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Abstract Single tracks and pairs of tracks were written into
undoped and Nd-doped YAG crystals using a commercial
femtosecond laser system delivering pulses with pulse du-
ration of 140 fs and pulse energies up to 10 pJ. The pulses
were focused by a 50x microscope objective below the sur-
face of the crystals. Due to the elasto-optical effect, stress-
induced birefringence was observed in domains surrounding
the single tracks and between the pairs of tracks. Waveguid-
ing was demonstrated in certain channels in these domains.
To investigate the underlying guiding mechanism highly se-
lective chemical etching of the modified material was per-
formed with etching rates up to 5 pm/h. Pumped at 808 nm,
laser operation at a wavelength of 1064 nm was achieved.
The maximum output power was 25.5 mW at 261 mW of
launched pump power with a slope efficiency of 23%.

PACS 42.55.Rz - 42.79.Gn - 42.25.Lc

1 Introduction

Femtosecond lasers are widely used for three-dimensional
volume microstructuring of dielectric materials due to non-
linear absorption processes. In recent years, many groups
succeeded in inscribing waveguides in different glasses and
crystals by producing a permanent change of the refractive
index [1-5].
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The fabrication of buried channel waveguides inside
these materials is of particular interest for the production of
passive and active optical devices. In combination with low-
loss waveguiding structures waveguide lasers were demon-
strated in glass and different crystalline materials [6-8].
A dielectric crystalline waveguide laser offers many advan-
tages, such as high optical gain, high damage threshold,
and in general good overlap between pump mode and laser
mode.

Neodymium-doped YAG (Y3Al;501,) crystals are inter-
esting for inscribing waveguiding structures and realizing
waveguide lasers due to the excellent thermomechanical and
optical properties, such as high emission cross-section, long
fluorescence lifetime, good thermal conductivity, and high
mechanical stability. Recently, Nd-doped YAG waveguide
lasers in single crystals and ceramics fabricated by direct
femtosecond laser writing have been demonstrated by dif-
ferent groups [7, 8]. However, in contrast to those results
the underlying waveguiding mechanism is based on a stress
induced change of the refractive index in this work.

2 Waveguide fabrication

To produce stress-induced waveguides a chirped pulse am-
plified femtosecond laser system (Clark-MRX CPA-2010)
providing laser pulses at a wavelength of 775 nm, a pulse du-
ration of 140 fs, a pulse energy of 1 mJ, and a repetition-rate
of 1 kHz was used. The laser pulses were focused 300 um
below the polished surface of the undoped and neodymium-
doped YAG crystals using a 50 x microscope objective with
a numerical aperture (NA) of 0.70. For the writing process,
the crystals were moved transversally with a velocity of
10 pm/s by a motorized translation stage (Fig. 1). Single
tracks were inscribed with increasing pulse energies from 1
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Fig. 1 Schematic of the femtosecond laser writing setup

up to 10 wWJ. Additionally, pairs of tracks with a pulse energy
of 1.5 uJ and distances between 10 and 30 yum were written.
The length of the tracks was about 9 mm after polishing the
end facets of the crystal. The diameter of the focal point was
calculated to be 6 um.

3 Results

Structural changes resulting in visible tracks were produced
in the crystals. The threshold pulse energy for these mod-
ifications was about 1 pJ. Below the damage threshold no
material modification was observed.

Figures 2(a) and 2(b) show a microscope image of a
track written in undoped YAG at 2 pJ of pulse energy. In
Figs. 2(c)—(e) the cross sections of the inscribed tracks are
shown. With increasing pulse energy both height and width
of the tracks increase and their shape becomes more irreg-
ular. The track corresponding to a pulse energy of 2 pJ is
40 pm in height and 5 um in width. This correlates directly
with the focal spot size.

In all samples the formation of cracks during the writing
process was observed. With increasing pulse energy these
cracks become more distinct up to an extent of 40 um.

A dark field microscope image of the undoped YAG crys-
tal is shown in Fig. 2(b). All written tracks are visible as
bright, grainy traces due to light scattering at the crystal de-
fects. These defects are the result of a destruction of the crys-
talline structure in the focus of the laser beam. In Fig. 3 an
image obtained by an atomic force microscope (AFM) and
a height profile of the polished surface of the undoped YAG
crystal perpendicular to a track written with a pulse energy
of 2 uJ are shown. The image shows the center of the track as
a pit with a depth of 46 nm and a FWHM of approximately
1.4 pm.

Formation of these pits can be explained by melting of
the material. This is caused by the high temperature in the
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Fig. 2 Microscope images of written single tracks in Nd: YAG: bright
field (a) and dark field (b); cross section perpendicular to the inscribed
tracks from 2 to 8 pJ pulse energy in Nd: YAG (c)—(e)
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Fig. 3 AFM image of a single line written in undoped YAG at a pulse
energy of 1 uJ (a); and height profile along the indicated line (b)

focus of the laser pulses resulting from creation of a hot elec-
tron plasma and the transfer of this energy to the lattice. Af-
ter cooling down, the melt recrystallizes in a polycrystalline
YAG structure rich in lattice defects. These lattice defects
cause an expansion of the lattice resulting in lower density
and hardness of the material [9]. When polishing the surface,
this material could be removed more easily and the pits are
left behind.

Another explanation for these structures could be the
occurrence of micro explosions at the focal spot, which
push material outwards under high pressure. Formation
of voids surrounded by densified material is the result of
this process [10]. In both cases the inscribed tracks apply
high pressure to the surrounding material and thus gener-
ate stress. Optically isotropic materials like YAG become
anisotropic in this way. Due to the elasto-optical effect, lo-
cal changes of the refractive index of the surrounding area
should occur.

In Fig. 4 microscope images of undoped and Nd-doped
YAG crystals under crossed polarizers are shown. Regions
without stress remain dark in the images, while the bright
white color surrounding the written tracks indicate regions
with stress-induced birefringence. With increasing pulse en-
ergy the size of the area surrounding each single track in-
creases (Fig. 4(a)). Pairs of tracks show birefringence too
(Fig. 4(b)). Due to limitations of the microscope used, no
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Fig. 4 Microscope image of single tracks in undoped YAG between
crossed polarizers (a); pairs of tracks in Nd: YAG (b) and single pair of
tracks in a 45-um thin undoped YAG sample (c)

further information about the region between the tracks can
be obtained from this 9-mm long crystal. Therefore, a thin
sample was cut from a structured crystal and polished me-
chanically to a thickness of 45 pym. An image of this sam-
ple between crossed polarizers is shown in Fig. 4(c). Strong
birefringence can be also observed between each double-
track structure.

4 Waveguide characterization

Due to the change of the refractive index, waveguiding is
possible in channels surrounding the inscribed single tracks
and in the center of the pairs of tracks, where the refractive
index is higher.

Waveguiding experiments were performed by coupling
the light of a He—Ne laser at a wavelength of 632.8 nm into
the waveguide with a 20 x microscope objective (NA = 0.4).
The light was polarized parallel to the long axis of the cross
section of the written tracks. The backside of the waveguide
was imaged by a 50x microscope objective (NA = 0.70)
onto a CCD camera. Waveguiding occurs in multiple chan-
nels surrounding the written single tracks (white dashed area
in Fig. 5(a)). The diameter of these channels is about 14 um.
The transmitted power was about 30% of the incident pump
power for the track written at 1.5 uJ pulse energy. With
increasing pulse energy the losses of the waveguides rise.
Waveguiding was also observed in the center between two
adjacent tracks (Fig. 5(b)) and in the surrounding area of
this double structure too. The guided mode in the center of
the pair structure has a nearly Gaussian profile. The highest
transmitted power of 40% of the incident pump power was
obtained for a track distance of 25 ym. Coupling efficiencies
and waveguide losses were not measured so far, however,
detailed investigations are in progress. For further analyses
we estimated the coupling efficiency to be 50% correspond-
ing to waveguide losses of 2.5 and 1.1 dB/cm at a wave-
length of 632.8 nm for single tracks and the pair structure,
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Fig. 5 Near-field images of waveguiding in a 9-mm long channel in
Nd:YAG obtained by a CCD camera; single track (marked as a white
dashed area) (a) and pair of tracks (b)

respectively. These values are higher than the waveguide
losses for a fs-laser written depressed cladding, buried
Nd:YAG waveguide (0.2 dB/cm) as well as a waveguide
laser fabricated in a Nd:YAG ceramic (0.6 dB/cm) [7, 8].
Typical losses for fs-laser written waveguides in glasses are
around 0.2 dB/cm [11].

Waveguiding is only possible if the incident light is po-
larized parallel to the long axis of the cross section of the
written tracks as indicated in Fig. 5.

The change of the refractive index was estimated by as-
suming a refractive step index profile of the waveguide,
measuring the maximum incident angle &,, at which no
change of the transmitted power is occurring, and using the
formula

)
A S0 Om (1)
2n
where n is the refractive index of the unstructured sample.
The resulting refractive index change of the waveguides is
in the order of An = 1 x 1073, Due to uncertainties of mea-
suring the maximum incident angle an error of 30% was es-
timated.

5 Chemical etching

To investigate the underlying stress induced guiding mech-
anism the YAG samples were immersed in 85% orthophos-
phoric acid at a temperature of 50°C. After several hours of
continuous etching, the samples were cleaned in water and
the etching depth of the written tracks relative to the end
face of the crystal was measured using a microscope. Sub-
sequently the etching process was continued.

In Fig. 6(a) an image of a partially etched track written
with a pulse energy of 1 uJ is shown. The etched part of the
track is marked. The same track imaged between crossed
polarizers is shown in Fig. 6(b). Only the nonetched part of
the track still shows strong birefringence whereas the etched
part remains black. It was not possible to observe waveguid-
ing in the area surrounding the etched tracks or between a
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Fig. 6 Microscope images of an etched track written at a pulse energy
of 1 pJ (a); the same track between crossed polarizers (b) damage of
the crystal surface after 140 h of etching (c)
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Fig.7 Evolution of the etching depth of the tracks written with differ-
ent pulse energies

pair of these tracks due to the absence of a stress-induced
change of the refractive index. Further microscope images
reveal that only the material of the written tracks were re-
moved. The stress-affected material surrounding the tracks
remains unetched. The absence of the birefringence is due
to relaxation of the formerly stress-affected material.

After an etching period of 330 h an etching depth be-
tween 630 and 700 pm was measured depending on the pulse
energy used at the writing process (Fig. 7). With increasing
pulse energy and thus increasing cross-section area of the
written tracks an increase of the etching rate was observed.
All tracks reveal a decreasing etching rate over the time. At
the first 19 h etching rates up to 5 pm/h were measured. Af-
ter 300 h the rate is reduced to about 1 um/h. The surface of
the unmodified material is highly acid resistant. First slight
damage of the surface in form of scratches was observed
after 140 h (Fig. 6(c)) but even after 300 h of etching the
surface remains mostly transparent.

6 Laser experiments

Laser experiments were performed by coupling the light of
a Ti:Sapphire laser operating in CW mode at a wavelength
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Fig. 9 Laser power as a function of launched pump power for two
different output coupling rates

of 808 nm into a waveguide by a 20x microscope objec-
tive (NA = 0.4). A A/2 waveplate and a polarizer were used
to control the polarization and the power of the laser beam
(Fig. 8).

In a first experiment laser operation at a wavelength of
1064 nm was achieved without mirrors but using only the
Fresnel reflection of about 9% at each surface. Thus, the to-
tal output coupling was about 99%. The laser delivered a
maximum combined output power of 25.5 mW at 261 mW
of launched pump power (Fig. 9). The slope efficiency was
23%. We also placed a plane incoupling mirror, which was
highly reflective for the laser wavelength, between the polar-
izer and the incoupling microscope objective. In this case the
laser cavity is formed by this mirror and the back face of the
crystal. The microscope objective, which is now part of the
resonator, induces 10% of losses at the laser wavelength of
1064 nm in a single pass. With this setup a maximum output
power of 28.3 mW and a slightly reduced slope efficiency of
15% were achieved. The decrease of the slope efficiency can
be attributed to the additional losses by back-coupling of the
cavity mode. The laser light is polarized parallel to the long
axis of the cross section of the written tracks as expected
from the waveguide experiments.

In Fig. 10 a CCD camera image of the near field of the
guided laser mode is shown. The diameter of the laser mode
is 14 um (at 1/e?). The laser mode has a nearly Gaussian
intensity profile.
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7 Conclusion

In summary, tracks resulting from a destruction of the crys-
talline lattice have been written in undoped and Nd-doped
YAG crystals using tightly focused femtosecond pulses.
Waveguiding was observed due to stress-induced birefrin-
gence in the surrounding region of the tracks and between
pairs of tracks. The mode guided between a pair of tracks
has a nearly Gaussian intensity profile. The refractive in-
dex change of these waveguides was estimated to be in the
order of 1073, Etching experiments with etching rates up
to 5 um/h reveal that without stress-induced birefringence
waveguiding is no longer possible. Laser operation at a
wavelength of 1064 nm was achieved between the end faces
of the crystal with a maximum output power of 25.5 mW at
261 mW of launched pump power. The slope efficiency was
23%.

The output power of the waveguide laser was only re-
stricted by the available launched pump power. By using a
pump source with higher laser power and optimizing the
coupling efficiency, higher waveguide laser output power
should be obtained. Experiments with mirrors evaporated di-

rectly on the crystal to reduce resonator internal losses are
in progress.

Since the formation of fs-laser written waveguides in
YAG crystals is independent of the doping ion, this host
material is promising to realize waveguide lasers with other
rare-earth elements, such as ytterbium or erbium, as active
ions.
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