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(a) Schematic diagram of the photonic lattice-like waveguide
fabricated by the classic multi-scan method. The width and
length size of a single track is designed at 0.7 um x 1.2 um,
and two adjacent tracks are created at 0.8 um and 1.3 pm
apart from the Y and Z directions, respectively'®!.

(c) Conceptual scheme for ultrashort pulses with diferent
central wavelengths (4,, 4,, 4;) to undergo spatial mode
conversion into high-order mode pulses. Schematic illustration
of a laser-written waveguide employing the OCMS approach.
The diameter of a single scanning line is 800 nm and the spacing

between adjacent scanline centers is as low as 50 nm!*!,
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(b) Schematic of twisted waveguides with cross-section shape and

size varied along the length using the SPIM-WG method. The

lengths of z-aligned rectangular, twisted, x-aligned rectangular
regions were 9.3 mm, 1.4 mm, 9.3 mm, respectively, for the studied
waveguide. LED microscopic image top view of the fabricated sample
is included, where a transition from 6 pm width to 12 pm width is
clearly seen from the top 3D to 2D projection. Multi-scans of the

laser spot at waveguide facets are shown as schematies, Coordinates:

x/z transversal axis, y longitudinal axis'*'’.
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(d) Design diagram of scanline overlapping schemes for four

types of fundamental-mode waveguides with measured index
distributions (down) of step (I), GRIN (II), “W-like (IIT), and
“U”-like (IV) using the OCMS method, respectively. The four
circular waveguides have the same 10 pm diameter but diferent

overlap ratio distributions'*.

K1 Zixk3iJ7iE, SPIM-WG J7ik I OCMS J5 7R & K
Fig. 1 Schematic illustration of the classic multi-scan method, the SPIM-WG method, and the OCMS method
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(b) Setup for fabricating waveguides in the borate laser crystals
by the multi-scan method, laser focusing is always performed
along the positioning stage’s vertical z-axis, waveguide light
propagation is along the horizontal y-axis. A low NA focusing
lens is used to fabricate square cross-section waveguides.
Multiple scans are performed along the y-axis and overlap
along the x-axis to build up a homogenous step-index core
profile. A high NA lens is also used to fabricate waveguides
with smaller cross-section sizes and closely-packed 2D arrays'®".

Laser scans
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(a) Optical micrograph of structure end facet, normal to
the intended waveguide propagation direction(left),
displaying structure written with 1.5ps pulses and

associated 1.55 pm near-field mode field(right) in
polycrystalline ZnSe™.
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(c) Optical microscope image(left) and propagation mode
field intensity profiles(right) of the waveguides fabricated
by the multi-scanning and dense stacking technique.
The pulse energy is fixed at 123 nJ. The scanning number
and corresponding adjacent spacing were 32 times and 1.9 um'*?.

B2 Jdi WO 2 R AR R T R AT AR . RSTS84 JEAT M 47 ]

Fig. 2 Fine control for the cross-sectional shape, size, and mode-field distribution of crystal waveguides by the multi-scanning

technique
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Table 1 Summary of reported results for waveguide configuration and loss properties of active waveguides

Sample Waveguide configuration Working wavelength/nm Propagation loss/(dB-cm™) Reference
Pr : SrAl2019 Dual line 634.5 0.16@633 nm [71]
Pr,Mg : SAl;,019 Dual line 525.3 0.12@632.8 nm [72]
Pr: LiYFs Rohombic cladding 604 2.3@632.8 nm [51]
Ti - sapphire Dual line 700 - 870 0.65@532 nm [73]
Ti : sapphire Dual line 798.5 0.65@798.5 nm [74]
Yb . YAG S-curved dual line 1030 -(Guiding loss 0.8dB)@1064 nm- [75]
Yb . YAG Y-branch dual line 1030 -(Guiding loss 3.1dB)@969 nm- [76]
Yb : YAG Dual line 1030 0.5@633 nm [77]
Yb : YAG Dual line 1030 1@969 nm [78]
Nd : YAG Double cladding 1030 1.7@633 nm [55]
Yb . KLuw Surface cladding 1040 0.61@981.6 nm [79]
Nd : YAG Cladding 1064 1.3@808 nm [80]
Nd : YAG Ear-like cladding 1064 0.99@1064 nm [81]
Nd : YAG Y-branch cladding 1064 1.1@632.8 nm [82]
Nd : YAG Optical-lattice like 1064 -(Guiding loss 0.5dB)@1064 nm- [83]
Nd : YAG Optical-lattice like 1064 0.7@1064 nm [58]
Nd : YVO, Buried depressed-cladding 1064 1.1@632.8 nm [84]
Nd : YVO, Cladding 1064 0.46@1064 nm [85]
Nd : YAP Cladding 1064 and 1079 0.15@1064 nm [86]
Nd : YAP Optical-lattice like 1072 and 1079 -(Guiding loss 0.52dB)@1064 nm- [57]
Nd : GdVO, Dual line 1063.6 0.5@780 nm [87]
Nd : GdVO, Cladding 1064 0.7@632.8 nm [88]
Nd : GGG Dual line 1061 2@632.8 nm [89]
Nd : LuVO, Dual line 1066.4 2@633 nm [90]
Nd : KWG Dual line 1065 2@796 nm [91]
Nd : KWG Cladding 1067 -(Guiding loss 1.8dB)@1067 nm- [92]
Er:Yb-doped phosphate glas Single line 1530 - 1565 0.3@1600 nm [67]
LiNbO; Single line 1550 2.22@1064 nm [93]
Tm: YLF Cladding 1877 0.84@1550 nm [68]
Tm3* : KLu(WOy4 ), Surface cladding 1846.8 0.7@830 nm [94]
Tm3* : KLU(WOy, ), Cladding 1841 - 1848 1.6@1840 nm [95]
Tm : YAG Cladding 1940 0.77@1047 nm [96]
Ho : KGd(WOs ), Cladding 2055 0.94@2055 nm [56]
Tm : MgWO, Surface cladding 2080 0.1@1890 nm [97]
Fe : ZnSe Cladding 4122 0.16@4122 nm [98]
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| ! + Pump
0SA WM WDM & (976 nm)

(a) Optical setup (a standard optical amplifier configuration) used for
characterizing the gain in active waveguides. A dual-pumping setup
with two GaAlAs laser diodes at 980 nm and 976 nm is used, providing

up to 240 mW total pump power. OSA: optical spectrum analyzer,

(c) Microscope cross-section of the LP,,- and
LP,,-mode Er’*-Yb** co-doped phosphate
glass optical gain waveguides. Diameters

for the LP,,- and LP,,-mode waveguides

WDM: wave length division multiplexer'®!.

Tunable seed laser

(b) Optical setup for measurement of optical gain waveguide amplification.
Inserts, design of the photonic-lattice-like cladding waveguide structure,

are ~18 pum and ~27 pm, respectively!' .

Exp.

(d) Measured mode field of the LP,,- and LP,, -
mode waveguides at 1550 nm!""".

and simulation of corresponding mode-field profiles. Two waveguides
with different cross-sectional shapes are designed by mode field of LP,,

and LP,,"*.

SRR S e
Fig. 3 Optical gain waveguides
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(a) Schematic diagram of the studied planar and 3D-spliters,

two different 3D-splitter designs are studied to evaluate
the impact of each on the splitting losses as well as on
the modal output distribution'"!.

(b) Schematic of the direct femtosecond laser writing process.
Many different trials were done changing the separation

between adjacent tracks and pulse energy'®!.

<>

1. Inscribe waveguides with
asymmetric stress (higher on
the outer bend).

g o ke
\ 1 )
Element 1 Element 2 Element 3
4 n}m Output

"g 3(|)_u'm

(c) The prototype of 1x2 beam splitter waveguide
with the optical lattice-like cladding connected
by Elements I, 2, and 3 in sequence, including the
cross-sectional sketches (top) and microscopic
images (below) of the elements!"”".

30um

(d) The measured near-field modal profile
along TE polarization at 1550 nm of
l,[117].

the 1x2 beam splitte

&

2. Polish end faces. Stress induces

crack on the outer bend.

(e) Procedure utilizing multi-scan method for fabricating microcrack along outer edge of curved waveguides

2. Crack propagates evenly along the

length of the waveguides.
[121]

K4 EBOLEZUETRBORT & 1 x N 73 ds
Fig. 4 1 x N splitters fabricated by the multi-scan method
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(a) The near-field distributions of photonic lattice-like
waveguides. Inserts: mode images of input and
output sides. The PLLW is written with scanning
speed of 40 pm/s and pulse energy of 175 nJ**.

(c) Schematics of a Multi-mode (MM)-to-Single-
mode (SM) integrated photonic lantern (PL)
transition (left) and a MM-to-SM-to-MM
transition created by inscribing two of the
PLs shown in back-to-back(right)**!.
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(b) Optical micrographs of four fundamental-mode
waveguides(left), four higher-order mode waveguides
for LP,, , LP,,, LPy,, and LP,,, modes (middle) in

Eagle XG, as well as Raman mappings of four higher-
order mode waveguides (right). Scale bars are 10 pm'*!.

(d) White light transmission micrographs of
the 4 x 4 SM array end of PL (left) and one
end of MM (right) are shown to study
the characterization of photonic lantern
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Extended Abstract

With the rapid advancement of high-performance optical computing and high-speed optical communication, a demand for more
efficient and compact photonic systems has driven the development of three-dimensional photonic integrated circuits (3D PICs). The
existing approaches for the fabrication of 3D integrated waveguides primarily involve two methods, i.e., 3D stacking technique and
femtosecond laser direct-writing technique. 3D stacked integrated waveguides suffer from limitations such as high cost and
fabrication complexity. In contrast, femtosecond laser direct writing (FLDW) technique, which offers advantages in surpassing
diffraction limit and providing flexible 3D processing capability, has emerged as a promising technique for high-precision 3D
micro-nano fabrication of integrated 3D photonic optical circuits.

Femtosecond laser, characterized by ultrashort pulse width and extremely high peak power, can result in material modifications
in focal regions of transparent materials. These modifications are typically categorized into two types, i.e., Type-l and Type-II,
corresponding to positive and negative refractive index changes within the material, respectively. 3D optical waveguides can be
fabricated in transparent materials by using the two types of modifications. However, despite these impressive capabilities,
femtosecond laser direct-writing still faces some challenges like the difficulty of fabricating waveguides with controllable
cross-sectional geometries and low propagation losses. These issues are due to spherical aberrations caused by refractive index
mismatches between the waveguide and the surrounding air, as well as nonlinear effects that degrade the performance of waveguides.
A conventional solution to these problems is beam shaping technologies, i.e., slit beam shaping, astigmatic beam shaping, astigmatic
beam shaping and spatial light modulator beam shaping. However, these strategies have drawbacks of large energy loss, complex
operation, high transmission loss, and low quality of generated light field, respectively. There is an ongoing need for innovative
methods that can overcome these issues.

To address the challenges above, multi-scan laser direct-writing technology gradually becomes a research hotspot in the field of
microstructure optical waveguide fabrication. In this approach, the laser trajectory with full positive refractive index is carefully
controlled in three-dimensional space, allowing for a more refined modification of the refractive index. The multi-scan method
facilitates a precise control over the cross-sectional geometry, refractive index profile, and mode field distribution of waveguides via
adjusting parameters such as the offset distance between laser scans and the scanning time.

This review first systematically describes the latest research progress on direct-written optical waveguides inside transparent
materials by femtosecond laser multiple scanning. General methods for fabricating waveguides with precisely controlled refractive
index profiles and well-defined cross-sectional geometries in glass and crystal substrates using the multi-scan strategy are described in
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details. This review also focuses on the innovative applications of this technique. The multi-scan technique can be used to fabricate
active optical waveguide devices, such as variable cross-section waveguide amplifiers with high gain. It is also utilized to prepare
passive optical waveguide devices, including optical beam splitters, 3D mode conversion devices, and photonic lanterns, which can
pave a way for applications in the field of integrated quantum optics and astronomical photonics. In addition, this review discusses
the key technical challenges currently faced by the 3D integrated photonic circuits from the dimensions of precise control of
waveguide cross-sectional morphology, optimization of low-loss curved waveguide structures, and cross-large-depth direct-writing
technology, and looks forward to the development trend of realizing all-glass-based three-dimensional photonic chips.

Summary and Prospects Optical waveguides in transparent materials based on the multi-scan laser direct-writing technique are
widely employed in the fabrication of three-dimensional integrated devices. The multi-scan laser direct-writing technique enables a
precise control over the geometric symmetry of the waveguide cross-sections through the spatial superposition effect of laser-induced
refractive index changes. Also, it simultaneously allows for submicron spatial modulation of the refractive index distributions and
suppression of transmission losses, thus providing a novel approach for the design of on-chip mode conversion devices. Although the
multi-scan laser direct-writing technique has significant advancements in recent years, several core challenges still remain in its
practical application and ongoing industrialization. These challenges include a) minimizing losses in submillimeter-scale curved
structures, b) maintaining consistent direct writing effects across millimeter-scale depths, and c) enabling the fabrication of
dynamically reconfigurable photonic devices. To address these issues, a future research should focus on the development of a
next-generation femtosecond laser processing system with adaptive compensation and multi-parameter coordinated control. Such
innovations will be critical in overcoming the engineering barriers currently restricting the production of fully glassed,
three-dimensional, monolithic integrated photonic chips.

Keywords three-dimensional optical waveguide; femtosecond laser direct-writing; variable cross-section; optical waveguide device



