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ABSTRACT

We report on direct inscription of type-II waveguides in bulk titanium-doped sapphire with an ultrafast chirped-
pulse oscillator. Ti3+:Sapphire is of particular interest due to its large emission bandwidth which enables a
broadband tunability and generation of ultra-short pulses. However, its lasing threshold is high and powerful
high brightness pump sources are required. The fabrication of a waveguide in Ti3+:Sapphire could thus enable
the fabrication of low-threshold tunable lasers and broadband fluorescence sources. The latter are of interest for
optical coherence tomography where the obtainable resolution scales with the bandwidth of the light source.
The fabricated waveguides are formed in-between two laser induced damage regions. This technique has been
applied to other crystalline materials (e.g. LiNbO3) but not in Ti3+:Sapphire, yet. The size of the structural
changed regions is strongly dependent on the writing laser polarization. These damage regions of changed
structure cause a stress-field inside the crystalline lattice which consequently increases the refractive index to
form a waveguide. The written structures exhibit a strong birefringence and two waveguides that support
orthogonal polarized modes are formed between each pair of damage lines. Linearly polarized light parallel to
the crystal’s surface is guided between the two damage regions while a waveguide for the orthogonal polarization
is formed underneath.
The propagation properties of the waveguides are characterized by their near-field profiles and insertion losses
with respect to the writing parameters. Further the fluorescence output power is measured and the emission
spectra of the waveguides are compared to the bulk material.
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1. INTRODUCTION

One of the most well-established broadband solid-state laser materials is Ti3+:Sapphire. Its success can be ac-
credited to its excellent thermal, mechanical and optical properties. The large vibronically broadened emission
bandwidth allows tuning in the wavelength range of 670-1100 nm1 and enables the generation of ultrashort
pulses below 10 fs pulse duration.2 However the lasing threshold is high due to the short upper state lifetime of
only ∼3.2 μs at room temperature3 and the large saturation intensity. Therefore powerful high brightness pump
sources like argon-ion or frequency-doubled neodymium lasers are required. The threshold pump power can be
reduced by tighter focusing or confining the light in a waveguide. Waveguides in Ti3+:Sapphire could thus enable
the fabrication of tunable low-threshold lasers or broadband luminescence sources. Tunable lasers are of interest
for many spectroscopic applications whereas broadband fluorescence sources are in particular attractive for low
coherence interferometry like optical coherence tomography (OCT) where the achievable resolution scales linear
with the available bandwidth of the light source.4

Various techniques have been applied to fabricate Ti3+:Sapphire waveguides including pulsed laser deposition5

also in combination with reactive-ion etching6 or argon-ion milling,7 ion-indiffusion8 and titanium/oxygen im-
plantation.9 Unfortunately all these methods are limited to surface waveguides which usually suffer from scatter-
ing losses. Buried channel waveguides have been demonstrated by proton implantation.10 However all mentioned
fabrication techniques require several processing steps and thus are expensive and time consuming. An attractive
alternative is direct laser writing (DLW). It has been demonstrated in 1996 that by tightly focusing an ultrafast
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laser into glass a local refractive index change can be induced.11 One of the major advantages of DLW is its
capability to exploit 3-dimensional structures12 and it has been shown that it can be applied to many different
materials ranging from common glasses like fused silica, phosphate13 and borosilicate glasses14 as well as crystals
like LiNbO3,15 silicon,16 KGW17 and Ti3+:Sapphire.18 However to date the direct laser written waveguides in
Ti3+:Sapphire exhibit a large asymmetric mode-field profile which makes coupling to single-mode fibers difficult
and inefficient because of the large mode-mismatch. Further they were fabricated with a 1 kHz titanium sapphire
amplifier system whereas we are using a high repetition rate oscillator which dramatically reduces the processing
time.

2. WAVEGUIDE FABRICATION

For waveguide writing an ultrafast chirped-pulse Ti3+:Sapphire oscillator (FEMTOSOURCE scientific XL 500,
Femtolasers GmbH) with a stretched cavity to reduce the repetition rate and increase the pulse energy19 is used.
The laser operates at a repetition rate of 5.1 MHz with a center wavelength of 800 nm. The maximum pulse
energy is 550 nJ at a pulse duration of 50 fs. Due to sapphire’s high damage threshold tight focusing has to be
used to achieve optical breakdown. Hence a 100x Olympus oil immersion objective with 1.25 NA is employed
to focus the laser beam into the bulk sample. The samples are placed on a set of computer controlled XYZ air-
bearing stages (Aerotech ABL1000) and translated transverse to the writing beam. A half-wave plate mounted
on a computer controlled rotation stage and a polarizing beamsplitter cube are used for continuous attenuation
of the writing power.
The fabricated waveguides are formed in-between to damage regions which introduce a stress-field inside the
crystalline lattice.20 This stress-field causes a refractive index change and thus results in optical guiding (figure
1). Our approach is based on the technique presented by Apostolopoulus et al.18 with the additional advantage
that it allows flexible adjustment of the mode-field diameter by changing the spacing of the damage regions.
The waveguides are fabricated in a 0.19 at. % Ti3+ doped sapphire crystal and all waveguides guide along the
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Figure 1. Sketch of the waveguide writing arrangement and the waveguide formation within the bulk material. The writing
laser is focused 60 μm below the surface through a 100x 1.25 NA oil immersion objective. Two parallel damage tracks
are fabricated along the crystalline c-axis next to each other in order to obtain a symmetric guide where the introduced
stress-field results in a positive refractive index change.

optical axis of the crystal (c-axis) where no birefringence is present. The waveguides are written at translation
speeds between 1 mm/s and 8 mm/s with an average power in front of the objective of 1 W. At larger average
powers cracking of the crystal and boiling of the immersion oil occurs, which influences the writing beam and
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hence results in discontinuous waveguides. For fabrication the focal spot of the objective is located 60 μm below
the surface.

3. RESULTS AND DISCUSSION

3.1 Polarization dependent laser-induced damage size

The size of the optically damaged regions is a crucial parameter for the shape of the guided mode since the
waveguide formation relies on the resulting stress-field. For the particular crystalline orientation of our samples
and propagation direction of the writing laser beam the sizes of the damage regions are strongly dependent
on the writing depth and further a periodic behavior in size is observed. Figure 2 is a microscope image of
the laser-induced damages for different focusing depths at an average writing power of 570 mW, 500 μm/s
translation speed and circular polarization. Crossed polarizers were used to take the image. The difference in
size of the damaged regions results in different amounts of stress and thus birefringence which is represented by
the brightness of the spots. With increasing focal depth 3 brightness minima and 4 maxima are observed over a
range of 170 μm.

200 μm200 μm

Figure 2. Cross sectional image with crossed polarizers of the damage lines written at different depth. The brightness
under crossed polarizers represents the amount of introduced birefringence by the damages and therefore gives a qualitative
indication of the damage size. The writing laser beam was entering from the top of the image.

The dimension of the optical damages transverse to the propagation direction of the writing laser beam are about
1 μm and along the propagation direction a minimum of 1.3 μm and maximum up to 8.5 μm is noticed. This
highly elongated shape under high NA focusing is caused by spherical aberration due to the refractive index
mismatch between the immersion oil and the Ti3+:Sapphire crystal.21 Figure 3 shows the damage sizes versus
the focal depth and a sinusoidal fit to the periodic modulation with a periodicity of 48.3 μm. In the used writing
geometry the laser propagates perpendicular to the optical axis and hence it experiences the birefringence of
sapphire. This results in a periodic modulation of the laser polarization from circular to linear and back while
propagating through the sample. By taking the difference between ordinary and extraordinary refractive index
at 800 nm of Δn = 0.008122 a propagation distance of 48.6 μm is required to introduce a phase retardation
of π which corresponds to the action of a half-wave plate. This leads to the conclusion that the bulk damage
threshold of sapphire under high NA focusing is polarization dependent where linear polarization exhibits a lower
threshold similar to fused silica.23
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Figure 3. Measured damage sizes along the writing laser propagation direction versus the focal spot depth using a 100x
1.25 NA oil immersion objective. The structures are fabricated with circular polarization at 570 mW average writing
power and 500 μm/s. The sinusoidal fit applied to the periodic modulation shows a periodicity of 48.3 μm.

3.2 Near-field mode-profiles and waveguide birefringence

The near-field mode-profiles at 633 nm for waveguides with 10 and 15 μm damage spacing are illustrated in
figure 4. The writing laser is entering from the top. Both waveguides are written at 1 W average power and
2 mm/s translation speed. The narrower spaced damage tracks show a stronger mode-confinement where less
light leaks out at the top of the mode. With increasing damage spacing and increasing writing speed the intensity
maximum of the guided mode moves upwards towards the top surface. The Gaussian fit gives a horizontal beam
diameter of 7.8 μm and 9.6 μm vertical for the 10 μm spacing waveguide. The 15 μm spacing waveguide has a
mode-field diameter of 12.3 μm and 12 μm respectively.
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Figure 4. Near-field mode-profile at 633 nm of waveguides fabricated at 1 W average power and a translation speed of
2 mm/s (writing laser beam entering from the top of the image). The location of the damage regions with respect to the
mode is indicated by two ellipsoids. The waveguide on the left has a damage track spacing of 10 μm and the one to the
right 15 μm. The horizontal and vertical cross section including a Gaussian fit are shown on top of each profile and to
the right respectively.
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All waveguides exhibit a strong birefringence due to the complex stress-field. Two waveguides are formed per
pair of damage tracks caused by a secondary damage underneath the location of the writing objective’s focal
spot (figure 5). A waveguide guiding light polarized parallel to the sample’s top surface (horizontal) is formed in-
between the main damages and a second waveguide underneath which is supporting the orthogonal polarization
(vertical). In general the mode in-between the main damages is stronger guided and features less losses.
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Figure 5. Microscope image and near-field profile of a waveguide written at 1 W and 1 mm/s translation speed (writing
beam entering from the top of the image). The mode-profile are taken by over illumination of the waveguides with a fiber-
coupled 633 nm laser. Two waveguides are formed per pair of damage tracks caused by a secondary damage underneath
the location of the the writing objective’s focal spot. The two waveguides support orthogonal polarized modes.

3.3 Insertion losses

The insertion losses of the waveguides are measured with a fiber-coupled 633 nm HeNe laser by butt-coupling a
single-mode fiber (SM600, Fibercore Ltd.) at each end of the waveguides. The shown values always represent the
horizontal polarized waveguide formed in-between the two main damages. The insertion loss includes propagation
loss, coupling losses between the waveguide mode and fiber mode and fresnel losses at the fiber/air and air/sample
interface. The waveguides show insertion losses ranging from 12 dB to 19 dB for 2.5 mm sample length and
increase with faster writing speeds (figure 6).
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Figure 6. Insertion losses versus the writing speed are taken by butt-coupling a fiber-coupled 633 nm laser source. The
insertion loss includes propagation losses, coupling losses due to the mode-mismatch between the fiber and waveguide and
fresnel losses.
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The coupling losses for waveguides with a close to Gaussian beam profile are calculated by fitting the waveguide’s
mode-field to an elliptical Gaussian intensity profile and evalulating the mode-overlap integral24 with the mode-
field of the SM600 fiber (4.3 μm mode-field diameter at 633 nm). Thus the propagation losses can be estimated
by subtracting the coupling and fresnel losses off the insertion loss. The lowest propagation loss of 8.9±0.5 dB/cm
is found for waveguides fabricated at the lowest speed of 1 mm/s and 15 μm spacing. Even if the waveguides
with narrower spaced damage lines show a stronger mode-confinement their propagation losser are larger. It
is believed that the electric field interacts stronger with the damages since the mode-field is closer to them.
In comparison propagation losses of 2.3 dB/cm are reported for laser written waveguides,18 3 dB/cm for rib
waveguides fabricated by pulsed laser deposition and reactive-ion etching6 and 1 dB/cm for proton implanted
buried channel waveguides.7

3.4 Fluorescence output power and spectra

The waveguides are probed for their fluorescence output power by pumping them with a green laser to investigate
their suitability as source for low coherence interferometry. Further the fluorescence spectra of the waveguides
and the bulk material are recorded and compared with each other. Figure 7 depicts the waveguide pumping
setup. A frequency doubled CW Nd:YVO4 laser emitting at 532 nm (Coherent Verdi V10) is launched through
a microscope objective into a 460 nm cutoff wavelength single-mode fiber (460-HP, Nufern). In order to reduce
the coupling losses between the single-mode fiber and the Ti3+:Sapphire waveguides a short piece of graded-
index fiber (GIF) is spliced onto the end which results in a larger mode-field diameter. The fluorescence output
is collected with a 630 nm cutoff wavelength single-mode fiber (630-HP, Nufern) which also has GIF tip for
coupling loss reduction. The end of the fiber is put in front of a power meter with two 2 mm thick color glass
filters (Schott OG 590) to block the residual pump radiation with an optical density greater than 6.

460-HP SMF Microscope Objective

Coh

Mode-matching Fiber Tip

Ti3+:Sapphire Xtal with Waveguide

Power Meter

herent Verdi V10

Color Glass Filters
(Schott OG 590)

630-HP SMF

Figure 7. Illustration of the setup used for probing the fluorescence output power (SMF. . . single-mode fiber).

Figure 8(a) shows the fluorescence output power of a waveguide with 10 μm damage track spacing written at
1 mm/s and 1 W. The values are corrected for the transmission of the color glass filters. A maximum output of
6.3 μW at 73 mW launched pump power at the end of the fiber tip is achieved. The emission slope efficiency is
9.2 · 10−5 which is more than two times larger than the previously reported 3.4 · 10−5 for a DLW waveguide in
Ti3+:Sapphire18 and compares very well to the 9.5 · 10−5 emission slope efficiency of a argon-ion milled surface
waveguide.7

The fluorescence spectrum from a waveguide and the bulk material is compared in figure 8(b). No change in
spectral shape is observed.
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Figure 8. Fluorescence output power and spectra.

4. CONCLUSION

We demonstrated to our knowledge for the first time direct laser written waveguides in bulk Ti3+:Sapphire with
an ultrafast oscillator which results in much shorter fabrication time. The waveguides were fabricated by writing
two parallel damage tracks next to each other into the bulk material. Two waveguides supporting orthogonal
polarized modes were formed per pair of damage lines. The stronger waveguide was located in-between the
two damages guiding light polarized parallel to the sample’s top surface (horizontal). Directly underneath
the first waveguide a second waveguide was observed supporting the orthogonal polarization (vertical). The
waveguides showed insertion losses between 12 and 19 dB at 633 nm. A minimum propagation loss of 8.9 dB/cm
was estimated. Pumping the waveguides with a CW 532 nm laser in an all fiber-coupled setup resulted in a
maximum fluorescence output of 6.3 μW at 73 mW launched pump power with an emission slope efficiency of
9.2 · 10−5. Compared to the bulk material no change in the spectral shape of the waveguide fluorescence was
observed.
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