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Photonic lattice-like waveguides in glass directly written
by femtosecond laser for on-chip mode conversion
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1. Introduction

Femtosecond laser direct writing (FLDW) has shown great
potential for manufacturing diverse components of complete
on-chip integrated photonics, including light source, modulator,
light computation, and detection!’ ™). In particular, FLDW has
shown many more unique advantages for exploitation of three-
dimensional (3D) integrated photonic devices'”, with respect to
the conventional manufacturing strategy for photonic struc-
tures. However, there are still many possibilities for the FLDW
improvement, from the development of new physical processes
to new processing technologies, to meet the requirement for
development of 3D photonic devices with high performance.
As is known, local modification triggered by nonlinear
absorption of femtosecond pulses in a well-confined focal region
is very complicated, including electronic excitation, relaxation,
and thermal effect. Particularly, due to the influence of thermal
diffusion or accumulation, the final size of the modified region is
routinely quite large, and its morphology is usually non-regular/
non-symmetrical'®. Even worse, when using higher pulse
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We report on a conceptually new type of waveguide in glass by femtosecond laser direct writing, namely, photonic lattice-
like waveguide (PLLW). The PLLW's core consists of well-distributed and densified tracks with a sub-micron size of 0.62pm
in width. Specifically, a PLLW inscribed as hexagonal-shape input with a ring-shape output side was implemented to con-
verse Gaussian mode to doughnut-like mode, and high conversion efficiency was obtained with a low insertion loss of 1.65 dB
at 976 nm. This work provides a new freedom for design and fabrication of the refractive index profile of waveguides with
sub-micron resolution and broadens the functionalities and application scenarios of femtosecond laser direct-writing

Keywords: femtosecond laser; glass material; laser direct-writing waveguide; light mode conversion.

energy for inscribing high contrast waveguide!” =), the structural
cracks and voids with negative refractive index change appear in
areas accompanied by the waveguide core with positive refrac-
tive index change because of the extremely destructive micro-
explosion confined in the laser focus. All of these phenomena
make the morphology and refractive index distribution of the
FLDW waveguide unpredictable and ultimately lead
to difficulty in controlling the guiding mode characteristics,
including mode size, intensity distribution, polarization state,
and coupling between adjacent waveguide arrays. To harness
these issues, a few strategies containing laser beam shaping!'”,
writing path design!"'l, and temperature gradient assisted
FLDW!"? have been attempted in some glasses. However,
these methods are still limited by the large size of the waveguide
(a few to tens of microns in diameter) and relatively rough con-
trol of the spatial distribution of the waveguide refractive index.
To date, a finer tailoring with sub-micron resolution seems
impossible in previous FLDW structures.

Herein, we propose a new concept to create 3D waveguides
in glass called the photonic lattice-like waveguide (PLLW).
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Guiding is supported by total internal reflection, which is
achieved by an effective refractive index difference between a
central photonic lattice-like core region and the surrounding
pristine glass, and does not rely on the photonic bandgap effect.
Interestingly, the PLLW is based on a sub-micro-sized densified
track arrays imposing a positive refractive index change of the
waveguide’s core, which is completely distinct from the cases
in the past!®™'*) By well distributing the densified tracks at
sub-micron resolution, the PLLW is supposed to generate arbi-
trary guiding modes, including mode conversion in a single
waveguide with high conversion efficiency.

2. Design and Numerical Simulation

A PLLW created by tightly distributed tracks with a hexagonal-
shape input and a ring-shape output [Fig. 1(a) and insert] is
implemented by designing each writing path. The width and
length size of a single track is designed at 0.7 pm X 1.2 pm,
and two adjacent tracks are designed at 0.8 pm and 1.3 pm apart
from the Y and Z directions, respectively. Thus, the width and
length of the hexagon are 4 pm and 5.1 pm, which is similar to
the core diameter (4 pm) of the 976 nm single-mode fiber used
for coupling. At the output end, the tracks are evenly distributed
along the ring, and the angle between two adjacent tracks
remains unchanged. The tracks are inscribed by the FLDW
method, and their trajectories are continuously and independ-
ently controlled by translating the 3D nano-translation plat-
form. As a result, a hexagon-shaped PLLW at the input
slowly converts into a ring-shape PLLW with a radius of
8 pm. The difference in the lattice structure results in a change
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Fig. 1. Design scheme and simulation of PLLW. (a) Schematic diagram of
PLLW. Insert: ring-shape output. (b] Simulated mode field of input side.
(c] Simulated mode field of output side.
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of the guiding mode. In principle, the PLLW can realize mode
conversion between any two guiding modes by adjusting the
writing path.

To understand the difference of guiding modes of PLLW at
the input and output, a finite element method is used to study
the mode fields of the photonic lattice structure. The refractive
index difference between densified tracks and pristine material is
set to 107212, The simulation results are shown in Figs. 1(b) and
1(c). The input mode field exhibits Gaussian-like distribution,
while the output mode field shows doughnut-like distribution.
It is notable that the field mode of the input and output is regu-
lated within a few micrometers.

3. Femtosecond Laser Processing Experiments

To experimentally verify the feasibility of our theoretical design,
a nanoporous silica glass (PG) with averaged pore size of
~10nm and porosity of ~30% is used in this work?' !, Due
to the characteristic structure of PG, superfluous pulse energy
of the laser beam is dissipated out of the nanopores, and mod-
erate densification is generated without residual lateral tensile or
compressive stresses, so the FLDW tracks are proved to be
stress-free in PG?*72). Thus, a tightly distributed waveguides
array with quite low cross talk can effortlessly be fabricated
in PGI*7),

In our experiment, the tracks are fabricated with a chirped
pulse amplified femtosecond Yb:KGd(WO**® (Yb:KGW) laser
source (Pharos, Light Conversion) that delivers 226 fs pulses with
200 kHz repetition rate, and the central wavelength is 1030 nm.
The scanning speed and depth of the FLDW tracks and PLLW
are adjusted by a computer-controlled 3D nano-translation stage
(SmartAct). The laser beam is linearly polarized and focused by
a 100X microscope objective with a numerical aperture (NA) of
0.8. The laser pulse energy deposited on the PG is finely controlled
by the continuous attenuator varying from 140 to 425 nJ. The
pulse energy is measured after the attenuator, and about 60% of
the pulse energy is deposited on the sample. The laser beam is
focused vertically on the PG with the scanning speed of gradient
change from 20 to 1000 pm/s.

The processing parameter window of the FLDW single track
in the PG is shown in Fig. 2(a). Region I represents the partial
densification tracks that can be inscribed at low pulse energy
and/or high scanning speed, as shown in Fig. 2(b) (typical top
view). In this region, the writing trace exhibits small positive
refractive index change. The transition from partial densifica-
tion to complete densification occurs in region II, and its typical
example is shown in Fig. 2(c), where the tracks appear as a bright
line, indicating a greater increase in refractive index compared to
region I. As femtosecond laser pulse energy increases and/or the
scanning speed decreases, due to enhanced energy accumulation
in the modified region, voids appear in the center of damaged
tracks with negative refractive index change [see typical top-
view shown in Fig. 2(d)].

Since the refractive index change in region II is considerably
positive, and no voids appear, region II is deliberately
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Fig. 2. (a) Processing parameter window of the FLDW single track in PG.
Top-view of different regional tracks consistent with window (b} I, (] II, and
(d) Iirin (a), respectively. All of the tracks are written with depths of 200 pm.

distinguished and selected to process PLLW. The laser scanning
speed of 40 pm/s is selected to verify the effect of direct-writing
depths on the track size. With the increase of direct-writing
depth, the pulse energy is gradually increased (from 55 to
185 nJ) to ensure that the refractive index changes of tracks
are basically the same. As shown in Fig. 3, the length of tracks
changes from 1.67 to 3.50 pm as the direct-writing depth
increases from 10 to 200 pm due to influence of surface aberra-
tion. On the contrary, the width of the tracks is basically con-
stant and less than 1 pm as the direct-writing depth increases,
and the minimum width of densified track is 0.62 pm. By calcu-
lating the diffraction limit of the objective with NA = 0.8, the
diffraction limits in the Z-axis direction and XY direction are
3.22 pm and 0.66 pm, respectively. Notably, all of these densified
tracks are below or comparable to the diffraction limit, which
further indicates that the modified region by femtosecond laser
is limited to a small area within the laser focus, owing to strong
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Fig. 3. Dependence of the width and length of densified tracks on FLDW
depth. Inserts: microscopic cross-section images of tracks in different
depths. Scale bar: 1 um. All of the tracks are written with scanning speed
of 40 pm/s in PG.
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nonlinear absorption. However, due to the larger heat-affected
zone, the modified region of femtosecond laser is larger than the
laser focusing region in other glasses, and tracks are generally
several microns'**). Thus, we believe that such sub-micron-sized
tracks can provide a new freedom for design and fabrication of
PLLW in PG.

4. Results and Discussion

Based on the study on densification parameters of tracks and
design scheme of PLLW, two waveguides are fabricated by
FLDW in PG, namely, same hexagonal-shape input with width
of 4 pm and ring-shape output with two different radii of 4 pm
and 8 pm. In order to ensure good distribution of densified
tracks and the same shape as the hexagon, the direct-writing
depth is increased from 100 pm at the input to 170 pm at the
output, and scanning speed is 40 pm/s.

The hexagonal-shape inputs of the two PLLWSs have the same
width and length of 4 pm, as shown in Figs. 4(a) and 4(c). Due to
the influence of surface aberration, the ring becomes ellipse like,
as shown in Figs. 4(b) and 4(d). The major and minor axes of the
ellipse with the designed radii of 4 and 8 pm are measured as
8.1 pm X 9.4 um [Fig. 4(b)] and 16.4 pm X 22.1 pm [Fig. 4(d)],
respectively.

The demonstration of the PLLW for mode conversion is gov-
erned in terms of near-field distribution and insertion losses.
A typical end-coupling system is employed with a 976 nm
single-mode fiber laser (MChlight) with core diameter of 4 pm.
The near-field intensity distribution is collected by a 50x micro-
scope objective (NA =0.55) and imaged by a CCD camera
(ISH1000, TUCSEN). Moreover, the intensity curves of the
input and output near-field distributions are recorded by a
beam profiler (Photo, NanoScan 2). Figures 4(e) and 4(f) depict
the measurement results of near-field distribution profiles, and
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Fig. & Microscopic cross-section images of the PLLW (a) input and (b) out-
put with a ring radius of 4 pm. The PLLW is written with scanning speed of
40 um/s and pulse energy of 175 n). Microscopic cross-section images of the
PLLW (c] input and (d) output with a ring radius of 8 pm. The PLLW is written
with scanning speed of 40 pm/s and pulse energy of 165 n). The near-field
distributions of PLLWs with a ring radius of (e] 4 pm and (f) 8 um. Inserts:
mode images of input and output sides.
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the inserts show the measured mode images of the input and
output sides. The full width at half-maximum (FWHM) of
the input mode field is ~4.0 pm, which equals the core diameter
of the 976 nm single-mode fiber used for coupling with the
PLLW. All of the output mode fields of the two PLLWs show
a doughnut-like distribution [Figs. 4(e) and 4(f)], characterized
by a central intensity reduction of —4.9% and —71.4%, and the
FWHM is 8.4 and 15.9 pm, respectively. The smallest radius of
the doughnut-like mode is approximately 4.2 pm. Besides, the
doughnut-like modes propagate stably in free space without
changing their intensity distribution, so they are considered
to be a superposition of the fundamental Gaussian mode
and higher-order Laguerre-Gaussian modes'*”'. Moreover, the
reduction of central intensity means the decrease in the propor-
tion of the fundamental Gussian mode'*”!. Thus, a new degree of
freedom for customizing the positive refractive index profile
of FLDW waveguides at sub-micron resolution is demonstrated
for on-chip mode conversion applications.

To evaluate the mode conversion efficiency, the insertion
losses of the waveguide are estimated by measuring the input
and output power directly. As the writing pulse energy changes
from 115 to 185 nJ, the insertion losses measured increase from
1.65 and 3.20 dB. Fascinatingly, the insertion loss of 1.65 dB is
quite low for FLDW waveguides in glass. The reason for such
low insertion loss is that the hexagonal-shape input of the
PLLW is centrosymmetric and nearly circular, which has been
proved to have high coupling efficiency with the fiber used for
coupling!'?!.

5. Conclusion

In conclusion, PLLW with a hexagonal-shape input and a ring-
shape output is proposed, as a new concept of waveguide. The
PLLW consists of 16 sub-micron sized densified tracks with pos-
itive refractive index change by FLDW in glass. The sub-micron
tracks with minimum width of 0.62 pm have successfully been
fabricated. Finally, a mode conversion application of PLLW with
different shapes of input and output is demonstrated, which
transforms the mode field from a Gaussian mode to a dough-
nut-like one with a high conversion efficiency indicated by
the insertion loss as low as 1.65 dB at 976 nm, and its mode size
can be controlled by tailoring the output ring shape. This work
provides a new freedom for design and fabrication of waveguides
with sub-micron resolution, which will contribute to develop-
ment of on-chip all-optical integrated photonic devices in
future.
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