaturization and high stability. Furthermore, high-power pumping in bulk crystals induces severe thermal lensing
effects, which drastically distort the fragile spatial phase of vortex beams. To achieve compact and highly stable pulsed vortex sources,
dielectric optical waveguides act as an ideal platform. The micrometer-scale geometric structure of the waveguide endows the device with
an extremely high surface-to-volume ratio, which significantly enhances the heat dissipation capability of the system. In terms of pulse
generation, passive Q-switching using two-dimensional saturable absorbers (SAs) is highly favored due to its compact footprint.
Topological insulators, particularly bismuth selenide (Bi,Se;), feature a Dirac-cone electronic band structure and exhibit remarkable
broadband nonlinear optical responses with large modulation depths. This study aims to propose and demonstrate a highly stable, compact
passively Q-switched waveguide vortex laser by combining a femtosecond laser direct written (FSLDW) Nd:YAG waveguide with a high-
quality Bi,Se; SA grown by chemical vapor deposition (CVD).

Methods A circular depressed-cladding waveguide was fabricated in a 1 at.% Nd**-doped YAG crystal using the FsSLDW technique. The
fabrication utilized a Ti:sapphire regenerative amplifier delivering 120 fs pulses at a central wavelength of 795 nm with a repetition rate of
1 kHz. Parallel low-refractive-index damage tracks were inscribed to form a circular cladding boundary with a radius of 15 pm, perfectly
preserving the original luminescence properties and lattice quality of the crystalline core. The geometric morphology and guiding
characteristics were verified via optical microscopy and micro-Raman spectroscopy. Concurrently, a high-quality Bi,Se, thin film was
synthesized on a CVD method. Atomic force microscopy (AFM) and Raman spectroscopy were employed to characterize its morphology
and structural properties. The nonlinear optical absorption parameters of the Bi,Se; film were quantitatively evaluated using an open-
aperture Z-scan technique driven by a 1030 nm femtosecond fiber laser. A compact laser resonator was subsequently constructed. An 808
nm continuous-wave Ti:sapphire laser served as the pump source, coupled into the waveguide via a spherical plano-convex lens. The Bi,Se;
film was inserted into the cavity as the SA. Notably, a spiral phase plate (SPP) with a topological charge of 1 was utilized as the output
coupler. Compared to spatial light modulators or liquid crystal g-plates, the pure dielectric SPP possesses an exceptionally high laser
damage threshold, directly generating the vortex beam while ensuring the robustness of the cavity.

Results and Discussions The AFM measurements indicate that the average thickness of the synthesized Bi,Se;, film is approximately
16 nm. The Z-scan experimental results and subsequent nonlinear transmission fitting reveal that the Bi,Se; SA exhibits an excellent
modulation depth of 8.6% and a saturation intensity of 26.25 GW/cm’ at 1 um, indicating its strong capability for pulse modulation. In the
laser performance evaluation, stable CW and passive Q-switching operations around 1064 nm were systematically compared under both TE
and TM polarized pumping. After inserting the Bi,Se; SA, stable Q-switched pulse trains were generated. The pulse temporal
characteristics evolved typically with the increase of absorbed pump power. Specifically, at an absorbed pump power of 850 mW, the laser
yielded the optimal pulsed performance: the shortest pulse width compressed to 39 ns, and the highest repetition rate reached 9.1 MHz. The
corresponding maximum single-pulse energy was calculated to be 4.42 nJ. The recorded pulse trains exhibited uniform amplitude and high
temporal stability without distinct amplitude fluctuations. Furthermore, the near-field intensity distributions captured by a CCD camera
demonstrated a typical annular (donut-shaped) hollow profile, confirming the high generation quality of the vortex beam. More
importantly, comparing the beam profiles at low and high pump powers, the annular contour showed no obvious distortion or degradation.
This phenomenon provides strong evidence that the unique geometric structure of the circular waveguide effectively mitigates the thermal
lensing effect through rapid transverse heat dissipation. Theoretical estimations further confirm that the maximum intracavity peak pulse
energy fluence (1.3 mJ/cm’) is well below the physical damage threshold of the Bi,Se; film (3.18 mJ/cm’).
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Conclusions A compact, highly thermally stable, passively Q-switched Nd:YAG waveguide vortex laser was successfully demonstrated.
The integration of the FsSLDW-customized circular depressed-cladding waveguide and the CVD-grown Bi,Se; topological insulator
effectively overcomes the thermal and physical bulkiness bottlenecks of traditional solid-state vortex lasers. The robust thermal
management capability of the waveguide physically locks the high-order transverse mode, ensuring distortion-free annular vortex beam
output even under intense pumping conditions. The experimental results verify the excellent nonlinear optical modulation properties and
impressive thermal damage resistance of the Bi,Se; film. This research provides a novel experimental paradigm and solid foundation for the
development of miniaturized, highly stable all-solid-state pulsed vortex sources, paving the way for advanced on-chip photonic integrated
circuits and optical manipulation systems.
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