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We report on the design and fabrication of high-quality long-period gratings in chalcogenide glass �As2S3� 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 HE02 mode strong reso-
nances of up to �20 dB depths are obtained. The gratings have a length of L=26 mm and a period of �
=86 �m. 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 �10−3. © 2007 Optical
Society of America
OCIS codes: 350.2770, 160.3130, 130.3120.
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. INTRODUCTION
ong- and short-period (Bragg)-grating devices are of
reat importance for optical communication systems,
here they act as filters, multiplexers, dispersion com-
ensators, and gain equalizers, as well as for sensing ap-
lications (see 1 and references therein). Long-period
ratings (LPGs) are attractive because of their low inser-
ion loss, i.e., low backreflection, and ease of fabrication.
n addition, they offer important solutions for applica-
ions requiring tunability and sensing. The latter proper-
ies are associated with the copropagating geometry,
hich manifests in an increased sensitivity, compared
ith Bragg-grating devices. In an optical-fiber-based LPG

he grating induces coupling from the fundamental mode,
ocalized to the core region, to the higher-order cladding

odes, confined by the outer air cladding. Such LPGs
ypically have periods of hundreds of micrometers and
an be written in photosensitive fiber using simple modi-
cations to the interferometric techniques used for writ-

ng Bragg gratings.2 Optical-fiber-based LPGs have been
onvincingly demonstrated for a range of applications, in-
luding optical filters,3,4 mode converters,5 optical gain
attening of erbium-doped fiber amplifiers,6 dispersion
ompensation,7 and sensing.8 LPGs are of particular in-
erest for all-optical switching devices9 where the
ntensity-dependent refractive index associated with the
err effect �n2� can be used to detune the resonance wave-

ength resulting in intensity-dependent transmission.10

Chalcogenide glasses have generated significant inter-
st due to their many attractive features. Their high
0740-3224/07/061283-8/$15.00 © 2
ransparency in the near-infrared and mid-infrared and
xceptionally high Kerr nonlinearity (n2 up to 3 orders of
agnitude greater than silica11) combined with an intrin-

ic response time of less than 100 fs and moderate two-
hoton absorption makes chalcogenide glasses suitable
or a variety of applications ranging from infrared
elivery,12 Raman fiber lasers and amplifiers in the
id-infrared,11,13 to all-optical signal regeneration14 and

witching.15 Chalcogenides possess strong photosensitiv-
ty that allows for the inscription of ultrastrong Bragg
ratings in chalcogenide fiber16 and rib waveguides.17,18

PGs in chalcogenide glass waveguides are promising
andidates for low threshold all-optical switching devices
nd have recently been demonstrated in single-mode
s2Se3 fibers based on microbends19 and acoustic modu-

ation of the core index.20

Long-period gratings in planar-integrated geometries21

ffer greater flexibility than fiber LPGs as they can be
abricated in a wide variety of optical materials including
lasses,22 polymers,23 and semiconductors. These materi-
ls and geometries offer novel transmission
haracteristics,24 enhanced thermal tunability,22 and the
otential for integrated reconfigurable electro-optical-
nduced gratings.25 More recently, LPGs have been dem-
nstrated in chalcogenide �As2S3� glass rib waveguides.26

his geometry is a promising candidate for compact, inte-
rated resonant devices for a range of applications, in-
luding low-threshold, all-optical switching devices, inte-
rated Raman devices, and mid-infrared applications.

Following our recent report,26 here we present a de-
007 Optical Society of America
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ailed investigation of the design, fabrication, and charac-
erization of high-quality LPGs in highly nonlinear chal-
ogenide glass �As2S3� rib waveguides. The mode
tructure of the waveguides is analyzed by careful inspec-
ion of the spectra of Bragg gratings27 written into these
aveguides with a scanning Sagnac interferometer.18 The

ffective indices of the higher-order modes are inferred
rom the Bragg-grating spectra and compared with re-
ults of numerical simulations obtained using a beam
ropagation method.28 Applying this powerful approach
o chalcogenide glass rib waveguides for the first time, we
re able to accurately design LPGs with resonances at
elecommunication wavelengths. Additionally the growth
ynamic is studied for its implications on future switch-
ng experiments in this geometry. LPGs are fabricated ex-
loiting a simple shadow mask technique utilizing the
hotosensitivity of As2S3 chalcogenide glass to green light
532 nm�. We achieve up to 20 dB deep, 5 nm �−3 dB� wide
and rejection at 1564 nm finding good agreement with
heory. These results are promising for future low power,
onlinear switching devices and as building blocks for
id-infrared technologies, including Raman devices.
The paper is structured as follows. Section 2 gives a

rief review of the theoretical background of short- and
ong-period gratings as well as the Bragg-grating-based
rocedure of mode analyses. Section 3 deals with the
aveguide fabrication and mode properties. In Section 4,
xperimental results on long-period grating fabrication
nd growth dynamics are presented.

. REVIEW OF MODE COUPLING IN
AVEGUIDE GRATINGS

n this paper, we focus on higher-order mode (HOM) cou-
ling in multimode rib waveguides via grating-induced
hase matching. Figure 1(a) depicts the structure of a rib
aveguide, consisting of substrate, film layer, and clad-
ing with refractive indices ns, nf, and nc, respectively, to-
ether with the profiles of the fundamental and first hori-
ontal and vertical higher-order modes with respective
ropagation constant �. Figures 1(b) and 1(c) illustrate
ow a grating with period � allows energy to be coupled
etween two contrapropagating or copropagating modes,
rovided that the following phase-matching condition is
et:

�� = �i ± �f −
2�

�
� 0. �1�

ere “+” and “−” are valid for coupling between contra-
ropagating and copropagating modes, and �� denotes a
hase mismatch.29 As can be seen from Figs. 1(b) and 1(c),
he coupling of contrapropagating modes requires a large
rating vector and hence a short-period grating (Bragg
rating), whereas a long-period grating couples two co-
ropagating modes so that the grating vector is small.
From the phase-matching condition [Eq. (1)] it follows

hat the resonance wavelength for coupling the mth
orward-propagating mode to the nth backward-
ropagating mode is given by
�m,n = ��Nm + Nn�, �2�

here Nm and Nn are the effective indices of the two
odes involved. If degenerate coupling between the fun-

amental modes this reduces to the well-known Bragg
ondition

�0 = 2�N0. �3�

igher-order mode resonances due to coupling the funda-
ental mode to the nth HOM can be used to investigate

he mode properties of the HOMs. Combining Eqs. (2) and
3), the ratio of the HOM to fundamental resonance wave-
engths is given as

�0,n

�0
=

N0 + Nn

2N0
. �4�

eglecting material and waveguide dispersion Eq. (4) can
e used to infer the effective indices of the first few
OMs, by simple inspection of the Bragg-grating spec-

rum, provided the grating period � is known to infer N0
ia Eq. (3).

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

�0 = ��N0 − Nm�. �5�

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

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

ig. 1. (a) Schematic of a rib waveguide and the transverse pro-
le of the first HOMs, (b) and (c) relative position of the propa-
ation constants in a rib waveguide (after [29]). Solid symbols:
uided modes.
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P�z� = P0�1 −
�2

�2sin2 �z� , �6�

here �2=�2+ ��� /2�2, and � denotes the coupling coeffi-
ient that is dependent on the symmetry of the interact-
ng modes and LPG. It can be seen from Eq. (6) that the
ower in the fundamental mode shows an oscillatory be-
avior with a period ��−1 (for ��=0). Maximum coupling
ccurs when �z equals an odd multiple of � /2, while �z
� /2 leads to overcoupling, resulting in strong

idelobes.29

The coupling coefficient � is given as27

� =
n

�
�� Fn�x,y��n�x,y�Fm

* �x,y�dxdy, �7�

here the modal field distribution is given by F�x ,y�. For
niform LPGs, the resonance can be fitted by Eq. (6) to
ive a value for �. Thus the index change can be derived
rom Eq. (7) using mode fields obtained from numerical
imulation.

. WAVEGUIDE STRUCTURE AND MODE
NALYSIS
. Waveguide Fabrication and Properties
igure 2(a) is a schematic of the transverse profile of the
halcogenide glass �As2S3� rib waveguide while Fig. 2(b)
s a scanning electron micrograph (SEM) of a typical
ample. The waveguides were fabricated by ultrafast
ulsed laser deposition31 of an �3 �m thick As2S3 film on
silicon wafer with a 2.5 �m thick thermal oxide layer,

ollowed by photolithography and reactive-ion etching32 to
orm 5 cm long rib waveguides. The wafer is then coated
ith a protective polysiloxane film (thickness 	10 �m)

ransparent to visible light. The rib height H, slab height
, and width W is determined from the electron micro-
raphs with an accuracy of approximately ±5%, due to the
alibration error of the SEM, giving H=2.56 �m,h
1.53 �m, and W=6.45 �m averaged over five
aveguides. The propagation loss has been reported to be
s low as 0.25 dB/cm at 1.55 �m.32 The refractive indices

ig. 2. (a) Schematic of the As2S3 rib waveguide sample and (b)
scanning-electron microscope image of a waveguide.
s, nf, and nc of the substrate �SiO2�, film �As2S3�, and
ladding (polymer) are 1.44, 2.38, and 1.53, respectively.
t follows from the single-mode condition given by Soref
t al.33 that these waveguides support several HOMs,
hich we exploit for resonant coupling devices.

. Bragg-Grating Writing Setup
ecause of the forward coupling geometry in an LPG, its
esonance wavelength strongly depends on the waveguide
arameters, which are measured with an accuracy of
5%. This uncertainty can lead to unacceptable devia-
ions of the LPG resonance from the design wavelength.
o minimize the uncertainties of the resonance wave-
ength, the effective indices of the rib modes are inferred
y careful analysis of a Bragg-grating spectrum as per
ection 2. For this purpose, the 50 mm waveguide sample
as cleaved into two, and Bragg gratings were written

nto the shorter 20 mm section. LPGs were written into
he longer 30 mm section as described in the following
ection.

The Bragg-grating writing setup shown in Fig. 3(a) is
ased on a modified Sagnac interferometer design as pre-
iously described by Shokooh-Saremi et al.17 The beam of
cw frequency-doubled Nd:YAG laser at a wavelength of

32 nm is spatially filtered and collimated before passing

ig. 3. (Color online) (a) Schematic of the Bragg-grating writing
etup based on the modified Sagnac interferometer and (b) ana-
yzing setup.
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hrough a phase mask. The equal intensity ±1 orders of
he phase mask are reflected by a pair of mirrors and in-
erfere on the surface of the vertical mounted sample. As
he photon energy of the writing laser is close to the band-
ap energy of As2S3 chalcogenide glass (corresponding to
wavelength of �514 nm), the resulting fringe pattern

roduces a photoinduced periodic change in the refractive
ndex. Scanning the incident beam across the phase mask
auses the point of intersection to move along the wave-
uide whereas the fringe pattern is fixed.18 The current
etup allows for a grating length of 37 mm only limited by
he 25 mm travel of the translation stage. The maximum
ower in each interferometer arm is �5 mW each in an
1.5 mm spot on the sample. The grating strength is con-

rolled by the scanning speed and/or the power of the
riting laser that can be varied by a combination of � /2
late and linear polarizer. The period � of the written
rating is �=�w /2 sin�
�,17 where 
 is the half-angle be-
ween the two interfering beams, and �w is the wave-
ength of the writing laser. 
 has been measured geo-

etrically to be 53.81° resulting in a grating period of �
329.6 nm. The setup allows for in situ monitoring during

he writing process as shown in Fig. 3(b). The broadband
mplified spontaneous emission (ASE) of an erbium-
oped fiber amplifier passes a polarizer and � /4 plate and
s transmitted through the waveguide by standard single-

ode fiber pigtails but coupled to the waveguide. The cou-
ling efficiency is enhanced by a short piece of ultrahigh
A fiber spliced to the fiber pigtails. The transmitted

ight is then analyzed with a 10 pm resolution optical
pectrum analyzer.

. Mode Analysis
igure 4 shows the transmission spectrum for both TE-
nd TM-polarized light of a Bragg grating written into a
0 mm long waveguide. The grating has a length of
5 mm and is written with a scanning speed of
.015 mm/s on the sample and a total power of �2 mW.
he fundamental resonance for TE polarization at �0

ig. 4. Normalized transmission spectrum of a 15 mm long
ragg grating for TE- and TM-polarized light written into a
.45 �m wide and 20 mm long waveguide (H=2.56 �m, h
1.53 �m). The upper axis shows the refractive indices as they
ere inferred from the spectrum.
1553.77 nm has a width of ��=0.7 nm corresponding to
n index change of �n=10−3. There are two additional
esonances visible on the short wavelength side of the
undamental resonance due to coupling the fundamental
aveguide mode to backward-propagating HOMs. As ma-

erial and waveguide dispersion can be neglected over the
hown spectral range, the effective indices of the HOMs
an simply be inferred from the resonance wavelengths as
escribed in Subsection 2 providing a powerful tool for de-
igning the LPG.

From Eq. (3) and the measured wavelength of the fun-
amental resonance, the effective index of the fundamen-
al mode is determined to be N0=2.3571 for TE polariza-
ion. Table 1 lists the experimental results for both the TE
nd TM modes together with simulation results obtained
ith a beam propagation method.28 For TE-polarized

ight, the theoretical results show good agreement with
he experimental values. This is achieved by using a
lightly smaller value for the slab height h in the simula-
ions motivated by the grooves to either side of the wave-
uide rib as visible in the SEM image in Fig. 2(b). The
epth of these grooves is �0.1 �m so that the slab height
xperienced by a waveguide mode is reduced affecting the
ode indices. The measured effective indices are best ap-

roximated with a reduced slab height of h=1.45 �m.
The discrepancy between the calculated and measured

ffective indices in case of TM-polarized light is most
ikely due to birefringence in the As2S3 thin film. The

easured indices can be fitted with reasonable accuracy
y use of a material refractive index for TM of nTM

2.3566 compared with nTE=2.3757 for TE-polarized
ight. As the electric field vector for TE respective TM
aves is mainly polarized in the x respective y direction,
ith the definition of Fig. 1(a), this leads to a material bi-

efringence of �n=nx−ny�0.02. This can be partially un-
erstood by noting that from the ultrafast laser deposi-
ion process the evaporated material forms layers on the
afer.34 In such a layered structure, the electronic bond-

ngs are mainly orientated within the layer rather than
erpendicular to it, leading to a smaller polarizability in
he y direction. Thus the refractive index for y-polarized
ight is reduced.

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

olarization Mode �exp
(nm)

Nexp �BPM
(nm)

NBPM

E HE00 1553.8 2.3571 1553.7 2.3570
=2.3757 HE01 1551.2 2.3494 1551.3 2.3496

HE02 1547.6 2.3384 1547.6 2.3384
M EH00 1539.8 2.3359 1552.4 2.3550
=2.3757 EH01 1537.6 2.3293 1550.0 2.3476

EH02 1533.8 2.3178 1546.1 2.3359
M EH00 1539.8 2.3359 1539.8 2.3358
=2.3566 EH01 1537.6 2.3293 1537.3 2.3284

EH02 1533.8 2.3178 1533.4 2.3166



4
G
A
T
m
t
o
t
s
t
2
v
2
s
m
g
p
p
d
�
w
b
l
i
l
3

B
W
H
s
a
g
l
t
w
H
b
w
i
t

a
�
w
p
�
w

s
p
t
o
n
−
h
p
p
l
t
e
l
t
d
u
a
n
=
a
i
r

3
p
B
t
(
e
g
p
U
L
�
s
p
w
t
l
s

F
w
i
=
T
(

Finsterbusch et al. Vol. 24, No. 6 /June 2007/J. Opt. Soc. Am. B 1287
. PROPERTIES OF THE LONG-PERIOD
RATINGS
. Fabrication of Long-Period Gratings
he LPG writing and analyzing setup shown in Fig. 5 is a
odification of the setup used for Bragg-grating fabrica-

ion. The periods of the waveguide LPGs are of the order
f tens of micrometers, allowing the modified Sagnac in-
erferometer to be replaced by a shadow mask. The
hadow mask consists of a photolithographically pat-
erned chrome layer on a quartz substrate. The mask is
6 mm�135 mm and contains 14 patterns with periods
arying from 48 to 102 �m (50% duty cycle) in steps of
�m. The mask is placed in contact to the waveguide

ample with the chromium layer facing the sample to
inimize diffraction. The waveguide is then exposed to

reen cw light �532 nm� from a frequency-doubled, diode-
umped, Nd:YAG laser. The Gaussian laser beam is ex-
anded to a diameter of �70 mm and the central 26 mm
iameter is then focused by a cylindrical lens producing a
0.01 mm�26 mm line focus on the stationary mask and
aveguide sample. The average power onto the mask can
e varied by a combination of a half-wave-plate and a po-
arizing beam splitter. The spectral response of the LPGs
s measured in the same way as for the Bragg gratings al-
owing for in situ monitoring of the writing process [Fig.
(b)].

. Coupling to Higher-Order Modes
e focus on coupling the fundamental HE00 mode to the
E02 mode, because it is the first HOM with the same

ymmetry as the fundamental mode. In this experiment,
30 mm long waveguide is used. As the HE02 mode is well
uided, the transmission loss at the resonance wave-
ength is due to the waveguide-to-fiber coupling loss at
he output of the sample. The overlap integral of the
aveguide HE00 fundamental mode and the higher-order
E02 mode with the ultrahigh NA fiber are calculated to
e −3 and −18 dB, respectively. Thus the maximum
aveguide-to-fiber coupling loss expected from modeling

s −15 dB assuming perfect alignment of the output fiber
o the waveguide.

Using the effective indices obtained from Bragg-grating
nalysis and modeling (Section 3), the grating period
LPG for coupling between the two modes at a design
avelength of 1.55 �m is calculated to be �83 �m for TE
olarization. From the available masks, a grating pitch of
=84 �m is chosen for the experiment. The power of the
riting laser incident on the mask was 1 mW. Figure 6

Fig. 5. Schematic of the LPG writing setup.
hows the transmission spectrum for both TE- and TM-
olarized light obtained by normalizing the grating spec-
rum to that of the bare waveguide after an exposure time
f 70 s. The −15 dB deep, TE- and TM-polarization reso-
ances appear at 1593 and 1572 nm with respective
3 dB widths of 5 and 7 nm. The exposure was stopped
ere in order not to overcouple the grating. From the dis-
ersion curves of the waveguide obtained with the beam
ropagation method, the resonance wavelength is calcu-
ated to be 1537 and 1485 nm, where the birefringence of
he As2S3 film discussed in Subsection 3.C, i.e., the differ-
nt material refractive indices for TE- and TM-polarized
ight, has been taken into account. The discrepancy be-
ween measured and predicted wavelength is most likely
ue to slightly varying parameters of the waveguides
sed for mode analysis and LPG experiment that strongly
ffect the effective indices. According to Eq. (5), the reso-
ance wavelength is determined by the difference �N
N0−Nm of the effective indices of the two coupled modes
nd is very sensitive to slight variations of the effective
ndices; variations in �N as small as 10−4 can shift the
esonance by 15 nm.

Similar to the Bragg grating discussed in Subsection
.C, the LPG resonance shown in Fig. 6 shows TE–TM-
olarization splitting, which is 21 nm. In case of the
ragg grating, it turned out that the observed polariza-

ion splitting is mainly caused by material birefringence
see discussion in Subsection 3.C) rather than geometrical
ffects. But in the case of the LPG, the contribution of the
eometrical effects, i.e., waveguide birefringence, to the
olarization splitting can be expected to be much larger.
nlike the Bragg grating, the resonance wavelength of a
PG is governed by the difference of the mode indices,
N=N0−Nm and therefore has much larger sensitivity to
light differences of the mode indices due to TE and TM
olarization. This can be seen from simulations with and
ithout taking material birefringence into account. Using

he material refractive indices for TE- and TM-polarized
ight as inferred from the Bragg grating discussed in Sub-
ection 3.C, i.e., nTE=2.3757 and nTM=2.3566, respec-

ig. 6. Normalized transmission spectrum of a 26 mm long LPG
ith a period of 84 �m for TE- and TM-polarized light written

nto a 6.45 �m wide and 30 mm long waveguide (H=2.56 �m, h
1.53 �m) exposed to 1 mW writing power at 532 nm for 70 s.
he dashed curve is a fit to the measured transmission using Eq.

11).
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ively, the polarization splitting is calculated to be 52 nm
or the LPG, whereas it is 42 nm for nTE=nTM=2.3757.
hus in the simulation, the wavelength splitting due to
eometrical effects, i.e., waveguide birefringence, is four
imes the splitting due to material birefringence.

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

P�z� = P0�1 −
	S2,UHNA	2

	S0,UHNA	2
�2

�2sin2 �z� , �8�

here � is a fit parameter, and 	Sm,UHNA	2 is the overlap
ntegral between the mth waveguide mode and the funda-

ental mode of the ultrahigh NA fiber at the end of the
evice. The grating period has been set to 81 �m to fit the
esonance wavelength, and waveguide dispersion ob-
ained from modeling has been taken into account. There
s no sign of broadening of the resonance proving the
uality of the As2S3 rib waveguides used in the experi-
ent, i.e., the lack of variations in the waveguide geom-

try along the z direction of the specific guide. From the
t, we obtain �=58 m−1 and hence �L=0.96�� /2, show-

ng that coupling to the HOM is almost at maximum. The
ndex change can be inferred from Eq. (7) with the overlap
ntegral evaluated over the central rib region where the
ndex change is assumed to be homogenous and zero in
he slab. With the modeled mode profiles and measured
oupling coefficient above the index change, �n is calcu-
ated to be �10−3 in good agreement with previously pub-
ished values.17

The energy transfer from the fundamental to the HE02
ode is verified by mode imaging. This is done by replac-

ng the broadband ASE source in Fig. 3(b) by a tunable cw
iode laser and the output stage by an imaging system us-
ng a 40� microscope objective and an infrared CCD cam-
ra. Figures 7(a) and 7(b) depict the transversal profile of
he transmitted TE-polarized light at the end facet of the

ig. 7. Mode profiles of TE-polarized light of a tunable diode la-
er source at the output facet of the waveguide (a) of resonance
nd (b) on resonance and comparison to the calculated mode pro-
les (c) HE and (d) HE .
00 02
aveguide-tuned off and on resonance, respectively, to-
ether with the calculated profiles of mode (c) HE00 and
d) HE02. Off resonance, the profile is that of an HE00

ode whereas in the center of the resonance a three-peak
tructure appears due to coupling most of the power to
he higher-order mode.

Figure 8 shows a series of transmission spectra of an
PG with a period of 86 �m at different exposure times

or TE-polarized light. The resonance appears at 1564 nm
nd reaches its maximum depth of −20 dB after an expo-
ure time of 45 s. The higher loss of 20 dB, compared with
5 dB expected from modeling, is very likely due to a shift
f the output fiber affecting the overlap integrals of the
aveguide HE00 fundamental mode and the higher-order
E02 mode with the ultrahigh NA fiber at device output.
fit to the transmission spectrum after 45 s exposure

ives �L=�2, i.e., optimal coupling. For stronger grat-
ngs, the power begins to couple back to the fundamental

ode as indicated by the 50 s exposure.
For each transmission spectrum of the series shown in

ig. 8, the coupling coefficient is inferred and shown in
ig. 9 as a function of the exposure time. The correspond-

ng index change �n is also shown on the right scale. It
an be seen that both quantities depend linearly on the
xposure time, i.e., fluence, showing no sign of index satu-
ation within the covered range. The increase of the aver-
ge refractive index with exposure time causes a shift of
he resonance toward larger wavelengths. This wave-
ength shift versus the inferred index change is plotted in
he inset of Fig. 9 showing a linear dependency as ex-
ected from modeling. The rate of the wavelength shift
erived from this measurement is �� /�n=4.3�103 nm.
his has important implications on switching experi-
ents in these structures, where the intensity-dependent

efractive index n=n0+n2I is used to shift the resonance
avelength of the LPG by up to one half-width of the

esonance resulting in a significant increase in transmis-
ion of an initially resonant pulse. For the LPGs under in-
estigation, the resonance wavelength has to be shifted
y �2 nm to tune a pulse off resonance. With the mea-
ured rate of the wavelength shift and a Kerr coefficient

ig. 8. Normalized transmission spectrum of a 26 mm long LPG
ith a period of 86 �m for TE-polarized light at different expo-

ure times for 1 mW writing power at 532 nm.
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2 in As2S3 chalcogenide glass of �100�silica,32 the
ntensity-dependent wavelength shift is �� �nm�

I �GW/cm2�. Thus pulse intensities of the order of
GW/cm2 are sufficient for a significant increase in

ransmission.

. CONCLUSION
e reported on the fabrication of high-quality long-period

ratings (LPGs) in chalcogenide �As2S3� glass rib
aveguides at telecommunication wavelength. To design

he grating, the effective indices of the higher-order
odes supported by the waveguide were determined from

he higher-order resonances of a holographic Bragg grat-
ng showing good agreement with modeling results using
beam propagation method. A simple shadow mask tech-
ique utilizing the photosensitivity of chalcogenide glass
o green light was used to write the LPGs. A 26 mm long
PG with a grating pitch of 84 �m written into a 30 mm

ong waveguide of 6.45 �m width led to a strong reso-
ance at 1593 and 1572 nm for TE- and TM-polarized

ight, respectively. The observed polarization splitting is
ainly caused by the waveguide geometry. The −15 dB

and rejection agrees well with the maximum value ex-
ected from the mode overlap at the output of the device.
he −3 dB width is �5 nm underlining the uniformity of
he waveguide and grating. A fit to the measured trans-
ission curve yielded a coupling coefficient of �=58 m−1

nd index change of −10−3. In situ monitoring allowed for
nvestigation of the grating growth dynamic. The ob-
erved wavelength shift shows a linear dependency on the
ndex change as expected from modeling. The inferred
ate of index change has significant implications for fu-
ure switching experiments in these structures.
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