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Abstract 100-GHz cross-cascaded arrayed waveguide
gratings (AWGs)-based wavelength selective optical
switching optical cross-connects (OXCs) modules with
Mach-Zehnder interferometer (MZI) thermo-optic (TO)
variable optical attenuator (VOA) arrays and optical true-
time-delay (TTD) line arrays is successfully designed and
fabricated using polymer photonic lightwave circuit.
Highly fluorinated photopolymer and grafting modified
organic-inorganic hybrid material were synthesized as the
waveguide core and cladding, respectively. The one-chip
transmission loss is ~6 dB and the crosstalk is less than ~30
dB for the transverse-magnetic (TM) mode. The actual
maximum modulation depths of different thermo-optic
switches are similar, ~15.5 dB with 1.9 V bias. The
maximum power consumption of a single switch is less
than 10 mW. The delay time basic increments are measured
from 140 to 20 ps. Proposed novel module is flexible and
scalable for the dense wavelength division multiplexing
network.

Keywords polymer waveguides, photosensitive materi-
als, integrated optics devices, photonics integrated circuits

1 Introduction

Wavelength routing optical path networks employing
reconfigurable optical add/drop multiplexers (ROADMs)
or optical cross-connects (OXCs) are being deployed
widely throughout the world to cope with the rapid traffic
expansion spurred by the penetration of broadband access
services including asymmetric digital subscriber line
(ADSL) and fiber to the home (FTTH) [1-4]. Most
existing ROADM/OXC systems are developed on wave-
length selective switches (WSSs) [5-7]. To realize the
optical network, several technologies have been adopted to
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build the OXC module, including hybrid fiber Bragg
gratings (FBGs) with optical circulators (OCs) [8—10] as
well as variable optical attenuator (VOA) array associated
with optical switches (OSWs) [11,12]. The latest ROADM
recently reported is based on N x N arrayed waveguide
grating (AWG) integrated with OSWs arrays to carry out
the add-drop function [13—16]. Several material systems
[17-24] have been used to fabricate the ROADM modules,
the notable being lithium niobate, silicon-on-insulator
(SOI), InP and polymers. As a multifunctional material
system, polymers exhibit well-controlled refractive
indices, highly flexible structures, and large thermo-optic
(TO) and electro-optic (EO) coefficients [25-30], which
can be advantageous to reduce manufacturing costs and
open possibility of monolithic integration with functional
devices such as lasers and detectors.

To deal with this traffic increase more efficiently in
optical networks, it is necessary to give a network the
flexibility of actively reconfiguring the signal path of
various traffic loads in a remote node from the central
office. This flexibility of reconfiguring network nodes is
essential for the evolution of an existing network into an
intellectual optical network, and an ROADM module is the
most important device for this purpose.

In this paper, we proposed a novel monolithically
integrated OXC module comprised of double 16-channel
100-GHz cross-cascaded AWG-based wavelength selec-
tive optical switches using polymer photonic lightwave
circuit. Fluorinated polycarbonate negative-type photopo-
lymer and grafting modified organic-inorganic hybrid
materials were synthesized as the waveguide core and
cladding, respectively. Cross-cascaded AWG-based wave-
length selective switching, VOA-arrayed and true-time-
delay (TTD) arrayed characteristics were analyzed,
simulated and measured. The fabrication process of the
integrated OXC chip was described. Optimized structural
properties of waveguides and electrode heaters were
shown. Through careful design and fabrication of the
integrated OXC chip, the excellent performances of the
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module were achieved. The cross-cascaded integrated
module with double 100-GHz AWG-based wavelength
selective optical switches the integrated module can
manipulate the multiplexed channel signal wavelengths
to realize the add-drop function more flexibility. Moreover,
the output wavelength spacing for the same channel can be
controlled as integer multiple of AA more freely. The
selective switching characteristics between 16 channels
can achieve greater extent in the use of the network
wavelength resources.

2 Design and experiments

2.1 Device structure

Based on our monolithic multi-functional waveguide chip
[31,32], novel polymer monolithically integrated reconfi-
gurable OXC module was designed and fabricated. The
schematic configuration of the integrated OXC module are
shown in Fig. 1.

Wavelength assignment relation of AWG can be given
as described in Ref. [33].
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where A, is the central wavelength, FSR is the free spectral
range, AA is the wavelength spacing, N is the channel
number, and A; is the wavelength from ith channel.

The metal electrodes of the serpentine heaters are set on
the arrayed waveguides region of the AWG. The length
difference between the adjacent electrodes is AL.. The
adjacent electrodes are connected to each other end to end.
The functional AWG device is based on the grating
equation as the following [34].

Ap—2mm

2and/A b, ®)

where g is the effective index of the slab region, m is the
diffraction order of the array, d is the arrayed waveguides
separation and A is the wavelength of the incident beam.
Equation (3) shows that dispersion angle 6 is resulting
from a phase difference between adjacent waveguides
A¢. However, if the temperature of the waveguides shifts
JAT (j=0,£1,£2,...) owing to the electrodes, the refractive
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Fig. 1 Schematic configuration of integrated OXC module
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index of the arrayed waveguides with change jAn., A¢ is
determined by two compositions

21 .
Ap = S-(neAL +jAncAL,). 0
The relations can be written as
JAx _ RAL )
JAn, ngd’

where Ax is the output waveguides separation, and R is the
focal length. The variation of the focal position x will
depend on the index migration An.. When the thermal shift
from (Ty—jAT) to (Ty + jAT), the beam will export from
channel —j to channel j. Then the wavelength-channel-
selective function is realized.

2.2 Analysis and simulation

To ensure the low-loss single-mode polymer optical
waveguide for planar lightwave circuits (PLCs), nega-
tive-type fluorinated photoresist and organic-inorganic
grafting polymethylmethacrylate (PMMA) were used as
the waveguide core and cladding, respectively. Highly
fluorinated polystyrene derivates (FPSDs) [35] were
synthesized by copolymerization of 2,3,4,5,6-pentafluor-
ostyrene (PFS) and fluorinated styrene derivate monomer
(FSDM). The fluorinated polymers were doped into epoxy
SU-8 resist using diphenyl iodonium salt as a photoacid
generator (PAG). The refractive index and crosslinking
density of the negative-type fluorinated photoresists can be
tuned and controlled by monitoring the feed ratio of
comonomers. The SiO,-TiO, network grafting PMMA
material [36] offers some advantages such as low
birefringence, good thermal stability and low wavelength
dispersion. The refractive index of the sol-gels can be
adjusted by monitoring the composition of TiO, in hybrid
materials. The refractive indices (n) of the polymeric core
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and cladding materials measured with an M-2000UI
variable angle incidence spectroscopic ellipsometer are
1.571 and 1.560 at 1550-nm wavelength, respectively. The
relative refractive index difference between the core and
the cladding is about A = (n, —n,)/n; = 0.7%. The relations
based on the eigenvalue equations [37] between the core
thickness b and mode effective refractive indices 7. and ng
of the slab and the arrayed waveguides for the signal
wavelength are shown in Fig. 2. The eigenvalue equations
[37] are established through the parts of the slab and
arrayed waveguides for the signal wavelength.

Figure 3 shows the transverse-magnetic (TM) mode
spectral response of the integrated ROADM module. There
are 16 peaks in the spectra, obtained at the through port and
each of the seven drop ports. One is the through signal,
including Ag which only passes through the demultiplexer,
and A9— A;¢ modulated signals which pass through the
demultiplexer, TTD lines, thermo-optic switch, and multi-
plexer. The others (A; — A7) are the drop signals. The one-
chip transmission loss is ~6 dB and the crosstalk is less
than ~30 dB for the transverse electric mode.

Figure 4 shows the simulation results at different
temperature of the serpentine heaters for wavelength-
channel-selected function. When the input wavelength 4,
is 1544.4 nm, the insertion loss of this AWG component is
below ~5.37 dB, and the extinction ratio is better than ~31
dB. As temperature changes from 20°C to 65°C, we can
observe that when the temperature is increased by 3°C, the
signal wavelength can be transferred to the next channel.
Heat-driven power of electrodes is about 5.2 mW/channel
based on the three-layer active region’s temperature
distributions by Fourier transform method [38].

2.3 Fabrication procedure

The fabrication process is shown in Fig. 5. It shows that the
organic-inorganic hybrid thin film with the thickness of 10
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Fig. 2 Relations between the core thickness b and the effective refractive indices 7. (green dashed lines) and ng (blue solid lines) with a = b
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Fig. 3 Output spectra of transmitted signal lights for each channel
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Fig. 4 Simulated output wavelength-channel-selected characteristics of the integrated module with temperature ranging from 20°C to 65°C

pum was formed as the cladding layer by spin coating on Si
substrate, and the wafer was done by thermal annealing at
125°C for 1 h to cross-link the polymer as the bottom layer.
The layer thickness of 10 um is sufficient to reduce the
optical leakage into the substrate. A fluorinated SU-8
photoresist with the thickness of 4 um was spin-coated on
the bottom cladding as waveguide layer, and then pre-
baked at 65°C for 10 min and 90°C for 20 min to remove
any traces of the solvent. The pattern exposure was
performed at a wavelength of 365 nm using a 350 mW
mercury lamp through a contact chromium mask. The
exposure time was 180 s. After post-baking, the resist was
developed in propylene glycol-monomethyl ether-acetate
(PGMEA) for 40 s, rinsed in isopropyl alcohol and then
deionized water, and blew dry to form the channel
waveguides. After that, it is very important to curing-

bake the wafer at 150°C for 30 min so that the adhesion
between polymeric waveguides and bottom cladding layer
can be enhanced well. A 10-pum-thick organic-inorganic
hybrid film was spin-coated as the upper cladding layer to
further reduce the optical leakage from waveguides into the
metal film. Finally, the aluminum electrode heaters were
patterned by photolithography and wet etching.

Scanning electron microscope (SEM) micrographs of
the cross sections of the input waveguide are shown in Fig.
6(a). It indicates the cross section of the waveguide by
SEM. It shows that the ridge-wall is smooth and almost
vertical. Figure 6(b) gives structural patterns of the
electrode heaters from TO VOA arrays by microscope
(x1000). The value of the resistance is about 200 Q.
Figure 6(c) gives interactional segments patterns of the
serpentine electrode heaters by microscope (x1000). It
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Fig. 5 Fabrication process for UV defined waveguide and electrode heater structure

(a)

Fig. 6 (a) Scanning electron microscope (SEM) photographs of transmission segment patterns of cross-sectional waveguides; the
surface profiles of (b) thermo-optic (TO) variable optical attenuator (VOA) arrayed and serpentine electrode heater (c)

shows that the parameters designed of the serpentine
electrode heaters can be realized very well. The measured
total resistance was 500 Q.

3 Results and discussion

The propagation loss of a 4-um-wide straight waveguide,
measured by a cutback method at 1550 nm, was found to be
0.15 dB/cm. Schematic photographs of the proposed
polymer multi-functional integrated OXC module mea-
sured were shown in Fig. 7(a). Figure 7(b) gives the near-
field patterns of the device. Signal light from a wide-band
erbium-doped optical fiber amplifier (EDFA) was butt-
coupled into the input waveguide through standard single-
mode fiber. The signals from the output waveguides were
magnified (x60) by lens and received by the CCD camera.
The channel spacing was 0.795 nm/channel, the fiber—fiber
insertion loss at each channel was ranged from 5.52 to 6.43
dB, and the crosstalk of the 16 channels was about —20 dB.

Figure 8 shows the actual spectral response of the
integrated OXC module based on the last-stage AWG-
based WSS functions with TO tuning effect. The straight-
through transmission loss of the integrated module was
about 5.5 dB and the crosstalk was less than ~20 dB for the
TM mode. As shown in Fig. 8(a), it was indicated that
when the driving voltage of the serpentine electrode
heaters was 0 V, the actual spectral response was from the
output channels and bidirectional channel#0. The actual
spectrum in Fig. 8(b) was shown that when the driving
voltage was applied as 1.5 V and heat-driven power of
electrodes was about 5.5 mW/channel, signals of A_4~21_5
can be adjusted into modulation channel#1 by uplink
feedback channels, then demultiplexed into downlink
feedback channels and multiplexed into the output
channel#0. The maximum attenuation depth of the
modulation channels was ~15 dB under a bias of 2.5 V.
The maximum power consumption of a single TO VOA
was about 8 mW. For the TTD line arrays of the
modulation channels, the delay length increments were
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()

Fig. 7 (a) Schematic photographs of the proposed polymer integrated optical cross-connects (OXCs) module measured; (b) near-field
guide-mode patterns of the device with signal light from a wide-band erbium-doped optical fiber amplifier (EDFA)
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Fig. 8 Actual output spectral response from the output channels (a) when driven voltage is 0 V for the last-stage AWG-based wavelength
selective switches(WSS); (b) when the A 4~A ; were directly multiplexed into 1st to 8th modulation channels

selected to decrease from the channel #1 to #8 by 3.8 mm,
corresponding to 20 ps in time delay. The basic physical
delays were 455 ps for the modulation channel#l1, the
maximum time-delay error was obtained less than 0.1 ps,
corresponding to a radiation angle error of less than 0.5°,
which was within the equipment resolution.

Figure 9(a) shows that the TO switching response is
observed by applying square-wave voltage at a frequency
of 100 Hz. It can be noted that the rise and fall times were
190 and 350 ps, respectively. Figure 9(b) gives that how
channel output intensity was changing with power
consumption of optical switch at 1550 nm for TM mode.
The extinction ratio of the TO switch was measured about
~15.5 dB with 2.4 V bias. The applied electric power as the
switching power was actually 9.5 mW.

4 Conclusion

In summary, 16-channel 100-GHz cross-cascaded AWG-

based wavelength selective optical switches with
8-channel MZI TO VOA arrays and optical TTD line
arrays were successfully designed and fabricated using
polymer photonic lightwave circuit. Proper OXC function
was confirmed through C-band spectral channels input.
Utilizing the cyclic AWG-based WSS, the proposed OXC
module allowed to handle all the wavelengths in the
network channels freely. The preferable structural profiles
of waveguide and electrode were obtained by SEM and
optical microscope. These characteristics were advanta-
geous to optimize producing process and enhance optical
performances of polymer waveguide devices. The one-
chip transmission loss was ~6 dB and the crosstalk was less
than ~30 dB for the TM mode. The actual maximum
modulation depths of different TO switches were similar,
~15.5 dB with 1.9 V bias. The maximum power
consumption of a single switch was less than 10 mW.
The basic increments of delay time varied from 140 to
20 ps. The technique is very useful for efficient dense
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Fig. 9 Performances of integrated device. (a) TO switch responses obtained by applying square-wave voltage at frequency of 100 Hz;
(b) actual channel output versus power consumption of optical switch at 1550 nm for TM mode

wavelength division multiplexing (DWDM) optical com-
munication systems and large-scale photonics integrated
circuits.
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