Preface

The future of information technology requires ultra-high speed processing and
large data storage capacity. Since the electronics technology using semi-conduc-
tors and inorganic materials is about to reach its limits, much current research is
focused on utilizing much faster photons than electrons, namely photonics. To
achieve any significant effect on the actual use of the science of photonics, devel-
opments of more efficient photonics materials, better optical property evaluations,
manufacture of devices for system applications, etc. are the subjects which need to
be explored. In particular, the development of photonics materials stands in the
forefront of research as this constitutes the most pertinent factor with regard to
the development of ultra-high speed and large capacity information processing. In
this respect, there has been continuous research on photo-responsive materials
through molecular structure design and architecture and the results so far are very
promising as functions and performances are beginning to realize their high
expectations.

The two special volumes “Polymers for Photonics Applications” give authorita-
tive and critical reviews on up-to-date activities in various fields of photonic poly-
mers including their promising applications. Seven articles have been contributed
by internationally recognized and they deal with, polymers for second- and third-
order nonlinear optics, quadratic parametric interactions in polymer waveguides,
electroluminescent polymers as light sources, photoreflective polymers for holo-
graphic information storage, and highly efficient two-photon absorbing organics
and polymers. This review should provide individuals working in the field of pho-
tonics polymers with invaluable scientific knowledge on the state of the art while
giving directions for future research to those deeply interested.

Finally, I would certainly like to give my heartfelt thanks to the contributors to
this two volume special issue and although the publication has been delayed,I am
very grateful that this issue can be dedicated to Professor Gerhard Wegner in cel-
ebration of his 60th birthday.

Taejon, August 2001 Kwang-Sup Lee






In Recognition
Professor Gerhard Wegner

Polymer scientists do not hesitate in naming Professor Gerhard Wegner as one of
the most influential scholars in the field of polymer science today. During the
dynamic growth period of polymer science, its conception by Professor H.
Staudinger, Professor Wegner has made large contributions in the areas of poly-
mer synthesis, new synthetic methodology for macromolecules, polymer structure
analysis, and characterizations. His achievements have been particularly promi-
nent in self-organization of macromolecules, supramolecular architectures, solid
polyelectrolytes, electrical and optical polymers, and functional nano-structured
films based on polymeric materials, where many valuable fundamental results
were established through years of creative research in advanced polymer science.
His efforts are still continuing today with great energy and concentration.

Professor Wegner was one of the founders of the Max-Planck-Institute for Poly-
mer Research in 1983. He was instrumental in making the Institute an interna-
tionally recognized organization in polymer science research, largely by his excel-
lent academic and administrative efforts. He is now the vice-president of the Max-
Planck Society.

Professor Wegner received his Ph.D degree in polymer chemistry for a thesis on
his work at the University of Mainz with Professor W.Kern and Professor R.C.Schulz
in 1965. Between 1966 and 1968, he worked at Yale University (USA) as a research
staff chemist for Professor H. G. Cassidy. After returning to Germany, he worked for
his professorship in the group led by Professor E.W. Fisher at the University of Mainz.
It was during this period that he opened for the first time the area of topological
polymerization of diacetylene. Since then there has been a large number of scien-
tific papers related to the chemistry and physics of polydiacetylenes. From 1974 to
1984 he worked as a co-director of the Institute of Macromolecular Chemistry (Her-
man Staudinger Haus) at the Freiburg University, after which he moved to the Max-
Planck-Institute for Polymer Research where he is still the director.

Professor Wegner has published over 450 publications related to various areas
of polymer science and his works have and are still being very widely cited. For the
recognition of his achievements in polymer science, he has received the Adolph-
Bayer-Award, the Philip-Morris-Prize, the Herman Staudinger Medal of the Ger-
man Chemical Society, American Chemical Society Award in Polymer Chemistry
and other numerous awards and honors. Professor Wegner is currently serving as
an editorial board member for many international scientific journals,and the con-
tributions he has made to Advances in Polymer Science during the last ten years
have been invaluable.



X In Recognition Professor Gerhard Wegner

Apart from his outstanding scientific achievements, his concern for polymer
education, cooperative global activities at individual, group and institutional lev-
els have produced excellent results and many have benefited from his efforts.

We hope that Professor Wegner continues to benefit us with the far-reaching
insight into the interesting world of polymer science and we truly look forward to
many more years of his contributions. On the occasion of his sixtieth birthday, we
wish him all the best in all the facets of his scientific and personal life.

Kwang-Sup Lee
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Abstract. Polymeric electro-optic materials have recently been developed that, when fabri-
cated into devices such as Mach-Zehnder interferometers, permit drive (V;) voltages of less
than 1V to be realized at the telecommunications wavelength of 1.3 and 1.55 microns. Op-
eration of polymeric electro-optic modulators to frequencies (bandwidths) of greater than
100 GHz has been demonstrated. The total insertion loss of polymeric electro-optic modu-
lators has been reduced to values as low as 5 dB, which is competitive with values obtained
for lithium niobate modulators and is much lower than that obtained for gallium arsenide
electro-absorptive modulators. Polymeric electro-optic modulators can be operated for
long periods of time at temperatures on the order of 100 °C. Techniques have been devel-
oped for seamlessly integrating polymeric electro-optic circuitry with passive low loss op-
tical circuitry (e.g., silica long-haul transmission fiber and medium-range fluoropolymer
fibers) and with very large scale integration (VLSI) semiconductor electronics. These ad-
vances have created a considerable interest in the commercialization of polymeric electro-
optic materials. Polymeric electro-optic materials are now being evaluated for applications
such as phased array radar, satellite and fiber telecommunications, cable television (CATV),
optical gyroscopes, electronic counter measure (ECM) systems, backplane interconnects
for high-speed computers, ultrafast (100 Gbit/s) analog-to-digital (A/D) converters, land
mine detection, radio frequency (rf) photonics, and spatial light modulators. This review
discusses the structure-function relationships that had to be defined and the synthesis and
processing advances achieved before materials appropriate for commercialization could be
produced. Topics discussed include the design and synthesis of chromophores that simul-
taneously exhibit large molecular hyperpolarizability, low optical absorption, processabili-
ty (e.g., solubility in various processing media), and the prerequisite (thermal, chemical,
electrochemical, and photochemical) stability to survive conditions encountered in the fab-
rication and operation of polymeric electro-optic devices. Chromophore-chromophore
intermolecular electrostatic interactions have been shown to be the most serious problem
impeding the optimization of electro-optic activity in organic materials. The quantitative
theoretical treatment of such interactions by equilibrium and Monte Carlo statistical me-
chanical methods is discussed. Rules for designing chromophores with shapes leading to
maximum obtainable electro-optic activity are discussed and the synthetic realization of
such structures is reviewed. The role of electrostatic interactions in influencing the choice
of processing conditions is also discussed. A number of processing steps, including spin
casting, electric-field poling, lattice hardening, fabrication of buried channel waveguides
(including deposition of cladding layers), electrode deposition and connection with elec-
tronic circuitry, and integration of active and passive optical circuitry, are required. Each of
these steps can affect device performance (e.g., influence optical loss, electro-optic activity,
and stability). The systematic optimization of each of these steps is reviewed. Finally, device
design and operation are reviewed and speculation on the future of the field is expressed.
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Abbreviations

ac alternating current

ATR attenuated total reflection

APC amorphous polycarbonate [poly(bisphenol A carbonate-co-4,4'-
(3,3,5-trimethylcyclohexylidene)diphenol]

dc direct current

a molecular polarizability

B molecular (first) hyperpolarizability

Bo molecular hyperpolarizability at zero frequency

Bro molecular hyperpolarizability at operational wavelength
€ electrical permittivity

CF 3-cyano-5,5-dibutyl-2-dicyanomethylene-4-methyl-2,5-dihydrofuran
f(w) local field (Onsager) factor

k Boltzmann constant

D Debye

DSC differential scanning calorimetry

DEC double end crosslinkable

JAY0) phase shift of light caused by application of an electric field
E allied electric poling field strength

esu electrostatic units

EFISH electric field induced second harmonic generation

F electric field at the chromophore

FT Fourier transform

EO electro-optic

% molecular second hyperpolarizability

Hz hertz (1 Hz=s"1)

MHz megahertz (10° Hz)
GHz gigahertz (10° Hz)
HRS hyper-Rayleigh scattering

IR infrared

L Langevin function

u dipole moment

M chromophore molecular mass (weight)

n index of refraction

NLO nonlinear optical

N chromophore number density (number of molecules per cubic

centimeter) in polymer host
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P macroscopic polarization

p molecular polarization

PDS photothermal deflection spectroscopy
PMMA poly methyl methacrylate

PU poly urethane
r electro-optic coefficient
I33 electro-optic coefficient in the direction of the applied electric field
rf radio frequency
) angle between the poling field and chromophore principal axis
T Kelvin temperature
Ty chromophore decomposition temperature
T, glass transition temperature of polymer material
TBDMS tert-butyldimethylsilyl
TGA thermal gravimetric analysis
TMA thermal mechanical analysis
Vo voltage required to produce a phase shift of Tt
<cos’0> order parameter relevant to electro-optic activity
M) linear optical susceptibility
) second-order nonlinear optical susceptibility
x® third-order nonlinear optical susceptibility
Uuv ultraviolet
w weight fraction of chromophore in a polymer matrix
wt weight
W angular frequency
A wavelength
1

Introduction - Concepts, Materials and Applications

In this review, the focus is on electro-optic materials. Such materials are mem-
bers of the more general class of second-order nonlinear optical materials,
which also includes materials used for second harmonic generation (frequency
doubling). The term second-order derives from the fact that the magnitude of
these effects is defined by the second term of the power series expansion of op-
tical polarization as a function of applied electric fields. The power series expan-
sion of polarization with electric field can be expressed either in terms of molec-
ular polarization (p; Eq. 1) or macroscopic polarization (P; Eq.2)

Pi=(XijEj+ BijkEjEk+yijklEjEkEl+"' (].)

PI:XII(1)E]+X1]K(Z)E]EK+XIIKL(3)E]EKEL+... (2)
Equation (2) can be expanded to a form that more directly shows the exist-

ence of high frequency (second harmonic generation or frequency doubling - f=
2w) and low frequency (electro-optic - f=0) phenomena.
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P=xVEycos(wt-kz)+(1/2)X PEy2[1+cos(2wt-2kz) ] +X DE>[(3/4)
cos(wt-kz)+(1/4)cos(3wt-kz)] (3)

Actually, the “low frequency” (f=0) term typically involves frequencies in the
range 10°-10!! Hz, i.e., from 1 kilohertz to 100 gigahertz. Such radio, micro-
wave, and millimeter wave frequencies are low frequency only with respect to
much higher optical frequencies (e.g., f=2.3x10'4 Hz, A=1.3 pm; f=1.9x10'* Hz,
A=1.55 pm). Unlike the first- and third-order terms of the above equations, there
is a symmetry requirement for the second-order terms; namely, that of noncen-
trosymmetric or acentric symmetry. The molecules or materials cannot have a
center of inversion symmetry. Although second-order nonlinear optical activity
can arise from higher order octupolar symmetry [1], such materials have yet to
be used in the fabrication of devices. Thus, for practical purposes, organic sec-
ond-order nonlinear optical materials can be considered to be dipolar molecules
organized into noncentrosymmetric (acentric or “ferroelectric”) chromophore
lattices. It will shortly become clear to the reader that this requirement of or-
dered chromophore lattices is the most daunting materials requirement to be
satisfied in the development of electro-optic materials.

Electro-optic activity can be thought of as control of the index of refraction of
a material by application of a finite dc or ac voltage. As noted above, ac voltages
can be characterized by frequencies from 1 Hz to greater than 100 GHz. Index of
refraction relates to the speed of light in a material so another way of thinking
about electro-optic activity is to view it as a voltage-controlled phase shift of
light. The application of an electric field acts to change the charge distribution
in a second-order nonlinear optical chromophore. If the chromophore is of the
common charge-transfer type, the electric field can be viewed as changing the
mixing of neutral and charge-separated states. This change in charge distribu-
tion will, in turn, alter the velocity of light propagating through the material. If
the chromophores are randomly ordered, the influence of individual chromo-
phores will cancel out as light propagates through the material. If all chromo-
phores are pointing in the direction of the applied field, then the effect of indi-
vidual chromophores will simply be additive and the electro-optic activity of the
material will be given by r;;=2NBf(w)/n* where N is the chromophore number
density, f(w) is a product of local field factors taking into account that applied
fields are attenuated by the local environment of the chromophore, and n is the
index of refraction. If the noncentrosymmetric order is not perfect, which will
certainly be the case if order is induced by electric-field poling, then the macro-
scopic electro-optic coefficient will be given by Eq. (4).

133=|2Nf(w)B<cos’0>/n’| (4)

The order parameter, <c0s30>, will thus play a critical role in defining the
maximum achievable electro-optic activity that can be realized, particularly if
this quantity is dependent on chromophore concentration.

From the above introduction to the basic phenomenon of electro-optic activ-
ity, several points are clear. First, a conceptually attractive class of organic elec-
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tro-optic materials involve charge-transfer molecules of the general form, D-(Tt-
electron connective segment)-A, where D is an electron-donating group such as
an amine and A is an electron-accepting group such as a cyano or nitro group.

Second, the effect of applied electric field changing the mixing of neutral and
charge-separated forms of the charge-transfer chromophores will define the
magnitude of electric field required to achieve a given phase shift. Molecular
first hyperpolarizability 3 can be understood within the framework of the pa-
rameters of this two-state charge-transfer process, as shown in Eq. (5) (see also
the Appendix):

B=(uee_ugg)(uge)zl(AEge)z (5)

where the critical parameters are the difference between the dipole moments of
the ground and excited states, the HOMO-LUMO energy gap, and the transition
matrix element between the ground and excited state.

Third, achieving the largest possible order parameter will be important for
optimizing electro-optic activity. Moreover, this order parameter must be stable
over the operational lifetime of a device utilizing the electro-optic material.

Polymeric electro-optic materials are used in a variety of device configura-
tions to achieve a number of functions including electrical-to-optical signal
transduction, switching at nodes in optical networks, control of the phase of ra-
dio frequency and optical signals, electromagnetic field sensing, etc. Three of
the most common device configurations are shown in Fig. 1

The phase retardation of light transiting a material to which an electric field
has been applied is given by Eq. (6):

A@=211ML/A=Tin3rEL/A (6)

Consider the Mach-Zehnder (MZ) interferometer device configuration (top,
Fig. 1). Application of an electric field to one arm of the MZ results in a phase
retardation relative to the signal traversing the second arm and in destructive
interference at the output of the device. The consequence of this voltage-control-
led destructive interference is that the applied electrical signal is transduced
onto the optical beam as an amplitude modulation. The birefringent modulator
shown in Fig.1 also acts as an electrical-to-optical signal transducer. However,
in this modulator, both TM and TE optical modes travel through the electro-op-
tic material and the application of an electrical field produces a voltage-depend-
ent birefringence. This birefringence is turned into an amplitude modulation by
positioning a polarizer at the output of the device. The voltage, V;, required to
achieve full-wave modulation with a birefringent modulator is 1.5 times that re-
quired for a Mach-Zehnder modulator. This is a good reminder to us that mate-
rial requirements will vary from one device to another and we will need to keep
the details of devices in mind when discussing applications of electro-optic ma-
terials. The directional coupler, shown at the bottom of Fig. 1, consists of two
side-by-side waveguides separated by only a few micrometers. The overlap of the
guided waves in the two waveguides couples energy back and forth between the
waveguides. When an electric voltage is applied, both the phase difference be-
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Fig.1. Three common electro-optic device configurations: Top Mach-Zehnder interferom-
eter; middle birefringent modulator; bottom directional coupler

tween modes in the two waveguides and the coupling coefficient are affected
with the result that the output is toggled between outputs 1 and 2. The smallest
voltage needed for switching an optical signal between the two output ports is
1.7 times larger than for a Mach-Zehnder modulator. A more detailed discussion
of the performance of these three device structures is given elsewhere [2]. It is
readily seen that these simple device configurations can be used to effect elec-
tric-to-optical signal transduction and switching of optical signals. The Mach-
Zehnder and birefringent modulator configurations can also be used for voltage
sensing. The fundamental device configurations, discussed above, can be used
to fabricate more sophisticated devices such as ultrafast analog-to-digital signal
converters [3].

If electro-optic modulators and directional couplers are to be driven by the
electrical outputs from very large-scale integration (VLSI) semiconductor chips,
then the required drive or V; voltages of EO devices must be less than 6 V (for
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TTL chips) and on the order of 1V or less for the fastest semiconductor chips. If
EO modulators are to be used in fiber optic communication links, it can be noted
that the link gain is inversely proportional to (V)? and the noise figure is direct-
ly proportional to (V). The higher the electro-optic activity of materials (and
thus the lower the V; of the EO device) the better! Drive voltages in the order of
1V or less are required for lossless (transparent) communication links.

If electro-optic devices are to improve information processing and communi-
cation speeds, then the bandwidths of such devices must be greater than 10 GHz
and ideally should approach 100 GHz. Also, devices must have low insertion
loss. Total insertion losses should be significantly below 10 dB and the per-unit-
length (of electro-optic waveguide) optical loss should be 1 dB/cm or less. Final-
ly, the device must exhibit sufficient longevity under in-field operating condi-
tions. Not only must modulators survive temperature variations of considerable
magnitude, but they must also exhibit significant photochemical stability. If EO
modulators are to be used in space applications they must be capable of with-
standing bombardment from high-energy particles and electromagnetic radia-
tion.

Modulation can be accomplished in a variety of ways. For example, the output
of alaser can be modulated directly or external modulation can be applied using
electro-optic or electro-absorptive modulators. Currently, commercial electro-
optic modulators are fabricated from lithium niobate. The performance charac-
teristics of one family of lithium niobate modulators, produced by Lucent Tech-
nologies (Breinigsville, PA), are given in Table 1.

Lithium niobate is a crystalline material and, as such, modulators fabricated
from lithium niobate cannot be straightforwardly integrated with VLSI semi-
conductor electronics. A lithium niobate modulator must typically be connected
to its electrical signal source by wires and techniques such as flip-chip bonding.
Lithium niobate has a high dielectric constant, which can strongly perturb the
incoming electromagnetic field in radar applications [5] and is a detriment both
to modulation efficiency and bandwidth. The other alternative to electro-optic
modulation is electro-absorptive modulation employing gallium arsenide mul-
tiple quantum well materials. Electro-absorptive devices currently suffer from
high optical loss but hold the promise of low drive voltages. Like polymeric EO
materials, gallium arsenide electro-absorptive materials can still be considered
to be in a developmental stage. In Table 2, we summarize the properties of lithi-
um niobate, gallium arsenide and polymeric EO materials.

A brief comment on the importance of the relationship of the dielectric con-
stant, €, to the index of refraction, n, is useful. With polymeric materials, the T¢

Table 1. Performance characteristics of the Lucent lithium niobate electro-optic modulator

Vi 6V @ 1550 nm
Bandwidth 30 GHz
Maximum operational temperature 70 °C

Insertion loss 6dB
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Table 2. Comparison of lithium niobate, gallium arsenide and polymeric materials

Property Gallium arsenide  Lithium niobate =~ EO polymers
EO coefficient 1.5 31 >70
(pm/V at 1. 3 microns)

Dielectric constant, € 10-12 28 2.5-4
Refractive index, n 3.5 2.2 1.6-1.7
Bandwidth-length product,  >100 10 >100
GHz/cm

Voltage-length product, 1-5 5 1-2
V/cm

Figure of merit 6 10 100
Optical loss 2 0.2 0.2-1.1
(dB/cm at 1.3 microns)

Thermal stability (°C) 80 90 80-125*
Maximum optical power 30 250 250%
(mW)

*Obtained for a hardened polymeric material

electrons play the dominant role in defining both € and n. Thus, &=n?. Moreover,
for polymeric materials, these quantities are essentially frequency independent.
Because of the above equality, optical and electric waves will co-propagate in
polymeric EO materials with the same velocity. Thus, they will not de-phase and
can interact (through the EO material) over significant interaction lengths. This
feature of polymeric materials permits large bandwidth-length products to be
realized. Modulation efficiency can be increased by taking advantage of longer
active waveguide lengths. For example, 3-cm modulators have recently been em-
ployed by IPITEK (formerly TACAN) Corporation to obtain V;; values of 0.8 V
[6]. Before leaving the discussion of types of electro-optic materials, we should
also draw a distinction between crystalline organic electro-optic materials and
polymeric electro-optic materials. In the 1980s, Professor Anthony Garito (Uni-
versity of Pennsylvania) was able to prepare large crystals of methylnitroaniline
(MNA). These materials were subsequently investigated by corporate laborato-
ries such as Celanese (which later became Hoechst-Celanese). As might be ex-
pected, the molecular polarizability of the small methylnitroaniline moieties
was simply not large enough to translate to useable macroscopic electro-optic
activity. Thus, device-oriented research on this material was ultimately aban-
doned. Considerable excitement was generated by the discovery by Marder, Per-
ry, and co-workers (then at California Institute of Technology and now at Uni-
versity of Arizona) of electro-optic crystals of 4'-dimethylamino-N-methyl-4-
stilbazolium tosylate (DAST) [7]. It appeared initially as if these crystals might
exhibit electro-optic coefficients in the range of several hundred picometers per
volt [7-9]. However, DAST crystals suffer from severe growth anisotropy and
thus have, until recently, been obtained only as long needles. Device develop-
ment with such needle-like crystals is very difficult indeed. Thus, continuing re-
search efforts on DAST have focused on obtaining thin films of the material or
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at least rod-like crystals with reduced growth anisotropy [8, 10]. Collaborative
research efforts include those of Marder and Perry with Professor Stephen For-
rest at Princeton using molecular beam quasi-epitaxy in the presence of an elec-
tric poling field. Efforts that show the greatest promise of yielding device quality
materials currently appear to be those of Professor Peter Gunter [10] at the ETH,
Zurich, Professor Thukar at Auburn [8], and those of various research groups at
Tohoku University [10] in Japan. However, it is unlikely that DAST materials can
be modified to yield the magnitude of electro-optic activity obtained with
chromophore-containing, electrically poled, polymer materials. Before leaving
our introductory discussion, it is worth noting that electro-optic activity is a
tensorial property. For example, growth anisotropy (crystal shape) will deter-
mine which tensor components of the material electro-optic tensor can be uti-
lized in device operation. For crystals, Zyss and Oudar [11] have shown that
macroscopic nonlinear optical susceptibility can be related to molecular hyper-
polarizability by the following equations:

XP=NB(w)l(Q) (7)
F(Q)=(1/Nc)zijkzs(cosGS)H(COSGS)U(cosGS)Kk (8)

The orientation factor provides the projection of the molecular 3 tensor onto
the crystal or laboratory axis (note that the crystal will be oriented intentionally
with respect to the applied electric field by the act of depositing electrodes on the
crystal). In Eq. (8), the indices I, ], K and i, j, k refer, respectively, to the principal
directions of the crystal and molecular coordinate systems. N_. is the number of
equivalent positions in the unit cell.

For dipolar chromophores that are the subject of this chapter, only one com-
ponent of the molecular hyperpolarizability tensor, 3,,,, is important. Thus, the
summation in Eq. (8) disappears. Electric field poling induces C, cylindrical po-
lar symmetry. Assuming Kleinman [12] symmetry, only two independent com-
ponents of the macroscopic second-order nonlinear optical susceptibility tensor
survive.

X, =Npf(w)<cos*0> ©)
X®, =NBf(00)<cos8><cos?0> (10)

Equation (9) defines r;; while Eq. (10) defines r,5. For electrically poled poly-
mer materials, it is common to assume that r;;=3(n./n,)*r,; [3]. However, the
reader should note that this is not always the case [13, 14] and is seldom the case
with use of laser-assisted (photochemical) poling [15, 16]. Thus, we need only
consider Eq. (4) in our further discussion. However, it should be noted that de-
vices such as the birefringent modulator depend on the difference between r3;
and r;5 so that both components can enter the equation for device performance.

Clearly, a requirement for device quality second-order nonlinear optical ma-
terials is a noncentrosymmetric dipolar chromophore lattice. There are several
ways by which such lattices have been achieved. With all methods, a force must
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be identified that will act to align chromophores so that they point in the same
direction. Such forces can be surface electrostatic forces, as in the case of Lang-
muir-Blodgett methods, covalent bonds in the case of sequential synthesis
methods, electric poling field/chromophore dipole interaction with electric field
poling, and host/chromophore electrostatic interactions in the case of inclusion
compounds [3, 5]. Such forces must overcome intermolecular chromophore-
chromophore electrostatic interactions that will favor centrosymmetric order-
ing of the chromophores. In the rare case of natural noncentrosymmetric crystal
growth, such as in the case of DAST, the chromophore must experience some
ionic or steric interaction that strongly favors noncentrosymmetric order. The
DAST chromophore is positively charged so that interaction of the chromophore
with negatively charged counter ions strongly influences the ordering of
chromophores. We have reviewed elsewhere [3, 5] the use of sequential synthe-
sis, Langmuir-Blodgett fabrication of thin films, crystal growth methods,
growth of chromophore-containing inclusion compounds, and films prepared
by vapor phase quasi-epitaxy. In the remainder of this review, we will focus our
attention on electric field poling of chromophore-containing polymer (and den-
drimer) materials. Of alternative methods to electric field poling, only the se-
quential synthesis methods of Professor Tobin Marks (Northwestern) show con-
tinued improvement and remain the subject of active development [17-24].

The reader is also referred to other literature for a more comprehensive intro-
duction to various aspects of optical nonlinearity and for more in-depth reviews
of certain topics than can be covered in this review [2, 3, 5,24-87]. It is also sug-
gested that the reader use these cited reviews to access literature not cited here.
The literature on the topic of organic electro-optic materials now stands at many
thousands of papers. It is unrealistic to attempt to even cite this entire body of
literature here let alone discuss in depth all of the salient features of research into
organic electro-optic materials. It is hoped that a readable overview of poled
polymer electro-optic materials is provided in the following sections and that
insight is provided both into the technological potential and problems associat-
ed with these materials.

2
Materials Requirements

For fabrication of electro-optic devices, one must consider three different types
of materials that are critical to device function: (1) Electro-optic chromophores,
(2) chromophore-containing polymeric active EO materials; and (3) polymer
cladding materials. A cladding material is indispensable for preventing the opti-
cal wave propagating in the active EO polymer waveguide from seeing the opti-
cally lossy metal electrodes used to deliver the electrical driving field. The best
electro-optic material is of little use without a compatible cladding material. The
reader should keep in mind that an electro-optic device typically consists of a
stacked architecture consisting of a substrate, lower electrode, lower cladding
layer, active electro-optic layer, upper cladding layer, and upper electrode.



12 Larry Dalton

Let us first focus on the materials requirements that must be satisfied for a
chromophore to be useful. We have already noted that devices characterized by
drive voltages of less than 6 V are required to be compatible with semiconductor
electronics. There are, of course, applications (such as cable TV, CATV and volt-
age sensing in the electric power industry [88]) that do not require small V; volt-
ages and hence do not require large material electro-optic coefficients; however,
the majority of applications will require digital-level drive voltage capability. To
achieve a drive voltage of 1 V, a material electro-optic coefficient on the order of
100 pm/V is required. Realization of digital level drive voltages and matching the
drive voltage performance of lithium niobate requires electro-optic coefficients
on the order of 30 pm/V. To achieve such electro-optic coefficient values, in turn,
requires molecular uf3 product values in the order of 2000x107*8 esu or greater.
For comparison, aminonitrostilbene is characterized by a value of 482x10"*8 esu.

For a chromophore to be useful for electro-optic applications, it must not ex-
hibit significant optical absorption at anticipated operating wavelengths (e.g.,
telecommunication wavelengths of 1.3 or 1.55 microns). Normally, vibrational
absorption from C-H overtones will dominate absorption at telecommunication
wavelengths. Chromophore vibrational absorption will not pose a problem for
device operation although it can contribute a fraction of a dB/cm optical loss at
very high chromophore loading. Normally, the polymer host material will con-
tain a higher density of protons than the chromophore and will occupy a greater
weight fraction of the final material. Thus vibrational absorption from the pol-
ymer host will be a more significant problem. Optical loss from such absorption
can typically be in the order of 1 dB/cm at 1.3 microns and even somewhat high-
er at 1.55 microns. The most serious problem with respect to optical absorption
from chromophores is that associated with interband (HOMO-LUMO) electron-
ic excitation. This typically is not a serious problem for operation at telecommu-
nication wavelengths if the A ,, of the lowest energy chromophore electronic
absorption lies below 700 nm. For the type of molecules considered here, the
lowest energy electronic absorption will be the charge-transfer excitation that
also dominates molecular hyperpolarizability. As might be expected, for a given
class structural class of chromophores, B and A ,, will be related (see Appen-
dix). However, it is important to keep in mind that the host polymer matrix can
influence the HUMO-LUMO absorption spectrum of the chromophore both
through dielectric constant (local field) effects and due to exciton effects if
chromophore aggregation occurs due to chromophore/polymer incompatibility.

Chromophores must be thermally robust enough to withstand temperatures
encountered in electric field poling and subsequent processing of chromo-
phore/polymer materials. Chromophore decomposition temperatures can be
assessed by techniques such as thermal gravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC). TGA and DSC measurements on neat
chromophore samples in air will tend to yield decomposition temperatures low-
er than those for the same chromophores in hardened polymer lattices. Typical-
ly, to be useful for development of device quality materials,a chromophore must
exhibit thermal stability of 250 °C or higher (with thermal stability defined as
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the temperature at which decomposition is first observed). Chromophores must
also exhibit chemical, electrochemical, and photochemical stability [2, 3, 5, 50,
63, 64, 87, 89-92]. The exact definition of the required stability depends on the
application for which the material is applied and is a subject that we will defer to
later in this review.

Chromophores and host polymer must exhibit appropriate and comparable
solubility in spin-casting solvents. The preparation of optical quality films fre-
quently requires a delicate balance of solution viscosity and solvent volatility. Fi-
nally, the chromophore must have a shape and segmental flexibility appropriate
for efficient poling. As we shall shortly discuss at some length, the choice of a
shape that minimizes unwanted intermolecular electrostatic interactions is ex-
tremely important for maximizing macroscopic electro-optic activity. The
chromophore must also be compatible with the polymer host in which it is to ex-
ist. Phase separation quickly leads to unacceptably high optical loss due to scat-
tering from aggregates or microdomains.

The host polymer must exhibit good thermal stability, low optical absorption,
and good solubility in spin-casting solvents. The glass transition temperature of
the host polymer should be sufficiently high to impede chromophore relaxation
after the poling field is turned off and the material is returned to ambient (or de-
vice-operating) temperatures [2, 3, 5, 50, 63, 64, 93-131]. The presence of a
chromophore will produce some plastization of the host polymer, particularly if
the chromophore is not covalently coupled to the polymer main chain but is
rather simply physically incorporated into the polymer to form a composite ma-
terial. Thus, one typically looks for polymers with glass transition temperatures
in the range of 150-250 °C. Frequently, optimum poling temperatures lie in the
range 90-140 °C. For higher temperatures, sublimation of chromophores can be
a problem for chromophore/polymer composite materials. To avoid electrical
conductivity that will attenuate the poling voltage felt by chromophores, both
chromophores and polymers must be free of ionic impurities [2, 3, 5, 63, 64]. An
example of the diffusion of ionic impurities reducing effective poling voltage
and second-order optical nonlinearity is shown in Fig. 2.

If the host polymer does not have a high glass transition temperature then the
structures of polymer and chromophore must be such that post-poling lattice
hardening can be carried out to assure thermally stable electro-optic activity [2,
5,50, 63, 64,110, 132-150].

Ideally, the cladding material has a larger electrical conductivity than that of
the active polymer layer [151-153]. Such conductivity permits the electric field
to be dropped across the cladding layer yielding a greater field felt by the
chromophores in the active layer. This can be useful for realizing improved elec-
tric field poling efficiency. If a cladding material with high ac conductivity could
be realized, it is conceivable that reduced drive voltage (improved modulation
efficiency) could also be achieved. Unfortunately, microwave conductivity is un-
known at this time for optically transparent polymer materials. The cladding
material should be characterized by low optical loss and its index of refraction
should be lower than that of the active polymer layer to support mode confine-
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Fig.2. Correlation of ionic conductivity with poling efficiency (second-order nonlinear op-
tical activity). The upper graph shows conductivity measured as a function of temperature
while the lower graph shows second-order nonlinear optical activity (measured by second
harmonic generation, SHG) as a function of temperature. Note that second-order NLO ac-
tivity starts to decrease with the onset of conductivity. Conductivity in this case was shown
to arise from ionic impurities

ment in the active layer. The cladding material must be compatible with and ex-
hibit good adhesion to the active polymer material. Spin-casting solvents used
in the deposition of the cladding layer cannot be permitted to dissolve the active
layer. Such solvent damage invariably leads to unacceptably high optical loss.
The glass transition temperatures of the active and cladding polymers must be
compatible to avoid problems during electric field poling. If the cladding poly-
mer is a UV-curable epoxy, the active layer material must be capable of with-
standing UV radiation. The cladding material must be thermally and photo-
chemically stable. Photochemical degradation of the cladding material can re-
sult in mode expansion and the evolution of the waveguide from single mode to
multi-mode. Surprisingly, we have traced the photo-degradation in the per-
formance of some devices to photochemically induced changes in the cladding
material and not the active material.

It should be clear to the reader from the preceding sections that a large
number of often-conflicting materials requirements must be simultaneously sat-
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isfied. For a device to work well, all of its component materials must function
well. Clearly, the topic of organic electro-optic materials is much more complex
than envisioned in the early research and development efforts of the 1980s. The
fact that organic electro-optic materials are essentially modular in nature is both
an advantage and a curse. Probably all problems are ultimately solvable by sys-
tematic variation of component materials and processing protocols; however,
such variation can be a very time-consuming process. The initial failure of quick
commercialization of organic electro-optic materials in the late 1980s and early
1990s was not due to lack of effective research efforts but rather simply reflected
the enormous number of issues that had to be addressed and the number of
property/structure relationships that had to be defined. Any future commercial-
ization will owe a great debt to the research efforts of the late 1980s and early
1990s. The reader checking the literature will note a decline in the number of pa-
pers published in this field since 1996. This, of course, reflects the departure of
major industrial research groups (at IBM, Hoechst-Celanese, 3M, Eastman Ko-
dak, etc.). With recent advances in materials and device performance, this trend
appears to be reversing.

3
Materials Characterization Methods

In addition to characterization of the structure of chromophores and chromo-
phore-containing polymer materials by standard techniques [such as FT-NMR,
FT-IR, mass spectrometry, UV-Visible spectrometry, elemental analysis, ther-
mal methods (including TGA, DSC, and TMA), and electrochemical (e.g., cyclic
voltammetry) methods], characterization of relevant optical and nonlinear op-
tical properties must be carried out for both chromophores and chromophore-
containing polymer materials.

Molecular hyperpolarizability, 3, must be defined and this is typically accom-
plished employing either electric field induced second harmonic generation
(EFISH) [154-158] or hyper-Rayleigh scattering (HRS) [159-168]. EFISH meas-
ures the product of dipole moment () and [3 while HRS measures 3 directly;
moreover, HRS can be applied to octupolar and ionic molecules as well as to di-
polar molecules while EFISH measurements are restricted to dipolar molecules.
The applied electric field of EFISH breaks the macroscopic centrosymmetric
symmetry of the solution permitting second harmonic generation. Extraction of
B from EFISH measurements requires knowledge of both p and y. Both EFISH
and HRS techniques are scientifically challenging and several factors can con-
tribute to erroneous results. Although hyper-Rayleigh scattering has the advan-
tage of permitting measurement of B for both dipolar and nondipolar mole-
cules, the second harmonic generated intensity is weak since it arises only from
fluctuations of density and orientation of the dissolved chromophores. Thus, hy-
per-Rayleigh scattering is sensitive to disruptive processes such as multiphoton-
induced fluorescence [162,163]. An elegant solution to this problem is the use of
time-resolved HRS [164]; unlike fluorescence, SHG in HRS is an instantaneous
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process, enabling discrimination between hyper-Rayleigh scattered light and
fluorescence emission. Based on the lessons learned from time-resolved experi-
ments, an improved technique was developed recently for suppressing multi-
photon-induced fluorescence by high-frequency modulation of the fundamental
laser beam [165, 166]. The modulation method circumvents the disadvantage of
time-resolved experiments of requiring costly instrumentation. Another route
to discriminating between HRS and multiphoton fluorescence involves tuning
the fundamental wavelength such that the fluorescence does not overlap the
generated second harmonic signal [162, 167]. Yet another approach involves ad-
dition of a suitable fluorescence quencher [168].

Since P will vary with wavelength, measurement over a range of wavelengths
is desirable to ascertain the relevant (3 value for a particular device operating
wavelength. Unfortunately, reporting the full spectral dependence of [ is not
very practical. For the sake of comparing hyperpolarizabilities among chromo-
phores, values of pf3 are frequently reported at the “off-resonance” wavelength of
1.9 microns (e.g., see Table 3).

Frequently, values of 3 for wavelengths where experimental data do not exist
are estimated by extrapolation using a two-level model description of the reso-
nance enhancement of 3 (see Appendix). Levine and co-workers [170] have also
shown how to estimate the wavelength (frequency) dispersion of two-photon
contributions to . Because of the potential of significant errors associated with
each measurement method, it is important to compare results from different
measurement techniques. Perhaps the ultimate test of the characterization of the
product of pP is the slope of electro-optic coefficient versus chromophore
number density at low chromophore loading. It is, after all, optimization of the
electro-optic coefficient of the macroscopic material that is our ultimate objec-
tive.

A number of different techniques have been employed to measure electro-op-
tic coefficients; these include ellipsometry [171-174], attenuated total reflection
(ATR) [175-177], and two-slit interference modulation [178, 179]. Second har-
monic generation is also used, particularly for in situ monitoring of the induc-
tion of second-order optical nonlinearity by electric field poling [121]. Care
must be exercised in relating second harmonic generation and electro-optic
data as the linear electronic interband absorption (resonance enhancement) in-
fluences each of these measurements to different degrees. Of course, the V; val-
ues from different devices can be related to material electro-optic coefficients [2,
35,63, 64, 180]. A particularly attractive measurement configuration for access-
ing macroscopic electro-optic coefficients independent of chromophore rota-
tional relaxation has recently been described [176, 181-183] and is shown in
Fig. 3.

As with the measurement of 3, it is important to compare electro-optic coef-
ficients determined by different methods. It is particularly important to estab-
lish consistency between electro-optic coefficients obtained from initially poled
thin films and those existing in functional prototype devices. Such consistency
not only adds credibility to reported material electro-optic activity, but also as-
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Table 3. Measured uf values for representative second-order NLO chromophores
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Fig.3. Device for measuring electro-optic activity of chromophore/polymer materials near
the glass transition temperature of the material matrix. This configuration avoids rotational
relaxation of chromophores in the absence of an applied poling field

sures that device fabrication has not altered the initially obtained electro-optic
activity. In this review, we will focus only on materials that are suitable for pro-
totype device fabrication and for which characterization of electro-optic prop-
erties has been effected by several techniques. It should be noted that electro-op-
tic coefficient values, like molecular hyperpolarizability values, vary with meas-
urement wavelength. Values reported in this review typically correspond to the
telecommunications wavelength of 1.3 microns. Values at other wavelengths can
be estimated from experimentally defined values at a particular wavelength by
extrapolation using the two-level model for estimating resonance enhancement
(see Appendix).

In addition to characterization of molecular and macroscopic electro-optic
activity, it is important to define optical loss. Optical loss can be influenced both
by absorption and by scattering effects. In order to minimize overall loss, it is
important to understand the independent contributions made by scattering and
absorption. To separate these effects, we need to determine the contributions
made by both chromophore and polymer host to the optical absorption at de-
vice operating wavelengths. Chromophore interband electronic absorption can
be measured on resonance by traditional UV-Visible spectrometry; however, we
will typically be concerned with optical absorption at telecommunication wave-
lengths of 1.3 and 1.55 microns where such techniques do not provide accurate
information. Total optical absorption at 1.3 microns is occasionally determined
by both the interband electronic absorption of the chromophore and by C-H vi-
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Fig.4. Photothermal deflection spectroscopy (PDS) is used to measure absorption from 0.5
to 3 eV for a sample of CLD-1 in PMMA. Also shown in the figure (squares) is the fitting of
the HOMO-LUMO charge-transfer absorption by a simple two-state model. This figure
shows that interband electronic transitions do not contribute significantly to optical loss at
1.3 and 1.55 microns. At these wavelengths loss is clearly dominated by C-H vibrational
overtone absorption. Note that PDS is not good for accurately measuring optical loss but is
excellent for assessing contributions from various absorption mechanisms at particular
wavelengths

brational absorption from the chromophore or from the polymer host. These
contributions are best distinguished by performing photothermal deflection
spectroscopy (PDS) measurements over a range of wavelengths. While PDS is
not very reliable for absolute absorption measurements, it is very useful in de-
fining the relative contributions from various sources, as is evident from the ex-
ample shown in Fig. 4.

For the chromophore loading levels (number densities or weight/weight frac-
tions) that are typically utilized, interband electronic absorption will not con-
tribute significantly to total absorption at 1.3 microns if the A ,, of the chromo-
phore lowest energy interband electronic absorption lies below 700 nm. Note
that the charge-transfer absorptions of most electro-optic chromophores will lie
in the range 400-700 nm. Absorption at 1.3 microns will typically be dominated
by C-H vibrational overtone absorption coming largely from the host polymer.
For operation at 1.55 microns, it can be safely assumed that absorption loss will
be dominated by C-H vibrations of the polymer host. This is easily understood
in terms of the host polymer occupying a larger wt/wt fraction and in terms of
the host polymer having a larger proton density. Absorption from C-H vibra-
tions can be reduced by substitution of halogens and deuterium atoms for pro-
tons. However, replacement of H by D does not always result in a reduction of
optical loss for the two telecommunication wavelengths; the exact absorption
will depend on precisely how the operating wavelength relates to the A, values
for the various vibrational overtones. Moreover, replacement of H by halogens
such as fluorine can change the solubility of chromophores and polymers in tra-
ditional spin-casting solvents requiring the development of new spin-casting
protocols to obtain optical quality films.
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Fig.5. Apparatus used to measure optical loss by the nondestructive immersion method of
Teng [184]

Optical loss can arise from scattering introduced by dust particles or from
microdomains introduced during processing (spin casting, poling, lattice hard-
ening). It can also arise from poling-induced surface damage and from pitting
during reactive ion etching. Optical loss from scattering typically is detected in
measurements of light propagation through slab or channel waveguides. The
two most common methods are the cut-off method and the immersion method
of Teng [184]. The cut-off method is a destructive method that simply involves
measuring optical loss as sections of the waveguide are systematically cut off. A
schematic of the immersion method is given in Fig. 5.

Electron microscopy and atomic imaging methods are frequently used to as-
sess surface roughness after processing steps such as reactive ion etching [5].
The insight provided by these methods can be useful in understanding observed
optical loss.

Assessing thermal and photochemical stability is important. Thermal stabil-
ity can be readily measured by measuring properties such as second harmonic
generation as a function of heating at a constant rate (e.g., 4-10 °C/min) [121].
The temperature at which second-order optical nonlinearity is first observed to
decrease is taken as defining the thermal stability of the material [2, 3, 5, 63, 63].
It is important to understand that the loss of second-order nonlinear optical ac-
tivity measured in such experiments is not due to chemical decomposition of the
electro-optic material but rather is due to relaxation of poling-induced acentric
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Fig.6. Measurement of photostability of two polymeric electro-optic materials as carried
out by researchers at IPITEK (TACAN) Corporation. The data represented by the solid line
correspond to the LRD-3 DEC material of Dalton and co-workers [138] while the data rep-
resented by open circles correspond to a diaminonitrostilbene chromophore/poly(methyl
methacrylate) guest/host material produced by IBM Almaden Laboratories. The dramatic
improvement observed for the DEC material can be associated with increased lattice hard-
ness from the chromophore coupling to adjacent polymer chains

chromophore order by rotational diffusion of the chromophores within the
polymer matrix.

Photochemical stability can be evaluated by examining electro-optic activity
or second harmonic generation as a function of increased optical power. Anoth-
er commonly employed means of assessing photochemical stability is to meas-
ure changes in linear absorption of the interband electronic transition as a func-
tion of increasing optical power at the operating wavelength. Care must be exer-
cised in such measurements to keep the power of the observing light sufficiently
low that it does not induce photochemical reactions; this is not so easily accom-
plished, as measurements are frequently made over long periods of time. Unfor-
tunately, the erroneous assumption that the decomposition of chromophores is
independent of polymer lattice has frequently been made. In point of fact, the
photochemical stability of a chromophore will depend strongly on the hardness
of the polymer lattice to which it is attached. This point is illustrated by data ob-
tained by the TACAN Corporation, which is shown in Fig. 6.

For operation at telecommunication wavelengths, one must be concerned
with two-photon excitation processes leading to photochemical decomposition
mechanisms. Femtosecond pulse techniques, such as those described by Stro-
hkendl et al. [185], prove useful in evaluating two-photon excitation cross sec-
tions and excited state energy transfer processes relevant to photochemical de-
cay pathways.

Dipole moment, dielectric permittivity, optical absorption, and index of re-
fraction are determined for chromophores by standard methods.
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4
Chromophores

4.1
Optimization of Molecular Hyperpolarizability

Quantum mechanical calculations have provided the necessary guidance for de-
signing chromophores with ever improving molecular hyperpolarizability [51,
186-208]. Even simple particle-in-box calculations advance the qualitatively
correct idea that molecular hyperpolarizability will increase with increasing
length of the Tr-electron system. Unfortunately, chemical reactivity and optical
absorption in the infrared can also increase so that optimization of molecular
optical nonlinearity by simply increasing the length of chromophores is not a
practical option. However, the chromophores that we are considering here are

Table 4. Theoretically calculated dipole moments for representative chromophores

Chromophore (R=H) Dipole moment ()

ISX

8.6021
JH 10.2698
FTC 12.1898
CLD 13.4668
GLD 13.8811
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charge-transfer molecules and a two-level quantum mechanical model [see
Eq. (5)] provides considerable insight in designing chromophores. From a con-
sideration of Eq. (5), it is clear the strength of the donor and acceptor moieties
and bond alternation in the Tr-electron bridge region will directly affect hyper-
polarizability. The HOMO-LUMO gap, AE,,, of Eq. (5) will go to zero as bond
length alternation decreases and the sign of  will be defined by the sense of
bond alternation. The strength of donor and acceptor moieties will influence the
ground, ., and excited, .., state dipole moments and the transition moment
e The overall effect is to lead to a sinusoidal variation of 3 with bond length
aigternation or E,.. Variation of donor and acceptor strengths can be viewed as
changing the mixing of the neutral and charge-separated forms of the charge-
transfer chromophore molecule. If the neutral form dominates the ground state
of the chromophore, then the sign of 3 will be positive with the converse true if
the charge-separated form dominates the ground state. One can systematically
move along the theoretical curve by changing the strength of the donor and ac-
ceptor moieties and by changing the nature of the T--electron bridge (e.g., by var-
ying polyene, thiophene, phenyl, etc. segments). Other correlations (based on
two-level theory) of the structural features of organic chromophores with mo-
lecular first hyperpolarizability have been discussed by Harper [209].

Quantum mechanical calculations are also useful in predicting minimum en-
ergy conformations of chromophores and for predicting properties such as di-
pole moments. Calculated dipole moments are shown for several chromophores
in Table 4. Such calculations are particularly useful in understanding how
chromophore molecular conformation changes with addition of substituents.

4.2
Auxiliary Properties of Chromophores

Although quantum chemical calculations are a great aid in optimizing molecu-
lar hyperpolarizability, many other factors must be taken into account in the de-
sign of chromophores. Unless the chromophores have the requisite chemical sta-
bility to withstand materials processing and device operating conditions, they
are of no value. Moreover, chromophores must possess adequate solubility in
spin-casting solvents such that optical quality films can be prepared. An electro-
optic chromophore must have a structure that can reorient under the influence
of the electric poling field. Thus, although record molecular hyperpolarizabili-
ties have been obtained with chromophores containing long and unprotected
polyene bridges, such materials have no potential for practical application be-
cause of their chemical instability. Extremely stiff rigid-rod chromophores have
likewise been found to be unusable for device fabrication because they cannot
be effectively poled. To the best of my knowledge this has also been the case with
phthalocyanines and related macrocyclic materials [86]. This does not mean
these materials cannot be used to generate electro-optic materials, it simply
means that they are not suitable for generation of electro-optic activity by elec-
tric field poling of chromophores in condensed phase media. The exceptional



24 Larry Dalton

chemical and thermal stability of such chromophores continues to make them
attractive candidates for continued exploration.

As might be expected from simple kinetic considerations, chromophore de-
composition typically involves bimolecular processes and the rate of decompo-
sition usually depends on the ability of species to diffuse in condensed media.
The denser the polymer medium (e.g., the more heavily crosslinked), the slower
the rate diffusion and the slower the rate of chromophore decomposition. De-
composition also often depends on attack at certain reactive positions of the
chromophore consistent with well-known principals of organic chemistry. Ster-
ic protection of these reactive sites can dramatically improve chemical stability
including at elevated temperatures [183,210-212].

As already noted, electro-optic chromophores are modular in nature consist-
ing of electron-donating, electron-accepting, and Tt-electron connective seg-
ments. Most chromophore development to date has focused on exploring vari-
ous types of acceptor moieties and various types of Trelectron bridges. Essen-
tially all chromophores used for the fabrication of prototype electro-optic devic-
es have involved the use of amine donor groups. It has been noted by researchers
at IBM [50] that arylamines lead to better thermal stability than alkylamines. In-
terestingly, for the materials studied by the IBM researchers, thermally induced
decomposition was defined by the amine donor rather than by the Tr-electron
bridge structure.

A large number of acceptor moieties, including nitro, isoxazolone, thiobarbi-
turic acid, cyanovinyl, etc. groups, have been explored [2, 3, 5, 63, 64]. Tricy-
anovinyl groups lead to some of the largest observed electro-optic coefficients.
Unfortunately, chromophores containing unprotected tricyanovinyl functional-
ities do not exhibit good chemical stability. Considerable research effort has
been undertaken to attempt to achieve the optical nonlinearity of such groups
while imparting improved chemical stability by protecting reactive sites. Among
the most successful efforts to date is the use of 3-cyano-5,5-dibutyl-2-dicy-
anomethylene-4-methyl-2,5-dihydrofuran (cyanofuran, CF) moieties such as in
the FTC, CLD, and GLD chromophores shown in Table 4. Such chromophores
exhibit thermal stability of approximately 300 °C while also yielding uf values in
excess of 10,000x10748 esu. Values of electro-optic coefficients for these chromo-
phores dissolved in poly(methyl methacrylate), PMMA, are shown in Fig.7.
Data for various forms of the FTC and CLD chromophores are shown in Figs. 8
and 9.

As is evident from a consideration of Figs.7-9, each of these chromophores
has exhibited electro-optic activity exceeding that of lithium niobate while at the
same time exhibiting auxiliary properties of chemical stability (T4 >300 °C) and
solubility that permits preparation of device quality materials [183, 210-212].
These materials also illustrate another major direction in the preparation of
electro-optic materials; namely, the development of bridging segments that lead
to improved chemical stability, improved solubility in spin-casting solvents, im-
proved compatibility with polymer host materials, and which inhibit unwanted
intermolecular electrostatic interactions (we shall discuss such interactions
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Fig.7. EO coefficient data, as a function of chromophore number density, for FTC (circles),
CLD (squares), GLD (diamonds), and CWC (cross) chromophores (see text and synthetic
schemes) in PMMA. Also shown are theoretical curves computed treating FTC as an ellipse
(solid line) and as a sphere (dashed line). The slope of the various graphs at low number
density is determined by upE Consistent with EFISH and HRS measurements, GLD and
CWC appear to have larger uf3 values than FTC and CLD

shortly). It is clear from the preceding sections that a number of factors must be
kept in mind when designing bridge segments; these include flexibility adequate
for electric field poling. Quantum mechanical and molecular dynamical calcu-
lations are very useful in understanding both molecular hyperpolarizability and
poling dynamics.

To be useful for commercial devices, chromophores must be synthesized by
high-yield, cost-effective chemical pathways. Fortunately, the modular nature of
chromophores permits a variety of structures to be explored and workhorse re-
action schemes to be optimized. In Schemes 1-4 we illustrate the synthesis of the
chromophores of Fig. 7.

Although the synthesis of each chromophore material is to some extent
unique (and hence requires individual description which is beyond the scope of
this review), most chromophores used for device prototyping involve amine do-
nor moieties. Thus, once a large quantity of aldehyde-terminated amine do-
nor/partial bridge material has been synthesized, it can be reacted via Knoeve-
nagel condensation with a variety of acceptor groups to form different series of
chromophores. The acceptor in Schemes 1-4 is 3-cyano-5,5-dibutyl-2-dicy-
anomethylene-4-methyl-2,5-dihydrofuran (which we refer to as the cyanofuran,
CF, acceptor). This is synthesized by a literature method [213].

Note that chromophores are typically synthesized with reactive functionali-
ties (e.g., hydroxyl groups) at one or both ends of the chromophores. Such func-
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Fig.8. EO coefficient data, as a function of chromophore number density, for FTC (circles)
and FTC-2H (diamonds) chromophores in PMMA. Also shown is the theoretical curve com-
puted for FTC. Note that for FTC-2H, the two butyl groups (attached to the thiophene ring)
are replaced by protons. The more ellipsoidal FTC-2H exhibits a smaller maximum electro-
optic activity and the position of the maximum is shifted to lower number density. Consist-
ent with EFISH, HRS, and other measurements, the dipole moments and molecular first hy-
perpolarizabilities of these two chromophores are comparable (The values for FTC-2H may
be slightly larger)
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Fig.9. EO coefficient data, as a function of chromophore number density, for CLD-type
chromophores with (solid circles) and without (open triangles) isophorone protection of the
polyene bridge. The maximum achievable electro-optic activity is smaller for the naked
polyene bridge structure and the maximum of the curve is shifted to lower number density.
The dipole moment and molecular first hyperpolarizability values are comparable (The un-
protected polyene bridge variation may exhibit slightly higher values of pj)
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Scheme 3. Synthesis of the GLD chromophore

tionalities are used to covalently couple chromophores to a polymer lattice.
When double-end crosslinkable (DEC) chromophores are used, the chromo-
phore acts as a crosslinking agent to harden the polymer lattice [138]. Such re-
active groups are protected (until needed) by protecting groups such as TBDMS
(tert-butyldimethylsilyl). Hydrogen bonding involving amine donor groups can
significantly influence chromophore hyperpolarizability, which also varies with
chromophore molecular conformation. Thus, it is not safe to assume that the
fundamental molecular optical nonlinearity is the same for a chromophore in its
various forms. Hydroxyl groups can also chemically react with certain acceptors
so care must be exercised with each chromophore synthesis.

With all of the above comments in mind, let us turn our attention to the most
dramatic issue affecting material performance - the role of intermolecular elec-



Nonlinear Optical Polymeric Materials: from Chromophore Design to Commercial Applications 29

TBDMSO CeHya
S
N \ Ojg + Br W / CH,PO(OEt),
TBDMSO \ S
0 CsH1a
TBDMSO,
H
N
TBDMSO

Scheme 4. Synthesis of the CWC chromophore

trostatic interactions in influencing chromophore organization into acentric
(noncentrosymmetric) lattices with electric field poling.

5
The Problem of Translating Microscopic to Macroscopic Optical Nonlinearity

From a consideration of Eq. (4), it is clear that once we have optimized {, it re-
mains for us to optimize <c0s30>, the acentric order parameter, and to achieve
as high a chromophore number density, N, as possible. In the late 1980s, it was
assumed that N and <cos’8> were independent. Maximizing N was simply a
matter of adding as much chromophore as could be tolerated by the host medi-
um. As we shall shortly show by mathematical derivation, in the limit of non-in-
teracting chromophores, <cos’0>=L;(uF/kT)=pF/5kT. Thus, it was assumed
that the order parameter (or poling efficiency) was limited only by electric field
strength F (i.e., by material dielectric breakdown), dipole moment, and poling
temperature. The larger the dipole moment, the better. Indeed, efforts were even
made to synthesize head-to-tail coupled chromophores in hopes of exploiting
the giant dipole moments associated with such macromolecular structures.
These efforts did not yield the expected large electro-optic activity.

From 1990 to 1997, a number of chromophores with ever improving pf3 values
were synthesized by research groups led by Alex Jen, Seth Marder, Tobin Marks,
Tony Garito and many others [2, 3, 5, 63]. Unfortunately, these chromophores
did not translate to materials with ever-increasing electro-optic activity. Thus,
as late as 1997, it was not clear that any organic material had surpassed the elec-
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tro-optic activity of lithium niobate. Our experience was the same as that of oth-
er laboratories. To understand why our ever-improving chromophores were not
yielding improved electro-optic materials, we launched a systematic investiga-
tion into the poling of chromophores characterized by high pf3 values. Analo-
gous to the data shown in Figs. 7-9, a maximum was always observed in plots of
electro-optic activity versus chromophore number density. As has been dis-
cussed in the literature [2, 3, 5, 64-66, 76, 214-218], this is now known to be true
for more than a dozen classes of chromophores and has been the case for every
high pp chromophore studied to the present time.

In looking for an explanation of the variation in electro-optic activity with
chromophore loading, we attempted to systematically rule out possibilities. As
was shown in Fig. 2, ionic impurities can lead to a concentration dependence of
poling-efficiency and electro-optic activity. However, such effects are readily de-
tected by a detailed investigation of the variation of electro-optic activity with
both temperature and chromophore concentration. Moreover, purification
processes, such as repeated recrystallization of chromophores, can eliminate
such effects. It is also reasonable to assume that simple precipitation of chromo-
phores (aggregation) and the concentraton-dependent “effective dielectric con-
stant” of the chromophore/polymer material would cause a nonlinear depend-
ence of electro-optic coefficient on chromophore number density. However, it
can be shown by mathematical modeling that such processes cannot account for
the behavior shown in Figs.7-9 and observed for other chromophores. As we
shall now demonstrate, the experimentally observed behavior can be quantita-
tively simulated by considering intermolecular electrostatic interactions. We
shall first focus on intermolecular interactions of a magnitude that do not lead
to phase separation. Then we shall consider the case where intermolecular inter-
actions are so strong that they lead to phase separation and light scattering.

5.1
Theoretical Treatment of Large Intermolecular Electrostatic Interactions

5.1.41
The Single Phase Region

In the following sections, we shall demonstrate that the observed behavior of
electro-optic activity with chromophore number density can be quantitatively
explained in terms of intermolecular electrostatic interactions treated within a
self-consistent framework. We shall consider such interactions at various levels
to provide detailed insight into the role of both electronic and nuclear (molecu-
lar shape) interactions. Treatments at several levels of mathematical sophistica-
tion will be discussed and both analytical and numerical results will be present-
ed. The theoretical approaches presented here also provide a bridge to the fast-
developing area of ferro- and antiferroelectric liquid crystals [219-222]. Let us
start with the simplest description of our system possible, namely, that of the
Ising model [223,224]. This model is a simple two-state representation of the to-
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tal orientational distribution. Before we begin to consider an Ising model treat-
ment, a few comments about the importance of self-consistent treatment [225-
229] of electrostatic interactions are appropriate. The chromophore will itself in-
fluence the effective electric field that it senses from application of the applied
poling field. The electric field at a given chromophore will also be influenced by
other chromophores and the host polymer lattice. Thus, effective fields must be
calculated in an iterative and self-consistent manner. This, of course, means that
experimental variables such as index of refraction and dielectric constant of the
overall material will depend on the chromophore number density, N.

The average <(j,,)*>=<cos’0>, or order parameter, is calculated over the
equilibrium density matrix, p=eH/T/Tr[e"H/T] where Tr denotes the trace (sum
over diagonal elements). The Ising Hamiltonian can be expressed as:

H=H4-(F/g)¥ (b;,) (11)
where p;,=%1 (Ising variable).
Hy=(p?/28) 3 {1-3(x;j,) 2/ (r) *} (i (1) (12)

where p is the chromophore dipole moment and r is the inter-chromophore sep-
aration. The Hamiltonian in this simple example has the form H=-(u,p/€)F 4
where F =E+F4+F;+F,. E is the applied poling field, F; is the self-consistent
field experienced by a selected dipole due to all other dipoles located inside a
sphere around that dipole, Fy=po [3(r;,)%/(r;)?-1](1/(r;)®) where 0=<p,,> is
statisticall mechanicall average with the Hamiltonian. F; is the Lorentz field
[230] given by F;=(41V3)Nuo=(41V3)Nxp0. Fy, is the depolarization field that
depends on the shape of the sample [230].

To simplify our calculations, let us define a reference lattice by assuming that
the shape of a chromophore can be approximated as an ellipsoid (see Fig. 10).
Taking the long axis of the ellipse as 1), we can define a closely packed cubic lat-
tice of spheres of diameter 1. The number density associated with this lattice is
Ny=(ly) . For chromophore concentrations (loading in a host matrix) below
this reference number density (i.e., N=Njx <N;), the chromophores will on av-
erage be arranged in a cubic lattice with lattice constant, a=b=(N,)"/3(x)~1/3.
For N >N, only the intermolecular distances in the plane perpendicular to the
principle ellipsoid axis can decrease with increasing concentration, x. We have a
simple tetrahedral lattice with lattice constants, a=(N,)~/3(x)"1/3; b=(N,)~1/3.

Simple models such as the Ising model have the advantage of permitting an-
alytical results to be obtained for limiting cases. Let us consider these.

Case 1.N <Nj and pF ¢ <€T

r35(electro-optic)=N(x/€)[1+(2TU3){x/€]1E (13)
where E=pE/T and {=4p*/T(1,)*
Case 2.N >Nj and pF ¢ <€T

133=No(x/€)&[1+(L/e){x*?-1+(21U3)x] ! (14)
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Fig.10. Definition of unit cell structures for closely packed chromophores. This figure illus-
trates the problem of packing chromophores at high loading. Both shape (nuclear repulsive
interactions) and electronic electrostatic interactions come into play and can be treated us-
ing the insights from this simple diagram

where for x >>1,r55 (EO coefficient) is proportional to x 2 and x,,,,.=[(2&/0)-2]%>.

The position of the maximum in the plot of electro-optic activity versus
chromophore number density is predicted by simple theory to be N .=
NoX,ax=No[(2£/0)-2]%3. Let us consider the case of the ISX chromophore where
1,)=2.3 nm and N is calculated by the above equation to be 8.2x10'° mole-
cules/cm?. For this chromophore, the dipole moment is 8 Debye and our simple
theory yields N,,,,.=4.3x10%* molecules/cm?, which is in agreement with exper-
iment. Thus, simple theory correctly predicts the optimum chromophore con-
centration from the knowledge of shape and electrostatic parameters. It is less
good at predicting the detailed functional dependence of r3; upon N. In partic-
ular, the experimentally observed fall-off of electro-optic coefficient with
number density at high number densities is sharper than that predicted by the
Ising model. Although the Ising model is not very useful for quantitative analysis
of data, it does illustrate important symmetry relationships valid for different
concentration regions. In particular our earlier discussion indicates that there
are two regions of consideration; namely,low and high concentration regions. At
low concentrations, deviation of electro-optic activity from a linear dependence
on chromophore number density arises entirely from electronic effects. The
chromophores can be reasonably treated as spheres at the lowest concentrations.
In the high concentration region, chromophores cannot access the full volume
of the sample. Chromophore shape (nuclear repulsion effects) will become very
important. The more spherical the chromophore, the better.
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Fig.11. Coordinate system appropriate for treating long-range, many-body chromophore
intermolecular electrostatic interactions

Let us now turn our attention to more rigorous consideration of intermolecu-
lar electrostatic interactions [2, 3, 5, 64-66, 214-218, 231-239] permitting
chromophores to access all orientations. Let us also focus on approximate meth-
ods of treating the many-body particle nature of intermolecular interactions. In
particular, we must consider interactions beyond nearest neighbor interactions.
The problem faced by treating long-range, many-body interactions can be real-
ized by considering the coordinate system of Fig. 11 that defines the electrostatic
interactions felt by a reference chromophore “1”in the presence of a poling field
and intermolecular electrostatic interactions from other chromophores denoted
“2” to “n” positioned along a “director axis”. Self-consistent interactions be-
tween chromophore “1” and chromophores “2” through “n” must be computed
for all orientations of the director axis. We can follow Piekara [235,236] and ap-
proximate the potential energy of interaction for our reference chromophore as
Up,q=—-HFcosB-Wcos@. With this potential, the order parameter becomes [2, 3,
5,64,65]:

<c0s30>=L,(MF/KT)[1-L,(W/KT)?] (15)

where L denotes the Langevin function and W is the intermolecular electrostatic
(including chromophore dipole-dipole) interaction energy calculated according
to the description of London [231,232]. The functional dependence (recall that
W is proportional to N2) predicted by Eq. (15) is in much better agreement with
experiment than the simple Ising model.

However, we must ask how reasonable are the approximations employed in its
derivation. This can be answered by comparing the above results with those of
Monte Carlo (molecular dynamics) methods [240]. With Monte Carlo calcula-
tions, no approximations are made other than that of restricting considerations
to a finite system (e.g., 1000 chromophores in a polymer lattice of finite dielectric
constant). The full Hamiltonian can be used and calculations can be carried be-
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Fig.12. Computation by Monte Carlo methods of the first four order parameters of an en-
semble of 1000 chromophores (of dipole moment 13 Debye) existing in a medium of uniform
dielectric constant. At the beginning of the calculation, the chromophores are randomly or-
dered; thus, <cos@>=<cos*0>=0. During the first 400 Monte Carlo steps, an electric poling
field (600 V/micron) is on but the chromophore number density (=10'” molecules/cc) is so
small that intermolecular electrostatic interactions are unimportant. The order parameters
quickly evolve to well-known equilibrium values obtained analytically from statistical me-
chanics (black dots in figure; also see text). During steps 400-800 the chromophore number
density is increased to 5%10%° and intermolecular electrostatic interactions act to decrease
order parameters consistent with the results of equilibrium statistical mechanical calcula-
tions discussed in the text. Although Monte Carlo and equilibrium statistical mechanical ap-
proaches described in the text are based on different approximations and mathematical
methods, they lead to the same result (i.e., are in quantitative agreement)

yond nearest neighbor interactions. Monte Carlo calculations have the added
advantage of permitting examination of the full distribution of chromophores
and not just a single order parameter. In the following, we start with a random
distribution of chromophores (Fig. 12). Then, we turn on the electric poling field
while keeping intermolecular electrostatic interactions small (by keeping
chromophores concentrations small) and allow the system to evolve to equilib-
rium. After 200 steps, we turn on intermolecular electrostatic interactions (by
increasing chromophore concentration) and allow the system to evolve to equi-
librium. The equilibrium value of <cos®0> is in good agreement with that ob-
tained using the Piekara approximation [217,218].

Let us consider the detailed chromophore distributions under various condi-
tions (Fig. 13). In this figure, equilibrium chormophore distributions are shown
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Fig.13. Orientational distributions of chromophores for different magnitudes of intermo-
lecular electrostatic interactions (achieved by varying chromophore number density). The
distribution shown on the left corresponds to insignificant intermolecular electrostatic in-
teractions (number density=10"7 dipolar molecules per cubic centimeter) for chromo-
phores interacting with a 600 V/pm poling field. As expected from analytical theory, the
most probable chromophore orientation is along the applied field direction (6=180° or op-
posing the applied electric field when signs of interactions are taken into account). When
intermolecular electrostatic interactions are increased by increasing chromophore number
density (middle graph, number density=5x10?" dipolar molecules per cubic centimeter),
the most probable orientation shifts away from the applied field direction. The trend is
shown to continue in the lower graph (number density=15x102° dipolar molecules per cu-
bic centimeter). The dipole moment for the interacting molecules in these calculations was
taken as 13 Debye. For the conditions considered in these calculations an “effective field”
model applies and aggregation effects are unimportant



36 Larry Dalton

x 10"
4
o
35 JL=5.- T
iz;._,:r(ﬂ
2 g )
: o
0 F
= 25 nrj‘:'l, 43 . 1
el B3
E r-r""‘.;'(l::"" I'
= 2 o ’.=’ | p=10 1
> o w
..-. ‘ ™ | | A
. . ks (P oy |
%18 7 7\ TN
= v > | |
g ;-'I; ;' t-
o 1 IF g L'
7 |
o
05t £+ St Voo,
/4 =15
0¥ - -
0 5 10 12

MNumber Density (moleculesfcc) o, 10%

Fig.14. Graphs of N<cos*0> vs. N obtained by Monte Carlo methods for various values of
chromophore dipole moment. These graphs quantitatively reproduce the results obtained
from equilibrium statistical mechanical treatments described in the text. Note that the po-
sition of the maximum shits to lower number density with increasing dipole moment
(intermolecular electrostatic interactions). These graphs also illustrate a feature of Monte
Carlo trajectories; namely, that they can reflect kinetic as well as equilibrium effects. The
irregularities shown in the curves for dipole moment values of 10 and 15 Debye reflect tran-
sient false energy minima associated with chromophore aggregation. Averaging a large
number of trajectories eliminates such effects. One can also let a calculation evolve from
such a false minimum to the equilibrium value. However, such transient Monte Carlo effects
are useful in alerting one to effects that actually happen in the sample. In many cases, Monte
Carlo methods do an excellent job of identifying aggregation effects and the dependence of
such effects on the various parameters of the experiment

for chromophore concentrations of 107 molecules/cm® (Fig. 13, left), 5x10%°
molecules/cm? (Fig. 13, middle), and 1.5x10?! molecules/cm?® (Fig. 13, lower).
With no intermolecular electrostatic interactions, the most probable chromo-
phore orientation is predicted to be along the poling field direction. The effect
of finite intermolecular electrostatic interactions is to tilt the most probable
chromophore orientation away from the poling field direction; namely, the
stronger the interactions, the greater that angle of tilt. The most probable
chromophore orientation is defined in a vectorial manner by the competition of
dipole-poling field and dipole-dipole interactions.

Note that no evidence of phase separation (second-order phase transition to
a centric or antiferroelectric chromophore lattice) is found for conditions con-
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sidered in these calculations. This is consistent with experimental results for
comparable conditions. On the left in Fig. 14 we illustrate the variation of graphs
of N<cos®0> (proportional to electro-optic coefficient) versus N with chromo-
phore dipole moment. In agreement with experiment, the position of the maxi-
mum shifts to lower chromophore loading with increasing dipole moment. The
role of intermolecular electrostatic interactions in attenuating the linear de-
pendence of electro-optic activity is clear from this figure. We have already al-
luded to the fact that good agreement is obtained between Monte Carlo results
and equilibrium statistical mechanical calculations employing the Piekara ap-
proximation. This point is further illustrated by the comparison of results shown
on the right in Fig. 14.

To this point in our discussion we have considered the full spatial anisotropy
of intermolecular electrostatic interactions but have ignored chromophore
shape. This corresponds to treating chromophores as spheres. Let us now turn
our attention to consideration of the detailed shape of chromophores. This corre-
sponds to taking into account nuclear repulsive forces (electrostatic interactions).
In this treatment, two chromophores will not be permitted to occupy the same re-
gion of space at the same time. In our calculations, this means that the potential
functions of a classical statistical mechanical treatment or Hamiltonian of a den-
sity matrix treatment will need to be modified to incorporate nuclear repulsive
interactions. Moreover, the limits of integration for certain orientational integrals
will now need to be changed to reflect the fact that chromophores cannot assess
these angles for certain concentrations. Note that the limits of integration will
now be concentration dependent with the lower limit defined as cos(8)=-c and
the upper limit defined as cos(8)=+c, where c is defined in the following manner.
Consider a prolate ellipse with major and minor semi-axes of “a” and “b”, respec-
tively. When the inter-chromophore separation, r, is less than 2b, it is impossible
to pack any more molecules into the available space. In this regime, there is a con-
straint on the angles that an ellipsoid can have before it collides with its neighbor
(at the same orientation). The orientation of the molecule is found from the x and
y distances from the center to the surface: x2+y?=(r/2). The equation for the sur-
face of an ellipse is (x/b)*+(y/a)?>=1. From these two equations and two un-
knowns, the cut-off or minimum angle that can be obtained is c=cos(0,;,)=2y/r.
These two equations allow one to solve for ¢, which is a function of r (and thus N):
c=c(r)={1-(2b/r)*/[1-(b/a)?]}. To create a value for c that is a continuous func-
tion of 1, take c(r)=1 for r >2a and c¢(r)=0 for 2b >r. When evaluating the average
quantities, the integrals must be restricted so that —c<cos(8)<+c. With these re-
strictions, our expression for order parameter becomes:

<c0s°0>=c>L;(cuF/KT)[1-L,(W/KT)?] (16)

In several of our publications, we have demonstrated quantitative simulation
of experimental data for chromophores such as the FTC series [63-65]. In
Fig. 15, we show the simulation of CLD-OMet data treating the chromophore as
a sphere and treating the chromophore as a prolate ellipsoid. The prolate ellip-
soidal shape used was obtained by quantum mechanical calculations.
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Fig.15. Comparison of experimental (for the CLD-OMet chromophore in PMMA) and the-
oretical (equilibrium statistical mechanical calculations described in the text) data. Exper-
imental data are denoted by solid diamonds. The solid line theoretical curve was computed
without adjustable parameters. Quantitative agreement can be obtained by adjusting pa-
rameters (chromophore dipole moment, molecular polarizability, shape, and host dielec-
tric constant) within reasonable limits. The theoretical curve can be broken down into two
parts. The purely electronic part of the electrostatic interaction is shown by the dashed line.
The steric effect of nuclear repulsive interactions is shown by the dotted line

The theoretical data was computed without adjustable parameters and pro-
vides a nearly quantitative simulation of the experimental data. By reasonable
variation of electrostatic interaction potentials (within the limits of experimen-
tal error in determining electrostatic interaction and shape parameters), com-
pletely quantitative simulation can be obtained.

A more detailed and realistic treatment is to use the van der Waals surface for
the chromophore of interest and use a 1/r'? repulsive potential analogous to Le-
onard-Jones treatment. The r'? is based on the point of closest approach and
weighted by the surface-surface or volume overlap between chromophores. For
the case at hand, such treatment gives results indistinguishable from those of the
hard shell repulsion treatment discussed above.

Clearly, theory provides very good guidance for optimizing macroscopic elec-
tro-optic activity by control of chromophore shape and the magnitude of elec-
trostatic interactions. One wants to keep chromophores as short and as spherical
as possible. An extreme prolate ellipsoidal shape is the worst possible shape for
optimizing electro-optic activity. Making the shape even longer by the addition
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of nonlinear optically inactive groups (such as protecting groups) is not a good
idea. In contrast, adding bulky substituents to the middle (bridge region) of the
chromophore will increase maximum achievable electro-optic activity.

In modifying chromophores by the addition of bulky substituents, it is im-
portant to keep in mind that bulky substituents can influence the conformation
which the molecule adopts and can in turn influence Tt-orbital overlap and mo-
lecular hyperpolarizability and dipole moment. We have found this to be partic-
ularly true for chromophores utilizing a polyene bridge structure. Thus, it is
dangerous to reason improvements simply from theoretical calculations that do
not consider the possibility of a change in chromophore conformation with ad-
dition of substituents.

A detailed consideration of more advanced theoretical treatments clarifies
the role played by the polymer dielectric constant. In the absence of intermo-
lecular electrostatic interactions, one would desire the lowest possible dielectric
constant, e.g., PMMA would be a better host matrix than polycarbonate. This is
because the dielectric constant of the polymer host would act to attenuate the
poling field felt by the chromophores. On the other hand, in the presence of
intermolecular electrostatic interactions, optimum electro-optic activity will be
achieved for polymer hosts of intermediate dielectric constant. The dielectric
constant of the host acts not only to attenuate the externally applied poling field,
but also fields associated with intermolecular electrostatic interactions.

Our detailed theoretical treatment tells us that the extremely optimistic early
(pre-1985) predictions for electro-optic activity for polymeric materials will not
be realized. Certainly, electro-optic activity will not increase in a linear manner
with N and with p. The quantity pf3 divided chromophore molecular weight is
not a good chromophore figure of merit as was assumed until recently. However,
theoretical guidance provided by theories that explicitly take into account inter-
molecular interactions has permitted macroscopic electro-optic coefficients to
be routinely achieved that significantly exceed those of lithium niobate.

Of course, for chromophores with dipole moments less than 6 Debye and cor-
responding small polarizability, chromophore-chromophore intermolecular
electrostatic interactions are unimportant and independent particle analysis is
completely appropriate. However, it is unlikely that such chromophores will ever
have commercial relevance.

5.1.2
Phase Separation and Phase Diagrams

In the preceding section, we focused on conditions where only a single homoge-
neous phase exists. The reduction of electro-optic activity with increasing
chromophore concentration can be associated with an effective field effect. The
most probable orientation for a chromophore is tilted further from the poling
field direction as chromophore intermolecular electrostatic interactions in-
crease. For the application of the highest poling fields (>150 V/micron), for ex-
ample as found with corona poling, this is the condition that applies. However,
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Fig.16. Electric field/concentration phase diagrams separating the homogeneous (acentric
or ferroelectric) phase region from phase-separated regions for various values of host die-
lectric constant (curves 1 through 5 correspond respectively to dielectric constant values of
2, 3, 5,7, and 10). Field (e or &) and concentration (x) are in dimensionless units as de-
scribed in the text

as the strength of the poling field is decreased and as intermolecular electrostat-
ic interactions are increased, the regime of phase separation can be entered. Ex-
perimentally, this region results in time-dependent (non-equilibrium) variation
of electro-optic coefficients and in the onset of light scattering from aggregates.
Note that optical loss (in dB/cm) will be either independent or vary in a linear
manner with chromophore number density throughout the homogeneous, sin-
gle-phase region. A nearly exponential increase in optical loss (and loss values
in excess of 2dB/cm) with chromophore number density is evidence for
chromophore aggregation (phase separation).

Detailed theoretical calculations establish that phase diagrams separating ho-
mogeneous from phase-separated regions will depend on intermolecular elec-
trostatic interactions, the strength of the applied poling field, and on the dielec-
tric constant of the host polymer. In Fig. 16, we show phase diagrams calculated
as a function of N, €, and E.

Again, we see that the lowest possible host polymer dielectric constant is not
desirable. Figure 16 also illustrates the importance of keeping the potential of
centrosymmetric ordering and aggregation in mind during processing. When
spin casting, chromophores are dilute and thus randomly oriented in a homog-
enous phase. In the spin-casting process, thin films are produced in a rapid fash-
ion trapping chromophores in a homogeneous state. We have verified by X-ray
crystallography that if these same chromophores are permitted to slowly grow
crystals from solution that centrosymmetric chromophore order is invariably
observed in the crystal structures [183]. During poling, an electric field is ap-
plied and the thin film is heated permitting the chromophores to reorient under
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the influence of the applied field. Slow heating without application of a strong
electric field can result in centrosymmetric aggregation. Indeed, we have ob-
served that turning off the electric poling field when the sample is near the glass
transition temperature of the chromophore-polymer matrix can result in cen-
trosymmetric aggregation. In some cases, this is marked by the disappearance
of electro-optic activity but retention of birefringence.

6
Processing Steps

6.1
Spin Casting, Electric Field Poling, and Lattice Hardening

The subjects of spin casting, electric field poling, lattice hardening, and relaxa-
tion of poling-induced order (electro-optic activity) were extensively investigat-
ed in the late 1980s through the mid-1990s. A number of reviews discuss exten-
sively and in depth various aspects of these topics and these reviews cite the
many hundreds of papers dealing with these aspects of the fabrication of electro-
optic materials [2, 3, 5, 23, 34-44, 50, 63, 64]. Because such a treatment of these
subjects already exists in the literature, we shall provide only an overview here
with emphasis on lessons learned from past studies.

We have a number of material choices to make as we attempt to prepare de-
vice-quality electro-optic polymeric thin films. We can prepare composite films
where the chromophore is simply physically incorporated into a polymer host
such as PMMA, APC, PU, poly(amic acid), or polyimide. Such materials are re-
ferred to as guest/host materials. The polymer of such a composite material can
be functionalized so that the polymer matrix can be crosslinked subsequent to
electric field poling. We can covalently attach one end of the chromophore to the
backbone of a polymer so that we are dealing with a homopolymer material. The
chromophore can also be of a double-end-crosslinkable (DEC) type. With such
a chromophore, a processable precursor polymer can be prepared and used with
spin casting to prepare optical quality thin films. The other end of the chromo-
phore can be attached to adjacent polymer chains subsequent to electric field
poling (with the poling field still on) to achieve a three-dimensional, crosslinked
lattice. Frequently, since the amine donor end has the functional form R,N-, one
is dealing with the situation where both R groups are functionalized with
crosslinking reagents such as hydroxyl or isocyanate groups. Thus, two linking
sites exist at the amine end of the chromophore.If a third crosslinking site exists
at the acceptor end or on the chromophore bridge, the chromophore is referred
to as a trilinking chromophore.

We can prepare functionalized chromophore and crosslinking reagents in a
thermosetting composition; that is, the chromophores and crosslinking rea-
gents can react to form a three-dimensional crosslinked polymer matrix. Ther-
mosetting polyurethane, sol-gel, or epoxy chemistries are frequently used. Many
variations on the above themes can be and have been executed; for example,
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chromophores can be prepared as components of interpenetrating polymer net-
works. The point of having so many material choices reflects attempts to find a
compromise to the conflicting requirements of spin casting, electric field poling,
and retention of poling-induced electro-optic activity.

With spin casting the following issues are of concern: (1) Volatility of the spin-
casting solvent, (2) solubility of all components in the spin-casting solvent (a
particular concern with guest/host systems where the solubilities of guest and
host must be comparable), and (3) spinning speed. Rigid-rod, higher molecular
weight polymers, and crosslinked polymers typically exhibit reduced solubility
in the most common spin-casting solvents (dioxane, methylene bromide, 1,2-
dichloroethane, 1,1,2-trichloroethane, 1,1,1-trichloroethane, cyclopentanone,
etc.). Usually, spin-casting solvents have boiling temperatures around 100 °C. A
problem with lower volatility solvents is that of trapping of solvent in the spin-
cast films. Such solvent inclusion can lead to light scattering and unacceptably
(optically) lossy films; moreover, solvent inclusion can be a source of thermal in-
stability of materials during processing and device operation. On the other
hand, the glass transition temperature of the final polymer matrix is important
for the retention of poling-induced electro-optic activity after the poling field is
removed. The conditions of electric field poling also influence the choice of ma-
terials and processing conditions. For example, to realize chromophore reorien-
tation under the influence of an applied electric field, the chromophore-contain-
ing material must be poled near the glass transition temperature of the material.
If the material is crosslinked, contains mostly rigid segments, or is of very high
molecular weight, it may be impossible to achieve sufficiently high poling tem-
peratures without decomposition of the chromophores or sublimation of the
chromophores in the case of guest/host materials. On the other hand, too soft a
material will result in dielectric breakdown under high, applied electric fields.
Also, too soft a material will lead to orientational relaxation of poling-induced
chromophore acentric order and will be more easily pitted by solvents used in
the subsequent deposition of cladding layers. It is clear that we would prefer to
deal with low molecular weight and flexible materials during the spin-casting
and early poling stages, but would like to end up with a hardened polymer ma-
trix on the completion of poling. The final polymeric material should have a
glass transition temperature above 100 °C and ideally in the order of 150 °C. For
applications with requirements for high thermal stability and survival in other
harsh environments, a glass transition temperature on the range 150-250 °C is
desirable. Higher thermal stability is typically achieved only with some sacrifice
in electro-optic activity, due to the competing influences of lattice hardening
and poling field interactions on chromophore reorientation.

Electric field poling is a complex subject and has been the subject of numer-
ous articles [2, 3, 5, 63, 64, 69, 241-249]. Poling-related topics include methods
of electric field poling, uniformity of fields across samples, charge dissipation,
dielectric breakdown and poling-induced damage, and the correlation of poling
and lattice hardening processes. Electric field poling can be accomplished em-
ploying a number of different poling configurations [2, 3, 5, 63, 64, 69, 241-250].



Nonlinear Optical Polymeric Materials: from Chromophore Design to Commercial Applications 43

One of the most commonly employed configurations involves corona poling.
Corona poling is attractive in that very high poling fields can be realized and
large areas can be covered. For example, uniform chromophore orientation
(electro-optic activity) can be effected over a 6-in. wafer; this can be an impor-
tant consideration for integrating polymeric electro-optic circuitry with semi-
conductor VLSI circuitry. Corona poling also has the advantage of permitting
very high poling fields to be achieved. Realization of such high fields is also an
advantage of the liquid contact poling methods [247-249]. Corona poling has
the disadvantage of not permitting simple measurement of the strength of the
applied electric field.

Contact or electrode poling is typically carried out employing one of two con-
figurations depending on whether the electrodes are on the same side (in-plane
poling) of the EO polymer film or on opposite sides. Occasionally, the electrodes
used for contact poling are also used to provide the radio frequency or micro-
wave driving voltage. As such, the choice of contact poling configuration can be
influenced by the device architecture. The spatial distribution of fields can be an
issue in contact poling. Field distribution and current flow in particular are is-
sues for in-plane poling [244].

A uniform electric field distribution across the sample is extremely important
for achieving device quality materials. Unfortunately, real chromophore materi-
als do not always behave as uniform insulator materials. We have already dem-
onstrated that ionic impurities can dramatically reduce the effective electric
field felt by chromophores. The presence of spatially and temporally varying
nonuniform space charge distributions leads to nonuniform poling fields. The
resulting nonuniform chromophore order can lead to light scattering.

A novel architecture, used recently by the TACAN Corporation (Carlsbad,
CA) to achieve drive voltages of less than 1V with the CLD-1 chromophore, is
that of push-pull poling [6,250, 252]. Push-pull poling is relevant to the fabrica-
tion of Mach-Zehnder interferometers and was previously demonstrated by Paul
Ashley (Redstone Arsennal) and co-workers [251]. The basic configuration is
shown in Fig.17. The TACAN approach has the advantage of minimizing
processing steps and preventing air dielectric breakdown.

During electric field poling (Fig. 17a, top), the chromophores in the two inter-
ferometric arms are aligned in opposite directions by the poling field. For device
operation, a modulation drive voltage is applied to the top electrode while the
two bottom electrodes are grounded. The driving voltage is along the poling di-
rection in one arm and against the poling direction in the other arm. The index
of refraction modulations in the two arms are always of opposite sign and there-
fore the total phase difference is twice as large as that in the single arm modula-
tion case, Eq. (6). Since no other device parameters are changed, the value of V;
is thus reduced by a factor of 2. The three-section poling and driving electrodes
can be easily adapted to a high-speed microstripline/slot ground electrode for
broad band operation [252]. Recently, researchers at Lockheed-Martin have ob-
tained results analogous to those of TACAN employing a push-pull modulator
device fabricated with the FTC-1/APC (25 wt/wt%) materials [253]. They have
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Fig.17. A Electrode configuration and B operating configuration used for push-pull poling

achieved a V;value of 1.35V that has been observed to be stable for 3 months.
Given the lower inherent hyperpolarizability of the FTC chromophore, this is an
impressive result.

Although considerable effort has been expended investigating the relaxation
of electric field induced acentric chromophore order, very little effort has been
invested in the detailed characterization of chromophore order and dynamics
during poling. With the theoretical effort focused on understanding intermo-
lecular electrostatic interactions discussed above, the situation appears to be
changing. A noteworthy theoretical effort aimed at understanding poling dy-
namics is that of Hayden and co-workers [254]. They have employed fully atom-
istic molecular dynamical modeling of the electric field poling of a guest/host
[N,N-dimethyl-p-nitroaniline (DPNA)/PMMA] polymer system. They have an-
alyzed the behavior of systems both above and below the glass transition tem-
perature, T, of the system by calculating <cos8> and <cos>0>. Above T, the ap-
plied poling field was found to constrain the side group of the host PMMA. The
shape of the volume swept by the dopant chromophores was found to be less cy-
lindrical as the field was increased. The partial radial distribution functions in-
dicated that the chromophores were likely to be located near the host polymer
side group. No significant differences in the static conformational properties of
the host were observed between poled and unpoled structures. Nearly equal pol-
ymer side group and backbone contributions were involved in chromophore
orientation. Below the T,, the COCHj side group motion was found to be more
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correlated with dopant contributions than with the atoms in the backbone units.
These results are consistent with unpublished results of Robinson and Dalton
(employing analogous modeling), although the chromophores studied by Hay-
den and co-workers have sufficiently low dipole moments and polarizabilities
that intermolecular (chromophore-chromophore) electrostatic interactions are
unimportant in contrast to the situation considered by Robinson and co-work-
ers.

Kaino and co-workers [255] have investigated the effect of polymer polydis-
persity on electro-optic materials properties. No dependence on polydispersity
was observed for guest host materials but for Disperse Red chromophores cova-
lently attached to monodisperse polystyrene weaker absorption tails were ob-
served. This result suggests that chromophore-chromophore interactions are
modified by the polymer host.

A major topic that comes up when poling is considered is that of poling-in-
duced optical loss. This is one of the most misunderstood topics involving poly-
meric electro-optic materials. What should be meant by poling-induced optical
loss is optical loss associated with poling-induced material damage or phase
separation (the electrophoretic effect: chromophore migration under the influ-
ence of an electric field). Optical loss due to processing (inclusion of dust parti-
cles) are often confused with poling-induced losses; in particular, a report by
Teng and co-workers [256] is often misinterpreted. Teng and co-workers [256]
correctly state that the index of refraction of a material will change with electric
field poling and TE and TM modes are affected differently as is logical from con-
sideration of their symmetries with respect to the symmetry of the poling field.
They then consider a material consisting of regions that will be poling insensi-
tive (e.g., dust particles) as well as regions sensitive to the poling field (the prob-
lem of nonuniform space charge fields mentioned earlier). They note that elec-
tric field poling will increase the difference between the index of refraction of
these two regions and hence will increase light scattering and optical loss. They
conclude that this results in an unfortunate relationship between electro-optic
activity and optical loss. Their results have been interpreted by some scientists
to mean that one must always have increased optical loss for materials with im-
proved electro-optic activity. Of course, this is not the case in reality. Without
dust particles or other factors leading to material heterogeneity, the Teng mech-
anism disappears. The Teng result does emphasize the need for care in purifica-
tion of materials and control of material heterogeneity during processing (spin
casting, poling, lattice hardening). The Teng mechanism should be fundamen-
tally associated with processing-induced optical loss and not poling-induced
optical loss.

Damage induced during poling is the most serious optical loss mechanism as-
sociated with electric field poling. Although the details of damage will vary with
type of poling (corona versus contact), damage will depend on the strength of
the electric field applied and on the hardness of the material being poled [63, 64,
137,257].Because it is desirable to use the largest possible poling field consistent
with avoiding material damage, it is common to employ a stepped poling proto-
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col (where both temperature and electric field strength are increased at periodic
time intervals) coupled with lattice hardening by use of thermosetting reactions.
When the lattice is being hardened by a temperature-dependent chemical reac-
tion, realization of optimum poling efficiency depends on achieving the appro-
priate balance of kinetics associated with chromophore reorientation under the
influence of the poling field and of lattice hardening to lock-in poling-induced
order and to minimize dielectric breakdown. A variety of techniques have been
used to assess poling-induced damage, including scanning electron microscopy
(SEM) and atomic resolution imaging techniques [5].

The subject of lattice hardening and retention of poling-induced electro-optic
activity is also a complex and frequently misunderstood topic. Most experimen-
tal and theoretical studies of the retention of poling-induced electro-optic activ-
ity have focused on guest/host and homopolymer materials where the chromo-
phore is attached at one end to the linear chain backbone of an uncrosslinked
polymer host. For such materials, it is well established that the retention of elec-
tro-optic activity is related to the glass transition temperature of the system [2,
3, 5, 50, 63, 64, 108]. Thermal and photochemical stability also relates to the
hardness (glass transition temperature) of the final polymer material. Because
of the dependence of acentric chromophore order and chemical stability on the
glass transition temperature, high glass transition temperature polymers, such
as polyimides, polyquinones, and polycarbonates, have been extensively inves-
tigated as polymer hosts [2, 3, 5, 50, 63, 64,108, 121-126, 258-264]. Unfortunate-
ly, stiff polymers such as the polyimides exhibit poor solubility in traditional
spin-casting solvents. Chromophores with high values of pf typically cannot
survive the harsh solvents required for polyimides. Moreover, the high poling
temperatures required by the high glass transition temperatures of polyimides
can result in problems with chromophore sublimation when guest/host materi-
als are used.

On the other hand, low glass transition polymers, such as PMMA, which yield
good optical quality films and good poling efficiencies, do not yield adequate
stability of poling-induced order. Current research, which deals with polymeric
systems where lattice hardening is not carried out during poling, focuses on
finding a compromise between PMMA and the polyimides. The currently most
investigated materials are various polyquinones [259-264] and amorphous
polycarbonate (APC) from Aldrich. APC [poly(bisphenol A carbonate-co-4,4'-
(3,3,5-trimethylcyclohexylidene)diphenol, see Fig. 18] is quite compatible with
virtually all high pf3 chromophores and has a glass transition temperature (T,=
205 °C) in the appropriate processing range. Materials prepared using APC typ-
ically exhibit thermal stability of acentric chromophore order to 120 °C or great-
er. This is sufficient for some applications. APC also has the advantage of having
avery favorable dielectric constant and is compatible with a variety of substrates
and cladding materials.

The alternative to guest/host and homopolymer materials where the glass
transition temperature of the system does not change during processing (spin
casting, poling, and device fabrication) is induction of lattice hardening during
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Fig.19. Dynamical thermal stability of electric field poling-induced electro-optic activity
for two samples. The data were obtained as described in [121] by slowly increasing temper-
ature while monitoring second harmonic generation. The chromophore is a DEC chromo-
phore described in [138]. “Uncrosslinked” refers to the precursor polymer where only one
end of the DEC chromophore is attached to the polymer lattice. “Crosslinked” refers to the
situation where both ends of the DEC chromophore have been reacted to achieve covalent
coupling to the polymer lattice. The ends of this DEC chromophore are asymmetrically
functionalized so that attachment reactions can be carried out independently

processing [2, 3,5, 50, 63, 64, 108]. The idea is to have the solubility and process-
ability where required in the early processing steps but also to harden the mate-
rial up subsequent to induction of acentric order. As shown in Figs. 19-21, a dra-
matic improvement in the stability of electro-optic activity and long-term de-
vice stability can be achieved with such an approach.
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rial. This material consists of a Disperse Red chromophore with one end attached to a poly-
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Fig.21. Dynamic thermal stability [121] of a variety of polymeric electro-optic materials.
All materials involve the Disperse Red chromophore. Trace 1: PMMA composite material;
trace 2: chromophore covalently attached by one end to a “soft” (PMMA-like) matrix [138];
trace 3: DEC chromophore with both ends attached to a “soft” polymer matrix [138]; trace
4: Disperse Red chromophore covalently attached at one end to a polyimide polymer matrix
[121]; trace 5: DEC-type chromophore with both ends attached to a sol-gel type matrix
[139]

In Fig. 19, “uncrosslinked” refers to the situation where only one end of the
chromophore is attached to the polymer backbone (prescursor polymer) while
“crosslinked” refers to the situation where both ends of the chromophore are at-
tached to the polymer backbone (final hardened polymer) [138]. The double-end
crosslinking results in improvement in the dynamic thermal stability by more
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than 50 °C. A dramatic improvement in the stability of electro-optic activity is also
observed in aging experiments. For example, when the double-end-crosslinked
chromophore/polymer hardened material of Fig. 19 is held at 125 °C, no change
in electro-optic activity is observed over a period of 3000 h. Even without cou-
pling both ends of the chromophore to the polymer lattice, quite good thermal
stability can be observed, as shown in Fig. 20. This figure shows data from the TA-
CAN Corporation study of the electro-optic activity of a chromophore coupled at
one end to a crosslinked polyurethane polymer matrix. No change in electro-optic
activity was observed over a period of 4 years for a polymeric electro-optic mod-
ulator maintained at ambient temperatures. More accurately, it should be stated
that no special precautions were taken to protect this material from temperature
fluctuations during operation or storage, i.e., the modulator was always in contact
with ambient air and no precautions were taken to maintain a fixed temperature.
Obviously, considerable heating occurs during operation.

The thermal stability achieved by various hardening methods is straightfor-
wardly understood in terms of the number of contact points between the elec-
tro-optic chromophore and the host polymer lattice and in terms of the stiffness
of various segments of the host polymer. This point is demonstrated in Fig. 21.
Guest/soft polymer host materials exhibit the poorest stability, typically losing
electro-optic activity on heating to 50 °C (trace 1, Fig. 21). Of course, when the
same chromophores are incorporated into a high T, polymer matrix, such as
polyimide, the thermal stability can be increased to 200 °C (e.g., to the glass
transition temperature of the material). Covalent attachment of one end of the
chromophore to a polymer matrix can significantly increase the thermal stabil-
ity (traces 2 and 4). Double-end crosslinking the chromophore to the polymer
lattice leads to further improvement in stability (traces 3 and 5). Trace 5 corre-
sponds to incorporating a DEC chromophore into a sol-gel glass material. This
particular sol-gel material is not fully hardened until temperatures considerably
above 300 °C are reached. This accounts for the slow degradation of electro-optic
activity with heating. Heating without the poling field on causes the crosslinking
reaction of the sol-gel to continue, producing stresses that drive orientational re-
laxation of the poled chromophores. Improvement in thermal and photochemi-
cal stability is typically achieved at the cost of some reduction in poling efficien-
cy and electro-optic activity because the lattice hardening can also inhibit
chromophore reorientation under the influence of the poling field.

Finding the right trade-off between thermal stability and optimum electro-
optic activity has frequently required the development of sophisticated poling
and lattice hardening protocols. Typically, the best results are obtained when a
stepped temperature, stepped electric field protocol is utilized. The concept is to
keep the field low in the early stages of lattice hardening to prevent damaging the
soft lattice but to gradually increase the poling field strength as the lattice hard-
ens. With sol-gel materials, it is difficult to achieve temperatures sufficiently
high to realize a fully hardened lattice; thus, the material may continue to evolve
under high-temperature operation yielding complex thermal stability data such
as those shown in Fig. 21.
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With trilinking chromophore thermosetting materials (see Fig. 22), the situ-
ation is even more complex than with dilinking chromophore materials. For ex-
ample, if the thiophene group of the FTC chromophore (see Fig. 22) is function-
alized with a hydroxyl group to generate a trilinking chromophore, the hydroxyl
group can react with the cyanofuran acceptor. Thus, hydroxyl coupling groups
must be replaced by toluenediisocyanate groups to realize a useful trilinking
chromophore. Moreover, poling efficiency can be improved (relative to a simple
thermosetting trilinking protocol) by over 150% by developing a protocol that
minimizes attachment to stiff polymer segments during electric field poling
[265]. Clearly, the issue of lattice hardening remains one of the most challenging
aspects of producing device quality electro-optic materials.

6.2
Fabrication of Buried Channel Waveguides

Electro-optic modulation typically requires concentration of co-propagating ra-
dio frequency and optical fields in a narrowly defined region of space called a
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waveguide [2, 3, 5, 63, 64]. Electro-optic modulation requires single mode (rath-
er than multi-mode) optical propagation. The requirement of single-mode
propagation defines the permitted dimensions of waveguides. The requirement
of large electrical fields (e.g., a volt per micron) means small electrode spacing
that, in turn, means rectangular waveguides and elliptical optical modes.

6.2.1
Reactive lon Etching Techniques

The production of buried channel waveguides by reactive ion etching has been
extensively discussed elsewhere [2, 3, 5, 63, 64, 267, 268] and we will not repeat
that discussion here. Waveguides can also be fabricated by electron beam irradi-
ation [266] and by photochemical/photophysical processing methods (see be-
low). Buried channel waveguides can be fabricated by either etching a ridge or
trough structure. The critical issue is to produce surfaces of sufficient smooth-
ness to avoid unwanted optical loss. In other reviews [2, 3, 5, 63, 64,267], we have
shown that optical loss due to wall roughness can be keep below 0.1 dB/cm by
maintaining the conditions of a chemical etch. A chemical etch corresponds to
the reactive ions of the etching plasma possessing inconsequential kinetic ener-
gy. High kinetic energy ions have been shown to causing pitting. Surface
smoothness can be verified by a number of techniques including, in addition to
optical loss measurements, electron microscopy and atomic level resolution im-
aging techniques [2, 3, 5, 63, 64, 267,268].

Later in this review we will return to the topic of reactive ion etching as it per-
tains to the topic of fabricating three-dimensional optical circuits that require
the production of vertical transitions.

6.2.2
Photolithographic Techniques

By photolithographic techniques, we most specifically mean multi-color photo-
lithography where spatially controlled index of refraction variations are created
by photo-initiation of physical and chemical changes in the material. Again, this
topic has been reviewed in considerable depth elsewhere so we will only briefly
review the central concept here [2, 3,5, 63, 64].

The critical concept of multi-color photolithography is that the penetration
depth of light into a sample depends on optical absorption by the sample. Thus,
light of different colors will exhibit different penetration depths in a sample that
has a strong absorption. If the photochemical absorption in question leads to a
photophysical or photochemical change in the material that alters the index of
refraction, then the color of light and the exposure time can be used to control
the extent of photo-initiated reaction that occurs in a given spatial region of the
sample. The processing of a buried channel waveguide by multi-color photoli-
thography can be envisioned as follows: (1) a mask is used to protect the high
index electroactive polymer region that is to become the buried channel
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waveguide. The region on either side of the protected electroactive region is
bleached by “long-time” exposure to deeply penetrating radiation, i.e.,light of a
wavelength removed from the A, of the photoactive absorption. Such light
produces a uniform reduction in the index of refraction of the material on either
side of the protected region of electroactive material. (2) In a second processing
step, the protecting mask is removed and the sample is exposed for a short peri-
od of time to light that shallowly penetrates the sample, i.e., light near the A,
of the photoactive absorption. In this step, only the upper-most region of the
sample is affected. The net result of the above two processing steps is that a bur-
ied channel region of high index of refraction electro-optic material is produced
completely surrounded by lower index bleached regions.

Production of buried channel waveguides by multi-color photolithographic
techniques has several advantages relative to reactive ion etching processes. It is
a completely dry process and involves a smaller number of steps. It can be car-
ried out with automated scanning and hence well-defined circuits can be rapidly
fabricated. The process can be modified to incorporate two-photon processing
techniques. Unfortunately, it does depend on the existence of a photoactive ab-
sorption, although photochemical decomposition can almost always be used to
effect an index change. However, except for initial feasibility studies, it has large-
ly been utilized as a technique for trimming of reactive ion-etched circuits such
as splitters and Mach-Zehnder modulators [269-273].

6.3
The Unique Problem of Fabricating Tapered Transitions

While propagation loss in electro-optically active waveguides remains a great
concern, typically the greatest contribution to device insertion loss comes from
mode mismatch between silica fibers and electro-optic waveguides. At
1.3 microns, the core of a silica optical fiber is spherical with a dimension of
about 10 microns. On the other hand, the mode in an electro-optic waveguide is
elliptical with a vertical dimension of 1-2 microns. The small vertical dimension
is necessary for minimum electrode separation demanded by the need for small
drive voltages. If active (electro-optic) and passive (silica fiber) waveguides are
simply butted together per-connection-loss is in the order of 5 dB or more. A
number of solutions have been proposed to the mode mismatch problem. Pacific
Wave Corporation (Los Angeles, CA) has achieved low coupling loss by position-
ing a spherical lens between the silica fiber and the active waveguide. A more
common approach is to use tapered transition waveguides where the optical
mode is allowed to expand or compress in transition regions. The fabrication,
experimental characterization, and theoretical analysis of such tapered transi-
tions have been discussed at length by Steier and co-workers [268, 274].
Another approach to low loss coupling makes use of the production of verti-
cal waveguide transitions (to be discussed later with respect to packaging [65,
272-278]). Essentially, a section of high index electro-optic waveguide is fabri-
cated on top of a very low loss passive polymer waveguide [65,273,275]. The op-
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tical mode is coupled up into the active layer where signal processing occurs and
then the mode is coupled back to the passive mode at the end of the upper active
layer section. Such a configuration permits realization of very low insertion loss.
Other researchers have pursued similar approaches to reducing insertion loss
[279].

6.4
Electrodes and Claddings

Electrodes and claddings are topics that are essentially ignored in polymeric
electro-optic materials research even though these components of active circuits
have a dramatic effect on performance parameters such as bandwidth, drive
voltage, and optical loss. At 100 GHz, resistive loss in metal electrode structures
is a very serious problem and the operational bandwidth of an actual device is
typically determined by electrode design and not by the electro-optic material.
Fetterman and co-workers have achieved device performance to 113 GHz (with
unpublished performance to even higher frequencies) and have discussed a
number of electrode and electrode coupling designs [280-282]. We have already
noted how electrode configuration affects performance for amplitude modula-
tors. Of course, a propagating optical mode must not be permitted to see metal
electrodes or very high optical loss will occur. Cladding layers are used to con-
fine optical modes and prevent optical modes from sensing lossy metal elec-
trodes. Cladding layers must exhibit an appropriate index of refraction to yield
the desired optical confinement. Cladding materials must be highly transparent
to the propagating optical mode as loss due to the optical mode penetrating into
the cladding contributes to the total propagation optical loss. Just as in the case
with the active layer, the cladding layer must exhibit excellent thermal and pho-
tochemical stability. The author of this review has had the unfortunate experi-
ence of observing the output of an electro-optic modulator go from single mode
to multi-mode operation as mode confinement was degraded by photochemical
decomposition of a cladding layer. Ideally, one would like cladding layers to ex-
hibit greater electrical conductivity than the active electro-optic layer. Greater
conductivity permits the poling field to be dropped across the cladding layer re-
sulting in a greater effective field at the chromophores of the active layer and
greater poling efficiency. We have already seen in our theoretical discussion how
important it is to achieve a large effective poling field. If electrical conductivity
at radio, microwave, and millimeter wave frequencies could be obtained, the V;
voltage required would also be lowered. To date, no materials that exhibit low
optical loss and high frequency conductivity have been reported. The issue of
conducting cladding has only recently been addressed. The results reported by
Dr. James Grote at the Air Force Research Laboratory are very encouraging [152,
283, 284], resulting in significant improvements in electric field poling efficien-
cies and material electro-optic activity.

Deposition of cladding layers must be compatible with the active electro-op-
tic layer. In particular, the solvents used in spin casting of the cladding layer
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must not dissolve the active layer. Since the cladding layer must exhibit the same
robustness as the active layer, it must be hard. UV-curable epoxies have fre-
quently been used as cladding materials. However, the UV radiation used must
not cause photochemical damage of the active layer. To date, off-the-shelf clad-
ding materials such as epoxylite 9653 [285] and NOA73 [286] have frequently
been used as cladding materials. In the future, custom-designed cladding mate-
rials are likely to be required for optimized device performance.

7
Sophisticated Packaging

Certain applications of electro-optic modulator technology require dense pack-
aging of a large number of modulators and the integration of individual modu-
lators with very large-scale integration (VLSI) semiconductor electronics and a
variety of passive and active optical circuit elements. For example, one might
well envision optical circuits composed of modulators, splitters, optical amplifi-
ers, etc. [2, 3, 5,6-65, 287-289]. Indeed, one of the attractive features of polymer-
ic electro-optic materials is their adaptability to sophisticated integration and
packaging. For example, circuits can be fabricated on virtually any substrate in-
cluding flexible substrates such as MYLAR. Over the past several years, Profes-
sor William Steier and co-workers have executed an ever-increasingly sophisti-
cated integration and packaging of polymeric electro-optic modulators [2, 3, 5,
63-65,271-278,290-297]. In the following sections, we briefly review this effort.

71
Vertical and Horizontal Integration with VLSI Semiconductor Chips

For electro-optic modulators to be widely used in telecommunication and data
processing industries, they must be seamlessly integrated with high-speed elec-
tronic circuitry. As discussed elsewhere [2, 3, 5, 63-65, 271-278, 290-297], this
integration can either be accomplished as side-by-side (horizontal) integration
or in a stacked (vertical) integration architecture. Vertical integration is more
space efficient but requires dealing with the irregular surface topology of semi-
conductor chips. Deposition of active polymer layers directly onto semiconduc-
tor chips would result in unacceptably high optical loss. Moreover, a scheme for
poling electro-optic chromophore-containing polymer films without damaging
neighboring semiconductor circuitry must be employed. Finally, the intercon-
nection of electro-optic and semiconductor circuitry must be effected.
Fortunately, over the past several years, the problems associated with each of
the above requirements have been overcome and now integrated “opto-chips”
are now relatively routinely fabricated [2, 3, 5, 63, 64, 271-278, 290-297]. The
problem of irregular VLSI surface topology has been overcome by use of
planarizing polymers such as Futerrex PC3-6000. The reflow properties of this
polymer reduce the 1-6 micron semiconductor circuit features to surface varia-
tions of 0.2 microns after planarization. The optical quality of planarized surfac-
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es is comparable to that of polished silicon and optical loss due to the roughness
of the planarized surface is immeasurably low. Steier and co-workers [3, 63, 64]
have shown that appropriate grounding can be used to protect underlying VLSI
circuitry when corona poling the electro-optic material. Indeed, poling can be
achieved with no detectable change in semiconductor I/V curves [3, 63, 64]. In-
terconnection between semiconductor circuitry and modulators requires fabri-
cation of deep vias (channels) through the planarizing polymer layer. Steier and
co-workers have shown that this can be accomplished by use of a combination of
CF, reactive ion etching and spin-on-glass technology. Sophisticated vertically
integrated opto-chips have been fabricated and the outputs of various electronic
circuits have been used to independently drive multiple modulators [3, 63, 64].
The cross-talk between adjacent modulators is immeasurably low, i.e., less than
45 dB [298].

7.2
Integration with Passive Optical Circuitry and Diode Lasers

If sophisticated systems architectures containing a large number of modulators
are to be fabricated, a stacked and vertically integrated optical circuit architec-
ture will be required. The key to vertical integration of optical circuitry is the
ability to achieve a vertical transition, e.g., to fabricate vertical polarization and
power splitters. Recently, Steier and co-workers [273, 275] have shown that this
can be achieved by employing shadow, gray scale, and offset lithographic mask
techniques. Representative examples are given in Figs. 23-25. In Fig. 26, we show
how these masking techniques can be combined with spin casting to produce a
vertically integrated waveguide circuit.
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Fig.23. Production of a vertical slope by shadow mask processing
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Fig.24. Production of a vertical slope by gray scale mask processing

Steier and co-workers have used such processing techniques to fabricate a va-
riety of devices such as the 1x4 power splitter and polarization splitter shown in
Figs. 27 and 28, respectively.

Figures 23-28 show the process of producing basic circuit elements of verti-
cally stacked circuits. The use of the three lithographic masking techniques
mentioned results in very low loss transitions between optical circuits in differ-
ent vertical stacks. These techniques can also be used to fabricate the low loss
electro-optic modulator configuration shown in Figs. 29 and 30.

In this configuration, light is coupled into the active electro-optic material
only when signal processing is desired. Otherwise, light propagates in very low
loss polymeric passive waveguides. Such low loss passive waveguides have been
the subject of a number of research efforts including those of Koike and co-
workers [299, 300].

7.3
Special Electrode Structures for High (100 GHz and above) Frequencies

As already noted, resistive loss in metal electrode structures and in transition
from millimeter wave waveguides to the electrode structure is the greatest prob-
lem in achieving 100 GHz and higher electro-optic modulation. Fetterman and
co-workers [301] have shown by pulse techniques that the 3-dB bandwidth of
polymeric electro-optic materials is typically in the order of 360 GHz for 1 cm of
material. Stripline electrode structures have been used to achieve operation to
somewhat above 100 GHz. Fetterman and co-workers [282] have recently de-
scribed a novel finline transition between a millimeter waveguide and such elec-
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trode structures. Very recently, researchers at IPITEK (TACAN) have proposed

device structures that may permit operation for telecommunication applica-
tions to 220 GHz [302].
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8
Evaluation of Device and System Performance

Of course the details of device and system performance will depend on the par-
ticular device or system under consideration. Our discussion will, however, fo-
cus primarily on limitations to system performance associated with material
limitations rather than that of a particular device configuration. Parameters of
particular interest include drive (V) voltage, bandwidth, waveguide propaga-
tion loss, total device insertion loss, drive voltage stability, bias voltage stability,
and optical power handling capability.

8.1
Bandwidth

Measurement of device bandwidths in the order of 100 GHz typically requires
heterodyne detection and a stripline electrode configuration such as that illus-
trated in Fig. 31. The response of polymeric electro-optic modulators is typically
flat to 100 GHz. Fall off above that frequency (Fig. 32) can be traced to resistive
losses in millimeter wave transmission structures and in the metal electrodes.

The bandwidth performance of polymer modulators clearly surpasses those
of other materials although by clever device engineering lithium niobate modu-
lators have been demonstrated to somewhat above 70 GHz.

8.2
Drive Voltage

IPITEK (formerly TACAN) Corporation (Carlsbad, CA) has achieved 0.8V V;
values using 3-cm interaction length push-pull Mach-Zehnder modulators, as il-
lustrated in Fig.33 [6, 252, 302]. With 2-cm interaction length modulators, an
average V value of 1.1 V was obtained [6, 252, 302].
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Fig.31. Heterodyne apparatus for measuring high frequency (e.g., 100 GHz) electro-optic
modulation
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Fig.33. Halfwave voltages (V;;) measured by the TACAN Corporation for various push-pull
electro-optic modulators. Twelve modulators (six 3-cm and six 2-cm modulators) were fab-
ricated. The poling voltages and waveguide modulator performance are given in the figure

The CLD-1 chromophore in a PMMA polymer host was used to obtain the
TACAN results. The V; results are consistent with the electro-optic coefficients
determined by ATR methods and discussed earlier in this review. Pacific Wave
Industries (Los Angeles, CA) have constructed single modulation arm Mach-
Zehnder interferometers using CLD-1 in either PMMA or APC polymer matri-
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ces and have measured V voltages of 2V at 1.3 microns wavelength and 3V at
1.55 microns wavelength. These results are also consistent with those already
mentioned in this article. The results for the CLD-1 chromophore represent an
improvement of 2-3 over values obtained with use of lithium niobate modula-
tors.

Researchers at Lockheed-Martin have fabricated push-pull Mach-Zehnder
modulators using FTC in APC. They observed drive voltages near 1 V and these
modulators exhibited good stability for periods of 3 months (with stability test-
ing continuing) [253].

Comparable electro-optic coefficient values appear to have been obtained at
US Government Research Laboratories by Geoffrey Lindsay (US Navy,
NAWCWPNS, China Lake), Paul Ashley (US Army, Redstone Arsennal), and
James Grote (AFRL, Wright Patterson AFB) with CLD-type chromophores in
various matrices [303].

To this point in time, the FTC, CLD, and GLD chromophore series appear to
be useful for fabricating a variety of prototype modulator devices operating at
telecommunication wavelengths with drive voltages significantly less than those
of lithium niobate modulators explored for the same applications. These results
represent an approximate order of magnitude improvement over more conven-
tional organic chromophores such as the Disperse Red and diaminonitrostil-
bene (DANS) series. Results being obtained at the time of writing for the best
CLD, GLD, and CWC variants represent another 25-50% improvement. Nearly a
factor of two improvement relative to the above results has been obtained for
chromophore-containing dendrimers, as will be discussed at the very end of this
article.

8.3
Optical Loss

Optical propagation loss for polymeric electro-optic materials is typically in the
order of 1 dB/cm when care is taken to avoid scattering losses associated with
processing and poling-induced damage [2, 3, 5, 63, 64, 257]. Lower loss values
can be obtained by isotopic replacement of protons with deuterium and with
halogens [211, 304, 305]. With effort, electro-optic material losses can be re-
duced to approximately 0.2 dB/cm for the telecommunication wavelengths of 1.3
and 1.55 microns.

Propagation losses through active materials are a serious concern; however,
these typically contribute only a small fraction to the total insertion loss. The
most serious problem relating to minimization of optical loss with use of elec-
tro-optic modulators is that of loss associated with mode mismatch between
passive and active optical circuitry. When tapered transitions and other device
structures discussed in this review are used to reduce optical loss associated
with mode mismatch, total device insertion losses in the order of 4-6 dB are ob-
tained. Without such adequate attention to coupling losses, insertion loss can be
10 dB or greater.
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8.4
Stability under Harsh Conditions

The stability of drive voltage, optical loss, and bias voltage under operating con-
ditions that can include high temperatures and optical powers is a subject of
great concern. Definitive data are not available at this time for polymer materials
containing the latest high puf chromophores. Although beta site testing has not
been conducted, there is some hope that polymer modulators will exhibit satis-
factory performance with respect to stability for operation under harsh condi-
tions including exposure to high-energy radiation.

The TACAN Corporation has evaluated the stability of drive voltage and bias
voltage under conditions of extended operation and for irradiation with light of
different wavelengths and optical power levels [306, 307]. The performance of
polymer modulators was reasonably good and systematically improved as lat-
tice hardness increased (see Figs. 6, 20 and 34). We have observed comparable
stability.

TACAN has prepared a summary table of the performance of polymeric elec-
tro-optic materials and comparison with inorganic materials (Table 5). Note
that, although this compilation by TACAN is only a year old, the “future” per-
formance of polymeric electro-optic materials has already been realized.

Stability to gamma irradiation has been investigated by researchers at Lock-
heed-Martin Corporation, the Air Force Research Laboratory (Dayton, OH),
and by ourselves. The results (no detectable change in performance) suggest that
polymer modulators are suitable for space applications. We have, by electron
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Fig.34. DC bias voltage stability (measured by the TACAN Corporation) of a polymeric
electro-optic modulator operating at 1550 nm
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Table 5. Comparison of materials performance by the TACAN Corp.

EO polymer LiNbO; GaAs
Parameters Current  Future  Shelf Lab Shelf
VT(V) 3.5-5 1-3 5-7 2-5 5-7
P11(dBm) 15-18 4-13 >32 12-18 >24
V1L (Vem) 8-10 5 10 10 >10
Bandwidth (GHz) 40 65-110 18-20 30-70 50
Insertion loss (dB) 12-14 6-9 3-5 3-5 9-12
Max. storage 60-90 70-100 90°Cpkg NA 80 °C pkg
temp. (°C) limit limit
Max. optical NA NA 250 NA 30
power (mW)
Stability NA NA small drift low drift low drift
Cost (1 unit) NA NA $6500 NA $17,000

paramagnetic resonance, observed damage to certain host polymers such as
PMMA but not to the electro-optic chromophores.

We have carried out pulsed (including femtosecond) laser studies of two-pho-
ton absorption and other potential photochemical decay mechanisms for a vari-
ety of polymeric electro-optic materials including FTC, CLD, and GLD
guest/host systems [185, 308]. Such studies do not reveal problems associated
with operation with light of telecommunication wavelengths, i.e., two-photon-
initiated photochemistry. The greatest single concern for polymeric electro-op-
tic materials involves photochemical damage arising from radiation into the
charge-transfer band. Clearly, if enough energy is deposited into this band, pho-
tochemical decomposition will be observed for virtually any organic chromo-
phore, although the harder the lattice the higher the energy required. Packaging
polymeric electro-optic modulators to protect them from visible light seems to
be a useful precaution. Researchers at Pacific Wave Industries and our research
collaborator Prof. W. H. Steier have both observed a dramatic improvement in
the photochemical stability of polymer electro-optic modulators with hermetic
sealing. Protected from air (and singlet oxygen decomposition mechanisms),
modulators have been operated with 10-50 mW incident power for periods of
months with no detectable degradation in performance. Of course, the same
problem is faced with organic (molecular and polymeric) light emitting diode
materials and photochemical decomposition does not appear to be a debilitating
problem for OLED display technology when appropriate packaging is used.

A number of researchers have recently commenced study of the thermal and
photochemical stability of organic EO chromophores [87,92,309-312]. It is not
clear that an agreed upon mode of assessment has been arrived at that will be
applicable to a wide range of device applications. Many studies are being per-
formed on materials that are not likely relevant to the fabrication of devices. The
final assessment of thermal and photochemical stability may well have to be per-
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formed on actual devices under specific application operating conditions. Nev-
ertheless, identification of photodecomposition mechanisms and quantification
of environmental effects will be of utility in guiding the further development of
materials.

9
Applications and Commercialization

At the present time, no significant commercialization of polymeric electro-optic
modulators exists. However, that situation appears be changing rapidly. Pacific
Wave Industries now offer a variety of broad bandwidth modulators for pur-
chase and firms such as Radiant Research, IPITEK and Lumera Corporations are
dramatically expanding their activities. Figure 35 shows the PWI 40 GHz mod-
ulator fabricated from CLD-1/APC polymer material.

A number of firms [including Lockheed-Martin, Allied Signal, Pacific Wave
Industries, IPITEK (TACAN) Corporation, Radiant Research, Lumera Corpora-
tion, Microvision, and Lucent] and government laboratories (including US
Army Redstone Arsenal; US Navy NAWCWPNS, China Lake, CA; Air Force Re-
search Laboratory/Materials & Manufacturing Directorate, WPAFB, Dayton,
OH) are developing prototype devices and systems that utilize polymeric elec-
tro-optic modulator technology. Prototype devices and demonstrations include
high voltage sensing relevant to the electric power industry [313], electrical-to-
optical signal transduction of multiple television signals relevant to cable
(CATV) and satellite television transmission [43, 44, 63, 64, 314], broad band-
width acoustic spectrum analyzers [315, 316], optical gyroscopes [317], phased
array radar [43, 44, 63, 64, 318-322], photonically detected radar [5], time
stretching and ultrafast analog-to-digital conversion [4], components for fiber
optical and satellite telecommunications [3, 43, 44, 63, 64, 253, 302, 323-327],
generation and detection of ultrafast electrical fields [5, 63, 63, 328-330], simple
electric field sensors and land mine detection [3, 63, 64, 331], backplane inter-

Pacific Wave Industries Inc.
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Fig.35. Pacific Wave Industries 40-GHz polymeric modulator. PWI also offers a version that
is designed for 100-GHz operation
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connections for high-speed computation [3, 63, 64], wavelength division multi-
plexing applications [3, 63, 64], optical switching [2, 3, 5, 43, 44, 63, 64], and spa-
tial light modulation (beam steering) applications [332, 333]. Relevant to tele-
communications applications, it can be noted that both polarization-sensitive
and polarization-insensitive [323] polymeric electro-optic modulators have
been demonstrated. Polarization-insensitivity is desired for some applications,
as it is difficult to maintain polarization during transport over long distances.
Polarization-insensitivity has been considered to be one of the arguments for
the use of electro-absorptive modulators.

Unfortunately, describing all the above prototype device applications would
make this review overly long. Thus, we will limit our discussion to just two ap-
plications that involve steering of radio-frequency (phased array radar) and op-
tical (spatial light modulation) beams. In phased array radar, a radar beam is
steered by controlling the interference of beams radiated from different ele-
ments of an antenna. This, in turn, requires controlling the phase of the radio-
frequency signal arriving at these different elements. Electro-optic modulators
provide a convenient method of controlling the radio-frequency phase during
the distribution processes. The radio-frequency signal is converted to an optical
signal by an electro-optic modulator and the phase is controlled photonically. In
Figs. 36-39 we show two configurations that have been used both by us and our
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collaborators to demonstrate phased array radar utilizing polymeric EO modu-
lators.

With both serial feed and photonic radio-frequency phase shifter configura-
tions, polymeric EO modulators are used to produce the desired phase shifts in
signals ultimately routed to the different antenna elements. It is interesting to
note that the photonic radio-frequency phase shifter looks like a Mach-Zehnder
inside of a Mach-Zehnder [64, 318]. Recently, we have shown that the linearity
of output phase versus control voltage can be improved by going to an even high-
er order Mach-Zehnder inside a Mach-Zehnder design. Photonically controlled
radar offers many advantages relative to conventional radar and electrically con-
trolled radar including increased beam agility (and no problems with overshoot
due to momentum effects with mechanical movement), immunity from radio-
frequency interference, and reduced weight. For a photonically controlled
phased array radar to be commercially successful, expensive low noise amplifi-
ers must be avoided. Lossless radio-frequency to optical to radio-frequency con-
version relies heavily on devices operating with V;; values of 1V or less. If even
lower drive voltage modulators can be produced gain can be realized for the ra-
dio-frequency signal. While 1-3 V values have recently been obtained with sys-
tems based on polymeric modulators, a low noise amplifier is still required after
conversion back to radio frequency to boost the power to required levels for ra-
diation from the antennae elements.

As shown in Fig. 40, we have used a cascaded prism arrangement to achieve
spatial light modulation [333]. Further amplification has recently been achieved
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by addition of a polymeric photonic bandgap material to the output of the cas-
caded prism array. Although beam steering has been accomplished with signif-
icantly smaller drive voltages than required by lithium niobate devices, drive
voltages still remain larger than those required for liquid crystal spatial light
modulators. From early experiments, it is clear that the fabrication of the cascad-
ed prism array has not been optimized. It is likely that detailed analysis and
characterization of the actual fields produced by this configuration will permit
further reduction in drive voltage requirements.

While the performance characteristics of prototype phased array radar, spa-
tial light modulators, high bandwidth oscillators, high bandwidth analog-to-
digital converters, etc. require optimization, the ease with which preliminary re-
sults have been obtained using polymers is impressive and speaks to the proc-
essability of such materials. Moreover, the performance of prototype devices
strongly argues for the ultimate commercial viability of devices based on poly-
meric materials.

10
Future Prognosis

It should by now be clear to the reader that chromophore design has not yet been
optimized. Chromophores to be produced in the near future might look like the
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Fig.41. Hypothetical improved CWC chromophore

one shown in Fig. 41. With such a design, considerable serendipity is required to
achieve improved electro-optic activity. The added substituents must not per-
turb the Trelectron structure of the chromophore thus reducing the values of p
and B. For example, we have used a dendritic synthetic approach [64, 334, 335]
to successfully inhibit chromophore-chromophore intermolecular electrostatic
interactions. Chromophore loading of 50% (wt/wt) has been achieved without
dramatic attenuation of the linear dependence of electro-optic activity on load-
ing. Unfortunately, perturbation of the chromophore structure has, in some in-
stances, resulted in sufficient reduction in p and 3, so that no net gain in material
electro-optic activity was realized. Also, the chromophore must assume a struc-
ture that actually inhibits intermolecular electrostatic interactions. Again, some
dendrimer structures can rearrange so that the chromophore becomes exposed.
Quantum mechanical and kinetic Monte Carlo modeling of structures is an ex-
cellent idea before attempting synthesis. Nevertheless, most attempts at deriva-
tization do lead to significant improvement in achievable electro-optic activity.

Indeed, knowledge of the role of chromophore shape in defining maximum
achievable electro-optic activity has permitted dramatic improvement in elec-



Nonlinear Optical Polymeric Materials: from Chromophore Design to Commercial Applications 71

tro-optic activity of polymeric materials to the point of significantly exceeding
the performance of lithium niobate. With chromophores dissolved in polymers
such as APG, it is likely that devices can be fabricated, in the near future, which
will require halfwave voltages on the order of 0.5 V. Moreover, over the next sev-
eral years, it is very reasonable to assume that chromophores with even greater
1P values (and yet adequate stability) will be prepared. When these chromo-
phores are modified to near optimum shape and incorporated into appropriate
polymer matrices, V; voltages of 0.1 V or less may be realized. It is likely that
the performance of polymeric electro-optic circuitry will also be dramatically
improved by the development of custom hardened hosts and cladding materi-
als.

An extremely interesting new direction in the preparation of organic electro-
optic materials involves development of multi-chromophore-containing den-
dritic materials such as that shown in Fig. 42 [335]. Note that for such materials
a polymer host is not required. The dendrimer is of sufficient molecular weight
that appropriate viscosity can be achieved in traditional spin-casting solvents.
The crosslinking functionalities on the periphery of the dendrimer permit lat-
tice hardening subsequent to electric field poling. By use of fluorinated and cy-
anurate dendrons, material optical loss can be kept to below 0.5 dB/cm at tele-
communications wavelengths. The dendrimer shown in Fig. 42 has yielded elec-
tro-optic materials characterized by an electro-optic coefficient of 60 pm/V at
1.55 microns wavelength. This large electro-optic coefficient reflects the fact that
high chromophore loading (33% wt/wt) is achieved without attention to electro-
optic activity by intermolecular chromophore interactions. Under thermal test-
ing, this electro-optic activity was observed to be unchanged after 1000 hours at
85 °C. The material optical loss for the dendritic material shown in Fig. 42 was
found to be comparable to that of CLD in APC. Although this material has not
been extensively evaluated in prototype devices, as is the case for CLD in APC, it
does appear to equal or exceed the performance of CLD/APC in all respects. The
sequential synthetic scheme represented by multi-chromophore-containing
dendrimers appears to hold the possibility of another material breakthrough.
However, further work is required to ascertain if this is indeed true.

Sequential synthetic techniques proceeding from substrates, such as those
being developed by Professor Tobin Marks and others [336-340], may also lead
to sub-1V drive voltage devices. Sequential synthesis from functionalized sur-
faces has the advantage of utilizing ionic interactions and covalent bond forma-
tion to overcome intermolecular interactions that oppose acentric order. As
such, this approach is not limited by dielectric breakdown, as is the case for elec-
tric field poling. Of course, intermolecular electrostatic interactions still need to
be taken into account in computing expected electro-optic activity. Such inter-
actions act to cause the chromophore axis to tilt relative to the normal to the
deposition surface and to increase disorder. Such a tilt will, of course, reduce
macroscopic electro-optic activity in a manner analogous to increased tilt (with
increasing electrostatic interactions) of the average chromophore orientation
with respect to the poling field axis in electric field poling.
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Fig.42. Multi-chromophore-containing electro-optic dendrimer. After electric field poling
and lattice hardening this material yields an electro-optic coefficient of 60 pm/V at
1.55 microns
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Self-assembly methods such as crystal growth may also hold promise if new
principles of chromophore design are exploited. Obviously, it is important to
consider more spherical chromophores in an effort to attenuate unwanted inter-
molecular electrostatic interactions. It will also be important to strategically po-
sition ionic charges to drive acentric ordering. Unfortunately, although develop-
ment of chromophores designed for acentric self-assembly appears a worth-
while research goal, it is unlikely to be systematically pursued in the next few
years. Thus, prototype device fabrication is likely to rely on materials prepared
by electric field poling and by sequential synthesis methods.

The bandwidth (>100 GHz) and drive voltage specifications (<3 V at 1.3 and
1.55 microns) of organic electro-optic materials will stimulate development of
some commercial products for use at these wavelengths [341, 342]. The broader
application of modulators will require addressing the two potential limitations
of organic materials; namely, optical loss and stability. It is clear that insertion
losses in the range 5-6 dB can now be achieved with current materials when ap-
propriate attention is paid to processing and when novel coupling architectures
are utilized. Very low loss applications will require development of low loss elec-
tro-optic and cladding materials. Such materials will almost certainly involve re-
placement of hydrogen atoms or by exploitation of chemical structures with low
hydrogen content. Moreover, attention will likely have to be paid to integration
of active and cladding materials with low loss passive waveguides including pol-
ymeric waveguides. Dendrimeric materials appear to be a particularly attractive
route to the development of low optical loss materials. For operation at telecom-
munications wavelengths, organic materials should ultimately be very competi-
tive with lithium niobate and quite superior to gallium arsenide in terms of in-
sertion loss.

The most difficult issue facing organic electro-optic materials is that of ther-
mal and photochemical stability. In principal and in practice, very stable mate-
rials can be fabricated. The issue is the price that is typically paid in electro-optic
activity to achieve a high degree of stability. Because both poling and thermoset-
ting lattice-hardening reactions depend on temperature, it is no simple matter
to define compatible poling and lattice-hardening protocols. In like manner, it is
difficult to exploit photo-initiated lattice-hardening chemistry due to absorp-
tion by the chromophores. Perhaps in the future chromophores and crosslinking
reagents can be developed that do not have overlapping optical absorption. It
may also be possible to develop two-photon activated crosslinking reagents
[343-345]. Until such advances in lattice-hardening chemistry are developed, it
is likely that lattice hardening will be achieved at the price of a 20-40% reduction
in electro-optic activity. However, current poling and lattice-hardening proto-
cols can be fine-tuned to permit the production of electro-optic materials that
exhibit thermal stability of greater than 170 °C and are capable of handling tele-
communications level optical powers for periods of several years, while at the
same time affording halfwave voltages of 2-4 V.It may well be possible to achieve
such stability with drive voltages in the order of 1 V. It is clear from preliminary
studies of packaged and unpackaged organic electro-optic materials that her-
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metic sealing to exclude oxygen is important for enhancing photochemical sta-
bility. Evidence also exists that photochemical stability can be improved by cov-
alent incorporation of free radical and singlet oxygen scavengers [92]; however,
we have found that the positioning of such scavengers is important and effective
exploitation of this route to improved stability materials is likely to require fur-
ther study. Photochemical stability is also difficult to define in the sense that re-
quirements vary from application to application and power levels used in tele-
communications applications may increase in the future. It is doubtful that or-
ganic materials can standup for long periods of time to incident power levels of
a watt or greater. High power levels can also give rise to instabilities that do not
relate to photochemical degradation. For example, ultra-high bandwidth oscil-
lators demand high power levels and problems with noise and bias voltage drift
have been identified for oscillators made from certain polymeric active core and
cladding materials. In some cases, this drift has been found to arise from photo-
chemically induced charge injection from the active material into the cladding
material. The photocurrent flowing in the cladding varies with optical power in
the active core waveguide leading to inherent instability. This problem can be
rectified by modification of materials; however, it illustrates the complexities
that must be faced as a broader range of operational conditions is explored.

A strong point for the use of polymeric electro-optic materials is the adapta-
bility of these materials to sophisticated processing techniques and the fabrica-
tion of integrated devices. Moreover, it is clear that polymeric electro-optic cir-
cuitry can be fabricated on a variety of substrates including flexible substrates.
In the next several years, I anticipate dramatic exploitation of this aspect of pol-
ymeric electro-optic materials. It is very likely that demonstration of an ever-in-
creasing array of novel multi-modulator devices and systems will be effected.
Development of integrated opto-chip packages will likely make polymeric elec-
tro-optic materials increasingly attractive for fiber and satellite telecommunica-
tions applications, electronic counter measure applications, sensing, and appli-
cations in the fields of computation and data processing.

At the present time, polymeric electro-optic materials are currently not suit-
ed for applications that require operation below 1-micron wavelength. Many
applications in the field of displays, including flat panel and virtual reality
headset displays, could benefit from use of low-drive-voltage, low-optical-loss
modulators operating at wavelengths in the range 400-1000 nm. Such opera-
tion would require that new materials be developed. To accomplish this one
would have to identify a family of chromophores with a particularly attractive
electro-optic coefficient versus A, (optical nonlinearity/optical loss trade-
off) curve [3, 341]. To be useful at visible wavelengths, the A_,, of the electro-
optic material would have to be <250 nm. While it is possible that appropriate
materials could be developed, a substantial research effort would be required
and is unlikely in the present funding climate. Thus, it is likely that lithium nio-
bate will be the material of choice for applications below 1000 nm for some time
to come.
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When all factors are considered, polymeric and lithium niobate electro-optic
and gallium arsenide electro-absorptive materials will very likely remain com-
petitive over the next 2-10 years. Each technology is likely to find niche markets.
The large bandwidths, low-drive voltages, and ease of integration of polymeric
electro-optic materials provide a strong argument for increased utilization. Of
course, it is never easy to displace an established technology such as that based
on lithium niobate. Adoption of polymeric modulators will require that they
meet thermal and optical power handling standards.

Displacement of lithium niobate will be made even more difficult due to busi-
ness decisions made over the past 5 years. These include: (1) the financial invest-
ment by companies such as Lucent and Boeing in construction of lithium nio-
bate modulator production facilities and (2) the perceived failure of companies
such as ROI Tech, Hoechst-Celanese, IBM, 3M, etc. to commercialize polymeric
electro-optic modulator technology in the early 1990s. These two factors are
very likely to cause large corporations to leave the development of polymeric
electro-optic materials to smaller start-up companies. This is consistent with an
increasing trend of large American corporations to act only as packagers and
marketers of technology leaving the actual production of materials and discrete
devices to smaller vendors. A more serious consequence of this philosophy is
that large corporations typically define systems design strategies. As a young sci-
entist (3 decades ago) trying to execute replacement of vacuum tube technology
with semiconductor component technology in the analytical instrumentation
industry, I witnessed the difficulty of implementing a new technology in the face
of specifications written for an older technology. In the present case of attempt-
ing to adapt polymeric electro-optic materials, it is clear that these materials
must satisfy demands determined by other materials. Just as the famous IBM
“drop test” had to be abandoned for personal computers and “high voltage” cir-
cuit concepts had to be modified for semiconductor devices, it is likely that some
modification of design concepts and material specifications will be required if
polymeric electro-optic circuitry is to be most effectively exploited. For such
modification to occur, polymeric electro-optic devices will have to offer dramat-
ic advances in information and signal processing, displays, sensing, etc. As is
usually the case with high technology, the demand for the advanced capabilities
of polymeric modulator devices will likely initially come from military applica-
tions.
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n
Appendix. Conversion Factors and Useful Relationships

Conversion Factors

Units of dipole moment, pi: 1 Debye (107!8 esu/cm)=3.336x1073" C/m

Units of hyperpolarizability, B: 1 (cm>/esu or esu)=4.19x10"10 m*/V

Units of second-order nonlinear optical susceptibility, X¥'= 1 cm?/esu=4.19x10"
‘m/V

Useful Relationships

The Sellmeier equation for index dispersion: n?(A\)=a+b/[A2-(A,,,,)?] where the
constants a and b are defined by experimental measurement
Dispersion equation for hyperpolarizability: Bro=A? [3A?~(A,a0)?1Bo/3 [N~
(Aax)?] where B, is the value of [ at zero frequency and By is the value of B at
the wavelength of interest
Dispersion equation for electro-optic activity: rgg=
A2 [BA2=(A 10 10/3IN2=(A 1) ?]
Zero frequency local field factor for poling field: fy=¢,(n?+2)/[2€,+n?] where
€, is the relative dielectric constant
Local field factor for light wave field: fy=(n2+2)/3
Relation of number density to weight fraction: N=(wpN,/M) where p is the
density of the polymer and N, is Avogadro’s number
Equation for electro-optic coefficient: |r3;|=2Nfy(f,)*Bro<cos’60>/n*
Equation for EO coefficient: |r;;|=2N(fy)(f) ) *pBroE/5kTn*
Equation for EO coefficient: |r3;3|=
2N(f5)2(£)*WBoE[3~(A max) /A1 /15K Tn*{1-(A
Bandwidth-length product equation: Af-L=c/4|(€,)'/? - n|
Figure of merit, FOM=n’r/¢

)2/)\2}2

max.
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This chapter addresses issues related to quadratic parametric interactions in organic
waveguides. It attempts to give an overview of the field, especially emphasizing the initial
experimental milestones together with the most recent results.

This field of research is very challenging in terms of the technology required to turn a
good candidate material into a useful optical device demonstration. The keys to this prob-
lem are the phase-matching conditions that must be fulfilled by the different interacting
waves. These points are illustrated by the bibliography that, still to this day, contains mainly
demonstrations of the potential of various materials with very few subsequent demonstra-
tions of efficient optical device operation. Nevertheless, this is still a relatively young field
of research and there is no doubt that, given time, effort and investment, it will grow and
mature along the lines of its successful electro-optic counterpart.
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1

General Introduction — NLO Materials and Optical Applications

One of the most important aspects in the evolution of nonlinear optics has been
the search for materials in which practical implementations of the many diverse
and fascinating nonlinear phenomena can be realized. It has been known from
the early days of nonlinear optics that organic materials have some of the largest
nonlinear coefficients, both second and third order [1]. Chemical engineering
can further optimize them in any specified direction. In the case of second order
effects, charge transfer states, enhanced by electron delocalization, have pro-
duced in non-centrosymmetric structures second order nonlinearities of many
hundreds of pm V-1, larger than any other known material to date, including
semiconductors [2]. Electron delocalization, especially in diacetylenes has also
led to record large third order nonlinearities.

However, as is well known in the nonlinear optics community, just large coef-
ficients are not sufficient for making a material useful. For all nonlinear interac-
tions to generate large effects, optical quality is always necessary and despite
great progress, material processing in organic materials does not yet compare to
semiconductors, for example. For coherent interactions, such as second har-
monic generation, phase-matching must also be realized which places stringent
constraints on uniformity of the refractive index, and so on.

In this chapter we will specifically examine the state-of-the art in the utiliza-
tion of organic X¥) materials for nonlinear optics. (Electro-optics and x® are
treated in other chapters in this book and will not be discussed here.)

2
Second Order Nonlinear Optics — Introduction

Second order nonlinear optics involving frequency conversion encompasses a
spectrum of interactions including second harmonic generation (SHG), optical
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rectification, sum and difference frequency generation, optical amplification
etc. [3]. Of these, second harmonic generation is the simplest to implement and
has historically been the most frequently studied. This is also the case in the ev-
olution of polymers and single crystal organics for parametric interactions
where the focus has been, and still is, on frequency doubling.

Second order materials have been used either as bulk media or in waveguide
formats. The earliest work dealt with single crystals, including organics. It was
recognized relatively early that organic molecules consisting of a strong electron
donor and acceptor group separated by a strong electron delocalized bridge had
strong charge transfer states that can be the origin of very large second order
nonlinearities on the molecular scale [1]. Some 20% of these can be crystallized
into non-centrosymmetric single crystals [4].

All coherent nonlinear interactions such as SHG require that the nonlinear
polarization field generated by the mixing of two or more optical fields travels at
the same velocity as the field generated by that interaction. In SHG, to allow op-
timum energy transfer between the fundamental and harmonic waves all along
the waveguide, the phase of the locally radiating dipoles must match that of the
harmonic electric field. Although efficient conversion is usually discussed in
terms of phase-matching, wavevector conservation is more convenient for deal-
ing with the different waveguide geometries and we use these nomenclatures in-
terchangeably. That is, the harmonic wavevector must equal the vector sum of
the fundamental wavevectors. We will list the different ways of achieving this re-
quirement later.

Charge transfer states not only create large nonlinearities, but their inherent-
ly one-dimensional nature also leads to large dipole moments and substantial
birefringence. On the one hand, this makes the classical birefringent wavevec-
tor-matching scheme feasible in which multiple polarizations for the interacting
waves are involved. However, for low symmetry crystals, the usual case in organ-
ics, wavevector-matching requires operation away from crystal axes and fre-
quently results in large walk-off angles between the different polarizations, an
undesirable feature. The equivalent of quasi-phase-matching that allows opera-
tion along crystal axes still has to be discovered for organic crystals. Neverthe-
less, a number of phase-matchable crystals have been developed and interesting
applications demonstrated [5].

Using waveguides for SHG has been shown to offer new options for wavevec-
tor conservation because, at a given frequency, there are a discrete number of
guided wave modes with different propagation wavevectors available, and these
wavevectors can be tuned by changing the waveguide geometry [6]. The simplest
case is for an isotropic slab waveguide formed from a substrate of index ng, a film
of index n¢ and a cladding of index n_as shown in Fig. 1.

An example of the corresponding variation in the effective index N4 (the
propagation wavevector is =Nk, where k, is the vacuum wavevector) for a
number of modes “m” is shown in Fig. 2 versus film thickness.

Note that the mode number “m” indicates the number of zeros in the guided
wave field, and the thicker the film, the larger the number of guided modes
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Fig.1. Examples of the two common integrated optics waveguides used SHG in organic ma-
terials: (a) slab waveguide, (b) channel waveguide. The dimensions along the confinement
directions are typically a few optical wavelengths. The core optical index made from the
polymer film n;is higher that the substrate n;. and cladding n_ indices

N

Neff

keh
Fig.2. Typical guided wave modal dispersion in the effective index N, versus film thick-
ness for a slab waveguide with n, <n, <n

which exist. Examples of the corresponding field distributions are shown in
Fig. 3, for m=0 and m=1.

There is a complete set of unique modes for each polarization, parallel (TE)
and orthogonal (TM) to the film surface. For channel waveguides with optical
confinement in two dimensions (like a fiber), shown in Fig. 1, the modes are de-
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Fig.3. Field distributions for the two lowest order TM modes. The mode number “m” iden-
tifies die number of field zeros that occur within the high index film

scribed by a pair of mode numbers (m, n) and the fields now have oscillatory dis-
tributions along both transverse axes. This variety of wavevectors can partici-
pate in the wavevector matching, an added degree of freedom. On the other
hand, the product of different guided wave fields can result in interference ef-
fects during SHG between different cross-sectional regions of a waveguide and
hence large reductions in the conversion efficiency: this will be discussed in de-
tail later in terms of the overlap integral.

The applicable fundamental concepts of nonlinear integrated optics for SHG
were outlined decades ago and can be found in a number of review papers [6-8].
The basic theory as applied to organic materials and polymers is of course un-
changed from that for dielectric materials and these papers are still very useful.
Some twenty plus years ago, nonlinear integrated optical experiments started to
be conducted, but mostly on inorganics and crystals. The specific field of amor-
phous and semi-ordered organics came when the chemical engineering of non-
linear chromophores was developed.

Although single crystal films of a number of non-centrosymmetric organics
have been grown, it has proven difficult to use them as the waveguide core for
efficient SHG at specific wavelengths, in the telecommunications windows for
example. The key problems are the control of the dimensional tolerances needed
to achieve wavevector-matching over centimeter distances, and the optical loss
due to the limited transparency windows available with organic materials. On
the other hand, thin, high-index, isotropic films have been deposited on organic
single crystals and the evanescent guided wave fields can be used to access the
organic crystal’s nonlinearity for doubling. However, because the evanescent
fields only carry a fraction of the guided wave field, this reduces the conversion
efficiency correspondingly.

Nonlinear polymers in which second harmonic active molecules are incorpo-
rated into a polymer matrix offer interesting possibilities for waveguide SHG by
virtue of their fabrication technology. The multi-layer films needed for
waveguiding can be fabricated by simple spinning techniques already in use for
decades in the electronics industry, and systematic calibration of the process al-
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lows tolerances of £10 nm to be achieved. Spin-coating of diverse films places re-
strictions on the solvents needed to maintain the integrity of adjacent layers, but
this has not proven to be a severe problem. Furthermore, polymer mixtures can
be used to fine-tune the film refractive index. The non-centrosymmetric mole-
cules (chromophores) can be “dissolved” (called guest-host) in the host polymer
matrix, or attached to it by various chemical means. When the polymer compos-
ite is heated to near the glass transition temperature, the chromophores become
orientationally mobile and can be aligned. Electric field poling has proven suc-
cessful for molecules with large permanent dipole moments, resulting in a x?
oriented normal or parallel to the film surface, depending on the electrode ge-
ometry. Alignment normal to the surface is also achieved by corona poling ob-
tained by “spraying” charge onto one surface. All-optical poling has also been
implemented for molecules that undergo trans-cis conformational changes on
illumination near their charge transfer state absorption maxima. Details will be
discussed later.

Reviews addressing specifically poled polymers for frequency doubling of a
laser diode have been published emphasizing the different material aspects and
potential phase matching techniques [9]. The best materials available at that
time were also reviewed. There has also been a more general, recent review spe-
cifically concerned with the work performed in Japan and addressing the ques-
tion of materials and phase-matching techniques [10].

The analysis of organic polymer waveguides with quasi-phase matched struc-
tures has also been theoretically addressed, taken into account pump depletion
and attenuation [11].

Another successful approach has been to use Langmuir-Blodgett (LB) tech-
niques, or self-assembly methods to make films. The LB approach has been used
to make oriented films with excellent registry, and even multiple oppositely or-
dered layers. Although SHG, and even low optical losses, have been obtained by
a number of researchers, the LB approach still has to be demonstrated as a cost-
effective fabrication technique.

The net result is that in the last decade there has been a great deal of activity
in second harmonic generation in organic waveguides. Film fabrication tech-
niques, especially spin-coating, have proven to be well-suited to implementing
wavevector-matching techniques such as modal dispersion and quasi-phase-
matching. The progress in these areas will be especially critically reviewed here.

In this chapter we deal primarily with experimental results that have been re-
ported dealing with parametric interactions in nonlinear poled polymers, i.e.
mostly on second harmonic generation in phase-matched configurations. Be-
cause the theoretical analysis associated with these processes has been known
for some time and has been independently reviewed many times, we will only
briefly overview these basics. Also, the polymeric materials developed for simi-
lar applications are reviewed in another section of this book and we refer the
reader to that for details.
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2.1
Wavevector-Matching Techniques

The key problem in all coherent interactions, such as SHG, is to achieve wavevec-
tor matching. This requires material engineering. The possible phase-matching
scenarios depend critically on the relative values of the refractive indices of the
materials making up the waveguide, their frequency dispersion, and the
waveguide dimensions. Here we discuss the different phase-matching tech-
niques implemented to date in organic SHG devices.

In bulk media and specifically for SHG, optimum conversion efficiency re-
quires Ak:{ka(w)—k(Zw)qu}zo where the k (w) are the individual funda-
mental beam wavevectors, |K|=2TUA if a periodic modulation in the index or
nonlinearity exists (Quasi-Phase-Matching, QPM) and q is an integer. In poly-
mer waveguides, many different techniques allow the wavevector-matching of
the different waves interacting in a parametric process. Although the case of slab
waveguides (Fig. 1a) is the easiest to implement, the most efficient interactions
occur in channel waveguides (Fig. 1b) in which the input optical beams are con-
fined in two dimensions and the output beam is also wave-guided. The
(wavevector-matching) techniques include anomalous dispersion (ADM),
waveguide birefringence (WBM), modal dispersion (MD, MDPM) and quasi-
phase-matching (QPM), all shown schematically in Fig. 4.

Bra{w) , Br(w) Bra(w) Bru(w)
Brum2w)

ADM_ MD n(Zwlk (2w ,

-
-

vy

/

Br(w) > JBTE(“’) » A
Bru(Zw) g n,(2a)ky(2w)
WBM
ﬁTE(m) BTE (m)
—
Brm(w)  Brmlw) K
Bru(2w) > P n,(20)k,(2w)

QPM

Y

Fig.4. Schematic representation of the different common phase-matching techniques in the
k space representation. (ADM) anomalous dispersion; (WBM) waveguide birefringence;
(MD) modal dispersion; (QPM) quasi-phase-matching; (C) Cerenkov; and (CP) counter
propagating Cerenkov
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In these cases, wavevectors must be matched along the axis of the channel, i.e.
for propagation along the z-axis AB=Y {B,p(w)-B,(20)£qK}=0 where the BP((,O)
are the fundamental guided wavevectors. In slab waveguides, non-collinear
(NC) SHG is an option that requires two intersecting fundamental beams pro-
ducing a harmonic beam in a direction intermediate to the fundamentals with
wavevector conserved only in the plane of the surface, i.e. AB=3 {B,,(w)-
B,(2w)+qK}=0. Wavevector-matching in the plane of the surface, or along a
channel axis is also possible when the signal beam leaves the waveguide region
into the surrounding media, such as occurs for Cerenkov (C) and counter prop-
agating (CP) SHG, also shown in Fig. 4. In this case } {B,-k,,}=0 where k,, are
the wavevector components of the radiation fields parallel to the waveguide sur-
face. Only co-propagating beams (such as found in the AD, WB, MD and QPM
cases) will insure quadratic growth of the harmonic with propagation length
and make full use of the long interaction distances that can be provided by guid-
ed optics. Other techniques (C, NC and CP) inherently limit the possible inter-
action distance and are bound to be less efficient.

A number of the different wavevector matching conditions unique to
waveguides can be illustrated in a plot of the effective refractive index N4 versus
film thickness for both the fundamental and harmonic waves, Fig. 5.

The example shows the typical dispersion in N with both frequency and
film thickness for a few pertinent TM,, modes. Note that TM(w) and TM,(2w)
never intersect, and can therefore not be phase-matched to each other. This is a
consequence of the dispersion in the refractive index and due to waveguiding.
Note however that TMy(w) and TM,(2w) do intersect indicating that phase-
matching can take place between these two modes (which have different sym-
metries in the field distribution) and this is the MD case. However, for WBM it
is possible to have an intersection between TM,(w) and TE,(2w) in a birefrin-
gent film. For QPM, there is a vertical effective index shift of +q[K/2k(w)] which

n{2w)
Ny W
Negr ) QPM
TM,2w)

ns(Zw} TMO(GJ)/E

ny(w)

Eq—C—h

2% @h Ky 2wh

Fig.5. Effective index of the TMO and TM, modes at both the fundamental and harmonic
frequencies versus film thickness for a slab waveguide. MD identifies modal dispersion
wavevector matching for TM(cw) - TM;(2w). The solid vertical arrow identifies QPM for
TMy(w) » TM(2w). The region — C— identifies film thicknesses for which Cerenkov SHG
into the substrate can occur

>
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can now wavevector match TM(w) and TM(2w) (or TE,(w) and TE,(2w) with
a different value of K). Since the Cerenkov condition is defined by ny(2w)
>N,¢(W), this occurs for the region marked C. Similar arguments can be made
for TE polarizations. And in fact all of these wavevector matching conditions
have been exploited for polymer waveguides.

2.2
Interaction Cross-Sections and Figures of Merit

2.2.1
All-Guided Waves

The SHG case, in which two photons of the same energy combine into one of
twice that energy, is certainly the most experimentally investigated parametric
interaction at this time. It is generally studied in the low conversion limit. In the
case of a 2D channel waveguide, the second harmonic power P, may be ex-
pressed as a function of the material characteristics, device structure, propaga-
tion interaction length L and fundamental input power P, as:

2. 2p2 272 L 2
PZ(L)z Ew P14(0)doL %J‘dzd(z)emﬂz "
0

sy, ) ()3 e

In the first integral, the integrated effect of the wavevector mismatch is quan-
tified for the lossless case and is given by sinc’ [ABL/2]. This is a characteristic
common to all nonlinear coherent processes. As ABL/2 - 0, this integral gives
one. In the presence of loss, this term is instead given by

(o ray2)L cosh(AaL)—cos(AﬁL)
e
(8a) +(ap)"

where 0, and 0, are the intensity attenuation coefficients at the fundamental
and harmonic respectively,and Aa=(a,-0,/2). It is also assumed that the second
order nonlinearity d;; (r) can be written as dyd(z)d;;(x,y) where d, is the ampli-
tude, d(z) describes any modulation in the nonlinearity with propagation dis-
tance with |d(z)|<1 and d;;; (x,y) is the transverse distribution of the nonlinearity
across the cross- sectlonaf area of the waveguide. In the second (overlap) integral
calculated over the field distributions, e :(x,y), e;,(x,y) and e,;(x,y) are respec-
tively the unit vectors of the interacting eI]ectrlc field transverse profiles. This in-
tegral is especially important for waveguides since the guided wave fields can
have both positive and negative regions. Maximizing the SHG conversion effi-
ciency is all about maximizing the product of these two integrals.

(2)
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Fig.6. Evolution of the generation efficiency as a function of propagation length (for per-
fect phasematching) in the lossless and a few lossy cases

A typical dependence of the conversion efficiency on loss is shown in Fig. 6.

The strong dependence on the fundamental and harmonic loss is clear. It limits
the usable length of the waveguide to L. It is clear that if 2 cm long waveguides
are to be useful, losses below 1 dB cm™! are needed at both frequencies!

Researching the literature, one may find a variety of ways to quantify the SHG
efficiency. Here are some of the most widely used “figures of merit”:

1) N=P,/(P,L)? in % W~! cm~2 normalizes the performance of a device to its
length L.

2) Ng, also in % W1 cm™2, is the extrapolated value of | when L tends to 0. This
allows the propagation losses to be removed. Therefore, it only evaluates the
potential of the nonlinear guiding structure and is not a global Figure of merit
that would take loss into account.

3) ' =P,/P,? is representative of the conversion efficiency dependence on input
power for a given device.

4) Ng'=Ng L% with L. being the effective optimum length of the device that
can be expected from the material parameters.

5) Nmay in % W1 cm~ is the idealized, but unachievable, value of )y, assuming
perfect phase-matching, constant field distributions over the area A of the
waveguide and absence of losses.

6) Of course one can also give the net conversion efficiency: N, =P/P; in % for
a given input power. This parameter is of minimal value since it depends on
the input power.

There are some minor modifications to the above for a slab waveguide with con-
finement only along one dimension, for example along the y-axis. Specifically
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the (x,y) dependencies are replaced by (y), and the powers P, and P, are the pow-
er per unit distance along the wavefront (x-axis). Because of this different power
unit, the units associated with n,n, and Ny, are now % W-! cm!, and n’ and
No have the units % cm WL,

2.2.2
Cerenkov Geometries

In this case the output field is a radiation wave which leaves the vicinity of the
waveguide, i.e. the output field is not guided. For co-propagating fundamental
beams it has been shown that the Cerenkov SHG signal grows initially quadrat-
ically and then later linearly with distance. A comparison of the growth of the
SHG power for different phase-matching cases is shown in Fig. 7.

The cross-over point between the two different length dependencies for Cer-
enkov is typically a fraction of a millimeter and hence in most practical cases
P,0P,2L [12]. Note that ey; in the overlap integral now corresponds to a plane
wave field multi-reflecting between the waveguide boundaries, and P, is a plane
wave leaving the waveguide region. Because wavevector is conserved in the
plane of the film, k,(2w)=2p(w)=n,(2w)k,(2w)cosBp); where By, is the radia-
tion angle into the substrate measured from the z-axis (Fig. 4). Here the figure

SHG Power (au)

%@ =0 %@ =0 %@ =0

<+—p
Coherence Length

Fig.7. The evolution of the harmonic power with propagation distance (arbitrary units) for
ADM, WBM and MD phase-matching (solid line). The Cerenkov power changes from quad-
ratic (solid line) to linear long (dashed line) growth. For QPM for alternate sections with no
X@ (short dashed line). The phase-mismatched case is also shown (dotted line)
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of merit is N=P,/P,L in % W~'ldm™2, and all of the other figures of merit are
changed accordingly.

For the second Cerenkov case of two oppositely propagating guided waves
(CP case in Fig. 4) with powers P, and P, (in W), a sum frequency wave (usu-
ally SHG) traveling approximately (exactly) at right angles to the waveguide sur-
face is generated. Here L is given approximately by the waveguide thickness
along the radiation axis. The figure of merit used is P,=AN'P, P, D/W where D
is the length of the waveguide in which the fundamental guided waves overlap
and W is the width of the waveguide and the details of AN" can be found in ref-
erence [13].

3
Important Physical and Structural Quantities

The first important parameter for efficient SHG that usually comes to mind is the
nonlinear coefficient that is the basis for x?) parametric interactions! But, of
nearly equal importance are the losses: absorption losses of the material and
more generally propagation losses of the waveguiding structure at both the fun-
damental and harmonic wavelength. Also governed by the material and struc-
ture is the spatio-temporal overlap between the three propagating waves, usually
separately referred to and quantified in terms of a spatial overlap integral and
phase-matching length. All these quantities may be combined into material and
structural figures of merit.

The preceding general equation for the harmonic power was written as a
product of three terms. The first concerns the local evolution of the waves, i.e.
the nonlinear material coefficient and the propagation loss coefficients. A sec-
ond one concerns the global effect along a given phase front, i.e. the spatial over-
lap integral. Last but not least, a third one deals with the accumulation of the
parametric interaction effect with propagation length, i.e. the phase-matching
integral. We shall now briefly discuss these three points, and their associated re-
quirements.

3.1
Material Requirements

At the heart of any nonlinear device is the optically nonlinear material that must
be able to not only produce an efficient nonlinear interaction governed by a x®
coefficient, but should also provide low loss, preferably quasi-lossless, propaga-
tion for the interacting waves. In the case of co-propagating interacting waves,
not only must the material be transparent at the fundamental wavelength A but
also at its second harmonic A/2 as illustrated already in Fig. 6. This translates
into a much more severe loss requirement than for the classical electro-optic ef-
fect with the same input wavelength. The material figure of merit in this case can
be approximated by [x®(a,+(a,/2) )]> where a is the intensity absorption co-
efficient. Much work has been devoted to the well-known trade-off between the
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nonlinearity and the location A ,, of the absorption maximum associated with
the charge transfer state. The larger the nonlinearity the larger wavelength shift
of A« towards the near infrared. Because the absorption due to overtones of
the C-H vibration places an upper limit of 1600 nm on transparency, the larger
the nonlinearity the smaller the transparency window of the polymer. This
means that for all-optical signal processing applications such as cascading at
1550 nm, the harmonic wavelength always occurs in the “red tail” of the absorp-
tion spectrum. To date little attention has been devoted to the red tail of the ab-
sorption spectrum and the impact of the host matrix on material loss there, as
recently pointed out [14]. Proper choice of the host matrix can make a difference
of an order of magnitude in the harmonic loss.

The nonlinear material(s) must also be combined with linear material(s) in
order to form the total waveguiding structure, typically consisting of three or
more layers (2 buffer layers and as many core layers as necessary, discussed lat-
er). These material systems must fulfill many technological conditions [15]. For
example, they must be deposited in multi-layers, must facilitate the processing
of channel waveguides, and the resulting structures must not lead to high prop-
agation losses due to scattering. Of course the combination of materials must
also allow efficient poling of the nonlinear doped polymer around its associated
glass transition temperature T, [16,17]. Furthermore, these materials and
structures have to be stable with time under storage and operational condi-
tions. Especially, the question of photostability of the chromophore-doped ma-
terial, often considered as its Achilles’ heel, has to be addressed [18]. For the
second harmonic where the waveguided intensities are higher than for electro-
optical devices, photostability is a much more difficult requirement to satisfy
[19, 20].

3.2
Spatial Overlap Integral

The second integral in Eq. 1 highlights the waveguide trade-off between having
multiple wavevector options for phase-matching, and the efficiency of the inter-
action. Assuming only one input fundamental guided wave, that field distribu-
tion appears squared and is always positive in this integral. Therefore any inter-
ference effects depend on the symmetry properties of the harmonic field. For
MD phase-matching which requires a higher order harmonic mode, the integral
is always reduced relative to the plane wave case and the ADM, WBM and QPM
case whereas both the interacting waves can be in the lowest order mode.

However, the electric field poling technology offers opportunities to maxi-
mize this integral for MD wavevector-matching. The integrand has positive and
negative regions as determined by the field structure of the harmonic. One op-
tion is to spin-coat polymers with no second order activity in the regions of op-
posite sign of the integrand so that interference does not occur in the integral.
Another, superior option is to actually reverse the sign of the nonlinearity by us-
ing sophisticated poling techniques. This is illustrated in Fig. 8.
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Fig.8. An approach to increasing the overlap integral via modal dispersion phase-match-
ing. The sign of the nonlinearity d(y) is reversed at the same point as the TM; (2w) field. The
solid lines show the nonlinearity for TM(w) - TM,(2¢).

33
Phase-Matching Length (Temporal Overlap)

In any SHG device, the group velocity is different at the fundamental and har-
monic wavelengths, so that temporal pulses at these wavelengths will propagate
with different velocities. As a result, the two pulses will separate from each other,
changing the nonlinear interaction. The principal effect will be to produce an
elongated harmonic pulse of reduced intensity relative to the no temporal walk-
off case. The walk-off length L;, depends on the pulse width T, on the difference
in the effective index at the two wavelengths AN,g; and on its dispersion with
wavelength:
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For ps pulses in common side-chain polymers such as DANS and DRI, this
length is typically a few centimeters, and this effect must be taken into account
for cascading applications.

4
Experimental Realization Using Different Phase-Matching Techniques

4.1
Cerenkov Phase-Matching

We start by reviewing specific results obtained with the Cerenkov technique for
which phase-matching is relatively easy, making this a very popular approach.
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As discussed previously, Cerenkov SHG will occur into any waveguide bounding
medium with film thicknesses for which ng ((20) >N(w). In the example pre-
viously discussed for a slab waveguide, it was implicitly assumed that n (2w)
>N,¢(w). However, if n (2w) >N () also holds for the cladding, then radiation
will also occur at an angle Oy, into the cladding medium as long as cosBpy=
N g(w)/n.(2w) <1.For the case of a fiber, the harmonic will emerge in a cone. For
more complex waveguide geometries such as channels, radiation will be gener-
ated into every region in which the condition n(2w) >N (W) is satisfied. Al-
though the condition for which the wavevector parallel to the waveguide axis is
conserved predicts approximately the peak radiation direction, a complicated
radiation pattern is produced since the source of the radiation is confined in two
dimensions. That is, the channel waveguide acts as a radiation source of finite
extent which will lead to a spreading diffraction pattern, and also multi-reflec-
tions and interference effects occur at the waveguide boundaries [21]. Details of
the calculations of the radiation patterns can be found in [12, 22]. For example,
the latter paper considered the configuration case of 2-methyl-4-nitroaniline
(MNA) and 4'-nitrobenzilidene-3-acetoamino-4-metxianiline (MNBA) embed-
ded in SF11 high index glass. The complex harmonic field patterns hinder device
applications [21, 23]. However, the ease of achieving phase-matching and be-
cause the harmonic radiation leaves the waveguide region which maybe strongly
absorbing at 2w, this technique has proven useful in demonstrating the nonlin-
earity of many materials ranging from Langmuir-Blodgett films to organic crys-
tal fibers, etc.

411
Langmuir Blodgett Media

There are many examples of SHG from Langmuir-Blodgett films using the Cer-
enkov phase-matching experimental set-up, both with the film forming the
waveguide core and with a LB film deposited as a cladding layer. Early work has
been already reviewed [24, 25]. In the first paper, material requirements are es-
pecially emphasized. In the second paper use of 2-docosylamino-5-nitropyrid-
ine (DCANP) which forms accordion-like layers was reported [26]. This paper
also addresses the question of comparing with modal dispersion phase match-
ing for which thickness requirements are fairly easily addressed for this type of
film preparation. Many further experiments followed.

A number of other papers introduced interesting ideas. All polymeric Lang-
muir-Blodgett waveguide cores made from 4-(dimethylamino)-4'-(methylsulfo-
nyl)azobenzene as the nonlinear material and poly(tert-butyl methacrylate) as
the linear one were used [27] in order to eliminate destructive interference be-
tween different waveguide regions in a kind of transverse QPM structure. This
concept was extended by Asai who inverted the nonlinearity in the thickness di-
rection and obtained an enhancement of 20 to 30 relative to the conventional
structure in DCANP [28]. Non-centrosymmetric Langmuir-Blodgett multilay-
ers were prepared by alternate deposition of nitrophenylhydrazone (dye FA06)
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and trimethylsilylcellulose (TMSC) which resulted in a relatively low loss of 3.5
dBcm™ at 633 nm and a reasonable X?) of 19 pm V-1, In another paper with a
fundamental wavelength of 1064 nm, a conversion of 107 corresponding to a
slope efficiency of 1078% W~! cm2 was obtained, although the reported nonlin-
ear coefficient was about 19 pm V-1. More recently, a Langmuir-Blodgett film
was deposited as an overlay on the polished cladding face of a single mode fiber
[29]. Using a 10 ns pulse Nd:YAG laser, in the proper temperature tuned condi-
tions, a quadratic relationship between pump power and radiated second har-
monic intensity was demonstrated.

4.1.2
Poled Polymers

As mentioned previously, the Cerenkov phase-matching technique was also
used with poled polymer films. Examples include the well-known and extensive-
ly studied Disperse Red One (DR1) azobenzene chromophore in both classical
organic polymers such as methacrylates [30,31] and hybrid organic/inorganic
sol-gels [32]. This technique allows up to 1% conversion efficiencies even though
the second harmonic wavelength at 532 nm is near the chromophore’s absorp-
tion peak at 480 nm. Great improvements were reported later by increasing the
DRI loading up to 22,and even 40 wt %, in hybrid inorganic/organic sol-gel ma-
trices, corresponding to a d.¢ of 75 and 110 pm V-, respectively [33]. In another
paper a ridge waveguide structure was realized by photolithography and Ar
sputter-etching, giving a 0.2% efficiency (62x enhancement over the slab geom-
etry) for an average fundamental input power of 1 mW (Nd:YLF laser with 16 ns
1047 nm pulses operating at 1 kHz) and 5 mm long propagation. This specific
material continues to be studied, for example an efficiency of 10~ was reported
in doubling a 1064 nm laser using a 0.91 um thick corona poled DR1-methyl-
methacrylate-co-methylmethacrylate slab waveguide [34, 35].

Other chromophores were also investigated this way, example includes cy-
clobutadiene based doped polymer, of about 8 pm V-! d;; nonlinearity with
about 10 wt % loading, for green 532 nm generation and poled pNAn-PVA for
blue 443 nm generation, in this case below the 480 nm cut-off wavelength of the
material [36,37].

Progress has also been reported with epoxy-based polymers. For example,
bisphenol-A diglycidyl ether and a nonlinear chromophore 4-aminobenzoni-
trile based polymer, referred as BADGE-ABNC, had transparency down to
400 nm and an efficiency of 1.4x1073% W~'cm™2 for doubling 1064 nm, 10 ns
fundamental pulses [38]. Similarly, diglycidyl ether of bisphenol-A and 4-(4'-
nitrophenyazo)phenylamine (Disperse Orange 3) based materials, referred to
as DGEAB-NAC or DGEBA-DO3 C, were used to double both a pulsed Nd:YAG
and a continuous wave 830 nm diode in a slab waveguide, with an efficiency of
6x1073% W-lcm™2 (NAC compound) and 0.03% W-! (DO3C) [39]. Further
work with DGEAB-NAC in patterned channel waveguides by the same group
yielded an efficiency 0.1% W~'cm™2 for doubling the Nd:YAG laser [40].
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A number of new ideas have been put forward recently. A X7 enhancement of
the generated second harmonic power was obtained by ultraviolet patterning to
produce a chirped periodic nonlinear susceptibility on a 60 pm wide channel
waveguide [41]. A complete analysis of theory and experiment is given, illustrat-
ing the potential of this new technique, very competitive with the contact elec-
trode method developed earlier [42], and first introduced without the chirping
and with an enhancement factor of about 1.5 to 2 by the same group [43, 44].

Also, a high value of 0.2% W~! cm was experimentally reported using a spe-
cially designed three layer configuration optimized with respect to polymer lay-
er thickness and substrate parameters [45,46]. A recent paper has proposed cap-
turing the Cerenkov radiation emitted from a sol-gel nonlinear waveguide in a
secondary waveguide through a graded index layer produced by ion exchange
into glass, lying on top of an ion-etched grating coupler [47]. Theoretically, more
than half the harmonic energy may be recovered that way.

Using a photo-conducting polymer, self-organization of the polymer was in-
duced. Quasi-phase-matching was achieved with a refractive index grating that
was gradually formed under illumination by the guided fundamental beam [48].
The pump light generated space charges that periodically screened the poling
electric field and thus reduced locally the induced reorientation of the nonlinear
chromophore and hence both the nonlinear coefficient and the refractive index,
which formed an antiguide structure confining the leaky lightwave [49, 50].

413
Organic Crystals

Cerenkov doubling was also investigated in nonlinear organic crystals. The best
results to date have been obtained with single crystals grown inside glass fibers.
For example, DMNP was used to double into the blue and figures of merit of 40%
W-1 cm2 were obtained [51]. Unfortunately, the photostability proved to be the
key problem.

The use of a grating to facilitate the out-coupling has been demonstrated [52].
In that work, a (methyl-3-(p-nitro-phenyl)carbazate, MNCZ) crystal was used as
the substrate with a slab transparent waveguide made of photoresist deposited
on top. The grating coupler was fabricated holographically and the SHG of a
Nd:YAG 1.06 pm laser demonstrated. This nonlinear crystal has a nonlinear ds
coefficient of 22.7 pm V! (3 time larger than d,, of KTP) and a cut-off wave-
length of 455 nm. Reported conversion efficiencies were at that time limited by
lack of sufficient crystal flatness.

4.2
Counter-Propagating Phase-Matching

This counter-propagation Cerenkov experiment is easy to perform because one
has only to launch the fundamental beams at both ends of the guiding structure
[53]. This technique is very stable and puts very few constraints on the material
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or waveguide structure. It’s efficiency can be surprisingly large for a Cerenkov
process when the harmonic occurs near A ,, which is the same for both the
maximum resonantly enhanced x® as well as the maximum harmonic absorp-
tion coefficient. The key is that the harmonic beam only grows a distance equal
to the waveguide thickness, which is only of the order of a wavelength.

The generated harmonic represents the convolution of the two input pulses
[54]. This can lead to many applications, including the measurement of the du-
ration of short pulses. It can also serve the purpose of a digitizer [55]. In the
more general case where the two fundamental beams do not have the same
wavelength, the emission is tilted into the direction of the lower wavelength
propagation direction. It has been suggested and demonstrated that such a con-
figuration could be used as spectrophotometer of short pulses for potential ap-
plication in WDM systems.

The initial poled polymer demonstration was with a single film of DANS
doped material and it produced a figure of merit AN'=9x10~° W~! with 100 ps,
Nd:YAG pulses. Increasing the poling field to 200 V pm™! later increased this to
8x10~7 W~! [56]. Recent results using a transverse quasi-phase-matched core
structure of up to 7 alternating layers of nonlinear and linear material, together
with an optimized in-plane poling field in excess of 300 V um™! yielded a record
SHG figure of merit efficiency of 2.3x10°W~! [57]. This work was also per-
formed with a multilayered structure using Langmuir-Blodgett DCANP films
[58].

4.3
Anomalous Dispersion Phase-Matching

Anomalous dispersion wavevector matching (ADM) is a general technique that
consists of generating a second harmonic on the low wavelength side of an ab-
sorption feature with a fundamental beam input on the long wavelength side.
The standard dispersion in the refractive index caused by the absorption peak
allows wavevectors to be matched for SHG. This method is well suited to poly-
mer doped chromophores with spectrally narrow charge transfer states sur-
rounded by wavelength regions of low absorption. Due to the proximity of the
charge-transfer state, the nonlinear coefficient X(z) can be resonantly enhanced,
but that same proximity implies that the linear absorption may be high. There is
a direct nonlinearity-attenuation trade-off. A distinct advantage is that the low-
est order mode can be used for both the fundamental and harmonic beams lead-
ing to a large overlap integral. However this technique suffers a dramatic draw-
back: the fundamental frequency is uniquely fixed by the material’s optical index
dispersion. Also very problematic is the blue side absorption at 2w, which is a
difficult to make small. A possible solution is to use a material with the large ab-
sorption in the cladding layer.

Although the basic principle dates back to the early days of nonlinear optics
[59], it was only implemented three decades later with chromophores oriented
by an electric field in solution [60, 61]. The chromophore was Foron Brilliant
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Blue, chosen because it’s absorption was peaked at 620 nm and because it had a
deep absorption minimum around 450 nm. In later work, a thiobarbituric acid
derivative in PMMA produced an efficiency of 39 % W~! cm2 over an estimated
32 pm absorption length [62]. This was followed recently with new tricyanovi-
nylaniline doped polymers in which a net efficiency of nearly 250% W~! cm™2
was demonstrated over 35 um. [63] An added bonus was that this approach
proved to be the stimulus for many materials to be characterized. Materials with
P values as large as 3,800x107#® esu, coupled with good transparency in the
450-470 nm window, were synthesized and optimistically predicted to satisfy
criteria for ADPM SHG with target efficiencies of about 2000% W~ [64]!

4.4
Waveguide (and Bulk) Birefringence Phase-Matching

Waveguide birefringence wavevector matching (WBM) is a direct copy of the
well-known technique for bulk materials, adapted to waveguides [65]. In Type I
that requires only one fundamental input beam, the birefringence is used to gen-
erate a phase-matched harmonic in the orthogonal polarization. This approach
is far less restrictive than ADPM. However, it requires off-diagonal elements of
X® which tend to be smaller than the diagonal ones in crystals, with some no-
table exceptions like NPP [1]. For poled polymers deposited on substrates, it is
difficult to generate a large enough birefringence just due to poling for phase-
matching, especially due to the limited transparency window. Furthermore, the
off-diagonal element is only one third of the diagonal one. However, it has prov-
en possible to mechanically stretch a main chain polyurea polymer film to
achieve phase-matching. [66]. The most noticeable features of this technique are
that it does not require critical control of the initial dimensions of the waveguide
and that the birefringence needed for phase matching can be tuned by varying
the draw ratio.

4.5
Modal-Dispersion Phase-Matching

Modal-dispersion phase-matching, as discussed earlier, consists of wavevector
matching from a low order fundamental spatial mode, usually the zero’th mode,
to a higher order harmonic spatial mode, typically the first or second order one.
This was illustrated in Fig. 5. The drawback is that the lowest order spatial mode
cannot be used for the harmonic, which reduces the overlap integral due to in-
terference effects, although the cross-sections are still larger than that for the
Cerenkov technique. However, this can be overcome by suitably modifying the
transverse distribution of the nonlinearity to optimize the overlap integral of
Equation 1 as discussed previously. Another disadvantage is the complicated
spatial structure of the harmonic beam which is not in the zero’th order
waveguide mode, although this is not a disadvantage for cascading applications
in which it is the fundamental beam that is the output [67].
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It is with this in mind that recent experiments were conducted at telecommu-
nication wavelengths on poled polymer channel waveguides. Early work on or-
ganics focused on single material waveguide films. The film thickness was ta-
pered perpendicular to the propagation direction to vary the wavevector match-
ing condition. For example on top of a tapered slab glass waveguide a thin single
crystal of MNA had been grown by vapor deposition [68]. Modal-phase match-
ing in a thick film was obtained between the first and third order spatial modes
at 1.06 pm with a net efficiency of 0.5% with a fundamental irradiance of
300 kW[dm™2 [69]. Poled, tapered films of 2-methyl-nitroaniline (MNA) in po-
ly(methylmethacrylate) (PMMA) gave a conversion efficiency of 7.4x1073% over
1 mm for 43 W of zero order mode 1064 nm and a third order harmonic mode
[70]. In later work, a more nonlinear chromophore at 10 wt %, namely CDI, was
used and a figure of merit of 9x107°% W~! was obtained, higher than the pre-
ceding work and corresponding to 1.4x1071%% W~!, but only 1/100 of the ex-
pected value because of losses [71,72].

The phase-matching thickness of a main chain, poled, polyarylamine poly-
mer was also controlled by applying an electric field, tuning the thickness by
25 nm [73]. With the very reasonable optical propagation losses of 2.7 dB cm™!
at 633 nm, this approach should be revisited in the near future [74].

Optimizing the spatial overlap is of course the key to MD. In the case of a sym-
metric waveguide containing a uniform nonlinear material, this overlap integral
is rigorously equal to zero if the matching is made from the fundamental zero’th
spatial mode to a second harmonic odd-number spatial mode, including the
first one. An option that yields a non-zero but reduced overlap integral is to use
even order harmonic modes [75]. A better option is to wavevector match to the
first order spatial mode with basically a different layer for each of the field lobes,
using for one film a passive transparent high index material, or a nonlinear ma-
terial of opposite nonlinearity to the other lobe [76]. The second case is shown
by the example in Fig. 8. This requires complex poling protocols. In the first case,
only half of the guiding layer is nonlinear and the overlap integral is divided by
two (note that this can however be partially re-optimized by varying the index
mismatch between the optical core indices). In the second case full use of the
nonlinearity can be made. The easiest method to realize such a structure is
through opposite poling directions for the two core layers. One may either pole
the first layer, cross-link it, and then deposit and pole the second one, or use two
different T, materials. In this latter case, one then poles simultaneously both lay-
ers at the high T, temperature, decreases the temperature to the low T, value and
then reverses the poling field direction [77]. An example of such a structure may
be found on Fig. 9.

A normalized conversion efficiency of 7% W-'cm was achieved in a first ex-
periment. Although very high propagation loss of about 100 dB/cm at the
800 nm second harmonic wavelength resulted from the repoling, these figure of
merit values were further increased to 14% W~-lcm2 for a 1 mm device [78]. It
is probable that the interface between the two oppositely poled regions is the
source of the loss. Another “theoretical” route that requires special materials
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Fig.9. An example of a structure that epitomizes the overlap integral using materials of dif-
ferent T, allowing adjacent layers to be poled in opposite directions

would be to use two materials that would give an efficient nonlinearity of oppo-
site sign with a single poling field.

Other researchers have also used two layer cores with a polymer film to opti-
mize the overlap integral. A two layer hybrid core containing a polymer (650 nm
of spincoated MSMA, 4-alkoxy-4'-alkylsulfone stilbene side chain methyl meth-
acrylate copolymer) and a very thin and high optical index layer (75 nm of
Si;N,) gave a maximum conversion efficiency of 0.4% W-lcm™2 in etched chan-
nel waveguides, mainly limited by the small poling field which occurred across
the nonlinear layer (ds; = 0.004 pm V1) [79]. When using chromophores whose
absorption dominates the propagation losses at the second harmonic, a core
consisting of a nonlinear and passive material works well. Clay et. al. used a thin
nonlinear layer, about a quarter of the total film thickness, to overlap the central
lobe of the 2nd order harmonic mode, and a transparent one to achieve guiding
in essentially a transparent structure with no destructive SHG interference in
the overlap integral [80]. Using a styrene chromophore, losses of 12 and 30 dB
cm™! were obtained for the harmonic in the 1 and 2 modes respectively. Most re-
cently, reactive-ion etched waveguides containing DR1 produced a figure of
merit of 0.1% W~!cm™ for 2 mm long waveguide using only a modest 3 pm V!
nonlinearity [81].

Langmuir-Blodgett film deposition provides very accurate control of the dif-
ferent film thickness, including non-centrosymmetric materials. This approach
was used to generate blue light as early as 1994 [82]. The LB molecular layers
were deposited to form two planar layers with oppositely directed nonlinearities
and a figure of merit of 150% W~'cm™2. In a similar experiment, a fundamental
at 1064 nm produced a figure of merit of 1% W~!cm™2 for a 1 mm long slab
waveguide, an improvement over prior work with a film of single orientation.
(83, 84].
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Non-centrosymmetric Langmuir-Blodgett multilayers were also prepared by
alternate deposition of nitrophenylhydrazone (dye FA06) and trimethylsilylcel-
lulose (TMSC) [85]. Such waveguides had a relatively low loss of 3.5 dB cm™ at
633 nm and the nonlinear material exhibited a reasonable X of 19 pm V-
With a fundamental wavelength of 1064 nm, a conversion efficiency of 1074, cor-
responding to slope of the order of 108% W~lcm™! was demonstrated and fur-
ther work was proposed to diminish the optical losses.

The thickness requirements for this technique are very stringent, as well as
for all of the other methods that incorporated guided fundamental and harmon-
ic waves. However, careful design can reduce the critical constraints on the
waveguide dimensions. This “non-critical phase-matching” (NCPM) case occurs
when the two modal dispersion curves (in Fig. 5) are tangent thanks to special
choices of the optical indices of the materials used [86,87]. A particular example
of this concept consisted of two inorganic core layers (Ta,05-SiO, on BK7) onto
which was grown a cladding of an organic IAPU crystal. The nonlinear interac-
tion occurred in the evanescent field and the spatial overlap integral is much re-
duced: It can however be optimized by operating near the 2w cut-off [88].

Another configuration was proposed using two nonlinear poled polymer lay-
ers pasted one onto another leaving a gap of air in between [89]. This extra layer,
localized where the first spatial mode second harmonic electric field changes
sign, reduces significantly the thickness tolerance on each layer.

Using conventional spin-coating technology, phase-matching has been dem-
onstrated with a 2 layer core structure made of DANS doped polycarbonate and
polyetherimide over 7 mm of propagation [90].

Recently modal dispersion was demonstrated with a composite structure
made of a nonlinear poled polymer and an ion-exchanged glass [91]. Phase-
matching was achieved by varying the ion-exchange diffusion time and, for a
typical X? nonlinearity of about 7 pm V-1, a net conversion efficiency of 0.45%
was achieved using a 4 kW input average power and 1 mm propagation length.
This new configuration did not take full advantage of the nonlinearity/transpar-
ency trade-off of known doped polymers and changing from PNA to another
more red-shifted chromophore should further increase the efficiency. Calcula-
tions show that parametric amplification should be possible in this waveguide
structure.

For blue green generation, a new polymer, poly[(4'-acetylphenylaminofor-
myloxy-4-styrene)-co-(4-hydroxystyrene)], was developed with an absorp-
tion cut-off wavelength of 350 nm. Using a 691 nm thick film, doubling from
1064 to 532 nm was demonstrated with an experimental figure of merit of
about 4x107%% W~!cm™2 for an interaction length of 0.2 mm [92].

4.6
Quasi-Phase-Matching

As in the preceding case, this wavevector matching technique (QPM) depends on
structural modifications to waveguides to be efficient. It requires fabricating a
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periodic structure that contributes to wavevector matching by either modulat-
ing the refractive index or the nonlinearity along the propagation direction [93].
The highest SHG efficiency occurs when the nonlinearity is fully modulated be-
tween *d. Nulling the nonlinearity over every half-period is 4 time less efficient.
The least efficient are surface gratings. This technique, proposed in the very ear-
ly days of nonlinear optics [59], has been applied with great success to ferroe-
lectrics like LINDOj; [94]. The limiting factor is the period required for wavevec-
tor matching. It is technologically difficult to fabricate periods less than a few
microns for nonlinearity modulation.

4.6.1
Nonlinearity Modulation

For organic waveguides, an early demonstration was done using liquid ni-
trobenzene and “live” periodic electrode poling [95]. More technology relevant
is the modulation of the linear or nonlinear properties of polymer films, either
by photobleaching or by periodic poling. In the first case the main advantage is
the ease of fabrication, the main drawback being the induced propagation losses
due to coupling to radiation fields via the associated index modulation. This
drawback will be especially dramatic in the case of 2D waveguides with lateral
confinement obtained by the same bleaching process. In the case of the periodic
poling, a similar problem will be encountered if a single poling direction is used
to obtain a +/0 type of structure. Here p/q refers to a two component core layer
with nonlinearity >0 for the p’th layer and 0 for the q’th layer. The proper solu-
tion, which allows modulation of the nonlinear coefficient but not of the optical
index, really consists of achieving a +/- type of structure. Such a structure re-
quires poling by a system of at least two-interdigited periodic electrodes. It was
shown that for practical reasons these electrodes should preferably be deposited
on the substrate side and the flat counter-electrode on the top of the polymer
stack. This design minimizes the electrostrictive problems which are encoun-
tered in the opposite geometry (interdigitated electrodes on top) in which the
electrodes tend to “sink” during the poling process (due to the combination of a
softened material near T, and a high electric field). Three of these different ap-
proaches, i.e. bleaching and interdigited electrodes on top or under the polymer
were used with the same DANS side chain polymer, confirming the preceding
comments [76].

The first QPM polymer work in 1990 used a stilbene derivative and periodic
poling to demonstrate conversion from 1340 to 670 nm with an efficiency of
about 0.01% W-! in 5 mm long waveguides [96, 97]. Many different issues were
reported, including some rare temperature tuning results. This stimulated anal-
ysis of design, synthesis and evaluation of chromophores for QPM second-har-
monic generation showing that a X of the order of 60 pm V- would be neces-
sary to achieve a 10% conversion efficiency [98]. Other early work includes the
use of a vinylidene cyanide/vinyl acetate copolymer to demonstrate theoretically
and experimentally the enhancement factor that QPM can bring to the field of
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Fig.10. A successful example of multi-step process used in fabricating a low loss +/0 QPM
structure

integrated nonlinear poled polymers [99, 100]. The QPM technique was also
used in a novel way for bulk SHG by fabricating stacks made from 43 layers of
freestanding polymer thin films of appropriate thickness [101]. A 4-oxy-4'-ni-
trostilbene and methyl methacrylate copolymer was used and an efficiency of
the order of 1072% was reported with a total thickness of 150 um.

A number of experiments have been reported using azo dyes. Photobleaching
of DR1 by respectively long and short exposures to UV was used to fabricate
channel waveguides and X(?) gratings in both organic polymer and hybrid inor-
ganic/organic sol-gel doped matrices [102]. Pulsed poling using interdigited
electrodes, patterned on an ITO covered substrate by etching, was demonstrated
using the DO3-MMA side chain polymer, resulting in a nonlinear coefficient
modulated between 5 and 8 pm V! [103].

The most impressive QPM work to date was obtained by the complex proce-
dure summarized in Fig. 10.

A photoresist pattern was deposited on a nonlinear diazo dye film and then
oxygen etched to form a line of nonlinear and linear sections with a 32 pm QPM
period. The upper surface was then planarized with a UV cured resin. A raised
QPM +/0 channel waveguide was then formed with three more processing steps
[104]. Despite the complexity of the fabrication, losses were below 3 dB cm™ at
1.59 pm and a maximum SHG figure of merit of 4x107% W~! cm~? was obtained
[105, 106].
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4.6.2
Index Modulation Only

Although proposed a long time ago [107], it is only recently that SHG was dem-
onstrated in a slab, spin-coated and corona poled PNA-PMMA film. An electron-
beam was used to write a grating used in third order for phase-matching on a
poly(methyl methacrylate)-coated glass substrate [108]. The second harmonic
was generated in the counter-propagating direction from the 1.06 um funda-
mental beam and the rather small efficiencies achieved, about 2x10"17 W-lcm™2,
were attributed to the large spectral width of the laser. The role of losses was tak-
en into account in a numerical rigorous electromagnetic theory [109]. The case
where a grating structure is covered by a metal, silver in this case, has also been
experimentally addressed [110].

4.7
Non-Collinear Wavevector Matching

Non-collinear wavevector matching is, in principle, a relatively easy way to fulfill
the wavevector conservation conditions. However it suffers major drawbacks
and it’s potential in device oriented applications remains very limited.

The non-collinear phase-matching technique requires two intersecting fun-
damental guided waves travelling at some angle relative to each other with the
harmonic being generated along the bisector of the fundamental beams. Be-
cause of the beam crossing, there is a direct trade-off between the usable inter-
action length and the fundamental beam transverse cross-section. As a result the
conversion efficiency is small.

Only a few demonstrations have been reported with organic materials. For ex-
ample, a single crystal of MNA was the substrate for a Corning glass waveguide
and a SHG efficiency of 0.1% at 532 nm in a TMj; spatial mode was obtained for
two crossing, high power, TM, fundamentals beam at 1064 nm [111]. Others ex-
ample include using stilbene functionalized polymer waveguides [112], for
which modal dispersion phase-matching between fundamental TM,, and second
harmonic TM, spatial modes gave an efficiency of the order of 1% [113].

4.8
Self Light Organization

This is a novel technique in which the phase-matching and poling are simulta-
neously realized by a purely optical excitation process [114, 115]. It is based on
the breaking of the centrosymmetry of an initially isotropic doped polymer me-
dium containing azo (Disperse Red 1) chromophores. Disperse Red 1 molecules
can have either a trans (linear) or cis (bent) geometry and the more stable trans
state has a larger X?) than the less stable cis state. Since the molecules have
mixed parity ground and excited states, electrons can be raised from the trans
ground state by either one or two photon absorption. When the w {Eexp[i(Tt-
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k,z]} and 2w {E;exp[i(2Tt-k,z)]} beams are co-polarized, mutually coherent,
and undergo absorption simultaneously, the absorption a C,cos?8+C,cos0+
<E",%E;>cos0 where 8 is the polar angle defined by E-u a cos8 and p is the per-
manent dipole moment. This results in an anisotropic spatial distribution of
trans molecules in the first trans excited state, i.e. more excited molecules for q=
0 than for q=p. From the excited state the trans molecules can efficiently under-
go a structural transition to the cis form (trans-cis isomerization) which is a
more compact and spherical structure and hence the molecules can rotate be-
fore they reconvert back to the more stable trans form. As a result, for the dura-
tion of the optical fields, the trans population (in the ground+the excited state)
along q=0 is partially depleted relative to q=p and this distribution is subse-
quently locked-in when the fields are turned off. Since the re-orientation of trans
molecules in the ground state is very, very slow, thus there is a net orientation of
trans molecules produced (more pointing along O[Tt ), and hence a net X?). Note
that the wavevector produced by <E*,2E;> is exactly that needed for QPM, i.e.
X@a expli(2k,-k;)z], the ideal QPM case.

By simultaneously injecting both beams into a DR1 PMMA film, within hours
a self-written QPM nonlinearity of 90 pm V! was permanently inscribed, allow-
ing further use of the film as a second harmonic generator. The limitation is that
the harmonic is generated near its absorption peak and hence only very thin
films with a small net conversion efficiency can be used [116]. Detuned from res-
onance, the nonlinearity is naturally significantly decreased. Nonetheless this
method remains potentially very attractive.

5
Summary and Perspectives

Despite the fact that it dates back to the early 1990s, this is still a very young field.
Many interesting “preliminary” results have been published over the past dec-
ade, and unfortunately not often followed-up by the expected impressive device
demonstration. This illustrates the very difficult challenge in turning a clever
configuration into a realistic, efficient, low loss structure. Furthermore, the
transparency window-X?) trade-off is a real problem in finding the right mate-
rial for each projected device. At the long wavelength end, the transparency win-
dow is limited to about 1600 nm by vibrational overtones of the C-H stretch. At
the short wavelength end, the larger the A, the larger the nonlinearity. Given
that harmonic loss is a limiting factor to conversion efficiency, the spectral width
of the maximum absorption line and the decrease of the absorption in its tail
into the infrared are critical, but essentially unaddressed issues. To be truly ef-
fective, the harmonic loss should be less than 1 dB cm™. In fact it is the loss in
the tails of the dominant absorption line that ultimately limits the practicality of
all-guided phase-matching techniques.

It is worth pointing out that, overall, MDPM can be more efficient than QPM.
This is illustrated in the top part of Fig. 11 where the FOMs 1,in % W~lcm™2 are
represented for different structures.
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Fig.11. (a) FOM ng,in % W-'cm™2 and (b) conversion efficiency FOM 1, in % W~'cm™2 as
a function of core thickness with the same nonlinearity d in each case. Here the dashed line
identifies the perfectly phasematched case, the solid lines identify the “+/-” and the dotted
lines the “+/0” QPM structures respectively. The individual symbols relate to the MDPM
structures with “+/-” (solid) and “+/0” (open). m, 1 MDPM, TM,(w) - TM,;(2w); @, O -
MDPM, TMy(w) ¥, 0 QPM maximum; and A, A QPM optimum. Calculation done for
DANS d=6 pm V! with a second harmonic loss of 40 dB cm™! and a fundamental loss of
5dB cm™! for a sample length of 2 mm. The MDPM structures are calculated assuming two
layers perfectly index matched to the DANS parameters

First, the phase-matching of the fundamental modes TM,(w) and TM,(2w)
are plotted as a function of core thickness, in the perfect phase matched case and
in the QPM case which is smaller by a factor of 4/T? to take into account the im-
pact of the grating structure along the propagation axis. Points corresponding
to the highest efficiency (QPM max) and to the stable (minimum) grating period
(QPM opt) are represented. Second, the efficiency of the two MDPM structures
matching TMo(w) to TM; (2w), and TM,(2w) respectively, are indicated for re-
versed poling +/- structures and one-active core layer +/0 structures. For prac-
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Fig.12. SHG figure of merit ) reported in poled-polymer devices using quasi-phase match-
ing (QPM) and modal dispersion phase matching (MDPM)

tical devices, the important figure of meritis FOM n'y,in % W~!cm™2 which takes
losses into account.

There are several important conclusions to be drawn from Fig.11. First,
MDPM is as efficient as QPM; second, the highest efficiency is calculated for the
“MDPM TM,, - TM,,” structure; third, as long as the absorption of the nonlin-
ear chromophores is the dominant mechanism of the beam propagation losses,
it is not advantageous to use complex, oppositely poled structures. This will only
increases 1 but not the device relevant efficiency n'y! Structures can be made
more easily with a waveguiding core of alternated nonlinear absorbing and
transparent linear layers with an efficient % /W.

As indicated in Fig. 12 and Tables 1 and 2, constant progress has been made
over the years. Efficiencies have been steadily increasing.

Altogether, only those wavevector matching techniques with all waves guided
allow a long interaction length L and have the potential for efficient energy ex-
change between the waves, increasing with L? in the limit of low depletion. For a
perfect phase-match, as in the birefringence, anomalous, or modal dispersion
cases, the phase-matching integral is theoretically equal to 1.In the QPM the in-
tegral is theoretically limited to 2/1tfor the +/- case (or 1/1tfor +/0) [117] and the
conversion efficiency is reduced by [2/T¢ (or 1/T2)]. But of course, the magnitude
of the nonlinear coefficient must also be considered. In the poled polymer case
it is the diagonal coefficient that is the largest (as it also is for the most nonlinear
organic crystals). Therefore the two best options remaining are QPM and MD.

A comparison of the spatial overlap integral between the different approaches
is somewhat more difficult because it depends in each individual case on the de-
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Table 1. Comparison of selected quasi-phase-matched SHG devices reported in organic and
some inorganic materials: d®-coefficient fundamental wavelength A, efficiency n', device
length L, figure of merit n, waveguide losses 0/, and waveguide structure. Note that not
all of the relevant parameters were reported in die publications quoted

d® A n' L n a,w/a,, waveguide type, QPM type
(pm V1) (nm) (% W) (cm) (% W-lcm™?) (dBcm™!) material, and reference
Poled polymers
2 1340 0.01 0.50 0.04 slab, (+/0) polingoxyni-
trostilbene/MMA
[Khanarian et al. 1990]
9 820 /12 slab, (+/0) bleaching
alkoxyalkylsulfone/MMA
[Rikken et al. 1990]
1064 2x10 0.2  0.05 slab, (+/0) poling
2940 5x107* 0.2 0.012 VDCN/vinyl acetate

[Azumai et al. 1991a]
1064 4.0x10™* 024 7.0x1073 30/30  bulk film, (+/-) poling

2940 1.5x10™* 024 2.6x1073 61/30  VDCN/vinyl acetate
[Azumai et al. 1994]

25 1615 3x107  0.25 0.05 5/ channel, (+/0) polingDANS-
polymer[Jager et al. 1996a]

15 1590 0.1 0.50 0.4 3/ channel, (+/0) grafting
diazo dye / PMMA

[Tomaru et al. 1996],
[Shuto et al. 1997],
[Watanabe et al. 1998]

Other organic materials

20 1064 0.04 0.50 0.16 14/ channel, corrugation
mNA crystal / SIN
[Suhara et al. 1993]
1064 4.4x10713 0.38 3.0x1071% slab, (+/0) ablation

hemicyanine (adsorbate)
[Marowsky et al. 1993]

Inorganic crystals

26 1545 250 2.7 43 0.6 channel, (+/-) Ti-diffusion
LiNbOs,[Arbore et al. 1997]

26 858 960 0.8 1500 channel, (+/-) proton exch.
LiTaOs,

[Doumuki et al. 1994]

tails of the geometry, bounding media and there is no natural theoretical best
value due to the complex field distributions. The contribution of the linear ma-
terial areas to this integral is 0. This integral quantifies the useful overlap betw-
een the fundamental and harmonic spatial modes in the nonlinear region. Thus,
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Table 2. Comparisen of selected waveguide SHG devices using MDPM reported in organic
and some inorganic materials: d®-coefficient fundamental wavelength A, efficiency ', de-
vice length L, figure of merit ), waveguide losses 0/a,,, and waveguide structure. (ev.) -
nonlinearity used via an evanescent field interaction, (+) non-optimized, single layer struc-
ture, (+/0) active/non-active structure, (+/-) inverted nonlinearity

d?

A

'

L

0,/0,, Wwaveguide type, conversion,
(pmV7Y) (nm) (% W) (mm) (% Wlcm2)(dB cm™!)struct., material, & reference

0.71

2.0

13

250

250

1064

2940

1064

900

850

1535

1510

1610

1610

1607

7.0x107°

1.1x1074

1.7x107*

0.4

(<1073%)

0.04

0.14

0.70

0.04

0.14

0.1

1064 5.1x107°

1064 1.2x107%

4

5

Poled polymers
1.8x10%  35/35

2.8x1073  61/30

1.7%1072
1.6 1/
0.2/20
1 5/50
14 7120
1.3
4 5/95
14
2.5 6/10

Other organic materials

3.2x1073

4.9x107* 11

slab, TE;UJ TEs, (+)
slab, TE,O TE,, (+)

VDCN/Vac copolymer
[Azumai et al. 1991b]

slab, TM, TM,,

MNA/PMMA (+)
[Sugihara et al. 1991a]

channel, TM,L0 TM;, (ev.)

MSMA/SizN,/SiO,
[Rikken et al. 1993b]

slab, TM,0 TM,, (+/0),
stilbene / polystyrene
[Clays et al. 1994]

channel, TMy,O TM,, (+)
DANS-poly. [Jéger et al. 1996¢]

channel, TMy,O TM, ¢, (+/0)
DANS-polymer/polyetherimide
[Jager et al. 1996b]

channel, TMy,O TM,, (+/-)
channel, TMy,0 TM,, (+/-/+)
DR 1/MMA [Jéger et al. 1997b]

channel, TMy,O TM, ¢, (+/0)
DRI1 [Cho et al. 1999]

slab, (+) MNA crystal
[Itoh et al. 1986]

slab, TE, TE,¢, (+) MNA
crystal [Sugihara et al. 1991c]



Quadratic Parametric Interactions in Organic Waveguides 117

Table 2. (continued)

d@ A n L n 0, /0,, Wwaveguide type, conversion,

(pmV-Y) (nm) (% W-1) (mm) (% W-lcm=2)(dB cm™!)struct., material, & reference

250 1064 3.0x107* 1 3.0x1072 15 slab, TE,0 TE,, (+) MNA crys-
tal [Sugihara et al. 1992]

13 926 0.02 2 0.5 5.5 slab, TE,J TE;, DCANP (+/0)
LB-film [Flérsheimer et al.
1992]

7.8 1064 0.01 1 1.0 slab, TE,J TE,, DCANP (+/-)
LB-film [Kipfer et al. 1993]

10(8) 888 0.04 10 0.04 /2 slab, TMy TM, (TE,0 TM,),

(819) (+/-) LB film

[Penner et al. 1994]

35 =900 7.4x1073 1 0.74 slab, TE,0J TE,, (ev.) IAPU
cryst./ Ta,05

[Yamamoto et al. 1996]

0.68 1064 1.9x107* 3.7 slab, DONPU LB film, (+/-)
[Fujita et al. 1996]

Inorganic crystals

18.5 827 160 4.1 960 <1 channel, TE U TE,, Ta,O5/KTP,
(ev.) [Doumuki et al. 1994]

it also takes into account how strong the waveguide structure confines the opti-
cal waves in the nonlinear area. A crude approximation normalizing to unity the
QPM case matching two zero’th order spatial modes gives around one half for
(+/-) MDPM for the zero order fundamental and the first spatial mode of the
harmonic wave. This is insufficient for a detailed comparison of the potential of
the two techniques, but does illustrate their trade-off. The net efficiencies will be
comparable because of the 2/Ttreduction in the phase-matching integral. How-
ever, MD results in a dual maximum intensity profile, making it unattractive for
any application that requires a single peak as the output. Therefore, QPM seems
currently to be the most attractive option. And the reasonable losses obtained by
Tomaru et al. despite a complex fabrication sequence, is very promising.

In the future, one can hope that the segmented waveguide technique will be
applied to QPM with organic materials with the opposite wavevector mismatch
dispersion in successive segments [118]. Thus, the phase mismatch will no long-
er grow between 0 and T, but will be maintained within arbitrary small bound-
aries around 0, only limited by the shortest segment length realizable and the as-
sociated propagation losses. Co-doping the material to control separately non-
linearity and dispersion will also certainly be experimentally investigated.

Altogether synthesis of better materials and the simultaneous use of different
phase-matching techniques should lead to the lowering of the stringent require-
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ments imposed for X‘?) nonlinear interactions in integrated optics and devices
should appear in the following decades following the success initiated in the
electro-optic field.
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We discuss recent developments in the design of molecules for applications in third-order
nonlinear optics with emphasis on all-optical signal processing and two-photon absorp-
tion. We especially concentrate on functional substitution patterns and conjugation length
expansion. We show that low molecular symmetry with regard to the conjugation path of
the delocalized electrons was found to be a good guideline towards linearly conjugated mol-
ecules with large second-order hyperpolarizabilities y. We show that this guideline is also
valid for two-dimensionally conjugated systems and that the observed effects can be ex-
plained by the symmetry of the electronic wavefunctions. We present scaling laws and crit-
ical conjugation lengths of rod-like molecules with electrons delocalized over a one-dimen-
sional path and show that the exponent tends to be constant for various polymers in the
transparency range and that the values presented here are of similar magnitude for various
organic materials systems. Finally, we discuss different materials systems with regard to the
figures of merit relevant for all-optical signal processing.
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a linear absorption coefficient
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a;; molecular polarizability
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polarizability)

E®,E*® Fourier components of the electric field strength

two-photon cross-section

molar extinction coefficient

local field factor
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P macroscopic polarization

p*@, p>® Fourier components of the molecular polarization

p density
T two-photon figure of merit for all-optical switching
™ n-th order susceptibility

vt three-photon figure of merit for all-optical switching
w one-photon figure of merit for all-optical switching
1

Introduction

The influence of light by light (all-optical signal processing) is an exciting topic
of basic and application related research. Various new effects have been demon-
strated and many potential applications have emerged [1-3]. However, there still
is a lack of materials that fulfill the requirements for applications. In this review
we will discuss these requirements and the efforts in material science to develop
new organic materials with the desired functionality. Materials with large non-
linearities are crucial for the development of components for of all-optical signal
processing. Organic molecules with extended 7m-electron conjugation and elec-
tron donating and/or accepting groups are promising candidates for these non-
linear optical applications. We here focus on small molecules, that is monomers
and oligomers, and we will describe new structure-property relations that yield
guidelines for future material optimization. We will first describe some impor-
tant basic issues such as a precise definition of nonlinear optical susceptibilities
and reliable reference values that are crucial to allow a meaningful comparison
between different materials. We will then discuss the material requirements for
all-optical signal processing. In the following we will discuss a few measurement
techniques that are useful for a characterization of the relevant materials param-
eters. This topic is treated since different molecular properties are probed with
different experimental techniques. This section is then followed by the most im-
portant part of this review, a discussion of new molecules that have been devel-
oped in the past few years in the area of third-order nonlinear optics and the
guidelines that could be developed from combined experimental and theoretical
efforts. Additional information on various molecular systems can also be found
in Refs. [4, 5].

We attempt to give all nonlinearities in the same units, with respect to the
same reference value, and based on the same definition (see below). The various
molecular systems will be compared with respect to the relevant figures of merit.
Finally, conclusions will be drawn and future work will be outlined.
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2
Third-Order Nonlinear Optics

2.1
Definitions and Conventions

In nonlinear optics, various definitions of the electric field and the expansion of
the polarization have been introduced. Additionally, divergent values for the
third-order nonlinear optical susceptibility of fused silica or other reference ma-
terials have been utilized. Moreover, most authors publish their nonlinearities in
electro-static units (esu) instead of SI units. All these varying conventions com-
plicate the comparison of nonlinear optical materials and can be quite confus-
ing. Paying attention to the underlying conventions is inevitable when nonline-
arities from different authors are compared. Unfortunately, in some publica-
tions the underlying conventions are not obvious and a quantitative classifica-
tion of the measured nonlinearities is impossible. In the following we will give
the definitions that are relevant for this work.

211
Definition of the Nonlinear Optical Susceptibilities and Molecular Hyperpolarizabilities

The polarization P is generally a complicated function of an external electric
field E.The real function P(E) can be approximated with a Taylor expansion
around zero electric field strength E=0.

.

iei+| 2P
) 31 9E?
E=0

The operator ® denotes the tensor product of the electric fields. The tildes
above the electric field and polarization symbols portray the wave character of
the fields and are used for better distinction with the field amplitudes E(r) and
P(r) as defined below. For the notation of the polarization components follows

) .
BE=pO+ 2P| Bt LR
OF 721 9E;9E

j
i 5 .
+—| = E'EkEl+"'
3!\ 9E;dE,JE, !
(2)

with the Einstein summation convention of adding over common indices ap-
plied. The coefficients of the expansion orders are the linear and higher-order
susceptibilities y(’

. oP . 1(d*P L
P(E)—P(0)+(E)EIOE+2—!(8?] EQEQE+... (1)

E=0

BB,

E=0 E=0

E=0
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dP
Xy = [aE J (3)
E=0
, =
@_ 1| 0B
Xik = Cap (4)
i 250[anaEkL=0
s =
Xy = (afé.a_iékmii,J~ ©)
J £=0
P,(E)=P(0)+ o\ x§ E; + X\ BBy + X B E By + ‘ (6)
i i o|Xij Xijke £ jEk ngl kBt

The dielectric constant of the vaccum ¢ is included in the susceptibility defini-
tions as SI units are used throughout this work. The analogous definition can be
applied to the microscopic polarization p of a molecule with the molecular di-
pole moment p and the polarizabilities a, , and yinstead of the static polariza-
tion P,(0) and the susceptibilities y0.

pl(E) Hi +£0(a1] ]+ﬁ1]kE Ek+Y1]klE EkEl ) (7)

a;; is the linear polarizability, f;;, the first-order hyperpolarizability (or second-
order polarizability), and y;;, the second-order hyperpolarizability (or third-or-
der polarizability), which is the main focus of this chapter.

In principle, the electric fields to be inserted in Eq.(7) are the electric fields at
the location of the molecule. Instead of the local electric fields E,,, the external
fields E are usually used. Therefore, local field correction factors have to ac-
count for the electric field screening of the surrounding material when going
from the macroscopic susceptibilities to the molecular hyperpolarizabilities as
shown below.

Third-order nonlinear optical effects are descrlbed by the tensors X kl and Vijk:
In contrast to second-order nonlinearities Xz k and yj;, no symmetry require-
ments are imposed on these effects to occur. Some authors do not include the
faculty denominators of the Taylor expansion in nonlinearity definitions of Eqs.

(4) and (5).
_o_ 1 ?*P
ik = oo\ 0,0, |
E=0

;?‘3) _1f 9B
kT 0| A, aEkaE,

(8)
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Consequently, the faculty factors appear in the power series of Egs. (6) and
(7). A correction factor of two and six has to be encountered when comparing
nonlinearities with the different conventions.

=(2) -(3)

~ = Xk = = Xkl = = =
1 ij j

B(E)=P,(0)+¢, ij)Ej+2—!EjEk+?EjEkEl+... (10)
.- Bk - - Vik - - -

2 —(2 7
ngjk) =Xi(jk)/2; Bijx = Biji 12 (12)
O =X 165 Vi = Vigea 16 (13)
Xijk1 = Xijk1 1 05 Yijkl = Yijki

2.1.2
Electric Field Definition and Prefactors of Third-Order Effects

For the definition of the electric field and polarization amplitudes different def-
initions are in use. The most widely accepted convention is to define the ampli-
tudes by

- 1 i .

E(r,t):E. Z (Ekf”w"(r)el(k"rw"t)+c.c.) (a)P;tO) (14)
kp,a)P

- 1 k50)y ik r-colyt) ,

D=2 > (p P ()" PP +c.c.) (), #0) (15)
ki,,a);,

as a superposition of monochromatic waves at the frequencies @, and with the
wavevectors k,. With this definition and the expansion of the polarization the
Fourier components of the nonlinear polarizations for the various nonlinear op-
tical effects can be derived.

1
Pstic” =5 0 Pl-20,00,00) (E°)" (16)
1
Pitie” = £ V30,0, 0,0) (E“)’ (17)
k0 3 k,c0\3
Psbm =Z£o-y(-w,w,—w,w)-(E ) (18)

3 2
PQ;I\CZI = E%'Y('ml >0 »'a’za(l’z)'(Ekl’wl )(Ekz’wz ) (19)
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- 3
PR = Efo'y('(l),(l),'(l); ) Ef@ gk phs,o 20)

Equations (16) and (17) describe second-harmonic generation (SHG) and
third-harmonic generation (THG) of one laser beam with a single polarization.
Self-phase modulation (SPM) of a single laser beam is described in Eq.(18) as
e.g. employed in z-scan experiments [6]. Equation (19) is the cross-phase mod-
ulation (XPM) process between two laser beams and Eq.(20) describes the four
wave mixing with degenerate frequencies (DFWM).

The factors 2 and 4 in the denominators are due to the definition of the field
amplitudes (Eq.(14) and Eq.(15)). In order to prevent these factors some authors
drop the factor 1/2 in the definitions of the amplitudes. The disadvantage of this
convention is the unusual convergence behaviour of the electric field as the fre-
quency @ approaches zero. This different field definition of course additionally
complicates the comparison of different hyperpolarizability values. The factors
in the numerator arise from the different possibilities to permute the input fre-
quencies. As an example, in self-phase modulation the three input electric fields
each provide a factor 1/2 which, with the factor 1/2 from the polarization, results
in a denominator of 4. The negative frequency for SPM allows three permuta-
tions yielding finally a prefactor of 3/4.

For the macroscopic polarization analogous expressions can be obtained by
replacing the tensors 3 and y by the corresponding macroscopic susceptibilities

X2 and x®.

1
Page = Efo-)c(z)(-2w,w,oo)-(E"’a’)2 1)
1
Bitip = e XY (B,0,0,0)(E4°)’ (22)
) 3) Koo\ 3
Popy = 250X (@, @,-w@,w)(E*?) (23)
Ky, 3 , ;
Pt = eV (@), 01,-05,00,) (B ) (B2 (24)
_ 3
Pie = ek (-0,0,-0,00) B ERE R (25)
213

Permutation and Kleinman Symmetry

In Eqs (4) and (5) the nonlinearities are defined as the derivatives of the polari-
zation in the electric field. Whether the derivative is performed first for E; and
then for E; or vice versa is of no importance. Therefore, the second-order hyper-
polarizabilities y;;x/(- @y, 03,0,,@;) have a permutation symmetry in the spatial



130 U. Gubler, C. Bosshard

indices and the involved frequencies. If the spatial indices and the frequencies of
the electric fields are subjected to the same permutation o the tensor elements
stays the same.

Yijkl(_w4’w3’w2’w1)= Yijlk(‘w4>w3>(l’1>w2) =

Yikjl(_w4’w2’(‘)3’w1)= Yiklj(“"p‘"z)a’pa%) = (26)
Yiljk(‘wpa’pws’wz) = Vil (—004001,00,,03) =

Yio(jkl)(_w4)0(w3,(02,(1)1))

For special choices of the involved frequencies with respect to the resonances
of the material the permutation symmetry of the nonlinearity can be further de-
veloped. These permutation symmetries are normally referred to as Kleinman
relations [7].If none of the frequencies is in resonance with a transition frequen-
cy of the material and consequently no absorption occurs, then also the spatial
index i and the frequency w, of the nonlinear polarization can be permuted.

Yzjkl(_w4aw3)(1)2 ,0)) = Yo(ijkl) (o(-wy,w5,0,,w,)) (27)

If all involved frequencies are far from any resonance enhancement, one
sometimes assumes that the nonlinearities are free of any wavelength disper-
sion. In the case of the second-order hyperpolarizability this means that it is not
important whether the derivative with respect to E; is of frequency w;, @,, @;,
or @,. The permutations of the spatial indices o, and the frequencies o, are in-
dependent from one another leading to

Yijkl(_w4’w3’w2’w1)= Yijkl(_w4’w3>wl)w2) =

Viik (-@4>@1,0,,03) = ¥ijgy (01,003, 0,,-00,) (28)

= =Yg (ijkl) (O (-4 03,005, 01))

2.14
Nonlinear Refractive Index and Two-Photon Absorption

For all-optical signal processing (based on pure y* nonlinearities) the impor-
tant quantity is the nonlinear refractive index n,. The resulting refractive index
change can be induced either by the beam at the frequency wj itself (self-phase
modulation) or by a beam at another frequency w, (cross-phase modulation).

n(w,) =ny(vy) +ny () I +ny(;, @, ) 17> (29)

n,is the normal linear refractive index at low intensities I. The relation between
the nonlinear optical susceptibilities y® and #, is given by

3
~Re{ ¥ (00, 0,,-,,0,) (30)
4epcn

n,(c;)=
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3
n2(a)1,a)2)=mRe{xm(—wl,wl,—wz,wz) (31)
0% ey

@2

for the self- and cross-phase modulation process. “Re” refers to the real part of
the expression in the brackets and c denotes the speed of light in a vacuum. The
imaginary part of the third-order susceptibility y® is the origin of two-photon
absorption (TPA) in which two photons are simultaneously absorbed in a mate-
rial. The two photons can be either of the same frequency (degenerate TPA) or
originate from two different frequencies. The total absorption « is then de-
scribed by

a(w,) = ay(@,)+a, (@) I + a, (@, ,@,) 1 (32)
with «a the linear absorption coefficient.

These processes are directly proportional to the imaginary part of the third-
order susceptibility y® of the self- and cross-phase modulation process.

3n
o, ()= Im{x(3)(—a)1,a)1,—a)1,a)1)} (33)
£oCAng
6
a,(w,,w,)= m Im{x(3)(—w1,wl,—w2,w2)} (34)
E9CM Mgy Mg,

Some authors are using the same relations between the third-order suscepti-
bility ¥® and the nonlinear refractive index and the two-photon absorption co-
efficient for the self- and cross-phase modulation process.

, 3
n;(w;,@,)= > Re{x(s)(—wl,a)l,—wz,wz)} (35)
4£0m£1
, 3w
ay(w,,w,) = Im{X(S)(—a)l,a)l,—a)z,a)z)} (36)
EgC Mgy Mg,

Consequently, an additional factor 2 has to be encountered in the equations
for the total refractive index n (Eq.(29)) and the overall absorption coefficient

(Eq.(32))

n(,) =ny () +n, (@) I +2n} (0,0, ) 1> (37)

a(w,) = ay(w;)+a, (@) I +2a5 (w0, @, )1 (38)
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For many applications y® should be purely real in order to induce a maxi-
mum phase-shift without optical loss (see below). The imaginary part related to
two-photon absorption is often considered an adverse effect, especially for all-
optical signal processing. However, two-photon absorption can also be very im-
portant for e.g. two-photon excited fluorescence microscopy, optical limiting,
three-dimensional optical data storage, and two-photon induced biological cag-
ing studies [8]. Furthermore two-photon absorption is a useful spectroscopic
tool for the study of excited states that are forbidden in the dipole approxima-
tion. One of the main advantages of two-photon absorption is the excellent spa-
tial resolution in three dimensions. Furthermore, the penetration into absorb-
ing or scattering media can be greatly improved if the fundamental wave is not
absorbed and absorption only takes place at the point of strong focussing.

2.2
Relations Between Microscopic and Macroscopic Coefficients

In the relations between the macroscopic susceptibilities vV, ¥, ¥ and the
microscopic or molecular properties a, J, ¥, local field corrections have to be
considered as explained above. The molecule experiences the external electric
field E altered by the polarization of the surrounding material leading to a local
electric field Ej,, . In the most widely used approach to approximate the local
electric field the molecule sits in a spherical cavity of a homogenous media. Ac-
cording to Lorentz the local electric field [9] is

(e . 2 . .
Ezoc=(1+x (3w,w)]E:[nw3+2]E=wa (39)

with f© the local field correction factor. For a parallel alignment of the molecular
polarizations p and a molecular density N the macroscopic polarization is

P=Np and the relations between the microscopic and macroscopic properties
follow as

¥ (-0, ) = Nf®-a(-, ) (40)
X (~003,007,v1) = NF f©2 f 5. B(-c03, 00,0, ) (41)
)((3)(—(1)4,(03,(02,(1)1) — walfwz fws f“’4'y(—w4,w3,w2,a)l) (42)

If the intermolecular arrangement is more complicated, the polarizabilites
and hyperpolarizabilites have to be averaged over the molecular distribution.
For a distribution parameter Q with the probability W(Q) the averaged second-
order hyperpolarizability is
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) [w@ y@da
~ [w@da

(r)

(43)

The definition for the averages (o) and (f) are analogous. Most of the third-
order nonlinear optical measurements are performed in solution or unpoled
polymer films. For these isotropic distributions of molecules the isotropic aver-
ages (a), (), and (y) of the molecular polarizability and hyperpolarizability are
determined by integrating over all possible orientations with a constant proba-
bility W(Q).The second rank tensor {a) is diagonal with only one element «a,.,.
The rotational average a,,, is the normal arithmetic average of the diagonal ele-
ments a,,, &, and a_, from the initial polarizability tensor.

Krot 0 0
<zx>= 0 a, 0 |with o=

0 0 «

Aty +a, (44)
3

rot

For the isotropic average of the first-order hyperpolarizability § only ele-
ments with all three spatial indices different from one another are non zero.
sgn(o) is the sign of the permutation o(xyz)=ijk of the spatial indices. For the
nonlinear polarization in z-direction for example, the two elements (f),,,=
+PBehirat a0d (B)zyx=—Pnirar are different from zero. Far from any resonance
Kleinman symmetry is valid (By,,=PB,,x=PB.xy=Pyx:=Pzyx=Pxzy) and the terms in
the numerator of B, cancel each other resulting in (f);;;=0 for all averaged
tensor elements of the first-order hyperpolarizability.

_ Sgn(a)'ﬁchiml IJk = U(x)’z)
<'B>"fk _{ 0 else (45)
_ ﬁxyz"'ﬂyzx"'ﬁzxy _:Byxz_ﬁzyx_ﬁxzy (46)

chiral — 6

The averaged tensor elements of the second-order hyperpolarizability yare
only different from zero if at least twice the same index appears. In most exper-
iments the polarizations of the electric fields are always kept parallel to the same

direction (e.g. x). The tensor element of interest is then always {(y),xx="Yror
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1 1 o
VYrot = gz}’rmrm AT 2 Wnwo ™ Yoono +Youun) 1= j=k=1
n

n#v

1 2 1 ..
_ermrm“L_z Yrmvv‘_z Vyono + Yyoon) 1= k=1
15 15 30

n n#v n#v

Y., =11 2 1 . . 47
< >l]kl Ez}'qqqr]'{—gz YI]UTIU_% z (quvv+Yt1vvq) i=k,j=1 (47)

fl fl?fU

n#v

1 2 1 . .
E%Yﬂrmrz +E,§quvvq _% Z (Yrmvv +lequ) 1= l’] =k

n#v

0 else

In a molecule with a one-dimensional conjugation path for the 7m-electrons
one can assume that the tensor element with all indices in this backbone direc-
tion (x) dominates over all other tensor elements. The rotational average for
these 1D-molecules simplify to

YTOI’ = YXXXX /5 (48)

In the case of a two-dimensionally conjugated 7-electron system in e.g. the
(x,y)-plane all tensor elements with the indices in the z-direction can be omit-
ted.

1 1
Yror = g (Yxxxx +Yyyyy ) +E (Yxxyy + Yxyxy + Vxyyx + Yyyxx + Yyxyx + nyxy) (49)
If some of the involved frequencies are degenerate the above expressions for
2D-molecules can be further simplified due to the permutations symmetry of
the nonlinearities. The two-photon absorption is frequently characterized with
a coefficient 6 defined as the loss of photons through the two-photon process
upon propagation along the z-direction

dF

= = _N6(w)-F* (50)

dz
with F=I/ & @ the fluence of photons and N the molecular density. With the in-
tensity relation dI/dz=-a,(w)-I, we obtain for the degenerate case of the two-
photon absorption process

fico 6m*h | n*+2

4
6(w)=—~0{2 YT 3 ] Imy(—a),a),—a),a)) (51)
[

If the two photons in the absorption process are of different frequencies @,
and w,, the two-photon cross-section &(w,,w,) for the photon fluence at w; is



Molecular Design for Third-Order Nonlinear Optics 135

heo,
5(‘1’1@2):7'“2(“)1""2) 5
5
2 : , (52)
127‘[2h ﬂwl +2 T’Im2 +2
- 2
Eonwl'nszl 3 3

Im y(—a)l N ,a)z)

Reliable guidelines for an optimization of § appeared only recently and are
discussed in Sect 4.5.

2.3
Reference Values

On the route to all-optical signal processing the development of materials with
large third-order nonlinear optical effects is of decisive importance. For the ma-
terial characterization and the assessment of its usefulness for applications the
absolute value of the third-order nonlinear optical susceptibility ) has to be
known. Since most measurements are performed relative to a reference materi-
al, the establishment of a well accepted value for a standard material is impor-
tant.

In the case of degenerate frequencies also the nonlinear refractive index n,
can serve as the reference parameter as it is proportional to the real part of the
third-order susceptibility y*. In DFWM and Z-scan experiments the liquid CS,
is most commonly used as the reference material. The main contribution to the
nonlinearity of CS, originates in the dipolar orientation of the molecules in the
electric field of the laser pulse. Therefore the dispersion of the nonlinearity
ouside an electronic resonance should be flat and provide a good reference value
over a broad wavelength range. The nonlinear refractive index n, is
(3.440.8)x10™> cm?/GW at the wavelength A=532nm and (3.1+0.5)x107>
cm?/GW at A=1064 nm [6]. The weighted average yields a value for the nonlinear
refractive index 7, and the third-order susceptibility ¥ for wavelengths be-
tween 500 nm and 1100 nm.

1n,(CS,)=(3.2£0.4)10" cm*/GW

X(css)z (~@,@,-@,®) = (3.0£0.4)107° m*/ V? =(2.1£0.3)107"* esu

For wavelengths shorter than 500 nm the electronic contribution from the
resonance in the UV has growing importance and the above reference value is
too small. For wavelengths further in the infrared the reference values are still
adequate unless a vibrational resonance is met. At the wavelength A=10.6 pm the
nonlinear refractive index n,=(3.9+1.6)x10~> cm?/GW is obtained [6] in agree-
ment with the above values at shorter wavelengths.

The orientational process of CS, happens on the time scale of a few picosec-
onds [10]. The reference value can therefore only be used for laser pulses of 10 ps
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or longer. For shorter laser pulses the orientational contribution is “frozen in”
and only the vibrational and electronic contributions contribute to the nonline-
arity. Consequently a different material or reference value has to be deployed.

The nonlinear refractive index n, of fused silica has been measured by differ-
ent methods and a standard value has recently been reported [11] for the wave-
length A=1053 nm.

n,(fs)=(2.74%0.17)107 cm? /GW
X% (-00,00,-,0) = (2.040.13}10"* m* / V> = (1.46£0.09)10™* esu

The nonlinearities of fused silica are two orders of magnitude smaller than
for CS,. They are consequently harder to measure and the application as a refer-
ence material is more difficult. However, the nonlinearity is the same for pulse
lengths from nanosecond to femtosecond and therefore no problems in connec-
tion to the pulse duration appear.

In third-harmonic generation experiments the situation is somewhat differ-
ent. Most people so far used the value y®(-3w,w,w,®)=3.89-1022m?/V?
(2.79-10" 4 esu) of fused silica, which was obtained by cascading of second-order
susceptibilities ¥ [12, 13]. The values for the second-order susceptibilities vy,
which this calibration approach is based on, changed in past years and more re-
cent cascading experiments revealed a value for the third-order susceptibility
X(3)(—3a),w,a),a)) of fused silica a factor 2.4 to 3 smaller than the original one [14,
15]. These recent experiments together with very new gas-phase third-harmonic
generation experiments [16] yield a new more reliable reference value for the
third-order susceptibility X(3)(—3a),a),a),w) of fused silica.

X% (-30,0,0,0) = (2.0+02)10* m* / V> =(1.4£0.15)10 ™ esu at 1064nm

X% (-300,0,0,00) = (1.6+0.2)107 m*/ V? = (1.1£0.15)}10 ™ esu at1907nm

The reference values discussed in this section are used throughout this book
chapter.

24
Material Requirements for All-Optical Signal Processing

The material in consideration for all-optical signal processing can be divided in
three groups: glasses, semiconductors, and organics. For comparison of the dif-
ferent nonlinear optical materials the definition of suitable figures of merit is
helpful. However, some introductory remarks should emphasize some further
differences between glasses, semiconductors and organics which have to be kept
in mind when comparing the figures of merit.

For applications an integration of the elements on a wafer or some other sub-
strate is important to allow a large scale production. Propagation distances of at
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most centimeters have to be sufficient to generate the required nonlinear optical
phase shift. In glass fibers with among the best figures of merit (see below) in-
teraction lengths are typically meters, disabling an integrated design. Therefore,
for an integrated design semiconductors and organics are surely the better
choice, although all-optical switching has been demonstrated in glass fibers with
configurations as, for example, the nonlinear optical loop mirror (NOLM).

Large nonlinearities based on saturated absorption or bandfilling effects are
reported for semiconductors. The response of these nonlinearities is fast but re-
covers only slowly due to the created excited state population. Decay times of the
excited states on the order of some hundred picoseconds to nanoseconds are
detrimental for all-optical switching with large repetition rates.

24.1
Figures of Merit

To implement an all-optical switch based on the nonlinear refractive index n(I)=
ng+n,-Ianonlinear phase ¢y; shift of 27 or a multiple of 27 is required, depend-
ing on the geometry of the switch [1]. As the absorption of the material attenu-
ates the intensity and consequently diminishes the nonlinear phase shift,low ab-
sorption is advantageous. To determine the net nonlinear phase shift over the
propagation distance the signal depletion by absorption has to be included.

As large intensities are necessary to induce a nonlinear refractive index
change, not only linear but also multiple photon absorption processes have to be
considered. The intensity I and the induced nonlinear phase shift ¢y; are cou-
pled differential equations as a function of the propagation direction z.

dl =—(ayI+a, I* +a;I°)-dz (53)

dén, =27n-n21(z)-dz (54)

An analytical solution for simultaneous inclusion of one-, two-, and three-
photon absorption a, a,, a3 is not possible. In reality, one absorption process
is usually dominating for a chosen wavelength and the differential equations can
be solved by neglecting the other absorption terms.

dominating one photon absorption (o » a,I,a31%):

1@) =1, gy, @)= 1200 (1) (55)
A a

dominating two-photon absorption (a,I » ag,a51%):

I 2m n
I(z)=—2—, =" Zn(l+a,1 (56)
@) l+a,lz i (2) A oa, n( % OZ)
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dominating three-photon absorption (a;I? » ag,a,1):

I(z)=1—0, WL (z)=2—”-"—2(«¢1+a31§z-1) (57)
1/1+2(X31(2)Z I

For a dominating one-photon absorption the nonlinear phase shift grows as-
ymptotically to a maximal value of ¢y;=2mn,I/a A (Fig. 1a). In the cases of a
dominating two- and three-photon absorption (Figs. 1b and 1c) the nonlinear
phase shift does not saturate but deviates significantly from the linear behaviour
as expected for absence of absorption (dashed line).

The typical attainable nonlinear phase shifts ¢,;(2) for the different absorp-
tion processes are given by the second terms in the above equations containing
the nonlinear refractive indices n, and the absorption coefficients «;. Figures of
merit can be defined for each absorption process by demanding a typical non-
linear phase shift ¢p;>2m [17].

I
one-photon figure of merit: W= RN (58)
o
two-photon figure of merit: 71="2 54 (59)
oA
three- photon figure of merit: V™' = LB (60)
az Al

The one-photon figure of merit W portrays the importance of avoiding any
direct, single photon resonance. In principle, the one-photon figure of merit can
be always tuned above unity by increasing the incident intensity I,,. In reality,
this approach is not feasible as the energy deposited in the absorption process
damages the nonlinear optical material for too large powers. It is therefore more
illustrative to tabulate the necessary intensity I,(W>1) to reach a one-photon
figure of merit larger than one instead of listing the figure of merit W itself.

No external parameter occurs in the two-photon figure of merit T-%. It is a
function of the material only without any possibility to tune the figure of merit
by external means. With the nonlinear refractive index n, and the two-photon
absorption coefficient a, proportional to the real and imaginary part of the
complex third-order susceptibility y®=|y®)|-¢¥" the two-photon figure of
merit T-! can be rewritten as a function of the nonlinearity phase ¢(®.

N Re{X(S)}

T 1=
4m Im{ X(3>}

1
>1 & tan(p(3)<4— & 9® <4550 (61)
T
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Fig. la—c. Absorption and nonlinear phase shift as a function of the propagation distance for
a dominating a one-, b two-, and c three-photon absorption process. The dashed line indi-
cates the nonlinear phase shift without any absorption

In consequence, any dominating two-photon resonance has to be avoided to
maintain a small phase of the third-order susceptibility y*.

The three-photon figure of merit V! is less important in practice and is only
seldom given for nonlinear optical materials. By decreasing the incident inten-
sity I, in the denominator of V-! the three-photon figure of merit can be in-
creased and brought above unity.
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24.2
Nonlinearity and Intensity Requirements

Neglecting the absorption processes in this section the nonlinear phase shift ¢p;
is proportional to the nonlinear refractive index, the intensity, and the interaction
length. Keeping dimensions of centimeters in mind, either the nonlinearity n, or
the intensity I can be increased to create the necessary nonlinear phase shift.

The intensity is, on the one hand, bound to the laser systems in telecommu-
nication technology or the laboratory, and, on the other hand, the intensity may
reach the damage threshold of the material and create irreversible degradation.
In Table 1 the necessary nonlinearities #, to reach a 27-phase shift over one cen-
timeter propagation distance in a waveguide are roughly estimated for some
common laser sources.

For the continuous-wave semiconductor (AlGaAs) distributed feed back la-
sers (DFB) used in telecommunication technology today a nonlinear refractive
index n,=3 cm*/GW would be necessary for all-optical switching, which is pre-
sumably impossible to reach. Including an Erbium doped fiber amplifier (EDFA)
the needed nonlinearity drops only by a factor of ten.

Moving from the single mode DFB lasers to a multimode, continuous-wave
high-power pump diode as for example used to pump the EDFAs, the necessary
nonlinearity drops clearly but whether the material will sustain the power of two
Watts on the dimensions of micrometers is questionable.

The above discussion shows that the realization of all-optical switching with
continuous wave laser sources is doubtful. Short laser pulses are a requisite as
they provide large powers without damaging energy levels. For a mode-locked
10 ps Nd:YLF laser (Lightwave) with an averaged power of 500 mW and
100 MHz repetition rate a peak power in the order of 500 W is reached. In this
case the necessary nonlinearity drops down to achievable values of about only
twenty times fused silica. The investigation of all-optical switching with these

Table 1. Necessary nonlinearities for a nonlinear phase shift of 27 over a propagation dis-
tance of one centimeter for different laser sources. A refractive index of n =1.5 is assumed
for the nonlinear material. Note that the tabulated values are only estimates and correct
only on the scale of one order of magnitude. But the consequences we conclude from these
estimations are nevertheless correct and important

Laser DFB laser DFB/EDFA High-power Nd:YLF

(cw) (cw) cw-laser diode (10 ps pulses)
Laser power 5mW 50 mW 2W 500 W
Wavelength 1550 nm 1550 nm 980 nm 1047 nm
Waveguide size 3 pm 3 pm 2 pm 2 pm
n, [cm?/GW] 3 0.3 2x1073 1x107°
AP0 2°m¥v?]  1.5x10° 1.5x10% 100 0.5

P/ X}j) 8x109 8x10° 5000 20
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laboratory lasers is possible. To introduce all-optical switching in communica-
tion systems a change to pulsed laser systems is essential as it may happen with
the advent of soliton technology.

2.4.3
Further Critical Factors

The device performance of any application in the real world has to be guaran-
teed for a certain time without or only minor degradation. Some 10,000 hours of
operation at temperatures up to 80 °C under illumination are required. Research
about the lifetime of organic nonlinear optical material has only started in the
past years as the chances for applications based on the second-order susceptibil-
ities y® have improved. Nevertheless, only little is known about the longtime ef-
fects in nonlinear materials under real world conditions.

Concerning the chemical stability, oxidation by the ambient oxygen is of ma-
jor concern [18]. Sealing and encapsulation of the material improves the life-
time. For photostability any absorption process has to be strongly avoided [19,
20]. Not only the linear absorption &, but also the two-photon absorption a, is
of concern. The prevention of any absorption is therefore not only important for
the figures of merit but also for the photostability.

The stability problem is currently the main disadvantage of organic materials
in nonlinear optics. The firmness of glasses and semiconductors is surely superior.

An advantage of polymers is the well developed knowledge in polymer sci-
ence. It is a mature technology and is compatible to other materials. Methods to
produce various shapes and to structure elements are established. Specific pro-
cedures to change the mechanical or thermal properties are known.

The price of the polymer itself is not very critical as for waveguides in thin
films only very small quantities are needed. Costs of 10,000 $ per gram result in
only 10 cents per square inch if a two micrometer thick film and a 50% material
loss in the production process are assumed. As only small quantities are needed
and not tens of kilograms the possible market would be more similar to phar-
maceuticals than to the classical dye market.

However, the major part of the added value is most probably not created by
the material itself but in its structuring and the assembly to a device, which is
enabled by the material properties.

3
Measurement Techniques

The most widely employed material characterization techniques in third-order
nonlinear optics are third-harmonic generation (THG) [21], degenerate four
wave-mixing (DFWM) [22], Z-scan [6], and optical limiting by direct two-pho-
ton absorption (TPA) and fluorescence spectroscopy induced by TPA [23]. All of
them will be discussed in the following. Further measurement techniques such
as electric-field induced second-harmonic generation (EFISH) [24], optical Kerr
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gating, electric field induced absorption [25], nonlinear prism coupling [26],
and pump-probe schemes are described in the literature [27] and will not be
covered within this chapter.

Special care has to be taken if the signal frequency is identical with one of the
input frequencies as e.g. in DFWM and Z-scan. If the condition w;=w; in the
third-order susceptibility ¥ (c,,@s,w@,,@, ) is fulfilled, the multiplication of the
electric fields with the same positive and negative frequency will lead to a time
independent product which is proportional to the intensity. Consequently, non-
linear optical effects on the time scale of the employed laser pulses can addition-
ally contribute and add to the instantaneous nonlinear response of the electrons
which happens on the time scale of the inverse light frequency.

For DFWM and Z-scan with picosecond laser pulses molecular vibrations (or
optical phonons in crystals) and reorientation of small molecules can add con-
tributions to the electronic nonlinearity. For longer laser pulses even large mol-
ecules can orient and also thermal contributions can occur.

Thermal contributions to the nonlinearity can easily dominate any other ef-
fect and are normally negative in sign. To avoid them the energy deposition in
the material should be kept low, which is best ensured by using low repetition
rate laser pulses.

3.1
Third-Harmonic Generation

In the third-harmonic generation, the third-order susceptibility leads to a non-
linear polarization component which oscillates at the third-harmonic frequency
of the incident laser beam. This leads to a light wave at the third-harmonic fre-
quency of the fundamental wave. As optical frequencies are involved and since
the output frequency is different from the input frequency only the electronic
nonlinearities can participate without any contributions from thermal or orien-
tational effects. Because one needs fast nonlinearities for all-optical signal
processing, the main interest is directed towards the fast electronic nonlineari-
ties. Therefore and also due to its simplicity, third-harmonic generation is a very
attractive method to characterize newly developed materials.

The external electric field is assumed to be parallel to the x-axis. In the case of an
isotropic solution only the element )(xxxx( 3 w,w,w,w) of the third-order suscepti-
bility creates a polarization at 3, which is parallel to the incident electric field E®.

3w _ 3) © 3
p 4 Xxxxx( -3w,w0,0,m)| E (62)
Xl (300,0,0,00) = Nf o [ 101° (6)

The rotational average of the second-order hyperpolarizability in third har-

monic generation is y'.:C. For linear molecules the rotational average consist
only of one element. For planar molecules there are four different elements.
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1D-molecule: yiC¢ =y, .. /5 (64)
THG _
2D-molecule: Yrot = (Yxxxx + Yyyyy + Yxyy + Yyyxx ) (65)

For third-harmonic generation measurements pulsed laser systems are used
(example: wavelengths between A=1064 nm and 2100 nm, nanosecond pulse du-
ration, low repetition rate (e.g. 10 Hz)). Ideally, the third-harmonic signal is si-
multaneously measured on a sample and a reference fused silica plate (Fig. 2).By
dividing the two signals the laser power fluctuations can be eliminated. The
measurement beam is focused on the sample in the vacuum chamber, which is
necessary as also the air can contribute to the THG signal. By the appropriate
choice of the lenses in front of the chamber, the laser intensity in the windows is
low enough to exclude any measurable THG signal generated from them. The fo-
cus of the laser is centered on the sample and the focal region is chosen to be
much larger than the sample thickness in order to fulfill the plane wave approx-
imation for the evaluation of the third-harmonic generation. After the sample

E ] N computer
H,-Raman cell (1907 nm)
Nd:YAG-laser (1064 nm, = 5 ns)
|~ trigger E
P ! boxcar
A HoTmCr:YAG-laser (2100 nm, = 80 ns)

4 _l/—‘ gated
reference N integrator
sample

N 1 [ 11| photo-. I I i

V] [ L1 T multiplier i

V\Ill?(lﬁr attenuation |

polarization filterwheel i

rotator i

A | 1[4 photo- ||
multlpller

H \t'tjd water “
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ggﬁtrtgr polarizer Ienses sample filter mterference
filter

vacuum chamber

Fig. 2. Typical third-harmonic generation measurement. The beams from the laser source
(here either a frequency shifted Nd:YAG or a HoTmCr:YAG laser) are split into a measure-
ment and a reference beam. The polarization rotator and the polarizer serve as variable at-
tenuator and yield the desired polarization of the input beam. The beam is focused on the
sample in the vacuum chamber. The water filter removes the fundamental frequency and
the attenuation filters limit the third-harmonic signal to the measurement range of the pho-
tomultiplier. The signal from the sample is divided by the reference signal and averaged
with a boxcar gated integrator
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chamber the fundamental laser frequency w is removed with a water filter (for
fundamental wavelengths between 1500 nm and 2100 nm) and the third-har-
monic signal is attenuated to be within the linear range of the photomultiplier.
A narrow bandpass interference filter reduces the noise from background light
of the laboratory.

THG measurements can be either performed in solution or thin films. For
thin films larger sample quantities are necessary (>50 mg) than for measure-
ments in solution (1 mg), which can be of central importance for novel materi-
als. With thin films, the THG experiments can be performed with the harmonic
frequency in the absorption band and the phase of the second-order hyperpo-
larizability can be retrieved (see e.g. Refs.[28-30]).

We sketch in the following paragraphs the procedure to measure the second-
order hyperpolarizability in solution. Figure 3 shows the situation at the sample
for THG measurements in solution in more detail. The five third-harmonic con-
tributions from the sample, the cell, and the air around the sample interfere with
one another. By recording the Maker-Fringe pattern for a large range of angle,
the different contributions can be separated, using the evaluation procedure of
Ref. [3]. The absorption of the solution at the involved wavelengths is usually
testedwith a UV/VIS/NIR spectrometer (Lambda 9, Perkin-Elmer). In the case
of residual absorption at the third-harmonic frequency the loss can be account-
ed for in the THG analysis with Beer’s law [21]. If the sample is not completely
dissolved an offset in the transparency region of the spectrum remains. Addi-
tionally, the sample in the THG cells should be checked under a microscope for
possible inhomogeneities.

To determine the third-order susceptibility y a step wise procedure is em-
ployed (Fig.4). A measurement of a fused silica plate calibrates the THG setup.
The measurement of the same fused silica plate in air atmosphere leads to the
contribution of the air, which is a constant background reducing the signal in-

\ e‘
’)\_'\\ interference of 3w signals from:
ell

1) air in front of cell
2) first cell wall

W —p 30— 3) sample / solution
4) second cell wall
5) air after cell

‘\/ 2, 3, and 4 varying with angle 6!

Fig.3. Third-harmonic generation of a solution sample in a cell. The laser beam at @ creates
third-harmonic signals in the air in front of the sample, in the front wall of the cell, in the
solution, in the back wall, and finally in the air behind the sample. All five contribution in-
terfere with one another. Contributions from the cell walls and the solution change differ-
ently with the rotation angle

C
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fused silica —ywm fusedsilica — ywm various sample
in vacuum in air concetrations

in cell with air

#

measurement air contribution hyperpolarizability y

calibration

Fig.4. Measurement sequence of third-harmonic generation in solution. A THG experi-
ment of fused silica in vacuum yields the calibration of the whole setup. The same fused sil-
ica plate measured in air leads to the air contribution, which is afterwards taken into ac-
count in the THG measurements of the various sample concentrations

dependently of the rotation angle. The detailed derivation of the contribution of
air is given in Refs.[3, 16]. In the following measurements of the sample solu-
tions the contribution of the air is taken into account.

THG measurements are performed for different concentrations. From the
third-order susceptibilities y of the solution series the second-order hyperpo-
larizabilities y of the molecules are determined by analyzing the data points with

N, 3
X(S) (Bw,w,0,0) = Tam.clo +Afwf3w (CY;{Irgt +LYZ%?] (66)
m,clp my

N A=6.022><1023 mol!is Avogadro’s number, p the solvent density, ¢ the con-
centration of the sample in mol/l, m,, the molecular mass of the sample mole-

cule, m, the molecular mass of the solvent molecule, yST'ZS the hyperpolarizabil-

ity of the solvent molecule, and finally erangt the wanted hyperpolarizability of
the sample molecule. Interactions between the dissolved chromophores are ne-
glected and the density of the solution is assumed to remain constant. Unless ex-
tremely large concentrations are measured these two assumptions are fulfilled.

The third-order susceptibility of the solvent is the intersection of the concen-
tration series with the axis at zero concentration (Fig. 5). The hyperpolarizabil-
ity of the sample molecule is proportional to the slope of the concentration se-
ries. Generally, the molecular hyperpolarizability y is retrieved with an experi-
mental error of about ten percent.

The procedure for the THG measurements of thin films needs less steps. As
the thin films can be directly measured in vacuum, the calibration of the air con-
tribution is not required. Furthermore, the film substrate is usually fused silica
that makes also the initial calibration of the THG setup with a fused silica plate
superfluous. However, the film thickness and its refractive index have to be de-
termined prior to the THG analysis.
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Fig.5. Concentration series of a third-harmonic generation experiment. The third-order
nonlinear optical susceptibilities of the solutions are analyzed with the solvent nonlinearity
X(é)l){ch for ¢=0 and the slope 9y dc proportional to the second-order hyperpolarizabil-
ity y of the molecule under investigation

3.2
Degenerate Four-Wave Mixing

In the degenerate four wave mixing (DFWM) experiment the third-order sus-
ceptibility v*¥)(-w,w,~@,w) with degenerate frequencies can be determined
[22]. This nonlinear susceptibility is directly proportional to the nonlinear re-
fractive index n, , which is used to describe optically induced refractive index
changes. An advantage of this technique is the possibility to record the temporal
shape of the third-order nonlinear optical signal.

The polarization of the incident electric fields is kept perpendicular to the
plane of incidence (x-direction). In this case the nonlinear polarization is

3
Pk = %Xii)xx(—w,w,—w,w)(Ea’lkl gk gk ) (67)
xscsx)xx(_w’m’_w’m)szcg rofWM (68)

Similar as for third-harmonic generation, in the rotational average of the sec-

ond-order hyperpolarizability DEWM =<y(—a),a),—a),a))> the indices with
XXXX

the same frequency w can be permuted. For linear molecules the rotational av-
erage consists again only of one element, planar molecules only of four different
elements.

1D-molecule: y2E"M =y /5 (69)

Fwm _ 1

2D-molecule: rot - g (YXxxx + Yyyyy + Yixyy + Yyyxx ) (70)
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Fig.6a,b. a Degenerate four wave mixing with counterpropagating pump beams. Beam 1
and 2 are spatially and temporally overlapping in the sample. The beam 3 has a variable de-
lay to probe the temporal behavior of the nonlinear process. The signal with k,=k; - k, + k;
is a phase-conjugated beam (4) in the direction opposite to beam 2.b Geometry for degen-
erate four wave mixing with copropagating pump beams. Three input beams create nine
signal beams (see text for explanation)

Two different experimental geometries are used for DFWM: one with coun-
terpropagating (Fig. 6a) and one with copropagating (Fig. 6b) laser pulses. The
setup with counter propagating beams will be discussed first.

Figure 7 shows an experimental set-up based on a 10 ps Nd:YLF with 10 Hz
repetition rate and a wavelength A=1047 nm. The initial beam is split up in three
parts: two strong beams which are used as pump or writing beams and one
weaker beam which is temporally delayed to read the nonlinearity induced by
the writing beams. The phase conjugate signal beam is separated from the other
beams and detected by a sensitive Joulemeter. To account for laser power fluctu-
ations, the laser power is monitored with a second detector. To separate the sig-
nal from light scattered by optical elements, the distance between the sample
and the detector has to be large. Spatial filtering of the signal beam and shielding
of the detector from straylight improves the signal to noise ratio.
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Fig.7. Setup for the degenerate four wave mixing experiments. The input beam is split in
three beams. The beam splitter BS; deflects a part of one of the pump beams to a power meter,
which detects laser power fluctuations. The delay line with the retro reflector R; adjusts the
temporal overlap of the two pump beams coming from the front side on the sample. The long
delay line with retro reflector R, is moved to probe the temporal behavior of the nonlinearity
in the sample. The phase conjugated signal beam propagates from the sample back to BS; and
is then deflected through a stack of attenuation filters on a second power meter. An iris in front
of the power meter increases the signal to noise ratio by removing scattered light

For a third-order susceptibility far from any resonance a signal is only detect-
ed when all three input beams overlap spatially and temporally. By delaying the
reading beam the autocorrelation of the laser pulse is detected (Fig. 8). If the
nonlinearity has contributions from processes leading to population changes
(most often two-photon absorption in the case of DFWM) the two writing
beams create a grating of molecules in the excited and ground state. The grating
persists after the writing beams have passed the sample and can still be detected
with the delayed reading beam. The finite lifetime of the excited state and ther-
mal movements erase the grating on the time scale of some hundred picosec-
onds to some nanoseconds.

As in the case of third-harmonic generation measurements on molecules are of-
ten carried out in solution where the concentration of the molecules dissolved in
the solvent is varied. The measurements are calibrated against a measurement with
areference. There is a wide choice of reference values, two of these are given below.

CS,: X(3) =3.0x102m?* | V* =2.1x10" % esu
CHCl,: X(S) =1.7x10"2'm? 1 V* =1.2x10 P esu
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Fig.8. Temporal scans of the phase conjugated output beam in degenerate four wave mixing
experiments. On the left side, the nonlinearity is instantaneous with the DFWM signal be-
ing the autocorrelation of the laser pulse. On the right side, the DFWM signal does not van-
ish after the writing beams have left the sample. Two photon absorption has induced a grat-
ing of excited and ground state molecules which is read by the delayed beam and decays
slowly

To be independent of the spatial beam profile the third-order susceptibility is
usually measured relative to a known material. The signal from the sample is di-
vided by the signal from the reference material I Zef and solved for y® to be de-
termined.

P (71)

= nref +nfs L I] 17 I»{ IZ@f

All intensities are the external ones. n,,, n({f ,and n[rlff are the refractive indi-
ces of the sample, the fused silica glass windows, and the reference material, re-
spectively, L and L are the thicknesses of sample and reference, and the I; are
the light intensities. The analysis of the concentration series yields the molecular
hyperpolarizability y.

The susceptibilities and hyperpolarizabilities are generally complex coeffi-
cients. In the third-harmonic generation and normal degenerate four wave mix-
ing measurement the amplitude of this complex coefficient is measured. We
mentioned above that a remaining DFWM signal after the pump pulses already
passed the material indicates a two-photon absorption and therefore a imagi-
nary part of the third-order susceptibility. By an appropriate variation of the
standard DFWM experiment the phase ¢ of the third-order susceptibility
¥3=|y3))ei?® can be retrieved. If sufficiently large (typically above 40°) such a
phase can be seen in the concentration dependence of the third-order suscepti-
bility. Another method to determine ¢® is the degenerate four-wave mixing
interferometer [31].

The measurement of thin films is difficult as the created phase-conjugated signal
is proportional to the sample length. The thick substrate with an only small nonlin-
earity dominates the signal unless the thin film has an extremely large third-order
susceptibility. More elegant and more widely used for thin film measurements is the
copropagating geometry of DFWM.

4
(3) _[M] vy 5,
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In the DFWM geometry with copropagating beams (Fig. 6b) the combination
of the three incident fields creates multiple, spatially separated signal beams (see
e.g. Ref. [32]). Only one of it is phase-matched and will accumulate signals from
the substrate over the whole substrate thickness. In the other signal spots a com-
bination of contributions from the substrate and the thin film are measured de-
pending on the third-order susceptibility and the coherence length of the sub-
strate and film. By analyzing the phase-matched and non-phase-matched sig-
nals from DFWM the nonlinearity of the film can be determined.

Due to the short interaction length in the thin film large intensities are re-
quired for a good signal to noise ratio. Most attractive for these measurments are
consequently short laser pulses in the femtosecond regime.

3.3
Z-Scan

The Z-scan technique only requires a single focused beam and a circular aper-
ture placed in the far field behind the sample [6]. It is mostly used to determine
the nonlinear refractive index. The sample is translated along the optical axis
through the focused laser beam (Fig. 9). The detector D1 measures the incoming
intensity whereas detector D2 measures the intensity after the aperture. The
translation leads to a change of the incident intensity and therefore to a variable
refractive index change induced by #,. By measuring the transmission through
the circular aperture after the sample the sign as well as the magnitude of #, can
be determined (Fig. 10a).

aperture
lens sample
\0 ' D2
D1
(a)

[ — 4
-
L
T
I
I\
I\

\

a
(4
L
I
oA
I

(b) (c)

Fig.9. Z-scan experiment. (a) Schematic of the set-up. (b) If the sample is placed to the left
of the focus the transmission through the aperture is reduced as shown by the defocussing
indicated by the broken line (for n, >0). (c) If the sample is placed to the right of the focus
the transmission through the aperture is increased as shown by the focusing indicated by
the broken line (for n, >0)
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This can be understood as follows: we assume that n,>0. For the sample
placed far to the left of the focus the intensity and therefore also the effect of self-
focusing is small. The transmission Te<D2/D1 is therefore the same as the one
without sample (ignoring absorption and reflection losses) and is usually nor-
malized to one. If we move the sample towards the focus the self-focusing in-
creases and the focus is moved towards -z. Therefore less energy is transmitted
by the aperture. In the same way, the transmission increases if the sample is lo-
cated to the right of the focal point. Finally, for large values of z the transmission
becomes one again.

An analogous consideration leads to the dotted line for #n,<0 (Fig. 10a). An
identical z-scan experiment without the aperture allows the determination of
the two-photon absorption coefficient a, (Fig. 10b). In principle, this method
also allows to determine nonlinearities of higher order (e.g. n; and a) [33].

The Z-scan theory has been described by different authors. In the thin sample
limit the Z-scan measurement is described either through Fresnel integration or
through a Gaussian decomposition procedure [3, 6].

The analysis of Z-scans relies on Gaussian spatial beam profiles. For short
laser pulses the beam profile is frequently not completely Gaussian and the un-
biased use of the standard anlaysis of Z-scan can lead to large experimental er-
rors. For reliable Z-scan measurements the spatial beam profile has to be well

= 1171 n2<0/\/\ ]
L I ]
N i ]
1 —

(o) S R ) S N A

]

I

-4 0 4
z (mm)
1.05 4 ]
[aV] E ]
D,, 0.95 \ / :
= \|/ :
= 0.9E \ /
0.85 1 } ;
-4 0 4
b Z (mm)

Fig. 10a,b. a Typical Z-scan curves for n,>0 (solid line) and n,<0 (dotted line). b If the aper-
ture is removed the two-photon absorption coefficient a, can be determined
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defined which can be quite troublesome for short pulsed laser systems. Spatial
filtering in the laser cavity leads so far to the best results.

Chapple et al thourougly discussed the critical parameter of Z-scan and
Mian et al. [35] showed the influence of beam ellipticity on the Z-scan meas-
urements. A solution to overcome the troubles with non-Gaussian beams is the
employment of top-hat beams [36, 37]. An aperture is placed in the expanded
beam in front of the focusing lens, so that the beam profile is uniform in the
aperture. The analysis follows an analogous approach as for Gaussian beams
and results in similar curves but with a magnitude that is about 2.5 times larg-
er.

Although Z-scan is a very simple experiment at first view, caution has to be
taken in the interpretation of the measurement curves. By far the most com-
mon source of errors in the interpretation of Z-scan measurements is the pres-
ence of slow components in the complex susceptibility changes, especially the
thermal nonlinearity.

34
Two-Photon Absorption Spectroscopy

In the field of optical limiting based on two-photon absorption there exists some
confusion with the convention of different physical processes. We refer here to
the two-photon absorption process based on a, «<Im{y'*(-@,w,-~w,w®)} and
write therefore “direct” two-photon absorption. “Two-photon absorption” proc-
esses as e.g. excited state absorption or triplet state absorption are of a different
physical origin and are not treated in the framework of this section.

However, if optical limiting is the goal the nonlinear absorption can be in-
creased by making use of e.g. reverse saturable absorption originating from
photogenerated transient states. Although this is a good concept to increase the
effectiveness for optical limiting, no pure two-photon absorption cross-sections
can be deduced this way. Therefore, one should always consider the underlying
physical effect when comparing experimental values reported by different

o . two-photon
high-intensity absorbing
laser beam material
Z +z

TPA o (intensity)2 —> intensity oc 22 —> TPA < z*4

Fig.11. Schematic of the excellent three-dimensional spatial resolution of the two-photon
absorption process
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groups. As already mentioned, we here concentrate on the design of efficient
chromophores for direct two-photon absorption.

If a laser beam is focused in the material, the intensity required for TPA to oc-
cur will usually only be reached close to the focus. The selectivity of the absorp-
tion process in propagation direction is excellent (Fig.11), which enables the
three dimensional resolution of TPA process as mentioned above. Furthermore,
the penetration into absorbing or scattering media can be greatly improved if
the fundamental wave is not depleted by one-photon absorption and if the TPA
only takes place at the point of strong focussing.

If intrinsic two-photon absorption cross-sections are the subject of investiga-
tion short pulses (ps or fs) should be used and two-photon fluorescence (see be-
low) should be measured to verify the I’>-dependence of the TPA process. Most
often, two-photon absorption is measured either with the Z-scan technique (see
above) or with the nonlinear transmission method [38].

In nonlinear transmission experiments the transmission of a sample is meas-
ured as a function of the input intensity. At small intensities the transmission in-
creases linearly with increasing input intensity. For large intensities the nonlin-
earity sets in and a deviation from the linear behavior is visible (see Fig. 12a). A
theoretical analysis of such curves based on

I
=— (72)
1+a,I,L
where I, is the input intensity and L is the sample thickness, yields the two-pho-
ton absorption coefficient a, for a pure two-photon absorption process. Often,
the measured data is recorded as (Fig. 12b)

1/T=1,/I=1+a,I,L (73)

since one obtains a linear relationship between 1/Tand I, .

35
Fluorescence Spectroscopy

In TPA induced fluorescence spectroscopy the excited state population for fluo-
rescence is created by the simultaneous absorption of two photons instead of the
one-photon absorption in standard fluorescence experiments. The principles of
this technique are described in Ref. [23]. It allows an experimental determina-
tion of two-photon absorption cross-sections provided the material is fluores-
cent and that its two-photon fluorescence quantum efficiency is known (which
is usually assumed to be equal to the one-photon fluorescence quantum efficien-
cy if the same excited state is reached). In this case the method generally pro-
vides high sensitivity.

An accurate absolute determination of é (see Eq.(51)) requires the knowledge
of four parameters:
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Fig.12a,b. a Theoretically calculated output vs input intensity for a,=1 cm/GW, L=0.1 cm,
input intensity in GW/cm? based on Eq.(72). b Inverse transmission versus input intensity
(based on Eq.(73) for the same parameters as in ()

1. the spatial distribution of the indicent light,

2. the degree of second-order temporal coherence,

3. the fluorescence collection efficieny of the detection system, and
4. the fluorescence quantum efficiency.

All these parameters are discussed in detail in Ref. [23] and will not be described
here further. If the measurements are performed relative to a material with
known nonlinearities only the fluorescence quantum yield has to be known.
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Fig.13. Experimental set-up for fluorescence spectroscopy

In most experiments a pulsed laser is used. In the set-up of Fig. 13, fs pulses
are applied that are continuously monitored with respect to pulse width, excita-
tion wavelength, and pulse spectrum. A half-wave plate and a polarizer allow the
selection of the polarization of the excitation. A combination of lenses expands
the laser beam to a size larger than the aperture of the microscope objective that
focuses the light on the sample. The sample thicknesses typically vary between
0.5 and 10 mm. For solution measurements sample chromophores of typically
100 pM are dissolved. The generated fluorescence is measured in the backward
direction using a dichroic mirror. A liquid filter in front of the photomultiplier
gets rid of the excitation wavelength. The photomultiplier is read by a photon-
counter and the light transmitted by the sample is monitored by a power meter.

Note that the generated fluorescence can also be detected perpendicular to
the propagation direction of the excitation laser beam [41]. In this case the sam-
ple is excited with a collimated beam. In either case one has to make sure that
the intensity of the incident beam is in a range that gives a square-intensity be-
haviour of the measured fluorescence to be able to neglect possible higher-order
contributions.

If the spectrum of the fluorescence should be measured the photomultiplier
is replaced by a spectrometer. In this case the generated light is coupled into a
multimode fiber and guided to the spectrometer.
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4
Discussion of Molecular Properties

4.1
Basic Molecular Units

Here we discuss the basic molecular units and structures that are essential for
third-order nonlinear optics in organic materials. The wide diversity of the
properties of organic compounds is primarily due to the unsurpassed ability of
the carbon atom to form a variety of stable bonds with itself and with many oth-
er elements. This bonding is primarily of two types, which differ considerably in
the localization of the electron charge density. Whereas a two electron covalent
0 C-Cbond is spatially confined along the internuclear axis of the C-C bond, the
1 bonds have their electronic charge distributions above and below the intera-
tomic axis and delocalize over many atoms. The electron density of Ttbonds is
much more mobile than the one of the 0 bonds. This electron distribution can
be influenced by substituents; the extent of redistribution is measured by the di-
pole moment, and the ease of redistribution in response to an externally applied
electric field is measured by the (hyper)polarizability. If the perturbation to the
molecular electronic distribution caused by an intense optical field is asymmet-
ric, a quadratic nonlinearity results. Virtually all significantly interesting non-
linear optical organic molecules exhibit 7 bond formation between various nu-
clei.

To make the picture of m-electrons more intelligible the model of linear com-
binations of single electron atomic orbitals to molecular orbitals is helpful
(Fig. 14). In this model one concentrates only on the outermost electrons or va-
lence orbitals. Starting from the atomic wavefunctions the s, p, and p atomic or-
bitals are combined in the (x,y)-plane to sp and sp? orbitals. These sp and sp? or-
bitals of the different atoms combine to molecular orbitals, building the molec-
ular structure framework in the (x,y)-plane. The electrons in these molecular
orbitals are called o-electrons and their wavefunctions are symmetric perpen-
dicular to the (x,y)-plane extending only over two neighboring atoms.

The p, orbitals have not been used so far. They are antisymmetric perpendic-
ular to the (x,y)-plane and therefore orthogonal to the above combined sp and
sp? orbitals. p, orbitals from neighboring atoms combine independently to form
molecular orbitals with their wavefunction delocalized over many atoms. The
corresponding electrons are the m-electrons, which dictate to a large extend the
linear and nonlinear optical properties.

To create a long path for the m-electrons, many atoms are connected to build
a chain of p, orbitals. On either end of this conjugated backbone electron attract-
ing or releasing groups can modify the wavefunctions of the m-electrons. By
choosing an appropriate electron acceptor or donor group the physical proper-
ties of the molecule can be tuned.

Typical dye molecules or chromophores consist of a rather short conjugated
backbone with a strong donor and acceptor group on either end. Their linear
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Fig.14. Linear combination of the atomic valence orbitals s, p,, p, to form sp and sp? orbit-
als in the (x,y)-plane. The resulting orbitals are symmetric perpendicular to the (x,y)-plane
and build the structure framework in the (x,y)-plane with the orbitals of the neighboring
atoms. The remaining antisymmetric p, orbital is orthogonal to the orbitals in the (x,y)-
plane and is used for the delocalized electron orbitals

spectra usually display a strong absorption peak that is shifted to the red spec-
tral range.

In conjugated oligomers or polymers the backbone is longer and the end
groups are less important. The term “oligomers” is normally used for shorter
polymers with well defined length or number of monomer units. Typical exam-
ples of conjugated polymers are shown in Fig. 15.

A special case are the two-dimensionally conjugated tetraethynylethenes
(TEE). In this case the conjugation is expanded in one direction and functional
groups are added along the other conjugation direction, laterally to the back-
bone (Fig. 16).

The development of highly active third-order nonlinear optical materials is
important for all-optical signal processing. In contrast to second-order nonlin-
ear optical molecular systems, there are few rational strategies for optimizing
the third-order nonlinear optical response of molecular materials. Unlike sec-
ond-order materials, there exist no molecular symmetry restrictions for the ob-
servation of a third-order nonlinear optical response. It is the instantaneous
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Fig.15. Examples of conjugated polymers. The dotted lines indicate bonds lateral to the
conjugated backbone. R; and R, denote end groups. The simplest conjugated polymer is
polyene with alternating single and double bonds. By introducing triple bonds, one goes
from polyene over polydiacetylene and polytriacetylene to polycarbyne. The aromatic
polyphenylene and polyphenylenevinylene contain additional phenyl rings. Polythi-
ophenes additionally possess sulfur atoms

tetraethynylethene (TEE): Rs

Fig.16. Two-dimensional framework of tetraethynylethenes. One dimension can be used
for the polymerization and the other for substitution with functional groups (R;)
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shift in m-electron densities over a molecule that occur on excitation which ex-
plains the large and fast polarizabilities of m-electron networks.

In quantum mechanics the definition of molecular polarizabilities is given
through time-dependent perturbation theory in the electric dipole approxima-
tion. These expressions are usually given in terms of sums of transition matrix
elements over energy denominators involving the full electronic structure of the
molecule [42].
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The sum } ’ runs over all states except the ground state g. £, 4 ,) is the average
over all possible permutations of the frequencies and concurrent the spatial indices.
The matrix elements f1y,,=Hj,,,~ 1440}, include the terms with the ground state dipole
moment p,,, which are omitted by the exclusion of the ground state in the sum. For
I=m the element 1i,,,, is the difference dipole moment between the dipole moment of
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state [ and the ground state g. For a centrosymmetric molecule no dipole moment is
possible and therefore this difference dipole moment term vanishes.

Consequently, molecules with structures that lead to large transition dipole
moments and small transition energies should display large second-order hy-
perpolarizabilities. Conjugated molecules with delocalized electronic wavefunc-
tions enable the electrons to move over considerable distances and therefore
show large transition and difference dipole moments. Furthermore, these mol-
ecules show low transition energies.

411
Electronic States and Symmetry Considerations

For an elaborated analysis of the relations between structure and hyperpolariz-
abilities, one has to start from the electronic wavefunctions of a molecule. By us-
ing time-dependent perturbation theory, sum-over-states expressions can be
derived for the first and second-order hyperpolarizabilities fand y. For 3,a two-
level model that includes the ground and one excited state has proven to be suf-
ficient. For y the situation is more complicated.

We first look at the electronic states of a molecule (Fig. 17) According to the
overall spin of the electrons, the states are split up in singlet and triplet states.
Singlets have zero spin, triplets a total spin of one. The ground state with the
lowest energy is practically always a singlet state. Within the dipole interaction
of the electric field only singlet states can be reached from the singlet ground
state S. A transition to a triplet state is spin forbidden. From the first singlet ex-
cited state S; another photon can be absorbed in an excited state absorption
process leading to a higher singlet state S;. The electron can also go back from
the excited state S; to the ground state S, by fluorescence or a non-radiative
process.

Furthermore, the electron can go from §; to a triplet state through an inter-
system crossing. From the triplet state the electron can in principle only decay
by a non-radiative process back to the ground state S;. Nevertheless, spin-orbit
coupling of the electrons and magnetic interactions can allow a weak phospho-
rescence process from T to S

As resonant processes are avoided in the nonlinear optical experiments (ex-
cept where two-photon absorption is optimized), no excited state molecules are
created and triplet states are of no concern. For a more thorough investigation
of the absorption process also the vibrations of the molecule have to be included.
They are not considered here.

The symmetry of the molecules provide selection rules for the electronic
transitions in the dipole approximation. A mirror plane perpendicular to a di-
rection £ requires the wavefunction u,, to be either symmetric u,, (§)=u,, (-£) or

antisymmetric u,, (§)=-u, (-£) to this mirror plane as the electron density

2. . . .
p2! (?) =lu, (?)| is symmetric. The wavefunctions can be separated in a sym-
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Fig.17. Electronic states and transitions in an organic molecule. The singlet states S; have
no net electron spin and the triplet states T; a total spin of one. The thin lines indicate higher
vibrational states and ISC denotes an intersystem crossing from singlet to triplet states

metric and antisymmetric subset with respect to the direction £ Consequently,
the transition dipole moments p,,,, = —e<un(?)|f|um(?)> = eIuZ(F)Fum (F)dV in
such a &-direction are zero if the wavefunctions u,, (£) and u,, (£) are of the same
symmetry (e:electron charge, 7 : position operator). In a centrosymmetric mol-
ecule transitions are only symmetry allowed from a symmetric to an antisym-
metric state or vice versa.

In a centrosymmetric molecule the wavefunctions can be split up in a sym-
metric and antisymmetric set regarding the inversion operation. The symmetric
wavefunctions are labeled as nA,, the antisymmetric ones as nB,,. The above se-
lection rule of no transitions within the symmetry subset applies to all direc-
tions. It is impossible to reach a higher A, state from an A, ground state by a sim-
ple one-photon absorption.

In symmetric organic molecules the ground state S is usually an A, state. The
higher states normally alternate in symmetry. There are only few molecules
known, where the 2A, state has a lower energy than the 1B state, as for example
in elongated polyenes [43].

The above consideration influence the complex perturbation expression of
the second-order hyperpolarizability y. The number of involved terms can be re-
duced, leading to a sum-over-states expression of only few terms of interest.

1. With the transition energies in the denominator the magnitude of terms for
higher states drops quickly. Therefore only few excited states have to be con-
sidered. Already two excited states yield a model which often describes the
second-order hyperpolarizability sufficiently.

2. The conjugated molecules are elongated with a much better electron mobility
in the backbone direction than perpendicular to it. The dipole and transition
dipole moments are pointing in this direction (x) with p,, >>p,. ,p2,,.
Consequently, the second-order hyperpolarizability tensor yis dominated by
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the tensor element y,,,,. In the rotational average of one-dimensional (1D)
molecules tensor elements besides y,.,,, can be omitted.

3. For the two-dimensional (2D) conjugated molecules the second-order hyper-
polarizability tensor elements y;;; with an index in z direction (perpendicu-
lar to the conjugation plane) can be neglected with the same arguments as for
the 1D molecules.

4. For a centrosymmetric molecule the terms with a difference dipole moment
Ap vanish, as no dipole moment can occur. The symmetry selection rule be-
tween the A, and the B, states reduces the sum-over-states expression addi-
tionally. For an organic molecule the ground state can be assumed to be sym-
metric and the two lowest excited states to be of different symmetry. In the
following the ground state 1A, is always labeled g =0, the excited 1B, state
with n=1, and the excited 2A, state with n=2. The numbering n does not im-
ply the energy ordering of the excited states. Consequently, the transition di-
pole moment 1, is zero and also these terms do not appear in the sum-over-
states expression.

5. For nonlinear optical molecules with a centrosymmetric backbone but an asym-
metric substitution of the end groups the transition dipole moment p1y, is differ-
ent from zero. The substitution can be regarded as a distortion of the initial
backbone wavefunction. If the distortion is not too large, the transition dipole
moment to the former 24, state is still significantly smaller than to the former
1B, state: |p1p,|<<|pg;]- The py, terms can be neglected with respect to the p,
terms. The terms with the difference dipole moments Apz cannot be omitted.

For a molecule without symmetry reduction the sum-over-states expression for
the hyperpolarizability y can often be modeled within the three level approxi-
mation (the ground state (index 0) and two excited states (indices 1,2 - not nec-
essarily indicating the hierarchy of the energy eigenvalues)). If we assume
|2021<< | po; | for substituted molecules with a centrosymmetric backbone as de-
scribed above, the number of terms reduces leaving only three terms to consid-
er: the negative term N, the dipolar term D, and the two-photon term TP,
which includes the second excited state 2A,. In the static limit one obtains for a
one-dimensionally conjugated molecule

- gi _(ﬂé“;)4 +(ﬂ6‘1)2 (SA;I? )2 +(u6‘1)22(nf‘2)2 9
0 EOI EOI EOIEOZ

:N =D =TP

XXXX XXXX XXXX

2 ) 2
T i
0 0 0



Molecular Design for Third-Order Nonlinear Optics 163

with the figures depicting the involved states and where Ap is the difference of
the dipole moments in the state n=1 and the ground state.

For a two-dimensionally conjugated molecule in solution two different nota-
tions are possible. In the rotational average both notation are equivalent. In the
first one, the permutation symmetry of the spatial indices is sacrified in order to
retrieve simpler expressions of the tensor elements.

2 2
x Y
4 (“01)(”01) L ERARAR B | PGB R

Yaxyy=Vayxy = Vyyax = Vyuyx=
xyy ™ Py = Sy = Wy ™ ¢ Eg Epy EqiEoz
(76)
2 2 2 2 2 2
o| b)) () (o) () ()
Yayyx =717 3 + 3 + 2 » v
& Ej, Ey, Eo1Eoa
2 2 2 2 2 2
4 (;18‘1) (Poyl) (1151) (Alllx ) (Pgl) (’*’IXZ) (78)
Yyxxy =E - B + B3 + 2 [
A o 01 Eg1Eoa

In the second notation the permutation symmetry is maintained, resulting in

Yxxyy = nyxy = nyyx = Yyyxx = nyyx = nyxy

s () ) fame ) o) me) 2 e
Hoi) \Ho1 _,_l Boi) \AH +l Boi \Am +EP01API A pg,
Eg 6 Ey 6 Egy 3 Eg,

(79)

4
&

2 2 2 2
X Y Y X
1(!101) (lllz) 1(P01) (lllz) 2 uX ¥l ul
4 g o S s P01P122P12P01
EoiEoy 6 EgEp 3 Egky

In the above expressions the permutation symmetry in all four spatial indices
is used as feasible outside a resonance and without wavelength dispersion. This
approach is strictly valid in the static limit and a good approximation in the
transparancy range of the nonlinearity.

If the molecule has full centrosymmetry also the dipolar term D, vanishes.
The discussion of the molecules discussed in this work will rely to a large extent
on the above equations of the three level model.
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4.1.2
Bond-Length Alternation

Although not further discussed below, bond-length alternation (BLA) will be
shortly described in the following. BLA has recently been identified as one useful
structural parameter to predict trends for the second-order hyperpolarizability
y (Fig. 18) [44-46]. It is defined as the difference between the neighboring car-
bon-carbon bonds in a molecule. For polyenes with alternating single and dou-
ble bonds, the bond length alternation can be expressed by a single parameter
(BLA). In the following, the hyperpolarizabilities are optimized in respect to this
parameter (BLA). The dependence of &, ,and y on the bond length alternation
(BLA) is schematically shown in Fig. 18 [44]. The whole curve could be also ex-
perimentally confirmed using different solvents and several different molecules
for the first-order hyperpolarizability f and in part for the second-order hyper-
polarizability y [46]. The evolutions of  and y with BLA are first- and second-
order derivative-like with respect to the evolution of a. In principle, the largest
values of y can be obtained for a BLA of 0. Such materials have not yet been iden-
tified except may-be for squaraine dyes [47, 48]. However, there are regions in
which an increase of B is associated with an increase of y.

The bond length alternation approach describes only the position of the mo-
lecular nonlinearities on the BLA axis, but does not give an absolute magnitude
of the curves in Fig. 18. Schemes as conjugation length expansion (see below)
are believed to increase the magnitude of the curves in the bond length alterna-
tion picture.

_ TN
//'

) P
1N

bond length alternation

Fig.18. Schematic illustration of the dependence of a, 8, and y on the bond length alterna-
tion. The dashed lines indicate maximum values of f and y
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An analytical structure-(hyper)polarizability relationship based on a two-
state description has also been derived [49]. In this model a parameter MIX is
introduced that describes the mixture between the neutral and charge-separated
resonance forms of donor-acceptor substituted conjugated molecules. This pa-
rameter can be directly related to BLA and can explain solvent effects on the mo-
lecular hyperpolarizabilities. NMR studies in solution (e.g. in CDCl;) can give
an estimate of the BLA and therefore allow a direct correlation with the nonlin-
ear optical experiments. A similar model introducing a resonance parameter ¢
that can be related to the MIX parameter was also introduced to classify nonlin-
ear optical molecular systems [50, 51].

4.2
Influence of Molecular Substitution

In second-order nonlinear optics, the relationships between the molecular
structure and large first-order hyperpolarizabilities 8 have been well estab-
lished: ideal molecules contain a conjugated backbone with an asymmetric sub-
stitution pattern consisting of a strong electron donor and a strong electron ac-
ceptor endgroup [24, 52, 53]. Further enhancement of the first-order hyperpo-
larizability f has been achieved via replacement of phenyl rings in the conjugat-
ed backbone by heteroaromatic spacers such as thienyl rings [54, 55].

In third-order nonlinear optics, guidelines for the optimization of the second-
order hyperpolarizability y of a molecule have been steadily improving, but the
understanding is far less developed than for 8. Experimental and theoretical ob-
servations have shown that for molecules with an extended conjugation in a sin-
gle direction, asymmetric substitution yields the largest second-order hyperpo-
larizabilities y [56, 57] similar to the case of fin several systems. This issue will
be discussed in this Section for a selection of molecules that is by no means com-
plete.

In polytriacetylenes (Fig. 19) the conjugation across the backbone is weaker
than for polyenes. Conversely, the PTAs are stable under normal laboratory con-
dition and show no degradation over months, which makes them an interesting
candidate for applications. Furthermore, the chemical synthesis allows to have a
well defined number of monomer units and to attach definite functional groups
enabling the study of the structure-property relationships in nonlinear optics.

The PTA oligomers have been substituted with the electron donating dimeth-
ylaniline and electron accepting nitrophenyl either in symmetric or asymmetric
geometry (Fig. 19).In the short substituted PTAs the donor and acceptor groups
have a significant influence on the electronic wavefunctions on the backbone
which is portrayed by the shift of about 100 nm of the absorption spectra to the
red compared to the pure PTA.

The symmetry dependence of the second-order hyperpolarizabilities of PTAs
was first assessed on monomers and dimers with different substitution patterns
(Table 2). The difference of asymmetric and symmetric 1%feometries can be seen
in the three level model Eq.(80). The dipolar term D= pj,Ap? / Ej, only occurs
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D= ON(CH3)2
O

Fig.19. Molecular structure of polytriacetylenes (PTA). The conjugation ends are substi-
tuted by donor (dimethylaniline) and acceptor (nitrophenyl) groups to modify the nonlin-
ear optical properties. The lateral OTBDMS ((tert-butyl)dimethylsilyloxyl) groups serve for
improved solubility in the solvent (typically chloroform)

TBDMSO

Table 2. THG measurements of the second-order hyperpolarizabilities y(-3w, @, @, @) for
substituted monomers and dimers of PTA at a fundamental wavelength of A =1907 nm. € is
the extinction coefficient at the harmonic wavelength of the THG experiment (reference
%) = 1.6x10722 m?*/V?, 10% experimental error)

Substitution n o Ay &3w) | yrae | yrHG
[nm] [I/(cm-mol)]  [1073 esu] (10748 m>/V?]

TMS / TMS 1 296.41+0.1 0 9.2 0.13
TMS/A 1 376.6x1.6 0 51 0.71
TMS /D 1 379.1+£0.1 0 49 0.68
AlA 1 402.9+0.5 0 88 1.23
A/ A (cis) 1 404.3+0.5 0 96 1.34
D/D 1 408.6+0.1 0 123 1.72
D/A 1 450.4+0.9 0 250 3.5
AlA 2 404.3+0.5 0 220 3.1
D/D 2 454.8+0.3 16 430 6.0

for asymmetric molecules and vanishes for centrosymmetric substitution [59].
Therefore the approach to increase the second-order hyperpolarizability is to
break the symmetry by a donor-acceptor substitution.

AP0 AR | o (80)

V= 3 3
& EOI EO] ESIEOZ

The substitution by electron donating and accepting groups clearly enhances
the nonlinearity of the PTA monomers. The single donor and single acceptor
substituted PTA reveal the same second-order hyperpolarizabilities with an im-
provement compared to the unsubstituted monomer of a factor of about five.

From the double acceptor substituted monomer two isomers could be sepa-
rated: the normal trans AA-PTA and the cis AA-PTA. Neither in the absorption
wavelength nor in the hyperpolarizability a significant difference can be seen.
The DD-PTA exhibits a nonlinearity little larger than the AA-PTAs. The asym-
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metrically substituted DA-PTA has a second-order hyperpolarizability about
twice the size of the symmetrically substituted monomers. Concluding, for
monomers the DD-substitution is somewhat better than the AA-substitution but
clearly inferior to the asymmetric AD-geometry. The reason for this trend is the
dipolar term of the three level model in Eq.(80).

In the dimers the DD-PTA reveals a significantly improved second-order hy-
perpolarizability compared to the AA-substitution and nearly matches the yval-
ue of the asymmetric AD-PTA. The established guideline of asymmetric substi-
tution for large nonlinearities almost failed for the PTA dimer. The validity of
this guideline for even longer PTA oligomers can be questioned. The negative
term N =pg,/Ey; and the two-photon term TP=p2 2, /| E3E,, | in the three
level model seem to play a more important role for long molecules compared to
the dipolar term in short molecules. Unfortunately, the synthesis of the asym-
metric trimer has not been possible and a probable failure of the guideline could
not be verified. In contrast, from the double donor DD-PTAs and double accep-
tor AA-PTAs oligomers up to the hexamer and two polymer samples could be in-
vestigated both by THG (1=1907 nm) and DFWM (A=1047 nm) .

The second-order hyperpolarizabilities generally start at larger values for
short oligomers and disclose a peak of the nonlinearity per length at intermedi-
ate backbone lengths. In THG the hyperpolarizabilities y for long PTAs tend to
go to the same saturation as the pure ones (see below). In contrast,in DFWM the
nonlinearities of the symmetrically substituted polymeric PTAs are larger than
for pure ones, which can be explained by the closeness of the two-photon reso-
nance. The magnitude of the nonlinearity for short substituted PTAs is en-
hanced in DFWM when compared to THG, which also indicates an already start-
ing enhancement by the two-photon resonance. However, the phase-sensitive
DFWM experiments could not disclose a phase angle of the complex nonlinear
optical coefficient above the experimental uncertainties.

In conclusion, in short PTAs, Ap in the dipolar term of the three level model
optimizes the value of the second-order hyperpolarizability.

Unlike classical, elongated 7m-conjugated chromophores hydrazone deriva-
tives can basically be divided into two groups since the hydrazone skeleton is not
symmetrical. (Fig. 20) . Type I hydrazones are shown in Fig. 20.If donor (D) and
acceptor (A) are exchanged we obtain different molecules with different proper-
ties, type II hydrazone derivatives. These chromophores, which possess a bent
hydrazone skeleton due to the non-rigid nitrogen-nitrogen single bond can be
considered being formed by two dipolar chromophores e.g. (Donor-Ar-CH=N—)
and (—NH-Ar-Acceptor) connected in a head-to-tail fashion. However, it was
both experimentally and theoretically shown that the charge transfer process
extends from the donor to the acceptor going through the entire hydrazone skel-
eton.

Type I hydrazones can be described as a bis-chromophoric system D-A'-D'-A
where A’ is equal to the azomethine double bond (C=N) and D' is equal to the
central amino group which suggests lower values of in comparison to type II
hydrazones (see below). Also, one expects increasing values of y with increasing
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OO0
A WARAY
D = electrondonor A = electron acceptor

Fig.20. Molecular structure of type I hydrazone derivatives. If donor (D) and acceptor (A)
are exchanged we obtain different molecules, type II hydrazone derivatives

Table 3. THG measurements of the second-order hyperpolarizabilities y for substituted
Type I and Type II hydrazone derivatives in the solvent DMF at a fundamental wavelength
of A =1907 nm. The aromatic ring Ar is either benzene or thiophene (see Fig. 20). ¢ is the
extinction coefficient at the harmonic wavelength of the THG experiment (reference y{3) =
1.6X10722 m?/V2, 10% experimental error)

S—
RN

R1
Substitution R;/R,  yT¢ € yrHe €

[10748 m>/V?] [1/(cm mol)] [10748 m>/V?] [1/(cm mol)]
CH,/CH, 0.26 0.0 0.21 0.0
OCH,/OCH, 0.23 0.0 0.21 -
NO,/NO, 13 - 1.8 -
CH,/NO, 0.87 2.3+0.3 0.95 1.240.1
OCH;/NO, 0.70 2.1+0.2 0.83 6.0x£0.5
NO,/CH; 1.9 1.1+£0.2 2.8 155+4
NO,/OCH;3 1.9 15.5%0.6 - 104050

values of B. This behaviour is fully confirmed by the experimental results
(Table 3) that show larger values of y for the Type II hydrazones in comparison
to the Type I hydrazones: again the asymmetric substitution enhances Apzin the
dipolar term of the three level model and therefore y.

The same strategy to take advantage of the dipolar term was employed in a se-
ries of carotenoids (Fig. 21). Combined third-harmonic generation experiments
and Stark spectroscopic measurements showed that a large difference dipole
moment Ap between ground state and excited state leads to large values of y
[57]. Considerable enhancement in y could be achieved in this way without large
increases in molecular length or volume. This investigations again show the im-
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Fig.21. Structure of the polarized carotenoids where R represents the substitution

be found in Refs. [61, 62]. Moreover, in bithiophene derivatives the same trend
was experimentally deduced [63].

4.3
1-Dvs 2-D Conjugation

Only little has been reported on second-order hyperpolarizabilities yin two-di-
mensionally conjugated molecules. Planar systems as e.g. phthalocyanines have
been studied for two photon absorption which is proportional to the imaginary
part of the nonlinearity y. For planar molecules with a three-fold symmetry, the
importance of charge transfer from the periphery to the center of the molecule
in order to realize large nonlinearities y was reported [65]. Off-resonant DFWM
experiments revealed promising third-order nonlinearities in two-dimensional
phenylethynyl substituted benzene derivatives [66]. Recently, the advantage of
two-dimensional conjugation to increase the values of the first-order hyperpo-
larizability B has also been pointed out [67-69].

Using two-dimensional conjugation the backbone can e.g. be conjugated in
one dimension and the functional groups grafted along another conjugation di-
rection laterally to the backbone. The increased freedom to substitute electron
donating and accepting groups is a fascinating possibility to design tailor-made
molecules [56,71-72].

As an example we can look at tetraethynylethenes in which different conjuga-
tion paths can be distinguished (Fig. 22). Conjugation is either possible directly
through the central double bond or indirectly through cross-conjugation with
two neighboring single bonds. The interactions from the end group R; to Ryand
R, are more efficient than from R, to R,. The substitution along the direct con-
jugation paths should therefore have much more influence on the physical prop-
erties than along the cross-conjugation path.

From TEEs unsubstituted, mono-, di-, tri-, and tetrasubstituted compounds
were synthesized and investigated with third-harmonic generation [56] as well
as electric field induced second-harmonic generation [67]. We here concentrate
on the discussion of monomers of the most intriguing tetrasubstituted mole-
cules and the symmetry dependence of their third-order nonlinearities [72].
Taking two donors and two acceptors three possible geometries can be realized
(Fig. 23). The DDAA(cross)-TEE molecule has a mirror plane perpendicular to
the y-axis, DDAA(cis)-TEE a mirror plane perpendicular to the x-axis, and
DDAA(trans)-TEE a two-fold rotation axis along z.
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Ry=" TOR,

Fig.22. Conjugation paths for tetraethynylethene molecules. Whereas paths (a) are in the
(x,y)-plane paths (b) are only along the x-direction, providing a total of four conjugation
paths along the x-direction but only two along the y-direction. The conjugation along the
so-called cross-conjugation paths (c) is weak relative to paths (a) and (b)

O,N 2mm (Cgv) NO,

DDAA(cross)-TEE

(H3C)2N NO,

O,N 2/m (Can)

DDAA(trans)-TEE

(H3C)2N

NO,

OaN m (Cs)

DDAA(cross)-TEE DDAA(cross)-TEE

Fig.23. Structures of the tetrasubstituted TEEs. Below the molecules the symmetry is given in
international and Schonflies notation. In the upper right corner the different conjugation
paths and the coordinate system are depicted as used in the derivation of the symmetry rela-
tions
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The molecule DDAA(cross)-TEE with one phenyl ring of the acceptor re-
placed by a thienyl ring has a completely broken symmetry in the (x,y)-plane.
The incorporation of a thienyl ring also on the second acceptor yields again the
same symmetry for the DDAA(cross)-TEE as for the DDAA(cross)-TEE with a
mirror plane perpendicular to the y-axis.

Due to the strongly red shifted absorption spectra the THG experiments
had to performed at the fundamental wavelength of y=2100 nm. Only minor
absorptions at the harmonic wavelength occur and the resonance enhance-
ment is still weak and of comparable size for all five tetrasubstituted TEEs.
For the DDAA(cross)-TEE with the absorption band at the shortest wave-
length also a THG experiment at y=1907 nm has been performed. In this case
the harmonic wavelength is only little absorbed with an extinction coefficient
£=430/(mol-cm). The nonlinearity YrTobth =18.610"* m° / V? (1330.10-36 esu) for
the DDAA(cross)-TEE is obtained.

The THG measurement results are summarized in Table 4 together with the
wavelengths of maximal absorption A,,,,.. The values of the nonlinearities can-
not be explained by increasing resonance enhancement: for the molecules
with the phenyl ring on the acceptor, the largest nonlinearity is obtained for
DDAA(cross)-TEE, which has the smallest wavelength of maximal absorption
A a5 @and, conversely, DDAA((trans)-TEE with the largest value of A, ,, shows
the smallest nonlinearity y. The origin of this at first unexpected trend for the
second-order hyperpolarizability lies in the electronic wavefunctions and
their symmetries what is shown below.

The exchange of a first phenyl ring for a thienyl ring in going from
DDAA(cross)-TEE to DDAA(cross)-TEE, while maintaining the same relative
donor-acceptor geometry, increases the non linearity, concurrent with a red
shift of the absorption spectrum. Replacing the second phenyl ring to afford
DDAA(cross)-TEE has a detrimental effect on y, despite a further red shift of
the absorption spectrum. The decreased nonlinearity forthe higher symmetry
molecule DDAA(cross)-TEE, in comparison that of the lower symmetry
DDAA(cross)-TEE, convincingly portrays the importance of lowered symmetry
for large second-order hyperpolarizabilities y.

Table 4. Second-order hyperpolarizabilities y(-3w, @, @, w,)of tetrasubstituted TEE mon-
omers measured by THG at a fundamental wavelength of A =2100 nm. A,,,, is the wave-

length of maximal absorption and ¢ the extinction coefficient at the harmonic wavelength
of the THG experiment (reference )((fi) =1.6-10m %V experimental error 10%)

Molecule Aax £(3w) nyﬂc | yrHe

[nm] [I/(cm'mol)] [10730esu]  [107%8 m>/V?]
DDAA(cross)-TEE 486 920 830 11.6
DDAA(cis)-TEE 533 120 660 9.2
DDAA(trans)-TEE 520 40 370 52
DDAA (cross)-TEE 544 120 1060 14.8

DDAA(cross)-TEE 570 310 910 12.8
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The second-order hyperpolarizability of the tetrasubstituted TEEs are ana-
lyzed with the three-level model of the sum-over-states expression. The rota-
tional average of the second-order hyperpolarizability yMHG (Eq.(49)) in the case

of THG of a two-dimensional, planar molecule is

1
THG
YTOt = g (Yxxxx + Yyyyy + Yxxyy + Yyyxx ) (8 1 )
Y L2 Ry 22
4 (Pm) (Pm) (A]'ll ) (Pm) (Plz)
Xxxx — S_ - 3 + 3 + 2
o| En Ey, EgiEp, (82)
= Nxxxx = Dxxxx = Tpxxxx
¥,y 1s analogous

2 2 2 2 2 2

4| (1) (uoyl) (1) (Aply ) (1) (ulyz)
Yayyx =71~ 3 + 3 + > (83)
& EOl EOI EOIEOZ

For TEE molecules the dipolar terms in the three level model are of special in-
terest as they contain the difference dipole moment Ap; which vanish perpen-
dicular to a mirror plane. The dipolar contribution yy, to the overall nonlinearity

18
. (Péﬁ)z (Apf‘ )2 +(ﬂ31)2 (Aply )2

__ 4 (84)
3 1 2 2 2 2
5¢,Eq1 +§{(p5“1) (Aply) +(p0yl) (Apf‘)+4P8‘1APf‘AP1yP31}

145)

For a forbidden dipole moment in x or y-direction the dipolar contribution is
reduced to

yo(ap=0)= - ‘;3 {(pgl)z (Ap{ )2 +§(],1861)2 (Aply )2} (85)
001

ol o) o 2 e |
001

and can be used to rationalize the observed trend in the above series.

In Table 5 the allowed dipole moments in the (x,y)-plane are listed and the
consequences for the dipolar contribution to the overall nonlinearity. For the
DDAA(cross)-TEE the dipoles in the y-direction are symmetry forbidden and
only the Ap* terms can contribute. In the case of DDAA(cis)-TEE only the terms
with the Ap are different from zero. As only two direct conjugation paths lead
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Table5. Symmetry allowed dipole moment components Ap in the (x,y)-plane for the tet-
rasubstituted TEEs. The number of terms in the numerator of the dipolar contribution yp,
is consequently reduced

Molecule Allowed dipole Terms in dipolar contribution Yy
DDAA(cross)-TEE Ap* (;16‘1)2 (Ap’l‘)z,(pgl)2 (Ap’l‘)2
DDAA(cis)-TEE AP (1) (Ap)2, (3 (Ap)?
DDAA(trans)-TEE - -

DDAA(cross)-TEE At A all

DDAA(cross)-TEE Ap* ()2 (AE)2, (1) ))* (ApD?

in the y-direction compared to four in the x-direction the dipolar contribution
in the DDA A(cross)-TEE is larger than in DDA A(cis)-TEE, explaining the larger
second-order hyperpolarizability of the cross TEE.

The two-fold rotation axis perpendicular to the (x,y)-plane of the
DDAA(trans)-TEE prevents any dipole moment in the plane. Consequently the
dipolar contribution vanishes totally and the nonlinearity of DDAA(trans)-TEE
is the smallest although it shows the largest value of A, (Table 4).

By introducing the thienyl ring instead of the phenyl ring for the
DDAA(cross)-TEE the symmetry in the (x,y)-plane is completely broken and all
terms in the numerator of Eq.(81) occur. The dipolar contribution is not sym-
metry reduced and therefore DDAA(cross)-TEE exhibits the largest nonlinearity
(Table 4).

The second thienyl ring in the DDAA(cross)-TEE again introduces the mirror
plane perpendicular to the y-direction and only Ap* contributes to the dipolar
term. The overall second-order hyperpolarizability is consequently decreased
compared to DDAA(cross)-TEE but nevertheless larger than for the
DDAA(cross)-TEE due to the superior influence of the thienyl moiety on the
nonlinearity compared to phenyl (Table 4).

With the above symmetry considerations one can explain the unexpected
trend in the tetrasubstituted TEE series by the molecular symmetry elements
without knowing the wavefunctions themselves. It was assumed that the dipolar
term dominates and that the negative and two-photon term are of secondary im-
portance. As all the nonlinearities of the tetrasubstituted TEEs are positive the
negative term can assumed to be small.

For a small molecule with strong donor-acceptor substitution and charge
transfer character, the difference dipole moment Ap is large and the dipolar con-
tribution can be assumed to dominate the two-photon term.

In conclusion, for small TEE molecules low two-dimensional symmetry en-
hances the second-order hyperpolarizability without a concurrent redshift of
the absorption spectra. The lowering of symmetry is not only important for one-
dimensional molecules but also for two-dimensional ones.
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4.4
Conjugation Length Expansion

Another issue under investigation is the evolution of the second-order hyperpo-
larizability upon elongation of the m-electron path in a molecular backbone.
Measurements and quantum-chemical calculations provide an empirical power
law of the second-order hyperpolarizability y versus conjugation length (or the
number of monomer units #) in short oligomers .

yecn? (87)

For longer chain lengths, this power law saturates and reaches a linear increase
versus elongation.

In the following we will first discuss examples of polytriacetylenes (Fig. 19)
and then compare these results with the ones of other molecular structures.
Monomers of polytriacetylenes with the three neutral end groups TMS (trimeth-
ylsilyl), TES (triethylsilyl), and TIPS (triisopropylsilyl) have been investigated.
By deconvolution of the absorption spectra assuming Gaussian line shapes the
wavelengths A, for the absorption process from the ground state to the zero vi-
brational mode of the lowest excited state are obtained as described below.

The three monomers yield similar small values of y with a deviation that is
nevertheless larger than the experimental 10% error bar. The increase in the
nonlinearity is concurrent with a shift in the absorption spectra to slightly long-
er wavelengths. The end groups can act as a very weak donor, with the donating
effects smaller for TMS than TES and TIPS.

The pure TMS and TES polytriacetylene oligomer series were investigated in-
cluding a polymer sample. The different end groups in the polymer have a neg-
ligible influence on the molecular property as the PTA backbone is long enough
to dominate the molecular properties.

In pure PTA, the absorption bands are shifted to longer wavelengths and the
extinction coefficients are increased (Fig. 24).

To determine the excitation energy of the lowest electronic level the contribu-
tions in the absorption spectrum from transitions to different vibrational modes
of the excited state have to be separated. In the deconvolution of the absorption
spectra Gaussian line shapes are assumed for the transitions to the different vi-
brational levels. The analysis leads to the transition wavelength A, for the exci-
tation from the ground state to the zero vibrational level of the excited state.

The transition energies Ej =hc/A,, decrease inversely proportional to the
number of monomer units as depicted in Fig. 25. For the long polymer samples
the 1/n behavior levels off with a saturation at E;;= 2.58 eV. The critical conju-
gation length for saturation is between eight and ten monomer units.

The THG experiments of the pure PTA (TMS) series show a power law in-
crease of the second-order hyperpolarizability with an exponent a=2.52+0.10
for the oligomers n=1 to 6 . The polydisperse PTA polymer samples exhibit a
constant second-order hyperpolarizability per monomer unit of y/n=4.1x10"4
m>/V? (3001073 esu) indicating an only linear increase for longer PTAs. The
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Fig.24. Absorption spectra of the pure PTA series with TES end groups. The spectra shift
with increasing conjugation length to the red part of the spectrum until around ten mono-
mer units with a peak wavelength around 440 nm. The DFWM and THG experiment are
performed outside the resonance
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Fig.25. Transition energy E,; from the ground state to the lowest excited state vs. the in-
verse number of monomer units. The transition energies Ey; drop with 1/n until a satura-
tion level is reached (dashed line). The critical conjugation length for the saturation is be-
tween eight and ten monomer units

change of the power law to the linear increase is around ten monomer units.
With this pure PTA series it was not yet possible to investigate in detail the re-
gion of the actual saturation.
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Fig.26. Power law scaling of the second-order hyperpolarizabilities as a function of the
number of monomer units for the pure (TES) PTAs. Data from THG, DFWM, and quantum
chemical calculations (VEH/SOS) are given and follow the same general trend with the
power law exponents close together

With the second pure PTA (TES) series longer oligomers with n=8, 12, 16
could be measured and the onset of the saturation covered (Fig.26) [74]. The
power law for short oligomer shows an exponent of a=2.46+0.10 in good agree-
ment with the first pure PTA (TMS) series. The saturation is again around ten
monomer units. The change from the power law to the saturated nonlinearity
per number of monomers reveals to be smooth.

The nonlinearities measured by DFWM reveal a smooth saturation of the sec-
ond-order hyperpolarizability around ten monomer units as well (Fig. 26). Be-
low the saturation, the experiments show a power law dependence of the second-
order hyperpolarizabilities with an exponent a=2.64+0.20. Comparing the ex-
ponents for DFWM and THG, the difference is small and within the experimen-
tal error. The absolute values of the second-order hyperpolarizabilities are sim-
ilar with an increasing deviation for longer PTAs.

The slightly larger exponent in the power law for DFWM compared to THG
can be explained by the fact that the resonance is closer in DFWM than in THG
(Fig. 24). This also agrees with the tendency of yielding larger differences in the
hyperpolarizabilities measured by the two techniques for longer PTA oligom-
ers.

In DFWM vibrational contribution can add to the electronic part of the sec-
ond-order hyperpolarizability measured by THG. For the measurements of the
short PTAs far from any resonance the same values by both techniques were ob-
tained which would indicate that this vibrational contribution is small relative to
the electronic one.
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The increase of second-order hyperpolarizabilities upon backbone elonga-
tion has also been evaluated by quantum chemical means by the Brédas group
[74]. With a valence effective Hamiltonian approach (VEH/SOS) the parameters
in the sum-over-states expression are evaluated leading to the second-order hy-
perpolarizabilities y of the molecules. With the VEH/SOS approach the descrip-
tion of larger molecules is feasible, which means in the case of PTA molecules
longer than the tetramer.

The conjugation length evolution of the VEH/SOS-calculated static y values
can be described by a power law with an exponent a=2.34 for PTA oligomers
containing 5 to 8 monomer units. The calculated nonlinearities deviate from the
power law beyond n=9-10, thus indicating the onset of a saturation regime. The
quantum chemical calculations are in good agreement with the measurements
and support the experimental findings.

We can compare these results with previous experiments where information
of the saturation regime itself is, however, missing. Experiments on unsubstitut-
ed polyenes give an exponent of a=2.5 from THG [75] and a=3.0 from electric
field induced second-harmonic generation (EFISH) measurements [76]. The
saturation regime was published first to occur at 120 carbon-carbon bonds [75]
but was lately corrected to about 60 bonds [77], which is in good agreement with
the conjugation limit for PTAs.

The second-order hyperpolarizabilities in oligothiophenes measured by THG
showed an exponent a=2.8 [78]. DFWM and EFISH data revealed an exponent a=
4.05 [79] and a=4.6 [80], respectively, for these oligomers. These larger exponents,
however, can be explained by a two-photon resonance enhancement in the DFWM
and EFISH experiments.

The second-order hyperpolarizabilities of a series of oligothienyleneethynylenes
were measured by THG at two different wavelengths. At the fundamental wave-
length A=1064 nm an exponent a=3.66 [81] was found, with the harmonic wave-
length in resonance. At A=1907 nm a smaller exponent a=2.4 [82] was determined.
The saturation regime was reached for these oligomers at 60 linearly conjugated
carbon-carbon bonds.

We can conclude that the exponent a thus tends to be around 2.5 for various ol-
igomers in the transparency range. In the presence of two- or three-photon reso-
nances, the measured exponent increases. The critical conjugation length of 60
bonds seems to be a collective limit for conjugated polymers. In polyenes the con-
jugation is believed to be much more efficient but nevertheless the saturation oc-
curs in the same elongation range as for PTA, polythiophenes and other polymers.
Saturation of ywas also observed in a series of symmetric cyanines [83].

About the physical origin of the exponent 2.5 and the collective critical conjuga-
tion limit of 60 bonds can be speculated. The electronic wavefunctions of the -
electrons seems to extend over maximal 60 bonds. The reason for the loss of elec-
tron coherence from one end of the backbone to the other for long molecules might
be electron-phonon scattering on the molecular vibrations [84]. For metals elec-
tron mean free paths on the same length scale as our critical conjugation length are
obtained at room temperature which may be supporting the above hypothesis.
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4.5
Two-Photon Absorption

Up to now we have concentrated on the real part of the third-order susceptibility
which is related to the nonlinear refractive index. Until recently, no guidelines
for an optimization of the two-photon absorption cross-section § (Eq.(51)) were
available. Thorough investigations both theoretically and experimentally then
lead to important design guidelines. Summaries of various approaches can be
found in Refs. [8,41,85-90]. In the case of efficient two-photon absorption at A=
800 nm the following general optimization rules emerged [85]:

- the conjugation length should be extended

- the planarity of the chromophores is important

- the m-donor strength should be increased

- the conjugation bridge should be modified

- more polarizable double bonds should be used

Prototype examples of molecules that were developed based on these criteria are
shown in Fig. 27. Huge effective two-photon absorption cross-sections with val-
ues close to 12,000x107>° cm*s/photon were obtained with ns pulses. Since the
two-photon absorption cross-section was determined at a single wavelength
and only with ns pulses excited state absorption may also have contributed to
the observed large effects. Detailed studies on heterocyclic chromophores re-
vealed that the molecular environment also plays a role on the two-photon ab-
sorption properties if excited state absorption is present [91].

In the following we will specify similar guidelines that were developed by oth-
er researchers in more detail since the results are related to the work discussed
above. Just as in the case of the real part of y® it was realized that functionali-
zation with electron donors and acceptors greatly improves & [41]. Several strat-
egies to enhance § appeared both from theoretical modeling and detailed exper-
imental investigations and are summarized below:

- A symmetric charge transfer and a change of the quadrupole moment appear
to be important.
- An increase in conjugation length leads to improved values of é.

g e g gQ

e
K, R, 2 Ry
heterocyclic | polarizable heterocyclic heterocyclic polarizable heterocyclic
Tr-electron T-electron r-electron T-electron -electron T-electron
acceptor bridge acceptor donor bridge acceptor

Fig.27. Prototype examples of highly two-photon active dyes. R;-R; represent molecular
units suitable for substitution
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- Donor-acceptor-donor and acceptor-donor-acceptor compounds are promis-
ing for large values of 6.

- Noncentrosymmetric molecules with strong donors and acceptors can also
lead to large values of 4.

It was found that the maximum of two-photon absorption shifts to longer
wavelengths with increasing conjugation length and symmetric charge trans-
fer. If the molecules are also fluorescent they become of great interest as fluo-
rescent probes for two-photon microscopy. Selected molecules are given in
Table 6. All compounds are from Refs. [8] and [41]. The two-photon absorp-
tion cross sections of these molecules were measured using the two-photon
fluorescence excitation method with nanosecond and femtosecond laser puls-
es. In both cases, measurements were performed using fluorophore reference
standards. Generally, the ns measurements were in good agreement with the
ones using fs pulses. § can be significantly increased by conjugation length ex-
pansion (compare molecules 3,4, and 5 with 2 (Table 6)). Donor-acceptor-do-
nor and acceptor-donor-acceptor compounds have enhanced values of 6 (com-
pare bis-1,4-(2-methylstyryl)benzene with & of 55x107>° cm®*s/photon with
molecules 6 to 9 (Table 6)). The peak position of the two-photon absorption is
significantly shifted to longer wavelengths on conjugation length expansion
and an increase of the symmetric charge transfer. Some of the molecules in
Table 6 also have large fluorescence quantum yields and might therefore be of
large interest as fluorescent probes. Molecule 10 is the results of an attempt to
introduce heavy atoms (here bromine) with a large spin-orbit coupling to al-
low more efficient intersystem crossing from the S state to the lowest excited
triplet state, T, therefore creating two-photon absorbing molecules that could
be used as efficient triplet sensitizers. Its fluorescence quantum efficiency in-
dicates strong intersystem crossing.

It was also noted that the two-photon absorption peak generelly occurs at
shorter wavelengths than twice the one-photon absorption peak. This obser-
vation indicates that the two-photon state is energetically above the lowest
one-photon state.

A further approach to enhance two-photon absorption deals with donor-ac-
ceptor substituted compounds [87] (Fig. 28). An optimization can be achieved if
the chromophore is designed for maximum values of the first-order hyperpo-
larizability  and for two-photon absorption into the lowest excited state S;. A
second possibility is to consider two-photon absorption into the second excited
state S, and to optimize the molecule for large linear absorption at the same

(H3C)2N
o

donor acceptor

Fig.28. Structure of the noncentrosymmetric molecule that was theoretically analyzed for
the optimization of the two-photon absorption cross-section §
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time. This double resonance potentially leads to huge values of 6 with the obvi-
ous drawback of substantial linear absorption although it was noted that this
drawback may be circumvented by the use of cyanine molecules with their ex-
tremely sharp absorption lines [8]. Detailed experimental analysis of noncen-
trosymmmetric dyes have also been performed with emphasis on the spectral
dispersion of two-photon absorption. For the case of e.g. Disperse Red 1 a two-
level model was shown to be sufficient to describe the dispersion [92].

Independently, PPV oligomers were also studied by Spangler and coworkers
with the aim to develop highly efficient chromophores for optical limiting
(Fig. 29) . Huge values of effective two-photon absorption cross-sections exceed-
ing 8,000x107>° cm*s/photon were obtained with ns pulses making use of ‘bi-
mechanistic’ optical limiting (two-photon absorption and reversible saturable
absorption).

Recent theoretical work on two-dimensional charge transfer molecules con-
taining cumulene moieties indicate that just as in the case of the real part of the
third-order susceptibilities (see Sect. 4.3) two-dimensionality can also increase
the imaginary part [89] and lead to large two-photon absorption in the visible
spectral region (Fig. 30). Donor-acceptor substituents further increase § in the
visible range.

In a further study the same authors investigated two-photon absorption in
five-membered heteoaromatic oligomers with special emphasis on conjugation
length expansion [88, 90]. The calculations reveal structure-property relations
with a power law dependence with respect to the molecular length of 6 prop. L?
and a varying between 4 and 7 for the investigated molecules. For longer oli-
gomers this power law changes towards a linear increase. The general behaviour
is in agreement with the conjugation length expansion results of Sect. 4.4. The
larger values of a found in the two-photon absorption also confirms that the in-
crease of a that is experimentally found in third-harmonic generation when two-
photon absorption becomes important is due to that effect.

CeHis

%

Fig.29. Two molecules with excellent effective two-photon absorption cross-sections. The
increased values (6670x107>° cm*s/photon for the molecule on the left and 8180x10->°
cm*s/photon for the one on the right) in comparison with similar molecules of Table 6 in-
dicates that they are enhanced by excited state absorption. The molecule on the right has a
large potential for optical limiting in the wavelength range from 675 to 800 nm
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S
Rl ! R3

)
_ R4

Fig.30. Structure of donor-acceptor substituted molecules with two-dimensional charge
transfer. R and S denote the positions of the substituents which are NH, for the donor and
NO, for the acceptor

5
Concluding Remarks

We have discussed recent developments in the molecular design for third-or-
der nonlinear optical applications. The following optimization guidelines can
be derived from the above discussions.

1. For small molecules the asymmetric substitution with strong donors and
acceptors leads to the largest nonlinearities. This applies to one- and two-
dimensionally conjugated molecules.

2. The conjugation length expansion increases the second-order hyperpo-
larizability as good as donor-acceptor substitution with the advantage of
better transparency in the visible and infrared spectra.

3. Two-dimensional conjugation is superior to the one-dimensional one and has
the additional advantage of increased freedom to attach functional groups.

4. For any application, resonant contributions to the second-order hyperpo-
larizability have to be strongly avoided. It is possible to retrieve huge values
in the two-photon resonances but they are useless if all-optical signal
processing applications are in mind.

In the following we will discuss the materials properties with respect to the rel-
evant figures of merit.

The third-order susceptibilities of glasses are small but due to their excel-
lent transparency the figures of merit are nevertheless fulfilled (Table 7) and
are actually superior to semiconductors and organics. The main drawback are
large interaction lengths, which are necessary for a nonlinear phase shift of the
order of 271. Fiber loops of typically tens of centimeters to meters are required,
making an integrated design impossible and limiting the application possibil-
ities of glasses.

Normal fused silica fibers show among the best figures of merit but need long
fiber loops for switching. The incorporation of heavy ions (e.g. lead silicate) in-
creases the nonlinearity but also the absorption. The figure of merits are worse
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Table 7. Figures of merit for glasses and semiconductors

Glasses and Agap  Maser 1 a a, I(W>1) T! Ref
semiconductors [nm] [nm] [cm?%GW] [1/cm] [cm/GW] [GW/cm?]
Si0, - 1064 2.74x107 5x107° - 0.002 >>1 [11]
Lead silicate, - 1064 2.2x107% 5x1073 7.2x10% 0.2 30 [99]
Pb:SiO,
Pb/Bi/Ga-glass, - 1064 1.25x107° 0.012 - 0.1 - [100]
RN (Corning)
Chalcogenide, - 1303 4.2x10~°  0.015 <0.16 0.05 >2 [101]
As.3850.62
1552 9.3x107°  0.002 <0.16 0.03 >0.4
GaAs 870 1064 -3x10* 1 25 0.4 0.1 [102]
Aly,GaggeAs 790 810 -3x10° 16 20 0.45 2 [103],
[104]
850  -3x10* 0.5 20 0.15 0.2
Al 13Gag g)As 750 1555 1x10* 0.1 <0.1 0.15 >6  [105],
[106]
In, ;,Gay ,3As - 1530 -3.2x1073  active material - - [107]

than for fused silica but still sufficient. The fiber lengths can be reduced from
meters to centimeters.

The lead-bismuth-gallate glass RN (40% PbO, 35% BiO, 5,25% GaO 5) exhib-
its a large nonlinear refractive index. An even larger nonlinearity exhibit the
chalcogenide glasses, which have the absorption band shifted far to the red (~
650 nm). In order to keep out of the two-photon resonance, the measurements
have to be performed at longer wavelengths. As all-optical switching application
are most interesting for the telecommunication wavelength regions at 1300 nm
and 1550 nm, the red shifted spectrum is not disturbing. The two-photon figure
of merit T-! is only slightly larger than one for 1300 nm and already below one
at 1550 nm, questioning the suitability of chalcogenide glasses for real devices.

In semiconductors, nonlinearities induced by absorption as band filling ef-
fects and exciton bleaching lead to large negative nonlinear refractive indices for
photon energies just below the energy band gap E,,, (Table 7). The concurrent
linear absorption is large, depleting the light in a waveguide strongly. For linear
absorption coefficients a, of the order of 10 cm™! the laser power is absorbed in
the first millimeter of propagation, leading to heating of the waveguide material
unless very short pulses are used. The use of semiconductors just below the
bandgap without amplification is therefore doubtful.

A further disadvantage of using absorptive effects in semiconductors is the
recovery time of the excited electrons which are responsible for the large nonlin-
earity. Recombination times of typically 100 ps to some nanoseconds limit the
repetition rate of the switching severely.
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Going to longer wavelengths further away from the band gap, the two-photon
figure of merit T~! drops below unity until the photon energy is half the band
gap. Below half the band gap, the two-photon figure of merit T-! remains larger
than one, providing an interesting spectral region for all-optical switching. For
even longer wavelengths the three-photon figure of merit can also play a role.

The semiconductor Al 13Ga, g,As with a band gap Ag,, =750 nm is designed
for operation at the telecommunication wavelengths around 1550 nm. The two-
photon figure of merit is fulfilled and the intensity requirement I(W >1)=0.15
GW/cm? from the one-photon figure of merit is reasonable. Operation of all-op-
tical switching based on the approach to work below half the band gap have been
demonstrated .

A possible way to become independent of the figures of merit W, T-! related
to absorption is the application of the semiconductors not only as a nonlinear
material but also as an amplifier. The depletion of the laser beam is compensated
by the active material, which is pumped either optically or electronically. The
large nonlinear refractive indices shown in this approach are quite promising for
all-optical signal processing (In, ;;,Ga, ,3As in Table 7).

Similar to semiconductors, polymers show the best figures of merit below half
the absorption edge. At shorter wavelengths the two-photon absorption is too
strong resulting in a two-photon figure of merit T-! close to or below unity. With
the exception of the values at 800 nm for PPV (Fig. 15) and at the 1064 nm for
DANS (4-dialkylamino-4'-nitro-stilbene) and DAN2 (4-dialkylamino-4'-nitro-
diphenylbutadiene), all materials in Table 8 were obtained below half the ab-
sorption edge.

The polymers can be divided in two subgroups: the pure polymers with the
backbone as the active unit itself and the chromophore polymers with the active
molecule as a guest in the host matrix or laterally attached to the polymer back-
bone.

Polydiacetylene (PDA, Fig. 15) can be processed in different forms. In the PTS
polydiacetylene crystal, the crystallized monomers are polymerized in the solid
state by UV-light. The two-photon figure of merit is larger than for any other
polymer or semiconductor. A Mach-Zehnder type all-optical switch with a non-
linear phase shift larger than 1thas been demonstrated in a two millimeter long
waveguide [94]. The main problem to overcome are the scattering centers and
cracks induced by the solid state polymerization. Unless a reproducible tech-
nique to create low scattering waveguides is found, the application of PTS single
crystals is questionable. The solution processed 4BCMU polydiacetylene exhib-
its forty times smaller nonlinearities than PTS. This can be explained either by
the different side groups, the intermolecular ordering or defects that arise from
the polymerization of 4BCMU. The figures of merits with T-! close to unity are
similar to other polymer systems. The waveguide production is easier than for
PTS but the linear absorption is nevertheless dominated by scattering from
waveguide imperfection [95].

The most advanced polymer with respect to structuring is polyphenylenevi-
nylene (PPV, Fig. 15) which exhibits suitable figures of merit just below half the



186 U. Gubler, C. Bosshard

absorption edge. The waveguide production is well established and the interest-
ing wavelength region compatible with standard semiconductors lasers. PPV
(e.g. DPOP) with different side groups have shown sufficient figures of merit and
also copolymers (e.g. RCo 52) with other monomer units have satisfactory prop-
erties.

The side-chain polymers DANS and DAN2 exhibit two-photon figures of mer-
it T-! below unity at 1064 nm as the nonlinearity is still in a two-photon reso-
nance. At 1319 nm the two-photon resonance is left for DANS and the figures of
merit are fulfilled. A nonlinear phase shift of ¢,;=0.5min a 1.65 cm long Mach-
Zehnder interferometer was demonstrated [96].

Waveguides of the chromophore main chain polymer PSTF66 have been
measured, disclosing also a too large two-photon absorption for applications.

For the comparison with the materials discussed just now the nonlinear re-
fractive indices of PTA and TEE can be estimated. These estimations lead to val-
ues comparable with PPV and other polymers measured outside resonance re-
sult (Table 8).

Since we have focussed on direct third-order nonlinearities the interesting
concept of cascading of second-order nonlinearities to generate nonlinear
phase-shifts [2, 3,97, 98] are not discussed in this review.

In the last few years major contributions to the understanding of the relation-
ships between the molecular structure and the third-order nonlinear optical

Table 8. Figures of merit of polymers.(*assuming linear absorption for a typical polymeric
waveguide outside resonance)

Polymer Mlaser 1, o o, (w>1) 1! Ref.
[nm] [cm?/GW] [1/cm] [cm/GW][GW/cm?]
PTS (PDA) 1600 2.2x1073 <0.8 <0.5 0.06 >30 [108]
4BCMU (PDA) 1320 4.8x107 1.8 <025 5 >1.5 [95]
PPV 800 1072 1* 80 0.008 1.6 [109],
PPV (DPOP) 880-920 1x107° <0.35  0.07 3.2 1.6 [110]
970 1x107 <0.35  0.01 3.4 10
PPV (RCo52)  880-920 2x107 <0.35  0.15 1.6 1.5
970 2x107 <0.35 0.06 1.7 3.4
PSTF66 1550 2.8x107 1.5 0.81 8 0.2 [111]
DANS 1064 7x10 2.5 1.5 4 0.4 [112],
1319 8x107° 0.4 0.08 0.7 7.5 [96]
DAN2 1064 1.9x1074 4 2 2.2 0.9 [112]
PTA 1907 2x107 1* - 10 - this
work
TEE 1907 1.5x107 1* - 13 - this

work
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Fig.31. Expectations in a scientific topic over time. After an initial euphoria and large ex-
citement the exaggerations of this first period and the technological challenges lead to a dis-
illusionment. Persistent scientific work solves and overcomes a part of the problems result-
ing in an asymptotical rapprochement to reality. No time scale is given and the asymtote or
reality is always above the origin

properties of organic molecules have been achieved. However, how far are we on
the road to an organic all-optical switch?

The state-of-the-art can best be discussed by a general “scaling law of expec-
tation”, which is observed in many scientific areas with a technological focus
(Fig.31).

In the mid 1980s, conjugated polymers were a hot topic in nonlinear optics.
Many people promoted third-order nonlinear optics based on conjugated poly-
mers and predicted their incorporation in future all-optical applications. How-
ever, the disillusionment came during the beginning of nineties when it was re-
alized that it will not be so easy to have all required parameters under control.
The initial hopes did not fulfill on the short time scale and quite some problems
were left to be tackled.

In recent years, with the developments in laser technology and the advanced
skills and tools in synthetic organic chemistry new approaches and experiments
allowed to steadily improve the knowledge about organic molecules in nonlinear
optics. The slope of the improvements is not as steep as in the beginning but def-
initely positive.

With today’s continuous-wave modulation techniques in telecommunications
the necessary nonlinearities are very difficult if not impossible to achieve. How-
ever, for other transmission schemes (e.g. solitons) and new potential concepts
the development of organic materials fulfilling the requirements imposed by ap-
plications may is possible.

To further improve the materials the collaboration between physics, chemis-
try,and material science is of central importance and only a mutual understand-
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ing of the limiting factors in each field will drive the topic closer to possible ap-
plications. The possible multi-functionality of polymers is after all one of the ex-
citing advantages that organic materials have to offer.
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Abstract. This article reviews mainly the results of our recent research on the relationship
between the structure and the luminescence properties of PPV derivatives. PPV derivatives
are particularly useful in an effort toward the establishment of such relationship because
their chemical structures can be manipulated very systematically. Attachment of a wide va-
riety of substituents, inclusion of kinky structural units, modification of main chain struc-
tures by inclusion of hole- and/or electron-transferring structures, and blending of poly-
mers having different optical and electronic properties are representative approaches. The
device characteristics of the light-emitting diodes (LEDs) fabricated from these polymers
are discussed in relation to their structures. In certain cases, their photoluminescence (PL)
properties are compared with their electroluminescence (EL) properties.
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1
Introduction

The potential for making large area multicolor displays from easily processible
polymers has driven much of the recent research in the area of polymer light-
emitting diodes (LEDs) [1-3]. The polymer LEDs have many advantages com-
pared with inorganic LEDs. One of the important advantages over inorganic
LED lies in the easy construction of polymer LEDs enabling the fabrication of
displays in a variety of unusual shapes. Other advantages include the ability to
provide colors which span the visible spectrum by altering the T-Tt* energy gap
through controlled change of molecular structure or introduction of various
substituents such as electron-donating and electron-withdrawing groups [4-8].

Since the first report of the polymer LED based on poly(1,4-phenylenevi-
nylene) (PPV) by the Cambridge group [2,9], a number of different polymers
have been synthesized and extended efforts have been made to obtain high-per-
formance devices from polymeric materials. Polymer LEDs have a low operating
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voltage, relatively high quantum efficiency, mechanical strength, amorphous
properties and color tunability. Color tuning for multicolor applications can be
achieved by modifying chemical structures by varying synthetic routes [10,11].
The processibility of polymers for the fabrication of devices also gives an advan-
tage over inorganic semiconductors. With soluble conjugated polymers in or-
ganic solvents, direct casting or spin coating is possible, which simplifies device
fabrication. In addition, established techniques for the solution deposition of
polymer thin films can be exploited to develop methods for manufacturing large
area information displays based on this technology.

In this article, we focus briefly on the topics related to light-emitting proper-
ties using PPV and its derivatives including related conjugated polymers. The
contents consist of the synthetic chemistry of the several important conjugated
polymers used for EL generation and their light-emitting characteristics-poly-
mer structure relationships. Working principles and device structural design as-
pects of the LEDs made of conjugated polymers will be discussed, and finally the
outlook in this area is mentioned in the last section.

1.1
Synthesis of PPV Derivatives [12, 13]

PPV derivatives can be prepared by water-soluble precursor route [14-16] in-
volving sulfonium polyelectrolyte or organic-soluble precursor route [3,17, 18]
involving alkoxy substituted non-ionic form, respectively. The representative
synthetic pathways for PPV derivatives are shown in Scheme 1.

PPV derivatives synthesized by the precursor route show very high molecular
weight, but have problems of insolubility. Therefore, a nonconjugated polymer
with good solubility and processing properties is used as an intermediate or pre-

R4

@ HCHO, HX
s
R> R ‘ 7 R4
——— XH.C CHX ——— [)s*—CH2 CH, SO
R MeOH ] »
1 X X
NCS or NBS Ra Ra
HaC CHy ———
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R2

Ry

NCHp-CH—t T
H:0 =/ L

Ry
oH L R ¢ 7 An
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o
oe - Ri . A
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— CHy~CH—F  ———
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Scheme 1. Synthetic routes of PPV derivatives
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ethylhexylbromide HCI/HCHO
- . —— = CHJC CH,CI
KOH / MeOH Dioxane
H,CO H,CO H,CO
05_/_/
t-BuOK
N
THF n
H,CO

Scheme 2. The monomer synthesis and polymer structure of MEH-PPV by dehydrohalo-
genation reaction

cursor. The precursor polymer can be purified, characterized in terms of molec-
ular weight, and fabricated into the desired forms prior to conversion to the final
structure. In particular, fully dense films with various thicknesses that are suit-
able for most experiments may be obtained readily either in free-standing films
or spin-coated forms on a suitable substrate. And then, the coated film can be
easily transformed into a fully conjugated polymer by thermal elimination tech-
nique.

Generally, PPV and its derivatives are not soluble in polyconjugated form be-
cause of their high rigidity, so there have been many efforts to develop organic-
soluble conjugated polymers in the polyconjugated forms. In 1992, Heeger’s
group reported synthesis of organic soluble poly[2-methoxy-5-(2-ethylhexy-
loxy)-1,4-phenylenevinylene] (MEH-PPV) [3]. Polyconjugated MEH-PPV is sol-
uble in common organic solvents such as methylene chloride, THF and cy-
clohexanone, etc. Therefore, MEH-PPV is much more easily processible into
thin-films. The monomer synthesis and the polymer structure are shown in
Scheme 2.

Another famous synthetic method of conjugated polymers is Wittig conden-
sation reaction. Even though the molecular weights of the polymers synthesized
by Wittig polycondensation reaction are not high (10,000 more or less), many
conjugated polymers are prepared by this method because organic-soluble pol-
ymers can be readily obtained by reacting bisphosphonium salt with dialdehyde
monomer. Scheme 3 shows the preparation method of PPV derivatives by this
method.

And also, conjugated polymers can be prepared through Heck’s coupling be-
tween dihalide monomer and divinylbenzene monomer. This coupling reaction
is very useful when the synthesis of dialdehyde monomer and bissulfonium or
bisphosphonium salt monomer is difficult or impossible. But Heck’s coupling
has a problem in that very often the preparation of divinylbenzene monomers is
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Scheme 3. Synthetic route of PPV derivatives by Wittig condensation
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Scheme 4. Synthetic route of PPV derivatives by Heck’s coupling

quite difficult. Scheme 4 shows a chemical equation for the preparation of con-
jugated polymer.

2
Optical Properties of Simple PPV Derivatives

2.1
UV-vis Absorptions

Typical absorption spectra of some of the PPV derivatives are shown in Fig. 1.
The absorption maximum of the fully converted PPV film is red shifted from
that of precursor polymer. In comparison with the theoretical energy dispersion
based on the Ttband structure, the T-Tt* transition corresponding to the band
gap is assigned at 420 nm for PPV. The shape and peak position of the lowest en-

-u
5
i
=
<

L

Absorbance (a.u.)

]

i\ I

1 " A " " 1 n 1 n n " 1 n 1 n
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Wavelength (nm)

Fig.1. Absorption spectrum of PPV and its derivatives (see Table 1 for acronyms).
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Table 1. UV-visible absorption maxima and edges of PPV derivatives

PPV derivatives Name Absorption Absorption edges
maxima (nm) (nm)

PPV 420 520
PMPPV 450 540
MEH-PPV 500 580
PMCYH-PV 500 590
PMEHT-PV 430 530
TMS-PPV 410 510
PFPV 410 520

PPFPV 400 520
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ergy absorption will be determined by the distribution of conjugation length in
the polymer as well as the electronic effect of the substituents on the phenylene
ring. The substituents modify the density of states and band gap of the polymers
according to the degree of electron donation or attraction. When electron-do-
nating substituents such as alkoxy groups are attached to the conjugated poly-
mer chain, the absorption peak is red-shifted. For example, dialkoxy-substitut-
ed PMCYH-PV [19] shows red-shifted absorption maximum and edge at 500 nm
and 590 nm, respectively.

The UV-visible absorption maxima and edges of the various PPV derivatives
are summarized in Table 1. PFPV [7] with electron-withdrawing substituent
shows a blue-shifted absorption at 410 nm and perfluorinated biphenyl substi-
tuted PPFPV [20] shows more blue-shifted absorption at 400 nm. Benjamin et al.
[21] have reported that a copolymer composed of the PPV part and the 2,3,5,6-
tetrafluoro-PPV part showed a blue-shifted absorption compared with that of
unsubstituted PPV. These shifts are explained as being a result of the inductive
electron withdrawing properties of the fluorine substitution leading to reduced
electron density in the conjugated polymers and leading to an increase in the
HOMO-LUMO band gap.

As mentioned before, strong electron-donating alkoxy-substituted PPVs
show red-shifted absorptions and edges. Dialkoxy-substituted MEH-PPV and
PMCYH-PV showed about 80 nm red-shifted absorption maxima compared to
unsubstituted PPV. Monoalkoxy-substituted PMPPV showed the absorption
and edge in between PPV and MEH-PPV [22]. In the case of PMEHT-PV [23],
which contains sulfur atom, the absorption and edge are much more blue-shift-
ed than those of MEH-PPV. This indicates that the bulky alkylthio group dimin-
ishes the conjugation length along the polymer chain rather than donates elec-
trons to the backbone. The effect of silicon substitution on the optical properties
are of interest. Trimethylsilyl group shows neither electron donating nor with-
drawing effects, just gives a steric effect. The absorption and edge of the TMS-
PPV [24] are 410 nm and 510 nm, respectively. These positions are a little bit
blue-shifted compared with those of PPV, presumably owing to the steric effect
of the bulky trimethylsilyl group.

2.2
Photoluminescence (PL)

Photoluminescence is a luminescence from a material after it absorbs light of en-
ergy larger than the band gap. Photoexcitation of an electron from the HOMO
to the LUMO generates a singlet exciton that can decay radiatively with emission
of light at a longer wavelength than that absorbed. PL spectra of PPV, PMCYH-
PV and PPFPV are shown in Fig. 2.

The PL from PPV is quite strong, with a quantum yield in the range from a
couple of percent to several tens of percent [25,26],and there is a clear evidence
of vibronic structure, with the zero-phonon transition at 515 nm. The efficiency
of the photoluminescence is larger when the lifetime of the singlet exciton is
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Fig.2. PL spectra from PMCYH-PV, PPV, PPFPV and MEH-PPV

longer. As with absorption, the peak position of PL can be controlled by the con-
version condition, conjugation length and variation of the substituents. The di-
rection of shift of the PL peak position follows that of absorption. Especially, the
PL emission maximum is greatly influenced by the substituents. PMCYH-PV
which contains strong electron-donating alkoxy groups, shows the PL emission
maximum at 590 nm corresponding to orange light [19]. This PL peak position
is very close to that of MEH-PPV. Generally, electron-donor substituted conju-
gated polymers show red-shifted PL emission due to the electron-rich polymer
main chain resulting in better T-electron delocalization. The relative PL quan-
tum efficiency of PMCYH-PV is 15% higher compared to that of MEH-PPV. This
means that PMCYH-PV aggregates less each other because it has rigid cy-
clohexyl group in the side chain. Therefore, PMCYH-PV could have better "di-
lution effect”, and lower non-radiative decay of the excitons caused by the inter-
chain-exciton formation.

On the other hand, PPFPV which contains electron-withdrawing perfluori-
nated biphenyl group shows blue-shifted PL emission at 520 nm [20]. And when
the bulky substituents such as perfluorinated biphenyl group induce a steric
crowding, the PL spectrum becomes structureless because of disorder as shown
in Fig.2. Such disorder would lead to a distribution of emitting centers that
smears out the vibrational structure [27].

Fluorine-substituted PPVs show a very interesting and surprising spectral
properties. Recently, Shim et al. [7], Karasz et al. [28] and Benjamin et al. [21]
have reported very similar optical properties of fluorine-substituted PPV deriv-
atives.

In summary, the fluoro-PPVs have UV absorption maximum peaks that are
blue-shifted relative to that of unsubstituted PPV, but have PL emissions that are
substantially red-shifted relative to that of PPV. For example, PFPV [7] shows a
little bit blue-shifted UV absorption but 20 nm red-shifted PL emission com-
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Table 2. PL and EL emission maxima of PPV derivatives

PPV derivatives Name PL maximum (nm) EL maximum (nm)
Mn PPV 540 540
OCH;
PMPPV 560 560
AN
n
$r
Y MEH-PPV 590 590
SOSN
n
HaCO
b
J_/J PMCYH-PV 590 590
o]
Ko~
n
HyCO
$
S PMEHT-PV 540 540
N
L n
HaCO
Si(CHz)3
TMS-PPV 530 540
J N
n
F
PFPV 560 560
i N
n
F
@X PDFPV 590 600
- n
PPFPV 520 520
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pared with PPV. 2,5-Difluoro-PPV which contains two fluorine atoms on the
phenylene ring [28] shows over 50 nm red-shifted PL emission. These results are
not well understood, but red-shifted PL emission of fluoro-PPVs clearly reflect
the electronic effects of fluorine substitution. A reasonable suggestion is that the
excitons generated in fluoro-PPVs may be trapped in shallow trap states associ-
ated with charge separation between polymer backbone and highly electroneg-
ative fluorine atoms. Therefore, this donor-acceptor pair recombination process
exhibits a longer wavelength emission in fluoro-PPV. Table 2 summarizes the PL
and EL emission maxima of PPV derivatives.

2.3
Electroluminescence (EL)

In the case of PPV polymers that have conjugation in the polymer backbone, the
Telectrons are delocalized along the Tebackbone and the delocalization may
help making the electrons more mobile. In LED device, when electrons and
holes are injected from the electrodes into the polymer, the electrons are inject-
ed into the conduction band (LUMO) from the cathode, and the holes are inject-
ed into the valence band (HOMO) from the anode. These electrons and holes
generate negative polarons and positive polarons, respectively, through elec-
tron-phonon coupling. These carriers migrate along the polymer chain toward
the opposite electrode under the influence of the applied electric field and com-
bine on a segment of polymer chain to form singlet excitons as produced by pho-
toexcitation in PL. The singlet excitons decay radiatively to give EL radiation.
But the EL quantum efficiency is not so high because there are many nonradia-
tive decay channels such as singlet-triplet crossing, formation of interchain ex-
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Fig.3. EL spectra from PPV, PMCYH-PV and PPFPV
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citons, exciton-exciton fusion and singlet-exciton quenching and so on. There-
fore, low EL quantum efficiency indicates that only a very small fraction of sin-
glet excitons decay radiatively and most of them decay nonradiatively. In con-
trast to PL in which electrons and holes are directly generated in pairs under
photoexcitation and form singlet excitons, the probability of formation of sin-
glet excitons in EL is 0.25. Figure 3 shows the EL spectra from PPV, PMCYH-PV
and PPFPV.

The EL and PL emission maxima of the polymers are almost the same, indi-
cating that the origins of luminescence are the same for both. EL peak positions
are also red-shifted when strong electron-donating groups are attached to the
conjugated backbone. Therefore, it is possible to tune the EL emission color by
introducing different substituents in the polymer backbone. In order to obtain
a blue color, it is necessary to widen the T-Tt* gap by shortening the conjugation
length and lowering the electron density in the conjugated backbone. PPFPV
shows EL peak in the greenish blue region because the electron density of the
polymer main chain is diminished by introduction of the strong electron-with-
drawing perfluorobiphenyl group.

3
PPV Derivatives Bearing Anthracene, Carbazole, and Oxadiazole Pendants

3.1
Synthesis

All of the monomers needed for the synthesis of the title polymers have to be
prepared via multi-step routes as reported earlier for P-1~P-5 and P-7 [29-31]
and as shown in Scheme 5 and 6 for P-6 and P-8. When the final polymer is sol-
uble in an organic solvent, it can be readily obtained by polymerizing the bis-
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Scheme 5. Synthetic route to P-6.

halomethyl monomer in the solvent using a strong base such as potassium ¢-bu-
toxide [32]. The strong base acts not only as a condensing agent of monomers
but also as the dehydrohalogenation reagent of the formed prepolymer mole-
cules. Purification or removal of low molecular weight fraction from the ob-
tained polymers by Soxhlet extraction using a solvent such as acetone and meth-
anol provides polymers of rather high molecular weight (Mn >10,000) and rela-
tively low molecular weight distribution (PDI <2.0). Insoluble polymers have to
be prepared by the conventional Wessling-Zimmerman [33] sulfonium salt pre-
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Scheme 6. Synthetic route to P-8.

cursor route. If the precursor polymer is water-soluble, it is easily purified by di-
alysis.

3.2
UV-vis Absorption and PL Spectra of PPV Derivatives with Anthracene Pendants

Figure 4 compares the UV-vis absorption spectra of thin films of the four poly-
mers (P-1~P-4) bearing anthracene pendants [29,30]. The polymers absorb
strongly at about 325-410 nm overlapped with much weaker, broad absorptions
over the region of about 400-525 nm. The absorptions in the shorter wavelength
region originate from the anthracene moieties, whereas those in the longer
wavelength region arise from the TETT transition of the main chain Tesystems.
The absorption maxima of the anthracene moieties (A, at 342, 361, 378 and
402 nm) appear slightly red-shifted when compared with those of the 9,10-
diphenylanthracene [34] that absorbs at 337, 355, 374 and 394 nm, which sug-
gests the existence of a slight electronic interaction between the main chain and
the pendant. The presence of the alkoxy substituent [35] attached onto one of the
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Fig.4. UV-vis absorption spectra of P-1~P-4 and PPV

phenyl groups in diphenylanthracene moieties can also cause a red shift. Direct
interaction between the anthracene pendant and the main chain in P-1 and P-4,
however, appears to be minimal considering very small changes in the absorp-
tion positions for the pendants. Noncoplanar geometry of the anthracene unit
relative to the main chain must be the major cause for such a low degree of elec-
tronic interaction.

It is noted that the absorption for the TE-TT transition of the main chain is sig-
nificantly stronger for P-1 and P-4 in which the anthracene structure is directly
attached to the backbone. Another structural information obtainable from Fig. 4
is that the absorption positions of TE-TT transition of the backbone are signifi-
cantly blue-shifted when compared with that of unsubstituted PPV whose ab-
sorption extends to about 550 nm. This suggests that the presence of bulky sub-
stituents partially destruct delocalization of T-electrons along the backbone. In
other words, coplanarity of the backbone Tsystem must be partially disrupted.

The absorption edges of the spectra for P-1 and P-4, 480 and 520 nm, respec-
tively, correspond to the optical bandgap energies of 2.58 and 2.38 eV, both of
which are larger than the bandgap energy of 2.37 eV (523 nm) for PPV. The elec-
tron-donating property of the alkoxy group in P-4 reduces the bandgap energy
of P-4 relative to P-1.

Photoluminescnece (PL) spectra of the polymer thin films at an excitation
wavelength of 365 nm are compared in Fig. 5 [29,30]. The PL spectra of the pol-
ymers have one common feature in that they reveal a simultaneous lumines-
cence from the main chain and the anthracene pendants. The first part of spectra
whose maximum emitting light wavelength occurs at about 500 nm, corre-
sponds to overlapped emission from the anthracene pendant and the backbone
and the second part arises mainly from the backbone. It is noted that the PL



Light-Emitting Characteristics of Conjugated Polymers 207

PL intensity (nomalized)

600
Wavelength (nm)

Fig.5. PL spectra of P-1~P-4 and PPV

spectrum of P-4 covers the broadest range of wavelength from about 450 to
750 nm and most red-shifted among the PL spectra of the polymers. The pres-
ence of the anthracene pendant and the alkoxy substituent appears to be the
main reason for this spectral characteristics of P-4. Emission by the pendants in
P-1 and P-4 starts at about 450 nm and is significantly red-shifted when com-
pared to the emission (400-500 nm) by 9-phenylanthracene [36] suggesting that
direct attachment of the anthracene moiety to the PPV backbone causes a facile
electronic interaction in the excited state including exciton migration. Such an
interaction is much less expected in P-2 and P-3 where the pendants are separat-
ed from the backbone by the spacers existing between the two structural com-
ponents. Therefore, the PL spectra of P-2 and P-3 appear to be nothing but su-
perimposition of the spectra from the pendants and main chains. Their PL emis-
sion starts at about 400 nm from the pendant anthracene moieties.

33
EL Characteristics of PPV Derivatives with Anthracene Pendants

Electroluminescence (EL) spectra of P-1~P-4 are given in Fig. 6 [29, 30]. The EL
spectra of the polymers were obtained for the light-emitting diodes (LEDs) fab-
ricated between the indium-tin oxide (ITO) coated glass anode and the alumi-
num cathode. For P-1~P-3, their organic soluble precursor polymers were coat-
ed onto the ITO-coated glass and they were subjected to thermolysis at 270 °C
for 12 h to convert them into the final polymers. And then aluminum cathode
was vacuum deposited on the polymer films. P-4 obtained by base-catalyzed po-
lymerization of the bis-bromomethyl monomer was organic soluble and, thus,
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Fig.6. EL spectra of P-1~P-4 and PPV

was directly spin-coated onto the ITO-coated glass using a solution in 1,1,2,2-
tetrachloroethane.

The EL spectra (Fig. 6) of P-1, P-2, and P-4 are about the same as their PL
spectra given in Fig. 5. The EL spectrum (Fig. 6) of P-3, however, is very much
different from its PL spectrum (Fig.5). In fact, P-3 emits light only from the
main chain in EL, but not any from the diphenylanthracene pendants. This con-
trasting EL behavior can be explained by the assumption that the excited state
electronic energy transfer or exciton migration between the backbone and the
pendant occurs in P-1, P-2, and P-4, but not in P-3. It is rather surprising that P-
2 allows for such interactions between the backbone and the pendants in spite of
the presence of the o-bonded oxyethyleneoxy spacer between them. This can be
interpreted as an indication that energy transfer or excitation migration occurs
through the oxyethyleneoxy spacer via the through-bond interaction mecha-
nism. Since such an interaction diminishes rapidly as the length of the spacer in-
creases [37, 38], the same phenomenon is not observed in the EL of P-3. Since
the main chain should possess a lower ionization potential and a higher electron
affinity than the anthracene moiety, it is conceivable that initial hole- and elec-
tron- injection will occur preferentially to the backbone part resulting in the for-
mation of initial excitons only along the main chain followed by the electronic
interactions with the pendants in P-1, P-2, and P-4. But the light of 365 nm uti-
lized in PL studies is absorbed by the both parts of the polymer molecules caus-
ing PL emission from the backbone and the pendants, as described above. It also
is possible, in part,in PL that a part of emitted light by the pedants is reabsorbed
by the backbone followed by additional emission from the main chain.

The current density vs electric field curves and the emitted light intensity vs
current density for the three LED devices fabricated from P-1 and P-4 are com-
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pared with those of PPV in Fig. 7 and 8, respectively [30]. The threshold field and
emitted light intensity increase in the order of P-4<P-1<PPV and PPV <P-1<P-
4, respectively. The external quantum efficiencies estimated from the data pre-
sented in Fig.7 and 8 are represented in Fig. 9 [30]. The efficiency increases in
the order of PPV <P-1<P-4. At a given current level, the EL efficiency of P-4 is
more than 10 times the efficiency of PPV. The efficiency of P-1 is consistently
higher than PPV, but to a small extent. Improved efficiency of P-4 can be ex-
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Fig.10. Comparison of time-resolved PL spectra of P-1 and PPV films at 300 K (probed at
580 and 600 nm, respectively)

plained by its unique structure: the polymer bears the second luminescing phe-
nylanthracene pendant and also the 2-ethylhexyloxy group that increases the in-
terchain distance suppressing the possibility of the formation of interchain exci-
tons. The presence of the two substituents seems to synergistically enhance the
EL efficiency. In addition, the anthracene group directly attached to the main
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chain is able to be involved in the intrachain electronic interactions with the
backbone, which increases the lifetime of excitons formed. Figure 10 clearly
demonstrates the longer fluorescene lifetime for P-1 when compared with PPV.
It is noted that excitation of P-1 by 300 nm lengthenes the PL lifetime probed at
580 nm that corresponds to the emission by the backbone. This strongly sup-
ports our supposition that there are strong electronic interactions between the
pendant and the backbone.

34
UV-vis Absorption and PL Spectra of PPV Derivatives Bearing Carbazole and BPD
Pendants

P-5 and P-6 have the hole-transporting carbazole (Cz) [38-40] moieties attached
to the main chain, whereas P-7 and P-8 have the electron-transporting 2-(4-t-
butylphenyl)-5-phenyl-1,3,4-oxadiazole (BPD) [39, 41, 42] pendants. Their UV-
vis absorptions are compared in Fig. 11 [31]. P-5 and P-6 absorb at 310-350 nm
originating from the pendant in addition to the broad absorption at about 350-
540 nm arising from the T&-Tt* transition of the backbone. P-7 and P-8 also exhibit
almost the same absorption characteristics : an absorption around 300 nm by
the pendant and a broader absorption in the longer wavelength region (ca. 360-
535 nm). In both cases, polymers (P-6 and P-8) carrying the electron-donating
2-ethylhexyloxy group exhibit a red-shift in absorption. It is well known that
alkoxy groups cause a bathochromic shift in UV-vis absorptions.

The absorption positions of the pendants in the polymers are slightly red-
shifted compared with those of corresponding low molar mass compounds [31].
The absorption positions corresponding to T-Tt* transitions of the backbone of
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Fig.11. UV-vis absorption spectra of P-5~P-8
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P-5 and P-7 are significantly blue shifted when compared with that of PPV, which

again suggests the occurrence of a partial disruptio

n of the coplanarity of the

main chain Te-system by the presence of the bulky pendants. The same phenom-

enon was described above for P-1~P-4.

It should be noted that the Gilch [32] polymerization method using excess
potassium ¢-butoxide at room temperature does not provides us with fully elim-
inated polymers. Figure 12 compares the UV-vis absorptions of P-8’s with differ-
ent thermal history and it shows that thermal treatment of the polymer at 150 °C
in a vacuum not only moves the absorption position for T-Tt* transition to the

longer wavelength side but also increases the absorp

tion intensity for the same
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transition. Thermally treated samples exhibit a red-shift also in PL spectra ; the
virgin P-8 shows PL maximum at 534 nm, whereas the one treated at 150 °C for
3 h at 541 nm (Fig. 13).

The PL spectra of the films of P-5~P-8 are given in Fig. 13 [31]. The PL spectra
of the polymers have one common feature in that there is a luminescence only
from the backbone structure. The PL intensity from the pendants may be too
weak when compared with that from the backbone. It also is possible that a very
facile energy transfer occurs from the pendants to backbones so that PL from the
pendants is not observed. P-7 and P-8 exhibit PL spectra of the same character-
istics as for P-5 and P-6, with the peak maximum positions at about 530 and
540 nm, respectively. The presence of the alkoxy substituent on the phenylene
ring in P-6 and P-8 moves the absorption positions to the longer wavelength side
when compared with P-5 and P-7. Here again, we can conjecture an electronic
interaction between the pendant and the backbone. A study on time-resolved PL
spectra demonstrates that P-7 exhibits a much longer PL decay (1=750 ps) than
P-5 (1=220 ps) [43].It also was conjectured that a charge transfer state is formed
in P-7, which causes a red-shifted and structureless emission.

3.5
EL Properties of PPV Derivatives with Cz and BPD Pendants

The EL spectra of P-5~P-8 shown in Fig. 14 are very similar to their PL spectra
presented in Fig. 13, but with reduced spectral details. Although the electric
field-current density curves are not given, threshold electric field increases in
the order of P-6 (0.63 MV/cm) <P-5 (0.75 MV/cm) <PPV (1.1 MV/cm) <P-7(2.4
MV/cm) <P-8 (2.3 MV/cm). The threshold electric field values given in the pa-
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Fig.14. EL spectra of P-5~P-8
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rentheses are the values at the current density of 0.1 mA/mm?. According to our
experience the polymers bearing the Cz pendants consistently reveal a lower
threshold electric field than those bearing the BPD pendants. All the data given
in this discussion were obtained from the LED devices having ITO glass / poly-
mer / Al configuration.

The external quantum efficiency of P-6 and P-8 are much higher than the rest
of polymers including PPV (Fig. 15). The particularly low efficiency of P-5 is as-
cribed to two major different reasons : low electron affinity (3.64 eV) [31] when
compared with other polymers (3.93 eV for P-7 and 3.75 eV for PPV) [31] and
poor film quality originated from its poor solubility in organic solvents. In ad-
dition, the presence of the well-known hole-transporting carbazole pendants in
P-5 may even cause an increased imbalance in carrier transport, since PPV itself
accepts and transports holes much more readily than electrons. According to
Fig. 15, the EL efficiency of P-7 is much higher than that of P-5 by more than two
orders of magnitude, i.e., by more than 100-fold. Transient EL measurements
[44] proved that the recombination mobility of the electron- hole pair for P-7 is
much faster than for PPV. Moreover, the EL decay rate of P-7 was much slower
than PPV. Combination of these factors together with improved electron injec-
tion and mobility results in superior quantum efficiency. Higher EL efficiency of
P-6 and P-8 is ascribed to their better solubility that results in superior film qual-
ity and also to the presence of the additional alkoxy substituent that hinders the
formation of interchain excitons that are known to cause radiationless decay re-
sulting in low efficiency. EL properties of P-6 and P-8 are under study in detail.
The EL efficiencies of P-6 and P-8 are more than 50 times the efficiency of PPV.
The EL efficiency for the device prepared from P-4 is lower than those of P-6 and
P-8, but higher than that of P-7.
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3.6
Examples of Highly Efficient Light-Emitting Devices

Although a relationship between the structure of PPV derivatives and their EL
efficiency was the subject of discussion in previous sections, the single layer EL
devices fabricated from the present polymers utilizing the ITO-coated glass an-
ode and the Al cathode exhibit rather unsatisfactory external quantum efficien-
cy with high threshold electric field. Such an observation indicates that facilitat-
ed carrier injection and balance in carrier mobility are difficult to attain by sim-
ple modification of PPV. In order to facilitate carrier injection one can apply a
conducting organic or organometallic layer on the ITO electrode and use a low
work function metal cathode in stead of aluminum. An organic conducing layer
on the ITO electrode not only makes the hole injection easier, but also improves
the adhesion between the electrode and organic emitting layer. The use of a low
work function metal cathode is expected to lower the electron injection barrier.
Balance in carrier mobility appears to be much more difficult to achieve. Since
PPV and their derivatives possess much higher hole mobility than electron mo-
bility, a high portion of holes injected into the emitting layer is annihilated on
the cathode, which results in low efficiency of LEDs. This undesirable phenom-
enon can be avoided by employing an electron-transporting layer between the
metal cathode and the light emitting polymer layer.

Table 3 [45] compares EL characteristics of the devices fabricated using P-6.
As alluded above, existence of a hole-transporting layer (copper phtahlocyanin
; CuPc) [46,47] and an electron-transporting layer (tris(8-hydroxyquino-
lino)aluminum ; Alq;) [48,49] in the device and utilization of the low work func-
tion Li (ALLi alloy) [50] cathode can indeed improve the LED efficiency. The
Alq; layer, however, tends to increase the threshold electric field.

Table 3 shows that the ITO/CuPc/P-6/Alqs/AL:Li device exhibits an external
quantum efficiency of 2000 times the ITO/PPV/AI device and 40 times the
ITO/P-6/Al device. The maximum emitted light intensity presented as maxi-
mum luminance in the table is 1600 cd/m? for the best device. Because CuPc ab-
sorbs over 500-800 nm, a part of emitted light from the emitting layers is reab-
sorbed by the CuPc. This is the reason why the external quantum efficiency is
not improved even when the CuPc layer was coated onto the ITO electrode

Table 3. LED device characteristics of P-6 and PPV

Device structure ®pyx(%) Relative Electric Field(MV/cm) Max.
Dex for Lumin
0.1 mA/mm? 300 cd/m? (cd/m?)

ITO/ PPV/ Al 0.0002 1 1.1 - -

ITO/ P-6/ Al 0.01 50 0.5 - 20
ITO/ P-6/ Algq; / Al 0.24 1200 1.0 1.3 360
ITO/ P-6/ Alg;/ ALl:Li 0.38 1800 1.0 1.2 1650

ITO/ CuPc/ P-6/ Alqs/ A:Li  0.41 2000 0.7 1.0 1600
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(Fig. 16). But it lowers the threshold electric field and improves the stability of
the LED device.

Replacing the CuPc layer with the poly(3,4-ethylenedioxythiophene) (PE-
DOT) layer and the Al cathode with the Ca:Al alloy electrode, we [51] construct-
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Fig.18. Comparison of the stability of the devices with and without the PEDOT layer

ed an LED device and its EL properties were studied. The PEDOT sample
(Baytron P) was purchased from Bayer and the film’s electrical conductivity
was measured to be 1.0 S cm™!. The results are given in Fig.17 and 18. The
threshold electric field of this device was lower than 0.5 MV/cm and the maxi-
mum luminance attainable was greater than 15,000 cd/m? (Fig. 17). The device
efficiency was 0.2 Lm/W (Fig. 18). In fact, the device without the PEDOT layer
also exhibited about the same efficiency, but the stability of the device was
much poorer. The maximum brightness obtained for the latter device was
about 9000 cd/m?.

4
Kinked Conjugated Polymers

Multicolor display applications require at least three basic colors; red, green and
blue. Blue EL, which is difficult to achieve with inorganic semiconductors, has
been sought in conjugated polymers having a high HOMO-LUMO energy gap,
such as partially eliminated PPV, poly(p-phenylene), poly(alkylfluorene) and
copolymers containing confined conjugated segments such as CNMBC (conju-
gated-nonconjugated multiblock copolymer) type polymers [52-57]. However,
they show rather poor processibility and mechanical properties and had high
operating voltages in light-emitting diode devices. One approach to obtaining
the blue-light emission is the introduction of kinked (bent) structure in the pol-
ymer main chain. Blue-shifted emissions can be obtained by incorporating me-
ta- or ortho-phenylene units, which also improved the processibility of poly-
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mers [58,59]. Ortho-linked polymers have the bent (kinked) structures that dis-
rupt the conjugation in polymers in the same monomer as cis linkages in PPV
do [60].

4.1
Synthesis and Characterization

Kinked conjugated polymers can be synthesized by Wittig condensation reaction
[61]. The synthetic routes and the polymer structures are shown in Scheme 7.

The synthesized polymers are end-capped by triphenylphosphoniummethyl-
benzene chloride for removing the aldehyde end group, because the carbonyl
group is thought to be a quenching site in the electroluminescence mechanism
[60]. All of the synthesized conjugated polymers are highly soluble in common
organic solvents such as THF, chloroform, methylene chloride, 1,2-dichlo-
roethane, DMF and so on. Especially, they could spin-cast onto various sub-
strates to give highly transparent and homogeneous thin films without heat
treatment. The weight-average molecular weights (Mw) of the polymers, deter-
mined by gel permeation chromatography using polystyrene standards, are in
the range of 4000-6000 with a polydispersity index of 1.25-2.05.

The thermal properties of the polymers were evaluated by means of TGA un-
der nitrogen atmosphere and all of the polymers exhibit very good thermal sta-
bilities. PMEH-PPV series shows better thermal stability (up to 350 °C) than that
(up to 250 °C) of the PBTMS-PPV because of the difference in bond strength of
their side groups. The bond strength of the Si-C bond in PBTMS-PPV polymers
is 451.5 kJ/mol which is lower than that of the C-O bond in PMEH-PPV poly-
mers (1076.5 kJ/mol).

4.2
Optical and PL Properties

Table 4 shows the UV-vis absorption and PL emission maxima of the polymers
shown in Scheme 7 were measured in the thin film state on the quartz plate. The
well-known MEH-PPV shows the maximum absorption at 510 nm. But p-
PMEH-PPV shows absorption maximum at 430 nm due to the presence of the

Table 4. UV-Visible absorption and PL emission maxima of the polymers

Polymers UV-vis A, (nm) PL A, (nm)
p-PBTMS-PPV 380 485
0-PBTMS-PPV 340 470
m-PBTMS-PPV 330 440
p-PMEH-PPV 430 550
0-PMEH-PPV 360 500
m-PMEH-PPV 390 490

*The values listed were measured in the thin-film state on the quartz plate
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unsubstituted phenylene unit in the alternating copolymer. The absorption
maximum bands of o(m)-PMEH-PPV are more blue-shifted compared to that of
p-PMEH-PPV. This means that the Tr-electron delocalization of the polymer
main chain is interrupted by ortho- and meta-linkage, resulting in a reduction
of the T-conjugation length [62]. Son et al. [60] reported that cis linkages in the
PPV main chain interrupt the conjugation. Trans and cis linkages have almost
the same electronic structures, but cis linkage causes a bent (kinked) type struc-
ture. This deviation from the linearity of cis linkage can interrupt linear co-
planarity for conjugation, which results in a diminished conjugation length
compared to that of trans.

The o(m, p)-PBTMS-PPV series shows very similar absorption profiles with
those of PMEH-PPV polymers. The maximum absorption wavelengths of o(m)-
PBTMS-PPV are blue-shifted for the same reason as that of o(m)-PMEH-PPV.
But PBTMS-PPV polymers show about 20-50 nm blue-shifted absorption maxi-
ma compared to those of PMEH-PPV series, because the trimethylsilyl substit-
uent has little electron-donating property. The PL spectra show very drastic
changes in emission color because of the substituents and kink effects. Figure 19
shows PL emission profiles of the polymers mentioned above.

The emission of p-PMEH-PPV is blue-shifted about 40 nm because the
number of the alkoxy groups in the repeating unit is one half compared with
MEH-PPV. As a result of the decrease in the number of the alkoxy substituent in
p-PMEH-PPV than that of MEH-PPYV, the electron density of the conjugated main
chain in p-PMEH-PPV is diminished. Consequently, p-PMEH-PPV whose emis-
sion is blue-shifted, has a larger band gap than does MEH-PPV. For the case of o-
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PMEH-PPV and m-PMEH-PPYV, the emission peaks which are more blue-shifted
compared to that of p-PMEH-PPV, appear at around 500 and 490 nm, respective-
ly, due to the same reason as described for their optical absorption spectra.

On the other hand, the PL emission peaks of the PBTMS-PPV series are more
blue-shifted compared to those of the counterparts of the PMEH-PPV series.
This result indicates that the trimethylsilyl substituent has a smaller electron-
donating effect than that of the alkoxy substituent. With an excitation wave-
length of 340 nm (UV absorption maximum), the PL spectra of 0-PBTMS-PPV
and m-PBTMS-PPV exhibit the peaks in the blue emissive region at 470 and
440 nm, respectively. Consequently, the blue light-emitting conjugated poly-
mers can be prepared by introducing the kink linkages and nonelectron-donat-
ing substituent without any conjugation blocking segments such as oxygen or
alkyl spacers in the backbone.

43
EL Properties and Current-Voltage-Luminance (I-V-L) Characteristics

The o(m, p)-PMEH-PPV and o(m, p)-PBTMS-PPV polymers are deposited onto
indium-tin oxide covered glass substrate by spin-coating the soluble polymers
in cyclohexanone. The spin-casting technique yields uniform films with of
about 50-60 nm. Figure 20 and 21 show the current-voltage (I-V) and the EL in-
tensity-voltage (L-V) characteristics of the single-layer light-emitting diode of
ITO/o(m, p)-PBTMS-PPV/AL The current increases with increasing forward
bias voltage, which indicates a typical rectifying characteristics. The threshold
voltages of PBTMS-PPV series are in the range of 8-9V for the films 50-60 nm
thick.
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Fig.20. Current-voltage (I-V) characteristics of the single-layer light-emitting diode of
ITO/0o-PBTMS-PPV/Al (M ), ITO/m-PBTMS-PPV/Al (® ), and ITO/p-PBTMS-PPV/Al ()
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Fig.22. Electroluminance (EL) spectra of the single-layer light-emitting diodes of (a) MEH-
PPV, (b) p-PMEH-PPYV, (c) p-PBTMS-PPV, and (d) 0-PBTMS-PPV, which have ITO/poly-
mer/Al configuration

As shown in Fig. 20 and 21, p-PBTMS-PPV exhibits the highest EL power at
lower operating voltage because of the effective T-conjugation due to the para-
linked linear chain backbone. Figure 22 shows the EL spectra of the representa-
tive polymers among the both polymer series comparing with that of MEH-PPV.
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p-PMEH-PPV shows maximum EL emission at 540 nm which is similar to
that of its PL spectrum, corresponding to the greenish yellow region. The EL
spectrum of p-PBTMS-PPV shows much more blue-shifted EL emission com-
pared to that of p-PMEH-PPV due to the reduction in electron-donating pow-
er of the trimethylsilyl group. Especially, kinked 0-PBTMS-PPV shows maxi-
mum EL emission at 470 nm corresponding to pure blue region because of the
reduced Tt-conjugation length by the nonlinear ortho linkage and non-elec-
tronic substituent. Conclusively, pure blue emission can be obtained by the in-
troduction of nonlinear kink structure and adequate substituent, even though
it is very difficult to get a pure blue emission from the fully conjugated poly-
mers.

5
Conjugated Polymers with High Electron Affinity

In order to improve the device performance, it is necessary to balance the rate of
injection of electrons and holes from opposite electrodes into the emitting pol-
ymers. Oxadiazole units are known as electron deficient groups and poor hole
acceptors. Aromatic oxadiazole compounds, such as 2-(4-tert-butyl-phenyl)-5-
biphen-yl-1,3,4-oxadiazole (PBD), have been investigated as electron-conduct-
ing/hole-blocking (ECHB) materials within multilayer devices [8, 63-65], and
poly(N-vinylcarbazole) compounds have been used as hole-transporting mate-
rials [39, 66, 67]. PL and EL properties of PPV derivatives bearing either elec-
tron-transporting groups or hole-transporting group have been discussed
above in Section 3.

5.1
Synthesis and Characterization

Scheme 8 shows the synthetic routes of the oxadiazole unit containing phospho-
nium salt monomers and Scheme 9 outlines the preparation of T-conjugated
polymers composed of oxadiazole units [67]. The synthetic pathways to the
para-linked salt monomer (A) and meta-linked salt monomer (B) are of multi-
steps, but the synthetic method for each step is not difficult and the product
yields of intermediate compounds are very high (75-95%). Treatment of bis(4-
methylphenyl)hydrazine with POCI; results in the formation of the 2,5-bis(4-
methylphenyl)-1,3,4-oxadiazole.

The alternating copolymers (PPOX-CAR and PMOX-CAR) are easily pre-
pared by the Wittig condensation polymerization between the oxadiazole con-
taining salt monomers and the carbazole dialdehyde. The copolymer, PPOXPV,
composed of oxadiazole unit and phenylenevinylene unit, can be prepared by
the same way as shown in Scheme 10. But the kinked PPOXPV copolymer is pre-
pared in different synthetic pathway. Reaction of bis(2-bromo-5-hexyloxyben-
zyl)-1,3,4-oxadiazole with p-divinyl benzene results in the formation of POOX-
PV copolymer [69].
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The weight-average molecular weights (Mw) of the polymers are in the range
of 6500-15,000, with a polydispersity index of about 1.5. All of the polymers are
soluble in common organic solvents such as chloroform, THF and 1,2-dichlo-
roethane. They showed very good thermal stability in which the weight loss is
less than 5% upon heating to above 350 °C under a nitrogen atmosphere. The
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Table 5. UV-vis absorption and PL emission maxima of the polymers

Polymers UV-Vis. A, (nm) PL A, (nm)
PPOX-CAR 390 495
PMOX-CAR 300 450
PPOXPV 400 510
POOXPV 360 495

linear, para-linked PPOX-CAR and PPOX-PV show slightly higher decomposi-
tion temperatures (up to 400 °C) due to a better chain packing compared to
those (up to 350 °C) of kinked PMOX-CAR and POOX-PV.

5.2
Optical and PL Properties

Table 5 summarizes the UV-vis absorption and PL emission maxima of the oxa-
diazole-based polymers. The maximum absorptions of PPOX-CAR and PMOX-
CAR appear at 390 and 300 nm, respectively. The blue shift of PMOX-CAR is
caused by the kink structure of meta-kinked main chain, because the meta link-
age between oxadiazole and carbazole units shortens the effective conjugation
length by restriction of the fully conjugated polymer structure. The same trend
is observed between PPOXPV and POOXPV. The PL spectrum of PPOX-CAR ex-
hibits a maximum peak at 495 nm, corresponding to greenish blue light emis-
sion. PPOXPV also shows similar PL emission (510 nm). PMOX-CAR and
POOXPV show blue-shifted PL emission maxima compared with those of the
linear counterparts. But PMOX-CAR shows much more blue-shifted PL emis-
sion at 450 nm corresponding to purple-blue light due to the lack of Tr-electron
delocalization.

5.3
Current-Voltage-EL Power (I-V-L) Characteristics

Figure 23 shows the characteristics of the current and EL power against voltage.
The PPOX-CAR polymer shows turn-on voltage of 7.5 V, but the kinked PMOX-
CAR polymer shows a little bit higher turn-on voltage at 10.5V (both polymer
films have almost the same thickness, around 100 nm). It is clear that the kink
structure has high turn-on voltage because of shorter conjugation length and
less effective Tr-electron delocalization. The relatively low turn-on voltage of
above polymers compared to other green and blue light emission polymers is
caused by the carbazole unit, a hole transporting structure.

At a relatively low turn-on voltage, the light intensity of PPOX-CAR is much
stronger than that of PMOX-CAR, as shown in Fig. 23(b). So the PPOX-CAR pol-
ymer can be used as an excellent greenish-blue light-emitting layer.

The PPOXPV and POOXPV show the very similar light-emitting properties
with those of PPOX-CAR and PMOX-CAR. But the difference in PL emission
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wavelengths and also in turn-on voltages are not large compared with those be-
tween PPOX-CAR and PMOX-CAR, because ortho-linked POOXPV has a longer
conjugation length and is of better T-electron delocalization compared to meta-
linked PMOX-CAR.

The relative EL quantum efficiencies of PPOX-CAR and PMOX-CAR were in-
vestigated in the same device condition. The PPOX-CAR polymer exhibits 36
times higher EL quantum efficiency as compared to PPV. On the other hand, the
EL quantum efficiency of PMOX-CAR is increased just 2-fold. This means that
the PPOX-CAR polymer in the para linkage more easily forms balanced injec-
tions and transport of holes and electrons from opposite electrodes because the
fully and linearly conjugated structure consists of the hole-transporting and the

electron-tranporting units.

6
Light-Emitting Properties of Blend Polymers

The three main factors that will determine the utility of polymer LEDs as light
sources are their efficiency, threshold or turn-on voltage and life time. With the
appropriate choice of polymer and device design, external quantum efficiencies
of up to 4% can be obtained. Therefore the research of this field is still the focus
of many scientists. To increase the quantum efficiency of the polymer LEDs,
Heeger et al. utilized the high work function polymer (polyaniline) as a hole in-
jection electrode [70] and the low work function metal (Ca) as an electron injec-
tion electrode [71], resulting in highly improved efficiency of the polymer LEDs.
Also multilayer structures are used to increase the quantum efficiency of the
polymer LEDs. The electron-transporting layers are placed between the lumi-
nescent layer and the cathode, which enhance electroluminescent efficiency
through charge carrier confinement [9, 72]. Another approach is to blend elec-
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tron- or hole-transporting molecules with luminescent polymers. The efficien-
cies of these blend systems are also improved owing to a decrease in the energy
barriers for carrier injection and transport between the electrodes and the lumi-
nescent polymers [73-76]. Recently, we have reported that the quantum efficien-
cies of blend system composed of high energy state polymer and low energy
state MEH-PPV are highly improved due to the energy transfer effect [77, 78].

6.1
Conjugated-Nonconjugated Multiblock Copolymers (CNMBCs)

6.1.1
Preparation of Blend Polymers [77]

Nonconjugated poly[1,3-propanedioxy-1,4-phenylene-1,2-ethenylene(2,5-bis(tri-
methylsilyl)-1,4-phenylene)- 1,2-ethenylene-1,4-phenylene] (DSiPV) and conju-
gated MEH-PPV polymers are mixed by changing their weight ratios in 1,2-
dichloroethane. The films of the blend polymers could be spin-cast from 1,2-
dichloroethane solution with excellent reproducibility. AFM (atomic force mi-
croscopy) and SEM images show no indication of phase separation or layer for-
mation due to the immiscibility of two polymers. The structures of DSiPV and
MEH-PPV are shown in Fig. 24.

6.1.2
Optical and PL Properties of the Blend Polymers

Figure 25 shows the UV-vis absorption spectra of the polymer blends including
DSiPV and MEH-PPV homopolymers. The broad absorption results from MEH-
PPV appeared around 420-580 nm, which is due to TeTt* transitions of polycon-
jugated system. On the other hand, DSiPV shows blue-shifted absorption maxi-
mum at 340 nm due to the nonconjugated backbone structure. Blend polymer
films show the separate absorption peaks corresponding to their component
polymers and their intensities are varied depending on the weight fractions of
two polymers.

The PL emission spectra of the blend polymers, which are normalized by the
optical density at the excitation wavelength (355 nm), are shown in Fig. 26. The
emission of the DSiPV film appears in the range of 400-550 nm, whereas that of

a Si(CHs)s 05_/_/
—/ N\
o
(HsC)sSi n H,CO

DSiPV MEH-PPV
Fig.24. The polymer structures of DSiPV and MEH-PPV
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Fig.26. Photoluminescence spectra of (a) MEH-PPYV, (b) 6:4, (c) 3:7, (d) 1.9, (e) 1:15 (MEH-
PPV:DSiPV) blended polymers, and (f) DSiPV thin films. All PL spectra were recorded with
an excitation at 355 n m
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the MEH-PPYV film is weakly observed in the range 530-650 nm. Interestingly,
when the blended polymers are excited by 355 nm pulses, they show strong
emissions at about 560 nm which corresponds to yellowish-orange light of
MEH-PPV, whereas DSiPV emission in the blue region is weakly or not observed
depending on the weight fraction. These emission at 560 nm are much stronger
than that of MEH-PPV homopolymer, and as the relative weight of DSiPV to
MEH-PPV is increased, the emission intensities of the blend polymer films are
increased. These results suggest that the energy-transfer process from the pho-
toexcited DSiPV to low energy state MEH-PPV results in an enhancement of the
yellowish-orange emission originated from MEH-PPV. This energy transfer
process is probably more efficient than the fluorescence decay of DSiPV.

It has been also reported that the emission intensity is enhanced as the emit-
ting chromophore is diluted by other inert polymers in solid state [79]. The
emission intensity of the blend polymer is increased as MEH-PPV is diluted by
DSiPV because the nonradiative decays, especially intermolecular quenching,
are reduced by the dilution effect.

6.1.3
LED Device Characteristics of the Blend Polymers

The LED structures consist of an aluminum rectifying contact on the blend pol-
ymers which have been spin-cast onto ITO glass as a hole-injecting contact. The
film thickness ranged from 60 to 80 nm. The electron-injecting aluminum con-
tacts are deposited by vacuum evaporation at pressure below 1076 torr, giving ac-
tive area of 0.195 cm?.

Figure 27 shows the EL spectra of MEH-PPV and the blend polymers. The
emission maximum peaks of the blend polymers range from 560 to 580 nm de-
pending on blending ratios, whereas the emission of DSiPV does not appear.
The EL spectra of the blend polymers are very similar to their PL counterparts.
The energy transfer also exists at the DSiPV and MEH-PPV interfaces, therefore
the blend polymers exhibit similar emission maxima. The EL emission peaks of
the blend polymers are blue shifted by 20-30 nm with respect to MEH-PPV
homopolymer. The blue shifts of the blend polymers should result from the
change in chain conformation or aggregation of MEH-PPV in DSiPV [80].

Figure 28 shows the voltage-current characteristics measured for MEH-PPV
and the blend polymers. The forward current increases with increasing forward
bias voltage for all devices. The turn-on voltages of the blend polymer devices
increase as the content of DSiPV increases in the blends.

The light intensities of the blend polymers are much stronger than that of
MEH-PPV homopolymer. The relative quantum efficiencies of MEH-PPV and
the blend polymer devices are listed in Table 6.

The relative PL and EL quantum efficiencies of the blend polymers increase
with increasing DSiPV content, and, surprisingly, the EL quantum efficiency of
the 1:15 (MEH-PPV : DSiPV) blend is about 480 times that of MEH-PPV. Energy
transfer or charge transfer from DSiPV to MEH-PPV exists in the EL device,
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Table 6. Photoluminescence and Electroluminescence Quantum Efficiencies of MEH-PPYV,
DSiPV, and Blended Polymers

Relative PL quantum efficiency
Polymers excited by 355 nm excited by 488 nm operation electric relative EL

pulse w field (108 V/m)  quantum efficiency
MEH-PPV 1 1 0.52 1
9:14 1.2 1.1 20
6:4° 1.6 2.0 1.7 11
3:74 3.1 2.8 2.1 19
1:9¢ 5.0 5.7 2.6 17
1:15¢ 7.0 7.6 4.4 480
DsiPV 3.8 4.5 44

@ The ratios are the weight ratios between MEH-PPV and DSiPV

OCgHqs
[P 5
0 N=
£ \
n N

H,CO CeH130
Fig.29. The structures of MEH-PPV and POOXP V

6.2
Conjugated-Conjugated Polymer Blends

6.2.1
Preparation of Blend Polymers [81]

The kinked POOXPV polymer mentioned in Section 5 (Scheme 10) is blended
with MEH-PPV in order to increase the EL intensity. The MEH-PPV/POOXPV
blending ratios are 1/1, 1/5 and 1/10 by weight. The high quality films of the
blend polymers are obtained from 1,2-dichloroethane solution by spin-coating
technique. Figure 29 shows the structures of MEH-PPV and POOXPV.

6.2.2
Absorption and Emission Properties of the Blend Polymers

The UV-vis absorption spectra of MEH-PPV/POOXPV blend polymers are
shown in Fig. 30. The Te-1t* absorption transition peaks of POOXPV and MEH-
PPV appear at 375 nm and 510 nm, respectively. The blend polymers show the
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Fig.31. PL spectra of POOXPV and MEH-PPV/POOXPV blend polymers

separated absorption peaks corresponding to the component polymers and
their intensities are varied depending on the blending ratios of two polymers.
This is a typical characteristics of the blend absorption spectra, and shows no
interaction between two polymers in the ground state.

The photoluminescence spectra of the blend polymers are shown in Fig. 31.
The blend polymers are excited at 370 nm corresponding to the absorption max-



234 H.-K. Shim, J.-. Jin

imum wavelength of POOXPV. Regardless of the composition of the blend, all
blend polymers exhibit very strong emissions at around 575-585 nm corre-
sponding to that of MEH-PPV homopolymer, and the emission of POOXPV is
not found because of the energy transfer from POOXPV to MEH-PPV (the PL
emission maximum of POOXPV is shown to be at 495 nm). This is well coinci-
dent with the result for DSiPV/MEH-PPV blend system mentioned in Section
6.1.2.

6.2.3
LED Device Characteristics of the Blend Polymers

Figure 32 shows the normalized EL spectra of the blend polymers. The emissive
wavelength is at 580 nm corresponding to that of MEH-PPV because of the en-
ergy transfer from POOXPV to MEH-PPV as mentioned in PL spectra of the
blends.

Figure 33 shows the I-V-L characteristics of the blend polymers. Forward bias
current is obtained when the ITO is a positive electrode and Al electrode is the
ground. The forward current increases with increasing forward bias voltage for
all devices. The turn-on voltage and the light-intensities of the blend polymer
devices increase as the content of POOXPV increases. And light intensities of the
blend polymers are much stronger than that of MEH-PPV. The emission inten-
sity at the same driving current is markedly increased with the POOXPV con-
tent.

12000

MEH/POOXPV=1/1

----- MEH/POOXPV=1/5
-------- MEH/POOXPV=1/10

10000

o]
el
(=]
[

6000

4000

EL Intensity (a.u.)

2000

0 T T T T T T I T T

—_— :
450 500 550 600 650 700 750 800
Wavelength (nm)

Fig.32. EL spectra according to blending ratios
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Fig.33. EL characteristics of MEH-PPV/POOXPV blend polymers with an ITO/poly-
mers/Al structure. (a) Current vs. voltage and (b) EL power vs. voltage

Relative quantum efficiencies of MEH-PPV and blend polymer devices are
listed in Table 7. The relative quantum efficiency and brightness of the blend
polymers increase with increasing POOXPV component. Interestingly, the
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Table 7. Comparison of relative EL quantum efficiency, turn-on voltage, and light-intensity
between POOXPV and MEH-PPV/POOXPV blends

Configuration of EL device Relative EL Turn-on voltage Light intensity
(anode/EL polymer/cathode) quantum efficiency (V) (cd/m?)
ITO/MEH-PPV/Al 1 2.8 42
ITO/POOXPV/Al 8 9.5

ITO/(MEH-PPV/ 3 6.0 1000
POOXPV=1:1)/Al

ITO/(MEH-PPV/ 30 9.0 2400
POOXPV=1:5)/Al

ITO/(MEH-PPV/ 57 11.5

POOXPV=1:10)/Al

brightness of Al/[MEH-PPV/POOXPV=1:5]/ITO single layer device shows very
high luminance of 2,400 cd/m? at 20 V. The improvement in quantum efficiency
of the blend polymers can be explained by following factors. First, the excitons
and/or free carriers generated from POOXPV are transferred to MEH-PPV,
which, in turn, increase the concentration of excitons that enhance the EL inten-
sity of the blend polymers. Simultaneously, as the EL active MEH-PPV is diluted
by POOXPYV, the intermolecular nonradiative decay is diminished by blocking of
the charge carriers. Secondly, high increase in brightness is caused by the oxadi-
azole unit which is used as the electron conducting / hole blocking (ECHB) moi-
ety. The POOXPV well transports electrons into the MEH-PPV, thereby enhance
the probability of radiative recombination with the holes in MEH-PPV. Conclu-
sively, POOXPV polymer is more likely to prove useful as ECHB component than
as emissive material.

7
Other Conjugated Polymers

One of the simple modifications of the PPV synthesis gives access to blue-shifted
light-emitting polymers with a high concentration of interruptions along the
conjugated chain. Scheme 11 shows synthesis of partially conjugated PPV copol-
ymers. Partial conversion of water-soluble salt precursor or organic-soluble
alkoxy precursor polymers produces statistical partially eliminated copolymers
with regions of conjugated and nonconjugated units [82, 83]. These partially
eliminated copolymers emit blue-green light due to the interruption in the con-
jugated chain. The conversion of partially eliminated copolymers to the fully
eliminated PPV may be accomplished by either thermal or base treatment [84].

The effects of silicon substitution on the luminescence properties are of inter-
est in the field of polymer LEDs. Poly(2-dimethyloctylsilyl-1,4-phenylenevi-
nylene) (DMOS-PPV) is completely soluble in common organic solvents. Hwang
et al. reported synthesis and LED properties of DMOS-PPV [85]. Scheme 12
shows the synthetic route to DMOS-PPV by dehydrohalogenation.
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Scheme 11. Synthesis of partially conjugated PPV copolymers: a) Buy,NOH, MeOH; b) Me-
OH, 50 °C; ¢) 300 °C, vacuum, 12 h; d) 220 °C, HCI (g)/Ar, 22 h.
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DMOS-PPV shows an emission maximum at ca. 520 nm which corresponds
to the green region. The absolute PL quantum efficiency for a solid film of
DMOS-PPV is 60%. By comparison, the reported PL efficiencies of PPV and
MEH-PPV are 27 and 15%, respectively [25]. Recently, Kim et al. have reported
a series of light-emitting polymers which are interrupted by nitrogen or silicon
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atoms to access blue-shifted emission [86-88]. The polymer structures are
shown in Fig. 34.

The cyano substituents in polymer 2 contribute to an increase in the electron
affinity of the polymer and lower the band gap. Therefore, polymer 2 shifts the
emission to the longer wavelength region (560 nm) even though it is not fully ¢
conjugated. Polymer 3 and 4 which contain silicon atoms between conjugated
main chain show blue-shifted emissions, due to the restriction of T-conjugation
length.

Greenham et al. reported a red-light emitting dialkoxy-substituted PPV de-
rivative (CN-PPV) with cyano-groups on the vinylene units [89]. Scheme 13
shows synthesis of CN-PPV. This CN-PPV is a brilliant red, fluorescent material.
Cyclovoltametry studies show that the cyano groups shift the onset of reduction
by about 0.6 V [90]. The low HOMO-LUMO gap of CN-PPV indicates that the ni-
trile groups do not introduce any significant steric torsion in the conjugated
chain. The emission at 710 nm occurs exclusively from the lower energy CN-
PPV.

Another interesting light-emitting moiety is a fluorene molecule. Polyflu-
orene derivatives have extremely high luminescence efficiencies in solution,
which are largely maintained in the polymer films [91]. As a result, polyflu-
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Scheme 13. Synthesis of CN-PPV: a) NaOAc; b) KOH, EtOH; ¢) pyridinium chlorochromate;
d) NaCN; e) KOtBu or Bu,NOH, tBuOH, THE, 50 °C.

orenes and conjugated polymers composed of fluorene units have been inten-
sively studied recently as the blue light-emitting materials [92-94].

Scheme 14 shows the synthetic pathway to copoly(alkylfluorene). Linear,
para-linked PDHFPV and kinked meta-linked PDHFMPYV show the EL emission
at 482 and 426 nm, respectively, corresponding to blue light. Promising results
with fluorene contained conjugated polymers offer opportunities for stable blue
devices.

8
Conclusion and Outlook

The prospect for the success of conjugated polymer-based LEDs as commercial-
ly viable display devices depends not only on the development of new materials,
but also on progress in the design of devices. Strong advantages of polymers
over inorganics in light emission are processibility, color tunability, low operat-
ing voltage and flexibility. Processibility is an advantage for application to large-
area displays, where the device can be fabricated by casting the luminescent pol-
ymer from solution. Many Tt-conjugated polymers have T-Tt* energy gaps re-
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Scheme 14. Synthesis of copoly(alkylfluorene)

sponsible for EL, which can be altered through controlled changes in the molec-
ular structure, so that color tuning is easily attainable. The possibility of device
operation at low voltage allows a large-area display operable with low energy
consumption. When a flexible substrate is used, LEDs or displays have a
mechanica | advantage and the devices can have a variety of shapes. The availa-
ble device parameters of an onset voltage of a couple of volts, luminance efficien-
cy of 10 Im/W, and brightness of over 50,000 cd/m? are adequate for computer
monitor, display and liquid crystal display backlight applications. Lifetimes over
10,000 h are also necessary for many commercial applications.

A number of tasks still remain to be achieved before the apparent bright pros-
pects of conjugated polymer LEDs can be realized. The most important task is
development of the best light-emitting polymer materials. And, high purity pol-
ymers should be required and high molar mass polymers are also advantageous
for ensuring good film forming properties. Although the best polymer LED ma-
terials are being developed, there is still much room for research on academic
and industrial aspects. The important areas for further exploration include the
physics of device operation such as carrier injection, transport, and the photo-
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physics of light emission. Polymer engineering through chemistry for higher
quantum efficiency, multiple colors and device design and construction is also
required. It is important to figure out the role and the control of interfaces. Proc-
ess technology suitable for large-area devices, patterning within a layer and de-
fining the pixel should also be developed. We expect that polymer LEDs will ul-
timately have a significant impact in the area of new display technologies.
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