
HAL Id: hal-04702075
https://hal.science/hal-04702075v1

Submitted on 19 Sep 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Femtosecond laser writing of robust waveguides in optical
fibers with enhanced photosensitivity

L. Colliard, J. Lapointe, N. Grégoire, S. Morency, R. Vallée, Matthieu Bellec, M.
Bernier

To cite this version:
L. Colliard, J. Lapointe, N. Grégoire, S. Morency, R. Vallée, et al.. Femtosecond laser writing of robust
waveguides in optical fibers with enhanced photosensitivity. Optics Express, 2024, 32 (11), pp.19735.
⟨10.1364/oe.521714⟩. ⟨hal-04702075⟩

https://hal.science/hal-04702075v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Research Article Vol. 32, No. 11 / 20 May 2024 / Optics Express 19735

Femtosecond laser writing of robust
waveguides in optical fibers with enhanced
photosensitivity
L. COLLIARD,1,2 J. LAPOINTE,1 N. GRÉGOIRE,1 S. MORENCY,1

R. VALLÉE,1 M. BELLEC,2,* AND M. BERNIER1,3

1Centre d’optique, photonique et laser (COPL), Université Laval, 2375 rue de la Terrasse, Québec, G1V
0A6, Canada
2Université Côte d’Azur, CNRS, INPHYNI, France
3martin.bernier@copl.ulaval.ca
*matthieu.bellec@univ-cotedazur.fr

Abstract: We report the femtosecond laser writing of meter-long optical waveguides inscribed
through the coating of specifically designed optical fibers. In order to improve the material
photosensitivity and to ensure non-guiding optical fibers for subsequent laser processing of the
waveguiding core, a depressed refractive index core design is implemented by co-doping a large
portion of the optical fiber with germanium oxide and fluorine. The enhanced photosensitivity
provided by further deuterium loading these fibers allows laser-writing of large refractive index
contrast waveguides over wide cross sections. To mitigate the formation of photoinduced color
centers causing high propagation losses in the photo-written waveguides, thermal annealing up
to 400°C is performed on polyimide-coated laser-written fibers. Although the refractive index
contrast decreases, the propagation losses are drastically reduced down to 0.08 dB/cm at 900nm
allowing a robust single-mode guiding from visible to near infrared. Our results pave the way
towards the development of a new generation of optical fibers and photonic components with
arbitrarily complex designs.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

When an ultrashort laser is strongly focused inside a transparent material, nonlinear absorption
processes lead to microscale material property changes [1]. Such a direct-laser-writing (DLW)
approach allows to process various integrated optical components in polymers [2], crystals [3]
or glass materials [4] that are used in a broad range of photonic applications [5]. Beyond bulk
materials, DLW is also highly suitable for optical fiber functionalization via additive fabrication
[6] – a highly promising route for submicron-scale manufacturing of polymeric and glassy 3D
complex photonic systems [7–12] – or via direct refractive index (RI) modifications [13]. The
latter allows to fabricate, at a localized scale, optical fiber components such as fiber Bragg gratings
(FBG) [14–17], waveguide-based interferometers and transducers [13,18–20] or optofluidic
circuits for lab-on-fiber applications [21,22].

Moreover, reel-to-reel (R2R) laser writing configurations can be used to distribute optical
functionalities over arbitrary long distances. For instance, distributed FBGs [23,24], laser-induced
defects points [25] and continuous UV-induced defects [26,27] or femtosecond laser-induced
type II (i.e. birefringent structures) RI modifications [28,29] have been implemented to enhance
the scattering properties of optical fibers for distributed sensing applications. In addition, our
group recently reported the DLW fabrication, directly through the coating, of few meters long
low-loss waveguides in a coreless pure silica optical fiber [30]. To go one step further to the
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development of on-demand waveguide-based complex architectures at the intermediate meter
scale, it’s necessary improve the light confinement, by increasing the refractive index modification
and/or the waveguide cross section, in order to operate in the near-infrared (IR) while keeping
low losses.

A common strategy to photoimprint high-efficiency FBGs with large refractive index contrasts
(typically up to few 10−2) is to enhance the optical fiber photosensitivity using germanium-
oxide doped fiber core combined with hydrogenation processes. The presence of hydrogen or
deuterium in the germanium-doped silica glass structure increases significantly the photoionization
probability of the Ge-Ge and Ge-Si defect centers in the glass structure leading to a significant
raise of the glass photosensitivity [31].

In this paper, following a similar approach to increase the RI contrast of the laser-written
waveguides, we design large-core silica-based optical fibers co-doped with germanium-oxide
(GeO2) and fluorine (F2) in order to result in a non-guiding depressed fiber core structure. Using
the R2R phase-mask writing technique recently developed [30], we report the fabrication, directly
through the fiber polymer coating, of meter long waveguides operating at low loss up to the
near-infrared. We study the impact of deuterium loading these fiber samples and observe a
clear increase of the RI contrast up to 6.10−3. The photosensitivity increase allows, via a laser
transverse scan during inscription, to fabricate a wide cross-section waveguide up to 8.4 µm in
diameter. To mitigate the formation of photoinduced color centers that cause large propagation
losses in the laser written waveguides, we performed a thermal annealing on the laser-written
optical fibers coated with high temperature resistant polyimide. Although this process tends to
reduce the refractive index contrast, we managed to achieve significantly better performance in
terms of minimal losses compared to our previous work in pure silica [30] (a loss reduction of
∼42% at 900 nm). More importantly we considerably improved the guiding properties of the
resulting waveguide leading to much more robust waveguides with lower sensitivity to bending
losses. To the best of our knowledge, this is the first report of meter-long waveguide inscription
in such configuration which combines a reel-to-reel direct-laser-writing setup and specifically
designed optical fibers. Our results pave the way towards the laser fabrication of robust and
high-quality complex arrangements of arbitrarily long waveguides and photonics components
(e.g. splitters, couplers, etc.) in optical fibers.

2. Experimental setup

2.1. Reel-to-reel direct-laser-writing system

Figure 1(a) illustrates the principle of the R2R-DLW configuration. The optical fiber is unwound,
via a set of rotating spools and pulleys, at constant velocity v (ranging from 0.1 to 2 mm/s) along z
and is exposed locally to a tightly focused IR ultrafast high-energy laser beam of 35 fs pulses and
few 100 µJ at 800 nm and 1 kHz repetition rate (Coherent, Astrella). The longitudinal tension
applied to the fiber is tuned to 4 N. The focusing stage, routinely used for FBGs fabrication [14],
consists in an acylindrical lens (Thorlabs, AYL108-B, 8 mm focal length) and a 1070 nm uniform
period phase-mask positioned at 200 µm from the center of the fiber. This allows to generate a 11
mm Gaussian-apodized sinusoidal interference pattern with 535 nm period and ∼ 1×2 µm2 cross
section in pure silica glass [30]. The combination of the acylindrical lens and the phase mask
reduces the spherical aberration in the transverse plane [32] and stabilizes the multifilamentation
process [33] in the longitudinal plane. It therefore allows to distribute the writing beam over
thousands of periodically arranged spots thus significantly speeding up the writing process to
few mm/s. A conventional single spot writing from a focused circular beam at 1kHz would lead
to a much lower writing speed to a few µm/s which would result in an overly long exposure of
hundreds of hours to process a meter-long waveguide. It should also be noted that writing without
phase-mask was tested and the fiber coating was damaged before any significant local refractive
index modification could be induced as expected [33]. To further enlarge the focal cross section,
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the acylindrical lens is mounted on a 2D piezoelectric scanner (PI, P-611XZ). Since the laser
spot is slightly elongated along the y-axis, to obtain a quasi-circular refractive index distribution,
the lens is moved along the x-axis at 4 Hz over few µm depending on the fiber composition. Note
that above 12 µm range spherical aberrations lead to a deformed focal spot and inhomogeneous
RI distribution. To overcome this limitation, beam shaping techniques (using e.g. cylindrical
doublets [34] or a spatial light modulators [35]) adapted to our phase-mask setup [36] could be
employed to compensate for the geometrical aberrations. The unwinding of the optical fiber
during the writing process erases most of the grating periodicity, which ensures a continuous
refractive index modification allowing the fabrication of smooth and homogeneous waveguides
in the fiber. Typically, in a coreless pure silica optical fiber, we reported 2 µm wide waveguides
with an almost circular cross-section [30]. The energy threshold of the prohibitive birefringent
type II modifications leads to a little flexibility regarding the laser inscription parameters. Thus,
to increase the refractive index change, we design optical fibers with enhanced photosensitivity.

Fig. 1. (a) Sketch of the reel-to-reel direct-laser-writing experimental setup. The optical
fiber is translated along z at constant velocity v and is locally inscribed via a DLW
workstation which consists in a femtosecond laser beam focused from the side of the
optical fiber, directly through the fiber coating, by an acylindrical lens combined with
a phase-mask. The generated focal zone consists in an elongated sinusoidal pattern
that is smoothed out during the fiber translation. (b, c) Experimentally measured
transverse refractive index distributions with their corresponding profiles (plotted along
the gray dashed line) of the SiO2/GeO2/F2 co-doped silica fiber with low-GeO2/F2
concentration (b, cladding: pure silica, core: 98.3 mol% SiO2, 0.9 mol% GeO2, 0.8
mol% F2) and higher-Ge2/F2 concentration (c, cladding: pure silica, core: 94.9 mol%
SiO2, 3.1 mol% GeO2, 2.0 mol% F2). The co-doped cores show a diameter of 52
µm and 61 µm respectively, and a similar refractive index decrease of ∼−1.3×10−3

respectively compared to the pure silica cladding. The white scale bar is 25 µm.

employed to compensate for the geometrical aberrations. The unwinding of the optical fiber
during the writing process erases most of the grating periodicity, which ensures a continuous
refractive index modification allowing the fabrication of smooth and homogeneous waveguides
in the fiber. Typically, in a coreless pure silica optical fiber, we reported 2 µm wide waveguides
with an almost circular cross-section [30]. The energy threshold of the prohibitive birefringent
type II modifications leads to a little flexibility regarding the laser inscription parameters. Thus,
to increase the refractive index change, we design optical fibers with enhanced photosensitivity.

2.2. Photosensitive optical fiber design and fabrication

To enhance the glass photosensitivity while ensuring non-guiding properties of the resulting
optical fiber to further process and adequately characterize the femtosecond-written waveguides,
we co-doped a large portion of the silica glass fibers with GeO2 and F2.
Two preforms were successively fabricated using a modified chemical vapor deposition (MCVD)
process by co-doping the SiO2 sooth with GeO2 and F2 in the gaseous phase by adding GeCl4
and fluorine to the SiCl4 gas mixture during deposition. An optimized approach involving
the deposition of very thin layers of sooth was implemented to ensure a smooth RI radial
distribution, free of visible RI ripples, that would have resulted in significant inhomogeneity
during subsequent laser processing. The core/clad diameter ratio of both preforms was further
adjusted to significantly increase the fiber core by etching the cladding using a bath of liquid HF.
The first preform was made as a proof of concept with a low doping concentration of 0.9 mol%
GeO2 and 0.8 mol% F2. The amount of fluorine was adjusted to obtain a depressed RI core
ensuring that the fiber was not guiding without any waveguide photo-inscribed. This depressed-
core geometry is important in order to precisely characterize the photo-written waveguide
properties by ensuring efficient light stripping by the fiber cladding and coating. This first

Fig. 1. (a) Sketch of the reel-to-reel direct-laser-writing experimental setup. The optical
fiber is translated along z at constant velocity v and is locally inscribed via a DLW workstation
which consists in a femtosecond laser beam focused from the side of the optical fiber, directly
through the fiber coating, by an acylindrical lens combined with a phase-mask. The generated
focal zone consists in an elongated sinusoidal pattern that is smoothed out during the fiber
translation. (b, c) Experimentally measured transverse refractive index distributions with
their corresponding profiles (plotted along the gray dashed line) of the SiO2/GeO2/F2
co-doped silica fiber with low-GeO2/F2 concentration (b, cladding: pure silica, core: 98.3
mol% SiO2, 0.9 mol% GeO2, 0.8 mol% F2) and higher-Ge2/F2 concentration (c, cladding:
pure silica, core: 94.9 mol% SiO2, 3.1 mol% GeO2, 2.0 mol% F2). The co-doped cores
show a diameter of 52 µm and 61 µm respectively, and a similar refractive index decrease
of ∼ −1.3 × 10−3 respectively compared to the pure silica cladding. The white scale bar is
25 µm.

2.2. Photosensitive optical fiber design and fabrication

To enhance the glass photosensitivity while ensuring non-guiding properties of the resulting
optical fiber to further process and adequately characterize the femtosecond-written waveguides,
we co-doped a large portion of the silica glass fibers with GeO2 and F2.

Two preforms were successively fabricated using a modified chemical vapor deposition
(MCVD) process by co-doping the SiO2 sooth with GeO2 and F2 in the gaseous phase by
adding GeCl4 and fluorine to the SiCl4 gas mixture during deposition. An optimized approach
involving the deposition of very thin layers of sooth was implemented to ensure a smooth RI radial
distribution, free of visible RI ripples, that would have resulted in significant inhomogeneity
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during subsequent laser processing. The core/clad diameter ratio of both preforms was further
adjusted to significantly increase the fiber core by etching the cladding using a bath of liquid HF.

The first preform was made as a proof of concept with a low doping concentration of 0.9 mol%
GeO2 and 0.8 mol% F2. The amount of fluorine was adjusted to obtain a depressed RI core
ensuring that the fiber was not guiding without any waveguide photo-inscribed. This depressed-
core geometry is important in order to precisely characterize the photo-written waveguide
properties by ensuring efficient light stripping by the fiber cladding and coating. This first
preform was drawn into a 52/125 µm core/clad diameter optical fiber with a fiber tower adapted
to silica glass drawing. The corresponding transverse refractive index distribution and profile are
presented in Fig. 1(b). As compared to the pure silica cladding, the doped-core indeed exhibits a
negative refractive index change of ∼ −1.3 × 10−3. A standard polyacrylate coating was applied
during the fiber drawing leading to an optical fiber with an external diameter of 250 µm.

The second preform was fabricated once the fiber resulting from the first preform was
successfully photo-written and the resulting waveguiding properties characterized. To further
enhance the material photosensitivity, this second preform was doped at higher concentration of
3.1 mol% GeO2 and 2.0 mol% F2. This preform was drawn into a 61/125 µm core/clad diameter
optical fiber and also exhibits a negative refractive index change of ∼ −1.3 × 10−3 compared
to the pure silica cladding as shown in Fig. 1(c). The doping concentration in fluorine for the
second preform was adjusted so that the resulting negative refractive index change of the doped
core was approximately the same as for the first doped preform. Figure 1(c) shows that this
higher doping concentration has led to a less uniform RI profile for the doped core compared
with the first preform shown in Fig. 1(b).

As explained below, a polyimide coating was applied to this second fiber (leading to an
external diameter of 134 µm) in order to mitigate, via thermal annealing, the photoinduced losses
associated to the formation of color centers in the doped glass observed by characterizing the
photo-written waveguides on the fiber from the first preform coated with standard polyacrylate.
Such polyacrylate coating has a short-term operating temperature of only 150◦C which is
insufficient to anneal the color centers in germanosilicate fibers [37]. On the other hand, the
polyimide coating is capable of withstanding short-term operating temperatures up to 400◦C
[38] which makes it a great choice to process the annealing of the fiber samples to mitigate the
photoinduced losses during waveguide writing [37], and is expected to result in very low loss
waveguides. It should be noted that removing the coating on the meter-long fibers to proceed
with thermal annealing would have been a rather difficult option that we did not consider for
practical reasons.

Finally, to further increase their photosensitivity, the two resulting optical fibers were loaded
with deuterium at 2000 psi during 14 days. As a reference, we also considered a home drawn
coreless pure silica fiber surrounded by a polyacrylate coating [30] before and after hydrogenation.

2.3. Waveguides characterization

The measurement of the transverse distribution of the refractive index is performed by an
interferometric fiber analyzer (Interfiber Analysis, IFA-100). The longitudinal distribution of
the optical path difference obtained with a wavefront sensor (Phasics, SID4Bio) attached to an
optical microscope was also measured complementing the transverse RI characterization [39].

To obtain the propagation losses, first the spectral transmission was measured from 600 to 1200
nm for various laser-written waveguides of various lengths by coupling a supercontinuum source
(Koheras, SuperK Power) to the waveguide input with an aspheric lens (New Focus, 5726-B) and
by recording the transmitted signal with an optical spectrum analyzer (Yokogawa, AQ6370D). A
reference single-mode fiber was used to normalize the transmission spectra. Then, the spectra
are divided by the fiber length. For the cutback method, a set of transmission measurements was
carried out after successively cutting a ∼20cm piece of the laser-inscribed fibers. Fiber samples
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were cut with a standard cleaver (CT50 Fujikura). If the cutting angle, checked with the angle
calculator embedded in a fusion splicer (Fujikura 31S), is greater than 1◦, the cleave was remade.
Each measurement is averaged over multiple spectra. The corresponding error is ±1 dB. The
propagation losses at a given wavelength are then obtained from a linear fit of the log scaled
normalized transmission.

3. Results

3.1. Refractive index modification

We first investigated the laser-induced refractive index distribution of 12 cm-long waveguides
inscribed in i) a pure silica optical fiber, ii) a D2-loaded pure silica fiber, iii) a D2-loaded GeO2/F2
fiber co-doped with low concentration and iv) a D2-loaded GeO2/F2 fiber co-doped with higher
concentration. The writing condition in terms of pulse energy and velocity are respectively i) 220
µJ, ii) 220 µJ, iii) 230 µJ and iv) 300 µJ at v = 1 mm/s each. The pulse energy is chosen to be
slightly below the damage (type-II) threshold to ensure smooth type-I RI modifications ensuring
low waveguiding losses and high fiber mechanical strength [40]. For the latter optical fiber, the
polyimide coating requires a slightly stronger pulse energy considering its larger refractive index
of n ∼ 1.7 compared to n ∼ 1.55 for polyacrylate [41]. We also increased the transversal range
implemented by the piezoelectric actuator to design a larger cross section waveguide. Figure 2
presents the transverse refractive index distribution measured for each chemical composition
(corresponding to each column). The first row displays the entire 125 µm diameter optical fibers
while the second row focuses on the regions of interest delimited by the dashed gray boxes. The
last row corresponds to the RI profiles along the dashed gray line. For the pure silica optical
fiber, we obtained a maximum refractive index modification ∆n = (3.8 ± 0.2) × 10−3 with a full
width at half maximum (FWHM) of 2.7 µm, in very good accordance to our previous work
[30]. The D2-loading process performed on the pure silica fiber allows to increase the ∆n up to
(4.5 ± 0.2) × 10−3 with a slightly larger FWHM measured to 3.3 µm. For the D2-loaded GeO2/F2
co-doped optical fiber at low doping concentration, the refractive index is greatly increased, up to
(5.7 ± 0.2) × 10−3 and the FWHM remains similar to the previous cases at 3.3 µm.

By varying the writing velocity, we conducted a more systematic study for the unloaded pure
silica fiber, the D2-loaded pure silica fiber and the D2-loaded GeO2/F2 silica fiber co-doped
at low concentration. As summarized in Fig. 3, we observed, as expected, a decrease of the
maximum refractive index as v increases from 0.2 to 2 mm/s. Overall, compared to the results
reported for a pure silica fiber [30] (gray curve), we measured a rise of 10% for the D2-loaded
pure silica (yellow curve) and of 35% for the D2-loaded GeO2/F2 silica fiber co-doped at low
concentration (red curve).

The GeO2/F2 co-doped D2-loaded optical fiber at higher doping concentration with deuterium
loading was not included in this systematic study because it was not available at that time. We
observed a different behavior in this case shown in Fig. 2(d,h,l). The RI modifications were
significantly lower for the laser parameters used with the previous polyacrylate coated optical
fibers (i.e. 220-230 µJ) and a higher energy (300 µJ) were required to observe RI changes. We
believe that due to the improved photosensitivity combined with the properties of the polyimide
coating (reflexion losses, absorption and focusing conditions), the energy is deposited on a very
elongated area requiring a large scanning sweep of the writing beam to maintain a quasi-circular
cross section. The wide waveguide (8.4 µm FWHM) is thus counterbalanced by a rather
low maximum ∆n of (3.1 ± 0.2) × 10−3 due to a significant spreading of the deposited energy.
Lowering the writing speed or increasing the length of the elongated writing beam along the
fiber (see Sec. 2.1) would have been required in this case to reach larger RI modifications, this
will be the subject of an upcoming study. Figure 2(m) depicts the longitudinal distribution of the
optical path difference (OPD) measured with a wavefront sensor (Phasics, SID4) attached to an
optical microscope [39]. At this scale, the OPD is seems very homogeneous.
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Fig. 2. Experimentally measured transverse refractive index distribution of 12 cm-
long waveguides inscribed in four different optical fibers: a pure silica optical fiber
(a), a D2-loaded pure silica fiber (b), a D2-loaded GeO2/F2 fiber co-doped with low
concentration (c) and a D2-loaded GeO2/F2 fiber co-doped with higher concentration
(d). The writing pulse energy were 220 µJ, 220 µJ, 230 µJ and 300 µJ respectively
and the velocity v = 1 mm/s. In (d), a larger scanning sweep of the writing beam was
applied to maintain a quasi-circular cross section explaining the lower maximum RI
change. The white scale bar is 30 µm. The second row (e–h) shows the corresponding
regions of interest delimited by the dashed gray boxes in (a–d). The image size is 37
µm × 37 µm. The last row (i–l) shows the corresponding RI profiles delimited by the
dashed gray lines in (e–h). (m) Longitudinal distribution of the optical path difference
corresponding to the D2-loaded GeO2/F2 fiber co-doped with higher concentration.
The scale bar is 10 µm. The profile averaged along z is depicted by the dashed blue
line in (l).
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Fig. 3. Maximum refractive index modification Δn vs writing velocity v for three
different optical fiber compositions: Unloaded pure silica (grey) D2-loaded pure silica
(yellow) and D2-loaded GeO2/F2 fiber co-doped at low concentration (red). The gray
curve is adapted from [30] and is provided for comparison.
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3.2. Transmission measurements

To study the photo-written waveguide propagation losses, we implemented a cutback method
on meter long waveguides inscribed in two different fibers (1.8 m in D2-loaded GeO2/F2 silica
fiber co-doped at low concentration and 0.94 m in D2-loaded GeO2/F2 silica fiber co-doped
at higher concentration). To do so, using a supercontinuum source and an optical spectrum
analyzer, we measured the spectral transmission from 600 to 1200 nm for various waveguide
lengths. Propagation losses were extracted by a fitting procedure. The results obtained at 900 nm
which is close to the optimal transmission in both cases are summarized in Table 1. The losses
are comparable to the (0.137 ± 0.002) dB/cm reported in pure silica [30] at the same wavelength.
The refractive index increase and the wider waveguide cross section of the two fibers with low
and high co-doping concentrations both lead to a better light confinement in the near-IR. That
said, one should expect much lower propagation losses as well. This issue will be discussed in
the next section.

Table 1. Propagation losses at 900 nm obtained from a cutback
method performed on meter long samples for two different fibers
(see the gray curve in Fig. 4(g) for the low GeO2/F2 concentration

case). The error bars correspond to the standard deviation of
fitted parameters. For comparison, the measurement at the same
wavelength in pure silica optical fiber was (0.137 ± 0.002) dB/cm

[30].

Fiber type Losses (dB/cm)

GeO2/F2 low concentration 0.337±0.008

GeO2/F2 larger concentration 0.24±0.01

4. Discussions

In D2-loaded co-doped optical fibers exposed to ultrashort IR laser pulses, the refractive index
increase actually originates from both the glass densification and the formation of photoinduced
color-centers [42]. Those color-centers are highly absorptive leading to detrimental propagation
losses in the spectral range from UV up to near-IR [43]. In the framework of FBGs fabrication
in H2/D2-loaded standard telecom germanosilicate fibers, it has been shown that an additional
thermal annealing (typically up to 500◦C) allows to suppress a large fraction of the photoinduced
color-centers which is also accompanied by a ∼ 50% reduction of the refractive index change
[42].

In this vein, we performed a thermal annealing on the laser-written waveguides (300 µJ, 1
mm/s) in the D2-loaded GeO2/F2 silica fiber co-doped at higher concentration. As said previously,
this fiber is protected by a polyimide coating that withstands high temperatures up to 400◦C (in
contrast to standard polyacrylate coating withstanding maximum temperatures of only 150◦C).
Figures 4(a–c) show the transverse refractive index distribution of a 12 cm-long waveguide
written in such a fiber after the inscription (a), after a first thermal annealing at 200◦C for 30 min
(b) and after a last thermal annealing at 400◦C for 30 min (c). As expected, the refractive index
distribution remains similar but the maximum ∆n drops almost linearly by 58% after the last
thermal annealing, as depicted in the Fig. 4(d). This result is in very good accordance with the
literature [42]. As observed in Figs. 2(d) and 4(a–c), the inscribed waveguides are not always
perfectly centered in the large core. The fiber positionning instabilities likely come from the fiber
slippage in the V-groove of the pulleys and from the mechanical noise of the motor managing the
fiber tension [30]. The V-grooves were designed for standard polyacrylate coated optical fiber
with 250 µm diameter. Since the polyimide coating was, by design, thinner than the standard
polyacrylate one (4.5 µm compared to 65.5 µm, leading to a 134 µm diamater), the fiber slippage
was larger and led to a higher deviation in the waveguide centering.
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Fig. 4. (a–c) Transverse refractive index distributions of a 12 cm-long waveguide
written in a D2-loaded GeO2/F2 fiber doped at higher concentration at 300 µJ, 0.1
mm/s during a thermal annealing. (a) After the irradiation, (b) after a first thermal
annealing at 200°C for 30 min and (c) after a last thermal annealing at 400°C for 30
min. The image size is 65 µm × 65 µm. The white scale bar is 10 µm. The black
arrow in (c) indicates the first cladding structure. (d) Maximum refractive index change
Δnmax vs the temperature. (e) Picture of the output signal when a supercontinuum
source from 600 to 1200 nm is injected at the input of a 0.94 meter-long waveguide
after the last thermal annealing. (f) Near-field intensity profiles measured at the output
of the 12 cm-long waveguide (after the last thermal treatment at 400°C) measured for
input wavelengths ranging from 405 to 786 nm. The scale bar is 20 µm.

The near-field intensity profile was measured at the output of the waveguide thermally annealed
at 400°C for various input wavelengths ranging from 405 to 786 nm (using different laser diodes).
The images presented in Fig. 4(f) show a clear single-mode behavior at 786 nm and suggest a
wavelength cutoff between 633 and 786 nm. This is consistent with the theoretical value of 710
nm calculated by considering a 4µm-radius circular waveguide with a Δn of 1.55×10−3.
Finally, the spectral transmission was measured from 600 nm to 1200 nm through a 0.94 m-long
waveguide inscribed in the D2-loaded GeO2/F2 fiber co-doped at higher concentration under the
same conditions. The same thermal treatment was applied (200°C for 30 min and 400°C for
30 min). Note that the pure silica inscribed fiber previously studied [30] required to be held as
straight as possible to limit the bending losses and transmit a guided signal. In comparison, as
illustrated in Fig.4(e), the 400°C thermally treated D2-loaded GeO2/F2 fiber can be manipulated
less carefully without any detrimental losses thus suggesting a more robust behavior regarding
bending losses.
The output spectrum was measured as function of the annealing temperature, see Fig. 5(a). For
the waveguide after inscription (blue curve), the optimal transmission was observed near 1075
nm with 0.15 dB/cm propagation losses. After a first thermal annealing (yellow curve), minimum
losses of 0.10 dB/cm were measured at 1110 nm. As the annealing temperature increases (red
curve), the losses drastically decreases in the short wavelength range, from 0.44 to 0.12 dB/cm at
700 nm and from 0.22 to as low as 0.08 dB/cm at 900 nm. This is confirmed by the propagation
losses obtained from the cutback method performed on the thermally annealed fiber (Fig. 5(a),
red circles). For instance, Fig. 5(b, red markers) depicts the normalized transmission measured

Fig. 4. (a–c) Transverse refractive index distributions of a 12 cm-long waveguide written
in a D2-loaded GeO2/F2 fiber doped at higher concentration at 300 µJ, 0.1 mm/s during
a thermal annealing. (a) After the irradiation, (b) after a first thermal annealing at 200◦C
for 30 min and (c) after a last thermal annealing at 400◦C for 30 min. The image size is
65 µm × 65 µm. The white scale bar is 10 µm. The black arrow in (c) indicates the first
cladding structure. (d) Maximum refractive index change ∆nmax vs the temperature. (e)
Picture of the output signal when a supercontinuum source from 600 to 1200 nm is injected
at the input of a 0.94 meter-long waveguide after the last thermal annealing. (f) Near-field
intensity profiles measured at the output of the 12 cm-long waveguide (after the last thermal
treatment at 400◦C) measured for input wavelengths ranging from 405 to 786 nm. The scale
bar is 20 µm.

The near-field intensity profile was measured at the output of the waveguide thermally annealed
at 400◦C for various input wavelengths ranging from 405 to 786 nm (using different laser diodes).
The images presented in Fig. 4(f) show a clear single-mode behavior at 786 nm and suggest a
wavelength cutoff between 633 and 786 nm. This is consistent with the theoretical value of 710
nm calculated by considering a 4µm-radius circular waveguide with a ∆n of 1.55 × 10−3.

Finally, the spectral transmission was measured from 600 nm to 1200 nm through a 0.94
m-long waveguide inscribed in the D2-loaded GeO2/F2 fiber co-doped at higher concentration
under the same conditions. The same thermal treatment was applied (200◦C for 30 min and
400◦C for 30 min). Note that the pure silica inscribed fiber previously studied [30] required
to be held as straight as possible to limit the bending losses and transmit a guided signal. In
comparison, as illustrated in Fig. 4(e), the 400◦C thermally treated D2-loaded GeO2/F2 fiber
can be manipulated less carefully without any detrimental losses thus suggesting a more robust
behavior regarding bending losses.

The output spectrum was measured as function of the annealing temperature, see Fig. 5(a). For
the waveguide after inscription (blue curve), the optimal transmission was observed near 1075
nm with 0.15 dB/cm propagation losses. After a first thermal annealing (yellow curve), minimum
losses of 0.10 dB/cm were measured at 1110 nm. As the annealing temperature increases (red
curve), the losses drastically decreases in the short wavelength range, from 0.44 to 0.12 dB/cm at
700 nm and from 0.22 to as low as 0.08 dB/cm at 900 nm. This is confirmed by the propagation
losses obtained from the cutback method performed on the thermally annealed fiber (Fig. 5(a),
red circles). For instance, Fig. 5(b, red markers) depicts the normalized transmission measured
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at 900 nm for various lengths of the waveguide inscribed in this fiber. The value obtained via a
fitting procedure (red dashed line) is (0.08 ± 0.01) dB/cm. It is worth mentioning that the losses
decrease with the wavelength in contradiction to what is observed with pure silica laser-inscribed
fibers [30]. The loss mechanism might be different between the two types of optical fiber. In
pure silica, propagation losses likely arise from the modal properties while it might come from
scattering in the GeO2/F2 co-doped fibers. Note that for the optical fibers annealed at 400◦C,
the long wavelength guiding edge shifts down to 1000 nm (measurement artifacts above this
wavelength were removed). Even if we suspect coupling to the cladding modes due to the
decrease of the photoinduced refractive index, the deep understanding of the underlying loss
mechanism is still under investigation. We are currently considering novel optical fiber designs
with an adjusted GeO2/F2 ratio in the co-doped core to further increase the refractive index
modification. Taking up this technological challenge would lead to femtosecond laser-inscribed
waveguides with record low-losses of the order of a few dB/m in the near-IR. The proposed
process is not yet suitable for km-long optical fibers. Besides losses, the writing velocity (of the
order of mm/s) is also a limiting factor. It should be pointed out that increasing the input beam
length or the repetition rate of the laser source used to write the waveguides could further speed
up the writing process. Note that the latter configuration usually requires multiscan approach to
achieve high contrast RI modifications (see e.g. [4,44,45]) which might not be compatible with
our R2R setup. Laser-written waveguides would become highly suitable for the realization of
innovative fibers having longitudinal varying core designs, on-demand fiber components such
as splitters, couplers, or a complex arrangement of cores in few meters fibers. At rather short
term, we aim at using beam shaping techniques (like e.g. [46]) to generate multiple spots in the
transversal plane and implement integrated Mach-Zehnder interferometers by writing two cores
with variable spacing and coupled chiral cores fibers by inscribing helical waveguides around an
existing core in a standard single mode fiber.

Fig. 5. (a) Propagation losses obtained by measuring the transmitted spectrum from
600 to 1200 nm after each thermal annealing steps performed on a 0.94 meter-long
waveguide inscribed in the D2-loaded GeO2/F2 fibers doped at high concentration.
The red circles correspond to the losses measured by the cutback method at different
wavelengths. The error bars, corresponding to the standard deviation of the fitted
parameters, are similar to the marker sizes. (b) Normalized transmission measured at
900 nm for various waveguide lengths (cutback method) performed on the D2-loaded
GeO2/F2 fibers doped at low concentration (gray) and at higher concentration after the
last annealing step (red). The error bars are similar to the marker sizes. The propagation
losses are obtained via a linear fitting procedure (dashed lines).

at 900 nm for various lengths of the waveguide inscribed in this fiber. The value obtained via a
fitting procedure (red dashed line) is
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0.08±0.01
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dB/cm. It is worth mentioning that the losses

decrease with the wavelength in contradiction to what is observed with pure silica laser-inscribed
fibers [30]. The loss mechanism might be different between the two types of optical fiber. In
pure silica, propagation losses likely arise from the modal properties while it might come from
scattering in the GeO2/F2 co-doped fibers. Note that for the optical fibers annealed at 400°C,
the long wavelength guiding edge shifts down to 1000 nm (measurement artifacts above this
wavelength were removed). Even if we suspect coupling to the cladding modes due to the
decrease of the photoinduced refractive index, the deep understanding of the underlying loss
mechanism is still under investigation. We are currently considering novel optical fiber designs
with an adjusted GeO2/F2 ratio in the co-doped core to further increase the refractive index
modification. Taking up this technological challenge would lead to femtosecond laser-inscribed
waveguides with record low-losses of the order of a few dB/m in the near-IR. The proposed
process is not yet suitable for km-long optical fibers. Besides losses, the writing velocity (of the
order of mm/s) is also a limiting factor. It should be pointed out that increasing the input beam
length or the repetition rate of the laser source used to write the waveguides could further speed
up the writing process. Note that the latter configuration usually requires multiscan approach to
achieve high contrast RI modifications (see e.g. [4, 44, 45]) which might not be compatible with
our R2R setup. Laser-written waveguides would become highly suitable for the realization of
innovative fibers having longitudinal varying core designs, on-demand fiber components such
as splitters, couplers, or a complex arrangement of cores in few meters fibers. At rather short
term, we aim at using beam shaping techniques (like e.g. [46]) to generate multiple spots in the
transversal plane and implement integrated Mach-Zehnder interferometers by writing two cores
with variable spacing and coupled chiral cores fibers by inscribing helical waveguides around an
existing core in a standard single mode fiber.

Fig. 5. (a) Propagation losses obtained by measuring the transmitted spectrum from 600
to 1200 nm after each thermal annealing steps performed on a 0.94 meter-long waveguide
inscribed in the D2-loaded GeO2/F2 fibers doped at high concentration. The red circles
correspond to the losses measured by the cutback method at different wavelengths. The
error bars, corresponding to the standard deviation of the fitted parameters, are similar to the
marker sizes. (b) Normalized transmission measured at 900 nm for various waveguide lengths
(cutback method) performed on the D2-loaded GeO2/F2 fibers doped at low concentration
(gray) and at higher concentration after the last annealing step (red). The error bars are
similar to the marker sizes. The propagation losses are obtained via a linear fitting procedure
(dashed lines).



Research Article Vol. 32, No. 11 / 20 May 2024 / Optics Express 19744

5. Conclusions and perspectives

To conclude, using a reel-to-reel direct-laser-writing workstation, we have fabricated, directly
through the coating, meter-long optical waveguides inside optical fibers. We specifically designed
the optical fiber to improve the material photosensitivity and to ensure non-guiding optical fibers
for subsequent laser processing of the waveguiding core. This has been done by co-doping a
large portion of the optical fiber with germanium oxide and fluorine giving rise to a depressed
refractive index core. The enhanced photosensitivity provided by further deuterium loading
these fibers has allowed the laser inscription of waveguides with large refractive index contrasts
over wide cross sections. To mitigate the formation of photoinduced color centers causing high
propagation losses at short wavelength in the waveguides, thermal annealing up to 400◦C has
been performed on polyimide-coated laser-written fibers. Although the refractive index contrast
decreases, the propagation losses have been drastically reduced down to 0.08 dB/cm at 900nm
allowing a rather robust single-mode guiding in the near infrared. Our results pave the way
towards the development of a new generation of low-loss optical fibers, potentially down to a few
dB/m, and photonic components with arbitrarily complex designs.
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