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Abstract—Pairing high-quality factor @ silicon-on-insulator
microring resonators with rapidly tunable organic electrooptic
claddings has allowed the first demonstration of a silicon-organic
hybrid electrooptic reconfigurable optical add/drop multiplexer
(ROADM). A coplanar electrode geometry provides up to 0.36
GHz/V of electrooptic voltage tuning for each channel, corre-
sponding to an electrooptic coefficient of = pm/V at
wavelengths around 1550 nm. Individual ring resonator devices
have 40-pm ring radii, 2.7-nm free spectral range, and tuning
ranges of 180 GHz. The x x ROADM has a footprint of
less than 1 mm and has been shown to reconfigure in less than a
microsecond.

Index Terms—Electrooptic devices, hybrid integrated circuit
fabrication, integrated optics, nonlinear optics, optical polymers,
resonator filters, wavelength-division multiplexing (WDM).

I. INTRODUCTION

APIDLY tunable electrooptic (EO) Mach Zehnder inter-
ferometers, resonant cavity microring resonator lters,

and photonic bandgap crystal devices have been proposed as
high speed optical interconnects for modulating and switching
radio-frequency analog and digital optical signals in many
commercial and military applications [1], [2]. Modulators
made using inorganic EO materials such as silicon, gallium
arsenide, and lithium niobate have recently demonstrated up to
50 GHz modulation speeds; however, these devices continue to
be performance limited due to intrinsically low EO activities,
relatively slow (e.g., picoseconds) response times, and high
velocity mismatch between electrical and optical waves [3], [4].
Ultrahigh bandwidth wavelength division multiplexing
(WDM) for advanced computing systems can potentially be
achieved using recon gurable optical add/drop multiplexers
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(ROADMs). Existing ROADM technologies using microelec-
tromechanical systems and thermo-optic devices, however, are
limited to millisecond response times preventing their use in
optical burst and packet switching or as recon gurable optical
circuits [5].

The very fast (tens of femtoseconds) optical response to elec-
tric stimuli intrinsic to organic EO materials makes this class of
materials very attractive for high bandwidth operation [6]. These
materials have demonstrated optical modulation up to 100 GHz
in commercial devices and up to 1.6 THz experimentally [7],
[8].

Organic EO materials for these applications have recently
shown tenfold greater EO activity than their inorganic coun-
terparts [9]. This trend of increasing EO activity with time
continues through the theory-inspired design and nano-engi-
neering of organic EO materials [10]. The high EO activity
of organic materials has allowed for Mach Zehnder interfer-
ometers with low halfwave voltages of less than 0.8 V to be
realized; even lower halfwave voltages have recently been
achieved [11], [12]. Other potential applications of organic
EO materials include resonant devices such as ring resonators,
etalons, and photonic bandgap periodic structures. Because the
m-electrons of organic materials de ne both index of refraction
and dielectric permittivity behavior, organic EO materials are
a good velocity-matching medium between radio frequency
signals and light; making these materials an attractive medium
for EO switches and optical interconnects [13]. Moreover, EO
materials are readily integrable with silicon-on-insulator (SOI)
processing technologies and can be formulated to have optical
transmission losses ranging from 0.2 2 dB/cm at telecommu-
nication wavelengths [14].

By integrating EO materials and waveguide-based optics
in silicon, we aim to develop a new class of wafer-scale
optical interconnects that will satisfy emerging high-speed
communications and data processing needs. In this study, we
demonstrate some of the advantages of integrating compact,
high index contrast silicon optical waveguide technologies with
highly active organic EO materials. An active EO hybrid ring
resonator has been designed and fabricated as proof of concept.
For broader applications, a multi-device, EO active, rapidly
recon gurable optical add/drop multiplexer with individually
tunable microring resonators of good resonance quality and
wide channel spacing has been desighed and fabricated. In
addition to having observed very high and controllable EO
activities for voltage tuning of Iter wavelengths, reasonable
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correlation between our results and published electrooptic
values can be found among a variety of organic EO materials.

Il. DEVICE DESIGN AND PREDICTIONS

A. Electro-Optic Materials

When an electric eld is applied to a noncentrosymmetrically
poled EO polymer, polarization of the material is altered, re-
sulting in a change of the refractive index of the material [14].

The relationship of index change An, to the applied eld F,
is dependent upon the electrooptic coef cient of the material r33
and can be expressed as

1
An=n,—n(E)= 5T337L2E (1)

where n, is the original index of refraction and n(E) is the
index of refraction as a function of the applied electric eld [15].
Given a cladding with relatively modest activity of 100 pm/V
and a refractive index of 1.73, it is possible to estimate [using
(1)] that the cladding will change in index by 0.0026 with the
application of a 10-V/um electric eld.

Three EO active cladding systems are examined in this
study. The rst system is the chromophore compound YL156
doped 25% in polymethylmethacrylate (PMMA); a system
that has been shown to have moderately acceptable photosta-
bility (Fig. 1) [16]. The second system is the chromophore
YL124 doped 25% into Poly[Bisphenol A carbonate-co-4,4
’-(3,3,5-trimethylcyclohexylidene)diphenol carbonate] (APC);
a system that has demonstrated moderate EO activity and
thermal stability over 85 °C [17]. The third is YL124 doped
25% into a dendritic chromophore host, PSLD41; a system
that has enhanced EO activity [18]. The EO activity of these
materials have been measured using a re ection-based ellip-
sometry technique with a 1.3-um laser to have r33 values of up
to 50, 120, and 285 pm/V, respectively [16], [19], [20]. Films
of these types of organic materials have typically demonstrated
low optical loss (less than 2 dB/cm) at telecommunication
wavelengths and thermal stability over 70 °C [21].

B. Optics Design

Optical waveguides are used in a vast array of chip-scale pho-
tonic applications to transmit and manipulate light. To produce
high quality silicon waveguides, we choose to use commercially
available SOI wafers with a 1.4-um thick buried oxide layer
and a 120-nm silicon top layer. The high refractive index con-
trast between the silicon core and buried oxide and polymer
cladding layers allows compact waveguides, 0.5 pum in width, to
be realized [22]. With these waveguide dimensions, only one op-
tical mode, polarized in-plane with the substrate surface, is sup-
ported in the 1.4 1.6-um spectral range. Optical loss for these
waveguides fall in the range of 4 7 dB/cm, depending on the
cladding layer, however, the compact nature of these waveg-
uides allow for the miniaturization of devices by at least ten-
fold compared, for instance, to polymer ring resonators, there-
fore lowering the impact of waveguide loss contribution to the
overall loss of the device [23].

Ilustrated in Fig. 2 is the modal pro le of the silicon wave-
guide determined using a nite difference-based Hermitian

Fig. 1. Chemical structures of electrooptic molecules.
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Fig. 2. Cross section of the modal pro le of a silicon waveguide generated
using nite element simulation. Contour lines of the modal eld are drawn in
10% increments.

0.5 um

eigensolver [24]. The waveguide is designed to have more than
30% of the mode outside of the core so that perturbing the
dielectric constant of the upper cladding induces a signi cant
change in the effective index of the mode (Fig. 2). Using
equations derived in an earlier publication, the effect of a small
regional dielectric change of the upper polymer cladding on the
effective index can be calculated [25].

The microring resonator is a resonant cavity device that traps
wavelengths, \,,, satisfying

A = () @
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where m is an integer indicating the order of resonance, L is the
effective path length, and n.s () is the wavelength-dependent
effective index of the mode. Using (2) , one can deduce that an
increase in index causes resonant wavelengths to shift towards
longer wavelengths and a decrease in index causes a shift to-
wards shorter wavelengths.

When a ring resonator is placed within the evanescent cou-
pling region of a waveguide, resonance wavelengths that satisfy
(2) are coupled into and out of the ring resonator. Coupling ef -
ciency can be lithographically controlled by varying the distance
between the waveguide and ring. In these rings, a coupling dis-
tance of around 180 nm has been found to be the optimal dis-
tance for critical coupling.

Previous studies performed by our group to determine wave-
length shift as a function of the change in cladding index have
shown a reasonable correlation between theoretically predicted
values and experimental results [25]. These studies used index
matching uids to extract a linear relationship between the
cladding index change, Amncaq, t0 the shift in wavelength
position, A\, where

AN = 41.01(nm)AnC1ad2ndad. (3)

This equation, in conjunction with (1), can be used to deter-
mine the EO activity factor, r33, by monitoring A with applied
voltage.

Silicon, which has a high index of refraction and low optical
loss, has allowed for the fabrication of ring resonators with di-
ameters less than 10 um, FSRs greater than 15 nm, and @ values
of over 1000 000 [22], [26]. In these experiments, however, we
intentionally quench @ to values below 5000 to allow for in-
creased reproducibility and reasonable switching speeds.

For experimental purposes, diffraction grating coupling was
the chosen method for coupling a single TE mode into and out
of the device waveguide [27]. Diffraction grating coupling en-
ables simpler and more reproducible fabrication by eliminating
the dicing and polishing steps needed for end- re coupling. This
method also reduces the footprint of a ring resonator device
to less than 250 ;m?, allowing for remarkably dense device
packing. Optical coupling of wavelengths around 1.55 pm using
this method was found to introduce losses of 5 10 dB, however,
as noted in [27], loss from diffraction grating coupling can be
greatly improved to less than 1 dB or 80% coupling ef ciency.
Combining holographic lens technology with diffraction grating
coupling has shown to improve insertion loss to below 1.5 dB
with best simulated results of 0.3 dB [28].

C. Electrode Design and Theory

For ring resonator-based modulators applied as single pole

Iters, a key gure of merit is the voltage required to shift
the resonance by the full width at half maximum distance
(Vewam). The intent is to maximize wavelength tuning sen-
sitivity and tuning range while maintaining high modulation
speeds. In these devices, electrodes coplanar to the waveguide
are used to align and modulate the EO material surrounding
the ring resonator waveguide. This geometry allows for a large
electric eld parallel to the TE mode to be applied across
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Fig. 3. (a) Inset: schematic top view of the electrode layout relative to the ring
resonator waveguides. (b) Cross section of the device geometry, indicated by
the red dotted line in (a) with superimposed contour plot of the electric eld
simulated using Comsol Multiphysics nite-element software).
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Fig. 4. Schematic of ROADM with individually tunable cascaded
hybrid EO microring devices coupled to a common bus waveguide.

a short distance, thereby maximizing EO activity per volt
[Fig. 3(a) and (b)]. Using nite-element method analysis,
electrodes of 120-nm height and 4-pm spacing are found to
produce an average eld of 0.17 V/um per applied volt across
the cladding material. To facilitate voltage application, the
outer electrode is split into two electrodes and contacted using
run outs and the inner electrode is accessed using a conductive
via [Fig. 6(b)]. Modulation across the coupling regions is
avoided to simplify the electrode design and minimize EO
induced changes in coupling between the waveguide and ring

[Fig. 6(a)].

D. ROADM Design

Of great interest to the data and telecommunications in-
dustries is to apply these devices as lters to rapidly and
simultaneously add and drop various wavelength channels
from a single multi-wavelength source coupled to a common
(bus) waveguide in a chip-scale ROADM. To demonstrate
this concept, we choose a simple cascaded microring device
of four microring resonators coupled to a bus waveguide
(Fig. 4). Broadband light is inserted into the bus and resonant
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Fig. 5. (a) Top-view optical image of a silicon ring resonator, input/output
waveguides, and diffraction grating couplers. (b) Scanning electron image of
the coupling region with 180-nm waveguide spacing.

wavelengths speci ¢ to each ring resonator are individually
demultiplexed into separate drop waveguides. Resonance prop-
erties can be precisely tuned to select speci ¢ wavelengths by
varying the radius of each ring or by tuning the cladding index.
By reversing the input and output roles, this ROADM can also
act as a multiplexer to combine various optical wavelength
signals into a single bus waveguide.

When used as higher order pole lters with spectral ef -
ciencies for ROADM applications, key gures of merit are the
wavelength tuning sensitivity in (GHz/V), the tuning range in
GHz relative to the free spectral range, FSR, of adjacent bands,
and bandwidth, the speed of signal switching (bits/s). Colorless
ROADMs also have a gure of merit based on nesse, f, the
number of supported wavelength channels.

I1l. FABRICATION

The fabrication of single hybrid EO ring resonators and hy-
brid EO ROADMs can be summarized as a ve-step process:
1) patterning of silicon waveguide core structures; 2) electrode
formation; 3) EO material deposition; 4) electrode contact for-
mation; and 5) EO material activation.

Silicon ring resonator devices 80 ym in diameter with 500-nm
waveguide widths are fabricated by means of electron beam
patterning and reactive ion etching from electronic grade SOI
wafers, purchased from Soitec, with top silicon thickness of ap-
proximately 120 nm on 1.4-um buried oxide [Fig. 6(b) ]; the
details of this process can be found in one of our earlier publi-
cations [17]. The 1 x 4 x 1 ROADM is patterned as four par-
allel cascaded ring resonator Iters horizontally coupled to a
common waveguide with 180-nm spacing [Figs. 4 and 5(b)].

The cross section of the hybrid ring resonator is shown in
Fig. 6(b). Electrode material consisting of 10 nm of chromium
followed by 110 nm of gold is deposited using electron beam
evaporation followed by standard photolithography and wet
etching to form the metal electrode pattern. EO material is
prepared as a 25 weight % mixture of YL124 in host polymer
Poly[Bisphenol A carbonate-co-4,4 ’-(3,3,5-trimethylcyclo-
hexylidene)diphenol carbonate] dissolved with cyclopentanone
to form a 12 solids weight % solution. After complete dissolu-
tion overnight, the solution is Itered through a 0.2-um PTFE

Iter. Solutions of 25% YL156 in PMMA and 25% YL124 in
PSLDA41 are prepared in an identical manner. Films of these
materials around 1.2-pm thick are spun-cast onto the SOI
devices substrates, baked for one minute at 110 °C and vacuum
cured overnight at 85 °C. To increase cladding layer thickness

b
®) Au 0.5 um

0.6 um Teflon-6

YL124/APC

Au
<«—» Width=400 nm

Diameter = 80 um
I ——

Fig.6. (a) Top-view optical image of fabricated EO microring resonator device.
(b) Cross-section schematic, indicated by the dotted red line in (a) of a single
hybrid microring resonator device.

and protect the EO layer from further processing steps, a
0.6-um Te on AF 601S2-1-6 Im is spun-cast over the EO
layer and cured. A 100-nm-thick gold hard mask is sputtered on
top of this Im and vias are patterned using photolithography.
To access the inner electrode, vias through the polymer layers
are etched using a reactive ion plasma of oxygen and helium
gas. To contact the inner electrode, a 400-nm layer of gold is
sputtered that plates the via sidewalls. Electrode runouts on
the surface are patterned by photolithography followed by wet
chemical etching. A second 0.6-um Te on layer is applied to
the top of the device to protect the upper electrodes from de-
laminating and contact areas are exposed using O, /He plasma
reactive ion etching.

The device illustrated in Fig. 6(a) and (b) is poled and tuned
by application of a voltage across the EO polymer cladding
between the inner and outer electrodes [Fig. 3(b)]. Leakage
currents due to impurities in the organic materials and dielectric
breakdown further contribute to the complexity of calculating
the applied eld and may contribute to less than estimated
tuning ef ciencies measured for device operation.

During contact poling of these devices, the temperature of
the sample is rst raised to just below its glass transition tem-
perature (T, ~ 146°C for YL124/APC) in order to provide
rotational mobility of the chromophore. A direct current (dc)
voltage is then applied to create a 30 60-V/um eld between
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Fig. 7. Test setup schematic for ROADM device testing.

the inner and outer electrodes and the sample is held at this tem-
perature under the electric eld for two minutes after which the
sample is cooled back down to room temperature and the eld
is removed.

IV. DEVICE PERFORMANCE

A. Hybrid Silicon-Organic Microring Resonator

To prepare for testing, samples are mounted onto an optical
stage system and coupled out-of-plane to a single-mode optical
ber array using grating couplers (Fig. 7). For spectral charac-
terization, the light source used is an ILX Lightwave ampli-
ed spontaneous emission (ASE) broadband source centered
at 1550 nm with 20-mW output optical power (not pictured).
The output signal is analyzed using an ANDO AQ6316 Optical
Spectrum Analyzer with 0.05-nm resolution. In Fig. 8(a), the
spectral scans of each of the four microring resonator devices,
made using YL124/APC EO material, are overlayed and can
be compared to the spectral scan of the bus waveguide for the
1 x 4 x 1 ROADM in Fig. 8(b).

The direct correlation of the resonance peaks of each Iter
with resonance peaks of the ROADM shows that the spectrum
of the ROADM is a linear combination of its constituent device
spectra.

The total optical loss for a diffraction grating coupled
EO-clad silicon microring resonator and the coupled 1 x 4 x 1
ROADM was measured to be approximately —10 and —20 dB,
respectively. As shown in Fig. 8(a), the free spectral range for
single EO clad microring resonator devices is 2.74 nm, the 3-dB
bandwidth for these devices is approximately 0.51 nm, and the
resonance peaks display up to a 17.5-dB drop in transmission
power. These details imply @ values for these devices around
3000 and nesse values above 5.

Variations in electrode alignment and spacing may cause ef-
fective poling elds to vary from one device con guration to the
next. As a result, subtle differences in index may be signi cant
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Fig. 8. (a) Overlayed resonance spectra of devices 1, 2, 3, and 4 coated with
YL124/APC EO material. (b) Resonance spectrum of the ROADM
device.

enough to bestow upon each device a distinct resonance spec-
trum as is observed among devices in Fig. 8(a) . In this experi-
ment, devices 1 4 are poled simultaneously; however, in future
applications, one can individually tune Iters electrically while
monitoring optical output to attain the desired Itering pattern
of a ROADM device.
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