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We have employed femtosecond laser writing in order to induce refractive-index changes and
waveguides in T'-doped sapphire. Doping the sapphire crystal with an appropriate ion
significantly reduces the threshold for creating structural changes, thus enabling the writing of
waveguide structures. Passive and active buried channel waveguiding is demonstrated and images
of the guided modes, propagation-loss values, fluorescence spectra, and output efficiencies are
presented. The guiding area is located around the laser-damaged region, indicating that the guiding
effect is stress induced. Refractive-index changes are measured by digital holography. Proper active
doping should enable femtosecond processing and waveguide writing in various crystalline
materials. ©2004 American Institute of PhysidDOI: 10.1063/1.1781737

Nonlinear absorption of femtosecond laser pulses hater pulse wavelength of 790 nm, were employed. For the
been employed in order to induce structural changes by miow-repetition-rate system, the pulse duration was 150 fs and
croexplosions in num(irous materfadd also for fabricating  the pulse energy was varied from 0.5 tou8, whereas the
waveguide SthCthf_??S__- Femtosecond pulses can be used formaximum pulse energy available from the high-repetition-
precise micromachining of materials, as the pulse energy ifate system was 30 nJ with pulse duratie30 fs. For fo-
transferred to electrons and the optical excitation ends beforg,sing the laser beam, a 0.3 numerical aperthiz) micro-
the lattice is perturbed. The energy deposition is based 08cope objective was used with the kHz system; for the MHz
multiphoton absorption and avalanche ionization; the nonlingystem  a 1.4 NA oil-immersion objective was employed.

earity of the process can be exploited in order to write StruCThe focal point was inside the bulk of the material
tures into the bulk of materials. Therefore, femtosecond Writ-(100 to 300um deep with a spot size of approximately

ing provides the possibility of implementing three- 10 um (0.3 NA objective and ~1 um (1.4 NA objective.

dimensional (3D.) optu_:al . integrated cireutts. Ano_t_her The sample was held on a translation stage that moved in a
advantage of this fabrication process is the capability of

: . ) . direction perpendicular to the writing beam; the writing
trgﬁtlﬁ ozrr(;tggi/cp Ig%gési_dewce without the need for any pho-speed was varied from 9 to lwm/s (kHz system and

Waveguides in T*: Sapphire are of great importance for from 0.1 to_ 10 mm/s(MHz system. _One s_ampl_e of pLire
applications as low-threshold tunable lasers, integrated fenf: €Ut Sapphire and one sample of TiSapphire with a T
tosecond lasers, and as broadband light sources in opticiPncentration of 0.21 at. % were irradiated. When employing
coherence tomograpfySurface channel waveguides in hard the high-repetition-rate system, none of the irradiated
crystalline materials, such as sapphire and*Bapphire, samples showed any effgct. With the higher energies avail-
have been obtained by a number of methods that require tiPle from the low-repetition-rate system, the undoped sap-
use of photolithographic masks, such as reactive ion et€hing?hire did not exhibit any damage or refractive-index modifi-
of planar waveguides, ion indiffusidhas well as in-depth ~cation, whereas channels approximately 10 mm in length
channel waveguides by proton implantatfodere, we report ~ were written inside the bulk of the ¥i: Sapphire sample.
writing of waveguides by femtosecond pulses in a hard crys-  In Fig. 1(a), a microscope image of the end face of two
talline material, T3*:Sapphire. Waveguiding is observed irradiated regions in the i: Sapphire sample is shown. Us-
around microdamaged areas induced by femtosecond irradiég the technique of digital holograpfiy? the optical path
tion. We found that the threshold for creating microdamagelifferences in a 1.1-mm thick slice cut from the irradiated
by femtosecond irradiation in sapphire is greatly decreasedample were monitored with the probing laser beam passing
when the crystal is doped with ¥iions. The process also through the sample in the waveguide direction. Two line pro-
shows promise for 3D integrated circuits in other hard crysfiles were taken, lingl) slightly above and lingll) directly
talline materials when sensitized by an appropriate dopinghrough the damaged regions, as indicated in Fig). From
ion. the measured optical path differences, see Hip), positive

Two writing systems using ¥i: Sapphire lasers at rep- and negative refractive-index changes of approximately 1
etition rates of 1 kHz and 25 MHz, respectively, with a cen-5nq4 —2x 1074 were obtained in the regions above the tips of
the damaged regions and directly in the damaged regions,
¥Electronic mail: vasilis.apostolopoulos@epfl.ch respectively.

0003-6951/2004/85(7)/1122/3/$20.00 1122 © 2004 American Institute of Physics

Downloaded 20 Jun 2012 to 128.178.195.113. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.1781737

Appl. Phys. Lett., Vol. 85, No. 7, 16 August 2004 Apostolopoulos et al. 1123

> (@ (b)
X
(a) £1%7  e63xobi.
k=3 o

2 =~ o 16x obj.
2 2101
2 =3
£ 2
@ € 3
2= $ 5

y 3¢ 3

() []
e 5
S S 6
line profile (1) Fs- 0 ' ' T ' '
o | e line profile (Il 600 800 1000 0 200 400
1 Wavelength (nm) Pump power (mw)
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0 . bulk of the TF*: Sapphire samplega) Comparison of spectral fluorescence
50 100 shapes from waveguide and bulk regions; @bdinput—output curves ob-
tained by coupling the pump with two different microscope objectives.
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The propagation loss of the waveguide was measured by
exciting the T#* ions with guided Ar-ion laser light, record-
-500 - Distance (um) ing the intensity of the streak of fluorescence emitted perpen-
. . o _ dicular to the waveguide with a CCD camera, fitting an ex-
FIG. 1. (a) Microscope image of the end face of the irradiatetf Tsapphire . - .
sample.(b) Optical path difference measurements using the technique oponent!al loss Cu,rve’ and subtraf:tlng the absorption loss of
digital holography, performed in the waveguide direction while scanningth€ Ar-ion laser light measured in the bulk of the sample.
along the linegl) and(ll) indicated in(a). Alternatively, He—Ne laser light at 633 nm was coupled
through a single-mode fiber into the waveguide. The same

Consequently, the waveguides were always formed isingle-mode fiber and a multimode fiber were used to collect
those regions of the ¥1: Sapphire sample that are adjacentth® output of the waveguide. Assuming that the multimode
to the upper and lower tips of the regions damaged by théPer has negligible coupling loss, the coupling loss of light
femtosecond irradiation. The light of a He-Ne laser atffom the single-mode fiber to the waveguide can be esti-
633 nm was coupled into the polished end face of the sampi@ated; thus, the propagation loss of the waveguide was
using a microscope objective. Two mode images of guidedound. The loss values obtained with these two methods are
light at 633 nm in transverse electf@E) polarization re- 2-3 and 2.5 dB/cm, respectively. The second method gives
corded by a charge coupled devi@CD) camera are shown accurate results only for single-mode waveguides; in our
in Fig. 2. TE and transverse magnetic polarizations possess&@Se, where the waveguide is multimode at 633 nm, itis used
slightly different mode distributions, however the polariza-t0 confirm the value obtained with the fluorescence streak
tion dependence was not significant. Also, an Ar-ion lasefhéasurement. o _
operating on all visible lines was launched into the wave-  The fact that femtosecond irradiation using the same pa-
guide in7r-polarization in order to pump the active®Tions. ~ rameters did not show any effect in undoped sapphire indi-
The guided infrared fluorescence at the output of the wavecates that the threshold for creating microdamage by femto-
guide was measured using an optical spectrum analyzer. Ttggcond irradiation is greatly decreased when sapphire is
spectral shapes of fluorescence emitted from waveguide arffPPed with T#* ions. The most probable reason is that a
bulk regions of the Ti*: Sapphire sample are identical, see double two-photon absorption, first, into the dopant’s absorp-
Fig. a), indicating that the i fluorescence is not tion band in the blue—green spectral region and, second, from
quenched by irradiation-induced strain. From the measureH€re into the band gap of the host, has a higher probability
fluorescence output power of the waveguide versus pumf1an four-photon absorption directly into the band gap of the
power of the Ar-ion laser coupled into the waveguide with ahost. In addition, the lattice distortion initially introduced to
6.3X microscope objective, see Fig(b3, we calculated a the sapphire lattice by the i dopant, which is larger than
guided fluorescence efficiency of 34.0°°, which is similar ~ the substituted A" ion, may support the mechanism that
to the value of 4.5 107 reported in reactive ion etched induces the observed microdamage. This recipe of sensitiz-
Ti%*: Sapphire surface channel waveguifes. ing the host material by an optically active ion may well be
employed also for other hard crystalline materials.

In glasses, waveguiding occurs due to melting and fast
resolidification resulting in higher density, thus providing
waveguiding in the exposed region. In contrast, the damage
induced in sapphire decreases the lattice order and creates an
amorphous or polycrystalline region in the irradiated area,
resulting in the measured decrease of the refractive index,
see Fig. 1), line (I). Therefore, no waveguiding can occur
in the damaged region. However, since the lower density of
the amorphous compared to the crystalline phase results
FIG. 2. Mode profiles (633 nm, TE polarization of two different from an eXp_anSIOH of the damaged region, stress occurs at
waveguides written into the bulk of the i Sapphire samplaVisible di-  the boundaries between the damaged and the nondamaged
agonal fringes are due to a detection artifact. regions, thus creating a refractive-index increase close to the
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damaged region, see Fig(b}, line (1), and consequently Studying the physical origin of the process will also give
waveguiding: useful information for employing the process to other appro-

Femtosecond laser writing was also performed using aspriately doped crystalline materials for fabrication of 3D op-
tigmatic beam focusing optics in order to create symmetricafical circuits.
circularly damaged aredsnevertheless, the best light con-
finement was observed near the tips of asymmetrically dam-g N, Glezer and E. Mazur, Appl. Phys. Left1, 882 (1997.
aged areasFig. 2). The reason is to be attributed to a more k. M. Davies, K. Miura,N. Sugimoto, and K. Hirao, Opt. Le®1, 1729
concentrated stress near sharp angles that allows localized1996.
waveguiding, while a more distributed index increase is not°R. Osellame, S. Taccheo, M. Marangoni, R. Ramponi, P. Laporta, D. Poll;
able to provide good confinement. S. De S_ilvestri, gnd G. Cerullo, J Opt. Soc. Am.2®), 1559(2003.
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