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We report long period grating (LPG) devices based on a hybrid architecture incorporating photopattern-
able fluorinated poly(aryl ether ketone) and silica layers for applications in wavelength filtering and
power distribution. The grating structure was implemented using a periodic corrugation on a thermally
oxidized silica lower cladding layer, a photopatterned fluorinated polymer ridge waveguide, and a simi-
lar polymer top cladding. In this design, the corrugated silica layer allows a highly stable grating struc-
ture, while the fluorinated polymer offers a low propagation loss and easy processability. Strong rejection
bands have been demonstrated in the Cþ L wavelength band, in good agreement with theoretical
calculations. The fabricated LPG devices show a thermal dependence of 1:5nm=°C. Based on this design,
an array of waveguides incorporating LPGs has also been fabricated. Distribution of light at the reso-
nance wavelength across all the channels from a single input has been demonstrated. These results are
promising for power distribution in photonic network applications or on-chip sensors. © 2009 Optical
Society of America

OCIS codes: 050.2770, 130.5460, 230.7390, 230.7408, 220.3740.

1. Introduction

Similar to Bragg gratings, long period gratings
(LPGs) are formed by introducing a periodic varia-
tion of the effective refractive index along the wave-
guide structure; however, the pitch of an LPG is of
the order of hundreds of micrometers, much longer
than that of a Bragg grating. A LPG allows resonance
light coupling between the guided mode and the clad-
ding modes, resulting in a transmission spectrum
consisting of a series of rejection bands at specific
wavelengths. LPGs are attracting increasing interest
in the areas of optical communication and photonic
devices and have been demonstrated for applications
such as band-rejection filters [1], gain flatteners for
erbium-doped fiber amplifiers (EDFAs) [2], and dis-
persion compensators [3]. Also, due to the nature of

the light coupling between the core and the cladding
of the waveguides, LPGs are highly sensitive to
environmental factors, showing promise in sensor
applications in various fields, such as temperature,
pressure, refractive index, and pH [4–8].

Fiber LPGs have been widely studied in the past
few years. Several diverse fabrication techniques
have been demonstrated. The most common and
mature method is UV irradiation by a KrF excimer
laser at 248nm [1] or an Ar-ion laser at 244nm [9]
to create photochemically a refractive index peri-
odic change along the fiber. This method requires
a fiber that is highly photosensitive to the UV light
in the radiation wavelength; typically Ge-doped
silica fiber is employed. IR laser irradiation (using
femtosecond pulses or a CO2 laser) has also been
used to successfully demonstrate gratings, by chan-
ging the refractive index of the fiber through com-
pacting the material in the irradiated area [10,11].
Other fabrication methods include electric arc
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discharge [12], tapering [13], etching [14], or twist-
ing [15], which induce the waveguide effective re-
fractive index change by physically modifying the
waveguide geometric structure. All these fabrication
methods are limited by fiber physical and/or photo-
chemical properties and may not offer much poten-
tial for mass production.
Similar to fiber gratings, the fabrication methods

for planar grating waveguides can be based on
chemically changing the material refractive index,
e.g., through UV irradiation or ion implementation.
However, unlike fiber, various photolithographically
patterning methods can also be used, offering the
advantage of the simultaneous fabrication of multi-
ple devices on a wafer. Planar LPGs have been
researched in detail and many literature contribu-
tions cover theoretical calculation and structure de-
sign [16,17] as well as grating implementation in
various materials, ranging from glass to polymers
[18–23]. LPGs have been demonstrated in benzocy-
clobutene ridge waveguides with the effective refrac-
tive index change induced by KrF excimer laser
irradiation [18], in ion-exchanged BK7 glass slab
waveguides [19], and other polymer waveguides by
reactive ion etching [20] or by soft lithography
[21]. Thermally induced refractive index modulation
gratings have also been reported to exhibit strong
wavelength rejection bands in polymer ridge wave-
guides [22,23]. In general, compared to fiber devices,
planar LPG devices provide more flexibility in the
selection of materials, refractive indices, and wave-
guide structures. They can also be integrated and
packaged with other devices on silicon substrates,
and can be produced in large quantities using stan-
dard microelectronic processing techniques.
In this paper, LPG planar waveguides have been

designed and fabricated using a hybrid structure
consisting of silica and polymer layers. A silica layer
not only provides a low-loss and high-quality lower
cladding, but also allows a corrugated periodic struc-
ture to be formed with precise dimensions via photo-
lithography and reactive ion etching. The corrugated
patterns ensure that the period structure has good
stability in tough environments, such as exposure to
higher temperature, humidity, and organic solvents.
A new polymer material based on a highly fluori-
nated poly(arylether ketone) was selected to fabri-
cate the waveguides and the upper cladding layer.
The refractive index of this type of polymer can be
adjusted during synthesis and it shows excellent
thermal stability. It also has low optical absorption
in the communication wavelength range than other
optical polymers due to its high content of fluorine,
and also has exhibited good photosensitivity to UV
light. The latter property can be exploited to fabri-
cate waveguide or grating structures by a simple
and mature photolithography process. Several differ-
ent photonic devices, including arrayed waveguide
gratings [24] and Mach–Zehnder interferometers
[25], have been demonstrated in our laboratory pre-
viously using this kind of polymer. The hybrid struc-

ture was chosen for the LPGs to take advantage of
the unique properties of both silica and polymer
layers. Theoretical calculations were carried out us-
ing commercially available modeling software (Opti-
grating and C2V TempSelene). By selecting the core/
cladding material refractive index and waveguide
geometry structure, resonance wavelengths within
the Cþ L wavelength band could be calculated.

A single LPG exhibits a wavelength rejection band
as the guided mode of the waveguide structure cou-
ples into the cladding modes. The light coupled into
cladding modes can also be returned to the wave-
guide mode via a grating with the same period
[26,27]. Since, theoretically, the cladding mode is dis-
tributed over the whole area of the cladding layer, the
light could be coupled back into each individual guide
if the same cladding layer covers the multiple guides
incorporating identical LPGs, which are located in a
relatively large area. Therefore, such a waveguide
array could act as a signal distributor when light is
input to only one single channel of the array. This
phenomenon is different from the traditional direc-
tional coupler that depends on evanescent coupling
between the waveguides, limited by the critical
distance between the two waveguides. In this work,
an array of LPG waveguides has been demon-
strated with light distribution across every channel
of the array.

2. Device Design and Simulation

A. Device Structure

Based on the polymer properties, the hybrid silica/
polymer LPGs were designed and fabricated. A struc-
ture diagram of a cross section through a waveguide
is presented in Fig. 1(a). This device is based on
periodically corrugated shallow trenches on the

Fig. 1. (a) Grating structure based on the lower cladding
corrugation, where Λ is the grating period and λR is the resonance
wavelength. (b) Structure diagram of the LPG waveguide array.
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lower cladding surface, which in turn transfer to the
lower surface of the polymer ridge waveguides. The
periodic dimensional variation of the waveguide
structure leads a correspondingly periodic change
in the waveguide effective index, resulting in a grat-
ing resonance at a specific wavelength at which light
couples into the cladding layers. The waveguide core
was fluorinated poly(aryl ether ketone), in the form
of a ridge fabricated by a photopatterning and wet-
etching process. In order to get a good match of ma-
terial properties, the top layer was a fluorinated poly
(aryl ether ketone) polymer of a lower index.
The structure of the LPG waveguide array is de-

picted in Fig. 1(b). Multiple ridge waveguides are lo-
cated on the entirely corrugated lower cladding layer.
The distance between the ridges is up to 100 μm and
the number of the waveguides is typically ten. The
input light is introduced via a single-mode fiber into
one of the waveguides, typically the middle one in the
array. The transmitted light can then be observed in
the neighboring channels.

B. Simulation

The resonance wavelength, denoted as λR, is given by
the grating matching condition:

λR ¼ ðNco −NclÞ=Λ; ð1Þ

where Nco and Ncl are the effective index of the
guided mode and the cladding modes of the struc-
ture, respectively, and Λ is the grating period.
Figure 2 shows the relationship between the reso-
nance wavelength and the grating period of the
LPG, calculated using the finite difference method
within the OlympIOs C2V software. The calculation
is based on a 6 μm wide and 3 μm high waveguide
ridge (6 μm× 3 μm) with 6 μm thick upper cladding.
The core material refractive index is 1:5330ðTEÞ=
1:5302ðTMÞ (measured with a prism coupler at
1550nm), and the upper cladding refractive index

is 0.025 lower than that of the core. The aim is to fab-
ricate a LPG with a resonance wavelength centered
in the range of 1500–1600nm. A grating period in the
range of 70−180 μm gives a resonance in this wave-
length range for different cladding modes. In this
paper, all the simulation and experimental results
are presented for TM polarization only. Results for
TE polarization are generally similar, but shifted
in wavelength due to the birefringence of the wave-
guide structure.

Cladding thickness is an important factor affecting
the LPG resonance wavelength. As all the wave-
guides in this paper were fabricated on a 15 μm thick
SiO2 layer that forms the lower cladding layer, which
was grown on a silicon wafer, we only considered the
upper cladding influence on the grating properties.
Figure 3(a) exhibits the function curves of period
and resonance wavelength with various cladding
thickness over a range of about 1 μm. Figure 3(b),
which shows the same data set for an LPG with
period 180 μm, demonstrates that the resonance

Fig. 2. (Color online) Resonance wavelength as a function of
grating period for the fundamental core mode to the first four clad-
ding modes of a 6 μm× 3 μm waveguide with a 6 μm thick upper
cladding.

Fig. 3. (Color online) (a) Simulation of the period as a function of
resonance wavelength for the 6 μm× 3 μm waveguide for TM0 →

TM1 with cladding thickness ranging from 5.8 to 6:8 μm. (b) Simu-
lation of the resonance wavelength as function of cladding thick-
ness for the 6 μm× 3 μm waveguide for TM0 → TM1 at a period of
180 μm.
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wavelength is highly sensitive to the cladding thick-
ness. shifting to the red as the thickness increases. It
is clear from these results that, to consider LPGs for
sensor applications, cladding thickness is one of the
most important factors that must be appropriately
controlled.

3. Device Fabrication

A. Materials

Traditional optical poly(aryl ether ketone) polymers
do not typically exhibit sufficient UV sensitivity to
facilitate photolithographic patterning. Ridge wave-
guides realized using this kind of polymer are usu-
ally fabricated by dry-etching processes, such as
reactive ion etching. However, for the newly designed
fluorinated poly(arylether ketone) used in this work,
a high content of vinyl groups has been introduced
into the polymer molecule. With the presence of a
suitable photoinitiator and photosensitizer, polymer
cross-linking could be easily induced in the unsatu-
rated tetrafluorostyrol groups after UV exposure
at 365nm. A wet chemical process developed the
ridge waveguides in the cross-linking area. This new-
ly synthesized fluorinated poly(aryl ether ketone)
has an average molecular weight in the range of
25,000–35,000; a polydispersity of 2.6–4.6; excellent
solubility in common organic solvents, such as cyclo-
hexanone, tetrahydrofuran (THF), or acetone; and
has a high glass transition temperature in the range
of 150–185 °C. Thermal gravimetric analysis (TGA)
measurements exhibited very high thermal stability
as assessed by the temperature of 5% weight loss
(e.g., up to 480 °C in nitrogen). The refractive index
can be tailored from 1.50 to 1.53 by changing the feed
ratio of monomers.

B. Fabrication

For the LPG based on the structure in Fig. 1, the
lower cladding is formed by thermally oxidizing the
silicon wafer using a standard oxidation process. The
silica layer is controlled to 15 μm thick and has a re-
fractive index of 1:4450ðTEÞ=1:4455ðTMÞ at a wave-
length of 1:55 μm . Periodic patterns in photoresist
were produced on the silica layer through a photo-
lithography process that opens windows in the photo-
resist. Reactive ion etching then was used to transfer
the patterns to the silica layer. The resultant grating
structure has a ridge height of 100nm and a period
duty cycle of 50%. Figure 4 shows the scanning elec-
tron microscope (SEM) picture of the corrugated
silica layer.
The core layer was formed from a fluorinated

poly(aryl ether ketone) solution in cyclohexanone
solvent containing the free radical photoinitiator
2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-
triazine (MSTA) and a photosensitizer, 2-chlorothiox-
anthen-9-one (CTX) to facilitate the photo cross-
linking process through the tetrafluorostyrene
moieties present in the polymer side chain. Photo-
sensitive films with a typical thickness of 3–6 μm

were deposited on thermally oxidized silicon sub-
strates by spin coating. The films were prebaked
in air at 130 °C for 10 min on a hotplate, then ex-
posed to UV light at 365nm through a mask, in a
similar manner to a conventional photolithography
process. Following postexposure baking at 150 °C
for 10 min in an oven, the sample was developed
in tetrahydrofuran and acetone, and rinsed with iso-
propyl alcohol to leave the desired ridges, which form
the core of the waveguide structure. The waveguide
ridge and sidewall profiles were evaluated using a
SEM. The resultant ridge is shown in Fig. 5. An
upper cladding layer was finally deposited on the
sample by spin coating a similar polymer to complete
the waveguide structure.

C. Characterization

The fabricated LPGs were characterized by launch-
ing light from a tunable laser at 1500–1600nm into
the waveguide from a standard single-mode fiber,
and monitoring the output on a infrared camera

Fig. 4. SEM picture of etched lower SiO2 cladding layer; the
height of the patterns is 100nm.

Fig. 5. SEM picture of photopatterned ridge waveguide with the
photosensitive poly(aryl ether ketone) prior to coating cladding.
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and a photodetector. The optical loss of the straight
waveguides was estimated with the cutback method,
that is, measuring the transmitted optical power in
successively shorter lengths of a straight ridge wave-
guide. The uncertainty associated with this tech-
nique is about �0:2dB=cm in our measurements,
which can be attributed to the scattering in the
points for the regression fit used to estimate the pro-
pagation loss due to the coupling variation between
the fiber and waveguide endface. Low losses of about
0:5–0:6dB=cm for the waveguide were obtained.
Compared to the slab loss of 0:4–0:5dB=cm [25] that
we have measured using the high-index liquid
immersion technique, this fabrication process does
not introduce any significant additional loss.

4. Results and Discussion

A. Single LPG Transmission

To obtain a rejection peak located within the Cþ L
wavelength band, a period of 180 μm was chosen
for the corrugated lower cladding layer. This value
is based on the relationship between the resonance
wavelength and the grating period that was calcu-
lated according to Eq. (1) using the structure effec-
tive index. Figure 6(a) presents the transmission
spectra of the device from both simulations and
experimental measurements. The simulation was
based on the waveguide parameters of the fabricated
devices. The data indicate clearly that the experi-
mental results and the simulation curve are in good
agreement at the resonance wavelength. Similarly,
the resonance wavelength and the grating period
have been calculated based on the waveguide experi-
mental data, as shown in Fig. 6(b). The calculation
identified that the resonance wavelength at 1530nm
should correspond to the coupling and copropagation
of the TM0 and TM1 modes. The resonance depth is
related to the overlap ratio of the modes, as well
as to the LPG length. Deviation of the experimental
resonance depth from the simulated result may be
attributed to preparation of the devices by manual
cleaving of the silicon wafer through the LPG struc-
ture, which can cause variations in the waveguide
endface or/and the LPG length.
As mentioned above, the coupling of light at the

resonance wavelength into the cladding in LPG
waveguides creates a high sensitivity of the LPG de-
vice to the surrounding temperature. Since polymer
materials have a much larger thermo-optic coeffi-
cient than inorganic materials, a small temperature
variation can induce a large shift in the LPG reso-
nance wavelength of these hybrid devices. Figures 7
and 8 present experimental measurements of the
resonance wavelength shift with increasing tempera-
ture. The resonance dip moves to longer wavelengths
with increasing temperature; the slope of the wave-
length-versus-temperature function is 1:5nm=°C.
This value is higher than that of a long period silica
fiber grating (0:3nm=°C) [4], but smaller than the
sensitivities measured for other hybrid devices, such

as epoxy-polymer-clad ion-exchanged BK7 glass
waveguides (9:0nm=°C) [19]. This temperature sen-
sitivity relaxes the fabrication tolerances by allowing
final adjustment and control of the device response to
be made thermally. It is also sufficient to offer ther-
mal tuning of the rejection band over a wide wave-
length range (60nm or more in the Cþ L band for
a temperature change of 40 °C), a key capability for
practical wavelength filters.

This hybrid silica/polymer LPG offers the dual ad-
vantages of the temperature sensitivity of polymer
materials coupled with the superior stability of a
physically corrugated grating structure as compared
to UV-induced gratings in all-polymer devices. Some
UV-irradiation-induced planar LPGs based on this
fluorinated poly(arylether ketone) and photosensi-
tive polymer upper cladding have been investi-
gated in our laboratory recently. It was found that
their spectral responses varied uncontrollably with
environmental factors. In the UV-induced gratings,
increasing temperature or extended periods at
relatively high temperatures would cause the index

Fig. 6. (Color online) (a) Transmission spectrum (TM polariza-
tion) for a typical LPG (waveguide size 6:2 μm× 3:2 μm with aver-
age cladding thickness 6:4 μm and length 28mm). Experimental
data, solid curve; simulation data, dotted curve. (b) Calculated re-
lationship between period and wavelength for the LPG in (a).
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modulation to change or even disappear, leading to
significant changes in the transmission spectra. This
work reinforced the conclusion that the hybrid struc-
ture with a grating formed by physical corrugation
is more suitable for practical applications, such as
wavelength filtering.

B. Multiple Channel Coupling

An optical coupler based on two parallel LPG fibers
has been demonstrated theoretically and experimen-
tally for band-rejection and bandpass filters [28].
However, this kind of device presents challenges in
packaging and in the fabrication of multichannel
arrays. Planar LPG arrays fabricated on the same
substrate offer advantages for this type of device.
Theoretical calculation and experimental fabrication
demonstrated that light could be transferred effec-
tively between widely separated parallel LPG wave-
guides over a short distance [26,27]. This light
transfer is different from traditional directional cou-
plers in which light is evanescently coupled between
two closely spaced waveguides. In a planar LPG
array, the light is coupled into the whole cladding
layer through the gratings in the input waveguide,
then coupled back to the other waveguides in the

array that have a grating of the same period. This
type of array LPG device functions over much larger
coupling distances than the traditional directional
coupler. Furthermore, the large distance between
channels allows more flexibility and tolerance in
the device fabrication, while offering a highly effec-
tive method of distributing optical signals. In this
work, a planar LPG array structure was achieved
using the same hybrid structure based on low-loss
fluorinated poly(arylether ketone) on a silica corru-
gated cladding layer. The waveguide array has been
fabricated with waveguide ridges separated by a dis-
tance of 100 μm. For this distance, this coupling
cannot be from the evanescent coupling between
waveguides as in a traditional optical coupler.

As shown in Fig. 1(b), the waveguide array was
fabricated on the etched lower silica cladding. For
a ten-waveguide array, the grating area is distribu-
ted over a distance of about 1000 μm. Light was input
via butt coupling from a single-mode fiber into one
waveguide in the array, typically one near the center.
The transmitted light could be observed in all the
other channels in the array. Figure 9 shows an infra-
red camera image of the output of the array and
Fig. 10 the power intensity distribution, both at
resonance wavelength. Light can be seen in all fab-
ricated channels. This result demonstrates the uni-
formity of the fabricated waveguides, because any
slight variation of the ridge geometry and cladding
thickness can prevent the light in the cladding layer
from coupling back to the other waveguides [27].
However, the experiment observed that the trans-
mitted power in the input channel became weaker,
but did not disappear as desired. This probably indi-
cates that the input power at the resonance wave-
length did not couple completely into the cladding
or, alternatively, part of the optical power in the clad-
ding mode has also coupled back to this input wave-
guide. A slight deviation from the design values of
waveguide structure parameters, such as refractive
index and physical dimensions, could result in in-
complete coupling of light at the resonance wave-
length into the cladding. Furthermore, the LPG
length may be an important factor in the coupling

Fig. 7. (Color online) Wavelength shift of the fabricated hybrid
polymer/silica LPG at 20 °C and 40 °C.

Fig. 8. Temperature dependence of the fabricated polymer/silica
hybrid LPG.

Fig. 9. Output light distribution in a ten-waveguide LPG array,
as captured on an infrared camera.
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efficiency since the light may couple in and out of the
waveguide several times along a given length. In the
characterizations, the multichannel outputs have
only been observed in certain lengths of samples.
In this case, shown in Figs. 9 and 10, it was
about 30mm.
The wavelength dependence has been character-

ized and typical results are exhibited in Fig. 11.
The upper curve in Fig. 11 shows the transmission
spectra of the input channel, which was the fifth
waveguide in the array. There is a resonance peak
located at 1524nm with an attenuation of ∼ − 20 dB.
The wavelength was then scanned for each of the
other channels in the array. Four typical spectra,
noted as R1, L1, L2, and the input channel are pres-
ented in Fig. 11. Curve R1 is from the channel
immediately to the right of the input waveguide,
and curves L1 and L2 are from those immediately
to the left. The spectra indicate clearly that the
transmission intensity increased at the rejection
wavelength of the input channel. Based on these re-
sults, the LPG array exhibits good potential for the
application of power distribution. Work is ongoing to
further refine these devices and fully control the

parameters that determine the rejection bands and
light distribution.

5. Summary

Planar LPGs based on hybrid polymer and silica ma-
terials have been demonstrated. The grating is
formed by physical corrugation in the silica lower
cladding layer, providing advantages of good grating
stability, easy processability, and design flexibility.
Well-defined rejection bands have been detected at
resonance wavelengths that are in good agreement
with theoretical calculations. LPG waveguide arrays
have been successfully demonstrated, with light dis-
tributed across multiple channels from a single in-
put. The output intensity is strongly correlated
with the resonance wavelength. These results de-
monstrate the potential application of hybrid sili-
ca/polymer LPGs and LPG arrays for low-cost and
easily fabricated planar integrated wavelength fil-
ters, sensors, and on-chip power distribution.
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