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ABSTRACT

Recent use of quantum mechanics to guide the improvement of molecular hyperpolarizability and the use of gtatistical
mechanical analysis of the effects of intermolecular el ectrostatic interactions to improve the acentric ordering of organic
chromophores has led to the realization of electro-optic coefficients, rss, greater than 100 pm/V (at telecommunication
wavelengths). This material design and development paradigm is likely to lead to further improvement in electro-optic
activity, which will in turn facilitate the development of a variety of electro-optic devices with drive (V) voltage
requirements of less than one volt. The utility of organic electro-optic materials for development of high bandwidth
devicesis now well documented. What isless obviousisthe utility of organic electro-optic materials for the fabrication
of complex (including conformal, flexible, and three-dimensional) device structures. In this communication, we review
recent improvements in electro-optic activity; therma and photochemical stability; and processability of organic
electro-optic materials and the use of these materials to fabricate conformal and flexible eectro-optic devices and
devices based upon single and multiple coupled ring microresonators.
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1. INTRODUCTION

The advantages of organic electro-optic materials for the fabrication of high bandwidth devices have been known for
some time*® Also, the potential for systematically improving molecular hyperpolarizability and hence electro-optic
activity through the use of quantum mechanical guidance has been appreciated for more than two decades.>*® The
dependence of molecular first hyperpolarizability, B, on length of the chromophore’ s Teelectron system, the symmetry
of the Teelectron system, and bond-length aternation has been investigated for more than a decade. More recently,
attention has focused on defining the effect of substituents on molecular hyperpolarizability® although the reader's
attention is also called to an article in this issue dealing with the theoretical examination of multiple donor/acceptor
chromophores.®® Focus on defining the effect of altering substituents to a basic core chromophore structure is a very
productive paradigm for the practical improvement of molecular hyperpolarizability because the insight gained is easily
transitioned to organic chemists for synthesis of improved chromophores--that is, synthesis of a new and improved
chromophore can frequently be accomplished by modification of one or only a few steps of a multiple step synthesis of
the complete chromophore.® Moreover, quantum mechanical predictions are frequently more reliable when comparing
variations among structurally similar chromophores. Factors such as changing molecular conformation can make
predictions as a function of length more difficult and predictions related to bond length alternation can be compromised
by steric effects that influence the dihedral angle relating Teorbitals. A relatively minor structure modification (for
example, the replacement of a single cyano group of a tricyanofuranvinylene acceptor (see Fig. 1) with a nitro group)
can lead to significant improvement in molecular hyperpolarizability with little or no impact on chromophore
conformation.? In the next section (Theory), we review recent successes that we have had with modification of
chromophore acceptor structure and in particular replacement of the tricyanofuranvinylene acceptor with a
tricyanopyrrolinevinylene acceptor. We aso suggest other structures that should lead to till larger increases in
molecular hyperpolarizability. In addition to calculation of molecular hyperpolarizahility, B, caculations of dipole
moment, |, isof interest and an excellent comparison of different computational methods has recently been published.”

The principle component of the electro-optic tensor, rgs, for dipolar eectro-optic polymers can be related to
molecular hyperpolarizability through the following expression:
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rss = N<cos’0>2Fp/n* (1)

where N is the chromophores number density, <cos’0> is the acentric (noncentrosymmetric) order parameter, F is the
local field factor taking into account the dieectric nature of the host environment, and n is the index of refraction. In
the absence of intermolecular electrostatic interactions, <cos’0> = PFE/SKT where | is the chromophore dipole
moment, E; iseectric poling field strength, and KT isthe thermal energy. In the presence of intermolecular el ectrostatic
interactions, W, the expression for order parameter must be modified to include an attenuation factor, [1 - L3(W/KT)]:

<c0s0> = (UFE/5KT)[1 - L2(W/KT)] 2

where L is the Langevin function.®# Since W depends on N, the order parameter is observed to independent of
chromophore concentration at low concentration but is predicted to decrease to zero as concentration is increased.
Thus, eectro-optic activity is predicted to initially increase linearly with N (and with ) but then is predicted to go
through a maximum and decrease with increasing concentration at high N. The position of the maximum of a plot of ra;
versus N is approximately given by Ny, = 1.38T/p2 Eqn. (2) is an over-simplification in that nuclear repulsive (steric
interactions) have been neglected. We have shown how these are strai ghtforwardly taken into account (including within
a hard object approximation).?>* Since nuclear repulsive interactions are short ranged, their effect will be noticed at
high concentrations and the primary effect isto makethe plots of rx; versus N appear more symmetrical.

With the above remarks in mind, it is clear that optimization of eectro-optic activity is a matter of optimizing
N<cos’0> for a given chromophore (i.e., agiven B). Because i is frequently observed to increase with increasesin B, it
is difficult to achieve trandation of more than a few percent of the effective molecular electro-optic activity of a
chromophore to macroscopic electro-optic activity when the dipole moment of the chromophore exceeds 10 Debye.
Recently, we have identified several schemes for increasing 3 without increasing |; one such scheme is discussed
elsewherein this volume.’® However, asnoted el sewhere,?** consideration of the competition of electronic and nuclear
(steric) interactions suggests a very straightforward paradigm for improving the maximum achievable e ectro-optic
activity that can be redlized for a given Teelectron structure. Electronic properties will be dominated by Teelectrons and
thus intermolecular electronic electrostatic interactions will be defined by the component of the chromophore structure
containing Teorbitals. The electronic electrostatic potential felt by a reference chromophore from surrounding
chromophores will consist of two parts--one favoring centrosymmetric ordering of chromophores and the other favoring
desired noncentrosymmetric (acentric) ordering.>** The reative magnitudes of these two contributions can be tuned by
adjusting the spatially anisotropic nuclear repulsve potentia (i.e., by changing the shape of the chromophore without
changing the Telectron structure).’*2* This can be accomplished by attaching saturated substituents (e.g., alkyl groups)
to the Trelectron backbone. Unsaturated substituents can also be used providing the Teelectron conjugation of the
substituents is sufficiently short to avoid contributing to p and . Considering overall chromophore shape, the worst
possible shape is a prolate elipsoidal shape that permits close side-by-side approach of chromophores. Such an
approach strongly favors centrosymmetric ordering and explains the common observation of centrosymmetric crystal
structures for rod-like, high dipole moment chromophores. Electro-optic activity can be improved by making
chromophores more spherical in overall shape®? In the next section, we present another experimental example of this
phenomenon.

The above analysis is appropriate for consideration of chromophores physically dissolved in host polymers to
produce composite materials or covalently attached by a single bond to polymer backbone such that the chromophore
can move independently of the polymer host during electric field poling. Indeed, the simple theory presented above has
both explained experimentally observed data and permitted estimation of the maximum electro-optic activity that can be
achieved for a given chromophore structure (and the chromophore number density, N, that led to the maximum value).
If covalent attachment of the chromophore to the polymer or dendrimer host material dgnificantly restricts the
movement of chromophores under the action of a poling field, then a theoretical anaysis that takes these additional
interaction potentials into account must be employed. This will typically involve use of a variant of atomistic Monte
Carlo computation methods.**?* Robinson and coworkers have suggested a computationally efficient pseudo-atomistic
Monte Carlo approach that treats sections of the overall gtructure that contain conjugated Teelectrons as rigid objects
while treating flexible segmentsin a fully atomistic manner.”® Since Tconjugation restricts rotation about bonds, thisis
a reasonable approximation. This approach helps understand the folding of multi-chromophore-containing
dendrimers®?® under dectric field poling and helps to understand why various chromophores can form H and J

Proc. of SPIE Vol. 5351



aggregate structures. In addition to understanding electrically poled materials, this pseudo-atomistic Monte Carlo
approach is appropriate for understanding the electro-optic activity observed for high dipole moment chromophore
ordered by sequential synthesis or self-assembly methods.?* The additional consideration of the effect of covalent
bond restrictions naturally leads to a number of other design paradigms for improving macroscopic e ectro-optic activity
including the use of dendronized polymer materials. 3! Such materias have led to factors of two improvement in
electro-optic activity relative to the best value that can be obtained for the same chromophore in composite materials.”
Pseudo-atomistic Monte Carlo calculations suggest a variety of structures that lead to improved eectro-optic activity
and may guide the systematic design of perfect noncentrosymmetric (ferroelectric) order for some organic materials.

The adoption of a more global strategy for the engineering of optimized eectro-optic activity has the
advantage of permitting auxiliary properties such as optical loss, conductivity, index of refraction, etc. to be
simultaneously optimized. For example, the use of partidly fluorinated dendrimers incorporating e ectro-optic
chromophores has permitted the redlization of organic waveguide materias exhibiting optical loss values of less than 1
dB/cm and values as low as 0.2 dB/cm at 1.55 microns telecommunications wavelengths.”*>* It has permitted a
variety of options for lattice hardening (intra and intermolecular crosslinking) to be pursued and affords promise for
improved thermal stability. New crosdinking chemidtries that do not involve the dimination of water have been
developed and potentially viable photocrosslinking reactions are being investigated.”***

Synthetic efficiency is of concern as it trandates to cost of production of materials and the ability to produce
materials in kilogram quantities. A recent and general advance in this area has been the utilization of microwave-
assisted synthesis techniques to improve reaction yields and reduce reaction times® A number of more modest
improvementsin specific synthetic routes have al so been achieved but are beyond the scope of thisarticle.

The photostability of organic materials remains an issue of concern. Reactions involving singlet oxygen are of
concern for all organic chromophores and recently Stegeman and coworkers®” have shown that a second class of photo-
induced reactions can be important for chromophores capable of trans-cis isomerization (stilbenes and azobenzenes).
Photodegradation involving oxygen can be attenuated by exclusion of oxygen (including by appropriate packaging), by
use of physical and chemical quenching of singlet oxygen, by lattice hardening to limit oxygen diffusion, and by steric
protection or elimination of sites prone to singlet oxygen attack. While much additional study of photostability in
specific organic electro-optic materiasisrequired, it appears likely that acceptable stability can be achieved for current
telecommunication power levels.

Stability under the presence of space radiation (gamma rays and high energy particles) appears to be more
promising although more research and more publication of results collected in various laboratories needs to be
forthcoming. The Teelectron system of organic e ectro-optic materials may help attenuate radiation-induced damage by
quickly relaxing charge perturbations produced by the high-energy particles and rays. Early studies certainly suggest
exceptional stability for organic electro-optic materials.

A digtinct advantage of organic dectro-optic materiasis their processability. Thin films can be prepared by
spin coating and by a variety of deposition methods. Active and passive waveguide circuitry can be fabricated in these
films by standard reaction ion etching or photochemical processing.®’ By use of special masking techniques, vertical
trangitions can be fabricated relevant to the production of low insertion loss eectro-optic structures and three-
dimensional circuits.® ®*“° Electro-optic circuitry can be fabricated directly on top of semiconductor VLSI circuitry
with preservation of the performance of both types of circuitry. A wide variety of device structures ranging from
stripling®"***8 to cascaded prism,®”“**! to ring microresonators®*>** (and photonics bandgap) have been fabricated.
Moreover, organic e ectro-optic devices can be fabricated so as to be conformal or flexible; for example, as relevant to
the production of phased array radar including space deployable antennae structures.> In the following section on
devices, we demongtrate the little appreciated fact that organic e ectro-optic devices (like organic light emitting devices)
can be conformal and flexible. We will also illustrate the utility of organic e ectro-optic materias for the fabrication of
ring microresonator devices.

2. THEORY

2.1. Quantum mechanical calculations of molecular hyperpolarizability

As noted above, the use of quantum mechanics to predict the variation of molecular hyperpolarizability with simple
modification of molecular structure has proven to be quite effective. We illustrate this point in Fig. 1 showing semi-
empirica calculation of B, W, and A for two chromophores that differ only in the acceptor portion of the molecule.
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The results shown here suggest that replacement of the furan group of the tricyanofuranvinylene acceptor with a
pyrroline group should lead to a significant improvement in molecular hyperpolarizability with little or no effect on
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Figure 1. Semi-empirica calculations of dipole moment (1), molecular hyperpolarizability (B) and absorption
maximum of the HOMO-LUMO (charge transfer) trangition are shown for two chromophore structures.

dipole moment. This should in turn trandate to an improvement in macroscopic electro-optic activity given the
similarity of the dipole moments and molecular structures. Preliminary Hyper Rayleigh scattering measurements
suggest that this theoretically-predicted trend is correct although more measurements are needed before this conclusion
can be put forward with confidence. However, use of this new acceptor with an amine donor and a phenylvinylene-
thiophenevinylene bridge led to a measured eectro-optic coefficient, rss, of 101 pm/V at 1.55 microns for 20 % (by
weight) loading of this chromophore in amorphous polycarbonate (APC, Aldrich). Thisis quite an exceptiona value
and certainly is approximately double the value typically obtained with chromophores containing the
tricyanofuranvinylene acceptor. Exploiting the "gradient bridge” concept introduced by McMahon and coworkers®
would seem to suggest that an even more dramatic enhancement in hyperpolarizability can be achieved. Consider the
following structure for which we show the results semi-empirical quantum mechanical calculations.

c N
N
CN
-\ J 7
_ o)
150
p=135D

B, =188.0x 10 esu
Bioo7nm = 399.3 x 10* esu
Amax = 600 nm

Figure 2. The results of semi-empirical quantum mechanical caculations are shown for a chromophore containing a
thiophene-thiazol e gradient bridge and a tricyanopyrrolinevinyl ene acceptor.

Gradient bridge structures are discussed in greater detail el sewhere in thisvolume. The theoretical suggestions evident

from Fig. 2 have yet to be tested but we are presently synthesizing a number of variants of gradient bridge
chromophores as well as chromophores containing new donors and acceptors that have been suggested by quantum
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mechanical calculations to lead to improvement in molecular hyperpolarizability. What is very likdy is that eectro-
optic coefficients on the order of 200 pm/V at telecommuni cation wavel engths will be achieved by the end of 2004 with
values as high as 180 pm/V dready being observed in preliminary characterization studies of newly synthesized
chromaphores. However, it should be clear to the reader that a great deal of characterization measurements will be
required before paradigms for the systematic improvement of organic eectro-optic chromophores can be clearly
established. It should dso be redlized that it will likely be some time before ultimate hyperpolarizability will be
achieved for "device-rdevant” chromophores. By "device-rdevant” chromophore we refer to chromophores possessing
appropriate auxiliary properties aswell as large molecular hyperpolarizability.

2.2. Statistical mechanical calculations of chromophore order

As noted above, two straightforward approaches exist for improving N<cos’0> and thus macroscopic e ectro-optic
activity. The firgt is to modify smple chromophore structures to make them more spherica. Recent theoretica
calculations suggest that a 2 to 1 length to width aspect ratio would represent both a significant improvement in
N<cos’0>.« and may be an achievable target. Recently, we have modified tricyanofuranvinylene acceptor containing
chromaphores with ProDOT-modified dithiophene bridges (see Fig. 3) and have measured dectro-optic coefficients of

115 pm/V at 1.3 microns.
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Figure3. A ProDOT chromophore structure leading to an eectro-optic coefficient of 115 pm/V at 1.3 microns for 30%
loading of the chromophorein APC is shown. An eectro-optic coefficient of 69 pm/V is observed at 20% loading.

While such chromophores may not achieve the desired aspect ratio, they are significant for providing a fundamental
structure that can be further modified to more toward the desired goal. The ProDOT-modified dithiophene bridges are
just one example of bridges offering structural control appropriate for improving N<cos®0>. We initialy focused on
this structure because both the ProDOT dructure and dithiophene bridges lead to improved molecular
hyperpolarizability as well as providing an appropriate platform for aspect ratio modification. A number of
characterization measurements will have to be carried out including independent measurements of molecular
hyperpolarizability, dipole moment, dectro-optic activity, photochemical stability, order parameter, etc.

It isinteresting to note that the measured value of 115 pm/V may not be the maximum achievabl e éectro-optic
activity for this chromophore. We are currently carrying out measurements at 35 and 40% loading as well asfilling in
measurements at lower loading (15% and 25%). The observed significant increase in dectro-optic activity in going
from 20 to 30% loading attests to the fact that steric hindrance is working to produce a more favorabl e balance between
intermolecular electrostatic forces that favor respectively acentric and centric order. However, considerably more
experimental data will be required before this behavior can be modeed quantitatively. We are in the process of
attempting to systematically collect such data.

While it isnow clear from experimental data that incorporation of chromaophores into dendronized polymersis
an effective approach to improving dectro-optic activity reative to that which can be achieved with guest-host
composite materials, more detailed theoretical anaysis of each specific example needs to be carried out to understand
the importance of flexible components (for example, the length and positioning of flexible components). Although this
isan areawhere we are starting to carry out a systematic correlation of theory and experiment, discussion of results will
be deferred to alater publication.

The above two approaches to controlling intermolecular electrostatic interactions for the purpose of optimizing
macrascopic eectro-optic activity will likely lead to dectro-optic coefficients on the order of 300 pm/V in the
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reasonably near future. However, to achieve dectro-optic coefficients on the order of 1000 pm/V, N<cos’0> will have
to be enhanced to the point of approaching nearly perfect acentric (ferrod ectric order).

Theory predicts that a way to achieve even greater éectro-optic activity than achieved with smple
chromaophore derivatization or use of multi-chromophore-containing dendrimers and dendronized polymers is to
synthesize multi-chromaophore bundles where chromophores a held in an acentric arrangement in close proximity by
strong covalent bonds. Several potential arrangements may lead to improved eectro-optic activity: (1) Arrangements
where 3 or 4 chromophores are covalently locked in a J aggregate configuration and (2) bundles that are compaosed of
chromaphores with both positive and negative molecular first hyperpolarizabilities. In this latter arrangement, dipole
moments partially cance while molecular first hyperpolarizability values add. We are currently synthesizing severa
such multi-chromophore bundles but characterization data are not yet available and detailed discussion of this approach
must be deferred to a later publication. These arrangements have the advantage of being “minimum energy”
configurations for the chromophores within the bundles. The remaining region around the bundle can be designed to
minimize centrosymmetric organization of the bundles and to control solubility of the bundles. These bundies, like
multi-chromophore-containing dendrimers and dendronized polymers eliminate the need for a host polymer. While it
can be argued that the synthesis of supramolecular bundles, like the synthesis of low generation dendrimers, involves
more effort than production of guest-host composite materialss, these supramolecular structures permit systematic design
of steric interactions that can also improve thermal and photostability and lead to materials exhibiting reduced optical
loss.

It should be kept in mind that the same intermolecular eectrostatic interactions that act to attenuate N<cos’0>
for eectrically poled polymer or dendrimer films also come into play in attenuating order for materials prepared by
sequential synthesis or sdf-assembly methods. Chromophore design (“footprint”) is just as important for these
approaches asit isfor dectric fidd paling. For example, intermolecular ectronic (dipole-dipole, etc.) interactions will
cause chromophores to tilt from the normal to the deposition surface when sequentia synthesis approaches are used.
This tilt will result in disorder that will increase as subsequent layers are deposited. However, when robotic methods
are applied together with appraopriate consideration of the shape of the chromophoaric object to be deposited, exceptional
values of eectro-optic activity may be achieved with sequential synthesis/self assembly methods. These methods have
the advantage (as in cases of crosdinked dendrimers, dendronized polymers, and supramolecular bundles) of having
both ends of the chromophore attached to a crosdinked (and sterically-constrained) lattice.  Such lattices exhibit
dramatically improved therma and photochemical sability relative to modest glass transition temperature
chromaphore/polymer composites. While new theoretically-inspired structures will likdly lead to quite dramatically
improved values of eectro-optic activity and auxiliary properties, it will likely be several years before these materias
can be fully evaluated and the limits of organic el ectro-optic activity defined.

3. DEVICES

3.1. Fabrication and characterization of conformal and flexible electr o-optic modulators

A wide variety of stripline, priam (including cascaded prism and superpriam), and resonated (ring microresonator and
photonic crystal structures) devices have been fabricated from organic el ectro-optic materials. Organic materids have
been fabricated on a variety of substrates including directly on top of (verticaly integrated with) semiconductor VLS
wafers. This is straightforwardly accomplished by deposition of a “planarizing” polymer layer to achieve an optica
quality deposition surface for subsequent spin casting of the active polymer layer. Three dimensiona active circuit
structures and low optical insertion loss structures have been fabricated using a variety of special masking techniques.

The most commonly investigated device structure has been gripline Mach Zehnder modulators. For these
devices and using CLD/APC composite materials, drive voltages of 1.2 V (at 1.3 microns) and 1.8 V (at 1.55 microns)
have been demonstrated for 2 cm length eectrodes. The observed 3 dBe bandwidth was 18 GHz and found to be
limited by rf metal loss of the eectrodes. This latter observation is consistent with observations of Fetterman and
coworkers and researchers at Lucent. Mach Zehnder devices fabricated usng organic eectro-optic materias on flexible
substrates can be used to produce systems such as large photonically controlled phased array antennas which conform to
an aerodynamic shape or which can be unrolled in space after launch.>

Before discussing our work, it is appropriate to note other approaches to flexible organic € ectro-optic devices.
Researchers at Hoechst Cdanese some time ago effected lift off using water soluble layers. Fetterman (UCLA) and
coworkers used Mylar film as a flexible substrate. Lift off using the poor adhesion of a gold-glass interface was
employed by Shi and coworkersat TACAN.
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As noted in the earlier sections of this communication, newer €ectro-optic materials are designed to withstand
high processing (e.g., eectric field poling) temperatures and thus these require a lift off process that can withstand the
higher processing temperatures used with newer materials. The work discussed here is based on an SU-8/Au release
interface where SU-8 is a commercia photo-resist that has poor adhesion to a gold surface but good adhesion to a
silicon substrate surface. Lift off sdected areas are defined by patterning the Au coating on a S substrate. The multi-
step processisillusrated schematically in Fig. 4. The dimensions of a fabricated modulator are given in Fig. 5.

Polymer modulator

uv-15 W
/ 1Y
Al g
5 Su-8
1. Pattern Si with Au 4. Fabricate M-Z polymer modulator
2. Coat SU-8 layer 5. Etch ridge waveguides

3. Coat thick(100 pm) UV -15 6. Push-Pull pole the EO polymer

Al/‘/ Nickel blade

saw cuts

Lift off

7. Saw out modulators to be removed
8. Si pads at input and output can remain
for fiber coupling
Figure 4. The stepsin the fabrication of a flexible modulator are shown.
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Figure 5. Thedimensions (in microns) of the fabricated flexible modulator are shown.
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In order to evaluate the performance of polymeric € ectro-optic modulators with bending and flexing, we have
congtructed two test beds. The first, adapted for measurement of changes in device parameters with bending, is shown
in Fig. 6 while the second (which focuses on measurement of changes with repeated flexing) isshown in Fig. 7.

Glassfenule
Input N\
— L ==

,
S subsrate

Metal cylinder—

- 1
Output Waveguide
Hber

on a flexible subdrate

Figure 6. Thetest arrangement for measurement of changes of device performance with bending is shown
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Figure 7. Thetest bed for measurement of changesin device performance with repeated flexing is shown.

The polymer modulator of Fig. 5 exhibited a V,; of 2.6 V at 1.55 micons wavelength and an extinction reatio of greater
than 20 dB. This performanceis comparable to that organic dectro-optic modulators fabricated on rigid substrates. As
is evident from a consderation of the following Figs 8-11, no change in waveguide loss is observed with bending radii
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0O 1 2 3 4 5 6 7 8 9 10
Bending radius, R [mm]

Figure 8. Thevariation of Insertion Loss (dB) versus bending radius (as defined in Fg. 6) is shown.
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Figure 9. Variation of halfwave voltage with flexing and reaxation (measured using the apparatus of Fig. 7) is shown.
The change in V; was less than 2%, which is within experimentd error. Note that bending occurs moving toward the
right of thefigure
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Figure 10. Variation of Extinction Ratio (ER) with flexing and relaxation is shown. The maximum change is about
20% and islikdly explained by the strong senstivity of ER to polarization sate.
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Figure 11. Thevariation of Bias Point with flexing and relaxation is shown.

until radii of 1.5 mm are reached. No cracking is observed with repeated flexing of the waveguide. No measurable
changesin V; and extinction ratio are observed with repeated flexing.and bending to radii of 5 mm. A repeatable shift
in modulator bias point is observed as the modulator isflexed (asis evident from Fig. 11). Thisisbedieved to be dueto
strain created in the unbalanced (different optical path lengths) Mach Zehnder modul ator.

From the results presented above, it is clear that flexible eectro-optic modulators can be fabricated and that for
some device structures desired performance can be maintained even under repeated flexing and relaxation.

3.2. Fabrication and characterization of ring microresonator s

Ring microresonators afford the opportunity of achieving a long interaction length (and thus reduced V;) in a very
compact (eg., the size of a human hair or smaller) device structure. They also afford a number of opportunities for
specia device function such as wavdength sdective filtering, active wavelength divison multiplexing (WDM), and
voltage-controlled wavelength tuning. The use of organic eectro-optic materials affords the advantage of reatively
easy fabrication of a large number of modulators on a single wafer or chip. Moreover, the ability to achieve three-
dimensional integrated circuit sructures is an advantage of organic materials that can be put to good use in 3-D
reconfigurable optical interconnection. We have recently demonstrated that soft lithography techniques, as well as
reactive ion etching techniques, can be used to achieve high-density integration of coupled ring microresonator
elements. This advance may permit low cost fabrication of complex ring microresonator architectures. The downdides
of using ring microresonator devices structures include increased optical power (and thus the potentia for
photochemical degradation), reduced bandwidth, and increased optical loss associated with bending and scattering
losses, which are more problematic for multiple pass ring microresonators than for single pass stripline devices. The
trade off of bandwidth for reduced V;; is not particularly problematic for organic eectro-optic materials because
bandwidth is typically limited by metal e ectrodes and the nearly terahertz intrinsic bandwidths of organic electro-optic
materias are difficult to realize except in difference frequency generation (e.g., the terahertz signal generation and
detection experiments of Hayden). In our first experimentsinvolving single ring microresonators, we demonstrated that
a bandwidth of 15 GHz and a bandwidth sensitivity factor of 2GHz/V could be achieved per ring microresonator
modulator.  Quality (Q) factors on the order of 100,000 are easily obtained with organic eectro-optic ring
microresonators leading to wavelength selectivity on the order of 0.01 nm & telecommunication wavelengths. Thus, it
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is clear that with the fabrication of 50 ring microresonators on a chip that an operational bandwidth of 500 Ghb/s could
be achieved for active WDM.

Recently, we have explored both all organic ring microresonator structures where both core and cladding
materials are organic polymeric materials and organic/silicon structures where silicon represents the core waveguide
materia and electro-optic organic materials serve as cladding materials. A clear advantage of organic materias is that
index of refraction values can be varied widely. The difference between index of refraction of the core and cladding isa
critical parameter defining, for example, the radius of the modulator that can be used to achieve acceptable optical loss
and free spectra range (FSR) values. In previous publications describing our work on single ring microresonator
structures, we have described design considerations and the details of fabricating ring microresonators from polymeric
materials.?** We will not repeat that discussion here but rather will now proceed to describe some of our more resent
results on double ring microresonator structures.  Before we launch into that discussion it is useful to note that the
photostability of organic eectro-optic ring microresonator devices is better than we had initially expected and that
organic devices have the attractive advantage of permitting fabrication of either athermal (temperature independent) or
temperature dependent designs.

In the following discussion, we focus on double ring microresonators. The tuning of asingleringislimited by
the An that is possible. Increased tuning rate and range can be achieved by using two rings of different diametersin
series (adouble micro-ring or DMR). The DMR permits exploitation of the Vernier effect shownin Fig. 12.

Output waveguide
—

Tunablering

| nput waveguide % ‘

—

> [Ty

A—>

A>‘DMR .
=M =d,/(d,-d,) = Tuning Enhancement

A>\MR
Figure 12. Enhancement of tuning usng a double ring resonator is shown. The only way for light to go from the input
to the output is to be resonantly coupled into both rings, which is controlled by voltage applied to the eectro-optic
waveguide material. As voltage is applied different standing modes of the two rings are brought into resonance. The
tuning amplification factor, M, relates to difference in the size of the two rings. In the figure, d; and d, are the
diameters of rings 1 and 2 and A\pyr and AAyr are the wavel ength shifts of the double and single ring microresonators
respectively.

In this work we fabricate ring microresonators of 480 and 492 microns leading to an M of 40. The Q factors of
the rings are 30,000 and the FSR is 120 GHz. The side mode suppression in our DRMs is greater than 30 dB. A
therma tuning rate of 0.6 nm/mW is observed and a voltage-tuning rate of 0.04 nm/V (10 GHz/V) is observed. With
this structure we were able to demonstrate tuning of an oscillator across the band of the erbium amplifier (1520-1560
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nm). In our experiments the power out is 1 mW and the tuning speed is limited by the long laser cavity of our sourceto
about 1 microsecond. The structure of our device is shown in Fig. 13 and typical results for eectronic eectro-optic
tuning are shown in Fig. 14.

Port3 T V

tuning
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Micro- . Au Au t 100nm
resonator I i
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/) 492um LR 4.6um
=~

i 5 um
o %
v
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Figure 13. Top and cross-sectional views of our DRM device are shown.

3.0

2.5 4

Power (nW)
= N
o1 o

=
o
‘

1530 1540 1550 1560 1570
Wavelength (nm)

Figure 14. Voltage tuning across the 1.55 micron telecommuni cations band is shown.

The results reported previousy** and shown in this communication were obtained using a CLD/APC composite el ectro-
optic material. Optimum e ectro-optic coefficients were not achieved in the microresonator structures described.; this
deficiency will likely be overcome in time with atention to the details of poling materias for such applications. As
noted earlier in this communication, new chromophores represent factors of three improvements over the CLD
chromaphore in terms of eectro-optic activity. Prdiminary studies also suggest improved therma and photostability
has been achieved with new chromophores. These new organic éectro-optic materias can be expected to lead to
improved performance of ring microresonator structures. In addition to the work reported here, we note that Professor
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Amnon Yariv (Cal Tech)™ has recently fabricated and characterized multi-ring resonator structures, which can be
considered alogical extension of the DMR structures discussed here.

4. CONCLUSIONS

Substantial improvements in eectro-optic activity have derived and can be anticipated to continue to derive from the
theoretical guidance being provided by quantum and statistical mechanica calculations. Electro-optic coefficients on
the order of 300 pm/V should become a redlity over the next two years. This increase in eectro-optic activity should
permit enhanced performance to be realized for stripline, prism, and ring microresonator device structures. Operationa
halfwave valtages of less than one volt should be routingly achieved for a variety of device structures using new
materias. For each new material developed for improved electro-aoptic activity, attention must be given to improving
critical auxiliary properties such as optical loss, thermal stability, and photostability. Reasonable design paradigms for
contral and improvement of these auxiliary properties are now becoming available but more studies need to be made
before confidence in meeting the requirements of a broad range of commercial applicationsisachieved. The dendrimer,
dendronized polymer, and supramolecular bundle material that are leading to improved e ectro-optic activity have the
added advantage of permitting rational improvement of auxiliary properties although the exact extent to which
photostability can be improved till remains undefined.

The processability and adaptability of organic eectro-optic materials is a substantial advantage. Clearly,
conformal and flexible device structures are possible and the performance demonstrated in this communication can be
improved upon. Organic eectro-optic materials are particularly attractive for use in fabricating ring microresonator
structures. The dimensions of such devices and other performance properties can be varied significantly by choice of
core and cladding materials and the ease of processing of organic materias including by spin casting, vapor deposition,
and solution phase deposition provides a unique opportunity for efficient and low cost fabrication. Both therma and
athermal designs can be implemented. The high density of microresonator devices that can be fabricated on a single
wafer affords the potential for enormous bandwidth for applications such as active wave ength division multiplexing.

In summary, athough organic dectro-optic materials have been the subject of investigation for several
decades, the next several years are likdly to witness dramatic improvements in both material and device performance.
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