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7.1 Introduction

Second- and third-order optical nonlinearity can perhaps be best understood as the coefficients of the
second and third terms in the power series expansion of molecular and macroscopic polarization in
terms of applied electric fields.

Pi = C(UE] + ﬁljkE]Ek + YijklEjEkEl + ... (71)
Pi = X(I)IJE] + X(Z)ijkEjEk + X(S)ijklEjEkEl + ... (723)
P; = X(l)ijijcos((ut —kz) + (1/2)x(2)i]jE]jw[1 + cosQuwt —2kz)] + ... (7.2b)

The terms @ and vy represent the first and second molecular hyperpolarizabilities, whereas the terms
x? and x® represent the first- and second-order nonlinear material (macroscopic) susceptibilities. Each
term arises from the nonlinear interaction of applied electric fields with the quasi-delocalized electron
distribution of molecules and materials. Moreover, each of these terms can give rise to a variety of
nonlinear responses reflecting different frequency dependences.'™"” Second-order terms give rise to
second harmonic generation (see Equation 7.2b), difference frequency (e.g., terahertz frequency)
generation, optical rectification (see Equation 7.2b), and electro-optic modulation (the Pockels effect).
Third-order optical nonlinearity gives rise to third harmonic generation, phase conjugation, optical

7-1
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limiting, optical parametric effects, and all-optical modulation (the Kerr effect). As is typical for power
series expansions, the second-order coefficients are larger than the third-order coefficients. Although
commercial applications have been realized for both second- and third-order inorganic materials, such as
lithium niobate electro-optic and titanium/sapphire optical parametric materials, organic nonlinear
optical materials are still struggling to obtain a beachhead on the commercial landscape. To the present
time, second-order nonlinear optical organic materials appear closer to commercial application and will
thus receive greater attention in this chapter.

It is very difficult to define a universal figure-of-merit (FOM) for either second- or third-order
nonlinear optical materials, as practical device performance will often depend on the details of device
design as well as intrinsic material properties. However, the most simplistic and yet somewhat realistic
figure-of-merit can be expressed as FOM=yx? °* ? /ra, where 7 is the response time for the system
reacting to an electric field perturbation and 7 is the optical loss. For T-electron organic materials, the
response time, 7 is the phase relaxation time of the conjugated 7t-electrons, which is typically on the
order of tens of femtoseconds. If device bandwidths are determined by the intrinsic material response
time, bandwidths of tens of terahertz are possible. The optical loss, «, typically includes both absorption
and scattering contributions. Optical loss will, thus, be influenced by material heterogeneity as well as
molecular structure. Of course, practical device applications may also require many additional material
properties including stability (e.g., thermal and photochemical) and processability (e.g., solubility in
spin-casting solvent, appropriate sublimation temperatures for vapor deposition, appropriate glass
transition temperatures for nanoimprint lithography). The FOM defined above is most commonly used
in ranking third-order nonlinear optical materials. With second-order nonlinear optical materials, other
factors such as the resistivity of metal electrodes used in electro-optic modulator devices can limit
bandwidths, so the material FOM is commonly simplified to x(z)/ o or as X(z)/ae, where ¢ is the material
dielectric constant. For example, for electro-optic applications, it is important to match the velocity of
propagating optical and radiofrequency waves. Velocity matching is optimized when n>=e¢, where n is
the material index of refraction.

Quantum mechanical calculations have proven useful in investigating the relationship of § and v to
molecular (chromophore) structure.'*>* For simple polyenes, the variation of molecular hyperpolariz-
ability with the length of the conjugated m-electron structure and with bond length alternation is
reasonably well predicted by theoretical calculations. Third-order nonlinear optical activity can be
observed for both isotropic and anisotropic materials. From the above polarization equations, it can be
seen that the symmetry requirement for second-order optical nonlinearity requires chromophores to
exhibit either dipolar*»** or octupolar®>’ symmetry. For materials to exhibit second-order optical
nonlinearity, macroscopic dipolar or octupolar symmetry must exist; such symmetry is frequently
introduced by electric field poling or by sequential synthesis/self assembly from a functionalized surface.
Because of the additional symmetry requirement for second-order nonlinear optical materials, statistical
mechanical calculations have proven useful in guiding the optimization of desired nano- and
mesoscopic order.

In the following discussion, greater attention will be paid to second-order nonlinear optical organic
materials than for third-order materials. The reason for this disproportionate focus relates to the fact that
more commercial attention has been focused on second-order materials, whose design issues have
therefore received more intense research scrutiny. For example, very little attention has been given to the
optical loss and photostability of third-order nonlinear optical materials, whereas these properties have
been extensive studied for a number of second-order materials.

7.2 Second-Order Nonlinear Optical Materials

The primary applications of second-order nonlinear optical organic materials include electro-optic
modulation, second harmonic generation, optical rectification, and terahertz radiation generation and
detection. With recent success in the development of visible wavelength lasers and light emitting diodes,
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second harmonic generation has received less attention. Also, absorption at visible wavelengths of second
harmonic light by organic materials is problematic and has inhibited the practical utilization of materials
for this application. An excellent review of second harmonic generation, including an extensive
discussion of the concept of phase-matching, has been given by Stegeman.*® This review remains
highly relevant.

The most common application of organic second-order nonlinear optical materials is electro-optic
modulation. Electro-optic modulation involves the application of a low (relative to optical frequencies)
frequency electrical field to a material. This low frequency field is often referred to as a radiofrequency
field, although actual frequencies can range from DC to tens of terahertz. The applied field perturbs the
m-electron distribution of the material, which in turn alters the velocity of light propagating in the
material. Thus, electro-optic activity can be viewed as voltage control of the refraction index of a
material. The primary focus of this chapter will be a review of organic electro-optic materials and devices.

An increasingly popular application of second-order nonlinear optical materials is terahertz
generation and detection. This phenomenon is relevant to a variety of sensing applications, ranging
from homeland security to medical imaging. Organic materials also have potential for promoting the
development and increased utilization of terahertz spectroscopy. Terahertz generation is an example of
optical rectification or “difference frequency” phenomena. Like second harmonic generation, terahertz
generation involves the interaction of two optical fields with the charge density of the material.

7.2.1 Electro-Optic Materials

Organic electro-optic materials include single crystal materials such as 4'-dimethylamino-N-methyl-4-
stibazolium tosylate (DAST),'**’ chromophore/polymer composite materials,’* >’ polymeric materials
containing covalently incorporated chromophores (including heavily crosslinked materials),’®>"?**
single-chromophore-containing dendrimers,***'™** multichromophore-containing dendrimers,
chromophore-containing dendronized polymers,****>' doped chromophore materials (including
binary chromophore systems),””> and materials prepared by sequential synthesis/self-assembly of
chromophores from a functionalized surface by Langmuir—Blodgett or modified Merrifield tech-
niques.'»*>™” The vast majority of systems studied involve dipolar chromophores; the reader is
referred elsewhere for an introduction to octupolar materials.”> >’ In like manner, most devices are
currently prepared by electric field poling of polymeric or dendritic materials. For materials prepared by
electric field poling or by sequential synthesis/self-assembly, only two nonzero electro-optic tensor
elements (r33 and r;3) exist. These are given approximately by:

44,45

733 = 2Nf(0)8,,, < cos’0 > /(n,,)* (7.3)

113 = Nf(0)B,,, < sinf cos 0> /(114,)*(11¢)2, (7.3b)

where N is the chromophore number density (molecules/cm?), f(w) are local field factors that account for
the dielectric nature of the media surrounding chromophores, 1y, and ng. are the ordinary and
extraordinary linear refractive indices, and the order parameters, <cos’#> and <sin’f cosf>,
define the orientational distribution of chromophores. Equation 7.3 neglects the minor elements of
the molecular first hyperpolarizability tensor.

7.2.1.1 Optimizing Electro-Optic Activity

The process of optimizing electro-optic activity is typically a two-step process, in which quantum
mechanical calculations are used to guide the improvement of molecular first hyperpolarizability, 8,
values'*?* and statistical mechanical calculations are employed to optimize the product of the

chromophore number density and the order parameter.’®*** Quantum mechanical calculations have
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guided the development of a number of chromophores, leading to dramatic improvements in molecular
first hyperpolarizability, i.e., to B, values on the order of or greater than 1000X 10~ *° esu. The
tricyanovinylfuran (TCF) acceptor moiety shown in Scheme 7.1 has facilitated the development of
workhorse chromophores appropriate for prototype device development.®”? In recent years, the
synthesis of chromophores has been greatly aided by the utilization of microwave-assisted synthesis
techniques.”>”* Of course, for a chromophore to be carried forward for development of device-
appropriate materials, it must exhibit appropriate thermal, chemical, and photochemical stability,
acceptably low levels of absorption at anticipated device operational wavelengths, and appropriate
processability (e.g., solubility in spin casting solvents, etc.). These features will be addressed later in this
chapter; note that the comments that apply for electro-optic materials also apply to other second-order
materials and, to some extent, to third-order materials.

The theoretically-inspired development of chromophores with improved molecular first hyperpolar-
izability can be divided into two categories: (1) variations of the fundamental donor, bridge, and acceptor
blocks of modular dipolar chromophores; and (2) investigation of novel chromophore architectures such

d)>18,19,75,76 and (<twisted»20,21

s “X-shape chromophores. The former strategy has proven to be very
effective in the past and significant future improvement may be possible following this strategy. The latter
strategy is much newer, but may afford dramatic improvements in molecular first hyperpolarizability,
while permitting desirable auxiliary properties such as high transparency at operating wavelengths.
Molecular first hyperpolarizability (8) values are commonly measured by hyper-Rayleigh scattering
(HRS).””””® Such measurements are complicated by two-photon fluorescence and by molecular
aggregation. A variety of modifications have been made to he HRS technique in efforts to circumvent
these problems, including the use of femtosecond pulse techniques, measurements at a number of
wavelengths (using laser wavelength agility afforded by optical parametric devices), and measurements as
a function of concentration with measured § values determined exploiting extrapolations to zero

77-

. 79 . . .
concentration. Moreover, HRS measurements are normally carried out to determine relative (to a

standard solvent such as chloroform) § values. Absolute values are most frequently defined using an

NaBH,
S _NaOH _ _HCl(cone) S P(OEt) S
Om HO/\<_Z CI/\u —3'0:P‘O\ /
Me OH quan t heat 3days (\)
Bl gocRT Br quant. kk Br
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SCHEME 7.1 The synthesis of a chromophore containing the tricyanofuran (TCF) acceptor.
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integrating sphere approach. A problem arises in the comparison of $ values between theory and
experiment. Theoretical § values are calculated for isolated particles in the long wavelength or zero
frequency limit. On the other hand, experimental (8 values are measured in solutions of varying dielectric
constants and at finite infrared wavelengths such as 1.9 pm. To avoid comparing data corresponding to
different conditions, relative 8 values are frequently compared, e.g., both theoretical and experimental 8
values referenced to a standard such as paranitroaniline.”

The product of dipole moment, u, and molecular first hyperpolarizability, §, is also a useful quantity,
particularly as the slope of the curve of r3; versus N in the low concentration limit is given by
2f(0)[uB]Ey/ 5kTn*, where for the sake of simplicity the subscripts on 8 and n have been dropped. The
product uf can be measured by electric field induced second harmonic generation (EFISH) techniques.
Like HRS measurements, many factors can complicate the measurements and great care must be
exercised to obtain meaningful data. If molecular first hyperpolarizability values relevant to electro-optic
response are to be extracted from EFISH data, then care must be exercised to avoid multiphoton
resonance contributions. Again, like HRS measurements, EFISH measurements should ideally be made at
a number of wavelengths.

The second aspect of optimizing electro-optic activity involves optimizing the product N <cos>6>. It
is now well-appreciated that intermolecular electrostatic (e.g., dipole—dipole) interactions involving
prolate ellipsoid-shaped m-electron chromophores can lead to serious attenuation of electro-optic
activity.”®** The Monte Carlo calculations in Figure 7.1 illustrate this point. These calculations were
carried out with the restriction that the chromophores maintain a uniform lattice distribution. Different
results are obtained if a non-uniform chromophore distribution is permitted. This latter treatment

%1019 Loading parameter = N<cos®6> a. r 55/8(constant)

T T T
18 - Region of enhancement i
Ising lattice 2:1 Oblate
16} E___.__, E,
L m-- i
5 14 Independent
g 12 particle lattice |
o
<
a 10 ) 4
o Spherical o
S 8r ’.____.—-—.———O-" -]
o -
-
6 4
4+ 4
1:2 Prolate
y
1 1

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Number density (molecules/cc) %1020

FIGURE 7.1 Calculation (employing pseudo-atomistic Monte Carlo methods) of N<cos’d> vs. N for
chromophore shapes ranging from prolate to oblate ellipsoidal. Calculations are based on an “on-lattice”
approximation, which means that chromophores are restricted to uniform spacing among chromophores. Different
results, particularly at high loading, are obtained for “off-lattice” calculations, in which chromophores are permitted
to assume a non-uniform lattice distribution (e.g., to aggregate). For off-lattice calculations, results are much more
sensitive to the details of chromophore structure. Pseudo-atomistic calculations mean that 7t-conjugated segments
are treated in the united atom approximation whereas c-bonded molecular fragments are treated fully atomistically.
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permits aggregation effects to be taken into account. The discussion of this latter treatment, which can be
critical for considering very large number densities (high chromophore loading), is sufficiently
complicated to be beyond the discussion presented here. In the present discussion, we restrict our
consideration to the more simplistic case of a uniform chromophore distribution. As shown in this
figure, intermolecular electrostatic interactions can also augment poling-induced noncentrosymmetric
order. It has been suggested in at least two studies that chromophore-polymer interactions can also
influence order.*>®' Indeed, in addition to chromophore shape effects illustrated in Figure 7.1, the spatial
and dynamical restrictions associated with covalent bonds impact poling-induced order. This is
illustrated in studies of multichromophore-containing dendrimers (MCCD), as depicted in Figure 7.2
and Figure 7.3. In Figure 7.3, a significant enhancement in electro-optic activity is observed for a MCCD,
relative to the behavior observed for the same chromophore in a polymer composite material. Indeed,
behavior for the MCCD lies between that expected for a chromophore in a spherically-symmetric
environment and the independent particle limit (see Figure 7.1). Even more intriguing behavior is
observed when a second chromophore is doped into the MCCD. The electro-optic activity, as shown in
Figure 7.3, increased nearly linearly with a slope more than twice the initial slope of the r35 versus N plot
for the same chromophore in an amorphous polycarbonate (APC) polymer host.”>* A simplistic
analysis suggests that such behavior may reflect intermolecular electrostatic interactions, acting to
increase N<cos’¢> in a manner analogous to that seen in Figure 7.1. However, unlike the case for
chromophore/polymer composite and undoped dendrimer materials, this behavior has not yet been
quantitatively reproduced by theoretical calculations. Moreover, all necessary control experiments to rule
out other potential contributions to the unusual behavior shown in Figure 7.3 have not yet been
completed. Nevertheless, the realization of electro-optic activities greater than 300 pm/V for doped
single-chromophore-containing dendrimers, MCCDs, and dendronized polymers is an important
milestone and provides the potential (providing further improvement in molecular first hyperpolariz-
ability is forthcoming) of realizing electro-optic activity on the order of 1000 pm/V. Of course, for large
electro-optic activity to be meaningful, it must be accompanied by acceptable optical transparency,

5 T T T T T T T
3%
4 - / B
— — — YLD-124/PSLD-41 /
—- —- - Dendrimer only /0
3L CF3-FTC/APC / i
a /
w /
@ /
N A%
2r / h
/
<
/ I -a
1t L i .
0 1 1 1 1 1 1 1
0 2 3 4 5 6 7 8

N x 10%% (molec/cc)

FIGURE 7.3 Data for the four chromophore structures of Figure 7.2. Since a linear dependence of electro-optic
activity, rs3, on electric poling field strength is observed in all cases, r33/E, vs. N is plotted to facilitate comparison
among data sets. Data for composite materials consisting of the chromophore CF3-FTC in amorphous polycarbonate
(APC, Aldrich Chemicals) are indicated by triangles. Data for the two dendrimer materials PSLD 33 and 41 are
indicated by squares. Data for samples of YLD 124 doped into PSLD 41 are indicated by diamonds.
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thermal stability and photostability. We now turn attention to discussion of these issues, after a few
comments about the measurement of electro-optic tensor components.

Electro-optic activity of thin film samples is most commonly measured by the following techniques:
Teng-Man simple reflection®®* attenuated total reflection (ATR),*®” Fabry—Perot interferometry,
FPL¥"*%% and two-slit interference.”® Electro-optic activity can also be measured in a variety of
waveguide (e.g., Mach Zehnder interferometry, MzD),°1 %3 ring microresonator,®®”2
devices. Each technique has its particular advantages and limitations, and in general it is desirable to
obtain electro-optic tensor components from multiple measurements using different techniques. It can
also be important to define the dispersion of tensor components. A variety of techniques, such as ATR,

and etalon

FPI, and MZI devices permit both r3; and 7|3 to be determined. Such complete tensor determination
permits a more definitive characterization of chromophore orientational order. These various
characterization techniques can also be adapted by the introduction of temperature control and DC
voltage application stages to provide in situ monitoring of the introduction of noncentrosymmetric
order by electric field poling and the subsequent relaxation of that order.*’

7.2.1.2 Minimizing Optical Loss

This discussion will first focus on “material” loss. Throughout the 1990s, most of the chromophores
being investigated had a charge transfer absorption maxima, Ap, of less than 600 nm. For such
materials, optical absorption loss at 1.3 and 1.55 micron telecommunication operating wavelengths was
most frequently dominated by hydrogen vibrational overtone absorptions. For dendrimer materials,
optical loss values as low as 0.2 dB/cm have been observed.” When optical loss of greater than 2 dB/cm
was observed, it was normally indicative of light scattering arising from material heterogeneity associated
with various processing conditions.’> More recently, chromophores with interband absorption maxima
approaching 800 nm have come into use. For these materials, and even for some earlier materials,”*>’
absorption loss at telecommunication wavelengths is dominated by electronic charge transfer absorption.
Thus, increasing x® may not lead to an improvement in FOM, because it is accompanied by a
corresponding increase in o. The appearance of exciton bands may even lead to a decrease in FOM. In
designing new chromophores for improved optical nonlinearity, it is critical to consider optical loss.
Optical loss due to electronic absorptions (both interband charge transfer and excitonic absorptions
associated with aggregation) is strongly influenced by solvatochromic and line broadening effects,
particularly as these effects influence the long wavelength tails of absorptions. Line broadening is
frequently defined by the heterogeneity of the chromophore environment and thus can be influenced by
chromophore order and by the mode of attachment of the chromophore to its surrounding matrix. The
dielectric properties of the surrounding matrix will, of course, have a profound effect on solvatochromic
shifts. Researchers at Lockheed Martin®>*

absorption contributions to optical loss by a systematic consideration of the roles played by the structure

appear to be the first to focus on an effort to control

of the chromophore and of the surrounding matrix.

Quite different effects on absorption loss can be observed for different types of materials at
telecommunication wavelengths. In this regard, dendritic materials may afford significant advantages
relative to chromophore/polymer composite materials due to the fact that they permit control of the local
chromophore environment and chromophore solubility in the surrounding matrix. For example,
chromophores incorporated in fluorinated dendrimers typically exhibit blue (hypsochromic) shifted
absorption maxima relative to the same chromophore in a polymer such as amorphous polycarbonate
(APC, Aldrich Chemical). Moreover, the “solubility” of the chromophore in dendrimers is controlled by
covalent bond attachment. Of course, comments made regarding dendrimers can also apply to
chromophores covalently incorporated into polymers, provided that access of chromophores to each
other is inhibited by the covalent incorporation. A high concentration of chromophores does not
necessarily imply disastrous optical loss, as illustrated in Figure 7.4, which shows the same chromophore
in a covalent-bonding-defined chromophore “bundle” and in APC.”” The absorption maximum of the
chromophore in the bundle is shifted to higher energy and no detectable line broadening is observed. The
molecular hyperpolarizability of the chromophore bundle is nearly three times that of the isolated
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chromophore. The experimental results shown here are in good agreement with theoretical calculations
carried out for the respective structures. Care should be exercised with respect to extrapolating the results
of Figure 7.4 to other materials; in general, the exact optical behavior will be determined by the precise
translational and orientational positioning of chromophores, which will vary from structure to structure.

Optical loss is also influenced by scattering losses. These frequently arise from material heterogeneities
introduced by spin casting, electric-field poling, crosslinking (lattice hardening), and by various device
processing steps (e.g., reactive ion etching of waveguides and deposition of cladding layers). The problem
is typically worse (ignoring for the moment issues associated with crosslinking or lattice hardening) for
chromophore/polymer composites than for chromophores covalently incorporated into dendrimers or
polymers. Again, the major issue is control of chromophore “solubility”” For chromophore/polymer
composites, problems include: the differential solubility of the chromophore and polymer host in spin
casting solvents; sublimation of chromophores during baking (to drive off residual spin casting solvents);
sublimation of chromophores during electric field poling; and “electrophoretic” phase separation during
poling. “Covalent-tailoring” of chromophores and their incorporation into host materials is a very
attractive means of controlling chromophore solubility and packing (void volumes) in the final material.
As we shall see shortly, crosslinking (or lattice hardening) is typically necessary to achieve adequate
thermal stability. Some crosslinking chemistries can lead to phase separation and lattice strain and thus
dramatic increases in optical loss due to light scattering. New cycloaddition crosslinking chemistries
involving the “soft” free-radical chemistry of the fluorovinyl ether group or the Diels-Alder/retro-Diels-
Alder reaction lead not only to lattice hardening without attenuation of poling efficiency, but also to
materials with low optical loss.

Optical loss can also arise from the process of fabricating buried channel waveguides. When this is
done by techniques such as reactive ion etching, care must be exercise to avoid pitting (waveguide wall
roughness) due to reactive ions with excess kinetic energy (i.e., a physical rather than chemical etch).
When care is employed, the excess waveguide loss can be 0.01 dB/cm or less.”® Loss can also be
introduced in deposition of cladding layers if the solvent used to deposit the cladding layer attacks the
electro-optic material. For both reactive ion etching and deposition of cladding layers, the lowest loss is
typically observed when very hard electro-optic materials are used. Loss can also arise from material
damage (dielectric breakdown) during electric field poling.

Optical loss can be influenced by the structure of the device, e.g., bending loss for ring
microresonators. Of course, one of the greatest contributions to total device insertion loss is coupling
loss. With organic electro-optic materials, the dominant contribution to coupling loss arises from a
mismatch in mode size and shape between light propagating in silica transmission fibers and that in the
organic EO waveguides. The solution to this problem is typically to employ a “mode transformer”
structure.”” ™" Mode transformers permit per facet coupling losses to be kept to a few tenths of a dB. The
overall objective is typically to achieve a total insertion loss of less than 5 dB (the current standard for
lithium niobate devices). Thus, if device lengths of 2 cm or less are to be used, then material loss must be
kept to less than 2 dB/cm. Short device lengths, of course, have the advantage of permitting greater
operational bandwidths by minimizing loss occurring in metal drive electrodes. The calculated
performance of a Mach Zehnder device for typical EO, cladding, and electrode material conditions is
shown in Figure 7.5.

7.2.1.3 Maximizing Thermal Stability

The stability of electro-optic activity following the cessation of electric field poling is critical for device
applications. In the simplest sense, thermal stability relates to the temperature difference between the
operating temperature and the material glass transition temperature, T,. With composite materials,
incorporation of chromophores results in plasticization and a corresponding reduction of glass transition
temperature with increasing dopant (chromophore) concentration. Thus, to realize sufficient thermal
stability to satisfy Telcordia standards, it is necessary to use a host polymer material with an initial glass
transition temperature on the order of 150°C or greater. Polycarbonates, polyquinolines, and polyimides
have been the most commonly employed polymers for producing composite materials appropriate for
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FIGURE 7.5 The variation of critical Mach Zehnder device parameters (bandwidth, drive voltage, fiber-to-fiber
insertion loss) with device (electrical/optical field interaction) length. An example of performance for a 5-mm length
Mach Zehnder electro-optic modulator expected with current materials is also shown.

prototype device fabrication. One of the problems with very high-glass-transition-temperature
composite materials, such as polyimides, is that very high poling temperatures are required. Such
temperatures promote chromophore sublimation and the decomposition of chromophores, and can also
be incompatible with processing methodologies such as nanoimprint lithography. High glass transition
materials also commonly exhibit poor solubility in solvents used for spin casting. A convenient means of
avoiding this requirement for high temperature processing at intermediate stages of electro-optic
material production is to achieve thermal stability by crosslinking (lattice hardening) in the final
stages of electro-optic material production. With crosslinking, thermal stability will be defined by the
density of crosslinks and the flexibility of intervening segments. Throughout the 1990s, crosslinking
chemistries used to elevate final material glass transitions temperatures frequently involved condensation
(e.g., urethane and sol gel) chemistry.”*** Such reactions give off water as an elimination product and are
influenced by atmospheric moisture. Moreover, the expulsion of gaseous elimination products can result
in lattice disruption and increased light scattering. As the condensation reaction proceeds, increased
lattice strain (e.g., lattice contraction) can also be a problem, which can be serious with sol-gel glasses.
Both thermal and photo-induced crosslinking chemistries have been explored.’>*" The latter has been
plagued by competition for light absorption involving the photo-initiator and the EO chromophore.
More recently, cycloaddition chemistries®®***4¢>>192 haye become popular for realizing high glass
transition temperature (e.g., to 200°C) materials without the attenuation of electro-optic activity or an
increase in optical loss associated with earlier crosslinking reactions. These chemistries are pictorially
illustrated in Figure 7.6. The fluorovinyl ether crosslinking reaction illustrated in Figure 7.6a is a soft free
radical reaction that has the advantage of yielding high glass transition materials that are also
characterized by very low optical loss at telecommunication wavelengths due to low hydrogen content
in the final material. The Diels-Alder/retro-Diels-Alder reaction of Figure 7.6b has the added advantage
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in providing such stability.

7.2.1.4 Maximizing Photostability

Photostability has been shown to be largely a matter of avoiding singlet oxygen chemistry.'*"'%%

Stegeman and coworkers'*>~'% have demonstrated most of the critical features of photodecomposition
of organic electro-optic materials, including the absence of contributions from multiphoton absorption.
Indeed, they defined a single photostability figure-of-merit, B/a, where B~' is the probability of
photodecay from the LUMO (lowest unoccupied molecular orbital) charge transfer state and o is the
interband (charge transfer) absorption coefficient. This definition has been used by subsequent
researchers, although the data analysis of Stegeman and coworkers may have been somewhat overly
simplistic, consequently over-estimating photo-instability. For example, more detailed analyses demon-
strate that the decay data cannot be fit with a single exponential and that “observer” power in the
Stegeman pump—probe experiment may lead to artificially fast decay. Moreover, Stegeman and coworkers
failed to carry out measurements at telecommunication wavelengths; this was addressed in subsequent
work by researchers at Corning.'””'”® The Corning group demonstrated that the photostability FOM for
a given chromophore structure could vary over four orders of magnitude depending on conditions that
influence singlet oxygen chemistry. Even larger variation has been observed by other groups and
photostability has been shown to improve with the use of small quantities of singlet oxygen quenchers. In
addition to pump-probe experiments carried out by Stegeman and coworkers, researchers at Corning,
Gunter and coworkers, and Dalton and coworkers, photostability has also been investigated in operating
Mach Zehnder devices by Steier and coworkers®® and by Ashley and coworkers.'*® Again, in these studies,
photo-instability could be attributed to singlet oxygen chemistry, with good photostability being
observed for materials and devices where this chemistry was partially inhibited.

In summary, it appears that good photostability can be achieved with appropriate materials
modification or with appropriate packaging of devices to minimize the presence of oxygen. In this
latter regard, the problems faced with organic electro-optic materials are analogous (but not quite
so severe) as those faced with organic light emitting device (OLED) materials. It should be noted
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that dense crystals such as DAST exhibit excellent photostability, again consistent with the role
played by oxygen.

7.2.1.5 Radiation Hardness

Very little work has been carried out examining the performance of organic electro-optic materials and
devices in the presence of high-energy gamma rays and protons associated with space environments. Part
of the problem of evaluating the impact of high-energy radiation on device performance is isolating
changes attributable to organic electro-optic materials from changes of performance induced by events
unrelated to the organic electro-optic materials (e.g., damage to silica input fibers). Nevertheless, the one
published report' ' on this subject appears promising with respect to good stability exhibited by organic
electro-optic materials.

7.2.1.6 Fabrication of Prototype Devices

The most common prototype device fabrication involves stripline Mach Zehnder modulators; however,
ring microresonator, cascaded prism, and etalon structures have also been produced and evaluated. A
critical issue with the fabrication of prototype devices is how to deal with the properties of cladding and
electrode materials. Devices are typically multilayer structures consisting of bottom (ground) electro-
de/bottom cladding/electro-optic waveguide/top cladding/top (drive) electrode. If materials are poled
through cladding layers, the poling field can be attenuated due to the resistivity of the cladding layers. A
potential solution to this problem would be to identify cladding materials with significant conductivity.
Unfortunately, cladding materials with prerequisite conductivity have also exhibited, to the present time,
unacceptably high levels of optical loss. The presence of cladding layers thus makes it difficult to realize
the same electro-optic activity in device structures that have been achieved in thin films. Another issue in
the fabrication of prototype devices is the impact of electrode materials and device structure on
performance, including operational bandwidth. For stripline devices, such as Mach Zehnder inter-
ferometers, resistive losses in metal electrodes typically define operational bandwidths. Shorter electrode
structures (see Figure 7.5) lead to higher bandwidths, but at a price of increased drive voltage (V, the
voltage required to produce a T phase shift). As already noted, shorter devices afford the advantage of
reduced insertion loss and are more appropriate for high-density integration of many modulators on a
single chip. For resonated devices, such as ring microresonators and etalon devices, bandwidth is limited
by the optical lifetime in the resonated structure. This is defined by the quality factor, Q, of the resonant
device. High quality factors have the advantage of affording reduced drive voltage operation but limit
the bandwidth of the device. Very high center operational frequencies can still be obtained, but the
bandwidth about the center frequency is limited by the Q. Ring microresonators have the added
advantage of reduced size, which can facilitate high-density integration. In discussing bandwidth,
one needs to distinguish between digital and analog signals. This point will be illustrated in the
following simplified discussion of bandwidth and drive voltage requirement for resonant
device structures.

For a resonator, the 3-dB electrical modulation bandwidth (the detected voltage is down by 3 dB) is
given by

Afsqpe = ¢/AQ = Afpwims (7.4)

where ¢ is the speed of light, 4 is the wavelength of light, Afpwn and is the full-width at half-maximum
of the bandpass of the resonant device. The case of digital modulation is considered first.
For a 10-dB contrast in the digital pulses, the voltage induced frequency shift of the bandpass must be
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The frequency shift with voltage is
(Af1V) = (ne)’r3sc/ (2d2), (7.6)

where d is the electrode spacing. Combining,

Vioas = (3dAAfsgpe)/ [(egr) T3¢, (7.7)

In digital systems, the required bandwidth depends on the modulation format. Conservatively
assuming that Af;qge =B (the bit rate), then

Vieas = 3dAB/ [(egr) r33c]. (7.8)

For example, if B=10 Gb/s, n=1.6, r33=300 pm/V, d=6 um, A=1.3 pm, and Q=5X 10°, then
Vicas=1V (with the result obviously scaling linearly with the bit rate).

Now consider analog signal modulation. The optical wavelength is set to the point of maximum slope
of the resonator transmission (bandpass) curve:

AL = Mgy / (24/3) (7.9)

It is helpful to define a V7t oqu;y S0 that it corresponds to an equal V7t of a Mach Zehnder modulator:

(V e equiv ! Afsdse) = ATdA ! [(3V/3) () 3] (7.10)

For example, if n=1.6, r;3=300 pm/V, d=6 wm, and A=1.3 wm, then (VTquiv/Afsape) =
0.08 V/GHz. It is clear from the above analyses for digital and analog signal processing that the simplest
route to improving the performance of resonant devices is to increase the electro-optic coefficient, r, of
the material used to fabricate the device. The current performance of organic electro-optic materials
moves resonant devices close to practical application.

Device structures are most commonly fabricated using reactive ion etching, although ring micro-
resonator and Mach Zehnder devices structures have also been made by nanoimprint lithography.®®
Nanoimprint lithography has the potential advantage of allowing complex electro-optic circuitry to be
mass-produced in a cost-effective manner.

The range of application of organic electro-optic materials has been recently broadened by the
incorporation of these materials into silicon photonic device structures.®® The small dimensions of these
structures and the obvious potential for convenient integration with silicon electronics is very attractive.
Moreover, the small (nanoscopic) dimensions of silicon photonic circuitry result in an optical field
concentration, which has recently been exploited to achieve optical rectification of light at mW optical
powers.®® Thus, the same device structure can be employed for electrical/optical and optical/electrical
signal transduction.

7.2.1.7 Applications

Applications of electro-optic materials and devices include electrical-to-optical signal transduction,
optical switching, optical beam steering, radiofrequency signal generation, phased array radar (radio-
frequency beam steering), optical gyroscopes, analog-digital conversion, frequency conversion (time
stretching), and sensing (of both physical and chemical phenomena). The term radiofrequency describes
frequencies in the range 0-30 THz. Electro-optic technology is at the heart of “RF Photonics,” or the
delivery of radiofrequency signals via optical transmission. Many applications of electro-optic materials
lie in the arena of defense and homeland security, but interest is growing in the areas of computer chip
manufacture, transportation, telecommunications (both fiber and wireless), civil engineering, and
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medicine. For example, in the development of next-generation computer chips, photonics may be used
to route high frequency information among various components of the chip, avoiding the problems of
signal loss and heating associated with moving electrons through metal connectors. The field of
embedded network sensing combines sensors, computer processors, and communication components
on a single chip. Electro-optic devices provide critical signal transduction and routing on embedded
network sensing platforms. Embedded network sensing is finding increasing applications in medicine
and infrastructure monitoring (civil engineering).

7.2.2 Optical Rectification Including Terahertz Radiation and Detection

Optical rectification is the difference frequency analog of second harmonic generation. Like second
harmonic generation, it will occur whenever the electric field component of the optical field is large
enough to produce a nonlinear perturbation of the charge distribution of the nonlinear optical material.
Normally, intense laser powers are required, but the nanoscopic dimensions of silicon photonic circuitry
can concentrate optical fields from milliwatt diode lasers to the point of producing optical rectification.®®
Thus, organic EO/silicon hybrid devices can act as both electrical-to-optical signal transducers and
optical-to-electrical signal transducers. In other words, they have the potential to compete with
photodiodes as photodetectors, providing that sufficiently large material second-order optical nonli-
nearity can be obtained.

Another manifestation of optical rectification/difference frequency generation is terahertz signal
generation/detection. Recently, Hayden and coworkers,'' !> Gunter and coworkers,''” and researchers
in Japan''*"''® have pioneered the use of organic electro-optic materials for terahertz applications
(imaging and spectroscopy). An advantage of organic materials is that optical and terahertz waves
propagate with comparable velocities in organic materials, permitting phase matching of the optical and
terahertz radiation. Also, the second-order optical nonlinearity of organic materials is orders of
magnitude greater than inorganic crystalline materials such as zinc telluride (ZnTe). A problem
encountered with poled organic (polymer) materials is that it is difficult to effectively pole thick
(millimeter) films. Such film thickness would be ideal for terahertz applications.

Among the promising sensor applications of terahertz radiation is the ability to image plastic weapons.
It is an attractive alternative to magnetic (metal detector) sensing in the arena of homeland security. The
possible applications in biomedical imaging are also attractive.

7.3 Third-Order Nonlinear Optical Materials

Third-order organic nonlinear optical materials have very little in common with second-order nonlinear
optical materials, other than the fact that both involve significant 7t-conjugation. Since no symmetry
requirement exists for third-order activity, a much broader range of materials can give rise to third-order
optical nonlinearity, x*. Indeed, third-order materials range from conjugated polymers such as
polyacetylene, to molecules such as Cgo and C,p, to metallomacrocyclic complexes. When charge transfer
molecules are investigated, molecules with quadrupolar''” symmetry (e.g., donor-acceptor—donor or
acceptor—donor—acceptor) frequently exhibit larger optical nonlinearity than corresponding dipolar
(donor—acceptor) molecules. Dendritic materials containing connected 7t-electron segments have also
been observed to give rise to large third-order optical nonlinearities.

Although the third-order optical nonlinearity for organic materials has been increased over the past
two decades, values are still too low for practical applications. A possible exception may be for materials
incorporated into silicon photonic circuitry. Scherer and coworkers'** have demonstrated all-optical
modulation to greater than 5 THz with mW pump powers derived from a diode laser operating at
telecommunication wavelengths. The concentration of optical power in waveguides of nanometer
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dimensions results in an amplification of optical field intensities by orders of magnitude, permitting
much smaller x® values to be utilized effectively.

Recently, interest in x* materials has increased because of potential applications of materials with
large two-photon absorption coefficients. These applications range from sensor protection to biomedical
imaging, photodynamic therapy, and two-photon photolithography.

Because no symmetry requirement exists for nonzero third-order optical nonlinearity, lattice hardness
is a less serious problem than for second-order materials, although little research has been conducted on
this feature of third-order materials. Optical loss is as important for third-order materials as it is for
second-order materials, but very little research attention has been paid to this topic. Third-order
materials should afford comparable advantages in processability compared to second-order organic
nonlinear optical materials; however, it is unlikely that auxiliary properties will receive much attention
unless significant improvement in x‘* can be achieved.

7.4 Summary

Extensive Tt-conjugation of organic materials leads to significant second- and third-order optical
nonlinearities. However, until the present decade, values of x(z) and x(3) have been too small to
promote significant commercial application. Currently, electro-optic coefficients in the range 300-
400 pm/V are observed for a variety of dendrimer and dendronized polymer materials containing
chromophores with large first hyperopolarizabilities. Such values are an order of magnitude greater than
values for the commercial standard lithium niobate. New organic electro-optic materials afford the
possibility of more compact and lightweight devices operating with bandwidths of 100 GHz or greater
and with drive voltages of less than one volt. Realization of gain in RF photonics becomes a possibility for
the first time. Many issues remain to be addressed before significant commercialization is likely,
including the systematic control of optical loss, thermal stability, and photochemical stability. Moreover,
better utilization needs to be made of the processing advantages of organic electro-optic materials,
including for the production of integrated electronic/photonic circuitry exploiting a high density of
organic electro-optic devices on a single chip. The integration of organic electro-optic materials with
silicon photonic circuitry appears to afford some impressive new opportunities not only for high
bandwidth electro-optic modulation and optical switching but also for optical rectification. One distinct
advantage of organic electro-optic materials is that their processability may permit new device structures
and applications to be considered. For example, new sensor technologies appear possible, e.g., by
exploiting ring microresonators positioned on side-polished optical fibers.

The prognosis for third-order organic nonlinear optical materials is somewhat less optimistic, as x*’
values still need to be increased by one to two orders of magnitude for many applications. Incorporating
third-order organic nonlinear optical materials into resonant structures (e.g., ring microresonators) and
into silicon photonic waveguides may help reduce the performance demands on x*
rate, the development of third-order organic nonlinear optical materials is in a more immature stage than

materials. At any

the development of second-order materials, as very little attention is given to auxiliary properties such as
optical loss, stability, and processability. The most promising application of third-order organic materials
appears to involve materials with large two-photon cross-sections for applications such as biomedical
imaging, photodynamic therapy, two-photon photolithography, and ultrafast-responding sensor
protection (Table 7.1 through Table 7.3).
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Second- and Third-Order Nonlinear Optical Materials

(continued)

11 pm/V.

Polymers are prepared by poly-acyclotrimerization at 150°C under a

poling field for several hours.

r33(830 nm)
High stability is observed at 85°C.

o . %
= :
<00,

=z
(&)
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z
=z
(e}

K I

Z_<1. T

Triazine cross-linked polymer obtained from p(N,N-bis(4'-cyanatobenzyl)amino-p’-(2,2dicyanovinyl)azobenzene

(Holland and Fang 1992; Singer et al. 1991)
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