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Abstract: Photonic integrated circuits (PICs) written with an ultrashort pulsed laser provide
advantages in a range of applications, such as photon-based quantum information processing,
where low insertion loss and low polarization dependence are critical concerns. Here we
demonstrate the inscription of hybrid waveguides in fused silica at a pulse repetition rate of
1MHz that fulfill both these criteria. The mechanisms for propagation and coupling losses are
identified and decoupled, with separate sections of the waveguide minimizing for each and an
adiabatic mode conversion between the two. Moreover, differing sources of birefringence
were revealed to be non-parallel for the waveguides, such that structures can be designed
where these competing sources cancel to remove any polarization dependence.
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1. Introduction

Photonic integrated circuits (PICs) that are employed in quantum information processing
(QIP) can be categorized into two groups according to their fabrication techniques: direct
written waveguide circuits [1-17] and waveguide circuits fabricated with complementary
metal-oxide-semiconductor (CMOS) processing technology [18-23]. Although waveguide
circuits fabricated with CMOS processing techniques can take advantage of the well-
developed CMOS manufacture facilities and processes, they require complex fabrication
processes which involve patterning, etching and so on. On the contrary, direct writing
basically is a single-step-process fabrication technique. Direct written waveguide circuits can
be further sub-grouped into ultrashort-pulsed laser written (UPLW) waveguide circuits [1-13]
and UV-written waveguide circuits [14—17]. Unlike the UV writing technique, which is
limited to planar circuits with doped silica, UPLW is not only an intrinsically three-
dimensional fabrication technique, but also flexible with many transparent materials. But up
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to now, a drawback of UPLW waveguide circuits is that the propagation losses have been
typically higher than their CMOS-process based counterparts [24]. Loss is one of the key
impediments to future scaling of UPLW waveguide circuits for photon-based QIPs [17].
Along with losses, the polarization dependencies of waveguides are also critical for many
photon-based QIPs that involve interference [14] or rely on photon polarization [3]. The
polarization states of a photon can be manipulated through integrated waveplates and
polarization beam splitters (PBSs), however the waveguides are required to be polarization-
independent to maintain the fidelity of the information being processed [3].

Some of the reported UPLW waveguide circuits for photon-based QIPs were written in
fused silica [1, 4, 8-10] and some others were written in other glasses like borosilicate glass
[2, 3, 5-7, 11-13]. Nevertheless, despite the relative difficulty of writing waveguides in pure
fused silica than in other glasses that have lower band gaps and softening points, like
borosilicate glass, currently we still regard pure fused silica as a promising substrate material
for UPLW waveguide circuits for photon-based QIPs, especially when we are aiming at
future practical applications of the UPLW waveguide circuits based QIPs. The reasons for
this are: (i) pure fused silica has higher physical and chemical stabilities; (ii) and pure fused
silica shows high transmittance over a broad spectral range (this could be a significant
advantage of pure fused silica UPLW waveguide circuits for ion-trap-based QIP that requires
UPLW waveguide circuits also to work at around 400 nm wavelength [25, 26]); (iii) due to
the nanograting-induced birefringence being stronger in fused silica than in other glasses [27],
it is relatively easier to fabricate integrated waveplates [28, 29], PBSs [30] and other
birefringence based devices in fused silica.

Photon sources based on spontaneous parametric down-conversion (SPDC) are widely
used in photon-based QIPs [31]. The work presented here focuses on single-mode laser
written waveguides at wavelength of around 800 nm, based on the wavelength of the SPDC
photon source [15-17, 32] of our intended QIP applications.

Straight waveguides are the fundamental building blocks of the UPLW waveguide
circuits. Moreover, the writing parameters of straight waveguides serve as the basis for the
writing parameters of other integrated components in UPLW waveguide circuits. Several
groups have studied the femtosecond laser written straight waveguides in fused silica [33—
39]. In term of propagation loss, to date the best reliable result was 0.12 dB/cm at 1550 nm
wavelength, which was written with a 1 kHz repetition rate femtosecond laser through
multiple scanning and measured through accurate cut-back approach [36]. Considering that
Rayleigh scattering is a major loss mechanism [40], the propagation loss of a waveguide at
1550 nm wavelength tends to be significantly lower than that at around 800 nm. Among those
reported waveguides, polarization dependency of the waveguides has not been extensively
investigated, although Nasu et al. have measured the polarization-dependent loss of the
written waveguide [36].

In this work, we first investigated the relationship between the writing parameters and the
properties of the straight waveguides written in pure fused silica, in term of propagation loss,
insertion loss coupled from a single-mode fibre and polarization dependency. Then we
demonstrated a way to fabricate waveguides with properties that vary along their length to
provide not only low total insertion losses but also low polarization dependency at the same
time. In the meantime based on the results of this investigation, several useful revelations
were disclosed. It is also worth to mention that in this work only the single-scan writing
approach was used, since the multiple-scan is not only intrinsically less efficient but also in
principle suffers from higher scattering loss due to the non-uniformity introduced by the
separations of the different scanning passes.

2. Waveguide fabrication and characterization

Waveguides were written inside fused silica (Schott Lithosil Q0) with a tightly focused 1
MHz repetition rate, 514 nm wavelength, 170 fs pulse duration laser which was the second
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harmonic of a regenerative amplified Yb:KGW laser (Light Conversion Pharos SP-06-1000-
pp)- Before being focused 117 um below the top surface of the glass with a 0.5 NA objective
lens, the power of the writing beam was controlled with a motorized rotating half waveplate
together with a PBS. The writing beam was circularly polarized to suppress the creation of
nanogratings [41]. The fused silica chip, which was fixed on a three axis air bearing stage
(Aerotech ABL10100L/ABL10100L/ANT95-3-V), was transversely scanned relative to the
focus to inscribe waveguides.

The laser pulse energy and the scanning speed were varied in order to determine the
optimum writing parameters. We combine these parameters into the representative net fluence
(RNF). Similar to the definition of net fluence in reference [42], here the writing RNF is
defined as:

4RE
RNF = —=, )
Vv D

where R is the repetition rate, £, is the pulse energy measured at sample surface, V; is the
scanning speed of the translation stage, D is the diameter of the focus spot of writing beam in
air.

2.1 The relationship between loss and representative net fluence

With our fabrication system and settings, when the scanning speed was set at 0.01 mm/s, the
threshold of laser-induced refractive index change in fused silica was at a RNF of around 3.2
mJ/um®. The upper limit of RNF, at which the written waveguides still appeared
homogeneous under a differential interference contrast (DIC) microscope, was around 3.8
mJ/um®. Within this RNF range, waveguides were written in a fused silica chip with RNFs of
3.25, 3.31, 3.38, 3.47, 3.55, 3.64 and 3.69 mJ/um2 respectively, in which pulse energy was
varied from 27 nano-joules to 30 nano-joules and the scanning speed was fixed at 0.01 mm/s.
The lengths of the original chip and those of all the written waveguides were 40 mm.

To measure the insertion losses and near-field mode profiles of the written waveguides, a
777 nm wavelength (measured with Ocean Optics USB2000 spectrometer) linearly polarized
laser beam was coupled into each waveguide through butt-coupling with a polarization-
maintaining (PM) fibre (Thorlabs P1-630PM-FC-5); the output from a waveguide was
imaged onto a CCD camera through an objective lens and a tube lens. A photodiode power
sensor was used to measure the power of the output beam from a waveguide. To further
reduce the almost negligible influence of the unguided light after the objective lens, when the
output power was measured, the power sensor was placed 220 mm behind the objective lens
and an iris was inserted before the power sensor.

All the written waveguides were single mode at 777 nm. The propagation losses were
determined with the cutback approach [43]. Before and after cutting, the lengths of the
polished chip were 38.8 mm and 14.2 mm respectively. The relationships between insertion
losses of the waveguides and the corresponding writing RNFs before and after cutting are
shown in Fig. 1. Each insertion loss was measured multiple times with coupling laser beam in
vertical polarization (VP) and in horizontal polarization (HP) respectively. The horizontal
solid and dashed lines on the left part of Fig. 1 and following figures will be explained in
subsection 2.3; they are included here and in following figures for later direct comparisons.
The error bars in Fig. 1 represented the measurement uncertainties of insertion losses due to
the couplings between the PM fibre and the waveguides. The error bars were multiplied with
a factor of 4 in Fig. 1 for their visibility. In this report, all the measurements were performed
without using any index-matching fluid and all the error bars represented peak-to-peak error
values.
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Representative net fluence (mJ/me)

Fig. 1. Measured insertion losses in vertical and horizontal polarizations at waveguide lengths
of 38.8 mm and 14.2 mm respectively; The horizontal solid and dashed lines in the lower left
part of this figure and following figures represent results that will be explained in subsection
2.3; they are included here and in following figures for later direct comparisons.

Insertion losses measured with the VP beam (/L) were lower than those measured with
the HP beam (/Ly). And the difference between /L, and /Ly decreased along with the increase
in writing RNF. The reason for those polarization related phenomena will be explained in
next subsection. In all cases, the insertion loss decreased with increasing RNF. This was due
to the fact that higher RNF gave rise to higher refractive index change, which resulted in a
decrease in the coupling loss with the PM fibre. The refractive index changes were measured
with a home-built quantitative phase microscope, with which the averaged refractive index
profile across the waveguide cross-section shown in Fig. 2 was obtained through solving the
transport of intensity equation [44]. The refractive index change, averaged across the
waveguide, was calculated by dividing the measured optical path length by the depth of the
whole waveguide structure (including guiding region and negative refractive index change
region); the depth of the whole waveguide structure was measured with an adaptive third-
harmonic generation (THG) microscope.
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Fig. 2. Peak of the averaged refractive index profile for waveguides written with different
RNFs; as an example, the measured refractive index change profile and the transmission
microscope image (along the writing direction Z) of the waveguide written with RNF of 3.31
mJ/um? are shown in in the upper part of the figure.

Based on the measured insertion losses before and after cutting back, the propagation
losses were calculated, as shown in Fig. 3. Both the propagation loss (PLy) at VP and the
propagation loss (PLy) at HP were increasing along with the writing RNF. The waveguide
written with 3.25 mJ/um?, which was just above the 3.2 mJ/um? threshold for refractive index
change, showed average propagation losses of 0.06 dB/cm and 0.1 dB/cm at wavelength of
777 nm for VP and HP respectively.

Propagation loss normally includes absorption, scattering and radiation loss [24]. Based
on the relationship between refractive index change and the writing RNF that is shown in Fig.
2, the radiation loss should decrease along with an increase in writing RNF, since greater
refractive index change will result in better confinement of the light propagating in the
waveguide. Therefore, assuming that the absorption properties of the fused silica are not
significantly affected within the RNF range, from Fig. 3 following conclusion could be
drawn: within the RNF range, along with increase of writing RNF, scattering played an
increasingly dominant role in the propagation loss. These phenomena were also disclosed in
reference [40] for waveguides in in borosilicate glass, as measured through spectral loss
characterization.
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Fig. 3. The relationship between measured propagation losses of the waveguides and their
writing RNFs. The horizontal solid and dashed lines in the lower left part of this figure are
explained in subsection 2.3

2.2 The relationship between polarization dependence and writing representative net
fluence

From the measured insertion losses in Fig. 1, the polarization dependence of each waveguide,
which was represented by the difference between /Ly and ILy, was calculated and shown in
Fig. 4. Clearly the polarization dependence decreased with increasing writing RNF, from
around 4.8 dB at 3.25 mJ/um’ to about 0.15 dB at 3.69 mJ/um’. In the subsequent discussion
we explain the reason behind this trend according to the combined effect between the so-
called ‘shape birefringence’ [45] and stress-induced birefringence; the combined overall
birefringence is usually known as modal birefringence [46]. Shape birefringence means that
the effective refractive indices of the waveguides are different for VP and HP, which is due to
the noncircular cross-sections of the waveguides.

6

== @ 38.8 mm
-=—@ 14.2 mm

3.2 3.3 34 35 3.6 3.7
Representative net fluence (mJ/pmz)

Fig. 4. The polarization dependence (ILy-ILy) of waveguides written with different RNFs. The
horizontal solid and dashed lines in the lower left part of this figure are explained in subsection
23
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An adaptive THG microscope was used to probe the cross-section profiles of the written
waveguides, since the third harmonic signals are sensitive to changes in refractive index or
the third-order nonlinear susceptibility () and thus reveal the shape of the laser modified
regions [47-49]. All the written waveguides were found to be elongated along the
propagation direction of the writing beam, since they were written without any beam shaping
[50-53]. As an example, the THG images of waveguides written with 3.25 mJ/um” and 3.69
mJ/um® are shown in Fig. 5; the insets are their corresponding optical transmission
microscope images of the end facets. The lower part of each laser inscribed structure formed
its light guiding region, as indicated with dashed rectangles in Fig. 5. A detailed explanation
of the THG images will be given in a following report; the features visible above the guiding
region are believed to be part of the low index non-guiding feature of the laser written
structure. Here it is worth noting that when imaging laser-written waveguides, a stronger third
harmonic signal correlates with a greater gradient of the refractive index change.

Normalized signal strength

Fig. 5. Adaptive THG microscope images (in false color) and their corresponding optical
transmission microscope images (insets) of waveguides written with 3.25 mJ/um? (a) and with
3.69 mJ/um? (b); in (a), the light guiding region is indicated with dashed rectangles, the non-
guiding upper part is the region with negative refractive index change.

Provided that the output coupling losses were approximately zero during the insertion loss
measurements (this is reasonable, since an objective lens was employed for output coupling),
the difference between /Ly and ILy is given by:

IL, —IL, =CL, —CL, +(PL, — PL,)L. @)

where CLy and CLy are the coupling loss from the PM fibre at HP and VP respectively; L is
the length of a waveguide in centimeters; /Ly, ILy, CLy and CLy are in dB; propagation losses
PLy and PLy are in dB/cm. From Fig. 4 we can see that the difference between polarization
dependences (ILy - ILy) at before-cut-back (38.8 mm) and after-cut-back (14.2 mm) is
insignificant for each waveguide, which means that the dominant reason for the waveguide
polarization dependence is the difference of coupling losses in two polarization directions
(HP and VP) (CLy - CLy in Eq. (2)), not the difference between propagation losses at HP and
VP ((PLy - PLy)L). This was also confirmed by simulation, which was not shown here, based
on mode matching [54] between a waveguide and the PM fibre with their recorded near field
mode profiles.

For a waveguide, shape birefringence will result in unequal coupling losses in different
polarizations; but this was not the only reason behind the trend shown in Fig. 4. This was due
to the fact that the cross sectional aspect ratio of waveguide (i.e. the guiding region) did not
increase along with writing RNF, as an example shown in Fig. 5, which indicated that shape
birefringence also should not have decreased. But the value of /Ly - IL decreased along with
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increasing writing RNF in Fig. 4. This contradiction implied other kind(s) of birefringence
must have been present in the written waveguides.

Aside from shape birefringence, there are two other known mechanisms of laser-induced
birefringence in fused silica: stress-induced birefringence [55, 56] and birefringence induced
by nanograting structures [41, 57]. Both the use in the writing beam of circular polarization
[58] and of repetition rates over 500 kHz [59] have previously been shown to avoid
nanograting structures in fused silica; and during this work, all the waveguides were written
with a circularly polarized laser beam at repetition rate of 1 MHz. Therefore it was reasonable
for us to assume that there was no nanograting-induced birefringence, and that shape
birefringence and stress-induced birefringence were dominant. From the polarization
dependency trend shown in Fig. 4, two following conclusions were drawn: (i) the slow axes
of the stress-induced birefringence and the shape birefringence did not overlap, since along
with the increase in writing RNF the shape birefringence and stress-induced one tended to
cancel each other out; (ii) the stress-induced birefringence increased with the writing RNF,
since the shape birefringence did not decrease but the overall polarization dependency did.

Therefore, more importantly, it was revealed that through balancing the counter-effects
between shape birefringence and stress-introduced one, waveguides with concurrent low
polarization-dependence and low loss can be fabricated, which are important for many
photon-based QIP applications [14]. The stress-induced birefringence, which always appears,
can be adjusted with the writing RNF. The shape birefringence depends on the cross-section
of the waveguides, which can be controlled with shaping [50-53] of the writing beam to get
certain non-circular cross-section of waveguides to cancel out the ever-appearing stress-
induced birefringence. Theoretically, nanograting-induced birefringence also can be
employed to cancel out the stress-induced birefringence to attain polarization-dependency-
free waveguides, but up to now nanograting-induced birefringence is less controllable than
beam shaping. In addition to the uncontrollability, nanograting-induced birefringence is also
sensitive to the wavelength of the propagating beam [57].

As indicated in Fig. 4, it is possible to fabricate non-polarization-dependent waveguides
without employing beam shaping techniques, but at the cost of propagation loss, since as
revealed in section 2.1, scattering, a dominant factor for the propagation loss, is dependent on
the writing RNF. A straightforward solution towards low-propagation-loss and low-
polarization-dependence waveguides in fused silica is to write waveguides with low RNF,
using certain non-circular waveguide cross-sections with the help of beam shaping, and
suppressing nanogratings at the same time. But there are three drawbacks for this
straightforward solution: (i) the additional cost and complexity that will be incurred by a
beam shaping unit; (ii) curved waveguides written with low RNF will suffer from high bend
loss; (iii) due to the poor ability of confinement, waveguides written with low RNF have wide
mode profiles which will result in high coupling losses with the commonly used single mode
fibres. For example, the waveguide written with 3.25 mJ/um* RNF had a mode field diameter
(MFD) of around three times of that of the coupling PM fibre in horizontal polarization. The
multiple-scan writing technique can be used to increase the waveguide width and decrease the
coupling losses, but the multiple-scan will intrinsically increase the propagation losses. To
this end, a simple and better solution will be presented in next subsection. But before that, an
investigation on stress-induced birefringence only was performed to further confirm our
understanding of its relationship with writing RNF.
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Fig. 6. The difference between normalised mode field diameters of waveguides in horizontal
polarization (RMFDy) and vertical polarization (RMFDy); RMFDy and RMFDy were
normalised to the mode field diameters of the PM fibre in corresponding polarization. The
horizontal solid and dashed lines in the lower left part of this figure are explained in subsection
23

Complete decoupling of the stress-induced birefringence from the shape birefringence is
not straightforward. However, based on the aforementioned investigations, we knew that the
slow axes of the shape birefringence of all written waveguides were along Y direction in Fig.
5 (a), which was vertical polarization direction. The reason for that was following: the MFDs
of the all waveguides in vertical polarization always were smaller than those in other
polarization directions like the horizontal one, as an example, the difference between
normalised mode field diameters of waveguides in horizontal polarization (RMFDy) and
vertical polarization (RMFDy) is shown in Fig. 6, where RMFDy and RMFDy were
normalised to the mode field diameters of the PM fibre in the corresponding polarization.This
indicated that the effective refractive indices of the waveguides were greater in vertical
polarization direction than in other polarization directions. As indicated in Fig. 6, the disparity
of effective refractive indices at two polarization directions was more pronounced for
waveguides written with lower RNF where stress-induced birefringence was lower [55]. As
concluded previously, the slow axes of shape and stress-induced birefringence did not
overlap. Therefore to single out the stress-induced birefringence, a vertical polarized laser
beam from a PM fibre was coupled into each waveguide and the change of state of
polarization (SOP) of the each waveguide between input and output was measured with a
polarimeter (Polarization Analyzer SKO10PA-VIS, Schifter + Kirchhoff GmbH). However
due to the weakness of the stress-induced birefringence and the limited length of waveguides,
among all the measured SOP parameters, only the change of the azimuth angle A® was
repeatable and reliable during the investigation. A® was the change of azimuth angle of the
semi-major axis of the polarization ellipse, from input beam to output beam. The measured
A® for each waveguide is shown in Fig. 7. From that figure, the stress-induced birefringence
was confirmed to increase with writing RNF (pulse energy), which was also proved in
reference [55] with different measurement approach and filtering out the shape birefringence
with beam shaping. Accordingly it was further confirmed that the slow axes of shape and
stress-induced birefringence did not overlap.
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Fig. 7. Measured A® for waveguides written with different RNFs; insets are the measured
relative polarization ellipses of the output beams from corresponding waveguides, with respect
to the semi-major axis of the polarization ellipse of the input beam. The results labeled 8 and 9
are explained in subsection 2.3.

2.3 Fabrication of hybrid waveguides with low insertion loss and low polarization
dependence

Based on the results of the previous sections, an approach to fabricate waveguides with low
insertion loss and low polarization dependence was demonstrated as a proof-of-principle. This
approach was to fabricate a hybrid waveguide (HW) making use the beneficial properties of
waveguide structure written with low RNF and the fact that the mode profile of a waveguide
can be adjusted with writing RNF. Figure 8(a) shows, as an example, an adiabatic mode
converter (AMC) was fabricated at one end of the HW that needed to be coupled with another
waveguide — in this case a PM fibre. The rest of the waveguide was written at low RNF. The
AMC converted the output modes of the input waveguide (the PM fibre in this case) to the
modes of the waveguide written with low RNF, in all polarization directions. In this way the
coupling loss from coupled waveguide was reduced and at the same time the propagation loss
and polarization dependence of the whole HW were reduced thanks to the properties of the
waveguide structure written with low RNF and the function of AMC. Since the birefringence
of the waveguide written with low RNF was mainly shape birefringence, the disparity of its
coupling losses between two polarization directions could be reduced with the AMC and the
polarization dependence of the whole HW could be reduced as a result. By virtue of
femtosecond laser direct writing, the AMC could be easily fabricated by varying the power or
the number of the pulses of the writing laser during the single scan of the HW, which is in
contrast to the complexities of design and fabrication of mode converter in a silicon-on-
insulator chip [60].
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Fig. 8. (a) Schematic of the proposed hybrid waveguide; (b) design of HW1; (c) design of
HW?2 (lower), the recoded mode profiles of the fabricated HW2 (right), measured peak of
refractive index change at three positions on AMC2 (upper left) and the THG microscopy
cross-section images (upper right, in false colors) of AMC2 at corresponding positions.

To test the principle of this hybrid waveguide, two hybrid waveguides, HW1 and HW2,
were fabricated. The designs of those two HWs are schematically illustrated in Fig. 8(b) and
(c). Section S11 in HW1 and section S21 in HW2 were written with RNF of 3.69 mJ/um?;
Section S12 and section S22 were written with RNF 3.31 mJ/um’ and 3.25 mJ/um’
respectively; AMC1 and AMC2 were fabricated by gradually lowering the RNF (only the
pulse energy was lowered here) from 3.69 mJ/um’ to 3.31 mJ/um’ and 3.25 mJ/um’
respectively during scanning of the writing beam. It is worth mentioning that the 3 mm length
of AMCI1 and AMC?2 was selected empirically only to prove the principle. The adiabaticities
and other properties of AMC1 and AMC?2 are subject to further study. Section S11 and S21
were used as lead-in regions that were fabricated to protect AMC1 and AMC2 during
polishing of the chips. HW1 and HW2, together with the normal waveguides described in
previous subsection 2.1 and 2.2, were fabricated on the same chip and went through the same
investigation. As an example, the recorded output mode profiles of HW2 in VP and HP are
shown in Fig. 8(c). The evolution of refractive index change along AMC2 can be sensed from
the measured refractive index change at three positions, upper left on Fig. 8(c), and the
corresponding THG microscope cross-section images, upper right on Fig. 8(c). The
performances (measured mean values) of HW1 and HW2 were summarized in Table 1. To
enable direct comparison of the performance of HW1 and HW2 with those waveguides
written with constant RNFs, the relevant values of HW1 and HW2 were marked in previous
Fig. 1, 3, 4, 6 and 7; the values of HW1 were marked with horizontal solid lines and those of
HW?2 were marked with dashed lines.

Clearly, in comparison with those waveguides written with constant RNFs, HW1 and
HW2 had low insertion losses, low effective propagation losses and low polarization
dependencies at the same time. The longer the hybrid waveguides are, the more pronounced
their advantages will be, since their effective propagation losses will be more close to the
waveguides written with low RNFs and at the same time their polarization dependencies are
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predominantly decided by the AMCs and have insignificant dependencies on the lengths of
HWs.

Table 1. Summary of the performances (measured mean values) of HW1 and HW2.

1L, (dB) Ly (dB) PL, PLy ILy-ILy AD RMFD"
(dB/ (dB  (dB) ©)
@ @ @ @ m)  Jem) @ @ @ VP HP
388 142 388 142 388 142 14.2
mm mm mm mm mm mm mm
HWI 211 143 271 221 028 020 060 0.78 33 136 135
HW2 206 152 270 235 022 014 064 083 4.7 142 142

“RMFD: the ratio between MFDs of waveguides and the those of the PM fibre in VP and HP.

Meanwhile, it was noticeable that the signs of the ARMFDy_y and the A® values of HW1
and HW2, as shown in Fig. 6, Table 1 and Fig. 7 respectively, were opposite to those of the
waveguides written with constant RNFs. It indicated that the values of ILy - ILy for AMCs
were negative, which were opposite to the positive values of ILj; - ILy for waveguides written
with constant RNFs. It meant that the AMCs behaved differently from waveguides written
with constant RNFs in term of insertion losses at different polarizations. The reason behind
that requires further study. However this phenomenon implied another possible way to
fabricate polarization-dependency-free and low loss waveguides through design of a suitable
AMC, along with the aforementioned approach through balancing the shape birefringence and
stress-induced birefringence.

3. Conclusion

An approach to fabrication of waveguides with not only low propagation and insertion losses
but also low polarization dependence at the same time was demonstrated as a proof-of-
principle. Although shown here with straight waveguides, it could also be straightforwardly
extended to curved waveguides, noting that to reduce bend losses at curved regions, high
writing RNF normally should be used. Furthermore, a way to fabricate low loss waveguides
without polarization dependence or with designed polarization dependency (i.e.
birefringence) was suggested, in which the modal birefringence was controlled through
manipulating the shape birefringence under suppression of nanogratings. This could be
achieved, since once the writing parameters like scanning speed and pulse energy were
chosen for low propagation loss, the stress-induced birefringence, which would also be
decided by the writing parameters, would be fixed; but the shape birefringence could still be
manipulated by beam shaping of the writing beam. Moreover following four points were also
revealed or confirmed through different methods: (i) scattering as the dominant factor for
propagation loss in laser written waveguides in fused silica was confirmed; the same finding
was previously revealed in borosilicate glass through spectral loss characterization [40]; (ii)
the polarization dependence of laser written waveguides in fused silica is predominantly due
to the difference of coupling losses in different polarization directions, which results from the
different effective refractive indices in different polarization directions; (iii) the slow axes of
shape birefringence and stress-induced birefringence did not overlap in pure fused silica with
normal transverse laser writing approach and without beam shaping; (iv) if the waveguides
were not annealed to release stress as shown in reference [55], counter-intuitively, certain
non-circular waveguide cross-sections were required to fabricate waveguides with
simultaneous low loss and free of polarization dependence.
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