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a b s t r a c t

We have designed and fabricated photonic structures such as, Y-junctions (one of the basic building
blocks for construction any integrated photonic devices) and Mach-Zehnder interferometers, based on
circular depressed-cladding waveguides by direct femtosecond laser irradiation in Nd:YAG crystal. The
waveguides were optically characterized at 633 nm, showing nearly mono-modal behaviour for the
selected waveguide radius (9 mm). The effect of the splitting angle in the Y structures was investigated
finding a good preservation of the modal profiles up to more than 2�, with 1 dB of additional losses in
comparison with straight waveguides. The dependence with polarization of these splitters keeps in a
reasonable low level. Our designs pave the way for the fabrication of arbitrarily complex 3D photonic
circuits in crystals with cladding waveguides.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Optical waveguides are the basic elements to construct complex
photonic circuits [1]. The technique of direct femtosecond laser
inscription has allowed the integration of compact photonic ele-
ments in transparent dielectrics [2,3] (glasses, ceramics, crystals or
polymers) thus exploiting the special properties of each material.
Among them, crystalline materials are very attractive due to their
large transparency range, the non-linear properties, the birefrin-
gence and the optimum spectroscopic features. However, the
fabrication of optical waveguides in crystals [4] is relatively difficult
mainly due to the impossibility to produce, in most of them,
refractive index increases localized in the region directly irradiated
with the femtosecond laser. In such cases, other strategies have
been developed making use of severe damage tracks produced in
the crystal at higher pulse energies, as depressed-cladding wave-
guides [5] or stress-induced waveguides [6].

Depressed-cladding waveguides based on severe damage
modifications consist of many parallel tracks inscribed in the crystal
ana).
forming a modified cladding and a central unexposed core [5]
where light propagates through. The refractive index typically de-
creases at the damaged regions [7], and thus the structure is
essentially a core with the same index as the bulk, surrounded by a
cladding with lower index [8]. Residual stress may appear at the
waveguide core [9,10] due to the cumulative effect of large number
of laser impacts, but it is minimized by the choice of proper fabri-
cation parameters. In principle, the refractive index configuration of
cladding waveguides supports only leaky modes [11] what means
that only continuum radiation modes exist. However, when the
width of the lower-index region (depressed cladding) is large,
propagating modes that are very similar to confined modes are
supported [12]. With the purpose of getting a good optical perfor-
mance, the separation between damage tracks must be very small
(typically 2e3 mm) and the scanning velocity large enough to
minimize the stress induced in the surroundings of the tracks.

In comparison with the simple double line approach [13], the
main advantages of femtosecond laser written depressed-cladding
waveguides are the following. Firstly, the waveguide core can be
designed and fabricated with arbitrary shape and size. This is
particularly important to minimize the losses due to coupling with
external sources, such as optical fibers: to this end, the circular
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shape of the waveguides is the most favorable. Secondly, both TE as
TM polarizations may be confined in the waveguides [14] with low
polarization dependence. In addition, they share advantages such
as the preservation, in the waveguide core, of the spectroscopic and
non-linear properties of the bulk material [15], so that they can be
fully exploited for many active devices. Another common point is
the thermal stability of these waveguides up to moderate temper-
atures: in fact, a thermal annealing may improve the performance
of the waveguides [16].

Depressed-cladding waveguides have been successfully inscri-
bed in a large number of crystalline materials and ceramics (see
Ref. [4] and references therein) and different integrated devices has
been demonstrated based on these waveguides, such as compact
lasers [9] or frequency converters [17]. However, the fabrication of
the elements required for complex photonic circuits, such as Y
beam-splitters, beam-combiners and low-loss bends, are consid-
erably difficult to design in the basis of cladding waveguides.
Recently, some advances have been done and planar Y-junctions
[18e20] and Mach-Zehnder interferometers [21] have been
demonstrated, all of them based on rectangular-shape cladding
waveguides. However, to our knowledge, no attempt has been done
in fabricating such devices with circular-shape cladding wave-
guides, much more difficult to implement, that are necessary in
order to keep the modal profiles along a complex photonic circuit,
and are more convenient in terms of coupling with external
elements.

In this work we have developed an efficient model for the
inscription, by direct femtosecond laser irradiation, of Y-junctions
(one of the basic building blocks for construction any integrated
photonic devices) based on circular depressed-cladding wave-
guides. Y-junctions are basic elements required for the fabrication
of more complex photonic circuits, such as Mach-Zehnder in-
terferometers, that have been also successfully implemented. The
devices have been inscribed on Nd:YAG crystal, that is one of the
most widely used gain media for solid-state lasers due to its
outstanding fluorescence, thermal and mechanical properties.
Previous work has demonstrated the possibility to fabricate
waveguides based on type-I modification for operation in the mid-
IR [22] as well as double line waveguides [23]. Y-junctions based on
rectangular cladding waveguides have been fabricated previously
in the surface of Nd:YAG crystal [18,20]. But to our knowledge,
neither buried Y-junctions nor more complex devices such as in-
terferometers, have been previously reported. We have firstly
Fig. 1. a) Schematic of the approach for the circular cladding fabrication. Each dot represent
cladding tracks.
optimized the design of straight waveguides for an operation
wavelength of 633 nm. Then, Y-junctions with different splitting
angles have been fabricated and optically characterized, measuring
losses and polarization dependence. Finally, a Mach-Zehnder
interferometer has been also implemented and studied. YAG crys-
tals have no electro-optic properties and thus, to our knowledge,
the application to sensing of such fabricated device is limited.
However, the possibility to efficiently split a beam and combine it
again in a single device integrated in laser crystal could be of po-
tential interest for reducing saturation effects in high-power pulse
amplification [24]. In summary, the developed technique opens the
door to the fabrication of optimized arbitrarily complex 3D devices
in crystals preserving modal profiles to a very good extent.
2. Waveguides design

Previously to the fabrication of thewaveguides, it is necessary to
elaborate the numerical codes allowing the inscription of the laser
damage tracks that will form the waveguide claddings. In our
inscription approach (sample scanning) the codes are basically
sentences for the positioning of the XYZ stage that moves the
sample in the laser focus.

The first step is the design of the straight circular waveguides.
The two main parameters in this case are the waveguide radius (R)
and the separation between tracks (d). Once both parameters are
fixed, we fit the circumference of radius R by a N-sides polygon,
with a side length of d. The vertices of the polygon are the co-
ordinates at which the damage tracks will be inscribed along the
sample (see Fig. 1 a).

The splitting region in the Y structure is the most critical part of
our designs and it is governed by a new parameter a, the angle
between arms. Firstly, at the beginning of the splitting region, half
of the damage tracks will constitute one of the arms, and the other
half will constitute the other. Then, each set of tracks will change
their initial direction to ±a/2. Additionally, new tracks must be
added as the two arms get separated in order to complete the
cladding of both structures, until both arms are finally split (see
Fig. 1 b). We have used the design software tools AutoCAD and
SolidWorks in order to visualize this parts and to check the cor-
rectness of the developed codes. The length of the splitting region
depends obviously on the angle between arms (a) and on the radius
of the waveguide (R).
s the coordinate where the laser will be focused. b) Splitting region and scheme of the



Fig. 2. a) Sketch of the fabricated structures: straight waveguide, Y-junctions and Mach-Zehnder interferometer. b) Optical microscope images (in transmission mode) of the
transverse section at different planes in the splitting region. Picture at the bottom shows a longitudinal view of the splitting region indicating the approximate positions of the
images above.
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3. Fabrication by direct femtosecond laser writing

A Ti:Sapphire laser system with a regenerative amplifier (Spit-
fire, Spectra-Physics) was used for the inscription of the designed
structures. The system produces linearly-polarized pulses of ~120 fs
duration (Fourier limited), with a repetition rate of 1 kHz at a
central wavelength of 795 nm. A calibrated neutral density filter, a
motorized half-wave plate and a linear polarizer were used to
precisely control the value of the pulse energy. The sample, an
optically polished Nd:YAG (1% Nd) crystal with dimension of
10 � 10 � 3 mm3, was mounted on a high-resolution three-axis
motorized stage. The laser beam was focused through one of the
large faces of the sample using a microscope objective (40�,
N.A. ¼ 0.65). Waveguides were written along one of the 10-mm
long axes of the crystal at a constant scanning velocity of
500 mm/s, at a depth of ~200 mm below the sample surface, and
with a pulse energy of 0.15 mJ. Laser polarization was kept
perpendicular to the scanning direction.

The first set of fabricated structures consisted of straight
waveguides with different radii, from 9 to 20 mm, and a separation
between adjacent tracks of d ¼ 2 mm. Once the waveguides were
analysed, the radius of 9 mmwas selected for the fabrication of the
complex structures due to its nearly mono-modal behaviour at
633 nm. Then, Y-junctions were fabricated with different splitting
angles a between arms: 1� (Y1), 2� (Y2) and 4� (Y4). The junctions
consisted on a 2-mm long straight section followed by a splitting
section (6 mm) and a final 2-mm long straight part (see Fig. 2 a).
Finally, a Mach-Zehnder (MZ) interferometer was inscribed with
splitting/combining angles of 2�, initial/final straight sections 1-
mm long, splitting sections 3-mm long and a 2-mm long straight
section in the middle (see Fig. 2 a).

The most critical parts of the structures are obviously the
splitting regions. In Fig. 2 b) we show pictures taken in the optical
microscope (transmission mode) of the transverse section at
different planes in the splitting region. In the picture at the bottom
(longitudinal view of this section of the waveguides) we have
indicated approximately the planes in which those images were
taken. As it can be seen in the pictures, the initially circular wave-
guide broadens giving rise to the two arms of the junction by
introducing new laser tracks, at it is described in Sect. 2.

4. Optical characterization and results

The modal profiles of the fabricated structures, straight wave-
guide (WG1), Y-junctions (Y1-4) and Mach-Zehnder (MZ), were
analysed at 633 nm. A He-Ne laser was focused by a 10� micro-
scope objective at the input face of the waveguide. A half-wave
plate was used to control the polarization of the incident beam.
The modal profiles at the output of the waveguides (without any
polarization control element) were imaged by a 20� microscope
objective onto a CMOS camera (IDS uEye SE).

Firstly, we analysed the behaviour of WG1 as reference. In Fig. 3
a) we show the recorded modal profiles for the TE and TM polari-
zations (perpendicular and parallel to the fs-laser damage tracks
respectively) of the He-Ne laser. As it can be seen in the pictures,
the waveguide behaves as nearly single-mode at this wavelength,
independently on the input laser polarization. In Fig. 3 b) we
represent the normalized output power for all the polarization
directions of the input laser (0� corresponds toTE polarization). The
waveguide shows a very isotropic behaviour, with variations of
transmitted power with polarization less than 11%.

The propagation loss of WG1 was measured by the scattered-
light method [25]. To this end, the beam of the He-Ne laser was
coupled into the waveguide, and the scattered light was imaged
through the large sample surface onto another CMOS camera (IDS
uEye SE) by a f ¼ 2 cm lens. The light was coupled into the



Table 1
Splitting ratios and additional losses (see text for an explanation) of the fabricated Y-
junctions at 633 nm.

Y-junction 1� Y-junction 2� Y-junction 4� Mach-Zehnder

Splitting ratio 53/47 52/48 54/46 e

Additional losses
TE 0.2 dB 1.0 dB 10.2 dB 2.8 dB
TM 1.0 dB 1.4 dB 15.4 dB 5.3 dB

Fig. 3. a) Modal profiles of the straight cladding waveguide (WG1) with radius 9 mm at 633 nm for the input polarization TE (perpendicular to the fs-laser damage tracks) and TM
(parallel to the tracks). The circular cladding is represented with the dashed white line. b) All-angle dependence of the waveguide (WG1) output power with the incident po-
larization. 0� corresponds to TE polarization. The angular resolution of the measurement is 10� .
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waveguide several times and different independent measurements
were done each time. Then, the obtained mean value of the prop-
agation loss was 3.3 ± 0.6 dB/cm for both TE and TM polarizations.
This value is larger than the propagation loss reported previously
for circular cladding waveguides in Nd:YAG at 633 nm (1.7 dB/cm
and 2.0 dB/cm for waveguides with 100 mm- and 30 mm- diameter
respectively, see Ref. [26]) but due to the dependence of propaga-
tion loss with waveguide diameter, it is not surprising the value
measured for our 18 mm waveguides.

A similar study was done for the Y-junctions. In Fig. 4 a) we
show the modal profiles at 633 nm for TE polarization. As it can be
seen in the pictures, for 1� and 2� the output modes of the wave-
guides preserve a nearly single-mode behaviour, with a slight
Fig. 4. Modal profiles of the Y-junction structures Y1, Y2 and Y4 at 633 nm for TE input pol
dependence of the waveguide output power, with the incident polarization, for different Y
measurement is 10� .
dependence with polarization (not shown in the figure). The
splitting ratios in both cases are almost equalized (see Table 1), but
they are very sensitive to the alignment of the input 633 nm beam.
arization. The circular cladding is represented with the dashed white line. b) All-angle
-junction structures. 0� corresponds to TE polarization. The angular resolution of the



Fig. 5. a) Modal profiles of the Mach-Zehnder structure (MZ) with radius 9 mm at 633 nm for the input polarization TE (perpendicular to the fs-laser damage tracks) and TM (parallel
to the tracks). The circular cladding is represented with the dashed white line. b) All-angle dependence of the waveguide (MZ) output power with the incident polarization.
0� corresponds to TE polarization. The angular resolution of the measurement is 10� .
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In the case of the Y-junction with 4� between arms, the behaviour
becomes clearly worse: higher-order modes are excited, thus
degrading the modal profiles.

The losses of the Y-junctions were evaluated in the following
way. We measured the total output powers of the two arms (PY) for
each junction and we compared the obtained values with the
output power of WG1 (P0). Then, we did an estimation of the
additional losses of each structure in comparison to those of WG1:

h ¼ �10$log10

�
PY=P0

�

The obtained values are shown in Table 1. The junctions Y1 and
Y2 show very low additional losses of 0.2 and 1.0 dB respectively for
TE polarization, that are larger for TM polarization (1.0 and 1.4 dB,
respectively). However, for Y4 the losses increase to 10.2 dB (TE
polarization) and 15.4 dB (TM polarization), what is clearly linked
to the multimodal behaviour of the structure at such large angle
between arms.

Concerning theMach-Zehnder interferometer, themodal profile
at output exhibits a strong dependence with polarization (see
Fig. 5). The losses keep in a reasonable low level that shows a good
performance not only in the splitting (that is identical to that of Y2)
but also in the Y-junction between both arms.
5. Conclusions

In summary, we have developed a technique for the fabrication
of complex photonic elements in circular depressed-cladding op-
tical waveguides inscribed in transparent dielectrics by femto-
second laser irradiation. The technique has been demonstrated in
Nd:YAG crystal, where we have successfully fabricated Y-junctions
with splitting angles between 1� and 4�. For small angles (1�) the
junctions exhibit as low as 0.2 dB of additional losses compared to a
straight waveguide, monomodal behaviour and low dependence
with polarization direction. For larger angles the losses increases to
10.2 dB (4�) and the dependence with polarization increases. A
Mach-Zehnder interferometer was also fabricated, demonstrating
the possibility to use the developed technique to implement also
efficient Y-junctions. Then, our designs pave the way for the
fabrication of arbitrarily complex 3D photonic circuits with circular
cladding waveguides, technique that is particularly interesting for
crystals in which refractive index increases cannot be produced by
femtosecond laser writing.
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