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, December 2002 Kwang-Sup Lee
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List of Abbreviations and Symbols

APC

amorphous polycarbonate

molecular polarizability

arbitrary unit

molecular first hyperpolarizability
bond-order alternation
Babinet-Soleil-Bravais

light speed

nonlinear optical coefficient
4’-dimethylamino-N-methyl-4-stilbazolium tosylate
direct current

diethyl azodicarboxylate

dielectric constant dispersion
difference frequency generation
dimethylacetamide
dimethylformamide

dimethylsulfoxide

donor—m center—acceptor

disperse red 1

differential scanning calorimetry
electric poling field strength

low frequency dielectric constant
molar extinction coefficient of polymer at 2@ frequency
electric field-induced second harmonic generation
electrostatic unit

local field factor

tricyanofuran

Gibbs-Boltzmann distribution function
gigahertz (10° Hz)

molecular second hyperpolarizability
Planck’s constant

harmonic light scattering
hyper-Rayleigh scattering

hertz (1 Hz =s71)

fundamental beam intensity

indium tin oxide

expansion coefficients
Kohlrausch-Williams-Watt

dipole moment

permanent dipole moment
Langmuir-Blodgett
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MHz megahertz (10° Hz)

MV megavolt (10° V)

M, Molecular weight

n refractive index

N chromophore number density in polymer matrix

NLO nonlinear optical

NMP N-methylpyrrolidone

NPP N-(4-nitrophenyl)-(S)-prolinol

OPO optical parametric oscillator

P macroscopic polarization

PC polycarbonate

PEI polyetherimide

Ph-TCBD  2-phenyl-tetracyanobutadienyl

PI polyimide

PMMA poly(methyl methacryate)

PPIF poly[(phenyl isocyanate)-co-formaldehyde]

PQ polyquinoline

PS polystyrene

PU polyurethane

QPM quasi-phase matched

r33 electro-optic (E-O) coefficient in the direction of the applied electric
field

A wavelength

RT room temperature

SG sol-gel

SHG second harmonic generation

TCN tricyano

T, glass transition temperature

THF tetrahydrofuran

THG third harmonic generation

Uv ultraviolet

Vin amplitude of modulation voltage

Vv half-wave voltage

Xﬁ) linear optical susceptibility

1@ second-order nonlinear optical susceptibility

@ third-order nonlinear optical susceptibility

® angular frequency
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1
Introduction

Since the late sixties organic molecules have attracted an increasing amount of in-
terest due to their potential applications in nonlinear optical (NLO) devices, and
in particular in second-order nonlinear optics. This interest is motivated not only
by the large NLO response, but also by the versatility, ease of processing, and pos-
sibility of tailoring the physicochemical properties by the molecular engineering
approach. It is well known that the organic molecules, due to their enhanced hy-
perpolarizability, exhibit large, fast, electronic in origin, second-order nonlinear
NLO response and may be processed into good optical quality thin films and single
crystals.

The nonlinear optical properties arise from the ability of molecules and atoms
to change, in a nonlinear way, their polarization under the external forcing field
(E). At the molecular level, the induced variation of the dipole moment () may be
developed into the electric field power series giving variation of molecule dipole
moment:

p—po=Kia:E+K,B:EE+ K3y:EEE+--- ()

where the expansion coefficients are three-dimensional tensors describing molec-
ular polarizability («), molecular first (8) and second hyperpolarizability (y). The
expansion coefficents (K;s) in Eq. (1) depend on units and conventions used for
the Fourier transform of the electric field as well as on whether the permutation
factors arising from the degeneracy of electric field are, or not, taken explicitly into
account. Hereafter, we use a convention in which these factors are taken explicitly
into account and a coefficient of 1/2 is used in the Fourier transform of the electric
field [1]. The electric fields appearing in Eq. (1) are local fields, which differ from
the applied external fields due to the screening by an internal field.

Similar development obeys also in the laboratory reference frame. Again, under
the external forcing field the medium polarization (P) can be expanded, within the
dipolar approximation in the power series of the external forcing field E giving

P=P0+KlX(l)iE"'sz(z):EE+K3X(3):EEE+~-~. )

where the development coefficients X(") are three-dimensional (n + 1) rank ten-
sors describing linear (y'!) and NLO response (y, y%), ...) of material in the lab-
oratory reference frame. The factors K; have the same meaning as in Eq. (1).

As it is seen from Egs. (1) and (2) the values of molecular hyperpolarizabilities
and macroscopic susceptibilities, within a given system of units, depend directly
on the conventions used. Therefore, it is important when comparing data coming
from different determinations or with theoretical calculations to ensure what kind
of conventions were used.
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For centrosymmetric materials, all odd rank tensors X(z)) X(4), ... = 0 and for cen-
trosymmetric molecules, all odd rank molecular hyperpolarizabilities 4, S, ... = 0.
Thus, the search for new materials for second-order NLO applications consists on
the synthesis of highly efficient, noncentrosymmetric molecules such as charge-
transfer molecules (or more recently octupolar molecule [2, 3]) and assembling
these molecules into noncentrosymmetric bulk materials: polymer thin films or
single crystals, depending on targeted application. The former approach is called
molecular engineering while the latter is called material engineering. Both aspects
will be reviewed and discussed in this paper, along with a short description of char-
acterization techniques and device applications.

2
Second-Order NLO Properties Characterization Techniques

Several techniques were developed for the characterization of nonlinear optical
properties of molecules and of bulk materials. The microscopic hyperpolarizabil-
ities are obtained from the macroscopic ones by using corresponding relationships
between them. This is not always straightforward because of the complicated char-
acter of the dependence between these quantities (cf. Chapter 3). However, due to
the molecule and bulk material symmetry and the Kleinman relationships, the
number of the nonvanishing B and y'* tensor components (27 in general) is
strongly reduced. In particular, of the charge-transfer molecules considered here,
the f3,,, component in the charge-transfer direction is enhanced and the others can
be neglected.

2.1
Molecular Level

Basically, three techniques are used for determination of the first hyperpolarizabil-
ity B tensor components:

(i) Electric field-induced second harmonic generation

(ii) Hyper-Raleigh scattering (HRS)

(iii) Solvatochromism

We will shortly describe only the first two techniques. Solvatochromism [4] is a
very crude technique and gives approximate values of 8 only. The values depend
on the solvent used (interaction between solvent and solute molecules), arbitrary
parameters such as cavity radius, and on the validity of the two-level model [5].
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2.1.1
Electric Field-Induced Second Harmonic Generation

The first common method for molecular first hyperpolarizability determination is
the electric field-induced second harmonic generation (EFISH) technique in solu-
tion [6-10]. This technique can be applied only to dipolar molecules. Under an ap-
plied external electric field, molecules in solution orient approximately in the di-
rection of the field giving rise to second harmonic generation. The measured
third-order nonlinear optical susceptibility is given by the following expression:

X(S) (220 @, ®,0) = NF| y(-2w;@,®,0) + % (3)
5kT
where z is the direction of the molecule dipole moment (usually the direction of
the charge transfer axis), N is the number density of solute molecules and the sec-
ond hyperpolarizability is given by

1
y(—2w;0,®,0) = g Yaxxx TYyyyy YT Vzzze T 2(Yxxyy tVixzz T Yyyzz)] (4)

The vector part of the first hyperpolarizability tensor is given by

ﬁz(_zw;w’w)=ﬁzzz+ﬁzxx +)Bzyy (5)

Thus, in this technique one measures only the vector part of B. As already men-
tioned, in the case of charge-transfer molecules under consideration here, the j3,,,
component is strongly enhanced and the other components intervening in Eq. (5)
are negligible.

The local field factor F, intervening in Eq. (3) takes account of the already-men-
tioned screening effects and is given by

F=(fo) frofo (6)

where
(na)(Za)))z +2

fotre) =5 —— @)

and
2
£ l(nm(Zm)) + 2]
fo= (8)

(I’lw(zw))z + 280
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where g; is the low frequency dielectric constant.

The second hyperpolarizability y(—2@;w,®,0) on the right-hand side of Eq. (3)
is usually neglected with respect to the orientational  term. This is almost justified
in the case of small, weakly conjugated molecules, as y(—2@;w,0,0) increases
much stronger with conjugation length than f(—2w;®,®). This assumption is not
satisfied in the case of more conjugated molecules. In that case, the second hyper-
polarizability y(—20;®,0,0) has to be determined by other techniques, for exam-
ple, third harmonic generation (THG). As a matter of fact, the THG technique
gives the y(—30;®,w,) hyperpolarizability which differs from that intervening in
Eq. (3) because of conventions and different dispersion laws. A correct approach
consists of the measurement of the y(—3w;w,w,) spectrum. Then, by applying
the essential state model, one can determine different dipolar transition moments
and differences of dipolar moments between fundamental and excited states in the
case of noncentrosymmetric molecules. This can then be used to calculate the
Y(—2w;0,w,0) term at a given (measurement) frequency [5,11,12]. More details on
the EFISH technique can be found in a critical review by Kajzar [9].

2.1.2
Hyper-Rayleigh Scattering

Hyper-Rayleigh scattering (HRS) or harmonic light scattering (HLS) [13—15] is a
relatively simple technique allowing determination of different components of
first hyperpolarizability f without molecular orientation. Thus, the measurements
may be performed on molecules with no permanent dipole moment such as the
already-mentioned octupolar molecules. The measurements are done in solution,
and the scattered light intensity in the y-direction for the z-polarized incoming
beam is given by [15]:

120l (g (o) | )

Iiwzg{Ns<ﬁ5xX> <ﬁzxx>] e, (10)

where N;and N, pare number densities of the solvent (s) and solute (p), respectively,
£(2w) is the molar extinction coefficient of polymer at 2w frequency and /is an ef-
fective optical path. The factor g in Eqs. (9) and (10) takes account of local fields
and geometrical factors, and the averages are given by:

<:Bzzz> zﬁlll 352ﬁiii 1]]+%ZIB5] z ﬁll]ﬁ]kk+ ﬂgk (11)
i#]

i,],k,cyclic
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1 2 11 2 8
<ﬁ§xx> = %Zﬁ’zﬁ _EZﬂiii i * 105 Zﬁé o5 > BB jx +£ﬁ§k (12)
i i#] i#j i,],k,cyclic

Although, a priori, there are a large number of 8 tensor components intervening
in Egs. (9)—(12) for the limited amount of experimental data, their number is usu-
ally limited by molecular symmetry and Kleinmen conditions. Moreover, some of
the components can be neglected with respect to others.

The B tensor components are obtained from the slope of the scattered light in-
tensity at harmonic frequency versus the square of the fundamental beam intensi-
ty, measured for different polarization configurations. The value of the g parame-
ter intervening in Egs. (9)—(11) is obtained by calibration with a solvent of known
PBvalue. These HRS measurements have to be done very carefully, as other process-
es such as two-photon-induced fluorescence, Raman, and higher order NLO proc-
esses can contribute to the measured HRS signal. Actually, the use of the time-re-
solved technique with femtosecond pulses allows for the separation of photons
coming from the harmonic generation of the others.

2.2
Macroscopic Level

Principally two techniques are used to measure the second-order nonlinear optical
susceptibilities. These are:

(i) Second harmonic generation

(ii) Linear electro-optic (Pockels) effect

Both can be done on single crystals and on oriented thin films. The former yields
X(z) (2@;w,w) susceptibility, while the latter X(Z)(—(D;(I),O). Depending of the rel-
ative orientation of the incident and output fields with respect to the crystal (or
thin film) symmetry axes, different components of both susceptibilities can be ob-
tained. The SHG technique is also often used to study the kinetics of orientation
and relaxation processed by in situ measurements [16].

2.2.1
Second Harmonic Generation

The second harmonic generation is a coherent technique giving the fast, electronic
in origin, second-order NLO susceptibility X(z)(—Zoo;oo,oo) at a given, measure-
ment frequency w. Here, we limit the discussion to poled films, with co mm
symmetry, which exhibit two nonzero y® tensor components: the diagonal
x?,,,(-20;0,00) and the off diagonal y'?),,(~20;0,), where Z is the poling
(preferential orientation) direction. Usually, thin films are deposited on one side
of substrate only (thin film deposited on both sides is discussed in Swalen and Kaj-
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zar [17]). The thin film with substrate is mounted on a goniometer. The SHG in-
tensity is collected as function of the incidence angle 6, rotating thin film with sub-
strate around an axis perpendicular to the beam propagation direction and coin-
ciding with it. For the poled thin film symmetry (poling direction perpendicular
to the thin film surface) the harmonic intensity is given by (neglecting multiple re-
flection effects):

2

If]“h_ m? X%(—Z(D;w,w) P (0 2 7. (o iAg, 2 I 2 (13)
v v [P (6)] [ m )(e —1)] (7o)

where Tpys are transmission and boundary condition factors for a given funda-
mental (f) and harmonic (h) polarization configuration, I, is the fundamental
beam intensity and Ae = ”[20 - ”%w is the dielectric constant dispersion.

As already mentioned, the SHG measurements are done in the fundamental (f)
and harmonic (h) polarization configuration, starting with the s-polarized funda-
mental and p-polarized harmonic beams. In that case the projection factor is given
by:

Py =X sin( o, (14)

By using appropriate cahbratlon (e. g a c%uartz single-crystal plate) the off diag-
onal susceptibility Xssﬁ (or Xsp or dg, =5 Xsp ) can be deduced directly from these
measurements. Then, by doing the SHG measurements at p-p fundamental har-

monic beam configuration, for which the projection factor is given by:
Pppp = X;Zp)p sin(@fw )sin2 9;‘; + ngzg(sin 205, cos wa +sin Hfm cos? 65,) (15)

one can determine the diagonal XJ(P?P (or Xﬁ), ordy, = % ng;) susceptizbility tensor
component, substituting into Eq. (15) the previously determined g, term with
an appropriate calibration. Ag in Eq. (13) is the phase mismatch between funda-
mental and harmonic beams and Tﬁh is a global transmission factor [17].

2.2.2
Linear Electro-Optic Effect

The linear electro-optic effect arises from the ability of a material medium to
change its refractive index under the action of an external electric field. This vari-
ation is proportional to the external field strength

61’[11 = p’]E] (16)
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where the Pockels tensor components p;; are related to the second-order NLO
through the following relationship [10]:

2
Xiij (—;0,0)
A Bttt (17)

1
/ i

Often, phenomenologically, one uses the linear electro-optic coefficient r;;

which, is also directly related to the electro-optic susceptibility:
Zx%)(—w;w,o)
=

1 3
njj

(18)

Several techniques have been developed to measure the electro-optic suscepti-
bility of single crystals or thin films. All are based on the measurement of variation
of the refractive index of a material induced by the applied external field. We will
shortly describe the modulation ellipsometry technique [18, 19], which is relative-
ly simple in use and can be applied to thin films, provided that some precautions
are undertaken [20].

For a multilayer structure (thin film sandwiched between two electrodes)
(Fig. 1) in reflection (the second electrode is then opaque), the reflected (similar
measurements can be done also in transmission) beam intensity is given by:

I, = I;sin?(W, + W (19)

Detector
Laser

P

Polarizer Analyzer
BSB Lock-in
amplifier
Trigger
Substrate 99

Transparent electrode

Active NLO layer Vac
Opaque electrode

BSB: Babinet-Soleil-Bravais
Compensator

Fig. 1. Schematic representation of multilayer structure and experimental set-up for E-O co-
efficient measurements by the modulation ellipsometry technique
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Fig. 2. Variation of the reflected intensity (normalized to the incident intensity) as a function
of the phase mismatch induced by the external electric field (¥pg), and by BSB (¥)

where W, is the phase mismatch inside the film between s and p waves given by:

4ml
W :Tn[:—o\/ng—nﬁsinz 6, —\/né—nﬁ sin” Ga} (20)
e

where n,,) is the ordinary (extraordinary) index of refraction, n, is the refractive
index of the surrounding atmosphere, 6, is incidence angle, and W is the phase
mismatch between s and p waves induced by the Babinet-Soleil-Bravais (BSB)
compensator (for details see [10]), introduced in the optical path and /is the thin
film thickness. The BSB is set in such a way as to get the maximum derivative of
the transmitted intensity (points A and B in the transmission curve, Fig. 2).

oW

oE

What happens for the case of W, + Wp = £1/2? From the derivative ?—Eps in
Eq. (21) and in the case of small anisotropy in the film (n, = n, = n), one can di-
rectly obtain the electro-optic coefficient by measuring the amplitudes of modula-
tion I ,ﬁ and I 5 at points A and B, respectively, to get the real (r) and imaginary (i)
parts [20] of the diagonal r tensor component (r =" + ):

2—2 = sin[2(‘Pps + ‘PB)] (21)

A B
I, -1
r373 —_m_ "m (22)
FIL,V,
A B
N by |

FL,V,,
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where

_4m nznﬁ sin’ 0,

34 n? - nfl sin’ 0,

F (24)

and V,, is the amplitude of modulation voltage. In deriving Eqs. (22)—(24), for the
sake of simplicity, it is assumed that the ratio r35/r;3 = 3, as it is in the case of mod-
erately poled polymer thin films (gas-phase model).

As already mentioned, the reflection modulation technique is relatively simple
but for thicker or absorbing thin films it becomes much more complicated due to
the multiple reflection effects in the used multilayer structure (Fig. 1) which may
lead to erroneous results, if not correctly taken into account [10, 20]. In that case,
the measurement of the incidence angle dependence of the modulation intensity
is required. Through a correct analysis of experimental data one can get both real
and imaginary parts of r, as well as its anisotropy (r3; and ;3 tensor components).

3
Polymeric Materials for Second-Order Nonlinear Optics

It is well known that the second-order NLO properties originate typically from
noncentrosymmetric alignment of NLO chromophores in poled polymers. To ob-
tain device-quality materials, three stringent issues must be addressed [21]: (i) de-
sign and synthesis of high yff chromophores and realization of large macroscopic
E-O activity in the chromophore-incorporated polymers; (ii) maintenance of
long-term temporal stability in the E-O response of the poled materials in addition
to their high intrinsic stability toward the environment such as heat, light, oxygen,
moisture, and chemicals; (ili) minimization of optical loss from design and
processing of materials to fabrication and integration of devices. From the point
of viewing the distribution and bonding types of NLO chromophores in polymers,
the polymeric materials for second-order NLO can be divided into guest-host type
polymers, linear-type (side-chain and main-chain) polymers, crosslinked-type
polymers, hyperbranched and dendritic polymers, and organic-inorganic hybrids.

3.1
Guest-Host-Type Polymers

Quantum mechanical analysis based on a simple two-level model [22] and bond-
order alternation (BOA) principle exploiting aromaticity [23] have worked sur-
prisingly well in providing useful structure/property relationships for the design
of chromophores with ever improving molecular hyperpolarizability. Table 1 pro-
vides some representative examples with improved molecular optical nonlinearity
developed over the past decade. It has been shown that very large nonlinearities
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Table 1. The uf values for representative NLO chromophores and r33 values for their guest-

host polymers

NLO chromophore pf (108 esu) pf /M,, NLO chromophore uf (10~ esu) pf/M,,
at 1907 nm at 1907 nm
\ < > 580 2.1 By 13,500 27.1
N N - >
! N~ Ym0, r;5=13pmV-Lat NNO_\\—\\ N o r3=55pmVlat
1 1330 nm o { ™ 1330 nm
(30% wt. in PMMA) 5 ¢ (20% wt. in PC)
/ 6200 173
N \ s, T3=30pm V1at m’"% 4, r3=65pmVat
{ (o 1330 nm e 1330 nm
5 NC (25% wt. in Polyimide) 6 "~ (20% wt. in PMMA)
B 9800 25.5 X 35,000 45.7
' Y s /J:“ r33=45 pm V7! at ‘;\ 733> 60 pm V! at
Y 1330 nm gla 1330 nm
(25% wt.in PQ-100) 4, 3o (30% wt.in PMMA)
A SIS V=08V
¢ r33=36 pm V! at g r33=105 pm V! at
SO s, gy, 1330nm §° 1330 nm
L= (25% wt.in PQ-100) %< (17.5% wt. in PMMA)
& P
4 * 32
8 NC N¢

can be achieved by combining heterocyclic conjugating units, such as thiophene
with tricyanovinyl [24] or [3-(dicyanomethylidene)-2,3-dihydrobenzothiophen-
2-ylidene-1,1-dioxide] electron acceptors [25], or by employing extended polyene
m-bridged systems with strong multicyano-containing heterocyclic electron ac-
ceptors [26,27]. For many years, it had been suggested that E-O polymers could
show electro-optic coefficients (r33) much larger than that of the technologically
important crystal, lithium niobate (LiNbO3). By using several highly nonlinear
molecules such as 5 [25], 6,7 [28],and 8 [29] shown in Table 1 in several low-glass
transition temperature (Tg) polymers, such as poly(methylmethacryate) (PMMA)
and polycarbonate (PC), it was shown that very large E-O coefficients
(33> 60 pm V~!, measured at 1.3 pm) were achievable. This is twice the value for
lithium niobate (31 pm V1).

The molecular orientation in the poled polymers is thermodynamically unsta-
ble and quickly decays in low-T, polymers such as PMMA, resulting in a greatly
reduced nonlinearity. However, if the T, of the polymer is roughly 150-200 °C
above the ultimate operating temperature, decay of the orientation would be neg-
ligible over the device lifetime. Many kinds of NLO chromophores were incorpo-
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rated as guests in high-T, polymers, such as polyimide and polyquinoline thin
films. After poling, the polymer showed much improved long-term stability at el-
evated temperatures. This was first demonstrated with a commercial polyimide
and NLO chromophore [30], and later with highly nonlinear heteroaromatic
chromophores that were developed by Jen et al. using donor-acceptor substituted
thiophene-containing conjugated units. The chromophore 2 was stable enough to
sustain both imidization (30 min at 200 °C) and poling (10 min at 220 °C) condi-
tions [31]. Through the use of high-T, polyimide and a physical aging process, this
guest-host NLO polymer had long-term stability at elevated temperatures of
120 °C and 150 °C for more than 30 days, with the electro-optic coefficient main-
tained at 80% (60%) of its initial value.

A similar but more active chromophore 3 (RT-9800) was also incorporated as
guest in a rigid-rod, high-temperature polyquinoline (PQ-100) (Scheme 1) [32].
Poling results from the guest-host polyquinoline thin films showed both excep-
tionally large electro-optic activity and long-term stability at 85 °C. After an initial
drop from 45 to 26 pm V! in the first 100 hours, the electron-optic coefficient re-
mained at 26 pm V! for more than 2000 hours (Fig. 3).

The experimental value of 33 also agrees fairly well with the predicted value of
48 pm V7! that was calculated from puf by using a two-level model suggested by
Katz and Singer et al. [33], after accounting for dispersion effects from both the
EFISH and electro-optic measurements. The r35 is expressed as:

133 = (4/114)N(fm)z(f0)2(pﬁ/SkT)Ep[Fl (a)o,a)')/Fz(a)o,a))] (a)

where N is the number density of the chromophores, 7 is the index of refraction,
f,and f,, are the local field factors

fozs(n2+2)/(n2+2£) fa)z(n2+2)/3 (b)
and F; and F, are the dispersion factors
F(wg,»")= a)g/[(a)é - w’z)(a)é —4(0'2)] (c)

Scheme 1
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Fig.3. Normalized E-O coefficients of RT-9800/polyquinoline at 80 °C. The data points are the

experimental values. The dotted line is the “KWW?” stretched exponential function fitting and
the solid line is a biexponential function fitting

and

B (wg,o)= a)é(3a)§ —wz)/{3(a)§ —a)z)Z] (d)

Here ' is the optical frequency used in the EFISH measurement, @ is the fre-
quency adopted in the electro-optic measurement, and @, is the transition energy
between the ground state and first excited state of the chromophore.

In the continuous quest for chromophores that possess both large molecular
nonlinearity and good stability, Wu and Jen et al. [34] have developed another se-
ries of highly efficient, thermally and chemically stable chromophores such as 4,
based on the 2-phenyltetracyanobutadienyl (Ph-TCBD) group as the electron ac-
ceptor. An X-ray single-crystal structure of such a chromophore reveals that the di-
cyanovinylenyl moiety is linked coplanarly to the donor-substituted aryl segment
and forms an efficient push-pull system. In the meantime, the “substituent”, a-Ph-
dicyanovinyl is twisted out of the main conjugation plane. The three-dimensional
shape of the chromophore may help to prevent molecules from stacking up on
each other, and thus, reduce chromophore aggregation. This, in turn, improved
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the poling efficiency and lowered the optical loss caused by light scattering. This
chromophore was incorporated as guest (20 wt%) in polyquinoline thin films. Af-
ter poling, a very high electro-optic coefficient (36 pm V! at 1.3 um) was achieved
and the value remained at approximately 80% of its original value at 85 °C for
more than 1000 hours.

3.2
Side-Chain NLO Polymers

In side-chain NLO polymers, generally, NLO chromophores are incorporated by
covalent bonding to various polymer backbones. As compared to guest-host sys-
tems, these types of polymers can provide higher chromophore loading density.
They also improve temporal and thermal stability of aligned NLO dipoles. Vinyl
polymers like polystyrene (PS) [35] and poly(methyl methacrylate) (PMMA) [36—
40], and high-Tg polymers such as polyurethanes [41-43], polyimides [44-53],
polyamides [54, 55], polyesters [56—58], polyethers [59], and polyquinolines [60—
62] are some candidate polymers being considered for NLO chromophore incor-
poration. Among these, polyurethanes and polyimides are very promising materi-
als as their properties including thermal stability are shown to be excellent. The
following discussions are focused on these two polymer systems.

3.2.1
Polyurethane-Based NLO Polymers

Polyurethanes are advantageous as a NLO polymer matrix in that an extensive for-
mation of hydrogen bonding between the urethane linkage would increase the ri-
gidity of the polymer matrix. This fact is attributed to a strong intermolecular in-
teraction that restrains the molecular motion, thereby retarding the relaxation of
the aligned NLO dipoles. NLO polyurethanes can be synthesized by the step-
growth polymerization reaction of diols, which possess various NLO chromo-
phores, with aromatic diisocyanate such as 2,4-toluene diisocyanate or 4,4'-diiso-
cyanato-3,3'-dimethoxyphenyl (Scheme 2). The resulting polymers are readily sol-
uble in aprotic polar solvents, for example, dimethylformamide (DMF), N-meth-
ylpyrrolidone (NMP), or cyclohexanone. From the polymer solutions of these sol-
vents, good optical quality films can be cast on glass or quartz substrates by the
spin coating method. The physical data and y(? coefficient of some representative
NLO polyurethanes are listed in Table 2 [63—69]. Differential scanning calorimetry
(DSC) analysis data show relatively high T, in the temperature range 121-176 °C
for the linear polyurethanes. No melting points are detected in these polymers,
suggesting that these polyurethanes are amorphous.

The macroscopic second-order susceptibility y(* of these materials is deter-
mined by measuring the SHG signal intensity. By optimizing the poling process,
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Table 2. Physical data and y coefficients for second-order NLO? polyurethanes
Polyurethanes Glass transition UV (A,,) Refractive @ Reference
temperature (Tg) index (n)
(°C) (nm) (TM) (pm V1) (x 1077 esu)
PU1-AZ 137 460 1.7013 20 0.5 63, 64
PU1-C4B 121 484 1.7410 128 3.1 65
PUI-CNMS 140 476 1.8607 57 1.4 66
PU2-CNMS 127 490 1.8712 50 1.2 66
PUI-CNBS 153 459 1.7178 57 1.4 67
PU2-CNBS 131 500 1.7208 40 1.0 67
PU1-DCN 159 489 1.7799 136 3.3 68
PU2-DCN 159 496 1.7572 120 2.9 68
PU2-TCN 176 659 1.7800 51 1.2 69

2 For evaluation of the SHG activity, the Maker Fringe method was used [70]. A Y-cut quartz plate (d;; =
0.81 x 10719 esu) was employed as the reference [71]. A mode-locked Q-switched Nd:YAG laser was used
as the fundamental beam source (1064 nm wavelength).
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parameters such as temperature, poling time, and applied voltage intensity, y'*)
coefficients of these samples can be shown to be 40-136 pm V! depending on
their structures. High optical nonlinearity of PUI-DCN and PU2-DCN comes
from the strong electron-acceptor characteristics of the dicyanovinyl group. The
resonance effect of PU1-DCN and PU2-DCN, due to some absorption in their fre-
quency-doubling range, also contributes to the high optical nonlinearity [68]. The
low optical nonlinearity exhibited by the PU2-TCN (one more cyano group than
PU2-DCN) in comparison to PUI-DCN can be reasoned to be caused by the lower
resonance contribution. This lower UV absorption at the frequency-doubling
range of 532 nm wavelength as UV absorption shifts to a longer wavelength is
known to be the main cause of lower contribution [69].

Stilbazolium salt-type chromophores are some of the most promising candi-
dates for nonlinear optics due to the larger second-order NLO activity and the ease
of structure variation [72—75]. They can be applied to nonlinear optics in the form
of single crystals [76-79], supramolecular architectures [80,81], or Langmuir-
Blodgett (LB) films [82—84]. However, the incorporation of chromophores into
the polymer backbone is the most effective means. Notably, the use of a bulky tet-
raphenylborate counterion in the stilbazolium salt promotes higher optical non-
linearity of the chromophore. Also, it is expected to reduce the ion mobility in a
strong electric field during the poling process and thus induce the effective polar
alignment of dipoles [65,85]. In fact, PU1-C4B shows large optical nonlinearity of
%@ =128 pm V!, A notable feature of this polymer system is the extended tem-
poral stability of aligned dipoles. At room temperature, no decay in initial SHG ac-
tivity was exhibited over a period of one month. In addition, 70% of the initial op-
tical activity of the poled sample was maintained at 100 °C, after being exposed for
100 hours. These results imply that the hydrogen bonding between the neighbor-
ing polyurethane chains provided a stabilization effect, which in turn prevented
the relaxation of oriented molecular dipoles.

In terms of practical applications of organic NLO materials to integrated optics,
the fabrication of channel waveguides is important. Some of the well-known tech-
niques for producing channel waveguides include photobleaching, UV lithogra-
phy, laser ablation, and reactive ion etching. The simplest and most effective means
for getting the precise refractive index profile control is known to be the photob-
leaching method and hence this is utilized for channel waveguide fabrication on
PU1-C4B. The refractive index change is measured on exposure to the energy
power of 9 k] cm™ (He-Cd: 442 nm). With photobleached samples, the UV ab-
sorption peak height decreases with increasing exposure time. No new peaks can
be observed from photobleaching, indicating that unlike azo or stilbene dyes, the
mechanism of photobleaching in the stilbazolium salt chromophore is not associ-
ated with cis-trans isomerization. Twenty and 50 mm-width channel waveguides
can be produced with measured propagation loss of the photobleached waveguide
of about 1 dB cm™ with a He-Ne laser with the wavelength of 633 nm (Fig. 4a).
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Channel Waveguide
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Fig. 4a,b. PU1-C4B waveguides for the Cerenkov-type phase matching SHG (a), and phase-
matched blue SHG arches (b): SHG wave of 380 nm and fundamental wave of 760 nm (top)
and far field pattern of Cerenkov SHG wave of 400 nm (bottom)

Cerenkov-type phase-matched blue SHG in such a produced waveguide is typical
(Fig. 4b). The conversion efficiency of this waveguide exhibits at least one-order of
magnitude higher than those of the nonphase-matched samples, even where con-
version efficiency is not fully optimized. This activity typically lasts for more than
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Fig. 5. Conversion efficiency of the phase-matched SHG intensity in PU1-C4B waveguides

two months and the frequency-doubling efficiency of the Cerenkov-type sample is
clearly improved relative to the slab-type waveguide (Fig. 5) [86].

3.2.2
Polyimide-Based NLO Polymers

In spite of excellent thermal stability and mechanical properties of wholly aromatic
polyimides, the lack of processability has been the major hurdle in using them as
the NLO matrix polymers. Polyetherimide (PEI) (Scheme 3), which has an ether
linkage in the polyimide backbone, is a better matrix material, as processability
and solubility are enhanced without losing the advantageous properties of polyim-
ides. In general, PEI is synthesized by two different processes, that is, nitro-dis-
placement and imidization polymerization [87-91]. However, since this method
is not applicable for synthesizing NLO-incorporated PEI, other methods need to
be utilized. The alternative synthetic approach for making the NLO polyetherim-
ides is the use of the single-step reaction of NLO-diol and diimide by the Mitsuno-
bu reaction using diethyl azodicarboxylate (DEAD) and triphenylphosphine in
anhydrous tetrahydrofuran solvent (Scheme 4) [92]. In this method, the polyim-
ide structure is directly formed during condensation polymerization without a
thermal imidization step. When PEI-TH is reacted further with tetracyanoethyl-
ene in DMF solvent, a blue-colored copolymer (PEI-TH-co-PEI-TCN) is pro-
duced, which in some parts contained up to 56% tricyanovinyl group. As the per-
centage of tricyano (TCN) group increased, the NLO activity also got larger. How-
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ever, solubility decreases with TCN and at concentrations over 40% film, quality
became too poor to be applicable.

According to UV-vis spectra, the absorption maximum for the m—m* transition
of the stilbene chromophore in PEI-DANS is 441 nm. A new absorption maxi-
mum at 669 nm was found for PEI-TH-co-PEI-TCN (not observed in PEI-TH),
suggesting that the NLO chromophore is generated by tricyanovinylation. Also,
the absorption maximum at 365 nm indicates that the substitution reaction is not
complete and some portions remain unreacted with the polymer chain. DSC anal-
ysis showed T, values in the range 144-157 °C for all three PEIs. Not so high T, val-
ues are attributed to the flexible ether linkage and bulky chromophore incorpora-
tion to the polyimide backbone. The NLO activity of polymer films on indium tin
oxide (ITO) glass was produced by using corona discharge-induced electric poling.
The macroscopic ¥ values were determined to be 73 pm V-! for PEI-DANS and
56 pm V! for PEI-TH-co-PEI-TCN. According to UV-vis absorption spectra, the
resonant enhancement effect of y'?) values may not be significant in both samples,
particularly a copolymer in which a very low absorption occurred at 532 nm. The
NLO activity of the copolymer system is not high compared to PEI-DANS. How-
ever, considering the low degree of substitution of TCN, the ¥®) of this copolymer
is significant. In recent work, some basic knowledge for increasing the substitution

50°C 75°C 100 °C 125°C 150 °C 175°C

PEI-DANS

PEI-TH-co-PEI-TCN
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oo 00
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Fig.6a,b. Thermal stability of aligned dipoles in PEI-DANS (a) and PEI-TH-co-PEI-TCN (b)
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value up to about 56% by controlling polymer reactions has become available [93].
The thermal stability of SHG activities for poled films of PEI-DANS and PEI-TH-
co-PEI-TCN are shown in Fig. 6. The polymers exhibited quite different thermal
stabilities in terms of the poled chromophore relaxation. The SHG signal intensity
of PEI-DANS slowly decreased with increasing temperature. This decay process
was similar to those of other side-chain NLO polymers reported [94]. However,
the SHG signal intensity for the copolymer system did not change (within experi-
mental measurement) from its initial value up to 125 °C. Moreover, the initial
NLO activity was sustained even after four weeks at 100 °C. The much-enhanced
thermal endurance of aligned dipoles is comparable to that of crosslinked NLO
polymers. This unusual thermal stability shown by the copolymer may be attrib-
uted to an attractive interaction between nonbonding electrons of thiophene and
strongly electron-withdrawing TCN group, through which the improved thermal
stability is provided.

In the case of PEI-based NLO polymers, T, is not very high due to the ether link-
age. Therefore, to obtain thermally stable NLO polymers through the enhance-
ment of T, utilization of a rigid chain polymer like NLO polyimide would be use-
ful. However, wholly aromatic PI structures can reduce processability as already
mentioned. Hence, to alleviate such problems a short aliphatic spacer and hex-
afluoroisopropyl unit for disrupting linearity was used in NLO polyimide synthe-
sis [95-97]. To introduce the NLO-active chromophore on polyimide matrix,
AZO-OH, and 6F-DI were first prepared by the classical synthetic method. After
the polymerization of these two components by using the Mitsunobu reaction, the
dioxolane group of the resulting polymer PI-PRO was deprotected to give the pol-
ymer PI-DEP with a free aldehyde group, and this polymer was further reacted
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with methansulfonylacetonitrile to produce the final polymer PI-SOT (Scheme 5)
[96]. From the DSC thermogram, the T, of this copolymer with the substitution
degree of 81% cyanosulfonyl chromophore was observed at 186 °C. The absorp-
tion maximum was exhibited at 421 nm. Under the conditions of 5 kV poling volt-
age applied to the corona needle at 186 °C for 10 min, the order parameter value
(f=1-A,/Ap Ay and A, are absorbances of the PI-SOT film before and after co-
rona poling, respectively) for PI-SOT was estimated to be 0.22.

From the Maker fringe technique, we obtained a d5; value of 50 pm V! (con-
tains resonant effect due to some absorption in SHG range) for PI-SOT. Since the
relationship dj3 = 3d3, holds in the polymer systems, the d;3 value is supposed to
be about 150 pm V!, From the calculation with the approximate two-level model,
the nonresonant value (ds; (e0)) of this copolymer was found to be about 47 pm V-
L Figure 7 shows the temperature-dependent SHG intensity for the purpose of the
thermal stability study. The SHG signal is quite stable until the temperature reach-
es 150 °C. The E-O coefficient (r33) was also measured by an ellipsometric reflec-
tion technique. The ;5 value observed for the PI-SOT film was 28 and 5.4 pm V!
for the incident laser 633 and 852 nm wavelengths, respectively. At room temper-
ature in air, the temporal stability of the E-O coefficient of the film was maintained
over 95% of its initial value, even after 60 days. Moreover, at 100 °C an initial decay
of about 10% was observed within one hour, but no further decay in E-O coeffi-
cient was shown within the prolonged time of 30 days. This study confirmed the

role of polyimide as a high-temperature NLO polymer matrix, as thermal stability
is greatly enhanced.
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Fig.7. Thermal stability of aligned dipoles in PI-SOT
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33
Crosslinked NLO Polymers

To prevent the relaxation of aligned dipoles in NLO polymers, the most effective
method is to align NLO chromophores first and then crosslink either the polymer
backbone or the chromophores together. Many investigators have attempted such
a method and it has shown to greatly increase the long-term stability of the NLO
activity [98-102]. However, in most crosslinked polymer systems the optical losses
caused by the limited uniformity of the crosslinked reaction are significant. To cir-
cumvent these problems, novel crosslinking reaction techniques proposed by Park
et al. [103] and Lee et al. [104] have been investigated. In these methods a liquid
polymer system with high flow property, poly[(phenyl isocyanate)-co-formalde-
hyde] (PPIF), which has one crosslinking site located at every phenylene unit, was
used for improving the uniformity of the crosslinking reaction between the poly-
mer chains and hydroxy-functionalized NLO chromophores. The synthetic routes
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to the crosslinked polymers with three different bonding sites are shown in
Scheme 6. The dried monomers were dissolved in the mixed solvent of DMF and
cyclopentanone and the diluted PPICF was added and mixed thoroughly for
10 min. The resulting mixture was then spin-coated. For PU-VP, the solutions did
not exhibit any flow characteristics due to fast gelation. The films were directly
poled and their SHG signal was measured at the in situ poling set-up. Here, ther-
mally induced condensation reactions of hydroxy functionalities and isocyanate
groups lead to a hardened lattice during subsequent induction of polar alignment
by the electric field. The T, of these crosslinked polymers did not appear below the
decomposition temperature of chromophores. According to SHG measurement
data, relatively high second-order optical activity was shown for the poled and
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Fig. 8. Thermal stability of SHG activity for PU-VP

Table 3. Thermal stability data of y'») coefficients for crosslinked polyurethanes with different
bonding directions

Samples? Bonding direction® x(2) (pm V1)

25°C  75°C 100 °C 125°C
PU-V Vertical 374 31.8 (85%)° 20.6 (55%) 4.9 (13%)
PU-P Parallel 168 150 (90%) 9.6 (57%)  3.5(21%)
PU-VP Vertical/Parallel 302 30.2(100%)  30.2 (100%)  26.9 (89%)

aSample films were cured at 100 °C for 12 h under vacuum. *Bonding direction indicates the approximate
angle between dipole of chromophore and two bonding sites. “Values in parenthesis indicate retained per-
centage of initial NLO activity at the corresponding temperature.
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cured polymer films. The X(z) values for PU-V, PU-P, and PU-VP were 37.4, 16.8,
and 30.2 pm V7!, respectively. The lower NLO activity of PU-P is indicative of a
significant reduction of parallel locking structure due to crosslinking effects [105].
Figure 8 represents the thermal stability of SHG activity for PU-VP evaluated dur-
ing the stepwise temperature increase from room temperature to 150 °C. Results
for all samples are also listed in Table 3. The decay of oriented dipoles in PU-VP
was minimized due to lattice hardening of PU with three bonding sites, as expect-
ed. Also, the SHG intensity does not show any reduction until the temperature ris-
es to 100 °C. For temperatures below 100 °C, the )((2) values for PU-V and PU-P
decreased to 85-90% of the initial value [104, 106].

34
Hyperbranched and Dendritic Polymers

Dendrimers are a relatively new class of macromolecules different from the con-
ventional linear, crosslinked, or branched polymers. Dendrimers are particularly
interesting because of their nanoscopic dimensions and their regular, well-defined,
and highly branched three-dimensional architecture. In contrast to polymers,
these new types of macromolecules can be viewed as an ordered ensemble of mon-
omeric building blocks. Their tree-like, monodispersed structures lead to a
number of interesting characteristics and features: globular, void-containing
shapes, and unusual physical properties [107-111].

3.4.1
Spontaneous, Noncentrosymmetric Organization of NLO Chromophores in Dendritic
Structures (NLO Dendritic Effect at the Molecular Level)

To study the dendritic effect of dendrimers on NLO properties, a series of dendritic
macromolecules, such as the azobenzene-containing dendrons 9 (Scheme 7), have
been developed and subjected to analysis of their conformational and molecular
NLO properties [112, 113]. These molecules were modified by introducing 1-
15 numbers of azobenzene branching units as the NLO chromophore and by con-
necting these units with aliphatic chains at the end of dendritic structures. In these
topologically complex molecules, each chromophore contributed coherently to
the macroscopic NLO activity. The molecular hyperpolarizability () of the
azobenzene dendron with 15 chromophoric units was measured to be 3,010 x
102 esu by the hyper-Rayleigh scattering method. This value is approximately
20 times greater than that of the B for the individual azobenzene monomer
(150 x 107% esu). In addition, the structural information on dendrons provided
by the polarized NLO measurement also indicated that each chromophore was ori-
ented noncentrosymmetrically along the molecular axis to become a cone shape
rather than a spreading or a spherical shape. This structure gave rise to a large elec-
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Scheme 7

tronically dipolar macromolecular system, in which each chromophoric unit co-
herently contributed to the second harmonic generation.

By extending the above observations on dipolar dendrimers, Ledoux and Zyss
et al. [114] have recently reported the first evidence of spontaneous supramolecu-
lar organization of octupolar molecular units, resulting in a quasi-optimized,
acentrically ordered dendritic structure. Having evaluated 8 for the monomer, size
effects can be investigated for the different polymetallic species 10—12 (Scheme 8),
in view of the similarity of their absorption features. A large increase of S was clear-
ly observed for the N =7 dendrimer relative to that of the monomer. The corre-
sponding f value was significantly higher than that measured for N = 14 linear
polymers. It is interesting to plot B as a function of the number of monomers (N),
as displayed in Fig. 9a. Comparison between the heptamer (N = 7) and polymer
(N = 14) values highlights strikingly different behaviors. The f values for N = 14,
3,and 2 fit almost perfectly a B (polymer) = N2 (monomer) scaling law, whereas
a dendritic heptamer (N = 7) satisfactorily fits a linear relationship B (dendrimer)
= N (monomer). Such a quasi-linear dependence is the clear signature of a quasi-
optimized octupolar ordering of individual building blocks in a dendrimer, in
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contrast with the fully disordered structure expected for a linear polymer, as in-
ferred from the N'/2 dependence of the corresponding 8 value. The NLO elemen-
tary units in the linear polymer do not display any acentric organization, and the
corresponding harmonic light scattering (HLS) response of the polymer is similar
to that of a set of 14 independent molecules in a solution. Conversely, a semi-rigid,
optimized acentric organization results in coherent second harmonic emission at
the supramolecular level; the corresponding intensity from the dendrimer solu-
tion iS almOSt proportional to szonomer < ﬂzmonomer >' The szonomer depend_
ence assumes a linear additive model, whereby the individual sub-units follow an
interaction-free oriented gas behavior.
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3.4.2
Enhancement of Poling Efficiency in NLO Dendrimers (NLO Dendritic Effect at the
Macroscopic Level)

In the fabrication of practical E-O devices, all of the three critical materials issues
(large E-O coefficients, high stability, and low optical loss) need to be simultane-
ously optimized. One of the major problems encountered in optimizing polymeric
E-O materials is to efficiently translate the large  values of organic chromophores
into large macroscopic electro-optic activity (r33). According to an ideal-gas mod-
el, macroscopic optical nonlinearity should scale as u/M,, (M,, is the chromo-
phore molecular weight) [115]. Therefore, E-O coefficients of many hundreds of
picometers per volt should be expected if such molecular optical nonlinearity
shown in Table 1 could be effectively translated into macroscopic E-O activity.
However, the electric field poling of a polymer containing highly nonlinear
chromophores is often hindered by the large dipole moment of the molecules.
Theoretical analysis suggests that the maximum realizable E-O activity can be en-
hanced by modifying chromophores with bulky substituent groups [116]. These
groups do not influence molecular hyperpolarizability but they will minimize the
effect of unwanted electrostatic interactions by inhibiting the side-by-side ap-
proach of chromophores along the minor axes of the prolate ellipsoidal unmodi-
fied chromophores. Theoretical analysis also suggests that the ideal chromophore
shape is that of a sphere [117].

Globular-shaped and void-containing dendrimer synthesis is well suited to ob-
tain spherical chromophore shapes and realize large E-O coefficients. Dendritic
structures can be also used to control solubility and processability, to improve
chemical and photochemical stability, and to facilitate lattice-hardening schemes
carried out after the electric-field poling process. In addition, by exploiting selec-
tive halogenation and isotopic substitution, the large void-containing dendrimers
can help minimize optical loss (due to light scattering or vibrational absorption).
The recent development of single-dendron-modified NLO chromophores, multi-
ple-dendron-modified NLO chromophores, and multiple-chromophore-contain-
ing crosslinkable NLO dendrimers will be highlighted.

3.4.21
Single-Dendron-Modified NLO Chromophores

Three kinds of NLO chromophores 13-15 (Scheme 9) were obtained through the
modification of one highly nonlinear tricyanofuran (FTC) acceptor-based
chromophore with different shapes and sizes of substituents. When compared to
the t-butyldimethylsilyl side group substituted in chromophore 13, the dendritic
substituent on chromophore 15 has a much more flexible and wide spreading
shape because of the branching alkyl chains that are connected to the phenyl
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group. The adamantyl group on chromophore 14 has a more rigid and bulky
structure. Due to the existence of an insulating methylene spacer between the ac-
tive D-mi-A moiety and the side group, all these modified chromophores gave es-
sentially the same absorption peak (A,,,, = 641 nm) in dioxane solution, indicat-
ing that these substituents did not affect the molecular hyperpolarizability. How-
ever, it is expected that these side groups will affect the poling efficiency and the
macroscopic susceptibility (r33) of polymeric materials that are incorporated with
these chromophores. Two aspects of the substituent effects may contribute to this:
one is that the different shape and size of substituents will lead to substantially dif-
ferent intermolecular electrostatic interactions among chromophores; the other is
that the different rigidity and size of substituents will also create variability of free
volume which in turn will affect the mobility of the chromophore under high elec-
tric field poling conditions.

To study the substituent effect on poling efficiency, all three chromophores were
incorporated into an amorphous polycarbonate (APC, T, = 205 °C) matrix with a
predetermined loading density and the resulting polymeric materials were proc-
essed, poled, and measured with the same condition, respectively. Figure 10 shows
the dependence of the 35 value on chromophore number density measured for
each system. For the chromophore 13, it exhibited a maximum value of 33 and the
value decreased with the increase of the chromophore loading level. In addition, it
stayed at a lower r;3 level than the other two systems, suggesting a significantly
higher chromophore-chromophore electrostatic interaction than expected. In
comparison, chromophore 14 and 15 enhanced the achievable value to a much
higher level (=40% of enhancement) due to the minimization of electrostatic in-
teraction among chromophores. However, chromophore systems 14 and 15 con-
tributed differently to the enhancement of r;; (Fig. 10) and poling efficiency
(Fig. 11) with respect to similar chromophore number density. Compared to the



34 Francois Kajzar - Kwang-Sup Lee - Alex K-Y. Jen

40
N ’
B - O- Chromophore 13 L7
35 __ 0  Chromophore 14 7
= A Chromophore 15 7
- — — — ldeal-gas model .
— /
30 — //
- ,
/
— ’
25 - ’
N /; A 0
— /
CHE ’
<20 ,
g = /
— /
- // P 3 N
15 — ‘7 >
- i O
| Va
10 — /7
= /
= /
- /
s[ /
- /O
2
s
s
0/||||||||||||||||||||||||
0 1 2 3 4 5

Number Density (N / 10%° (cm™)

Fig. 10. Comparison on E-O coefficient of NLO polymers incorporated with chromophores
containing different loading density and substituent modification

t-butyldimethylsilyl group on chromophore 13, the dendritic substituent on
chromophore 15 offers notable enhancement for the obtainable r5; and poling ef-
ficiency at lower chromophore number density, whereas the adamantyl substitu-
ent on chromophore 14 provides more significant improvement for r5; and poling
efficiency only at higher chromophore number density. This is probably due to the
fact that the flexible and bulky dendritic moiety on chromophore 15 provides
more free volume for the chromophore orientation mobility under high electric
field poling compared to the rigid adamantyl group on the chromophore 14.

3422
Multiple-Dendron-Modified NLO Chromophores

To maximize the dendritic effect, a chromophore 16 was recently modified further
with multiple fluorinated dendrons (Scheme 10). The resulting dendritic chromo-
phore 17 exhibits appreciably different properties, such as a blue-shifted absorp-
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Fig.11. Comparison on relative poling efficiency of E-O polymers incorporated with chromo-
phores containing different loading density and substituent modification

tion (29 nm), a higher thermal stability (20 °C), and a much higher E-O activity
(x3) (Fig. 12), compared to the pristine chromophore 16 in the same polymer ma-
trix (Table 4). Since both chromophores contain the same D-mi-A active moiety,
the blue-shifting of the absorption A, is probably due to the hydrophobic and
lower dielectric environment created by the perfluorodendrons. Encapsulating the
NLO chromophore with several fluorinated dendrons also improves its thermal
decomposition temperature. In the context of studying dendritic effect on macro-
scopic E-O activity, both chromophores were incorporated into the APC polymer
with a predetermined loading density (12% wt.) and the resulting guest-host ma-
terials were processed, poled, and measured under the same condition, respective-
ly. Amazingly, a three times larger E-O coefficient in the 17-doped system was ob-
served. This proves that the lower dielectric environment and the site-isolation ef-
fect provided by the dendrons greatly facilitate the poling process.

Currently, several more efficient NLO chromophores such as the chromophore
18 are being modified with the similarly fluorinated dendrons to provide further
improved macroscopic E-O properties.
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Scheme 10
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Table 4. Comparison of the properties of NLO non-dendritic chromophore 16 and dendritic
chromophore 17

Apax (1,4-dioxane) T4 133 at 1.3 pm
(nm) (°C) (pm V)
NLO chromophore 16 603 245 10
Dendritic chromophore 17 574 265 30

*Determined by DSC at the heating rate of 10 °C min™" under nitrogen. "Poled at 150 °C under the field
of 1.0 MV cm™! with 12% wt. of NLO chromophore in APC.

34.23
Multiple-Chromophore-Containing Crosslinkable NLO Dendrimers

To create an ideal stand-alone and spherical shape NLO material that does not in-
volve the complexity of incorporating NLO dye in a separate polymeric matrix,
multiple NLO chromophore building blocks can be further placed into a dendrim-
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er to construct a precise molecular architecture with a predetermined chemical
composition. A crosslinkable NLO dendrimer 19 (Scheme 11) which has been de-
veloped for this purpose exhibits a very large optical nonlinearity and excellent
thermal stability [118]. The NLO dendrimer was constructed through a double-
end functionalization of the three-dimensional Ph-TCBD thiophene-stilbene-
based NLO chromophore 16 as the center core and the crosslinkable trifluorovi-
nylether-containing dendrons as the exterior moieties. Spatial isolation from the
dendrimer shell decreases chromophore-chromophore electrostatic interactions,
and thus enhances macroscopic optical nonlinearity. In addition, the NLO den-
drimer can be directly spin-coated without the usual prepolymerization process
needed to build up viscosity, since it already possesses a fairly high molecular
weight (4664 Da). The dendrimer also possessed a quite high chromophore load-
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ing density (33% w/w) and showed no indication of any phase separation due to
the incompatibility between the chromophore and the peripheral dendrons. There
are also several other advantages derived from this approach, such as excellent
alignment stability and mechanical properties, which are obtained through the se-
quential hardening/crosslinking reactions during the high-temperature electric-
field poling process. A very large E-O coefficient (153 = 60 pm V™! at 1.55 pm) and
long-term alignment stability (retaining >90% of its original r35 value at 85 °C for
more than 1000 h) were achieved for the poled dendrimer. In comparison, E-O
studies were performed on the guest/host system in which nondendron-modified,
similarly structured chromophore 16 (optimized loading level: 30% wt.) was for-
mulated into a high-temperature polyquinoline (PQ-100). The T, of the resulting
system is plasticized to approximately 165 °C. After the same sequential heating
and poling as that of the dendrimer, the guest-host system showed a much smaller
E-O coefficient (less than 30 pm V') and worse temporal stability (only retained
<65% of its original 33 value at 85 °C after 1000 h) (Fig. 13). In addition, the at-
tempt to corona pole the nontrifluorovinyl ether functionalized dendrimer only

1.2

@ NLO dendrimer
L A guest/host polymer

Normalized r53
(=]
(o)}

04 —

02 —
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Time (h)

Fig. 13. Temporal stability of the poled/crosslinked NLO dendrimer 19 and guest/host poly-
mer system (NLO chromophore 16/PQ-100) at 85 °C in nitrogen. Normalized r33 as a func-
tion of baking time
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showed a very fast decay of E-O signal (<10 pm V') after the same sample being
poled and measured at room temperature. This is due to the intrinsically low T,
(<50 °C) and very large free volume of the dendrimer. On the basis of these results,
the large 35 of the poled dendrimer is largely due to the dendritic effect that allows
the NLO dendrimer to be efficiently aligned. On the other hand, the high temporal
stability of the poled dendrimer mainly results from the efficient sequential
crosslinking/poling process.

To conduct a more comprehensive study on E-O dendrimers, a series of
crosslinkable NLO dendrimers with different cores, branches (with more active
chromophore components), shape, and size has been developed. For example, the
dendrimer 20 (Scheme 12) was designed and synthesized to further minimize the
chromophore-chromophore electrostatic interaction with more dendrons. The
shape and the size of the dendrimer was also designed not only to optimize den-
dron folding under a high electric field but also to improve the processability
through higher molecular weight and better compatibility among the core,
branches, and periphery of the resulting dendrimers. The preliminary data
showed that the increased numbers of dendron in the NLO dendrimers will red-
shift the absorption A, both in its solution and solid forms due to a more polar
environment (carboxylate-containing dendrons) around the chromophores
(Table 5). However, the encapsulation of NLO chromophores with more dendrons

040 0,0 N
NCCN E NC CN"" m,, = 7527 Dalton
o

Chromophore density: 29.4 wt%

SN )TFF /E\(F
F F 4 F F £ 20

Scheme 12
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Table 5. Comparison on the linear optical properties of NLO chromophore 16 and dendrimers
19 and 20

Amay (nm)

In solution (1,4-dioxane) In film
NLO chromophore 16 603 646
NLO dendrimer 19 608 655
NLO dendrimer 20 625 662
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Fig. 14. Comparison on thermal stability of NLO dendrimers 19 and 20 with the isotherm
heating/150, 175, 200, and 225 °C for 20 min under nitrogen atmosphere, respectively. Nor-
malized absorbance as a function of baking temperatures

also protects active sites on the NLO chromophore from reacting with each others
on heating, thus providing better thermal stability (Fig. 14).

A much longer and more efficient tricyanofuran-based NLO chromophore has
also been introduced into the NLO dendrimers 21 (Scheme 13), 22, and 23
(Scheme 14) in which the crosslinkable groups were functionalized at either the ac-
ceptor side or at the donor-end positions. It provides great potential not only to
further enhance the macroscopic E-O activity but also to achieve the combination
of desirable properties.
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In conclusion, compared to common NLO polymers, dendritic NLO materials
provide great opportunities for the simultaneous optimization of macroscopic
electro-optic activity, thermal stability, and optical loss. For the dendron-modified
NLO chromophore/polymer systems, the interaction between chromophore and
high-T, aromatic polymer should be noteworthy in addition to the chromophore-
chromophore electrostatic interactions. For the crosslinkable NLO dendrimers,
the nanoenvironment such as dendron shape, size, dielectrics, rigidity and chiral-
ity, hydrophilicity/hydrophobility, and the distribution of chromophores in the
NLO dendrimers will play very critical roles in achieving the maximum realizable
macroscopic properties. Another interesting approach is the employment of the
hybrid crosslinkable denendritic NLO polymers. By combining the good process-
ability of linear polymers with the site-isolation effect of dendrimers, the strategy
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of using hybrid crosslinkable dendritic NLO polymers (Fig. 15) will provide even
more flexibility in designing suitable molecular structures to realize high-perform-
ance E-O materials.

3.5
Organic-Inorganic Hybrid Materials

Most NLO chromophores are not good photonic materials due to large absorption
and high optical losses. Inorganic glasses, however, are excellent photonic media
because of high optical quality and extremely low optical losses.

Therefore, hybridization of organic chromophores and inorganic glasses can be
one of the best ways to achieve optical materials with large NLO activity and low
optical losses. In addition, the use of highly crosslinked silica matrix can reduce
thermal relaxation of the aligned dipoles. Taking advantage of these facts, an or-
ganic NLO chromophore-inorganic glass hybrid for NLO applications can be
made by using sol-gel techniques. In the sol-gel process, the three-dimensional sil-
ica network is formed at low temperatures without any thermal decomposition of
organic chromophore [119-129]. NLO chromophores are mixed at the molecular
level with the silica or anchored to the silica matrix. The resulting system is called
organic-inorganic hybrids materials.

The early organic-inorganic hybrid materials reported by Zhang et al. [130] was
a dye-doped system (guest-host type) in which the NLO chromophore based on
N-(4-nitrophenyl)-(S)-prolinol (NPP) was physically mixed into the sol-gel silica
glass. They achieved a moderate x value of 10.9 pm V! and 80% of initial value
maintained for more than three months at room temperature. However, the high-
est mixing ratio without any phase separation of guest molecule into the silica ma-
trix was limited to less than 15% wt. Also, fabrication of sol-gel films thicker than
1 pm was difficult because of severe cracks.

To prevent such problems, a dye-attached sol-gel system in which the NLO
chromophore was covalently bonded to the silica matrix by the sol-gel reaction for
dye-attached system is illustrated in Scheme 15 [131-133]. By hydrolysis and con-
densation reactions from the alkoxysilane-functionalized NLO chromophore, dye-
attached sol-gel films are obtained. According to the AFM image of all dye-at-
tached sol-gel system, the surface is relatively flat and defects could not be ob-
served. In general the surface roughness of the poled films is larger than the un-
poled films. However, in either case the roughness is less than 10 nm and should
not be a problem in waveguide applications. It is believed that this remarkable im-
provement in the quality of the dye-attached film is due to the chemical bonding
of the chromophore molecule to the silica matrix, which prevents the dye molecule
from aggregating. Also, the chromophore molecules provide flexibility between
the stiff silica backbones. E-O coefficients (r33) of the hybrids ranged between 4.7—
14.0 pm V7! at 1.3 um wavelength, as listed in Table 6.
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Table 6. Poling conditions and EO coefficients of various organic-inorganic hybrid films

Samples Aax Poling Applied n (TE) at r33
condition voltage 1.3 pm at 1.3 pm
(nm) (kV) (pmV™)
SG-BPTB 473 160 °C/2 h 13 1.6720 5.0
SG-BAST 465 160 °C/2 h 13 1.6640 4.7
SG-DANS 443 170°C/3 h 14 1.6102 12.0
SG-MMONS 373 180°C/2h 6 1.5974 14.0

By using the hybrid material SG-DANS, a Mach-Zehnder modulator was fabri-
cated [133]. Figure 16 illustrates the top and the cross-sectional views of the E-O
modulator. The device was fabricated on an IC-grade silicon substrate on which
Cr/Au was deposited as a bottom electrode. For the lower and upper claddings,
UV-cured epoxy film was spin-coated to a thickness of 2 um and the NLO-active
layer was made of an NLO dye-silica hybrid film of 2.1 pm thickness. The operat-
ing characteristics of the device were examined by using a diode layer of 1.3 pm
wavelength. Figure 17a shows the TM single mode pattern in the channel
waveguide, which was monitored by CCD camera. Figure 17b presents the inten-
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Fig. 16. Schematic diagram of Mach-Zehnder modulator

Fig. 17a,b. TM,, single-mode pattern in channel waveguide (a) and intensity modulation re-
sponse of Mach-Zehnder modulator (b)
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Scheme 16

sity modulation response and applied voltage. The half-wave voltage (V) of the
modulator was 13 V and the 353 value in the waveguide was estimated to be about
10 pm VL,

To improve the materials’ properties including thermal and temporal stability,
we have recently developed hybrid materials, which have several fixing sites in the
chromophore for the purpose of multiple site attachment to silica matrix. They are
characterized as vertical (V), parallel (P), and vertical-parallel (VP) types, depend-
ing on the bonding direction between chromophores and silica matrix
(Scheme 16) [134]. The measured d;; values of the poled hybrid films were 58, 50,
53, and 64 pm V™! at 1064 nm wavelength for SG-V, SG-P, SG-VP1, and SG-VP2,
respectively. For the thermal stability investigation of NLO activity, temperature-
dependent SHG experiments were carried out in situ by monitoring the SHG sig-
nal while heating at a rate of 2 °C min~'. Figure 18 shows the dynamic stability for
hybrid films that were poled for 1 hour at 200 °C. It was found that the thermal sta-
bility of SG-VP2 with four fixing sites to silica glass matrix was much enhanced.
Up to 120 °C practically no decay was observed, indicating that the lattice harden-



48 Francois Kajzar - Kwang-Sup Lee - Alex K-Y. Jen

10 Poling:200 °C/1 hr
—o— SG-V
* —=— SG-P
~ 08 :. —— SG-VP1
=}
s L H A —=— SG-VP2
2 H 3
£ o6 1 !
g 3 i
2 r ! \
U] ? L
T 04+ 3 1
w : 1 | ]
, : v
SG-V ¢5G-P SG-VP1 § SG-VP2
02} H [
0.0 I I I

40 60 80 100 120 140 160 180 200

Fig.18. Thermal stability of SHG activities for organic-inorganic hybrids with different bond-
ing directions

Lower electrode

Upper electrode —|

l

,— Upper cladding layer

Y
Upper core
Al Coupling layer
NLO (SG-VP2)
ITO glass Lower care
NOA 65
Lower cladding layer

NOA 65

Substrate

A

Fig.19. Schematic view of vertical asymmetric coupled EO modulator fabricated by using SG-
VP2

ing of this hybrid with four bonding sites can clearly contribute to improving ther-
mal stability of aligned dipoles. By using this hybrid material, a vertically asym-
metric-coupled E-O modulator with antiresonant slab waveguide has been fabri-
cated (Fig. 19). The far field image at the output of the vertical asymmetric coupler
and the intensity modulation response by the applied voltage are shown in Fig. 20.
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and the lower one is the rib of waveguiding propagation mode (a), and output intensity mod-
ulation as a function of applied DC voltage (b)

The resulting device with total device length of 8 mm exhibited a good per-
formance with an extinction ratio of approximately 9 dB, operating voltage of 5V,
optical loss of 0.2 dB cm™, and insertion loss with 3.5 dB cm™ [135]. Considering
that temporal and thermal stabilities of this hybrid system are excellent, the E-O
device fabricated by hybrid material has great potential for opto-electronic appli-
cations.
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4
Chromophore Orientation Techniques

4.1
Static Field Poling

One of the important tasks in getting efficient materials based on functionalized
polymers for second-order NLO applications is the creation of macroscopic non-
centrosymmetry. This is done by orienting dipole moments in a privileged direc-
tion, which is defined by an external electric field. Several techniques have been de-
veloped, which use the interaction strength of dipole moment with an external
electric field to orient them. These are:

(i) static field poling

(ii) photoassisted poling [136]

(iii) all optical poling [137].

While the first technique takes advantage of the interaction between dipole mo-
ments and the applied static field, the two others take account of the cooperative
effect of static and optical field (photoassisted poling) and purely optical field (all
optical poling) and photoisomerization process. Between the DC poling tech-
niques we note:

(i) contact (electrode) poling

(ii) corona poling [138, 139]

(iii) photothermal poling [140, 141]

(iv) electron beam poling [142, 143].

The techniques have some advantages and some drawbacks [144]. The corona pol-
ing technique allows application of high poling fields, but often leads to the dielec-
tric damage to thin film and more particularly to its surface, resulting in an in-
crease of the propagation losses after poling.

In the contact poling a large poling field is created through electrodes with the
polymer thin film placed in between (Fig. 21). The film is heated up to the glass

Electrodes
Polymer thin film l HV
—T
Substrate
[ Heating block J

Fig.21. Schematic representation of an electric contact poling set-up
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transition temperature and the poling voltage is applied through electrodes. The
main drawback of this technique is the limited voltage that can be applied due to
the dielectric breakdown in surrounding air or in the poled film itself [145, 146].
For this reason the poling is usually done in a high-vacuum chamber.

In the corona poling technique, the high poling field in thin film is created by
charges deposited on the film surface during the gas ionization in the surrounding
discharge needle atmosphere. The film is again heated to the glass transition tem-
perature with a heating block. Sometimes a metallic grid (Fig. 22) is used to con-
trol the poling current (Fig. 23) and to get a better homogeneity of poling. While
in the electrode poling technique the poling occurs at any applied voltage (al-
though its efficiency depends on it), the corona poling is a threshold phenomenon

N ,
I U Needle
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Fig.22. Schematic representation of a corona poling set-up

~— Vy=1400V

~— Vg=1200V
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Fig. 23. Variation of the poling current I with the needle voltage V), for different grid V, ten-
sions in corona poling technique [151]
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as seen in Fig. 23 and usually requires application of relatively high voltages
(around 6-8 kV) with the needle electrode at 2—2.5 cm from the thin film surface.

Photothermal poling [140, 141] is a simple modification of the electrode poling
technique. The only difference is the use of a laser beam, with wavelength lying in
the material absorption band, to heat the thin film. The main advantage of this
technique consists of a very localized poling. It has been used for the fabrication of
bidirectionally poled polymer films [141].

In the electron beam poling technique [142, 143] a constant current, created in
material by a monoenergetic electron beam with an energy of 2—40 keV, is used to
orient chromophores. The dipoles are oriented by the polarization field, created by
being trapped in bulk-decelerated electrons. In this sense, the technique is very
similar to the corona poling technique, with the difference that in the former the
poling is due to the field created by the surface, while in the latter it is due to the
bulk charges. The technique also allows poling of very small areas and has been
used for the fabrication of periodical structures for quasi-phase-matched (QPM)
second harmonic generation [147] applications. In guest-host polymer systems
PMMA-DR 1, similar poling efficiency to the corona poling technique has been re-
ported [148].

In all cases the use of an electrode is required, with all possible negative aspects
such as charge injection and light absorption. As a consequence, it implies the ne-
cessity of using buffer layers, in such applications such as frequency conversion in
periodically poled systems [149], in which otherwise it is unnecessary. Moreover,
the poling fields are limited due to the microcircuits connected with the point ef-
fect. This leads also to unwanted and prohibitory increase of the optical propaga-
tion losses.

In all techniques the chromophore orientation is frozen by cooling the poled
film to the room temperature under the applied external field (Fig. 24) or by ther-
mal or photocrosslinking during the poling procedure. In the case of thermal
crosslinking it is important to tightly control the poling temperature and to in-

ITATN
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Fig. 24. Static field poling mechanism of dipolar molecules. Before applying electric field the
dipole moments are randomly distributed. At higher temperatures the dipole moments of
NLO chromophores are mobile and orient in the direction of the applied external field. The
orientation is frozen by cooling to low temperature and/or photo- or thermal crosslinking
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crease it simultaneously with the increasing crosslinking rate, as the glass transi-
tion temperature is also increasing. Shining with UV light during poling usually
leads to an unwanted and uncontrollable increase of the poling current; therefore,
it is recommended to make poling alternatively with photocrosslinking. Similarly,
as in the case of thermal cross-linking, the glass transition temperature also in-
creases. Therefore, it is also important to increase the poling temperature during
the photocrosslinking process.

4.1.1
Establishment of the Axial Order

As already mentioned, the poling field orients the molecule dipole moment in its
direction, which (at least in situations depicted in Figs. 21 and 22) is usually per-
pendicular to the thin film surface. As the poled chromophores are strongly aniso-
tropic, such a change of the orientation of dipole moments may be well monitored
by the observation of the thin film optical absorption spectrum [150, 151].
Figure 25 shows the temporal variation of the optical absorption spectrum of a
side-chain PMMA-DR 1 polymer. Two observations may be made from the tem-
poral behavior of the linear absorption spectrum as shown in Fig. 26:

(i) The optical density of poled film decreases during the poling process and in-
creases in the following days after stopping it. The first effect is due to the already-
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Fig. 25. Temporal variation of the optical absorption spectrum of a PMMA doped with DR 1
chromophore [151]
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Fig. 26. Experimental geometry for measurement of the variation of linear absorption spec-
trum due to poling [151]

mentioned change of the orientation of the dipolar transition moments, while the
second is due to the relaxation of the induced order (return of chromophores to
the initial orientation).

The decrease of the optical absorption spectrum is due to the incident light po-
larization in the film plane, whereas molecules orient, under poling, in the direc-
tion perpendicular to the thin film surface. From this variation one can determine
the order parameter <P,> using the following equation:

gL AL (25)
AH +2A, Ag

where A and A} (A + 2A; = 34,) are absorbances (optical densities) measured
with the incident light polarization parallel and perpendicular to the poling field
direction, respectively (Fig. 26). Typically, the order parameters <P,> take the val-
ues between 0.1 and 0.3 for isotropic polymers, 0.5-0.6 for nematic liquid crystals,
and 0.9-1 for smectic liquid crystals, respectively. It is worth noting that the order
parameter <P, > determined in this way does not discriminate between polar and
axial order. The only way to get such a discrimination is by using NLO techniques
which are sensitive to the polar order.

(ii) The wavelength corresponding to the maximum absorption spectrum
shifts towards larger values. This is due to the Stark effect as poled polymers behave
like ferroelectrics with a large (a few MV cm™) poling fields. Shifts towards either
higher or lower wavelengths are possible. (iii) Indeed the Stark shift A depends on
the sign of the difference Ay = p1; — pyo between molecule dipole moments in ex-
cited (1) and in fundamental (0) states
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Fig. 27. Temporal variation of the order parameter <P,>of a polyacrylate PA3 (T,=51.5 °C,
Tyr= 90 °C) at different poling temperatures [169]
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Fig. 28. Temporal variation of the order parameter <P,>of a polymethacrylate PMA3 (T,=
97 °C) at different poling temperatures [169]
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where c is the light speed and = h/2m, where h is Planck’s constant.

The build up of the order parameter with poling time ¢ may be well described
by a monoexponential function [152, 153]:

Aec

(26)
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Fig. 29. Temperature variation of the saturation value of the order parameter <P,>_, for a
polyacrylate PA3 (T, = 51.5 °C, Ty = 90 °C). The same after 15 min of poling (<P,>}5 i) i
also shown [152]
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Fig. 30. Temperature variation of the saturation value of the order parameter <P,>_, for a
PMA3 (T,=97 °C). The same after 15 min of poling (<P,>;5 p;,) is also shown [152]

t

(P)=(Py)_|1-e (27)

where 7is the time constant and <P,>_, is the plateau (saturation) value, both de-
pending on the poling temperature (Figs. 27 and 28). Figures 27 and 28 show the
poling kinetics for a side-chain liquid crystalline polymer (polyacrylate, PA3) and
for an isotropic side-chain polymer [poly(methyl methacrylate), PMA3], both
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functionalized with a cyanobiphenyl chromophore. It is observed that one gets
higher order parameters in the case of side-chain liquid crystalline polymers. Also
the poling kinetics are quite different in these two cases. In the case of the liquid
crystalline polymer the plateau value of the order parameter <P,>_, undergoes a
percolation type behavior when approaching the glass transition temperature
(Fig. 29), while in the second case it shows an almost monotonic variation
(Fig. 30). For comparison, the temperature variation of the order parameter after
15 min of poling (<P,>15 min) is also shown in both cases.

4.1.2
Build-Up of the Polar Order

As already mentioned, the only techniques sensitive to the polar order are even or-
der nonlinear optical techniques such as the already-described second harmonic
generation and linear electro-optic effect (cf. Chapter 2). The first technique offers
a high sensitivity to the fast electronic contributions to y? susceptibility and is
widely used. As already mentioned, it also gives the opportunity to study the kinet-
ics of the poling by in situ measurements [152].

The build-up of the polar order, imaged by the growth of the SHG intensity, can
be described by a triexponential function (Fig. 31):
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Fig.31. Temporal variation of the SHG intensity during in situ poling process. Points show ex-
perimental data whereas dashed, broken, and solid lines show least square fit with a mono -,
two-, and three-exponential equations, respectively [152]
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where [ is the thin film thickness, 1;_5 are time constants of different orientation
processes, and P,_5 are rates of different mechanisms taking part in the molecule
orientation process, respectively.

The sum of the poling saturation limit values for different processes (P =
P, + P, + P;) represents the overall poling efficiency under the experimental con-
ditions: temperature, geometry, poling field, atmosphere.

The superscripts p and r in Eq. (28) refer to polymer thin film and reference har-
monic intensities. The reference, with simultaneous measurements of SHG inten-
sity from a poled, stabilized thin film, was used to correct for eventual laser intensity
fluctuations. The fits of the measured temporal growth of SHG intensity with
mono-, bi-, and triexponential functions are shown in Fig. 31. The best agreement
is obtained when using a triexponential function (Eq. (28)). The time constants 7,
T, and 1; depend on the polymer, temperature, and the chromophore itself.

The different time constants describing the growth of the polar order during
poling may be attributed to different rotational mechanisms linked to the chromo-
phore and the polymer (Fig. 32), as was discussed by Noél and Kajzar [154]. The
initial rapid growth of SHG signal is characterized by a time constant 7, of a few
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Fig.32. Different modes intervening in orientation and relaxation processes [169]
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seconds. This corresponds to the short period of time required to allow the surface
charge density to build up in the corona poling set-up. During that time the system
can be considered as an isotropic medium. The molecular energy depends only on
the dipole orientation with respect to the directing electric field. Accordingly, this
rapid step-growth of the SHG signal can be attributed to the fast reorientation re-
sponse of the uncorrelated polar side-chain chromophores which are free to rotate.
This process is mainly governed by local non-cooperative motions of the side-
groups (sub-T, f-relaxation modes, Fig. 32). Its contribution to the SHG signal
depends on three factors:

(i) size of the local free volume around each chromophore

(ii) degree of decoupling between the chromophore and the polymer backbone
(iii) poling temperature, determining the thermal fluctuation energy.

The subsequent growth of the SHG signal (described by 7,) is due to an improved
alignment of chromophores under the quickly established, constant electric field
and to the development of nematic order in the case of liquid crystals. The energy
of the system depends not only on the orientation of molecule dipoles relative to
the poling direction, but also on the tendency towards mutual axial alignment ex-
perienced by the active chromophore groups. For LC polymers, in which the me-
sogenic groups are attached to the polymer backbone via short spacers only, a par-
tial decoupling of the main- and side-chain motions is obtained. Hence, the side-
chain order influences the polymer chain contour. This results in the distortion of
the polymer backbone from its normal random-coil conformation. The orienting
electric field, while leading to an alignment of the active mesogenic groups, also
causes the backbone units to change their conformation locally to adapt to the an-
isotropic orientation distribution of the poled chromophores. Therefore, the po-
larization growth process with the time constant 7, can be associated with the re-
orientation motions of both the polymer backbone chain segments (a-relaxation
mode, Fig. 32) and the side-chains. Its maximum contribution depends on the
polymer segmental mobility and the degree of decoupling between the polymer
segments and the chromophores.

The last SHG signal growth process, described by time constant 73, not observed
with amorphous isotropic polymers, may be associated with the ultraslow reori-
entation motions of the chromophores about the small axis. These motions give
rise to the so-called é-relaxation mode (Fig. 32), controlled by free volume effects.
However, this process is highly cooperative and requires more free volume than
that characteristic of the main chain segmental motions. For PMA3, the thermal
stability range of the mesophase developed under the poling field is rather small
and this slow step-growth is absent from the SHG signal as soon as the poling tem-
perature is a few degrees above T,. For PA3, at a critical poling temperature
(Tg+ 25 °C), the poling mechanism 2 and 3 tends to merge. This effect could re-
sult from the coupling between the different relaxation modes.
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4.2
Photoassisted Poling

Dumont and coworkers [136, 155, 156] have observed that shining doped (or
functionalized) polymer thin films with noncentrosymmetric dipolar chromo-
phores, induces a significant increase of electro-optic coefficient in the chromo-
phore absorption band, corresponding to a better, polar orientation of chromo-
phores. The measurements have been done by using the attenuated total reflection
technique, and the optical field polarization was perpendicular to the applied low-
frequency external electric field to the thin film (Fig. 33). A better stability of in-
duced orientation was observed in the case of functionalized polymers than in
guest-host system, as is usually the case with the static field poled polymers. The
chromophores orient with dipolar moments perpendicular to the optical field
(and parallel to the applied static (or low frequency) field. As will be discussed lat-
er, the chromophore orientation undergoes a frans-cis isomerization process
(Fig. 34).

a) Vo +V; cosQt
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Fig. 33a-c. Attenuated total reflection set-up (a) and temporal growth of the electro-optic co-
efficient as function of laser illumination at 514.5 nm: (b) experiment, (c) theory (courtesy of
M. Dumont)
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Fig.34. Light-induced reorientation of the DR 1 molecule in the presence of the static field and
photoisomerization process. From almost parallel orientation to the exciting optical field the
molecule dipole moments reorient to an almost perpendicular direction

Figure 33 shows the experimental set-up used by Dumont and coworkers to-
gether with the observed and calculated dependence of the electro-optic coeffi-
cient on the external light illumination (green argon laser line). The studied, poled
film is placed between two electrodes — one of them a silver electrode deposited on
the side of a prism. The condition to excite surface polaritons in thin film depends
on its refractive index and thickness as well as on the refractive indices of electrode
material and prism. By varying the incidence angle it is possible to satisfy this con-
dition, which is observed as a dip in the intensity of reflected beam. By varying the
refractive index of the thin film with the applied voltage, one changes the reso-
nance conditions (or in other words the coupling angle). The technique is very
sensitive to thin film thickness and refractive index variation. As the variation of
refractive index depends on the thin film electro-optic coefficient the technique
serves to determine it with a high precision. The variation of refractive indices is
measured with a lock-in amplifier. By shining the studied film with a He-Ne laser
emitting at 632.8 nm or with an argon laser at 514.5 nm parallel to the poling field
(optical electric field perpendicular to it) Dumont et al. observed a noticeable in-
crease of the measured electro-optic coefficient (Fig. 33). The effect was signifi-
cantly larger in the case of grafted polymer than with a guest-host system. Switch-
ing off the light source leads to a decrease of electro-optic coefficient, which is con-
nected with the decrease of the polar order. The relaxation of polar order is faster
in guest-host systems than in side-chain polymers, as it is usually observed.

A possible explanation of this effect is shown schematically in Fig. 34. The active
molecule, which is the DR 1 chromophore, undergoes the trans-cis isomerization
under the light illumination. The double N = N bond is flexible in the excited state
and through rotation or translation, the molecule may change configuration from
trans to cis form. This process is very fast in liquids [157,158] and is significantly
slower in the solid state [159]; it has been estimated to take about 150 ns for a
grafted polymer. The inverse transformation (although sometimes the process is



62 Francois Kajzar - Kwang-Sup Lee - Alex K-Y. Jen

50 ; 7
;l J;:“; fl’
4 2, ELRD) 4
— P ] ‘.,
S 40 s syt Py 22,
g W R,
S - 4y " 4*‘,
s A H
5 30 Y
2 e
—_ )
2 /,
5 20 J
[}
2 h
) * .
w 10 ? stop seeding
I J
2 H
J
J
0
-150 -100 -50 0 50 100

Time (min)

Fig.35. Experimental growth and decay of the second-order NLO susceptibility

irreversible) from cis to trans form may go only through nonradiative channels and
is very slow (of the order of a few seconds in solids). Molecules can return to the
previous configuration, but will again be excited by incoming light. Thus, the only
stable position will be obtained if molecule orients with the dipole moment per-
pendicular to the incident light polarization, thus parallel to the applied electric
field. As a consequence, the light-induced molecular re-orientation will lead to an
increase of the electro-optic coefficient as was observed experimentally by Du-
mont and coworkers [136, 155, 156, 160]. By using a simple rate equation for the
trans-cis isomerization process Dumont [160] described the observed temporal
behavior of the electro-optic coefficient during the attenuated total reflection
measurements (solid lines in Fig. 35).

4.3
All Optical Poling

Charra et al. [137] and Kajzar et al. [159] observed formation of a polar orienta-
tion of chromophores in nondegenerate (pump beams at 1064 nm, probe beam at
532 nm) phase conjugate experiments performed on a copolymer of PMMA with
DR 1 chromophore. The observed signal at 532 nm rose slowly with time, up to a
saturation value. A spontaneous SHG was observed after switching off the probe
beam, with a fast relaxation component at the beginning [159]. The maximum
second-order nonlinear optical susceptibility value obtained in these experiments
was 3 pm V™! [137]. This experiment showed that by using purely optical fields
one could obtain a polar orientation of chromophores in a functionalized or a
doped polymer film.
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A significantly larger y'?) value was obtained in seeding geometry by using two
collinear picosecond beams at 1064 nm and 532 nm. The chromophore orienta-
tion was done by using a pulsed picosecond Nd:YAG laser delivering both funda-
mental (1064 nm) and harmonic (532 nm) wavelengths at 10 Hz repetition rate.
Energies were 500 pJ and 2.5 pJ, respectively at 1064 nm and 532 nm, and the
beam diameter was 2 mm at the sample location. With the same polymer as that
used in the four-wave mixing geometry, the values of d,,, susceptibility close to
that obtained in corona poling were measured [161, 162]. An example of the pol-
ing process for a PMMA-DR 1 of 65/35 mol % copolymer is shown in Fig. 35. The
growth of the polar order is much slower than in the case of static field poling,
where it takes place during about three minutes at temperatures close to the poly-
mer glass transition temperature. Here, the poling is done at room temperature.
After stopping the seeding procedure, a relaxation of the induced order is ob-
served, as is also the case with static field poling. This seeding geometry had been
used for optical poling of glass fibers, where an efficient SHG was also obtained af-
ter the seeding procedure [163, 164].

The mechanism responsible for the creation of y(?) grating in glass fibers was
proposed originally by Baranova and Zeldovich [165] in terms of a polychromatic
interference of input fields at @ and 2w frequencies, leading to a non-zero tempo-
ral average poling field:

2
<|:E2a, cosZa)t(Ea)cos(cot+ ¢)) + c.c:|> = EZchzo cos(A¢) (29)
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Fig.36. Experimental dependence of the SHG intensity induced after 20 min preparation time,
on the relative phase A® of the @ and 2w beams. Solid line corresponds to a theoretical de-
pendence with An = n(2w) — n(w) = 0.3. Sample was 0.1 pm thick with 0.3-optical density at
532 nm [161]
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Fig. 37a,b. Schematic view of the orientation mechanism in all optical poling with azo dye
molecules (a) and electron transition diagram between fundamental and excited singlet states
(b). In the case of azo dyes, the trans-cis isomerization is achieved through both one- and two-
photon excitations [144]
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where A¢ is the relative phase difference between E_ and E,, fields. Such a de-
pendence was indeed verified, as shown in Fig. 36. However the microscopic
mechanism of all optical poling in polymers is different from that in glass fibers,
in which the color centers and defects are at the origin of the created polarization.
Similarly as in photoassisted poling and in the case of azo dyes, the polar orienta-
tion of dipole moments can be explained by the trans-cis isomerization. Contrari-
wise to the photoassisted poling, in which this isomerisation is induced by a one-
photon transitions (Fig. 34), in all optical poling this is excited simultaneously by
two photons with frequency @ and one photon with frequency 2w (Fig. 37).

As already mentioned, the azo dyes used strongly absorb light if the exciting op-
tical field is parallel to the dipole transition moment. The double N = N bond in
the excited state is mobile and the molecule changes conformation to the cis form,
with a smaller volume and with increased mobility. Subsequently, the molecule re-
laxes slowly to the trans form through the non-radiative channels. In photoassisted
poling a stable orientation of chromophores is achieved when the dipole transition
moment is perpendicular to the optical, exciting field. A given polar orientation is
imposed by the applied DC field. In all optical poling, a stable chromophore ori-
entation is obtained when the dipole moment is directed oppositely to the exciting
field due to the existence of a non-zero temporal average “poling” field (Eq. (29)).
There is a fundamental difference between photoassisted poling and all optical
poling in the chromophore orientation obtained. In the first case, chromophores
orient perpendicularly to the optical field, whereas in the second they are parallel
(to the resulting < E*>>poling field).

5
Statistical Orientation Models

For noninteracting dipole moments and for a single crystal there exists a straight
relationship between the microscopic (B;) and macroscopic P yx hyperpolariz-
abilities. This is obtained by the transformation of the corresponding tensor com-
ponents from the molecular to the laboratory reference frame:
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where N is the number density of molecular species (1), a;; are Wigner’s rotation

matrices, @;_3 are frequencies of interacting photons (a static field is considered as

a photon with frequency 0) and ™ is the local field factor at frequency w, as giv-

en by Eq. (7). This relationship is not more valid for partially ordered systems only,

like poled polymers for which the microscopic second-order NLO susceptibility is

given by:

Xiik (~w03s01,0,) = NF<ﬁijk(_“’3;a’1>a’2)>UK (31)

where for the sake of simplicity we assumed only one active species with density N,
<> in Eq. (31) is the orientation average of 8 hyperpolarizability, and F is the glo-
bal field factor (Eq. (6) with corresponding frequencies).

As already mentioned, for poled polymers with point symmetry o mm and tak-
ing into account the Kleinman’s conditions there are two non-zero y'? tensor
components: diagonal Xg; and off diagonal ch)z, where the z-axis is parallel to the
poling direction. Further simplification comes by considering only the one-di-
mensional charge-transfer molecules, as is the case here, with enhanced ,,, com-
ponent in the charge-transfer direction z (in the molecular reference frame). In
that case we have the following relationships between the macroscopic and the mi-
croscopic quantities (for the sake of simplicity we assume the azimuthal symmetry
as it is the case with poled polymers):

2 3
X(ZZ)Z (—(1)3 @01 ’wZ) = NFﬁzzz (—(1)3 e ,(1)2)<COS ®> (32)
and
1 .
X%(Z (—a)3;a)l,a)2) = ENFﬁZZZ(—w3;w1,w2)<sm2 @cos®> (33)

where © is the angle between the poling field and the molecular (charge transfer)
axis (Fig. 38).

The orientational averages appearing in Egs. (32) and (33) can be obtained by
introducing the orientation distribution function G(®), giving the probability of
finding the molecular axis in the ® direction (Fig. 38). In that case the correspond-
ing orientation averages are given by:

Vs
<cos3 ®> = Z—TIJ-G(Q)COS?, Osin®de (34)
N4 0
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Fig. 38. Molecular axis orientation with respect to the poling field E,

and

w
2
c0s@sin’ @ = G(@)cos@)sin3®d® (35)
Ny 0

where the normalization factor is given by:

s
N, =21 G(@)sin®d® (36)
0

At higher temperatures (above or slightly below the room temperature), when
molecules may rotate freely (free gas model) one uses the Gibbs-Boltzmann distri-
bution function for G(6) given by:

U(Ep)
G(Q,Ep)ze kT (37)

Lvhere E, is the poling field. For dipolar molecules, the ordering energy U is given
y:

U(E,)=p'E, c059+%(o{” ~a, JE2cos?0=U;(E, )+ U, (E, ) (38)
where the first term on the right-hand side is the electric field-dipole moment in-
teraction energy and the second term describes interaction energy of the induced
dipole moment with electric field. o and &, are molecular hyperpolarizabilities
parallel and perpendicular to the charge transfer direction, respectively, and p* is
the ground-state dipole moment of the molecule, corrected for the local field. Ne-
glecting the induced dipole moment interaction energy with the poling field (iso-
tropic model), for the second-order NLO susceptibility components, one gets the
following expressions [166]:
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X(Zzz)z (—“’3;@1 @2) = NFﬁzzz(_w3;w1’w2)L3(x) (39)
and
X%(Z (—a)3;w1 ’(02) = NFﬁzzz(—(l’a gl ’(‘)2)(1’1 (x) —-Ls (x)) (40)
where
_ ”*Ep
x=— (41)

is the ratio of ordering energy to the thermal randomization energy. L, (x) in
Egs. (39) and (40) is the Langevin function given by:

( ) Icos" 059 §inede )
L. |x)= 42
! J-excos® sin®do®
with
1
L (x)=c0thx—— (43)
x
2 2
Lz(x)=l+———cothx (44)
x2 X
6 3 2
Ly(x)= [1+—]cothx - —[1+—] (45)
x2 x x2

It is straightforward to express the order parameter <P,> in terms of Langevin
function L,(x) [167]:

2
<P2> = <P2 (cos®)> = %<3cos2 (OF 1> = %(Lz (x) - 1)5?—5 for x<1 (46)
From the knowledge of the order parameter from the measurement of the var-
iation of the optical absorption spectrum due to poling, one can estimate the x pa-
rameter (Eq. (43)) intervening in the above developments. For poled polymers
one can use also another alternative description of linear and nonlinear optical
susceptibilities by expanding the orientation distribution function in the series of
Legendre polynomials, where the expansion coefficients are order parameters:

G(G) = i 2n2+1<Pn (cos 0)>Pn (cos 0) (47)

n=0
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which can be expressed in terms of the modified spherical Bessel functions [168]

<Pn(c059)> = Z’E—i; (48)

The following recurrent relations obey the modified spherical Bessel functions:

() () =21 () (49)
where
io (x) = sinh x (50)

Similarly, for Legendre polynomials we have

<Pn_1 (cos®)> - <Pn+1 (cos®)> = 2”; ! <Pn (cos®)> (51)
with

<P0 (cos®)>=l (52)

<Pl(cos®)> = <cos®> (53)

<P2(cos®)>:%<3cosz®—l> (54)

<P3(cos®)>:%<(5cos3®—3cos®)> (55)
and

(P)= é<35cos4 ®—-30cos’@+ 3> (56)

The odd parameters <P, ; >characterize the polar order, while the even order
parameters characterize the axial order.

Introducing the developments (Egs. (43)—(45)) into Egs. (39) and (40)) one
can calculate the effect induced by the poling field via the second-order NLO sus-
ceptibility tensor components ng and ch)z Both are depicted in Fig. 39 as a func-
tion of the x parameter (Eq. (41)). It is clearly seen that the poling process, with
poling field directed perpendicular to the thin film surface, creates noncentrosym-
metry in thin film with both components increasing for small x values (Eq. (41)).
The off diagonal ngcl component reaches a maximum for x = 3 and thereafter de-
creases, while the diagonal component X,g:)z component increases monotonically
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Fig. 39. Calculated variation of the diagonal ( X(ZZ%Z) and off diagonal ( X%)(Z) tensor compo-
nents with x = pE,/kT

to a saturation value corresponding to a perfect alignment at infinite electric field
(all dipole moments parallel). We note here that at the same time the poling proc-
ess creates optical birefringence in the thin film with an increase of extraordinary
and a decrease of ordinary index of refraction, as can also be seen from the optical
absorption variation through Kramers-Kronog relations. Both (%) tensor compo-
nents (Egs. (32) and (33)) can be expressed in terms of the polar order parameters
<P;> and <P5> through Egs. (53) and (55) yielding:

3 2
X(Zzz)z(—a)3;w1,a)2)=NF,BZZZ(—a)3;a)1,a)2) E<Pl(cose)>+g<P3(cost9)> (57)

and

X(ZZZ)Z (—a)s;a)l ,(1)2) = NFﬁZZZ(—a)3;a)1 ,mz) %<Pl (c059)> - é<P3 (cos 9)> (58)

The efficiency of the polar ordering is given by the ratio

X(Z)
gz Xzzz (59)

X()?))(z
which varies between 1 and eo. The last value is reached for perfectly ordered struc-
tures (all dipole moments pointing in the same direction). The parameter a = 3 for
a free electron gas (isotropic model). For side-chain liquid crystalline polymers a
values as high as 18 have been obtained [169].
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6
Relaxation Processes

One of the important parameters determining practical applicability of poled pol-
ymers is the stability of the induced polar orientation. This is studied usually
through the temporal behavior of the y(? susceptibility or of the electro-optic co-
efficient r at elevated temperatures. The studies of the relaxation of the induced
polar order were almost done for the static field poled polymers. The temporal de-
cay of the ¥ susceptibility with ¢ is usually described by the Kohlrausch [170]-
Williams-Watt [171] (KWW) stretched exponential function:

A2()=22(e= 0)e—(f/ 1)’ (60)
where 7is the temperature-dependent relaxation time constant and g (0 < f< 1)
describes the width of relaxation (departure from a monoexponential behavior).

The relaxation of poled polymers (isotropic or liquid crystalline) may be also
described by a biexponential function:

N | —

p
1 IZw(t) — Rle—t/r1 + R2e—t/r2 +C (61)
1 15,(1)
where /is the thin film thickness, I 5 g ) is the second harmonic intensity of the stud-
ied thin film (p) and of reference (r), respectively. The constant C in Eq. (61) char-
acterizes the residual orientation at the experimental time scale and is an impor-
tant parameter for practical applications, determining the long-term stability of

240
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Fig.40. Temporal decay of SHG intensity at elevated temperature for an oriented polyacrylate
functionalized with cyanobiphenyl chromophore. Dash-dotted and solid lines have been com-
puted using one and biexponential functions, respectively [154]
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induced order. R, and R, in Eq. (61) are relaxation rates and 7, and 7, are relaxa-
tion times of different processes contributing to the molecular disorientation, re-
spectively. All these parameters depend on the measurement temperature. The
closer the glass transition temperature is to the measurement temperature, the
smaller the time constants 7 and the larger the relaxation rates. This behavior is
true for both isotropic and liquid crystalline polymers, as was observed by Dantas
de Morais et al. [152]. Figure 40 shows an example of such a biexponential fit of
@ decay curve.

7
Light-Induced Depoling

Large et al. [172] and Combellas et al. [173, 174] observed that shining a light on
a poled polymer film within its absorption band leads to a rapid destruction of the
polar order. This process is perfectly reversible if done when the film is subjected
to a static external field (corona or electrode). The experiments were performed by
an in situ SHG technique. Figures 41 and 42 show the temporal behavior of SHG
intensity in the case of a polymer film functionalized with PMMA photoisomeriz-
able chromophore (DR 1) and a zwitterionic molecule dissolved in PMMA matrix,
respectively. In both cases one observes a disappearance of SHG signal when shin-
ing in the chromophore absorption band. The SHG signal reappears when the dis-
orienting laser beam is switched off. The amount of disoriented chromophores de-
pends on the number of absorbed photons. The disorientation is complete when
the number of absorbed photons exceeds the number of chromophores. While in
the case of the DR 1 chromophore the SHG intensity is almost constant after each
switch-off of the disorienting laser beam, it increases gradually in the case of the

¢ %
2000 e Dl I,
—_ ¥ 2 Y % P30
3 A A B
E\ L7y ‘ ) 2
£ for@pr w e el e
[
£ Lo | b
o Loy b Lo
w 0 %»fmf Yoy \S”W‘J’ b""”’*/;
0.5 1.0 1.5 20
Time (a.u.)

Fig.41a,b. Temporal variation of the measured in situ SHG intensity under (a) and without
(b) thin film illumination in its absorption band with a He-Ne laser [172]
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Fig.42. Temporal variation of the second harmonic intensity from guest-host polymer doped
with zwitterionic chromophore film and submitted to the illumination periods in the
chromophore absorption band (541 nm) between t = L on and ¢ = L off and during the coro-
na poling [173, 174]
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Fig.43. Proposed mechanism of light-induced depoling process with photoisomerizable mol-
ecules

zwitterionic molecule. It shows that the depoling process is different in these two
cases. In the former case it can be explained by the cis-trans isomerization process
(Fig. 43).

In the optical depoling process the exciting optical field is perpendicular to the
poling static field. As already mentioned, the quasi-one-dimensional azo dyes are
strongly anisotropic and absorb light when the optical field points in the transition
dipole moment direction. Excited molecules change conformation from trans to
cis form, with smaller volume and higher mobility. The return to the equilibrium
“trans” form is accompanied by a rotation of the electron acceptor group, resulting
in an orientation anti-parallel to the electric field (perpendicular to the optical
field). There is therefore a light-induced reduction in the net polar order.
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The modulation of the ¥ susceptibility, which is monitored by the variation
of SHG intensity, is associated with the change of the medium refractive index An
given by:

3
An=— n”ArE (62)
2

where ArocAX(2)ocAI > E 1s the poling electric field, and # is the refractive at the
operation wavelength. The change in the refractive index can be calculated by us-
ing typical values for the above quantities. By assuming easily attainable Ar =
10 pm V7, E,=2MV cm™, and n = 1.6, one gets a value for An of 0.01, which is
sufficient to modify the waveguiding conditions and may find numerous applica-
tions.

What is also very interesting from the practical point of view is that such an al-
ternate illumination of the zwitterionic chromophore during the corona poling
leads to a significant increase of y) susceptibility. The observed increase of I, in-
tensity by a factor of three (Fig. 42) corresponds to an improvement of y?) suscep-
tibility (and correspondingly of the E-O coefficient r) by 70%. Also, the temporal
stability of the induced noncentrosymmetric order in alternately illuminated thin
films is significantly better than in untreated films (an increase of the decay time
constant by a factor of 5 [174]).

8
Applications of Second-Order NLO Polymers

The noncentrosymmetric materials described in this paper target a large class of
practical applications such as frequency doubling (blue conversion for data stor-
age, microlithography, medicine, biology), tunable light sources (optical paramet-
ric oscillators), electro-optical modulation for high-rate (tens to hundreds of
GHz) signal transmission, terahertz electric pulse generation, not achievable by
purely electric circuitry, etc. Some of these applications were already realized with
poled polymers with different performances and will shortly be discussed and de-
scribed in this chapter. For other realizations and more details, in particular con-
cerning the electro-optic modulation, the reader is refered to the chapter by L. Dal-
ton.

8.1
Frequency Doubling

The poled polymers were developed mainly for applications in waveguiding con-
figuration which we will discuss shortly here. One of them is frequency doubling
through the SHG process. Several techniques were proposed and developed for
these purposes and polymeric waveguides. These are:
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(i) Cerenkov-type SHG generation [175-177]

(ii) Quasi-phase matching in periodically poled polymer films [178, 179, 149]
(iii) Counterpropagating beams SHG [180, 181]

(iv) Modal phase matching [182]

8.1.1

Cerenkov-Type SHG Generation

In the Cerenkov-type SHG the fundamental wave is guided in thin film, while the
harmonic wave is outcoupled into the substrate (Fig. 44). It requires that the re-
fractive indices of the substrate n° (2@) 4t @ and 20 frequencies and the effective
index of thin film ng)ﬁc at w frequency satisfy the following condition:

@ > gy >nd (63)

No phase matching is realized with this structure; thus, the conversion efficien-
cy is limited. The main advantage is its simplicity and no severe requirements on
the propagation properties at harmonic frequency (the film may be slightly ab-
sorbing); thus, higher y® values through resonance enhancement may be exploit-
ed (harmonic wavelength closer to the absorption band).

8.1.2
Quasi-Phase Matching in Periodically Poled Polymer Films

The structure of a periodically poled polymer is shown schematically in Fig. 45. By
applying an alternatively directed poling DC field it is possible to create a structure

VAN

Substrate

200 200

Fig.44. Schematic representation of Cerenkov-type SHG in a polymeric waveguide

Sttt TR e T e [t =,
+++ .- +++ --- +++ .- 20

Fig. 45. Schematic representation of alternate quasi-phase-matched structure. Arrows shows
orientation of dipolar moments (and consequently the orientation of the diagonal y ZZZ com-
ponent)
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composed from substructures with thickness corres%)onding to the coherence
length in thin film. Due to the change of direction of y ZZ%Z component when pass-
ing from one substructure to the second one, there is no decrease in the intensity
of SH wave, but free and bound waves still add constructively. Obviously such
structure works at fixed wavelength only, although by rotating it slightly one can
also convert wavelength close to the optimal conversion wavelength corresponding
to the fundamental wave at normal incidence. Of course, due to the coupled inten-

sity decrease with incidence angle, less conversion efficiency will be achieved.

8.1.3
Counter-Propagating Beams Second Harmonic Generation

Normandin et al. [181, 183-186] proposed a new geometry for SHG generation in
poled polymer waveguides using counter-propagating beams at fundamental fre-
quency, as shown schematically in Fig. 46. Two beams with @ frequency propagate
in opposite direction, and in the area of their overlap 2w beam is emitted perpen-
dicular to the thin film surface with intensity [181]:

Py = ANLP+(0)P_(L)% (64)

where P_and P, are input powers on both sides of the waveguide, respectively, W
is the beam width, L is the propagation length, and

1 2
Ang = en* eI (65)
where T is the effective transmission coefficient and S is the overlap integral

i200n°%

X

X 0
S=Cl% I dyyy (—Za);a),(x))Ef, (x)e ¢ dx (66)

—oo

Although the conversion efficiency is not very high the technique can be used
for beam demultiplexing in the two-wave mixing configuration. Due to the wave
vector conservation requirement the direction of the sum frequency beam emis-
sion depends on the ratio of the incident beam frequencies.

20
R
Substrate

Fig.46. Schematic representation of SHG with counter-propagating beams
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8.14
Modal Phase Matching

In optical waveguides several modes may propagate, satisfying the eigen equation
and whose number depends on the light polarization (TE or TM modes), the thin
film thickness, its refractive index as well as on the substrate and superstrate (usu-
ally air) layer refractive indices. Different modes propagate with different velocities
corresponding to different refractive indices. The modal phase matching can be re-
alized if the effective refractive index of a fundamental (TE or TM) mode (f) is
equal to that of a harmonic (TE or TM) mode (h)

Ilgﬂf (60) = Il}elff (26{)),f <h (67)

The conversion efficiency is directly proportional to the overlap integral be-
tween fundamental and harmonic optical fields of given modes

2

2 2
| (E?’) E}€dz
active layer

Sﬂl = P (68)

oo oo

| (Eﬁ“’)zdz | (Eﬁ“’)zdz

—oo —oo

Up to now, no significant conversion efficiencies n = P, /P, where P is power
at given frequency, were reported. This is mainly due to the poor overlap integral,
limited propagation length caused by the nonoptimized propagation properties of
polymeric waveguides, and limited values of y?)(—2w,w,w) susceptibility.

We note also that PM SHG was obtained with poled polymer thin films using a
planar waveguide with corrugated grating [187].

8.2
Frequency Tuning

One of the important applications of second-order NLO materials is obtaining of
tunable laser sources. Second harmonic generation or sum frequency generation
systems lead to monochromatic sources. The optical parametric oscillators are
based on the parametric generation of two waves with frequencies o, (signal) and
w; (idler). In noncentrosymmetric materials an incident photon with frequency @
creates two photons satisfying the energy

0=, +w; (69)

and momentum conservation
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=k, +kg (70)

@ .
s i

Tunable OPOs were already demonstrated with different organic single crystals.
Very recently Alshikh Khalil et al. [182] have shown the feasibility of an OPO in
guided wave configuration with poled polymer film. The pump was at 532 nm and
the signal was at 853 nm. Internal optical gain of 1 dB was obtained after propa-
gating on 5 mm with the pump power of 1.5 kW.

8.3
Electro-Optic Modulation

Electro-optic modulation is another important field for applications of second-or-
der NLO materials for signal transmission, signal processing, and optical intercon-
nections. Poled polymers allow the making of electro-optic modulators in
waveguiding configuration suitable for applications in integrated optics and for
parallel treatment [188-191]. Moreover, these modulators can be integrated with
the silicon technology, are easy and cheap to fabricate, and allow a transmission
band over 400 GHz [192] with half-wave voltage less than 1V [194-196].
Figure 47 shows an example of a polymeric Mach-Zehnder modulator for ampli-
tude modulation. The light beam is split into two beams propagating in separate
arms of the modulator. A multilayer structure (shown in insert of Fig. 47) is placed
in one of the arms (although sometimes in both arms to get a better control of the
relative phase of two beams) and depending on the applied electrode voltage, the
phase of the propagating beam is varied. This is due to the variation of the refrac-
tive index of the active polymeric layer in which the beam propagates through the
linear electro-optic effect (Eq. (62)), which induces a phase change of the propa-
gating beam given by:

3
nrn” LE
Ap= (71)
A
Electrode
Buff
Ial;/esr < — NLO polymer film
— Electrode o
\

X

Fig.47. Schematic representation of the structure of a Mach-Zehnder interferometer for am-
plitude modulation
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where 7 is the polymer film refractive index, r is its electro-optic coefficient, L is
the propagation length (waveguide length), A is the operation wavelength, and E is
the applied electric field. The resultant phase mismatch between two beams leads
to the variation of the amplitude, and consequently of the intensity of two inter-
fering beams at the output of the interferometer, which is controlled by the applied
voltage to the electrodes. The minimum voltage necessary to create a phase mis-
match between both beams equal to 7ris called the half-wave voltage V and is giv-
en by:

dA
Vp= 3
rn” LT

(72)

where d is the waveguide thickness and T is a correction factor close to 1. The per-
formances and in particular the bandwidth depends strongly on the design of elec-
trodes. Actually, polymeric electro-optic modulators with a transmission band of
130 GHz have been reported [105, 106]. More details on polymeric Mach-Zehnder
electro-optic modulators and their performances can be found in the chapter by
Dalton [194].

Another type of intensity modulators was proposed and developed by Blau et
al. [195]. It uses diffraction gratings (Fig. 48) to couple the light into a planar
waveguide. If the coupling condition is fulfilled the input beam is spread out into
guided and reflected modes (Fig. 46). Application of an electric field to the elec-
trodes leads to the change of waveguide refractive index and consequently to the
change of coupling conditions and another redistribution of light intensity be-
tween reflected and guided modes. Thus, the intensity of guided and reflected
modes depends on the electric field strength. The transmission band of such a
modulator depends again on the design of electrodes [196]. The same structure
may be used for light deflection [197] as shown in Fig. 49.

Incident beam Modulated reflected beam
y \q P/

; Electrode

Buffer layer
Modulated guided wave Active layer (NLO polymer)
Buffer layer
Electrode
Substrate
H X
0, Modulated transmitted beam

Fig.48. Schematic representation of an electro-optic modulator using a planar waveguide with
corrugated grating
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Fig.49. Schematic representation of a light deflector using a planar waveguide with corrugated
grating

8.4
Ultrashort Electric Pulse Generation

Another application of noncentrosymmetric materials is generation of T Hz elec-
tric pulses, impossible to obtain by using classical electric circuitry. This can be
done either by linear optical rectification effect with y\?)(0;—c,®) susceptibility or
through the difference frequency generation (DFG) with @ (,—wyw;,@,)
term. In the first case, the femtosecond laser pulse propagating in a nonlinear ma-
terial creates a DC field of the same temporal duration. In the second case, by using
two monochromatic laser pulses close in wavelength, the electromagnetic waves
are generated in the submillimeter range. To our knowledge no demonstration was
made with poled polymer films but only with highly nonlinear organic crystal,
DAST (4'-dimethylamino-N-methyl-4-stilbazolium tosylate) or inorganic crystals
(ZnTe) [198,199].

9
Concluding Remarks

In this review, it was impossible to cite all papers dealing with synthesis of chromo-
phores for SHG, material processing, characterization, and applications, since
these are too numerous. Many more applications with these materials have been
demonstrated, for example, high-electric field measurement [200]. This field of re-
search is still experiencing rapid development, not only in theoretical design and
synthesis of new highly efficient chromophores, better stability, high-glass transi-
tion temperature polymers, but also in device applications. The problems encoun-
tered with these materials are more clear now than at the beginning of this ap-
proach in the early eighties. Although a large progress is noticed in getting materi-
als with a large NLO response and improved temporal stability of the induced po-
lar order, the problem of the chemical (aging) and photochemical stability (light-
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induced chemical reactions and/or molecule decomposition) requires more sys-
tematic studies and a better understanding to be solved [201, 202]. It requires a
closer interdisciplinary collaboration between chemists, physicists, and device en-
gineers. The solution to this problem is particularly important for practical appli-
cations of these materials.
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Photorefractive polymers exhibit large refractive index changes when exposed to low power
laser beams. When the optical excitation consists of two interfering coherent beams, the peri-
odic light distribution produces a periodic refractive index modulation. The resulting index
change produces a hologram in the volume of the polymer film. The hologram can be recon-
structed by diffracting a third laser beam on the periodic index modulation. In contrast to
many physical processes that can be used to generate a refractive index change, the photore-
fractive effect is fully reversible, meaning that the recorded holograms can be erased with a
spatially uniform light beam. This reversibility makes photorefractive polymers suitable for
real-time holographic applications. The mechanism that leads to the formation of a photore-
fractive index modulation involves the formation of an internal electric field through the ab-
sorption of light, the generation of carriers, their transport and trapping over macroscopic
distances. The resulting electric field produces a refractive index change through orientational
or non-linear optical effects. Due to the transport process, the index modulation amplitude is
phase shifted with respect to the periodic light distribution produced by the interfering optical
beams that generate the hologram. This phase shift enables the coherent energy transfer be-
tween two beams propagating in a thick photorefractive material. This property, referred to as
two-beam coupling, is used to build optical amplifiers. Hence, photorefractive materials are
also playing a role in imaging applications. Discovered and studied for several decades mainly
in inorganic crystals and semiconductors, the photorefractive effect has not yet found wide
spread commercial applications. This can be attributed to the difficulties associated with the
growth of crystals, and to the high cost of optical and optomechanical components necessary
for the development of complete optical systems. With the emergence of novel low cost plastic
optical components that can be mass produced by techniques such as injection molding, the
cost and the weight of optical components is decreasing rapidly. This trend together with the
advances made in fabricating integrated laser sources at lower cost provide a great momentum
to the development of new optical processing technologies. As real-time optical recording and
processing media, photorefractive polymers are expected to play a major role in these technol-
ogies. The optical, physical, and chemical properties of photorefractive polymers are outlined
and discussed. Current material classes and their respective merits and future challenges are
presented together with examples of applications.

Keywords. Polymer, Photorefractive, Photoconductive, Charge generation, Carrier transport,
Electro-optics, Orientational birefringence, Kerr effect, Real-time holography, Interferom-
etry, Holographic storage, Glass transition temperature, Optical processing, Four-wave mix-
ing, Two-beam coupling.
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1
Introduction

With regard to the pervasiveness of optical technologies, the high bandwidth of
optical fibers has enabled the successful development of the internet that is chang-
ing the world’s economy and the way people communicate and interact. As optics
and lasers have invaded our homes and are generating multitrillion-dollar world-
wide markets, the leading role of optics is that of a technological enabler because
it usually plays a supporting role in the conception of larger systems [1]. But what
is the major enabler for optics? Materials. And what kind of new materials have
heavily impacted society during the past 30 years? Plastics or synthetic polymers.
So, polymers are expected to play a key role in the development of future optical
technologies. Optical polymers will enable the emergence of entirely new products
in a variety of areas ranging from information technology and telecommunica-
tions, health care, to optical sensing and lighting.

During the past decade, polymers for photonic devices have matured consider-
ably and numerous functionalities such as electrical, electro-optical, and light-
emitting properties have been incorporated successfully into polymers through
the intimate collaboration between scientists from optical sciences, physics, chem-
istry, and materials science. Photorefractive polymers belong to these new classes
of materials with several functionalities that have emerged during the last decade.
Capitalizing on the previous development of electro-optic and photoconducting
polymers for optical switches, and xerography, respectively, photorefractive poly-
mers did experience a rapid development. Within ten years, they reached a per-
formance level that outperforms some of the best inorganic materials. Active
multidisciplinary research efforts in this field are constantly providing a better un-
derstanding of the basic principles of photorefractivity in these complex materials.

In this chapter we review the basic optical properties required to understand
photorefractivity in polymers. Section two describes the electromagnetic theory of
light and introduce basic concepts related to material properties such as dielectric
constant, optical susceptibility, refractive index, absorption coefficient, and how they
relate to each other. Expressions for these quantities are derived using a simple os-
cillator model in which electrons bound to positively charged ions are displaced by
the oscillating electric field of a light beam. This simple model provides a qualita-
tive description of many key aspects of light-matter interaction and yields realistic
predictions for systems that are transparent and weakly absorbing like polymers.
We also introduce the basic concepts of crystal optics and discuss the linear optical
properties of anisotropic media. Tensorial properties of the material properties are
introduced as well as crystal symmetry considerations. The third and fourth sec-
tions provide a description of the nonlinear optical and electro-optic properties of
polymers. These concepts are necessary for the understanding of photorefractivity
that is described in section five. While polymers and crystals have very different
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properties, the Kukhtarev model developed initially to describe photorefractivity in
crystals provides a good framework for polymers too, and most of the experiments
performed in polymers could be fairly well described within this framework. In
section six, we describe the specificity of photorefractive polymers and illustrate
some of the properties through selected examples of composites that have been de-
veloped in recent years. We do not give an exhaustive survey of the different mate-
rials reported in recent years as such surveys can be found in several recent review
articles [2—4]. The last section will describe some examples of applications that
have been demonstrated so far with photorefractive polymers.

2
Linear Optical Properties of Polymers

2.1
Electromagnetic Theory of Light

2.1.1
Maxwell’s Equations and the Constitutive Equations

Light beams are represented by electromagnetic waves that are described in a me-
dium by four vector fields: the electric field E(r, t), the magnetic field H(r, t), the
electric displacement field D(r,t), and B(nt) the magnetic induction field (or magnet-
ic flux density). Throughout this chapter we will use bold symbols to denote vector
quantities. All field vectors are functions of position and time. In a dielectric me-
dium they satisfy a set of coupled partial differential equations known as Maxwell’s
equations. In the CGS system of units, they give

10D 4
VxH =—2—+1;
cot ¢
10B
VXE = ———
c ot (1)
V-D =4mp
V-B=0

where c is the speed of light, o and j are the electric charge density (density of free
conduction carriers) and the current density vector in the medium, respectively. V*
and V x are the divergence and curl operations. Since polymers are non-conduct-
ing dielectrics, one assumes that ¢ = j = 0. In a non-magnetic medium, the four
fields E, D, H, and B are related through the so-called constitutive equations:

D=E+4nP=¢E
B=uH (2)
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where the constitutive parameter ¢ is the electric permittivity (also called dielectric
function) and P = P(r, t) is the electric polarization density vector or polarization
of the medium. For a non-magnetic medium y = 1. The concept of polarization
occupies a central role in optics since it characterizes the response of a medium to
the electrical field associated with a light beam that propagates in this medium. In
a dielectric medium the electric field displaces electrons from their equilibrium
position. Since the medium is neutral, this perturbation creates locally a dipole
moment whenever the negative and positive charge densities do not coincide. The
polarization of the medium is the macroscopic sum of these electric dipole mo-
ments induced by the electric field per unit volume. In organic molecules and pol-
ymers the nature of the bonds determine the magnitude of the binding energy and
consequently the ability of the electrons involved in these bonds to be distorted by
an electric field. Thus, one expects the polarization to be much higher in conjugat-
ed materials in which delocalized 7 electrons are easily polarized compared with
saturated materials where o electrons are more difficult to perturb. On a molecular
level, one understands why anisotropic molecules will have strong anisotropic op-
tical properties: a conjugated molecule with a rod-like shape, for instance, will be
much easier to polarize with an electric field applied along the molecular axis than
when the field is applied in a perpendicular direction. Next we derive additional
concepts in dielectrics such as the optical susceptibility and refractive index. Let us
first derive these quantities in idealized materials. Such ideal materials are assumed
linear, nondispersive, homogeneous, isotropic, and spatially nondispersive.

A dielectric medium is said to be linear if the vector field P(r, ¢) is linearly relat-
ed to the vector field E(r, f). This approximation is always used in the field of linear
optics but fails in the case of nonlinear optics as will be discussed in more details
in Sect. 3. A medium is said to be nondispersive if its response is instantaneous,
meaning that the polarization at time f depends only on the electric field at that
same time f and not on prior values of E. In most dielectrics the response time is
very short (femtosecond or picosecond response times), but the fact that it is non-
zero has huge consequences as will be discussed later. A medium is said to be ho-
mogeneous if the response of the material to an electric field is independent of r. A
medium is said to be isotropic if the relation between E and P is independent of the
direction of the field vector E. In the simplest case, when the medium satisfies all
these conditions, the vectors P and E at any position and at any time are parallel
and proportional and related to each other by

P(r,t) = YE(r, t) (3)

where y is a scalar and is called the optical susceptibility. Substituting Eq. (3) into
Eq. (2) gives the following relationship between the susceptibility and the dielec-
tric function:

e=1+4my (4)
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Note that under the conditions fixed at the beginning of this sub-section, the
vectors E, D, and P are all parallel and proportional. Later we will see that this is
not the case when the material is no longer isotropic. With Maxwell’s and the con-
stitutive equations, one can derive for an isotropic medium the following wave
equation:

2 a2
veip LOE (5)
c? dt?

with

n=1/1+4rfx=\/; (6)

where n represents the refractive index of the medium. Note the universality of
Eq. (5): it is independent of the system of units and has the general form of a wave
equation:

2
VZU(r’t)_LZaU—(r’t):O (7)
14

where U(r, t) is the complex wavefunction with an amplitude and a phase. In
Eq. (7), vis the speed of propagation of the wave. Comparing Egs. (6) and (7) one
sees that the optical wave in a dielectric medium with refractive index n propagates
at a speed of v = ¢/n. Since the speed of light is an upper limit, the refractive index
of a dielectric material is necessarily higher than unity. To satisfy the wave equa-
tion, the electric field vector components must be harmonic functions of time with
frequency @ and harmonic functions of space. For a plane wave, the electric field
vector gives

E(r,t)=gcos(kr — t) = Re{gel(kr_wt)} E{gel(kr_wt) + c.c.} = [Ee’(kr_wt) +c.c.t (8)
where k is the wavevector with components (ky, kys k) and c.c. denotes complex
conjugate. To satisfy the wave equation, the amplitude of the wavevector referred

to as the wavenumber k must satisfy the so-called dispersion relation:

k=—=— 9)
v oo
Note that k = 2m/A where A is the wavelength of the light beam. With the electric
field representation conventions adopted in Eq. (8), the intensity I of the light
beam is given by

1= B g = 10



96 Bernard Kippelen - Nasser Peyghambarian

In the CGS system of units adopted through this chapter all the field quantities
E, D, H, and B have the same units and are expressed in statvolt/cm. Intensities are
given in erg/cm?-s. Conversion into MKS units can be obtained easily by remem-
bering that 1 statvolt = 300 V.

In real materials, for which there is a delay in the response, the polarization in-
duced by an electric field is no longer given by Eq. (3) but is given by the convolu-
tion product:

t
P(1)= [ x(t-DE@)dr (11)

Using the property that the Fourier transform of a convolution product is equal
to the product of the Fourier transforms, one can derive a simple relationship be-
tween the polarization and electric field in the Fourier domain:

P(w) = y(w)E(w) (12)

where all the quantities are complex and are functions of the frequency w of the
optical field. Thus, a material that does not respond instantaneously to an electric
field is said to be dispersive because all the material properties such as dielectric
constant, optical susceptibility, and refractive index are no longer real and constant
quantities, but complex and frequency dependent. The real part n of the new com-
plex refractive index n” = n + ik relates to the conventional index concept devel-
oped for ideal non-dispersive materials and the imaginary part k" of the index is
related to the absorption coefficient through:

2K w
c

a (13)
where a is the linear absorption coefficient expressed in cm™. The frequency de-
pendence of the complex refractive index can be obtained by considering the sim-
ple Lorentz oscillator model in which electrons bound to positively charged ions
are displaced by the oscillating electric field of a light beam. This simple model
provides a qualitative description of many key aspects of light-matter interaction
and yields realistic predictions for systems that are transparent and weakly absorb-
ing such as polymers. For an oscillator with resonance frequency @, the real and
imaginary parts of the index are given by

Ne? 271((02 - a)g)

m (o - a)é)2 +4T"% ?

(14)

_ 27tNe? 2w

m (e’ -wf)? +4T" 0?

(15)
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Fig.1. Real and imaginary parts of the refractive index obtained with the simple oscillator
model

where e is the elementary charge, m the mass of an electron, and I is a damping
constant. The frequency dependence of the real and imaginary parts of the index
are illustrated in Fig. 1.

Note that this simple model predicts the normal dispersion for most optical
materials: a decrease of the refractive index (real part) on the low energy side of the
resonance (absorption band of a polymer for instance) when the frequency of the
light is decreased. Due to causality which is the property that the polymer will not
respond to the electric field before the field is applied at a given time t, the real part
X (@) and imaginary part y”’(w) of the optical susceptibility are forming a Hilbert
pair and are therefore related to each other through the following Kramers-Kronig
relations [5]:

2 Oo(l)' " wl .
X'(a))——PI )2(( z)da) (16)
L o' -
20 7 v
x"(w)=—PI—X2( )2 do' (17)
nooyo -

where P denotes the Cauchy principal value. These relationships show that if the
full frequency dependence of either the real or imaginary parts of the optical sus-
ceptibility is known, the other part can be calculated. More importantly, this prop-
erty shows that absorption changes are always accompanied by refractive index
changes and vice versa.
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2.1.2
Optics of Anisotropic Media

In the preceding section we have assumed that the material was isotropic, resulting
in an induced polarization that is parallel to the electric field. Since most of the
polymers are amorphous structures their optical properties are usually isotropic.
However, electro-active polymers such as electro-optic and photorefractive poly-
mers are made anisotropic through the orientation of the highly anisotropic func-
tional moieties they contain. These moieties can be incorporated into polymers
through different synthetic approaches: (i) the guest/host approach is which func-
tional molecules are doped into the polymer; (ii) the fully functionalized approach
where moieties are incorporated into the polymer as side chain pendant groups or
into the main chain of the polymer. These functional moieties are noncentrosym-
metric and have a permanent dipole moment. Their orientation in an electric field
breaks the centrosymmetry in the material and generates simultaneously birefrin-
gence and second-order nonlinear optical properties as will be discussed in more
details in Sects. 3 and 4. As a result of birefringence, light with different polariza-
tion and propagating in different directions will propagate with a different velocity
(i.e., experience a different refractive index). Hence, the optical properties of elec-
tro-active polymers are those of anisotropic media.

In anisotropic media the polarization is no longer necessarily parallel to the
electric field. Polarization and field components are no longer related by scalar
proportionality factors but by tensor quantities. In other words, the polarization
component in one direction is related to the field components in all three direc-
tions. In this case, the relationship between field and polarization for a dispersive
medium is given by

Px =xuEx+Xxi2Ey + xi3Ez

Py =x21Ex + X02Ey tX23Ez & PFZX,.].E]' (18)

Pz =x31Ex + X32Ey + X33E 7 /
where X, Y, and Z represent the three Cartesian coordinates. While the optical sus-
ceptibility is described by a scalar in isotropic media (which is a complex number
that is frequency dependent if the material is dispersive), in anisotropic media the
susceptibility is characterized by nine tensor elements y;;. The susceptibility in this
case is a second-rank tensor with 32 elements given by

X1 X1z X3
X=X X2 X3 (19)
X31 X32 X33

and the second constitutive relation in an anisotropic medium gives
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D=(I+4m})E=:E (20)

where T is the unitary second-rank tensor. If the light-matter interaction is non-
resonant (i.e., the material is transparent and has no absorption) the susceptibility
and dielectric tensors are real and symmetric, i.e., ;; = X;;» and each tensor has only
six independent elements [6]. The magnitude of these tensor elements depends on
the choice of the X, Y; and Z axis relative to the symmetry axis of the anisotropic
medium. In this case, it is always possible to find a set of orthogonal axes for which
the dielectric tensor is diagonal:

e 0 nx 0 0
=l 0 &, O0|=|0 n} o© (21)
0 0 e3) |0 0 nk

where ny, 1y and n, are the principal indices of refraction. In the case when all
three principal indices are all different, there are two optical axes and the medium
is said to be biaxial. Most of the electro-active and photorefractive polymers have
only one optical axis which is generally defined by the direction of the field that is
used to orient the functional moieties and cylindrical symmetry is assumed
around this axis. The symmetry axis is chosen to be Z. Thus, the polymers we are
considering in this chapter are uniaxial and are characterized by two principal in-
dices of refraction: an ordinary index n, = ny = nyand an extraordinary index n, =
n,. A symmetric second-rank tensor such as the dielectric tensor (see Eq. 21) can
be represented by a quadratic surface that is invariant to the choice of the Cartesian
axes and that can be written in the principal axes as

Fig.2. The index ellipsoid
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—+—+—=1 (22)

Equation (22) describes an ellipsoid (see Fig. 2) called the index ellipsoid. The
latter is very useful in deriving the refractive index of optical waves with different
polarization and propagation direction. A wave traveling in a uniaxial polymer at
an angle 6 with respect to the optic axis experiences two different index depending
on its polarization: if the wave is s-polarized (perpendicular to the plane of inci-
dence) the refractive index is 1, and is independent of 6; for a p-polarized wave
(polarization in the plane of incidence) the refractive index is given by

1 cos’@ sin’@
= +

n?(6) ng ng

(23)

3
Introduction to Nonlinear Optics and Electro-Optics

3.1
Fundamentals of the Nonlinear Optics Formalism

The field of nonlinear optics started shortly after the discovery of the laser in the
early 1960s. The first nonlinear optical experiment was the observation of second-
harmonic generation (SHG) by Franken et al. [7]. In this experiment a ruby laser
beam was sent onto a quartz crystal and a weak light beam with twice the frequen-
cy of the incoming beam was generated. Since then, interest in this field has grown
continuously and covers today a variety of processes ranging from fundamental
ones, including laser cooling and quantum optics, to more applied ones related to
optical information technologies. A broad overview of nonlinear optical processes
is beyond the scope of this chapter and we refer the reader to several textbooks that
have been published previously on the subject [8—10]. In the following section we
will introduce the major concepts and definitions needed to understand photore-
fractive polymers.

So far, in the description of the interaction of light with matter, we have as-
sumed that the response of the material to an applied optical field was independent
of its magnitude. This approximation is valid when the electric field amplitude is
negligible compared with the internal electric fields in atoms and molecules. How-
ever, when lasers are used as light sources, the intensity of the optical field is usually
strong and can drive the electronic response of a dielectric into a nonlinear regime.
This nonlinear optical response is described by a field-dependent susceptibility
that can be written as

XE)=xL +x(2)E+X(3)EE+ (24)



Photorefractive Polymers and their Applications 101

where y; is the linear part of the total optical susceptibility as defined in Sect. 2.
%@ and y®® are the second- and third-order nonlinear optical susceptibilities, re-
spectively. Consequently, the polarization P(r, t) no longer linearly relates to elec-
tric field E(r, t) as in Eq. (3) but contains additional contributions that are quad-
ratic and cubic in electric field:

P(E)=y E+ Y PEE+ yYEEE+... (25)

The second and third terms of the right hand side of Eq. (25) constitute the sec-
ond- and third-order nonlinear contributions to the total polarization. These cor-
rections to the polarization are responsible for numerous nonlinear optical proc-
esses such as the generation of light beams with new frequencies or an intensity de-
pendent refractive index.

Nonlinear optical processes are usually classified in two classes: second-order
and third-order processes. While all the materials exhibit third-order nonlinear
optical properties, symmetric requirements limit the number of second-order
materials: only materials that do not possess an inversion symmetry (also called
noncentrosymmetry) can exhibit second-order nonlinear optical properties. This
condition can be easily understood by considering that in a media with an inver-
sion symmetry (or centrosymmetry) the polarization induced by two electric
fields pointing in opposite directions are equal in amplitude but have opposite
sign (P(—E) = —P(E)). By writing this condition using the definition of the total
polarization given by Eq. (25) one can easily demonstrate that y{*) = 0 in this case.
Noncentrosymmetry is a necessary condition for electro-optic and photorefrac-
tive materials which are based on second-order nonlinear optical processes. Note
the difference between noncentrosymmetry and anisotropy. As shown in Fig. 3, a
medium that is optically anisotropic can still be centrosymmetric. Let’s consider a
dielectric doped with rod-like molecules that have cylindrical symmetry along
their axes but with a head different from the tail (like molecules that have a dipole
moment pointing in one direction). If the molecules are aligned along a preferred
direction, the medium will be optically anisotropic because the polarizability of
the molecule along its axis is different from that in a perpendicular direction.
However, since the molecules are only aligned, on average half of the molecules
have their head pointing in one direction and the medium is invariant under a
180° rotation (this is the case in nematic liquid crystals, for instance). Such a me-
dium will be anisotropic but still centrosymmetric and will not exhibit any sec-
ond-order nonlinear optical properties. To break the centrosymmetry, orientation
of the molecules is required. As opposed to alignment, in the case of orientation
all the molecules have their head pointing in one direction as shown in Fig. 3c.
Thus, noncentrosymmetric materials are necessarily anisotropic but in contrast
anisotropy by itself does not always guarantee second-order nonlinear optical
properties.
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Fig. 3a-c. Schematics of: a an isotropic distribution of rod-like molecules; b an anisotropic but
centrosymmetric distribution; ¢ a non-centrosymmetric distribution

Since second-order nonlinear optical materials are anisotropic, their optical
properties are described by tensors as discussed previously in Sect.2.1.2. For a
nonlinear optical process, the #n-th order nonlinear polarization is due to # inter-
acting electric field vectors and is described by an (1 + 1) rank tensor composed of
37*1 tensor elements. In nonlinear optics, several fields with different frequencies
®,, can be present simultaneously so that the electric field and the polarization are
represented by

E(r,t)= Y E(w,)e” " +c.c (26)

P(r,t)= ZP(a)n)e_iw”t +c.c (27)

where the summation is restricted to positive frequencies only and c.c. denotes the
complex conjugate. Note that in this representation E(w,,) and P(w,,) are complex
quantities. Note that in the representation given by Egs. (26) and (27) both electric
field and polarization are given by the sum of a complex number and its complex
conjugate. This sum is a real number. As for linear dispersive materials (see



Photorefractive Polymers and their Applications 103

Eq. 12), Eq. (25) is valid in the Fourier domain and relates the components of the
susceptibility tensor elements and the complex components of the electric field
and polarization. All quantities are frequency dependent. The general expression
of the second-order nonlinear polarization is given by [10]:

P (@, + @) = DY 413 (@0, + @030, 0, E (@0, By (0,) (28)
jk
where the indices ijk refer to the Cartesian components of the fields. The degener-
acy factor D represents the number of distinct permutations of the frequencies w,,
and w,,. In Eq. (28), the first frequency argument of the nonlinear susceptibility
defines the type of nonlinear process. In the case of second-harmonic generation
its value would be 2@ for instance. The second and third arguments of the suscep-
tibility refer to the frequency of the two fields that are involved in the nonlinear
process. As can be seen from Eq. (28), each component of the second-order non-
linear polarization is given by a sum of 9 terms, so that the corresponding second-
order susceptibility tensor has 27 elements. Fortunately, these tensors possess
some symmetry properties that can be invoked to reduce the number of independ-
ent elements. In particular, the tensor elements are unchanged by permutation of
the last two indices and permutation of the second and third frequency arguments:
() . ) .

Xijk (@, +@,30,,0p,) = Xjpi (@, + @300, 0,) (29)
This property is referred to as intrinsic permutation symmetry and applies to
all materials and experimental conditions. If restrictions are made, the tensor can
be further simplified. For a loss-less medium, that is when the imaginary part of
the complex susceptibility is zero, the tensors possess full permutation symmetry.
In this case, all the frequency arguments can be interchanged as long as the Carte-
sian indices are changed as well. The sign of the frequency argument must be in-

verted when the first argument is interchanged with any of the two others:

2 2 2

When the optical frequencies involved in the nonlinear interaction are far from
any resonance, the frequency dependence (or dispersion) of the optical response
of the material can be ignored. In this case, the tensor elements are unchanged by
the permutation of all Cartesian indices without changing the frequency argu-
ments:

2 2 2 2 2 2 2
XEjk) (@, + @3 0,,,0,,) = XEjk) =xip = X}J = x}ﬁ = X](g‘j) = x;(q-f (31)

This approximation is referred to as Kleinman symmetry and is used very often
in the description of electro-optic and photorefractive polymers.
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In the case of second-harmonic generation, the second-order nonlinear suscep-
tibility tensor elements are symmetric in their last two Cartesian indices and are
unchanged by the permutation of their second and third frequency arguments be-
cause they are identical. Thus, Eq. (28) can be rewritten in the simplified form

Ex
2 (2 2) (2 E2
PP [ xidtx Xy Xz Xz Xz Xty E§
2
B |= Xi(fx)x xyy)y sz)z X Xz xyx)y z (32)
p2) @ 2 Q) 2EyEz
V4 XZXX XZYY Xzzz Xzvz Xzxz XZXY
2EyE,
2EyEy

where for simplicity we have ignored the frequency arguments. Note that the
number of independent tensor elements is now reduced from 27 down to 18 ele-
ments. Due to the intrinsic permutation symmetry, the tensor elements Xl k can
be expressed in contracted form X(l ) with only two indices but where the ﬁrst in-
dex i takes the values 1, 2 or 3 corresponding to the three Cartesian coordinates,
and the second index 1 varies between 1 and 6. The values of [ refer to the six dif-
ferent combinations of the indices j and k with the following convention:

I: 1 2 3 4 5 6
j k: 1,1 2,2 3,3 2,30r3,2 1,30r3,1 1,20r2,1

In the contracted notation the tensor gives

2) 2 2 2 2 2)
X%l X§2) X13) X§4) X%s) X§6

- 2) Q 2 2 2)
W= X( Xzz Xzs) X§4) XES) Xés (33)

2 2 2
X31 X(sz) X33 Xg4) ng) X36

In addition to the symmetry properties of the nonlinear susceptibility elements,
group theory provides more means to reduce further the number of tensor ele-
ments. According to group theory, all materials can be classified in one of the pos-
sible 32 crystal classes. By invoking symmetry, some of the tensor elements vanish
for a given crystal class or point group symmetry. Poled polymers such as photore-
fractive polymers belong to the comm symmetry group and their second-order
susceptibility tensor reduces to

0o 0 0o o0 Yo

=0 0o 0 ¥ oo

2 2 2
Xgl) Xgl) Xga) 0 0 0

o

(34)
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with X%) = ngl) when Kleinman symmetry is valid, leading to only two independ-
ent tensor elements.

In some early studies of second harmonic generation, the second-order suscep-
tibility tensor elements were described by nonlinear tensor elements d;; that are
simply related to the second-order nonlinear susceptibility by

1
djp =5X1(1 ) (35)

3.2
Fundamentals of Electro-Optics

In the general expression of the second-order nonlinear polarization given by
Eq. (28) in the previous section, the frequency arguments in the susceptibility are
not limited to optical frequencies and can take the value zero. In this case, when
one of the fields is a d.c. field (zero frequency or low frequency compared with op-
tical frequencies), the nonlinear polarization in Eq. (28) describes the process in
which the refractive index is modified by an applied electrical field. The nonlinear
susceptibility tensor elements for this interaction are of the form X(i%) (;,0).
Such a process, referred to as the electro-optic effect, was known well before the
beginning of nonlinear optics and was first discovered by Friedrich Pockels in
1893. In its broadest sense, the electro-optic effect was defined as the change of re-
fractive index resulting from the application of a d.c. or low frequency electric
field. When that index change is proportional to the applied field it is called the lin-
ear electro-optic effect or Pockels effect. When the index change is quadratic in the
applied electric field it is referred to as the quadratic electro-optic effect or Kerr ef-
fect. The Kerr effect was discovered first in 1875 by John Kerr. Obviously, the field
of electro-optics started well before Peter Franken’s experiment of second-har-
monic generation in 1961 that initiated the field of nonlinear optics. Unfortunate-
ly, the two fields use different starting points to describe the action of a d.c. field,
so that a relationship needs to be established in order to connect the two fields. In
the framework of nonlinear optics, the starting point for non-resonant processes
is usually to develop the susceptibility tensor into a power series of the total electric
field. In contrast, in the framework of electro-optics the refractive index of the ma-
terial n(E) is described as a function of the d.c. or low frequency electric field E,,.
Since the index changes are small with E;, the index is expanded in a Taylor’s series
about E;, = 0:

2
n(Ey)=n(Ey = 0)+ﬂ E, +ld—n El+.. (36)
dEy ), 02
E,=0

and is generally rewritten in the form



106 Bernard Kippelen - Nasser Peyghambarian

n(Eq)=n(Eg =O)—%n3rE0 —%nssEgt.. (37)
where the two coefficients r and s are defined by
rz—id—n) ,sz—id—zn) (38)
n® dEq Ey=0 n’ dES Ey=0

The coefficients r and s are called the linear and quadratic electro-optic coeffi-
cient, respectively.

As discussed in Sect. 2.1.2, the index of an anisotropic medium is described by
the index ellipsoid (Eq. 22). If the coordinate system is chosen such that the axes
do not match with the principal symmetry axes of the crystal, the index ellipsoid
is described by the more general expression [11]

1 1 1 1
(—2] 2+(—2] Y2+(—2) Zz+2(—2) YZ+
n- /1 n 2 n 3 n-Jy
1 1
2(—] xm(_] xv=1
7’12 5 7’12 6

The linear change in refractive index due to an arbitrary electric field E; (Eyy,
Eyy Eo) is defined by

3
1
A(_z). = 2 1iFoj (40)

(39)

n j=1
or
1
A
n-/2
1
A
n-/, 1 N2 N3
1 r Iz r
A_z 21 2 123 Eoyx
n- /3 131 133 133
1 - T, f, T, Eoy (41)
A—2 41 Tay 143 Eoy
n” /)4 sy T5p TIs3
1 1, 1, 1,
A_z 61 Te2 7163
nJs
1
A
n
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The index ellipsoid can also be expressed in a more convenient way as
z’lijxixj =1 (42)
ij
where we introduced the impermeability tensor 1 defined as

Ei:zfliij:)ﬁ:é_l (43)
j

In this case, the electro-optic tensor elements r;; are defined by the following
expression:

iy =i (Eg =00+  r Eog +... (44
K

Since the dielectric tensor £ is real and symmetric, its inverse 1 is also real and
symmetric, and the tensor 7 must be symmetric in its first two indices. The elec-
tro-optic tensor elements as defined in Egs. (40) and (41) are expressed in the con-
tracted notation:

h=1 for i,j=1,1
h=2 for i,j=2,2
h=3 for i,j=3,3

T =1y with (45)
gk =k h=4 for i,j=2,3 or 3,2
h=5 for i,j=1,3 or 3,1
h=6 for i,j=1,2 or 2,1
Hence, Eq. (44) can be rewritten in the form
or also
Amy n1 N2 M3
Ay | |1 ™2 T3 E
Ans | |m oy oms | O
= Eoy (47)
Ang | [ra1 1a2 743 £
0z
Ans | |r51 715 753
Ang) \Ts1 Te2 Te3

From the two descriptions of the Pockels effect in the frameworks of electro-op-
tics and nonlinear optics, one can show that the electro-optic tensor elements and
the second-order nonlinear susceptibility elements are related by
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8m
= —n—4x§?) (48)
In deriving Eq. (48) one ignores the anisotropy of the linear part of the dielec-
tric constant and one assumes that Kleinman’s symmetry is valid. Under these
conditions, using group theory to reduce the number of non-vanishing tensor el-
ements, the electro-optic tensor for poled polymers is given by

0 n3
0 ns3
0
= 33 (49)
0 ns 0
ns 0 0
0 0 0

Before we close this section, let us emphasize the importance of the degeneracy
factor D in Eq. (28). This factor takes different values depending on the nature of
the nonlinear optical process. For instance, in the case of second harmonic gener-
ation its value is unity, while for an electro-optic process it takes the value 2. There-
fore, great care must be taken in reconciling experimental values of nonlinear co-
efficients measured using different experiments.

4
Molecular and Bulk Nonlinear Optics

4.1
Microscopic Theory: First and Second Hyperpolarizability

Like macroscopic systems, molecules exhibit second-order nonlinearities only if
the centrosymmetry is broken. This can be achieved in conjugated molecules by
connecting each end of the conjugated path with groups that have a different elec-
tronic affinity. In other terms, the symmetry can be broken by deforming the
electron distribution by attaching a donor-like group at one end and an acceptor-
like group at the other end as shown schematically in Fig. 4. This class of molecules
is referred to as push-pull molecules. Due to an excess of charge at the acceptor
side, the molecule has a dipole moment in its ground state. The response of the

A —— T -conjugated bridge ———— D

Fig.4. Schematics of push-pull molecules for electro-optic and photorefractive applications
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molecule to an electric field, or its polarizability, depends strongly on the direction
of the applied field with respect to the molecule: charge flow is favored towards the
acceptor, while hindered towards the donor. This asymmetric polarization pro-
vides strong second-order nonlinear optical properties. On a molecular level, in
the dipole approximation, the microscopic polarization components of a molecule
under nonresonant excitation conditions can be written as

pi=pi+ ) oE;+ R Y B BB + RO Yy BB E +. (50)
j jk ki

where a;;, Bjji, ¥jj are tensor elements and E;, Ey, E; are components of the electric
field. The subscripts 4, j, k, I refer to Cartesian coordinates expressed in the frame
of the molecule. y; is the ground state dipole moment of the molecule. The linear
polarizability is given by the tensor &. The microscopic equivalent of the macro-
scopic susceptibility 5((2) is described by f and is called the first hyperpolarizability.
Similarly, y ()5 the second hyperpolarizability and is the molecular equivalent of
the macroscopic susceptibility X(s ), Note that [ is a third-order tensor that is at the
origin of second-order nonlinear effects, and that is called first hyperpolarizability.
In Eq. (50) R are degeneracy factors that depend on the nonlinear process and
the frequencies of the electric fields involved in the interaction.

4.2
Two-Level Model

With the structural flexibility of organic compounds, molecules with increasing
nonlinearity could be synthesized and incorporated into polymer matrices. Today,
numerous electro-optic polymers exhibit electro-optic coefficients that are higher
than the inorganic crystal of lithium niobate (LiNbO3) which is a standard in the
electro-optics industry with an electro-optic coefficient of 30 pm/V. These advanc-
es were possible through the simultaneous improvement of the magnitude of the
nonlinearity at a molecular level and through a better understanding of intermo-
lecular interactions between molecules in the polymer matrix. To predict the non-
linear optical properties of push-pull molecules Oudar, Chemla, and others [12—
15] proposed a simple two-level model in which they considered the intramolecu-
lar charge-transfer interaction between acceptor and donor, and the fact that S was
not only governed by the ground-state electronic distribution but also by excited
states. The hyperpolarizability was then taken to be the sum of two contributions:

B=Bada + Ber (51)

where 8, is the additive part of the substituents and their individual interaction
with the conjugated m-electron system, and B is the contribution from the in-
tramolecular charge-transfer interaction between acceptor and donor through the
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(e)

1 T)ooge

(9)

Fig.5. Ground state and first excited state of a push-pull molecule

conjugated connecting bridge. The charge-transfer part is approximated to a two-
level interaction between the ground state (g) and the first excited state (e) as illus-
trated in Fig. 5. Within this two-level model the charge-transfer contribution to
the hyperpolarizability is given by

2 2 2 2
e fApg, W, (300, + @) — @3)

ﬁCT(w3’w2’wl)=R (52)

2mh@ge (g, - i ) (@5, — 03) (g — @3)

where R is a degeneracy factor, e is the elementary charge, m the electron mass, @;
are the frequencies of the optical waves involved in the second-order nonlinear
process, g, is the energy difference between the ground state (g) and the excited
state (e), Apig, = po— g is the difference in dipole moments between the first excited
state and the ground state, and f is the oscillator strength of the transition that is
related to the transition dipole moment i , through

2m
f= h—zh‘*’geﬂﬁe (53)

Substituting for w; = 2w, @, = @, = @ in Eq. (52) leads to the following expres-
sion for the charge-transfer contribution to the hyperpolarizability for a second-
harmonic generation process:

4
w
e 20, 0,00) = BC(0)————5 5 (54)
(wge - )(mge - (2(0) )
with
2 2
ﬁSHG (0)= z Apgel“lge - (Pe —Hg )Ilge (55)

2 2 2
h Wee Eg
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where the superscript SHG refers to second harmonic generation. f57(0) is called
the dispersion free hyperpolarizability since it does not contain any dependence on
the frequency of the optical fields involved in the nonlinear interaction.

Similarly, starting from Eq. (52), the charge-transfer contribution to the hyper-
polarizability of an electro-optic effect is obtained:

2 (2.2 2
W (3005, — ")

BEQ (0,0,00) = BE°(0) (56)

3((0;6 —w?)?

where the superscript EO refers to the electro-optic effect. When comparing values
of the hyperpolarizability of different chromophores, the type of interaction (SHG
or EO) should always be considered, as well as the wavelength at which it was
measured. Note that due to the dispersion factors appearing in Egs. (56) and (54),
the nonlinearity is enhanced when the wavelength of the experiment is close to the
wavelength of the charge-transfer absorption band. This is illustrated in Fig. 6
where the electro-optic hyperpolarizability normalized by the dispersion-free val-
ue is plotted vs wavelength for hypothetical chromophores with the same nonlin-
earity but with different linear absorption properties. The charge-transfer absorp-
tion band of the chromophore with energy E, =hw,, is usually characterized by
its corresponding wavelength A, = hc/E,,.

Electro-optic dispersion B/BEC(0)

500 600 700 800 900 1000
Wavelenght (nm)

Fig. 6. Dispersion of the electro-optic hyperpolarizability for chromophores with different lin-
ear absorption properties
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43
Bond-Length Alternation Model

While the two-level model guided the design of second-order nonlinear optical
molecules for almost two decades, a model in which f is correlated to the degree
of ground-state polarization was developed in recent years and has provided a way
to synthesize molecules with larger nonlinearities [16]. The degree of ground-state
polarization, or in other words the degree of charge separation in the ground state,
depends primarily on the chemical structure (as for example, the structure of the
m-conjugated system, or the strength of the donor and acceptor substituents), but
also on its surroundings (as for example, the polarity of the medium). In donor-
acceptor polyenes, this variable is related to a geometrical parameter, the bond-
length alternation (BLA) which is defined as the average of the difference in the
length between adjacent carbon-carbon bonds. To understand better the correla-
tion between f and the degree of ground state polarization of the molecule, it is
illustrative to discuss the wave function of the ground state | > in terms of a linear
combination of the two limiting resonance structures:

‘y) >= a‘n>+b|z> (57)

where |n > denotes the neutral form characterized by a positive BLA, and |z > the
charge-separated form characterized by a negative BLA (since the double and sin-
gle bond pattern is now reversed relative to the neutral form) (see Fig. 7). The
charge-separated form is also called zwitterionic or quinoidal. For substituted pol-
yenes with weak donors and acceptors, the neutral resonance form dominates the
ground-state wavefunction, and the molecule has a high degree of bond-length al-
ternation. In other words, the coefficient a in Eq. (57) is much larger than b. With
stronger donors and acceptors, the contribution of the charge-separated resonance
form to the ground state increases and simultaneously, BLA decreases. When the
two resonance forms contribute equally to the ground-state structure, the mole-
cule exhibits essentially no BLA, corresponding to a situation where a = b in
Eq. (57). This zero BLA situation is called the cyanine limit, referring to the com-
mon structure of a cyanine molecule. Such cyanine molecules are known to be rep-
resented by two degenerate resonance forms, resulting in structures with virtually
no BLA, as represented by the medium structure in Fig. 7. Finally, if the charge-
separated form dominates the ground-state wave function, the molecule acquires
a reversed bond-alternation pattern (a << b). BLA is thus a measurable parameter
that is related to the mixing of the two resonance forms in the actual ground-state
structure of the molecule.

Correlation between the molecular 8 with the ground-state polarization and
consequently with BLA was demonstrated through quantum chemical calcula-
tions in polyene molecules [17, 18]. In these studies the ground-state polarization
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Fig.7. Neutral, cyanine and charge-separated form of a polyene molecule and corresponding
BLA value
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Fig.8. Magnitude of B as a function of BLA or BOA

was tuned by applying an external static electric field of varying strength and S was
correlated with the average of the difference in the -bond order between adjacent
carbon-carbon bonds (more simply denoted the Bond-Order Alternation, BOA)
that is qualitatively related, as BLA, to the mixing of the two resonance forms in the
actual ground-state structure of the molecule. The m-bond order is a measure of
the double-bond character of a given carbon-carbon bond (a BOA of about —0.55
is calculated for a donor-acceptor polyene with alternating double and single
bonds). Upon going from the neutral polyene limit to the cyanine limit, § first in-
creases, peaks in a positive sense for an intermediate structure, decreases and pass-
es through zero at the cyanine limit as shown in Fig. 8. From that limit and going
to the charge-separated resonance structure, § continues to decrease and thus be-
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comes negative, peaks in a negative sense, and then decreases again (in absolute
value) to become smaller in the charge-separated structure. Evidence for the pro-
posed relationships was derived from a study of a series of six molecules that
spanned a wide range of ground-state polarization and therefore BLA, that were
examined in solvents of varying polarity by electric field induced second harmonic
generation (EFISH) experiments.

By applying this approach new molecules for electro-optic and photorefractive
applications could be developed. For a review of the design of nonlinear molecules
using the BLA model see for instance [19].

4.4
Oriented Gas Model

441
Electro-Optic Properties

So far, we have described the nonlinear optical properties of molecules on a micro-
scopic level. Macroscopic nonlinearities in polymer films are obtained by doping
or functionalizing the polymer with these molecules or molecular groups. To be
electro-optic, a bulk material comprised of nonlinear molecules must also lack an
inversion center if the molecular S is to lead to a macroscopic nonlinearity. The
method most widely used to impart noncentrosymmetry in noncrystalline sys-
tems is the poled-polymer approach. If dipolar nonlinear species are dissolved in a
polymer and subjected to a large electric field, at or above the glass transition tem-
perature T, of the polymer, the interaction of the dipole with the field causes the
dipolar species to orient, to a certain extent, in the direction of the applied field. If
the polymer is cooled back to the glassy state, with the field applied, then the field-
induced noncentrosymmetric orientation can be frozen in place, yielding a mate-
rial with a second-order optical nonlinearity. This process is referred to as poling.

To understand and optimize the electro-optic properties of polymers by the use
of molecular engineering, it is of primary importance to be able to relate their
macroscopic properties to the individual molecular properties. Such a task is the
subject of intensive research. However, simple descriptions based on the oriented
gas model exist [20,21] and have proven to be in many cases a good approximation
for the description of poled electro-optic polymers [22]. The oriented gas model
provides a simple way to relate the macroscopic nonlinear optical properties such
as the second-order susceptibility tensor elements expressed in the orthogonal lab-
oratory frame {X,Y,Z}, and the microscopic hyperpolarizability tensor elements
that are given in the orthogonal molecular frame {x,y,z} (see Fig. 9).

Because of its simplicity, the oriented gas model relies on a large number of sim-
plifications and approximations: (i) at the poling temperature the chromophores
are assumed free to rotate under the influence of the applied field and any coupling
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X o

Fig.9. Laboratory frame {X,Y,Z} and molecular frame {x,y,z}

or reaction from the surrounding matrix is ignored; (ii) the chromophores have
cylindrical symmetry and the only nonvanishing hyperpolarizability tensor ele-
ment is f3,,, where z is the symmetry axis of the chromophore; (iii) the permanent
dipole moment 4 of the chromophore is oriented along the z axis of the molecule;
(iv) the chromophores are assumed independent and non-interacting. Under this
last approximation, the bulk response of a material is given by the sum of the re-
sponses from its molecular components. The relationship between the macroscop-
ic polarization components in the laboratory frame {X,Y,Z} and the molecular
components can be written as

P =(2 i), (58)

where V is the volume, the index I refers to the laboratory frame, and the index i
to the frame attached to the molecule. Due to the large number of molecules, the
summation in Eq. (58) is replaced by a thermodynamic average. The second-order
nonlinear susceptibility tensor elements can be written as [23]

X%)< =N <alia jjﬂKkﬁijk>UK (59)
where N is the density of chromophores, and the aj; are the director cosines or the
projection of the new axis I (in the laboratory frame) on the former axis j (in the
molecular frame). The brackets <> in Eq. (59) denote the orientational ensemble
average of the hyperpolarizability tensor elements. The superscript * denotes that
the local field correction factors have been included in B. By definition of a ther-
modynamic average, Eq. (59) can be rewritten as

<ﬂ1ia Ti9xkBijk >UK = I%’“ ]jaKkﬁijkG((Pa 6,p)dQ (60)
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where G(¢, 0, p) is the normalized orientational distribution function. ¢, 6, y are
the Euler angles. dQ = dy sin6 d6 dg is the differential solid angle. In the follow-
ing, an additional simplification is made: the distribution function G(¢, 6, v) is
assumed independent of @ and y. This assumption is related to the approximation
that the chromophores have cylindrical symmetry and that the second-order non-
linear optical properties depend mainly on the average polar angle 6 of the mole-
cules with the direction of the poling field (see Fig. 9).

The normalized orientational distribution function G(¢, 6, v) is approximated
to a Maxwell-Boltzmann distribution function that gives

exp(—U(e))sin 6de
kgT
G(Q)dQ = (61)

m U@ ) .
jo exp(— T Jsm@d@

B

where U(0) is the interaction energy between the poling field and the dipole mo-
ment. This interaction energy is given by

*

U(G)z_ﬁ*-Ep—%p-Epz—kaTcose with x= ];cBETF (62)

where p* is the modulus of the permanent dipole moment of the chromophore
and is corrected for local field effects by the surrounding matrix. E, is the modulus
of the poling field that is applied along the Z axis of the laboratory frame. The sec-
ond term in the right-hand side of Eq. (62) describes the reorientation of the mol-
ecule due to the induced dipole moment p. Since push-pull molecules have gener-
ally a high permanent dipole moment, it is a good approximation to neglect that
second contribution. The force associated with the potential U(0) is the torque ex-
erted by the electric field on the molecule that tends to orient the molecule in the
direction of the poling field. This torque tends to minimize the interaction energy,
that is to reduce the value of the angle 6. With the notation introduced in Eq. (62)
the orientational average of any function g(6) that depends solely on the polar an-
gle 0 through the interaction potential U(8), can be written as

J.;Tg(e) exp(xcos@)sin 6d6

(s(0) (63)

_[()T[ exp(xcosB)sin 646

According to Eq. (59), the two independent tensor elements for poled polymers
when Kleinman symmetry is valid are given by

X227 = N{(Kk) Kk Kk) B = N(cos” ) .. (64)
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X(Zz))(x = N<(Kk)(1k)(1k)>ﬂ;zz = N<cos Osin’ 6cos” (p>ﬁ;ZZ (65)
Replacing the ensemble average by Eq. (63), Egs. (64) and (65) can be rewritten
as
(2 _ *
Xzzz = NL3 (x)ﬁzzz (66)
N
X(ZZ))(X - ) (Ll )ﬁzzz (67)

where we have introduced the Langevin functions L, (x) of order n and with an ar-
gument x defined as

Incos” Oexp(xcos)sin OdO
L, (x)="— (68)
Io exp(xcos@)sin 6d0

The Langevin functions for # = 1 to 3 are given by

When x = y*Ep/ kT is smaller than unity, these functions can be approximated to

1 2x2

Li(x)=2, L(x)s—+—

X (70)
3 37 45 » L3(x) 5

The validity of this approximation for L;(x) for values of the argument x < 1 is
illustrated in Fig. 10. The condition x < 1 is satisfied in most of the experimental
conditions. For instance, for a molecule with a dipole moment of ;f =15D (or
15x10'%esu) and a poling field of E,=100V/um (corresponding to
3333.33 statvolt/cm) at a temperature of 450 K, the value for the argument is x =
0.8.Thus, for small poling fields, when the linear approximation for the Langevin
functions holds, the two independent susceptibility tensor elements given by
Egs. (66) and (67) give

@ _ P Ep

Xzzz = 5k T :Bzzz (71)
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Fig. 10. Langevin function L;(x) and its linear approximation
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ﬁ;zz (72)

2
Xzxx =N

Note that within all the approximations made in that section we get the result
2 2
that e = x5, 13

4.4.2
Orientational Birefringence

Due to their rod-like shape, the chromophores possess a linear polarizability that
is very different for directions of the optical field polarized parallel or perpendic-
ular to the molecular axis. The poling process described in the previous section
where the orientation of the molecules is changed by an external field leads, there-
fore, to birefringence in addition to the second-order nonlinear optical properties.
In purely electro-optic polymers where poling is initially achieved by a spatially
uniform dc field, the poling induces a permanent birefringence that is spatially
uniform and plays generally only a minor role during electro-optic modulation. In
contrast, in photorefractive polymers with a glass transition temperature close to
room temperature, spatially modulated birefringence can be induced by the mod-
ulated internal space-charge field and can be of paramount importance since it can
lead to strong refractive index gratings as will be shown later in Sect. 6.
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The polarizability tensor of the molecule can be written in the molecular prin-
cipal axes {x, y, z} as

a, 0 0 a; 0 0
a=| 0 a, 0 |=[0 a 0 (73)
0 0 o, 0 0 a//

where the subscripts L and // refer to the direction perpendicular and parallel to
the main z-axis of the molecule. In the linear regime and on a microscopic level,
an optical field at frequency w interacting with the polymer film will induce the
molecular polarization

pi=a;Ej(w) (74)

where the index i refers to the different components in the frame of the molecule.
The macroscopic polarization is given by the sum of the molecular polarizations.
Since the molecules exhibit a strong anisotropic linear polarizability, the macro-
scopic polarization will depend on their average orientation. Since the average ori-
entation can be changed by applying a poling field, the macroscopic polarizability
can be continuously tuned by changing the value of the applied field. For a poling
field applied along the Z-axis, the change in linear susceptibility along the poling
axis between an unpoled and poled film is given by [24]:

R [ 7

where we have introduced the superscript * to include field correction factors in
the polarizability anisotropy. Recalling the relationship between the refractive in-
dex and the susceptibility n> = 1 + 4y (see Eq. 6), the index change associated
with a change in linear susceptibility is given by

21 1
AHZZ = TAX(Z% (76)
and, therefore, for an optical field polarized along the poling axis Z the index
change induced by the poling of the chromophores is given by

. 2

2m « 2| B Ep
An,=—N(a; —a —

z= Nl —a) o kT

(77)

where we have replaced the second-order Langevin function by its linear approxi-
mation (see Eq. 72).
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The same derivation can be made for an optical field polarized along a direction
perpendicular to the poling axis and the refractive index change is given by

1
Anly) (@) = Ani) (@) = =~ Any (@) (78)

Note that according to Egs. (77) and (78) the index change induced by the reo-
rientation of anisotropic chromophores is quadratic in the poling field E, and is
therefore an orientational Kerr effect. The index change has also a quadratic de-
pendence on the dipole moment. Equation (78) shows that the refractive index in-
creases for an optical field polarized along the direction of the poling field and de-
creases for a polarization in a direction perpendicular to it.

5
Photorefractive Effect

The photorefractive effect refers to the field-induced change in refractive index of
an optical material that results from a light-induced redistribution of electrons
and holes. Photorefractivity can, therefore, be observed in materials that are pho-
toconductive and that possess a field-dependent refractive index. The effect was
discovered in the 1960s during second harmonic generation experiments in non-
linear crystals [25-28] and was rapidly recognized as a sensitive and reversible
process to record and process holographic information. During the past decades it
was studied [29-32] in inorganic crystals such as LiNbO;, BaTiO;, KNbOs,
Bi;,S10,,, semiconductors such as GaAs, InP, CdTe [33], and semiconductor mul-
tiquantum wells (MQW) [34, 35]. In the 1990s, with the progress in molecular
photonics, organic photorefractive materials were developed [36, 37]. Since the
first demonstration of photorefractivity in a polymer [37], numerous polymer
composites have been developed and the performance level of this new class of ma-
terials could rapidly be improved by several order of magnitude, to a level where
they outperform numerous inorganic crystals that are expensive and difficult to
grow. Current materials can exhibit millisecond response times and can have re-
fractive index modulation amplitude close to 1%. Photorefractive polymers are
truly multifunctional since they combine photoconductive, trapping, and electro-
optic properties. In this section, we will review the fundamentals of photorefrac-
tivity and describe the basic physical model, the Kukhtarev model, that has been
used to describe photorefractivity in inorganic materials [38, 39]. Polymers have
optical and electrical properties that are quite different from those of periodic
structures such as crystals and inorganic semiconductors in which transport for
instance is described by band models. Nevertheless, so far the Kukhtarev model
has provided a good framework to describe the photorefractive behavior of poly-
mers. Models that account for the differences between amorphous organic mate-
rials and crystals remain the subject of active research [40].
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Fig. 11a,b. Tllustration of the periodic light distribution generated by the interference of two
coherent laser beams: a top view; b 3D view

Photorefractive materials are used to record thick phase gratings also called vol-
ume holograms. A phase grating is obtained through the periodic modulation of
the refractive index of a material. It is called a phase grating as opposed to an am-
plitude grating because it results from the modulation of the real part of the refrac-
tive index and not its imaginary part which would correspond to the modulation
of the absorption coefficient (see Eq. 13). Phase gratings are preferred to ampli-
tude gratings because they can diffract an incident laser beam with a 100% effi-
ciency. A hologram is recorded in an optical material by interfering two coherent
laser beams as illustrated in Fig. 11. This interference pattern produces a spatially
modulated intensity distribution I(x) given by [41]

I(x)=IO[1+mcos(27rx/A)] (79)

where I, = I} + I, is the total incident intensity, i.e., the sum of the intensities of the
two beams and A is the grating spacing, i.e., the distance between two light maxi-
ma. In Eq. (79), m is the fringe visibility given by

. 2L, .

= (11 +Iz) ere) (80)
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where e; are the unitary polarization vectors of the two interfering beams. The su-
perscript * denotes the complex conjugate.

The different steps leading to the formation of a photorefractive grating are
shown in Fig. 12. They comprise: (i) the absorption of light and the generation of
charge carriers; (ii) the transport through diffusion and drift of electrons and holes
over distances that are a fraction of the grating spacing leading to separation of
holes and electrons; (iii) the trapping of these carriers and the build-up of a space-
charge field; (iv) and the modulation of the refractive index by the periodic space-
charge field.

With visible light, the period of the sinusoidal light distribution which is given
by the value of the grating spacing can vary generally from a fraction of a microm-
eter to a couple of tens of micrometers. Following a spatially periodic photoexci-

;

Dephasing

—— Space —=

Fig. 12a-e. [llustration of the photorefractive effect. The overlap of two coherent laser beams
creates an optical interference pattern (a). In the high intensity regions, charge carriers are
generated (b). One type of carriers is transported and trapped (c), creating an alternating
space-charge field (d). The space charge field induces a change in refractive index (e). The re-
sulting index grating is phase shifted with respect to the initial light distribution
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tation, more carriers are generated in the regions near the light maxima because
the photogeneration rate can be assumed proportional to the local value of the op-
tical intensity. In the simplest model, one majority carriers (electrons or holes) mi-
grate from the positions of high intensity where they were generated and leave be-
hind fixed charges of the opposite sign. In some materials, the minority carriers
can migrate in the opposite direction but with a mobility that is much smaller than
the mobility of the majority carriers. In traditional photorefractive crystals, the
driving forces for carrier migration are diffusion due to concentration gradients
and drift when a static electric field is applied. The migration process is limited by
traps present in the material under the form of impurities or more generally any
structural modification of the local environment of a site that leads to a deforma-
tion of the local potential and to a lower energy state for the carriers. The transport
process being optically activated, the carriers can to some extent move away from
the brighter regions to the darker regions where the conductivity is much lower
and where they get trapped. The characteristic distance over which the carriers mi-
grate in an efficient photorefractive material is, therefore, in the micrometer range.
The carriers trapped in the darker regions and the fixed charged ions left behind
in the brighter regions give rise to an inhomogeneous space-charge distribution.
The space-charge distribution is in phase with the light distribution if transport is
governed by diffusion only, and can be phase shifted when drift is present in re-
sponse to an applied field. If the light is removed, this space-charge distribution
can remain in place for a period of time which can vary between nanoseconds and
years depending on the class of photorefractive materials. Next, this space charge
distribution leads to a periodic electric field in the material that is 90° phase shifted
with respect to the space-charge. The last step in the build-up of a photorefractive
grating is the modulation of the refractive index by this internal space-charge field.
In most of the photorefractive crystals this index modulation is produced via the
electro-optic effect. However, any other field-dependent refractive index such as
the orientational birefringence discussed in Sect.4.4.2 can be used to produce
photorefractive gratings. The spatial derivative that appears in Poisson’s equation
is of paramount importance for the photorefractive effect since it is the origin of
the nonlocal response of photorefractive materials, namely the dephasing between
the refractive index modulation and the initial light distribution. This phase shift
is unique to photorefractive materials and can lead to energy transfer between two
incident beams. It shows that the underlying meaning of the term photorefractiv-
ity is more than a refractive index variation induced by light and makes the pho-
torefractive effect very different from many other mechanisms that can lead to
grating formation such as thermal, chemical, and electronic nonlinearities. In con-
trast to many processes studied in nonlinear optics and described in other chapters
of this book, the photorefractive effect is very sensitive and can be observed using
milliwatts of laser power. Other unique properties of photorefractive materials are
the possibility to store gratings during a long period of time but with the possibil-
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ity to erase the grating at any time with a uniform light source. All these properties
make photorefractive materials important for dynamic holographic recording/re-
trieval and all the related applications.

5.1
The Kukhtarev Model

An expression for the internal space-charge field can be obtained through the
Kukhtarev model [38] that was developed to describe photorefractivity in most in-
organic materials. In this model, the photorefractive material is described by a
band model. As for a traditional semiconductor, the material consists of a conduc-
tion and a valence bands separated by a band gap as shown in Fig. 13. The model
describes the transport of single carrier species and the band gap of the material
contains localized energy levels that can be excited optically promoting either
holes in the valence band (VB) or electrons in the conduction band (CB). In the
model that we adopt here, we assume that the dopant is a donor with an energy
level located in the band gap with concentration N¥, Furthermore, the crystal con-
tains N, acceptors with N, < NY, that are all ionized and that have accepted a
charge from a donor. This leads to a concentration of ionized donors N}, = Ny pri-
or to any optical excitation, leaving a concentration N, = NY, — N}, of unionized
donors. Optical absorption leads to the oxidation of the neutral donors with con-
centration Np, according to the following reaction:

Np+hv—Nj +e (81)

where hv is the energy of the absorbed photon. The electron that is released in the
conduction band (CB) undergoes transport until it gets trapped by an ionized do-
nor to form a neutral donor according to the reaction

N} +e—=Np (82)

Fig. 13. Band model used to described photorefractivity using the Kukhtarev model
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Under optical illumination, the concentration of ionized donors is given by the
following rate equation:

ON}
ot
where s is a photo-ionization cross-section, " a thermal generation rate, and y a
recombination coefficient. 7, is the density of electrons that is related to the cur-
rent density j through the continuity equation

=(sI+p) (N -N})-yn,N}, (83)

on, ON, 1_.
ot ot e’ (84)

where V- is the divergence operator. The current equation is given by

j=n,ep, B + p kpTVn, (85)

where V denotes the gradient. The field E@) is the static (or low frequency) electric
field that develops within the material due to the combined effects of an applied
field E; and any charge redistribution in the material. This field must satisfy Pois-
son’s equation:

(de) _

£4V-E\") = —4me(n, + N3 —-Np)) (86)

where ¢,is the d.c. or low frequency dielectric constant. Equations (83)—(86) con-
stitute a set of four differential equations with four unknowns: r,, N%, j, and E),
Since the optical excitation that is inducing the electric field is modulated, we can
assume that all the unknown quantities will have the same periodic nature. Unfor-
tunately, this system is nonlinear and does not have a general analytical solution.
It can only be solved using numerical methods. However, zero- and first-order
Fourier components of these distributions can be derived for steady-state condi-
tions in the limit where the visibility of the fringe is small, that is for m < 1, where
m is defined by Eq. (80). In this case, the unknown quantities can be approximated
by the sum of a spatially uniform term and a term that has the spatial periodicity
of the illumination:

1 .
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For the electron-only transport conditions considered here, under weak illumi-
nation conditions and negligible dark conductivity, the Fourier coefficient of the
first-order space-charge field at steady-state can be approximated to

E,(Ep +Eq)

—_— (88)
(E,+Ep)-iE

El ZESC =—m

where Ej, is the diffusion field and E is the limiting space-charge field. Note that
we have changed the notation and replaced the first Fourier component E, by E_,
where the subscript sc refers to space-charge. The diffusion field is given by

27TkBT
E=—"7425,— 89
=", (89)
and the limiting space-charge field by
2AeN
.= SOV (90)
€dc

where N,is the effective photorefractive trap density.
The space-charge field given by Eq. (88) is a complex number that is character-
ized by an amplitude and a phase. It can be rewritten as

ESC=A+iB=|ESC|6i® — ,[A2+B26iarcth/A (91)

where A and B are the real and imaginary parts of the space-charge field, respec-
tively. The amplitude of the space-charge field is given by

1/2

(g +Ep) | (92)

(+Ep/E,)* +(Ey | Ey)

|ESC|=m

and the phase by

E E E?
© =arctg| 2|1+ -2 4+ 0 for Eq#0
E E, EpE 0
0 q D*q (93)

®=§ for E; =0

Since the space-charge field produces the refractive index modulation, the
phase O of the complex field represents the phase shift between the refractive index
modulation and the initial periodic light distribution that generated the space-
charge field.

Equation (88) describes the complex space-charge field obtained for a material
in which electrons are the mobile charges. In hole transport materials, the same
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Fig. 14.a Amplitude of the space-charge field as a function of the value of the applied field cal-
culated from Eq. (92) for different values of the photorefractive trap density N, b Phase of
the space-charge field as a function of the value of the applied field calculated from Eq. (93)

for different values of the photorefractive trap density N, For all calculations, the value of the
grating spacing was A = 3 pm and the static dielectric constant was g;. = 6.4

derivation can be done and the resulting complex space-charge field is given by
E,. = A —iB which leads to the same amplitude as for electron transport materials
and a phase with opposite sign.

Examples of calculated values of the amplitude and the phase of the space-
charge field as a function of applied field are shown in Fig. 14 for different values
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of the photorefractive trap density N, Figure 14a shows that in the trap limited
regime, when the density of traps is small, the space-charge field reaches a constant
value. In contrast, when the trap density is large the space-charge field is equal to
the applied field (here we assume that the applied field is applied along the grating
vector for optimized drift conditions) and is saturated. Figure 14b illustrates how
the phase shift is influenced by the trap density.

As discussed in Sect. 3.2, the internal periodic electric field described above will
modulate the refractive index of an electro-optic material (see Eq. 37). The result-
ing index modulation can be written as

1 .
An=E(Aﬁ612"x/A +c.c.) (94)

where A is a complex amplitude that contains the phase information of the space-
charge field given by

A== nry |E |’ (95)

where r,4is an effective electro-optic coefficient which depends on the orientation
of the material and the polarization of the optical beams.

5.2
Four-Wave Mixing and Two-Beam Coupling

The periodic refractive index modulation given by Eq. (94) constitutes the thick
phase hologram that leads to most of the applications with photorefractive mate-
rials. These applications, as will be discussed in more details in Sect. 7, can be di-
vided into two categories depending on whether they are based on the diffraction
of a beam on a grating that was previously recording with two independent light
beams, or on the ability of two interfering beams to exchange energy during their
propagation in the photorefractive medium. In the former case, the experimental
geometry is similar to a four-wave mixing experiment (see Fig. 15a) and involves
two writing beams and a reading beam that is counter-propagating with one of the

>l

Fig.15.a Geometry for four-wave mixing experiments. b Geometry for two-beam coupling
experiments
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writing beams. In this geometry, the reading beam is automatically Bragg matched
with the grating induced by the two writing beams. The reading is generally not
coherent with the pump beams and this type of experiment is often referred to as
a light-induced grating experiment. In the case described in Fig. 15b, the two in-
terfering beams interact during their propagation in the sample through the grat-
ing that they induce at the same time. This process is referred to as two-beam cou-
pling.

In four-wave mixing experiments, the efficiency of the diffraction process is
mainly governed by the amplitude of the index modulation. In contrast, in two-
beam coupling experiments the amount of energy exchanged between the two
beams is strongly affected by the value of the phase shift between the index mod-
ulation and the interference pattern produced by the two interacting beams. In
other words, both amplitude and phase of the index modulation play an important
role in two-beam coupling processes. Moreover, energy exchange in samples that
are thick vanishes for a zero phase shift. Therefore, the observation of two-beam
coupling in thick samples is often considered as a signature of the photorefractive
nature of a grating since many other physical mechanisms that also lead to index
modulations are local and do not exhibit any phase shift. One should mention,
however, that energy exchange can be observed in thin samples due to coherent
wave-mixing processes between several diffraction orders and should not always
be assigned to an ultimate proof of photorefractivity in this case. To assess whether
a grating is thin or thick, one should evaluate the value for the Q factor given by

_mld

Q
nA?

(96)
where d is the thickness of the grating. According to Kogelnik’s coupled-wave the-
ory [42] a grating can be considered thick for values of Q > 5.

For applications in which a hologram is recorded and retrieved in a four-wave
mixing geometry, an important quantity is the diffraction efficiency n defined as
the ratio between the intensity of the diffracted beam and the intensity of the inci-
dent reading beam. For thick sinusoidal phase gratings, this diffraction efficiency
can be unity. According to Kogelnik’s theory [42], the diffraction efficiency for a
lossy thick phase grating can be approximated by

ad( 1 1 sinz(vz— 2)1/2
ST
2\¢ ¢ (1-&°/v7)
with
And . ad( 1 1
= b §=—|——— (98)
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where é; and é, are the polarization vectors of the incident reading beam and dif-
fracted beam, respectively. In Eq. (97), An represents the modulus of the complex
refractive index modulation amplitude described by Eq. (95). ¢; and ¢, are oblig-
uity factors of the incident and diffracted beam, respectively. They are given by ¢; =
cosa; and ¢; = cosa, where a; and a, are the angles of propagation of the incident
and diffracted beams, respectively, measured inside the material with respect to the
sample normal. Note that according to Eq. (97), the functional form of the diffrac-
tion efficiency is given by sin’x where the argument x is a linear function of the in-
dex modulation amplitude and the thickness of the grating. In samples that are
sufficiently thick or in which the index modulation is such that the argument x
takes values higher than 71/2, the diffraction efficiency reaches a peak and decreases
for larger values of d or An. In photorefractive polymers with a high dynamic range
(high An) such effect is observed for numerous materials and is referred to as over-
modulation of the diffraction efficiency.

In two-beam coupling experiments, the coherent energy exchange is character-
ized by a gain coefficient T that has units of cm™'. Equations for the intensities of
the two interacting beams propagating in the photorefractive material can be de-
rived by solving the wave equation given by Eq. (5) for the total field given by the
sum of the two beams with the slowly varying amplitude approximation, and by
introducing the modulated refractive index given by Eq. (94). Simple algebra leads
to the following coupled-wave equations for the intensities in the sample:

3, . L,
—=I————al 99
dz  Li+I, ! 99)
ol I1
=112 _qiI, (100)
aZ Il+12
with
4 P
I'=——An_ee,sin® 101
Acosg 12 (101)
and
1 3
An,, =En reﬁc|Em| (102)

where 0 1is the angle between the propagation direction of the beams inside the ma-
terial and the normal to the sample. For this derivation, the geometry is such that
the two beams are symmetric with respect to the normal of the sample (see
Fig. 15b). The system of Egs. (99) and (100) can be solved by defining the new var-
iables J(z) = I,(2) + I,(z) and K(z) = I;(z) /1,(z) and with the boundary conditions
I,(z=0) =1,(0) and I,(z = 0) = I,(0). The solutions are given by
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I (0)1+b)exp(—az)
1+ bexp(-Tz)

I(2)= (103)

I;(0)b(1+b)exp(—az)
b+exp(T'z)

I,(2)= (104)
where we have introduced the ratio b = I,(0)/1,(0).

To determine the value of the gain coefficient defined by Eq. (101), one gener-
ally conducts the experiment in which the intensity of the transmitted beam I, (z)
is first measured with the second beam, and then measured again with the second
beam blocked. The ratio of these two intensity values is defined as

_ Li(2)(I,#0) (1+b)explz
- I (z2)(I,=0) - b+explz

0 (105)
Finally, the gain coefficient is derived from the measured value of y; and the ra-
tio b between the intensities of the two interacting beams:

Fzé[ln(yob)—ln(Hb—yo)] (106)

6
Organic Photorefractive Materials

While photorefractivity during the 1970s and 1980s was studied in many different
classes of inorganic materials, organic photorefractive (PR) materials emerged
only in the 1990s [36, 37]. The quest for organic photorefractive materials was
driven by their electronic optical nonlinearity that leads to materials that combine
high electro-optic coefficient and low dielectric constant, a property that improves
the figure of merit for photorefractivity Q" = n’r/¢,,, where n is the refractive in-
dex, r the electro-optic (or Pockels) coefficient, and ¢, the low frequency dielectric
constant. In the past decade, this new field of research experienced several mile-
stones: a new and unexpected form of orientational photorefractivity was discov-
ered [43]; consequently high dynamic range was obtained with low power semi-
conductor laser diodes; the polymers were successfully used in different applica-
tions, including holographic storage. With their plasticity and other unique prop-
erties, they constitute a strategic class of materials because they enable the mass
production at low cost of new devices with low weight, and high performance.
Thus, such materials are expected to highly impact dynamic holographic technol-
ogies.

Photorefractivity in an organic material was first reported in 1990 [36] by the
ETH Zurich group in an organic single crystal. The same year a group at Eastman
Kodak developed a multifunctional polymer that showed photoconductivity and
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Fig. 16a,b. Schematics of different chemical designs for photorefractive polymers: a guest/host;
b fully functionalized approach

electro-optic activity simultaneously [44]. Holographic recording and retrieval
was not carried out in this material, but was demonstrated shortly after in another
polymer composite at IBM Almaden [37]. While these two composites were ob-
tained by doping an electro-optic polymer with charge transport molecules, an-
other approach was developed independently at the University of Arizona [45] and
at the University of Chicago [46], which consisted of the synthesis of a fully func-
tionalized side-chain polymer with multifunctional groups. Several new polymers
were synthesized at that time by several groups and it became rather obvious that
the guest/host approach (see Fig. 16) was much faster and easier to implement and
would provide a better way to test different combinations of polymers and mole-
cules with photosensitivity, transport, and electro-optic activity.

A first milestone in this field occurred with the report by the IBM group of net
gain and a diffraction efficiency of 1% in 125 pm-thick samples of the composite
FDEANST:PVK:TNE [47]. Shortly after, the Arizona group reported on a compos-
ite based on the photoconductor PVK:TNF doped with the chromophore DMN-
PAA and that exhibited 6% diffraction efficiency in 100 um-thick films [48]. That
significant improvement was due to an additional plasticizer ECZ that was added
to the composite and that was reducing the glass transition temperature enabling
the orientation of the electro-optic chromophores with an applied field at room
temperature. By improving the sample fabrication conditions, enabling higher
fields to be applied, these composites exhibited nearly 100% diffraction efficiency,
net gain coefficients of 200 cm™!, and fully reversible index modulation ampli-
tudes of 0.007 with a response time of 100-500 ms [49].

The report of these high diffraction efficiencies was very puzzling because the
electro-optic properties of the dopant chromophores could not account for the
high dynamic range that was observed. A possible explanation was proposed by the
IBM group [43]. They attributed the high dynamic range to an orientational bire-
fringence contribution caused by the spatially modulated orientation of the
chromophores by the total field in the polymer. The observation of a change in
coupling direction when changing the polarization of the beams from p’ to ‘s’ in
DMNPAA:PVK:ECZ:TNF samples [49] was clear evidence that the dynamic range
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was indeed dominated by the orientational birefringence. The year 1994 was a
turning point for the development of photorefractive polymers since it changed
completely the design of chromophores: the Pockels effect was no longer the main
driver but rather the orientational birefringence. A new form of photorefractivity
was born: orientational photorefractivity where the index of a material is changed
through the control of the orientation of optically anisotropic dopant molecules
with a permanent dipole moment, by the internal space charge field that is pro-
duced like in a traditional photorefractive material by absorption followed by
charge separation and trapping.

In this section, we will first provide a short discussion on some of the basics of
the design of photorefractive polymers. Then we will review some of the basic
physical properties such as photogeneration and transport in organic amorphous
materials needed to develop and understand photorefractive polymers. We will de-
scribe the orientational photorefractive effect that is used in most of today’s low
glass transition temperature materials. Finally we will describe selected examples
of photorefractive polymers and describe their optical and electrical properties.

6.1
Design of Photorefractive Polymers

As for inorganic materials, polymers must combine several key functionalities to
exhibit photorefractive properties: weak absorption, transport of either positive or
negative carrier species, trapping, and a field-induced refractive index modulation
mechanism. Owing to the rich structural flexibility of organic molecules and pol-
ymers these functionalities can be incorporated into a given material in many dif-
ferent ways. The organic materials can be amorphous like polymers, or exhibit liq-
uid crystalline phases, or can consist of nanocomposite phases such as polymer
dispersed liquid crystals, or hybrid materials such as sol-gels. Photorefractivity has
been evidenced in numerous classes of organic materials. With polymers, two
main design approaches have been followed. (i) In the guest-host approach several
materials with different functionalities are mixed into a polymer composite (see
Fig. 16a). A polymer is sometimes used to provide the mechanical properties to the
film. However, in some cases molecular materials form amorphous glasses by
themselves and there is no need for a polymer compound. In these molecular
glasses, the molecules can exhibit several functionalities simultaneously. (ii) In the
fully functionalized approach, different functional groups are attached as side-
groups to a polymer chain. The chain itself can in some cases incorporate one
functionality (see Fig. 16b). This second approach requires a much larger synthetic
effort and has not been used as much as the guest-host approach. Both approaches
have their strengths and weaknesses. A major limitation of the guest-host ap-
proach is the compatibility of the different compounds that form the photorefrac-
tive composite. This compatibility limits the number of combinations of sensitiz-
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ers, photoconductive and electro-active materials that can be tested. A significant
problem in this approach is the phase separation between the different guest com-
pounds that can occur over time. To be practical, a photorefractive material must
combine good electrical and optical properties, but at the same time must exhibit
high photostability under illumination, long shelf lifetime with high optical clari-
ty, and good dielectric properties under extended bias of several kilovolts. Early
guest-host photorefractive polymers had limited shelf lifetimes, but in recent years
materials with shelf lifetimes of several years could be demonstrated [50-52]. Nev-
ertheless, shelf lifetime should always remain a major concern when new materials
are designed and characterized.

With the development of guest-host photorefractive polymers, the plasticizing
effect of some of the guest molecules is used to tune the glass transition tempera-
ture (Tg) close to room temperature. In such materials, the orientational photore-
fractive effect is dominating and leads to high refractive index modulation ampli-
tudes. There is, therefore, a clear distinction between materials that have a Tg that
is well above the operation temperature (so-called high T, polymers) and the ones
that have a T, that is only 10-20 °C above room temperature. In the former, the
polymer is pre-poled at elevated temperatures and exhibit stable and spatially uni-
form electro-optic properties. In this case, the photorefractive effect is similar to
the one observed in inorganic crystals and the refractive index modulation ampli-
tude is given by Eq. (94). In low T, materials, the situation is quite different and
the orientational photorefractive effect has to be considered. This effect will be de-
scribed in more details in Sect. 6.2.3. Most of the photorefractive polymers we will
describe in Sect. 6.3 are low T, materials.

As will become more obvious in the following sections, an applied electric field
must be applied to photorefractive polymers. This is done by placing a thick
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Fig.17. Schematic of the tilted configuration for four-wave mixing and two-beam coupling ex-
periments in photorefractive polymers
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(=100 um) film of the polymer between two transparent conducting glass slides
such as indium tin oxide (ITO) coated glass slides as shown in Fig. 17. The sample
must have high optical quality and the film must exhibit high dielectric strength
such that fields of several tens of V/um can be applied to the sample without caus-
ing any dielectric breakdown. Therefore, starting materials with high purity must
be used when preparing photorefractive polymers. The purity of many commer-
cial products is not good enough to prepare good samples and additional purifica-
tion steps should be carried out.

To give holograms efficiently in such samples, the geometry is such that the bi-
sector of the two writing beams is tilted with respect to the normal of the sample.
This way, the field applied to the two ITO coated glass slides has a non-vanishing
component along the grating vector K of the interference pattern. In this tilted
configuration, the field applied to the sample acts as a drift source for the carriers
(see Fig. 17).

6.2
Physical and Chemical Properties of Photorefractive Polymers

In the sub-sections below, we briefly summarize the main physical and chemical
properties of photorefractive polymers. Their properties differ from those of inor-
ganic photorefractive materials in many different ways: (i) the basic properties
such as photogeneration, transport and index modulation are different; (ii) poly-
mers are amorphous materials as opposed to crystalline for most of the inorganic
photorefractive materials; (iii) the mechanism for index change is different as dis-
cussed in the previous section. Each of the first two sub-sections below, photogen-
eration and transport in organic materials, are the subject of intense research
across several fields and application areas. These complex phenomena are not well
understood yet in monolithic systems and their understanding in multifunctional
materials such as photorefractive polymers is an even bigger challenge because the
different functional groups interact with each others. Such challenges are the sub-
ject of current and future research in photorefractive polymers. For completeness,
we just provide below a brief conceptual overview and for more information we
refer the reader to recent reviews in the field [53, 54].

6.2.1
Photogeneration

The space-charge build-up process can be divided into two steps: the electron-hole
generation process followed by the transport of one carrier species. The creation
of a correlated electron-hole pair (or exciton) after absorption of a photon can be
followed by recombination. This process limits the formation of free carriers that
can participate in the transport process and is, therefore, a loss for the formation
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of the space-charge. These properties result in low photogeneration efficiency un-
less an electric field is applied to counteract recombination. The quantum efficien-
cy for carrier generation is, therefore, strongly field-dependent and increases with
the applied field. A theory developed by Onsager [55, 56] for the dissociation of
ion pairs in weak electrolytes under an applied field has been found to describe
reasonably well the temperature and field dependence of the photogeneration ef-
ficiency in some of the organic photoconductors [54]. However, this model suffers
from numerous deficiencies and provides only a qualitative functional dependence
of the applied field. For instance, the thermalization radius used to obtain the best
theoretical fit to the experimental data are clearly unphysical.

6.2.2
Transport

After photogeneration of free carriers, the next step in the build-up of a space-
charge is their transport from brighter regions of the interference pattern, where
they are generated, to the darker regions, where they get trapped. In contrast to in-
organic photorefractive crystals with a periodic structure, photorefractive poly-
mers have a nearly amorphous structure. The local energy level of each mole-
cule/moiety is affected by its nonuniform environment. The disorder in amor-
phous photoconductors splits the conduction bands of molecular crystals into a
distribution of localized electronic states. As a result, transport can no longer be
described by band models but is attributed to intermolecular hopping of carriers
between neighboring molecules or moieties [57-59].

In recent years, a model based on disorder due to Bissler and co-workers de-
scribes the transport phenomena of a wide range of different materials and
emerged as a solid formalism to describe the transport in amorphous organic ma-
terials [60—67]. This so-called disorder formalism is based on the assumption that
charge transport occurs by hopping through a distribution of localized states with
energetical and positional disorder. So far, most of the predictions of this theory
agree reasonably well with the experiments performed in a wide range of doped
polymers, main-chain and side-chain polymers and in molecular glasses. Howev-
er, when these photoconductors are doped with highly polar dyes such as photore-
fractive chromophores, significant differences have been observed that could not
be rationalized within existing theories. More research is required to understand
transport in photorefractive polymers.

In the Bissler formalism, disorder is separated into diagonal and off-diagonal
components. Diagonal disorder is characterized by the standard deviation o of the
Gaussian energy distribution of the hopping site manifold (energetical disorder)
and the off-diagonal component is described by the parameter X that describes the
amount of positional disorder. Results of Monte-Carlo simulations led to the fol-
lowing universal law for the mobility when X > 1.5:
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where y, is a mobility prefactor and C an empirical constant with a value of
2.9 x 107* (cm/V) "2, Equation (107) is valid for high electric fields (a few tens of
V/um) and for temperatures T, > T'> T, where T, is the glass transition tempera-
ture and T the dispersive to nondispersive transition temperature. For a more de-
tailed description the reader is referred to the original work by Bissler [60] and the
recent review by Borsenberger [54].

Numerous simulations and experimental work showed that the width of the
density of states o'in Eq. (107) is strongly dependent on the polarity of the polymer
host and the dipole moment of the dopant molecule. It was found that the total
width o was comprised of a dipolar component oj, and an independent Van der
Waals component oy [68]:

o’ =0ty +oh (108)
Another important parameter that affects hole transport in guest/host systems
is the relative position of the HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) energy levels of the different dopant
moieties. Charge transfer reactions involved in photogeneration and in transport,
as well as trapping strongly depend on the relative positions of the frontier orbitals
of the dopant molecules. Recent studies, for instance have shown that the density
of traps can be controlled by engineering the HOMO level of the chromophore
(69, 70].

6.2.3
Orientational Photorefractivity

As discussed in Sect. 5, in traditional electro-optic materials the refractive index
modulation is induced by the space-charge field (see Egs. 94 and 95) through the
Pockels effect. Early photorefractive polymers were designed to mimic inorganic
crystals and semiconductors. In these materials, a spatially uniform electro-optic
activity was obtained by a poling process prior to the formation of photorefractive
gratings. However, as photorefractive polymers were developed through the guest
host approach the glass transition temperature T, of the resulting composite was
lowered: the electro-active chromophore was acting as a plasticizer. The addition
of plasticizers reduced the T, even further. If the operating temperature is close
enough to T, (around 10° below), the dipolar chromophores are free to reorient in
the total electric field, that is the superposition of the applied field and the spatially
modulated space-charge field. For each coordinate along the grating (X direction
in Fig. 18a), the total field is changing both its amplitude and direction because the
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Fig.18a,b. Schematic of: a the total poling field; b the spatially modulated orientation of the
dipolar molecules in the sample

amplitude of the space-charge field is oscillating between its extrema +E_. and -E_..
This results in a periodic orientation of the dipolar chromophores that orient in
the total electric field as illustrated in Fig. 18b. As discussed in Sect. 4.4.2, the pe-
riodic orientation of anisotropic chromophores leads to a periodic refractive index
modulation through orientational birefringence. In this case, the refractive index
modulation has an electro-optic and a birefringent contribution. The former is di-
rectly related to the second-order nonlinear optical properties of the chromo-
phore, while the latter is due to the anisotropy of the linear polarizability. To max-
imize the electro-optic effect, a chromophore should have a high hyperpolarizabil-
ity 8 and simultaneously a high dipole moment . A high dipole moment y is re-
quired to obtain a good orientation of the chromophores during the poling proc-
ess through the torque exerted by the field on the chromophore (see Egs. 62, 71
and 72). To maximize the orientational birefringence, a high polarizability anisot-
ropy Aa = (o, — o) is desired. A high dipole moment y is even more important
in this case because the index change is quadratic in dipole moment (see Eq. 77).
Based on the oriented gas model, one can define the following figure of merit for
chromophores for orientational photorefractivity [71, 72]:

Qop = Npax (A(D)Aap® + Bp) (109)

where N, is the maximum density of chromophores that can be doped or func-

tionalized in the low glass transition polymer composite before chromophore ag-
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gregation or interaction occurs, and A(T) is a scaling factor. The subscript OP in
Qop stands for orientational photorefractivity.

The derivation of expressions for the electro-optic and birefringent contribu-
tions to the refractive index modulation in the case of orientational photorefrac-
tivity is more complex than for traditional photorefractivity. The tensors for the
linear polarizability and the first hyperpolarizability are diagonal in the frame at-
tached to the chromophores. In the case of a spatially uniform poling with the pol-
ing field applied along the laboratory Z axis, the molecular axis z usually coincides
with the laboratory Z axis after poling. Here, the poling direction is changing for
each coordinate along the X direction (i.e., along the grating) (see Fig. 18) and
makes an angle & (X) with the laboratory Z axis [43, 73]. By applying matrix trans-
formations and by retaining only terms that have the spatial frequency K, the fol-
lowing expressions are derived for the different contributions to the refractive in-
dex modulation for each polarization of the reading beam. For the orientational
birefringence contribution one gets

) 21

Ang, BE oy |Eo |cos g (110)

n

An%),pz (111)

2m . . 3. .
_BEext|Esc||:2cos<psm o Sina, — COSPCosay cosa, + Esm(psm(al + az)}
n

with
. \2
2 * }1
B=—N — E— 112
e (a—ay) [kBT] (112)

where the angles g and a; are defined in Fig. 17. For the electro-optic contribution
the expressions are

8m
An%s =7CEext|E5C|c05(p (113)
An%p =
(114)

8m . . . .
—CE,; |ESC |[c05(pcosa1 cosa, +3cos@sina sina, +sin@sin(a; +a, )]
n
with

c=NBp (115)
15kgT
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Note that the field E,,, in Eqgs. (110), (111), (113), and (114) represents the total
field applied between the ITO electrodes. Its component along the grating vector
(which is represented by E; in Eqs. 88, 92, and 93) is given by E, = E,,, cos@.

All the orientational photorefractive properties discussed in this section are
contingent on the ability of the chromophores to orient at the operation temper-
ature, that is when the temperature is close to or above the glass transition temper-
ature T,. Most efficient photorefractive polymers to date are based on such orien-
tational photorefractivity. However, polymers with high T, can be designed in
which poling (orientation of the chromophores) is achieved at high temperature
and frozen in the material, leading to a spatially uniform electro-optic coefficient.
In this case, photorefractivity is described by the Pockels effect as in inorganic pho-
torefractive crystals.

6.3
Examples of Organic Photorefractive Materials

In this section we will describe a few examples of photorefractive polymer com-
posites that illustrate the flexibility in the design of such materials. Organic pho-
torefractive materials can be divided into several classes: (i) crystals, (ii) guest/host
systems, (iii) fully functionalized polymers, (iv) glasses, (iv) sol-gels and organ-
ic/inorganic hybrid materials, (v) liquid crystals, (vi) polymer stabilized and pol-
ymer dispersed liquid crystals. Each of these classes contain sub-classes. For in-
stance guest/host systems can be based on: (i) an inert polymer binder or (ii) a
photoconducting polymer binder. In addition, any of the functional molecules
and polymers can have more than one functionality. For instance, some chromo-
phores can have electro-active and photoconducting properties simultaneously.
Owing to the numerous organic photorefractive materials that have been reported
in the 1990s, we will not present here an exhaustive list of all the materials with
their performance. For more information the reader is referred to some recent re-
views of the field 2, 3, 74] and the references cited therein. Instead we will present
examples of the components used to fabricate low T, photorefractive polymers:
electro-active chromophores, sensitizers, plasticizers, and polymers.

Figure 19 shows examples of chromophores used in photorefractive polymers.
DMNPAA and DEANST are widely used in photorefractive polymers and have
been initially selected for their electro-optic properties. DMNPAA also exhibits
high polarizability anisotropy and was used in the composites in which overmod-
ulation of the diffraction efficiency could be observed in 105 um-thick samples at
applied fields of 60 V/um, with net gain coefficients of 200 cm™. After the discov-
ery of orientational photorefractivity, the design of chromophores was no longer
driven by the electro-optic effect but rather by the orientational birefringence.
DHADC-MPN and ATOP (chromophores (¢) and (e) in Fig. 19) are examples of
molecules that are close to the cyanine limit and have a high figure of merit (see
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Fig. 19a-h. Examples of chromophores used in photorefractive polymers: a 2,5-dimethyl-4-
(p-nitrophenylazo)anisole (DMNPAA); b 4-piperidinobenzylidene malononitrile (PD-
CST); ¢ 2-N,N-dihexyl-amino-7-dicyanomethylidenyl-3,4,5,6,10-pentahydronaphthalene
(DHADC-MPN); d 4-di(2-methoxyethyl)aminobenzylidene malononitrile (AODCST); e ami-
no-thienyl-dioxocyano-pyridine (ATOP) derivative; f fluorinated cyano-tolane chromo-
phore (FTCN); g diethylamino-nitrostyrene (DEANST); h cyanobiphenyl derivative R =
CsH;; (5CB), R = OCgH,, (80CB)

Eq. 109) for orientational photorefractivity. To date, photorefractive polymers
based on these materials exhibit the highest dynamic range at the lowest applied
field [51, 75]. Figure 20 shows the diffraction efficiency and gain coefficient in a
sample doped with DHADC-MPN that has a shelf lifetime of several years. Such
samples stored for 6 days at 70 °C did not show any signs of phase separation, il-
lustrating that guest/host photorefractive polymers with high stability can be fab-
ricated. However, despite their high dynamic range, polymers based on these
chromophores have a rather slow response time (seconds). Photorefractive poly-
mers with millisecond response times have been designed by using PDCST and
AODCST (chromophores (b) and (d) in Fig. 19) [76]. Such molecules have fast
orientational dynamics in a plasticized PVK matrix. The photorefractive speed in
such samples is limited by the photoconducting properties of the composite. These
chromophores are colored and cannot be used across the full visible spectral re-
gion. Another chromophore that leads to millisecond response times when doped
in a plasticized PVK matrix is FTCN (molecule (f) in Fig. 19) [77]. This molecule
is transparent in most of the visible spectrum but has lower efficiency compared
with PDCST and AODCST. To fabricate photorefractive polymers containing
transparent electro-active molecules, 5CB (molecule (h) in Fig. 19), a molecule



142 Bernard Kippelen - Nasser Peyghambarian

08 T T T T T T T T T T

o
o

o
~

Diffraction Efficiency

P ......
*o00 oy
1

0.2

0.0

30 40 50
Electric Field (V/pm)

250 1

2004 1

50 A I

0~ T T T T
0 10 20 30 40 50
Electric Field (V/pm)

Fig.20a,b. Field dependence of: a the diffraction efficiency; b gain coefficient measured at
633 nm in a 105 pm-thick sample of DHADC-MPN:PTCB:DIP:TNFDM (37.6:49.7:12.5:0.18
wt%)

that is known for its liquid crystalline phase, has been used as a dopant in PVK
[78].

To tune the sensitivity of a photorefractive polymer to a particular spectral re-
gion, the composite is doped with a sensitizer. Examples of widely used sensitizers
are shown in Fig. 21. TNF was used in numerous polymers based on the photo-
conducting polymer PVK because mixtures of PVK/TNF were used in the first
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Fig.21a—c. Examples of sensitizers: a fullerene Cyy; b 2,4,7-trinitrofluorenone (TNF); ¢ 2,4,7-
trinitro-9-fluorenylidene-malononitrile (TNFDM)

commercial photocopiers and were extensively studied in the literature [54]. In
most cases, the sensitizer itself does not absorb the light but rather the charge-
transfer complex that is formed between the sensitizer and the molecule that ena-
bles charge transport. This charge-transfer complex exhibits a new absorption
band that is different from any of the absorption of the two compounds. When the
polymer composite is p-type, that is when the transport molecules have a donor-
like character, the sensitizer is often a molecule with a strong acceptor character.
In the case of an electron transport matrix, the sensitizer can be a donor-like mol-
ecule. Charge-transfer complexes are good sensitizers for photorefractive applica-
tions because they have a high photogeneration efficiency. Efficiencies of 100%
have been reported recently in charge-transfer composites formed between
triphenyldiamine derivatives and Cy, (molecule (a) in Fig. 21) [79]. The central
wavelength of the charge-transfer band that be tuned by either changing the elec-
tron affinity of the acceptor-like molecule or the ionization potential of the donor-
like molecule that form the complex. All molecules shown in Fig.21 form a
charge-transfer complex with PVK and often with some of the dopant electro-ac-
tive molecules. While TNF and Cg,, provide sensitivity in the red part of the spec-
trum, in particular at 633 nm that is widely used through the use of He:Ne lasers
and semiconductor laser diodes, TNFDM enables near infra-red applications [80,
75].

Examples of polymers used in photorefractive applications are shown in Fig. 22.
PVK and PSX both contain the carbazole moiety that has a donor-like character
and provides for hole transport. Carbazole and some other hole transporting moi-
eties have been widely used in the field of photorefractive polymers. The polarity
of carbazole makes PVK a good matrix for a lot of the guest electro-active mole-
cules. The choice of a polymer matrix is often dictated by its compatibility with
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Fig.22a-d. Examples of polymers used in photorefractive composites: a poly(vinylcarbazole)
(PVK); b carbazole substituted polysiloxane (PSX); ¢ poly(methylmethacrylate-co-tricy-
clodecylmethacrylate-co-N-cyclohexylmaleimide-co-benzyl methacrylate) (PTCB); d thiox-
anthene containing polymer (P-THEA)

some of the other functional molecules that form the photorefractive composite.
Hence, inert polymers have been used in some instances. PTCB (polymer (c) in
Fig. 22) has an excellent compatibility with DHADC-MPN (see Fig. 19¢) and good
optical quality. The lack of transport properties however is responsible for the slow
response time of such samples. Other inert binders that have been used include
poly(methylmethacrylate) (PMMA) [81, 82], poly(vinylbutyral) (PVB), polysty-
rene (PS), the polyimide Ultem [82], bisphenyl-A-polycarbonate (PC) [83], and
poly(n-butyl methacrylate) (PBMA) [84]. Recently, an electron transporting pho-
torefractive polymer (P-THEA) was reported [85]. The electron-transporting na-
ture of the composite was confirmed by a reverse two-beam coupling compared
with PVK-based materials. Electron transport was achieved through the thioxan-
thene unit (see polymer (d) in Fig. 22).
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Fig. 23a-e. Examples of plasticizers: a N-ethylcarbazole (ECZ); b diisooctyl phthalate (DOP);
¢ benzyl butyl phthalate (BBP); d diphenyliso phthalate (DIP); e 9-oxo-9H-thioxanthene-3-
butyloxycarbonyl-10,10-dioxide (TH-nBu)

In the photorefractive polymer composites described above, the value of the
glass transition temperature T, is of great importance because it needs to be in a
range where the electro-active chromophores can be reoriented by the photore-
fractive space-charge charge field. Adjustment of T, is done though the addition of
a plasticizer. Examples of plasticizers are shown in Fig. 23. As for the polymer ma-
trixes, plasticizers can be photoconducting or inert. ECZ (molecule (a) in Fig. 23)
is widely used with PVK. Inert plasticizers such as BBP (molecule (c) in Fig. 23)
have also been combined with PVK [86].

In an effort to optimize simultaneously the dynamic range and the response
time in a given material, an attractive design concept is to have an amorphous glass
of a multifunctional molecule that combines photosensitivity, transport, trapping,
and electro-activity. This way the transport properties do not get diluted when a
large amount of electro-active dopant is used, and vice-versa. In addition, the ma-
terial should be processable into thick films that have a good shelf lifetime. Pho-
torefractive glasses were first developed with the bifunctional chromophore
2BNCM (molecule (a) in Fig. 24) [87]. These chromophores combine high bire-
fringence with transport properties but unlike previous chromophores they do not
crystallize. The glasses that are formed have high optical quality and long stability.
Photorefractivity was observed in these glasses and the refractive index modula-
tion amplitude was 1.5 times higher than that observed in DMNPAA-based pho-
torefractive polymers. However, the speed of these materials was quite slow (of the
order of a minute). Another monolithic approach based on multifunctional carba-
zole trimers (molecule (e) in Fig. 24) was reported [88]. The trimers have a low
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Fig.24a-e. Examples of bifunctional chromophores for photorefractive applications: a N-2-
butyl-2,6-dimethyl-4H-pyridone-4-ylidenecyanomethylacetate (2BNCM); b 1,3-dimethyl1-
2,2-tetramethylene-5-nitrobenzimidazoline (DTNBI); ¢ 4-(N,N’-diphenylamino)-(fB)-nitros-
tyrene (DPANST); d 4,4’-di(N-carbazolyl)-4"-(2-N-ethyl-4-[2-(4-nitrophenyl)-1-azo]anili-
noethoxy)-triphenylamine (DRDCTA); e carbazole trimer

glass transition temperature and form films at room temperature with good opti-
cal quality. Mixtures of a bifunctional carbazole trimer and TNF as a sensitizer
showed a net gain of 76 cm™ at an applied field of 30 V/um.

If bifunctional molecules do not form glasses, they can be incorporated into
polymer binders. Examples of bifunctional molecules are shown in Fig. 24. DT-
NBI (molecule (b) in Fig. 24) was doped in PMMA and Cg, was used as a sensitiz-
er. Diffraction efficiencies of 7%, sub-second grating growth times, and net two-
beam coupling gain coefficients of 34 cm™! were observed in such samples [81].
DPANST (molecule (c) in Fig. 24) was doped into PBMA [84]. Recently, ms re-
sponse times were reported in photorefractive glasses based on the bifunctional
chromophore DRDCTA (molecule (d) in Fig. 24) doped with the plasticizer DOP
(molecule (b) in Fig. 23) and Cg, as a sensitizer [89, 90].
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Another approach to provide materials with long-term stability is to synthesize
fully functionalized polymers. This route is more challenging than any of the
guest/host approaches described so far and requires a major effort in chemical syn-
thesis. It offers less flexibility than the guest-host approach. The performance of
fully functionalized polymers has not yet reached the performance level of
guest/host systems; however, several interesting materials have been proposed.
Several materials including conjugated polymers were developed [91-94]. Other
approaches are based on the combination of organic and inorganic materials such
as in sol-gel approaches [95-96] and the use of inorganic semiconductor quantum
dots as sensitizers [97].

In the amorphous organic photorefractive materials discussed above, the elec-
tro-active molecules are assumed to be non-interacting. Their orientation in an
electric field requires consequently high field values (typically a few tens of V/um).
In contrast, liquid crystals exhibit electroactivity at much lower fields. Photore-
fractivity in liquid crystals was first demonstrated by Rudenko and Sukhov in the
nematic liquid crystal 5CB (see molecule (h) in Fig. 19) doped with the dye rhod-
amine 6G [98]. Under excitation of an argon ion laser, the dye dissolved in the lig-
uid crystal undergoes reversible heterolytic dissociation and leads to the formation
of ions. The drift and diffusion of these ions in the mixture lead to a space-charge
field that reorients the axis (or director) of the liquid crystal. Since this orienta-
tional effect is a Kerr effect and is quadratic in electric field, a d.c. field is applied
to the sample. In contrast to photorefractive polymers for which the applied volt-
age is several kilovolts, here the applied d.c. voltage required for efficient wave-
mixing effects is approximately 1V for a 100 pm-thick film [99]. High photore-
fractive gain was observed in nematic liquid crystal mixtures of 5CB and 80CB
doped with electron donor and acceptor molecules [100]. In this case, mobile ions
were produced through photoinduced electron transfer reactions between the ac-
ceptor N,N’-di(n-octyl)-1,4,5,8-naphthalenediimide and the donor perylene. Due
to the large coherent length of a liquid crystalline phase, the resolution of these
materials is limited. Therefore, most of the wave-mixing experiments were per-
formed with writing beams intersecting in the sample with a small angle, leading
to large values of the grating spacing. Consequently, most two-beam coupling ex-
periments were performed in the thin grating limit and the data were analyzed
with coupled-wave theory for thick gratings leading to large values of gain coeffi-
cients. These values cannot be compared with those measured in polymers in the
thick grating limit. To improve the resolution of photorefractive liquid crystals,
polymer stabilized nematic liquid crystals were designed [101]. In this case, the ad-
dition of low concentrations of a polymeric electron acceptor creates an anisotrop-
ic gel-like medium in which higher resolution is achieved. Unfortunately, this net-
work does also slow down the ionic transport and increases the response time con-
stant. Since transport of charge in photorefractive liquid crystals is achieved
through ionic transport rather than intermolecular electronic hopping processes,
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Normalized Diffraction Efficiency
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Fig.25. Normalized diffraction efficiency vs applied field measured in 105 pm-thick samples
of the polymer-dispersed liquid crystal TL202:PMMA:ECZ:TNFDM (circles) and the pho-
torefractive polymer DHADC-MPN:PVK:ECZ:TNF (squares)

charge mobility is limited. Another approach that combines high speed, high res-
olution, and low field reorientation of a liquid crystalline phase is to use polymer
dispersed liquid crystals. In such materials the space-charge field is written in a
photoconducting polymer matrix as in a traditional photorefractive polymer. This
space-charge field reorients the director of the liquid crystal droplets dispersed in
the polymer matrix and leads to an effective refractive index modulation [102,
103]. In 105 pm-thick films of PMMA doped with ECZ as a transport material,
TNFDM as a sensitizer, and the liquid crystal mixture TL202 purchased from Mer-
ck, overmodulation of the diffraction efficiency at a grating spacing of 3 pm was
observed at an applied field of 8 V/pm as shown in Fig. 25 [104].

7
Applications

Optical media that can record elementary gratings, such as photorefractive poly-
mers, are in high demand. In many fields, the decomposition of a signal into a su-
perposition of harmonic functions (Fourier analysis) is a powerful tool. In optics,
Fourier analysis often provides an efficient way to implement complex operations
and is at the basis of many optical systems. For instance, any arbitrary image can
be decomposed into a sum of harmonic functions with different spatial frequen-
cies and complex amplitudes. Each of these periodic functions can be considered
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as an elementary grating. For real-time optical recording or processing applica-
tions, the material must have a dynamic response. In other words, the light-in-
duced gratings should be erasable or be able to accommodate any changes in the
light waves that are inducing them, in real time. Materials with such optical encod-
ing properties allow for implementation of a wide range of optical applications
ranging from reconfigurable interconnects, dynamic holographic storage, to opti-
cal correlation, image recognition, image processing, and phase conjugation.
Therefore, materials where the optical encoding is dynamic and based on a peri-
odic modulation of the refractive index are the focus of intense research. In this
section we will provide some examples of applications that have been demonstrat-
ed so far with photorefractive polymers. As this new class of materials become
more mature, a plethora of other applications are anticipated for the future.

Holographic storage has been a strong driver during the early development of
photorefractive polymers. Early demonstration of hologram recording and re-
trieval was performed in DMNPAA:PVK:ECZ:TNF samples and was made possi-
ble by the high diffraction efficiency measured in 105 pm-thick samples [105].
More detailed assessments of their potential for holographic storage were conduct-
ed with the holographic storage test-bed developed at IBM. In samples of the com-
posite 2BNCM:PMMA:TNE single digital data pages could be stored and retrieved
using only 1 part in 10° of the total dynamic range [87]. High-contrast 64-kbit dig-
ital data pages could be stored in 130 pm-thick DTNBI:PMMA:Cq, samples placed
near the Fourier plane in a 4-f recording geometry. Due to the limited thickness of
the sample, only single data pages were stored. A global absolute threshold resulted
in a readout BER (Bit Error Rate) of 1.5 x 10~ [106]. By using polysiloxane poly-
mers substituted with carbazole side-groups and doped with FDEANST and TNE
the IBM group demonstrated digital data recording at a density of 0.52 Mbit/cm?
[107].

As a reconfigurable recording medium, photorefractive polymers have also
been used for dynamic time-average interferometry [105], wave-front phase con-
jugation and phase doubling [108], and incoherent-to-coherent image conversion
[108]. To demonstrate the technological potential of high efficiency photorefrac-
tive polymers in device geometry, an all-optical, all-polymeric pattern recognition
system for security verification was demonstrated [109]. In this system, the pho-
torefractive polymer was used as the real-time optical recording and processing
medium. In the proposed security verification system, documents were optically
encoded with pseudo-randomly generated phase masks and they were inspected
by performing all-optical spatial correlation of two phase encoded images in a
photorefractive polymer. To authenticate the document it was compared with a
master, which was an exact copy of the mask. The hologram written by the inter-
ference of a reference beam and a laser beam going through the test mask formed
a holographic filter for the master mask. If the two phase patterns matched, light
was strongly diffracted by the photorefractive polymer. The detection of that light
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Fig.26. Photograph of a compact version of the optical correlator for security verification that
uses photorefractive polymers

provided a way to check the authenticity of the document that was tested. This sys-
tem has many advantages: the use of a highly efficient photorefractive polymer as
active material and its compatibility with semiconductor laser diodes keep the
overall manufacturing cost to levels that are significantly lower than that of any
previous proposed optical correlator. The system is fast because the processing is
implemented optically in parallel. Furthermore, the high resolution of the pho-
torefractive polymers allows the use of shorter focal length lenses in the 4-f corre-
lator, thus making its design more compact compared with one using liquid crystal
light valves. Figure 26 shows a photograph of a compact version of the system for
security verification that was built.

While the previous application was based on real-time four-wave mixing
effects, other applications rely on the strong coherent two-beam coupling effects
observed in photorefractive polymers. Such applications include self-pumped
phase conjugation mirrors [110]. In this case, high optical gain is required and was
obtained by stacking several photorefractive polymer samples of PD-
CST:PVK:BBP:Cy),. A single pass optical gain of 5 could be demonstrated as shown
in Fig. 27. Beam-coupling in photorefractive polymers can also be used for optical
limiting [111]. In this case, the application relies on the existence of amplified scat-
tering, an effect referred to as beam fanning [112, 113].
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Fig.27.Field dependence of the two-beam coupling gain measured in the photorefractive pol-
ymer composite PDCST:PVK:BBP:Cyg; squares: single sample (140 pm-thick); circles: a two-
layer stack; triangles: a three-layer stack

The real-time holographic recording properties of photorefractive polymers
have also been exploited in medical imaging applications by performing time-gat-
ed holography [80, 114]. In this method a hologram is formed by the temporal
overlap in the photorefractive polymer of the reference pulse and the first-arriving
(least-scattered) light from the stretched image-bearing pulse. The filtering of the
useful photons from the scattered photons is thus achieved in real time without
any need for digital processing. The image carried by the ballistic light can then be
reconstructed in real time via diffraction of a probe beam (pulsed or continuous-
wave). An example of a reconstructed image using this technique is shown in
Fig. 28. The imaging was performed in a degenerate four-wave mixing geometry
using a femtosecond Ti:Sapp laser at 800 nm in the near infra-red. The object was
an Air Force resolution target positioned behind a 10 mm-thick cell filled with a
water suspension of polystyrene micro-spheres serving as a model scattering me-
dium. The image was obtained after the laser beam carrying the information was
passing through a 0.06% suspension of 0.5-um microspheres, which is approxi-
mately nine mean free paths, or an effective optical density of 4. Performance
achievable with photorefractive polymers was comparable to or exceeded what is
typically achieved with photorefractive inorganic crystals. In addition, due to their
low cost and their ability to be processed into large area films, photorefractive pol-
ymers have greater technological potential than their inorganic counterparts.
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Fig.28. Portion of an Air Force bar-target imaged through nine scattering mean free paths us-
ing low-coherence holographic time-gating in a photorefractive polymer in the near infra-red
(800 nm)

Other applications that were recently demonstrated with photorefractive poly-
mers include homodyne detection of ultrasonic surface displacements using two-
wave mixing [115]. With the development of new photorefractive polymers with
response times in the millisecond range, numerous optical processing techniques
can be performed at video rates. Image amplification and novelty filtering at video
rates were demonstrated recently [116]. All-optical processing techniques compete
with computational methods. Therefore, it is important that photorefractive pol-
ymers exhibit faster response times in the future.

8
Conclusion and Outlook

Despite the high efficiency of existing materials and their response times that en-
able applications at video rates, much effort is still needed in the field before this
class of optical materials reaches its full potential. A lot of the early advances were
made through the combination of different materials and did establish that pho-
torefractive polymers were suitable for various real-time holographic applications
that use low cost low power laser diodes. However, a rational design that leads to
controlled properties is required to push these materials to their ultimate per-
formance level. While design guidelines to optimize the refractive index change
have been proposed and demonstrated experimentally, very little is known about
the photoconducting properties of these multifunctional materials. Indeed, the
origin of the photorefractive trap in materials doped with the sensitizer Cg, has
only been discussed recently [69] and illustrates the need for further studies to de-
velop a better understanding of the physical and chemical properties of these com-
plex materials. Owing to the progress that is made in the field of organic optical
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materials in general and the development of structure-property relationships in
organic molecules and polymers, the future of photorefractive polymers looks
bright. The ability to control the relative energy levels of the frontier orbitals of the
different molecules that are doped into these polymer composites [70], as well as
the electron transfer rates between these levels, will play an important role in the
future. Current materials are amorphous or consist of nematic liquid crystalline
phases. The development of new materials including supramolecular structures
through nanofabrication technologies or hybrid materials that combine organic
and inorganic materials will bring photorefractive polymers to new performance
levels. Materials with microsecond response times will emerge with sensitivities
extended to the telecommunication wavelengths. New applications for these ma-
terials will be generated as their performance, modeling, and manufacturing fur-
ther advance.
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This review describes some of the recent developments in materials which exhibit enhanced
two-photon absorption that can initiate photopolymerization or up-converted emission. Var-
ious optical methods including femtosecond time-resolved pump-probe experiments to char-
acterize the two-photon properties are discussed. Finally, the applications of two-photon
processes to optical power limiting, up-converted lasing, 3-D data storage, 3-D micro-fabri-
cation, two-photon fluorescence microscopy and bio-imaging, and two-photon photody-
namic therapy are presented.
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1
Introduction

Extensive research has been conducted in the field of multi-photon spectroscopy
for the past several decades. However, until recently, multi-photon processes did
not find widespread applications due to the small multi-photon absorptivity of
materials. The contributions from several research groups to develop a new gener-
ation of multifunctional organic materials with sufficiently large multi-photon ab-
sorption cross-sections have opened up a number of novel applications in photon-
ics and biophotonics.

Multi-photon absorption is the process that occurs through simultaneous ab-
sorption of photons via virtual states in a medium. Although it was theoretically
predicted by Maria Géppert-Mayer in 1931 [1], the requirement of a high peak-
power laser made the first experimental evidence of this non-linear phenomenon
come 30 years later when Kaiser and Garret performed two-photon excitation in a
CaF,:Eu?* crystal [2]. Some early potential applications were demonstrated by
Rentzepis in data storage [3] and by Webb in microscopy [4]. However, due to the
relatively small two-photon absorption cross-sections of most materials, it found
limited usage. Over the past few years, this non-linear effect in organic systems has
drawn a great deal of attention [5, 6] because organic materials provide the flexi-
bility to modify their structures at the molecular level and to optimize their non-
linear optical response. Reports of new organic chromophores with enhanced two-
photon absorptivities and up-converted fluorescence provided by our research
group [7-12] and other groups [13—15] have initiated considerable interest in the
development of highly efficient two-photon materials and opened up a myriad of
new applications including two-photon up-conversion lasing [16-20], two-pho-
ton optical power limiting [7-9, 21-23], 3-D optical data storage [3, 24-28], two-
photon excited fluorescence for non-destructive bio-imaging [29-35], and two-
photon photodynamic therapy [36]. In this review article, we present recent sig-
nificant achievements in the improved two-photon absorptivity and report some
molecular designing parameters. The fundamental theories of the two-photon ab-
sorption process and the experimental probes to investigate this optical response
are briefly discussed. Finally, some of the recent applications utilizing two-photon
absorption are also presented.
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2
Theoretical Background

The interaction of an organic medium with the external electrical or optical field
can be described within the framework of a dielectric subjected to an electric field.
The induced dipole moment in a molecule due to the applied field is given by:

Hing = —€r (1)

where e is the electronic charge and r is the induced displacement due to the field.
For the bulk medium, the polarization resulting from this induced dipole moment
is given by:

P;, ;= —Ner (2)

1

where N is the electron density in the medium. In the cases with relatively low ex-
ternal field strength, the relationship between the induced polarization P;, 4(E) in
a medium and the applied field E is linear and can be expressed as:

P;yy(E) = 'VE (3)
where y'! is the linear susceptibility and is related to the dielectric constant € as:
e=1+4myW (4)

It should be mentioned here that the term y'!) is a second-rank tensor and has
nine components because it is related to all the components of the polarization
vectors and electric field vectors. Therefore, the dielectric constant is also a tensor
of rank 2. The optical response of a medium at an optical frequency w can be rep-
resented equivalently by the complex refractive index n, as:

() =ew)=1+4ny Ve (5)

The complex refractive index can also be expressed as the sum of the real and
the imaginary parts as:

n.=n+ik (6)

where the real part n corresponds to the dispersion of refractive index and the im-
aginary part k corresponds to linear absorption. If the external field is an intense
electric field such as that generated by a high-power laser, the relationship between
the polarization vector of the medium P;,,; and the electric field vector E will no
longer remain linear because, in this case, higher-order terms in the polarization
can be quite significant. Therefore, Eq. (3) assumes the form:

P = XVE+ X ?EE + x*EEE + X YEEEE + ... (7)

where X(l) is the linear susceptibility of the medium, X(Z), X(3), X(“) are the second-,
third- and n-th order non-linear susceptibilities, respectively.
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Molecular systems can interact with optical fields in two possible ways, one is
through dissipative processes and the other one is through parametric processes.
In parametric processes, there is an energy-momentum exchange between differ-
ent modes of the optical field but there is no energy exchange between the optical
field and the molecules in the system. However, in dissipative processes, the energy
is exchanged between the optical field and the molecules through absorption and
emission. Therefore, non-linear dissipative processes are related to multi-photon
absorption. As mentioned above, the imaginary part of non-linear susceptibility
corresponds to energy transfer from the optical field to the medium and this ener-
gy transfer rate can be expressed as [37]:

aw
0 =<E-P> (8)
where E and P are the electric field and the polarization vectors, respectively. The
brackets in this equation mean a time average over several cycles of the field. If we
consider only dissipative processes in the expression for P, the first term involving
xV describes a linear absorption. The even-order susceptibilities like y%, y*, etc,
do not make a contribution to the dissipative processes except when the external
field is a DC field. Therefore, the lowest-order non-linear absorption will be de-
scribed by the imaginary part of y*3), which corresponds to two-photon absorp-
tion, (Stokes) Raman gain or reverse (anti-Stokes) Raman attenuation and, simi-
larly, the imaginary part of y*) relates to three-photon absorption. For monochro-
matic waves with frequency w, Eq. (8) can be written as:
aw 1
=5 @M (E-P) (9)

For a degenerate two-photon absorption process (absorbing two photons of the

same frequency), Eq. (9) can be transformed into the following expression [6]:

2
il—‘/;/=87;—(20121m()((3)) (10)
n°c

where [ is the intensity of light and is defined as I = EE* nc/87. From the equation,
it should be noted that the rate of energy absorption in this non-linear absorption
process is not linearly but quadratically dependent on the light intensity. Instead
of using the extinction coefficient for a linear absorption process, two-photon ab-
sorption is described in terms of a cross-section o, (two-photon absorption cross-
section, or TPA cross-section) as:

dn photon

dt
where dnp,o,,/dt is the number of photons absorbed per unit time, N is the
number of absorbing molecules per unit volume, and F = I/hv is the photon flux

= 0,NF? (11)
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of the light source. Because dW/dt = (dn,p,y,,/dt) hv, one can combine this rela-
tion with Egs. (10) and (2), to obtain the following, commonly used theoretical
expression for o, [6]:

27 .2

8mhy

%2775 Im( (3)) (12)
n“c"N

The detailed experimental determination and conventional units for every

physical term of the two-photon absorption cross-section will be discussed later in

the characterization section.

3
Strategy for Molecular Design

In order to realize the full potential of the two-photon technology, major improve-
ments are necessary in the design and synthesis of highly active organic two-pho-
ton chromophores together with requirements of solubility and photostability for
the practical purposes. To facilitate the design and synthesis of new, efficient dye
molecules, an investigation is needed to establish well-defined structure-property
relationships for a large number of organic structures with systematically varied
molecular structural factors and precisely reproducible characterization of two-
photon properties. Although a very detailed knowledge of molecular design pa-
rameters of new chromophores with enhanced two-photon absorption cross-sec-
tions has been lacking, several research groups over the past few years have at-
tempted to define some design strategies. Here, we briefly collect and organize
some of the molecular design concepts that have emerged from our collaboration
with the Polymer Branch of the Materials Directorate at the Air Force Research
Laboratory in Dayton. Some other relatively important structural motifs devel-
oped by other groups are also discussed.

The major design concept proposed by the U.S. Air Force Research Laboratory
and our group [10] is based on the relationship between the molecular two-pho-
ton absorption cross-section and the imaginary component of the third-order,
non-linear optical susceptibility, Eq. (12). Our initial study focused on two general
organic structural types as illustrated in Fig. 1. Type I chromophores are symmet-
rical in nature consisting of a polarizable m-electron bridge in the middle, flanked
with heterocyclic electron-deficient groups on either side. Type II chromophores
are structurally asymmetrical molecules consisting of a highly fluorescent aromat-
ic and/or olefinic bridge, end-capped by an electron-donor on one side and an
electron-acceptor on the other side.

Based on this proposed design concept, a series of organic molecules was syn-
thesized particularly for the imaging applications and studied at 800 nm, an opti-
mum wavelength at which most organic materials and biological tissues have large
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Type | chromophores

e e e

Heterocyclic m-electron acceptor  Polarizable n-electron Bridge  Heterocyclic m-electron acceptor

Type Il chromophores

mi-electron donor Polarizable mi-electron Bridge mi-electron acceptor

Fig. 1. Structural elements investigated for enhanced two-photon absorption

optical transparency. Also, widely available, mode-locked Ti-Sapphire lasers pro-
vide femtosecond pulses at this wavelength to produce efficient excitation. For this
study, the challenge for the molecular design is to increase the molecular two-pho-
ton absorption cross-sections without shifting the two-photon absorption peak
away from 800 nm. It was found that structural elements which can increase the
effective conjugation length and polarizability of the molecule would enhance the
molecular two-photon absorption cross-section. Fig.2 presents the linear and
non-linear optical properties of several representative chromophores synthesized
by U.S. Air Force and investigated by our laboratory over the past few years. Some
important structural factors/two-photon property relationships are also illustrat-
ed. The characterization methods and the units utilized for the molecular two-
photon absorption cross-section (0,) are described in detail in the characteriza-
tion section of this article. Two general criteria for increasing o, at 800 nm can be
derived from these studied organic structures:
1. Extending the m-conjugation length by incorporating more polarizable double
bonds such as vinyl, heterocyclic, or aromatic moieties.
2. Increasing the planarity of the chromophore by utilizing fused aromatic rings
as the m-bridge between the electron-donor and acceptor.

It should be noticed that the molecular design parameters described here are gen-
erally for the chromophores with their two-photon absorption peaks close to
800 nm because this is the wavelength of our interest for two-photon imaging ap-
plications. Furthermore, since the two-photon properties of these chromophores
were measured by nanosecond pulses, it is possible that excited state absorption
would enhance the reported o, values. If one wishes to find out the absolute rela-
tionship between molecular structure and two-photon absorption cross-section of
the studied molecules, the entire two-photon absorption spectra should be deter-
mined, although this measurement is not easy to conduct due to the lack of a high-
power laser system providing a broad tunable range.
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Fig.2. Chemical structures and optical properties of type I and type II chromophores devel-

oped by Reinhardt et al. From [10]

Recently, we have also applied some of the design strategies mentioned above

into our chromophore systems by the combination of a polarizable stilbene as the
m-bridge and a heterocyclic structure, oxadiazole, as the electron-acceptor. A new
series of organic molecules with a multi-branched structure based on the linkage
of two or three identical, asymmetric-type chromophore units to a common elec-
tron-donor group were synthesized [11]. Preliminary experimental results of their
two-photon properties are promising and this molecular design may lead to new
criteria for the development of multi-branched, multi-functional polymers and
dendrimers with considerably enhanced two-photon absorptivities. The struc-
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Fig.3. Chemical structures of multi-branched chromophores, PRL-501 and PRL-701. From
[11]

tures and optical properties of this newly synthesized multi-chromophore system
are illustrated in Fig. 3. In collaboration with Professor Fréchet's group, we have
also developed a dendritic system. These dendritic structures are functionalized
with the analogue of our multi-branched chromophore (mentioned above) at the
chain ends and we have studied their two-photon properties in that work [12].
Other research groups have also attempted to establish structure-property rela-
tionships by testing different organic functional groups as the building structures
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Fig.4. Chemical structures and optical properties of D-A-D and A-D-A type chromophores
(Marder and Perry et al.). From [14]

for two-photon chromophores. Marder, Perry and coworkers have studied the ef-
fect of electron-donor strength on stilbene derivatives [13, 14]. Chromophores de-
signed and synthesized in their study are all structurally symmetrical in nature and
can be categorized into two different types: D-A-D type and A-D-A type. Fig. 4
shows the structures and the measured o, values of an example from each type as
reported by them. They also reported that the peak position of two-photon ab-
sorption occurs at wavelengths shorter than two times the linear absorption A,
which means that the excited states achieved through two-photon process are
higher than those achieved via linear absorption.
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Fig.5. Chemical structures and optical properties of DDT-containing chromophores (Kim et
al.). From [15]

Our collaborators, Kim, Lee and coworkers have also synthesized a series of
novel two-photon chromophores by utilizing dithienothiophene (DTT) as the Tt-
center [15]. The experimental result has shown that the DTT moiety leads to an
enhancement of molecular two-photon absorptivity. We hypothesized that the
dramatic improvement of o, values is due to this rigid, planar and polarizable
fused-terthiophene structure, which provides a significant reduction of the band
gap and extension of m-electron delocalization. The chemical structures and the
measured o, values of these chromophores are depicted in Fig. 5.

It should be noted that all the measured molecular two-photon absorption
cross-section values may vary significantly if the experimental conditions such as
the used organic solvent, intensity level, and pulse duration of the laser probe
beam or the method of measurement are different.
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4
Characterization

In this section, we describe a number of experimental techniques that can be used
to probe two-photon resonances.

4.1
Non-Linear Transmission

This method involves the measurement and study of the relation between optical
input and output intensities. This relationship will be linear if there is no non-lin-
ear absorption process in the medium. Therefore, a deviation from linearity indi-
cates non-linear absorption. The theoretical modeling presents a quantitative de-
pendence of the output intensity on the input intensity, allowing one to know
whether we are dealing with two-photon or even higher-order absorption. The
corresponding non-linear absorption coefficient can be determined directly by us-
ing this method [21]. The only shortcoming of this technique is that we cannot
distinguish whether the multi-photon absorption under study is a sequential, step-
wise absorption through real states or a direct absorption through virtual states.
The experimental set-up for nanosecond non-linear absorption measurements is
shown in Fig. 6. Basically, we use a linearly polarized ~800 nm pulsed laser beam
as the testing beam, which is provided by a dye laser system pumped with a fre-
quency-doubled and Q-switched Nd:YAG laser source. This laser beam is focused

Dye Laser

Nd : YAG Laser

532 nm

800 nm

lris_{ }_ Sample in

I cm cuvette

\V n l_l L Power meter
DT G
f=20cm =

Fig. 6. Experimental set-up for nonlinear absorption measurement by nanosecond pulses



Organics and Polymers with High Two-Photon Activities and their Applications 169

and passed through a quartz cuvette filled with the sample solution and the trans-
mitted laser beam from the sample cell is detected by an optical power meter. Thus,
if the tested sample does not have a linear absorption at 800 nm, only the trans-
missivity change due to pure non-linear absorption could be measured. According
to the basic consideration of a TPA process, the beam intensity change along the
propagation direction (z-axis) in the sample can be described as [23]:

dl/dz+ al+ BI’=0 (13)

where « is the attenuation coefficient due to linear absorption and scattering; {3 is
the non-linear absorption coefficient due to TPA. The solution of Eq. (13) is

I(2)= 1(0)e™**
(2)=
1+(B/a)1(0)—(B/a)[(0)e™**

(14)

where I(0) is the initial intensity. In the case of small linear absorption, i.e., az<<1,
Eq. (14) becomes

1(0)e”**
I(z)=—""—— 15
&= 100) (15)
and the transmissivity of the non-linear medium can be written as
e—az To
T(z)=1(z)/1(0)= =ToT; (16)

T 1+ BA0) 1+ BA(0)

Here, T, is the linear transmissivity independent of I1(0), and T; the non-linear
transmissivity dependent on I(0). From Eq. (16) the non-linear absorption coeffi-
cient f can be experimentally determined easily by measuring the non-linear
transmissivity T; for a given input intensity I, and a given sample thickness L. If the
beam is focused nearby the sample and a Gaussian transverse distribution in the
non-linear medium can be assumed, the non-linear transmissivity T; should be
modified as [23]:

T;=[In(1+ I,LA)/I,LB (17)

4.2
Up-Converted Fluorescence Emission

The basic idea of this method is to investigate the dependence of the fluorescence
intensity on the excitation intensity because this relation determines the order of
the non-linearity [8, 38—40]. For example, a quadratic dependence corresponds to
a two-photon absorption process and a cubic dependence refers to a three-photon
absorption. By means of a tunable excitation light source, one can also map the
dispersion of the multi-photon transition, the resulting multi-photon excitation
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Fig.7. Intensity dependence of two-photon induced fluorescence on the pumping light inten-
sity. From [38]

spectra of the studied sample provide important information on the transition
probabilities. One example of this method is provided by an organic crystal,
DEANST ([4-N,N-diethylamino]-B-nitrostyrene) [41], as the studied sample
[38]. Fig. 7 shows the relative two-photon induced fluorescence intensity as a
function of the 1.06 pm pump intensity. The measured data (hollow circles) are in
good agreement with the best fitting curve (the square law, y = ax?), which indi-
cates that a two-photon absorption process occurs within the sample during exci-
tation.

4.3
Transient Absorption

This technique utilizes a pulse pump-probe experiment and monitors the absorp-
tion of a weak probe beam in the presence of a strong pump beam. Fig. 8 depicts
the experimental set-up for a two-beam pump-probe experiment, which includes
homodyne and heterodyne Kerr gate measurements and polarization-controlled
transient absorption measurement. Generally, the input beam is produced from
an amplified pulse laser system with 1 KHz repetition rate, which can produce pi-
cosecond or femtosecond pulses. This pumping light beam is divided into two
beams by a beam-splitter with an intensity ratio of 30:1; therefore, the one with the
stronger intensity will act as the pump and the weaker one will be the probe. The
position of the sample is where these two beams focus and overlap spatially. The
time delay between the pulses from these two beams is controlled by a retroreflec-
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Fig.8. Femtosecond two-beam pump-probe experimental set-up for Kerr gate and transient
absorption measurement. P: polarizers; M: mirrors; PBS: Pellicle beam splitter; Ap: aperture;

RR: retroreflector
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Fig.9. Chemical structure and time-resolved two-photon induced transient absorption of

0.01 M PRL-101 solution in chloroform

tor prism placed on a translator stage and moved with a stepper motor. When the
pump beam and the probe beam temporally overlap at the sample position (focus
point), there will be a sharply increased absorption of the latter because of the di-
rect two-photon absorption. The probe pulses are gradually delayed in time with
respect to the pump pulses and the transmission (or absorption) of the probe
beam through the sample is measured as a function of the delay time. Absorption
of the probe beam for a non-zero time delay points to absorption from excited
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states. Therefore, this time-resolved measurement provides information on the
relative roles of direct two-photon absorption and excited states absorption [42].
Fig. 9 depicts the transient absorption signal for our newly synthesized two-pho-
ton chromophore, PRL-101, in chloroform solution by utilizing femtosecond
pulses. The imaginary part of x® is here responsible for the pump/probe beam
coupling and the fast component of the transient absorption signal (the peak). The
change of the imaginary part of the linear susceptibility gives the long tail. Since
there is no linear absorption at our experimental wavelength (~800 nm) of the
ground state molecules, this long tail effect is due to the linear absorption of the
excited molecules.

4.4
Four-Wave Mixing

In a four-wave mixing experiment, two pulses cross the medium at an angle to
form interference and produce intensity modulation. This intensity modulation
will lead to complex refractive index modulation, which can be probed by the dif-
fraction of a probe beam in the time-resolved study. Therefore, one can monitor
the delay and the build-up of the refractive index grating. For a material with no
non-linear absorption, the detected signal will be proportional to the cubic power
of the input intensities. If a studied material exhibits two-photon absorption, the
detected signal will have one contribution from the coherent four-wave mixing
process which has a cubic power dependence on the intensity and the other con-
tribution from the population grating process which shows a fifth power depend-
ence on intensity if the excited state produced by this non-linear absorption has a
sufficiently long lifetime. Thus, from the dependence of the detected signal on the
input intensity, one can obtain useful information to determine both the real and
imaginary parts of x®) [43].

45
Z-Scan Technique

The Z-scan technique, developed by Sheik-Bahae et al. [44, 45], offers a useful way
to probe both the non-linear refractive index and the non-linear absorption coef-
ficient B of a sample. In the Z-scan experiment, a laser beam is focused to a mini-
mum waist at the focal point z, along the propagation direction (z-axis) of this
beam. By moving the sample along the z-axis, the light intensity in the sample is
varied. When the sample is placed away from the focal point, no non-linear proc-
esses can be observed in the sample because the light intensity is too low. The light
intensity within the sample is increased when the sample is moved toward the fo-
cus, producing non-linear processes. The consecutive recording of the relative
power transmitted through the sample as a function of the sample position pro-
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Fig.10. (a) Experimental set-up for femtosecond Z-scan. BS: beam-splitter; L1,L2: lenses;
D1,D2: photo-detectors. (b) Typical shapes of signals of pure solvent and non-linear dye so-
lution

vides important information about the real part (the refractive index change) and
the imaginary part (the intensity-dependent absorption coefficient) of x(.
Fig. 10a is the experimental set-up for the femtosecond Z-scan arrangement uti-
lized in our laboratory. A typical signal for a pure solvent where only the refractive
effect (focusing and defocusing effect) can be observed by means of the D1 detec-
tor through an aperture is shown at the top of Fig. 10b. An induced two-photon
absorption of a dye solution which is measured by the D2 detector with an open
aperture, a characteristic V-shape signal representing a strong non-linear absorp-
tion, is illustrated at the bottom of Fig. 10b. Here, we present one of our examples
that uses the Z-scan method with femtosecond pulses to obtain effective molecular
two-photon absorption cross-section (Fig. 11). It should be noticed that the o,
values obtained from this method are much smaller than the values obtained from
nanosecond experiments. The possible reason is the excited state absorption being
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Fig. 11. V-shape signal of a 0.01 M two-photon dye solution, PRL-501, in THF from a non-lin-
ear transmission Z-scan experiment

manifested in the nanosecond pulses experiment, and thus enhancing the ob-
served non-linear absorption [46].

5
Applications

In this section, we include several important representative applications based on
two-photon absorption and up-converted emission processes either in photonics
or biophotonics fields, which have been demonstrated by our research group.

5.1
Optical Power Limiting

Optical power limiting effects and devices are drawing more and more interest in
the field of non-linear optics and opto-electronics. The principle of optical limit-
ing is based on the fact that a large change in input signal will only lead to a small
output change [7]. There are several different mechanisms which can lead to an
optical limiting behavior. Some examples are reverse saturable absorption (RSA),
two-photon absorption (TPA), non-linear refraction, and optically triggered scat-
tering. Here, we present the optical limiting behavior achieved using a two-photon
chromophore, compound 6 in Fig. 2 [9]. This compound shows great solubility in
many common organic solvents and very strong two-photon absorption in the so-
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Fig. 12. Measured non-linear transmission of a 1-cm-path solution of compound 6 (of Fig. 2)
in benzene of d, = 0.045 mol L! as a function of the input intensity of the ~800 nm laser
beam. From [9]

lution phase. Fig. 12 shows the experimental curve for non-linear transmissivity,
T;, as a function of the input ~800 nm beam intensity in a 1-cm-path solution.
One can see that the intensity-dependent, non-linear transmission of the sample
dropped from ~0.93 to ~0.3 as the input intensity increased from ~10 MW/cm? to
~360 MW/cm?. Based on the same experimental data, the optical power limiting
behavior of the same solution sample can be presented in another way as shown in
Fig. 13. The most interesting feature of Fig. 13 is that the output/input curve levels
off when the input intensity increases from ~100 MW/cm? to ~400 MW/cm?. This
type of output/input characteristic curve can be used for optical peak power (or
peak intensity) limiting and stabilization. This means that a larger fluctuation in
the input peak power (or peak intensity) will lead to a much smaller output fluc-
tuation by utilizing a non-linear absorptive medium with a sufficiently large o,
value. Our experimental results for optical stabilization are shown in Fig. 14. The
upper curves in Fig. 14a and 14b are the instantaneous changes in peak intensity
of the input and output of the ~800 nm laser pulses, while the lower curves repre-
sent the base line fluctuation of the detection system itself without laser irradia-
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Fig. 13. Measured output intensity as a function of the input intensity based on a 1-cm-path
sample solution of compound 6 in benzene with d, = 0.045 mol L™!. Here, the measured
transmitted intensity data are represented by hollow circles, the solid line is the theoretical
curve predicted by Eq. (17), and the dotted straight line shows the behavior for a medium
without non-linear absorption. From [9]

tion. Before the sample solution was used, a relative fluctuation of £50%, as shown
in Fig. 14a, was found. After passing through the solution of compound 6, much
less fluctuation for the output laser beam was observed as shown in Fig. 14b. The
measured two-fold reduction of the peak intensity fluctuation is basically in agree-
ment with the prediction from the solid curve in Fig. 13.

5.2
Up-Converted Lasing

Frequency up-converted lasing is an important research area and has become
more promising in recent years because this technique provides several main ad-
vantages when compared to other coherent frequency up-conversion techniques:
1. elimination of phase-matching requirement,

2. accessibility of using the semiconductor lasers as pump sources, and

3. capability of adopting waveguide and fiber configurations.
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Fig.14. (a) Measured instantaneous peak intensity fluctuation of the input laser pulses, and
(b) measured instantaneous peak intensity fluctuation of the output laser pulses. The
repetition rate of the laser pulses was 2 Hz, and the average input intensity level was
~250 MW cm™2. From [9]

So far, there are two major technical approaches that have been used to achieve fre-
quency up-conversion lasing. One is based on direct two-photon (or multi-pho-
ton) excitation of a gain medium, the other on sequential stepwise multi-photon
excitation. The earliest report of two-photon pumped (TPP) lasing was from in a
PbTe crystal at 15 K [47]. The pump wavelength was 10.6 um, and the lasing wave-
length was ~6.5 pm. Although TPP lasing action has also been observed in a
number of other semiconductor crystals [48-51], a low operating temperature
(10~260 K) was required. On the other hand, there are some reports of TPP lasing
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Fig. 15. Chemical structures of two-photon chromophores, ASPT and APSS, for up-converted
lasing application

behavior in organic dyes with “cavity-less” lasing or superradiation (directionally
amplified spontaneous emission) [52-58]. Moreover, due to the small two-photon
absorptivity of commercial laser dyes, the efficiencies of TPP lasing performance
reported so far have been relatively low. Two of the multifunctional chromophores
synthesized in our laboratory; trans-4-[p-(N-ethyl-N-hydroxylethyl-amino)styr-
yl]-N-methylpyridium tetraphenylborate (ASPT), and 4-[N-(2-hydroxyethyl)-N-
(methyl)aminophenyl]-4'-(6-hydroxyhexylsulfonyl)stilbene (APSS), have been
used as very effective two-photon pumped lasing media in different geometries
and in different host matrices. The chemical structures of these chromophores are
shown in Fig. 15. ASPT shows a strong two-photon absorption at 1.06 pm, with
up-converted yellow-red fluorescence and lasing at ~600 nm [18] while APSS can
be pumped at 800 nm and exhibits two-photon pumped lasing at 555 nm [16]. We
have reported the first solid-state two-photon pumped “cavity” lasing in an ASPT
dye-doped polymer rod [19]. Both of these chromophores have high solubility in
many common organic solvents. It is also possible to dope them into the sol-
gel/polymer composites and obtain two-photon pumped solid-state lasing. Fur-
thermore, we also have achieved two-photon pumped lasing from an APSS-solu-
tion-filled hollow-fiber and the lasing threshold was as low as 0.1 m]J [20].

5.3
3-D Data Storage

The development of multimedia and electronic communication networks has trig-
gered the need for data storage which is expected to exceed 10%° bits per storage
media. Due to this astronomical increase in the requirement of data storage, in-
tense research activity is going on to find alternate methods and storage media for
such a large amount of data. Recently, the focus has shifted from two-dimensional
to three-dimensional storage. Several approaches to three-dimensional (3-D) op-
tical data storage, such as, holographic recording with photorefractive media and
photopolymers [59-61], hole burning [62], and photon echo [63], are currently
being investigated. The use of two-photon processes for optical data storage was
first introduced by Rentzepis [3] and, since then, there have been several reports
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also proposing the use of two-photon processes for optical data storage [24-28].
The advantages of two-photon based memory systems are:

1. volume storage with high data storage densities up to the order of 10'? bits/cm?,
2. fast read/write speed,

3. feasibility of random access, and

4. low cost storage media.

Since the two-photon excitation has a quadratic dependence on the pump inten-

sity, the excitation and subsequent photoreaction related to the writing process oc-

curs only in the near vicinity of the focal point. An excellent axial resolution during

the writing process is possible due to this property of two-photon induced proc-

esses. The basic components of a two-photon memory are:

1. a medium which can exhibit a change in its optical properties (absorbance, flu-
orescence, refractive index, etc.) after two-photon absorption,

2. appropriate read and write beams, and

3. a mechanism to precisely access any volume element in the medium.

We have already demonstrated 3-D data storage by using a two-photon confocal
microscope (to write and read) [26]. Here we present a data storage system based
on the two-photon induced spectral shift of a dye which permits the use of a sim-
ple, low-power and inexpensive CW laser for read back, thus avoiding the usage of
complicated and expensive pulsed laser system [26]. To demonstrate this tech-
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Fig.16. (a) Molecular structure of AF240; (b) Image of one-photon readback data which was
written inside of a polymeric storage medium by the two-photon process. From [26]
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nique we used poly(methyl methacrylate) (PMMA) doped with AF240, a two-
photon dye from U.S. Air Force, as the storage medium [26]. A tightly focused
pulsed IR beam (a Ti:Sapphire laser operating at 800 nm with a pulse width 80 fs
and a repetition rate of 90 MHz as light source and a high NA objective for focus-
ing) were used to write barcodes in the polymer medium. Necessary software and
hardware were developed to convert computer-generated images or barcodes into
the medium. In this storage medium, the linear absorption and fluorescence prop-
erties of the written spots are red-shifted compared to the unwritten region. Here
the written spots show linear absorption at 500 nm and emission at 570 nm, mak-
ing it possible to use a readback system comprised of a green laser as the excitation
source and confocal detection of the emission at 570 nm. Similar techniques were
used to write barcodes into different polymer/dye composites utilizing the change
in emission or refractive index of a two-photon dye. Based on these techniques, we
were able to write multiple layers of information in a single polymer block at a ver-
tical separation of 6 microns, and up to a depth of couple of hundred microns.
Fig. 16 shows the molecular structure of AF240 and one example of the readback
images of multilayer-stored information in this study.

54
3-D Micro-Fabrication

In recent years, three-dimensional micro-fabrication by direct laser writing or la-
ser rapid-prototyping has been attracting a great deal of interest for its various ap-
plications to micro-electromechanical system (MEMS) [64], 3-D optical
waveguide circuitry [65-67], 3-D optical data storage [3, 24-28], etc. Up to now,
most of the optical circuitry sensors and actuators were fabricated by conventional
lithography and an etching process on silicon substrates, which includes many
complicated and time-consuming steps. On the other hand, laser rapid-prototyp-
ing enables computer-aided, single-step generation of three-dimensional struc-
tures by laser-induced photo-polymerization or photo-cross-linking. This process
not only avoids the usage of photoresists or masks but also favors the complex pat-
tern fabrication. Furthermore, because of limited depth access in bulk materials
based on one-photon (or linear) absorption-induced photo-polymerization, it is
necessary to perform a layer by layer fabrication.

Recently, we have developed a new approach using non-linear absorption in an
organic chromophore to enhance the resolution and to access the volume of a pre-
fabricated bulk material [67]. This new approach is based on the specific property
of a two-photon process, which can localize the reaction or polymerization and
improve the resolution of the fabricated structure. Two-photon processes can
avoid the problems of linear absorption and hence the laser light can penetrate
deeply into the material without loss, which gives the advantage of volume access.
Fig. 17 shows some examples of fabrication of single mode and multimode chan-
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b)

Fig.17. Confocal microscope images of (a) Y-branch channel waveguide where two branches
are splitting horizontally. (b) 1 X 4 splitter. From [68]

nel waveguides and splitters inside a pre-fabricated bulk, which were produced in
our laboratory [68].

5.5
Two-Photon Fluorescence Microscopy

Confocal fluorescence microscopy is a tool commonly used to generate three-di-
mensional (3-D) images of biological materials such as tissues and cells [69, 70]. A
laser scanning confocal microscope in fluorescent mode detects the fluorescence
emission from a sample which is generally stained with a fluorescent dye (fluoro-
phore) and excited by visible or UV laser light through single-(or one) photon ex-
citation. The fluorophore may be chemically an integral part of the system or just
physically dispersed. The emitted fluorescence, which is at a longer wavelength (to-
wards red) than the excitation source, is detected by a photodetector, commonly a
photomultiplier tube (PMT) in conjunction with a spatial filter in the form of a
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confocal aperture, which allows only fluorescence emitted from the focal point to
pass through to the photodetector. In this way, any fluorescence that is out of focus
will be eliminated. A scanning mechanism raster scans the beam over a plane of
the volume to be imaged and by repeating this process over successive planes along
the optical axis, a complete 3D image of the sample can be obtained. Although
one-photon confocal microscopy has found wide usage, it has some serious limi-
tations. For example, the penetration depths of UV or visible excitation light in
many organic materials are small due to the extensive linear attenuation. This nor-
mally limits the depth in a material that can be probed by means of conventional
confocal microscopy. Furthermore, using UV/visible light for excitation increases
photobleaching and autofluorescence from either the studied samples or optical
components. The advent of two-photon confocal laser scanning microscopy
(2PCLSM) or two-photon laser scanning microscopy (2PLSM) has improved this
situation. Two-photon fluorescence microscopy was first demonstrated by Denk et
al. in 1990 [4]. This combines the unique properties of two-photon absorption
with the features offered by conventional confocal microscopy. Multi-photon ex-
citation in confocal microscopy is a non-destructive evaluation technique, which
provides a significant advantage in the gain of three-dimensional resolution, image
contrast, and probing depth [32-35]. Basically, in multi-photon microscopy, one
uses a direct two- or three-photon pumped non-linear absorption to excite a fluor-
ophore, which then fluoresces. In this process, the pumping wavelength is longer
(towards the IR), while the emission is up-converted to the visible. Because this
non-linear absorption is highly intensity-dependent, strong absorption and sub-
sequent emission occurs very localized at the focal point (within an appropriate
pumping intensity range) which provides the opportunity to increase the axial res-
olution, even without the spatial filtering by a confocal aperture. Since the multi-
photon absorption process is relatively much weaker than the linear absorption,
and the wavelength is in the near IR, the penetration depth in the sample can be
very long. Therefore, one can easily study structures with depth profile and inves-
tigate the surface, the bulk. and any underlying interface. The use of infrared laser
light for excitation in two-photon microscopy technology opens up the entire vis-
ible spectrum for multiple detecting channels (multi-channel microscopy). One
can use different color fluorophores in different components of a system to con-
duct multi-color, multi-photon confocal microscopy and selectively probe differ-
ent regions or sites. Here we present the most recent published data that used
2PCLSM for optical tracking of the cellular pathway in a chemotherapy which has
been widely used in the treatment of cancers [31]. For this we synthesized a new
dye, C625 (an APSS derivative), with strong two-photon fluorescence and func-
tional groups for chemical attachment to many kinds of bio-molecules such as
peptides. We have successfully coupled the chromophore (C625) to a chemother-
apeutic agent AN-152. The chemical structure of the complex AN-152:C625 is il-
lustrated in Fig. 18. AN-152 is made by coupling the cytotoxic agent doxorubicin
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Fig. 18. Chemical structure of the complex: AN-152:C625

Fig.19. 2PLSM image of the penetration process of the anticancer drug AN-152. Here, the
breast cancer cells with up-regulated receptors are treated with AN-152:C625 complex and are
continuously tracked at different times

(Dox) to the luteinizing hormone-releasing hormone (LH-RH) analogue, [D-
Lys®] LH-RH, and it is a promising new drug used in chemotherapy [71, 72]. We
used this drug-chromophore complex system to track the entry of the chemother-
apeutic agent into the cancer cells by two-photon laser-scanning microscopy.
Fig. 19 shows the entry pattern of the tagged drug inside a eukaryotic cancer cell.
Using this technique, it is possible to identify the accumulation of the drug in dif-
ferent parts of the cell, with time. This approach can be further extended by cou-
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pling an efficient two-photon probe to many other biologically active molecules
such as proteins, peptides, nucleic acids, etc. and track them optically either in vit-
ro or in vivo in real-time with minimal photo-damage to the cells.

5.6
Two-Photon Photodynamic Therapy

Photodynamic therapy (PDT) is a novel treatment that involves a photosensitizer
in the presence of light to produce a cytotoxic (cell death) effect on cancerous cells
[73]. The modern PDT technique was pioneered by Dougherty in 1970s [74, 75].
In brief, PDT requires three elements: a photosensitizer, oxygen, and light. The
photosensitizer is an efficient generator of singlet oxygen which is believed to act
as a cytotoxic agent in PDT. Upon the absorption of light, the photosensitizer is ex-
cited to a short-lived singlet state from which it undergoes an intersystem crossing
to a triplet state with a longer lifetime. In the presence of atmospheric oxygen,
which has a triplet ground state, the most efficient reaction is the triplet-triplet an-
nihilation. After this reaction, the photosensitizer is restored to its ground state
and the singlet oxygen which is highly reactive and causes permanent damage to
living tissue is generated at the same time. With the recent approval by the Food
and Drug Administration (FDA) of Photofrin®, a porphyrin, as the photosensitiz-
er, PDT has found wide application for cancer treatment. Photofrin has several ab-
sorption peaks around 400-500 nm and the strongest one is at 420 nm. However,
the penetration depth of light at these wavelengths in living tissue is minimal.
Thus, there is a trade-off between the penetration depth and the photosensitizer
excitation efficiency. Conventionally, PDT uses the laser emission at 630-650 nm
but at this wavelength, the tissue penetration is only about 2-4 mm, the photody-
namic therapy effect is generally seen up to a depth 2—-3 times greater. Thus, the
largest attainable depth is about 15 mm, but in most cases it is less than the half of
this depth. Therefore, the increase of light penetration is considered to be an im-
portant task to improve the clinical efficiency of PDT. The wavelength with better
transmission (or penetration) through tissues lies around 800—1100 nm, which is
in the near-infrared region and may be used for exciting the photosensitizer via
two-photon absorption. Current photosensitizers themselves do not exhibit suffi-
ciently large two-photon absorption cross-sections to provide practical signifi-
cance and also the high intensities required to excite these photosensitizers by two-
photon absorption may cause damage to healthy tissue. Therefore, we have pro-
posed a new approach to PDT by using one of the efficient two-photon chromo-
phores to be either in the proximity or chemically attached to a photosensitizer
[36]. In this approach, a two-photon dye is excited by short laser pulses; it transfers
the energy to a photosensitizer after being de-excited. The photosensitizer is thus
excited to the singlet state from which the same sequence of energy transfer occurs
as mentioned earlier and produces the singlet oxygen. A comparison of the tradi-
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Fig. 20. Process of the conventional photodynamic therapy (right) and the newly proposed ap-
proach based on two-photon process (left). PS: photosensitizer; TPC: two-photon chromo-
phore

tional and proposed novel approaches is depicted in Fig. 20. The preliminary in
vivo studies were conducted in mice and have shown encouraging results [36].
However, further experiments are needed to investigate and increase the energy
transfer efficiency.

6
Polymeric Materials

Although the two-photon chromphores mentioned above provide high two-pho-
ton absorption cross-section values and stronger frequency up-conversion emis-
sion than commercialized dyes, there are two major drawbacks for using these mo-
lecular materials for applications:

1. Photo-degradation and/or photo-bleaching caused by intense light.

2. Aggregation at high concentration.

In order to resolve this problem, several efforts have been made to develop novel pol-

ymeric materials for photonics [76-81] as they provide the following advantages:

1. Higher concentration of the absorptive and fluorescent centers without aggre-
gation.

2. Improved optochemical and optophysical stability upon intense radiation.

3. Ease of processing and selective thermal cross-linkable to produce glassy and/or
gel-type polymeric framework structures, which may be more suitable for some
photonic applications.

Polymeric conjugation structures based on poly(p-phenyleneethynylene) (PPE)
and poly(p-phenylenevinylene) (PPV) backbones have drawn much attention and
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are well-known in the light-emitting diodes research field because of their electro-
luminescent properties. Through the chemical modification of their main chain
structures, one can obtain various electronic structures which may lead to differ-
ent spectral and optical properties.

Recently, we have reported the two-photon property and optical power limiting
performance of a polymer derivative, based on the backbone of PPE [22]. PPE and
its derivatives exhibit large photoluminescence quantum efficiency in both solu-
tion and solid states [82] and have been successfully used as the emission layer in
electroluminescence devices [83, 84] as well as a photoluminescent polarizer in
liquid crystal displays [85—87]. We have investigated the two-photon property of
poly(2,5-dialkoxy-p-phenyleneethynylene) (EHO-OPPE), which is a rigid and
conjugated polymer with electron-donating long chain alkyloxy functional groups
on each repeat unit. Some other third-order, non-linear optical properties of this
polymer have also been investigated earlier [88]. The chemical structure and opti-
cal properties of EHO-OPPE are shown in Fig. 21. The optical power limiting per-
formance of this polymeric material is demonstrated in Fig. 22. Our group, in col-
laboration with Professor Jin’s group in Korea, has investigated the two-photon
properties of PPV-based conjugated polymers synthesized in Professor Jin’s labo-
ratory [89, 90]. In this PPV-based polymer system, the pendent groups play an im-
portant role to affect the chromophoric interaction on polymer chains and cause
differences in the effective m-conjugation length as well as in the two-photon prop-
erty. Fig. 23 depicts the chemical structures and our preliminary measured values
of two-photon absorption cross-section of some representative polymers (includ-
ing MEH-PPV, a well-known electroluminescent material as a comparison), uti-
lizing nanosecond pulses.

For frequency up-conversion lasing application, we have synthesized a partially
cross-linked, fluorescent polymer system and demonstrated the two-photon
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Fig.21. Molecular structure and measured optical properties of EHO-OPPE. From [22]
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From [22]

pumped frequency up-converted cavity lasing phenomenon by utilizing 1064 nm
as the pumping wavelength [91]. The major components involved in this homo-
geneous, cross-linked co-polymer are the chromophore, 4-[bis(2-hydroxye-
thyl)amino]-N-methylstilbazolium iodide (DHASI), the coupling agent, tolylene-
2,4-diisocyanate (TDI), and the monomer, 2-hydroxyethyl methacrylate (HEMA).
Compared to low-molecular weight organic dyes, this cross-linked polymeric
structure provides the advantage that one can control and build up the concentra-
tion of the fluorescent centers without any aggregation problem. Furthermore, the
thermal and mechanical properties are also judiciously tunable in this co-polymer
system.

The chromophore, DHASI, was synthesized by coupling 4-[N,N-bis(2-hydrox-
yethylamino]benzaldehyde and 4-methyl-N-methylpyridium iodide under cata-
lytic reaction conditions. To prepare this homogeneous polymer, a certain amount
of DHASI was dissolved in a mixture of HEMA and DME The coupling reagent,
TDI, was added to this mixed solution dropwise at room temperature followed by
adding an extra amount of HEMA and the radical-forming agent, 1,1"-azobis(cy-
clohexanecarbodinitrile). This reaction mixture was then heated up to 60 °C for
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Fig.23. Chemical structures and measured two-photon absorptivities of polymer samples
based on a PPV backbone

148 hours for polymerization. The molecular structure of DHASI and the repeat
unit of this cross-linked polymer, poly(DHASI-HEMA), are shown in Figs. 24a
and b, respectively.

In order to test the two-photon pumped, up-conversion lasing performance of
this polymer, a polymer rod of 13 mm length with two polished ends was pre-
pared. This polymer rod was placed in a 20 mm long glass cell filled with a refrac-
tive index-matching transparent liquid to reduce the influence of the non-optical
polishing quality of the two ends [92]. The 1064 nm pumping beam provided by
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Fig. 24. Chemical structure of the chromophore DHASI (a) and a schematic of the repeat unit
of the poly(DHASI-HEMA) system (b). From [91]

a Q-switched pulsed Nd:YAG laser source was focused by a lens at the point slightly
before the polymer rod to avoid any possible damage to the studied sample. The
spectral structure of the lasing output was measured by using a grating spec-
trograph in conjunction with an optical multi-channel analyzer system. The spec-
tra of the single-photon-induced emission and the frequency up-conversion cavity
lasing at various pumping energy levels of this polymer rod are shown in Fig. 25.

7
Summary

Novel organic structures either in molecular or polymeric forms with highly effi-
cient two-photon absorbing and up-converting properties have currently opened
up various potential applications in photonics and biophotonics including optical
power limiting, up-converted lasing, 3-D data storage, 3-D microfabrication, two-
photon fluorescence microscopy, bioimaging, and two-photon photodynamic
therapy as described in detail in this article. The development of more advanced
equipment and characterization techniques for the study of optical non-linearities
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Fig. 25. Single-photon-induced emission spectrum (curve a) and two-photon pumped lasing
spectra at various energy levels (curves b—d) of the poly(DHASI-HEMA) system. From [91]

will not only help synthetic chemists gain insight into structure-property relation-
ships and subsequently contribute to the strategy of molecular design but will also
inspire materials scientists to explore new applications based on the two-photon
absorption phenomenon.
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