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a b s t r a c t

We report on the fabrication of optical ridge waveguides in ytterbium-doped yttrium aluminum garnet
(Yb:YAG) single crystal by applying swift C5þ ion irradiation and the followed femtosecond laser abla-
tion. The planar waveguide layer is first produced by C5þ ion irradiation and the laser ablation is used to
microstructure the planar waveguide surface to construct ridge structures. The lowest propagation loss of
the ridge waveguide has been determined to be �2.1 dB/cm. From the confocal micro-fluorescence and
micro-Raman spectra obtained from the waveguide regions, the intensities, positions and widths of the
emission-line peaks had no obvious changes with respect to those from the bulks, which indicate
that C5þ ion irradiation does not affect the bulk-related properties of the Yb:YAG crystal significantly in
the waveguide regions. The results obtained in this work suggest potential applications of the Yb:YAG
ridge waveguides as integrated laser sources.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As the basic elements in integrated photonics and optical tel-
ecommunication systems, optical waveguides confine light fields
within small volumes to dimension orders of a few microns, in
which relatively high optical intensities could be reached com-
pared to the bulk configurations [1]. In practice, the two-dimen-
sional (2D) confined ridge waveguides are superior to the one-
dimensional (1D) planar partners owing to the more compact
geometry and stronger spatial confinement of light fields [2]. Due
to these properties, the 2D ridge waveguides can be used to con-
struct more compact photonic devices [3], such as optical mod-
ulators [4], photo-detectors [5], and optical switchers [6]. Several
techniques have been developed to fabricate optical waveguides in
optical material, such as proton/ion exchange [7], metal diffusion
[8], femtosecond (fs) laser ablation [9–12], and ion implantation/
irradiation [13–17].

The Yb:YAG crystal has been considered to be one of the most
favorable laser-gain media for the solid-state lasers [18–23],
mainly due to its intriguing advantages including outstanding
fluorescence properties (long fluorescence lifetime, broad
x: þ86 531 88363350.
emission bands and large emission and absorption cross-section)
[24,25], and lasing performance (high thermal conductivity and
high mechanical stability) [25,26].

As one of the most powerful techniques, the swift heavy ion
irradiation (typically at energies higher than 1 MeV/amu) has been
extensively applied to fabricate waveguide owing to the reduced
irradiation fluences and larger refractive index changes for wave-
guide formation [13]. The femtosecond laser ablation has become
an increasingly attractive technique for microstructuring of a great
variety of optical materials [27], owing to the various practical
applications in ability for maskless material processing [28]. The
combination of the ion irradiation and femtosecond laser ablation
has been utilized to fabricate 2D ridge optical waveguide struc-
tures in laser and nonlinear crystals, in which enhanced features
for both lasing and frequency doubling have been realized [29,30].

In this work, we have fabricated optical ridge waveguides in
Yb:YAG crystals by combining swift carbon ion irradiation and
femtosecond laser ablation. The guiding properties, micro-fluor-
escence and micro-Raman spectroscopy performance have been
measured and discussed in detail.
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Table 1
Propagation losses of the Yb:YAG ridge waveguides WG1–WG4 at 632.8 nm.

Waveguide Scan velocity (mm/s) Width (mm) Propagation loss α (dB/cm)

WG1 15 30 3.9
WG2 15 40 2.4
WG3 15 50 2.1
WG4 30 50 2.6
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2. Experiments in details

The Yb:YAG crystal (doped by 15 at% Yb3þ ions) used in this
work was cut into dimensions of 10�10�2 mm3 and optically
polished. Fig. 1 shows the schematic process for the Yb:YAG ridge
waveguide fabrication. Firstly, one sample surface (10�10 mm2)
was irradiated with the fluence of 4�1014 ions/cm2 by using the
3 MV tandem accelerator at Helmholtz-Zentrum Dresden-Ros-
sendorf, Germany. A planar waveguide layer was formed with the
thickness of �8 mm through the electronic damage of the irra-
diated region. The ion current density was kept at a lower level
(around 6–8 nA/cm2). After that, we used a Ti:Sapphire laser sys-
tem (Spitfire, Spectra Physics), which generated linearly polarized
pulses of 120 fs with a central wavelength of 800 nm (with 1 kHz
repetition rate and 7 mJ maximum pulse energy) to micro-
structure the ridge waveguides on top of the previously irradiated
planar waveguide surface. The sample was placed at a micro-
positioning XYZ motorized stage and the laser beam was focused
by a 10� microscope (N.A.¼0.3) at the surface of the crystal. The
pulse energy (incident on sample) was set to 1.9 mJ by using a half-
wave plate and a linear polarizer followed by a calibrated neutral
density filter. Under these conditions, parallel ablation grooves
were produced by scanning the sample at constant velocity. The
peak fluence at focus with the selected pulse energy, �42 J/cm2,
was well above the typical values of ablation threshold for trans-
parent dielectrics. We have used that value in order to get the
walls of the ablation grooves as vertical as possible, but trying to
minimize the damage of the surrounding material. Different
scanning velocities and groove separations were used in order to
investigate their effects on the propagation losses of the ridge
waveguides. Table 1 shows the fabrication parameters of four
waveguides (WG1–WG4) that we have investigated in detail in
this work.

A polarized microscope (Axio Imager, Carl Zeiss) was used to
inspect the fabricated ridge waveguides. A typical end-face cou-
pling system was arranged to measure the modal profile of the
guided modes by a He–Ne laser source at the wavelength of
632.8 nm. The propagation losses of the Yb:YAG ridge waveguides
were measured by using the back-reflection method [31].

In order to study the physical mechanism of C5þ ion irradiated
Yb:YAG waveguide formation, a confocal micro-Raman spectro-
meter (Horiba/JobinYvon HR800) was used to measure the Raman
properties and a Jasco U570 spectro-photometer was utilized to
measure the micro-fluorescence spectra at room-temperature. A
continuous-wave laser beam at wavelength of 473 nmwas focused
onto the end facet of the sample and the confocal micro-Raman
Fig. 1. Schematic of (a) 15 MeV C5þ ion irradiation and (b) femtosecond
spectra and micro-fluorescence spectra of the waveguide region
and substrate region were measured, respectively.
3. Results and discussion

We calculated the electronic (Se) and nuclear (Sn) stopping
powers of the 15 MeV C5þ ion into Yb:YAG and the C5þ ion con-
centration distribution in the crystal by using the Stopping and
Range of Ions in Matter (SRIM) 2010 code [32], as shown in Fig. 2(a).
As it is indicated, in the range of 0–6 mm Se peaks at 2.2 keV/nm at
the depth of 6 mm, which is overwhelmingly dominant over Sn,
which remains zero in the first 0–6 mm and the maximum value
reaches 0.19 keV/nm at the depth of 8.5 nm. It suggests that the
lattice damage is mainly induced by electronic collisions rather than
nuclear damage. Fig. 2(b) shows the reconstructed refractive index
profile of the C5þ ion implanted planar waveguide. To determine
the refractive index distributions of the waveguide, we utilized the
m-line technique to measure the dark mode spectra. However, no
dark modes were observed. This suggests that the waveguides are
buried waveguide layers. Alternatively, we could roughly estim-
ate the maximum refractive index change of the waveguide to be
ΔnE4�10�3 by the numerical aperture method through the
formula [9]

n
n

sin
2 (1)

2
mΘ

Δ =

where n¼1.8297 is the refractive index of the substrate, Θm is the
maximum incident angular deflection at which no transmitted
power change occurs. By assuming the refractive index profile is
similar to that of the Se profile and the maximum index change is
ΔnE4�10�3, we can reconstruct the 1D refractive index profile
of the planar waveguide, as shown in Fig. 2(b).

Fig. 3(a) shows the image of the cross section of the ridge
waveguide WG3 with the width of 30 mm fabricated by fs-laser
ablation of the 15 MeV C5þ ions irradiated Yb:YAG crystal. The 2D
refractive index distribution (Fig. 3(b)) of the ridge waveguide is
laser ablation process for the Yb:YAG ridge waveguide fabrication.
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therefore reconstructed considering the ridge waveguide geometry
and the 1D planar waveguide index profile (Fig. 2(b)). Based on this
refractive index profile, we can calculate the modal profile of the
guided mode by the software Rsoft© Beam-Prop [33] based on the
Finite Difference Beam Propagation Method (FD-BPM) [34] as shown
in Fig. 3(d). Fig. 3(c) shows the measured near-field intensity dis-
tribution of fundamental mode for the ridge waveguide WG3. As one
Fig. 2. (a) Electronic (blue line) and nuclear (red line) stopping powers and C ion
concentration as a function of the depth from the surface of the 15 MeV C5þ ion
irradiated Yb:YAG crystal; and (b) the refractive index profile of the C5þ ion irra-
diated planar waveguide. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. (a) Microscope image of the waveguide cross sections, (b) reconstructed 2D ref
tributions of fundamental mode of the ridge waveguide WG3 (scan velocity of 15 mm/s a
Yb:YAG crystal.
can see, the calculated distribution was in good agreement with the
experimental result that confirms the reasonability of the refractive
index map reconstruction.

Table 1 shows the propagation losses of the ridge waveguides
WG1–WG4. WG1, WG2 and WG3 were fabricated with the same
scan velocity (15 mm/s) but with different waveguide sizes
(separation between the ridges 30 mm, 40 mm and 50 mm, respec-
tively). As one can see, the propagation losses decrease as the
ridge waveguide width increases. This behavior is mainly attrib-
uted to the roughness of the side-walls of ridge structure fabri-
cated by fs-ablation, which results in the attenuation by scattering.
Previous studies showed that for narrow ridge structures the side-
wall scattering affection becomes more relevant [35]. WG3 and
WG4 have the same waveguide width (50 mm) but were fabricated
with different scanning velocities (15 mm/s and 30 mm/s, respec-
tively). Due to the large peak fluence during irradiation, the depth
of the ablation grooves for both velocities was large enough to
surpass the planar waveguide region. The measured propagation
losses for both waveguides were 2.1 dB/cm and 2.6 dB/cm, for
WG3 and WG4 respectively. The main reason for the lower value
of WG3 losses is that the roughness of the ablation side-wall
decreases with the scanning velocity due to the “smoothing” effect
of a larger number of incident pulses in each point of the sample.
Thus, the losses due to scattering at the waveguide walls are
reduced and the confinement is improved.

Fig. 4 depicts the confocal Raman spectra of the Yb:YAG crystal in
the waveguide and substrate regions at room temperature. The sharp
peaks are labeled and the frequency peaks from 300 to 900 cm�1 are
370, 402, 546, 694, 721, 784 and 859 cm�1. According to previous
studies [36,37], the peaks at 370 and 402 cm�1 are attributed to the
mixing mode of the lattice and ν3 mode of (AlO4) unit. The peak at
546 cm�1 is assigned as the ν2 mode of (AlO4) unit. The peaks at 694,
721, 784 and 859 cm�1 are attributed to the ν1 and ν4 mode of (AlO4)
unit. As we can see, the peak positions, peak intensities, and peak
widths of the Raman spectra in the waveguide region had no obvious
change with respect to that in the bulk region, which indicated that
there was no large disorder or stress in the Yb:YAG crystal after swift
C5þ ion irradiation.

Fig. 5 shows the obtained emission luminescence spectroscopy of
the waveguide and bulk of Yb:YAG crystal. As we can see, twelve
emission bands centered at 472.8, 476.6, 477.8, 478.9, 480.6, 481.5,
482.1, 485.5, 489.2, 491.1 and 493.1 nm could be observed in the
wavelength range of 450–500 nm. These bands are attributed to the
cooperative up-conversion of Yb3þ pair of ions. In this phenomenon,
the fluorescence is radiated through a transition of the excited
ractive index profile, the (c) measured and (d) calculated near-field intensity dis-
nd width of 50 mm) fabricated by fs-laser ablation of the 15 MeV C5þ ion irradiated



Fig. 4. Confocal micro-Raman spectra obtained from the waveguide region (red
solid line) and substrate region (blue dashed line) in the Yb:YAG crystal.

Fig. 5. The confocal micro-luminescence spectra of Yb3þ doped in YAG at room
temperature in the waveguide region (red solid line) and substrate region (blue
dashed line) in the Yb:YAG crystal.
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coupled state 2F7/2 (Yb3þ) to the ground coupled state 2F5/2 (Yb3þ),
which subsequently emitted a photon with the sum of energies and
green light [38,39]. As one can see, the fluorescence intensity, line
widths and spectral shifts of the line in the waveguide region has no
obvious change compared to the bulk, which indicated that the ori-
ginal photoluminescence features of Yb3þ in Yb:YAG crystal have
been preserved and the ion irradiation process has not caused
microstructural changes in the Yb:YAG crystal.
4. Conclusions

We have reported on the fabrication of optical ridge waveguides
in Yb:YAG crystal by using swift C5þ ion irradiation and subsequent
femtosecond laser ablation. The minimum propagation loss of the
ridge waveguides was measured to be �2.1 dB/cm. The confocal
micro-fluorescence spectra showed that most of the Yb3þ lumines-
cence features have been preserved and there was no significant
stable modification of lattice, neither defects creation, after C5þ ion
irradiation. In micro-Raman spectra, the peak positions and band
widths had no obvious change, which demonstrated that no large
lattice disorder or stress was generated after swift C5þ ion irradiation.
In conclusion, the results demonstrate the optimum performance of
Yb:YAG ridge waveguides fabricated with this combined technique
and the potential applications as integrated laser sources.
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