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Abstract: Ultrafast lasers, owing to their high peak power and ultrashort pulse duration, enable highly pre-
cise and localized energy deposition inside transparent glass through nonlinear absorption. This process can

induce a variety of micro-modifications, including refractive index changes, nanogratings, and microvoids,
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and is often accompanied by stress-field modulation and elemental migration in the near-focus region. Such a
unique processing mechanism provides an important foundation for three-dimensional micro/nanofabrication
inside glass materials. Starting from the interaction mechanism between ultrafast lasers and glass, this paper
systematically reviews different types of material modification and their corresponding processing windows,
and further summarizes recent progress in applications such as on-chip photonic device fabrication, high-pre-
cision cutting, optical waveguide writing, stress-based waveplate fabrication, microchannel processing, and
burst-mode ultrafast laser machining. Finally, the paper analyzes the current bottlenecks in processing con-
sistency, mechanistic understanding, and industrial implementation, highlights the importance of inverse en-
gineering for process optimization, and discusses the potential of artificial intelligence technique in complex

parameter optimization and intelligent laser processing.

Key words: ultrafast laser processing; glass materials; optical waveguides; nanograting; microdevices
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Fig. 1 lonization mechanisms of ultrafast lasers in glass materials; schematic illustration of various types of modifications and

their applications?***!
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Fig. 2

Interaction mechanisms between ultrafast lasers and glass materials: (a) energy-band diagram of glass; (b, ¢) a femto-

second laser pulse and its modified region; (d) evolution of modification types with pulse number and energy®"; (e)

schematic of the silicate glass network structure; (f) phenomena on different time scales following the interaction of an

ultrafast laser pulse with glass.
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Fig. 3 Mechanisms and profiles of refractive-index modification in waveguides: (a) quenching and density change in silica

glass™; (b) types of color centers'™; (c) optical waveguides fabricated in various glasses and their end-face morpholo-

[40,66].

gies*%%l; (d) waveguides with tunable path geometries and their applications in topological photonic
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Tab.1 Research progress in femtosecond laser fabrication of optical waveguides.
Material Year Refractive index Propagation loss New findings Citation
change dB/cm

Germanium-doped silica glass 1996 An>10-2 o First demonstration pf ul'trafast laser-written 2

waveguides in glass
Corning HPFS;Corning 7890 2002 All on order of 107 — Color center contribution dominates over densification 1521
Lead silicate; As,S; chalcogenide 2003 - o waveguides in films .

film

Fused silica 2006 6*107 — Densification dominates the increase in refractive index 53]
Eu**-doped silicate glass 2009 - o Element migration by ultrafe}st laser enables .

waveguide writing
BK7 2010 At most 102 0.20 dB/em Fluence as a key paramete'r for waveguide writing 601

at high repetition rates
BK7 2011 3104 0.50 dB/em Low-rep-rate pulses write wave':guldes without thermal 561
accumulation
Fused silica 2011 — — Si0, glass densification dominated by fictive temperature 1541
Corning 7980 2013 — — Annealing reveals the origin of index change in waveguides "
Gorilla 2016 5.7%107° — Near-surface waveguides can be fabricated in Gorilla Glass 7
Fused Silica 2016 — — Stress-free waveguides (on a macroscopic scale) 1631
BK7 2018 — 0.06 dB/cm Multilayer waveguides fabricated by single scan 1641
Herasil I 2019 1.9%107 0.40-0.60 dB/cm UV laser writing performance was compared with IR lasers !
Silver-containing zinc 2019 2%10° <1.20 dB/cm Near-surface Ag-cluster waveguides were fabricated. el
phosphate glass

Corning EAGLE XG 2020 — 0.27 dB/cm Waveguide insulation via ultrafast laser and wet etching. 177
Custo'm'—des1gned 2021 25%102 a few dB/em Refractive index controlled py th'ermophores1s—dr1ven o1]

borosilicate glass element migration.
Various silicate glasses 2021 10° to0 10°2 o Aluminum anchors alkaline eatjth migration for waveguide [

formation.
fused Sllg)‘z‘GG‘;iL”a Glass, 5003 — 0.31~0.34 dB/cm HST (Highly See-Through) low-leakage waveguides f66
FS7980,, Gorilla Glass, EXG,etc 2024 Precision:5.6%10° 0.20 dB/cm Precise control of waveguide structure using ol
OCMS scanning method.

Soda-lime silicate glass 2025 o 0.52 dB/em Practical applications of sensor fabrication -

in construction materials.
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Tab.2 Researchers' understanding and applications of nanograting.
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Fig. 4 Morphology and formation mechanism of nanogratings: (a) schematic illustration of the nanograting morphology; (b)

periodic surface structures formed on the material surface, which can account for nanograting formation®”; (¢) nano-

scale lamellae grown via near-field—enhanced growth after seed structures are created by micro-explosions®™; (d, e) in-

fluence of pre-existing structures on the generation of subsequent principal light-intensity maxima®; (f) The strong

density variation capability of fused silica glass™.
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Fig. 5 Low thermal effects and processing performance in burst mode: (a, b) low thermal effects in burst mode®®***; (¢) per-
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Fig. 6 Stress-induced birefringence: (a) stress generation and birefringence in nanograting arrays®'; (b) stress states of the

structures at different deposited energies®; (c) periodic dependence of the total birefringence of nanogratings on the

laser polarization direction, demonstrating its tunability®; (d, e) birefringence model of nanogratings, consisting of a

stress layer and a form-birefringence layer™; (f) thermal stability of waveplates based on the nanograting layer and the

stress-layer waveplate™.
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