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ABSTRACT  

Coarse-grained Monte Carlo/molecular dynamic calculations are employed to explore the effect of various of 
intermolecular electrostatic interactions upon chromophore order, lattice dimensionality, and viscoelasticity in 
electrically-poled organic second order nonlinear optical materials.  The following classes of organic 
macromolecular materials are considered: (1) Chromophore-polymer composites, (2) chromophores covalently 
incorporated into polymers and dendrimers, (3) chromophores incorporating additional dipolar or quadrupolar 
interactions that enhance poling efficiency, and (4) binary chromophore materials.  For chromophore-polymer 
composites, the competition of chromophore-chromophore dipolar interactions and nuclear repulsive (steric) 
interactions define poling-induced acentric order.  For covalently incorporated chromophores, covalent bond 
potentials also influence poling-induced order.  These first two classes of materials basically behave as Langevin (3-
D) lattice materials.  Dipolar (e.g., coumarin) and quadrupolar (arene-perfluoroarene) interactions act to influence 
lattice dimensionality and thus enhance poling efficiency (the ratio of electro-optic activity to electric poling field 
strength).  The long-range molecular cooperativity associated with these interactions influences viscoelastic 
properties critical to material processing and integration into silicon photonic, plasmonic, and metamaterial devices.  
The interaction between different chromophore species in binary chromophore materials also enhances poling 
efficiency.  Polarized laser radiation applied to certain binary chromophore materials can also be used to enhance 
poling efficiency through control of lattice dimensionality.  Poling efficiency approaching 5 (nm/V)2 has been 
achieved for these latter two classes of materials.  Improvement in poling efficiency and control of material viscosity 
is particular important for integration of organic materials into complex device structures. 

Keywords: Organic electro-optic materials and devices, intermolecular electrostatic interactions, order parameters 
and lattice dimensionality, Monte Carlo and molecular dynamics simulation, sub-wavelength photonic circuitry 
 

1. INTRODUCTION  
Because of the low dielectric breakdown threshold of silicon and relative conductivity issues of various materials, 
poling efficiency is a critical issue for the integration of organic electro-optic (OEO) materials into sub-wavelength 
devices.  Frequently, poling voltages for organic OEO materials integrated into silicon photonics are limited to 60 
volts/micron or less.  Thus, although sub-1 volt operation has been demonstrated for a number of hybrid devices, the 
electro-optic activity in such devices is often less than 50 picometers/volt (pm/V) even though the same OEO 
materials yield electro-optic (EO) coefficients of several hundred pm/V when poled as thin films [1-26].  Low drive 
voltages can largely be attributed to reduced electrode spacings and/or morphological resonance effects associated 
with ring microresonator architectures [1-21].  Slow wave structures based on photonic crystal architectures have 
yielded effective electro-optic coefficients of 735 pm/V [9,10] and more recently in unpublished work to values as 
high 1000 pm/V [20].  The performance of hybrid OEO/silicon photonic (including photonic crystal waveguide) 
devices has clearly been impressive in terms of low drive voltage (power consumption), bandwidth, and reduced 
device size providing real impetus for pursuing chipscale integration of electronics and photonics [1-21].  The 
limitation on the voltage that can be used for introduction of acentric chromophore order and EO activity by electric 
field poling places increased emphasis on development of materials exhibiting improved poling efficiency (the ratio 
of electro-optic activity to poling field strength).  For example, a materials exhibiting a poling efficiency of 5.0 
(nm/V)2 would permit an EO activity of 250 pm/V to be realized.  Such a value is particularly important for highly  
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compact device structures with effective electric field/photon interaction lengths of less than 1 cm (to device lengths 
as short as 0.3 mm [1-21]).  Of course, other properties such as optical loss and processability are important 
considerations and these will also be influenced by intermolecular interactions. 

 

2.  CHROMPHORE-POLYMER COMPOSITES 
Chromophore-polymer composite OEO materials continue to be popular for prototype device demonstrations 
because of the ready availability of commercial host polymers (polymethylmethacrylate, polycarbonate, polyimide, 
etc.) and the obvious potential for low cost final materials [22-26].  Chromophores in such materials exhibit very 
little interactions with the host polymer and behave as if they are diffusing in a 3-D lattice at the poling (glass 
transition) temperature [22-26].  This observation is consistent with fully-atomistic statistical mechanical 
calculations [27-30].  Chromophore-chromophore dipolar interactions are problematic for composite materials 
leading to a maximum in the plot of electro-optic activity versus chromophore number density.  Fortunately, there 
are two components to the chromophore-chromophore dipolar interaction potential—one which favors 
centrosymmetric (centric) organization and one which favors noncentrosymmetric (acentric) assembly.  The relative 
contributions of these two components will depend on chromophore shape (nuclear repulsive interactions that define 
chromophore close approach) [31-38]. 

Chromophore-polymer composite materials are also attractive from a theoretical standpoint.  Conjugated π-electron 
interactions of second order nonlinear optical chromophores inhibit internal flexibility facilitating the treatment of 
chromophores by coarse-grained (United Atom Approximation) methods [33].  Only sigma-bonded segments of the 
materials need to be treated by fully atomistic methods.  General van der Waals interactions act to collapse 
component materials into a close packed lattice but poling-induced acentric order will be defined by the competition 
of chromophore-chromophore dipolar interactions and nuclear repulsive (steric) interactions.  Thus, chromophore 
shape will be the critical design parameter [34].  Chromophores of spherical shape will yield optimum electro-optic 
activity [35,36].  Chromophore dipole moment and molecular hyperpolarizability are determined by the conjugated 
π-electron core of the chromophore while nuclear repulsive interactions will be defined by all components of the 
chromophore, i.e., by chromophore shape.  There are four logical chromophore attachment points to which moieties 
can be added to influence effective chromophore shape and organization under the action of a poling field:  The 
donor and acceptor ends of the chromophore and the front and back positions of the π-electron bridge.  An example 
of donor and bridge attachment points is given in Fig. 1. 

 

Figure 1.  Modification of an isophorone-protected polyene bridge with moieties to inhibit chromophore-chromophore side-
by-side close approach is shown.  The donor end and bridge are also modified with coumarins to influence long-range 
cooperativity and lattice dimensionality.  Other modifications will be discussed later.        

Modification of chromophore bridges with aromatic moieties (such as shown in Fig. 1) is more effective than 
modification with flexible chain moieties because the rigid aromatic moieties are oriented orthogonal with respect to 
each other and the flexible chain moieties can wrap along the chromophore providing less effective inhibition of 
chromophore close approach.  The best outcome that can be anticipated for chromophore shape modification of 
simple chromophore-polymer composite materials is that independent-particle-like behavior can be extended to 
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higher chromophore concentrations.  Without chromophore modification, chromophore number density must be 
limited to approximately 20% loading (number densities on the order of 2 x 1020 chromophores/cm3).  With 
modification, chromophore number densities can be increased significantly, e.g., to values greater than 50% loading.  
In addition to improving the maximum electro-optic activity (through achieving the maximum product of 
chromophore number density and acentric order parameter) such chromophore modification is useful for inhibiting 
chromophore-chromophore excitonic interactions.  Such excitionic interactions are frequently problematic for their 
contribution to optical loss. 

While chromophore-polymer composite materials represent the materials that can be most simply and quantitatively 
simulated by coarse-grained statistical mechanical methods and although they are attractive from the standpoint of 
ready availability and low coast, there are some disadvantages associated with such materials.  These include phase 
separation of chromophore and host polymer during various stages of processing and with increasing chromophore 
concentration.  The latter problem is manifest in spectral line broadening and solvatochromic shifts with increasing 
chromophore concentration. 

 

2. CHROMPHORES COVALENTLY INCORPORATED INTO POLYMERS AND 
DENDRIMERS 

The initial motivation for covalently incorporating chromophores into polymers and dendrimers was to avoid phase 
separation associated with composite materials.  Covalent coupling permits chromophore loading to be increased 
significantly while avoiding phase separation.  For such materials, chromophore-chromophore dipolar interactions 
and nuclear repulsive interactions continue to be important considerations.  To these must be added a consideration 
of the impact of covalent bond potentials upon poling-induced order [37,38].  Normally, somewhat flexible linkers 
are used to connect second order nonlinear optical chromophores to polymer and dendrimer macromolecular 
materials [38].  These must be treated by atomistic Monte Carlo or molecular dynamics approaches while aromatic 
and polyene moieties can be treated in the United Atom Approximation (by coarse-graining) [38].  If flexible chains 
coupling chromophores to polymers are too long, then results approach those observed for chromophore-polymer 
composite materials.  Covalent bond potentials can contribute to the inhibition centrosymmetric organization and 
lead to poling efficiencies in the range of 1-2 (nm/V)2 [38] while chromophore-polymer composite materials 
typically are limited to values of 1 (nm/V)2 or less.  As with chromophore-polymer composite materials, quantitative 
simulation of electro-optic activity (poling efficiency and the variation of poling efficiency with chromophore 
number density) is achieved for chromophores covalently incorporated into dendrimers and polymers [38,39].  This 
is not surprising as these are very strong interactions and best quantitative simulation is obtained for systems 
characterized by the competition of a small number of strong interactions.  As the complexity of material systems 
increases not only does realization of quantitative simulation become more elusive but also the cost of simulation 
increases. 
 
As with chromophore-polymer composite materials, materials containing covalently incorporated chromophores 
behave as Langevin (3-D) lattice materials, i.e., there is no dimensional restriction of chromophore reorientation 
associated with intermolecular electrostatic interactions. 
 
 

4.  MATRIX INTERACTIONS THAT ENHANCE POLING EFFICIENCY 
 
Statistical mechanical calculations demonstrate that as the rotational freedom (dimensionality) of chromophores is 
reduced, electric field poling-induced acentric order is enhanced for a given poling field strength [40-43].  This is 
illustrated in Fig. 2.  Such an improvement in acentric order by simply reducing the dimensionality of the lattice 
surrounding chromophores is very attractive because it does not involve any change in chromophore electronic 
(photonic) properties or in chromophore number density.  Thus, optical loss is typically not impacted.  In order to 
reduce lattice dimensionality, spatially-anisotropic interactions that produce long range cooperativity must be 
introduced into materials.  Lattice dimensionality reduction has been demonstrated by the introduction of dipolar 
(e.g., coumarin moieties—see Fig. 1) or quadrupolar interactions (e.g., arene-perfluoroarene moieties) [41].  These 
interactions also influence molecular dynamics, e.g., viscoelasticity [41-49]. 
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Figure  2.  The dependence on lattice dimensionality of the plot of poling-induced acentric order, <cos3θ>, versus 
normalized poling energy, f, is shown.  μ is the chromophore dipole moment, F is the poling field felt by the 
chromophore, k is the Boltzmann constant, and T is the Kelvin poling temperature.  The shaded region illustrates the 
most commonly utilized poling field strengths.  Reproduced from reference [42] with permission. 

 
Organic electro-optic materials are ideal for investigating the effect of lattice dimensionality on poling-induced 
acentric order in that lattice dimensionality can be experimentally defined by measuring the ratio of acentric to 
centric order parameters [42].  Centric order parameters can be measured by variable angle polarization reference 
absorption spectroscopy (VAPRAS) [50] and by variable angle spectroscopic ellipsometry (VASE) [51,52].  VASE 
has the additional advantage of permitting (in some cases) of defining the relative orientation of chromophores and 
lattice defining moieties such as coumarins [41-43].  Acentric order parameters can be determined from 
measurements of electro-optic activity by techniques such as attenuated total reflection (ATR) [22].  Statistical 
mechanical calculations yield all order parameters and thus theoretical and experimental data can be compared with 
confidence. 
 
The effect of introduced dipolar and quadrupolar interactions on lattice dynamics can be measured by techniques 
such as shear modulation force microscopy (SM-FM) [53], intrinsic friction analysis (IFA) [54], and dielectric 
relaxation spectroscopy (DRS) [45].  These measurements permit definition of the thermodynamic parameters (free 
energy, enthalpy, and entropy) associated with various phases of matter including phases characterized by reduced 
lattice dimensionality.  The combination of IFA and DRS data permits definition of the length scale of molecular 
cooperativity [45].  Theoretical simulation of molecular dynamics is more challenging than the simulation of 
equilibrium properties but phase transitions can be predicted in some cases. 
 
Moieties that impact molecular cooperativity and lattice dimensionality can be positioned at the donor and acceptor 
ends of chromophores and at the front and back positions of chromophores—the same positions at which 
modification is carried out for steric control.  Exploiting selectively incorporated dipolar and quadrupolar 
interactions for control of lattice dimensionality as a design paradigm for improving poling efficiency and auxiliary 
properties is challenging.  Active moieties, such as coumarins and arenes, can interact with chromophores as well as 
with each other and the results will depend upon the positioning and the length of flexible chain connectors.  
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Computational difficulty increases substantially and modification of traditional Monte Carlo/molecular dynamics 
methods is required to prevent calculations from failing to converge to equilibrium lattices [40].  The potential for 
moieties to interact with chromophores emphasizes the need to effectively utilize control of chromophore shape to 
influence chromophore organization under the action of an electric poling field.  While statistical mechanical 
computations have reproduced the critical observations of the coumarin-modified materials, computational costs 
have prevented extensive exploration of structures that would lead to improved poling efficiency. 
 
To the present, coumarin modification of chromophores (C1 and C1-CLD [41-43,55]) has lead to lattices 
characterized by dimensionalities ranging from 1.8 to 2.5 with corresponding molecular cooperativity lengths 
ranging from tens to hundreds of nanometers.   Poling efficiencies have been increased by factors of 2-3 leading to 
electro-optic activity in thin films of several hundred pm/V. 
 
 

5.  BINARY CHROMOPHORE MATERIALS AND LASER-ASSISTED POLING 
A material consisting of a guest chromophore incorporated into a chromophore-containing host is also an example 
of a material where lattice dimensionality can be exploited to improve poling efficiency [22,37,55-57].  Both guest 
and host chromophores interact with the poling field reducing their order from 3-D to a lower dimensionality.  Both 
guest and host chromophores interact through their dipole moments and experience an overall reduction in 
dimensionality [22,37,55,57].  This effect leads to improvement in poling efficiency as illustrated in Fig. 3. 
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Figure 3.  (Left) The variation of poling efficiency versus guest chromophore number density is shown for a CLD-type 
chromophore (YLD-124) dissolved in amorphous polycarbonate (APC) to form a composite and incorporated into two 
binary chromophore materials (into a chromophore-containing dendrimer, PAS41, and into the disperse red chromophore 
covalently incorporated into polymethylmethacrylate, PMMA).  (Right)  The variation of optical spectra with guest 
chromophore concentration and the structure of the DR1-co-PMMA chromophore host are shown. 

Binary chromophore intermolecular electrostatic interactions lead to factors of 2-3 improvements in poling-
efficiency and to poling efficiencies approaching 4 (or even larger at the highest chromophore number densities).  
This improvement in poling efficiency reflects an increase in chromophore number density that can be effectively 
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exploited (see Fig. 3 left) as well as an increase in acentric order.  The right hand side of Fig. 3 illustrates another 
interesting feature of binary chromophore composites.  Unlike conventional chromophore-polymer composite 
materials, no solvatochromic shifts or spectral line broadening are observed in the linear optical spectra as a function 
of increasing guest chromophore concentration.  This is not surprising because of the favorable enthalpy and entropy 
of mixing associated with dissolving a polar guest chromophore into a dipolar host in contrast to dissolving the guest 
chromophore into a non-polar host as is the case with conventional composites.  The high concentration of 
chromophores in binary chromophore glasses can contribute to optical loss through absorption loss unless care is 
exercised.  It is, in general, important to keep total (absorption + scattering) propagation loss to values of less than 2 
dB/cm.  Of course, the maximum propagation loss that can be tolerated will depend on device length and 
application.  It should also be kept in mind that hybrid device technologies involving silicon photonics, plasmonics 
(metal optics), and metamaterial architectures have loss issues that are as important as chromophore absorption and 
scattering loss issues. 
 
Chromophore materials discussed in the preceding section (those incorporating non-chromophore dipolar and 
quadrupolar interactions) can also be used as hosts for development of binary chromophore materials.  In general, an 
improvement in poling efficiency is observed but the results can vary widely in terms of the magnitude.  Poling 
efficiencies of 5 have been observed. 
 
Binary chromophore materials are also of interest from the standpoint that, in some cases, lattice dimensionality can 
also be influenced by laser-assisted electric field poling, i.e., irradiating the material with polarized laser radiation 
while applying an electric poling field [57,58].  DR1-co-PMMA is known to respond to polarized radiation with the 
DR1 chromophore undergoing rapid trans-cis-trans isomerization leading to rotation of the chromophores into a 
plane (i.e., to an orientation where the transition moment is zero).  Use of 532 nm polarized laser radiation leads to 
factors of 2-4 improvement in poling efficiency.  Unfortunately, due to photo-generation of charge carriers, the 
maximum electric poling field strength that can be utilized is reduced so that the full impact of lattice dimensionality 
control cannot to exploited.  Polarized laser radiation can also be used to effect spatially-selective melting of 
materials where the material glass transition temperature is lower than the material decomposition temperature [59].  
In some cases, acentric order can be improved to unity by this approach. 
 
 

6.  AUXILARY PROPERTIES 
 
Auxiliary properties such as processability, stability (thermal and photochemical), and optical loss are important and 
are strongly influenced by intermolecular electrostatic interactions.  As already, noted introduction of dipolar and 
quadrupolar interactions can be used to tune viscoelasticity and phase transition temperatures.  These properties are 
obviously critical to processability, including for the integration of OEO materials with disparate materials and 
incorporation into waveguide architectures characterized by nanometer dimensions.  The material glass transition 
temperature will influence the thermal and photochemical stability of poling-induced acentric order (and electro-
optic activity).  Thermal and photochemical stability can also been significantly improved by post-poling 
crosslinking (lattice hardening).  Lattice hardening is currently most frequently effected exploiting Diels-
Alder/Retro-Diels-Alder chemistry [22,60-63].  Final glass transition temperatures of 200°C or greater are routinely 
achieved with this approach.  Coumarin moieties introduced to influence lattice dimensionality can also be photo-
crosslinked to increase lattice hardness. 
 
Tailoring of the lattices that surround chromophores can also be used to influence material index of refraction and 
dielectric properties as well as the above-mentioned properties.  Control of dielectric properties can be extremely 
important for sensor applications and for realization of ultrahigh bandwidth operation.  Dielectric permittivity also 
affects molecular first hyperpolarizability [64].  Index of refraction control can be important for optical confinement 
in waveguides.  For example, integration with silicon nitride waveguide structures may require OEO materials with 
lower index of refraction than for integration with silicon waveguides.  Typically, the acentric order of electrically-
poled OEO materials is low, so little birefringence exists.  Low acentric order is also evident from the fact that the 
ratio of electro-optic coefficients (r33/r13) is often close to 3.  As order is increase birefringence will correspondingly 
increase and the r33/r13 ratio will increase in a nonlinear manner. 
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For chromophores such as shown in Fig. 1, the most serious contribution to optical loss typically arises from 
interband electronic absorption.  It is important to keep the absorption maximum of this transition significantly 
below 1 micron.  The interband charge-transfer transition will be influenced by the dielectric environment that 
surrounds the chromophore.   It is important to keep that environment as homogeneous as possible and in particular 
to avoid excitonic contributions to absorption loss.  In this regard, modification of chromophores to inhibit close 
approach leading to orbital-orbital interactions is important.  Modification of the donor and acceptor ends of the 
chromophores and of the 2 and 5 positions of the isophorone-protected bridge (see Fig. 1) with bulky substituents is 
frequently necessary to achieve this.  Ideally, it is desirable to have the absorption spectrum of the thin film 
chromophore-containing material to approach that of the chromophore solved in a solvent of comparable dielectric 
constant.  This observation also holds for third order nonlinear optical materials used for all-optical signal 
processing and indeed chromophore modification similar to that described here is now being pursued in the 
development of optimized third order materials.  If optical loss at 1.55 microns associated with electronic transitions 
is reduced to insignificant contributions (e.g., as observed for materials based on the DR1 chromophore), then 
absorption loss will be defined by overtone vibrations associated with hydrogen.  Such contributions are most 
problematic for chromophore-polymer composite materials since proton densities are typically higher in traditional 
commercial polymers than for chromophores.  Proton densities can be reduced by replacement of protons with 
fluorine or by carbon-carbon bonds as in dendrimer structures.  Proton densities are also lower in aromatic than in 
aliphatic organic moieties.  In some cases, optical loss can be reduced to values as low as 0.2 dB/cm comparable to 
the loss observed for lithium niobate.  Scattering losses are typically low when phase separation and material 
damage is avoided in processing.  If material homogeneity and processability together with poling efficiency is 
effectively controlled through control of intermolecular electrostatic interactions, then modifications of structure can 
be effected to reduce and control optical loss. 

 

7.  MATERIAL PROCESSING 

Organic electro-optic materials have been prepared by (1) crystal growth, (2) sequential synthesis-self assembly 
multi-step methods, and (3) electric field poling [55].  Intermolecular electrostatic interactions are critical for each of 
these approaches.  Strong intermolecular interactions (ionic or strong dipolar interactions such as hydrogen bonding) 
are typically required for crystal growth.  These interactions frequently elevate material glass transition temperatures 
above material decomposition temperatures resulting in the loss of melt processability.  Strong interactions (ionic, 
hydrogen bonding, or even covalent coupling) are typically used to promote acentric order in materials prepared by 
sequential synthesis-self assembly (Langmuir-Blodgett and Merrifield) methods.  Again, material glass transition 
temperatures are typically elevated above material decomposition temperatures.  OEO materials prepared by crystal 
growth and sequential synthesis-self assembly methods exhibit excellent thermal and photochemical stability due to 
dense, hard lattices resulting from strong intermolecular interactions. 

With incorporation of dipolar and quadrupolar interactions that promote acentric self-assembly (i.e., that assist the 
electric poling field), electric field poling methods are approaching those of crystal growth and sequential synthesis-
self assembly.  This is very important for circumventing the inherent limit on poling-induced acentric order that 
applies for Langevin (3-D) independent particle lattices.  Use of interactions that promote self-assembly has the 
potential of permitting the realization of electro-optic coefficients exceeding 1000 pm/V.  Current efforts have 
focused on the utilization of coumarin and arene-perfluoroarene interactions but stronger interactions (e.g., hydrogen 
bonding and even ionic interactions) may be appropriate.  Ideally, the interaction should be as strong as possible 
while avoiding elevation of material glass transitions above material decomposition temperatures.  Melt 
processability is a significant processing advantage and can be used to anneal out micordomain structures that may 
form with spin casting and rapid self-assembly. 

The direction of the principle axis of the electro-optic tensor in OEO materials prepared by electric field poling is 
influenced by the direction of the applied poling field as well as the details of self-assembly and surface forces while 
only these latter two effects define tensor orientation for materials prepared by crystal growth and by sequential 
synthesis.  The control afforded by the poling field can be important for utilization of the principle element (r33) in 
various device architectures. 

Whatever the processing option pursued, it is clear that greater use of theory needs to be exercised.  Chromophore 
shape and covalent bond potentials, as well as strong intermolecular electrostatic interactions that drive acentric 
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assembly, are important for crystal growth and sequential synthesis methods as well as for electric field poling.  
Recent advantages in statistical mechanical methods that speed up simulations and avoid materials locking up in 
configurations far from equilibrium are important for increased utilization of theoretical modeling. 

 

7.  CHROMOPHORE HYPERPOLARIZABILITY 

A significant advance in development of improved OEO materials occurred with the introduction of the 
tricyanovinylfuran (TCVF) acceptor of Fig. 1 [22].  This acceptor permitted important increases in both molecular 
first hyperpolarizability and stability.  Chromophores with even greater molecular first hyperpolarizability than the 
CLD-type chromophore of Fig. 1 have been suggested and indeed even some experimental evidence has been 
presented to support this contention [65].  Unfortunately, these materials have yet to be translated to prototype 
device demonstrations.  Nevertheless, there are a number of simple modifications to chromophore structures that are 
likely to lead to improved molecular first hyperpolarizability and ultimately to improved electro-optic activity.  For 
example, simple replacement of cyano (-CN) groups with –S(=O)2R groups is theoretically predicted to lead to 
improvement in molecular hyperpolarizability.  This type of modification also facilitates modification of the 
chromophore with additional moieties at the acceptor end (i.e., modification of the R group). 

Chromophores are normally designed for a given optical nonlinear-optical transparency tradeoff.  Chromophores 
such as illustrated in Fig. 1 are designed for operational wavelengths near 1.55 microns.  Interest occasionally arises 
for applications at shorter wavelengths.  Chromophores appropriate for such applications typically require 
chromophores with short π-electron bridges.  Note that different classes of chromophores can exhibit quite different 
behavior for the optical nonlinearity-optical transparency tradeoff as a function of wavelength so that a class of 
chromophores that is optimum for longer wavelength applications may very well not be optimum for shorter 
wavelengths.  Note also that optical loss issues change significantly with wavelength, e.g., loss from vibrational 
overtone absorption becomes insignificant at wavelengths less than 1 micron and scattering loss exhibits a well-
known dependence on wavelength.  It is, in general, important to prevent exitonic absorption associate with π−π 
orbital interactions between chromophores at close approach.  Modification of chromophore shape is important for 
sterically-controlling chromophore close approach and such orbital-orbital interactions.  In most cases, control of 
chromophore shape can be achieved with little influence on chromophore hyperpolarizability. 

 

8.  CONCLUSIONS 

Incorporation of dipolar and quadrupolar moieties to control self assembly and lattice dimensionality has become an 
important route to improving the performance of organic electro-optic materials.  Theoretical consideration of such 
interactions is computationally challenging but when coupled with consideration of chromophore-chromophore 
dipolar interactions and steric (nuclear repulsive) interactions, leads to improved understanding of the design criteria 
needed to optimize poling efficiency and electro-optic activity.  Specifically-incorporated intermolecular 
electrostatic interactions also influence material processability, stability, and optical loss. 

Integration of organic electro-optic materials into silicon photonic, plasmonic, and metamaterial device architectures 
affords many advantages including exploitation of sub-wavelength photonics and dramatic reduction in the 
dimensions of active photonic devices.  However, maximum poling voltages that can be employed with such device 
structures are often less than those used with simple thin film devices.  Thus, improvement in poling efficiency and 
auxiliary properties by control of intermolecular electrostatic interactions is very important for OEO hybrid device 
technology development. 

Further optimization in the electro-optic activity of organic materials is likely to be realized.  Indeed, factors of 5-8 
improvement are not out of the question.  Such improvements may be used to effect reduction in drive voltages and 
power consumption but they may also be used to facilitate shorter device lengths.  Device lengths of some active 
devices are already on the order of 1 mm or even less.  Spatial light modulation and terahertz generation and 
detection applications may also benefit from improved poling efficiencies associated with control of intermolecular 
electrostatic interactions. 
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