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We investigate the changes in the optical properties of fused silica exposed to intense infrared femtosecond
pulses. The laser-induced absorption spectrum reveals the creation of color centers inside the glass matrix,
comparable with those observed in ultraviolet-exposed fused silica. The laser-induced absorption is associated
with a laser-induced refractive-index change, which can be used for waveguide fabrication. The change in
third-order susceptibility in such waveguides is measured by third-harmonic-generation microscopy as a func-
tion of the irradiation parameters. © 2005 Optical Society of America
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1. INTRODUCTION

Direct laser writing using infrared (IR) ultrafast lasers
has become a promising fabrication route for waveguides
inside optical materials. This technique allows reliable,
cost-effective and single-step prototyping of photonic de-
vices, without the design and fabrication of a mask, in
contrast to the most standard fabrication techniques. A
large number of photonic devices, including channel
waveguides and Y couplers,1 directional couplers,z’3 tubu-
lar waveguides, and active waveguides,® have been suc-
cessfully fabricated by using this technique. Furthermore,
the ultrafast lasers used for the writing operate at photon
energies far below the material bandgap energy. The ma-
terial is essentially transparent to the writing wave-
length, allowing volumetric processing to depths limited
only by the working distance of the focusing element.
Hence, three-dimensional waveguides can be produced.®
Fused silica is a key material in laser-assisted wave-
guide fabrication. Although fused silica modified by ultra-
violet (UV) radiation has been extensively studied, there
is currently no precise model explaining the photosensi-
tivity of fused silica to intense IR radiation. Furthermore,
the changes in its nonlinear optical properties have not
been studied yet. The potential fabrication of active de-
vices used for all-optical switching and wave-mixing ap-
plications relies on a solid understanding of how the non-
linear properties of the source material are modified by
the irradiation process. In this paper we investigate how
exposure to an IR femtosecond (fs) beam affects the linear
and nonlinear optical properties of fused silica. Postmor-
tem absorption and photoluminescence spectroscopy are
used to determine the nature of the defects induced by ir-
radiation in the glass matrix. The refractive-index change
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that accompanies the formation of such defects is ex-
ploited for the fabrication of waveguides inside the vol-
ume of the fused-silica sample, and the waveguides are
characterized. Finally, the change in the third-order sus-
ceptibility is measured by third-harmonic-generation
(THG) confocal microscopy for different pulse energies.

2. EXPERIMENTAL DETAILS

In this study, irradiation parameters such as the laser
pulse energy and spot size and sample translation speed
are varied, and their impact on the material properties
depending on these parameters is measured. To compare
results obtained with different writing conditions within
this paper and in future studies, we propose a definition
for the energy dose D received by the material in terms of
the pulse energy E,, the laser repetition rate f, the spot
area A (equal to wwy 2 for a circular Gaussian beam), and
the sample translation speed v:

E.f

A (1)
Note that D, in units of energy per volume, is the three-
dimensional counterpart of the fluence, commonly used to
quantify exposure to optical radiation in planar wave-
guide fabrication.

In the first part of the experiment, we studied the
changes occurring in the absorption spectrum of fused
silica following fs pulse irradiation. The irradiation was
performed by using a laser system consisting of a fs
Ti:sapphire oscillator and a regenerative amplifier pro-
ducing 100 fs pulses at 800 nm at a 1 kHz repetition rate.
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The writing photon energy (1.55 eV) is much smaller than
the bandgap of silica (8.9 eV), allowing the laser beam to
penetrate deep down inside the material and produce
volumetric defects. To resolve these changes with a stan-
dard spectrophotometer, we produced a rather large de-
fect volume inside the sample by using a 5 cm focal-length
cylindrical lens to focus the IR beam. The cylindrical lens
produces a filamentlike focus spot approximately 1 mm in
length and perpendicular to the direction of propagation.
The sample is then translated along 1 mm transversely
and perpendicularly to the filament to produce a
1 mm-by-1 mm damage area, buried approximately 1 mm
inside the sample. The confocal parameter of the lens was
calculated to be around 200 um, but the plasma created
inside the glass sample seemed slightly longer, owing to
self-focusing effects. The pulse energy used in these ex-
periments was 700 wJ, and the translation speed was var-
ied from 0.2 to 10 um/s.

In the second part of the experiment, we fabricated
waveguides by focusing the laser beam in the fused-silica
samples by using a 0.25 N.A. 10X microscope objective.
The sample is moved along the laser beam direction at 10,
20, and 50 um/s with a computer-controlled translation
stage. The pulse energy is maintained below 5 wJ to avoid
inhomogeneous defects that would increase the wave-
guide loss. The samples are typically 5 mm thick and
were cut in 10 mm-by-10 mm cubes. All samples were ob-
tained commercially and have optical-quality polished
surfaces on both sides.

3. STUDY OF THE LASER-INDUCED
DEFECTS

Laser-induced defects have been extensively studied in
the case of UV exposure, in which the photon energy is
above the material bandgap. They are usually associated
with the formation of color centers, consisting of an un-
paired electron on a silicon atom, accompanied by oxygen
vacancy, leading to a well-known increase of optical
absorp‘cion.7’8 However, the mechanisms underlying mul-
tiphoton photosensitivity in the IR are still not fully un-
derstood. Davis et al. associated IR laser-induced defects
with Si E’ centers measured by electron-spin resonance
in fused silica.? In Ref. 10, no color-center absorption in
the visible region was observed in fused silica at irradi-
ances up to the laser damage threshold, although color
centers were observed in other silicate glasses. Finally,
Streltsov and Borrelli concluded that the thermal stabil-
ity of the color centers is not consistent with that of the
observed induced refractive index.!* We used UV absorp-
tion spectroscopy to identify the type of defects induced
during the irradiation process. Figure 1 shows the change
in the absorption spectrum measured by a Cary 500 spec-
trophotometer (Varian) after IR fs exposure at room tem-
perature (D=0.312 GJ/cm® and D=3.12 GJ/cm?). As we
increase the energy dose by changing the translation
speed, the spectrum exhibits an increase in absorption in
the 3—7 eV range. More precisely, two bands appear in
the absorption spectrum at 4.8 and 5.8 e€V. In the UV ir-
radiation case, the 4.8 eV peak was attributed to the for-
mation of a nonbridging oxygen hole center (NBOHC), an
oxygen dangling bond =Si—O0-."The 5.8 eV peak was at-
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tributed to the generation of Si E’ centers after high-
power UV laser irradiation. Such defects have also been
observed after x-ray, electron, and neutron
irradiation.'?71

Time-resolved absorption spectroscopy reveals that
these UV laser-induced absorption bands are transient in
nature.'® The recovery time of the induced optical absorp-
tion is explained as a conversion from E’ centers to non-
absorbing states of the E’ center that have been linked to
the OH content of the glass. Although high-OH samples
tend to exhibit rapid recovery, low-OH compositions can
have recovery times that are several orders of magnitude
longer. We measured the evolution of the IR fs laser-
induced absorption bands shown in Fig. 1, as a function of
time over several hours at 25 °C and after a 2 h anneal-
ing process at 200 °C. As can be seen in Fig. 2, the ampli-
tude of both the 4.8 and the 5.8 eV peaks exhibits an ex-
ponential decay at room temperature, with a calculated
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Fig. 1. Absorption change spectra after irradiation to IR fs
pulses measured for two different energy doses (i.e., translation
speeds) in fused silica.
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Fig. 2. Evolution of the 5.8 eV peak intensity as a function of
time at 25 °C and after a 2 h annealing process at 200 °C.
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Fig. 3. Excitation and emission spectra of defects in fused silica
induced by IR fs pulses.

decay-time constant of approximately 15 h. The 2 h an-
nealing interrupted the decay process and resulted in a
significant decrease of the induced absorption, although
the material did not completely recover.

Photoluminescence spectroscopy was performed on the
induced defects. Both the fluorescence emission and the
excitation spectra of the irradiated sample were mea-
sured. As shown in Fig. 3 (dashed curve) the excitation
spectrum confirmed the presence of defects absent from
unexposed glass, having an absorption band around
4.8 eV, previously revealed by the UV absorption spec-
trum. The 5.8 eV band was too far in the UV to be re-
solved by our fluorescence spectrometer. In the emission
spectrum, we observed a strong emission peak at 1.9 eV
(650 nm) and a weaker peak at 2.7 ¢V (460 nm) corre-
sponding to the fluorescence emission of the laser-induced
defects, as shown in Fig. 3 (solid curve). The 1.9 eV peak
corresponds to the red luminescence of the NBOHC,
whereas the 2.7 eV peak is attributed to the twofold coor-
dinated silicon.!” Here again, these results are fully con-
sistent with the results reported for UV-irradiated fused
silica and confirm the multiphotonic nature of the mecha-
nisms leading to the creation of defects following IR fs la-
ser irradiation.

4. WAVEGUIDE FABRICATION

In this experiment, the sample was translated along the
writing laser direction, in a longitudinal writing scheme.
The translation speed was adjusted to find a compromise
between speed of processing and good homogeneity of the
waveguide walls. The optimum speed was found to be
20 um/s. During the writing process, a weak plasma aris-
ing from multiphoton ionization was observed at the focal
spot within the material. Part of the writing laser beam
was coupled to the channel waveguide while it was being
written. Observation of the beam profile in the far field
during the writing process showed that, as the waveguide
was fabricated, light was progressively confined within a
volume of smaller N.A. than that of the microscope objec-
tive. The writing pulse energy was varied from 0.8 ud
(D=3.18 MJ/cm?) to 5 uJ (D=19.89 MJ/cm?) for which
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different waveguide morphologies were obtained, as illus-
trated in Fig. 4. Outside this energy range, no guiding
could be obtained in the produced structures, probably
owing to insufficient index change below 0.8 ud and to
high scattering loss above 3 ud (D=11.94 MJ/cm?). In the
energy range in which waveguides were successfully fab-
ricated, we estimated the refractive-index change An by
measuring the N.A. of the waveguide output by using the
relation: N.A.=\n?-n2, where n; and n, are the refrac-
tive indices of the core and cladding, respectively (Fig. 4).
The value of An increases with increased pulse energy,
then reaches a maximum value of 0.005 at 2 ud (D
=7.96 MJ/cm?) and, surprisingly, slowly decays as the
pulse energy is increased further. This decay was also ob-
served by Streltsov and Borrelli,"! and its origin remains
unclear.

In a standard step-index fiber with core radius a¢ and
core and cladding indices n; and n(, the number of guided
modes is determined by the V number, as defined by Eq.
(2), which must be less than 2.405 for the fiber to be single
mode'®:

27—

V= Ta \n3-na. (2)

Below 2 ud, the waveguides are single mode for 633 nm
radiation, with a clean mode profile corresponding to the
LPy; mode (first inset in Fig. 4). From the measured size
and refractive index of these waveguides, and in the step-
index approximation, the calculated V number is <2.107,
which is consistent with the observation that the
waveguides are single mode. Waveguides fabricated with
energies greater than 2 uJ result in the next higher-order
mode (LP;;) being generated (second inset in Fig. 4). This
observation is also consistent with the measured wave-
guide parameters, which lead to a V-number value
>3.626.

5. THIRD-ORDER SUSCEPTIBILITY
MEASUREMENT

Until now, only passive waveguide structures have been
fabricated by laser direct writing. Producing active three-
dimensional devices would considerably increase the
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Fig. 4. Refractive-index change and waveguide morphology for
different writing pulse energies. The insets show the mode pro-
files at 633 nm corresponding to the LPy; and LP;; modes at the
waveguide outputs.
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functionality and integration of such devices, opening
new pathways toward the fabrication of three-
dimensional integrated optical circuits. A number of laser-
written passive waveguide devices have already been
demonstrated, such as directional couplers, and could po-
tentially be engineered as active elements for optical rout-
ing, or wave mixing, making use of the nonlinearity of the
substrate material. In one configuration, they could be de-
signed such that a 27 nonlinear phase shift is created for
a given optical power propagating along the interaction
length of the device.'® Another solution proposed for all-
optical switching and routing operations utilizes the prop-
erties of two-dimensional discrete soliton networks in
waveguide arrays.20 Recently, Pertsch et al. demonstrated
the direct-write fabrication of matrices of closely coupled
waveguides in which discrete diffraction occurred by eva-
nescent coupling from adjacent Waveg‘uides.21 These
waveguide structures could potentially be suitable for the
propagation of two-dimensional discrete solitons to per-
form complex all-optical signal processing. In both cases,
the switching mechanism relies on the nonlinear optical
properties of the sample material. To operate at practical
optical power levels in ~1 cm long devices, the nonlinear
material must exhibit a large ny value. We have shown in
Section 4 that, as the material structure is changed by the
writing process, so are its linear optical properties. It is
therefore possible to also expect a slight change in the
nonlinear properties of the processed material. We inves-
tigate, for the first time to our knowledge, the nonlinear
property changes of IR fs laser-written waveguides by us-
ing THG confocal microscopy. This technique measures
the third-harmonic signal generated from laser-exposed
fused silica. More details concerning this technique can be
found in Ref. 22. Third-harmonic generation has also
been used to determine the y® coefficient.? In a confocal
microscope configuration, it can be shown that the third-
harmonic signal intensity I, is expressed by22

1P ,
I;,=K——|J|%, 3
3w 0)4 7_3| | ( )
p

where o is the beam waist, P, is the fundamental beam
average power, 7, is the pulse duration of the fundamen-
tal wave, J is the effective interaction length, and K is a
parameter depending on sample properties and experi-

mental conditions, which can be expressed as??

X

- 48mcegF @

where F' is the laser repetition rate. As a result, the
change in the third-order susceptibility Ay®)/x'3 can be

expressed by
AX(s) Ie):o 1/2
- 2) -1, (5)

X(S) 1312

where the superscripts un and ex refer to unexposed and
exposed material. Hence, by measuring the intensity of
the THG signal created at the interface between air and
both the exposed and the unexposed material, it is pos-
sible to measure the change in x® for the exposed region.
Furthermore, thanks to the high spatial resolution of the
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system
(~1 um), it is also possible to have an accurate measure-
ment of the waveguide diameter. Both the change in
third-order susceptibility and the change in waveguide di-
ameter are measured as a function of the pulse energy. As
shown in Fig. 5, the modified region diameter shows a lin-
ear dependence with the pulse energy. This behavior is in-
dicative of the threshold nature of the material modifica-
tion process. The material is affected only by the most
intense region in the spatial writing beam profile, which
increases as the pulse energy increases. The third-order
susceptibility change quickly decreases with increased ir-
radiation energy and saturates for pulse energies above
3 ud (D=11.94 kJ/cm?®), which roughly corresponds to the
threshold for inhomogeneous damage, as illustrated by
the waveguide micrographs in Fig. 4. The material re-
sponds as if laser radiation produces a transition from its
initial phase to another that has different optical proper-
ties. The induced change is independent of deposited en-
ergy above a specific value, indicating a phase change
that has a specific energy threshold. This result is consis-
tent with the saturation of the waveguide properties, such
as the refractive index and the Raman peaks’intensity as-
sociated with laser-induced photostructural changes, ob-
served by several groups at higher energies.l’ll’2

One can obtain another estimation of the changes in
the nonlinear properties of the laser-modified material by
measuring the spectral broadening of pulsed laser light
propagating in the fabricated waveguide.25 Pulses from a
Ti:sapphire laser centered at 780 nm were end coupled in
4 mm long waveguides, by using the 0.25 N.A. 10X micro-
scope objective. The spectrum recorded at the waveguide
output exhibits significant spectral broadening due to
self-phase modulation occurring during the propagation.
Characterization of this self-phase modulation can pro-
vide estimations of the waveguide’s nonlinear optical
properties. Although this technique does not allow a pre-
cise measurement of the nonlinear refractive index, as it
relies on accurate knowledge of the pulse temporal ampli-
tude and phase, an estimation of the nonlinear phase
shift can be obtained by assuming a given pulse shape
E(z,t) and fitting the measured spectrum with the calcu-
lated spectrum S(z,w) by using
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Fig. 5. Waveguide diameter and third-order susceptibility

changes as a function of pulse energy for different translation
speeds. The insets are the corresponding THG micrographs.
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spectrum of the coupled light, and the calculated spectrum cor-
responding to a nonlinear phase shift of 3.17 due to self-phase
modulation.

S(z,0) = |E(z,0)
2

f E(0,8)expliAdNl(z,t) + i(w — wo)t]dt

(6)

The input laser pulse was assumed to have a super-
Gaussian temporal distribution (m=2), which is the
shape that yielded the best fit (Fig. 6). The nonlinear
phase shift A¢NE was estimated to 3.1 for peak intensity
of 40 GW/cm? inside the waveguide. The nonlinear re-
fractive index ng is related to AN by

ANV = Egnol L. (7)

With expression (6), the nonlinear refractive index nq
inside the waveguide 1is estimated to be 1.9
X 10716 ¢cm2/W. It should be emphasized that the com-
bined error on the measurement of the pulse width, mode
profile, and nonlinear phase shift is significant, and this
calculation should be considered only an estimate. How-
ever, it indicates, along with the results obtained by the
THG confocal microscopy experiment, that the n, value of
IR fs laser-irradiated fused silica is reduced in compari-
son with the reported n, value of pure fused silica (2.6
X 10716 cm?2/W).

6. CONCLUSION

We have identified and characterized defects produced by
an IR femtosecond laser in fused silica by absorption spec-
troscopy and photoluminescence spectroscopy. The defects
exhibit characteristics that are similar to the defects in-
duced by UV radiation, previously described in the litera-
ture. These defects are accompanied by an increase of re-
fractive index, and translation of the glass samples
allowed the fabrication of volume waveguides. Our experi-
mental results reveal that good-quality waveguides can
be obtained only within a narrow pulse energy range.
Furthermore, they suggest that the third-order suscepti-
bility of fused silica is altered by the irradiation process.
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This is confirmed by the nonlinear phase shift produced
by self-phase generation measured for pulses propagating
inside the waveguides. These results are relevant for the
design of active waveguides using the nonlinear proper-
ties of the material.
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