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Fig. 1 Several achievements of ultrafast laser manufacturing
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Fig. 2 Several achievements of ultrafast laser manufacturing of branched waveguides. (a) Symmetric 1 X 2 and 1 X 4

splitters and their performance under different wavelengths™" ;

their performance under different polarizations™* ;

1X2 splitter™;

different branch angles and their performance under different wavelengths™ ;

performance under different polarizations obtained by simulations and experiments
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Fig. 3 Several achievements of ultrafast laser manufacturing of directional couplers. (a) Directional coupler within PMMA

and its splitting ratio under different coupling lengths™ ; (b) directional couplers obtained by symmetric and

asymmetric writing and their coupling ratio under different coupling lengths and input laser wavelengths™"” ;

(¢) morphology and intensity distribution at output face of symmetric 2X2, 1X2, and 3 X 3 directional coupler™ ;

(d) cross-sectional morphology of directional coupler within coreless fiber and the refractive index distribution
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Fig. 4 Several achievements of ultrafast laser manufacturing of multimode interference waveguides. (a) Near-field pattern

at multimode interference waveguide output™” ;

with different heights at mode mixing region"
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Fig. 5 Several achievements of ultrafast laser manufacturing of Fresnel lens. (a) Morphology of Fresnel lens with rough

edge and void coret;

(b) correlation between effective writing intensity and effective NA of Fresnel lens

[45-46]
5

(¢) morphology of Fresnel lens with different ring numbers and diameters as well as its effective focal length™" ;

(d) morphology of Fresnel lens constructed by 70 concentric circles

of multi-layer Fresnel lens under different writing speeds
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Fig. 6 Several achievements of ultrafast laser manufacturing of microlens array. (a) Hump-like microlens array using a

four-step fabrication technique and its focusing spot morphology™ ** ; (b) micro-crater-like microlens array using

two-step fabrication technique™; (¢) microlens array writed by holographic spot array™; (d) cylindrical

microlens array fabricated by one-step ultrafast laser writing™ "
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Table 1 Representative applications of ultrafast laser in the manufacture of passive optical waveguide devices

Representative Prominent achievement
Waveguide device b
research team Material Technology Device performance
Cheng Ya, from Borosilicate  Ultrafast laser writing and Transmission loss
Shanghai Institute glass"'" ultrasonic ethanol bath 3-5 dB/cm@632. 8 nm
Optical converter of Optics and Fine Fused Beam-shaped ultrafast T o i
: : - . ransmission efficienc
Mechanics. Chinese e [2122] laser writing, ultrasonic . Y
Academy of Sciences silica 90% @632. 8 nm

KOH etching and annealing

1X2 and 1X4 splitters, splitting
LiNbO, ™ Ultrafast laser writing angle 0. 229°, transmission loss

Beam Chen Feng. 3.4 dB/cm@632. 8 nm
it from Shandong 152 soli .
s er . . . s ,
P University KTiOAsO,  Ton implantation, ultrafast o8P fiers mintmum
[307 . . . transmission loss 1. 7 dB/cm@
crystal laser writing and annealing
633 nm
Watanabe W, Slit isted ultrafast Maximum refractive index
it assis rafas _
from Osaka PMMA"™ ssisted witratas change 4. 610", transmission
. . laser writing
Directional University loss 4.2 dB/cm(@632. 8 nm
Poyver lcr(ijpll(zz rr13 Maximum refractive index change
splitter Li Yan. from MgO-doped Beam-shaped ultrafast 2.9X10 *, transmission loss
Peking University LiNbO, = laser writing 2.58 dB/ecm(H mode) ,
1. 63 dB/cm (V mode) @1550 nm
Li Yan, from Fused Ultrafast laser Maximum refractive index
) Peking University silica™™ writing change of 2. 5X10 *
Multimode Sha X ¢
interference U Auewen. from . Refractive index 1.4484-1. 4513,
ide Huazhong University Single mode Ultrafast laser . .
waveguide ) o 2] . detection resolution
of Science and fiber"** writing

Technology 10675 9 nm/RIU
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. . Representative
Waveguide device
research team

Material

Prominent achievement

Technology Device performance

Kim J K. from

Yonsei University

opticalfiber™

Mode-expanded
hybrid

6]

Fresnel
lens Gilberto B, from
University of Fused silica™"
Southampton
Waveguide
lens .
iang Lan, from o
! 1g ' ; . Photosensitive
Beijing University o
{ Technol glass™
Microlens ot lechnology
array

Duan Ji’an, from
Central South
University

Fused silica"”

5]

Controllable effective
focal length

Ultrafast laser
ablation

Ultrafast Bessel laser Three layers structure,

writing diffraction efficiency 52 %

Slit assisted ultrafast _
. Array area 150 pmX
laser ablation, thermal . .
. 150 pm, effective diameter
treatment, ultrasonic

HF bath, thermal bake of focal spot 68 pm

Array area 5 mm X5 mm,
effective NA higher
than 0. 35

Beam-shaped ultrafast
laser writing
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Application of Ultrafast Lasers in the Manufacture of Passive
Optical Waveguide Devices: A Review

Ding Ye, Li Qiang , Li Jingyi, Wang Lianfu, Yang Lijun™
School of Mechatronics Engineering, Harbin Institute of Technology, Harbin, Heilongjiang 150001, China

Abstract

Significance With the development of aeronautics, astronautics, communication, and instrument fields,
conventional optical and electrical systems can hardly meet the demand for information transmission with high
capacity and rate. Integrated optics system gradually develops under this historical circumstance. Its superiority is
that optical devices with different functions can be integrated into a limited area, and the optical signal can be
transmitted and processed. Comparing with a conventional optical system, an integrated optics system has the
superiorities of small size, compact structure, high stability, and strong anti-interference capability. The optical
waveguide device is the most basic unit within the integrated optics system. Its principle is that total reflection takes
place at the media interface when light transmits in media with different refractive indexes, and light can be trapped
in the microstructures. A channel forms correspondingly, in which light is capable of transmitting along a specific
direction. Optical waveguide devices can trap and guide light and provide extra functions such as nonlinearity and
active gain. Besides, optical waveguide devices can cooperate with other components in the integrated optics system,
forming a photonic integrated circuit with various functions. Therefore, the performance of the optical waveguide
device has a considerable influence on the performance of an integrated optics system. The development of
manufacturing technology for optical waveguide devices with high quality and precision of great importance for the
innovation of photocommunication, optical information processing, optical calculation, and optical sensing.

Optical waveguide devices can be divided into passive and active devices. The former devices are the basic units
of integrated optoelectronics, and they are more widely used. Passive waveguides are mainly fabricated using
semiconductors and organic polymers. There are three types of semiconductor waveguides, listed as silicon-based
waveguides, III-IV group compounds waveguides, and ferroelectric oxides waveguides. Specifically, silicon-based
waveguides have the advantages of good heat conductivity, chemical stability, mechanical strength, and low
absorption loss. However, there is a large difference between the refractive indexes of cladding and core. The
advantage of III-IV group compounds waveguides is that they can be integrated on the same chip with active devices.
However, the large transmission loss and cost limit their further application. The advantages of ferroelectric oxides
waveguides are large electrooptic coefficient, high response speed, and excellent heat and chemical stability.
However, they are still troubled by high cost and large size. In terms of organic polymer waveguides, they are
characterized by low optical loss and birefringence, high thermooptical and electrooptical coefficients as well as
simple fabrication techniques. Unfortunately, they age easily, which is unfavorable for improving the device
stability.

In 1996, Davis K M manufactured an optical waveguide with optical glass for the first time. In the following
decades, with the development of ultrafast laser systems and optimization of manufacturing technology, researchers
from home and abroad have successfully manufactured various optical waveguides in different materials. Although
several remarkable advances have been made in improving device performance, the industrial fields are still troubled
with several problems, such as non-negligible machining defects and transmission loss. Hence, it is of great
significance to summarize the existing research to guide the future development of manufacturing technology for
passive waveguide devices.

0802020-13
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Progress The interaction mechanism between laser and waveguide materials is first explained. On these bases, the
application of ultrafast laser in the manufacture of optical path converter is firstly interpreted. As a common optical
path converter, the morphologies of curved waveguides before or during the performance test are shown (Fig. 1).
Then, the morphologies and performances of three kinds of power splitters, listed as a branched waveguide
(Fig. 2), directional coupler (Fig. 3), and multimode interference waveguide (Fig. 4), fabricated using ultrafast
laser and other auxiliary means are illustrated. The waveguide lens can be divided into Fresnel lens and microlens
array, the corresponding morphologies fabricated by ultrafast laser are demonstrated as well (Figs. 5-6). At last,
the representative applications of ultrafast laser in the manufacture of passive optical waveguide devices are
summarized (Table 1), in which the leading research teams and their achievements are highlighted.

Conclusions and Prospect Since the 1990s, a large number of theoretical and experimental studies have pointed
out that ultrafast lasers are effective tools to fabricate various passive optical waveguides in dielectrics and polymers.
Especially in recent years, based on the investigation of the interaction mechanism between ultrafast lasers and
different waveguide materials, researchers have achieved the fabrication of passive waveguides with multiple
structures and excellent performance by adjusting the temporal and spatial distribution of laser pulses. The
fabrication techniques are optimized, and the process is simplified. To further improve the fabrication quality and
precision, there are still several existing problems that need to be solved from the aspects of mechanism and
techniques. For instance, the quantitative analysis and precise modulation of the spatial distribution of thermal stress
induced by ultrafast lasers within the same material as well as the interface between different materials and the
controllable fabrication of different materials with a precision that exceeds the diffraction limit.

Nowadays, integrated optoelectronic devices are developing toward multifunctions and high integrated levels,
which raises great challenges for passive optical waveguides. On the one side, their volumes need to be minimized,
and production efficiency needs to be improved further. On the other side, their applications are not only limited to
treating light signals, but also integrated with active optical waveguides, such as lasers, modulators, and detectors
to construct new-generation optoelectronic devices. Besides, novel materials such as graphene have been used to
fabricate passive waveguides. To deal with these challenges, the transient evolution mechanisms of light, heat,
electrical, and mechanical properties of different waveguide materials irradiated by ultrafast lasers should be
investigated deeply. Under the guidance of theoretical studies, nanofabrication and parallel fabrication technologies
can be developed that are beneficial for extending the application of ultrafast lasers in modern industrial fields, such
as integrated optics, quantum information, and nonlinear optics.
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