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1. Introduction.

Amorphous aluminum oxide film is known to be excellent host for rare-earth ions and perspective
material for active integrated optical applications. Deposition of high optical quality rare-earth-ion-
doped Al203 films and waveguide patterning has been recently intensively investigated [1-6]. The first

AI203:Er3+ laser based on a ring waveguide resonator was demonstrated [2]. The most consumable

part of such waveguides manufacturing is patterning, which is based on lithography, and it is attractive
to replace it with more flexible and cheaper method of waveguide fabrication.

Meantime over the last 15 years femtosecond direct writing technique of waveguide formation in bulk of
dielectric crystals and glasses has been extensively developing since the pioneer work devoted to
waveguide formation in glasses [7]. Since that time numerous waveguide lasers with different core sizes
and shapes have been manufactured by femtosecond laser beam in rare-earth doped glasses [8-9] and
crystals [10-16], while only one paper devoted to direct laser writing in a thin film has been published [17].

Here we applied femtosecond laser direct writing technique for waveguide formation in Al203:Nd thin
film for the first time and consider it as an alternative to lithography as more flexible and quicker
method for waveguide patterning. Challenge of femtosecond writing in thin films arises from proximity
of the surface and the area, which is to be modified. A non-linear nature of the femtosecond
modification leads to dramatic sensitivity to various defects, which are inherent in a surface. In this
paper we offer natural solution of this problem by applying an additional film above the modifying
film, and thus distancing surface of the sample from the inscribing beam waist.

2. Femtosecond modification of Al203:Nd film

Amorphous film of Al203:Nd with thickness of 1.7 um was manufactured by rf magnetron reactive
sputtering on BK7 glass substrate. The substrate was polished as for laser mirror of a moderate quality,
and its roughness was of a few nm (rms). The sputtered target was alloy of Algg 5Nd(.5. Refractive
index of the amorphous Al203:Nd film was measured with an ellipsometer and found to be 1.574. Such
film was used in the first series of inscription experiments. Then an additional layer of SiO2 glass with
thickness of 5 um was applied by the same method on the top of the aluminum oxide film. Thus two
kinds of samples with an aluminum oxide film were available for inscription experiments: one had a
single Al203:Nd film on the BK7 substrate, while the other one consisted of two films, that are the
Al203:Nd film and the additional SiO2 film on the top.

In laser inscription experiments samples with films were mounted on the Aerotech high precision
three-dimensional translation stage. Scanning velocity during laser writing was of 0.5 mm/s. A
femtosecond laser beam at wavelength of 800 nm, pulse duration of 110 fs (FWHM) and repetition rate
of 1 kHz was focused under surface of the sample at predefined depth h by 100x Mitutoyo lens with
numerical aperture NA=0.55. A cylindrical defocusing lens with focal distance of 34 cm was places in
front of main focusing Mitutoyo lens and provided a beam waist in a form of highly elongated ellipse in
the transverse cross-section. The calculated size of minor ellipse axis was of 1.1 um, while the major axis
size was of 14 um and the major axis was oriented along an inscribed track.



Inscription threshold for modification of refractive index in Al203:Nd film was found be around 0.2 uJ
for both samples investigated. Provided that the beam waist was positioned below the surface not
less then 2 um, we did not observe sufficient degradation of smoothness of inscribed tracks under
pulse energies up to 0.5 w in comparison with writing at the threshold pulse energy. Two linear
types of polarization were tested, that are perpendicular and parallel to a track, but no differences
were found.

Since position of beam waist relative to the Al203:Nd film and the surface is obviously critical for
writing precisely in the film, series of test tracks were inscribed at different depth h under the surface
in range of 2 um — 15 um and nearly the same pulse energy around 0.3 pJ. Here the inscription depth is
considered as position of hypothetical beam waist relative surface under diffraction limited linear
propagation. Refractive index of the medium is assumed to be equal to 1.55 for the sample with single
film (which is an average between the parameters for Al203:Nd film and BK7 glasses), 1.5 for the sample
with two films (which is an average between the parameters for SiO», Al203:Nd films and BK7 glasses).

In experiments with the sample having only the Al203:Nd film modification of aluminum oxide film
taken place under the inscription depth in range of 0 um 7 um, and under greater depth only
modification of the substrate was observed (Fig.1), besides the tracks in the film have got considerably
larger roughness than the tracks in the substrate. Such behavior could be explained by increased
concentration of defects on the surface, and probably by insufficient homogeneity of the film. It is
interesting that the tracks in the film were effectively inscribed with a considerably greater depth range
than the film thickness, which could be naturally attributed to high non-linear absorption in the film
versus the substrate.
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a) b)

Fig.1. Microscopic pictures of pairs of tracks inscribed in opposite directions at three different depth h in the sample with the single
Al203:Nd film. a) the tracks are in the film; b) tracks are in the substrate. Distance between the tracks is 10 um. The writing beam had linear

polarization perpendicular to a track

Modification of the Al203:Nd film with the additional SiO2 film on the top took place under inscription
depth in range of 3-7.5 um under pulse energy of 0.27 wJ (Fig.2), while no tracks were found under the
inscription depth less than 3 um. As in the case of the single film the tracks are efficiently inscribed in
the AI203:Nd film with the SiO2 film on the top with a considerably greater depth range than the
thickness of the Al203:Nd film. In this experiment we have got significantly smoother tracks in the
Al203:Nd film than in the previous sample without the SiO2 layer.
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Fig.2. Microscopic pictures of track inscribed at three different depths h in the sample with the Alp03:Nd film and the SiO, film on top. a),

b), c) Top views of pairs of tracks inscribed in opposite directions. Distance between the tracks is of 20 um; d, e), c) End views of a single
track, the Al203:Nd is colored in green and has thickness of 1.7 um. The writing beam had linear polarization parallel to a track.

Refractive index change in tracks inscribed in the Al203:Nd film was investigated with QPm method,
based on the solution of the so-called transport-of-intensity equation [18]. Setup for measurement was
based on Zeiss microscope with back illumination of the sample by the tungsten lamp light passed
through interference filter with center wavelength of 530 and FWHM of 5 nm. It was found to be
negative with absolute value around 0.01 under inscription pulse energy of 0.3 .

3. Fabrication of waveguide

Ten tracks with depressed refractive index composing waveguide cladding were inscribed at the
opposite sides of un-exposed waveguide core to ensure wave confinement in the direction along the
films plane (Fig.3). Laser writing setup is described in the previous chapter. Inscription was done in the
sample without additional SiO; film, so roughness of the track was rather large. The sample was cut
perpendicular to the waveguide, and then the ends were polished. Waveguide length was 5 mm.
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Fig.3. Microscopic picture of the waveguide end in the Al203:Nd film.

4. Waveguide characterization

The transmittance spectrum of the waveguide was recorded with the super-continuum fiber source
Fianium. Super-continuum laser beam was coupled into the waveguide by a high NA aspheric lens with
focal distance of 3.3 mm. The output light was collected in a multimode fiber and transmitted to the
Ando spectrum analyzer, model AQ6317B. Transmittance spectrum displays strong modulations due to
absorption of Nd**ions (Fig.4). The absorption lines demonstrate pronounced inhomogeneous
broadening due to amorphous nature of the aluminum oxide film. Absorption band centered at 804 nm
is suitable for pumping by laser diodes. Waveguide absorbance due to the Nd3* dopants at this
wavelength is as high as 78 %, and attenuation coefficient equals to 13 dB/cm.
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Fig.4. Transmittance spectrum of the waveguide in the Al203:Nd film.

Waveguiding properties were characterized with tunable CW Ti:sapphire laser operating at wavelength
of 804 nm. A cylindrical telescope was applied to form an elliptical cross-section of the laser beam with
eccentricity close to those of calculated fundamental waveguide mode. Then the laser beam was
coupled to waveguide by the mentioned above aspheric lens, and collected by the microscopic lens on a
power meter head or on CCD of a laser beam profilometer. Transmittance of the waveguide was found
to be 13%. Excluding the loss due to neodymium absorption and Fresnel reflection, we have found that
loss due to scattering and leakage in the waveguide could be as high as 3.8 dB/cm. In reality this loss
would be lower as we do not take into account coupling loss, and it is included in this value.

Fig.5. The measured 804 nm pump intensity distribution at the waveguide output. Solid blue and red lines represent measured profiles and
its Gaussian fittings correspondingly. Diameters of the distribution at 1/e? level were found to be 5.4 pm and 3.2 um for horizontal and

vertical profiles correspondingly
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Fig.6. Luminescence spectrum of Nd3+ ions under waveguide pumping at wavelength of 804 nm.
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Fig.7. Kinetics of luminescence at the 1062 nm band.

Near field image of intensity distribution at the waveguide output for the 804 nm wavelength is shown
in Fig.5 along with Gaussian fitting for vertical and horizontal profiles.

Luminescence spectrum of Nd3* ions was recorded on the same experimental setup, but with a
spectrometer and a filter blocking pumping light added (Fig.6). Kinetics of luminescence was detected
under interrupting of a CW pump laser beam by a mechanical chopper (Fig.7). The luminescence exhibits
non-exponential behavior with averaged lifetime about of 60 ps.

The measured near field image of luminescence intensity distribution at the waveguide output for 1062
nm wavelength band is shown in Fig.8.

Fig.8. Luminescence intensity distribution at the waveguide output end. Solid blue lines represent measured profiles. Solid red line in the
horizontal profile is fitting by three Gaussian profiles corresponding to the fundamental and the 2-nd modes. In vertical profile solid red line
represents fitting by one Gaussian contour. Full width of the vertical profile at 1/e? level was found to be 4.4 pm.

5. Discussions

One should expect mode leakage along the Al,03:Nd film, because of finite thickness of the cladding
consisting of the 10 tracks. Theoretical mode analysis was performed with commercial code Comsol
Multiphysics for pump wavelengths of 804 nm and luminescence wavelength of 1062 nm under
assumption that refractive index change is constant within a track and equals to -0.01 for both
wavelengths. Two leakage modes were found in each case. In Fig.8 mode intensity distribution is shown
for 804 nm. The distribution for wavelength of 1062 nm is not shown, because it is very analogous. It
was calculated that at pump wavelength of 804 nm the fundamental and second modes have got losses
of 0.1 dB/cm and 0.4 dB/cm correspondingly.



Measured pump intensity distribution (Fig.5) fairly corresponds to the simulated fundamental mode.
Nevertheless theoretical vertical mode size was found to be equaled to 1.7 um, which is almost 2 times
less than the experimental one equaled to 3.2 um, and theoretical horizontal mode size is nearly 2.5
times higher than the experimental one (13 um versus 5.4 um). The discrepancy in horizontal direction
could be due to possible inhomogeneity of refractive index profile within a core that was not taken into
account in simulations. Indeed in Fig.1a one could observe performance of mechanical deformations due
induced stress around a track inscribed in the Al,O3:Nd film, which relaxes at distance of few microns
apart from the track like damped oscillations. Thus refractive index perturbation around cladding tracks
in the waveguide could reduce effective core size. Remarkably, there are no such periodical
deformations in the sample with the additional SiO; layer on the top (Fig.2). We think that the additional
SiO; film suppresses such deformations.

The mode size increase in the vertical direction could be due to imperfections of the boundary between
substrate and the film and some variation of film thickness along the waveguide that could cause mode
scattering and leakage. These imperfections are also manifested in rather large measured propagation
loss, which is higher in comparison with theoretical one. The last takes into account only leakage
through cladding in the film, meantime high roughness of tracks composing the waveguide cladding also
contributes to propagation loss. However roughness of the tracks is considerably lower for the sample
with the additional SiO; film (compare Fig.1a and Fig.2). This could be the case due to that an additional
SiO2 film on the top significantly suppresses destructive interaction of the inscribing beam with
imperfect boundaries of the Al,03:Nd film, and probably diminishes defect density on these boundaries.
Thus a waveguide inscribed in the two-layer film is expected to have lower loss. We believe that the
extra loss can be also diminished by reduce of substrate roughness and improvement of the rf sputtering
process.

B)

Fig.9. Calculated intensities for waveguide modes at wavelength of 804 nm. Refractive index change is assumed to be -0.01. a) fundamental
mode; b) 2-nd mode. Both modes are degenerated by polarization.
Pictures of modes at wavelength of 1062 nm are very analogous.

It is interesting that for the 2-layer sample no tracks were found in the sample under the inscription
depth less than 3 um in the range of pulse energies investigated. We explain this in the following way.
The beam is focused in the SiO; film under such depth. Bandgap of SiO2 film (9.3 eV [19]) is remarkably
greater than that of amorphous Al203 film (~3.2 eV, [20]) and BK7 glass (4.28 eV, [21]), so one should
expect greater energy threshold for inscription in the SiO2 film than in Al,Os film and BK7, and it was not
reached in our experimental conditions, while narrow bandgap of Al203 film insures modification in it
under wide inscription depth h. This effect can be exploited in applications, where fine localization of
modified region in direction of the inscription beam is needed.



The luminescence spectrum corresponds to transitions between 4F3,/2 and 4I13/2 multiplets. A wide

single band centered at 1062 nm with FWHM as high as 32 nm clearly shows inhomogeneous
broadening. This is obviously due to multisite positions of Nd ions in frame of the amorphous Al203
film. The non-exponential kinetics confirms this statement.

Shape of luminescence intensity distribution at waveguide output end indicates that the luminescence is
trapped in the waveguide (Fig.8). It is decomposed into fundamental and 2-nd modes as shown in the
Fig.8.

6. Conclusions

Femtosecond direct writing is a promising technique for 2-D patterning of refractive index in the
amorphous aluminum oxide thin film. Combined depressed cladding/step index waveguide is fabricated
in the Al203:Nd thin film. Focusing of the femtosecond laser beam through an additional SiO2 film

applied on the top of the Al203 film permits to reduce roughness of the inscribed tracks, and should be
a solution for fabrication of low loss waveguides based on the Al203 film.
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