Applied Physics [ Fi#3, 2026, 16(4), 424-438 Hans X
Published Online April 2026 in Hans. https://www.hanspub.org/journal/app
https://doi.org/10.12677/app.2026.164039

KRB FNASH TR

EX ¥ 3
KEHRTRPIEZRE, S K&

Woks H . 20264F3H 100 FHER: 20264F4H16H; KA HI: 20264F4H23H

R

28 TINS5 R T R 0 D R R MR B LA & AU 2 B, B0 A &R T S an 45 4 BN =48
BEEMATRZ—. DB IIEA—F B MHEEAR, BERK “AhI” . BmmeEsiEM
WERN=Z4MTES, TMERMBSEIEREEENT, RIHEENTIWANAES . ZXRAE
BT WA Z R R, HhEE T YRBot EYRAAEERREARER, FH5ANE
BRLRL T 7 22 (A SR 2% S (HSFL) B 25 P T BRALER Bt DARALH LB B iR . BETT 2SR5 T BP0t & 4%
KA PARILEI RMAR G SR RET 5. EEM b, ASCEEBUEARTL, &
REW T YRR LA VAR EIRN TZR et IR, AR R H & %%
BITEMSR, HRE T EIF SN ERRNE TEMAFEARB RS L E R AL R R,
DA Z SR R 5 TRNARGESE

X 5in
KW, WS, SedtklE, BSREML, T, TWNA

Micro-Nanostructures Fabrication Utilizing
Femtosecond Laser: A Review

Xinxin Lou

School of Physics, Changchun University of Science and Technology, Changchun Jilin

Received: March 10, 2026; accepted: April 16, 2026; published: April 23, 2026

Abstract

Owing to the unique functional characteristics and wide applications of micro-nanostructured sur-
faces, the design and fabrication of surface micro-nanostructures have become one of the important
research directions. As an advanced manufacturing technology, femtosecond laser micro-nano pro-
cessing enables cross-scale precision processing of any material by virtue of its cold processing,
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extremely high peak power and strong three-dimensional processing capability, showing signifi-
cant industrial application potential. This paper systematically reviews the recent progress in
femtosecond laser fabrication of micro-nanostructures. Firstly, the basic theory of femtosecond la-
ser-matter interaction is reviewed, and the two-temperature model and various hypotheses for the
formation mechanism of high-spatial-frequency LIPSS (HSFL) are introduced to elaborate the mech-
anism. Then, the typical methods and mechanisms of femtosecond laser fabrication of submicron
periodic structures, nanopore arrays and micro-nano composite structures are summarized by cat-
egory. On this basis, through quantitative technical comparison, the key engineering challenges in
the industrialization process of femtosecond laser micro-nano processing are discussed, including
process stability, processing efficiency, cost control and large-scale preparation. Finally, the devel-
opment direction of promoting its practical application through intelligent control, on-line moni-
toring and process optimization is prospected, so as to provide reference for the research and engi-
neering application in this field.
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Figure 1. Applications of various micro-nanostructures in different fields (a) Optics [2], (b) Anti-icing [3], (c) Energy conver-
sion [5], (d) Chemical catalysis [6], (¢) Self-cleaning [7], (f) Fluid drag reduction [8]
1. BEFRRERMMMELTE(Q) FKF2]. (b) BEEK3] (o) REIREFIR[S]. (d) WEEK6] (o) BEAE7TIFD &

PR BRL[8 | BRI R R

Table 1. Key performance comparison of different micro-nano processing technologies

= 1. TRIMAM TR KR REXTEE

HARIE BRNFRFIER S Ak E FH =4ERE Sy Sl JIIMISTY:"S B A
FeZIBA <10 nm 1E(F I ZKR) % 71 FtE) e
GK R Ep <10 nm h (FHAR) % 7N F(ftE) ]
R TR <5 nm 5 i 71 AL =
EALIN Ol ~1 pm & a8 K i &
KO ~100 nm e G LGN i =

FEARLZR T, HARE T WEOL S YBT3 A R, IR 51 NSRBI J HSFL TR RHLEE
B CLARAC BB . SRJ5 . 0 R S5 WRDBOLH % & A0 U S5 TR B g S5k i M R 1 26 T7 . Be
Ja, AR - ST PRRAITIEROR AR, R T AT P BOLHI & e LBk, v
MO Ty AN 4 R 4 it JE B O F iz U B T M AR M IR S5 R .

2. ¥R SMREEERNE

HI RO Ak B8 B A T WD RUBE, Sz AR T RRERT B 58 A\ F) A 0 2 e [ (0D B 2280 RUEE) IF
HLIBF I (e BT BEfil R MK RUZ B 2K R TR SRS, 45 KAV HOL 5P Uk AL A LA L 2
I A AR B A A 5 T [ RUBE B S AR B2 K R 2 ) RUE

MR E5 S AP BOE SN BIR BRI 2 5 AR5t SR A I A 2 PR IR SO L i T K B
WEIRA RN EE[201 322 P BT - RO S R T L2 1 R L B [22] . PR E R T - AT
FHEAE A R M THIR (23 MR AR (2410 78, JFAE AP RUEE IR RSP [25], 3K —Zh ARl 7w {8 FH XU A
RA261EAT i o XURAEALKE o 7 A0 AU P ASAH EAR & 107 R 58, 70 Y i TR 7, A0 AR IR RE 7, 4t
A, JEIE P ) T REAR R A

or.  00,(z)
C—<t=—"=72_G(T.-T)+S(z,t 1
ot oz (T.=T)+S(=0) M)
DOI: 10.12677/app.2026.164039 426 I EEY/BEH


https://doi.org/10.12677/app.2026.164039

B3

Q%§=G@:2) @)
S €, G, o A HL TR A AN B R .

WA 2 T OGBS B (AL I 45 T T 11 B e P S o
BRI GBI, PPRLRE L BB ST SRS W R AEARAE27), L FE BRI RIRK . B
FEVEDIN I RUE 09 02 S TR . SRS AR B S LR 28], WA S BURP R 2 it 7 5 T
IR, BT L 5 5 e 4 0 20T A 502 T RO 2 MO o £R 0K, 2GR
SO NS BIFTRR L5, A4 Al 45 v 75 1 H T 0 8 i e FLRLE 171 9 81 A bE R ST
ENGEES P

BEAh, TR BRI G R AR 2 I HL T S K R R S 2 IR 2 5, R HOE 5 4
TR SRR TAE R AEAE BB A SRR b Bb A T, (R R MO 5 J AR T A
S35 B B OR A 1 (307 SRR R SRR S R [3 1) T
06 o e T 4R T PR A 4 o o B SR TRLE U ¥R 330 B e 5 B0
G BB RIRE AL S [32)RERRAIAE (LSRR P A B [33] 34 T SRMRIT &, 118
LT 4 (B RSO MR AR B (GBI T EIRBAS ML T - 7 T & AT AR A . (R
T R K T AP R, FELGRIT E K[34]. AT CPMOBIO RSN, S s 211G
FHRIE, WIS R B PPRHEII3S] 5 B30I RIARMEAE(3T).

3. WRECEHIF L RKARAGH

WOt S BT 45 #(LIPSSs, Laser-Induced Periodic Surface Structures) & —Fh 115 45 H8 27 i i 72
) S TR R A K S R . IR P A B 0] Birnbaum [38]% AAEAE FOE B2 SRR Wl g2 5. IX
Tt T 485 ) (R0 T JAB VA 45 R N SR IBON S5 AR R THIBONS R 26 T 45 B 0o Ml B30 (] 2(a) o) [39] [40],
TXFRT-PE WL 23 75 R T T B A 4 B 2 2 A7 1 4 ) 2 T T B S BRI AR o %) T 42 J8 3R T 1) LIPPSs 45
MmE, A A di[41)4

12

A=Ay /(7° —sin® 0) ~ = Afcos0 with g|| E 3)

Hh A s 0+ g BIE D BIZORBOCNEBK . BOCNSRE . LR ST BOCIE KR . 1,
HFT 8 TIRTE A v e T A4 2 L

77 = [gdgmetal /(8d + gmetal ):|1/2 (4)

Hordt g, Mg, 23008 JE B 0 PR/ FL S 8 DA B i 4 B P A P 4

KAPEOE B, R E KA O S A YE 45 R4 (FLIPSS, Femtosecond Laser-Induced Periodic Surface
Structures)#l ) V2 FE o IXFh A5 FIBE AL 24 O6 BE R m T RSl (A IS 1 22 ik p s R BT T B (421,
X AR BE A AL L S A% 3R G0 A) RS ST IR 1 22 5 WRSCR A 1 2 1 %) J] AP E S5 AT e b4,
FLIPSS T B4 5 MK 25 (A4 (LSFL, Low Spatial Frequency LIPSS)H17 %% [A] 4% (HSFL, High Spatial
Frequency LIPSS)E £ #4[39] [43] [44]. Xt F LSFL i 5, ZMANIN~A/2 <A <A FFRE FEOCWIETT
i); HSFL HIS5 R I A < A/2 [45]. HSFL BESNLE H BT AR 25—, FEA =M Emkid: 1)
TR R TEREE AR, OGS SR B LR M OR nTEUR ATR ARG I R H g, HR KR T
SBOPREK AL 2) BALNE: IAmBURES TR R E EERY Hod 1) 2 B K E U
HITEGUK R s 3) BRASYUREMLH]: KRGS S 00 #3085 7 AR I gk R B 23 Al i B 3 4H |

DOI: 10.12677/app.2026.164039 427 I EEY/BEH


https://doi.org/10.12677/app.2026.164039

Eo5

|
| Dielectric
| ~ A - . ya
| \ » - -\ - ’
| \l ~\ \ ~ y/
[ |/ |
| [ ] [1]] f
| 44 -- 44+
|
|

(0)9 = 300
60} 1] I 940
Eqsoé 779 230 g
g | l 1 — = 2930
<940i ] | e ZOOE P
Zo30- 1% 1508 Bo20
- . g &
=920 L Lok 3
g : [ A Fo10
29102 g 2
n t 50 2
900 *m® 900

0

0 3 6 9 12 15 18 21 24
Delay time, At (ps)

Figure 2. Formation mechanism and influence factor characterization of femtosecond laser-induced periodic surface structures
(a) Schematic diagram of surface plasmon [40]; (b) SEM of LIPSS under s-polarized and p-polarized femtosecond laser [46];
(c) Variation of LIPSS period and depth with pulse delay and number of pulses [47]; (d) SEM of Ag-Si alloy after femtosecond
laser treatment [48]; (e) LIPSS under 513 nm/1026 nm femtosecond laser, 2D FFT and power spectrum [49]; (f) SEM and
AFM images under different pulse energy E and pulse number N [50]
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ESERSRITA S BRVRE SEM [48]; (e) MEEFMAKRIRS 513 nm KFBAARMRERY LIPSS. 1026 nm KI5
(REEEAY LIPSS, 513 nm ¥RHIRBE R 1026 nm XA EBEN T H#IREREEHTHRE R, LUIKR SEM E%
BThERFNSFRE [49]; () BoHEEE E FIROPE N IR E{ERARIBHEMAY SEM F1 AFM EE[50]
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Figure 3. Process parameters and structural characterization of nanopores and nanopore arrays fabricated by femtosecond laser (a)
SEM images of the structures formed at scanning speeds of 0.4 mm/s, 0.5 mm/s, 0.6 mm/s, 0.7 mm/s, 0.8 mm/s, and 0.9 mm/s, respec-
tively [58]; (b) AFM of nanopore arrays and aspect ratio variation with pulse number; (c) Experimental setup, beam intensity distribu-
tion, SEM of holes and diameter vs. energy [61]; (d) Focus position diagram of Bessel beam and sample; (¢) Schematic of PS micro-
sphere monolayer mask and SEM of nanopores [62]

3. XENHERIZARILRAKILIET N T ZS M EEMRAE. (a) FEEESHA 0.4 mm/s, 0.5 mm/s, 0.6 mm/s, 0.7
mm/s. 0.8 mm/s F1 0.9 mm/s BHFZERAVEE IR0 SEM BIR[58]; (b) 4KFLBEFIRY AFM BR KGEL F 4 BIEE ih(4 & S0 O E)F0
AL EEESOE)FRFELLREROP BTN () THEETEE. ERMAREMRREMNAREBE . TEEEFMTL
BEHE RIS M IFLAY SEM ElfR. H1E D BEASFHOLREEM T AR LI RIVEEFIE (L&), JEEH NERAEROE
EUAEEEZ) URTLENSHRENEEREL) (01]; (1) RERARSHRBEIMIEREMETEE; (o) PS HIk
TR EHAR AR YRR AR B R B E R KN FL SEM ElfR[62]
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Figure 4. Typical morphologies of micro-nano composite structures fabricated by femtosecond laser and the influence of
process parameters (a) SEM of microlens array [2]; (b) SEM images of micro-grooves ablated in steel by convergent and
divergent laser beams at a laser energy of 1.9 mJ with different scanning speeds, and the simulated cross-sectional shapes of
the micro-grooves [72]; (c) Effects of defocus distance, laser power and pulse number on multi-layer concentric rings[73]; (d)
Micropores formed on the aluminum surface with increasing scanning times under femtosecond laser irradiation at a scanning
speed of 5 mm/s and a laser power density of 1.17 J/em? [75]
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Figure 5. Morphologies and characterization of self-assembled and curved surface micro-nano composite structures fabricated
by femtosecond laser (a) SEM image of random nano-roughness on titanium surface after femtosecond laser treatment at a
near-damage-threshold fluence of F = 0.067 J/em® [78]; (b) Optical photo and SEM of micro-groove/nano-structure on black
silicon[80]; (c) 3D curved surface processing platform and surface morphology/element distribution of aluminum plate [85]
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