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Abstract: Femtosecond laser exposure produces form and stress birefrin-
gence in glasses, mainly controlled by laser polarization and pulse energy,
which leads to challenges in certain applications where polarization mode
dispersion or birefringence splitting is critical for the desired responses
from optical devices. In this paper, parallel laser modification tracks with
different geometries were applied to preferentially stress the laser-written
waveguides and explore the possibility of tuning the waveguide bire-
fringence in devices fabricated in bulk fused silica glass. Polarization
splitting in Bragg grating waveguides showed the laser modification
tracks to controllably add or subtract stress to the pre-existing waveguide
birefringence, demonstrating independence from the nanograting induced
form birefringence and the contributions from material stress. Stressing
bars are shown that offer tunable birefringence in the range from ∼0 up
to 4.35 × 10−4, possibly enabling great flexibility in designing polariza-
tion dependent devices, as well as making polarization independent devices.
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1. Introduction

The two major sources of birefringence in waveguides fabricated by femtosecond laser expo-
sure are anisotropic material stress and form birefringence. Laser written waveguides in glasses
[1] and crystals [2, 3] have shown various degrees of birefringence due to the asymmetry of
the non-linear laser-material interactions in the focal volume of the femtosecond laser that
cause material stress [4, 5], as well as much stronger form birefringence due to laser-induced
nanograting structures [6, 7]. The alignment of nanogratings with the waveguide propagation
vector, that is controlled by the laser polarization direction with respect to the writing direction,
offers a strong influence over the waveguide birefringence. Such nanograting alignment has
been used for applications in polarization diffraction gratings [8] and birefringent elements [9].
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Heat accumulation in borosilicate glass [10] has shown to produce lower birefringence due to
radial stress regions as opposed to the more asymmetric stress produced in fused silica [11, 12];
however, these features remain unexplored in most glasses.

The femtosecond fabrication platform is very attractive for single step fabrication of three-
dimensional integrated optical circuits [13]; however, the birefringence inherent to this process
in fused silica may be detrimental for certain application such as integrated quantum entangle-
ment experiments [14, 15] or traditional optical communication systems where a low birefrin-
gence is desired to reduce polarization mode dispersion. Birefringence remains an important
property to control in order to address these issues. For example, in [15] researchers demon-
strate the use of borosilicate glass waveguides, with a reported low intrinsic birefringence of
7× 10−5, to reduce polarization dependency of directional couplers. But higher birefringence
observed for ultrafast laser-written waveguides fabricated in fused silica limit their application
in two-photon quantum walk experiments due to polarization dependent coupling [16]. Another
aspect of ultrafast laser-written waveguides that has been identified as a challenge towards inte-
grated optical circuits for quantum experiments is the ellipticity of the waveguide modes, even
despite the low birefringence provided by materials other than fused silica [17].

While a diminished birefringence has been a major objective to meet the need for polarization
insensitive devices, many other applications require a strong polarization dependence, including
those in quantum optics [18, 19]. For this and other purposes, prior work on polarization beam
splitters [20] and zero-order wave plates [21] have already harnessed the week birefringence
properties of ultrafast fabricated optical waveguides in fused silica and would benefit from
means to increase their birefringence.

In silicon-on-insulator platforms, the application of stress to modify the properties of waveg-
uides has been used [22] and found to reduce birefringence values from ∼ 10−3 to ∼ 10−5 as
demonstrated in ridge waveguides [23]. In this work, the possibility of tuning the waveguide
birefringence in fused silica was explored by inducing stress with femtosecond laser fabricated
modification tracks formed parallel to the waveguides. Exploiting this stress, together with the
form birefringence generated by the laser-formed nanogratings, allowed the prospect of both
increasing and decreasing the waveguide birefringence, which may have significant applica-
tions for polarization sensitive and insensitive device fabrication. This induced stress technique
also provides a way of tuning the waveguide mode ellipticity, thereby improving the symmetry
for directional coupler designs. The flexibility provided by this method adds another degree
of freedom in the design of integrated optical devices, serving as a facile method for tailoring
strong and perhaps also zero birefringence devices, that can be strategically positioned in a
three dimensional optical circuit for even broader application.

2. Device fabrication

Waveguides with stress inducing laser modified tracks were written with a Yb-doped fiber,
chirped pulse amplified laser (IMRA America µJewel D-400-VR) that produces infrared
(1044 nm) pulses with 300 fs at a repetition rate of 500 kHz with M2 = 1.35. The laser was
frequency doubled to green (522 nm) and focused to a 1.6µm diameter spot (1/e2 intensity)
with a 0.55 NA aspheric lens (New Focus, 40×), 75µm below the surface of 1 mm thick fused
silica glass (Corning 7980 with all sides optically polished). The sample was mounted on an air-
bearing motion stage (Aerotech ABL1000) having a resolution of 2.5 nm and repeatability of
200 nm and scanned along either of the 25.4 mm or 12.7 mm lengths to define the waveguides.

Laser exposures of 150 nJ pulse energy and 0.268 mm/s scanning speed were selected [24]
to offer moderately low propagation loss and a mode field diameter (MFD) comparable with
that of single mode fibers (SMFs) for low fiber to waveguide coupling loss. Laser modifica-
tion tracks with varying degrees of stress were fabricated with identical waveguide writing
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conditions but with pulse energies varied from 100 nJ to 250 nJ to study their stress effect on
modifying the waveguide propagation constant and birefringence. Because the laser modified
tracks also served as waveguides, different laser exposure energies were necessary to mismatch
their propagation constant with the center waveguide and prevent evanescent coupling. In this
way, the stress tracks could be positioned as close as 10µm from the waveguide before coupling
or multi-mode guiding effects were discernible.

An acousto-optic modulator (AOM) was used to modulate the laser to form burst trains that
produce Bragg grating waveguides (BGWs) as the waveguide under test. Following [24], a
modulation frequency of 500 Hz together with a 0.268 mm/s scan speed, yielded a grating
period of 536 nm for a 1550 nm Bragg resonance wavelength. The characterization methods in
[25] were used to measure the polarization splitting of BGWs spectral responses to provide a
unambiguous measurement of the waveguide birefringence and effective index [26, 25].

Fig. 1. Schematic arrangement for the stressed waveguide fabrication where �EV and �EH
indicate the electric field orientation for Vertical, V , and Horizontal, H, waveguide polar-
ization eigenmodes, while �EPar‖ and �EPer⊥ represent the parallel and perpendicular polar-
izations of the writing laser, respectively. The insets show microscope end view images of
the Bragg grating waveguides sandwiched with vertical (left) and horizontal (right) stress
tracks (Media 1).

Two orthogonal orientations of stress tracks were tested, to examine horizontal and verti-
cal stress symmetries acting against the center optical waveguide as indicated in Fig. 1. The
asymmetric cross-sectional structure (3µm wide × 16µm high) formed by the present lens is
expected to yield significantly different degrees of birefringence for these horizontal (Fig. 1
right inset) and vertical (Fig. 1 left inset) configurations. The insets also show the position of
the waveguide and the stress tracks relative to the glass surface. The separation of stress tracks
from the waveguide was varied from 4µm to 70µm, measured from center to center. For the
vertical geometry, the bottom track was written first, followed by the BGW and then the top
track, in order to avoid laser beam propagation through modified structure before reaching its
focus. All tracks were written with the same scanning direction to avoid the non-reciprocal
“quill” effects [27, 28]. Finally, to orient the nanograting planes either parallel or perpendicular
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with the waveguide direction, the writing laser polarization was aligned perpendicular (along
the x-axis), �EPer⊥, or parallel (along the y-axis), �EPar‖, respectively, by using a a half-wave
plate.

3. Characterization methods

The waveguide eigenmodes in the BGWs were designated as vertical, V (along the z-axis, slow
axis, corresponding to the TM mode) and horizontal, H (along the x-axis, fast axis, correspond-
ing to the TE mode). The axis orientation and modes designation in respect to the rest of the
experimental setup is also shown in Fig. 1.

The devices with different stress geometries were characterized according to: morphology
(to visually connect the guiding zones with the observable stress fields in the material), MFDs
and losses (to assess the effects of the stress tracks on the scattering losses and on the waveguide
modes), birefringence and mode effective index (to determine the influence of material stress
on the total waveguide birefringence and also to determine which polarization modes are most
affected by this same material stress).

3.1. Morphology

(c)

(a)

(b)

50 μm
(e)(d) (f)

Fig. 2. Optical microscope pictures of the end facets of the waveguides with the horizontal
stress geometry (a, b, c) and the vertical stress geometry (d, e, f). (a, d) Unpolarized picture
with illumination adjusted to observe the waveguide regions. (b, e) Images with two crossed
polarizers parallel and perpendicular to the glass surface. (c, f) Images with two crossed
polarizers both on 45◦ angle with the glass surface. In all the cross polarized pictures the
green cross indicates the orientation of the polarizers. A mode profile is also shown with
its position indicated relative to the waveguide structure.

The morphology of the stress-modified waveguides was assessed by an optical microscope,
resulting in the images shown in Fig. 2 for horizontal and vertical stressing geometries. The
figures show stress tracks fabricated with 200 nJ pulse energy, parallel polarization of the writ-
ing laser and 30µm and 40µm center-to-center separation, respectively, for the horizontal and
vertical geometries.

In the pictures shown in Figs. 2(a) and 2(d), a strong white region in the center is visible,
suggesting the presence of a positive refractive index difference with respect to the unmodified
glass. The mode profile inset shown above Fig. 2(d) is observed to propagate along such ar-
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eas. Birefringence can be observed around the laser modified tracks as seen in Figs. 2(b), 2(c),
2(e), and 2(f), which were obtained by placing the same devices between two crossed polariz-
ers, with their orientation represented by the green crosses in the picture. While the underlying
stress appears small with the polarizers in a vertical and horizontal orientation in Figs. 2(b) and
2(e), a strong stress region in the horizontal direction is visible in Figs. 2(c) and 2(f). These
results indicate a preferential orientation in the asymmetric horizontal stress generated by the
femtosecond laser exposure and suggests that the horizontal stress geometry might produce a
stronger effect in the waveguide birefringence than the vertical alignment of the stress tracks
with the BGWs. These stress regions also suggest a localized densification of the material
which as been found to be partially responsible for the refractive index change [1]. Similar
stress affected areas have been found in crystals [3] with densified waveguiding regions formed
outside the modification track also by femtosecond laser exposure which produces stress in-
duced waveguiding as opposed to our work where the stress is used to modify the properties of
the laser written waveguides.

3.2. Mode size and losses

The intensity mode profiles were recorded with 1560 nm light coupled from a tunable laser
(Photonetics Tunics-BT) into the various waveguides and the output imaged onto a CCD camera
(Spiricon SP-1550M) through a 60× magnification lens. There was no measurable difference
between the modes recorded with different polarizations of the input light.

The MFD measured with the reference BGW, without stress tracks, writing with parallel po-
larized light (�EPar‖), has a value of (9.8µm×11.2µm)±0.2µm while with the horizontal stress
configuration, a BGW surrounded by stress tracks fabricated with 200 nJ of pulse energy and
separated by 15µm yields a MFD of (9.9µm×11.2µm)±0.2µm. The modes recorded for the
perpendicular polarization of the writing laser generally followed the same trend although here,
because the mode sizes are larger, the presence of the stress tracks slightly reduced the MFD.

Table 1. Mode Field Diameters (MFDs), for reference waveguides, BGWs, and examples
with different stress track geometries.

Device
MFD (x× z) µm ± 0.2µm

Parallel �EPar‖ Perpendicular �EPer⊥
Uniform waveguide 9.5×11.0 11.3×11.3

Isolated BGW 9.8×11.2 12.7×12.2
H-Stress(15µm; E = 200 nJ) 9.9×11.2 11.4×11.4
V-Stress(30µm; E = 200 nJ) 10.0×11.4 11.9×11.3
V-Stress(20µm; E = 250 nJ) 12.1×10.8 –

There is no noteworthy variation of the mode size when either horizontal of vertical stress
tracks are present, with the exception of a larger mode size with (12.1µm×10.8µm)±0.2µm
that was found using parallel polarization of the writing laser, with vertical stress geometry,
written with 250 nJ of pulse energy and with a separation of 20µm. These examples of recorded
mode profiles are shown later as inset images in the figures, with laser exposure conditions
defined therein. A non-BGW waveguide, fabricated without AOM modulation, under parallel
polarization of the writing laser, has a slightly smaller (9.5µm×11.0µm)±0.2µm MFD. The
differences between unmodulated waveguides and BGWs, in terms of birefringence, losses and
MFDs, has been presented previously [20, 21]; however, the trends and the magnitude of the
changes recorded here have also been shown to hold true for both waveguide devices. The
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MFDs of BGWs for different stress tracks geometry, writing conditions and polarization of the
writing laser are summarized in Table 1.

The measured MFDs were used together with a MFD of 10.4µm×10.4µm expected at
1550 nm for an SMF to estimate a coupling loss of (0.02±0.02) dB/facet for all the waveg-
uides written with parallel polarization of the writing laser, while a (0.05±0.03) dB/facet loss
was found for the higher energy case mentioned above. For the perpendicular writing polariza-
tion ( �EPer⊥) the coupling losses ranged from (0.03±0.02) dB/facet for a uniform waveguide
to (0.14±0.04) dB/facet for the isolated BGW. The modal mismatch losses were used to offset
the insertion loss data to determine the waveguide propagation loss.

Propagation losses in the waveguide fabricated with the perpendicular writing polarization
were higher than the losses obtained by having the fabrication laser polarized parallel to the
waveguide direction. Using the �EPer⊥ polarization yielded (1.1±0.1) dB/cm loss for BGWs and
(0.9±0.1) dB/cm for unmodulated waveguides, while the �EPar‖ polarization produced unmodu-
lated waveguides with (0.5±0.1) dB/cm loss and BGWs with (0.8±0.1) dB/cm loss. Although
the device made with vertical tracks at 250 nJ pulse energy and with a separation of 20µm
had a MFD compatible with the other waveguides, this fabrication condition was very close to
a condition of significant coupling, which resulted in propagation losses of (1.4±0.1) dB/cm.
All losses were measured at 1560 nm wavelength with the tunable laser source and with oil
matched fiber coupling on both ends.

3.3. Birefringence and effective indices

The waveguide birefringence, Δn = nV − nH [21], was calculated from the Bragg wavelength
splitting between two polarization eigenmodes as described in [25], using Equation 1, where
ΔλB is the separation between the Bragg resonances of the two polarization eigenmodes and Λ
is the periodicity of the Bragg grating.

Δn =
ΔλB

2Λ
(1)

The Bragg resonances were recorded with a light source (Thorlabs ASE-FL7002, 1520 nm
to 1620 nm) propagated by free space and end-fire coupled into the BGWs while an oil matched
fiber collected the output into an optical Optical Spectrum Analyzer (OSA, Ando 6317B) hav-
ing a resolution of 0.01 nm. The input polarization of the free space propagating light was
aligned to the V or H axis by rotating a broadband polarizer (Thorlabs LPNIR).

For reference, the Bragg resonant reflection spectra for parallel and perpendicular writing
polarization waveguides, as given in Fig. 3(a) and Fig. 3(b) respectively, show a 70.6 pm and a
201.4 pm wavelength split between the polarization eigenmodes on which birefringence values
of (6.6±0.4)×10−5 and (1.88±0.04)×10−4, respectively, were inferred at 1550 nm. These
values have proven to be repeatable within the reported ±0.4×10−5 uncertainty.

Figure 3(c) demonstrates a BGW with two horizontal stress tracks fabricated with 250 nJ
of pulse energy and a separation of 20µm, yielding (2.05± 0.04)× 10−4 of birefringence, a
3-fold increase versus the reference value in Fig. 3(a). A value of (4.13±0.04)×10−4 from a
443.2 pm wavelength split was calculated from Fig. 3(d) for a BGW fabricated with perpendic-
ular polarization and stress tracks made with 200 nJ pulse energy and separated by 13µm.

Figure 4 and Fig. 5 show the measured birefringence as a function of the stress inducing
tracks separation from the center BGWs together with the result plotted at ∞ separation (without
stress tracks) which represent the relevant reference BGW birefringence for each fabrication
condition. Figure 4 clearly shows that the stress tracks written closer to the BGW produced a
stronger effect in the birefringence. The horizontal geometry approach in Fig. 4(a) demonstrates
the possibility to obtain Δn= 2.52×10−4, up to a 4-fold increase in the birefringence compared
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Fig. 3. V and H polarized transmission spectra for BGWs fabricated with 150 nJ of pulse
energy and written with parallel (a, c) and perpendicular (b, d) polarization of the writ-
ing laser (Media 2). (a) Reference BGW, with parallel polarization writing. (b) Reference
BGW, with perpendicular polarization writing. (c) BGW stressed by two 250 nJ tracks in
the horizontal configuration with 20µm separation. (d) BGW stressed by two 200 nJ tracks
in the horizontal configuration with 13µm separation.

with the 6.6× 10−5 present in the reference waveguide. Here, stress tracks with the highest
tested pulse energy (250 nJ) and a narrow separation of 15µm from the BGW was applied.
Figure 4(b) shows the possibility of decreasing the birefringence by using the vertical geometry
approach. In this case, it was possible to reduce the birefringence to a value as low as 1.5×10−5

by using stress tracks written with 200 nJ pulses and separated by 20µm from the waveguide.
Values below the uncertainty of the measurements, < 4× 10−6, can be reached by using the
strongest (250 nJ) stress tracks and the same 20µm separation.

As seen in past works [21], the presence of nanogratings aligned parallel to the ultrafast
fabricated waveguide (perpendicular polarized laser) greatly increases the waveguide birefrin-
gence. In Fig. 5, a birefringence comparison is made between waveguides written with parallel
and perpendicular polarizations of the writing laser to study the influence of their stress induc-
ing laser tracks. The birefringence shown as a function of the stress tracks separation clearly
follows the same trend for both parallel and perpendicular polarizations of the writing laser.
Furthermore, in both cases the stress tracks fabricated with 200 nJ of pulse energy yielded sim-
ilar increases of 1.72×10−4 and 1.93×10−4 for the parallel and the perpendicular polarization
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Fig. 4. Birefringence as a function of the stress tracks separation for (a) horizontal geom-
etry and (b) vertical geometry and various applied laser energies. The black squares at ∞
separation represent the reference birefringence measured for a single BGW without stress
modification.
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Fig. 5. Birefringence as a function of the stress track separation for (a) horizontal geometry
and (b) vertical geometry, for 200 nJ pulse energy. The blue circles are the results for
the fabrication made with parallel polarization of the writing laser, �EPar‖, while the green

pentagons are the results for the perpendicular polarization, �EPer⊥, case. The squares at ∞
separation represent the reference BGWs for both writing polarizations.

cases, respectively, when the stress separation was 15µm in the horizontal geometry approach
(Fig. 5(a)). Otherwise, differing decreases of 0.35× 10−4 and 0.17× 10−4 were found for the
vertical stress approach, for the parallel and the perpendicular polarization cases, respectively.

The influence on the individual mode effective indices for both V and H waveguide polar-
ization modes are presented in Fig. 6 for varying stress track separations and different stressing
geometry. For horizontal geometry, Fig. 6(a) shows that the horizontal material stress produces
a large increase in the V mode effective index while a slight decrease is noted in the H mode
propagation constant. Figure 6(b) shows the results for the vertical stress geometry case where
both V and H modes showed a decrease in the effective index as the modification tracks were
fabricated closer to the BGW. The difference between the effective indices for V and H modes
in Fig. 6 correspond to the birefringence values reported in Fig. 5 and Fig. 4.
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Fig. 6. Relative effective index of the BGWs, with respect to the effective index of the ref-
erence H mode (1.4454), for both V (blue triangles) and H (red inverted triangles) polariza-
tion modes as a function of the stress tracks separation. (a) is for the horizontal geometry
and (b) is for the vertical geometry, both made with the parallel polarized writing laser and
stress tracks produced with 200 nJ pulse energy.

Only separations above 10µm for the horizontal approach and above 20µm for the vertical
approach yielded useful birefringence shifts, as shorter distances produced non-negligible cou-
pling between the BGWs and the stress tracks. This coupling region is noted in Fig. 4, Fig. 5
and Fig. 6 by a gray shaded area on the plots. The insets in Fig. 4 and Fig. 5 show the mode
profiles for a select number of devices, supporting the earlier statement that there is no signifi-
cant change in the mode sizes due to the presence of the stress inducing laser modification lines
for the parallel polarization of the writing laser case.

4. Discussion

The horizontal tracks were found to add stresses that produced more than a 3-fold increase in
the waveguide birefringence (Fig. 4(a)), while leaving the overall mode profile of the waveguide
largely unaffected as evidenced by the nearly unchanging elliptical-like mode profile elongated
along the z-axis direction (9.9µm×11.2µm)±0.2µm (Table 1). The stress modification was
most pronounced for the V polarization mode as noted by the asymmetric response of increas-
ing (decreasing) effective index for vertical (horizontal) polarizations in Fig. 6(a). In contrast,
the vertical stress tracks reduced the waveguide birefringence (Fig. 4(b), Fig. 5(b)) while also
showing an effective refractive index decrease with decreasing separation for both polarization
modes (Fig. 6(b)). The mode profile sizes were also little affected for this case except in the
limit of 20µm separation and with 250 nJ exposure, where the mode ellipticity was reversed,
being elongated along the x-axis (12.1µm×10.8µm)±0.2µm (Table 1). In this way, such verti-
cal stress tracks offer a new direction for creating symmetric mode waveguides to compensate
for asymmetric focusing conditions. Previous methods for the fabrication of waveguides with
symmetric modes included slit beam shaping [29], astigmatic beam focusing with cylindrical
lenses [30], among others. Alternatively, the stress bars will offer a way to tune the mode ellip-
ticity with advantages when designing three-dimensional directional couplers, where the same
or different coupling coefficient may be desirable between waveguides that are in or out of
plane.

The BGWs can act as sensors of the stresses surrounding the tracks and can be used to probe
the stress fields in the material. The data presented is consistent with the observations made
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from Fig. 2, with the horizontal modification tracks adding stresses and inducing a preferential
increase in the effective index of the V polarization modes to increase the birefringence, while
the vertical modification tracks diminish the waveguide birefringence in the BGWs under test.
Based on the results shown in Fig. 5, nearly the same directions and shifts were observed
independently of the weak birefringence produced by parallel polarization or the strong form
birefringence provided by the perpendicular polarization of the writing laser. The material stress
seen in Fig. 2 together with the results shown in Fig. 5 do not affect the nanogratings but rather
superimposes their asymmetric stress field onto the waveguides.

The coincidence of the birefringence shifts found in both writing polarization conditions
(Fig. 5) suggests that the laser stress inducing effects are independent of the writing laser
polarization. The nanograting generated form birefringence is only present in the perpendic-
ular polarization case which is in agreement with the expected nanograting orientation, as the
nanogratings generated by the parallel polarized writing have no periodicity components in any
of the V and H polarization directions. In contrast, the birefringence induced due to material
stress is equally present in both cases.

With the inclusion of stress tracks surrounding the waveguides, it is now possible to tune the
birefringence from < 4×10−6 up to 2.52×10−4 with parallel polarization of the writing laser
and from 1.71×10−4 up to 4.35×10−4 with perpendicular polarization of the writing laser. The
higher birefringence values made available may permit the design of shorter components for
polarization beam splitters [20] or wave retarders [21]. Table 2 summarizes the characteristics
of a zero-order half-wave plate calculated with the birefringence values for each writing condi-
tion and with the total insertion losses projected for that devices based on the calculated length
and on the propagation losses. A zero-order half-wave plate with as little as 1.8 mm length is
possible to obtain with this technique, which is more than half as short as the 4 mm length
device minimum found previously [21] with the same femtosecond laser writing arrangement.

Table 2. Summary of maximum and minimum birefringence and minimum zero-order half-
wave plate lengths for different waveguide writing conditions.

Writing laser
polarization

Δnoriginal

(±4×10−6)
Δnmax, Δnmin

(±4×10−6)

Zero-order half-wave plates

Minimum
length (mm)

Insertion
loss (dB)

Para. �EPar‖
↗ < 4×10−6 (V-stress) – –

6.6×10−5 ���� 11.7 0.6
↘ 2.52×10−4 (H-stress) 3.1 0.2

Perp. �EPer⊥
↗ 1.71×10−4 (V-stress) – –

1.88×10−4 ���� 4.3 0.3
↘ 4.35×10−4 (H-stress) 1.8 0.2

The Bragg grating splitting technique was able to unambiguously determine the birefrin-
gence, Δn, with spectral measurements and with an uncertainty of ±4× 10−6. With the ex-
ception of the non-birefringent waveguide, all the waveguides shown have losses comparable
to the ones found for single waveguides, without stress inducing tracks, (1.1±0.1) dB/cm for
BGWs and (0.9±0.1) dB/cm for unmodulated waveguides produced with perpendicular, �EPer⊥,
and (0.8±0.1) dB/cm for BGWs and (0.5±0.1) dB/cm for unmodulated waveguides produced
with parallel, �EPar‖, polarization of the writing laser.

The zero birefringence condition found with the closest vertical stress tracks offers a unique
opportunity to explore for low polarization mode dispersion waveguides. However, the almost
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2-fold higher losses found for this stressed waveguide is much higher than found in other laser
formed fused silica waveguides, warranting further exploration of laser exposure conditions to
provide waveguides birefringence of 10−6.

In order to further increase the range of birefringence values available, closer spacing be-
tween the waveguides and the stress tracks could be explored with weaker stressing structures
that will not couple evanescently nor coalesce into a multi-mode waveguide. Alternatively,
stronger laser pulse energy, than available here, could be tested to induce stronger birefrin-
gence modification effects. More precise diagnostic tools may facilitate demonstration of much
lower waveguide birefringence than was possible to measure here. Post thermal annealing may
be explored to further tune this low waveguide birefringence through stress relaxation [5].

There is a significant advantage for many application to use low birefringent waveguides
in order to avoid polarization mode dispersion, while there is also the opportunity to explore
higher birefringence values in order to design shorter polarization dependent devices, like the
polarization beam splitters and wave plates. The flexibility of increasing or decreasing the bire-
fringence opens up the option of tuning the original waveguide birefringence by judicious plac-
ing of stress tracks of varying strengths along an optical circuit, without significantly affecting
the waveguide mode or the propagation loss, offering more design options in combining vari-
ous degrees of birefringent and non-birefringent waveguides for integration into more complex
polarization devices.

Other geometric arrangements of the stressing tracks could be explored to change the eige-
naxes of the polarization modes, perhaps enabling the design of polarization devices to work
in different orthogonal directions other than the vertical and horizontal shown here (45◦ to the
current eigenmodes for example).

5. Conclusion

This paper demonstrated the use of stressing tracks in two orientations that enhance or diminish
birefringence with values ranging from < 4× 10−6 up to 4.35× 10−4. There is a negligible
effect on mode profiles and waveguide losses by the presence of stress tracks, except in the
limit of closely written vertical tracks with the maximum energy available; however, this last
condition offers the opportunity to create a symmetric mode profile.

This stressing technique provides the ability to master the birefringence effects which is an
area of three-dimensional laser writing that has not been fully explored in the past and yet shown
to be important for advanced integration of femtosecond written optical circuits. The measure-
ments and fabrication techniques shown add more flexibility to modify three-dimensional cir-
cuits to insert low birefringence waveguides together with strong polarization devices as mak-
ing a whole range of operations available for the design of compact devices like polarization
beam splitters and wave plates. While polarization devices may be of key importance for the
fabrication of integrated quantum entanglement experiments, the ability to reduce such birefrin-
gence may also be of interest, by providing ways of connecting different components with little
polarization mode dispersion, which can be favorable for quantum measurements by reducing
decoherence of entangled photon pairs or to improve the performance of optical communication
systems.
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