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Energy dose ranges for fabrication of subsurface and ablated ridge waveguides were defined using a low repetition
rate femtosecond laser. The waveguides were written along the width of water-white glass slides. The buried
waveguides written between 0.23 and 0.62 μJ∕μm3 energy dose show strong guidance at 633 nm, reaching
in the best cases propagation losses of 0.7 dB/cm. Meanwhile, the ridge waveguides were fabricated between
2.04 and 31.9 μJ∕μm3, with a best case of 3.1 dB/cm. Outcomes of this study are promising for use in the
manufacturing of sensing devices. © 2016 Optical Society of America

OCIS codes: (130.2755) Glass waveguides; (140.7090) Ultrafast lasers; (230.7380) Waveguides, channeled.

http://dx.doi.org/10.1364/AO.55.003268

1. INTRODUCTION

Nowadays femtosecond laser micromachining is a technique
that has been consolidated in the manufacture of optical wave-
guide structures because it has outstanding advantages such as
the fabrication of three-dimensional photonic structures on or
inside a transparent material [1–5] with short processing times
and without the use of photomasks and additional chemical
processes, allowing rapid prototyping of devices. The process
by which the optical energy is transferred to the material is
called laser-induced optical breakdown [6]. This energy transfer
causes ionization of a large number of electrons, which in turn
can cause permanent material modification by transferring en-
ergy to the lattice. In transparent materials the energy of a single
photon cannot be absorbed, so the material must simultane-
ously absorb more than one photon. For nonlinear absorption
to occur, the electric field strength in the laser pulse must be
approximately equal to the electric field that binds the valence
electrons in atoms. To achieve such high electric field strengths
it is necessary to focus the light tightly. The tight focusing and
the nonlinear nature of the absorption make it possible to con-
fine the absorption to the focal volume over or inside the bulk
of the material. The result is a localized deposition of energy,
which later turns into thermal energy, causing the material to
undergo a structural modification, leaving behind a localized
permanent change in the index of refraction.

Two different regimes of femtosecond laser writing can be
classified depending on the relationship between the repetition
pulse rate and the thermal diffusion time. For the low repetition
rate regime, the material modification is produced by individ-
ual pulses and the processing speed is relatively slow [7,8]
around or less than 500 μm/s; for the high repetition rate

regime, the time between successive pulses is shorter than the
thermal diffusion time, resulting in a heat accumulation in the
focal volume during laser processing [4,9]. This gives faster
processing speed and symmetric cross section due to isotropic
heat diffusion. On the other hand, according with [10], we re-
port results on the fabrication of two different kinds of channel
waveguides based on type I and II structures, through the low
repetition rate regime. The proposed waveguide based on the
type I structure is also called the directly written waveguide
[11]. In this particular case, the femtosecond (fs) laser induces
a positive refractive index change in the irradiated focal volume,
which becomes the waveguide core. Additionally, the proposed
ridge waveguide is based on the type II structure. In this con-
figuration the high-intensity fs laser beam removes material
from the surface and the written region becomes the border
of the waveguide. The thermal effects induce a refractive index
increase in the region between these boundaries; therefore, this
region becomes the core. Hence to manufacture a waveguide
with this configuration two tracks are required. Figure 1 shows
the schematic representation of the fabrication of the proposed
waveguides base on type I and type II structures.

Nowadays, developments based on active materials for the
production of waveguides of different configurations are
known. These waveguides have been used for laser and non-
linear applications [11–14]. Another trend is the combination
of techniques to improve the performance of the waveguides or
achieve more efficient structures. On the other hand, the de-
velopment of waveguides in glass substrates, such as BK7, fused
silica or SF10, has exhibited a great advance [15–17]. This
work aims at the development of structures based on more
affordable materials. We are interested in the fabrication of
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channel waveguides that could be used in the design of
optochemical sensing devices.

2. EXPERIMENTAL DETAILS

Straight channel waveguides were fabricated in water-white
glass slides (Corning 2947B), using a low repetition rate
(1 kHz) ultrafast Libra Coherent laser that has a central wave-
length at 800 nm and produces 50 fs pulses. To manufacture
the waveguides a laser microfabrication workstation (uFAB
Newport) was used. The laser system used includes amplifica-
tion, therefore power is greater than needed. Accordingly, a
variable attenuation of laser light is possible through the use
of a rotating half-wave plate (HWP) and fixed polarizer (P).
Water-white glass, also called low-iron soda lime, is created
by using high-quality grades of silica sand that are virtually free
of iron oxides. This results in a transparent glass that has higher
transmission characteristics compared to normal soda lime
[18]; however, it remains very affordable and easily accessible.
The incident laser beam is directed toward the uFAB worksta-
tion, where the HWP and P attenuate the laser beam power.
After that a periscopic arrangement drives the laser beam to a
microscope objective where it is finally focused over or inside
the glass sample to write waveguides. The glass slide (1.1 cm
width, 2.25 cm length, and 0.1 cm thickness), is mounted
horizontally over a three-axis motorized flat base, which is part
of the uFAB workstation. The glass substrate is translated
perpendicular to the direction of the laser beam. It is possible
to set the following fabrication parameters: base translation
speed, acceleration, laser power, length, and distribution of
the laser writing. Additionally, the workstation includes a
CCD camera to observe the process. Experiments were carried
out varying some of these parameters and also with three differ-
ent microscope objectives (10× , 20× , and 40× , numerical
apertures of 0.25, 0.4, and 0.65, respectively). The experimen-
tal setup is schematically shown in Fig. 2.

Although various parameters are controlled, to obtain
homogeneous and replicable structures, the laser beam focus
must be adjusted and replicated by the person who manufac-
tures the waveguides, since it is not always clear when the focus
is optimal. This is especially critical for the fabrication of ridge
waveguides. The appearance of the beam depends on several
factors, including characteristics of the camera, lighting,
beam power, writing speed, type and flatness of the substrate,

microscope objective, and focus. As an example, a sequence of
different focusing is shown in Fig. 3. The focus shapes that are
recommended for writing ridge waveguides correspond only to
Figs. 3(b) and 3(c) (i.e., focus on the surface).

To accomplish the analysis, the input and output surfaces of
the waveguides were polished; the process is described in [19].
The characterization of the waveguides was carried out using a
XYZ micropositioner system (Newport 561D) and a 10 × mi-
croscope objective in order to couple 633 nm light (He–Ne
JDS Uniphase Laser) into the waveguide. To assess the wave-
guide, the output light was collimated with a 20 × microscope
objective. To determine the coefficient of propagation losses
(α) the method described in [20] was adopted. This method
uses Eq. (1) to calculate α [dB/cm], where L is the length
of the waveguide, T g is the transmittance of the waveguide,
T F is the Fresnel transmission coefficient at the output of
the waveguide, and ηac is the coupling loss coefficient:

α � −
10

L
Log10

T g

ηacT F
: (1)

The input and output laser beam power and diameter were
measured in every waveguide to feed Eq. (1). The power was
measured with a power meter (Thorlabs PM100D) and the
laser beam and mode dimensions with a CCD camera
(Thorlabs BC106-VIS). The experimental setup for calculating
α is schematically shown in Fig. 4(a).

Fig. 1. Schematic representation of the fabricated waveguides.
(a) Directly written waveguide based on the type I structure and
(b) ridge waveguide based on the type II structure.

Fig. 2. Schematic representation of the experimental setup used for
writing the waveguides.

Fig. 3. Pictures of different focusing taken over water-white glass
substrate (20 × microscope objective, laser beam power of 9.5 mW,
and writing speed of 400 μm/s). (a) Focus under surface, (b) and (c) fo-
cus on surface, and (d)–(h) focus above the surface.
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The change in refractive index, (Δn), was measured through
the method described in [21]. This requires Eqs. (2) and (3) to
calculate Δn, where NA is the numerical aperture, d is the dis-
tance between the waveguide exit plane and the screen on
which the far-field pattern is seen, r is the external radius of
the circular fringes, and n is the bulk substrate refractive index:

NA � sin

�
arctan

�
r
d

��
; (2)

NA �
ffiffiffiffiffiffiffiffiffiffiffi
2nΔn

p
: (3)

To determine the NA, the 20 × microscope objective was
removed and the guided light was projected onto a screen lo-
cated at different distances (100 and 157 cm), as shown in Fig 4
(b). To get the value for each guide five measures were taken
and averaged. The far-field interference pattern in the form of
rings could be observed on the screen.

The energy transfer is a prime consideration in determining
the efficacy of the laser writing process; therefore the energy
dose (D) was calculated [21,22]. This method requires
Eq. (4) to calculate D, where EL is the laser pulse energy, R the
laser’s repetition rate, A the focused spot area, and v the writing
speed. For every waveguide, the change in refractive index
was measured and plotted against the energy dose used in
its manufacture:

D � ELR
Av

: (4)

3. RESULTS AND DISCUSSION

Regarding type I buried waveguides, the optimum energy dose
range where waveguiding was obtained was found between
0.14 and 0.62 μJ∕μm3. Below 0.14 μJ∕μm3 no measurable
change in refractive index could be observed. At an energy dose
higher than 0.62 μJ∕μm3 the refractive index decreases and
above 1.04 μJ∕μm3 damage was observed. The optimum
writing speed range for maximum index contrast was found
between 100 and 400 μm/s. At speeds between 400 and
1000 μm/s, the quality of the waveguide is not good and by

higher speeds dotted structures were seen [16]. On the other
hand, at lower speeds damage was generated. Waveguides that
supported single-mode and two-mode propagation at 633 nm
were fabricated; waveguide width, writing depth, refractive in-
dex change, numerical aperture, and guided beam profile were
measured. To measure the near field, a 30 dB attenuator filter
was collocated before the CCD camera. For two different wave-
guides, the near-field intensity distribution of a single- and two-
mode propagation is shown in Fig. 5. This is in agreement with
V parameter calculations, from which monomode behavior is
obtained for a maximum waveguide width/thickness of about
10–12 μm for the NA achieved in the fabricated waveguides.
The waveguides were written at 50 μm depth. It is worth
noting that the profile is very close to a circular shape. In
terms of the refractive index distribution for the fabricated
buried waveguides, these exhibit a rectangular cross section
of ∼10–16 μm2 in both horizontal and vertical directions with
a refractive index increase of ∼5–7 × 10−4, and are surrounded
by the glass substrate, which has a refractive index of 1.51.

Regarding ridge waveguides, the optimum energy dose
range where waveguiding was obtained was found between
2.04 and 31.97 μJ∕μm3. Below 2.04 μJ∕μm3 engraving is
not deep enough and it does not work as a border of the wave-
guide core. At energy doses higher than 31.97 μJ∕μm3 borders
are perfectly written, but the region between the borders
receives very high energy and is damaged. In this case the op-
timum writing speed range also depends on the power beam,
the separation between every written track, and the microscope
objective. Therefore it is advisable to work between 20 and
300 μm/s [23]. Figure 6 shows different views and the near-
field intensity distribution for two different monomodal wave-
guides. In terms of the refractive index distribution, the ridge
waveguides show a rectangular cross section of ∼10–15 ×
15–20 μm2 with a refractive index increase of ∼5.5–9.5 ×
10−4 with respect to the glass, bordered on the top by air
and below by the substrate, whereas the sides of the ridges com-
prise the lower refractive index laser-written regions.

Figure 7 shows the variation of the refractive index as a func-
tion of energy dose for both waveguide types. Regarding buried
waveguides the trending line (second-order polynomial) indi-
cates that the refractive index variation increases with an energy
dose from 0.14 μJ∕μm3 up to about 0.7 μJ∕μm3; after this

Fig. 4. Schematic representation of the experimental setup used to:
(a) measure power at input and output of the waveguides, laser beam
waist, and waveguide mode dimensions and (b) measure d and r to
calculate NA.

Fig. 5. Near-field intensity distribution of: (a) a single-mode wave-
guide (corresponding writing parameters in Table 1, number 16); (b) a
two-mode waveguide (Table 1, number 19). The writing tracks are
marked as white dashed lines.
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point the refractive index change decreases. This energy dose
fabrication window shows close energy values but lower than
those presented in [21] and higher refractive index changes.
This is expected because the transformation temperature value
(T g ) is lower in water-white glass compared with BK7 glass
[24]; therefore, lower energy is required to fabricate a wave-
guide with a similar refractive index change.

Regarding ridge waveguides, the trending line (second-order
polynomial) indicates that the refractive index decreases from
the first value onward (2.04 μJ∕μm3). This happens because in
this case more energy was applied to create the tracks and the
area that lies between both engravings receives more energy
from around as the engraving is deeper, up to the point that
the core region could be damaged.

Figure 8 shows α values of fabricated waveguides as a func-
tion of energy dose. The laser writing parameters are shown in
Table 1; in all cases the repetition rate was 1 kHz. The triangle
symbols in Fig. 8 represent the waveguides based on the type I
structure and the square symbols represent the waveguides
based on the type II structure. According to these results, the
average propagation losses for fabricated waveguides based on
the type I structure are around 1.6 dB/cm, highlighting two
waveguides with α values of 0.7 dB/cm, which in our opinion
is remarkable considering the kind of glass used in the fabrica-
tion (Corning 2947B microscope slides).

Regarding ridge waveguides, the average propagation loss is
around 5.6 dB/cm. This lower quality is due to the rough
sidewalls produced by the fs laser ablation, which introduces
considerable losses [11]. There are subsequent treatments to
improve the waveguide quality, which are discussed in [25].
Figure 9(a) shows scanning electron microscope (SEM)
micrographs of written tracks to define a ridge waveguide.
In Fig. 9(b), detail of the formation of microscale/nanoscale
features over sidewalls can be seen. Structures are smaller than
1 μm. Similar feature formation was seen in [26] where an
analysis of fs laser-induced nanostructures was realized in
soda-lime glass.

Comparing the results of both types of waveguide structures
in terms of energy dose, it is possible to assert that to fabricate

Fig. 6. Ridge waveguides: (a) top view (50 × observation);
(b) cross-section view (50 × ); and (c) single-mode near-field intensity
distribution of two different ridge waveguides (corresponding writing
parameters in Table 1, number 26).

(a)

(b)

Fig. 7. Variation of the refractive index as a function of energy dose.
(a) Buried waveguides and (b) ridge waveguides.

Fig. 8. α values of fabricated waveguides as a function of energy
dose. Triangle symbols represent waveguides based on the type I struc-
ture and square symbols represent waveguides based on the type II
structure.
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waveguides based on the type I structure a lower energy dose is
necessary, exhibiting lower losses than those of type II wave-
guides. Comparing our results with those found in the litera-
ture, waveguides with lower or similar values of propagation
losses at 633 nm are reported; however, these were manufac-
tured using BK7 glass as a substrate. For instance, [15] states
measuring losses of 0.04 dB/cm. Additionally in [21] and [16]
values of 0.5 dB/cm and 0.7 dB/cm are reported, respectively.
Also, in [17] values of 0.7 dB/cm were measured using a SF10
glass as a substrate. In summary, the substrates used in the pre-
vious examples correspond to optical quality glasses. The con-
tribution of our work lies in demonstrating that it is possible to
manufacture waveguides with propagation losses lower than
1 dB/cm using glass of lower optical quality as a substrate
but very affordable and easily manufactured.

4. CONCLUSIONS

Energy dose ranges were defined for fabricating directly written
waveguides based on the type I structure and ablated ridge
waveguides based on the type II structure using Corning
2947B microscope glass slides as a substrate. The energy values
and range necessary to fabricate type I waveguides are smaller in
comparison with those for type II. Although the change in re-
fractive index is higher in type II waveguides than in type I
ones, the roughness in the sidewalls that conformed the core
border introduces losses and degrades the waveguide quality.
Nonetheless, type II structures are important in our research
because we will use them in the fabrication of an optochemical
sensing device. Therefore, these waveguides will be subjected to
a postablation treatment to remove the roughness and improve
their quality.

The quality of the directly written waveguides is high,
achieving various buried waveguides with α values around
1 dB/cm and even two waveguides with values of 0.7 dB/cm.

Table 1. Laser Writing Parameters of Fabricated
Waveguidesa

Waveguide Incident
Energy Area

Writing
speed

Energy
dose

Type # [μJ] [μm2] [μm/s] μJ∕μm3

Buried
type I

1 9 158.37 400 0.14
2 9 150.66 400 0.15
3 15 165.13 400 0.23
4 9 188.69 200 0.24
5 15 150.66 400 0.25
6 9 112.16 300 0.27
7 9 112.16 300 0.27
8 9 165.13 200 0.27
9 9 158.37 150 0.38
10 9 89.08 250 0.40
11 9 139.85 150 0.44
12 9 73.90 250 0.49
13 8.6 55.42 250 0.62
14 8.6 55.42 250 0.62
15 9 130.70 100 0.69
16 9 124.69 100 0.72
17 8.6 47.17 250 0.73
18 8.6 39.59 250 0.87
19 9 158.37 50 1.14
20 9 158.37 50 1.14

Buried
type II

21 14 50.27 200 1.39
22 14 50.27 150 1.86
23 14 50.27 150 1.86
24 6.2 20.27 150 2.04
25 6.2 20.27 150 2.04
26 5.5 20.27 100 2.71
27 5.5 20.27 100 2.71
28 14 50.27 100 2.79
29 6.2 20.27 100 3.06
30 21 20.27 200 5.18
31 24.3 45.60 100 5.33
32 21 20.27 150 6.91
33 21 20.27 150 6.91
34 21 20.27 100 10.36
35 21 20.27 100 10.36
36 24 20.27 100 11.84
37 24 20.27 100 11.84
38 24.3 5.07 150 31.97
39 24.3 5.07 150 31.97

aThese are organized with ascending energy dose values.

Fig. 9. SEM micrographs of the written tracks of ridge waveguides.
(a) Two written tracks (the scale is 10 μm) and (b) detail of one of the
sidewall tracks (the scale is 1 μm).
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This is remarkable considering the kind of substrate used for
the fabrication. Additionally, the profile of all the directly writ-
ten waveguides is symmetric and very close to a circular shape.
The results show that the fabricated waveguides are promising
for the development of integrated devices.
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