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waveguiding in bulk Ti 3+ :Sapphire

V. Apostolopoulos,a) L. Laversenne, T. Colomb,
M. Pollnau
Advanced Photonics Laboratory, Institute for Imaging
Swiss Federal Institute of Technology, CH-1015 Laus

R. Osellame, G. Cerullo, and P. Laporta
Dipartimento di Fisica, Politecnico di Milano and IFN
I-20133 Milano, Italy

(Received 5 January 2004; accepted 15 June 2)

We have employed femtosecond laser writing
waveguides in Ti3+-doped sapphire. Doping
significantly reduces the threshold for creating
waveguide structures. Passive and active burie
of the guided modes, propagation-loss values
presented. The guiding area is located around t
effect is stress induced. Refractive-index change
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Nonlinear absorption of femtosecond laser pulses ha
been employed in order to induce structural changes by mi
croexplosions in numerous materials1 and also for fabricating
waveguide structures.2–4 Femtosecond pulses can be used for
precise micromachining of materials, as the pulse energy i
transferred to electrons and the optical excitation ends befor
the lattice is perturbed. The energy deposition is based o
multiphoton absorption and avalanche ionization; the nonlin-
earity of the process can be exploited in order to write struc-
tures into the bulk of materials. Therefore, femtosecond writ-
ing provides the possibility of implementing three-
dimensional (3D) optical integrated circuits. Another
advantage of this fabrication process is the capability of
rapid prototyping of a device without the need for any pho-
tolithographic process.

Waveguides in Ti3+:Sapphire are of great importance for
applications as low-threshold tunable lasers, integrated fem
tosecond lasers, and as broadband light sources in optic
coherence tomography.5 Surface channel waveguides in hard
crystalline materials, such as sapphire and Ti3+:Sapphire,
have been obtained by a number of methods that require th
use of photolithographic masks, such as reactive ion etching6

of planar waveguides, ion indiffusion,7 as well as in-depth
channel waveguides by proton implantation.8 Here, we report
writing of waveguides by femtosecond pulses in a hard crys
talline material, Ti3+:Sapphire. Waveguiding is observed
around microdamaged areas induced by femtosecond irradia
tion. We found that the threshold for creating microdamage
by femtosecond irradiation in sapphire is greatly decrease
when the crystal is doped with Ti3+ ions. The process also
shows promise for 3D integrated circuits in other hard crys-
talline materials when sensitized by an appropriate doping
ion.

Two writing systems using Ti3+:Sapphire lasers at rep-
etition rates of 1 kHz and 25 MHz, respectively, with a cen-
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order to induce refractive-index changes and
sapphire crystal with an appropriate ion

uctural changes, thus enabling the writing of
annel waveguiding is demonstrated and images
orescence spectra, and output efficiencies are
ser-damaged region, indicating that the guiding

re measured by digital holography. Proper active
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ter pulse wavelength of 790 nm, were employed. For the
low-repetition-rate system, the pulse duration was 150 fs and
the pulse energy was varied from 0.5 to 6mJ, whereas the
maximum pulse energy available from the high-repetition-
rate system was 30 nJ with pulse duration,30 fs. For fo-
cusing the laser beam, a 0.3 numerical aperture(NA) micro-
scope objective was used with the kHz system; for the MHz
system, a 1.4 NA oil-immersion objective was employed.
The focal point was inside the bulk of the material
(100 to 300mm deep) with a spot size of approximately
10 mm (0.3 NA objective) and ,1 mm (1.4 NA objective).
The sample was held on a translation stage that moved in a
direction perpendicular to the writing beam; the writing
speed was varied from 9 to 17mm/s (kHz system) and
from 0.1 to 10 mm/s(MHz system). One sample of pure
c-cut sapphire and one sample of Ti3+:Sapphire with a Ti3+

concentration of 0.21 at. % were irradiated. When employing
the high-repetition-rate system, none of the irradiated
samples showed any effect. With the higher energies avail-
able from the low-repetition-rate system, the undoped sap-
phire did not exhibit any damage or refractive-index modifi-
cation, whereas channels approximately 10 mm in length
were written inside the bulk of the Ti3+:Sapphire sample.

In Fig. 1(a), a microscope image of the end face of two
irradiated regions in the Ti3+:Sapphire sample is shown. Us-
ing the technique of digital holography,9,10 the optical path
differences in a 1.1-mm thick slice cut from the irradiated
sample were monitored with the probing laser beam passing
through the sample in the waveguide direction. Two line pro-
files were taken, line(I) slightly above and line(II ) directly
through the damaged regions, as indicated in Fig. 1(a). From
the measured optical path differences, see Fig. 1(b), positive
and negative refractive-index changes of approximately 1
and −2310−4 were obtained in the regions above the tips of
the damaged regions and directly in the damaged regions,
respectively.
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