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Femtosecond laser direct writing of flexibly
configured waveguide geometries in optical
crystals: fabrication and application

Yuechen Jia* Shixiang Wang and Feng Chen*

Optical waveguides are far more than mere connecting elements in integrated optical systems and circuits. Benefiting
from their high optical confinement and miniaturized footprints, waveguide structures established based on crystalline
materials, particularly, are opening exciting possibilities and opportunities in photonic chips by facilitating their on-chip
integration with different functionalities and highly compact photonic circuits. Femtosecond-laser-direct writing (FsLDW),
as a true three-dimensional (3D) micromachining and microfabrication technology, allows rapid prototyping of on-demand
waveguide geometries inside transparent materials via localized material modification. The success of FsLDW lies not
only in its unsurpassed aptitude for realizing 3D devices but also in its remarkable material-independence that enables
cross-platform solutions. This review emphasizes FsLDW fabrication of waveguide structures with 3D layouts in dielectric

crystals. Their functionalities as passive and active photonic devices are also demonstrated and discussed.
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Introduction

Active and passive photonic devices constructed based on
dielectric waveguide technology play significant roles in
photonic integrated circuits (PICs)"”. The great interest
in such devices largely stem from the compact geometries
of waveguide structures, which allows for optical con-
finement within extremely compressed volumes of mi-
crometric or sub-micrometric scales, reaching considera-
bly high optical intensities with respect to that in bulk
materials. Thus, monolithically integrated optical wave-
guide devices are expected to prevail against bulk setups
for applications in a wide range of research areas’ . Being
compatible simultaneously with robustness and mul-
ti-functionality, optical waveguides defined in different
dielectric crystals show superior performance in terms of
tailoring light properties over that in glassy amorphous
host materials as active optical devices such as

high-power and low-threshold lasers, high-efficiency
nonlinear wavelength converters, and high-speed optical
modulators. These intriguing features are primarily at-
tributed to the unique crystal lattice structures®.
Developing practical and flexible fabrication tech-
niques for high-quality waveguide channels in heteroge-
neous substrates is in any case the primary task. The key
concept is to construct a guiding structure composed of a
higher-refractive-index core, i.e., a waveguiding core, that
is surrounded by lower-refractive-index cladding layers,
which could be air or/and unmodified substrate regions.
Although a number of refractive-index-contrast crea-
tion/modification technologies have been well developed
to this end, most of the commonly used approaches, such
as epitaxial growth, wafer bonding, ion implantation/
irradiation, and standard photolithography, allow only
fabrication of waveguide architectures on/near substrate
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surfaces’ ", Besides, most of conventional technologies
are still restricted to prototyping planar two-dimensional
(2D) layouts, thus resulting in optical designs with large
dimensions/footprints and high complexity to ensure
efficient optical connections. Furthermore, the tedious
and multi-step surface structuring/patterning operations
for producing on-demand waveguide channels are usual-
ly high-cost and full of risks as each engineering step in-
dividually impacts the properties of the final waveguide
device significantly *'°. These bottlenecks can be well
overcome by femtosecond laser direct writing (FsSLDW),
which is a rapidly evolving technology exploiting tightly
focused femtosecond laser pulses to modify the optical
properties of a small volume inside a transparent material,
inducing localized and controllable refractive index mod-
ification in a direct procedure without using any pat-

terned masking'""

. Such technology therefore allows
monolithic and sophisticated waveguide fabrication in a
very flexible manner. In addition, FSLDW exhibits good
compatibility with a broad range of crystal families
providing a promising avenue for constructing multi-
functional optical devices towards 3D integrated photon-
ics'>!,

Several review articles on FsSLDW of dielectric materi-
als in general have been published'>'". A further article
concentrating on FSLDW of 3D integrated photonics
based on only glasses has also been published”. In con-
trast to that of glasses, fabrication of 3D photonic devices
in dielectric crystals employing FSLDW is more chal-
lenging due to the complexity in crystal lattice structures.
In the past decade, however, regardless of the aforemen-
tioned challenges, the research field of FSLDW 3D crys-
talline photonic devices has experienced tremendous
growth, leading to a number of optical functions realized
in bulk-like waveguide-based devices. Therefore in this
article, recent advances in 3D photonic devices based on
FsLDW crystalline waveguides are reviewed. Following
the Introduction, the next section is devoted to describ-
ing the fundamentals of femtosecond laser induced mod-
ifications in dielectric crystals, and then discussing the
evolved design prototypes based on these structural mod-
ifications for constructing 3D waveguide geometries. The
Photonic applications section summarizes experimental
demonstrations of crystalline waveguides with nonlinear
geometries, concentrating on their characteristics as ac-
tive optical components. Finally, this review article con-
cludes with a brief summary and perspectives for poten-
tial future directions.

https://doi.org/10.29026/0ea.2020.190042

Femtosecond laser direct writing of

crystalline waveguides
As a “newly” discovered 3D micromachining and
microfabrication technology, femtosecond laser mi-
cromachining immediately delivered both enhanced
performance and simplicity in use in the study of com-
pact and channelized waveguide architectures in trans-
parent dielectrics since the pioneering work of Davis et al.
in 1996'°, winning an increasingly significant place in
micro-/nano-fabrication and simultaneously and open-
ing up new opportunities for multidisciplinary fields''*°.
The great interest of using tightly focused femtosecond
laser pulses, instead of longer pulses (e.g., nanosecond
and picosecond) and other conventional approaches, for
high-precision material micromachining is that mi-
cro-/nano-modifications can be realized in a very small
region of the target substrate on a timescale much shorter
than the thermal energy exchange between photo-excited
electrons and lattice ions, enabling smooth pho-
to-modifications with extremely high spatial resolution'’.
The laser-induced localized modification that occurs in
dielectric crystals strongly relies on the nonlinear-optical
absorption of the incident laser pulses, which triggers the
structural damages of the material. Two classes of non-
linear excitation mechanisms, namely nonlinear pho-
toionization and avalanche ionization, play important
roles in this nonlinear laser-matter interaction process''.
When a sufficient amount of energy is absorbed via these
two mechanisms and is deposited into the material via
electron-phonon coupling and defect formation, perma-
nent damage occurs. There is no widely accepted defini-
tion of a damage threshold, but in order to excite a sig-
nificant number of free electrons, a laser intensity in the
range of 10"2-10" W/cm? is usually required'®. It is well
accepted that the laser-induced plasma is the origin of the
modifications that will take place at the focal volume after
the laser-matter interaction process'"'>. However, physi-
cal mechanisms and dynamics that take place after the
free-electron plasma has transferred its energy to the
crystal lattice, are not fully understood yet'"'.

Flexibility - a real 3D micromachining technology

A typical experimental setup for FsSLDW in dielectric
crystals is schematically illustrated in Fig. 1. In the laser
micromachining operation, the sample is usually placed
on a computer-controlled XYZ-motorized translation
stage for 3D motion with respect to the beam focal spot,
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and the laser beam is in general fixed and focused at a
certain depth beneath the sample surface via a set of fo-
cusing lenses. The sample can be translated either parallel
to the laser beam, i.e., longitudinal writing scheme, or
perpendicular, i.e., transverse writing scheme. The
waveguide structures fabricated by using the former
method possess circular cross sections with good sym-
metry, but the longitudinal writing depth is limited by
the working distance of the focusing lens and spherical
aberrations, which wusually distort the focus'. Such
scheme is therefore not often used for constructing non-
linear waveguide geometries with 3D layouts. In contrast,
the transverse geometry, which can abandon the con-
straints of the lens working distance, allows implementa-
tion of more complex structures with flexible configura-
tions and unrestricted dimensions, in spite of their
asymmetric droplet-shape cross sections'"'’. Yet, the
waveguide symmetry can still be accessible with trans-
verse scanning by further employing multi-scan strategy
and beam reshaping techniques, or simply introducing
waveguides with step-index profiles'.

Diversity - linear waveguide geometries

The observed structural modifications in crystalline ma-
terials induced by focused femtosecond lasers can be
mainly categorized into two types depending on whether
the working intensity of the laser pulses exceeds the opti-
cal damage threshold of the target material or not”. In
case of a low-intensity laser irradiation, i.e., the so-called
weak damage regime (Type-I modification, below the
optical damage threshold), a smooth refractive index
change at the focal volume is formed. In contrast, for
high peak intensity, severe damages (Type-II modifica-

Fig. 1| Schematic illustration of a typical experimental setup
for FsLDW operation.

https://doi.org/10.29026/0ea.2020.190042

tion) with localized defect formation and material net-
work rearrangement are produced. The sign of the re-
fractive index change strongly depends on the modifica-
tion mechanisms, or more fundamentally, on the laser
exposure conditions (focusing conditions, pulse energy,
repetition rate, pulse duration, etc.) and the physical
properties (bandgap, dispersion, ionization rates, thermal
conductivity, etc.) of the target materials'"'>. The most
commonly used morphological geometries of waveguides
in dielectric crystals are characterized as tunnel-like “sin-
gle-line” (based on Type-I modification), stress-field in-
duced “double-line” (based on Type-II modification), and
fiber-like “depressed-cladding” (based on Type-II modifi-
cation) structures. The cross-sectional illustrations of
these waveguide configurations are shown in Fig. 2.

In a single-line waveguide configuration, highly fo-
cused laser will induce positive refractive-index changes
(An > 0) at the irradiated focal volume, where the guiding
core is eventually located. This positive change mecha-
nism is very common in amorphous materials, e.g., in a
majority of glasses. Such feature enables direct writing of
3D guiding structures with flexible geometries for easy
construction of passive devices, such as splitters, direc-
tional couplers, and waveguide arrays/gratings, by simply
scanning the target sample along arbitrary direc-
tions''>'. In crystals, however, such mechanism seems
to be hampered by the periodic lattice structures and so
far it has been only realized in a handful of hosts, e.g.,
LiNbO;, ZnSe, YCa,O(BOs); (YCOB), and BisGe;O,
(BGO)'**, Even in these crystals, single-line wave-
guides still suffer from serious polarization-dependent
guiding, bulk-related property degradation, and poor
thermal stability, which limit the practical applications of

Femtosecond laser pulses
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Fig. 2 | Schematic illustrations FsLDW of (a) single-line waveguides
based on smooth Type-I modification, (b) stress-induced double-line
waveguides based on two parallel Type-ll laser tracks, and (c) de-
pressed-cladding waveguides.

190042-3

2020 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved.



Opto-Electronic Advances

such waveguides in crystals for high-performance active
photonic devices significantly'®. Nevertheless, because of
its simplicity and flexibility in fabrication, such sin-
gle-line structures still have research values, provided
that the target bulk features can be maintained to an ac-
ceptable level, for enabling a very convenient way for
direct fabrication of 3D waveguide structures.

As for the double-line waveguide configuration, the
focused femtosecond laser causes localized crystalline
lattice expansion in the focal volume, which could induce
negative refractive-index changes (An < 0) in the directly
irradiated regions". Consequently, the vicinal regions
may possess a relatively high index because of the
stress-induced effects. Usually, if there are two parallel
laser tracks with suitable separation (typically 10-20 um),
the waveguide core is located in between, forming a dou-

ble-line waveguide'*"

. In contrast to the single-line
structures, double-line waveguides have considerable
advantages in terms of wide applicability of crystalline
materials, good preservation of original bulk-related fea-
tures, better controllability on refractive-index profiles,

1220 However, since the

and superior thermal stability
waveguide core of such structure is not at the la-
ser-written region, special designs are usually needed for
double-line geometries towards the fabrication of 3D
waveguide structures, which is prone to introduce
roughness and thus larger scattering losses. In addition,
such waveguides still suffer from the polariza-
tion-dependent guiding as the single-line ones, which
makes the realization of some nonlinear optical devices
challenging, e.g., nonlinear optical frequency converters
which require excellent guidance along orthogonal po-
larizations'’. In general, the maximum An induced by
FsLDW Type-I modification is much lower than that of
Type-II modification at the laser tracks. For example, the
maximum An of a Type-I-based single-line LiNbO;
waveguide is generally < 107, while this value will in-
crease to around ~5 x 107 level at the directly irradiated
tracks in case of a Type-II-based double-line structure to
support a valid waveguiding'®*’. In case of Nd:YAG dou-
ble-line waveguides, An as high as 9 x 107 at the Type-II
laser filaments has been determined according to
p-Raman and p-photoluminescence microscopic analy-
sis**. Detailed discussion on FsSLDW-induced refractive
index changes, localized lattice modifications, and the

corresponding waveguide simulation/modeling ap-

proaches can be found in Refs.** .

A depressed-cladding waveguide is consisted of a

https://doi.org/10.29026/0ea.2020.190042

guiding core surrounded by a number of low-index laser
tracks. Those laser tracks are close to each other (few
micrometers),  constructing a  quasi-continuous
low-index potential barrier, providing the required opti-
cal confinement'>”. Theoretically, laser tracks can be
arranged flexibly to produce waveguide structures with
cross sections of arbitrary geometries®. In practice, a cir-
cular shape is preferred because it fits well to the optical
fibers. Besides, cladding structures are proven to be able
to support adjustable modal profiles including funda-
mental and high-order modes in an individual wave-
guide®?. Therefore, optimal optical coupling and fine
connection for flexible fiber-waveguide-fiber networks
can be expected. Since the guiding core in such structures
is again located at regions beyond the reach of the la-
ser-induced damages, most of the advantages that dou-
ble-line waveguides possess also apply to cladding wave-
guides. Furthermore, the greatest interest in such clad-
ding structures is its unique 2D-guidance feature, which
means that the circular cladding waveguide usually fea-
tures almost identical guiding properties along different
excitation polarizations'”. This makes it an ideal platform
for unpolarized pumping as laser source and nonlinear
optical frequency converter. However, since its relative
complexity in fabrication and usually large-size in their
layouts, curved or/and branched cladding waveguide
fabrications are quite challenging and time-consuming.
Variability - design prototypes for nonlinear
waveguide geometries
All three kinds of FSLDW waveguide geometries intro-
duced in “Diversity - linear waveguide geometries” Section
are usually in straight, i.e., 2D, channel layouts, forming
conventional linear waveguides. While, in many more
cases for on-chip photonic applications in integrated
optics, curved, or to say nonlinear, waveguide channels
are more favorable'. Therefore, a lot of efforts have been
made on exploring new design prototypes based on the
commonly-used linear waveguide geometries towards the
construction of 3D optical components®. In this section,
these newly evolved design prototypes are overviewed.
Due to its simplicity in fabrication, single-line wave-
guides are the early research focuses of FSLDW linear and
nonlinear waveguide geometries, especially based on
multi-functional LiNbO; crystals ***2. Recently, 1x4 beam
splitters and ring-shape distributed beam profiles have
been demonstrated based on single-line waveguides in
LiNbO;s* and BGO™, respectively. Furthermore, a variant
evolved from single-line approach carries out multiple
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laser scans that are overlapped/neighbored transversally
to the writing direction. This is the so-called multipass
technique®”, which can be used to construct positive
step-index cores with configurable, e.g., symmetric,
cross-sectional shapes and even tailored modal profiles™.
This approach also offers the possibility to fabricate a
waveguide supporting guidance at longer wavelengths
since the guiding core in this case is larger than a sin-
gle-line structure. Figure 3 illustrates the design proto-
types of nonlinear waveguide geometries based on the
Such
Type-I-based structures, however, are susceptible to the

aforementioned single-/multi-line techniques.
thermal deterioration. For example, it has been found
that thermal treatment of single-line LINbO; waveguides
up to only 150 °C would significantly degrade their
waveguiding properties® and even completely erase the
laser-induced modifications”. This feature is very detri-
mental to the functionality of high-power or

thermal-related optical devices™.

Single-line

Multi-line

XYz Translation Stages

Fig. 3 | Schematic illustration of nonlinear waveguide channels
based on FsLDW single-/multi-line geometries.

In contrast to Type-I-based waveguides, Type-II-based
waveguides generally show better thermal stability and
excellent preservation of original optical properties. Alt-
hough it is not simple, curved and branched waveguide
channels have been fabricated based on double-line ge-

ometries in crystals®®*

, as schematically illustrated in Fig.
4(a). Moreover, by defining a specially designed section
(as shown in Fig. 4(b)) within the beam-splitting struc-
ture, a variable splitting ratio of two waveguide channels
can be realized”. In such a curved waveguide, it has been
reported that the effective refractive index is increased
towards the outer part of the curve, resulting in mode
shift and deformation that might lead to additional
mode-mismatch losses at the transition section®. A mul-

ti-channel configuration evolved from individual dou-

https://doi.org/10.29026/0ea.2020.190042

ble-line structure is 1D planar waveguide array, which
usually consists of multiple double-line waveguides lining
up and distributed uniformly with a fixed separation (an
possible)***. A
cross-sectional microscopic photograph of such design is

arbitrary  distribution is  also

shown in Fig. 4(c). In this case, evanescent coupling be-
tween two neighboring waveguides is possible because of
the tightly bordered waveguide cores, as suggested by the
reconstructed refractive index profile in Fig. 4(d). How-
ever, since good-quality double-line waveguides with
strong optical confinement would largely suppress the
evanescent field, efficient evanescent coupling can only
be possible with sufficiently weak confinement which
leads to enlarged waveguide loss>*’. Despite their ther-
mal stability, waveguides based on double-line geome-
tries usually suffer from polarization-dependent guiding
properties, which is the major roadblock for their practi-
cal applications in nonlinear optics'.

I‘I.‘.|'|“.‘.I\.).l.l.'.l.l.’.'
||4|‘4\r\\|\||>| I
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Fig. 4 | (a) Schematic illustration of Y-branch waveguide channels
based on FsLDW double-line geometry®®. (b) The microscopic photo-
graph of the splitting region in a FSLDW Yb:YAG waveguide splitter®”.
(c) The cross-sectional microscopic photograph of a FsLDW Nd:YAG
waveguide array®. (d) Reconstructed refractive index profile of the
fabricated waveguide array*®. Scale bars denote 30 pm. Figure re-
produced with permission from: (a,b) ref.** and (c,d) ref.**, Optical
Society of America.

Despite of their complexity in fabrication, de-
pressed-cladding waveguides feature excellent robustness
and polarization-independent guiding properties when
compared to Type-I-based single-line and Type-II-based
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double-line waveguides. By carefully designing the path
of each single laser scan, curved cladding structures,
which are composed of a group of circularly distributed
curved tracks, can be fabricated, as schematically illus-
trated in Fig. 5(a)*. With such configuration, however, it
is still quite challenging to realize branched waveguide
channels**. To this end, a new family of hexagonal
“photonic-lattice-like”  cladding photonic structures,
which usually contain multiple linear FSLDW tracks
(based on Type-II modification) periodically packed in a
hexagonal layout with cores located at enclosed track-free
regions, was proposed®”’. Due to the ease in arranging
and engineering the periodically arrayed laser tracks,
tailored 3D beam steering, such as beam splitting and
beam transformation, can be easily realized by introduc-
ing additional Type-II-based laser tracks at certain posi-
tions, as schematically illustrated in Fig. 5(b)’'. These
laser tracks serve as either beam blockers or confiners
that reshape the intensity profile of the propagating
guided field over a gradually varied or a multi-element
assembled configuration. At the expense of more com-
plicated designs and longer fabrication time, photon-
ic-lattice-like cladding waveguides exhibit a designable
feature for beam manipulation in a 3D manner, which

Waveguides

Substrate

XYZ translation stages

Beam splitter

h Beam transformer

Fig. 5 | (a) Schematic illustration of curved waveguide channels based
on FsLDW depressed-cladding geometries®. (b) Schematic illustration
of three-element 3D photonic-lattice-like cladding photonic structures
for beam splitting and ring-shaped beam transformation®'. Figure
reproduced with permission from: (a) ref.>*, SPIE; (b) ref.*’, Optical
Society of America.
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paves a way to construct compact optical devices based
on a wide range of optical crystals’ . Furthermore, it
has been found that the amount of the track lattice layers
is an important factor for light field restriction: mul-
ti-layer track lattice offers better light confinement than a
single-layer structure®. Recently, a single-scan scheme
for depressed cladding waveguides in crystals is proposed
by using an engineered femtosecond laser with a longitu-
dinally oriented discrete ring-shaped focal intensity pro-
file”. Such a beam profile is generated by employing a
special phase mask, by which the fabrication time can be
significantly shortened.

Alternatively, femtosecond laser micromachining can
be properly combined with other waveguide fabrication
technology in a flexible way to exploit the advantages of
different methods to the full. For example, on the basis of
ion-implanted planar waveguides, ridge structures can be
defined by using femtosecond laser ablation, which has
been used for fabrication of curved and branched ridge
waveguides on the substrate surfaces'>****%. Likewise, the
optical barriers for providing vertical light confinement
can be also provided by FsLDW induced low-index
tracks. Together with the laser ablated grooves, surface
ridge waveguide splitters in LiNbO; have been demon-
strated®. Most recently, by combining chemical etching
with femtosecond laser micromachining, the etching rate
of nanopore lattices in YAG and sapphire can be en-
hanced by more than five orders of magnitude, enabling
rapid definition of arbitrary 3D nanostructures with size
of 100 nm in crystals®".

Photonic applications

Femtosecond laser micromachined waveguides with
nonlinear geometries, i.e., 3D layouts, in crystals can be
used in a broad range of active photonic applications.
Selected topics of these applications are summarized in
this section.

Electro-optic modulators

Electro-optic (EO) modulators are designed to modulate
the phase or the intensity (amplitude) of light propagat-
ing through them?. Waveguide-based EO modulators are
often composed of two branched waveguide channels
operating in a Mach-Zehnder interferometer (MZI) con-
figuration, and are critical optical components for multi-
functional PICs®. Clearly, such configuration requires
waveguides with curved/branched geometries, which is
also the first issue that early studies of FSLDW 3D crys-
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talline waveguides focused on®. In a Type-I-based sin-
gle-line LiNbO; (x-cut) waveguide, the effective EO coef-
ficient (r33) in the waveguide regions has been found to be
only half of the original value in the bulk, suggesting de-
graded EO behavior induced mainly by FsSLDW Type-I
modifications®. Therefore, demonstrations of EO modu-
lators with FsSLDW LiNbO; waveguides so far are mostly
based on Type-II-based double-line geometries (in which
the original optical properties can be well preserved
within waveguide volume), as summarized in Table 1.
They have metal electrodes either coated on the substrate

46 or embedded in femtosecond laser ablated

surfaces
grooves™, as schematically illustrated in Fig. 6. The
waveguide losses, including propagation and bending
losses, of these Y-branch waveguides are determined to
be as low as 1 dB/cm™. These devices are able to provide
extinction ratios (ERs) of 9 dB (with a half-wave voltage
Vx0f 19 V) at a wavelength of A = 632.8 nm, 11 dB (V; of
23 V) at 532 nm, and 11 dB (V; of 45 V) at 1.55 um>*%*%>,
exhibiting unsatisfied performance when comparing to
the commercially available LINbO; waveguide EO mod-
ulators as a result of the non-optimized EO overlap and
the high bending losses. It is indeed very difficult to
achieve a strong microwave and optical field overlap be-
cause the FSLDW waveguides are generally buried inside
the substrate, giving relatively limited accessibility to the
electrodes and thus to the applied electric field. For the
future work on this topic, therefore, much effort is re-
quired on the appropriate design of the wave-
guides-electrodes configurations and the optimization of
microwave-optical group velocity matching without sac-
rificing EO overlap. Nevertheless, it is worth noting that,
in refs.’**!, a 532 nm light source, which is based on the
second-harmonic generation (SHG) of 1064—532 nm
from a periodically-poled z-cut LiNbO; (PPLN) dou-
ble-line waveguide deployed in the straight channel sec-
tion, combined with the Y-branch MZI EO modulator on
the same monolithic chip is demonstrated, achieving an
ER of 7 dB but deviated modulation curves®™.

Compact lasers
In contrast to EO modulators, FSLDW technology of
linear/nonlinear geometries in waveguide laser, as im-

https://doi.org/10.29026/0ea.2020.190042

5,12

plied by the quantity of publications over the last years™'?,
show rich diversity in terms of available crystal families,
waveguide layouts, and configuration complexity. Gener-
ally, in optical structures with curved and branched ge-
ometries, efficient optical feedback for lasing oscillation
cannot be achieved due to the non-straight optical chan-
nels. However, benefiting from the excellent optical con-
finement and compressed mode volume, waveguide la-
sers (including also nonlinear waveguides) feature re-
duced lasing threshold and enhanced optical gain, partly
offsetting the bending effect. Moreover, if the optical gain
is sufficiently high, an individual single-pass may also
result in efficient lasing oscillation, even without using

any reflective coatings or mirrors>*.

X /
\\z

Fig. 6 | Schematic illustration of a MZI EO modulator with

Y-branch waveguide channels based on FsLDW double-line

geometries®. Figure reproduced with permission from ref.%®, Optical
Society of America.

So far, efficient compact lasers operating both in the
continuous-wave (CW) and Q-switched regimes have
been successfully demonstrated in FSLDW 3D wave-
guides based on double-line, 1D planar array, de-
pressed-cladding, and photonic-lattice-like cladding
prototypes, as summarized in Table 2. The most com-
monly used substrates are rare-earth-doped YAG, partly
due to its excellent fluorescent, physical and thermal
properties. Moreover, it is also possible to realize efficient
lasing just by a single-pass optical pumping in for exam-
ple Yb:YAG which has relatively high optical gain in
comparison to other gain media®**. This may be a cer-
tain extent help to mitigate the negative impacts of ineffi-
cient optical feedback, induced by the curved waveguide
cavities, imposed on the lasing performance. Neverthe-

less, FsSLDW-based nonlinear waveguide geometries

Table 1 | EO performance of reported FsLDW Y-branch waveguides in crystals.

Crystal Waveguide Branch angle ER (dB) Vi (V) A
LiNbO; (x-cut)® Double-line 1.2° 1 dB/cm 9 19 632.8 nm
LiNbO; (x-cut)® Double-line 1.5° 11 23 532 nm
LiNbO; (x-cut)®® Double-line 0.5° 30 dB 11 45 1550 nm
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Table 2 | Lasing performance of reported FsLDW 3D waveguides in crystals.

Crystal Waveguide Operation mode Loss Lasing threshold Slope efficiency
Yb:YAG®® S-shape double-line cw 0.8dB <220 mW 60%
Yb:YAG® Y-branch double-line Cw 3.1dB 271 mW 40%
Nd:YAG* Planar double-line array cw 3.7dB 70.7 mW 37%
Nd:YAG* Photonic-lattice-like cladding CW & Q-switched 0.7 dB ~200 mW 32%
Nd:YAG® Photonic-lattice-like cladding cw 0.5dB ~90 mW 34%
Nd:YAG®’ Y-branch cladding Q-switched 1.1 dB/cm ~450 mW -
Nd:YAG® Y-branch cladding CW 1.1 dB/cm 90 mW 22.4%

show comparable lasing performance to their straight
linear counterparts, as suggested by the results summa-
rized in Table 2. Some detailed noticeable features of
these waveguides are summarized as follows:

A. The FsSLDW prototyped curved sections do not in-
troduce much bending losses if the bending curvature is
acceptably small. For example, in studies®***®, the fab-
ricated non-straight waveguides feature lasing thresholds
almost the same as that of the reference straight wave-
guides, suggesting that only minor or even no additional
bending losses are introduced to the total losses accord-
ing to the modified Caird analysis®®. As a consequence,
lasing oscillation can be realized even without any reflec-

383 In this case,

tive mirrors in nonlinear waveguides
however, the curved part has to be sufficiently long and
the curvature has to be sufficiently small. For example,
the curvature radius has to be > 20 mm to maintain a
good lasing performance in a curved Yb:YAG waveguide,
as indicated in Fig. 7(a)*®.

B. Benefiting from the low lasing thresholds, a number
of different passive functionalities, including Y-branch

splitting™, 1><2 (Figs. 7(b) and 7(c)) and 1><4 beam

splitting (Fig. 7(d))**, ring-shaped beam transformation
(Fig. 7(e))*, and adjustable discrete diffraction patterns®,
have been respectively demonstrated without influencing
the active lasing performance too much. By further inte-
grating 2D layered materials as saturable absorbers to the
nonlinear waveguides, passively Q-switched pulsed laser
operation based on both direct- and evanescent-field

5,49,50,66
, fur-

interaction configurations have been realized
ther enriching the functionalities and opening up more
possibilities of such a compact platform for PICs.

C. Even with close lasing thresholds, the lasing per-
formance of nonlinear waveguides are still 20%-30%
worse than that of straight waveguides in terms of slope
efficiencies and output powers, as also indicated by the
results in Fig. 7(a)*******. This is mainly attributed to the
distortion/redistribution of guided optical
mode/intensity and the weakened mode matching be-
tween pump and lasing modes at non-straight regions™*.
This phenomenon can be further confirmed by slightly
changing the pump positions, which leads to a defor-
mation and/or a shift of the optical field at the junction

section and results in a redistribution of pump power and

® R=0,n=73%
¢ R=100 mm, ns = 58%
A R=80mm, ns=61%

R =60 mm, ns = 60%
e R=20mm, ns=51%
500 4°@ R=10mm, ns=18%

H 1000 4

Pout in mW

0 300 600 900 1200

Pincident in mW

1500

Fig. 7 | (a) Lasing performance of FsSLDW curved Yb:YAG double-line waveguides with different curvature radii R*. (b—e) Output modal profiles of
FsLDW beam splitters and ring-shaped beam transformers“**. Figure reproduced with permission from: (a) ref.*, Optical Society of America; (b,e)

ref.“°, Springer Nature; (c,d) ref.”°, IEEE.
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thus a change of the splitting ratio for the waveguide
channels®.

D. Apart from the lasing characteristics summarized in
Table 2, the maximum lasing output power from nonlin-
ear waveguide geometries reported so far reaches 2.29 W
under CW operation®. While in Q-switched operation,
laser pulses with a repetition rate as high as 4 MHz and a
duration as short as 70 ns have been delivered®”. These
results are comparable to that of FSLDW straight wave-
guides’, suggesting excellent practicability and feasibility
of FSLDW for prototyping compact sources with config-
urable geometries.

E. There is not many demonstrations on high-power
waveguide lasers with Type-I-based 3D structures, partly
due to their poor thermal stability issues. In contrast,
Type-II-based curved waveguide structures show much
better thermal performance. For Yb:YAG waveguide
beam-splitter lasers, it is observed that the output power
does not increase linearly anymore when pump powers >
3.73 W, indicating thermal effects because no cooling
setup is used therein®. Additionally, the onset of thermal
effects is observed strongly depending on the splitting
ratio, or to say curvature, of the waveguide splitter, re-
sulting in a better thermal stability for the relative-
ly-low-curvature structure®.

Frequency doublers

Similar to waveguide lasers, waveguide-based frequency
converters are capable of exhibiting superior perfor-
mance over their bulk counterparts since the beam di-
vergence in waveguides is effectively removed, and the
high optical intensities as well as mode profiles can be
maintained over a long distance. Therefore, the interac-
tion between fundamental and nonlinear polarization
waves are boosted"’. In FSLDW-based waveguides, fre-
quency conversion processes, mainly SHG, have been
demonstrated in a wide range of nonlinear optical crys-
tals'”. A precondition to achieve efficient SHG is to fulfill
phase-matching condition, which requires the used x?
nonlinear optical crystals to be cut along a specific orien-
tation, i.e., birefringence phase matching (BPM), or to
possess periodically oriented ferroelectric domains, i.e.,
quasi phase matching (QPM)’. This argument also ap-
plies to 3D waveguides. So far, only photonic-lattice-like
cladding waveguides have been successfully demonstrat-
ed for efficient SHG in FSLDW-based nonlinear wave-

69

guide geometries®”. This is mainly because the cladding

waveguides feature excellent polarization-independent

https://doi.org/10.29026/0ea.2020.190042

light guidance, enabling effective BPM for SHG and po-
tentially other nonlinear optical frequency conversion
processes’”. As a result, based on KTP photon-
ic-lattice-like cladding waveguides, BMP-based SHG
(1064532 nm) and simultaneously 1x4 beam splitting
have been demonstrated, delivering green lasers with an
output power of 0.65 mW and a conversion efficiency of
14.3%/W, as shown in Fig. 8. The latter value is much
larger than the previously reported SHG from KTP
waveguides based on other geometries, which is a result
of the excellent preservation as well as enhancement of
nonlinear optical properties in such a photon-
ic-lattice-like structure. Particularly, the additional losses
introduced by the 3D splitters are determined to be only
at 0.1 dB level, suggesting good compatibility of photon-

ic-lattice-like cladding structures®.

Fig. 8 | Modal profiles of SHG (1064—532 nm) and 1x4 beam
splitting from photonic-lattice-like KTP cladding waveguides®.
Figure reproduced with permission from ref.®®, Springer Nature.

Conclusion and outlook

In this review article, recent advances in FSLDW of 3D
crystalline waveguides in terms of fabrication techniques,
design prototypes, and active/passive photonic applica-
tions have been summarized. By direct fabrication and
flexible configuration of monolithic and/or hybrid
waveguide-based optical components with 3D layouts in
a wide spectrum of optical crystals, enhanced and mixed
optical functionalities including beam splitting, beam
tailoring, EO modulation, waveguide lasing, and nonlin-
ear optical frequency conversion can be incorporated in a
monolithic crystalline platform. These functionalities can
be easily integrated with novel optical materials, e.g., 2D
layered materials and optical nanostructures’”, opening
up exciting possibilities and opportunities for future
complex and multifunctional PICs.

Despite remarkable achievements have been made in

190042-9
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FsLDW of 3D waveguide devices in the past decade, there
is still room for improvement in their diversity and prac-
ticability. For example, the active photonic devices
demonstrated so far are still limited to a handful of opti-
cal crystals, such as LiNbOs;, YAG, and KTP, and optical
functionalities, such as EO modulation, lasers, and fre-
quency doublers, as summarized in Section 3. Therefore,
to meet the needs of future multi-functional photonic
systems integrating complex and hybrid optical elements
on a monolithic chip platform, femtosecond laser mi-
cromachining of diverse crystalline waveguide devices
and novel waveguide concepts are expected to open new
opportunities in integrated photonics. A typical example
is femtosecond laser micromachining of high-Q whis-
pering gallery resonators, which has been recently proved
feasible based on the highly promising lithium niobate on
insulator (LNOI) thin film platform™”!, providing
high-performance guided-wave-based optical elements
for photonic chips operating in both classical and quan-
tum systems’. In addition, some immediate areas of re-
search focus in photonics may find optimized solutions
by employing FSLDW of crystalline waveguides with 3D
layouts. For example, rare-earth-doped crystals, which
are already widely known as promising candidates for
optical quantum memories and qubits, are expected to be
excellent systems for on-chip quantum storage devices.
Recently, an integrated platform for quantum light stor-
age has been demonstrated in a Type-I-based Pr:Y,SiOs
waveguide fabricated by FsSLDW”. By further combining
with 3D waveguide structures in future work, high spatial
multiplexing with matrices of interconnected quantum
memory system in a monolithic chip can be expected.
Moreover, the demonstrated FSLDW based 3D wave-
guide devices so far are mostly operating at the
near-infrared wavelengths, it is therefore also necessary
to further expand the working wavelength band more
into, for example, the visible and the mid-infrared ranges
by employing diverse substrate crystals® >,

As a more straightforward strategy, one may reference
FsLDW-based 3D waveguide devices in glasses and ex-
ploit their potentialities in optical crystals. For example,
the lantern waveguide, a multimode waveguide device
consisting of a set of identical single-mode waveguide
cores and being capable of smooth conversion of
beam-smeared incoherent light into single-mode propa-
gation, can be constructed by FsSLDW of array waveguide
gratings or photonic-lattice-like structures in glasses and,
in principle but not yet demonstrated, diverse optical

https://doi.org/10.29026/0ea.2020.190042
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crystals’”. Such 3D photonic lantern allows efficient

light coupling/propagation and a large number of inputs,
and is therefore highly promising in future astronomical
applications, i.e., the rising astrophotonics™.

Briefly, in the quest to approach the ultimate level of
on-chip integration in robust and compact packages via
exploiting FSLDW waveguide technology, besides con-
stantly digging fundamental laser-matter damage mech-
anisms as well as optimizing fabrication parameters and
integration techniques, research efforts should also be put
in further exploring emerging/potential photonic func-
tionalities and systems.
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