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We report on the design and fabrication of high-quality long-period gratings in chalcogenide glass (As,S;) rib
waveguides utilizing the strong photosensitivity. Higher-order modes of the rib waveguides are analyzed by
inspection of the spectra of Bragg gratings written into these waveguides. Based on these measurements, we
infer the effective indices of higher-order modes, which are in good agreement with modeling results using a
beam propagation method. High-quality long-period gratings are then designed and written into the rib
waveguides using a simple shadow mask technique. Coupling the fundamental to the HE(, mode strong reso-
nances of up to ~20dB depths are obtained. The gratings have a length of L=26 mm and a period of A
=86 um. In situ monitoring of the writing process allows the growth dynamics of the grating to be studied. A
theoretical fit to the measured transmission curve gives an average index change of ~1073, © 2007 Optical

Society of America
OCIS codes: 350.2770, 160.3130, 130.3120.

1. INTRODUCTION

Long- and short-period (Bragg)-grating devices are of
great importance for optical communication systems,
where they act as filters, multiplexers, dispersion com-
pensators, and gain equalizers, as well as for sensing ap-
plications (see 1 and references therein). Long-period
gratings (LPGs) are attractive because of their low inser-
tion loss, i.e., low backreflection, and ease of fabrication.
In addition, they offer important solutions for applica-
tions requiring tunability and sensing. The latter proper-
ties are associated with the copropagating geometry,
which manifests in an increased sensitivity, compared
with Bragg-grating devices. In an optical-fiber-based LPG
the grating induces coupling from the fundamental mode,
localized to the core region, to the higher-order cladding
modes, confined by the outer air cladding. Such LPGs
typically have periods of hundreds of micrometers and
can be written in photosensitive fiber using simple modi-
fications to the interferometric techniques used for writ-
ing Bragg gratings.? Optical-fiber-based LPGs have been
convincingly demonstrated for a range of applications, in-
cluding optical filters,>* mode converters,® optical gain
flattening of erbium-doped fiber ampliﬁers,6 dispersion
compensation,7 and sensing.8 LPGs are of particular in-
terest for all-optical switching devices’ where the
intensity-dependent refractive index associated with the
Kerr effect (n9) can be used to detune the resonance wave-
length resulting in intensity-dependent transmission.'°
Chalcogenide glasses have generated significant inter-
est due to their many attractive features. Their high
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transparency in the near-infrared and mid-infrared and
exceptionally high Kerr nonlinearity (ng up to 3 orders of
magnitude greater than silica'!) combined with an intrin-
sic response time of less than 100 fs and moderate two-
photon absorption makes chalcogenide glasses suitable
for a variety of applications ranging from infrared
delivery,12 Raman fiber lasers and amplifiers in the
mid-infrared,''3 to all-optical signal regeneration14 and
switching.15 Chalcogenides possess strong photosensitiv-

ity that allows for the inscription of ultrastrong Bragg

gratings in chalcogenide fiber'® and rib waveguides.!”®

LPGs in chalcogenide glass waveguides are promising
candidates for low threshold all-optical switching devices
and have recently been demonstrated in single-mode
As,Ses fibers based on microbends!® and acoustic modu-
lation of the core index.”

Long-period gratings in planar-integrated geometrie52
offer greater flexibility than fiber LPGs as they can be
fabricated in a wide variety of optical materials including
glasses,22 polymers,23 and semiconductors. These materi-
als and geometries offer novel transmission
characteristics,>* enhanced thermal tunability,?” and the
potential for integrated reconfigurable -electro-optical-
induced gratings.?> More recently, LPGs have been dem-
onstrated in chalcogenide (As,S;) glass rib waveguides.?
This geometry is a promising candidate for compact, inte-
grated resonant devices for a range of applications, in-
cluding low-threshold, all-optical switching devices, inte-
grated Raman devices, and mid-infrared applications.

Following our recent report,26 here we present a de-
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tailed investigation of the design, fabrication, and charac-
terization of high-quality LPGs in highly nonlinear chal-
cogenide glass (AsyS3) rib waveguides. The mode
structure of the waveguides is analyzed by careful inspec-
tion of the spectra of Bragg g‘rating527 written into these
waveguides with a scanning Sagnac interferometer.'® The
effective indices of the higher-order modes are inferred
from the Bragg-grating spectra and compared with re-
sults of numerical simulations obtained using a beam
propagation method.?8 Applying this powerful approach
to chalcogenide glass rib waveguides for the first time, we
are able to accurately design LPGs with resonances at
telecommunication wavelengths. Additionally the growth
dynamic is studied for its implications on future switch-
ing experiments in this geometry. LPGs are fabricated ex-
ploiting a simple shadow mask technique utilizing the
photosensitivity of AsyS3 chalcogenide glass to green light
(532 nm). We achieve up to 20 dB deep, 5 nm (-3 dB) wide
band rejection at 1564 nm finding good agreement with
theory. These results are promising for future low power,
nonlinear switching devices and as building blocks for
mid-infrared technologies, including Raman devices.

The paper is structured as follows. Section 2 gives a
brief review of the theoretical background of short- and
long-period gratings as well as the Bragg-grating-based
procedure of mode analyses. Section 3 deals with the
waveguide fabrication and mode properties. In Section 4,
experimental results on long-period grating fabrication
and growth dynamics are presented.

2. REVIEW OF MODE COUPLING IN
WAVEGUIDE GRATINGS

In this paper, we focus on higher-order mode (HOM) cou-
pling in multimode rib waveguides via grating-induced
phase matching. Figure 1(a) depicts the structure of a rib
waveguide, consisting of substrate, film layer, and clad-
ding with refractive indices n, ns, and n., respectively, to-
gether with the profiles of the fundamental and first hori-
zontal and vertical higher-order modes with respective
propagation constant B. Figures 1(b) and 1(c) illustrate
how a grating with period A allows energy to be coupled
between two contrapropagating or copropagating modes,
provided that the following phase-matching condition is
met:

2
AB=pi+Br—-—=0. (1)
A
Here “+” and “~” are valid for coupling between contra-

propagating and copropagating modes, and AB denotes a
phase mismatch.?® As can be seen from Figs. 1(b) and 1(c),
the coupling of contrapropagating modes requires a large
grating vector and hence a short-period grating (Bragg
grating), whereas a long-period grating couples two co-
propagating modes so that the grating vector is small.

From the phase-matching condition [Eq. (1)] it follows
that the resonance wavelength for coupling the mth
forward-propagating mode to the nth backward-
propagating mode is given by
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Fig. 1. (a) Schematic of a rib waveguide and the transverse pro-
file of the first HOMs, (b) and (c) relative position of the propa-
gation constants in a rib waveguide (after [29]). Solid symbols:
guided modes.

)\m,n=A(Nm+Nn)’ (2)

where N,, and N, are the effective indices of the two
modes involved. If degenerate coupling between the fun-
damental modes this reduces to the well-known Bragg
condition

)\0=2ANO. (3)

Higher-order mode resonances due to coupling the funda-
mental mode to the nth HOM can be used to investigate
the mode properties of the HOMs. Combining Egs. (2) and
(3), the ratio of the HOM to fundamental resonance wave-
lengths is given as

No 2N,

)\O,n N0+Nn
—_—. (4)

Neglecting material and waveguide dispersion Eq. (4) can
be used to infer the effective indices of the first few
HOMs, by simple inspection of the Bragg-grating spec-
trum, provided the grating period A is known to infer N,
via Eq. (3).

Similar to Eq. (2), the resonance wavelength of a LPG
that couples light between the fundamental mode and the
mth HOM is given by

No=ANg—-N,,). (5)

Provided that the HOM exhibits low linear transmission,
this coupling can manifest a dip in the transmission spec-
trum centered at the wavelengths given by Eq. (5).

It follows from coupled-mode theory30 that the varia-
tion of the power in the fundamental mode with the
propagation distance z is given as
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K2

P(z) =PO<1 - yzsinz yz), (6)

where Y2 =«2+(AB/2)?, and « denotes the coupling coeffi-
cient that is dependent on the symmetry of the interact-
ing modes and LPG. It can be seen from Eq. (6) that the
power in the fundamental mode shows an oscillatory be-
havior with a period m«~! (for AB=0). Maximum coupling
occurs when «z equals an odd multiple of #/2, while «z
>m/2 leads to overcoupling, resulting in strong
sidelobes.?

The coupling coefficient « is given as?’

n
=1 f fFn(x,y)An(x,y)F;(X,y)dJCdy> (7)

where the modal field distribution is given by F(x,y). For
uniform LPGs, the resonance can be fitted by Eq. (6) to
give a value for x. Thus the index change can be derived
from Eq. (7) using mode fields obtained from numerical
simulation.

3. WAVEGUIDE STRUCTURE AND MODE
ANALYSIS

A. Waveguide Fabrication and Properties

Figure 2(a) is a schematic of the transverse profile of the
chalcogenide glass (AsyS3) rib waveguide while Fig. 2(b)
is a scanning electron micrograph (SEM) of a typical
sample. The waveguides were fabricated by ultrafast
pulsed laser deposition®! of an ~3 um thick As,S; film on
a silicon wafer with a 2.5 um thick thermal oxide layer,
followed by photolithography and reactive-ion etching32 to
form 5 cm long rib waveguides. The wafer is then coated
with a protective polysiloxane film (thickness >10 um)
transparent to visible light. The rib height H, slab height
h, and width W is determined from the electron micro-
graphs with an accuracy of approximately +5%, due to the
calibration error of the SEM, giving H=2.56 um,h
=153 um, and W=6.45um averaged over five
waveguides. The propagation loss has been reported to be
as low as 0.25 dB/cm at 1.55 ,um.32 The refractive indices

(a) Polymer

W

Fig. 2. (a) Schematic of the As,S; rib waveguide sample and (b)
a scanning-electron microscope image of a waveguide.
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Fig. 3. (Color online) (a) Schematic of the Bragg-grating writing
setup based on the modified Sagnac interferometer and (b) ana-
lyzing setup.

ns, ng, and n, of the substrate (SiOy), film (AsyS3), and
cladding (polymer) are 1.44, 2.38, and 1.53, respectively.
It follows from the single-mode condition given by Soref
et al.®® that these waveguides support several HOMs,
which we exploit for resonant coupling devices.

B. Bragg-Grating Writing Setup

Because of the forward coupling geometry in an LPG, its
resonance wavelength strongly depends on the waveguide
parameters, which are measured with an accuracy of
+5%. This uncertainty can lead to unacceptable devia-
tions of the LPG resonance from the design wavelength.
To minimize the uncertainties of the resonance wave-
length, the effective indices of the rib modes are inferred
by careful analysis of a Bragg-grating spectrum as per
Section 2. For this purpose, the 50 mm waveguide sample
was cleaved into two, and Bragg gratings were written
into the shorter 20 mm section. LPGs were written into
the longer 30 mm section as described in the following
section.

The Bragg-grating writing setup shown in Fig. 3(a) is
based on a modified Sagnac interferometer design as pre-
viously described by Shokooh-Saremi et al. 17 The beam of
a cw frequency-doubled Nd:YAG laser at a wavelength of
532 nm is spatially filtered and collimated before passing
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through a phase mask. The equal intensity =1 orders of
the phase mask are reflected by a pair of mirrors and in-
terfere on the surface of the vertical mounted sample. As
the photon energy of the writing laser is close to the band-
gap energy of As,S3 chalcogenide glass (corresponding to
a wavelength of ~514 nm), the resulting fringe pattern
produces a photoinduced periodic change in the refractive
index. Scanning the incident beam across the phase mask
causes the point of intersection to move along the wave-
guide whereas the fringe pattern is fixed.’® The current
setup allows for a grating length of 37 mm only limited by
the 25 mm travel of the translation stage. The maximum
power in each interferometer arm is ~5 mW each in an
~1.5 mm spot on the sample. The grating strength is con-
trolled by the scanning speed and/or the power of the
writing laser that can be varied by a combination of \/2
plate and linear polarizer. The period A of the written
grating is A=\,/2 sin(7),}” where 7 is the half-angle be-
tween the two interfering beams, and \, is the wave-
length of the writing laser. » has been measured geo-
metrically to be 53.81° resulting in a grating period of A
=329.6 nm. The setup allows for in situ monitoring during
the writing process as shown in Fig. 3(b). The broadband
amplified spontaneous emission (ASE) of an erbium-
doped fiber amplifier passes a polarizer and \/4 plate and
is transmitted through the waveguide by standard single-
mode fiber pigtails but coupled to the waveguide. The cou-
pling efficiency is enhanced by a short piece of ultrahigh
NA fiber spliced to the fiber pigtails. The transmitted
light is then analyzed with a 10 pm resolution optical
spectrum analyzer.

C. Mode Analysis

Figure 4 shows the transmission spectrum for both TE-
and TM-polarized light of a Bragg grating written into a
20 mm long waveguide. The grating has a length of
15mm and is written with a scanning speed of
0.015mm/s on the sample and a total power of ~2 mW.
The fundamental resonance for TE polarization at X\

effective index
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Fig. 4. Normalized transmission spectrum of a 15mm long
Bragg grating for TE- and TM-polarized light written into a
6.45 um wide and 20mm long waveguide (H=2.56 um, h
=1.53 um). The upper axis shows the refractive indices as they
were inferred from the spectrum.
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Table 1. Comparison Between the Effective
Indices Inferred From the Bragg Grating in Fig. 4
and Those Obtained With the Beam Propagation

Method
Experiment Simulation
Polarization Mode Nexp Nexp \BPM Nppm
(nm) (nm)
TE HE,, 1553.8 2.3571 1553.7 2.3570
n=2.3757 HE,; 1551.2 2.3494 1551.3  2.3496
HE,, 1547.6 23384 1547.6 2.3384
™ EHy, 1539.8 2.3359 15524  2.3550
n=2.3757 EH,; 1537.6 2.3293 1550.0 2.3476
EHy, 1533.8 2.3178 1546.1  2.3359
™ EHy, 1539.8 2.3359 1539.8 2.3358
n=2.3566 EHy,; 1537.6 2.3293  1537.3  2.3284
EHy,, 1533.8 2.3178 1533.4 2.3166

=1553.77 nm has a width of AA=0.7 nm corresponding to
an index change of An=10"3. There are two additional
resonances visible on the short wavelength side of the
fundamental resonance due to coupling the fundamental
waveguide mode to backward-propagating HOMs. As ma-
terial and waveguide dispersion can be neglected over the
shown spectral range, the effective indices of the HOMs
can simply be inferred from the resonance wavelengths as
described in Subsection 2 providing a powerful tool for de-
signing the LPG.

From Eq. (3) and the measured wavelength of the fun-
damental resonance, the effective index of the fundamen-
tal mode is determined to be Ny=2.3571 for TE polariza-
tion. Table 1 lists the experimental results for both the TE
and TM modes together with simulation results obtained
with a beam propagation method.?® For TE-polarized
light, the theoretical results show good agreement with
the experimental values. This is achieved by using a
slightly smaller value for the slab height 4 in the simula-
tions motivated by the grooves to either side of the wave-
guide rib as visible in the SEM image in Fig. 2(b). The
depth of these grooves is ~0.1 um so that the slab height
experienced by a waveguide mode is reduced affecting the
mode indices. The measured effective indices are best ap-
proximated with a reduced slab height of 2=1.45 um.

The discrepancy between the calculated and measured
effective indices in case of TM-polarized light is most
likely due to birefringence in the As,S; thin film. The
measured indices can be fitted with reasonable accuracy
by use of a material refractive index for TM of n™
=2.3566 compared with nTE=2.3757 for TE-polarized
light. As the electric field vector for TE respective TM
waves is mainly polarized in the x respective y direction,
with the definition of Fig. 1(a), this leads to a material bi-
refringence of An=n,-n,~0.02. This can be partially un-
derstood by noting that from the ultrafast laser deposi-
tion process the evaporated material forms layers on the
wafer.>* In such a layered structure, the electronic bond-
ings are mainly orientated within the layer rather than
perpendicular to it, leading to a smaller polarizability in
the y direction. Thus the refractive index for y-polarized
light is reduced.
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4. PROPERTIES OF THE LONG-PERIOD
GRATINGS

A. Fabrication of Long-Period Gratings

The LPG writing and analyzing setup shown in Fig. 5is a
modification of the setup used for Bragg-grating fabrica-
tion. The periods of the waveguide LPGs are of the order
of tens of micrometers, allowing the modified Sagnac in-
terferometer to be replaced by a shadow mask. The
shadow mask consists of a photolithographically pat-
terned chrome layer on a quartz substrate. The mask is
26 mm X 135 mm and contains 14 patterns with periods
varying from 48 to 102 um (50% duty cycle) in steps of
2 um. The mask is placed in contact to the waveguide
sample with the chromium layer facing the sample to
minimize diffraction. The waveguide is then exposed to
green cw light (532 nm) from a frequency-doubled, diode-
pumped, Nd:YAG laser. The Gaussian laser beam is ex-
panded to a diameter of ~70 mm and the central 26 mm
diameter is then focused by a cylindrical lens producing a
~0.01 mm X 26 mm line focus on the stationary mask and
waveguide sample. The average power onto the mask can
be varied by a combination of a half-wave-plate and a po-
larizing beam splitter. The spectral response of the LPGs
is measured in the same way as for the Bragg gratings al-
lowing for in situ monitoring of the writing process [Fig.

3(b)l.

B. Coupling to Higher-Order Modes

We focus on coupling the fundamental HE(; mode to the
HE(, mode, because it is the first HOM with the same
symmetry as the fundamental mode. In this experiment,
a 30 mm long waveguide is used. As the HEj, mode is well
guided, the transmission loss at the resonance wave-
length is due to the waveguide-to-fiber coupling loss at
the output of the sample. The overlap integral of the
waveguide HE(; fundamental mode and the higher-order
HEq; mode with the ultrahigh NA fiber are calculated to
be -3 and -18dB, respectively. Thus the maximum
waveguide-to-fiber coupling loss expected from modeling
is =15 dB assuming perfect alignment of the output fiber
to the waveguide.

Using the effective indices obtained from Bragg-grating
analysis and modeling (Section 3), the grating period
Arpg for coupling between the two modes at a design
wavelength of 1.55 um is calculated to be ~83 um for TE
polarization. From the available masks, a grating pitch of
A =84 um is chosen for the experiment. The power of the
writing laser incident on the mask was 1 mW. Figure 6

A2 Beam

Telescope
Plate Splitter

cw, 532 nm

Cylindrical Lens

—

Fig. 5. Schematic of the LPG writing setup.
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Fig. 6. Normalized transmission spectrum of a 26 mm long LPG

with a period of 84 um for TE- and TM-polarized light written

into a 6.45 um wide and 30 mm long waveguide (H=2.56 um, h

=1.53 um) exposed to 1 mW writing power at 532nm for 70s.

The dashed curve is a fit to the measured transmission using Eq.
(11).

shows the transmission spectrum for both TE- and TM-
polarized light obtained by normalizing the grating spec-
trum to that of the bare waveguide after an exposure time
of 70 s. The —15dB deep, TE- and TM-polarization reso-
nances appear at 1593 and 1572nm with respective
-3 dB widths of 5 and 7 nm. The exposure was stopped
here in order not to overcouple the grating. From the dis-
persion curves of the waveguide obtained with the beam
propagation method, the resonance wavelength is calcu-
lated to be 1537 and 1485 nm, where the birefringence of
the AsyS;3 film discussed in Subsection 3.C, i.e., the differ-
ent material refractive indices for TE- and TM-polarized
light, has been taken into account. The discrepancy be-
tween measured and predicted wavelength is most likely
due to slightly varying parameters of the waveguides
used for mode analysis and LPG experiment that strongly
affect the effective indices. According to Eq. (5), the reso-
nance wavelength is determined by the difference AN
=Ny—N,, of the effective indices of the two coupled modes
and is very sensitive to slight variations of the effective
indices; variations in AN as small as 104 can shift the
resonance by 15 nm.

Similar to the Bragg grating discussed in Subsection
3.C, the LPG resonance shown in Fig. 6 shows TE-TM-
polarization splitting, which is 21 nm. In case of the
Bragg grating, it turned out that the observed polariza-
tion splitting is mainly caused by material birefringence
(see discussion in Subsection 3.C) rather than geometrical
effects. But in the case of the LPG, the contribution of the
geometrical effects, i.e., waveguide birefringence, to the
polarization splitting can be expected to be much larger.
Unlike the Bragg grating, the resonance wavelength of a
LPG is governed by the difference of the mode indices,
AN=N;,-N,, and therefore has much larger sensitivity to
slight differences of the mode indices due to TE and TM
polarization. This can be seen from simulations with and
without taking material birefringence into account. Using
the material refractive indices for TE- and TM-polarized
light as inferred from the Bragg grating discussed in Sub-
section 3.C, ie., nTE=2.3757 and n™=2.3566, respec-
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tively, the polarization splitting is calculated to be 52 nm
for the LPG, whereas it is 42 nm for nTE=n™=2.3757.
Thus in the simulation, the wavelength splitting due to
geometrical effects, i.e., waveguide birefringence, is four
times the splitting due to material birefringence.

The dashed curve in Fig. 6 is a fit to the measured data
using a slight modification of Eq. (6),

(8

—5 s

|S2,UHNA\2 'S 9 )
a2 VZan
|So,UHNA|2 '

P(z) =P0(1

where « is a fit parameter, and |S,, yunal? is the overlap
integral between the mth waveguide mode and the funda-
mental mode of the ultrahigh NA fiber at the end of the
device. The grating period has been set to 81 um to fit the
resonance wavelength, and waveguide dispersion ob-
tained from modeling has been taken into account. There
is no sign of broadening of the resonance proving the
quality of the AsySs rib waveguides used in the experi-
ment, i.e., the lack of variations in the waveguide geom-
etry along the z direction of the specific guide. From the
fit, we obtain k=58 m~! and hence xL=0.96 X 7/2, show-
ing that coupling to the HOM is almost at maximum. The
index change can be inferred from Eq. (7) with the overlap
integral evaluated over the central rib region where the
index change is assumed to be homogenous and zero in
the slab. With the modeled mode profiles and measured
coupling coefficient above the index change, An is calcu-
lated to be ~1072 in good agreement with previously pub-
lished values.'”

The energy transfer from the fundamental to the HE(,
mode is verified by mode imaging. This is done by replac-
ing the broadband ASE source in Fig. 3(b) by a tunable cw
diode laser and the output stage by an imaging system us-
ing a 40X microscope objective and an infrared CCD cam-
era. Figures 7(a) and 7(b) depict the transversal profile of
the transmitted TE-polarized light at the end facet of the

Fig. 7. Mode profiles of TE-polarized light of a tunable diode la-
ser source at the output facet of the waveguide (a) of resonance
and (b) on resonance and comparison to the calculated mode pro-
files (¢) HE(, and (d) HE,.
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Fig. 8. Normalized transmission spectrum of a 26 mm long LPG
with a period of 86 um for TE-polarized light at different expo-
sure times for 1 mW writing power at 532 nm.

1555 1560

waveguide-tuned off and on resonance, respectively, to-
gether with the calculated profiles of mode (¢) HEq, and
(d) HEge. Off resonance, the profile is that of an HE,
mode whereas in the center of the resonance a three-peak
structure appears due to coupling most of the power to
the higher-order mode.

Figure 8 shows a series of transmission spectra of an
LPG with a period of 86 um at different exposure times
for TE-polarized light. The resonance appears at 1564 nm
and reaches its maximum depth of —20 dB after an expo-
sure time of 45 s. The higher loss of 20 dB, compared with
15 dB expected from modeling, is very likely due to a shift
of the output fiber affecting the overlap integrals of the
waveguide HE;, fundamental mode and the higher-order
HE(, mode with the ultrahigh NA fiber at device output.
A fit to the transmission spectrum after 45s exposure
gives kL=72, i.e., optimal coupling. For stronger grat-
ings, the power begins to couple back to the fundamental
mode as indicated by the 50 s exposure.

For each transmission spectrum of the series shown in
Fig. 8, the coupling coefficient is inferred and shown in
Fig. 9 as a function of the exposure time. The correspond-
ing index change An is also shown on the right scale. It
can be seen that both quantities depend linearly on the
exposure time, i.e., fluence, showing no sign of index satu-
ration within the covered range. The increase of the aver-
age refractive index with exposure time causes a shift of
the resonance toward larger wavelengths. This wave-
length shift versus the inferred index change is plotted in
the inset of Fig. 9 showing a linear dependency as ex-
pected from modeling. The rate of the wavelength shift
derived from this measurement is AN/An=4.3 X 10° nm.
This has important implications on switching experi-
ments in these structures, where the intensity-dependent
refractive index n=ng+nyl is used to shift the resonance
wavelength of the LPG by up to one half-width of the
resonance resulting in a significant increase in transmis-
sion of an initially resonant pulse. For the LPGs under in-
vestigation, the resonance wavelength has to be shifted
by ~2nm to tune a pulse off resonance. With the mea-
sured rate of the wavelength shift and a Kerr coefficient
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Fig. 9. Coupling coefficients and index change for the grating
spectra of Fig. 8 as a function of the exposure time. Inset: in-
duced wavelength shift versus index change.

ng in AsyS; chalcogenide glass of ~100 x silica,?? the
intensity-dependent wavelength shift is AN (nm)
~I (GW/cm?). Thus pulse intensities of the order of
1GW/cm? are sufficient for a significant increase in
transmission.

5. CONCLUSION

We reported on the fabrication of high-quality long-period
gratings (LPGs) in chalcogenide (AsyS3) glass rib
waveguides at telecommunication wavelength. To design
the grating, the effective indices of the higher-order
modes supported by the waveguide were determined from
the higher-order resonances of a holographic Bragg grat-
ing showing good agreement with modeling results using
a beam propagation method. A simple shadow mask tech-
nique utilizing the photosensitivity of chalcogenide glass
to green light was used to write the LPGs. A 26 mm long
LPG with a grating pitch of 84 um written into a 30 mm
long waveguide of 6.45 um width led to a strong reso-
nance at 1593 and 1572 nm for TE- and TM-polarized
light, respectively. The observed polarization splitting is
mainly caused by the waveguide geometry. The —15 dB
band rejection agrees well with the maximum value ex-
pected from the mode overlap at the output of the device.
The -3 dB width is ~5 nm underlining the uniformity of
the waveguide and grating. A fit to the measured trans-
mission curve yielded a coupling coefficient of k=58 m™!
and index change of —1073. In situ monitoring allowed for
investigation of the grating growth dynamic. The ob-
served wavelength shift shows a linear dependency on the
index change as expected from modeling. The inferred
rate of index change has significant implications for fu-
ture switching experiments in these structures.
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