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Loss Mechanisms of Optical Waveguides Inscribed in
Fused Silica by Femtosecond Laser Direct Writing

Vı́tor A. Amorim , João M. Maia , Duarte Viveiros , and P. V. S. Marques

Abstract—Optical waveguides directly written in fused silica us-
ing a femtosecond laser were characterized from 350 to 1750 nm
to gain insight on the waveguide’s loss mechanisms and their de-
pendence on processing parameters, such as pulse energy, scan
velocity, and annealing temperature. Two major loss mechanisms
were identified. In the range of parameters tested, high pulse en-
ergy was seen to improve coupling losses at long wavelengths, while
high scan velocity has a negative effect in both Rayleigh scatter-
ing and coupling losses at long wavelengths. Thermal annealing
of the waveguides demonstrated an improvement of the Rayleigh
scattering at a cost of higher coupling losses at long wavelengths.
Wavelength independent Mie scattering was also observed, evolv-
ing negatively with pulse energy. A minimum Rayleigh scattering
coefficient of �0.5 dB�cm−1�µm4 (�0.08 dB�cm−1�µm4 for ther-
mally treated waveguides) together with a Mie scattering coefficient
of �0.2–0.65 dB/cm are reported.

Index Terms—Annealing, coupling loss, femtosecond laser direct
writing, heat treatment, integrated optics, Mie scattering, mode
field mismatch, optical waveguides, propagation loss, Rayleigh
scattering.

I. INTRODUCTION

O PTICAL waveguides in the context of integrated optics
have been traditionally fabricated by photolithographic

techniques due to its technological maturity. However, a more
recent approach relies on the use of a femtosecond laser to write
the waveguide core directly in the material [1]. While pho-
tolithographic techniques offer significant advantages in scala-
bility, cost, and circuit footprint, femtosecond laser direct writ-
ing can offer prototyping flexibility without the need for masks
or multiple fabrication steps, and three-dimensional geometries
that are not possible in traditional fabrication methods [2]. The
latter has been used in several materials such as glasses, crys-
tals, and polymers [2], and already enabled the fabrication of
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many integrated optical devices, including buried waveguides
[3], Bragg grating waveguides [4], directional couplers [5], Y-
junctions [6], integrated lasers [7], add-drop multiplexers [8], ar-
rayed waveguide gratings [9], among others. Femtosecond laser
direct writing can also benefit the ongoing exponential growth
trend in data communications. The implementation of multi-
core fibers to scale the information transmitted by the number
of cores, requires devices matching the out-of-plane character-
istics of those fibers. It has been reported that this inherently 3D
technique has already been implemented in the fabrication of
three-dimensional fan-out devices for multicore fiber coupling
applications [10]. On very specific materials, such as fused sil-
ica, this technique also enables the monolithic integration of
optical waveguides together with microfluidic channels in a 3D
fashion for on-chip optical sensing [11], [12]. Although infrared
wavelengths are the most relevant for optical communications,
shorter wavelengths are indeed important for applications like
optical sensing relying on plasmonics or absorption measure-
ments [13], [14]. Since shorter wavelengths are more affected
by defects present in the waveguides [15], [16], understanding
its loss mechanisms and their dependence with fabrication pa-
rameters is key to improve their quality as well as to maximize
the performance of said devices.

In this paper, we report a systematic study of the spectral
characteristics, from 350 to 1750 nm, of optical waveguides em-
bedded in fused silica using femtosecond laser direct writing.
Most of the studies present in the literature discuss waveguide
loss around the 1550 nm region and, to the authors’ knowledge,
no such study exists on this extended wavelength range. In this
work, several waveguides were written while varying pulse en-
ergy and scan velocity, with different heat treatments being also
tested. Propagation and coupling losses were obtained from
measuring the insertion loss of differently sized waveguides,
giving definitive insight on the influence of the writing param-
eters and annealing temperature in both the Rayleigh and Mie
scattering coefficients, as well as in the laser-induced refractive
index modification combined with the waveguide dimensions.
Such characterization improves our understanding on the dy-
namics of the scattering processes inherent to waveguides fabri-
cated by femtosecond laser direct writing, and aids on the choice
of the right fabrication parameters for a given application.

II. EXPERIMENTAL PROCEDURE

A fiber amplified femtosecond laser (Amplitude Systèmes
Satsuma HP), with a second harmonic beam at 515 nm and a
pulse duration of approximately 250 fs at 500 kHz, was used
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to induce the refractive index modification in pure fused silica
substrates (Suprasil 1). Laser modification tracks were formed
by transverse scanning the substrate on Aerotech air-bearing
linear stages (ABL10100-LN), with the linearly polarized beam
focused at a depth of 100 μm via a 0.55 numerical aperture
aspherical lens (New Focus 5722-A-H) mounted in a vertical
piezo stage (PI P-725.4CD PIFOC). Laser beam polarization
was set parallel to the writing direction, and all waveguides
were written on the same scanning direction to avoid the Quill
effect [17].

The side facets of all substrates were polished after writing in
order to eliminate laser damage induced in the substrates’ input
and output facets, and to remove the waveguide tapered region
created by the influence of the substrates’ edge on the beam
focus.

To determine the spectral characteristics of the fabricated de-
vices, the broad spectrum of a halogen lamp was coupled into
a single-mode fiber (SMF-28) and butt-coupled to the entrance
facet of the modification tracks. The substrate was mounted
on an Elliot Martock MDE881 stage with piezo controls (Dali
E-2100) and special holders for precise alignment of the in-
put/output optical fibers. The light collected by a second butt-
coupled optical fiber at the exit facet was inspected in an op-
tical spectrum analyzer (ANDO AQ-6315B) from 350 nm to
1750 nm with a 10 nm resolution. All transmission spectra were
normalized to the source spectrum to obtain the insertion loss.
Index matching (Cargille series: AA n25◦C

D = 1.458 ± 0.0002)
was used to minimize Fresnel reflections at both input/output
fibers/facets.

Sample annealing, when employed, was made during 2 hours
at the target annealing temperature, using a 15 °C/min heating
ramp, on a Carbolite RHF 1500 furnace.

III. EXPERIMENTAL RESULTS AND DISCUSSION

For this study several sets of waveguides were fabricated in a
75 mm long fused silica substrate with a pulse energy and scan
velocity ranging from 50 nJ to 400 nJ and 100 μm/s (doubling
after each waveguide) to 6400 μm/s, respectively. These sets
were replicated and used to test the spectral characteristics of
the waveguides after a thermal treatment at 800, 900, 1000, and
1200 °C.

Fig. 1 displays the cross-section and top views of waveguides
fabricated with different pulse energies for a scan velocity of
100 μm/s and 3200 μm/s. The elongated modification, with a
decreased refractive index at the top followed by a bottom guid-
ing region, is typical for fused silica when employing transverse
scanning [18]. As shown, the modified volume dimensions in-
crease significantly with pulse energy, diminishing slightly at
high scan velocities. Furthermore, waveguide rugosity becomes
more pronounced at greater pulse energies, becoming more ap-
parent at high scan velocities (Fig. 1, top view).

The spectral characteristics of optical waveguides fabricated
by femtosecond laser direct writing also depend on pulse energy
and scan velocity, as can be seen in Fig. 2(a) and (b) respec-
tively. In the first case, the insertion losses at long wavelengths
become smaller as pulse energy increases, while in the second

Fig. 1. Transmission mode optical microscope images of the cross-section
and top views of waveguides written in fused silica with pulse energies of 50,
100, 200, 300, and 400 nJ (top to bottom, respectively), for a scan velocity
of 100 μm/s (left) and 3200 μm/s (right). Arrows indicate the laser beam
propagation direction.

they increase as scan velocity increases. At short wavelengths,
however, insertion loss shows no clear dependence with pulse
energy, increasing again for higher scan velocities. Apparently,
this behaviour at shorter wavelengths can be counteracted with
annealing, as seen in Fig. 2(c), where insertion loss decreases
with increasing annealing temperature. The same behaviour was
observed by Bhardwaj et al. at 633 nm [19]. Despite this im-
provement, there is a trade-off, since the insertion loss at long
wavelengths increases at higher annealing temperatures. From
the gathered data, the behaviour described here occurs for all
parameters under study in the range tested. Waveguides fabri-
cated with a scan velocity of 6400 μm/s as well as waveguides
annealed at 1200 °C were not considered in this study due to the
very weak light guidance.

To better understand the processes underlying the spectral
behaviour, the cut-back technique was used. In this study the
substrates were diced into three different lengths (1.3, 2.2, and
3.3 ± 0.1 cm), with the insertion loss of each waveguide being
plotted, with the aid of a python program, as a function of sample
length for each wavelength. Using the Levenberg-Marquardt
algorithm, a linear fit employing equation (1) was able to retrieve
both propagation (slope) and coupling loss (y-axis interception)
within the wavelength range studied in this work, as shown in
Fig. 2(d).

IL (λ) = PL (λ) × L + 2CL (λ) (1)

Fig. 3 displays the obtained coupling and propagation losses.
From Fig. 3(a–c), it is possible to see that there are three main
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Fig. 2. Insertion loss of the fabricated waveguides as a function of wavelength
for varying pulse energy (a), scan velocity (b), and annealing temperature (c).
(d) Insertion loss of a waveguide for different lengths, together with propagation
and coupling loss plotted in dB/cm and dB/facet, respectively.

Fig. 3. Coupling and propagation loss of the fabricated waveguides as a
function of wavelength for varying pulse energy (a, d), scan velocity (b, e),
and annealing temperature (c, f).

occurrences of interest. The first is the immediate increase in
coupling losses at approximately 1150 nm; at this wavelength
the butt-coupling fibers become multimode, increasing the mode
mismatch and, therefore, the coupling losses. The second is the
monotonic growth in coupling losses, at longer wavelengths,
as wavelength increases. This originates from the decrease in
V-number [20], given by:

V =
2π

λ
a
√

n2
core − n2

substrate , (2)

where a is generally the waveguide core radius, and λ the signal
wavelength, leading the guiding conditions closer to the cut-off
condition and, therefore, increasing the mode field diameter,
which translates into additional mode mismatch. The third oc-
currence of interest is the variation in coupling losses, at longer
wavelengths, with the tested parameters. We conclude that, at
long wavelengths, coupling losses increase whenever the pulse
energy is decreased, the scan velocity increased, or when the
annealing temperature at which the waveguides were submitted
is higher. Previous studies evidenced the creation of nonbridg-
ing oxygen hole centers and self-trapped exciton (E′

g ) defects
along with increased 3- and 4-membered rings in the silica net-
work of femtosecond laser written waveguides. The increased 3-
and 4-membered rings’ concentration in the silica network are
associated with material densification and are responsible for the
higher refractive index, which increases with pulse energy [21]–
[25]. While defects anneal out at a temperature as low as 150 °C,
the increase in 3- and 4-membered rings’ concentration is sig-
nificantly more resistant to thermal treatment, only annealing
out after heat treatment at 800–900 °C for long periods of time
[26], [27]. These results match our observations, since a lower
refractive index contrast together with lower physical waveguide
dimensions, deriving from a smaller net writing fluence and/or
higher annealing temperature, reduces the V-number, thereby
increasing mode field diameter and, subsequently, mode mis-
match, as it has already been observed by Shah et al. at 1550 nm
[28]. This demonstrates the importance of the fabrication and
heat treatment parameters in the guidance characteristics at long
wavelengths, since low pulse energy, high scan velocity, and/or
high annealing temperatures will lead to low quality waveguides
in this region. It should be also taken into consideration that the
coupling loss reflects the overlap integral of the optical modes
propagating in the written waveguide with the input/output op-
tical fiber mode, meaning that employing different optical fibers
will result in different coupling loss results.

In Fig. 3(d–f), the monotonic increase in propagation loss, as
wavelength decreases, is visible for all fabrication parameters
tested. This behaviour was already observed by Thomson et al.,
where a higher propagation loss was observed at 640 nm when
compared to 980 nm; this was attributed to the possibility of loss
being dominated by Rayleigh scattering [15]. Scattering plays
a major role on femtosecond laser written waveguides, as has
been also shown by Tong et al., where it accounts for more than
90% of the propagation loss at 633 nm [16]. The C/λ4 trend
observed in Fig. 3(d–f) suggests a strong Rayleigh scattering in-
fluence in propagation loss, possibly created by sub-wavelength
inhomogeneities in the refractive index of the waveguides dur-
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Fig. 4. Rayleigh (a) and Mie (b) scattering coefficients, in dB�cm−1�μm4

and dB/cm respectively, as a function of pulse energy and scan velocity for the
different annealing temperatures.

ing the writing process. As can be seen, no particular behavior is
evident when the pulse energy is varied. However, when the scan
velocity increases, the propagation loss steepens, meaning that
the Rayleigh scattering coefficient rises. The aforementioned
behavior can be counteracted by applying thermal treatments,
as detailed in Fig. 3(f). Despite Rayleigh scattering being the
major contributor to propagation loss, an almost wavelength in-
dependent baseline loss also exists, which was attributed to Mie
scattering.

The propagation loss data was modelled using equation (3)
together with a python program employing the Levenberg-
Marquardt algorithm to fit the Rayleigh and Mie scattering
coefficients (CRS and CM S , respectively).

PL =
CRS

λ4 + CM S (3)

The Rayleigh and Mie scattering coefficients, obtained from
the fabricated waveguides’ propagation loss fittings, are plotted
in Fig. 4. Rayleigh scattering is seen to increase with scan ve-
locity for all pulse energies tested, from a minimum of �0.5 to
a maximum of 12.4 dB · cm−1 · μm4 . This tendency is success-
fully attenuated by applying thermal treatments at increasingly
higher temperatures, with improvements being found even at
low scan velocities. A minimum Rayleigh scattering coefficient

of approximately 0.08 dB · cm−1 · μm4 was found after a ther-
mal treatment at 1000 °C. Pulse energy dependent behavior is
also present, with higher Rayleigh scattering coefficients being
found in waveguides fabricated at 200 nJ, independently of the
annealing temperature. The absence of data at high annealing
temperatures, low pulse energies, and high scan velocities, is due
to the low light guidance resulting from the increasing scattering
and coupling losses. The extracted Mie scattering coefficients
are plotted in Fig. 4(b). A negative region is present whenever
the scan velocity is high and pulse energy low, growing for
higher annealing temperatures; this is clearly unrealistic and
arises from the lack of a nearly constant spectral component at
long wavelengths, since, in these cases, the fitting is made with
rapidly varying propagation loss data. On the other hand, an in-
crease in the Mie scattering coefficient of �0.2 to 0.65 dB/cm is
seen as pulse energy increases, being relatively independent of
scan velocity. This behavior suggests that Mie scattering most
likely arises from an energy dependent process. However, as
seen in Fig. 1, micron scale inhomogeneities created within the
waveguide become more apparent at higher pulse energy and
scan velocity. This contradiction in scan velocity dependence
most likely arises from the absence of a slowly varying spectral
content at longer wavelengths, as discussed above. Occasional
defects created by dust on the substrates’ surface, glass non-
uniformities, and vibrations of the fabrication setup could also
further explain the origin of the scattering mechanisms. An im-
provement of the Mie scattering coefficients can be achieved, to
some extent, through thermal processing.

The results obtained here are comparable to those achieved
by Eaton et al. in Eagle2000 substrates, whose Rayleigh scat-
tering coefficient ranged between 0.8 to 1.7 dB�cm−1�μm4 and
Mie scattering coefficient was around 0.16 dB/cm [29]. These
authors found that the Mie scattering was independent of scan
velocity and that the Rayleigh scattering decreases for higher
scan velocity. This difference may arise not only from the glass
used but also from the very limited number of waveguides tested.
The different type of glass substrate also meant a two orders of
magnitude higher scan velocity compared to our case for a sim-
ilar Rayleigh scattering.

There is no doubt that further exploration of fabrication vari-
ables is required to reduce the 104−105 fold higher Rayleigh
scattering coefficient of femtosecond laser written waveguides
when compared to silica-core single-mode fibers [30]. Variables
such as the writing laser’s pulse front tilt, spatial beam profile,
astigmatism, polarization state, pulse duration, repetition rate,
and others, such as the lens numerical aperture, still present
the opportunity for future developments in the guiding charac-
teristics of waveguides fabricated by femtosecond laser direct
writing.

IV. CONCLUSION

The guiding properties of waveguides fabricated by fem-
tosecond laser direct writing in fused silica substrates were
tested while varying processing parameters such as pulse en-
ergy, scan velocity, and annealing temperature. The insertion
losses of such waveguides presented a mid-wavelength guiding
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band limited by increasingly higher losses at long and short
wavelengths. Coupling losses were found to control the long
wavelength behaviour, with its monotonic growth, as wave-
length increases, arising from an increasing mode mismatch.
Furthermore, coupling losses increased whenever the pulse en-
ergy decreased, the scan velocity increased, or when the anneal-
ing temperature at which the waveguides were submitted was
higher. The short wavelength behaviour followed a C/λ4 trend
in propagation loss, suggesting a strong Rayleigh scattering
influence. Rayleigh scattering was seen to increase with scan
velocity from �0.5 to 12.4 dB�cm−1�μm4, being attenuated
with the application of thermal treatments, reaching a minimum
of �0.08 dB�cm−1�μm4 when treated at 1000 °C. An almost
wavelength independent baseline loss was also observed, which
was attributed to Mie scattering. The former showed to be rel-
atively independent of scan velocity, increasing from �0.2 to
0.65 dB/cm as pulse energy increased.

Future developments of the overall spectral characteristics
of waveguides fabricated by femtosecond laser direct writing
should be possible with further exploration of other fabrication
parameters and post-fabrication treatment conditions.
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