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Abstract: In the past two decades, numerous significant advances have been achieved in the realm of the vector
beams. Considering numerous published reviews already covering diverse topics in terms of generating and/or
manipulating unprecedented vector beams, we summarize the typical applications of vector vortex beams in the
topics of laser micro-nano processing for material modification, subtractive and additive manufactures. This paper
reviews part of the critical advances in fabricating micro-nano structures on the surface and inside the materials,
optical information storage and rapid fabrication of microstructures with the stereolithography based-on vector
vortex beams. Particular cares are focused on the principles and technologies in applications of patterned laser-
induced periodic surface structures and rapid two-photon polymerization of three-dimensional microstructures
based on customized vector vortex beams. Finally, we summarize the advantages and challenges of vector vortex
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beams in laser micro-nano processing, and we also anticipate that more vector light fields will enable more complex

applications in the future.

Keywords: vector beams; vortex beams; laser micro/nano-machining; laser applications
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Fig. 1 Vector vortex beams generation with vortex retarders (VR)™. (a) Setup; (b) Vector vortex beams of different orders
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Fig. 2 Machining results on glass with tightly focused vortex beams. (a) Annular rings ablated by linearly polarized beams!"®; Polarization-

sensitive structures produced on fused silica galss with (b) mixed and (c) radially- or azimuthally-polarized beams
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Fig. 3 LIPSS imprinted on Silicon wafer with different vector vortex beams of various polarization state®". (a) Radial; (b) Azimuthal; (c) Spiral;
(d) Linear. Insets (b1) and (b2) show the zoom-in LSFLs in the peripheral regions and the grooves in the internal region marked in (b)

240089-4


https://doi.org/10.12086/oee.2024.240089

R, 25, G TR, 2024, 51(8): 240089

https://doi.org/10.12086/0ee.2024.240089

B HEB AR AR, ST R m A
£ T iR ) SR DI BE R G370 fk o B e T 4 T LI FH R
X8 5 (R dR A SEAY LIPSS 14 BT FLAY 10 % X 3,
LU A g, R T R R A R
WOEHK TR R BIFSE R4S LIPSS 9 2%
BAILH A - R TR 0 S8 ik ey 155 AR R N Y
MRS /AR, ik 2 45 88 et — B4R
STRRENE, FL5 RSNk T T 5 AU E s iy
AT RELRE 2 180 A 2 )RR AR I s o Al e BIB T 5
RN Ry i 7 1) Al ELAY LIPS

BEAN, BRI R FF R A ST 5 1A BA
35 T S Bk O R G BITE AR AR 45
& JE R AR EIRIE I T IE S ZFEM LIPSS.
2012 4F, S AYIITRE R 1 P BA L T Sl AH 57 Y & 2 [
JEVE Tl (SLM) BETF T AT LA SR 7= A= 4 1) A0 A 1) i
PRI M I ke & . 25, FIFASN
MR LIPSS 5K i R e Z [ i e G R
IZ AT BA SO T 32 B (R R S e B A 80 1A T T 50
WE, JERIAZ B M RIRE AR B H T Wik
PSR AR, 2013 4F, L IEYLAE R 532 nm )
KA 10 ps BB, FHR W & LliAHAL SLM #4 2
T BB [ S IR 2k B D 91 2 5 D RS A )
FIEAIFA 14 56 37 4 2 ) L SR 3% e £ A R B e
SR IR IR IEN BT, XA R IREAR
SAREL LIPSS BYFFAT I T b4 7 1 R AR, [H]
A, IR T LR EHOR T 583 RS A]
MBS R I PRA AR ], IR EE ST LIPSS A
TS TR A P b AT TR, 2015 4F, R
KA A BN SR 1064 nm K AY 10 ps ITLLAME B
Wot, FET4itAN. SLM 5 S Ik H A T RERS A
FEAE ] . AR )R A IR A ) 2 R0 % e s 1 T
ke s, JF i AR MO N B AR S e R A T S
OAM [ 4% [ F1 A1 1) B 1ia) L B 22 v B e £ B 1) 1)
LIPSS™", 2021 4, SWIHTR 2= M A5 557 T A
A RPDEIEHIES, BT R T RGAE 316 NEHR
SR T T Tolk UL R S b2 56"
SR FHAG ] FA 1) S PR PR A R Hh B A8 n Tt o R
B LIPSS, I Hil 2 X 3kad H 8 17 RS 24 30 nm A4
AREEH, HFABIAE T 90~180 nm Z[H], X i3iH
FEITAREL G Tl T Hhi i etk 5o e 5 9 i AR Y
Pl 68 71 RE A% S E Hl AL Y 5 Ae R S Uk fb a5 M . AE
Hofth 4 Jg Oy, mF BRI 5T L AT 2012 4R 3L F

H FBO TR B A s, TEf I E AT
T REMEOEE S0 LIPSS. ST R BN FIF T MAT i 4
IR HEEIARENE ST R 0 2% iR o0 A, — > i
() F R s R+1 F-1 9 2% B IR e 63 % 40 )
7R [RE R T B 840K LIPSS 505, 7E 0 1 2 1 ,
A BB E T 2017 AR — D JF il TAE: il
IR HE R G 7E Ni 4 8 Wi B8 1 3% 1Y LIPSS,
TVE T % A0 55 g R K S5 05 A S Z5 A, AR
FIFH R B & LIPSS © I H44E, (A BF
FATSAE FLA A B g AN B 22, 2024 4F fi il (1 — 30
TAEH, HAHWFZE A BRI 2% S iR 63 1 IR TE RS
FESL peim iy LIPSS 454",

Bk LIPSS 25K 248, et nl LU 1. 1 HoAth
4589, 2010 4, HARK)—ANBKG H A FE 4 & 4H 3R 1
AT GNR IR BE RN T S 458 I BN RS2
TAE BN T T R IREAT 454 T R 4 2
WG RN, IZIRBESH 1 TR REIE E 2 R A A
e, 1AM EIGER 2R, =%
LR TR e REA R, Sk A gk
4 T A FH 2R 8 O 5 s oG A T3, 34l
VEH T AnEl 4(b) B2 [ B r] 3 A il an a4 P

2.2 MHREBRRESR T

VE RO T AT B4, BRI LT At
LT R O G HREE . 2008 47, A [ T IE
F¥ (Stuttgart) K2 538 PBOG (TRUMPF) A 4F B — 5
TAEP R T ARG AR ) RO K A% )
Ff I ARG AR A R EAT T RS FLSE IR, 2010 4,
D INAR R 2 9 A A SCHTE T 2R FH R A AR 1) AR £ 1o
PRICAEANA T B LGRS, AFgE 4 R Bt TR
ARG L FLIETE SRR AR . DGE LAY I T
KE, PIFRE I R B XA
THEILES, Mmoot Jr 5 Bos B K2 i LA
FRIE . E— gt s, % BOAR AR iR 5 E
FAESE TAF N TR SR, 1A i 0 3 5% 1
FEJE T Ao T K ARt fLIE

Ty — R R R 1 D FE R IR E G R AR I AR B
HEIN TR E T 2R, RIEYR T 2/ D%
IRIETHINTCRTET R, RS AR i R R s it iR
T P P S A B R LT IR s oA . I
FEIR N R AR TLAAT G5 AR 6 T ATkl L 51 7
AR B RSB WAt DR 4
RE T PEOESEE T AN E S(a) B AR

240089-5


https://doi.org/10.12086/oee.2024.240089

R, 25 J6HL T/, 2024, 51(8): 240089

https://doi.org/10.12086/0ee.2024.240089

AL A PRI T s B DL 7 1o e e e Jok o'
PR IUAT AR 5 AR AR AT o, i e
ISR AT P LEAR AT, R RE K
Fhi B DUIE R IR EOLAR, P N BTSEBL T ] 5(b) B
A S R A I T 225, ST RSE IR ST
VA PR DR AR i U 1) DL 2RI A T ik
TAES, A TR R XA, S D
IR BEC i R R R B S WA=, Wik
Rt TR R 2O, [N TR AT T
XFH o OB — AR TAR AR,k B A AR
(LTI V) i e S o E Gl P R Z L=

AUV T AN 5(d) Brs 9 AR 20 800 nm Y 4K
M, EEERTER 15 pm™ I T AR, AR ek A 9
PRI CRMIRERY DL ZE /R B I AR, WOtRE R
S AT DULEAPRL BB IUR Hh i AR LU R oK R A
BTRZER . B A N R D 5 T S B S G 0
2RI TH R, 4 AR 2 255 R T AR i 2R T Y
PRPIFFLAL IR . HEAb, A PIHRRARHE I 2 L B
YA BB E B A 2R, JHEgA
[l AR B 12 A I8 A EIEZS K RE | TRER sh A8 B
T RS (RRSHRIRCS RS ) AR Sk etk
(LRKAT 55 Z R AR S5

B4 &FimmAA I I (a) 424 B K@K B o (b) a2k & 4 4 kA
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Fig. 5 Machining results with ultrafast Bessel beams. (a) Nanochannels in glass®™; (b) Waveguiding tubes fabricated by Bessel vortex
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beams” ; (c) Vector Bessel vortex beams; *? (d) Nanorods by vector Bessel vortex beams
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subdiffraction-limited scale; (b) Simulation of the light-induced twisted 3D magnetizations
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Fig. 15 Multi-scaled micro/nano-structures fabricated on SiC surface with specially designed vector beams' ™.
(a) Radial-hybrid vector beams; (b) Spiral-hybrid vector beams
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Applications of vector vortex beams in laser
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Schematic of the advances in this review.

Overview: The optical vortex beams are specially-structured light fields with helical wavefronts expressed as exp (im¢),
where m represents the topological charge with ¢ defined as the azimuthal angle. Further, the concepts of vector vortex
beams are naturally developed with their polarization states varying across the fields. Simultaneously, richer application
scenarios are expected from vortex beams due to their phase singularities and additional degrees of freedom in the
angular momentum and/or polarization states. This article reviews the major advances in laser material processing with
vector vortex beams since the beginning of this century. Typical fabricating schemes for additive, subtractive
manufactures and material modifications are summarized. In section 2, the advances in the subtractive and material
modifications are categorized into three sub-sections as: microstructure imprinted on the surface, microstructures
inscribed inside the material and the applications in the optical storage. As numerous techniques to generate these novel
beams were available in 2000s, vector vortex beams were soon applied to imprint laser-induced periodic surface
structure (LIPSS) patterns due to the well-known relations of LIPSS with local polarization states of laser beams. In
subsection 2.1, we survey the works on LIPSS induced by vector vortex beams on the surfaces of glass, silicon and
metals, i.e. three common materials of dielectric, semiconductor and conductor. Commercially available ultrafast
Ti:Sapphire lasers delivering femtosecond pulses are mostly employed in these activities due to the possibility to induce
multiscale micro/nanostructures. Besides, several works to induce vortex-related microstructures are also included. In
subsection 2.2, advances in hole drilling with either expected or unexpected concomitant results by Bessel beams are
reviewed. Since applying the novel vector vortex beams in the optical storage is a related cutting-edge topic but still in
development, simulations and conception advances in this topic are surveyed in subsection 2.3. Section 3 is devoted to
the related works on additive fabrications. The concept and recent advances in optical caustics of vortex beams are
briefly introduced in subsection 3.1. Compared with the 3D point-by-point scanning scheme, further applications based
on flexibly shaped vortex beams reviewed in subsection 3.2 are presented to significantly accelerate the fabricating speed
by more than two orders of magnitudes. Miscellaneous works with other vector beams are introduced in section 4.
Finally, we discuss the limitations of the current advances and we envision that the applications of vector vortex beams
will be further developed through richer collaborations of professionals in various fields.
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