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Abstract

Three-dimensional (3D) glass chips are promising waveguide platforms for building hybrid 3D photonic circuits due to
their 3D topological capabilities, large transparent windows, and low coupling dispersion. At present, the key
challenge in scaling down a benchtop optical system to a glass chip is the lack of precise methods for controlling the
mode field and optical coupling of 3D waveguide circuits. Here, we propose an overlap-controlled multi-scan (OCMS)
method based on laser-direct lithography that allows customizing the refractive index profile of 3D waveguides with
high spatial precision in a variety of glasses. On the basis of this method, we achieve variable mode-field distribution,
robust and broadband coupling, and thereby demonstrate dispersionless LP,;-mode conversion of supercontinuum
pulses with the largest deviation of <0.1 dB in coupling ratios on 210 nm broadband. This approach provides a route
to achieve ultra-broadband and low-dispersion coupling in 3D photonic circuits, with overwhelming advantages over
conventional planar waveguide-optic platforms for on-chip transmission and manipulation of ultrashort laser pulses

and broadband supercontinuum.

Introduction

Waveguide optics incorporating controllable refractive
index (RI) profile allow for a new physical degree of
freedom to design and manipulate more complex light
modes, including in fibers' or integrated photonics chips”.
However, state-of-the-art integrated optics are technically
based on similar etch and deposition processes of 2D
planar’™, offering only size and few cross-sectional
shapes (mainly rectangles and trapezoids) as available
parameters for waveguide mode control, facing critical
challenges in manipulating centrosymmetric modes,
transforming beam polarization state, and high manu-
facturing complexity. In contrast, femtosecond laser-
direct writing (FLDW) is a reliable technology to tailor
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waveguide cross-sectional shape®’, allowing flexible
transformation of the cross-section along the wave-
guides’g. However, whether based on traditional planar
lithography or the current FLDW technology, fine control
over the RI distribution of waveguides still remains out of
reach, primarily due to the absence of a universal tech-
nical mean that can space-selectively change the RI with
high spatial resolution, resulting in a huge obstacle to
precise control of mode field distribution and optical
coupling especially in 3D waveguides.

In this work, we present a major step forward in solving
this long-standing optical problem by developing a precise
FLDW method, namely overlap-controlled multi-scan
(OCMS) method, for controlling the RI profile of 3D
waveguides by accurately taming the thermal accumula-
tion effect within the laser irradiation region, and amaz-
ingly being applicable to various glasses regardless of their
chemical composition. With OCMS, we present the first
arbitrary RI fabrication process that achieves submicron
spatial resolution and RI resolution on the order of 10>
The versatility of OCMS technology enables geometries
and RI configurations previously unachievable with tra-
ditional FLDW. Furthermore, building on this
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(right). Scale bars are 10 um
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Fig. 1 Spatial moulding of ultrashort pulse light based on OCMS waveguide with variable cross-section and Rl profile. a Conceptual scheme
for ultrashort pulses with different central wavelengths (\;, A, A3) to undergo spatial mode conversion into high-order mode pulses. Schematic

illustration of a laser-written waveguide employing the OCMS approach (down inset). b Design diagram of scanline overlapping schemes (upper) for
four types of fundamental-mode waveguides with measured index distributions (down) of step (1), GRIN (Il), “W"-like (Ill) and “U"-like (IV), respectively.
c—e Optical micrographs (OM) of four fundamental-mode waveguides (left), four higher-order mode waveguides for LP;;, LPy, LP3;, and LPy, modes
(middle) in three typical glasses (Eagle XG, Gorilla 3 and fused silica FS 7980), as well as Raman mappings of four higher-order mode waveguides
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technological advancement, we propose a chip-scale
pulsed light manipulation platform in glass which can
realize arbitrary spatial mode manipulation of ultra-short
laser pulses and ultra-broadband supercontinuum. This is
achieved by precisely accessing and tailoring the spatial
light distribution of an ultrashort pulse beam through the
spatial mode transformation over an ultra-broad spec-
trum. Specifically, we propose to tailor the spatial dis-
tribution of the optical field by means of a highly
customizable spatial-mode converter with exceptionally
high spatial resolution, thus enabling conformal trans-
mission of pulsed light in the time domain while per-
forming mode manipulation in the spatial domain. As

conceptually shown in Fig. 1a, we delineate a 3D glass
chip that exceptionally enables adiabatic high-order mode
conversion, conformal laser pulse transmission, ultra-
broadband operation with centered wavelengths covering
visible and near-infrared spectrum. Overall, this work
offers a general approach that deliberately manipulates
the spatial entities of the temporal optical field in an
integrated 3D glass chip at will.

Results
OCMS scheme for tailoring waveguide Rl profiles

Mode manipulation in the integrated photonics is
inherently linked to the control of mode-field distribution
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and mode coupling along the light-guiding path, which is
technically limited by the spatial positioning accuracy and
the control precision of the waveguide RI profile. In
FLDW waveguides, the core factor that limits the control
accuracy of the shape and RI distribution of the laser
modification area is the complicated thermal accumula-
tion and diffusion'”"!, and self-focusing effects'>'® under
the high-repetition rate femtosecond laser irradiations. In
this work, we explore a previously untapped processing
window with pulse energies 1.0-1.5 times greater than the
optical breakdown threshold but well below the self-
focusing threshold, where the shape and size of the
modified region is determined by the focal volume of the
target (see Supplementary text S1 and Fig. S1 for more
details). In other words, it is free of thermal diffusion and
filamentation effects and thus the laser-induced mod-
ification is localized within the focal region, which is
crucial for finely manufacturing waveguide coupling
structures to achieve a high coupling ratio. Furthermore,
in order to overcome its shortcomings of small size and
low RI contrast, we propose to control the RI change
value at different spatial spots by developing a general
fabrication strategy that spatially selectively changes the
overlap ratio (OR) of adjacent written scanlines, i.e.
OCMS, as schematically illustrated in Fig. 1a (inset) and
Fig. S2a. The underlying mechanism of OCMS changing
the RI is based on a well-established fact in the multi-scan
FLDW technique that the OR of adjacent scanlines are
positively correlated with the obtained RI change'®. In the
writing process, by closely stacking scan-lines at specific
OR distribution (Fig. 1a inset), the OCMS method creates
waveguides with designed RI distribution (see Supple-
mentary text S2). The spatial resolution when construct-
ing waveguides using the OCMS method is determined by
the size of the individual scanline. In this work, an oil-
immersed objective with a high NA of 1.30 is used to
minimalize the dimension of a single scanline. We
exploited a special processing window with low pulse
energy of 20-30nJ, 1.0-1.5 times larger than the struc-
tural modification threshold but well below the self-
focusing threshold'”, which makes a tiny RI change
structure with a size smaller than the diffraction limit of
~1.2 um of the objective, and avoids focus position shifts
due to self-phase modulation and self-focusing effects (see
Supplementary text S1). The sub-diffraction limit-sized
scanline gives higher resolution in control over cross-
sectional shape and spatial positioning. As shown in
Fig. 1b, a single scan-line with a diameter of 800 nm is
used as the basic structural unit for constructing the
waveguide cross-section, the spacing between adjacent
scanline centers is as low as 50 nm with the help of high-
precision motion control, which means that the smallest
width of the RI modification unit can be controlled down
to 50nm nearly an order of magnitude lower than
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previously (>0.4 um)®*'*~'°, Furthermore, the proposed
mechanism to make precise RI control by fine engineering
thermal accumulation effects can be generalized to var-
ious transparent materials, including commercial available
screen glasses Eagle XG (Fig. 1c) and Gorilla 3 (Fig. 1d),
fused silica glass FS-7980 (Fig. le). Remarkably, the
OCMS method enables not only positive but also negative
RI control, such as in the alkali-rich glass K9 (see Sup-
plementary text S3 for details); or further, the OCMS
approach allows for arbitrarily customizing the degree of
laser-induced thermal modifications with exceptionally
high resolution, providing an efficient route to produce
submicron or nanoscale structural modifications in glas-
ses beyond current thermal FLDW techniques'’ ™"’
Additionally, the proposed OCMS processing strategy is
not limited to the objective lens used, but can be easily
extended to any objective lens according to practical
applications, by carefully tailoring the RI structure of a
single scanline through laser beam shaping methods,
including astigmatic beam shaping*, aberration cor-
rection”” and manually added spherical aberration”’.

To demonstrate the RI control capability of the OCMS
method, we design four circular waveguides with the same
10 um diameter but different OR distributions as step,
GRIN, W-like and U-like profiles (Fig. S2¢). The obtained
RI distributions are measured by the Raman mapping (see
Supplementary text S4 for detailed analysis), and the
results are highly consistent with designed OR profiles
(Fig. 1b). The full width at half maximum (FWHM) of
waveguide cross-sections are changed from 4.3 to 10.6 pm
due to the remarkable difference in their RI distributions.
A numerical method employing the Inverse-Helmholtz
equation (see Supplementary text S5 for detailed analysis),
reveals that the OCMS method enables a high accuracy of
~5.6x 107° in the control of RI change. Moreover, the
OCMS method can delineate cross-sectional shapes with
higher spatial precision than before, which makes com-
plex waveguide geometry mapping and arbitrary cross-
sectional transformations possible. Figure 1c—f illustrates
waveguides with centrosymmetric cross-sections for the
purpose of selecting on-demand Laguerre—Gaussian
modes, where their cross-sectional shapes and RI dis-
tributions are made to match the intensity distribution of
LP;3, LPy;, LP3; and LP;, modes. According to the mode
competition theory in laser optics®>**, these high-order
mode waveguides act as intensity- or phase- modulating
elements for selecting the corresponding mode while
suppressing other unwanted modes in the light propaga-
tion path, thereby enabling mode conversion that can
effectively convert the fundamental LPy; mode to the
corresponding high-order mode, for example converts to
LP,; mode with a mode extinction ratio (MER) of ~5dB
(see Supplementary text S6). Furthermore, as discussed
below, their mode purity can be dramatically improved by
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designing  corresponding mode-selective  couplers.
Therefore, based on the fine engineering of thermal
accumulation in laser processing, the proposed OCMS
scheme, for the first time among FLDW techniques allows
accurate and precise control of the cross-sectional shape
and RI distribution, thereby providing new degrees of
freedom for manipulating the mode field and coupling of
3D waveguide circuits.

Variable mode-field-diameter (MFD) of single-mode OCMS
waveguide

Generally, the multi-scan scheme in FLDW techniques
has strong processing robustness against external dis-
turbances, which can offset the influence of laser power
fluctuation and environmental vibrations on the uni-
formity of the waveguide, thereby reducing the genera-
tion of scattering centers'®'®*”. Here, beyond this
capability, the developed OCMS technique enables
precise control over mode field distribution and mode
circularity by providing great flexibility and robustness
in the customization of both RI distribution and cross-
section shape, thereby achieving excellent fiber-
waveguide interconnection with low coupling loss
approaching theoretical limits.

To characterize the waveguide performance, we com-
pare multiple GRIN waveguides written at different
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depths (Fig. 2). Under the same laser processing condi-
tions of 29 pJ pulse energy and 5 mm/s scan speed, these
GRIN waveguides exhibit excellent consistency in
microscopic shape and brightness contrast over a wide
range of writing depths from 10 to 200 um (Fig. 2a),
demonstrating strong writing depth robustness of the
OCMS approach. In application, the GRIN distribution of
these waveguides makes them highly compatible with
commercial GRIN fibers by providing a record low
insertion loss (L;) of 0.29 dB of a 10 mm long waveguide at
1550 nm (Fig. 2b). The waveguide insertion loss (L;) dia-
gram when coupled to a single-mode GRIN fiber is shown
in Fig. 2b, which further reveal an optimal pulse energy of
28-30nJ and a small loss variation of less than 0.2 dB at
different depths for a constant pulse energy. Moreover, we
illustrate that the high circular symmetry of these wave-
guide cross-sections results in extremely high mode cir-
cularity (see Supplementary text S7 for definition) of
greater than 97.0% and as high as 99.5% (Fig. 2c), and the
mode circularity varies by ~2% with respect to the writing
pulse energy when the measurement error is within 0.2%.
It is also worth noting that all four types of waveguides
have circularly symmetric Gaussian modes (inset in
Fig. 2¢), but their mode diameters vary significantly from
8 to 18 um (Fig. S9) due to the designed differences of RI
distributions.
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Fig. 2 OCMS waveguides characterization. a, b Optical micrographs of multiple GRIN waveguides written to depths of 10-200 um and the
corresponding insertion losses at 1550 nm, where the applied pulse energy is varied from 26 to 30 pJ. ¢, d Mode circularity and bending loss of four
types of single-mode waveguides written with 29 W pulse energy and 5 mm/s scan speed
(.
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Index grading is an ingenious method for reducing
modal dispersion and radiation loss by confining mode
energy in the center’. Tighter waveguide bends can
therefore be achieved in the GRIN waveguide, as shown in
Fig. 2d, where a very tight bend radius of 20 mm is
demonstrated in GRIN waveguides at 1dB/cm loss,
compared with that larger than 50 mm of other wave-
guides. In addition, a propagation loss (L,) of 0.2 dB/cm is
also revealed in the GRIN waveguide, setting a low cou-
pling loss (L) of 0.045 dB/facet as L, = (L; — L,)/ 2%7 Thus,
it is reasonable to infer that the extremely low loss
reported here is due to the excellent mode matching of
GRIN waveguide and GRIN fiber such that L, is mini-
mized. Theoretically, based on the Gaussian field
approximation, the L, between a single-mode fiber and a
single-mode waveguide can be calculated as

4q’R*C
L.(dB) =~ —10log,, <(a2 +R2) (a2 +R2C2)> (1)

where a is the fiber mode field radius, R is the mode field
radius (MFD/2) of the waveguide mode in the horizontal
direction and C is the circularity of the mode field defined
by the ratio of the radius in the minor axis direction to
that in the major axis direction with a value range of 0-1.
As result shown in Fig. S10a, when the diameter and
circularity of the waveguide mode field deviate from that
of the coupling fiber, the L, increases logarithmically. At
the same time, the mode circularity determines the
theoretical lower limit of the L. that is, the lower the
mode circularity, the larger the minimum L., and the
greater the optimal mode diameter than the fiber mode
diameter (Fig. S10b). In summary, the developed OCMS
method can not only tailor the waveguide size and RI
distribution to make the MFD match with a specific fiber
but also precisely control the mode circularity to achieve
circularity matching, thus enabling lossless interconnec-
tion with various single-mode and few-mode fibers.

Robust and broadband coupling for mode-selective 3D
waveguide coupler

PLC-based integrated optics are technically based on 2D
planar rectangular or ridge waveguides***?, which have an
inherent limitation in propagating and transforming cir-
cularly symmetric modes unless an additional lossy mode
rotator is inserted®’. In contrast, 3D waveguides can
overcome this limitation by providing new degrees of
freedom in controlling optical coupling, including custo-
mized cross-sectional shape, controllable RI contrast, as
well as 3D spatial geometric arrangements, thereby
resulting in a reduced device complexity and an increased
compactness. However, the ever-reported 3D waveguide
circuits such as in polymers™”'~** and in porous silicon®*
generally suffer from high losses (L;~10dB) and

1190 | Light Sci Appl | 2024 | Vol 13 | Issue 6

Page 5 of 10

complicated manufacturing processes. In comparison, the
FLDW 3D waveguide in glass has lower loss and simpler
processing steps. However, in current FLDW techniques,
the absence of precise RI profile control method prevents
it from being applied for producing high-performance
optical coupling devices that are favorably comparable
with conventional PLC-based ones. Namely, the mode-
coupling structures based on FLDW waveguides, such as
mode-selective directional coupler (DC)* ™, tapered
velocity coupler® and Y-splitters**~**, are yet to be
optimized in terms of coupling ratios, mode purity and
fabrication robustness™’.

Here, we demonstrate the precise control of mode
coupling by the OCMS approach. Firstly, the high mode
circularity of OCMS waveguides means that the optical
coupling should be spatially isotropic, and the resulting
mode-coupled devices should also behave uniformly in
3D space. To illustrate the spatially isotropic coupling, a
3D waveguide coupler for mode-conversion of rotation-
ally asymmetric LP modes, consisting of a direction
coupler (DC) structure with a LPy;-mode core (Core 1)
around a LP;;-mode core (Core 2). Three LP;;-mode
DCs, namely horizontal DC (0°), angular DC (45°) and
vertical DC (90°), are precisely geometrically arranged at
respective azimuth angles of 0°, 45° and 90° (Fig. 3a),
which is theoretically essential for multiplexing all
orientation states of rotationally asymmetric LP modes™*.
The designation of an individual LP;;-mode DC is based
on mode coupling theory and using the tried and tested
finite element method, where the core diameters are
chosen as 8.8 and 23.2 um, such that the effective RI of the
fundamental LP,; modes in Core 1 match those of the
respective LP;; modes in Core 2 over broadband covering
1510, 1550, and 1600 nm (see Supplementary text S9 for
more details). The coupling lengths are experimentally
chosen to be 0.2mm to achieve the maximum mode
coupling ratio, making a total device length of 20 mm (Fig.
S12). Whilst theoretically determining the phase matching
conditions and experimentally optimizing the coupling
length, the power injected to LPy; modes in Core 1 can
fully transfer to corresponding LP;; modes in Core 2. As
shown in Fig. 3b, the device exhibits high mode coupling
ratios of 96.9-99.9, 99.2-99.8 and 90.8-99.1% over a
broadband of 1500-1610 nm encompassed in the S, C and
L telecommunication bands when launched into different
LPy;-mode cores at the azimuth angle of 0°, 45°, and 90°,
respectively. Therefore, the OCMS waveguide-based DC
performs uniformly over a broadband of 110 nm centered
at 1550 nm, with the largest deviation <0.1 dB in coupling
ratios. Principally, the broadband performance is pri-
marily due to the inherent characteristics of low disper-
sion of glass materials in the near infrared band, that is,
when the wavelength increases from 1500 nm to 1610 nm,
the RI variation is less than 3 x 10™* (see Supplementary
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Fig. 3 Demonstration of 3D mode-selective waveguide coupler. a Optical micrographs (left), measured mode-field distributions (right) of
horizontal (0°), angular (45°) and vertical LP;;-mode DC (90°). b The coupling ratios of three LP;;-mode DCs measured at a broadband of
1500-1610 nm. ¢ Optical micrographs (left), measured mode-field distributions (right) of the LP,;-mode DC at typical wavelengths of 980, 1030 and
1160 nm. d The coupling ratio of LP,; mode DC as the coupling length increases from 1.5 mm to 2.1 mm. Scale bars are 20 um

b
100 W
X 801
@
o
5 601
[}
C
5 404
=
8
20 ®0° ——— Sine fit
u 45° ——— Sine fit
0 A 90° Sine fit
1500 1520 1540 1560 1580 1600
Wavelength (nm)
d
100 A
[}
— 80 ¢
X
o
= 60
(o)}
=
S 40 A
=}
<}
o
20 1 ® 980 nm —— Sine fit
= 1030 nm — Sine fit
0 A 1160 nm —— Sine fit
15 16 17 18 19 20 21
Coupling length (mm)

text S8 for details). Furthermore, the designed LP;;
waveguide can break the orientation-degeneracy of LPq;
modes, enabling high-purity conversion of LP;; mode
with arbitrary orientations. The measured mode-
extinction-ratio (MER) is >25dB over a broadband of
1500-1610 nm and is largely independent of wavelength
(see Supplementary text S10 for details), which outper-
forms even state-of-the-art mode converters using PLC-
based coupler’’, fused fiber”> or 3D polymer wave-
guides™' ™%, The high-purity mode conversion con-
siderably benefits from the mode-selective capability of
the mode-shaped cross-section. Theoretically, the mode
calculation results (Fig. S12a) reveal that the LP;; wave-
guide does not support the Gaussian distributed funda-
mental mode, which not only suppresses the propagation
of the LPy; mode along the waveguide, but also avoids the
coupling of the LPy; mode between Core 1 and Core 2,
thereby maximizing the achieved LP;; mode purity and
reducing the mode-dependent loss. Furthermore, when
injecting Core 1 with a 1550 nm single mode fiber, low
losses of 0.6—-0.7dB are achieved. Notably, the device
behaves uniformly in changing orientation states of
rotationally asymmetric LP modes, thanks to the high
circularity of mode field distribution and accurate 3D

geometric arrangement of DC structures. In addition, the
fabrication robustness of OCMS waveguides enables the
accurate geometric arrangement to meet the requirement
of precise phase matching in DC structures, avoiding
unwanted mode rotation and coupling ratio degradation
caused by day-to-day variations of processing parameters
in conventional FLDW techniques™.

Moreover, the operating mode and wavelength of
OCMS-based mode coupler can be easily extended to
higher order LP,; mode and near-infrared band (Fig. 3c).
Similarly, the core diameters of the LP,;-mode DC are
numerically determined as 7.2 and 21.6 pm, such that the
effective RI of the fundamental LPy,; mode in Core 1
match those of the LP,; mode in Core 2 over a broadband
covering 980, 1030, and 1160 nm (as detailed in Supple-
mentary text S11). The coupling lengths are experimen-
tally chosen to be 1.95 mm to achieve a uniform coupling
ratio of 93.0-95.0% (Fig. 3d). The resulting MER is >24 dB
(Fig. S11), also indicating a high-purity LP,; mode con-
version. Thereby, 3D mode-coupling structures based on
OCMS waveguides in glass are insensitive to operating
wavelengths and structure features, can achieve broad-
band and robust functions, and should play an important
role in the construction of optical routing and integration
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for next-generation 3D photonic circuits. Notably, OCMS
method does not contribute to the broad working band-
width of above 3D waveguide devices. Instead, the
broadband response results from two factors, (1) the low
dispersion of the glass material in the near-infrared band,
and (2) the 3D waveguide operates in a weak coupling
scheme with a coupling length on the millimeter scale.
Additionally, this approach of using OCMS waveguides to
construct a 3D mode-selective device is also attractive for
photonic wire bonding of various-shaped waveguides
supporting  different Gaussian modes including
Hermite—Gaussian modes in Si- or GaAs-based wave-
guides and Laguerre—Gaussian modes in fibers, thus holds
great promise for fabricating hybrid 3D photonic
circuits*.

Chip-scaled mode manipulation of ultrashort laser pulses

Using the proposed RI engineering tool, we have broken
through the technical bottleneck of 3D waveguide mode
control and successfully developed a miniaturization
platform of OCMS waveguides, which shows great ver-
satilities in terms of ultra-broadband transparency, high
processing robustness, as well as high compatibility with
fiber-optic systems. In this section, we further demon-
strate its prospect in transmitting and manipulating
nonlinear laser light by coupling ultrashort laser pulses
into the OCMS waveguide (Fig. 4a). A laser pulse with a
duration of 225.3 fs (1030 nm, <250 pJ) is coupled with a
microscope objective into a waveguide mode converter
with a total length of 30 mm (Fig. S19a). In principle, the
temporal and spectral characteristics of the input laser
pulse are affected not only by the dispersion properties
but also by various nonlinear effects of the waveguide.
When the input pulse energy is lower than ~250 p]J, the
output pulse is broadened by 0.5fs in the time domain
after propagating through the waveguide (Fig. 4b), while
its pulse shape and spectral width remain unchanged (Fig.
S19c). This pulse broadening is believed to be caused by
the second-order dispersion of the glass itself, with a
calculated critical pulse width of ~58.4 fs and the group
delay dispersion of ~1230 fs* for this OCMS-waveguide-
based DC (see Supplementary text S12 for more details).
Therefore, ultrashort pulses can be conformally trans-
mitted through the OCMS waveguide with negligible
distortion in the time domain.

Pumping with intense laser pulses, similar to optical
fibers’, the incident pulse coupled to the waveguide is
under the comprehensive modulation combining disper-
sion and various nonlinear effects including self-phase
modulation, cross-phase modulation, four-wave mixing,
and stimulated Raman scattering, leading to the broad-
ening of the spectrum to both short and long wavelengths,
and resulting in an extreme spectral broadening referred
to as supercontinuum generation. In order to enhance
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nonlinear effects and generate a strong supercontinuum
signal, a 2-m-long optical fiber is connected in front of the
waveguide (Fig. S19b), enabling a stable supercontinuum
generation and coupling into the DC structure. As shown
in Fig. 4c, as the pulse energy increases to the nanojoules
level (1-70 nJ), the pulse spectrum broadens dramatically
such that the bandwidth exceeds 550 nm. The super-
continuum light input from Core-1 couples to Core-2 for
the OCMS-waveguide-based DC over a 210nm
(931-1141 nm) broadband with the largest deviation
<0.1dB in coupling ratios (Fig. 4d). The coupling ratio
deviation slowly increases to 0.5 dB as the spectral width
broadened to 550 nm (817-1367 nm), while remaining a
high-purity mode conversion with an MER higher than
20dB for LP,; mode (Fig. S20). Thus, we have demon-
strated a OCMS waveguide device to route fundamental
mode, broadband supercontinuum pulse to a desired
higher-order-mode one with negligible spatiotemporal
distortion. Remarkably, this device outperforms even
state-of-the-art 2D planar waveguide coupling devices
based on silicon®®™°, silicon nitride®” ", and lithium
niobate®*~*® (Supplementary text S13 and Table S1), with
reduced coupling ratio variation by an order of magnitude
to 0.1dB over a broadband covering visible and near-
infrared ranges; and the OCMS approach provides a route
to achieve ultra-broadband and low-dispersion coupling
based on 3D glass waveguides, which has overwhelming
advantages in transmitting and manipulating linear and
nonlinear laser light over conventional planar waveguide-
optic platforms, representing a significant step towards
realizing large-scale 3D photonic circuits with great
potential to address the scaling challenges in cutting-edge
physical applications such as quantum information®”®®

and 3D optical topology®”~"".

Discussion

In summary, we propose a general waveguide fabrica-
tion strategy of OCMS, which for the first time allows
customizing both RI distribution and cross-sectional
morphology of 3D waveguides at the sub-diffraction-
limited spatial resolution. Based on the developed OCMS
method, we design several centrosymmetric waveguides
by tailoring RI profiles as step and gradient distributions,
exhibiting single-mode operation with tunable mode
diameters ranging from 8 to 18 um and high mode cir-
cularity reaching ~99.5%, achieving record low coupling
and insertion losses of 0.045dB/facet and 0.29dB,
respectively. Moreover, we also demonstrate low-loss 3D
waveguide mode-selective couplers by designing corre-
sponding mode-shaped waveguides, reporting non-
orientation-degenerate LP;; mode conversion with cou-
pling ratios up to ~99.5% and high MER of >25 dB in an
ultra-broadband from 1500 to 1610 nm, and also high-
purity conversion of LP,; mode over a broadband of
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Fig. 4 Spatial mode conversion of ultrashort laser pulses. a Schematic diagram of mode conversion from an ultrashort LPy; mode laser pulse
(Core 1) to an LP,; mode pulse (Core 2) with negligible time-domain distortion. b The pulse intensity distribution measured by the autocorrelator
before entering the waveguide and after propagating through the waveguide. ¢ Supercontinuum spectra measured at pump power of 1-70 nJ.
d Measured coupling ratio of Core-2 as a function of the spectral width of the input supercontinuum for directional coupling, where the 0.1 dB
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980-1160 nm. The OCMS-based device behaves uni-
formly across varying spatial orientation states of rota-
tionally asymmetric LP modes, thanks to the high
circularity of mode field distribution and accurate 3D
geometric arrangement of DC structures. Based on these
results, we further report an OCMS waveguide device that
conformally routes ultrashort pulses and broadband
supercontinuum in the time domain, and transforms to a
higher-order mode in the spatial domain over a 210 nm
broadband with the largest deviation of <0.1dB in cou-
pling ratios. Additionally, the proposed OCMS method is
based on a special regime that confines the heat accu-
mulation effect within the laser focus at low applied pulse
energies well below the damage threshold, and is applic-
able to various glasses regardless of their composition,
thus making it a robust and versatile method to integrate
3D waveguide optics into various glass panels. Based on
the developed OCMS method, we also delineate an
effective way to achieve ultra-broadband, low-dispersion
mode conversion of nonlinear laser light, with each mode
control unit operating at a bandwidth greater than 210 nm
and centered wavelengths covering visible and near-
infrared spectrum. Thereby, the OCMS approach
demonstrates the unique advantages of 3D glass chips in
delivering and manipulating linear and nonlinear laser

light with ultra-broadband and represents a remarkable
advance in the miniaturization of benchtop optical sys-
tems into chip-scale devices.

Materials and methods

Waveguides are written in the typical commercial Eagle
XG glass using a high-repetition-rate chirped pulse
amplified femtosecond Yb:KGW laser source (Pharos,
Light Conversion) that delivers 226 fs pulses with 1 MHz
repetition rate at a central wavelength 1030 nm, and
pulse-to-pulse energy keeps stable with a deviation of less
than 0.5% RMS over 24h. A Nikon UPLAN 100x oil-
immersed microscope objective (NA = 1.30) is adopted to
focus the laser beam at a depth of 20—170 pm. The laser
pulse energy deposited in the glasses is finely controlled
by the continuous attenuator varying from 10 to 150 pJ.
The pulse energy is measured before the objective, and
about 60% of the pulse energy is deposited on the sample.
All samples are translated by a set of 3-axis computer-
controlled high precision Aerotech air-bearing linear
stages (ABL1000 and ANT130V-5) with constant scan-
ning speeds of 5 mm/s. It is worth noting that the spatial
resolution of the current laser writing strategy is mainly
limited by the repetitive positioning accuracy of the linear
stages, which in our system is +50 nm at a maximum
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travel of 100 mm. The refractive indices of the Corning
Eagle XG glass at 254—-2066 nm (Table S2) are determined
by the experimental data measured by an ellipsometer
(UVISEL, HORIBA).

The insertion losses are measured by butt-connect
single mode fibers (Corning SMF-28) at two ends of the
waveguide, the connection positions are immersed in
index-matching oil. Propagation losses of curved single-
mode waveguides are determined using the cut-back
method by measuring the insertion loss of waveguides of
different lengths (10, 30, 50 mm) under the same condi-
tions”>”?, The mode field distributions are measured by a
near-infrared beam profiler (CinCam CMOS camera).
The coupling ratio is determined by the ratio of the
integral intensities of the fundamental mode waveguide
and the higher-order-mode waveguide. The mode
extinction ratio, defined as the power ratio of the funda-
mental mode and LP;; mode, is numerically calculated
from the mode field distribution using the mode
decomposition method””.

To study the laser-induced refractive index change, a
micro-Raman spectroscopy (Renishaw InVia confocal
Raman spectroscope) with 532 nm laser excitation using a
x100 objective operated in confocal mode to achieve a
spatial resolution of ~0.5um is used to study glass
structural changes in laser-irradiated regions and to map
refractive index profiles in waveguide cross-sections, by
taking into account the correlation between structural
modification and RI change (see Supplementary text S4
for more details).

Acknowledgements

This work was supported by the National Key R&D Program of China (No.
2021YFB2802000), National Natural Science Foundation of China (Nos.
U20A20211, 62275233, 62005164, 62375246, and 62105297), “Pioneer” and
“Leading Goose” R&D Program of Zhejiang (2023C03089), and Zhejiang
Provincial Natural Science Foundation (Nos. LZ23F050002 and LQ22F050022).

Author details

!College of Optical Science and Engineering, Zhejiang University, 310027
Hangzhou, China. “Institute of Light+X Science and Technology, College of
Information Science and Engineering, Ningbo University, 315211 Ningbo,
China. *School of Optoelectronic Science and Engineering & Collaborative
Innovation Center of Suzhou Nano Science and Technology, Soochow
University, 215006 Suzhou, China. “Prokhorov General Physics Institute of the
Russian Academy of Sciences, Dianov Fiber Optics Research Center, 38 Vavilov
str, Moscow 119333, Russia. °Zhejiang Lab, 311121 Hangzhou, China. °College
of Materials Science and Engineering, Key Laboratory of Advanced Materials of
Yunnan Province, Kunming University of Science and Technology, 650093
Kunming, Yunnan, China. ‘Department of Electrical Engineering, City University
of Hong Kong, 83 Tat Chee Avenue, Kowloon, Hong Kong SAR, China. 8School
of Materials Science and Engineering, Zhejiang University, 310027 Hangzhou,
China

Author contributions

Conceptualization: YW, L.Z; funding acquisition: ZC, ZM, DT, J.Q,
investigation: YW, L.Z, XH, Y.Y, JH; methodology: YW, LZ, KY.L, SF. project
administration: ZM,, D.T,, J.Q, supervision: J.Q visualization: Y.W., L.Z; writing—
original draft: YW, L.Z; writing—review and editing: KS.C, LT, ZM, ZC, DT,
JQ

1194 | Light Sci Appl | 2024 | Vol 13 | Issue 6

Page 9 of 10

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-024-01473-7.

Received: 24 October 2023 Revised: 25 April 2024 Accepted: 8 May 2024
Published online: 04 June 2024

References
1. Saleh, B. E. A. & Teich, M. C. Fundamentals of Photonics 3rd edn (Wiley, 2019).
2. Wu, Q, Turpin, J. P. & Werner, D. H. Integrated photonic systems based on
transformation optics enabled gradient index devices. Light Sci. Appl. 1, €38
(2012).
3. Cheben, P. et al. Subwavelength integrated photonics. Nature 560, 565-e572
(2018).
4. Chen, F, Wang, X. L. & Wang, K M. Development of ion-implanted optical
waveguides in optical materials: a review. Opt. Mater. 29, 1523-1542 (2007).

5. Dong, J. L, Chiang, K S. & Jin, W. Compact three-dimensional polymer
waveguide mode multiplexer. J. Lightwave Technol. 33, 4580-4588 (2015).

6. Davis, K. M. et al. Writing waveguides in glass with a femtosecond laser. Opt.
Lett. 21, 1729-1731 (1996).

7. Miura, K et al. Photowritten optical waveguides in various glasses with
ultrashort pulse laser. Appl. Phys. Lett. 71, 3329-3331 (1997).

8. Lee, T. et al. Low bend loss femtosecond laser written waveguides exploiting
integrated microcrack. Sci. Rep. 11, 23770 (2021).

9. Sun, B. S. et al. On-chip beam rotators, adiabatic mode converters, and
waveplates through low-loss waveguides with variable cross-sections. Light
Sci. Appl. 11, 214 (2022).

10.  Schaffer, C. B, Garcfa, J. F. & Mazur, E. Bulk heating of transparent materials
using a high-repetition-rate femtosecond laser. Appl. Phys. A 76, 351-354
(2003).

11. Eaton, S. M. et al. Heat accumulation effects in femtosecond laser-written
waveguides with variable repetition rate. Opt. Express 13, 4708-4716 (2005).

12. Schaffer, C. B, Jamison, A. O. & Mazur, E. Morphology of femtosecond laser-
induced structural changes in bulk transparent materials. Appl. Phys. Lett. 84,
1441-1443 (2004).

13.  Gattass, R. R & Mazur, E. Femtosecond laser micromachining in transparent
materials. Nat. Photonics 2, 219-225 (2008).

14.  Thiel, M, Flachenecker, G. & Schade, W. Femtosecond laser writing of Bragg
grating waveguide bundles in bulk glass. Opt. Lett. 40, 1266-1269 (2015).

15. Wang, Y. Y. et al. Photonic lattice-like waveguides in glass directly written by
femtosecond laser for on-chip mode conversion. Chin. Opt. Lett. 20, 031406
(2022).

16.  Nasu, Y, Kohtoku, M. & Hibino, Y. Low-loss waveguides written with a fem-
tosecond laser for flexible interconnection in a planar light-wave circuit. Opt.
Lett. 30, 723725 (2005).

17. Tan, D. Z, Zhang, B. & Qiu, J. R. Ultrafast laser direct writing in glass: thermal
accumulation engineering and applications. Laser Photonics Rev. 15, 2000455
(2021).

18. Zhong, L. J. et al. Toward 3D integration of highly see-through photonic
circuits in glass. Laser Photonics Rev. 17, 2200767 (2023).

19. Sun, K et al. Three-dimensional direct lithography of stable perovskite nano-
crystals in glass. Science 375, 307-310 (2022).

20.  Ams, M. et al. Slit beam shaping method for femtosecond laser direct-write
fabrication of symmetric waveguides in bulk glasses. Opt. Express 13,
5676-5681 (2005).

21, Lapointe, J. et al. Modified astigmatic beam technique for laser writing. Appl.
Opt. 61, 24+-333-2337 (2022).

22. Huang, L. et al. Aberration correction for direct laser written waveguides in a
transverse geometry. Opt. Express 24, 1056510574 (2016).

23. Hodgson, N. & Weber, H. Laser Resonators and Beam Propagation: Funda-
mentals, Advanced Concepts, Applications 2nd edn (Springer, 2005).

24.  Ngcobo, S. et al. A digital laser for on-demand laser modes. Nat. Commun. 4,
2289 (2013).

25. Barwicz, T. & Haus, H. A. Three-dimensional analysis of scattering losses due to
sidewall roughness in microphotonic waveguides. J. Lightwave Technol. 23,
2719-2732 (2005).

LSA



Wang et al. Light: Science & Applications (2024)13:130

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

Feit, M. D. & Fleck, J. A. Light propagation in graded-index optical fibers. Appl.
Opt. 17, 3990-3998 (1978).

Thomson, R. R. et al. in Femtosecond Laser Micromachining: Photonic and
Microfluidic Devices in Transparent Materials (eds Osellame, R, Cerullo, G. &
Ramponi, R) 93-125 (Springer, 2012).

Doerr, C. R. Silicon photonic integration in telecommunications. Front. Phys. 3,
37 (2015).

Ling, Q. et al. On-chip optical matrix-vector multiplier based on mode division
multiplexing. Chip 2, 100061 (2023).

Saitoh, K. et al. PLC-based mode multi/demultiplexers for mode division
multiplexing. Opt. Fiber Technol. 35, 80-92 (2017).

Wu, Y. F. & Chiang, K. S. Ultra-broadband mode multiplexers based on three-
dimensional asymmetric waveguide branches. Opt. Lett. 42, 407-410 (2017).
Huang, Q. D. & Chiang, K S. Polarization-insensitive ultra-broadband mode
filter based on a 3D graphene structure buried in an optical waveguide.
Optica 7, 744745 (2020).

Huang, Q. D. et al. Mode multiplexer with cascaded vertical asymmetric
waveguide directional couplers. J. Lightwave Technol. 36, 2903-2911 (2018).
Qcier, C. R. et al. Direct laser writing of volumetric gradient index lenses and
waveguides. Light Sci. Appl. 9, 196 (2020).

Riesen, N. et al. Femtosecond direct-written integrated mode couplers. Opt.
Express 22, 29855-29861 (2014).

Corrielli, G. et al. Symmetric polarization-insensitive directional couplers fabri-
cated by femtosecond laser writing. Opt. Express 26, 15101-15109 (2018).

Le Camus, A. et al. Direct-laser-written integrated mid-IR directional couplers in
a BGG glass. Opt. Express 29, 8531-8541 (2021).

Li, Z. Z et al. Photon propagation control on laser-written photonic chips
enabled by composite waveguides. Photonics Res. 11, 829-838 (2023).
Gross, S. et al. Three-dimensional ultra-broadband integrated tapered mode
multiplexers. Laser Photonics Rev. 8, L81-L85 (2014).

Li, Z Z et al. Three-dimensional on-chip mode converter. Opt. Lett. 48,
1140-1143 (2023).

Wang, J. et al. Tailoring light on three-dimensional photonic chips: a platform
for versatile OAM mode optical interconnects. Adv. Photonics 5, 036004 (2023).
Li, K et al. Handling mode and polarization in fiber by fs-laser inscribed (de)
multiplexer and silicon switch array. PhotoniX 4, 14 (2023).

Gross, S. & Withford, M. J. Ultrafast-laser-inscribed 3D integrated photonics:
challenges and emerging applications. Nanophotonics 4, 332-352 (2015).
Riesen, N, Love, J. D. & Arkwright, J. W. Few-core spatial-mode multiplexers/
demultiplexers based on evanescent coupling. IEEE Photonics Technol. Lett. 25,
1324-1327 (2013).

Jiang, S. L. et al. Ultra-low-loss broadband all-fiber mode selective
couplers for MIMO-less MDM transmission. J. Lightwave Technol. 38,
2376-2382 (2020).

Elshaari, A. W. et al. Hybrid integrated quantum photonic circuits. Nat. Pho-
tonics 14, 285-298 (2020).

Song, W. G. et al. Dispersionless coupling among optical waveguides by
artificial gauge field. Phys. Rev. Lett. 129, 053901 (2022).

Yun, H. et al. 2x2 adiabatic 3-dB coupler on silicon-on-insulator rib wave-
guides. In Proc. SPIE 8919, Photonics North 2013 (SPIE, 2013).

Mrejen, M. et al. Adiabatic elimination-based coupling control in densely
packed subwavelength waveguides. Nat. Commun. 6, 7565 (2015).

Lu, Z. Q et al Broadband silicon photonic directional coupler using
asymmetric-waveguide based phase control. Opt. Express 23, 3795-3808
(2015).

Page 10 of 10

51. Chen, S. T. et al. Low-loss and broadband 2x2 silicon thermo-optic
Mach-Zehnder switch with bent directional couplers. Opt. Lett. 41, 836-839
(2016).

52. Chen, G F. R et al. Broadband silicon-on-insulator directional couplers using a
combination of straight and curved waveguide sections. Sci. Rep. 7, 7246
(2017).

53. Halir, R. et al. Colorless directional coupler with dispersion engineered sub-
wavelength structure. Opt. Express 20, 13470-13477 (2012).

54. Wang, Y. et al. Compact broadband directional couplers using subwavelength
gratings. [EEE Photonics J. 8, 7101408 (2016).

55. Song, W. G. et al. Robust and broadband optical coupling by topological
waveguide arrays. Laser Photonics Rev. 14, 1900193 (2020).

56. Li, D. H. et al. Broadband silicon nitride power splitter based on bent direc-
tional couplers with low thermal sensitivity. Micromachines 13, 559 (2022).

57. Bhandari, B. et al. Highly efficient broadband silicon nitride polarization beam
splitter incorporating serially cascaded asymmetric directional couplers. Opt.
Lett. 45, 5974-5977 (2020).

58 Chen, Y. et al. Experimental demonstration of an apodized-imaging chip-fiber
grating coupler for SisN, waveguides. Opt. Lett. 42, 3566-3569 (2017).

59.  Sacher, W. D. et al. Polarization rotator-splitters and controllers in a SisN,-on-
SOl integrated photonics platform. Opt. Express 22, 11167-11174 (2014).

60. Sun, X, Aitchison, J. S. & Mojahedi, M. Realization of an ultra-compact polar-
ization beam splitter using asymmetric MMI based on silicon nitride/silicon-
on-insulator platform. Opt. Express 25, 8296-8305 (2017).

61.  Zhang, L. et al. Compact, broadband and low-loss polarization beam splitter
on lithium-niobate-on-insulator using a silicon nanowire assisted waveguide.
IEEE Photonics J. 12, 6601906 (2020).

62.  Chen, B. et al. Two-dimensional grating coupler on an X-cut lithium niobate
thin-film. Opt. Express 29, 1289-1295 (2021).

63. Pohl, D. et al. An integrated broadband spectrometer on thin-film lithium
niobate. Nat. Photonics 14, 24-29 (2020).

64. Agrawal, G. P. in Nonlinear Science at the Dawn of the 21st Century (eds
Christiansen, P. L, Serensen, M. P. & Scott, A. C) 195-211 (Springer, 2000).

65. Sharma, T. et al. Review of recent progress on silicon nitride-based photonic
integrated circuits. IEEE Access 8, 195436-195446 (2020).

66. Chen, G. Y. et al. Advances in lithium niobate photonics: development status
and perspectives. Adv. Photonics 4, 034003 (2022).

67. Lin, Y. D. et al. Monolithically integrated, broadband, high-efficiency silicon
nitride-on-silicon waveguide photodetectors in a visible-light integrated
photonics platform. Nat. Commun. 13, 6362 (2022).

68. Niffenegger, R. J. et al. Integrated multi-wavelength control of an ion qubit.
Nature 586, 538-542 (2020).

69. Mukherjee, S. & Rechtsman, M. C. Observation of unidirectional solitonlike
edge states in nonlinear floquet topological insulators. Phys. Rev. X 11, 041057
(2021).

70.  Mukherjee, S. & Rechtsman, M. C. Observation of Floquet solitons in a topo-
logical bandgap. Science 368, 856-859 (2020).

71, Tian, Z. N. et al. On-chip single-photon chirality encircling exceptional points.
Chip 2, 100066 (2023).

72. Arriola, A. et al. Low bend loss waveguides enable compact, efficient 3D
photonic chips. Opt. Express 21, 2978-2986 (2013).

73.  Shah, L. et al. Waveguide writing in fused silica with a femtosecond fiber laser
at 522 nm and 1 MHz repetition rate. Opt. Express 13, 1999-2006 (2005).

74. Xiao, V. et al. Laguerre-Gaussian mode expansion for arbitrary optical fields
using a subspace projection method. Opt. Lett. 44, 1615-1618 (2019).

Light Sci Appl | 2024 | Vol 13 | Issue 6 | 1195 LSA



