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In this Letter, a novel all-polymer arrayed waveguide
grating (AWG) device with an operating wavelength around
850 nm is reported. The all-polymer AWG consists of
polymer ridge waveguides fabricated on a thin poly(methyl
methacrylate) foil via microscope projection photolithogra-
phy. The developed device is suitable to be integrated into
optical circuits, e.g., a planar polymer foil and, along with
other optical integrated devices, to be used for different
sensing applications. The functionality of the device is
demonstrated by using a fiber Bragg grating sensor and
performing strain measurements. © 2016 Optical Society
of America

OCIS codes: (130.3120) Integrated optics devices; (160.5470)
Polymers; (080.1238) Array waveguide devices; (060.3735) Fiber
Bragg gratings.
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As a key component of the photonic integrated circuits, arrayed
waveguide gratings (AWGs) are commonly used as wavelength
multiplexers or demultiplexers in telecom applications. Various
materials such as silica [1], silicon [2], silicon nitride [3,4], ger-
manium [5], and different polymers [6—8] have been used for
their fabrication, expanding in this way the application field of
these devices from the visible to the middle-infrared spectral
region. Besides their application as wavelength multiplexers
or demultiplexers, the use of AWG devices for optical sensing
[9] and as microspectrometers [2,10] has also been reported in
the literature.

In recent years, the development of polymer-based optical
devices has gained much attention because of the excellent po-
tential of polymers to provide a new generation of cost-effective
optical sensor systems for multiple applications. In addition,
the availability of polymers with high optical properties pro-
motes the development of such devices [11,12]. Over the past
years, various polymer-based optical devices (e.g., microring
resonators [13], Bragg grating filters [14], arrayed waveguide
gratings [6,7], and Mach—Zehnder interferometers [15]) have
been fabricated; however, most of them have been fabricated for
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applications in the spectral range around 4 = 1.55 pm. As a
fabrication technique for these devices, conventional or soft
photolithography has been used. In addition, most of the
developed polymer-based devices still use silicon as a carrier
material.

The development of optical integrated devices in the near-
infrared spectral region (700-1100 nm) has not yet been de-
veloped to such an extent as in the spectral range around
A = 1.55 pm, although this region is of particular interest
for various sensing applications, especially due to the availabil-
ity of low-cost light sources and detectors. In this spectral re-
gion, the development of a compact arrayed waveguide grating
has been shown in the literature [4]. The developed AWG
device, however, consists of silicon nitride and shows great
performance in terms of optical loss, crosstalk, and small foot
print. In this Letter, we report on the design, fabrication, and
characterization of a novel all-polymer AWG with an
operating wavelength around 4 = 850 nm. We introduce a
new material platform and a novel geometrical layout; we also
demonstrate the functionality of the developed all-polymer
AWG device in a readout system.

The all-polymer AWG consists of a single input waveguide,
two free propagation zones (FPZs), a group of four arrayed
waveguides, and two output waveguides. A schematic configu-
ration and scanning electron microscope (SEM) view of the
developed device is shown in Fig. 1. By designing the layout
of the all-polymer AWG, we chose a geometry that is more
favorable in terms of minimizing bend losses. Thus, in our
design, straight arrayed waveguides were considered. To enable
spatial separation of different wavelengths, we introduced a
constant path length difference AL between the waveguides
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Fig. 1. Schematic configuration and SEM view of the AWG device.
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in the array by modifying the second FPZ via inclination of the
FPZ front.

The developed geometrical layout facilitates the integration
of this optical device into an optical circuit, e.g., a planar
polymer foil that contains further integrated devices (Bragg gra-
ting sensors, waveguide-based deformation sensors, etc.). Since
many optical methods used in sensing applications require
wavelength discrimination, the idea here is to use the developed
all-polymer AWG as a spectrometer or an interrogator. Along
with other integrated optical devices, the use of the presented
device creates possibilities to set up new and cost-effective ways
for optical measurement of different parameters, such as
temperature, strain, pressure, or concentrations of molecular
species in areas of medicine, life sciences, production technol-
ogy, etc. In this Letter, we show a proof-of-principle concept for
the measurement of strain by using a fiber Bragg grating (FBG)
sensor and the developed all-polymer AWG.

The operation principle of an AWG, when used in the de-
multiplexing way, can be described as follows: light propagating
in the input waveguide will be dispersed in the first FPZ and
then coupled and individually guided into each waveguide of
the array. The length of the arrayed waveguides is defined by
the central wavelength of the AWG, i.e., the optical path length
difference AL between adjacent waveguides equals an integer
multiple of the central wavelength (AL = mA./n,, with m
being the order of the array, 4, being the central wavelength,
and 7, being the effective refractive index experienced by the
waveguide mode). The output of the arrayed waveguides is dis-
persed again into a second FPZ, where each wavelength of the
incoming light constructively interferes at a focal point at the
output of the FPZ. Due to the constant path length difference
between the waveguides in the array, each wavelength possesses
a different phase front tilt, leading in this way to a dispersed
spectrum at the end of the second FPZ. Spatial separation
of the different wavelengths is obtained by placing waveguides
at each of the focal points at the end of the second FPZ. A
detailed description of the working principle of an AWG
can be found in [16].

In a first step, extensive computational investigations were
performed to determine both the geometrical dimensions of an
all-polymer AWG and its spectral response. For the geometrical
layout calculations, the fully vectorial mode solver tool
FIMMWAVE (Photon Design) has been used. Here, limita-
tions of the fabrication process (microscope projection photo-
lithography [17]—MPP) were taken into account, ie., a
compromise between the total length of the AGW device
(~2 mm) and the precision for the fabrication of narrow/sin-
gle-mode waveguides had to be found. Simulations of the AWG
spectral response were realized with the aid of the simulation
tool BeamPROP (RSoft CAD Environment).

As a waveguide material, ormosil was chosen. This polymer
possesses good optical properties and can easily be processed
with MPP. Our AWG concept consists of ridge waveguides
with air claddings which are to be fabricated on a flexible
poly(methyl methacrylate) (PMMA) foil with a thickness of
120 £ 5 pm. The refractive indices of ormosil and PMMA foil
at 850 nm are n,, = 1.52 and n, = 1.49, respectively.

In the computational investigations, waveguides with
widths and heights of 2.5 x 1.5 pm, satisfying the single-mode
condition, were considered. Furthermore, FPZs with widths
and lengths of 30 x 500 pm were set, the front of the second
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Fig. 2. Spectral transmission characteristics of an ideal all-polymer
AWG device determined by the BeamPROP simulation tool.

FPZ inclined by 2.7°. The gap between the output channels
was 18 pm. With these parameters, the spectral response of
the all-polymer AWG device was determined. Resultant
spectral transmission characteristics of the AWG as a function
of the wavelength are shown in Fig. 2. The device with the
parameters given above exhibits filter curves with a full width
at half-maximum (FWHM) of about 190 pm and a channel
spacing of about 220 pm. As can be seen, a spatial separation
of the input light around 4 = 850 nm can be obtained by
using the AWG device with the novel straight waveguide
configuration.

In a second step, the fabrication of the designed AWG
device via MPP and its optical characterization has been real-
ized. The PMMA foil has been covered with a layer of ormosil
by spin-coating. A photomask containing the pattern defined
with a chrome metal-absorbing film is placed into the light path
of the microscope and projected through the microscope ob-
jective onto the PMMA-ormosil substrate. For illumination
and initialization of the polymerization process, a high-power
UV LED (A4 gp = 365 nm, Roithner) was used. After washing
of the sample with isopropanol, the cross-linked material
forming the waveguides remains attached to the PMMA foil.
A microscope view of the fabricated device can be seen in Fig. 1.

To characterize the fabricated AWG device, a fiber-coupled
broadband superluminescent light emitting diode (SLED,
Exalos) with a central wavelength of Aggp = 840 nm, a
FWHM of 50 nm, and an output power of P = 3.5 mW
was used as the light source. Tapered lensed fibers (OZ
Optics) were used to couple light into the input channel of
the AWG and collect the light from the output channels.
To measure the spectral response, the fiber situated at the out-
put channel was connected to an optical spectrum analyzer
(OSA, YOKOGAWA). In all computational investigations,
the transverse electric (TE) polarization state was considered;
however, experimentally we did not observe any polarization
dependency for the developed device.

Figure 3(a) shows the spectral transmission characteristics of
the fabricated all-polymer AWG device. For the fabricated de-
vice (SEM image in Fig. 1), filter curves with an FWHM of
about 22 and 32 nm, respectively, and a spatial separation
of 19 nm were obtained. The spectral broadening of the filter
curves, as observed especially for the first output channel in
Fig. 3(a), could be the result of inhomogeneities in the wave-
guide material or variations of the refractive index that arise
during the UV curing process. In addition, an imperfect
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Fig. 3. (a) Measured spectral response of the fabricated all-polymer
AWG. (b) Spectral response of the all-polymer AWG calculated with
the parameters of the experimental AWG device.

fabrication of the device (slight variations of both the length of
the arrayed waveguides and the lengths or widths of the FPZs)
will influence the figure of merit of the initially designed
AWG device. Therefore, in a next step, the dimensions of the
fabricated AWG were determined via scanning electron micros-
copy. At this juncture, we observed that the dimensions of the
manufactured AWG device indeed slightly differ from those
considered in the computational investigations described
above. The fabricated waveguides have widths and heights
of 3.49 x 1.56 pm. The width of the output waveguides is
2.9 pm, and the gap between them is 16.19 pm. The width
and length of the fabricated FPZs is 33.5 x 570 pm. The over-
all footprint of the device is about 0.035 x 1.7 mm.

With these parameters, a simulation of the transmission
spectra was performed. Figure 3(b) depicts the calculated
spectra via BeamPROP when broadband light is coupled into
the device. It can be seen that a good agreement between the
measured and calculated data can be obtained for the fabricated
device. On closer examination of the calculated spectral
response of the AWG [Fig. 3(b)], a redshift at the output of
channel 2 was noted. This redshift, which amounts to
20 nm, could be caused by local variations of the refractive
index of the waveguide material that may arise during the
UV curing process. In addition, minor deviations from the
stated lengths of the arrayed waveguides, which were extracted
via SEM, or their inaccurate coupling to the second FPZ, will
influence the channel spacing. All of these potential deviations
were not included in the simulation, a fact that would explain
the redshift at the output of channel 2, as observed for the
simulated spectral response in Fig. 3(b).

The overall optical loss (loss due to coupling into and out of
the waveguides, inhomogeneities in the waveguide material,
surface roughness, crosstalk of channels, and imperfect fabrica-
tion) for the designed AWG is about -31 dB. Both the optical
loss and the differences between designed and experimentally
recorded spectral response of the AWG device can be further
improved by optimizing the fabrication process (MPP), this
being part of our current investigations.

Furthermore, a proof-of-principle investigation was con-
ducted on the suitability of the fabricated AWG device for
being integrated with other optical devices (e.g., a FBG sensor)
and used, for instance, for strain measurements. The idea here
is to use the AWG device for the readout of the FBG sensor
when strain is applied to the fiber and, accordingly, a wave-
length shift of the sensing FBG is induced. If the FBG reflec-
tion overlaps the spectral profile of the AWG output channel,
the strain-induced wavelength shift can be converted into the
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Fig. 4. Schematic configuration of the experimental setup for the
FBG strain measurement with the all-polymer AWG.

measurement of an intensity change. Here, the intensity will
be measured by attaching a photodiode array to the output
channels of the AWG device. In this way, a compact and
cost-effective readout unit can be built. This concept has
already been shown in the literature for some applications
that use silicon-based AWGs in the spectral range around
A= 1.55 pm [18,19].

In this Letter, the functionality of the developed all-polymer
AWG device for the readout of a FBG sensor is demonstrated
by considering the spectral profile of channel 2 that is displayed
in Fig. 3(a). For this investigation, a Bragg grating with the
central wavelength Apgg = 843.2 nm was inscribed into the
core of a single-mode glass fiber by using the point-by-point
technique with femtosecond laser pulses. The experimental
setup and the inscription process are described in [20]. The
FBG works in the reflection mode; it has a length of
1.8 mm and a FWHM of 0.26 nm. The central wavelength
of the FBG overlaps the filter curve of the AWG device on
its short wavelength edge.

Figure 4 depicts the experimental setup used for this inves-
tigation. The FBG sensor is illuminated by the SLED using a
50:50 coupler (Thorlabs). The reflected FBG signal is coupled
into the AWG device, whereas the signal at the output of the
AWG is analyzed with the OSA. When a strain is applied to the
FBG sensor, both a redshift and an intensity change of the FBG
signal are measured. Figure 5(a) shows the measured FBG
reflection spectra for three different strains. The FBG peak
intensities, which are displayed in Fig. 5(b), were extracted
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Fig. 5. Strain measurement. (a) FBG reflection spectra for different

strains. (b) AWG and FBG peak intensities.
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from the strain measurement by applying a Gaussian fit to each
strain-induced FBG reflection spectrum. For comparison,
intensities extracted from the measured filter curve of the
AWG, which correspond to each strain-induced Bragg wave-
length, were plotted in Fig. 5(b). As expected for the steep
slope, it can be seen that the intensity of the FBG reflection
increases with increasing of the strain, showing a good agree-
ment with the increased intensity of the AWG filter curve. If
the central wavelength of the FBG would be set on the falling
slope, a decrease in the FBG peak intensity would be measured.
Furthermore, the intensity change of the FBG signal due to the
applied strain on the FBG sensor can be calibrated so that an
exact value of the strain can be determined.

In this Letter, the development of a novel all-polymer AWG
device with an operation wavelength around 4 = 850 nm has
been presented. Computational investigations were performed
to identify an appropriate geometrical layout that allows the
fabrication of the device on a thin polymer foil (PMMA).
With the new design, an all-polymer AWG was fabricated
via MPP. Experimental measurements attest computational in-
vestigations showing that a spatial wavelength separation can be
achieved by using the developed device with the novel straight
waveguide configuration. As a proof-of-concept, the suitability
of the AWG for the readout of an FBG sensor was successfully
demonstrated by performing strain measurements.

Even if the developed AWG device does not yet excel in
terms of spectral broadening and optical loss, as is common
for devices fabricated via conventional UV photolithography,
it shows tremendous potential to be used in multiple sensing
applications due to the materials involved, the operating wave-
length, and the straight waveguide configuration. In addition,
MPP as a fabrication technique enables sensor networks to
be easily manufactured on different spots of the polymer
foil on a very fast timescale. Depending on the application,
cost-effective and customized AWGs could be fabricated with
this technique.

Current investigations focus on studying the thermal behav-
ior of the fabricated device and achieving its athermal behavior.
In addition, the use of other polymers with different thermo-
optic coefficients is envisaged.
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