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Abstract

Waveguide writing using a train of femtosecond laser pulses at 850 nm, in the transparent spectral region of bulk
As4Seo glasses is reported. Waveguides were written by translating the glass sample along the optical axis of a strongly
focussed laser beam. Refractive index variation, linear absorption spectra, and Raman spectra of the exposed region
were measured. The chemical mechanism responsible for the index variation has been correlated to a breakage of the
glass’ As—S bonds and formation of As—As and S-S bonds and increase of the “disorder” of the glass network. The
nonlinear optical origin leading to this phenomenon has been shown, and possible mechanisms are discussed. © 2001

Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent publications have proposed the possi-
bility of a refractive index change by femtosecond
laser exposure of glasses in their transparent
spectral region [1-3]. Most of them have reported
this effect in silica or germanosilicate glasses [1].
Recently, waveguide writing has been achieved by
generating line damage inside various glasses and
especially in chalcogenide ones [2]. Self-written
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waveguides have also been reported in AsyySeo
glass films using a femtosecond 800 nm source
propagating through the films axis [3]. Controlled
writing of waveguides in condensed media based
on modification of the optical material properties
by laser irradiation may have important implica-
tions for example in optical interconnects for high
data-rate optical communication systems and in-
tegrated optical elements. The ability to arbitrarily
write permanent waveguides into bulk structures
could be very promising in terms of fabrication of
integrated optical devices and three-dimensional
architecture of such devices.

Photo-induced phenomenon has been widely
investigated in amorphous materials. Chalcogenide
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glasses are well known to exhibit reversible photo-
induced effects to band gap light exposure [4-8].
The low optical band gap of chalcogenide glasses
make them highly sensitive to visible exposure.
Exposure to band gap wavelength light induces a
photo-darkening in AsySey glasses, a reduction of
the glass band gap, and a refraction index change
in the exposed region according to Kramers—
Kronig relation. An important aspect of the pho-
to-darkening is that it was not observed in crys-
talline materials but only in disordered materials,
leading to the conclusion that photo-darkening
effects are related to the increase of randomness of
the glass network [9].

A correlation between reversible photo-induced
effects and structural change has been discussed by
different authors [8,10-13] for bulk and well an-
nealed thin film materials. The increase of homo-
polar As—As and S-S chemical bonds, and of the
disorder of the glass network was considered to
contribute to the photo-darkening effect. Never-
theless the relation between structural change and
photo-darkening is not well established.

We report permanent waveguide writing in
AsyS¢ glasses using a train of femtosecond laser
pulses. An index variation correlated to photo-
darkening is shown. Micro-Raman spectroscopy
has been used to show the local chemical change
associated with the refractive index variation.
Similarities in glass structural modification are
discussed for different exposure wavelengths. Two
possible mechanisms of nonlinearity are consid-
ered as the origin of the writing process.

2. Experimental

Two kinds of glass samples were used for
waveguide writing: commercial high purity Ass;Seo
glasses and glasses of Asy)Sg fabricated by a dis-
tillation process. The commercial samples, de-
pending on the lot, exhibited regions with dark
particles observed by optical microscopy. These
dark particles were identified as carbon particles
by FTIR spectroscopy, through measurement of
an optical vibration spectrum at 1500 cm~' char-
acterizing the C-S bonds. In order to improve the
optical quality of glasses by removing potentially

absorptive inclusions, a distillation procedure was
established.

The fabrication procedure employed to obtain
inclusion-free bulk glass material was the follow-
ing. All the samples were fabricated in sealed fused
quartz tubes under vacuum. To limit moisture
contamination of the tube, the glassware was
baked at 900-1000°C. 10 g of high purity raw
materials (Cerac 99.999%) were kept in a glove box
under N, atmosphere. For the distillation step the
raw materials were introduced in one side of a 70
cm long tube (outside diameter and wall thickness
were 19 and 2 mm, correspondingly). The tube was
then closed under vacuum with a torch (methane,
oxygen) and placed in a two-zone furnace. The
side of the tube containing the arsenic and sulfur
was heated slowly up to 600°C to evaporate the
raw material relative to the respective vapor pres-
sure of sulfur and arsenic. The other side was kept
below 100°C to allow condensation of the vapor
phase materials. The distillation process took 6 h.
The side of the quartz tube containing the purified
material was then separated with the torch, and
the sealed ampoule was ready for melting. The
tube was introduced into a rocking furnace at
room temperature, and the mixture was heated up
to 600-700°C and rocked for 12 h. The melt was
air-quenched by removing the tube from the fur-
nace. This procedure resulted in a reduction in the
content of carbon particles contained in the bulk
samples. No carbon particles could be seen by
optical microscopy and no vibration bands could
be seen in the IR spectra at 1500 cm™'. All glasses
were cut and polished to obtain square cross-
section bars 5 mm x 5 mm x 15 mm.

The train of 100 fs laser pulses used to write
the waveguide structures in this study was gen-
erated by a Ti:sapphire laser at a wavelength of
850 nm and a repetition rate of 80 MHz. An
average power of up to 0.32 W was used, or 4
nJ] per pulse. The beam was focused into the
bulk of glass samples with spot sizes ranging
from 2 to 10 pm. To record the waveguides the
samples were translated along the optical axis of
focusing system at a constant rate of
=~ (0.1-0.6 cm/s. Optical micrographs of the re-
sulting waveguides were recorded using a Nikon
Labophot-2A optical microscope equipped with
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a high resolution camera with Hitachi KPD50
1/2" color CCD.

To evaluate the refraction index variation be-
tween the waveguide (exposed region of the glass
sample) and the cladding (unexposed region), the
optical setup shown in Fig. 1 was used. The beam
of a 632.8 nm He—Ne laser was expanded using a
telescope (1) up to the size which provided a ho-
mogeneous distribution of irradiance along the
aperture of the objective (2). This objective with
diameter and focal length of 50 mm, focussed the
laser radiation onto the front surface of the sample
(3), at the waveguide entrance. The objective (4)
was used to transfer the image exit surface of the
waveguide from the back surface of the sample
onto a screen (5). A diaphragm (6) of ~2.5 mm in
diameter was placed in front of the objective (2)
and could be moved along its diameter. This al-
lowed to change the input angle of the laser at the
waveguide entrance, to examine the finite angular
region of the waveguide, and to evaluate the
variation of refractive index between the wave-
guide and the cladding. The index difference was
calculated by determination of the value of the
input angle where the light disappeared from the
screen (5) using the relation:

sin 0 = nv/20, (1)

where 6 is the aperture angle, n is the refraction
index of the cladding and ¢ is the refractive index
variation between the waveguide and the sur-
rounding cladding (unexposed region).

The linear absorption spectra were measured by
utilizing a monochromator equipped with an op-
tical multi-channel analyzer. A xenon lamp was
used as a light source. After magnifying the sample
mounted on an x—y—z translation stage by a mi-

2
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croscope objective with numerical aperture of 0.4,
the cladding region (unexposed area) or core re-
gion (photo-induced effect location) was blocked
by an iris diaphragm. Therefore only the light
transmitted through core (or cladding) region was
registered. The selected area was imaged onto the
entrance slit of the monochromator so that the
linear absorption of the core or cladding could be
obtained separately. The optical system allowed to
measure the absorption spectra corresponding to
an aperture diameter less than 5 um.

Bulk glass samples of As3sSes, AssSe and
AsySsg were used as reference samples in the
study. Raman spectra of these samples were ob-
tained prior to and following high power density
He—-Ne laser exposure. Spectra were recorded with
a Labran confocal micro-Raman instrument from
DILOR (typical resolution of 1-2cm™!), in
backscattering geometry at room temperature.
The system consists of a holographic notch filter
for Rayleigh rejection, a microscope equipped with
10x, 50x and 100x objectives (the latter allowing
a spatial resolution of less than 2 um), and CCD
detector.

The sources used for illumination were either
the 632.8 nm line of a He—Ne laser or the 752.5 nm
line of a Kr laser. At first, a He—Ne laser with an
output power of 10 mW was used, and the beam
was focussed by means of the 10x objective.
Power density at the sample was estimated at
10* W/cm?. Under these conditions, we observed
for all samples that illumination for a few tens of
seconds produced the well-known photo-induced
darkening effect. It was verified that an incident
power density as low as 2 50 W /cm? (laser output
of 50 puW) was necessary to avoid any visible
photo-darkening effect at this wavelength, during

/_H

Fig. 1. Refractive index variation measurement set up by the aperture-angle method.
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the experiment. A two-dimensional spatial map of
Raman intensity (15 pm x 15 um by a step of
1 pm using a 100x microscope objective) of the
waveguide section of about 5 pm diameter was
recorded, using the 752.5 nm exciting line (i.e.,
away from the glass absorption band in the
transparent region) with an incident power of 80
uW. The cylindrical axis of the waveguide was
oriented to be collinear with the optical micro-
scope axis. The focus of the beam probing the
waveguide section examined was situated inside
the sample, 15 pm below the surface.

3. Results
3.1. Waveguide writing in the bulk of As. S glass

The train of 2= 850 nm femtosecond pulses
produced a uniform channel within the bulk of the
glass samples. The diameter of the written wave-
guides was determined not only by the spot size of
the focussed beam and the energy, but also by the
speed of sample translation during writing. The
slower translation speed led to the larger resulting
waveguide diameter. Waveguides with diameters
from the several microns up to 40 pum were written.
Fig. 2 illustrates optical micrographs of wave-
guides recorded in AssSey glass samples. One can

(a) (b)

see that these waveguides look like melted channel
in glass samples. However, approximate evalua-
tions of linear absorbed energy have shown that it
was 10-50 times less than energy needed for
melting in these glasses. These evaluations were
verified experimentally. The laser used for writing
could be used in a stable cw mode with the same or
higher average power, but in this condition of
operation, the waveguide recording ceased even
when the average power was increased to nearly
1 W, that is three times more than in the case of
femtosecond pulse generation. This phenomenon
illustrates the intensity dependence of the wave-
guide writing and shows that just nonlinear effects
can be responsible for additional absorption and
extra heating of glasses.

The photo-induced structure created in the
writing process disappears after a thermal treat-
ment of 2 h at 25°C below the glass transition
temperature, and the channel was no longer visi-
ble by the optical microscope. This observation is
in agreement with the previous description of the
reversible photo-induced effect observed in chalc-
ogenide glasses [12]. Accurate determination of
the aperture angle for guiding allowed an esti-
mation of the index variation An between the
waveguide and the cladding (Fig. 1). An index
increase (An) of 5x 10™* + 20% was calculated
from Eq. (1) in our samples. The transmission

(c)

Fig. 2. Micrographs of the waveguide structure, (a) lateral view of waveguide, diameter ~32 um; (b) lateral view of waveguide,

diameter ~9 pm; (c) front view of waveguide, diameter ~32 pm.
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Fig. 3. Absorption coefficient of the AsySe of the core of the
waveguide (exposed region) and of the cladding (unexposed
region).

spectra of the core of waveguide (exposed region)
of 10 um diameter and of the cladding (unexposed
region) are shown in Fig. 3. The measurement
shows a 15 nm red shift of the band gap that
corresponds, according to the Kramer—Kronig
relation, to the refractive index variation ob-
served. The absorption spectra corresponding to
the surrounding area of the waveguide (up to 10
um from the waveguide) also exhibit a slight red
shift of the optical gap, but smaller in magnitude
(<5 nm). Such shift could be attributable to the
mechanical stress induced following the extra
heating and sharp quenching of channels during
the waveguide formation process.

3.2. Structural analysis of the reference glasses

Raman spectra recorded in the bulk of glasses
for the As3Ses, AsgSeo and Asy,Ssg compositions
are shown in Fig. 4 as well as the spectra recorded
after exposure to a high power density
(10* W/cm?) 632.8 nm beam. The source used for
illumination was the 632.8 nm line of a He-Ne
laser. These spectra were used as reference for
comparison to Raman spectra obtained for the
waveguide structures prepared above. The Raman
spectra corresponding to the different glass com-
positions are in accordance with those reported
previously [14-18]. In all glasses the broad band
centered at 345 cm~! is characteristic of As-S
vibrations in As—S;, pyramidal sites. Vibrations

Aex = 632.8 nm

As36Se4

As36Se4 €xposed

Asy0Se0

As49Se0 exposed

Intensity (A. U.)

AsgSsg

As4Ssg exposed

200 400 600

Wavenumber (cm™)

Fig. 4. Raman spectra of the glass composition AsisSeq,
As40S60, AssySsg exposed and unexposed to high power density
632.8 cw laser.

of homopolar As—As and S-S bonds have been
attributed to vibration bands at 168, 189, 223,
236, and 495 cm™', respectively. The bands at
155, 234, 474 cm~! have been assigned to vibra-
tions of Sg rings [14,15]. Fig. 4 shows for the glass
As36S¢s two bands at 474 and 494 cm~! related to
the presence of S-S bonds as previously reported
for excess sulfur glasses [15]. In addition to the
band at 345 cm™!, As4Se glass also exhibits two
weak bands centered at 236 and 494 cm~' that
can be attributed, respectively, to “wrong As—As
and S-S chemical bonds” which should not be
present in stoichiometric materials [10]. In the
Raman spectrum of an arsenic-excess AsgSsg
glass, the bands at 189, 223 and 236 cm™! at-
tributed to As—As bonds are well defined. Two
other bands are present, a weak band at 494 cm™!
that could be attributed again to “wrong” S-S
bonds and a band at 362 cm~! that was observed
also by Wagner [15], but not assigned. S-S bonds
in such a sulfur-deficient glass would not be ex-
pected.
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No significant change in the Raman spectrum
of the As;sSes glass was observed following expo-
sure to high intensity 632.8 nm laser light (Fig. 4).
It can be seen for the Asy,Ssg glass that two clearly
resolved bands at 223 and 236 cm™! tend to merge
into a broad band. This observation is consistent
with the conclusions of Tanaka [19] who charac-
terized a photo-induced darkening by an increase
in randomness of the disordered network, which
would most likely result in a broader distribution
of bond distances and angles, which correspond-
ingly would broaden the peaks in a Raman spec-
trum. In the spectrum of the glass As4S¢ the
intensity of the band at 236 cm™! increases sig-
nificantly and this effect is believed to be correlated
to an increase in number of “As-As wrong
bonds”, with laser exposure. The broadening of
this band can be associated to the increase of the
disorder of the glass structure. The band at
494 cm™' shows a slight increase also, leading to
the conclusion that new laser-induced S-S bonds
are formed with exposure. This result would be
expected if initially present As—S bonds are rup-
tured and rearranged to form As-As and S-S
bonds.

3.3. Analysis of bulk glass waveguide

The Raman spectra recorded in the center of
the waveguide, and far from the exposed region,
are shown in Fig. 5. The source used for illumi-

A= 752.5 nm

Outside the waveguide

Intensity (A. U.)

Inside the waveguide

100 200 300 400 500 600
-1
Wavenumber (cm)

Fig. 5. Raman spectra of AsgS¢ of the core of the waveguide
(exposed region) and of the cladding (unexposed region).

nation was the 752.5 nm line of a Kr laser. The
spectrum of the unexposed region is in accordance
with the spectra previously discussed for AsySe.
The broad band at 345 cm™! is present together
with very weak bands located at 236 and 494 cm™!
indicating that our stoichiometric glass contains
small numbers of wrong As-As and S-S bonds.
The spectrum corresponding to the center (ex-
posed core) of the waveguide exhibits the same
three bands, but those at 236 and 494 cm™! are
markedly increased in intensity, while the band
centered at 345 cm~! shows a measurable decrease
in intensity. A three-dimensional spatial Raman
cartogram of the exposed region of the waveguide
shown in Fig. 6 illustrates the spatial evolution of
the intensity of the bands at 236 (Fig. 6(a)) and 345
cm~! (Fig. 6(b)). Spectra were obtained from the
plane perpendicular to the axis of the waveguide
when focusing the laser beam 15 um below the
surface in order to minimize the influence of sur-
face imperfections. This figure shows clearly an

>

Intensity (A. U.)

(a)

(b)

Fig. 6. Cartogram of the evolution of the Raman bands cen-
tered at 236 cm™' (a) and at 345 cm™' (b) of the section of the
waveguide.
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increase of the band centered at 236 cm™! with the
corresponding depletion in the As-S band at
345 cm~!. It is worth noting however that the
apparent depletion of the band at 345 cm™' in Fig.
6(b) may be influenced by mechanical strains at the
waveguide entrance which could slightly modify
the optical path and the corresponding scattered
intensity detected during the Raman measurement.
However, this effect cannot explain the increase of
the band centered at 236 cm~! compared to the
band at 345 cm~'. Hence, according to these re-
sults, the photo-induced modification of chalcog-
enide glass at the local atomic scale is resulted
from a breakage of some As-S bonds and the si-
multaneous formation of As—As and S-S chemical
bonds during the laser writing process. This should
lead to an increase of the randomness or disorder
within the glass structure. This is consistent with
the suggestion that in the As—Se glass system
possessing an iso-structural glass network with
As-S glasses and similar photo-darkening behav-
ior, the photo-induced darkening is related to
electronic states associated with As—As bonds
close to the top of the “glass valence band” [20].
Pfeiffer et al. [12] noted that the local environment
modification could not alone explain the photo-
darkening effect. The increase of the randomness
of the glass’ intermediate range order (IRO)
should be considered for a complete understanding
and validation of this conclusion.

A possible mechanism for the nonlinear ab-
sorption of laser radiation in chalcogenide glasses
may be connected either with a spectral broaden-
ing of the femtosecond pulses within the glass
medium or with a two-photon absorption process.
The first phenomenon was observed in a series of
silicate glasses [21]. It was shown that a photo-
ionization of glasses having intrinsic absorption
boundary in region of 230 nm could result from
absorption of the short-wavelength component of
the supercontinuum that was generated in the glass
volume as a result of the femtosecond laser
(4 =850 nm) pulses spectral broadening. In our
case this broadening could extend to the band edge
of the electronic gap and leads to a strong linear
absorption, and so to a photo-induced modifica-
tion of glass structure. This is in agreement with
the fact that the photo-induced effects were seen

for two kinds of high power density lasers, a cw
laser at 632.8 nm and a femtosecond laser at 850
nm. Both of them had rather strong absorption in
region of intrinsic absorption boundary of used
glasses resulting for the first case from residual
linear absorption, and for the second case from
wide spectral broadening of laser pulses.

Another possible mechanism to describe the
waveguide writing process is a two-photon ab-
sorption process. Significant two-photon absorp-
tion in chalcogenide glasses had been measured by
different authors for excitation wavelength in the
near infra-red [22,23]. Two-photon absorption
could take place at a wavelength in the band gap
of the material. It should be indicated that such
mechanism has already been previously proposed
by Meneghini et al. [3] to explain the formation of
self-written waveguides in AsgSs films along the
optical axis of a 800 nm femtosecond laser beam.

Thus, the question about real mechanism of
nonlinear absorption is still open and demands
separate study.

4. Conclusions

Waveguide structures were written using a train
of femtosecond pulses at 850 nm in AsySg, glasses.
A breakage of As—S bonds with formation of As—
As and S-S bonds and an increase of the disorder
of the glass structure leading to a photo-modifi-
cation of glass optical properties were observed
using Micro-Raman spectroscopy. These results
were verified by comparison with reference arse-
nic-rich, and sulfur-rich glasses which contained
the resulting bonds. The resulting index difference
between the core (exposed) and surrounding
cladding (unexposed) regions has been measured
to be increased (An =5 x 107%) which was con-
sistent with index changes seen in self-written
planar waveguides written in the same material.
Similarities in resulting photo-induced structural
modification between band gap exposure and high
intensity sub-band gap exposure have been shown.
Two mechanisms of nonlinear absorption have
been discussed as the origin of the chemical
changes during waveguide formation. The struc-
tural change produced may prove to be very
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promising for the control and the optimization of
the waveguide writing procedure.
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