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An overview of the development and utilization of organic electro-optic materials is presented with
emphasis on the role played by quantum and statistical mechanical calculations in understanding
critical structure/function relationships that have guided the improvement of such materials over the
past two decades. This review concentrates largely on three classes of organic electro-optic materials
prepared by electric field poling of materials near their glass transition temperature: (1) chromophore/
polymer composite materials, (2) dendrimers and polymers containing covalently incorporated
chromophores, and (3) matrix-assisted-poling (MAP) materials where specific spatially anisotropic
interactions enhance poling efficiency. In particular, the role of chromophore shape, restrictions on
chromophore motion associated with covalent bonds, and lattice dimensionality effects are reviewed.
The role of device design and auxiliary properties (optical loss, thermal stability, photochemical
stability, processability) in influencing the utilization of organic electro-optic materials is also

briefly reviewed.

Introduction

Organic nonlinear optical (ONLO) materials have
always afforded the possibility of ultrafast response to
time-dependent applied electric fields. The phase relaxa-
tion times of extended conjugation sr-electron systems are
typically on the order of tens of femtoseconds,' which
translate to the possibility of device bandwidths of tens of
terahertz.>* The potential for increased bandwidth per-
formance was a strong motivation for early (late 1980s
and early 1990s) research efforts. This motivation dimin-
ished in the 1990s with the introduction of wavelength
division multiplexing (WDM) and code division multi-
plexing (CDM) techniques, which have significantly re-
duced bandwidth demands placed on direct time division
multiplexing (TDM). However, bandwidth demands of
telecommunications and computing have continued to
grow and particularly with increased demand for high-
density video information, e.g., video conferencing, com-
bined delivery of television and Internet services, defense
demands for real time sensing and imaging, etc.

Another strong motivation for research on ONLO
materials is the potential for exceptionally large optical
nonlinearities, specifically for optical nonlinearities ex-
ceeding those of inorganic semiconductor and crystalline
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materials. Seemingly endless possibilities exist for struc-
tural modification of organic materials to increase optical
nonlinearity, providing a strong motivation for the design
and synthesis of new materials. The focus of this review is
to cover theoretical methods that have contributed to the
improvement of the optical nonlinearity of organic electro-
optic materials through definition of important structure/
function relationships. We review past efforts as well as
provide insights into how much organic electro-optic activ-
ity can be improved in the future.

Response time and optical nonlinearity are not the only
performance parameters required of organic materials to
be successful in device applications. Optical loss, ther-
mal stability, and photostability are all very important.
Although these issues are a minor focus in this review,
substantial progress has been made in improving these
performance parameters. This research has been covered
in other reviews (and references cited therein including to
even earlier reviews).*”'* Another factor which has re-
cently impacted the commercial viability of ONLO ma-
terials is the advance in device engineering, particularly
the advent of silicon photonics.'®'%'°72 The high index
of refraction of silicon has permitted a dramatic reduction
in the size of photonic circuitry. As a result, this circuitry
is more size compatible with very large scale integration
(VLSI) electronic circuitry in chipscale integration of
photonics and electronics. More recently, the integration
of organic electro-optic (OEQO) materials into slots (as small
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as 25 nm) in silicon photonic waveguides has permitted
dramatic enhancement of the performance of organic
electro-optic materials through concentration of optical
fields and reduction of electrode separation (used to apply
radiofrequency fields). For example, drive voltages re-
quired for transducing electrical and optical information
and for optical switching have been reduced to 0.25 V using
slotted silicon device structures even with organic electro-
optic materials of modest activity.'” In traditional (all
organic) device structures, OEO materials exhibiting an
order of magnitude greater electro-optic activity are re-
quired to achieve similar drive voltages.'®?' An even great-
er enhancement in the performance of OEO materials may
be possible with slotted waveguide device structures where
both radiofrequency and optical fields are enhanced by
concentration into a nanoscopic slot.”> While organic electro-
optic materials have not been significantly studied as
components of plasmonic device structures, plasmonic
devices are beginning to show promising performance
when fabricated from inorganic materials; use of organic
electro-optic materials seems to be a logical extension.

This review concentrates on ONLO materials prepared
by electric field poling of thin film materials (which have
been deposited on appropriate substrates by spin-casting)
near the glass-transition temperature of the macromolec-
ular material. We will concentrate on dipolar electro-
optic chromophores, although octupolar chromophores
have also been studied (see the Conclusions and Future
Prospects section). ONLO materials can also be prepared
by crystal growth and by sequential synthesis/self-assembly
methods (see the Conclusions and Future Prospects section),
but these will not be reviewed here.

Before launching into a more detailed discussion of
theory and experimental results, we will first introduce
some basic concepts and terminology that will make the
subsequent discussion and cited literature more compre-
hensible. Electrically-poled dipolar or charge-transfer
chromophores exhibit two nonzero electro-optic tensor
elements (r33 and r;3) with values expressed in picometers
(pm) per volt (V), i.e., the phase shift of light produced
by application of a given voltage. Typically, r33 = 3r;3,
with the exact value depending on the extent of acentric
order induced by the electric poling field. In the low order
limit (and neglecting the minor elements of the molecular
first hyperpolarizability tensor), r33 = 3ry3. Because r33 is
the largest value, device engineers typically attempt to
utilize this value. This principal element of the electro-
optic tensor represents macroscopic (material) electro-
optic (EO) activity and is approximately related to the
molecular first hyperpolarizability of the organic electro-
optic (OEQO) chromophore by the following expression

r = 2NB...(w, £)(cos’ 9){““’?} (1)

Ny
where N is the chromophore number density (chromo-
phores per cubic centimeter), f5...(w,e) is the principal ele-
ment of chromophore (molecular) first hyperpolarizability
tensor, (cos® 0) is the acentric (or noncentrosymmetric) order
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parameter, g(w) is a local field term representing the medium
of finite dielectric permittivity, and n,, is the index of refrac-
tion at the optical frequency of interest.

In early research, each of these parameters was assumed
to be independent of the others. With this assumption,
optimizing electro-optic activity, r33, was considered a prob-
lem of using quantum mechanics to optimize  and using
statistical mechanics to optimize (cos® 6). For example, in
the limiting case of noninteracting chromophores, acentric
order is easily shown to be approximately given by

(cos’ 6) = L (ﬂg((])c); (0)) %ﬂg(;)g © 5

where L is the Langevin function, # is the chromophore
dipole moment, F(0) is the applied (dc) poling field, g(0) is
the dclocal field factor, k is the Boltzmann constant and 7'is
the Kelvin poling temperature. This simple form assumes
that the chromophore can undergo reorientation (rotation)
in three dimensions under the influence of the applied poling
field. However, because of the presence of strong chromo-
phore dipole—dipole interactions, the parameters of (eq 1)
are not independent of each other. There are two compo-
nents to the dipole—dipole interaction; one component
favors centrosymmetric (centric) order, whereas the other
favors noncentrosymmetric (acentric) order. Repulsive (steric)
interactions also influence the movement of chromophores
under the action of the poling field and influence the
relative contributions that the two components of chromo-
phore dipolar interaction make to {cos’ 6).

For chromophore—polymer composite materials, chro-
mophores interact only very weakly with the polymer matrix.
Therefore, consideration of the competition of chromophore
electronic dipolar interactions and nuclear repulsive interac-
tions are sufficient to understand N (cos’ 6), i.e., the loading
parameter: the dependence of acentric order on chromophore
number density.* For chromophores with strong dipolar
interactions (large dipole moments), electro-optic activity is
observed to go through a maximum with increasing chro-
mophore number density. The maximum shifts to lower
number density with increasing chromophore dipole moment
(a 1* dependence is observed).

Chromophores incorporated physically into polymer
hosts to form composite materials are not the only type
of organic electro-optic (OEO) material prepared. For
example, chromophores can be covalently incorporated
into polymer, dendrimer, and dendronized polymer
materials.>>~?® For these materials, the restrictions on
chromophore motion associated with covalent bond po-
tentials must be taken into account in order to understand
poling-induced acentric order. Chromophores in most
chromophore/polymer composite materials and in most
macromolecular materials containing covalently incor-
porated chromophores undergo approximately 3D mo-
tion in the presence of the poling field. More specifically,
effective 3D motion can occur because the chromophore
molecules are undergoing reorientation independent of
the surrounding polymer (macromolecular) host. Effective
3D motion can also result in the case where chromophore
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motion is tightly coupled to the motion of the surrounding
macromolecular (polymer/dendrimer) host if the correla-
tion (persistence) length for motion of that host is short, so
that both guest and host reorient together.

Recently, a third class of OEO materials has been intro-
duced: matrix-assisted-poling (M AP) materials, where
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Figure 1. Acentric order is shown as a function of normalized poling
energy, ' = % where u is the dipole moment, F(O) is the applied
poling field, g(0) is the Onsager local field factor, k is the Boltzmann
constant, and 7'is the Kelvin poling temperature. For the material systems
discussed herein, the plots in the low field limit range (highlighted) are the
most relevant.
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specific spatially anisotropic interactions enhance poling
efficiency. For these materials, the effective lattice dimen-
sionality surrounding the EO chromophore is less than
3D; thus, restricting the motion of the chromophore in
the presence of the poling field. As shown in Figure 1,
reducing lattice symmetry can enhance acentric order and
thus electro-optic activity.

The phenomenon of matrix assisted poling arises in
materials where specific spatially anisotropic intermolec-
ular interactions introduce a finite correlation length for
“lattice” reorganization. Various restrictions imposed on
EO chromophores loosely categorize the lattice dimen-
sionality into three trends of order: (1) a molecule that
exhibits “3D” type order has little to no dimensional
restriction imposed upon it; (2) a molecule that exhibits
“2D” order is restricted to orientation within a plane; and
(3) amolecule with “1D” order can only point up or down
along its internal unique axis. Specific MAP interactions
include coumarin-coumarin interactions,”**° arene-per-
fluoroarene interactions,'®**?*! and optically poled host
materials (e.g., the DR1-co-PMMA host)*? (see Figure 2
for examples of each of these). Binary chromophore or-
ganic glasses (BCOGs)'%!%132%33 consisting of a chromo-
phore guest doped into a chromophore-containing host
also represent an example of MAP materials.

In this review, we will focus largely on MAP materials
including how dimensionality is measured and the effect
of dimensionality on electro-optic activity. Furthermore,
we will explain in detail how lattice dimensionality can be
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Figure 2. Matrix-assisted poling (MAP) materials (left). Other materials discussed in this review (right).



Review

defined by measuring the relation between the acentric
order parameter (cos’) and the centrosymmetric order
parameter, (P,), which is related to the second order
parameter with respect to the poling axis through

3{cos> 0) — 1

5 3)

(Py) =
Statistical mechanics calculations and dimensionality
concepts illustrate how electro-optic activity can be opti-
mized by controlling chromophore shape and the lattice
environment that surrounds the chromophore. Quantum
mechanical calculations are also required for optimiza-
tion of chromophore hyperpolarizability f3.... We briefly
review various quantum mechanical approaches and in
particular, we will consider the effect of optical frequency
(w) and dielectric permittivity (¢) on molecular first
hyperpolarizability. Taken together, both quantum and
statistical mechanics permit a quantitative understanding
of the contribution of the variables on the right side of
(eq 1) to macroscopic electro-optic activity.

After providing an overview of quantum and statistical
mechanical methods, we will conclude this review by
mentioning characterization methodologies that have
facilitated testing of theoretical concepts. Finally, we will
conclude with a brief discussion of other considerations,
which have impacted the practical use and commerciali-
zation of organic electro-optic materials.

Quantum Mechanics and Molecular Hyperpolarizability

Phenomenology. The interaction between matter and
electromagnetic fields is described at the macroscopic
level by Maxwell’s equations.>* For our purposes, only
one constitutive equation is required: D = &eF, where the
electric displacement D is proportional to the applied field
F, with the response being determined by the material
dielectric constant e. The polarization, P = D — &F, of
the material is the increment of D above the vacuum field,
and the electric susceptibility y is defined by P = gyyF.
For a nonlinear material y = 3" + y@F + y 9P+ |
where 7" is the polarizability, '* is the hyperpolariz-
ability, ' is the second-order hyperpolarizability, etc.

In general, materials are more complex than these
simple scalar equations describe. The 3 terms are com-
plex valued tensors and should be treated as response
kernels such that™

t
Py(1) = eo{/ xfj)(t—t’)Fb(z’)
t t )
s [ [ et OROR ) @
The Fourier transform of this equation gives
Py(0) = eo{xf,i)(w)Fh(w)

1
L T

2
(5)
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where the summation convention has been used for
repeated tensor indices. The imaginary parts of the re-
sponse functions are responsible for absorption of radia-
tion. Frequency-dependent quantities are the most useful
for experimental work and are typically calculated with
standard quantum mechanical methods. These methods
ordinarily evaluate the wave functions at a single fre-
quency. “Real-time” methods are being developed to
solve for the wave function in the time domain. This is a
rapidly developing field and several new techniques are
emerging, promising higher levels of accuracy and new
insights.*~* The properties calculated by real-time methods
give a spectrum of frequencies through Fourier transfor-
mation of the time dependence of the molecular wave
functions. Both the standard and real-time methods will
be discussed.

Molecular Quantum Mechanics. The theoretical eva-
luation of the polarization of noncrystalline condensed
phases usually begins with the calculation of the proper-
ties of individual molecules. There are several different
ways that this problem can be approached, but all begin
with the Hamiltonian, H, for a molecule, which is then
augmented or perturbed by an external potential. Typical
external fields for laboratory work on ONLO materials
are usually no larger than about 100 V/um ~2 x 10 *au,
where “au” is the atomic unit of electric field. For practical
applications the fields are much smaller. Furthermore,
wavelengths are generally of order of magnitude 1 um.
This allows us to approximate the perturbation Hamil-
tonian as

N N
H = Ho+ ) ¢V(r) = H— Y qriF
i1 i=1

= Hy—u-F (6)

where ¢; is the charge on the ith particle (electrons and
nuclei) located at r;, u is the dipole moment, and F is the
uniform electric field. This is the long wavelength limit
(dipole approximation), i.e., the field strength is uniform
over molecular dimensions. If the frequency dependence
is required the field must be written as the time-dependent
field F = F(¢) = Fexp(iw?). If several different fields act at
once, then

F = Fexp(ioj) (7)

A molecular system will not react instantaneously to an
oscillating field; therefore, the time evolution (eq 4) must
be used in real-time, time-dependent theory. The approach
to solving the wave equation

Hy = ihay /ot (8)

sets the various methods apart from one another. The

time-independent theory is the easiest to state.
Time-Independent Perturbation Theory. Time-independent

perturbation theory has contributed very important insights
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into the physics of NLO behavior. The Hellmann—Feynman
theorem establishes that

JE/OF = —p (9)

where Eis the energy, i.e., E=(y|H|y). The energy can be
differentiated any number of times to give

oF 1 &E 1 &E
E = E F, F,Fy+————— F,F,F
TR Lt o amer, L TR g ke, L e
1 1
+ e = Eo_ﬂ(,F 2 aabF Fb 3|ﬁub<fFﬂFhFC
1
_i’J/ctb(deanFCFd—i_.“ (10)

From eq 10, it follows that
- 8E/BF = /«ta(F)

_#g+°~ath+ ﬂachbF+ YabeabpFeFa+ -

(11)

The second version of (eq 10) defines electric field coeffi-
cients, polarizability a,,;, hyperpolarizability 3., second
hyperpolarizability y .4, €tc., in the “Taylor series con-
vention.” If the factorials in (eq 11) are absorbed into the
coefficients so that f(Taylor)/2! = f(Perturbation), etc.,
ineq 11, the “perturbation series convention” is used. The
different choices for numerical coefficients have caused
considerable confusion in the literature.***!

Development of the perturbation series (using Rayleigh—
Schrodinger Perturbation Theory, where (¥, /u, ¥ = tys.q)
for the energy gives

e = 2ZEIM{%EO B

3!

Hoe, atteo, b
Z Eor (12)

and

ﬁabc = sym
abce e e

Z/"Oe,a(/"ee/,h _AuOO,béé’e’)‘ue’O,E (13)
(Ee = Eo)(Ee — Eo)

in atomic units. The matrix elements (v, |u,|y,) are the
components of the dipole vector in state r for r = s, and of
the transition moment vector for r # 5. The sym operator
is shorthand for terms arising from permutation of the
tensor indices. The sums in eqs 12 and 13 are over all
excited states of the unperturbed system.

Sum Over States. The perturbation theory equations
provide the framework for computation of NLO proper-
ties by summation over excited states (SOS). This method
has been used successfully by several groups**~** within
the INDO (Intermediate Neglect of Differential Overlap)
method for a number of years to calculate a, 3, and y. The
seminal papers discussing the relationship between the
polarization functions and bond length alternation (BLA)
of merocyanine dyes were based on SOS methods.***

Finite Field Methods. The perturbation of the energy or
charge density of a molecule that is induced by an external
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field is formalized in eqs 10 or 11, respectively. Both nuclei
and electrons move in the presence of an external field,
but it is common practice to hold nuclei fixed when
calculating the changes in dipole moment that are in-
duced by the application of a field.*” The separation of
electronic and nuclear responses to external fields is
essentially an adiabatic approximation. Molecular geo-
metry is sensitive to the solvent reaction field, for exam-
ple, and many calculations have been reported in which
geometries are optimized in the presence of a solvent
reaction field, with subsequent determination of the
electronic response using the solvent-perturbed but static
geometry. It is the fast electronic response that motivates
the development of ONLO materials, which justifies the use
of the adiabatic approximation to capture these phenomena
in calculations. Tripathy, et al. have shown that vibrations
contribute only a few percent to the hyperpolarizability of
DRI1.*® Many quantum codes have implementations for
external fields, enabling the user to specify the orientation
and strength of several different fields as required to extract
numerical derivatives of the energies or dipole vectors to
determine a, 3, v, etc. The user of these codes is faced with a
vast array of options for calculations; choices can be made
among many different methods: Hartree—Fock, density
functional theory (DFT) with many different functionals,
Moller—Plesset perturbation theory, coupled cluster, etc.
With any choice of method, there are scores of different
basis sets that might be considered. Which of these combi-
nations is useful for a given class of problems depends upon
the demands for accuracy and computational cost (usually
determined by the number of electrons in the calculation).
Comparisons between different methods are available.** '

Analytic Derivative Methods. Although the finite field
method is easy to grasp and efficient, analytical methods
for computing the polarization functions have been de-
veloped. These “analytic derivative” methods, in which
derivatives of the Hartree—Fock or Kohn—Sham equa-
tion are developed up to sufficiently high orders, enable
the functions of interest to be evaluated directly at zero
field strength.’>> The algebraically complex equations
that result have been (gratefully) encoded by the devel-
opers so that users interested in developing ONLO molec-
ules do not have to also develop quantum codes. Results
obtained by us using both the finite field and analytic
derivative methods (using the same functional) are found
to be consistent with one another to within expected
numerical accuracy (routinely better than +1% agree-
ment between methods).

To this point, we have discussed three different meth-
ods for evaluating the polarization functions: sum-over-
states, finite field, and analytic derivatives. The method of
choice will largely depend on the accessibility of the com-
puter codes and the type of response function that is needed.
For example, when surveying a list of structures, it may be
sufficient to locate those with the most interesting properties
and use only a few external field settings in a finite field
method. The design of practical chromophores for EO
applications requires that optical absorbances not be lo-
cated too near to telecom frequencies. To assess the impact
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of resonance enhancement in these cases, a frequency calcu-
lation will be useful.

Frequency-Dependent Methods. The evaluation of the
frequency-dependent properties of chromophores re-
quires the use of time-dependent theory, either perturba-
tion theory or analytic derivatives. Suppose that the field
is given by the real form>*

F = Fy+ F,cos(wt) (14)

where F is a static field component and w is the frequency
of the time-dependent part. When combined with eq 11,
this gives (summation convention)

:ua = /ua(w’ FO’ Fw)

= )+ 0 (0; 0) Fop + 0ap (— @; ) Fppeos(wr)

! 1
+ 5 ﬂabc(o; 0, O)FObF()r + Z ﬂab(,(o; -, (U)waFw(
+ Bape(— @30, @) Fop Fyecos(wi)

1
T3 Bape (= 20; 0, 0) Fopp Fopecos(2wt) + - - -

This shows that several different functions can be ex-
tracted from a single frequency dependent calculation. To
clarify, the static and frequency-dependent polarizabilities
are 0,(0;0) and o,,(—w;w), respectively. The second-
order terms are all useful and readily identified by their
associated field components: f,,.(0;—w,w) is pertinent
for optical rectification, f,,.(—w;0,w) is the quantity of
interest for the Pockels effect, and S.(—2w;w,w) is
needed for calculation of hyper-Rayleigh scattering and
second harmonic generation.

Hartree—Fock Theory. The Hartree—Fock (HF) meth-
od was important in the early development of ONLO
molecules. One of the early benchmark calculations on
p-nitroaniline was done with HF*’ (as well as MP2). Our
comparative study49 of HF, INDO, and two different
density functional (DFT) methods showed generally good
agreement between HF and DFT methods for dipole mo-
ments and polarizabilities, but HF typically gives smaller
hyperpolarizabilities than DFT. Larger molecules become
increasingly more expensive to calculate with HF, so the
method is gradually being supplanted by DFT—especially
popular are hybrid methods that mix some exact exchange
from an HF-type calculation with the exchange correla-
tional functional of DFT.

Density Functional Theory (DFT). The development of
DFT methods has enabled relatively high accuracy cal-
culations to be done on quite large molecules. As noted
above, there will be a general increase in the magnitude of
the hyperpolarizability of a homologous series of molecules
as the molecules become larger. The scaling of methods with
the number of electrons is about the same for HF as for
DFT, so there is no reason to prefer DFT on that account.
However, fairly comprehensive studies®° of the energetics
of reactions have shown that DFT with generalized gradi-
ent (GGA) functionals, especially with hybrid methods,
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perform better than HF. It is imprudent to infer that de-
rivatives of the energy (with respect to electric field) will
likewise be computed more accurately than HF on the basis
of this comparison alone. Recent studies’’* have ques-
tioned the reliability of hyperpolarizabilities calculated with
DFT. There are continuing developments in the wave
functions vs electron density controversy, which we simply
note here and leave for others to assess. For routine work,
we prefer to use a hybrid method, as do many practical
computational chemists; hybrid methods compensate for
the opposing shortcomings in both HF and DFT. These
methods seem to give fairly reasonable results, especially
when used in the context of TD-DFT.

Time-Dependent DFT (TD-DFT). The conversion from
time-independent to time-dependent HF theory is rela-
tively straightforward (but remarkably intricate none-
theless) and involves making the MO coefficients time
dependent. For DFT the situation is different, and re-
quires modification of the fundamentals of the Kohn-
Hohenberg derivation. This was done as recently as 1984
by Runge and Gross.*” A very fruitful approach based on
the Runge—Gross theorem, but using the density matrix,
was taken by Furche and Ahlrichs.®®®' These develop-
ments have led to the TD option being available in the
standard DFT and hybrid codes for calculation of excited
state properties, including frequency-dependent proper-
ties. Representative results obtained with the frequency
dependence implemented in Gaussian(09 are contained in
Table 1. These results show the importance of solvent
effects as well as frequency on the hyperpolarizability. It
should be noted that the permutation of tensor elements
that is inherent in the time-independent theory is replaced
by a symmetry that couples frequencies and tensor indices
in the time-dependent formulation. This is generally incon-
sequential for the Pockels effect, where only one tensor
element is of interest, or the hyper-Rayleigh scattering
experiment, where rotational averaging mixes the tensor
components.

Real-Time TD-DFT. The direct integration of the time
dependent Schrodinger or Kohn—Sham equation is now
possible with the high-performance computing power
that has become available within the past few years. This
has given an unprecedented picture of a variety of pro-
cesses, including electron reorganization during a chemi-
cal reaction.®? Application of an external time-dependent
field having various strengths and orientations relative to
the molecular axes (time-dependent finite field method)
enables evaluation of the real and imaginary parts of the
response functions defined by (eq 5). The inverse relation
between the time and frequency windows, inherent in the
Fourier transform, requires lengthy runs for low energy
processes (such as those found in chromophores in-
tended for NLO applications) making these calculations
expensive.*® We anticipate that as these methods continue
to be developed,*”-*® they will become indispensable tools
for determination of the properties of ONLO systems.

Two-State Model (TSM). A two state approximation to
the sum-overstates (SOS) equations, 12 and 13, is fre-
quently used to guide insight into the critical physics that
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Table 1. Frequency-Dependent Hyperpolarizability of YLD124 at 1310 and 1906 nm

solvent € Brrs(—2w:0.0) (x 107 esu) B---(-0:0.,0) (x 1073 esu) B---(0;0,0)/1073 107 esu
1310 nm
vacuum 1.00 3491 702 428
carbon tet. 2.228 3601 1567 816
chloroform 4.711 2283 2388 1086
1906 nm
chloroform 4.711 1742 1510 1086

controls the magnitude of the first hyperpolarizability.
For many ONLO molecules, the tensors are dominated
by the components along the z-axis. Scalar measures of
the electrical response functions, such as the trace of the
polarizability tensor, might also be cast in a simplified scalar
form. If only one excited state term (e = 1) is retained in
eqs 12 and 13), we have (omitting the direction subscript
and all numerical factors)

2A
a = &0 ang g = L0, (15)

Here Eg = E; — Egand Auig = p11 — too-

An additional equation that is helpful in this analysis is
the oscillator strength, / = Ejqui, (in atomic units) for the
lowest energy transition.®?

Experiments show that the refractive index (away from
absorption) of ONLO chromophores is not unusually
large. In this case, we can utilize the Clausius—Mossotti
(CM) equation

Z—1
2 _2 (16)
— 42 v

€o

which relates the dielectric, ¢, and the vacuum permit-
tivity, &, to the polarizability per unit volume, a/v, of a
molecule. For a homologous series of molecules, the
polarizability, a, increases in (approximate) proportion
to the molar mass.”® The validity of this assertion is the
basis for well-known group additivity methods used to
calculate polarizabilities. The apparent power law depen-
dence seen for oligoacetylenes reflects the changing di-
electric constants for these small molecules.®* However,
for long chains, the behavior has to be asymptotic, as was
shown by Tretiak, et al.% That is, /ﬁo/Elo can be sub-
stantially increased only by increasing the size of the mole-
cule. Conversely, for a given molar mass, large values of
the hyperpolarizability can only be obtained when the
Auio/Erg term in f = o(Auio/E1o) is large. This is achieved
when the overlap of electron densities between the HOMO
and LUMO is as small as possible and/or the energy gap is
made small, resulting in absorption far to the red. How-
ever, significant absorption too far to the red will lead to
unacceptable power losses. The molecular design goal is
to find a happy medium where the lowest energy molec-
ular absorption is as far to the red as possible while not
so far as to lead to significant absorption at telecom
wavelengths.

Statistical Mechanics and Acentric Order

If chromophores are treated as point dipoles and
an analytical form is assumed for the potential func-
tion representing chromophore intermolecular dipole—
dipole interactions, an analytical expression for the
acentric order parameter is readily calculated; namely,
(cos® O)e< L3(f)[1 — Ly (W /kT)?*] where L, is the nth-
order Langevin function; f = (ug(0)F(0))/(kT) is the dimen-
sionless quantity related to the energy due to the inter-
action of the field and the dipole; and W is the dipole—
dipole interaction energy.®® This simple form suggests that
the acentric order parameter decreases nonlinearly with
increasing chromophore number density (V) (because W
is quadratically dependent on N). Thus, electro-optic
activity will go through a maximum with number density
and the position of the maximum will shift to lower N with
increasing chromophore dipole moment u (see Figure 3).

The effect of chromophore shape is treated in this simple
picture by modifying the limits of integration over the
orientation variable of each dipole, which takes into ac-
count the fact that chromophores cannot interpenetrate.®’
This is a regular lattice model, so when the ellipsoid is more
prolate, the orientation with respect to the poling field is
more restricted. This simple treatment provides reasonable
simulation of the behavior of simple chromophore/polymer
composite materials.* 468

A more rigorous approach to the problem is to employ
fully atomistic Monte Carlo or molecular dynamics cal-
culations.®~7* For chromophore/polymer composites, a
weak interaction between chromophores and host polymer
is predicted and demonstrated in simple coarse grained
rigid body calculations®”*® and with measurements of lattice
dimensionality effects.

The problem with fully atomistic methods is that they
are difficult to apply to large systems. Even for simple or-
ganic electro-optic materials, they are expensive and time-
consuming. Robinson and co-workers!'®2>727307374 haye
extended the coarse-grained treatment of chromophores
described above to the development of pseudoatomistic
methods. In such an approach, a fully atomistic treatment
is carried out for flexible segments of the material; but rigid
conjugated m-electron segments are treated as rigid geo-
metric objects in which the nuclear coordinates are frozen at
the energy minimum and the terms in the force field that
correspond to internal motions are removed from the
statistical mechanical energy computations (in statistical
mechanics this is referred to as the united atom approxi-
mation). In addition to the molecular structure, the associated
charge distributions and dipole moments are obtained
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Figure 3. The theoretical relationship between N{cos® 8) (loading param-
eter) and chromophore number density for prolate ellipsoids is shown.
Both chromophore shape and dipole—dipole interactions are taken into
account in the simulation. For ellipsoids of higher dipole moment, the
stronger dipole—dipole interactions cap the number density that can be
achieved in a macroscopic system of chromophores before electro-optic
activity is seriously attenuated. For prolate ellipsoids with much smaller
dipole moments, significantly higher number densities are able to be
achieved and tolerated. Dimensions for the prolate ellipsoids used for
these calculations were ¢ = 8.5 A and b = 23.3 A. The poling field
strength was taken as F = 100 V/um.%

from quantum mechanical calculations. This approach
has been successful not only for prediction of electro-
optic activity of complex covalently incorporated chromo-
phore materials (such as multichromophore-containing
dendrimers) but also has permitted quantitative prediction
of the dielectric permittivity of materials ranging from dipolar
liquids (acetonitrile)’” to multichromophore-containing
dendrimers.''>7¢ Essential to the success of pseudo-
atomistic methods is the utilization of data from quantum
mechanics. Combining quantum and statistical mechanical
methods, a first principles simulation of electro-optic
activity can be said to be achieved.

Coarse-grained statistical mechanical calculations have
achieved considerable success in rationalizing the behavior
of all three classes of OEO materials. For chromophore/
polymer composite materials, chromophore shape is pre-
dicted and observed to be the dominant factor in determin-
ing maximum achievable electro-optic activity.*~ 4666877
Chromophores exhibit only weak interaction with polymer
backbone motions and behave, under poling conditions, as
if they were reorienting in a three-dimensional Langevin
lattice. Electro-optic activity is observed to go through a
maximum with chromophore number density with the
position of the maximum depending on chromophore
shape and dipole moment (see Figure 3).

The behavior of polymers and dendrimers, containing
covalently incorporated chromophores, depends on cova-
lent bond potentials coupling chromophores to the sur-
rounding macromolecular lattice. If chromophores are
coupled by long flexible segments, their behavior resem-
bles that of chromophore/polymer composite materials.
However, when chromophores exist as components of
multichromophore-containing dendrimers with appro-
priately chosen lengths of connecting flexible chain seg-
ments, a linear dependence is observed for the variation of
electro-optic activity with chromophore number density
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(achieved by synthesizing dendrimers of different gen-
erations).'®>>*" In these instances, chromophores behave
as if they were independent particles diffusing in a 3D
lattice. More specifically, the entire dendrimer undergoes
3D reorientation (in which chromophores may or may
not reorient due to dendrimer linkages). Covalent bond
restrictions on chromophore movement in multichromo-
phore dendrimers can lead to reduced acentric order
relative to that of isolated, independent chromophores
at low concentrations reorienting in a Langevin lattice.
However, because very high chromophore loading (e.g.,
7 x 10%° chromphores/cc) is achieved in the dendrimer
systems, an overall improvement in electro-optic activity
is observed. That is, the slope of electro-optic activity
versus chromophore number density plot for multichro-
mophore dendrimers is lower than that of the same chro-
mophore in a chromophore/polymer composite at low
number density. However, the slope remains linear for the
multichromophore dendrimer material while the graph
goes through a maximum and electro-optic activity de-
creases with increasing chromophore number density for
the chromophore/polymer composite material. At high
chromophore loading these two plots cross and the
electro-optic activity of the dendrimer material exceeds
that of the chromophore/polymer composite.

Matrix-assisted-poling (MAP) materials lead to electro-
optic activity that is greater than the two preceding cases
for the same chromophore concentration. This result can
be explained in terms of a lattice dimensionality effect
that will be discussed at greater length shortly. To carry
out such a discussion, insights into experimental charac-
terization techniques are needed.

Experimental Techniques

To fully understand electro-optic activity in organic
materials, reliable measurements of molecular first hyper-
polarizability, f(w,e); electro-optic activity, r33; poling-
induced order, (cos® 6) and (cos’ 0); dielectric permittivity,
¢&; and index of refraction, n, must be executed.

Molecular first hyperpolarizabilities are typically measured
by hyper-Rayleigh scattering (HRS) or by electrical-field-
induced second harmonic generation (EFISH).*~ 1478780
Both of these measurements are difficult and complex.
For example, HRS measurements are complicated by two-
photon fluorescence, which typically requires that femto-
second, variable-wavelength HRS measurements be carried
out.”® The A value measured by HRS, Burs(—2w;w,0) is an
averaged value and requires theory to be used to relate this to
p---, the value relevant for electro-optic device applications.
EFISH measurements yield the product of dipole moment
(1) and molecular first hyperpolarizability (5...) and are
complicated by a contribution from molecular second hyper-
polarizability (y). Both measurements are time-consuming
and require study of electro-optic chromophores for a
number of chromophore concentrations in solvents such
as chloroform. In general, the spectral dispersion of molec-
ular first hyperpolarizability must be investigated and the
dependence of host dielectric permittivity must be defined.



438  Chem. Mater., Vol. 23, No. 3, 2011

Reasonable agreement between theory and experiment is
obtained for many commonly utilized OEO chromophores
although some controversy still exists for more exotic chro-
mophores.'” Recently, more detailed studies of the effects of
optical frequency and dielectric permittivity dependences
of molecular first hyperpolarizability have been carried
out.'%1276 Sych studies are important for the quantitative
understanding of factors that contribute to macroscopic
electro-optic activity.

Ellipsometry in the form of the Teng-Man technique
has been the most commonly used method of measuring the
electro-optic coefficient r33. However, it has been shown that
for thin films of OEO materials on indium tin oxide (ITO)
substrates (a multi-interface structure), substantial errors can
arise.*> Moreover, the Teng-Man technique requires assump-
tions about the relative magnitudes of r3;3 and |3 in order to
extract a value for r33. The major attraction of the Teng-Man
method is its ease of implementation. A more reliable tech-
nique is the attenuated total reflection (ATR) method, which
permits measurement of both r3; and r5.'%% The ATR
technique is more invasive, carrying the potential for sample
damage and requires use of a high index of refraction (rutile)
prism for chromophores characterized by high index of
refraction.'” However, because of the improved accuracy
afforded by the ATR technique, the discussions of electro-
optic activity presented here are restricted to consideration of
ATR data.

Electro-optic activity can be related to acentric order
through (eq 1). This requires knowledge of 3, dielectric
permittivity (¢), and index of refraction (n). From these
experimentally obtained parameters, (cos’ 6) can be cal-
culated, but it is an indirect measurement. The ratio rs3/
r13 provides a more direct measurement of acentric order
parameter as long as the anisotropy of 5 is estimated from
theory or experimentally measured.

Another route to understanding poling-induced order
beyond estimation of {cos’ ) is to measure (P>) or (cos’ 6),
the centrosymmetric order parameter. Because the order
induced by action of the poling field is reflected in all order
parameters (both even and odd powers of cos 6), centrosym-
metric order parameters are also useful for understanding
poling-induced order. (P,) has traditionally been measured
experimentally by the normal incidence method (NIM) or
by variable angle polarized absorption spectroscopy (VA-
PAS).** Recently, we have modified the VAPAS technique
by referencing the absorption of p-polarized light to the
absorption of s-polarized light.*> The absorption of p-polar-
ized light depends on poling-induced order (tilt angle),
whereas the absorption of s-polarized light does not depend
on tilt angle and acts as a reference. The use of this ratio
method corrects for many measurement artifacts, such as
Fresnel reflections, associated with a multilayer sample
(glass/ITO/EO material). We refer to this new technique as
variable angle polarization referenced absorption spectros-
copy (VAPRAS). We also take into account that OEO
materials are strongly absorbing in the analysis of VAPRAS
data: full Jones matrix analysis is carried out.*® VAPRAS
measurements are complemented by variable-angle spectro-
scopic ellipsometry (VASE) measurements.®”*®

10,81,82
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Standard absorption measurements are unable to de-
tect the coumarin units in a thin film device structure
(higher dielectric environment) because of absorption of
the glassand ITO in the UV spectral range. For comparison,
UV—visible absorption spectroscopy data are shown
with typical VASE data (for the C1 dendrimer material)
in Figure 4.

Asisshown in Figure 4, VASE permits measurement of
the relative orientations of components of the chromo-
phore and coumarin-containing dendrimer. For the ex-
ample of C1, the chromophore and coumarin units are
approximately orthogonal. VASE also provides index of
refraction data in all layers useful for the analysis of
VAPRAS experiments.

If phases of reduced dimensionality exist below the
material glass-transition temperature, it is possible that
these may be detected by nanoscopic viscoelastic mea-
surements such as shear modulation force microscopy
(SM-FM), intrinsic friction analysis (IFA), and dielectric
relaxation spectroscopy (DRS). The details of these ex-
perimental measurements are given elsewhere®* > but as
noted in the next section, these provide complementary
evidence for the existence of dendrimer cooperativity,
leading to reduction in effective lattice dimensionality in
the macroscopic system of electro-optic chromophores.
This is found to be the case for the HDFD and ClI
chromophores of Figure 2.5

Effect of Lattice Dimensionality

The order parameters (P,) and {(cos® 6) are related
through the effective dimensionality of the material lat-
tice surrounding the OEO chromophore.” For 2D and
3D lattices, the expressions for (cos” 6) and (cos® 6) are
given in terms of Bessel functions in Table 2.'°

For the three-dimensional case, one can show (numerically)
for the independent dipole model that {cos® 6);p ~

\/3(P2)sp for any value of the poling strength. A similar

relation exists for the 2D case, and may exist for a system
of noninteger dimensionality, M, 2 < M < 3. The order
parameter relation may be generalized by

Asnoted in the discussion of experimental measurements,
the centrosymmetric order parameter, (P,), is directly
measured by either VASE, VAPRAS, or NIM, and is
distinct from the acentric order parameter.’® (P,) can be
determined directly by VAPRAS and VASE measure-
ments and {(cos® ) can be determined indirectly by
measurement of 5..., 33, 73, n, and e. The experimental
measurements can be compared against theoretical calcu-
lations. The values for these order parameters can then be
used to estimate M. Table 3 provides a summary of param-
eters obtained for four systems: Two concentrations of
the chromophore/polymer composite F2/PMMA, the
multichromophore containing dendrimer P3, and the
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Figure 4. Left panel shows the absorption for the Cl dendrimer in chloroform solution and in a thin film, illustrating approximately where the
chromophore and coumarin units distinctively absorb. Note that thin film absorption exhibits a bathochromic shift. The right panel is typical VASE data
corresponding to a poled (anisotropic) sample of the Cl dendrimer. These data show the spectral anisotropy associated with both coumarin and
chromophore moieties.

Table 2. Equations for Calculating Second- and Third-Degree Order Parameters for Two- And Three-Dimensional Systems Expressed in Terms of Bessel
Functions J,(z)*° (poling parameter is f = (ug(0)F(0))/(kT))

(cos" 0) 2D order parameters 3D order parameters
— ] e |
n=2 (cos? O = %{1 - ZE - I;;} (cos? Oy = 1—2 <—°°5‘/9)3D
_ g 1
n=73 {cos® B)y, = 3 (cos! B)yp +1 J'nl(z( . (cos® O)p = %(3 %, l) +{cos' B)3p
Table 3. Experimental Data Used to Estimate the Dimensionality (M) of C1, F2 in PMMA, and P3

material ra3/F¢ N® 33/ NF¢ (P>Y! Boo(—w;0,w)° g(w)/n* (cos® 6)/ N{cos® 0) M
C1 (TiOy) 1.92+0.04 4.4 0.28 0.19£0.015 3000 £ 300 0.57 0.15£0.02 0.66£0.07 2.2
F2/PMMA 0.45+0.02 1.7 0.26 0.035+0.01 3500 & 600 0.62 0.073£0.01 0.1240.02 2.8
F2/PMMA¢# 0.15£0.02 3.6 0.042 0.04£0.02 3500 £ 600 0.57 0.015£0.003 0.054 £ 0.01 2.8
p3” 1.42+0.04 6.4 0.22 0.019 £0.005 4033' £ 126 0.52 0.063 £0.003 0.41+£0.02 2.9

(nm/V)2 5N x lOzomolecules/cc "(nm/V)*(cc/10%° molecules) dPyyat F = 50 V/um for C1, low-density F2/PMMA, and P3; E, = 60 V/um for
high-density F2/PMMA. ¢ S...(—w:0,0) x 10°* esu.” All (cos® 0) values estimated from eq 1 using r33/F (F = 50 V/,um) except for F2 at high den51ty
where F = 60 V/um. ¢ F = 60 V/um for F2 at high density. "P3 (i.e., PSLD-33) data were previously reported. ' Theoretical value calculated using

TD-DFT. F2/PMMA percentages should be noted for the two systems.

coumarin-containing dendrimer C1 (see Figure 2 for the
structures of these materials). Note that the intrinsic
chromophore is the same for each of these systems. A
wealth of experimental data and theoretical simulations
suggest that the values reported in Table 3 are reasonable
numbers and support the fundamental contention that
the lattice dimensionality is lower for C1 materials than
for F2 and P3 materials.

The concept of reduced lattice dimensionality for Cl
(and for HDFD) is also supported by thermomechanical
transition and mobility analyses. Shear modulation force
microscopy (SM-FM)’! showed structural transitions
(i.e., T,) for both C1 and HDFD (see Figure 5). These
transitions originated from coumarin-coumarin and arene-
perfluoroarene dendrimer coupling, respectively. The
dendrimer transitions were dubbed T, (glass transition),
as they correspond to calorimetric transitions observed
by differential scanning calorimetry.®® Mobility sensitive

intrinsic friction analysis (IFA)’> conducted above T,
for HDFD (Figure 6) further supports the notion of a
glass forming process, by revealing high entropic co-
operativities of ~73% of the total apparent energy E,
of ~70 kcal/mol. The occurrence of such high entropic
contributions in the vicinity of 7}, is unique to glass forming
polymers and liquid crystals.

Both C1 and HDFD also revealed low temperature
transitions, 7., which were absent for C1 modified sys-
tems that contained no dipole (i.e., NDC2 in Figure 5),”
and are absent for a simple chromophore in a polymer
host (such as YLDI24 in APC, data not shown). All
systems show a T, transition, but the 7 transition is only
seen in systems with pendant groups attached to the
chromophore. Electric field poling of CI and HDFD
revealed onsets of effective poling above 7, with max-
imum electro-optical activities when poled below, but
near T, Although the reduced dimensionality structure
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Figure 5. SM-FM analysis involving the thermomechanical contact resistance k. HDFD and C1 dendrimer systems are contrasted to a coumarin
analogue (NDC?2) that contains no dipole moiety. The molecular structure of NDC?2 is shown to the right. The self-assembly transition into a glass phase is
apparent for all three systems by the existence of 7. Constrained by the matrix, the dipole containing chromophores of HDFD and C1 form a solid

subphase around 7. (into a reduced lattice dimensional matrix).

is due to dendrimer interactions, the low-temperature
transition T, can be attributed to chromophore interac-
tions. Thereby, the T, value was found to depend on the
reduced lattice dimensional matrix, as found for a set
of dendritic arene stabilization moieties with identical
chromophores. T, values as high as 118 °C for anthryl-
pentafluorophenyl interactions could be measured.”
Although coincidental, it is interesting to note that CI
and HDFD behave comparably in terms of the thermal
transition property 7, which suggests a similarly dense
structure of the two systems.

IFA reveals for the intermediate phase regime (7, <
T < T,) a highly cooperative submolecular rotational
mobility of the chromophores, as illustrated for HDFD
in Figure 6, which identifies 7. as the chromophore
stabilization temperature. Below T, the rotational modes
are frozen. Only the thermally active and noncooperative
enthalpic modes of the reduced lattice dimensional matrix
are observed from the IFA energy signature (e.g., 23 kcal/
mol for HDFD in Figure 6).

It is interesting to note that the high apparent activa-
tion energy in the intermediate phase regime (44 kcal/mol
for HDFD) carries a substantial amount of entropic
contribution (~50%), indicating that the chromophores
are not only densely packed and motion constrained, but
also reduced in their freedom of rotational motion.

Taken together, order parameter measurements and
SM-FM/IFA data provide insights into the structural
and energetic aspects of specific spatially anisotropic
intermolecular electrostatic interactions that impact lat-
tice dimensionality and, in turn, impact poling efficiency
and macroscopic electro-optic activity.

C1 and HDFD materials represent only two examples
of MAP materials. Other materials, which have yet to be
extensively studied, include binary chromophore organic
glasses (BCOGs) and the optically assisted electric field
poling of chromophores doped into DRI1-co-PMMA
(Figure 2),10:29-32.33
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Figure 6. IFA master curve for HDFD. Inset: Arrhenius analysis of the
thermal shift factor ar reveals the energetics of thermally active molecular
and submolecular entities. Adopted and modified with permission from
ref 89. Copyright 2008 American Chemical Society.

Other Considerations

Conductivity. As the number density of chromophores
is increased in a material, conductivity under electric field
poling conditions becomes a problem and poling field
strengths can be limited to less than 70 V/micrometer
to avoid runaway conductivity and sample damage. A
number of researchers have noted this phenomenon and
have shown that conductivity effects can be reduced by
depositing nanoscopic (50—200 nm) layers of TiO, be-
tween the organic electro-optic material and the ITO
electrode.'*** Conductivity problems are particularly
severe for OEO materials integrated into nanoslot doped
silicon photonic waveguide devices and for materials
undergoing optically assisted poling. Conductivity issues,
together with problems of chromophore decomposition
under poling conditions, have necessitated use of careful
procedures to achieve effective electric field poling. Subtle
variations in poling temperature and electric field strengths
can lead to disastrous results. Issues associated with poling
have greatly inhibited achievement of the full potential of
the very large molecular first hyperpolarizabilities that
exist for currently available OEO chromophores.
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Thermal and Photostability. One of the most direct
ways to improve both thermal and photochemical sta-
bility of organic electro-optic materials is to introduce
covalent cross-links between chromophore-containing
moieties. In early studies of OEO materials, such cross-
linking was normally accomplished by utilizing conden-
sation reactions.”> More recently, cycloaddition reac-
tions have largely replaced these earlier methods. The two
commonly utilized cycloaddition reactions include (1) reac-
tion of fluorovinyl ether groups to form cyclobutyl cross-
links”™?¢~® and (2) Diels—Alder/retro-Diels—Alder reac-
tion of dienes and dienophiles.'®'® "' The latter has
become very popular because of the wide range of diene
and dienophiles available, which can be used to widely tune
the glass-transition temperatures of materials. Utilizing this
methodology, electro-optic materials have been produced
with glass-transition temperatures exceeding 200 °C.!0%1%3

Lumera Corporation has produced devices fabricated
from OEO materials that have passed Telcordia
standards,'® %7 significantly addressing one of the lin-
gering concerns related to OEO materials.

Device Considerations.

Fabrication. A unique advantage of OEO materials is
the variety of processing options that can be pursued and
the compatibility of materials with a diverse range of
substrate materials. OEO materials can be deposited both
from solution (e.g., spin-casting, crystal growth, sequen-
tial synthesis methods) and the vapor phase. OEO mate-
rials are amendable to processing by nanoimprint and
soft lithography techniques'® and thus are amenable to
the low-cost, mass production of devices. Conformal and
flexible devices can be fabricated by lift-off techniques.'*’

Performance. The bandwidth performance of devices
fabricated from OEO materials is typically not deter-
mined by the fundamental response of the OEO material
to applied time-dependent electrical fields, but is rather
determined by the resistivity of the electrodes used to
supply the radiofrequency/microwave/millimeterwave
fields to the sample. With the exceptions of optical recti-
fication, frequency doubling, and difference frequency
(e.g., THz generation and detection) applications, the full
bandwidth potential of organic second order nonlinear
optical materials is likely to be unrealized in devices.
However, high bandwidth (including 100 Gigabits per
second) devices have already been demonstrated; thus,
devices in this range will likely become more common.'?7-!1%-111
Moreover, the fast response time of OEO materials can be
traded for improved sensitivity (i.e., reduced drive
voltages) in resonant devices such as ring microresona-
tors and etalons. Many such devices have already been
demonstrated.'>—20-1127116

Advances in device engineering have played a major
role in enhancing the performance of materials such
as lithium niobate and the same should likely be true
for OEO materials. Already, OEO materials have been
successfully integrated with nanoslot silicon photonic
waveguide structures. More sophisticated structures are
certain to be produced in the future.'” %" In particular, the
large electro-optic activity that can potentially be achieved
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with OEO materials should permit dramatic reduction
in the size of EO devices, making them more compatible
and integrable with the dimensions of chipscale silicon
electronics.

Conclusions and Future Prospects

In the 1990s, the molecular hyperpolarizability of EO
chromophores increased at a rapid rate with the introduction
of new and improved chromophores culminating with the
synthesis of chromophores containing tricyanovinylfuran
(TCF)-type acceptors and isophorone-protected polyene
bridges (YLD-124 type chromophores—see Figure 2).!'7-!!8
Surprisingly, these chromophores still represent the state-of-
the-art for the fabrication of devices with their hyperpolariz-
ability and stability continuing to be improved somewhat by
fine-tuning of substituents, e.g., at the 2-position of the
isophorone ring and at various points in the acceptor.''’
However, there is no reason to believe that such chromo-
phores represent the ultimate in molecular hyperpolarizabil-
ity that can be achieved. The hyperpolarizability of even the
best chromophore to date is still more than an order of
magnitude below the limit suggested by Kuzyk.**12%12!
Twisted bridge chromophores developed by Tobin Marks
and co-workers'**~'?* have been predicted (and experimen-
tally observed by EFISH) to exhibit large molecular first
hyperpolarizabilities. These chromophores, where the mo-
lecular hyperpolarizability is defined by an admixture of
“neutral ground state”, “zwitterionic ground state”, and
“singlet biradical ground state” contributions,'*® have yet
to be translated to prototype device fabrication. Part of the
problem inhibiting this transition is the strong tendency for
these chromophores to aggregate. Octupolar EO chromo-
phores can potentially solve problems associated with di-
polar chromophores and continue to be investigated'*’ !
but have yet to be used for device applications.

Recently, researchers have turned attention to investigat-
ing the effect of dielectric permittivity on the observed
molecular first hyperpolarizability of chromophores.'®7>7
Dielectric permittivity effects have been shown to be poten-
tially large and used to enhance the macroscopic electro-
optic activity of materials.

Improvement of molecular hyperpolarizability has ty-
pically been accompanied by increased chromophore
dipole moment and a corresponding decrease in acentric
order parameters for chromophore/polymer composite
materials (see Figure 3). Because of the attenuation of
acentric order with increasing chromophore number
density, chromophore loadings typically have had to be
kept below 25% (weight guest chromophore/weight poly-
mer host). The combination of low chromophore number
densities and low acentric order parameters (<0.15)
restricted electro-optic coefficients to modest values
(<30 pm/V). The realization that chromophore shape
could play a role in improving poling efficiency led to an
improvement in acentric order and electro-optic coefficients
(e.g., to values on the order of 60 pm/V).>* The realization
that covalent bond potentials could be exploited to improve
chromophore number densities without the attenuation of
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acentric order led to the improvement in electro-optic
coefficients to 100 pm/V or greater in the last ten years.*>’
However, for such multichromophore-containing dendri-
mers, the acentric order parameters were still low (see
Table 3) and at low chromophore loadings were less than
that achieved for chromophore/polymer composites.

MAP materials have resulted in further improvement
in electro-optic activity (to values greater than 300 pm/V),
attributed to the combination of increased acentric order
parameters and high chromophore number densities.?*3>3*
As discussed here, this improvement can likely be attributed
to a lattice dimensionality effect. The concept of MAP
materials is just beginning to be exploited and it is highly
likely that further improvements in EO activity will be
achieved, although it may be very difficult to produce
lattices of dimensionality less than 2. In particular, the
combined effects of chromophore shape control, spatial
restrictions associated with covalent bond potentials, and
spatially anisotropic intermolecular interactions that lead to
reduction of the effective lattice dimensionality have yet
to be systematically exploited. It is not unreasonable that
acentric order could be increased by a factor of 2 or 3 leading
to electro-optic coefficients approaching 1000 pm/V. The
higher number densities of multichromophore-containing
dendrimers and MAP materials have led to larger index of
refraction, dielectric permittivity, electronic (interband) ab-
sorption, and increased conductivity under poling condi-
tions. These features can prove problematic for certain
device designs but in general MAP materials exhibit favor-
able electro-optic and optical loss characteristics. For ex-
ample, binary chromophore organic glasses typically exhibit
reduced optical loss due to better material homogeneity
associated with mixing of “polar” guest and host materials.
Solvatochromic shifts are not observed as a function of
varying the relative concentrations of guest and host
chromophores.**!'”! Design of spatially anisotropic inter-
molecular interactions that improve poling efficiency must
be carried out with care. Interactions cannot be so strong
that movement of chromophores under the action of an
electric poling field is inhibited. However, all of the materials
discussed in this review yield optical loss values in the range
of 1—2 dB/cm.

Material conductivity under poling conditions has been
the most significant problem encountered with MAP
materials. If not for the reduction in poling field strength
that can be used to induce electro-optic activity, electro-
optic coefficients of 600 pm/V would have already been
achieved. The attenuation of electro-optic activity from
conductivity has been somewhat ameliorated by the in-
troduction of thin (charge blocking) TiO, layers between
the OEO material and ITO electrode.'*? Of course, con-
ductivity problems associated with electric field poling
(together with the introduction of new device ar-
chitectures) have given new impetus to the exploration
of the fabrication of thin films of OEO materials by
sequential synthesis/self-assembly and crystal growth
techniques.'?3~ 44

Diels— Alder/retro-Diels—Alder cross-linking has provided
a very useful route to electrically poled materials with
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glass transition temperatures on the order of 200 °C.'0*103

The choice of diene and dienophile permits wide tuning of
thermal stability and thermal processing temperatures.
This chemistry now appears to be a widely used method
for controlling thermal and photochemical properties.
The spatially anisotropic intermolecular electrostatic in-
teractions of MAP materials also contribute to improved
thermal and photochemical stability, which no longer
appear to be major roadblocks to the utilization of OEO
materials.'% 10

Device engineering considerations will likely play an
increasingly important role in defining the utilization of
OEO materials. In particular, the advent of silicon photo-
nics and plasmonics affords new opportunities for the
utilization of OEO materials. The size (short optical/
radiofrequency field interaction lengths) of devices asso-
ciated with silicon photonics and plasmonics impacts the
definition of acceptable optical loss and macroscopic
electro-optic activity. Device concepts such as slotted
waveguide structures that concentrate both optical and
radiofrequency fields into sub-100 nm slots containing
OEO materials could lead to a revolution in device per-
formance. Device requirements will likely motivate utiliza-
tion of a greater range of material processing options. The
smaller dimensions of silicon photonic waveguide struc-
tures may encourage greater use of crystal growth and
sequential synthesis/self-assembly techniques.

Slotted silicon photonic/OEO devices have already
exhibited drive voltages on the order of 0.25 V. Very
likely, drive voltages of less than 0.1 V will be achieved
through improved device design and a better understand-
ing of material interface issues. A number of factors
determine the drive voltage to be desired. For example,
Mach—Zehnder interferometric devices with a drive vol-
tage of 0.1 V represent the transition from “loss” to “gain”
in the electrical-to-optical-to-electrical signal transduction
process. However, Cox and co-workers point out that the
analysis of noise sources is critical to understanding the
gains in performance that can be achieved by continued
reduction of drive Voltages.145 In short, there will be limits
on the gain that can be achieved. However, another moti-
vation for improving electro-optic activity of OEO mate-
rials is to reduce device lengths (optical/electrical field
interaction lengths). For chipscale integration of electronics
and photonics, reduction in EO device dimensions is critical
to achieve size compatibility between electronic and photo-
nic components. Spatial light modulation devices also
require reduced device dimensions. In short, the material
electro-optic activity, optical loss, and stability properties
leading to optimum device performance will vary from
application (device type) to application. However, many
device engineers view that an electro-optic activity of 1000
pm/V is required for a dramatic impact on the utilization of
OEO materials. This would position the activity of “elec-
tronic” OEO materials between liquid crystalline materials
(thousands of pm/V) and lithium niobate (r33 ~ 30 pm/V)
but with orders of magnitude faster response time than
these materials and with dramatically improved processing
(device fabrication) options.
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Very recent work on combining slotted silicon wave-
guide concepts and photonic crystal engineering concepts
that exploit control of photon group velocities (slow wave
structures) have led to very small V,-length products.'*®
Utilization of slow wave structures requires attention to
optical coupling to avoid unacceptable optical loss; how-
ever, Chen and co-workers have addressed this concern
with very innovative photonic crystal engineering.'#¢

From a commercial standpoint, it is unlikely that OEO
materials will displace lithium niobate for the manufac-
ture of single modulator devices, particularly for applica-
tions requiring bandwidths of less than 20 GHz. Chipscale
integration of photonics and electronics will likely be a
significant driver for the utilization of OEO materials as
will specialized applications (e.g., RF photonics, phased-
array radar), which require special structures such as con-
formal device structures. Of course, the development and
adoption of OEO materials may be dramatically influenced
by global economics.
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