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ABSTRACT: Transparent materials, such as fused silica, sapphire, and lithium niobate, are widely used as windows and substrates in
advanced optical and laser systems because of their high transparency, low optical loss, and excellent thermal and chemical stability.
Consequently, precise bulk modification of these materials is essential for fabricating advanced internal photonic devices. However,
conventional processing methods are often limited to surface processing, involve complex procedures, and lack the capability for precise
three-dimensional (3D) internal structuring of the material. In contrast, femtosecond (fs) laser-induced bulk modification enables highly
localized energy deposition inside transparent materials through nonlinear absorption, thereby allowing refractive-index modification
and true 3D structuring with minimal impact on the outer surface. Consequently, researchers can fabricate various functional internal
structures, including buried waveguides, nanogratings (NGs), and nanovoids, within transparent materials. This paper summarizes the
recent progress in fs laser-induced bulk modification of transparent materials. It focuses on the underlying bulk-modification mechanisms
and formation of internal structures. Finally, this paper discuss representative applications of these structures in integrated photonics,
high-density optical data storage, and sensing in harsh environments.

1. INTRODUCTION

ransparent materials, such as fused silica, sapphire, and

lithium niobate, are indispensable in advanced optical sys-
tems because of their high transparency and excellent mechan-
ical, chemical, and thermal stability. With the rapid develop-
ment of advanced photonics and optical physics, attention has
increasingly focus on directly fabricating functional structures
within these materials [1,2]. In particular, the ability to con-
struct 3D structures within the bulk is becoming increasingly
important for next-generation photonic devices [3,4]. How-
ever, conventional techniques, including lithography [5-7], ion
implantation [8], and mechanical machining [9], are largely
limited to surface or near-surface processing and are therefore
not well suited for true internal structuring.

Laser processing offers non-contact, high-precision, and
flexible fabrication with wider material applicability [10, 11].
Among these techniques, fs laser processing is particularly
effective for localized internal modification and 3D structuring
in transparent materials because of its ultrashort pulse duration
and high-peak intensity [12, 13]. It can use ultrafast nonlinear
absorption processes, such as multiphoton absorption and
tunnel ionization, to generate initial free carriers, followed by
avalanche ionization that further increases carrier density and
confines the energy within a highly focused local volume [14].
Therefore, fs laser irradiation can induce localized structural
and optical changes in transparent materials [15-17]. Conse-
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quently, buried waveguides, NGs, and nanovoids have been
fabricated in a broad range of transparent materials [18, 19].

As shown in Figure 1, this review summarizes recent
progress in underlying modification mechanisms and rep-
resentative internal structures enabled by fs laser-induced
bulk modification. Particular attention focuses on buried
waveguides and NGs, and their applications in integrated
photonics, high-density optical data storage, and sensing in
harsh environments.

2. BASIC PRINCIPLES

2.1. Nonlinear Absorption Mechanism

Using a high numerical aperture objective lens, an fs laser can
form a highly localized, focused field within transparent ma-
terials. The instantaneous intensity in the focal volume can
reach 10'3-10'° W/cm? [20]. Because the energy of an indi-
vidual photon is typically less than the bandgap of these mate-
rials, single-photon absorption is negligible. Nevertheless, the
high peak intensity provided by the fs pulse is still capable of
energy deposition into transparent materials through nonlinear
absorption process. At the initial stage of ionization, multipho-
ton absorption and tunneling ionization are dominant processes.
In the former process, valence band electrons simultaneously
absorb multiple photons and are promoted to the conduction
band through virtual intermediate states. In the latter, which be-
comes significant at higher electric field strengths, the intense
laser field strongly distorts the atomic potential barrier, allow-
ing the bound electrons to tunnel directly into the conduction
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FIGURE 1. Overview of fs laser-induced bulk modification of transparent materials.

band. Both mechanisms generate free electrons in the focal
region. The initially generated electrons gain energy mainly
through inverse bremsstrahlung. Collisions then transfer part
of this energy to the lattice and bound electrons. If they ac-
quire sufficient kinetic energy, they can collide and ionize addi-
tional valence-band electrons into the conduction band, trigger-
ing a cascade increase in electron density. This phenomenon is
called avalanche ionization. As this process continues, the free
electron density within the focus area increases rapidly, even-
tually leading to forming a localized electron-ion plasma. After
the fs laser pulse ends, the energy of the excited electron sys-
tem is transferred to the lattice via electron-phonon coupling on
timescales ranging from tens of femtoseconds to picoseconds,
thereby inducing structural changes. Because the energy de-
position of fs lasers is extremely rapid, electron excitation and
thermal diffusion are effectively separated in time [21]. Conse-
quently, the heat-affected zone is typically much smaller than
that produced by picosecond or nanosecond lasers, enabling
highly localized modifications while minimizing damage to the
surrounding material and surface.

2.2. Local Energy Deposition and Modification Regimes

The processes discussed above determine how laser energy
is coupled into transparent materials, and the resulting ma-
terial response and internal modification states are governed
by the level of local energy deposition. Once the fs laser
energy slightly exceeded the modification threshold, a local-
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ized refractive-index variation occurred, with an index change.
Such refractive-index modification represents a relatively mild
modification regime and provides a physical basis for buried
waveguide formation [22]. When the laser energy exceeds
the modification threshold but does not reach the breakdown
threshold, periodic NGs with birefringence may form under
suitable conditions [23]. The formation of laser-induced NGs
is generally considered through several stages, as shown in Fig-
ure 2. In the initial stage, numerous nanoscale voids were gen-
erated discretely. At this stage, the voids are irregular, and
the modified region does not show clear periodicity. In the
second stage, these nanovoids undergo self-organized growth
and interconnect with an increasing number of incident pulses.
Consequently, the nanograting structure gradually emerges,
and periodic ordering begins to appear. In the final stage,
when the number of irradiation pulses reached several hundred,
well-defined periodic NGs became clearly visible and extended
throughout the irradiated region [24]. At higher energy deposi-
tions, fs laser irradiation can enter a damage-related modifica-
tion regime. When the peak intensity exceeds 1014 W/cm?, fs
laser pulses can generate a highly excited electron-ion plasma
inside the material through nonlinear absorption. The irradi-
ated center then experiences extreme temperature and pres-
sure, which induce a localized micro-explosion and an associ-
ated shock wave. Consequently, the focal region expands out-
ward, leaving a nanovoid or low-density region at the center
surrounded by a densified shell. Previous research has demon-
strated that high-energy single laser pulses can be used to fabri-
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FIGURE 2. Schematic illustration of the stages of nanograting formation: (a) initial generation of dispersed nanovoids, (b) anisotropic growth, (c)
interconnection of adjacent nanovoids, and (d) formation of well-defined periodic nanolayers.
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FIGURE 3. Schematic illustration of different waveguide types. (a) Single-line waveguides and their cross-section diagram. (b) Double-line waveg-
uides and their cross-section diagram. (c) Depressed-cladding waveguides and their cross-section diagram.

cate nanovoids in the irradiated regions of transparent materials
such as sapphire [25], glass [26], and siliconcarbide [27].

3. INTERNAL STRUCTURES

After discussing the interaction mechanisms between fs lasers
and transparent materials and the role of local energy deposi-
tion in determining the internal modification states, this section
focuses on the resulting internal structures. Refractive-index
modification enables buried waveguide formation; anisotropic
self-organized modification gives rise to NGs; and highly con-
fined energy deposition can produce nanovoids through micro-
explosion. The following sections discuss these structures ac-
cording to their formation characteristics and their functional
relevance

3.1. Waveguide

A waveguide is one of the representative structures produced
by fs laser-induced bulk modifications. Davis et al. first demon-
strated Fs-laser-written waveguides [28]. In this approach, con-
trolled energy deposition changes the refractive index locally
inside the material. The modified region can then guide light
while the external surface remains largely unaffected. Depend-
ing on the material response and irradiation conditions, the in-
duced refractive-index change can be positive or negative, re-
sulting in different waveguide structures. This method has been
widely used to fabricate optical waveguides in various transpar-
ent materials [29, 30].

To quantitatively describe the guiding capability of fs laser-
written waveguides, the refractive-index change is often esti-
mated under the step-index approximation as follows:

NA2

An = —29, (1)
2n

NAywg = Niirsin 2)
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Here, n denotes the material’s refractive index; N A4 is the
numerical aperture of the optical waveguide; N, is the refrac-
tive index of air; and 6 is the waveguide’s far-field divergence
angle [31].

The waveguide formation methods differ according to dif-
ferent types of refractive-index changes. As shown in Figure 3,
there are three main types of waveguides fabricated by laser-
induced modification: single-line, double-line, and depressed-
cladding.

Single-line waveguides are based on Type I refractive index
modification. Under focused fs laser irradiation, the refractive
index increases at the focused spot (An > 0), while that of
the surrounding unirradiated region remains unchanged. There-
fore, the resulting laser-written track acts as an optical waveg-
uide [32]. Because the waveguide is formed directly along
the laser scanning path, single-line waveguides are particularly
well suited for the direct writing of complex 3D waveguides.
Type I modification is generally induced at relatively low pulse
energies and produces a smooth, localized positive refractive-
index change, making it particularly suitable for direct single-
line writing. This type of waveguide is commonly fabricated
using conventional glasses [33], fused silica [34], and nonlin-
ear crystals [35]. When a Type II refractive index modifica-
tion occurs inside the material, the focused fs laser induces a
local decrease in the refractive index (An < 0). The result-
ing stress field subsequently leads to increasing the refractive
index in the unexposed regions. Compared with Type I mod-
ification, Type II modification is typically generated at higher
pulse energies and is commonly employed in crystalline mate-
rials in which a stable positive refractive-index change is dif-
ficult to obtain directly. Based on this principle, both double-
line and depressed-cladding waveguides can be fabricated [36].
Double-line waveguides are formed by creating two lines of re-
duced refractive index within the material using an fs laser, with
the light guiding region located between these two lines. In this
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FIGURE 4. (a) Schematic showing ultrashort pulses with different central wavelengths (A1, A2, A3) being converted into higher-order spatial modes.
The lower inset illustrates the fabrication concept of the OCMS method. (b) Scanline-overlap designs (top) and the corresponding measured
refractive-index profiles (bottom) for four single-mode waveguide types. (c)—(e) Optical microscopy images of the four fundamental-mode waveg-
uides (left), and the corresponding higher-order-mode waveguides supporting LP11, LP21, LP31, and LP;2 modes (middle), together with Raman
maps of the higher-order mode structures (right) in three representative glasses. Adapted with permission from [49] Copyright 2024, Springer

Nature.

configuration, the guiding region exhibits significant birefrin-
gence owing to the compressive stress [37].

Depressed-cladding waveguides consist of low-index dam-
age tracks surrounding an unmodified core, with flexible track
arrangements that enable control over waveguide size and
cross-sectional geometry. Because the guiding core is free
of laser-induced refractive-index nonuniformity and defects,
propagation loss is typically lower than that of single-line
waveguides [38]. Moreover, they support both polarizations
and can achieve polarization-independent single-mode guid-
ance under optimized conditions, outperforming the double-
line waveguides [39,40]. In recent years, fs laser-fabricated
waveguides have evolved from simple linear structures to com-
plex 3D architectures and integrated photonic devices. Rep-
resentative examples include curved, helical, and arbitrary 3D
waveguides, Y-branch splitters, directional couplers, and ring
resonators [41-47].

When evaluating the loss of complexly shaped waveguides,
in addition to transmission loss, insertion loss and bending loss
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must also be considered. With continuous optimization of laser
direct-writing processing methods, bending loss can now be
effectively reduced to a very low level. For example, Ross-
Adams et al. [48] proposed an fs laser writing method based on
a composite morphology. By optimizing the laser parameters,
refractive index contrast was increased to 1.12 x 10~2. Simul-
taneously, the cutoff bend radius for a bend loss of 1.0 dB cm ™!
was reduced from 10 to approximately 4 mm. Furthermore, in
2024, Wang et al. [49] proposed the overlapping control multi-
scan (OCMS) fs laser writing method, and the setup is shown
in Figure 4(a). As shown in Figure 4(b), by precisely adjust-
ing the spacing between adjacent scans to 50 nm, they achieved
fine control over the refractive index and cross-section of the
waveguide. Moreover, this approach can be extended to a range
of glasses, as shown in Figures 4(c), (d), and (¢). Based on
this method, the authors fabricated low-loss waveguides with a
maximum circular symmetry of approximately 99.5% and fur-
ther realized a broadband, low-dispersion 3D mode-selective
coupling structure.
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FIGURE 5. Fabrication and characterization of optical waveguides in Eagle glass. Straight waveguides fabricated by (a) fixed-slit beam shaping
method, (b) rotating-slit beam shaping method, and (c) FLDW method. (d) Pulse energy-dependent waveguide insertion loss. The upper inset
shows the setup, and the middle inset shows the measured mode-field distribution of the waveguide fabricated at 90 nJ. (e) Schematic layout of the
curved waveguide design. Curved waveguides fabricated by (f) rotating-slit beam shaping method and (g) FLDW method. (h) Insertion loss of the
curved waveguides as a function of bending radius, with the insets showing the corresponding output mode profiles. Scale bar: 10 um. Adapted

with permission from [54] Copyright 2026, IOP Publishing.

In addition to improving processing methods, the quality
and efficiency of waveguide fabrication can be enhanced us-
ing fs laser beam-shaping technology [50]. During fs laser di-
rect writing, refractive-index mismatch and nonlinear effects,
such as self-focusing, often elongate the modified region lon-
gitudinally. Although transverse writing improves processing
flexibility, this elongation is unfavorable for fabricating waveg-
uides with circular cross-sections. Slit-based beam shaping ef-
fectively addresses this issue by tailoring the light field distri-
bution [51]. Ams et al. [52] applied this technology to fs laser
waveguide writing. By placing a 500 pum slit in front of the ob-
jective, they fabricated a single-line waveguide with a circular
cross-section. It supported single-mode guidance at 635 nm and
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showed a propagation loss as low as 0.39 dBcm™! at 1550 nm.
This technique enables the fabrication of various waveguides,
including directional couplers for three-photon quantum inter-
ference on a waveguide platform [53].

Recently, Tan et al. [54] proposed a high-speed beam-
shaping method based on a rotating slit. As shown in
Figures 5(a), (b), (c), and (d), compared with the fixed-slit
and conventional femtosecond laser direct writing (FLDW)
approaches, this method produced more symmetric modified
regions and near-field mode profiles, with nearly overlapping
horizontal and vertical intensity distributions. When writing
speed was set to 50 pm/s, the modified regions had circu-
larities above 97% in two orthogonal cross-sections, and the
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FIGURE 6. Schematic illustration of NG formation. (a) Diagram of asymmetric local field enhancement at two positions around a nanoplasma under
the laser electric field, E. The relative permittivity € is given by the ratio of the real part of the nanoplasma permittivity to the dielectric function of
the surrounding medium. (b), (¢) Schematic showing the evolution of periodic planar structures separated by A/2n. Cross-sectional SEM images
in the y-z plane. Adapted with permission from [58] Copyright 2008, John Wiley & Sons.

resulting straight waveguides showed insertion losses of only
1.3-2.0 dB. For the bent waveguides, Figures 5(e), (f), and (g)
show the device geometry and corresponding experimental
and simulated light propagation. As shown in Figure 5(h), at
100 um/s, the rotational-slit waveguides exhibited insertion
losses of 2.1, 3.3, and 5.4dB at bending radii of 50, 40,
and 30mm, respectively, whereas a conventional FLDW
waveguide already exhibited an insertion loss of 4.7dB at
50mm. These results indicate that rotating-slit beam shaping
improves mode-field symmetry while reducing propagation
loss, providing a more effective route to fabricating low-loss
waveguides with improved mode symmetry.

3.2. NGs

When the deposited energy is above the modification thresh-
old but below the breakdown threshold, repeated fs laser ir-
radiation may induce birefringent NGs under suitable param-
eters. They are typically formed as laser-induced subwave-
length periodic structures inside materials and exhibit signifi-
cant anisotropies [55,56]. Shimotsuma et al. first discovered
NGs [57] in fused quartz in 2003 and have since become a re-
search hotspot.

To explain how NGs form, a variety of mechanisms have
been proposed, including plasmon-photon interference, asym-
metric growth of nanoplasma, and exciton- or defect-assisted
formation. Although plasmon-photon interference accounts for
periodic energy deposition, the subsequent structural evolution
is better described by the asymmetric nanoplasma growth
model. Under ultrafast laser irradiation, intrinsic defects or
color centers in transparent materials can act as hotspots for
multiphoton ionization. Under repeated irradiation, these
hotspots gradually develop into nearly spherical nanoplasmas
via a feedback mechanism [58]. Local-field enhancement
then becomes significant near the plasma boundary. So the
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nanoplasmas grew asymmetrically and preferentially expanded
perpendicularly to the laser polarization direction. Therefore,
their morphology gradually changed from approximately
spherical to ellipsoidal and eventually evolved into disc-
shaped plasma structures, as shown in Figure 6(a). Driven
by edge field enhancement, these disc-shaped structures can
further merge to form nanoplanes. With continuous energy
deposition, the electron density within the plasma region
continues to increase and approaches the critical value, ex-
hibiting instantaneous metallic properties. Subsequently, these
nanoscale planes further interact with the incident light and
eventually form periodic arrangements within the focal region,
thereby evolving into NGs, as shown in Figures 6(b) and (c).
Apart from the formation mechanisms of NGs, early
studies also focused on their morphological characterization,
including several unique features, such as high selectivity
etching rate [59], stress shearings [60], and nanoporous lay-
ers [61]. With the development of advanced characterization
techniques, scientists have conducted increasingly in-depth
research on these phenomena [62—-66]. Shchedrina et al. [67]
used scattering-type scanning near-field optical microscopy
(s-SNOM) combined with synchrotron radiation-based nano-
Fourier transform infrared spectroscopy (nano-FTIR) to
directly confirm the presence of significant SiO2 densification
within the NGs at the nanoscale for the first time. Figure 7
presents the experimental procedure and observational data.
Specifically, the authors performed s-SNOM imaging near
1130cm ™! and used nano-FTIR to monitor the Si-O-Si band
mode. The characteristic IR peaks in the irradiated regions
shifted markedly to lower wavenumbers. It appeared at
~ 1103cm~! in low-pulse-density modified areas and varied
periodically across fully developed NGs, from ~ 1095cm™!
near the nanopore layers to ~ 1112cm~! in the interlayer
regions, with a period of 310nm. Using the peak position
density correlation, they concluded that NGs are not only
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periodic nanopore arrays but also composite structures formed
by local densification.

Moreover, Xie et al. [68] further conducted direct NG
characterization on a morphological scale. Using focused
ion beam (FIB) sample preparation, along with scanning
electron microscopy (SEM), scanning transmission electron
microscopy (STEM), and high-resolution transmission elec-
tron microscopy (HR-TEM), they characterized the NGs from
both cross-sectional and longitudinal perspectives. The results
revealed that the NGs were not continuous planar fringes,
but discontinuous nanolayers consisting of oblate ellipsoidal
nanopores. These nanolayers have an average period of nearly
297nm and a thickness of approximately 18 nm. Supported
by the above observations, the authors proposed that under
multi-pulse irradiation, the initially dispersed nanopores grad-
ually grow, coalesce, and evolve into a more distinct nanolayer
structure. This provides more intuitive structural evidence for
NG formation and evolution.

With the deepening of related studies, NGs have been
recognized as highly tunable nanostructures whose period-
icity [69,70], orientation [71], and spatial distribution [72]
can be strongly modulated by laser parameters and writing
strategies. Accordingly, research on NGs has gradually shifted
from the initial observation of their structural features to
more systematic exploration of their formation mechanisms
and structural control. The polarization of the femtosecond
laser determines NG arrangement, while the laser wavelength
mainly determines the NG period [73]. As predicted by
Bhardwaj et al. [74], the period is approximately A\/2n—\/n.
Here, n represents the refractive index of the glass, and A is the
laser wavelength. The writing direction is also an important
influencing factor. Stankevi¢ et al. [75] observed a larger
period when scanning perpendicular to the electric field and
a smaller period for parallel scanning. Increasing the pulse
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energy also reduced the period. In addition to the periodicity
of fully developed NGs, different anisotropic modification
regimes can also emerge depending on the degree of structural
organization. Type X modification is typically associated with
randomly distributed, oriented oblate nanopores and exhibits
relatively low optical loss, whereas Type Il modification is
characterized by self-organized periodic NGs with stronger
form birefringence and optical scattering. Sakakura et al. [76]
demonstrated that under low pulse numbers, fused silica can
form a Type X modification. With further pulse accumula-
tion, a rapid structural transition occurs from the low-loss
Type X regime to the Type II NGs regime. Importantly, by
precisely controlling the pulse number, low-loss birefringence
modulation can be achieved before the full development of
NGs. In this regime, Type X structures retain considerable
retardance while delivering ~ 99% transmittance in the visible
and > 90% transmittance in the ultraviolet region.

In addition to laser parameters and writing methods, the NG
formation is closely related to structural characteristics of the
transparent materials. Previous studies have shown that these
fs laser-induced NGs can be fabricated in various glasses and
crystals, such as doped silica glass [77, 78], sapphire [79], mul-
ticomponent alumino-borosilicate [80], and BaO-GeO2-Gas O3
(BGG) glasses [81].

3.3. Nanovoids

Nanovoids are typically formed under intense localized energy
deposition, where strong nonlinear absorption and rapid energy
release lead to irreversible structural disruptions within the ma-
terial. In addition to nanovoids, this modification may also in-
volve cavity-like regions, crack-associated zones, and porous
structures.
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Early studies of fs laser-induced nanovoids established that
these features were not simply random damage but distinct in-
ternal structures that could be directly generated and manipu-
lated inside transparent materials. In silica glass, laser-induced
voids were shown to translate and merge under subsequent irra-
diation, and SEM observations confirmed that the optically ob-
served dark spots were true cavities surrounded by a modified
region [82]. This phenomenon has been later observed in other
transparent materials [83, 84]. As shown in Figure 8(a), the for-
mation and morphology of the nanovoids depended strongly on
laser energy and focusing parameters. Nanovoids are formed
only when the laser energy exceeds a threshold. Their morphol-
ogy is determined mainly by the focal volume near the threshold
but becomes increasingly conical at higher energies [85].

Moreover, beam shaping can tune nanovoid morphol-
ogy [86]. Rapp et al. [87] used a single fs pulse Bessel beam
to create nanovoids in sapphire with an aspect ratio as high as
100 : 1, which was two orders of magnitude larger than the
nanovoids prepared using Gaussian beams. The laser energy
used during processing was only in the range of nanojoules.
At the same time, they also discovered that different laser
parameters had completely different effects on the formation
of nanovoids. In particular, the pulse energy and beam profile
strongly influence nanovoid formation by determining the
spatial distribution and density of deposited energy. Increasing
the pulse energy will enlarge the void. The beam profile will
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change the void geometry. For example, Gaussian beams and
Bessel beams will produce significantly different void sizes
and aspect ratios.

Periodic nanovoid arrays can also be produced in conven-
tional borosilicate glass with a single fs laser beam. The
voids self-organize along the propagation direction. Their pe-
riod, number, and total array length can be adjusted via the
laser power, pulse number, and focal position [88]. Such ar-
rays can be used to generate periodic refractive-index modula-
tion. This has also promoted the development of point-by-point
writing strategies for structures such as fiber Bragg gratings
(FBGs) [89-91]. Figure 8(b) illustrates the processing method.
Sosa et al. [92] showed that the periodic nanovoid arrays are not
simply damage, but functional structures that produce Bragg
modulation. Chen et al. [93] further showed that the geometry
of these nanovoids also affects FBG performance. As shown
in Figure 8(c), the grating period under different numerical
apertures remained approximately 1.07 um, but the nanovoid
shapes were different. When using a lens with a numerical
aperture of 1.25, the nanovoid had a more obvious longitudi-
nal extension. The larger longitudinal extent improved mode
overlap and reduced insertion loss.

In addition, high-temperature stability also determines the
working performance of FBGs. Sosa et al. [94] found that when
the annealing temperature exceeded 1125°C, the nanovoids
gradually deformed and lost their original periodicity. There-
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fore, in the future, not only the morphology and periodicity
of the nanovoids need to be optimized, but also their stability
should be enhanced, so as to achieve better device performance.

4. APPLICATIONS

4.1. Optical Data Storage

Due to the rapid increase in data volume, conventional stor-
age methods are facing increasing limitations in capacity, life-
time, and readout efficiency. In response to this demand,
Glezer et al. first proposed the optical data storage relying on fs
laser-induced localized modification [95] and later developed
it into 3D optical storage across a range of transparent mate-
rials. However, this type of 3D storage is mainly based on
nanovoids and relies largely on spatial position for encoding.
Consequently, the number of available storage dimensions re-
mains limited, and further improvement in data capacity is dif-
ficult [96].

To overcome this limitation, researchers have developed
five-dimensional (5D) optical data storage based on fs laser-
induced NGs, which provide additional encoding dimensions
through their orientation and retardance, thereby increasing the
storage density. Due to the increase in storage dimensions,
it offers much higher storage capacity and greater flexibility
than 3D storage. Shimotsuma et al. [97] first introduced 5D
optical storage by tuning the polarization direction and phase
distribution of the writing beam, achieving a storage density
of 300 Gbit/cm?® in silica glass. Beresna et al. [98] further
discussed the self-organization mechanism of laser-induced
anisotropic nanostructures in glass, providing a physical basis
for understanding the formation of birefringent structures used
in multidimensional optical storage. In 2014, Zhang et al. [99]
brought this strategy closer to practical application by demon-
strating multilayer 5D storage in fused silica, with a projected
lifetime exceeding 100 million years, a recording speed of up
to 12 Mbit/s, and a capacity as high as 360 TB/disc.

Recent studies have focused more on writing speed, stor-
age capacity, and practical usability. Ye et al. [100] achieved
5D storage in glass through a parallel writing method based
on shaped voxels. The estimated data storage capacity was
1.47 TB, and the writing speed was increased to 7.5 MB/s.
Moreover, the Project Silica team achieved a storage capacity
of 4.84 TB in fused quartz by utilizing birefringence and phase
voxels [101]. The writing speed can reach up to 25.6 Mbit/s,
and the expected data lifespan exceeds 10,000 years. These re-
sults indicate that optical data storage is advancing rapidly and
has the potential for practical applications.

4.2. Integrated and Quantum Photonics

Integrated photonics focuses on on-chip light transmission and
integration. Quantum photonics focuses on quantum commu-
nication, sensing, and precision measurement. Although their
applications differ, both require stable, low-loss, and flexibly
designed optical structures.

Waveguides are an important structure in integrated photon-
ics. It can be used for optical beam splitters [102], directional
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couplers (DCs) [103], optical switches [104], and mode modu-
lators. Beyond these simple in-chip applications, they can also
serve as interfaces between chips and free space. Lapointe et
al. [105] extended fs laser-written waveguides to nonrecipro-
cal integrated photonic devices by inscribing low-loss waveg-
uides in latched bismuth-doped iron garnet without degrading
its magneto-optical response. The resulting Faraday rotator
waveguide exhibited an insertion loss below 0.15dB, and its
integration with thin-film polarizers produced a compact opti-
cal isolator with an isolation ratio above 25 dB and an insertion
loss below 1.5 dB across the telecom C-band. The device op-
erates without external magnets or coupling lenses, facilitating
direct hybrid integration with photonic circuits.

Furthermore, owing to their advantages such as 3D inte-
gration, high-fidelity transmission, and polarization control-
lability, optical waveguides have been widely employed in
quantum photonic circuits and large-scale quantum network-
ing [106]. Recently, Zhou et al. [107] fabricated a 3D waveg-
uide lattice in glass and experimentally demonstrated three-
photon quantum walks on a two-dimensional triangular lattice.
The photonic chip mapped the evolution of three indistinguish-
able photons onto a 19 x 19 x 19 Hilbert space containing
6859 nodes, demonstrating the capability of laser-written 3D
circuits for large-scale multiparticle quantum simulations. In
addition to waveguides, laser-induced NGs can also serve as
polarization-sensitive or birefringent elements, providing com-
plementary functionalities for polarization control and light ma-
nipulation in integrated photonic systems. Xu et al. [108] ex-
perimentally fabricated geometric-phase elements, including a
polarization diffraction focusing lens and a Q-plate, based on
laser-inscribed NGs in sapphire, demonstrating their capabil-
ity for polarization and wavefront manipulation. These studies
demonstrate that fs laser-written waveguides and nanogratings
can provide complementary functionalities for integrated and
quantum photonics, enabling both three-dimensional light rout-
ing and polarization-dependent optical manipulation.

4.3. Sensing in Harsh Environments

Internal structures fabricated in transparent materials are be-
coming increasingly important for sensing in harsh environ-
ments, as these materials can withstand high temperatures and
intense radiation [109,110]. Among these structures, NGs
are particularly promising for sensors because of their unique
anisotropic optical properties and excellent thermal stability.
Wei et al. [111] demonstrated that the thermal stability of NGs
not only is relevant to their microstructural characteristics, but
also closely depends on the glass composition. Higher con-
tent of C17/OH™ doping significantly weakens the ability to
maintain stability at high temperatures, while an appropriate
amount of Ge doping has a relatively limited impact on thermal
stability but does change its optical response. Beyond NGs,
buried waveguide-based structures can also be employed for
sensing in harsh environments because their internal guiding
geometry provides optical confinement, together with protec-
tion from external damage. Wang et al. [112] constructed di-
rectional nanostructures in sapphire-derived all-glass cores us-
ing the FLDW method. They systematically studied the writ-

WWwWw.jpier.org



Progress In Electromagnetics Research, Vol. 186, 96-109, 2026

PIER

ing kinetics and thermal stability within the temperature range
of 20-1200°C. The results demonstrate the significance of the
material composition in terms of thermal stability. In addition
to optimizing the material composition, the processing method
can be optimized. Wang et al. [113] achieved this by optimiz-
ing the writing process, maintaining high-temperature and radi-
ation resistance stability while minimizing losses. Eventually,
they achieved an insertion loss near 1dBm~!, a single-point
device loss of approximately 0.001 dB, with a temperature fluc-
tuation of only +5.5°C over 5 days at 1000°C, and prepared a
1.4 m long radiation-resistant distributed sensor that completed
stable temperature measurements in the reactor environment.
In conclusion, to enhance the environmental tolerance of the in-
ternal structure, it is necessary to simultaneously optimize the
material composition and processing conditions.

5. CONCLUSIONS AND OUTLOOK

Laser-induced modification provides a direct way for fabricat-
ing internal structures in transparent materials. The thermal and
chemical stability of transparent materials makes them suitable
for optical and photonic applications. Conventional methods
are less effective for fabricating structures inside the material.
Fs laser-induced modification offers a unique route for 3D di-
rect writing through nonlinear absorption and ultrafast energy
deposition. This review summarizes underlying mechanisms,
structures, and applications of fs laser-induced modification. It
then reviews waveguides, NGs, and nanovoids and their appli-
cations in optical storage, integrated and quantum photonics,
and harsh-environment sensing.

Several challenges still need to be addressed in this field. The
physics of fs laser interaction with transparent materials is not
yet fully understood. The modification process involves non-
linear excitation, free-electron generation, ultrafast energy re-
laxation, and lattice response, but links between these stages
remain complex. This issue is particularly evident in the for-
mation of NGs, nanovoids, and related internal structures.

Another challenge is the control and reproducibility of struc-
ture formation. In waveguide fabrication, refractive-index
change, cross-sectional shape, mode matching, and propaga-
tion loss are closely coupled. This makes it difficult to obtain
low loss and high symmetry while maintaining compatibility
with complex 3D interconnections. For NGs, the period, ori-
entation, and uniformity are highly sensitive to laser param-
eters, polarization state, and material properties, which limit
their consistency. For nanovoids, issues such as size dispersion,
stress concentration, and long-term reliability have not yet been
fully addressed. Transparent materials differ markedly in their
band structure, defect-state distribution, thermal diffusion be-
havior, and crystallographic anisotropy. Consequently, many
existing conclusions remain material-specific, and broadly ap-
plicable principles for structural design and process control are
still insufficient.

Furthermore, current research remains focused mainly on
individual structures and single-function demonstrations. In
comparison, the integrated fabrication of complex 3D func-
tional systems remains relatively underdeveloped. The coordi-
nated design and coupling of different modified units, such as
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waveguides, NGs, and nanovoids, have not yet been explored
to the same extent as the formation of isolated structures. In
addition, the point-by-point nature of the FLDW method im-
poses constraints on the throughput, large-area fabrication, and
batch-level consistency. These factors have become increas-
ingly important as the field advances from the initial concept
demonstration to practical device implementation.

Overall, fs laser-induced modification based on localized
modification has established an important foundation for
the fabrication of high-performance photonic structures in
transparent materials. Future work should further clarify
laser-material interaction mechanisms through a combination
of time-resolved characterizations, in situ observations, and
multiscale simulations. More precise processing strategies are
also needed. Beam shaping, polarization control, adaptive fo-
cusing, and hybrid-assisted fabrication can improve structural
controllability, uniformity, and processing efficiency. Future
research should extend beyond individual structures toward
complex 3D integrated systems. Such integration will also
support the practical and large-scale implementation of these
structures.

ACKNOWLEDGEMENT

This work was supported by the Opening Funding of the Na-
tional Key Laboratory of Electromagnetic Space Security.

REFERENCES

[1] Peng, L., H.Ren, Y.-C. Liu, T.-W. Lan, K.-W. Xu, D.-X. Ye, H.-
B. Sun, S. Xu, H.-S. Chen, and S. Zhang, “Spin Hall effect of
transversely spinning light,” Science Advances, Vol. 8, No. 34,
eabo6033, 2022.

Li, Y., S. Xu, Z. Zhang, Y. Yang, X. Xie, W. Ye, F. Liu, H. Xue,
L. Jing, Z. Wang, Q.-D. Chen, H.-B. Sun, E. Li, H. Chen,
and F. Gao, “Polarization-orthogonal nondegenerate plasmonic
higher-order topological states,” Physical Review Letters, Vol.
130, No. 21, 213603, May 2023.

Zhang, B., Z. Wang, T. Albrow-Owen, T. Hasan, Z. Chen,
Z. Song, G. Zhang, H. Joyce, D. Tan, Q. Guo, C.-W. Qiu,
Z. Yang, and J. Qiu, “3D ultra-broadband optically disper-
sive microregions in lithium niobate,” Nature Communications,
Vol. 16, No. 1, 6086, July 2025.

Winkler, S., J. R. Krenn, J. Wahl, A. Zesar, Y. Colombe,
K. Schiippert, C. Rossler, C. Sommer, P. Hurdax, P. Lichteneg-
ger, and B. Lamprecht, “Femtosecond laser-written waveguides
in sapphire for visible light delivery,” Optics Continuum, Vol. 4,
No. 6, 1212, June 2025.

Ren, H., S. Xu, Z. Lyu, Y. Li, Z. Yang, Q. Xu, Y.-S. Yu, Y. Li,
F. Gao, X. Yu, J. Han, Q.-D. Chen, and H.-B. Sun, “Tera-
hertz flexible multiplexing chip enabled by synthetic topologi-
cal phase transitions,” National Science Review, Vol. 11, No. 8,
116, March 2024.

Ren, H., X.-L. Zhang, Z. Lyu, H. Chen, Y.-Q. Song, L. Wang,
Y.-S. Yu, X. Yu, Q.-D. Chen, and S. Xu, “Non-hermitian loss-
driven broadband low-loss on-chip terahertz photonic SPDT
switch,” Laser & Photonics Reviews, Vol. 19, No. 5, 2401456,
November 2024.

Wu, J., C. Ouyang, J. Ma, H. Li, Z.-H. Xu, X. Hao, Q. Xu, J. Gu,
S. Xu, Y. Li, J. Han, and W. Zhang, “Reconfigurable BIC-based
intrinsic chiral all-dielectric terahertz metasurfaces,” Laser &

(2]

(3]

(4]

(3]

(6]

(7]

WWwWw.jpier.org



PIER

Luetal.

[10]

[11]

[12]

[14]

[15]

[16]

[17]

[20]

(21]

Photonics Reviews, Vol. 19, No. 23, 00674, July 2025.
Miksova, R., P. Nekvindova, P. Aubrecht, and A. Mackova,
“Optical response of channel waveguides in silicate glass cre-
ated via ion implantation with optical barriers of varying thick-
ness,” Optics & Laser Technology, Vol. 183, 112333, May
2025.

Qin, Z., Z.-H. Xu, H. Zheng, Y. Song, H. Ren, W.-Y. Wang,
H. Chen, J.-J. Liang, X.-L. Ge, G.-L. Huang, and S. Xu,
“Sub-terahertz broadband polarization-reconfigurable radiation
based on spoof surface plasmon polaritons,” Laser & Photonics
Reviews, Vol. 20, No. 12, 02111, February 2026.

Sun, Y.-K., Y.-Q. Liu, Q.-D. Chen, and Y.-L. Zhang, “Fem-
tosecond laser 3D nanoprinting using inorganic nano-building
blocks,” The Innovation, Vol. 6, No. 3, 100772, March 2025.
Ge, X., S. Xu, T.-T. Zhang, Z.-T. Li, J.-Q. Feng, H. Ren, D.-
D. Han, and Y.-L. Zhang, “Self-adaptive mechanical metasur-
face enabling zero-power-consumption thermal management
of electronic devices,” Advanced Materials, Vol. 38, No. 14,
09005, March 2026.

Zheng, W., Z. Wang, W. Chen, M. Zhang, H. Li, G. Yang,
Q. Xu, X. Qiao, D. Tan, J. Zhang, J. Qiu, G. Qian, and X. Fan,
“Unlocking high photosensitivity direct laser writing and ob-
serving atomic clustering in glass,” Nature Communications,
Vol. 15, No. 1, 8366, September 2024.

Zhu, L., Y.-Q. Liu, J.-Y. Wan, Z.-J. Sun, D.-D. Han, Q.-D. Chen,
and Y.-L. Zhang, “Ultra-compact on-chip camera based on op-
toelectronic compound eyes with nonuniform ommatidia,” In-
ternational Journal of Extreme Manufacturing, Vol. 7, No. 1,
015502, November 2024.

Liu, Y., Y. Ding, Z. Liu, X. Li, S. Tian, L. Fan, J. Xie, L. Xu,
J. Lee, J. Li, and L. Yang, “Ultrafast laser one-step construction
of 3D micro-/nanostructures achieving high-performance zinc
metal anodes,” PhotoniX, Vol. 5, No. 1, 6, March 2024.

Liu, X.-Q., B.-F. Bai, Q.-D. Chen, and H.-B. Sun, “Etching-
assisted femtosecond laser modification of hard materials,”
Opto-Electronic Advances, Vol. 2, No. 9, 190021, 2019.

Sun, B., F. Morozko, P. S. Salter, S. Moser, Z. Pong, R. B. Pa-
tel, I. A. Walmsley, M. Wang, A. Hazan, N. Barré, A. Jesacher,
J. Fells, C. He, A. Katiyi, Z.-N. Tian, A. Karabchevsky, and
M. J. Booth, “On-chip beam rotators, adiabatic mode convert-
ers, and waveplates through low-loss waveguides with variable
cross-sections,” Light: Science & Applications, Vol. 11, No. 1,
214, July 2022.

Duan, Y., Z.-N. Tian, S.-X. Fei, Z.-Y. Hu, K.-H. Xiao, X.-
L. Zhang, and Q.-D. Chen, “Three-dimensional ultra-compact
mode converter enabled by femtosecond laser differential ex-
posure,” Laser & Photonics Reviews, Vol. 20, No. 11, 02306,
January 2026.

Tan, D., K. N. Sharafudeen, Y. Yue, and J. Qiu, “Femtosecond
laser induced phenomena in transparent solid materials: Fun-
damentals and applications,” Progress in Materials Science,
Vol. 76, 154-228, March 2016.

Zhang, B., W. Yan, and F. Chen, “Recent advances in fem-
tosecond laser direct writing of three-dimensional periodic pho-
tonic structures in transparent materials,” Advanced Photonics,
Vol. 7, No. 3, 034002, April 2025.

Malinauskas, M., A. Zukauskas, S. Hasegawa, Y. Hayasaki,
V. Mizeikis, R. Buividas, and S. Juodkazis, “Ultrafast laser pro-
cessing of materials: From science to industry,” Light: Science
& Applications, Vol. 5, No. 8, 16133, March 2016.

Sugioka, K. and Y. Cheng, “Ultrafast lasers-reliable tools for
advanced materials processing,” Light: Science & Applica-
tions, Vol. 3, No. 4, 149, April 2014.

106

[22]

(23]

[26

—_

(28]

[29]

[30

—_

[31]

Streltsov, A. M. and N. F. Borrelli, “Study of femtosecond-
laser-written waveguides in glasses,” Journal of the Optical So-
ciety of America B, Vol. 19, No. 10, 2496, October 2002.

Yao, H., D. Pugliese, M. Lancry, and Y. Dai, “Ultrafast laser
direct writing nanogratings and their engineering in transpar-
ent materials,” Laser & Photonics Reviews, Vol. 18, No. 9,
2300891, May 2024.

Richter, S., M. Heinrich, S. Déring, A. Tlnnermann, and
S. Nolte, “Formation of femtosecond laser-induced nanograt-
ings at high repetition rates,” Applied Physics A, Vol. 104, No. 2,
503-507, June 2011.

Juodkazis, S., K. Nishimura, S. Tanaka, H. Misawa, E. G.
Gamaly, B. Luther-Davies, L. Hallo, P. Nicolai, and V. T.
Tikhonchuk, “Laser-induced microexplosion confined in the
bulk of a sapphire crystal: Evidence of multimegabar pres-
sures,” Physical Review Letters, Vol. 96, No. 16, 166101, April
2006.

Juodkazis, S., H. Misawa, T. Hashimoto, E. G. Gamaly, and
B. Luther-Davies, “Laser-induced microexplosion confined in
a bulk of silica: Formation of nanovoids,” Applied Physics Let-
ters, Vol. 88, No. 20, 201909, May 2006.

Okada, T., T. Tomita, S. Matsuo, S. Hashimoto, Y. Ishida,
S. Kiyama, and T. Takahashi, “Formation of periodic strained
layers associated with nanovoids inside a silicon carbide single
crystal induced by femtosecond laser irradiation,” Journal of
Applied Physics, Vol. 106, No. 5, 054307, September 2009.
Davis, K. M., K. Miura, N. Sugimoto, and K. Hirao, “Writing
waveguides in glass with a femtosecond laser,” Optics Letters,
Vol. 21, No. 21, 1729, November 1996.

Vega, F., J. Armengol, V. Diez-Blanco, J. Siegel, J. So-
lis, B. Barcones, A. Pérez-Rodriguez, and P. Loza-Alvarez,
“Mechanisms of refractive index modification during femtosec-
ond laser writing of waveguides in alkaline lead-oxide silicate
glass,” Applied Physics Letters, Vol. 87, No. 2, 021109, July
2005.

Liao, Y., J. Qi, P. Wang, W. Chu, Z. Wang, L. Qiao, and
Y. Cheng, “Transverse writing of three-dimensional tubular op-
tical waveguides in glass with a slit-shaped femtosecond laser
beam,” Scientific Reports, Vol. 6, No. 1, 28790, June 2016.
Kifle, E., P. Loiko, X. Mateos, J. R. V. de Aldana, A. Ro-
denas, U. Griebner, V. Petrov, M. Aguil6, and F. Diaz,
“Femtosecond-laser-written hexagonal cladding waveguide in
Tm:KLu(WO4)2: p-Raman study and laser operation,” Opti-
cal Materials Express, Vol. 7, No. 12, 42584268, November
2017.

Ferrer, A., A.R. d. l. Cruz, D. Puerto, W. Gawelda, J. A. Vallés,
M. A. Rebolledo, V. Berdejo, J. Siegel, and J. Solis, “In situ as-
sessment and minimization of nonlinear propagation effects for
femtosecond-laser waveguide writing in dielectrics,” Journal of
the Optical Society of America B, Vol. 27, No. 8, 1688-1692,
July 2010.

Streltsov, A. M. and N. F. Borrelli, “Fabrication and analysis of
a directional coupler written in glass by nanojoule femtosecond
laser pulses,” Optics Letters, Vol. 26, No. 1, 42-43, January
2001.

Miura, K., J. Qiu, H. Inouye, T. Mitsuyu, and K. Hirao, “Pho-
towritten optical waveguides in various glasses with ultrashort
pulse laser,” Applied Physics Letters, Vol. 71, No. 23, 3329-
3331, December 1997.

Wu, B., B. Zhang, W. Liu, Q. Lu, L. Wang, and F. Chen, “Re-
coverable and rewritable waveguide beam splitters fabricated
by tailored femtosecond laser writing of lithium tantalate crys-
tal,” Optics & Laser Technology, Vol. 145, 107500, January

WWwWw.jpier.org



Progress In Electromagnetics Research, Vol. 186, 96-109, 2026

PIER

2022.

[36] Torchia, G. A., A. Rodenas, A. Benayas, E. Cantelar, L. Roso,
and D. Jaque, “Highly efficient laser action in femtosecond-
written Nd:yttrium aluminum garnet ceramic waveguides,” Ap-
plied Physics Letters, Vol. 92, No. 11, 111103, March 2008.

[37] Qi, J., P. Wang, Y. Liao, W. Chu, Z. Liu, Z. Wang, L. Qiao,
and Y. Cheng, “Fabrication of polarization-independent single-
mode waveguides in lithium niobate crystal with femtosecond
laser pulses,” Optical Materials Express, Vol. 6, No. 8, 2554,

July 2016.

[38] Bérubé, J.-P., J. Lapointe, A. Dupont, M. Bernier, and R. Vallée,
“Femtosecond laser inscription of depressed cladding single-
mode mid-infrared waveguides in sapphire,” Optics Letters,

Vol. 44, No. 1, 37-40, December 2018.

[39] Nie, W., C. Cheng, Y. Jia, C. Romero, J. R. V. d. Aldana,
and F. Chen, “Dual-wavelength waveguide lasers at 1064 and
1079 nm in Nd:YAP crystal by direct femtosecond laser writ-
ing,” Optics Letters, Vol. 40, No. 10, 2437-2440, May 2015.

[40] Wang, M., P. S. Salter, F. P. Payne, T. Liu, M. J. Booth,
and J. A. J. Fells, “Laser-written scalable sapphire integrated
photonics platform,” Optics Express, Vol. 32, No. 26, 45 600—

45614, December 2024.

[41] Jia, Y., S. Wang, and F. Chen, “Femtosecond laser direct writing
of flexibly configured waveguide geometries in optical crystals:
Fabrication and application,” Opto-Electronic Advances, Vol. 3,

No. 10, 190042, 2020.

[42] Lee, T., Q. Sun, M. Beresna, and G. Brambilla, “Low bend loss
femtosecond laser written waveguides exploiting integrated mi-
crocrack,” Scientific Reports, Vol. 11, No. 1, 23770, December

2021.

[43] Shen, Y., B. Wu, B. Zhang, and F. Chen, “Femtosecond-laser-
written helical cladding waveguides: 3D fabrication and mode
modulation,” Optics & Laser Technology, Vol. 163, 109337,

August 2023.

[44] Li, L., P. Wang, L. Shi, W. Kong, and F. Chen, “Femtosecond
laser writing of S-curved dual-line waveguides in BGO crystal
for mid-infrared band application,” Optical Materials, Vol. 167,

117283, October 2025.

[45] Li, S.-L., Y. Song, L.-N. Ma, and H.-L. Wang, “Femtosecond-
laser-inscribed cladding waveguides in KTiOPO4 crystal for
second-harmonic generation and Y-branch splitters,” Frontiers

in Physics, Vol. 12, 1341210, May 2024.

[46] Skryabin, N., A. Kalinkin, I. Dyakonov, and S. Kulik, “Fem-
tosecond laser written depressed-cladding waveguide 2 x 2, 1
x 2 and 3 x 3 directional couplers in Tm3+:YAG crystal,” Mi-

cromachines, Vol. 11, No. 1, 1, 2020.

[47] Gualandi, G., F. Saretto, D. Pedroli, G. Corrielli, M. Lisci-
dini, R. Osellame, and A. Crespi, “Tunable integrated ring res-
onators by femtosecond laser micromachining,” APL Photon-

ics, Vol. 11, No. 3, 036110, March 2026.

[48] Ross-Adams, A., T. T. Fernandez, M. Withford, and S. Gross,
“Low bend loss, high index, composite morphology ultra-
fast laser written waveguides for photonic integrated circuits,”
Light: Advanced Manufacturing, Vol. 5, No. 1, 52-61, 2024.

[49] Wang, Y., L. Zhong, K. Y. Lau, X. Han, Y. Yang, J. Hu,
S. Firstov, Z. Chen, Z. Ma, L. Tong, K. S. Chiang, D. Tan, and
J. Qiu, “Precise mode control of laser-written waveguides for
broadband, low-dispersion 3D integrated optics,” Light: Sci-

ence & Applications, Vol. 13, No. 1, 130, June 2024.

[50] Tan, D., Z. Wang, B. Xu, and J. Qiu, “Photonic circuits writ-
ten by femtosecond laser in glass: Improved fabrication and re-
cent progress in photonic devices,” Advanced Photonics, Vol. 3,

No. 2, 024002, March 2021.

107

[51]

[54]

[55]

[56]

[59]

[60]

[64]

Cheng, Y., K. Sugioka, K. Midorikawa, M. Masuda, K. Toyoda,
M. Kawachi, and K. Shihoyama, “Control of the cross-sectional
shape of a hollow microchannel embedded in photostructurable
glass by use of a femtosecond laser,” Optics Letters, Vol. 28,
No. 1, 55-57, January 2003.

Ams, M., G. D. Marshall, D. J. Spence, and M. J. Withford,
“Slit beam shaping method for femtosecond laser direct-write
fabrication of symmetric waveguides in bulk glasses,” Optics
Express, Vol. 13, No. 15, 5676-5681, 2005.

Marshall, G. D., A. Politi, J. C. F. Matthews, P. Dekker, M. Ams,
M. J. Withford, and J. L. O’Brien, “Laser written waveguide
photonic quantum circuits,” Optics Express, Vol. 17, No. 15,
12 546-12 554, July 2009.

Tan, Y., Z. Mou, J. Xu, H. Luo, G. Jiang, J. Qi, Y. Liang,
H. Chong, Y. Cai, and Y. Cheng, “Femtosecond laser three-
dimensional isotropic inscription in glass enabled by high-
speed rotating slit beam shaping,” International Journal of Ex-
treme Manufacturing, Vol. 8, No. 1, 015001, September 2025.
Zhang, Y., Q. Jiang, M. Long, R. Han, K. Cao, S. Zhang,
D. Feng, T. Jia, Z. Sun, J. Qiu, and H. Xu, “Femtosecond laser-
induced periodic structures: Mechanisms, techniques, and ap-
plications,” Opto-Electronic Science, Vol. 1, No. 6, 220005,
2022.

Liao, Y., J. Ni, L. Qiao, M. Huang, Y. Bellouard, K. Sugioka,
and Y. Cheng, “High-fidelity visualization of formation of vol-
ume nanogratings in porous glass by femtosecond laser irradi-
ation,” Optica, Vol. 2, No. 4, 329-334, March 2015.
Shimotsuma, Y., P. G. Kazansky, J. Qiu, and K. Hirao, “Self-
organized nanogratings in glass irradiated by ultrashort light
pulses,” Physical Review Letters, Vol. 91, No. 24, 247405, De-
cember 2003.

Taylor, R., C. Hnatovsky, and E. Simova, “Applications of fem-
tosecond laser induced self-organized planar nanocracks inside
fused silica glass,” Laser & Photonics Reviews, Vol. 2, No. 1-2,
26-46, April 2008.

Hnatovsky, C., R. S. Taylor, E. Simova, P. P. Rajeev, D. M.
Rayner, V. R. Bhardwaj, and P. B. Corkum, “Fabrication of mi-
crochannels in glass using focused femtosecond laser radiation
and selective chemical etching,” Applied Physics A, Vol. 84,
No. 1-2, 47-61, April 2006.

Lancry, M., F. Zimmerman, R. Desmarchelier, J. Tian, F. Bris-
set, S. Nolte, and B. Poumellec, “Nanogratings formation in
multicomponent silicate glasses,” Applied Physics B, Vol. 122,
No. 3, 66, March 2016.

Canning, J., M. Lancry, K. Cook, A. Weickman, F. Brisset,
and B. Poumellec, “Anatomy of a femtosecond laser processed
silica waveguide [Invited],” Optical Materials Express, Vol. 1,
No. 5, 998, August 2011.

Mishchik, K., G. Cheng, G. Huo, I. M. Burakov, C. Mauclair,
A. Mermillod-Blondin, A. Rosenfeld, Y. Ouerdane, A. Bouken-
ter, O. Parriaux, and R. Stoian, ‘“Nanosize structural modifi-
cations with polarization functions in ultrafast laser irradiated
bulk fused silica,” Optics Express, Vol. 18, No. 24, 24 809—
24 824, November 2010.

Yang, H., H. Mo, J. Zhang, L. Hong, and Z.-Y. Li, “Observa-
tion of single-molecule Raman spectroscopy enabled by syn-
ergic electromagnetic and chemical enhancement,” PhotoniX,
Vol. 5, Article number 3, February 2024.

Chen, X., C. Qiao, T. Jiang, J. Liu, Q. Meng, Y. Zeng, H. Chen,
H. Qiao, D. Li, and J. Wu, “Self-supervised denoising for mul-
timodal structured illumination microscopy enables long-term
super-resolution live-cell imaging,” PhotoniX, Vol. 5, Article
number 4, March 2024.

WWwWw.jpier.org



PIER

Luetal.

[65]

[68]

[69

—

[71]

[72]

(73]

[75]

[77]

Goffin, N., E. Buache, N. Lalun, M. Fernandes, 1. Miguel,
C. Muller, C. Vaysse, L. Blanc, C. Gobinet, and O. Piot, “Char-
acterization of cancer-associated adipocytes by Raman spec-
troscopy and trajectory inference,” PhotoniX, Vol. 5, Article
number 35, October 2024.

Park, J. and L. Gao, “Cascaded compressed-sensing single-
pixel camera for high-dimensional optical imaging,” PhotoniX,
Vol. 5, Article number 37, November 2024.

Shchedrina, N., G. Nemeth, F. Borondics, N. Ollier, and
M. Lancry, “Nano-FTIR spectroscopy reveals SiO2 densifi-
cation within fs-laser induced nanogratings,” Nanoscale Ad-
vances, Vol. 6, No. 20, 5164-5170, 2024.

Xie, Q., N. Shchedrina, M. Cavillon, B. Poumellec, and M. Lan-
cry, “Nanoscale investigations of femtosecond laser induced
nanogratings in optical glasses,” Nanoscale Advances, Vol. 6,
No. 2, 489-498, 2024.

Hnatovsky, C., R. S. Taylor, P. P. Rajeev, E. Simova, V. R.
Bhardwaj, D. M. Rayner, and P. B. Corkum, “Pulse dura-
tion dependence of femtosecond-laser-fabricated nanogratings
in fused silica,” Applied Physics Letters, Vol. 87, 014104, June
2005.

Ramirez, L. P. R., M. Heinrich, S. Richter, F. Dreisow, R. Keil,
A. V. Korovin, U. Peschel, S. Nolte, and A. Tiinnermann,
“Tuning the structural properties of femtosecond-laser-induced
nanogratings,” Applied Physics A, Vol. 100, No. 1, 1-6, April
2010.

Kazansky, P. G., W. Yang, E. Bricchi, J. Bovatsek, A. Arai,
Y. Shimotsuma, K. Miura, and K. Hirao, “‘Quill’ writing
with ultrashort light pulses in transparent materials,” Applied
Physics Letters, Vol. 90, No. 15, 151120, 2007.

Dai, Y., G. Wu, X. Lin, G. Ma, and J. Qiu, “Femtosecond laser
induced rotated 3D self-organized nanograting in fused silica,”
Optics Express, Vol. 20, No. 16, 18 072—-18 078, July 2012.
Richter, S., M. Heinrich, S. Déring, A. Tiinnermann, S. Nolte,
and U. Peschel, “Nanogratings in fused silica: Formation, con-
trol, and applications,” Journal of Laser Applications, Vol. 24,
No. 4, 042008, July 2012.

Bhardwaj, V. R., E. Simova, P. P. Rajeev, C. Hnatovsky, R. S.
Taylor, D. M. Rayner, and P. B. Corkum, “Optically produced
arrays of planar nanostructures inside fused silica,” Physical
Review Letters, Vol. 96, 057404, February 2006.

Stankevi¢, V., G. Raciukaitis, F. Bragheri, X. Wang, E. G.
Gamaly, R. Osellame, and S. Juodkazis, “Laser printed nano-
gratings: Orientation and period peculiarities,” Scientific Re-
ports, Vol. 7, 39989, January 2017.

Sakakura, M., Y. Lei, L. Wang, Y.-H. Yu, and P. G. Kazan-
sky, “Ultralow-loss geometric phase and polarization shaping
by ultrafast laser writing in silica glass,” Light: Science & Ap-
plications, Vol. 9, Article number 15, February 2020.

Lancry, M., B. Poumellec, A. Chahid-Erraji, M. Beresna, and
P. G. Kazansky, “Dependence of the femtosecond laser refrac-
tive index change thresholds on the chemical composition of
doped-silica glasses,” Optical Materials Express, Vol. 1, No. 4,
711-723, July 2011.

Shimotsuma, Y., S. Kubota, A. Murata, T. Kurita, M. Sakakura,
K. Miura, M. Lancry, and B. Poumellec, “Tunability of
form birefringence induced by femtosecond laser irradiation in
anion-doped silica glass,” Journal of the American Ceramic So-
ciety, Vol. 100, No. 9, 3912-3919, May 2017.

Zhai, Q., H. Ma, X. Lin, Y. Li, W. Yin, X. Tang, X. Zeng, and
Y. Dai, “Evolution of self-organized nanograting from the pre-
induced nanocrack-assisted plasma-laser coupling in sapphire,”
Applied Physics B, Vol. 127, Article number 74, April 2021.

108

(80]

(82]

[83]

[86]

[90]

[93]

[94]

Yao, H., Q. Xie, M. Cavillon, D. R. Neuville, D. Pugliese,
D. Janner, Y. Dai, B. Poumellec, and M. Lancry, “Vol-
ume nanogratings inscribed by ultrafast IR laser in alumino-
borosilicate glasses,” Optics Express, Vol. 31, No. 10, 15449—
15460, April 2023.

Yao, H., R. Zaiter, M. Cavillon, P. Delullier, B. Lu, T. Cardinal,
Y. Dai, B. Poumellec, and M. Lancry, “Formation of nanograt-
ings driven by ultrafast laser irradiation in mid-IR heavy ox-
ide glasses,” Ceramics International, Vol. 48, No. 21, 31363—
31369, November 2022.

Watanabe, W., T. Toma, K. Yamada, J. Nishii, K.-i. Hayashi,
and K. Itoh, “Optical seizing and merging of voids in silica glass
with infrared femtosecond laser pulses,” Optics Letters, Vol. 25,
No. 22, 1669-1671, November 2000.

Vailionis, A., E. G. Gamaly, V. Mizeikis, W. Yang, A. V. Rode,
and S. Juodkazis, “Evidence of superdense aluminium synthe-
sized by ultrafast microexplosion,” Nature Communications,
Vol. 2, Article number 445, August 2011.

Danilov, P. A., A. V. Gorevoy, 1. D. Matyaev, 1. V. Gritsenko,
V. N. Kurlov, and S. I. Kudryashov, “Femtosecond-laser writ-
ing of microbits for luminescent memory in sapphire,” JETP
Letters, Vol. 122, No. 7, 397-404, October 2025.

Cheng, W., Z. Wang, X. Liu, Y. Cheng, and P. Polynkin, “Mi-
croexplosions in bulk sapphire driven by simultaneously spa-
tially and temporally focused femtosecond laser beams,” Optics
Letters, Vol. 48, No. 3, 751-754, January 2023.

Zhang, G., N. Li, H. Zhang, H. Wang, J. Xu, J. Wang, J. Wang,
D. Hui, Y. Fu, and G. Cheng, “Pulse duration dependence of
material response in ultrafast laser-induced surface-penetrating
nanovoids in fused silica,” Optics & Laser Technology, Vol.
192, 114065, December 2025.

Rapp, L., R. Meyer, R. Giust, L. Furfaro, M. Jacquot, P. A.
Lacourt, J. M. Dudley, and F. Courvoisier, “High aspect ra-
tio micro-explosions in the bulk of sapphire generated by fem-
tosecond Bessel beams,” Scientific Reports, Vol. 6, No. 1,
34286, September 2016.

Kanehira, S., J. Si, J. Qiu, K. Fyjita, and K. Hirao, “Periodic
nanovoid structures via femtosecond laser irradiation,” Nano
Letters, Vol. 5, No. 8, 1591-1595, July 2005.

Li, T., Q. Bian, Z. Zhang, Z. Wang, D. Shen, Y. Xiao, X. Huang,
Q. Liang, J. Lu, J. Li, Y. Zheng, and Y. Yu, “Review of re-
cent advances in femtosecond laser direct writing technology
of fiber Bragg gratings,” Photonics, Vol. 13, No. 3, 215, Febru-
ary 2026.

Li, S., W. He, Z. Zhou, L. Xu, and C. Wang, “A heterogeneous
step-index fiber Bragg grating fabricated by femtosecond laser
point-by-point technique for laser generation,” Optics & Laser
Technology, Vol. 184, 112543, June 2025.

Jiang, Y., B. Sun, Q. Bing, F. Zhou, K. Pan, Y. Su, L. Shen,
J. Gao, and D. Yang, “Helical-sampled fiber Bragg grating in-
scribed by a femtosecond laser in a ring core fiber,” Optics Let-
ters, Vol. 49, No. 14, 39063909, 2024.

Sosa, M., M. Cavillon, T. Blanchet, G. Nemeth, F. Borondics,
G. Laffont, and M. Lancry, “Micro-to-nanoscale characteriza-
tion of femtosecond laser photo-inscribed microvoids,” Nano-
materials, Vol. 14, No. 14, 1228, July 2024.

Chen, R., J. He, X. Xu, J. Wu, Y. Wang, and Y. Wang, “High-
quality fiber Bragg gratings inscribed by femtosecond laser
point-by-point technology,” Micromachines, Vol. 13, No. 11,
1808, October 2022.

Sosa, M., M. Cavillon, T. Blanchet, M. Lancry, and G. Laf-
font, “Spectral and microscopic behavior of type III femtosec-
ond fiber Bragg gratings at high temperatures,” Micromachines,

WWwWw.jpier.org



Progress In Electromagnetics Research, Vol. 186, 96-109, 2026

PIER

[96]

(971

[100]

[101]

[102]

[103]

Vol. 16, No. 3, 331, March 2025.

Glezer, E. N., M. Milosavljevic, L. Huang, R. J. Finlay, T.-H.
Her, J. P. Callan, and E. Mazur, “Three-dimensional optical
storage inside transparent materials,” Optics Letters, Vol. 21,
No. 24, 2023, December 1996.

Juodkazis, S., A. V. Rode, E. G. Gamaly, S. Matsuo, and
H. Misawa, “Recording and reading of three-dimensional op-
tical memory in glasses,” Applied Physics B, Vol. 77, No. 2-3,
361-368, August 2003.

Shimotsuma, Y., M. Sakakura, P. G. Kazansky, M. Beresna,
J. Qiu, K. Miura, and K. Hirao, “Ultrafast manipulation of self-
assembled form birefringence in glass,” Advanced Materials,
Vol. 22, No. 36, 40394043, August 2010.

Beresna, M., M. GeceviCius, P. G. Kazansky, T. Taylor, and
A. V. Kavokin, “Exciton mediated self-organization in glass
driven by ultrashort light pulses,” Applied Physics Letters, Vol.
101, No. 5, 053120, July 2012.

Zhang, J., M. GeceviCius, M. Beresna, and P. G. Kazansky,
“Seemingly unlimited lifetime data storage in nanostructured
glass,” Physical Review Letters, Vol. 112, No. 3, 033901, Jan-
uary 2014.

Ye, M., Y. Lei, X. Zhang, L. Wang, and S.-C. Chen, “Paral-
lel writing of 5D optical data via shaped voxels,” Science Ad-
vances, Vol. 11, No. 29, July 2025.

Allison, J., P. Anderson, E. Aranas, Y. Assaf, R. Black,
M. Caballero, B. Canakci, J. A. Chattaway, A. Chatzieleft-
heriou, J. Clegg, D. Cletheroe, B. Cooper, T. Deegan,
A. Donnelly, R. Drevinskas, Z. Feng, C. Gkantsidis, A. G.
Diaz, 1. Haller, F. Hong, T. Ilieva, R. Joyce, V. Kapitany,
M. Kunkel, D. Lara, T. Lawson, S. Legtchenko, F. Liu,
X. Liu, B. Magalhaes, S. Nowozin, H. Overweg, A. Rowstron,
M. Sakakura, N. Schreiner, A. Smith, O. Snowdon, I. Ste-
fanovici, D. Sweeney, G. Verkes, P. Wainman, C. Whittaker,
P. W. Berenguer, H. Williams, T. Winkler, and S. Winzeck,
“Laser writing in glass for dense, fast and efficient archival data
storage,” Nature, Vol. 650, No. 8102, 606—612, February 2026.
Liu, H., J. R. V. d. Aldana, M. Hong, and F. Chen, “Femtosec-
ond laser inscribed Y-branch waveguide in Nd:YAG Crystal:
Fabrication and continuous-wave lasing,” IEEE Journal of Se-
lected Topics in Quantum Electronics, Vol. 22, No. 2, 227-230,
March 2016.

Zhang, Q., M. Li, J. Xu, Z. Lin, H. Yu, M. Wang, Z. Fang,
Y. Cheng, Q. Gong, and Y. Li, “Reconfigurable directional cou-
pler in lithium niobate crystal fabricated by three-dimensional
femtosecond laser focal field engineering,” Photonics Re-

109

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

search, Vol. 7, No. 5, 503-507, April 2019.

Chen, T., Z. Dang, Z. Deng, S. Ke, Z. Ding, and Z. Zhang,
“Large-scale optical switches by thermo-optic waveguide lens,”
PhotoniX, Vol. 5, No. 1, 14, April 2024.

Lapointe, J., C. Coia, A. Dupont, and R. Vallée, “Passive broad-
band faraday isolator for hybrid integration to photonic circuits
without lens and external magnet,” Nature Photonics, Vol. 19,
No. 3, 248-257, January 2025.

Chen, M. and Q. Cheng, “Multimode communication with pro-
grammable photonic integrated mesh,” PhotoniX, Vol. 5, Arti-
cle number 28, October 2024.

Zhou, W.-H., X.-W. Wang, R.-J. Ren, Y.-X. Fu, Y.-J. Chang, X.-
Y. Xu, H. Tang, and X.-M. Jin, “Multi-particle quantum walks
on 3D integrated photonic chip,” Light: Science & Applica-
tions, Vol. 13, Article number 296, October 2024.

Xu, S., H. Fan, Z.-Z. Li, J.-G. Hua, Y.-H. Yu, L. Wang, Q.-D.
Chen, and H.-B. Sun, “Ultrafast laser-inscribed nanogratings in
sapphire for geometric phase elements,” Optics Letters, Vol. 46,
No. 3, 536-539, January 2021.

Berkovic, G., S. Zilberman, Y. London, M. Dadon, E. Shafir,
0. Ozeri, K. Ben-Meir, A. Krakovich, and T. Makmal, “Qualifi-
cation of a fiber Bragg grating temperature sensor for operation
in a nuclear reactor core,” in Optica Sensing Congress 2023,
2023.

Grobnic, D., C. W. Smelser, S. J. Mihailov, and R. B. Walker,
“Long-term thermal stability tests at 1000 °C of silica fibre
Bragg gratings made with ultrafast laser radiation,” Measure-
ment Science and Technology, Vol. 17, No. 5, 1009-1013, April
2006.

Wei, S.-E., Y. Wang, H. Yao, M. Cavillon, B. Poumellec, G.-D.
Peng, and M. Lancry, “Thermal stability of type II modifica-
tions by ir femtosecond laser in silica-based glasses,” Sensors,
Vol. 20, No. 3, 762, January 2020.

Wang, Y., M. Cavillon, J. Ballato, T. Hawkins, T. Elsmann,
M. Rothhardt, R. Desmarchelier, G. Laffont, B. Poumellec, and
M. Lancry, “3D laser engineering of molten core optical fibers:
Toward a new generation of harsh environment sensing de-
vices,” Advanced Optical Materials, Vol. 10, No. 18, 2200379,
June 2022.

Wang, M., K. Zhao, J. Wu, Y. Li, Y. Yang, S. Huang,
J. Zhao, T. Tweedle, D. Carpenter, G. Zheng, Q. Yu, and
K. P. Chen, “Femtosecond laser fabrication of nanograting-
based distributed fiber sensors for extreme environmental ap-
plications,” International Journal of Extreme Manufacturing,
Vol. 3, No. 2, 025401, February 2021.

WWwWw.jpier.org



	Introduction
	Basic Principles
	Nonlinear Absorption Mechanism
	Local Energy Deposition and Modification Regimes

	Internal Structures
	Waveguide
	NGs
	Nanovoids

	Applications
	Optical Data Storage
	Integrated and Quantum Photonics
	Sensing in Harsh Environments

	Conclusions and Outlook

