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Abstract. Integrated photonics is attracting considerable attention and has found many applications in both
classical and quantum optics, fulfilling the requirements for the ever-growing complexity in modern optical
experiments and big data communication. Femtosecond (fs) laser direct writing (FLDW) is an acknowledged
technique for producing waveguides (WGs) in transparent glass that have been used to construct complex
integrated photonic devices. FLDW possesses unique features, such as three-dimensional fabrication geometry,
rapid prototyping, and single step fabrication, which are important for integrated communication devices and
quantum photonic and astrophotonic technologies. To fully take advantage of FLDW, considerable efforts
have been made to produce WGs over a large depth with low propagation loss, coupling loss, bend loss, and
highly symmetrical mode field. We summarize the improved techniques as well as the mechanisms for writing
high-performance WGs with controllable morphology of cross-section, highly symmetrical mode field, low loss,
and high processing uniformity and efficiency, and discuss the recent progress of WGs in photonic integrated
devices for communication, topological physics, quantum information processing, and astrophotonics.
Prospective challenges and future research directions in this field are also pointed out.
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femtosecond laser direct writing (FLDW) as an on-demand
solution to these requirements.
Femtosecond (fs) laser-induced multiphoton absorption

1 Introduction
Photonic integrated circuits have shown the potential to allow

integrating passive and active optical components on one chip
in a scalable manner and have been identified to support a
plethora of applications, such as data communication, sensing,
astrophotonics, quantum information processing, and national
security."™ Photonic circuits are indispensable components in
modern optical communication networks and lie at the heart
of integrated photonic devices. Currently, to this end, one of
the biggest challenges in integrated photonics is establishing
a general and flexible method to produce photonic circuits
with low loss, high integration density, and high tunability.
The unique feature of 3D fabrication geometry promises
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enables tailoring the material structures and properties inside
transparent bulk materials with high processing precision and
triggers a great deal of activity in the field of photonics.”™
In particular, the fs laser can induce a permanent refractive index
change in glass, which indicates a promising tool to fabricate
photonic circuits, waveguides (WGs), and basic elements in in-
tegrated optics.™'*'"* FLDW has been identified to be an effective
technique for constructing WGs in a 3D fashion over a large
depth from the micrometer to millimeter scale.™'*'® WG-based
2D and 3D optical devices have also been demonstrated in
various glasses. Compared with the 2D fabrication of silicon
photonic circuits by planar lithography, FLDW is a rapid pro-
totyping technique to produce WGs in 3D without needing com-
plex procedures. Thus, up to now, FLDW has been exploited to
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be a highly potential solution to quickly create optical compo-
nents and integrated photonic devices three-dimensionally in
transparent glasses. The intrinsic characteristic of being em-
bedded in bulk makes these devices highly tolerant to variations
of the working environment, which is significant for optical
network applications.'**’

However, although significant advances have been made in
writing and applications of WGs, there are still practical chal-
lenges that need to be addressed before fully exploiting 3D
fabrication capabilities of FLDW and constructing complex
WG-based photonic integrated devices. For example, low inser-
tion loss, including low coupling loss and propagation loss, and
symmetrical mode field are usually necessary. Unfortunately,
propagation effects, such as nonlinear filamentation and refo-
cusing, would influence energy-deposition behavior and the
resultant microstructures.”'** In general, when a tightly focused
fs laser irradiates into glass, a refractive-index mismatch be-
tween the air and glass causes spherical aberration (SA), which
would distort the energy distribution in the focus and the shape
of modified volumes.”* SA increases with increments of
numerical aperture (NA), focusing depth, and refractive index
of the glass.”® Other effects such as the self-focusing effect
and nonlinear absorption effect can also induce focus distortion.
As a result, although the transverse writing geometry with the
writing direction perpendicular to the laser propagation axis can
realize maximum degrees of processing flexibility, these effects
intrinsically lead to an elliptical cross-section in WGs and usu-
ally also cause high asymmetry in the mode field of the written
WGs along with high coupling loss and propagation loss.'>*"*
It is a great challenge to maintain the WG circularity, symmetry,
and mode-field profiles, which would limit the coupling loss,
propagation loss, and 3D capability of the FLDW technique.
Furthermore, these issues will be more serious for the deep
WGs in glass. However, writing deep WGs is of importance
for constructing complex reconfigurable photonic circuits,
which is essential for highly integrated on-chip devices with
multifunctionality. Furthermore, to push the development and
wide-scale implementation of integrated photonic devices be-
yond the laboratory, the importance of fabricating WGs with
high uniformity and efficiency is continuing to grow, which
raises concerns over controlling the highly nonlinear process
in the WG writing and the stability of the setups. In addition,
since the refractive index change induced by fs laser irradiation
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is generally small (usually smaller than 1%), decreasing the loss,
especially the bend loss in the curved WGs, is a tough task. To
address these issues, great efforts have been devoted to devel-
oping improved strategies to reduce the coupling loss, propaga-
tion loss, and bend loss, improve the symmetry of cross-section
and that of the mode field, and enhance the processing uniform-
ity and efficiency.

Here, we provide a comprehensive review of the improved
techniques along with the mechanisms for controlling the
symmetry of the WG cross-section and mode field profile
and reducing the loss (including coupling loss, propagation loss,
and bend loss), as outlined in Fig. 1. Furthermore, with the ever-
increasing data demand, photonic WGs have achieved explosive
growth in applications, especially in optical communication
devices, topology and quantum science, and astrophotonics.
We will also review the state-of-the-art progress of photonic
applications in these fields with WGs written by fs lasers.

2 Improved Technologies and Mechanisms
for Waveguide Writing by Femtosecond
Lasers

2.1 Beam Shaping

The shape of the focal volume affects the energy distribution
and the generated cross-section of the WGs, which would de-
termine the morphology of the mode field, the coupling loss,
and propagation loss.”” In general, manipulating the beam
shape has been proved to be a facile method to control the
morphology of the mode field and reduce the coupling loss and
propagation loss. For this purpose, several beam shaping tech-
niques were introduced, including slit beam shaping, astigmatic
beam shaping, simultaneous spatiotemporal focusing (SSTF),
and spatial light modulator (SLM) beam shaping.” %>

2.1.1 Slit beam shaping

In general, as mentioned, WGs written by fs lasers in glass using
conventional spherical focusing optics exhibit significant loss
and strong core asymmetry with an elongated shape along
the fs laser propagation direction with a large aspect ratio.
Cheng et al. reported that the aspect ratio in the cross-section
of the microchannels could be greatly reduced by inserting a
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Fig. 1 WGs written by fs lasers in glass: improved fabrication techniques and photonic device

applications.
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slit before the focusing lens with the slit oriented parallel to the
laser scanning direction, which is attributed to the diffraction
effect at the slit aperture.” This slit beam shaping technique
was also adopted to produce low loss, circular WGs in glass
with a long working-distance objective lens.>?***

For a circular Gaussian beam and an elliptical Gaussian
beam, the energy distribution near the focal point is described

as>

[o——— exp|2— Y| 1
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where wy = A/(NA - x) is the beam waist at the focus with A as
the laser wavelength, zy = kw}/2 is the Rayleigh length with k
as the wave vector, and wj, = (R,/R,)w§ and z{, = kw( /2 with
R, and R, as the radii along the x and y axes of the elliptical
beam, respectively. Equation (2) indicates that a beam waist can
be expanded R, /R, times in the y direction, and the beam in the
x direction is tightly focused, leading to small Rayleigh length.
As aresult, for an elliptical Gaussian beam, there is a significant
reduction in the aspect ratio that is determined by the ratio of the
Rayleigh length to the beam waist at the focal point, which is
achievable by inserting a slit.”*

To estimate the optimal slit width (W) for generating highly
symmetrical cross-section of WGs, the aspect ratio of the slit,
W, /W,, can be expressed as the following:

W, NA /2

W, . 3 for W, > 3W,, 3)
where W, is the unapertured beam waist, NA is the numerical
aperture of the objective lens, and n is the refractive index of
glass.

Compared to the case without a slit, as shown in Fig. 2(a),
Fig. 2(d) shows that the transverse width in the y direction has
become significantly larger by placing a slit before the focusing
lens, which results in much higher symmetry for the energy
distribution [Fig. 2(e)]. Figure 2(c) shows that the shape of
a WG written without a slit has an elliptical-shaped core with
the aspect ratio of about 4:1. A circular WG is fabricated by
introducing a slit with width of about 500 ym, as shown in
Fig. 2(f). The symmetry of the refractive index distribution
and mode field of the guiding light also becomes higher after
inserting a slit. Consequently, this slit beam shaping would
be favorable for improving the loss performance.

Combining low NA (0.1 — 0.2) focusing optics and the slit
beam shaping technique, the fs laser could write deep surface
WGs with a circular cross-section and low loss over a large
depth range (e.g., from 0.7 to 7 mm), and the aspect ratio
reaches nearly 1.%° Due to the highly symmetrical morphology,
Fig. 2(h) shows that the propagation loss is as low as 0.2 dB/cm
at the depth of 0.72 mm and remains smaller than 1 dB/cm at
the depth beyond 7 mm. The slit beam shaping technique also
works in the transverse regime with the laser beam moving
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along the propagation direction.” All of these results reveal that
slit beam shaping is a powerful technique to improve the per-
formance of WGs written by fs lasers in glass. In addition, the
slit beam shaping technique is also adopted to fabricate WG
Bragg gratings with a circular cross-section.’®’

2.1.2 Astigmatic beam shaping

Although the slit beam shaping technique is simple, it is not
efficient, and most of the laser energy is attenuated by the
slit.”>*® To shape the laser beam, astigmatic shaping is also
adopted to reshape the beam with an astigmatic cylindrical tele-
scope before focusing, which allows for writing WGs with a
circular cross-section and arbitrary size.”*'*** The basic prin-
ciple for the astigmatic beam shaping is that the WG size does
not depend on the focal size along the sample translation direc-
tion in the transverse writing regime. Focusing very tightly in
the x direction will decrease the Rayleigh range z,; the in-
creased divergence in the xz plane can significantly reduce
the intensity to that below the threshold for nonlinear absorp-
tion, and this decreases the focus depth. Consequently, the trans-
verse WG size can be optimized by independently tuning the
focal size in the y direction. The intensity profile of a focused
astigmatic Gaussian beam can be expressed as

exp{—2 [ﬁ;z—kﬁ;z} }

“4)

WX(Z) = Wox m’ Wy(z) = WovW
ZRx . ZRy
®)

where zg,, = zr(w%” /A) denotes the Rayleigh ranges of the
Gaussian beam for the x and y directions, w,, is the astigmatic
beam waist at z =0, and z, is the offset distance between
the beam waists, named the astigmatic difference, which is
shown in Fig. 3(a). Increasing the beam size (w,) in the y di-
rection, with respect to wyy, is achieved by controlling z, at
the plane with respect to the beam waist in the x direction.
Figures 3(a)-3(d) show that the symmetry and size of the
electron density profile are highly tunable by modifying the as-
tigmatic difference. Consequently, the WG size perpendicular
to the beam propagation direction can be adjusted continu-
ously, and the highly symmetrical WG profile is achievable.
Furthermore, manipulating the astigmatic difference allows
for not only improving the symmetry of the WG profile but also
for varying the WG size. As a result, the coupling loss can reach
as low as 0.1 dB/facet to the single mode optical fiber at
1550 nm, and the propagation loss is lower than 0.4 dB/cm.*
This beam shaping method is also of significance for mass pro-
duction of identical WGs, which provide a stable and reliable
quantum light source.***

When the microstructure is not purely one-dimensional (1D),
slit beam shaping and astigmatic beam shaping require modify-
ing the orientation of the slit or the cylindrical lens pair during
laser beam scanning, and an additional complexity is produced.
As a result, they are not suitable for writing bending WGs and
related devices that restrict their further applications.

Wox Wuy
w,(z) wy(2)

Lo(x,y,x) = Ipo
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Fig.2 Beam evolution near focus (a) without and (d) with a slit, energy distribution in the Y Z plane
(b) without and (e) with a slit, optical images of fabricated WGs in phosphate glass (c) without and
(d) with a slit (W, = 500 um). X corresponds to the fs laser beam translation direction. Figures
reproduced from Ref. 25. (g) Aspect ratio of the WGs produced in the fused silica with a slit W, of
350 um. Dotted line: aspect ratio of 1. (h) Propagation loss at 1550 nm as a function of depth
(W, = 250 um). Figures reproduced from Ref. 26.

2.1.3 Simultaneous spatiotemporal focusing

SSTF offers another solution to control the cross-section.****

This technique relies on separating the spectral components of
the fs laser pulse in space before focusing using a grating pair,
which induces spatial chirping in the incident pulse and gener-
ates an array of beamlets at various frequencies. As different
frequency components overlap spatially only around the focus,
temporal focusing happens, and this results in the shortest pulse
duration with the highest peak intensity. In such a manner, the
spatiotemporally focused pulses are transform-limited in time,
diffraction-limited in space, and strongly localized near the geo-
metric focus, and the pulse duration broadens obviously when
moving away from the focus, which leads to a rapid decrease
in the peak intensity. As a result, this transform-limited SSTF
method allows for a significant improvement in the axial

Advanced Photonics

024002-4

resolution of the fs laser writing. The schematic illustration of
fs laser SSTF is shown in Fig. 4(a).

In general, the field of a spatially chirped pulse can be written
as

w—m)* x— Ax(w)]* +y?
Ay (x,y.w) =Ap exp {—(TO)] em{—%}’
(©6)

where A is a field amplitude, v/2 In 2Q is the full width at
half maximum of the frequency spectrum, w, is the carrier fre-
quency, W is the incident beam waist before the grating pair,
and Ax(w) = a(w — wy) is the displacement of each spectral
component (a is the groove density of the grating).
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Fig. 3 (a) Schematic of the WG writing setup with astigmatic beam shaping. Figure reproduced
from Ref. 31. Simulated electron density profiles (b) without and with astigmatic beam shaping for

different focusing parameters (c) wo, = 1 um, wg, = 3 um, z, =

0, (d) wox =1 um, wg, = 3 um,

zp =100 um, and (e) wox = 1.4 um, wy, = 4.2 um, z, =260 um. Figures reproduced from

Ref. 29.

The field after the objective lens and near the focus can be
expressed as

2.2
Ay (x,y, ) =A1(x,y’w)exr)<—ikx Ll ) )
2f
(ikz)
A3(xsyv - eXIj/,{lZ < //\ A2 5 n, w
_ N2
X exp [ik (=) 3 +0=n) ]dfdn, ®)
Z

where k is equal to 27zc/wy, c is the velocity of light in vacuum,
and f is the focal length of the objective lens.

I(x.y,2.t) = |A3(x.y, 2. 1)]?

2

= ‘/m Az(x,y,z,t) exp(—iwt)do| . )

Figures 4(c) and 4(d) show the intensity distributions of the
SSTF beam in the XZ and YZ planes calculated by combining
Egs. (6)-(9), and a nearly spherical intensity distribution has
been obtained. Furthermore, the axial resolution of fs laser
writing is continuously tunable simply either by adjusting the
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incident beam size or the spatial chirp of the laser pulse via
changing the distance between the two gratings. In addition,
an objective lens with a relatively high NA (i.e., NA = 0.46)
is necessary for generating a nearly spherical distribution of
the laser field in the focal volume. However, a low NA objective
lens cannot result in a circular lateral cross section.”

The aspect ratios of cross-sectional shapes of a focal spot
can be manipulated independently in both axial and lateral
directions by combining a slit beam shaping technique and
an SSTF technique, which enables isotropic resolution in
3D space even for an objective lens with low NA.>' To suppress
the strong aberration in the fabrication at large depth, another
double-pass grating compressor (DGC) can be adopted, as
shown in Fig. 4(e). The total group delay dispersion of the
pulse before the objective lens could be controlled by simul-
taneously modifying the DGC and the single-pass grating
compressor. The longitudinal resolution is improved dramati-
cally, and a nearly perfect circular cross-section is obtained. In
this case, a low NA lens also works. The focal lens with low
NA allows for writing circular WGs at a large depth (~9 mm),
owing to its long working distance.” In addition, besides con-
trolling the aspect ratio, SSTF also offers several additional
levels of control over the ultrafast laser focus such as an adjust-
able pulse front tilt (PFT).”>** Neighboring foci can be over-
lapped by exploiting the inherent PFT with an appropriately
designed diffractive holographic pattern from SLM irradiated

Mar/Apr 2021 e Vol. 3(2)
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Fig. 4 (a) Schematic illustration of fs laser SSTF. Calculated laser intensity distributions at the
focus generated by an objective lens (b) without and (c), (d) with the SSTF technique in the
XZ and YZ planes, respectively. Figures reproduced from Ref. 30. (e) Schematic of the exper-
imental setup for adding an initial temporal chirp on the SSTF. AP, aperture; VF, variable neutral
density filter; GR1 and GR2, gratings; OBJ, objective lens; SA, sample. (f) Cross-sectional view
optical micrographs of the line written at 9 mm. Scale bar, 20 um. Figures reproduced from Ref. 50.

by a spatially chirped beam, and overlapping of multiple spots
from a single pulse could have occurred in space but separated
in time.*” This technique not only provides a high level of axial
confinement but also enables parallel writing for improving
the processing efficiency. Temporally chirped SSTF is demon-
strated via focusing the light with an off-axis parabola after
the grating pairs, which is useful for rapid prototyping to
produce high aspect ratio channels in glass and also for bio-
medical applications (e.g., deep tissue ablation and optical
histology).” Combining a grating with an SLM or a cylindrical
lens, temporally chirped SSTF is also achievable with en-
hanced axial resolution for accurately tailoring the laser—
material interaction.*”>*
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In summary, the SSTF of the fs laser pulse strongly reduces
nonlinear side effects and offers unique possibilities for fabri-
cation with isotropic 3D resolution.”’ Furthermore, the addition
of an initial temporal chirp on the SSTF is favorable for keeping
the fabrication resolution nearly unchanged against the SA.

2.1.4 Spatial light modulator beam shaping

An SLM beam shaping technique gives rise to a versatile and
energy efficient option for modifying the energy distribution in
the focus, allowing not only for the improvement of the aspect-
ratio of the focal volume as well as the symmetry of the mode
field pattern of WGs but also the dynamic manipulation of it

Mar/Apr 2021 e Vol. 3(2)
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during fabrication.***** Aberration correction is achieved over
a large depth using SLM with higher accuracy and flexibility,
which enables writing deep WGs with a circular cross-section.
To realize the depth-dependent aberration correction, the change
in optical path length for the light refracted at the glass surface
should be considered, and the SA associated phase in the pupil
of the objective can be expressed as™

—27dom

) {\/"% —(NA - p)* — \/n% — (NA - p)z] ,
(10)

Bsalp) =

where d,,,, is the nominal depth in the glass [Fig. 5(a)], 4 is the
wavelength of the fs laser, n; (n,) is the refractive index of air
(glass), p is the normalized pupil radius, and NA is the NA of
the lens. Equation (10) indicates that the aberration strongly
depends on writing depth and the NA of the objective lens.
Figure 5(b) shows that the peak intensity (/) of the laser beam
decreases with increase of focusing depth, especially in the
higher NA regime. The full width at half maximum (Az) of
the distribution along the beam propagation direction increases
with the depth, as revealed in Fig. 5(c), and this is in agreement
with the simulation of energy distribution for focusing at various
depths, which shows that the focus becomes distorted, and the

cross-section is no longer symmetric and substantially elongated
along the laser propagation direction. The distortion and asym-
metry become more serious with a depth increase. As a conse-
quence, the cross-section of the fabricated WGs is noncircular at
the large depth, as shown in Fig. 5(d). Figure 5(e) shows that
the morphology of the WG can be improved significantly
after appropriate aberration correction using SLM, and the
WG cross-section almost does not depend on the writing depth.
Furthermore, Fig. 5(f) shows that the near-field mode profile
exhibits high symmetry, and the mode ellipticity reaches nearly
1. In addition, there is also no obvious difference in light
transmission of the WGs at different depths after aberration
correction. These results indicate that the SLM beam shaping
technique allows for fabricating symmetrical WGs through
the entire depth of the working objective lens, which will be
crucial for fabricating complex WG lattices with high integra-
tion density and holds promise for a wide range of applications
with 3D photonic circuits.

In addition, the SLM can also enable effective parallel
writing. Multiple foci with controlled power distribution and
dynamically variable distance can be produced in 3D by modu-
lating the spatial phase distribution of a fs laser beam with a com-
puter-generated hologram, which allows for writing several WGs
or multiscan performance over one WG in a single pass.®'**
Furthermore, for fabricating 3D WG arrays and coupling devices
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Fig.5 (a) Schematic of the focusing geometry. (b) Simulated estimate of the focal peak intensity /,
at various depths in glass. (c) Az as a function of depth. WGs inscribed at different depths (d) with-
out and (e) with aberration correction in the nonthermal writing regime (pulse repetition rate of
1 kHz). Figures reproduced from Ref. 59. (f) Plot of the transmission throughput and mode ellip-
ticity as a function of depth for WGs inscribed with SLM beam shaping at the thermal writing regime
(pulse repetition rate of 1 MHz). Figure reproduced from Ref. 24.
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using the traditional fs laser writing technique, the substrate is
needed to be precisely positioned. With the help of the SLM, a
branched WG can be written simultaneously by one pass scan-
ning in glass. Consequently, an SLM not only significantly
enhances the fabrication uniformity and efficiency but also elim-
inates the need for precisely positioning the glass substrate.

2.2 Multiscan

Multiscan is a reliable technique to increase the refractive index
change and modify the shape and size of the WGs by scanning
the laser beam multiple times.>® In this regime, there is no po-
sition shift between consecutive scans. David et al. revealed that
the increase in refractive index is about 0.01 and 0.035 in the
Ge-doped silica glass generated by 1 and 10 writing passes,
which indicates the possibility of reducing insertion loss by
the multiscan.”® Bend loss could be also reduced by scanning
the WG track multiple times in all curved segments due to the
tighter confinement of the modes caused by multiscan-induced
large refractive index contrast.”® Recently, Tan et al. reported
that the WG size can be controlled by adjusting the scanning
passes [Figs. 6(a)-6(c)].”” Furthermore, a mechanism of a tem-
perature gradient-assisted process was proposed for the forma-
tion of WGs, which locates outside the focus. Consequently, the
unique position of WGs allows for abating the distortion of laser
energy in the focal volume and inscribing low-loss deep WGs.
Usually, a WG core with the largest density and RI locates near
the center of the modified zone, which is generated by the matter
melting and quenching in thermal writing with high repetition
rate pulses (e.g., >100 kHz) or local compression in the non-
thermal case with low repetition rate pulses. In temperature gra-
dient-assisted writing, a high temperature with a sharp gradient
is generated by ultrafast injection of enough energy in the focus,
which is accompanied by pressure wave propagation. As a re-
sult, rapid mechanical expansion with structural reorganization
is driven during the temperature evolution, and melted and
ionized matter would be ejected out from the hot pressurized
center to the surrounding zone, resulting in forming a densified
“cladding” ring and a rarefied center consisting of less dense
structures [Fig. 6(a)]. In addition, in the conical WG structure,
a quasidirectional hydrodynamic material flow can be induced
by the fast stress relaxation along the laser propagation axis, and
the axial densification at the top of the densified ring is gener-
ated [Fig. 6(b)]. Multiscan writing is suggested to repeat this
material flow process and increase the WG size. The absence
of separation between the parallel pass avoids the presence
of a nonhomogeneous interface structure between parallel scans.
As the guiding core of WGs is at the tips of the densified zone,
outside the focal volume, a lowest insertion loss of about 0.6 dB
[Fig. 6(c)] for the 1-cm-long WGs with the WG diameter size of
around 6 um is obtained over a large depth range from 300 to
900 um. Revealing strong dependence of insertion loss on the
WG size provides a unique way to improve WG performance in
various coupling cases.

The critical issue for the multiscan technique is the relatively
low fabrication yield. In addition, the scan speed in the multi-
scan case is usually the same as that in the single pass scan, and
there have been no systematic studies about the optimal speed in
the multiscan, uncovering what may enable improvement of the
fabrication efficiency with low propagation loss, coupling loss,
and bend loss. Our work indicates that monitoring the WG size
offers an effective way to optimize the multiscan process
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efficiently.” Furthermore, the optimal processing window for
low-loss WGs is usually small, and the fluctuation in the writing
process may be detrimental to the reproducibility and the
uniformity, especially when the number of the WGs is larger.
Multiscan as well as the aforementioned SLM-assisted parallel
writing should be helpful for improving the writing reproduc-
ibility and the uniformity.

Besides rescanning the laser along the whole path, tapering
the WGs close to the end facet was also demonstrated to be a
useful technique to increase the refractive index as well as to
enlarge the modification region.®’* As shown in Fig. 6(d), a spa-
tial power ramp is used. Multiscan is performed at the last few
millimeters of a WG with increasing laser power, ranging from
just under the modification threshold up to a moderate power
level. Figure 6(g) shows that mode field size can be modified
by tapering of WGs with the multiscan. Furthermore, the cou-
pling efficiency to the standard single mode fiber is also en-
hanced.

In another case, the WG cross-section is tunable using the
multiscan technique, and an offset is adopted between consecu-
tive parallel scans with a small distance in the direction
perpendicular to the laser scanning direction, as shown in
Fig. 6(f).%*7>76 This technique does not depend on the intensity
distribution at the focal volume and enables WG fabrication
with desirable morphologies, such as square cross-sections
along with a step index refractive index profile [Fig. 6(g)].
The size of the WG cross-section and the change in refractive
index can be controlled independently by varying the scan
parameters and the translation speed, respectively, and this is
not achievable using beam shaping techniques. Furthermore,
integrated photonic lanterns constituted with an array of single
mode WGs can be produced using the multiscan technique,
which have found many applications in astrophotonics and re-
mote sensing.”

In addition, writing a pair of parallel structures with a desir-
able distance to sandwich the curved WG will control the stress
and birefringence effect in the WGs.*"® The refractive index
change would increase from 1.85 x 1073 to 3.45 x 1073 in
the guiding core, as shown in Fig. 6(h).”" Consequently, the bend
loss is suppressed drastically from 2.7 to 0.3 dB for a bend
arc angle of 5 deg. A similar technique is adopted to fabricate
a mode field compressor and reduce the mode field size.*
Birefringence is demonstrated to be tunable in the range from
0 to 4.35 x 107, and this allows great flexibility in designing
polarization sensitive and insensitive components devices on
one single chip, which adds another degree of freedom in the
fabrication of integrated optical devices.*"*

2.3 Thermal Annealing

Stress can be induced during the WG writing in glass, and aniso-
tropic and inhomogeneous distribution of the refractive index in
the modified region is generated through the photoelastic effect,
which would lead to a polarization shift and polarization depen-
dent losses as well as an asymmetrical mode field and large
propagation loss.*® The stress in the cladding zone surrounding
the WG core also reduces the refractive index contrast between
the WG core and the outer region, which can cause high propa-
gation loss and bend loss.* Thermal annealing has been dem-
onstrated to be a useful method for stress relaxation and
complex material reorganization.®** In general, heat increases
the atom movement rate in the glass matrix by offering the
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Fig. 6 (a) Cross-sections of WGs written by scanning fs lasers 1, 2, 4, 6, and 10 times.
(b) Schematic view of temperature gradient assistant fs laser writing. Black arrow: matter expan-
sion and flow driven by temperature gradient and stress. White arrows: stress. (c) Insertion loss
and diameter (w) of WGs fabricated by scanning various times at 300 um. Inset: |, cross-section;
I, near-field mode profile. Figure reproduced from Ref. 67. (d) Left: illustration of the dependency
of the WG cross-section on the fs laser power. Right: cross section of WGs tapered by multiscan-
ning with a low power at the end of the WG. Figures reproduced from Ref. 68. (f) Schematic of the
multiscan WG fabrication with an offset perpendicular to the writing direction. Figure reproduced
from Ref. 69. (g) Size variation with an increase in the number of scans. Figure reproduced from
Ref. 70. (h) Schematic of the sandwiched WG. Insets: the cross sections of the WG and bend-
loss-suppression walls. Scale bar: 30 um. (i) Top view of the sandwiched WG. (j) A 633-nm laser
beam propagating in the WG. Top view images of a WG bend (k) without and (I) with bend-loss-
suppression walls. Figures reproduced from Ref. 71.
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energy for breaking bonds and during annealing at temperatures
in the vicinity of the glass transition temperature, where the
formation of new bonds and structural rearrangement may
have occurred, which leads to a decrease in the structural
inhomogeneity.* As a result, the reduction of the structural
deformation leads to stress relaxation. In addition, nonbridging
oxygen hole center (NBOHC) defects can also disappear at low
temperature (e.g., 300°C for silica glass).”” Consequently, the
size of the guiding core and the structure anisotropy are reduced,
the refractive index contrast in the core/cladding regions in-
creases, and these are accompanied by lower propagation loss
and bend loss along with higher mode symmetry.

A typical rate thermal annealing process is adopted for this
purpose. The key characteristic of this thermal treatment is
the slow cooling rate that enables removing the stress and
birefringence effectively. In general, to initiate an erasure and
stabilization process, the sample is initially heated above the
transformation temperature. Once reaching the maximum tem-
perature that is well below the softening temperature of the
glass, a very slow cooling rate is adopted until the glass temper-
ature is cooled down below the strain or transformation point
temperature.***® Figures 7(a) and 7(b) show the cross-section
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of the WGs before and after annealing, respectively, and the re-
fractive index profile is displayed in Figs. 7(c) and 7(d), respec-
tively, which clearly indicate that the outer lower refractive
index zone is removed by thermal annealing. As a result, the
output power through the WGs increases, and the bend loss
decreases significantly, as revealed in Fig. 7(e). Symmetric
polarization-insensitive WGs are also available with ultralow bi-
refringence and low propagation loss of 0.3 dB/cm. Babu et al.
also reported that insertion loss could be reduced effectively to
1.01 dB at 632.8 nm by an isochronal annealing treatment,
which is due to the bleaching of the NBOHC defects.”"”?

2.4 Predefect Engineering

One of the big challenges for direct writing of WGs by fs lasers
is the increase in the refractive index of WGs, which would
foster better performances of the devices. As the presence of
defects makes great contributions to the refractive index in-
crease, predefect engineering of materials to induce an incipient
defect density has been explored to cause an increment in the
refractive index.** The predefects can be generated by hard
(40 keV) X-ray irradiation with accumulated doses up to
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Fig. 7 Cross sections of the WGs (a) before and (b) after thermal annealing. Refractive index
profiles of WG (c) before and (d) after annealing. (e) Normalized output through the WGs as a
function of bend radii. Figures reproduced from Ref. 86. (f) PL intensity versus depth in the glass
after X-ray exposure with various doses. (g) Change of refractive index (An) in the WGs as a
function of the scan speed at different X-rays doses. Figures reproduced from Ref. 34.
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6 MGy, which subsequently serve as precursors for further
defect generation induced by fs lasers, along with an overall
increase in photosensitivity. As a result, photoinscription effi-
ciency is enhanced, and a higher index change is obtained.
Figure 7(f) shows that the PL coming from NBOHC increases
with an increase in X-ray doses from 0.5 to 6 MGy, especially in
the depth smaller than 500 ym, and the unexposed sample does
not emit PL, which indicates the generation of NBOHC after
X-ray irradiation. The increase in refractive index is much larger
with 1 and 6 MGy doses of X-ray irradiation than that with
0-0.5 MGy doses of irradiation at all scan speed, as shown in
Fig. 7(g). In conclusion, predefect engineering is a promising
technique to increase the refractive index of WGs, which also
enables validating scenarios of defect-assistant densification for
the refractive index change. Furthermore, we suggest that UV
light or electron and ion beam preirradiation may also lead to
similar effects, and further experimental work is needed to
verify this proposal.”®*

2.5 Composition Engineering

As the optical properties and photoresponse to fs lasers depend
on the chemistry of glass, and the fs laser-induced refractive in-
dex change would be determined by the structural and elemental
reorganization, composition engineering is a simple and prom-
ising alternative route to improve the performance of written
WGs in glasses, especially in the thermal writing regime with
high repetition rate lasers.”*® In the fs laser writing process, the
local temperature would be higher than that of the softening and
working point of glass.”*® As a result, the breaking of bonds
linking the network modifiers or the network formers will occur
in this high-temperature field, and the ions, including 0%,
would diffuse and modify the local compositions of glass, which
usually leads to formation of two typical zones with positive and
negative refractive index change, respectively. Increasing the
concentration of the components such as Ca, La, and Al that
induce densification and disorder causes a larger increase in re-
fractive index, with An reaching 1072, and reduces the coupling
loss and propagation loss significantly.”*””” For example, in
typical alkali-free borosilicate glasses, such as Corning Eagle
2000, Corning Eagle XG, and Schott AF32 glasses, the charac-
terizations based on the refractive index mapping, electron mi-
croprobe analysis, and Raman spectroscopy clearly suggest that
an increase in the concentration of the silicon element causes a
decrease in refractive index, and an increase in the concentration
of Ca and Al elements leads to an increment in the refractive
index.” Similar phenomena are also found in other glass
systems.” Germanium doping in silica glass is suggested to
increase the refractive index change.'® The increment in the
concentration of Al,O3 in the aluminosilicate glasses could
lead to breaking of the Si-O-Si network into four and three-
membered ring structures accompanied by structure densifica-
tion, which is confirmed by the increase of Raman intensity at
D, (~485 cm™!) and D, (~600 cm™!) peaks.”' The presence of
silver was reported to decrease the insertion loss of the WGs
in the binary tellurite-zinc glass, but the mechanism is still
unclear.'” However, although composition engineering is a use-
ful method to increase the refractive index change, there have
been not as many efforts to optimize the compositions and
controll the element migration in a desirable way for achieving
better performance, and more systematical studies are still
needed.
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3 Applications in Optical Coupling and
Integrated Devices

WG writing by fs lasers in glass has found various applications
in a vast range from scientific researches to technological
devices."*"*'%17 I this review, we focus the recent progress in
the WG applications for photonic integrated devices in commu-
nication, topological physics, quantum information processing,
and astrophotonics.

3.1 Optical Couplers and Network Devices

Optical couplers are one of the key building blocks for combin-
ing and splitting optical signals in photonic integrated
circuits.*'® A compact, low-loss, broadband power coupler with
polarization sensitivity or insensitivity is highly required for
many applications, such as power splitters, optical switches,
multiplexers, directional couplers, birefringent retarders, and
rotated waveplates,* 0551021031080 The flexibility in photonic
circuit configuration and mass production with designability
in 3D helps WG writing by fs lasers to build couplers and
splitters with arbitrary shapes and tunable coupling ratios in
glass.'"'%!" Egpecially, achieving polarization transformation
is achievable and also desirable in integrated architecture with
WGs created by FLDW, and this is critical for quantum appli-
cations, as controll over polarization enables performing oper-
ations with polarization-encoded photonic qubits.**'''~'"?

For example, an on-chip rotated polarization directional cou-
pler (RPDC) operating at 780 nm with an arbitrary birefringent
optical axis can be constructed via writing a double-track, as
shown in Fig. 8(a), through which the distribution of the refrac-
tive index between adjacent tracks in the fused silica is tuned.”
In this case, a single-mode WG with an artificially birefringent
optical axis and high transmittance could be produced by
adjusting the relative radial and azimuthal positions of the
tracks. Figure 8(b) shows the polarization analysis of the 45-
deg rotated birefringent optical axis measured by two crossed
polarizers. The visibility of the input polarized light propagating
along the optical axis remains as high as 98% to 99%.
Characterization of the transmission power of the 45-deg
RPDC with adjusted coupling lengths indicates that coupling
lengths are the same for the 0-deg and 45-deg RPDCs, and
the parallel coupling length could be determined to be 23 mm.
Reconstruction of the Stokes vector was also performed, and
the average fidelities reach 98.1% and 96.0% for the 0-deg and
45-deg RPDCs, respectively, with the corresponding average
ratios up to 16 dB (0 deg) and 20 dB (45 deg).

Shortening the distance between the coupled WGs in the
couplers may induce strong anisotropic mechanical stress,
which was exploited to decrease the size of the polarizing direc-
tional couplers down to 3.7 mm with WG distance below
5 ym."'® Importantly, the WGs exhibit low birefringence out
of the coupled region. As a result, this approach allows for con-
structing complex polarization-sensitive integrated circuits with
high integration. The extinction ratios at the operation wave-
length of 808 nm are determined to be about 16 and 20 dB
for the horizontal and vertical polarizations, respectively.

Polarized and polarization insensitive directional couplers,
working in the telecom band of 1550 nm, were also fabricated
in aluminoborosilicate glass (EAGLE, Corning) just by control-
ling the interaction length (L) and the separation of two WGs
(d), as shown in Fig. 8(c).""" This paves the way to the integrated
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Fig. 8 (a) lllustration of the double-track approach for fabrication of WGs and RPDCs. 6 is the
geometrically radial and azimuthal offset between two adjacent tracks (dark red) in each WG
(gray). (b) Polarization analysis of the 45-deg rotated parallel coupling region with different linear
input states [H, V, antidiagonal (135 deg, A Pol.) and diagonal (45 deg, D Pol.)]. Figures repro-
duced from Ref. 43. (c) Schematic of a DC. Two input (out) ports: IN1 and IN2 (OUT1 and OUT2).
(d) Transmission and reflection extinction ratios for a PDC with L of 33.2 mm and d of 12.5 yum
in the telecom band. (e) Transmission for polarization insensitive DCs with L of 0.4 to 1.3 mm
and d of 8 yum. Figures reproduced from Ref. 111. (f) Diagram of the 4-core few-mode coupler.
Figure reproduced from Ref. 114. (g) Schematic of the optical add-drop multiplexer configuration.

Figure reproduced from Ref. 115.

controll over polarization encoded photonic qubits and polari-
zation entanglement at the 1550 nm wavelength range. In gen-
eral, the WG birefringence causes a different periodicity for
different polarization states in the power oscillation between
the two WGs in the DCs, which can be described as
T =sin?(kL + @), R = cos*(kL + @), (11)
where T is the power transmission coefficient, R is the reflection
coefficient, k is the coupling coefficient between the optical
modes, and @ is an offset for the coupling occurring in the
curved segments incoming and departing from the coupling
region.

Large phase difference could be present with large L. With
the appropriate coupler geometrical and coupling parameters,
the two oscillations can be in antiphase, which results in a
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polarized DC. For example, Fig. 8(d) shows that the extinction
ratios between the two polarizations are higher than 25 dB at
1550 nm with extinction ratios higher than 15 dB, where L
is 33.2 mm, and d is 12.5 ym. While for shorter interaction
lengths, the DC exhibits polarization insensitivity. Figure 8(e)
shows the transmission for DCs with L of 0.4 to 1.3 mm
and d of 8 ym, and the absolute transmission difference for
the two polarizations is as low as 10~#, meaning polarization
insensitivity. The authors suggested that the alteration of the
optical properties caused by the inscription of the second
WG to that of the first one in the coupler is the origin of such
polarization-insensitive behavior. Techniques, such as birefrin-
gence compensation and thermal annealing, were used to
improve the symmetry of the WGs and the birefringence,
which lead to symmetric polarization-insensitive DCs.* These
achievements imply that it is possible to integrate polarization
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dependent and independent devices in a single circuit by just
manipulating the geometrical parameters of the components,
which will be vital in future complex photonic devices.

To realize arbitrary photonic waveplate operations on chip,
a stress engineering technique via writing an additional modi-
fication track near the WG was adopted to create an artificial
stress field and rotate the optical axis of the birefringent
WG.'® Higher pulse energy and lower writing velocity were
used for writing the second defect track, in which no light prop-
agates. Consequently, Hadamard, Pauli-X, and rotation gates for
encoding photonic polarization qubits on chip were achieved
with high fidelity on both classical and quantum states of light.
In this case, the retardation between ordinary and extraordinary
field components was tuned, including half-wave plate and
quarter-wave plate operations through modifying the length
of the modified track parallel to the WG.

Furthermore, to support the ever-growing demand in trans-
mission bandwidth and capacity over a communication channel,
a number of technological features have been developed by the
telecommunication community in the past decades.''” 3D multi-
plexers and demultiplexers based on WGs were produced and
could be integrated on a photonic chip.'*%!19>!“11811% UJltrahigh
capacity space-division multiplexers systems were built in boro-
silicate glass." For example, 1.2 Pb/s throughput transmission
was demonstrated using the few-mode multicore fiber (four-
core, three-mode) with a cladding diameter of 160 um, as
shown in Fig. 8(f).""* In this case, 368 wavelength division mul-
tiplexed spatial super channels across the C and L bands were
used. Simultaneous multiplexing of the LPy;, LPy,, and LPyy
modes of all cores is achievable in this three-mode, four-core
fiber with high mode extinction ratios and low insertion losses
over a large bandwidth across the S + C + L bands.""" In addi-
tion, optical add—drop multiplexers written in fused silica were
demonstrated operating at 1550 nm, as shown in Fig. 8(g).'"” To
this end, two DCs with a symmetrical geographical layout were
used in a Mach—Zehnder interferometer configuration for the
signal routing, and the inserted Bragg grating WGs between
the DCs worked for wavelength selectivity. In principle, the in-
put signal is split equally into two WGs by the first DC, which is
then guided to two identical Bragg grating WGs. The resonant
wavelength is reflected to the drop port and collected. The re-
maining transmitted signal will leave from the through port.
New information at the resonant wavelength can also be added
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to the output signal through the add port. The versatility of the
fs writing technique promises the capability of scalable DM
fabrication with more modes and cores and mass production.
As a result, practical ultrahigh capacity dense space-division
DMs are expected.

Due to the intrinsic flexibility of 3D fabrication, WG-based
fan-out devices were also achieved, with one end consisting of a
1D WG array and another end consisting of a 2D WG array,
which can be used as multiplexers, demultiplexers (aforemen-
tioned), interposers to interconnect silicon photonic chips, as
shown in Fig. 9(a), and astrophotonic interferometer integrated
chips (discussed later).””'?! For example, WGs in a glass inter-
poser were reported to vertically couple light from an optical
fiber to the silicon photonic chip."” An 84-channel interposer
is also realized for coupling a multicore optical fiber and silicon
photonics chips, as shown in Fig. 9(b)."* However, misalign-
ment causes significant loss in the packaging and stabilizing
process. Further improvement in the packaging step for edge
coupling of WGs to the silicon photonic chips is one of the
biggest challenges. For the future, the optimized 3D WG fan-
out devices may promise an attractive balancing of loss, mode
matching, high channel density, low crosstalk, and multifunc-
tional integration with other photonic components.

3.2 Topological Physics and Quantum Information
Processing

In the past decades, photonic structures consisting of arrays of
evanescently coupled WGs have emerged as a major represen-
tation of functionalized optical structures, in which the light
propagates along the topological states or the light evolution
exhibits intrinsic similarities with the quantum evolution of
particle wave-functions. As a result, WG arrays have been pro-
posed as a typical model system for researches and applications
in topological physics and quantum information processing,
such as formation of topological edge states, quantum mechan-
ics emulation, and quantum computing. FLDW has been estab-
lished as a standard method to construct 3D WGs into a variety
of optical bulk materials, which enables the achievement of vari-
ous innovative topological states, quantum physical concepts,
and quantum information applications that are not feasible with
other fabrication techniques.>'*'*'**
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Fig. 9 (a) Schematic for an 84-channel interposer in glass, fanning out from a linear array (silica
photonic chip at back) to 12 socket positions for multicore fibers (MCFs) packaging. (b) Optical
image of the interposer in silica glass. Figures reproduced from Ref. 120.
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Recently, the rise of topology has been one of the most rec-
ognizable trends in physics.'”'*® In the topological phases, pro-
tected travel is allowed along the edges of the structures in a
robust way, giving rise to immunity against backscattering by
defects. In particular, topological photonics have attained a burst
of interest, as light waves can work as a platform for revealing
the nontrivial bulk and edge topological states by carefully
structuring photonic crystals.'” "> WG photonic lattices are
frequently adopted to build photonic topological structures
for investigating the interplay of topology and interparticle
interactions.'”"*! For example, the helicity of the evanescently
coupled helical WG array would break the z-reversal symmetry
in a honeycomb photonic lattice [Figs. 10(a) and 10(b)], which
leads to formation of Floquet topological insulators, and topo-
logically protected transport of visible light is observed on the
lattice edges.'”” Photonic Floquet topological insulators in the
fractal lattices were proposed theoretically, and robust travel
along the outer and inner boundaries of the fractal lattices
without scattering was possible.'”> Experimental realization of
topological fractal insulators is promising. Solitons were also
identified in an anomalous photonic Floquet topological insu-
lator, which exhibited different behavior in that they executed
cyclotron-like orbits."* For this purpose, the WG lattice was
modulated periodically along the axis, and this resulted in a
nonzero winding number with the optical Kerr effect-induced
nonlinearity. The observation of topological solitons offers
new prospective directions for the topological nonlinear optics,
complementing other platforms. 2D honeycomb photonic
lattices with broken inversion symmetry were also reported to
exhibit photonic topological valley Hall edge states and four-

dimensional (4D) quantum Hall."**'** Detuning the refractive in-
dex of the two honeycomb sublattices with varying average
writing pulse energy of the fs laser generates an armchair
[Fig. 10(c)] and zigzag edges [Fig. 10(d)] at their domains
and a boron nitride-like band structure."”> Consequently, the
edge states appear along the domain walls between regions with
opposite valley Chern numbers. The valley-Hall effect enables a
new mechanism for realizing time-reversal-invariant photonic
topological insulators. The fabricated time-reversal invariant
WG photonic lattice could possess a zero-dimensional topologi-
cal defect corner mode, which represents a new type of crystal-
line topological phase with a topologically protected energy
lying at mid-gap and insensitive to disorder.'*

In addition, sufficiently strong disorder can lead to the close
of the topological bandgap, and the system becomes topologi-
cally trivial with all states being localized and all transport van-
ishing, complying with Anderson localization [Figs. 11(b) and
11(e)]; but, adding on-site disorders with random variations in
the refractive index of WGs could drive the system from a trivial
phase into a topological one, resulting in the emergence of topo-
logical Anderson insulators with protected edge states and quan-
tized transport, as revealed in Figs. 11(c) and 11(f). In this case,
the refractive index detuning was induced by adjusting the writ-
ing speed during the fabrication process, and a slower writing
speed leads to a larger refractive index in WGs. The topological
Anderson insulator was demonstrated experimentally with
sufficiently detuned honeycomb photonic structure of helical
WGs."”” The light propagates only along the edge in the
Floquet topological insulator [Fig. 11(d)]. When there is strong
disorder, the system becomes topologically trivial, and there is

Fig. 10 (a) Sketch of the helical WGs with honeycomb geometry. (b) Optical image of the input
facet of the photonic lattice. Figures reproduced from Ref. 127. Schematic diagram of honeycomb
lattices with (c) armchair and (d) zigzag edge domain walls. Red and green WGs exhibit a different
refractive index, and blue is the excitation WGs. Red-shaded regions are domain walls. Figures

reproduced from Ref. 132.
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no light along the edge [Fig. 11(e)]. After introduction of
sufficiently strong on-site disorder, a photonic topological
Anderson insulator is generated, which is confirmed by the pres-
ence of the mid-gap excitation-induced coupling to a topologi-
cal edge state, as shown in Fig. 11(f). A photonic topological
insulator in a synthetic dimension with topological edge states
was demonstrated successfully.' In this case, a 2D WG array
was produced with 1D in real space and one synthetic dimen-
sion in modal space. As a result, the propagation of the topo-
logically protected edge state was observed at the edge of the
synthetic space, but not at the spatial edges of the system.
Waveguiding by artificial gauge fields was demonstrated using
an array of evanescently coupled identical WGs. In this realiza-
tion, WGs in the core and cladding follow distinct trajectories
during propagation, and the artificial gauge field caused a shift
of the dispersion relations from one another in the core and in
the cladding in momentum-space.'*’

In contrast to the intricate set-ups with helical optical WGs
[Fig. 10(a)], Fig. 12(b) indicates the presence of kagome-based

corner states in the straight WGs, which exhibit a high degree of
flexibility and control, operating in the visible light range.'*’
Furthermore, topological boundary states in a single photon
level were established in the WG-based quasicrystal, with the
protected topological phases against the decoherence caused
by diffusion and the noise.'*'

Quantum computing and quantum communication offer high
efficiency in approaching problems of scientific and commercial
interests, where processing an extremely large amount of data
with fast speed is on-demand.'**'** Photonic WG lattices give
rise to an excellent model system allowing for simulating many
quantum statistics for quantum information processing.'**'*
For example, boson sampling experiments against various
alternative hypotheses were achieved on larger WG photonic
chips fabricated by fs laser writing, which will be critical for
boson sampling devices to conform the supremacy of quantum
information processing over classical computers.'” Anderson
localization of a pair of noninteracting entangled photons
was observed in an integrated quantum walk by employing
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Fig. 11 (a) Topological bandgap for the Floquet topological insulator in a helical honeycomb
lattice. (b) Breaking the parity structure symmetry by detuning the sublattices with formation of
a trivial bandgap. (c) Forming topological Anderson insulator phase by suppressing the effect of
the parity-symmetry breaking terms with sufficiently strong disorder. (d) Hybrid structure with a
1D straw and a 2D honeycomb helical WG lattice. The excited state was controlled by the
“straw”—through which the modes of the system were selectively excited. Excitation light along
the edge states in the (e) Floquet topological insulator, (f) trivial insulator, and (g) topological
Anderson insulator. The input positions were indicated by the white arrows. Figures reproduced

from Ref. 137.
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10 ym

(a)

(b)

Fig. 12 (a) Triangular photonic lattices with a defect in a straight WG array. (b) Observation of
the “fractionalized” corner states. Red circle: injection of 720-nm coherent light into the WG at
the corner indicated. Green circle: missing WGs. Figures reproduced from Ref. 140.

polarization entanglement of photons to simulate the quantum
statistics in the WG arrays.'*® Genuine many-particle quantum
interference and high-visibility quantum interference of single-
photon topological states were observed with the fs laser written
integrated photonic circuit.'>'*” Two topological edge states
were brought into proximity, interfering and undergoing a
beamsplitter operation, and the visibility of the Hong—Ou-—
Mandel interference is as high as 93.1% + 2.8%.'" By integrat-
ing a quantum dot-based multiphoton source and a WG
photonic chip in glass, scalable platforms exhibiting high-rate
many-particle quantum interference were attained.'® Jin and
coauthors reported a 2D continuous-time quantum walk with
a single photon on the 2D WG array and quantum fast hitting
on hexagonal WG photonic structures with up to 160 nodes and
a depth of 16 layers [Figs. 13(a)-13(c)]."**'"*"'** They showed
that the time for optimal quantum hitting increases linearly with
network depth, as shown in Fig. 13(d). In comparison,
Fig. 13(d) indicated that classical random walk was character-
ized by a quadratic relation. As a consequence, quantum speed-
up to improve information processing is highly promising,
which would initiate breakthroughs into real-life applications.
Recently, a scalable photonic computer was developed to solve
the subset sum problem. Photons were found to dissipate into
the photonic circuits and search for solutions in parallel that re-
sult in an exponential superiority over even supercomputers in
time consumption, as shown in Fig. 13(e)." Furthermore, quan-
tum polarization entangled states could be well topologically
protected on a photonic chip, and the linking of photonic top-
ology and quantum information opens the door to topological
enhancement in the quantum regime.'’

Many other applications in the photonic topology and quan-
tum information processing were also reported. For example,
using the fs laser written 3D helical WG lattices, type-II Weyl
points of light at optical frequencies were observed experimen-
tally, confirmed by the presence of conical diffraction with the
frequency corresponding to the Weyl point, and Fermi arc-like
surface states.** A Weyl exceptional ring was also realized with
the upper and lower bands of the topological transitions meeting
at a ring, rather than a point, by observing the lack of conical
diffraction at the topological transition when the system is non-
Hermitian with quantized Berry charge.'” A scalable approach
for the operation of the fast Fourier transform algorithm was
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developed using 3D WG photonic integrated interferometers.'*®
Unique complex photonic quantum structures, such as the frac-
tal network, can be built with 3D fs laser writing, which pro-
vides platforms for the investigations about the properties of
these structures.”

3.3 Astrophotonics

Application of fs laser writing WGs for astrophotonics was pro-
posed in 2009 by Thamson et al., which relies on the capability
of 3D designability with high WG density and precision posi-
tion control.”” Implementing various optical functions on a
single integrated chip enables the reduction of the complexity
of traditional astronomical instruments significantly. The typical
glass systems for astrophotonics include silica glass, borosili-
cate glass, chalcogenide glass, and fluoride glass.”*"!>"-'% For
the demonstration, integrated photonic lanterns were fabricated,
which can couple multimode light to an array of single-
mode WGs.”™ These integrated devices [named photonic dicers,
as shown in Fig. 14(a)] are also developed as a diffraction
limited pseudoslit and used to reformat multimode light into
a 1D array for high-resolution diffraction limited spectros-
copy.' %1 In this case, multimode light collated from the
telescope (I in Fig. 14) is spatially overlapped, and the input
modal noise is converted into amplitude and phase changes
along the slit, which minimizes the slit length as well as the
number of detector pixels for light analysis in the spectrograph.
However, during on-sky testing, wavelength-dependent loss was
discovered, which manifests as modal noise and makes it diffi-
cult to extract and calibrate spectra properly.'® By integrating
WG S-bends, Y-splitters, and directional couplers on one chip,
as shown in Fig. 14(b), nulling interferometers were written
in gallium lanthanum sulfur (GLS) glass via multiscans of
5.1 MHz fs laser.'® In this two-port interferometer, the Y-split-
ters direct half of the light into the outer photometric channels,
with another half directed into the two inner channels for inter-
ferometric interaction. The starlight is nulled by destructive
interference in the coupling region. The remaining light at the
output of the coupler may originate from a possible exoplanet
near the star. On-sky demonstration was also realized with
the nulling interferometer integrated in the borosilicate glass
[Fig. 14(c)].* In this chip, each WG encountered a Y-splitter
with 33% of the light split off that was sent to separate
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Fig. 13 Schematic diagrams of (a) a photonic-chip-based glued binary tree, (b) the proposed
hexagonal WG photonic chips, and (c) the quantum fast hitting experiment on the WG photonic
chips. (d) Optimal hitting efficiency for hexagonal photonic chips at different layer depths. Figure
reproduced from Ref. 149. (e) The estimated computing time for the photonic computer and other
competitors. Figure reproduced from Ref. 150.
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Fig. 14 (a) Schematic of a photonic dicer consisting of the 3D WG lattices combining photonic
lantern and reformatting functions. I: multicode input end with 6 x 6 array WGs in 2D; II: pseudoslit
output end with 36 array WGs in 1D. Figures reproduced from Ref. 159. (b) Schematic of an
on-chip two-port nulling interferometer chip in GLS glass. Figure reproduced from Ref. 162.
(c) The photonic assembly includes the nulling chip, the microlens array (MLA), and fiber
V-groove. (d) The WG arrangement in the photonic chip. Figure reproduced from Ref. 80.

photometric outputs, as shown in Fig. 14(d). An evanescent
directional coupler was created by bringing two input WGs
together, and it produced a 50:50 splitting ratio at its two
output ports. At the output face, the four WGs were butt-coupled
and bonded to a fiber V-groove using UV curing adhesive
and sent via single-mode fibers to the photodetectors. A periodic
3D array of WGs is also an excellent platform for light coupling

Advanced Photonics

024002-18

and performing interferometry of the light that comes from
telescopes.'*7- 161166

Though laboratory testing and on-sky testing have indicated
that the integrated WGs written by fs lasers hold great potential
in astrophotonics, there are still some issues hindering their
wide application. For example, chalcogenide and fluoride
glasses are fascinating alternatives for mid-infrared optic
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detecting in the range from 2 to 5 um, which are in high demand
for high angular resolution astrophotonics. Unfortunately,
the loss performance of WGs in these mid-infrared glasses
(e.g., propagation loss >0.2 dB/cm in chalcogenide glass
and >0.3 dB/cm in fluoride glass) is worse than that in silica
and borosilicate glasses (that <0.2 dB/cm).'®"'* In fact,
the propagation loss will increase in the 3D WG lattices.
Second, it is also still difficult to fabricate 3D WG arrays with
identical waveguiding performance in each one, especially
when the WG number and depth variation are large. As a result,
there is a difference between the outputs from different WGs.
Beam shaping techniques as discussed above with critical
controlling over the writing parameters should be important
for writing identical WGs for reliable results and high
reproductivity.” Third, an oil immersion objective with 1.25
NA is usually necessary for writing loss WGs in mid-infrared
glass. As a result, special care should be taken to prevent oil
boiling, and the writing depth is also limited. In addition, multi-
scan is usually adopted for the astrophotonic WG writing with a
tunable size of cross-section. Modified alternative techniques
(e.g., temperature gradient-assisted fs laser writing) may be
helpful to fabricate optimal WGs under more mild conditions
for astrophotonics. Fourth, although the laboratory testing im-
plies that WGs in the mid-infrared glass will be a better choice
than that in borosilicate glass for the astrophotonic interferom-
eter, the on-sky demonstration has only been achieved in the
latter glass until now. Further work is needed to reduce the loss
(including propagation loss, coupling loss, and bend loss) of
WGs in the mid-infrared glass for the astrophotonic interfer-
ometry.

4 Conclusions and Prospects

The far-reaching goal of on-chip multifunctional photonic
circuits is to perform complex tasks within a single chip.
Though great progress has been made in developing improved
techniques and achieving device applications, besides the afore-
mentioned issue, there exist some potential challenges for the
practical applications of fs laser writing WGs. For example,
the mechanism of RI change induced by fs lasers is still not
fully understood. As a result, optimizing the loss performance
usually relies on the experimental experience, and the reported
optimized laser parameters are varied from different groups.
Uncovering the process of fs laser—matter interaction and mech-
anisms of refractive index change is urgent and also essential
to enhance reproductivity of high-performance WGs. Second,
although writing low propagation loss (~0.2 dB/cm) WGs in
borosilicate glass is realized with the high speed of 1 to
10 cm/s, the optimized scanning speed for achieving typically
low propagation loss of ~0.3 dB/cm in silica glass is usually 50
to 200 pum/s, and the effective speed is even much smaller in the
multiscan case. Considering that silica glass may be the most
important substrate compatible with the modern semiconductor
industry, enhancing the writing efficiency of WGs in silica glass
will be significant. Third, due to the relatively small refractive
index change induced by fs lasers, reducing the bend loss is still
a great challenge, and the effective working radius with reason-
able performance is generally greater than 20 mm. More work is
expected to decrease the bend loss for fabricating 3D complex
photonic circuits with high density and purchasing the full
fabrication capability of FLDW. Next, combining writing struc-
tures (e.g., WGs and nanogratings) with chemical etching and
metal deposition will be an important step to construct photonic
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integrated devices, which also provides the possibility of
realizing thermo-optic or electro-optical control over device
functionality.*'*”'®® Furthermore, for the photonic integrated cir-
cuit devices, reducing the coupling loss between the WGs and
other optical components, such as optical fibers, is also impor-
tant, which can be achieved by modulating the refractive index
and size of WGs. For example, temperature gradient-assisted fs
laser writing offers a promising technique to tune the size of
WGs and reduce the coupling loss significantly.” Packaging
techniques for integrating various optical components and a
large number of WGs are in demand.'® In addition, WGs also
provide a new platform for applications not yet achieved. For
example, WGs are fascinating alternatives for programmable
photonic circuits. Typically, the 3D designability gives WGs
written by fs lasers superiority compared with the traditional
2D planar dielectric WGs.! Recently, integrated WGs with
low power reconfigurability and reduced crosstalk have been
produced by FLDW, and thermal phase shifting has been dem-
onstrated, which indicates a very simple method for dynamic
reconfiguration of the WGs.'*'™ These pave the way toward
programmable photonic circuits, thus opening exciting perspec-
tives in integrated photonics. WGs supporting orbital angular
momentum modes possess an additional degree of freedom for
modern optics and allow for the fabrication of a photonic chip
for high-capacity communication and high-dimensional quan-
tum information processing.'”"'”* Integrated quantum memory
may be also achievable by writing WGs in the rare-earth-ion-
doped glass.*

In conclusion, this review reveals the rapidly growing pho-
tonic circuits written by fs lasers in glass. With important
achievements and progress including improved technologies,
such as beam shaping, multiscan, thermal annealing, predefect
engineering, and composition engineering, the mechanisms and
the recent photonic device applications, such as optical couplers,
network devices, topological physics, quantum information
processing, and astrophotonics, have been reviewed in detail.
Future challenges and research directions have also been pro-
posed. It is reasonable to expect further progress and additional
applications of WGs and FLDW for the benefit of all-photonics
networks in the future.
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