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1. Introduction
For many years, considerable research efforts have

been directed toward exploring the interaction be-
tween light and matter for the prospective replace-
ment of electronic devices with faster, more sensitive,
and more reliable optical devices. Therefore, materi-
als whose optical properties are sensitive to light,
including nonlinear optical (NLO) materials, have
attracted attention. An important subset of NLO
materials are materials that exhibit the photorefrac-
tive (PR) effect, or PR materials. The PR effect refers
to spatial modulation of the index of refraction under
nonuniform illumination via space-charge-field for-
mation and electro-optic nonlinearity. The effect
arises when charge carriers, photogenerated by a
spatially modulated light intensity, separate by drift
and/or diffusion processes and become trapped to
produce a nonuniform space-charge distribution. The
resulting internal space-charge electric field then
modulates the refractive index to create a phase
grating, or hologram, which can diffract a light beam.
Because such a hologram can typically be erased by
uniform optical illumination, PR holograms are dy-
namic, that is, they may be erased and rewritten, one
of many properties that distinguish PR materials
from other mechanisms for hologram formation.1 The
PR effect was first observed in 1966 in a LiNbO3
crystal,2 a discovery that launched extensive studies
of the effect in inorganics. Until 1990, all PR materi-
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als were inorganic crystals such as LiNbO3, KNbO3,
BaTiO3, Bi12SiO20 (BSO), SrxBa1-xNbO3, InP:Fe, GaAs,
multiple-quantum-well semiconductors, and several
others.3-5 Many potentially important applications

have been proposed and demonstrated for PR inor-
ganics, including high-density optical data storage,
image processing (correlation, pattern recognition),
phase conjugation, optical limiting, simulations of
neural networks and associative memories, and
programmable optical interconnection. However, the
difficult crystal growth and sample preparation re-
quired for inorganic PR crystals has limited their use
in these applications. In contrast, organic PR materi-
als and, in particular, polymeric and/or glassy PR
materials, offer ease and flexibility of fabrication and
control over the properties, which serves as one of
the reasons for pursuing the development of organic
PR materials. Another motivation comes from a
consideration of a particular figure-of-merit that
compares the refractive index change possible in
different materials (assuming equal densities of
trapped charges). This figure-of-merit may be defined
as Q ) n3re/εr, where n is the optical index of
refraction, re is the effective electro-optic coefficient,
and εr is the relative dielectric constant. Q approxi-
mately measures the ratio of the optical nonlinearity
to the screening of the internal space-charge distri-
bution by medium polarization. For inorganics, it is
well-known that Q does not vary much from material
to material, which is a result of the fact that the
optical nonlinearity is driven chiefly by the large ionic
polarizability. For organics, however, the nonlinearity
is a molecular property arising from the asymmetry
of the electronic charge distributions in the ground
and excited states.6 For this reason, in organics large
electro-optic coefficients are not accompanied by large
dc dielectric constants; thus, a potential improvement
in performance of up to a factor of 10 or more in Q is
possible with organic PR materials.

It is important to avoid confusing the PR effect with
the large number of other local mechanisms which
can modify the index of refraction of a material (n)
in response to an optical beam, such as photo-
chromism, thermochromism, thermorefraction, gen-
eration of excited states, conventional electronic ø(3)

(i.e., n ) n0 + 12π2ø(3)I/(n0
2c), where n0 is the refrac-

tive index in the absence of illumination, I is the light
intensity, and c is the speed of light), and so forth.1,7

All of these local mechanisms lack the nonlocal aspect
of the PR effect arising from the physical motion of
charges in the material, usually over a distance on
the order of micrometers. This charge transport leads
to a spatial phase shift (displacement) between the
incident light intensity pattern and the refractive
index modulation. An important consequence of this
phase shift is energy transfer between two light
beams interfering in a PR medium, called asym-
metric two-beam coupling (2BC, described in section
4.1.1). If the coupling is sufficiently strong, the 2BC
gain may exceed the absorption and reflection losses
of the sample, and optical amplification can occur.
This cannot occur with a thick hologram in any local
material (unless the light intensity pattern is trans-
lated at a particular rate,8 or the material is thin and
has very large index modulation9,10). Recently, the
2BC effect was claimed in thick films of non-PR
materials.11 However, later this observation was
attributed to temporal instability of the laser system
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which led to 2BC due to a moving grating effect.12

Many of the applications that have been proposed
rely on the 2BC gain, including coherent image
amplification, novelty filtering, self-phase conjuga-
tion, beam fanning limiters, and simulations of
neural networks and associative memories.5,13-16

In 1990, the first observation of the PR effect in
an organic material utilized a carefully grown non-
linear organic crystal COANP doped with TCNQ.17,18

The growth of high-quality doped organic crystals,
however, is a difficult process because most dopants
are expelled during the crystal preparation, but one
additional crystalline material has been reported.19

Polymeric and/or glassy materials, on the other hand,
can be doped with various molecules of quite different
sizes with relative ease. Further, polymers and/or
glasses may be formed into a variety of thin-film and
waveguide configurations as required by the applica-
tion (section 7). The second-order nonlinearity of
polymers containing nonlinear chromophores can be
produced by poling, whereas in crystals one may only
consider the relatively rare subset of crystals with
noncentrosymmetric crystal structures.

The first proven polymeric PR material20 was made
in 1990 and was composed of a NLO epoxy polymer
bisA-NPDA which was made photoconductive by
doping with 30 wt % of the hole transporting agent
DEH. This material provided a key proof-of-principle
that the simultaneous requirements of optical non-
linearity, charge generation, transport, trapping, and
absence of interfering photochromic effects can be
combined in one material to produce photorefractiv-
ity.

PR polymer composites are now numerous, and the
performance of most new materials exceeds that for
conventional inorganic crystals. Comprehensive re-
views covered developments from the inception of the
field up through late 199321 and further until late
1996.22 Refs 21 and 22 should be consulted for basic
background material; recent reviews of various classes
of PR organic materials (general overview,23 fully
functionalized polymers,25 liquid crystal (LC)-con-
taining materials,26 chromophores, and low-molecu-
lar-weight glasses24,27) may also be consulted. The
present review complements ref 22 by describing new
models, physical studies, applications, novel optical
effects, and materials with high diffraction efficiency
and/or high beam coupling gain from 1997 up to
March 2004. The goal of this review is to describe
the current status of the field of PR organic materials.
Therefore, there will be important recent articles that
we neglect to cite, and we apologize for this in
advance.

The structure of this paper is as follows. Section 2
reviews the fundamentals of the PR effect by describ-
ing the necessary elements for photorefractivity that
must be considered in materials design. Section 3
describes models developed for PR organic materials
that take into account differences in physical proper-
ties between organic and inorganic materials, in
particular, differences in charge generation, transport
and trapping mechanisms, and in the electric field-
dependent nonlinearity which leads to the orienta-
tional enhancement (OE) effect. Section 4 reviews

various experimental techniques developed for char-
acterization of PR materials. Section 5 describes
recent studies of the influence of various physical
parameters and constituents of the PR composite on
overall PR performance and outlines the main strate-
gies developed to understand the limitations of the
materials and optimize their performance. Section 6
reviews the best up-to-date PR polymer composites,
organic glasses, fully functionalized and liquid crys-
talline materials as well as outlines new materials
classes under exploration. Abbreviated names of all
the compounds are used throughout the paper; the
full names of these compounds can be found in the
list of abbreviations or in the primary references.
Where necessary, the concentration of the constitu-
ents in composites is given in weight percents unless
stated otherwise. Section 7 summarizes the applica-
tions and various space-charge field-related effects
observed in high-performance PR organic materials,
and section 8 concludes with an outlook for this field.

2. Necessary Elements for Photorefractivity:
Materials Design

On a basic level, the mechanism for the PR effect
in polymers is the same as in inorganic crystals;
however, different constituents give rise to the re-
quired properties. The PR effect requires both pho-
toconductivity and a dependence of the optical index
of refraction on electric field. In organics, these
properties necessary for producing a PR phase holo-
gram are generally provided by a combination of
functional components in the material that includes
a photoinduced charge generator, a transporting
medium, trapping sites, and molecules that provide
optical nonlinearity. However, the simple presence
of these elements in a material does not guarantee
that any diffraction grating produced by optical
illumination arises from the PR effectsin practice
experiments must be performed to show that the PR
effect is the dominant mechanism of grating forma-
tion.

Figure 1 illustrates the well-known microscopic
processes required to produce a hologram by the PR
mechanism.28 Two intersecting coherent beams of
light produce a standing-wave interference pattern.
This time-independent but spatially modulated in-
tensity has a spatial wavelength or periodicity Λ
given by

where n is the index of refraction of the material, λ
is the optical wavelength in a vacuum, and θ1 and θ2
are the internal angles of incidence of the two writing
beams relative to the sample normal. For normally
accessible opening angles between the two light
beams and visible optical wavelengths, Λ is in the
range 0.3-20 µm. The direction normal to the light
and dark planes defines the direction of the grating
wavevector K, the magnitude of which is given by K
) 2π/Λ. If one denotes the x axis as the direction of
the grating wavevector, the optical intensity follows
the sinusoidal pattern shown in Figure 1a.

Λ ) λ
2n sin[(θ2 - θ1)/2]

(1)
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The first physical process required for the PR effect
is the generation of mobile charge in response to the
spatially varying illumination. This may be viewed
as the separation of electrons and holes induced by
the absorption of the optical radiation, denoted as
plus and minus charges in the figure. In organic
materials, photogeneration of charge is likely to be
strongly field-dependent, and here we assume a
constant electric field E0 is applied along the x-
direction. Photoinduced charge generation is often
provided by a molecule that absorbs light and then
becomes reduced, injecting a hole into the material.
(Electron generation and transport, although also
possible, has not been widely utilized in organics
(section 6.7.2), so we focus on holes here.) Because
PR polymers are dynamic (erasable) hologram ma-
terials, it is generally desirable to later oxidize the
charge generation site back to its original state, so
reversible reduction/oxidation is important. Most
widely used generators are donor-acceptor charge-
transfer complexes formed between carbazole and
TNF, TNFM, or fullerenes such as C60 (section 5.1.1).
For example, the fullerene C60 was found to be an
efficient charge generator due to its large triplet
yield, broad absorption, solubility, and multiple
stable reduced states.29,30

The second element for the PR effect is transport
of the generated charges, with one carrier being more
mobile than the other. In Figure 1b, the holes are
shown to be more mobile, which is the more common
case for organics, although several electron and
bipolar transporting PR organic materials have been
reported31-34 (section 6.7.2). (If both carriers are
equally mobile, the resulting space-charge distribu-
tion could have zero internal space-charge electric

field and hence no PR effect.) The physical processes
giving rise to charge transport are either diffusion
due to charge density gradients or drift in an exter-
nally applied electric field, and both generally proceed
by hopping of the charge from transport site to
transport site. Because in most organic materials the
ability of generated charges to move by diffusion
alone in zero electric field is quite limited, drift in
the applied field is the dominant mechanism for
charge transport. Another mechanism that may
assist in charge separation is the photovoltaic effect.
The field of organic photovoltaic materials has de-
veloped rapidly over the past several years.35-37 In
particular, blends containing conjugated polymers
and fullerene derivatives or quantum dots were found
to be promising for organic solar cells.38,39 While
systems based on similar materials were utilized in
PR composites,40-43 no contribution of the photovol-
taic effect (which would manifest itself by light-
induced charge separation in the built-in internal
electric field that exists in photovoltaic materials in
the absence of applied electric field or prepoling) in
the PR performance has been reported thus far.

The charge (hole) transporting function is generally
provided by a network of oxidizable molecules (charge
transport agents, CTA) which are close enough
together in space to provide for hopping motion.
Examples of transporting molecules are carbazoles,
hydrazones such as DEH, and arylamines such as
TTA or TPD, which are electron-rich and conse-
quently have low oxidation potential. The field of
electrophotography has identified many such mol-
ecules,44 which may be added as dopants to an inert
binder polymer in relatively high concentration (>25
wt % usually), or may be attached to the binder
polymer backbone, as in PVK. In addition, conjugated
polymers, characterized by improved charge carrier
mobility due to an extended π-electron network along
the polymer backbone,45 were also explored as charge
transporters.40-43 In all systems, energetics require
that the highest occupied energy level of the photo-
generator be lower than that for the transporting
molecules.

The third element for the PR effect, especially when
long grating lifetimes are desired, is the presence of
trapping sites which hold the mobile charge. In
general terms, a trapping site is a local region of the
material where the mobile charge is prevented from
participating in transport for some period of time. For
example, in a hopping picture, a site with lower total
energy for the hole may act as a trap, and the lifetime
of the carrier in the trap will be determined by the
trap depth compared to thermal energies. Since 1997,
many studies were carried out to understand the
nature of traps in PR materials,46-50 and the key
relevant results will be discussed in sections 3.1 and
5.1.

After separation of charge carriers occurs, the
resulting space-charge density is shown in Figure 1c.
(More precisely, only the lowest-order sinusoidal
component at the grating spatial frequency is shown;
higher spatial frequencies lead to more complicated
optical effects.) Poisson’s equation of electrostatics
dictates that such a charge distribution produces a

Figure 1. Photorefractive grating formation: (a) charge
generation; (b) charge transport; (c) charge trapping; (d)
space-charge field formation and refractive index modula-
tion.
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sinusoidal space-charge electric field as shown in
Figure 1d, with the resulting internal electric field
shifted in space by 90° relative to the trapped charge,
or one-quarter of the grating wavelength.

The final requirement for photorefractivity is that
the optical index of refraction of the material must
change in response to the local electric field. Because
of the sinusoidally varying space-charge electric field,
a spatial modulation of the index of refraction results
as shown in Figure 1d. For example, if the material
exhibits a linear electro-optic effect, the magnitude
of the index modulation ∆n is related to the magni-
tude of the space-charge field modulation Esc as
follows

where re is an effective electro-optic coefficient. A
field-dependent refractive index can also occur by a
quadratic or Kerr orientational effect. Detailed dis-
cussion of the mechanisms producing electric field-
induced birefringence in PR organic materials can be
found in refs 22, 51, and 52, summarized in section
3.2. To provide an electric field-dependent refractive
index in organics, molecular functionalities that
possess high ground-state dipole moment and large
linear polarizability anisotropy (birefringent mol-
ecules) or first hyperpolarizability (NLO chromo-
phores) are added to the material in high concentra-
tion. Because the majority of such functionalities
utilized in PR composites exhibit both birefringent
and NLO properties, it is conventional to refer to
these molecules as to NLO chromophores, a term we
will use throughout this review.

According to eq 2, the sinusoidally varying space-
charge field Esc leads to a sinusoidally varying index
modulation, which is a grating or hologram that can
diffract light. If the sample is much thicker than the
grating wavelength, the grating is actually a volume
hologram,53 and readout of the grating occurs only
when the Bragg condition is satisfied for the readout
beam angle and optical wavelength.

The total spatial phase shift between the peaks of
the optical intensity pattern in Figure 1a and the
peaks of the index of refraction modulation in Figure
1d is denoted Φ. When the phase shift is nonzero,
the index grating is a nonlocal grating, and this
property (which arises fundamentally from charge
transport over a macroscopic distance) is one of the
most important special properties of PR materials,
which leads to the 2BC effect and many fascinating
applications.

3. Theoretical Description of the Photorefractive
Effect in Organic Materials

In this section, we summarize the development of
a theoretical model describing PR properties of
organic materials, beginning with the critical founda-
tions provided by the prior models for PR effects in
inorganic crystals. Two main considerations created
a need to modify previous theoretical descriptions of
the PR effect in inorganics to capture the essential
physical differences in organic materials. First of all,
a simple band theory developed for inorganic crystals,

often referred to as the Kukhtarev model,54 did not
take into account several important aspects of charge
generation, transport, trapping, and recombination
that are intrinsic to organic materials. Furthermore,
discovery of the OE effect (which does not exist in
PR inorganic materials) in 1994 by Moerner and co-
workers51 altered the picture of the electro-optical
nonlinearity and led to an even more complicated
description of the PR effect in organics. Overall, the
process of PR grating formation in most organic
materials can be viewed as a space-charge field
formation followed by noninstantaneous reorienta-
tion of birefringent chromophores in response to the
total local field arising from the space-charge field
and the applied dc field. In section 3.1, we discuss
the evolution of a phenomenological model describing
the space-charge field formation in PR polymers, and
in section 3.2 we will summarize the main points of
the OE theory.

3.1. Space-Charge Field Formation

The starting point for the theoretical description
of the PR effect was the system of nonlinear dif-
ferential equations known as the standard band
transport model developed for inorganic crystals.54

Briefly, these rate equations for the density of
charges contain terms for generation, diffusion, drift,
recombination, and so on described above. Twarow-
ski55 modified the model to take into account the
electric field dependence of the charge photogenera-
tion efficiency. Schildkraut and Buettner56 included
the rate equation for trap density in the system of
PR dynamical equations and took into account the
field dependence of both photogeneration efficiency
and carrier mobility. By considering several limiting
cases, Schildkraut and Buettner have generated
numerical solutions to the full set of equations by
employing several simplifying assumptions about the
trapping dynamics.56 In a subsequent study of the
rate equation model,57 linearization was used to
develop analytical solutions for the zero-order and
first-order Fourier components of the charge density
and space-charge field. The authors considered two
limiting cases: (a) once a charge is trapped, it cannot
be released (deep traps), and (b) no hole traps are
present. For both cases, a steady-state analytical
expression for the first-order Fourier component of
the space-charge field (Esc) was derived.57 Using this
expression, Esc was calculated and shown to be in
good agreement with the values obtained from nu-
merical simulations using two kinds of boundary
conditions that describe ohmic and Shottky types of
electrical contacts, respectively. Cui et al.58 took this
study a step further and obtained an analytical
solution for the space-charge field time evolution
during the PR grating erasure, assuming that the
zero-order parameters change instantaneously. Sev-
eral cases were considered: (a) no traps, (b) deep
inactive traps (trapped charge cannot be released),
(c) deep optically active traps (charge can be released
under illumination), and (d) shallow traps (charge
can be released both optically and thermally). For
each case, the zero-order free charge density, which
affects the rate of PR grating erasure, was derived

∆n ) -(1/2)n3reEsc (2)
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as a function of erasing beam intensity. By comparing
the dependence of the speed of grating erasure on
the erasing beam intensity, experimentally measured
in a PVK/DEANST/TCP/C60 composite, with analyti-
cal solutions, the authors concluded that the case of
shallow traps provided the best description of their
material.

Yuan et al.59 followed the Fourier decomposition
formalism and numerically modeled the kinetics of
space-charge field as a function of light intensity and
grating vector in the case of no traps. Further, the
same group expanded their numerical simulations to
the cases of arbitrary density of deep traps or high
density of traps with arbitrary depth (in both cases,
the detrapping is neglected) and simulated the
electric-field dependence of the steady-state and
temporal behavior of the space-charge field60 as well
as moving gratings driven with a periodic force of an
arbitrary frequency ω.61 One of the results produced
by this group was that the dependence of the space-
charge field on total intensity of writing beams varied
for different kinds of traps available in the material.61

For example, in the case of no traps, the space-charge
field increased as a function of total incident inten-
sity, while in the case of deep traps or low trap
densities of arbitrary depth it decreased. In the case
of high trap densities (on the order of acceptor density
and higher), the space-charge field was independent
of total incident intensity, the result predicted by
Kukhtarev’s model for inorganic crystals.54 Experi-
mental studies on materials with reliable control over
trapping properties are needed to assess the validity
of the described numerical predictions.

The PR model was further developed by Ostro-
verkhova and Singer48 who introduced in the model
two kinds of traps: shallow and deep. In this study,
the term ”deep” meant that the rate of thermal
detrapping for these traps was at least an order of
magnitude smaller than that of the shallow traps,
but still having a nonzero probability for detrapping.
The main focus of this study was to develop an
understanding of trapping and recombination pro-
cesses as well as to determine various photoelectric
rates from the photocurrent dynamics to predict the
time evolution of the space-charge field. The pro-
cesses taken into account are depicted in Figure 2.
A sensitizer (electron acceptor to generate a hole)
with density NA is excited and subsequently photo-

reduced by light of frequency ω with cross-section s.
A free hole is injected into the transport manifold and
hops between transport sites until it either becomes
trapped or recombines with ionized acceptors with
rate γ. Τwo kinds of traps with well-defined energy
levels (set by ionization potential Ip), shallow traps
(MT1) and deep traps (MT2), are considered. It is
assumed that the trapping rate does not depend on
the trap depth, so that shallow and deep traps are
filled with the same trapping rate γT ) γT1 ) γT2. This
is an approximation that assumes Miller-Abrahams
hopping rates62 for the process of filling traps of
similar nature (e.g., both shallow and deep traps are
neutral when empty). Detrapping proceeds with a
thermal excitation rate â1 for shallow traps or â2 for
deep traps, and optical detrapping is not taken into
account. The modified system of nonlinear equations
describing the PR dynamics is given by:48

Here F is the free charge (hole) density, NA is the total
density of acceptors, NA

i is the density of ionized
acceptors, M1, M2, MT1, MT2 are the densities of filled
shallow traps, filled deep traps, and total shallow and
deep trapping sites, respectively, E is the electric
field, and I is the incident light intensity. J is the
current density, µ is the charge carrier drift mobility,
ê is the diffusion coefficient given by ê ) kBT/e. The
quantity s is the cross-section of photogeneration (in
the case of low absorption s ) Rφ/(pωNA), where R is
absorption coefficient, p is Planck’s constant divided
by 2π, and φ is photogeneration efficiency), γT1, γT2,
â1, â2 are the trapping rates and detrapping rates for
shallow and deep traps, respectively, γ is the recom-
bination rate, and ε is the dielectric constant. The
authors followed a Fourier decomposition approach
similar to one used by Schildkraut and Cui57 and
considered separately the spatially uniform (zero-
order) parameters and spatially varying (first-order)
parameters. In addition to introducing a second trap
level, this study took into account the time evolution
of zero-order parameters, which has been neglected
in all earlier studies. By relating the numerically
simulated data to the experimentally observed dc
photoconductivity transients, the authors determined
detrapping and recombination rates as well as prod-

Figure 2. Schematic representation of the PR model.
Symbols are described in the text. Reproduced with per-
mission from ref 48. Copyright 2002 American Institute of
Physics.
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ucts of trapping rates and trap densities. Combining
these with charge carrier mobility and photogenera-
tion efficiency obtained from the time-of-flight and
xerographic discharge experiments, the authors were
able to simulate numerically the space-charge field
time evolution. The simulated growth of the space-
charge field showed good agreement with the time
evolution of the PR grating measured in the four-
wave mixing (FWM) experiment for a number of
PVK-based composites.48

The main results from the numerical simulations
for the zero-order variables were the following: (1)
In agreement with previous experimental results by
Grunnet-Jepsen et al.46 (section 5.1.1), the growth of
the ionized acceptor density (NA0

i ) upon uniform
illumination was strongly affected by (compensating)
trap densities available in the material as well as by
trap depth. Figure 3 illustrates the growth of the
ionized acceptor density (NA0

i ) normalized by total
acceptor density (NA), simulated using eq 3 with
parameters typical for PVK-based materials’ photo-
electric rates, parametrized by the total deep trap
density (MT2 ) 0.01NA, NA, and 10NA at fixed de-
trapping rate â2 ) 5 × 10-6/t0, where t0 ) 1/(γTMT1),
Figure 3a) and by the deep trap depth (â2 ) 5 × 10-5/
t0, 5 × 10-6/t0, 5 × 10-7/t0 at fixed deep trap density
MT2 ) NA, Figure 3b). (2) The steady-state density of
ionized acceptors (NA0

i ) depended on the photoge-
neration cross-section (s) as NA0

i ∼ s0.5. (3) The time

evolution of the free charge density upon uniform
illumination strongly depended on trapping, detrap-
ping, and recombination rates as well as trap densi-
ties.48,63

Similarly, for the first-order properties, the key
results were the following: (1) Out of all the param-
eters in eq 3, the photogeneration cross-section s
followed by charge carrier mobility µ had the stron-
gest impact on PR dynamics. For example, an order
of magnitude increase in s led to an order of magni-
tude increase in PR speed. (2) Such effects as preil-
lumination history dependence of the photoconduc-
tivity and space-charge field, experimentally observed
in various systems,42,46,48,64,65 stemmed from deep trap
filling (equivalent to an increase in M2 of eq 3)
accompanied by growth of ionized acceptor density
(NA

i ) during the preillumination, which altered the
initial conditions for both photoconductivity and PR
experiments and therefore affected the observed
photocurrent and space-charge field.

As a next step in assessing photoelectric param-
eters contributing to PR performance, Kulikovsky et
al.66 further expanded the photocurrent dynamics
study. Rise, decay, and steady-state values of the
photocurrent during uniform illumination with a
single pulse (with duration of 1-500 ms) were
experimentally measured in the TPD-PPV/DMNPAA/
MNPAA/DPP/PCBM composite. Various photoelectric
rates were determined by fitting the experimental
transients with eq 3 in the zero-order (spatial uni-
formity) approximation. In addition, the photocurrent
transients from double pulse illumination were mea-
sured. By combining the experimental results from
the single pulse experiments with measuring the
photocurrent as a function of the time delay between
the pulses in the double pulse experiments, the
authors were able to separately determine trapping
rates and trap densitiessthe parameters that could
not be determined in previous studies.48 Further-
more, using the photoelectric parameters measured,
the effects of preillumination and time-gating on the
space-charge field were numerically simulated and
found to be in a good agreement with the experimen-
tal results previously obtained from the PR measure-
ments carried out in the same TPD-PPV/DMNPAA/
MNPAA/DPP/PCBM composite.42,66 We note that
Marc et al. previously reported several studies of
charge transport67 and trapping properties68 of PVK-
based materials, in which charge carrier mobility,
trap densities, carrier lifetimes, etc. were determined
from the analysis of photocurrent dynamics. How-
ever, these studies did not take into account recom-
bination of free charges with ionized acceptors, the
process that plays an important role in PR organic
materials.

Although understanding of the photoconductivity
in PR organic materials has significantly improved
over the past years, there are still issues that need
to be resolved to facilitate the comparison between
the theory and experiment. First of all, the zero- and
first-order equations obtained from Fourier decom-
position of eq 3 assume an infinite bulk material and
do not take into account the possible effects of
electrodes. As mentioned above, Schildkraut and

Figure 3. Time evolution of ionized acceptor density
(NA0

i ) normalized by total acceptor density (NA), simulated
using eq 3 and photoelectric rates typical for PVK-based
composites in the case of (a) various deep trap densities
MT2 ) 0.01NA, NA and 10NA at fixed detrapping rate â2 )
5 × 10-6/t0, where t0 ) 1/(γTMT1); (b) various detrapping
rates â2 ) 5 × 10-5/t0, 5 × 10-6/t0, 5 × 10-7/t0 at fixed deep
trap density MT2 ) NA. Adapted from ref 48 with permis-
sion. Copyright 2002 American Institute of Physics.
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Cui57 found good agreement between steady-state
values for the free carrier density, amplitude, and
phase of the space-charge field calculated analytically
from the zero- and first-order dynamic equations
(infinite bulk) and simulated using eq 3 (with a single
trap level) with ohmic (“infinite” supply of charge
from the electrodes) boundary conditions as well as
with blocking (Schottky barrier) boundary conditions.
However, a careful experimental study of both steady-
state and dynamics of the photocurrent and space-
charge field, with various electrode materials, is
needed to probe the contribution of electrodes into
experimental data. Second, the current PR model for
organics does not take into account either electronic
or ionic dark current. Because most PR materials
perform the best at temperatures around or slightly
above Tg (section 5.2.1), the dark current can become
a concern when trying to optimize the material.69

Third, the effects of nonuniform illumination due to
absorption in the sample are not taken into account,
yet may contribute to the experimental data.70 Fi-
nally, effects of nonsinusoidal gratings due to fan-
ning,71 grating bending,72 and grating competition73,74

are not taken into account, and therefore the results
are limited to low applied electric fields. Therefore,
further studies, especially those that combine theory
and experiment, are required to elucidate the factors
contributing to the overall PR performance.

As discussed in section 2, the primary mechanisms
that lead to the PR effect in polymers are photocon-
ductivity (steps 1-3, discussed above) and electric
field-induced birefringence arising from NLO chromo-
phore orientation (step 4). We now discuss the role
of orientational effects in the PR effect in polymer
composites.

3.2. Orientational Enhancement Effect
The last step in PR grating formation is concerned

with the refractive index change in response to the
space-charge field produced during steps 1-3 (eq 2).
Initially, by analogy to inorganic crystals, this step
was attributed to a linear electro-optic (ø(2)) effect
exhibited by poled polymers containing NLO chromo-
phores with high first hyperpolarizabilities (âijk).
However, it turned out that experimentally observed
2BC gains and diffraction efficiencies in polymers
were much higher than those expected due to a
simple linear electro-optic effect. A study by Moerner
and co-workers51 revealed an additional mechanism
participating in the PR grating formation in organic
materials. The essence of this mechanism called
“orientational enhancement” (OE) is that in a mate-
rial with Tg near the operating temperature, the NLO
chromophores, which are necessary constituents of
a PR polymer composite or glass, can be aligned not
only by the externally applied electric field E0 but
also in situ by the sinusoidally varying space-charge
field Esc during grating formation. There are many
manifestations of the OE effect such as appearance
of a grating at twice the grating wave vector K,
dependence of the 2BC energy transfer direction on
the polarization of the writing beams, etc.51 On a
molecular level, the OE effect in organic materials
occurs because the refractive index change relies not

only on the chromophore hyperpolarizability âijk that
leads to an electric field-induced change in second-
order susceptibility ø(2), but also on the polarizability
anisotropy ∆R of the chromophore that leads to an
electric field-induced change in the first-order sus-
ceptibility ø(1). A comprehensive treatment of the OE
effect can be found in refs 22 and 51; here, we briefly
summarize the main points.

Many types of NLO chromophores can be synthe-
sized, with an emphasis on various polarizabilities
leading to linear electro-optic effects, second har-
monic generation, third harmonic, two-photon fluo-
rescence, etc.75 The chromophores utilized in PR
materials rely on two particular molecular proper-
ties: large hyperpolarizability âijk and/or large po-
larizability anisotropy ∆R ) R| - R⊥, where parallel
and perpendicular refer to the molecular axis. In
either case, the entire sample must be made noncen-
trosymmeric by using an applied electric field (also
called the poling field or bias field) to achieve net
macroscopic orientation of the chromophores by the
interaction between their ground-state dipole mo-
ments (µg) and the applied field (E0). Thus, the value
of µg should also be large. The poling may occur at
temperatures around or above the glass transition
temperature Tg, in which case the orientation is
quasi-permanent or temporary, depending mostly
upon how far the operational temperature is below
Tg. For example, when Tg is near the operating
temperature, the molecules remain aligned only as
long as the orienting field is applied to the material.
In most PR polymers, Tg is sufficiently near room
temperature (by addition of plasticizers or by chance)
so that the external field must be continuously
applied to the sample.

Figure 4 illustrates the OE effect schematically.
When no electric field is applied to the sample, the
molecules are randomly oriented (Figure 4a). As an
external field E0 is applied, the molecules reorient
and align along the electric field (Figure 4b). A
theoretical description of the molecular orientation
via biased rotational diffusion in response to a step-
function electric field can be found in ref 76. In the
PR experiment, the interfering light beams 1 and 2

Figure 4. Chromophore orientation in the electric field:
(a) no electric field; (b) electric field E0 is applied; (c)
spatially modulated space-charge field Esc is added to the
applied field. The order parameter is exaggerated for the
illustration purposes.
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produce a sinusoidally varying space-charge field Esc
by the mechanisms described in section 2. We note
that a simplified configuration of electric fields is
used in Figure 4 for clarity; the exact experimental
geometry employed in PR measurements will be
considered in section 4. The uniform external field
E0 will vectorially add to Esc to produce a total local
field E. Because the NLO chromophores have orien-
tational mobility due to the low Tg or to their
molecular size, a spatially periodic orientational
pattern is produced as the electric field orients the
molecules by virtue of their ground-state dipole
moment (µg). Figure 4c illustrates the local order
parameter for the total field consisting of Esc + E0
(for illustration purposes, the order parameter shown
is exaggerated). The result is a complex spatial
pattern of dipolar order, the effect of which on
different polarizations is treated in detail in ref 51.
The full tensorial description of the local response of
the PR medium to the spatially modulated electric
field can be found in ref 52. Here, we briefly sum-
marize that in PR materials exhibiting the OE effect,
the refractive index change (∆n) in response to the
total electric field (E ) Esc + E0) is a sum of the
birefringent (∆nBR) and electro-optic (∆nEO) contribu-
tions (∆n ) ∆nBR + ∆nEO) given by

where N is the dipole concentration, f0, f∞ are the local
field factors, kB is the Boltzmann constant, T is the
temperature, ∆R is the polarizability anisotropy, and
â is the only nonvanishing component of the hyper-
polarizability tensor âijk (in the case of one-dimen-
sional molecule). An extension of the OE effect to the
case of alternating external electric fields is numeri-
cally treated in ref 77.

As a result of the OE effect, the design of chromo-
phores for photorefractivity has diverged from the
strategy of the early 1990s in which only hyper-
polarizability was emphasized. Thus, rather than
seeking chromophores that possess large first hyper-
polarizability, it is often more important to select
chromophores with a large linear polarizability an-
isotropy. For both effects, a large ground state dipole
moment is required, and the polarizability anisotropy
contribution benefits more than the hyperpolariz-
ability contribution, as described more fully in section
5.1.3.

In overall PR performance, the OE effect leads to
enhanced steady-state properties (larger gain and
diffraction efficiencies than expected due to the
simple electro-optic effect) as well as more compli-
cated dynamics determined not only by the rate of
space-charge field formation (section 3.1), but also by
the ability of the NLO chromophores to dynamically
orient during grating formation. Therefore, an ad-
ditional factor that could limit the speed of hologram
growthsrotational mobility of the chromophores in
the polymer compositesis introduced. Molecular

orientation times can range from picoseconds (ob-
served in liquids78) to extremely long times of years
or more observed in permanently poled polymers,79

depending upon the viscosity of the material, the size
of the chromophore, the presence of plasticizing
agents, temperature relative to Tg, and other fac-
tors.69,80-83

To summarize, space-charge field formation in the
PR organic materials is a complicated process that
requires further theoretical modeling supported by
experimental results. The OE effect brings an ad-
vantage of higher diffraction efficiencies and gain
coefficients. However, because chromophore orienta-
tion does not proceed instantaneously, the analysis
of the PR dynamics is challenging, especially when
the rate of space-charge field formation is of the same
order of magnitude as the reorientational speed. To
assess the factors that limit PR speed in every
material, it may be helpful to separately measure the
orientational mobility. In section 4.2, we will briefly
outline the experimental techniques utilized to probe
various processes including the orientational proper-
ties of PR materials. In addition, several methods
helpful in assigning the observed PR dynamics to a
certain physical effect will be covered in section 5.3.

4. Experimental Techniques

In this section, we first consider the techniques that
assess the PR optical performance of the materials
a brief description of standard 2BC and FWM meth-
ods will be given, and several proposed modified
techniques will be mentioned (sections 4.1.1-4.1.3).
Then, an experiment utilizing two-photon absorption
for PR grating recording in polymers will be described
(section 4.1.4). As discussed in section 2, the PR
grating forms via several mechanisms, and much
information about the potential behavior of a mate-
rial may be gathered by measuring separately the
properties of the individual contributors to photore-
fractivity, i.e., charge generation quantum efficiency,
carrier mobility, and electro-optic response. While
measuring the presence of all these necessary ele-
ments is no guarantee for photorefractivity and is
therefore no substitute for the direct optical charac-
terization of a material, it is important to study the
contribution of each mechanism to the overall PR
performance to determine limiting factors and opti-
mize the behavior. In section 4.2, we summarize the
experimental methods developed and currently used
for assessing charge photogeneration, transport, and
trapping properties as well as ability of the chro-
mophores to reorient in the electric field.

4.1. Photorefractive Measurements

4.1.1. Two-Beam Coupling

As mentioned before, the two-beam coupling (2BC)
experiment is one crucial experiment to perform
when a new material is tested for PR performance.84

The geometry of the 2BC experiment is shown in
Figure 5a. A typical PR polymer sample consists of
two conductive but transparent indium tin oxide
(ITO)-coated glass slides with a PR polymer film of

∆nBR ∼ (1/2n)∆ø(1) ∼ (1/2n)CBRE2,

∆nEO ∼ (1/2n)∆ø(2)E ∼ (1/2n)CEOE2,

CBR )
2Nf∞∆R
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30-100 µm thickness in between. Optical beams 1
(“probe” or “signal”) and 2 (“pump”) are incident at
angles θ1 and θ2 respectively, and interfere in the PR
material, creating a nonlocal (Φ * 0) diffraction
grating. Then, the same beams 1 and 2 partially
diffract from the grating they have just created
(beams 1′ and 2′ in the inset of Figure 5a). Because
of nonlocality of the grating, one diffracted beam (for
example, 1′) interferes destructively with its com-
panion beam 2, while the other diffracted beam 2′
interferes constructively with beam 1. As a result,
the beam 1 is amplified (energy gain) while the beam
2 is attenuated (energy loss). It should be emphasized
that it is important that the energy transfer persists
in steady-state because transient asymmetric energy
exchange is known to occur in materials with local
response (photochemistry, ø(3), absorption and ther-
mal gratings). In inorganic crystals, the direction of
energy transfer depends on the sign of the electro-
optic coefficient (which is fixed, so that the refractive
index change is linear in electric field) and the sign
of the charge carrier. In low Tg organic materials,
because the materials are poled in situ and the
refractive index change is quadratic in local electric
field (section 3.2), the energy transfer direction is
determined by the direction of majority carrier drift
in the electric field and therefore can be reversed by
changing the polarity of electric field. As a result of
the OE effect, there is another way of reversing the
energy transfer, which is to change the polarization
of writing beams 1 and 2. For more explanation of
the meaning of asymmetric energy exchange, see ref
21.

The 2BC experiment involves measurement of the
transmitted beam intensities as a function of time,
E0, K, angles, and so forth; for details see ref 85. A
modification of the standard 2BC technique, which
was shown to be useful for 2BC measurements in a
highly scattering medium with a strong diffraction

to higher orders, such as LCs, was proposed.86 The
standard geometry (Figure 5a) was used, but one of
the writing beams (the pump beam) was chopped
with a frequency higher than the inverse grating
decay time, and lock-in detection of the probe beam
intensity was utilized. In a standard 2BC measure-
ment conducted in a highly scattering material,
instead of amplification of one beam and attenuation
of the other, the attenuation of both beams was
observed due to scattering and diffraction to higher
orders. In contrast, when the pump beam was
chopped, the demodulated probe beam intensity
reflected the amplitude of the 2BC.

As shown Figure 5a, the beams 1 and 2 are incident
at angles (θ1 and θ2) on the same side of the sample
surface normal. This choice of experimental geometry
is governed by several factors. First, all the processes
in polymers that are responsible for space-charge
field build-up are strongly electric field-dependent.
Therefore, to assist in charge transport along the
grating vector K, a large component of external
electric field E0 in the direction of the vector K is
needed. Second, because the NLO chromophores that
are part of the PR polymer composite are aligned in
the direction of applied field, it is necessary to provide
a nonzero component of electro-optic response along
the grating vector K. Recently, several groups re-
ported a 2BC effect in organic materials with no
electric field applied.11,87,88 However, unless this
occurs in prepoled high Tg polymers43,89 or sol-gels90

that may retain high internal electric fields for a long
time after poling, care should be taken to elucidate
the mechanism of the observed behavior and elimi-
nate artifacts. Other explanations for a 2BC effect
in polymer composites, organic glasses, and polymer-
dispersed LCs, observed without electric field applied,
included coupling between the space-charge field and
light-induced orientational gratings in azo dye-
containing materials,87 longitudinal intensity gradi-
ents leading to charge displacement and local electric
field formation,88,91 etc. However, none of the expla-
nations presented thus far was unambiguously sub-
stantiated by theoretical and experimental evidence.
In particular, if the experimental geometry is com-
pletely symmetric for the two beams, it is hard to
produce an asymmetry in the direction of beam
coupling.

Ideally, the beams 1 and 2 would be incident
symmetrically from opposite sides of the sample, so
that the directions of applied electric field E0 and
grating vector K coincide. However, due to refraction
at the air-glass-film interfaces, the smallest inter-
nal angle of incidence is equal to ∼54°, and for a
material with a typical polymer composite refractive
index n ) 1.7, the largest grating spacing Λ calcu-
lated using eq 1 for a light beam of wavelength λ )
633 nm is approximately equal to 0.26 µm. This is
far below the preferable range of grating spacings of
1-5 µm.50,85 One way around the refraction at the
air-glass interfaces is to optically contact glass
hemispheres on both sides of the sample.85 Neverthe-
less, recently several PVK/C60 and PPT-Cz/C60-based
PR polymer composites were characterized without
glass hemispheres using the opposite-side geometry

Figure 5. Experimental configuration used in (a) two-
beam coupling; (b) four-wave mixing geometry.
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(λ ) 633 nm, Λ ) 0.205 µm, d ) 100 µm).92 The best
PR performance was achieved in a PPT-Cz/PDCST/
C60 composite, in which 2BC gain coefficient Γ
(defined below) of 104 cm-1 (net gain coefficient Γ-R
) 51 cm-1, where R is the absorption coefficient) was
obtained at 60 V/µm. In all other composites studied,
gain coefficients (Γ) of only 15-20 cm-1 (no net gain)
were measured in this geometry, although the same
composites exhibited high gain coefficients Γ ∼ 200-
250 cm-1 under similar experimental conditions
(section 6.1, Table 2) in the conventional geometry
(Figure 5).72,93-95 Another experimental geometry,
recently explored in 2BC measurements, utilized
coplanar electrodes and two beams incident sym-
metrically with respect to the sample normal.96 PVK/
TNF-containing films with a thickness up to 600 µm
were prepared and characterized. The gain factor (γ0;
defined below) increased as a function of sample
thickness, reaching 1.47 for a 600-µm-thick sample
at 50 V/µm at 633 nm, while the Γ decreased with
sample thickness, so that the highest value Γ ) 32.5
cm-1 was achieved in a 100-µm film. The advantages
of such a geometry include the possibility to operate
at lower voltages (since E0||K) and to make thicker
devices while maintaining reasonable ranges of ap-
plied voltage. Disadvantages include dealing with
nonuniform electric field distribution throughout the
sample thickness, small operating area, etc. For this
reason, the oblique geometry such as shown in Figure
5, with external angles θ1 ) 30°-45° and θ2 ) 60°-
75°, is still the usual choice for PR experiments.

The theoretical description of the 2BC effect in-
volves solving coupled-wave equations which govern
the interaction of two beams of light in an NLO
material. The details of this description can be found
in refs 5, 97, and 98. Here, we only cite the solution,
which is used for extracting material parameters
from experimentally measured quantities. Denoting
beam 2 as the “pump”, the intensities of the “signal”
beam (beam 1) (I1(out)) and of the “pump” beam
(I2(out)) may be written as follows:5

where the initial beam ratio (in the absence of
coupling) is âp ) I2(in)/I1(in), the total intensity I0 )
I1 + I2, the interaction length L ) d/cos θ1, where d
is a sample thickness, and the 2BC gain coefficient
is

where λ is the wavelength, ∆n is refractive index
modulation, and m is the modulation depth of the
interference pattern defined as m ) 2xâp/(1 + âp).
Using eqs 4 and 5, the gain coefficient can be
determined from experimentally measured intensi-
ties as follows: Γ ) ln(âpI1(out)/I2(out))/L. Note that
in the undepleted pump regime (âp . 1), the gain
factor γ0 defined as γ0 ) I1(out)/I1(in) simplifies to γ0
) exp(ΓL), i.e., the intensity of the signal beam grows
exponentially.

From eq 5, it is clear that a phase shift of Φ ) 90°
leads to the optimum energy transfer, whereas no
energy coupling occurs for an in-phase grating, Φ )
0°. This is the importance of the existence of a
nonzero phase shift for the PR grating, as has already
been stressed. To measure the phase shift Φ, a simple
experimental technique based on translating the
grating with respect to the interference pattern at a
rate much faster than the response rate of the
material has been developed.84,99,100 The required fast
displacement of the grating with respect to the
intensity pattern can be accomplished either by the
direct movement of sample or by changing the
relative phase of the two writing beams (which
translates the interference pattern). The sensitivity
of the measurement can be further improved by ac
phase modulation and lock-in detection.101 The 2BC
technique in conjunction with phase shift measure-
ments has been widely utilized to assess material
parameters such as the PR trap density and electro-
optic nonlinearity.46,49,50,85,102,103

4.1.2. Four-Wave Mixing

The experimental geometry for the FWM experi-
ment is quite similar to that of 2BCstwo writing
beams are obliquely incident on the PR sample
(Figure 5b). The difference is that in the FWM
experiment, in addition to the writing beams 1 and
2, there is also a probe (reading) beam (beam 3 in
Figure 5b) that is being partially diffracted from the
grating created by the writing beams to create the
fourth beam (beam 4). In the degenerate FWM
geometry, which is common in PR measurements,
beam 3 has the same wavelength as the writing
beams and is usually chosen to be counter-propagat-
ing to one of the writing beams as this allows for the
phase-matched readout and background-free detec-
tion of very weak diffraction signals (beam 4). The
diffracted beam intensity (i.e., that of beam 4) is
typically measured as a function of time, applied
electric field (E0), writing beam intensities, etc. Then,
the diffraction efficiency (η), defined as the ratio ηext

) I4/I3 (external diffraction efficiency) or ηint ) I4/(I4

+ I3′) (internal diffraction efficiency) is determined.
In probing the grating, it is important that beam 3
not affect the grating or interact with the writing
beams. This can be assured by making the probe
beam much weaker than the pump beams and/or by
having the probe beam polarized orthogonal to the
writing beams. Because p-polarized beams experience
a larger diffraction efficiency due to the polarization
dependence of the OE response of the material,22

beam 3 is typically p-polarized, while beams 1 and 2
are s-polarized in most FWM experiments. Another
advantage of this choice of the polarizations is that
the energy transfer between the s-polarized writing
beams is typically weaker than that between p-
polarized writing beams, which reduces undesirable
grating distortion, beam fanning, etc.

From the measured diffraction efficiency, the modu-
lation amplitude of the refractive index (∆n) is
typically obtained by using the following simple
expression:53

I1(out) )
I0

1 + âp exp(-ΓL)
; I2(out) )

âpI0

âp + exp(ΓL)
(4)

Γ ) 4π
λ

∆n
m

sin Φ (5)
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Here R is the absorption coefficient, the effective
interaction length L ) d/xcosθ1cosθ2, and ê1 and ê2
are unit vectors along the electric field of the incident
and diffracted beams, respectively. For the configu-
ration with p-polarized readout, ê1‚ê2 ) cos(θ2 - θ1),
while for s-polarized readout the dot product is unity.
Equation 6 should only be regarded as an approxi-
mate solution as it assumes a straight uniform
grating, which is not necessarily true in all PR
materials.22

In addition to measurements of steady-state dif-
fraction efficiency which is an important parameter
for applications, the FWM experiment is widely used
for temporal studies (e.g., formation and erasure)
of the PR grating. Electric field and intensity
dependence of the PR dynamics can yield much
information about the material parameters (section
5.3.1).48,49,58,69,93,104 Furthermore, the FWM experi-
ment is ideally suited to measure the dark decay of
gratings, i.e., the decay after both writing beams are
turned off.69,104,105 This parameter is especially of
interest for data-storage applications for which long
dark-lifetimes are desirable. Moreover, at small dark
currents, the dark decay time constant can provide
information about detrapping rates (e.g., â1,2 of eq
3)58,105 (section 5.3.2). To ensure that the probe beam
does not itself erase the grating, the illumination of
the grating can be made negligibly small by only
probing the grating intermittently.

4.1.3. Photoelectromotive Force
An alternative PR characterization technique that

takes advantage of the nonsteady photoelectromotive
force (photo-EMF) was originally developed for inor-
ganic crystals106 and recently applied to PR poly-
mers.107 In this technique, the PR hologram is
recorded under nonstationary conditions, e.g., by a
vibrating interference pattern. The interaction be-
tween the quasi-stationary space-charge field grating
and the oscillating distribution of the mobile carriers
leads to a periodic electric current with the frequency
of the oscillation (Ω) of the interference pattern (j Ω).
In the presence of an external dc field, a second-
harmonic photo-EMF current (j 2Ω) appears. Both
currents j Ω and j 2Ω are measured as a function of
modulation amplitude of the interference pattern,
frequency, etc., from which the information about the
space-charge field formed in the film can be ex-
tracted.107 The advantage of the photo-EMF experi-
ment is that it can be performed in any photocon-
ductor or PR material at low electric fields at which
standard PR techniques might not provide sufficient
sensitivity. The disadvantage of the experiment is a
complicated data interpretation due to competing
multiple grating effects,74 which could be the reason
for the limited use of this technique in PR organic
materials thus far.

4.1.4. Photorefractive Gratings Written via Two-Photon
Excitation

In the process of developing highly efficient materi-
als for holographic data storage, the issue of nonde-

structive readout arises. In standard techniques such
as degenerate FWM, the readout is performed using
the beam of the same wavelength as that of the
writing beams, and therefore it is bound to partially
erase the hologram while retrieving the information.
Nondestructive readout using two-photon absorption
was previously utilized in inorganic PR crystals108,109

and recently demonstrated in PVK-based materi-
als.110,111 In ref 111, PVK was used as a photocon-
ductor, ECZ and BBP as plasticizers, and FTCN (25
wt %) both as a NLO chromophore and a sensitizer
exhibiting two-photon absorption. A FWM experi-
mental geometry similar to one shown in Figure 5b
was utilized in this experiment. The grating was
written with femtosecond pulses of the wavelength
of either 650 or 700 nm. In this wavelength region,
the composite exhibited no linear absorption (Figure
6a), and the sample was excited only by two-photon
absorption (inset of Figure 6a) of the FTCN. The
readout of the grating could be obtained with both

ηext ) exp(-RL)sin2(π∆nL
λ

ê1‚ê2) (6)

Figure 6. (a) Linear absorption spectrum of the 105-µm-
thick film of the PVK/FTCN/ECZ/BBP composite used for
holographic recording via two-photon absorption. The filled
arrow indicates the laser wavelength used in the PR
experiment. Inset shows linear absorption spectrum of the
thin film of the same composite. The open arrow indicates
the spectral position of the two-photon excitation. Re-
printed from ref 110 with permission. Copyright 2002
Optical Society of America. (b) Diffraction efficiency, ob-
tained from a grating written via two-photon absorption,
as a function of applied electric field. Inset shows diffraction
efficiency as a function of delay between femtosecond
writing beams. Reprinted from ref 111 with permission.
Copyright 2002 Wiley VCH.
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pulsed and cw beam of the same wavelength. Utiliz-
ing a cw beam as a probe beam represented a
nondestructive readout because (i) the intensity of
the cw probe beam was too low to induce a two-
photon absorption in the material, and (ii) the probe
beam could not perturb the grating via linear absorp-
tion, because the composite did not exhibit any
sensitivity in the red wavelength region (Figure 6a).
The diffraction efficiency measured at total writing
beam intensity of 5 GW/cm2 as a function of applied
electric field is shown in Figure 6b (squares), along
with a fit of the diffraction efficiency to the electric
field dependence (η ∼ E4) derived from the standard
Kukhtarev model (line). The inset of Figure 6b
illustrates the normalized diffracted signal measured
at an electric field of 50 V/µm and total writing beam
intensity of 5.3 GW/cm2 as a function of time delay
between writing beams. Clearly, the maximal dif-
fracted signal was obtained when the writing beams
were temporally overlapped. While low diffraction
efficiencies (∼0.04% at best) and slow PR response
speed (on the order of seconds) were obtained in this
composite, this study was the first proof-of-principle
demonstration of the PR grating written via two-
photon excitation in a polymer composite. Dopants
with high two-photon absorption cross-section uti-
lized in PR composites (e.g., ref 112) can potentially
improve both steady-state and dynamical perfor-
mance of the two-photon absorption-induced PR
grating.

4.2. Experimental Techniques for Probing Various
Processes Relevant to Photorefractivity

4.2.1. Photoconductive Properties

As discussed in section 2, the first stage of the PR
grating formationsthe buildup of the space-charge
fieldsrelies on the photoconductive properties of a
material such as charge photogeneration efficiency,
carrier mobility, trapping, and recombination. All
these mechanisms can be separately probed using
various standard methods from the electrophoto-
graphic community, the detailed descriptions of
which can be found in refs 62 and 113. Here, we list
the techniques that can be employed for character-
ization of PR organic materials.

(i) Photogeneration efficiency is commonly mea-
sured using a xerographic discharge technique47,48,114,115

or estimated from the dc photoconductivity.64,116,117

(ii) Charge carrier mobility can be measured by
time-of-flight (TOF),48,50,118,119 holographic time-of-
flight (HTOF),120-122 and extraction current
transients,123-125 as well as estimated from the dc
photoconductivity.66,67 A recent overview of the ex-
perimental techniques used for charge transport
studies in organic materials can be found in ref 126.

(iii) Trapping and recombination properties of PR
composites have been extensively studied over the
past few years. In particular, infrared optical spec-
troscopy was employed to probe the PR trap den-
sity,46,64 while various modifications of a dc photo-
conductivity experiment proved to be effective in
studies of trapping, detrapping, and recombination
parameters as described in section 3.1.48,66,127

4.2.2. Orientational Properties
The last step of the PR grating formation is the

refractive index change via electro-optic nonlinearity.
In low Tg PR organic materials, a major mechanism
responsible for this step is NLO chromophore reori-
entation in the space-charge field (OE effect).51

Therefore, the ability of the chromophores to reorient
in the electric field is an important property that
contributes to the overall PR performance. Several
experimental techniques are available to evaluate
chromophore reorientational properties.128 Both the
orientational order parameter and orientational mo-
bility are of interest for studies of PR materials: the
order parameter allows estimation of the electro-optic
nonlinearity achievable in the material, while orien-
tational dynamics studies help to clarify limiting
factors in PR temporal performance. Orientational
properties of the materials can be measured either
in time or in the frequency domain. Measurements
in the time domain involve applying a step-function
electric field and monitoring the response of the
system. Depending on the technique, the time evolu-
tion of different observables, such as electric field-
induced birefringence in a transmission ellipsometry
experiment69,104,129-132 or electric field-induced second
harmonic generation (EFISHG) in EFISHG experi-
ment,133,134 etc., is studied. In the frequency domain,
electro-optic relaxation and dielectric spectroscopy
can be utilized to measure frequency-dependent
refractive index modulation and dielectric constant
in low Tg polymer composites and glasses in response
to an ac electric field.69,83,135-138

To summarize, 2BC and FWM are the most widely
used geometries for evaluation of PR properties and
demonstration of applications. A modification of the
PR experiment that allows writing PR gratings via
two-photon absorption and then reading out nonde-
structively could potentially lead to improved stabil-
ity of gratings required for applications. In addition,
a variety of techniques are available for complemen-
tary characterization of photoconductive and orien-
tational properties of PR materials.

5. Physical Studies
In this section, we describe a number of physical

studies that have been performed on various materi-
als with an aim to elucidate mechanisms, understand
limiting factors, and improve performance of the PR
material. First, we discuss the impact of various
components of PR polymer composites on the physical
properties relevant for photorefractivity. In particu-
lar, the role of sensitizers, photoconductors, chromo-
phores, plasticizers, etc. will be considered (section
5.1). Then, we analyze the influence of experimental
conditions such as temperature, preillumination, etc.
on the PR properties (section 5.2). Finally, we review
several tests that can be performed on a PR material
to clarify the contribution of various mechanisms in
the observed PR performance (section 5.3).

5.1. Materials Study of Key Components

5.1.1. Sensitizers
The primary role of a sensitizer added to the PR

material is to assist in charge photogeneration. The
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multistep process of charge photogeneration in many
solids including PR organics includes photoexcitation
(step 1), followed by creation of an electron-hole pair
bound by Coulomb interaction (step 2), and finally,
separation (dissociation) of the electron-hole pair,
thus overcoming the Coulomb barrier (step 3). Charge
photogeneration efficiency is governed by a competi-
tion between recombination of a charge carrier with
its parent countercharge, termed geminate recombi-
nation, and electron-hole pair dissociation.62 The
most common quantitative treatment of this process
is a field-dependent charge separation theory by
Onsager,139 despite its recognized deficiencies,140,141

among which is the prediction of electron transfer
distances on the order of nanometers inconsistent
with spectroscopic estimates of several tenths of
nanometers. The inadequacy of the Onsager theory
originates from the assumption of infinitely fast
annihilation of electron-hole pair when the distance
between them reaches zero, and several models were
developed to take into account finite recombination
rates.140,141 Recently, the Marcus theory of electron
transfer142 has been applied to provide a theoretical
basis for the origin of slow recombination rates in
photoconductive polymers.143 Typical values for elec-
tron-transfer rates are ∼109-1011 s-1,144 and infor-
mation about time scales of the photogeneration
process in sensitized polymers can be obtained by
performing ultrafast transient absorption, transient
photoconductivity, and time-resolved fluorescence
experiments.145-150 The photogeneration efficiency in
PR polymers and organic glasses strongly depends
on electric field,47,115,117,151,152 mostly due to the field-
dependent dissociation of the electron-hole pair (step
3), although attempts have been made to include the
contribution of external electric field into Marcus
electron-transfer rates describing step 2.143 Generally,
the electric field dependence of photogeneration ef-
ficiency (φ) has a complicated form.62,113 However, in
most polymers in the range of applied electric fields
of ∼10-100 V/µm, it can be approximated reasonably
well with a power law (φ ∼ Ep), where the power law
exponent (p) ranges between 1.5 and 3.5 (e.g., in
PVK-based composites p ≈ 2).47,48

The choice of a sensitizer depends on the desired
wavelength sensitivity and is often dictated by the
transport molecule as well. The best performance is
obtained by optimizing the charge-transfer (CT)
properties between a given sensitizer and its parent
transport molecule. Several classes of organic mol-
ecules and pigments have been utilized as sensitizers
in organic photoconductors, including phthalocya-
nines, squaraines, perylene dyes, and thiapyrylium
salts. One recent approach involved incorporating
sensitizing agents, e.g., various transition metal
complexes, including phthalocyanines and porphy-
rins, into fully functionalized polymers and
glasses.89,153-155 The region of wavelength sensitivity
depended on the transition metal complex utilized
and could be varied by synthetic modifications.89

Another approach was to explore semiconductor
quantum dots such as CdS and CdSe as sensitizers
in hybrid organic-inorganic composites.43,116,156-159 In
this case, the wavelength sensitivity was determined

by the composition and size of the quantum dots.116

Despite these new approaches, the most successful
class of sensitizers to date remains the CT complexes
formed between a donor-like and an acceptor-like
molecule or moiety. The intermolecular interaction
(partial charge transfer) between the donor D and
the acceptor A leads to a new absorption band that
does not appear in the spectrum of either component
alone. Hence, spectral sensitivity in the visible and
the near-infrared (IR) part of the spectrum can be
achieved with CT complexes. Thus far, the most
commonly used sensitizers that readily form CT
complexes with donor-like molecules and polymers
are C60, TNF, and TNFM.

A recent detailed study of photogeneration in CT
complexes in PR materials was carried out by Hen-
drickx et al.117 In this work, C60 was used as a
sensitizer, and various arylamine derivatives were
introduced into the PS matrix to serve as hole
transporters. The photogeneration efficiency of these
composites was measured in a dc photoconductivity
experiment as a function of arylamine moiety con-
centration and its ionization potential (Ip). The
absorption spectra of the composites exhibited clear
evidence of CT bands formed between the arylamine
and C60. The main results of the study were (i) The
photogeneration efficiency increased as the difference
between the Ip of the donor (arylamine molecule) and
acceptor (C60) increased; and (ii) the photogeneration
efficiency increased as the distance between the
donor (arylamine) molecules decreased. These results
were explained in a framework of Marcus theory for
the electron-transfer process, which is characterized
by an electron-transfer rate kET:117

where k0 and b are prefactors, λ is a reorganization
energy, ∆R is the distance between the reaction
centers, and ∆HC is the enthalpy of complexation. (i)
For a given acceptor, ∆HC scales with a donor
strength, increasing for stronger donors, i.e., for
molecules with lower Ip. According to eq 7, in the
noninverted regime (∆HC < λ), this would lead to an
increase in kET as Ip decreases (or, equivalently, the
difference between Ip of donor and acceptor in-
creases), as observed by the authors. (ii) The expo-
nential term containing ∆R in eq 7 as well as the
intermolecular distance-dependent probability of elec-
tron-hole dissociation were claimed to be responsible
for the experimentally observed decrease in photo-
generation efficiency as the distance between the
donor molecules increased.

Photogeneration efficiency is a crucial parameter
for both the PR dynamics and steady-state perfor-
mance. As discussed in section 3.1, numerical simu-
lations of eq 3 predicted a strong dependence of PR
speed on the photogeneration efficiency. Therefore,
optimization of the sensitizer is important for the best
dynamical performance. Moreover, the sensitizer is
a major player in the steady-state properties of a PR
material as it is also linked to charge trapping, one
of the crucial processes in PR grating formation

kET ) k0 exp(-b∆R) exp[- (∆HC - λ)2

4λkBT ] (7)
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(section 2). The first experimental demonstration of
the link between the sensitizer and PR traps was
performed by Grunnet-Jepsen et al.46 in several PVK-
based composites sensitized with C60. In this study,
the authors uniformly illuminated PR samples con-
taining chromophores with different Ip values, with
647 nm light under electric field and measured the
growth of ionized sensitizer (i.e., C60 anion) density
by monitoring the spectral changes. Figure 7 shows
the change in absorption spectrum measured in a PR
sample with composition PVK/AODCST/BBP/C60 at
an electric field of 20 V/µm upon illumination with
10 mW/cm2. An absorption peak at a wavelength of
∼1080 nm, characteristic for C60 anions, grows in
time as their concentration in the sample increases
(the inset of Figure 7 shows the wider spectral range).
Both the steady-state concentration of C60 anion and
the dynamics of its growth and decay were linked to
the Ip of the NLO chromophores used in the samples.
Furthermore, the PR trap density deduced from a
2BC experiment was found to strongly correlate with
the ionized acceptor density, which unambiguously
proved the link between the two and emphasized the
role of chromophores as compensating traps. This
work initiated a number of detailed studies on the
role of chromophore and sensitizer in the trapping
process. Hendrickx et al.64 measured number density
of C60 anions in PVK/C1-C9/ECZ/C60 composites,
where C1-C9 were fluorinated styrene chromophores
(whose core structure was similar to that shown in
the inset of Figure 11) with Ip values ranging between
5.8 and 6.3 eV, upon illumination with 633 nm light
with intensity of 30 mW/cm2 at electric field of 80
V/µm. The authors found that the steady-state num-
ber density of C60 anions monotonically decreased as
the Ip of the chromophore increased (Figure 8). This
result can be qualitatively explained in a framework
of the PR model described in section 3.1. Numerical
simulations of eq 3 showed that the ionized acceptor
density NA

i (if the sensitizer is C60, then it would be

the density of C60 anion) that grows under uniform
illumination is affected by compensating trap densi-
ties available in the material as well as trap depths
(see Figure 3).48 Because chromophores could serve
as compensating traps in the composite,46 the trap-
ping properties (e.g., trap depths) would depend on
the Ip of the chromophores compared to that of the
transport molecule. One of the other results of the
study by Hendrickx et al.,64 confirmed in a separate
examination of a similar system by Herlocker et al.,65

was that in the samples with Ip close to or lower than
that of carbazole the authors observed degradation
of photoconductivity and PR speed after continuous
illumination prior to the experiments (see section
5.2.2 for discussion of preillumination effects).

To further investigate the role of sensitizer in the
PR performance, several experimental studies were
performed in which a sensitizer was varied while the
other components of the PR material remained the
same. Hendrickx et al.64 found that at 633 nm, the
photogeneration efficiency of PVK-based composites
sensitized with C60 was much higher than in analo-
gous composites sensitized with TNFM. Ostroverkho-
va et al.104 studied PR properties of low molecular
weight DCDHF glasses sensitized with C60 or TNFM
and found that the 2BC gain coefficient measured at
a wavelength of 676 nm in C60-sensitized glasses was
several times higher than that obtained at 830 nm
in the same glasses sensitized with TNFM at similar
absorption coefficients of the samples and similar
experimental geometry.104,160 The observed difference
in gain coefficient at the two wavelengths was too
large to be explained only by the dependence of the
gain coefficient on grating period that changed with
wavelength (eq 1). Because only the sensitizer mol-
ecules were different, while all other components
were unchanged, the total density of available com-
pensating traps in the material was the same in C60
and TNFM-sensitized composites. However, the 2BC
gain depends on the density of filled traps, rather
than total trap density, and filled trap density is
linked to the ionized sensitizer density by charge
neutrality.48 The ionized sensitizer density depends
on various parameters (section 3.1), including photo-

Figure 7. Absorption spectrum of PR polymer composite
PVK/AODCST/BBP/C60, showing light-induced growth of
the absorption peak at ∼1080 nm due to an increase in
C60

- concentration (right-hand axis). Initial trace a was
obtained prior to exposure to light. Traces b-g were taken
at 5, 10, 25, 35, 45, 65 min after the start of irradiation
with 10 mW/cm2 light at 647 nm at applied electric field of
20 V/µm. Inset shows spectra over wider wavelength range
taken before (thick trace) and after 65 min irradiation (thin
trace). Reprinted from ref 46 with permission. Copyright
1998 Elsevier.

Figure 8. Correlation between number density of C60
-,

obtained after illumination at 633 nm with 30 mW/cm2 at
an applied electric field of 80 V/µm, and Ip of the fluorinated
styrene chromophores (C1-C9) observed in the PVK/C1-
C9/ECZ/C60 composites. Reproduced from ref 64 by permis-
sion. Copyright 1999 The Royal Society of Chemistry.
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generation efficiency, which is different for the
composites sensitized with TNFM and C60. In several
studies exploring the contribution of a sensitizer to
the PR performance, various characteristics (e.g.,
photoconductivity, 2BC gain, phase shift, diffraction
efficiency, etc.) were measured as a function of the
sensitizer concentration.29,49,161,162 In all studies, ad-
dition of up to 1% of a sensitizer led to a significant
improvement of both PR dynamics and steady-state
properties. For example, in ref 162, an organic glass
containing a mixture of DCDHF derivatives
(TH-DCDHF-6V(50%)/DCDHF-8(50%)) was doped
with 0, 0.1, and 1% TNFM. While significant 2BC
gain coefficients of ∼120 cm-1 at an electric field of
50 V/µm and a wavelength of 830 nm were observed
in an unsensitized mixture (0% TNFM), the sensiti-
zation with 1% TNFM led to an approximately 5-fold
increase in 2BC gain coefficient, reaching ∼400 cm-1

at 40 V/µm (section 6.6), as well as a 3-fold increase
in PR response speed. However, an increase in a
sensitizer concentration beyond several percent may
lead to adverse effects. For example, in a PVK-based
material, it was observed49 that as the concentration
of the sensitizer (in this case TNFM) increased above
1.5%, the refractive index modulation decreased and
the build-up time increased due to an excessively
high trap density. In addition, an increased concen-
tration of the sensitizer leads to an undesirable
increase in absorption; thus, there is an optimal
concentration of sensitizer, which for commonly used
sensitizers is below or around ∼1%.

5.1.2. Photoconductors

As discussed in section 2, the ability of the material
to conduct charges is crucial for the PR effect. Several
types of photoconductors have been utilized in PR
materials including photoconductive polymers
(e.g., PVK, PSX, PPV),42,43,93,163-165 inert polymer
hosts (e.g., PS, PC, polysiloxane) doped or syntheti-
cally conjugated with charge transporting mole-
cules,155,166-169 photoconductive low molecular weight
glasses,104,151,170-172 etc. Most photoconductors cur-
rently used in PR composites are unipolar (hole)
conductors, although recently several electron-trans-
porting and bipolar organic materials have been
explored (section 6.7.2).

It is conventional to describe charge transport in
organic amorphous materials with a disorder formal-
ism developed by Bässler and co-workers.173 The
model is based on the argument that charge trans-
port occurs by activated hopping with asymmetric
Miller-Abrahams probability through a manifold of
localized states that are distributed in energy and
space. In molecularly doped systems, organic glasses,
or polymers with charge transport moieties (e.g.,
PVK), hopping occurs between charge transporting
molecule sites, and disorder is due to impurities,
differences in conformation, site energy distribution,
etc. of the charge transporting molecules. In conju-
gated polymers, hopping proceeds through the con-
jugated parts of the polymer chain, and the disorder
is due to impurities, kinks, and cross-links in the
conjugated path.174 In the disorder formalism, the

charge carrier mobility (µ) at moderate electric fields
is described by the following relation:

where µ0 is a prefactor, C is a constant, E is the
electric field, kB is the Boltzmann constant, and T is
temperature. The key parameters of the formalism
are the diagonal (energy) disorder parameter (σ) and
the off-diagonal (positional) disorder parameter (Σ)
that are influenced by the concentration of additives,
their dipole moment, Ip, etc.113,119,175,176 In addition,
as seen from eq 8, the mobility is electric field- and
temperature-dependent and typically is an increasing
function of electric field and temperature. Under
experimental conditions normally utilized in PR
experiments, the disorder formalism seems to ap-
proximate reasonably well a majority of the photo-
conductors used in current PR materials. However,
recent experimental observations of a decrease in
mobility as electric field increases prompted a reex-
amination of the assumptions of the disorder formal-
ism and, in particular, the treatment of hopping
using Marcus electron-transfer rates instead of Miller-
Abrahams rates,177,178 the treatment of charge trans-
port as three-dimensional,179 etc.

A number of experimental studies were conducted
to understand factors that affect charge carrier
mobility in various materials. In polymer composites,
the general trends of charge carrier mobility are that
(i) mobility decreases as the dipole moment of a host
or a dopant increases due to dipole-dipole inter-
actions affecting energetic disorder,119,175 and (ii)
mobility increases as a function of concentration of
charge transport moiety.176 There are also specific
properties that may vary from composite to compos-
ite. For example, a dopant (which could be an
additional charge transport molecule or a chro-
mophore) added in high concentrations can form an
additional transport manifold that would transport
charges in addition to a main manifold formed by a
host conducting polymer.180,181 Alternatively, if the
Ip of the dopant is close to that of the main transport
molecule, the dopants can participate in transport
and either increase or decrease mobility depending
on dopant concentration and Ip.48,181,182

In the context of PR properties, the essential
question is how the charge carrier mobility affects
the PR dynamics. Numerical simulations of eq 3
showed that the PR speed is highly mobility-depend-
ent.48 In addition to charge transport properties, the
disorder that exists in a polymer composite influences
trapping and recombination dynamics which are
important for both steady-state and dynamical PR
response.47,48,50,66,180,183,184

Over the past years, the host polymer PVK, char-
acterized by carrier mobilities µ ∼ 10-6-10-8 cm2/
(Vs) depending on electric field,113 was the photocon-
ductor most widely utilized in PR polymer composites.
Although a recent study showed that the mobility of
PVK can be slightly improved by adding small
concentrations of CdS quantum dots,185 better pho-
toconductors are needed to dramatically improve
mobility and PR speed. In PVK/C60-based composites,

µ ) µ0 exp[C[(σ/kBT)2 - Σ 2]xE - (2σ/3kBT)2] (8)
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the best PR response times achieved to date were on
the order of several milliseconds at external electric
fields of ∼100 V/µm and incident intensities of
∼0.5-1 W/cm2.93,129 There have been several at-
tempts to replace PVK with another photoconductive
polymer with higher mobility to improve PR response
speed of the PR composite.41,164,165,169,186,187 Unfortu-
nately, other contributing processes such as charge
photogeneration, chromophore orientation, etc.
prevented sub-millisecond PR speed in these materi-
als. The choice of photoconductor is not limited
to a polymer, and other photoconductors with high
charge carrier mobilities such as smectic and discotic
LCs,188-192 nematic LCs doped with small concentra-
tions of a conjugated polymer,193 conjugated organo-
metallic polymers,194 etc. could potentially serve
as photoconductive hosts in PR composites. An
alternative approach involves developing multifunc-
tional (including photoconductive) molecular
glasses.16,32,104,151,195,196 For recent reviews of charge
transport properties of various organic materials, see
refs 196 (organic glasses), 174, 197 (conjugated
polymers and oligomers), and 187 (triarylamines).

5.1.3. Chromophores
The primary role of the NLO chromophore in PR

polymer composites is to provide a functionality
leading to a refractive index change in response to
the electric field. As discussed in section 3.2, several
molecular parameters such as ground-state dipole
moment (µg), polarizability anisotropy (∆R), and first
hyperpolarizability (â) are of importance for the
electric field-induced refractive index change. It was
shown that a certain combination of these param-
eters, or chromophore figure-of-merit (FOM), ad-
equately describes the electro-optic nonlinearity im-
portant for the PR performance.52,198,199 The FOM is
defined as52

where M is the molar mass, kB is the Boltzmann
constant, and T is the temperature. (This expression
is equivalent to the C parameter of ref 51 and applies
to the most common geometry. In refs 198 and 200,
the FOM was defined as that of eq 9 multiplied by
M/9.) A series of studies was devoted to the optimiza-
tion of the chromophores to maximize the FOM given
by eq 9.170,200-203 Strategies of chromophore design
related to the optimization of FOM can be found in a
recent review in ref 27.

Considering the overall PR performance, various
additional properties of the NLO chromophore need
to be taken into account. For example, a high
concentration of NLO chromophores is desirable to
maximize electric field-induced birefringence. How-
ever, addition of high concentrations of small-
molecule NLO chromophores can cause PR compos-
ites to undergo phase separation which affects optical
clarity and reduces the shelf life of the PR device.204-206

Furthermore, in PR composites with high chro-
mophore content, there are spectroscopic evidences
of dimer and aggregate formation,207,208 which may

influence the electro-optic response. Moreover, highly
polar chromophores that possess high FOM (eq 9)
may reduce the charge carrier mobility in the com-
posite.119 Finally, as we discussed above (sections
5.1.1 and 5.1.2), the chromophore Ip needs to be
optimized with respect to that of the sensitizer and
charge transport molecule because chromophores can
participate in photogeneration, transport, and trap-
ping processes.48,117,209,210 As a result, the PR perfor-
mance is highly influenced by relative Ip values of
all constituents of the composite. Diaz-Garcia et al.209

studied PVK(49.5%)/DCST(35%)/BBP(15%)/C60(0.5%)
composites, in which different DCST derivatives with
various Ip (but all below that of PVK) were utilized
as NLO chromophores. Figure 9 shows PR response
speed (τg

-1/R, right axis, filled circles) and photocon-
ductivity (σph/R, left axis, open circles) normalized by
the absorption coefficient R (in the case of low
absorption) as a function of HOMO energy of the
chromophore relative to that of PVK. The highest PR
response speed as well as photoconductivity was
obtained in the composite containing AODCST chro-
mophores, in which the HOMO energy level is closest
to that of PVK. This was attributed to most favorable
charge transport and trapping dynamics obtained in
this case of almost matching energy levels. In similar
composites, Ostroverkhova and Singer48 varied the
concentration of a chromophore (NLO) complemen-
tary to that of a plasticizer (BBP) (molar PVK(49%)/
NLO(x%)/BBP(50 - x%)/C60(1%)). Two chromophores,
with Ip values higher and lower than that of PVK
(5CB and AODCST, respectively), were studied. The
PR speed increased with chromophore concentration
in the case of AODCST and remained almost con-
stant in the case of 5CB. The difference was at-
tributed to the participation of the AODCST in
photogeneration and charge transportsa conclusion
that was supported by photoconductivity experiments
and numerical simulations.48 Furthermore, in PVK-
based composites it was confirmed that chromophores
with Ip lower than that of the transport molecule can
create deep traps in the PR material, while shallow
traps form due to impurities and defects in the PVK
itself.47,48 While the presence of traps is necessary for
achieving high space-charge field in the material,
excessive amounts of deep traps could be detrimental
for PR dynamics and consistency of the PR perfor-
mance (section 5.2.2), which complicates the material

FOM ) 1
M[9µgâ +

2µg
2∆R

kBT ] (9)

Figure 9. Normalized PR response speed (right axis, filled
circles) and photoconductivity (left axis, open circles)
obtained in PVK/DCST/BBP/C60 composites as a function
of HOMO energy of the DCST chromophore relative to that
of the carbazole. Reprinted from ref 209 with permission.
Copyright 1999 American Chemical Society.
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design. For example, in PVK/NLO/ECZ/TNFM com-
posites,210 in which NLO chromophores with various
Ip lower than that of PVK were utilized, the fastest
PR dynamics were achieved in the composite con-
taining the chromophore with Ip closest to that of
PVK, while the highest 2BC gain coefficient and
diffraction efficiency were observed in the composite
containing the chromophore with the lowest Ip. This
emphasizes the need to optimize a material for a
particular application, because the trade-off between
steady-state and dynamical properties could be un-
avoidable.

5.1.4. Plasticizers
Plasticizers are commonly added to a PR composite

to lower the Tg to enhance the OE effect, i.e.,
chromophore reorientation in the space-charge field.51

Bolink et al.211 completed a study of a PVK/EPNA-
(30%)/ECZ/C60(0.1%) composite in which the concen-
tration of ECZ used as a plasticizer was varied from
0 to 17.5% to replace PVK. The steady-state PR
performance was enhanced as the concentration of
ECZ increased due to improved orientational proper-
ties and therefore higher electro-optic response.
Because the plasticizer itself does not typically have
a direct functionality contributing to the PR perfor-
mance, several studies were concerned with “func-
tionalizing” a plasticizer (e.g., using a charge trans-
porting molecule as a plasticizer)103,184 or eliminating
the need for a plasticizer.102,212-215 For example, Van
Steenwinckel et al.103 doped their fully functionalized
polymethacrylates with various concentrations of
inert plasticizer (LC) as well as charge-transporting
plasticizer (in this case ECZ). While the inert plas-
ticizer was more effective in lowering the Tg, it also
diluted the charge transporting moieties and at
concentrations above 10% lowered mobility and re-
duced the PR phase shift. With ECZ as a plasticizer,
although larger amounts were needed to lower the
Tg to the desired value, charge transport properties
did not deteriorate. The same group explored an
alternative approach to plasticization216 and synthe-
sized functionalized polymethacrylates that among
functional moieties (charge transporting, NLO, etc.)
contained a plasticizer moiety (“internal plasticizer”)
and thus did not require external plasticization.
However, similar to polymer composites, at same
relative-to-Tg temperatures, functionalized poly-
methacrylates that did not contain plasticizing moi-
eties exhibited better PR properties than those with
an “internal plasticizer” due to a higher concentration
of “functional” moieties.217 In one of the studies,
directed toward increasing the functionality of the
plasticizer, Zhang and Singer102 showed that the
commercially available LC 5CB can efficiently plas-
ticize a composite, while also serving as a NLO
chromophore. 5CB was added to the PVK/C60 mixture
in concentrations of 0-65%, which lowered the Tg
from ∼230 °C (0%) to ∼25 °C (65%). PR properties of
the composite PVK(59.8%)/5CB(40%)/C60(0.2%) (Tg ∼
40 °C) at room temperature were reported, for
example, 2BC net gain coefficients of ∼100 cm-1 and
external diffraction efficiencies of ∼61% at a wave-
length of 633 nm and an electric field of 150 V/µm.
Another study that among other results demon-

strated that NLO chromophores can perform the role
of a plasticizer was carried out by Bittner et al.130,218

who varied the concentration of the chromophore
DMNPAA substituting either the molecules of ECZ
or PVK in PVK/DMNPAA/ECZ/TNF composites. At
fixed a concentration of ECZ (e.g., 10%), the Tg’s of
the composites containing 30, 40, and 50% DMNPAA
were ∼62, 25, and 14 °C, respectively, which led to
different PR dynamics (PR response times of 129,
62.8, and 5 s, respectively) in these composites at
room temperature.130 This work was one of the
numerous studies that emphasized the role of Tg in
PR performance. A detailed description of the influ-
ence of Tg on PR properties is given in section 5.2.1.

5.1.5. Other Dopants

Recently, several studies reported manipulation of
the PR properties by using small concentrations of
various dopants. In particular, gold nanoparticles
added in low (below 1%) concentrations to a PVK-
(70%)/DCVDEA(28.6%)/TNF(1.4%) composite led to
an increase in 2BC gain coefficient and diffraction
efficiency (section 6.7.1).219 In a different study,
addition of 0.82% hole-transporting molecules TPD
to the PVK(39%)/DMNPAA(25%)/MNPAA(25%)/ECZ-
(10%)/TNF(1%) composite led to a change in the rate
of grating dark decay.105 Both results were explained
by dopants affecting trapping properties of the mate-
rial.

You et al. introduced a small amount (0-0.5%) of
a dopant (M1) that served as an electron trap into a
monolithic PR material (M0) that exhibited bipolar
charge transport.34 Both the 2BC gain coefficient and
diffraction efficiency measured at 780 nm increased
as the concentration of M1 increased from 0% (Γ ∼
140 cm-1 at 35 V/µm, ηmax ∼ 67% at 26 V/µm) to
0.05% (Γ ∼ 235 cm-1 at 35 V/µm, ηmax ∼ 78% at 23
V/µm), which was attributed to increased trap den-
sity. However, further increases in concentration of
M1 worsened PR steady-state properties (Γ ∼ 80 cm-1

at 35 V/µm, ηmax ∼ 35% at 31 V/µm at 0.5% of M1)
due to participation of M1 in electron transport that
effectively reduced the trapping density.

5.2. Improving the Photorefractive Performance
by Tuning the Experimental Conditions

The previous section discussed a number of physi-
cal studies directed toward optimizing polymer com-
posites for the best performance. Next, we consider
several ways to enhance the performance of the
materials by varying the physical conditions. In
particular, fine-tuning of Tg or the temperature at
which the measurements are conducted with respect
to Tg proved to be an effective way to improve PR
properties.47,69,130,212,220-222 In section 5.2.1, we con-
sider some pros and cons of the temperature tuning
approach. Another topic that we address is the effect
of preillumination. Several groups have reported the
effects of preillumination, both positive and negative,
on the photoconductive and PR performance of vari-
ous materials.42,46,48,64-66,223,224 In section 5.2.2, we
summarize the results of some of these studies.
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5.2.1. Fine-Tuning the Temperature

Temperature is a key parameter in the PR perfor-
mance because it affects all the processes participat-
ing in the PR effectsphotogeneration, charge trans-
port, trapping, and chromophore orientation in the
electric field. Several groups have reported the effect
of temperature on various material parameters such
as photogeneration efficiency,47 charge carrier mobil-
ity,119,151 PR phase shift,103 orientational mobil-
ity,69,132,218,225 etc. Generally, at temperatures below
Tg, an increase in temperature leads to improved
dynamic and steady-state PR properties due to an
enhanced orientational response and an increase in
photoconductivity.130,218,221,222 However, at tempera-
tures above Tg, while the PR dynamics can still
improve, thermal disruption of the chromophore
alignment, reduced trap densities, and increased
dark conductivity lead to a deteriorated steady-state
performance.47,69,130 Among the material classes whose
properties are highly sensitive to the temperature
with respect to Tg are organic glasses.69,226 In many
organic glasses, the PR dynamics at temperatures
around Tg are limited by the chromophore orienta-
tional speed.16,69,104,226 It is well-known from the vast
literature on poled polymers and nonlinear optical
organic glasses that chromophore orientational speed
can be dramatically enhanced by increasing the
temperature. As an illustration, Figure 10a shows
birefringence rise (∆nBR) due to chromophore orienta-
tion in response to a step-function electric field of 25
V/µm, measured in a transmission ellipsometry ex-
periment carried out at a wavelength of 976 nm in
an organic glass DCDHF-6(50%)/DCDHF-6-C7M-
(50%) with Tg ) 23 °C at various temperatures
ranging between 20 and 49 °C.69 Fine-tuning the
temperature to the value ∼1 °C above Tg improved
the orientational mobility by more than an order of
magnitude compared with the orientational mobility
at temperatures several degrees below Tg. Similar to
other organic glasses, at temperatures around Tg, the
PR speed in this mixture of DCDHF derivatives is
limited by chromophore orientational mobility and,
therefore, improved orientational speed should im-
prove the PR speed. Figure 10b shows the PR speed
(κr) obtained by fitting diffraction efficiency (η, η ∼
(1 - exp[-κrt])2) transients at a wavelength of 676
nm at an electric field of 20 V/µm in the same
DCDHF glass sensitized with 0.5% C60 as a function
of light intensity at various temperatures. Indeed, the
PR speed exhibited more than an order of magnitude
increase as the temperature increased from several
degrees below Tg to ∼10 °C above Tg, although as
seen from the increase in exponent b of power law
fits (κr ∼ Ib) with temperature (inset of Figure 10b),
the PR speed at higher temperatures becomes limited
by photoconductivity rather than chromophore ori-
entational mobility (section 5.3.1) and therefore is not
expected to increase at higher temperatures as fast
as in the temperature region around Tg. Moreover,
an increase in temperature beyond ∼Tg + (5-10) °C
leads to detrimental effects in the steady-state per-
formance. In particular, the 2BC gain coefficient
starts to dramatically decrease even at just a couple
of degrees above Tg.69 All DCDHF glass-forming

derivatives studied104 exhibited similar properties,
and the optimal temperature at which the PR dy-
namics are improved, while the 2BC gain coefficient
and diffraction efficiency are still high, was deter-
mined to be around Tg + (2-3) °C. Many parameters
such as conductivity, grating dark decay speed, etc.
may change dramatically at temperatures above Tg
and have to be taken into account when trying to
optimize the experimental temperature or the Tg of
the material.

5.2.2. Preillumination Effects
One aspect to be considered when designing PR

organic materials for applications is that the PR
performance of the material could depend on the
experimental sequence of events. For example, grat-
ing formation transients recorded by simultaneously
applying electric field and both writing beams can
be noticeably different from those obtained after the
poling field and one of the beams are applied for a
long time prior to grating recording.227 Both prepoling
effects related to the chromophore alignment in the
uniform electric field and preillumination effects
related to the creation of the ionized acceptor and

Figure 10. (a) Birefringence rise in response to step-
function electric field of 25 V/µm obtained in DCDHF-6/
DCDHF-6-C7M organic glass (Tg ) 23 °C) as a function of
temperature. Single-exponential fit to the transient mea-
sured at 30 °C is also shown. (b) PR speed of grating
formation measured in the FWM experiment at 20 V/µm
at 676 nm in the DCDHF-6/DCDHF-6-C7M/C60 glass as a
function of total intensity of the writing beams at various
temperatures. Lines correspond to fit with a power law (κr
∼ Ib). Inset shows the power law exponent (b) as a function
of temperature. Reprinted from ref 69 with permission.
Copyright 2003 Wiley-VCH.
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filled trap densities prior to the PR grating recording
have to be considered to optimize the grating record-
ing scheme. In most PR studies, a scheme in which
the samples are prepoled (i.e., electric field is applied
for a long time before the PR measurements) is
utilized, because it was shown to yield higher PR
speed.227 The effect of preillumination, though, is not
straightforward and varies depending on a material.
The first observation of preillumination effects on PR
steady-state and dynamic performance of polymers
was reported in 1994 and attributed to optical trap
activation.228 After the first report of the growth of
ionized acceptors (C60

-) due to preillumination,46

several studies were conducted to understand how
the illumination of the PR sample prior to the
photoconductivity or PR experiments affected the
measured quantities. In several PVK-based polymer
composites, the photoconductivity and PR response
speed were found to decrease with preillumina-
tion.64,65 For example, Herlocker et al.65 studied PVK/
NLO/ECZ/C60 composites, in which various fluori-
nated styrene derivatives F0, F1, F2, and F4 (in the
inset of Figure 11, F0 is a nonfluorinated derivative,
F1 contains fluorine at the position 2, F2 at the
positions 2, 5, and F4 at the positions 2, 3, 5, and 6)
with Ip values of 5.9, 6.0, 6.1, and 6.3 eV, respectively,
served as NLO chromophores (Ip of carbazole is ∼5.9
eV). Prior to the dc photoconductivity and FWM
experiments, the samples were illuminated with
various exposures of 633 nm light at an applied
electric field of 76 V/µm. Figure 11 shows the PR
response time (main figure) and inverse photocon-
ductivity (inset) normalized at their values at mini-
mal exposure of 10-2 J/cm2 as a function of exposure
measured in the samples containing chromophores
F0 (circles), F1 (squares), F2 (triangles up), and F4
(triangles down). As seen from Figure 11, the preil-
lumination effect depended on the Ip of the chro-
mophores and was stronger in the composites con-
taining the chromophores with lower Ip. Ostroverkhova
and Singer48 studied the effect of preillumination on
the time evolution of the diffraction efficiency in
PVK/NLO(x%)/BBP(50 - x%)/C60 composites contain-

ing either 5CB (Ip higher than that of the carbazole46)
or AODCST (Ip lower than that of the carbazole46)
as NLO chromophores. FWM experiments were first
performed in “fresh” samples and then after preillu-
mination with 633 nm light with an intensity of 150
mW/cm2 during 5-300 min at an applied electric field
of 10 V/µm. Figure 12 shows diffraction transients
obtained in “fresh” samples compared to those after
30 min of preillumination in the case of the 5CB-
containing composite and 5 min in the case of the
AODCST-containing composite. While the preillumi-
nation had no effect on a 5CB-containing composite
even after 30 min of preillumination, in the AODCST-
containing composite both the rise and decay in the
diffraction efficiency transient completely changed
after 5 min of preillumination (Figure 12). Both the
photoconductivity and PR speed degradation ob-
served in PVK-based composites were attributed to
deep trap filling during the preillumination, which
is consistent with the PR model described in section
3.1. The key mechanism is that during the preillu-
mination, the ionized acceptor density as well as filled
compensating trap density increase. If the PR experi-
ment is performed shortly after preillumination, so
that the traps with long detrapping times did not
empty, then there is a certain concentration of ionized
acceptors and filled traps in the materials at the
starting time of the PR experiment. Therefore, the
initial conditions for an illuminated sample are
different from those for the “fresh” sample in which
there are no ionized acceptors and filled traps in the
beginning of the PR experiment. However, the effect
of different initial conditions due to deep trap filling
on the PR performance has to be determined for each
material individually because it is controlled by the
relative values of all the rates (e.g., trapping, recom-
bination, etc.) introduced in section 3.1, and in
principle the same physical mechanism can lead to
different results, e.g., PR speed enhancement42,223

rather than degradation.64,65 Mecher et al. analyzed
the effect of preillumination on PR performance in a

Figure 11. Normalized PR response time as a function of
exposure of the PVK/NLO/ECZ/C60 samples to 633 nm light
at an electric field of 76 V/µm. Symbols correspond to the
samples containing: F0 (circles), F1 (squares), F2 (triangles
up), F4 (triangles down). Inset shows inverse photocon-
ductivity as a function of exposure measured in the same
samples and the chemical structure of the molecules.
Reprinted from ref 65 with permission. Copyright 2000
American Institute of Physics.

Figure 12. Diffracted signal as a function of time for
“fresh” and preilluminated with 150 mW/cm2 at 633 nm
and 10 V/µm samples of the PVK/NLO(x%)/BBP/C60 com-
posites containing x ) 40% of either (a) 5CB or (b)
AODCST. Reprinted from ref 48 with permission. Copy-
right 2002 American Institute of Physics.
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variety of PVK- and TPD-PPV-based composites,
including those containing permanent charges pro-
duced by adding a small amount of oxidizing agent
TBPAH to a TPD-PPV-based composite.224 The au-
thors concluded that the materials, in which the PR
speed was limited by inefficient charge photogenera-
tion in the absence of preillumination, exhibited
improved PR dynamics after preillumination. In
contrast, preillumination led to deteriorated PR
dynamics in materials in which the PR speed was
limited by charge carrier mobility.

To illustrate one case in which preillumination
yielded speed enhancement, we discuss FWM experi-
ments in the TPD-PPV/DMNPAA/MNPAA/DPP/
PCBM composite at an electric field of 60 V/µm and
total writing beam intensity of 3.27 W/cm2 at a
wavelength of 830 nm after various exposures to 633
nm light at 60 V/µm.42 Figure 13 shows the time
evolution of the diffraction efficiency measured in a
pristine sample and after pulsed preillumination
(with pulse duration of 955 ms) with 0.29, 0.58, 2.9,
and 5.2 W/cm2 at 633 nm. As seen from the figure,
in this material the preillumination improved PR
dynamics, and thus with a proper choice of the
preillumination duration and intensity, a consider-
able increase in PR speed can be achieved.42 Experi-
mental diffraction efficiency transients for various
intensities of the preillumination (Figure 13) showed
qualitative agreement with those calculated using the
PR model described in section 3.1 and photoelectric
parameters obtained from the photoconductivity
measurements.66

5.3. Characterization Issues and Caveats

5.3.1. Photorefractive Response Speed:
Photoconductivity or Orientationally Limited?

Characterization of the temporal dynamics in PR
organic materials is not an easy task. First of all, the
growth of the space-charge field is a complicated
function of various photoelectric rates that in most
cases cannot be described with a single exponen-
tial.48,57,58,60 Second, the convolution of the space-

charge field dynamics with noninstantaneous chro-
mophore orientational response to yield the overall
PR response speed further complicates the matter.
Over the past years, there have been many sugges-
tions regarding characterization of the PR dynamics.
Among the functions employed to fit the refractive
index change or 2BC gain measured in the PR
experiments are single exponentials,69,162,226 biexpo-
nentials,48,129,218,229 stretched exponentials,93,104,230 power
laws,159 etc. Also, inverse Laplace transform analysis
has been applied to the PR dynamics in order to
reveal various components of the dispersive behavior
and to assign them to certain processes.186,231 In
addition to PR measurements, separate studies of
chromophore orientational dynamics by independent
techniques (section 4.2.2) are often performed and
followed by the comparison between orientational
and PR dynamics. Typically, if the orientational
dynamics are much faster than the PR dynamics,
then the PR speed is limited by space-charge field
dynamics and is often referred to as a photoconduc-
tivity-limited response.129,134 If the chromophore ori-
entation and PR grating formation occur on the same
time scale, the PR dynamics could be orientationally
limited.104,226 However, further tests are needed to
confirm this conclusion. One such test relies on the
comparison between intensity dependencies of pho-
toconductivity and PR speed.93 This approach is
based on the fact that the orientational speed does
not depend on light intensity, and therefore, all the
writing or erasing beam intensity dependence of the
PR speed should come from the space-charge field,
or photoconductivity-related processes, in which case
the intensity dependencies of the photoconductivity
and PR (photoconductivity-limited) speed would be
similar.93 An example of photoconductivity-limited
PR speed (τg

-1, from fitting ∆n ∼ (1 - exp[-t/τg])),
measured in a low Tg PVK/AODCST/BBP/C60 com-
posite in a 2BC experiment at an electric field of 50
V/µm at 647 nm, is presented in Figure 14 as a
function of total writing beam intensity (filled circles).
Dc photoconductivity (σph) measured in the same
material as a function of light intensity is also shown
(open squares). As seen from Figure 14, both photo-
conductivity and PR speed follow the same slightly
sublinear (σph, τg

-1 ∼ Ib, b ∼ 0.8-0.9) dependence on
light intensity.93 Similar results were obtained in
other PVK-based as well as PSX-based compos-
ites.49,169 In contrast, for the case of orientationally

Figure 13. Time evolution of diffraction efficiency mea-
sured in the TPD-PPV/DMNPAA/MNPAA/DPP/PCBM com-
posite at 830 nm in a pristine sample (the lowest trace) as
well as after preillumination with 633 nm pulses of
955 ms duration and light intensity of 0.29, 0.58, 2.9 and
5.2 W/cm2. Reprinted with permission from Nature
(http://www.nature.com), ref 42. Copyright 2002 Nature
Publishing Group.

Figure 14. PR speed (filled circles) and photoconductivity
(open squares) measured in the PVK/AODCST/BBP/C60
composite as functions of light intensity at 50 V/µm at 647
nm. Solid lines represent power law fits. Reprinted from
ref 93, with permission. Copyright 1998 American Institute
of Physics.
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limited PR speed, the intensity dependence of the PR
grating formation or erasure speed is much weaker
than that of photoconductivity. For example, in
DCDHF glasses at temperatures several degrees
below Tg, the photoconductivity is a linear function
of light intensity, while both PR grating formation
and erasure speed (κr,e) determined from FWM ex-
periments are power law functions of light intensity
κr,e ∼ Ib with b ∼ 0.2-0.4 (Figure 10b). Further
confirmation of the orientationally limited PR speed
below Tg in DCDHF glasses comes from the similarity
of orientational speed kBR ∼ 0.02 s-1 measured in the
transmission ellipsometry experiment and the PR
speed κr ∼ 0.025-0.045 s-1.69

5.3.2. Traps and Grating Dark Decay

According to the analytical description of grating
erasure derived by Cui et al.58 from the Schildkraut/
Buettner model,56 the PR grating dark decay could
provide some information about the trap depth,
because the speed of dark decay is directly connected
to the detrapping rates (i.e., â1,2 in eq 3). Zilker and
Hofmann232 studied grating dark decay in a DRDCTA/
EHMPA/TNFM organic glass (Tg ) 21 °C) as a
function of applied electric field. At every value of
electric field, the measured decay of the diffraction
efficiency was fit with a stretched exponential (η1/2

∼ exp[-t/τd]â). It was found that the time constant
of the decay (τd) decreased by a factor of ∼3 as the
electric field increased from 40 to 80 V/µm, while the
dispersion parameter (â) remained the same (â ∼
0.9). The dispersion was attributed to the distribution
of the release times from the traps, and the electric
field dependence of the time constant was explained
by electric-field-assisted release of charges from
trapping sites with broad energy distribution.232

In general, care should be taken with interpreting
the results of the grating dark decay measurements
because several processes can contribute. First of all,
because the Schildkraut/Buettner model describes
only space-charge field formation, but does not take
into account the OE effect,51 a contribution of chro-
mophore relaxation to PR grating decay has to be
ruled out. Moreover, even if the grating dark decay
is dominated by a space-charge field decay rather
than chromophore relaxation, surprising results can
occur. For example, in the PVK/DMNPAA/MNPAA/
ECZ/TNF composite, the dark decay speed was found
to depend on the intensity of the writing beams and
recording time.105 Finally, the PR model used by Cui
et al.58 for derivation of the grating decay dynamics
does not take into account dark conductivity, which
undoubtedly will strongly affect the grating dark
decay.69

5.3.3. Other Concerns

5.3.3.1. Influence of Beam Attenuation and
Gaussian Profile. While in most high-performance
PR materials the absorption at the wavelength of the
PR experiments is kept low (usually below ∼30 cm-1

or RL ∼ 0.3), some promising materials have higher
absorption coefficients.49,162,170 In this case, the effects
of beam attenuation in the sample should be taken
into account when performing material characteriza-

tion.70 For example, absorption should be properly
accounted for to determine the intrinsic values of
photoconductivity and PR response speed from the
corresponding experimentally measured values.49,70,162

In addition to the beam attenuation due to absorp-
tion, standard Gaussian beam profiles (as opposed
to uniform intensity distribution) could affect the PR
dynamics as was demonstrated in the analysis of the
PR grating erasure in BisA-NAS/DEH PR polymer.70

5.3.3.2. Beam Fanning and Multiwave Cou-
pling Effects. Beam fanning is an amplified scat-
tering effect that occurs in high-gain PR organic
materials (just as in inorganic crystals). Fanning
manifests itself through an intensity loss as a single
beam is transmitted through a sample with an
electric field applied. The physical mechanism of
beam fanning relies on the energy transfer charac-
teristic of a 2BC experiment. A part of the pump
beam scattered in the sample is amplified when the
scattered light propagates in a direction that experi-
ences high gain, i.e., the direction along which the
interaction length between the pump and scattered
light is maximized. For the sample geometry shown
in Figure 5 at a sample thickness much smaller than
the diameter of the pump beam, maximal interaction
occurs between the pump beam and scattered beams
propagating parallel to the electrodes.71 For PR
characterization, beam fanning can be detrimental
because it limits the PR gain and affects the results.
The magnitude of the beam fanning effect depends
on the direction of the applied field.71,233 It was found
that to minimize the beam fanning, a negative high
voltage has to be applied to the sample electrode at
which the writing beams are incident. Therefore, this
geometry is a preferable choice for the measurements
of 2BC gain. Also, reducing the beam diameter helps
to minimize beam fanning.234 However, at higher
electric fields, even these measures are not sufficient
to suppress the fanning, which prevents extraction
of useful parameters.104,131,162,170 Improving optical
quality and thermal stability of the films may help
to reduce the scattering and therefore the beam
fanning effect even in high gain materials.104 Al-
though beam fanning can be detrimental for mea-
surements of 2BC gain, it can be advantageous for
some applications such as optical limiting. For ex-
ample, in the high-performance PR organic glass
DCDHF-6(89.5%)/PVK(10%)/C60(0.5%), the transmis-
sion of a beam with incident intensity of 1 W/cm2 at
647 nm was studied as a function of electric field in
the experimental configuration maximizing beam
fanning.16 At 60 V/µm, only ∼25% of the incident
beam was transmitted through the 100-µm-thick
film.

In addition to beam fanning, there are other effects
that can complicate PR experiments designed to
determine the 2BC gain coefficient and diffraction
efficiency including electroabsorption,235,236 grating
bending,72,237 grating competition,51,73,74,107,238 etc. These
effects can play an important role depending on the
experimental geometry and electric field. For ex-
ample, in the PVK/BDMNPAB/TNF composite it was
found236 that at low electric fields and small incident
angles, electroabsorption was relatively small, while
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the competition between transmission and reflection
gratings could affect the observed 2BC gain. In
contrast, at high electric fields and high incident
angles, electroabsorption dominated over other effects
in obstructing the PR measurements.

To summarize section 5, through careful measure-
ment and selection of improved components, much
progress has been made in the quest for the “ideal”
PR material. The material parameters and experi-
mental conditions that affect PR steady-state and
dynamic properties were identified and thoroughly
studied. However, as one might expect, it appears
that a “perfect” material may not exist because the
structure-function relationships for the various com-
ponents are often mismatched. Instead, every PR
material has to be optimized for a particular applica-
tion due to trade-offs between high gain coefficients
and/or diffraction efficiencies and PR speed, long
grating storage times, and undesirable illumination
history dependence, etc. Nevertheless, the tremen-
dous pool of physical studies is of great help in taking
into account all the parameters and predicting the
performance of a material considered for a certain
application.

6. New Photorefractive Materials

Over the past several years, tremendous progress
in improving PR organic amorphous materials has
been accomplished. Because of the wide scope of PR
materials research, it is impossible to describe all the
new materials in one review, and thus we refer to
several recent reviews for detailed description of the
material design strategies developed for various
subclasses of organic materials.24-27,239-241 Here, we
limit our discussion to the best performing materials,
which we arbitrarily define as those exhibiting gain
coefficients above 150 cm-1 and/or diffraction ef-
ficiencies above 50%, reported since late 1996 up to
March 2004. For the high-performance materials
developed before 1996, the reader may consult Table
1 and the related discussion in ref 22. The following
materials categories will be considered: polymer
composites (section 6.1), organic amorphous glasses
(section 6.2), fully functionalized materials (section
6.3), polymer dispersed liquid crystals (PDLCs) (sec-
tion 6.4), and other LC-containing materials (section
6.5). Then, special attention will be devoted to novel
materials exhibiting high sensitivity in the near-IR
wavelength region (section 6.6). Finally, other direc-
tions of material research such as PR hybrid organic-
inorganic composites, sol-gels, etc. will be outlined
in section 6.7.

6.1. Polymer Composites
The most common composition of the best PR

polymer composites explored to date is ∼40-60 wt
% of a photoconductive polymer (e.g., PVK, PSX, PPV
derivatives, etc.) to provide sufficient density of
transport sites, ∼25-35 wt % of a NLO chromophore
(e.g., dyes, LCs, etc.) to ensure a sufficient electro-
optic response, ∼15-30 wt % of a plasticizer (e.g.,
ECZ, BBP, DOP, etc.) to facilitate chromophore
orientation by lowering Tg of the material, and

finally, a small amount (usually below 1 wt %) of
sensitizer (e.g., C60, TNF, TNFM) to assist in charge
photogeneration. A common alternative approach
involved introducing ∼1 wt % of external sensitizer
and ∼40-60 wt % of multifunctional molecules that
serve both as charge transporting agents and NLO
chromophores in an inert polymer matrixes such as
PS, PIBM, PTCB155,166 to minimize inert volume and
improve thermal stability of the composite.

In section 5.1, we reviewed the main strategies that
allow for optimization of the various components of
the composite to improve the overall PR performance.
In this section, we list the constituents (Table 1) and
summarize the properties of the best-performing PR
polymer composites reported thus far in the red
wavelength region (Table 2).

Among the sensitizers, C60,93,131 its more soluble
derivative PCBM,41 and TNF163 were utilized in the
best performing composites in the red. In the near-
IR, TNFM163,170 was the most common choice (section
6.6), although PCBM was also utilized.42

The most widely used photoconductive polymers
were PVK,93,131,163 various modifications of PSX,164,165,169

and several derivatives of PPV.41-43,242 As discussed
in section 5.1.2, charge mobility is an important
factor in PR dynamics, and thus the choice of photo-
conductor is an important issue to consider. PSX
exhibits a mobility comparable to PVK,243 with a
lower Tg, which leads to a reduced concentration of
required plasticizer in a PR polymer composite and
therefore a possible improvement of the PR proper-
ties due to reduced inert volume. PPV derivatives
exhibit mobilities several orders of magnitude higher
than PVK,45 which could potentially lead to a faster
PR speed (section 5.1.2). Other high-mobility poly-
mers such as TFB,186 PBPES,244 PMPS,245 TDPANA-
FA,246 were also considered as photoconductive hosts
in polymer composites. Unfortunately, no consider-
able improvement of PR dynamics was achieved in
these materials compared to the best performing
PVK-based composites due to other factors such as
photogeneration efficiency and orientational dynam-
ics. Furthermore, many of the composites with fast
PR dynamics exhibited low 2BC gain and diffraction
efficiencies, in part due to reduced trap densi-
ties.186,246

Among the most successful NLO chromophores
utilized in PR polymer composites (see ref 27, for a
recent review) are azo dyes (e.g., DMNPAA), oxopyri-
done derivatives (e.g., ATOP-3), dicyanostyrene de-
rivatives (e.g., AODCST), dicyanomethylenedihydro-
furan derivatives (e.g., DCDHF-6), pyridone deriva-
tives (e.g., 2BNCM), rigidized polyene derivatives
(e.g., DHADC-MPN), etc. In addition to the NLO
properties, many chromophores such as DHADC-
MPN, ATOP-4, DCDHF-6, etc. exhibited charge-
transporting properties. Such multifunctional chro-
mophores allowed minimizing inert volume and
stabilization of the composite. For example, a high-
performance PVK-based composite containing
DHADC-MPN as a chromophore had poor thermal
properties due to phase separation between the
highly polar chromophore and relatively nonpolar
PVK.163 When the inert polar polymer PTCB was
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Table 1. Chemical Structures of Sensitizers, Photoconductors, Plasticizers, and NLO Chromophores Utilized in
High Performance PR Polymer Composites
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utilized instead of PVK, so that DHADC-MPN mol-
ecules served both as charge transport agents and
NLO chromophores, high PR performance was pre-

served, while the thermal stability of the composite
was considerably improved.166 In addition to a num-
ber of functionalities that can be performed by single

Table 2. PR Properties of High Performance Organic Materials in the Visible Part of the Spectruma

composite
(conc of

constituents,
wt %))

Tg,
°C

R,
cm-1

d,
µm

λ,
nm

Γ, cm-1

(E, V/µm)

τg
-1,

s-1

(I, W/cm2)
ηmax, %

(E, V/µm)

τFWM
-1,

s-1

(I, W/cm2)

∆n,
10-3

(E, V/µm) ref

Polymer Composites
PVK/AODCST/BBP/C60 9 80 647 235 (100) 200 (1) 93, 131

(49.5/35/15/0.5) 6 (0.1)
PVK/DCDHF-6/BBP/C60

(49.5/30/20/0.5)
15 80 647 400 (100) 4 (0.1) 131

PVK/BDMNPAB/TNF
(55/44/1)

43 100 633 195 (85) ∼1 (0.004) 40int (70) 4.2 (92) 215

PVK/6OCB/C60
(49.8/50/0.2)

47.1 70 210 (65) 214

PSX/DB-IP-DC/TNF
(69/30/1)

27.5 60 100 633 390 (100) 30 (0.04) 92int (30) 3 (30) 165, 247

PSX/DMNPAA/TNF
(53/46/1)

25 670 221 (80) 0.2 (1.2) 5.8 (80) 164

PSX/stilbene A/TNF
(51/48/1)

25 40 670 53 (100) 100int,
60ext (70)

0.017 (1.2) 10.5 (100) 164

DBOP-PPV/DMNPAA/
MNPAA/DPP/PCBM
(52/20/20/5/3)

14.4 34 105 633 90int (62) 1.7 (0.305) 2.6 (62) 41

p-PMEH-PPV/DO3/
DPP/C60
(74/5/20/1)

45 633 403 (0b) 0.003 (0.28) 242

PPT-Cz/DDCST/C60
(64.5/35/0.5)

-7 36.6 100 633 250 (60) 93int (100) 0.37 (0.034) 1 (50) 94

PTCB/DHADC-MPN/
DIP/TNFM
(49.7/37.6/12.5/0.18)

22.6 105 633 225 (50) 71ext (28) 0.07 (0.78) 8.5 (50) 166

Amorphous Glasses
2BNCM/PMMA/TNF

(90/9.7/0.3)
22 4 150 676 69 (40) 80 (40) 0.012 (1) 10 (40) 249

DCDHF-6/C60
(99.5/0.5)

19 12.7 70 676 240 (30) 0.6 (0.1) 0.41 (0.8) 104

DCDHF-6-CF3/C60
(99.5/0.5)

17 19.9 70 676 255 (40) 0.116 (0.1) 0.21 (0.8) 104

EHCN/TNF (99/1) 25 41 100 633 84 (40) 90int (30) 0.67 (0.121) 1.3 (30) 251
Cz-C6-THDC/ECZ/TNF

(89/10/1)c
33 50 65 (70) 4.5 (70) 252

methine A 6 1.64 130 633 118 (89) 74int (53) 5.6 (53) 171

Fully Functionalized Polymers
Ru-FFP 130 102 690 380 (0b) 0.0014 89

Polymer-Dispersed Liquid Crystals and Liquid Crystals
PMMA/TL202/ECZ/TNFM 99d 105 633 136 (10) 100int (8) 3.2 (22) 265

(42/40/17/1) 53 56ext (22)
PMMA/TL202/ECZ/CdS

(42/40/16/2)
7.5 129 514.5 30 (31) 72ext,

90int (50)
∼0.1 (3) 158

SCLP/E7/C60
(50/49.95/0.05)

<20 50 633 640 (0.7) 0.29 (8) 310

E7 on PVK/TNF
(83/17)e

20 10 514.5 3700e (0.9) 44ext,f (0.9) ∼100 293

Hybrid Organic-Inorganic Composites, Glasses, and Sol-Gels
PIBM/AZPON (40/60) 113 55 633 350 (35) 80int (13) 9 (25) 155
BEPON 24 49 40 633 750 (100) 40int (28)c 11 (33) 155
PVK/DCVDEA/TNF/Au

(70/28.6/1.4/<1)
40 70 633 240 (130) 43 (90) 219

Sol-gel DMHNAB-
urethane-SiO1.5/
SiO1.5OH/ECZ/TNF
(1:1.1:0.2:0.002)g

29 30 633 444 (0b) 25.6int,h (0b) 0.0056 3.5h (0b) 87

Sol-gel SG-Cz/
SG-MN/PEG/TNF
(45/45/9/1)

2 75 633 55 (94) 82.4ext (94) 0.59 (0.14) 323

a Columns represent: (1) composition (concentration of the constituents in wt %, unless stated otherwise); (2) glass transition
temperature Tg; (3) absorption coefficient R; (4) sample thickness d; (5) wavelength of the PR experiments λ; (6) 2BC gain coefficient,
measured with p-polarized writing beams, Γ (electric field E, at which the indicated Γ was obtained); (7) PR response time τg

-1

obtained from fits to 2BC dynamics (total light intensity of writing beams, at which the indicated value of τg
-1 was obtained); (8)

maximal diffraction efficiency ηmax, measured with p-polarized probe and s-polarized writing beams. External (ηext) or internal
(ηint) diffraction efficiency is indicated, where applicable (electric field E, at which the indicated η was obtained); (9) PR speed
τFWM

-1 obtained from fits to either formation or erasure of the PR grating measured in the FWM experiment (total light intensity
of either writing beams or erasing beam); (10) refractive index modulation ∆n, calculated from the diffraction efficiency (electric
field E, at which the indicated refractive index modulation was obtained); (11) reference to work from which the data was taken.
All data reported were obtained in Bragg regime (volume grating) at room temperature, unless stated otherwise. b Prepoled material.
c Temperature of the measurements Tm ) 30 °C. d Includes scattering losses. e All the measurements were done in the Raman-
Nath regime. See discussion about the relevance of the gain coefficient in the text. f Maximal diffraction efficiency possible in the
Raman-Nath regime is ∼34%. The authors attributed their high diffraction efficiency by nonsinusoidal space-charge field. g Molar
concentrations. h This value was obtained with p-polarized writing beams and p-polarized readout.
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moieties, some of the molecules (e.g., ATOP-4,
DCDHF-6, 2BNCM) exhibited glass-forming proper-
ties and were utilized in low molecular weight
monolithic PR organic glasses (section 6.2).

Among the small-molecule plasticizers, various
types of molecules such as inert nonpolar molecules
(e.g., BBP), LCs, and charge transporting molecules
(e.g., ECZ) were used (Table 1). As usual, however,
the addition of relatively small NLO chromophores
as molecular dopants can also achieve a certain
degree of plasticization.

Table 2 summarizes the PR properties of several
high performance PR organic materials including
polymer composites in the red wavelength region.
Importantly, very large 2BC gain coefficients up to
400 cm-1 were achieved in several polymer compos-
ites. As an illustration, Figure 15 shows the 2BC gain
coefficient as a function of electric field obtained in
the composite PVK/DCDHF-6/BBP/C60 at 647 nm in
the case of high writing beam ratio (open circles) and
beam ratio of unity (closed circles).131 While at a beam
ratio of unity, strong beam fanning effects prevented
the experiments at electric fields above ∼60 V/µm,
the experiments with a high beam ratio allowed
assessing the PR performance of the composite at
higher fields. Gain coefficients of ∼400 cm-1 were
obtained at electric fields of ∼100 V/µm and were
accompanied by a low absorption coefficient of ∼15
cm-1 at the wavelength of the 2BC experiment (647
nm), which led to high net gain coefficients of ∼385
cm-1.

Comparison of diffraction efficiencies is made com-
plicated because some researchers report internal
diffraction efficiencies, while others report external
diffraction efficiencies. In the PSX/stilbene A/TNF
composite, an internal diffraction efficiency of 100%
which corresponded to external diffraction efficiency
of 60% was obtained in 40-µm-thick films at 70 V/µm
at 670 nm.164 In several other composites, internal
diffraction efficiencies of over ∼90% were obtained
(Table 2).41,94,247 In the PTCB(50.3%)/DHADC-MPN-
(37.4%)/DIP(12.3%) composite, which did not contain
any sensitizer, an external diffraction efficiency of
78% was obtained in a 105-µm-thick sample at only

36 V/µm at 633 nm.166 However, the PR response time
was slow, on the order of ∼47 s. Addition of 0.18%
TNFM led to severalfold improvement in the re-
sponse time, while maintaining a high external
diffraction efficiency of 71% at 28 V/µm and net gain
coefficient of ∼202 cm-1 at 50 V/µm (Table 2).

As discussed in section 5, it is challenging to create
a material with both excellent steady-state and
dynamic performance. Most PR polymer composites
which exhibit high gain coefficients >200 cm-1 (Table
2) exhibit PR response speed ranging between 0.1
and 10 s-1 at light intensities below 1 W/cm2. In the
red wavelength region, the best PR response time of
∼5 ms while maintaining high 2BC net gain coef-
ficient of ∼225 cm-1 at an electric field of 100 V/µm
and light intensity of 1 W/cm2 at a wavelength of 647
nm was achieved in PVK/AODCST/BBP/C60.93 In
addition, in several composites, the PR speed was
reported at lower light intensities, and therefore a
faster response could be expected at higher intensi-
ties. For example, the PR response time measured
in high performance polymer composite PVK/DCDHF-
6/BBP/C60 (Figure 15) was ∼250 ms at 100 mW/cm2

at 647 nm.131 The inset of Figure 15 shows the
dependence of PR response speed on the electric field
measured in the composite PVK/DCDHF-6/BBP/C60
(open triangles) as well as in the above-mentioned
composite PVK/AODCST/BBP/C60 (closed triangles).
Under similar conditions of total writing beam in-
tensity of ∼100 mW/cm2, the PR dynamics in a
DCDHF-6-containing composite is not significantly
slower, and thus, similar to the PVK/AODCST/BBP/
C60 material, response times on the order of several
milliseconds would be expected in the PVK/DCDHF-
6/BBP/C60 composite at light intensity of ∼1 W/cm2,
accompanied with high 2BC gain (Table 2). As
another example, the composite PSX/DB-IP-DC/TNF
(Table 2) exhibited a net gain coefficient of 330 cm-1

and a PR response time of 33 ms at 100 V/µm at light
intensity of only 40 mW/cm2 at 633 nm.248 Increasing
the intensity could potentially reduce the response
time of this material down to several milliseconds.
However, it should be kept in mind that large
intensities are not always desirable due to increased
probability of photodamage, undesirable absorption
grating formation, etc.

Overall, the advantage of polymer composites is the
ability to tune their properties by varying the con-
centration and type of constituents. The disadvan-
tages include the potential phase separation and
crystallization that can occur when highly polar
chromophores are added in large concentrations to
the nonpolar matrixes.204 Also, as discussed above,
an addition of a plasticizer which lowers Tg and
therefore enhances chromophore orientation in the
meantime increases the inert volume, which worsens
photoconductive and NLO properties.

6.2. Organic Amorphous Glasses
Organic glasses refer to materials containing no

amorphous polymer, and typically the one primary
molecular component serves the functions of photo-
conductor as well as NLO molecule. The advantage
of organic glasses is that the inert volume is mini-

Figure 15. Electric field dependence of 2BC gain coef-
ficient obtained in the composite PVK/DCDHF-6/BBP/C60
at 647 nm at high beam ratio (open circles) and beam ratio
of unity (closed circles). Inset shows PR response speed as
a function of electric field measured at total writing beam
intensity of 100 mW/cm2 in PVK/DCDHF-6/BBP/C60 (open
triangles) and PVK/AODCST/BBP/C60 (closed triangles).
Reprinted from ref 131 with permission. Copyright 2001
American Institute of Physics.
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mized, i.e., the density of NLO moieties and charge
transporting sites is the maximal achievable due to
tight packing of the molecules in the glass, yet there
is no phase separation problem that occurs in the
polymer composites with high concentration of chro-
mophores. The disadvantage is that the easy tun-
ability of the properties that is the case for polymer
composites is reduced to synthetic modifications of
the glass-forming molecule. In addition, the molecule
must be designed to prevent self-crystallization to
maintain optical clarity. Nevertheless, by synthetic
efforts, sets of molecules with the same core moieties
but with various covalently attached substituents
have been created to tune the thermal and optical
properties.170,208,249,250

The first PR organic amorphous glass was reported
in 1996249 and was based on the 2BNCM multifunc-
tional chromophore (Figure 16). A net gain coefficient
of 65 cm-1 and diffraction efficiency of ∼80% were
obtained in a 2BNCM(90%)/PMMA(9.7%)/TNF(0.3%)

mixture at 40 V/µm at 676 nm (Table 2). (The
addition of the small amount of PMMA to the
2BNCM glass did not significantly affect the Tg and
steady-state PR performance but improved the PR
dynamics).249 Since then, a variety of PR glass-
forming molecules have been synthesized and charac-
terized.16,27,151,170-172,208,222,250-252

Several representative molecules that form the
highest-performing PR glasses reported to date are
shown in Figure 16. Some of these molecules (e.g.,
methine B, ATOP-4, IDOP-20, etc.) exhibited extraor-
dinary PR properties in the near-IR wavelength
region and will be discussed separately in section 6.6.
As a result of high density of functional groups in
organic glasses, many materials exhibit high gain
coefficients and diffraction efficiencies at low electric
fields, which is important for applications. For ex-
ample, at 676 nm, several glasses containing DCDHF
derivatives (e.g., DCDHF-6, DCDHF-6-CF3, a mix-
ture of DCDHF-6 and DCDHF-6-C7M, etc.) sensi-

Figure 16. High performance glass forming molecules.
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tized with C60 exhibited net gain coefficients of ∼230
cm-1 at electric fields of only ∼30-40 V/µm (Table
2).104 At 633 nm, a diffraction efficiency η ∼ 90% was
measured at 30 V/µm in a 100-µm-thick film of EHCN
glass sensitized with 1% TNF,251 and η ∼ 74.3% was
observed at 53 V/µm in 130-µm-thick film of a low-
molecular-weight glass based on the unsensitized
methine dye A.171 Many organic glasses that exhib-
ited excellent steady-state performance had slow PR
dynamics, with response times at best on the order
of tens of seconds at temperatures around Tg,104,170,226

although glasses with response times on the order
of several tens of milliseconds (e.g., DRDCTA/DOP/
C60,151 methine dyes,171 etc.) were also reported. In
many cases, slow PR dynamics are related to slow
chromophore reorientation in the electric field due
to intermolecular dipole-dipole interactions and low
free volume. As described in section 5.2.1, the per-
formance of PR glasses is strongly dependent on the
temperature relative to Tg,69,222,226 and the PR speed
can be dramatically improved by increasing the
temperature above Tg. However, at the same time the
steady-state performance may worsen,69 and there-
fore the temperature should be chosen to optimize
both steady-state and dynamic performance.

6.3. Fully Functionalized Polymers
Fully functionalized PR polymers have attracted

attention because they eliminate the problems of
phase separation and crystallization and therefore
could lead to a better thermal stability and longer
shelf life for potential devices. The first fully func-
tionalized PR polymer was reported in 1992 and

consisted of a multifunctional polyurethane upon
which charge generator, charge transporter, and
NLO moieties were incorporated as side chains.253

This material exhibited a 2BC gain coefficient of only
2.3 cm-1. Since then, much progress has been made
in the development of high-performance fully func-
tionalized PR materials.25,153,154,168,216,217,254-257 A re-
cent review of strategies of material design applied
to the synthesis of fully functionalized polymers can
be found in ref 25. Here we summarize the perfor-
mance of the best fully functionalized polymers
reported to date. Net gain coefficients of over ∼200
cm-1 at zero external electric field at 690 nm were
obtained in high Tg prepoled conjugated polymers
containing Ru photogenerator complexes, introduced
into the polymer backbone (Ru-FFP, Figure 17a,
Table 2).89 However, the PR response time in these
materials was long, on the order of several hundreds
of seconds. In oligothiophenes covalently attached to
NLO chromophores, diffraction efficiencies of ∼40%
with PR response times of ∼40 ms were obtained in
∼70-µm-thick films at electric fields of ∼70 V/µm at
the wavelength of 633 nm for the writing beams and
of 780 nm for the probe beam.258 Polymethacrylates
with attached charge transporting carbazole and
NLO moieties (e.g., P6, Figure 17b), externally
sensitized with 1% TNFM, exhibited 100% internal
diffraction efficiencies in 125-µm-thick films at ∼58
V/µm and gain coefficients of ∼150 cm-1 at 65 V/µm
at 780 nm (Table 3).217 In conjugated poly(p-phe-
nylene-thiophene)s with attached tricyanodihydro-
furan derivatives (P1, Figure 17c), external diffrac-
tion efficiencies of ∼68% and gain coefficients of ∼180

Figure 17. (a) Fully functionalized PR polymer containing ruthenium complex (Ru-FFP). (b) Fully functionalized PR
polymethacrylate (P6). (c) Fully functionalized PR polymer containing DCDHF chromophore (P1).
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cm-1 were obtained in 130-µm-thick films at 50 V/µm
at 780 nm (Table 3),259 which approached the steady-
state performance of many high performance PR
composites and glasses at this wavelength.

6.4. Polymer-Dispersed Liquid Crystals
Polymer-dispersed liquid crystals (PDLCs), which

contain high concentrations of both polymer and
liquid crystalline molecules that phase separate into
droplets, were initially of interest due to their electro-
optic switching properties for potential applications
ranging from optical shutters to displays.260,261 In PR
PDLCs, the polymer typically provides the photocon-
ductive properties needed for the space-charge field
formation, while the LC droplets provide orienta-
tional nonlinearity needed for the refractive index
modulation. The advantage of PDLCs compared with
traditional polymer composites is that LC molecules
in droplets can be reoriented with much lower electric
fields than those used in polymer composites. PR in
PDLCs was reported for the first time in 1997 by two
groups.262,263 The two groups used similar polymer/
LC mixtures (PMMA/E49262 and PMMA/E44263), but
with different sensitizers (1% TNF262 and 0.05%
C60

263). Additionally, Golemme et al.262 used 21% ECZ
as a charge transporter. The assessment of the
hologram regime264 is commonly done using a pa-
rameter Qh ) 2πdλ/(Λ2n), where d is the sample
thickness, λ is the optical wavelength, Λ is the
grating spatial wavelength, and n is the refractive
index, and the cases of Qh > 10 correspond to Bragg
(volume, or thick) holograms, while Qh e 1 represents
the Raman-Nath (surface or thin) grating regime.53

Interestingly, the experiments performed by Go-
lemme et al.262 were done in the Bragg regime (thick
grating), while those by Ono and Kawatsuki263 oper-
ated in Raman-Nath regime (thin grating). In the
Bragg regime,262 an internal diffraction efficiency of
∼40% (external ∼8%) and refractive index modula-
tion ∆n ∼ 0.002 at an electric field of 23 V/µm as well
as the 2BC gain coefficient of 41 cm-1 at an electric

field of 6 V/µm were obtained at 633 nm in a 53-µm-
thick PDLC film. However, no net gain was observed
in this material due to high scattering losses. In the
Raman-Nath regime,263 similar values of refractive
index modulation ∆n ∼ 0.003 were observed at an
electric field of 40 V/µm at 633 nm in a 25-µm-thick
film.

Since 1997, the PR performance of PDLCs has
considerably improved.158,265-268 For a recent review
of LC-containing PR materials, including PDLCs, see
ref 26. In the Bragg regime, one high-performance
PR PDLC exhibited internal diffraction efficiencies
of 100% in 105 µm films at an electric field of only 8
V/µm and net gain coefficients of 37 cm-1 at 22 V/µm
(composite PMMA(42%)/TL202(40%)/ECZ(17%)/TN-
FM(1%)265) at 633 nm. In another PDLC, external
diffraction efficiencies of 72% (internal ∼90%) in 129
µm film at 50 V/µm (composite PMMA(42%)/TL202-
(40%)/ECZ(16%)/CdS(2%)158) were observed at 514.5
nm. As a third example, internal diffraction efficien-
cies of 100% in 125 µm films at 25 V/µm and
refractive index modulations ∆n ∼ 0.018 at 50 V/µm
(composite containing 60% of functionalized poly-
methacrylate, 19% of LC, 20% of azo dye and 1%
TNFM267) were obtained at 780 nm. The weak points
of PDLCs include high losses due to scattering, which
prevent high net gain, and slow, on the order of
minutes, PR dynamics due to low mobility. Ono et
al. compared scattering losses, photoconductive and
PR properties in the Raman-Nath regime between
PMMA-based phase-separated PDLC samples and
miscible polymer-dissolved LC samples and con-
cluded that the latter systems were superior to
PDLCs in all parameters due to more favorable
morphology.269 The potential to improve dynamics by
substituting PMMA with a photoconductive polymer
such as PVK was demonstrated in the composites
PVK(48%)/TL202(51%)/TNF(1%) (PVK(56%)/E869-
(30%)/ECZ(13%)/TNF(1%)) in which PR response
time reached ∼100 ms (∼25 ms) at ∼400 mW/cm2

(∼1.2 W/cm2) at 633 nm.265,270 However, diffraction

Table 3. PR Properties of High Performance Organic Materials in the Near-IR Wavelength Regiona

composite (conc of
constituents, wt %))

Tg,
°C

R,
cm-1

d,
µm

λ,
nm

Γ, cm-1

(E, V/µm)
τg

-1, s-1

(I, W/cm2)
ηmax, %

(E, V/µm)
τFWM

-1, s-1

(I, W/cm2)
∆n, 10-3

(E, V/µm) ref

Polymer Composites
PVK/ATOP-3/ECZ/DPP/TNFM

(31/40/14/14/1)
14 15 105 790 180 (30) 85int (22) 1.3 (9.9) 7 (40) 170

PVK/DHADC-MPN/ECZ/TNFM
(49/25/25/1)

105 830 74ext (59) ∼0.5 (1) 1.5 (40) 163

PVK/Lemke-E/ECZ/TNFM
(43/28/28/1)

125 780 175 (72) 20 (4.5) 15

PVK/Ch C/ECZ/TNFM
(42/28.2/28.5/1.3)b

21 ∼44 125 780 230 (68) 95int (52) 210

Amorphous Glasses
TH-DCDHF-6V/DCDHF-8/TNFM

(49.5/49.5/1)
23 87.8 80 830 463 (45) 0.22 (0.1) 162

methine B 26 5.54 130 780 221.4 (89) 87.6int (44) 60 (3) 10.4 (44) 171
IDOP-20/DPP/TNFM (69/30/1) 18 11 100 780 150 (50) 0.0068 83int (40) 0.0075 9 (60) 226
ATOP-4/TNFM (99/1) 16 111 105 790 130 (28) 85int, 32ext (10.5) 10.7 (28) 170
M0/M1 (99.95/0.05) 2.5 125 780 237.5 (35) 77.5int (23) 34

Fully Functionalized Polymers
P6/TNFM (99/1)c 33 ∼65 125 780 150 (65) 100int (58) ∼0.05 (11) 2.8 (58) 217
P1 20 24 130 780 180 (50) 68ext (46) 0.5 (1.9) 259

a Structure of the table is described in the caption of Table 2. b The measurements were carried out at the temperature Tm )
25 °C. c The measurements were carried out at the temperature Tm ) 35 °C.
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efficiencies of only several percent and/or no net gain
were obtained from these composites.

A number of physical studies were conducted in
various PDLC systems to clarify the mechanism of
PR in these materials.91,266,271-275,269 In particular, the
orientational nature of PR in PDLCs was studied by
scanning electron microscopy266 and by the analysis
of the electric field dependence of diffraction efficiency
measured in a FWM experiment.274 Recently, static
and dynamic near-field scanning optical microscopy
was applied to study photogeneration, ion migration,
and electric field-induced LC reorientation in dye-
doped PDLCs.276 In other studies, the importance of
the direction of total electric field,274 droplet size275

and interfaces, local heating,273 residual internal
polarization, etc. were investigated.

6.5. Other Liquid Crystal-Containing Materials
PR in LCs was first observed in 1994 in 5CB and

several other nematic mixtures sensitized with a
small amount of dye such as R6G, Methyl Red,
etc.277-279 Here, the space-charge field was formed via
nonuniform diffusion of photogenerated ions and
depended on relative diffusion coefficients for the
anions and cations as well as conductivity contrast.278

The resulting refractive index perturbation occurred
due to reorientation of the highly anisotropic LC
molecules in the space-charge field. The Raman-Nath
(thin grating) regime was utilized, so that several
diffraction orders were observed. At 514.5 nm, a 2BC
gain coefficient of ∼25 cm-1 and a diffraction ef-
ficiency of ∼1% at an electric field of 0.01 V/µm were
reported in 100-µm-thick cells (the grating period was
∼278 µm) filled with 5CB.279 A theoretical formalism
for the PR effect in LCs was developed in refs 277
and 280-282.

Since 1994, much improvement was achieved in PR
performance for these materials (see ref 26. for a
recent review). For example, in the Raman-Nath
regime, diffraction efficiencies of ∼20% (the maximal
diffraction efficiency for the Raman-Nath regime is
∼34%283) were reported at 514.5 nm in a 10-µm-thick
cell coated with 63 nm of a photoconductive polymer
and filled with an E7 nematic mixture.284 It is
difficult to report 2BC gain coefficients extracted from
measurements in the Raman-Nath regime, because
the formulas for Bragg regime (eq 4) assume expo-
nential growth of the gain with sample thickness,
which is not necessarily true for a thin grating. Yet,
some researchers report gain coefficients (Γ) calcu-
lated using eq 4, while others use values of gain factor
defined as γ0 ) I1(out)/I1(in), where I1(in) (I1(out)) is
the intensity of the probe beam in the absence
(presence) of the pump beam. However, because gain
γ0 can depend on pump beam intensity (I2) (or pump/
probe intensity ratio âp ) I2(in)/I1(in)), it is difficult
to compare the results reported by different groups,
and therefore further in this section we will list the
PR parameters together with relevant experimental
conditions.

One of the strategies that led to an improvement
of the PR performance of LCs was doping the LC with
donor and acceptor molecules to increase photoge-
neration efficiency.285 In the eutectic LC mixture

8OCB/5CB doped with perylene as an electron donor
and NI as an electron acceptor, a gain of γ0 ) 1.88
with PR response time of ∼40 ms at âp ) 1, I2 ) 50
mW/cm2 and applied electric field of ∼0.07 V/µm was
obtained in a 37 µm cell at 514.5 nm.285 It was also
demonstrated that similar to polymer composites,
doping with fullerenes enhanced the PR properties
of LCs. For example, in 5CB doped with 0.05% C60,
γ0 ) 18 with a PR response time of ∼300 ms at âp )
245, I2 ) 400 mW/cm2 and an electric field of 0.3
V/µm286 was observed in a 10 µm cell at 488 nm. In
addition, recently it was shown that PR sensitivity
of LCs can be improved by doping them with carbon
nanotubes.287,288

To increase the trap density and improve charge
carrier mobility, it was proposed to stabilize the LC
with low concentration of polymer.193,289 Moreover, it
was found that PR in LCs can be promoted by surface
activation, e.g., by using a photoconductive substrate
such as a PR crystal290 or thin layers of photoconduc-
tive polymers on the ITO surfaces of the LC cell.291-297

In a 10 µm LC cell coated with 100-nm-thick layers
of the PVK(83%)/TNF(17%) polymer composite, a
2BC gain factor of γ0 ) 12 with a PR response time
below 10 ms was obtained at âp ) 15, pump beam
power P2 ) 15 mW and an electric field of ∼0.9 V/µm
at 514.5 nm (Table 2).293 Other techniques such as
prealigning the LC with a magnetic field298 and using
various alignment layers299-301 also affected PR per-
formance of the LC.

Recently, the PR effect in chiral smectic LC
phases,295 including ferroelectric SmC* phases,302 was
observed and launched extensive studies directed
toward understanding the mechanisms and improv-
ing the materials.303-308 Ferroelectric SmC* LCs
exhibit a net polarization (Ps) that leads to fast (∼µs)
and efficient molecular reorientation in the space-
charge field (Esc) as a result of the coupling between
Ps and Esc and in principle can exhibit an electronic
electro-optic effect (not possible in nematic phases).302

However, the PR properties of ferroelectric LCs
explored thus far are inferior to those of other LC
materials, with typical 2BC gain factors γ0 ∼ 1.02-
1.04, diffraction efficiencies of ∼1-3%, and PR re-
sponse speed ∼20-100 ms (at âp ) 1 and electric
fields of ∼0.1-5 V/µm in 4-10 µm cells); partly due
to challenging sample preparation.

Although the majority of studies of PR LCs in-
volved the Raman-Nath regime, Bragg gratings were
also demonstrated.289,298 In the Bragg regime, dif-
fraction efficiencies of over ∼65% at 37 V/µm were
obtained in the 100-µm-thick films of polymeric LCs
in the isotropic phase doped with 30% DEH and 1%
TNF at 633 nm.309 Moreover, high gain coefficients
and diffraction efficiencies at low electric fields were
obtained in several polymer dissolved LCs. Ono and
Kawatsuki310 studied the 2BC at 633 nm in the E7/
C60 combination, to which a side-chain LC polymer
(SCLP), whose chemical structure is illustrated in
Figure 18a, was added in the concentration of 0-50%.
The highest net gain coefficient of over 600 cm-1 at
an electric field of 0.7 V/µm was achieved in a SCLP-
(50%)/E7(49.95%)/C60(0.05%) mesogenic composite,
although the PR response time in this composite was
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the slowest of all, on the order of ∼3.5 s at 8 W/cm2

(Table 2). As the concentration of SCLP decreased,
the 2BC gain decreased, although the PR response
time improved. For example, in the composite con-
taining 30% of SCLP and 69.95% of E7, a net Γ of
∼400 cm-1 with a PR response time of ∼400 ms was
obtained. In another study by the same group, 20%
of the copolymer (Cop1), the chemical structure of
which is shown in Figure 18b, was added to the
mixture E7/TNF to improve photoconductivity, and
the concentration of TNF was varied from 0.64 to
2%.311 At 532 nm, a diffraction efficiency of ∼39%
with PR response time of ∼1 s was obtained at an
electric field of 0.3 V/µm and total writing beam
intensity of ∼20 mW/cm2 in the 50-µm-thick film of
the composite containing 2% TNF.

6.6. Near-Infrared-Sensitive Materials
Near-infrared (IR) PR sensitivity is of interest due

to several reasons, among which is the possibility to
utilize PR materials in biological applications by
taking advantage of the tissue transparency window
in the 700-900 nm wavelength region. Another
motivation comes from the ability to employ low-cost
compact semiconductor laser diodes, available at
numerous wavelengths in this part of the spectrum,
as light sources in a variety of applications. Origi-
nally, the PR performance of the organic materials
in this wavelength region was inferior to that in the
red due to a lack of efficient sensitizers. However,
recently considerable progress has been made in
increasing the near-IR sensitivity. Table 3 lists the
PR properties of the best-performing organic materi-
als in the near-IR, and there are examples from the
classes of polymer composites, glasses, and fully
functionalized polymers. Almost all of the materials
utilized TNFM as a sensitizer, and several approach
the performance of the best materials in the red
wavelength region. Among the best near-IR materials
are PVK-based composites sensitized with TNFM

such as PVK/DHADC-MPN/ECZ/TNFM, which ex-
hibited external diffraction efficiency of 74% at an
electric field of 59 V/µm at 830 nm,163 PVK/ATOP-3/
ECZ/DPP/TNFM with a 2BC gain coefficient of 180
cm-1 at only 30 V/µm and internal diffraction ef-
ficiency of 85% at only 22 V/µm at 790 nm,170 PVK/
Ch C/ECZ/TNFM with a gain coefficient of 230 cm-1

at 68 V/µm and internal diffraction efficiency of 95%
at 52 V/µm at 780 nm,210 etc. (see Table 3 for details
and Table 1 for chemical structures). Moreover,
several organic amorphous glasses outperformed
polymer composites in the near-IR. Some of these
multifunctional materials did not require a plasticizer
and exhibited considerable 2BC gains and diffraction
efficiencies even without external sensitization. For
example, in the organic glass composed of 100% of
merocyanine dye ATOP-4, an internal diffraction
efficiency of ∼15% was observed at ∼17 V/µm at 790
nm (Figure 19a, open circles),170 although the speed
was not remarkable. Upon sensitization with 1%

Figure 18. (a) Side-chain liquid crystalline (SLCP) poly-
mer utilized in high performance PR mesogenic composites
SLCP/E7/C60. (b) Copolymer (Cop1) added to E7/TNF
mixture to improve PR performance.

Figure 19. (a) Diffraction efficiency as a function of
applied electric field measured at 790 nm in organic glass
ATOP-4 (open circles) and in ATOP-4/TNFM (closed circles).
Reprinted from ref 170, with permission. Copyright 2001
American Chemical Society. (b) Gain coefficient as a
function of electric field obtained in 1:1 TH-DCDHF-6V/
DCDHF-8 organic glass sensitized with 0, 0.1, and 1%
TNFM (closed circles, open squares, and closed triangles,
respectively). Double symbols correspond to different
samples. Lines illustrate absorption coefficients (solid,
dashed, and dash-dotted lines correspond to 0, 0.1, and
1% TNFM composites, respectively). Inset shows molecular
structures of DCDHF-8 (left) and TH-DCDHF-6V (right).
Adapted from ref 162 with permission. Copyright 2003
American Institute of Physics.
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TNFM, the diffraction efficiency overmodulated (Fig-
ure 19a, closed circles) reaching its maximum of 85%
(which corresponds to the external diffraction ef-
ficiency of 32%) at the electric field of only 10.5
V/µm.170 Similarly, an unsensitized organic glass
consisting of a 1:1 mixture of TH-DCDHF-6V and
DCDHF-8 molecules (right and left, respectively, in
the inset of Figure 19b) exhibited 2BC gain coef-
ficients of ∼100 cm-1 at 45 V/µm at 830 nm. Sensi-
tization with TNFM led to an increase in PR response
speed as well as in the gain coefficient, which in the
composite containing 1% TNFM reached the value
of ∼463 cm-1 at 45 V/µm, as illustrated in Figure
19b.162

Despite excellent steady-state performance, PR
speed in the near-IR wavelength region remains low
in many materials. In several organic glasses includ-
ing those based upon DCDHF and IDOP derivatives,
the PR speed at temperatures around Tg is orienta-
tionally limited and is on the order of several seconds
at best. However, several glasses exhibited consider-
ably faster PR response. In the glass-forming dye
methine B (Figure 16), the increase in refractive
index modulation (∆n) during the PR grating forma-
tion was characterized with a biexponential, yielding
time constants of 16.6 ms (52% of the signal) and 1.2
s (48%) at an electric field of 84 V/µm, total writing
beam intensity of 3 W/cm2 and a wavelength of 780
nm.171 Moreover, at this wavelength, a pure methine
B glass exhibited 2BC net gain coefficients of ∼216
cm-1 at 89 V/µm and diffraction efficiencies of 87.6%
at 44 V/µm. Another glass that showed a millisecond
response time in the near-IR wavelength region
consisted of 69% of the bifunctional molecule DRDC-
TA (Figure 16), 30% of the plasticizer EHMPA (Table
1), and 1% of TNFM.232 At 790 nm, this glass
exhibited diffraction efficiencies of ∼37% (∆n ∼ 0.003)
at 80 V/µm in a 25-µm-thick film and was character-
ized with biexponential PR dynamics, with the
smaller time constant dropping to 4 ms at total
writing beam intensity of 7.2 W/cm2.

In section 5.2, we discussed the influence of the
experimental conditions on PR performance. For
example, it was found that the PR response time in
the TPD-PPV/DMNPAA/MNPAA/DPP/PCBM com-
posite could be dramatically improved by gated
preillumination (section 5.2.2).42 In the “fresh”
samples, the PR response times obtained in the FWM
experiment were on the order of several seconds at
an electric field of 60 V/µm and total writing beam
intensity of 1 W/cm2 at 830 nm. However, when the
same experiment was performed after uniform preil-
lumination of the sample for 955 ms with a light
intensity of 5.2 W/cm2 at a wavelength of 633 nm,
the PR response times decreased to several tens of
milliseconds (Figure 13).

6.7. Other Materials Directions

6.7.1. Hybrid Organic−Inorganic Composites and Glasses

In addition to optimization in the standard classes
of PR organic materials, several groups have pursued
hybrid organic-inorganic composites as a new direc-
tion in the development of PR materials. For a recent

review of optical properties of hybrid organic-
inorganic composites see ref 312. One class of such
composites utilized semiconductor quantum dots such
as CdS or CdSe, which were introduced in small
concentration into standard PVK- and PPV-based
composites43,116,157,159 as well as PDLCs.158 Although
the influence of quantum dots on photoconductivity
of polymers was studied earlier at about the same
time as fullerenes,156,313 until recently the polymers
doped with quantum dots were not explored as PR
media. Indeed, some early attempts to use quantum
dots as sensitizers resulted in large photochromic
effects. For PR materials, an attractive property of
quantum dots as sensitizers is that their wavelength
of maximum sensitivity is size-dependent, which
allows for tunability of the PR response over a range
of wavelengths.116 In addition, it was found that
doping photoconductive polymers (e.g., PVK, PPV)
with quantum dots improved photoconductive prop-
erties.314-316 In particular, in PVK doped with 1% of
CdS, the photogeneration efficiency depended on the
size of the nanoparticles and when optimized for a
particular wavelength, considerably exceeded the
photogeneration efficiency of PVK doped with 2% C60
at this wavelength (in this case at 514.5 nm).116 In
addition, doping PVK with ∼5% of CdS led to a
severalfold increase in mobility.185 Thus far, the PR
performance of the composites sensitized with quan-
tum dots is inferior to that of similar composites
sensitized with traditional C60 or TNF.158,159 However,
recently high external diffraction efficiencies of 72%
(corresponding to internal of ∼90%) were obtained
at an electric field of 50 V/µm at a wavelength of
514.5 nm in 129-µm-thick films of the PMMA/TL202/
ECZ/CdS composite (Table 2).158

Inorganic dopants other than quantum dots were
also explored as constituents in a polymer composite.
One of the studies219 found that less than 1% gold
(Au) nanoparticles added to the otherwise standard
PVK/DCVDEA/TNF composite led to an increase in
the 2BC gain coefficient, reaching 206 cm-1 at 118
V/µm at 633 nm, compared to 152 cm-1 in the
undoped composite under the same conditions. The
increase in PR gain was explained by an increased
trap density confirmed by PR phase shift measure-
ments.219

Another approach involved the use of various
transition metal complexes as sensitizers in fully
functionalized polymers and glasses. PR properties
of fully functionalized polymers containing Ru and
Os complexes were explored in the red and near-IR
wavelength regions, respectively.89 High 2BC net
gain coefficients of over 200 cm-1 were obtained in
Ru-containing polymers (section 6.3). In Os-contain-
ing polymers, gain coefficients of ∼80 cm-1 were
obtained at 780 nm. However, because of the high
absorption coefficient of 186 cm-1 at this wavelength,
net gain was not achieved in these materials. Among
other PR hybrid materials are those based on cyclo-
palladated complexes which can be implemented into
a polymer matrix, form a glass or a liquid crystalline
phase, in which case they can be used without
additives. Figure 20 shows the chemical structures
of two high-performance cyclopalladated complexes
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AZPON and BEPON.155 The composite containing
60% of AZPON introduced in the inert polymer PIBM
did not require external sensitization and showed
high 2BC net gain coefficient of ∼240 cm-1 at an
electric field of 35 V/µm at a wavelength of 633 nm
(Table 2). At the same wavelength, pure BEPON,
which formed glass with Tg of 24 °C, exhibited a 2BC
net gain coefficient of ∼700 cm-1 at an electric field
of 100 V/µm and a refractive index modulation of
0.011 at an electric field of 33 V/µm.155 In addition, a
cyclopalladated complex that formed a ferroelectric
SmC* phase was synthesized and without sensitiza-
tion exhibited PR performance similar to that ob-
served in dye-doped PR ferroelectric LCs.306

6.7.2. Electron-Transporting and Bipolar Organic Materials
PR properties of inorganic crystals with bipolar

transport were extensively studied both theoretically
and experimentally.3,317 A number of organic materi-
als with bipolar transport have been developed and
characterized for potential applications in OLEDs,
solar cells, etc. Materials with high electron and hole
mobilities (µe and µh, respectively) were reported (e.g.,
amorphous ter(9,9-diarylfluorene)s318 with µe,h ∼10-3

cm2/(Vs)). The majority of organic photoconductors
currently used in PR composites are unipolar and
most frequently hole transporters. However, recently
several electron-transporting and bipolar photo-
conductors were implemented in PR organic
materials.31-33 The best-performing electron trans-
porting PR materials thus far are glass-forming dyes
methine A and B (Figure 16) described in sections
6.2 and 6.6, respectively.171 The first PR bipolar
organic glass based on a sexithiophene derivative
(hole transporter) covalently linked to a methine dye
(electron transporter) was reported in 2000.32 In this

glass, complementary gratings formed due to simul-
taneous electron-hole transport were observed. Be-
cause of different mobilities and trapping properties
of electrons and holes, these gratings exhibited
different PR dynamics. Other signatures of comple-
mentary gratings such as cancellation, revelation,
and oscillatory behavior of the gratings319 were also
demonstrated. A 2BC net gain coefficient of ∼70.4
cm-1 and diffraction efficiency of 19.8% were mea-
sured in a 130 µm film at an electric field of 77 V/µm
at a wavelength of 633 nm. The PR dynamics were
described with a biexponential function, with a faster
component reaching ∼10 s-1 at a light intensity of 1
W/cm2. In another study, a dopant that served as an
electron trap was introduced in a bipolar PR glass,
and the PR properties measured as a function of
dopant concentration.34 At the dopant concentration
of 0.05%, high gain coefficients of ∼235 cm-1 at 35
V/µm and diffraction efficiencies of ∼78% at 23 V/µm
were obtained at 780 nm (section 5.1.5, Table 3).
Grating revelation effect was also observed and
depended on the concentration of the dopant. Re-
cently, fully functionalized PR polymers (poly(p-
phenylene-thiophene)s with tricyanodihydrofurans
attached) exhibiting bipolar charge transport were
synthesized and characterized.259 One of the polymers
(P1, Figure 17c, section 6.3) exhibited high gain
coefficients of ∼180 cm-1 at 50 V/µm and diffraction
efficiencies ∼68% at 46 V/µm at 780 nm (Table 3).

6.7.3. Sol-Gels
Sol-gel materials encompass a large variety of

inorganic and hybrid organic-inorganic composites
which are prepared by a certain technique, sol-gel
processing. This technique involves the generation
of colloidal suspensions (“sols”) which are subse-
quently converted to viscous gels.320 Transition-metal
oxide and silica sol-gels have been utilized as
catalysts, ceramics, coatings, fibers, etc.321 The stages
of the sol-gel process include hydrolysis, condensa-
tion, gelation, aging, drying, and densification. Ad-
vantages of the sol-gel preparation technique include
low processing temperature, high purity, sample
geometry flexibility (from fibers to thick films), good
thermal, optical and mechanical quality, although
sample preparation can involve slow drying in ambi-
ent humidity to prevent cracking. The benefits of PR
sol-gel materials include the ability to utilize high
concentrations of NLO chromophores without phase
separation problems, long grating dark decay times
in high Tg sol-gels for data storage applications,
etc.322 Recently, several PR materials with both high
and low Tg were prepared by sol-gel route starting
from hydrolysis of silicon alkoxides.87,90,323 In a corona-
poled high Tg sol-gel containing the NLO chro-
mophore DR1 and charge transporting carbazole
moieties covalently attached to the silica-based back-
bone and doped with TNF,90 2BC net gain coefficients
of ∼200 cm-1 at zero applied field were obtained at
633 nm. However, in this case of a film thickness of
only 3.5 µm (with a grating period of 0.81 µm),
equations 4 from which the gain coefficient was
calculated have a limited applicability, and the
grating may have had a strong photochromic com-
ponent from the well-known cis-trans isomerization

Figure 20. Cyclopalladated complexes exhibiting PR
effect.
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of DR1. Also, the PR response time of this material
was slow, on the order of several minutes. Similar
PR response times were obtained in another high Tg
sol-gel containing the azo dye DMHNAB covalently
attached to the silica glass backbone, ECZ and TNF.
In this glass, permanently poled at the temperature
of 125 °C, net gain coefficients of ∼415 cm-1 were
observed at 633 nm.87 In the absence of prepoling,
the same material yielded a 2BC gain coefficient of
∼188 cm-1, which was explained by the interaction
between space-charge field and azo dye orientational
gratings. However, these results require further
studies, both theoretical and experimental, to explain
the source of asymmetric 2BC effect in a centrosym-
metric material.

In the attempt to improve the PR dynamics, low
Tg sol-gels were explored. Sol-gels containing tri-
ethoxysilanes bearing charge transporting carbazole
(SG-Cz) and NLO chromophore (SG-MN) units, doped
with PEG as a plasticizer and TNF as a sensitizer,
yielded glass transition temperatures ranging be-
tween 2 and 16 °C, depending on the relative con-
centration of SG-Cz and SG-MN units.323 These sol-
gels exhibited PR net gain coefficients of ∼105 cm-1

(SG-Cz(30.1%)/SG-MN(60.2%)/PEG(9%)/TNF-
(0.7%)) and diffraction efficiencies of ∼82% ((SG-Cz-
(45%)/SG-MN(45%)/PEG(9%)/TNF(1%))) in 75 µm
films at an electric field of 94 V/µm at 633 nm. The
PR dynamics depended on the composite and were
characterized with a biexponential, with a faster time
constant of 1.7-9.9 s and a slower time constant on
the order of several minutes at a light intensity of
140 mW/cm2.323

To summarize section 6, much progress has oc-
curred in the last seven years in the development of
high performance PR materials in all materials
classes. Almost complete energy transfer between two
light beams as well as 100% diffraction efficiency are
now possible over a wide wavelength spectrum, and
millisecond response times have been demonstrated
in a variety of materials. In addition, mechanistic
issues such as phase separation, dye aggregation, etc.
have been successfully treated, improving materials
shelf life, durability, and ability to sustain a large
number of duty cycles. However, further studies of
stability against photochemical degradation are
needed.

7. Applications and Novel Effects
One of the main driving forces for the development

of PR organic amorphous materials is their ease of
processing for technological applications. As a con-
firmation of this fact, it was recently demonstrated
that large-scale PR polymer devices can be fabricated
using one of the traditional plastic manufacturing
technologiessinjection moldingswithout compromis-
ing the PR performance.324 Many potential applica-
tions in data storage, image processing, optical
computing, etc. were proposed for PR polymers, and
the past several years have been productive in
realizing these applications in real materials. In
section 7.1, we review the applications demonstrated
in PR organic materials to date. Space-charge fields
in PR materials can lead to fascinating phenomena;

several space-charge field related effects that could
potentially open new possibilities for PR organic
materials will be discussed in section 7.2.

7.1. Applications

7.1.1. Data Storage

Reversible holographic high-density storage was
one of the most important applications proposed for
PR materials. For a recent highlight of the field of
holographic data storage, see ref 325. A holographic
material should possess high optical quality, reason-
able thickness for low cross-talk, high dynamic range
for high density, reliable retrieval of information,
long-term stability, and nondestructive readout.326 In
two-dimensional (2D) holographic storage, a refer-
ence beam and a signal beam containing the pattern
to be stored intersect in a PR material to form a
grating. The hologram is retrieved by shining the
reference beam through the material at the recording
angle. Using angle multiplexing, many pages of data
can be stored by changing the angle of the reference
beam for each recording. Specific pages can be
accessed by selecting the corresponding angle for the
reference beam. In addition, phase multiplexing and
wavelength multiplexing have been proposed.327

High-efficiency PR polymers are attractive materi-
als for holographic storage applications because they
display high diffraction efficiencies, in addition to
having reasonable optical quality and long dark
lifetimes are available in some cases. In early studies,
digital data storage with 64 kbit random single data
pages was achieved with the long-dark-lifetime ma-
terial PMMA/DTNBI/C60, with an upper limit for the
bit error rate of 1.5 × 10-5.328 However, difficulties
with optical quality and sample scattering prevented
this material from being an optimal storage medium.
In the same year, digital data recording experiments
in high optical quality a PSX/FDEANST/TNF com-
posite demonstrated significantly improved perfor-
mance.329 Holograms of 64 kbit single data pages
were continuously written (recording time of ∼20 s
at object and reference beam powers of 1 and 10 mW,
respectively, at 676 nm) and retrieved in 100-150-
µm-thick samples over an area of 0.12 cm2 with
errorless readout up to 5 min after recording.

For long data storage times, a material with slow
dark grating decay is required. In terms of material
parameters, this means low dark current, deeper
traps, slow chromophore relaxation, etc. However,
some of these properties can lead to an undesirable
increase in recording times. To overcome this prob-
lem, a thermal fixing method was proposed in anal-
ogy to the thermal fixing processes in inorganics.330

In this technique, the hologram is written in a high-
Tg material at elevated temperatures (near Tg) to
take advantage of the OE effect (section 3.2) and
faster recording due to enhanced photoconductivity
and chromophore orientational mobility. Then, the
material is quenched to room temperature, freezing
the chromophore orientation, decreasing thermal
detrapping and ionic dark current and therefore
preventing the hologram decay. In the proof-of-
principle demonstration, the polymer composite PVK/
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DEANST/TCP/C60 with Tg of 69 °C was used. The
grating was written at a temperature of 72 °C. Then,
the sample was cooled with the electric field and
writing beams applied, and finally, the grating was
read out at 20 °C.330 However, although this idea
works in principle, in practice thermal expansion
effects cause the grating recorded at high tempera-
ture to have a different grating wavevector at low
temperature. While this effect can be compensated
for at a single wavelength, a complex hologram with
many grating wavevector components will be severely
aberrated.

To combine the ability to write a dynamic grating
with the possibility of long storage times, composites
with both photochromic and PR properties were
studied.331,332 In one of the studies, an image was
recorded in the PVK/Lemke-E/BBP/C60 composite via
the photochromic effect with no electric field applied
at 675 nm (recording time ∼ several minutes). Then,
a different image was recorded at the same location
via the PR effect at an electric field of 100 V/µm at
730 nm (recording time ∼1 s). Illumination with
either 675 or 730 nm light restored both quasi-
permanent photochromic (dark decay time ∼several
weeks) and erasable PR holograms. In addition,
angular multiplexing allowed for simultaneous re-
covery of 10 photochromic and one PR hologram in
the same volume.331

For dynamic holograms written in PR inorganic
crystals, it was proposed to characterize dynamic
range of a hologram with a parameter M/# defined
as follows:333

where A0 is the saturation grating strength, τr is the
recording time constant, and τe is the erasure time
constant. Although eq 10 assumes single-exponential
PR dynamics similar for all holograms, which is not
the case in most PR organic materials, it reflects the
general trends needed for optimization of the PR
material for data storage. For holographic charac-
terization of PR polymers with non-single-exponen-
tial dynamics, a more complicated formalism was
developed that allows for an accurate estimate of the
parameter M/#.334 However, for clarity we limit our
discussion to the simple expression of eq 10. It is clear
that for the best recording efficiency, fast recording
times (τr) are necessary. In addition, during hologram
multiplexing, it is necessary to minimize erasing of
previously recorded holograms during the recording
of the new ones. This is why slow erasing times (τe)
are desired. Because PR recording and erasure in
organic materials are essentially governed by the
same processes, a change in the recording time will
be accompanied with a similar change in the erasure
timesthe effect opposite to the one needed to maxi-
mize M/#.

Two-dimensional holographic data storage was
demonstrated in a variety of PR organic mate-
rials.247,328,329,331,334-339 Although most materials ex-
hibited recording times (τr) on the order of seconds,
in the fully functionalized oligothiophenes recording
times on the order of several tens of milliseconds were

demonstrated.340 Furthermore, a near-IR-sensitive
TPD-PPV/DMNPAA/MNPAA/DPP/PCBM composite,
in which the PR speed could be significantly im-
proved by preillumination, was utilized for holo-
graphic recording with writing pulses of frequencies
up to ∼120 Hz.42 Both the recording and erasure time
constants as well as the grating strength (A0) in
organic materials can be affected by illumination
history of the material, i.e., grating strength, record-
ing intensity, and duration, etc. of the previously
written holograms, which complicates achieving simi-
lar writing/erasure cycles for multiple holograms.
Other factors such as grating dark decay may also
contribute to the dynamic range. A recent detailed
study of the contributing factors was carried out by
Steckman et al.334 who studied the potential for
hologram multiplexing in the PVK/DMNPAA/MN-
PAA/ECZ/TNF composite doped with a small amount
(∼0.82%) of TPD at a wavelength of 633 nm. It was
found that for 20 holograms, the dynamic range M/#
yielded a value of ∼0.3, while for 30 holograms M/#
reduced to 0.23. This was explained by the effect of
grating dark decay over the longer period of time
needed for a read-out of 30 holograms compared to
20. To gain more insight into the influence of the
grating dark decay on the relative strength of the
holograms, the authors recorded 20 holograms and
then read them out after time t, which varied from 0
(immediate read-out) to ∼37 min. Figure 21 shows
the dependence of the dynamic range M/# on the time
delay t between the recording and the beginning of
the read-out. Because all holograms experienced dark
decay, M/# decreased with increasing time delay. The
inset shows the diffraction efficiency of each of 20
multiplexed holograms after the time delay t ) 0
(filled squares), t ) 10 min (open circles), and t ) 20
min (closed triangles). During the immediate read-
out, the diffraction efficiency of all the holograms was
approximately equal. However, as the time delay
increased, the diffraction efficiency experienced more
hologram-to-hologram variation, reflecting different
dynamics of the dark decay in the individual holo-
grams,105,334 which complicates the optimization of

M/# )
A0

τr
τe (10)

Figure 21. Dependence of the M/# on the delay t between
recording and the beginning of the read-out in the TPD-
doped PVK/DMNPAA/MNPAA/ECZ/TNF composite. Inset
shows diffraction efficiencies of 20 multiplexed holograms
after delays t ) 0 (filled squares), t ) 10 min (open circles),
and t ) 20 min (closed triangles). Reprinted from ref 334
with permission. Copyright 2000 Elsevier.
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the recording schedule for hologram multiplexing.
Clearly, additional materials with a two-photon
recording mechanism (see section 4.1.4) will change
the behavior in the storage application in a useful
direction.

For a large number of holograms (M), the average
diffraction efficiency (η) can be approximated as an
inverse quadratic function of M:333

which limits the candidates for data storage applica-
tions to materials with high diffraction efficiencies.
While there are many PR polymers with nearly 100%
diffraction efficiencies (section 6), there are certain
limitations that hinder their storage capabilities. For
example, the number of holograms that can be stored
depends on the Bragg selectivity (angular reconstruc-
tion width) of the polymer, which varies inversely
with sample thickness. Therefore, samples millime-
ters in thickness, hard to achieve by usual prepara-
tion techniques, are required for multiplexing of
hundreds of holograms. Special geometries such as
the stratified volume holographic optical element
(SVHOE) configuration geometry341 may be required
to overcome this limitation.

The next logical step in the development of holo-
graphic optical storage in PR materials is true three-
dimensional (3D) storage. In 1997, an erasable
hologram of a 3D object was demonstrated in a Ce-
doped strontium barium niobate (SBN:Ce) PR crys-
tal.342,343 In PR polymers, 3D imaging has not been
explicitly reported thus far, although the readout of
multiple 2D holograms by angular multiplexing is a
functionally equivalent experiment.

An alternative to holography as a way to achieve
high-density storage is so-called 3D bit-oriented data
storage that involves scanning single-photon or two-
photon confocal microscopy. 3D bit data storage was
initially demonstrated in photochromic and photo-
polymerizable polymers, PR crystals, and inorganic
glasses and recently extended to PR polymers and
PDLCs.344-346 The advantages of this type of data
storage include high storage density and high signal-
to-noise ratios. Reviews of various aspects of 3D bit-
oriented optical data storage can be found in refs 347
and 348.

7.1.2. Image Processing
7.1.2.1. Optical Phase Conjugation. In a clas-

sical three-beam geometry, phase conjugation (PC)
is produced when two counter-propagating pump
beams (e.g., I1 and I2) intersect in an NLO material;
then, a third beam incident (I3) generates its PC
replica (I4). Popularly referred to as “time reversal”,
a PC replica of an optical beam propagates through
space with the complex conjugate phase of the
original beam, which may be viewed as propagation
backward in time.349 The potential applications in-
clude the transmission of undistorted images through
optical fibers (or the atmosphere), lensless imaging
down to sub-micrometer-size resolution, optical track-
ing of objects, phase locking of lasers, refreshing of
holograms for long-term optical storage, optical in-

terferometry, beam cleanup, and image process-
ing.3,5,349 The early demonstrations of phase conju-
gation used a time-consuming process of holographic
recording, development, and reading with carefully
aligned counter-propagating plane reference waves.
Subsequently, dynamic (real-time) phase conjugation
was demonstrated with stimulated Brillouin scatter-
ing,350 FWM in an NLO material,351and PR inorganic
crystals.352,353 Since the early days of PR organics, the
readout of gratings in the FWM geometry as the
grating is being recorded may be regarded as PC
readout. Additional studies in the PC in the classical
three-beam geometry were recently reported in sev-
eral PR polymers and mesogenic composites,354,355

including a demonstration of image distortion com-
pensation.247 In ref 354, the PC reflectivity (R)
defined as R ) I4/I3 was studied in the mesogenic
composite containing copolymer Cop1 (Figure 18b),
the nematic LC mixture E7, and TNF as a function
of applied electric field, power of the probe (P3) and
pump (P1,P2) beams, wavelength, etc. At 532 nm, the
PC reflectivity reached ∼70% at an electric field of
0.3 V/µm, with probe beam power P3 below 1 mW and
pump beam powers of P1 ) 6.5 mW and P2 ) 13.1
mW. In a separate study in the PVK/PNP/ECZ/TNF
composite,238 PC was observed in a geometry different
from the classical one, namely the forward geometry,
in which only two beams are incident, and the PC
replica of one of the beams propagates in the direction
of higher diffraction order. This type of PC was
attributed to a nonlinear interaction between space-
charge field and refractive index change leading to
the appearance of non-Bragg diffraction orders.356,357

A major advance in the field of optical phase
conjugation was the development of the self-pumped
phase conjugator (SPPC),358,359 which required a PR
material with high 2BC gain. Such SPPC was first
realized with organics using the high-performance
PR polymer composite PVK/PDCST/BBP/C60 (Figure
22).13 The device operated as follows. A single beam
(I1) was incident on the sample (inset of Figure 22)
and produced scattered light in various directions
(because of impurities and material imperfections).
Of all scattered beams, those that were scattered in
the direction of large gain (here, into smaller angles

η ) (M/#
M )2

Figure 22. Self-pumped PC reflectivity as a function of
applied electric field for a two-layer sample of the PVK/
PDCST/BBP/C60 composite measured at incident intensity
of I1 ) 180 mW/cm2 (triangles) and 90 mW/cm2 (circles).
Inset shows experimental arrangement for the linear cavity
oscillator. Reprinted with permission from Science (http://
www.aaas.org), ref 13. Copyright 1997 American Associa-
tion for the Advancement of Science.
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of incidence) were amplified due to 2BC. Then, of all
the amplified scattered light beams, only the beam
confined in the cavity formed between the two
external mirrors underwent successive amplification
due to the optical feedback. An increase in the gain
achieved by increasing the applied electric field E0
above a threshold of ∼45 V/µm led to the spontaneous
formation of a cavity beam on a time scale on the
order of seconds. As a result, a “phase-conjugate”
beam, I4, appeared in the direction counter-propagat-
ing to the incoming pump (inset of Figure 22).
Therefore, the PR polymer sample with its two
external mirrors acted as a SPPC mirror. Figure 22
shows the PC reflectivity R, in this case defined by
R ) I4/I1, measured in a two-layer PR polymer stack
at an incident intensity of I1 ) 180 mW/cm2 (closed
triangles) and 90 mW/cm2 (open circles). As E0
increased, the 2BC gain increased rapidly until it
reached a threshold value for the onset of cavity
oscillation and phase conjugation. Above the thresh-
old, the 2BC gain exceeded the total optical losses of
about 40% experienced by the cavity beam for one
complete pass. As E0 increased further, the PC
reflectivity steadily increased, reaching a value of
13% at 75 V/µm.

7.1.2.2. Optical Correlation. Image correlation
is of importance for military, navigation, and security
applications. The general idea is to compare the
image of interest with various images stored in a
database and find the identity of the object by
correlation with known images. On the instrumental
level, the correlation can be realized in PR materials
in a FWM geometry with spatially modulated beams
using joint-transform or matched-filter architectures.
In the joint-transform architecture, the two spatially
modulated beams form the grating, and a uniform
(unmodulated) beam is used as a probe and diffracts
from this grating. In the matched-filter architecture,
one spatially modulated and one uniform (unmodu-
lated) beam create a grating, and the other spatially
modulated beam diffracts from this grating. The first
PR polymer-based optical correlator, which utilized
the PR polymer composite PVK/DMNPAA/ECZ/TNF,
operated in a matched-filter geometry and was
reported in 1995.360 In this demonstration, writing
beams of femtosecond duration at a wavelength of
630 nm were employed, although only the average
power of the writing beams formed the PR grating.
In one of the writing beams, the “target” mask
(“image of interest”) was inserted, while the reading
beam passed through a mask with a “database”. At
an electric field of 57 V/µm, optical correlation was
demonstrated with a signal-to-noise ratio of 10:1 and
response time below 1 s. In subsequent work by the
same group, a similar composite was utilized,361 but
this time a low-power cw HeNe laser was used as a
laser source which permitted compact design re-
quired for military and space applications. Other
studies of optical correlation using matched-filter
geometry in PR polymers were reported in refs 362
and 363. In addition, correlators based on the joint-
transform architecture were demonstrated using the
PVK/PNP/ECZ/TNF364 and PSX/DB-IP-DC/TNF365

polymer composites as well as the nematic LC E7.366

In the last study, the LC cell was coated with a 100
nm layer of photoconducting polymer poly(decylthio-
phene) doped with DR1 and then filled with LC E7.

7.1.2.3. Image Amplification, Novelty Filter-
ing, and Edge Enhancement. One of the most
important properties of PR materials is the 2BC
effect which enables energy transfer from one beam
to another (section 4). Several applications such as
image amplification and novelty filtering that take
advantage of this effect have been demonstrated in
PR polymers.14,15 As we discussed in section 4.1.1, in
the 2BC experiment in the limit of high beam ratio
(âp ) Ir0/Is0 . 1, where Is0 (Ir0) is the incident signal
(reference) beam intensity), the intensity of the
transmitted signal beam Is is given by Is ) Is0
exp(ΓL), where Γ is the 2BC gain coefficient, and L
is the interaction length in the sample. Therefore, if
in a conventional 2BC geometry (section 4.1.1), an
object is inserted in the signal beam path, its image
will be enhanced after passage through the sample
due to the energy transfer from the reference beam.
In ref 14, such an experiment was performed at a
wavelength of 647 nm using the high-performance
polymer composite PVK/AODCST/BBP/C60. An Air
Force resolution chart was inserted in the signal
beam path (Is0 ) 0.5 mW/cm2), and its image was
recorded by a CCD camera (Figure 23a). Then, an
electric field of 68 V/µm was applied and the reference
beam of Ir0 ) 1 W/cm2 was launched. After 33 ms,
the image amplification factor (Is/Is0) reached 9.4
(Figure 23b).

Interestingly, the identical optical setup was also
used for novelty filtering (image differentiation)
experiments, in which only moving objects are visu-
alized.5 Because of the dynamical nature of this
effect, only the objects that move with a speed faster
than PR response speed of the material are detected.
As discussed in section 4.1.1, reversing the direction
of applied electric field leads to reversed direction of
energy transfer. In the setup for the novelty filtering
demonstration, the polarity of the applied field was

Figure 23. Amplification of image of number 5 from the
Air Force resolution test chart (68-µm line width) using
the PVK/AODCST/BBP/C60 composite. Frame (a), the im-
age in the absence of the reference beam and frame (b),
amplified image 33 ms later. Data were recorded at a signal
beam intensity Is0 ) 0.5 mW/cm2, reference beam intensity
Ir0 ) 1 W/cm2, and applied electric field of 68 V/µm.
Reprinted from ref 14 with permission. Copyright 2000
American Institute of Physics.

Organic Photorefractives Chemical Reviews, 2004, Vol. 104, No. 7 3303



simply reversed compared to the configuration for
image amplification, the electric field of 55 V/µm was
applied, and the intensities of the signal Is0 and
reference Ir0 beams were ∼0.45 mW/cm2 and ∼1
W/cm2, respectively. The resulting effect in steady-
state is suppression of the transmitted image, which
is eliminated when the image moves. The series of
images shown in Figure 24 demonstrates detection
of a moving object by novelty filtering. In frame (a),
the reference beam was off, and thus the image of
number 5 was visible. When the reference beam was
turned on, the image started to fade away due to the
energy transfer from the signal beam to the reference
beam (i.e., suppression) and appeared almost dark
when steady state was reached (frame (b) of Figure
24). The image reappeared if the object mask was
suddenly moved a fraction of a millimeter, as seen
in frame (c), and then faded back to a dark image as
shown in frames (d) and (e), respectively. If the target
was moved again, the image as shown in frame (f)
appeared again and again faded away with time. A
novelty filter operating by analogous principle in the
near-IR wavelength region was demonstrated using
PVK/Lemke-E/ECZ/TNFM polymer composite at 780
nm.15

Another type of image processing that involves a
special type of image intensity filtering, namely, edge
enhancement, was also demonstrated in PR organic
materials.364,367 In ref 367, a mesogenic composite

containing copolymer Cop1 (Figure 18b), nematic LC
mixture E7, and TNF was used as a recording
medium. The image of an object was recorded in the
standard 2BC geometry at a wavelength of 532 nm
and applied electric field of 0.2 V/µm, after which it
was read out with a 633 nm light. Depending on the
ratio between the signal and reference beam intensi-
ties (Is0/Ir0), either an exact replica of the object
(Figure 25a, Is0/Ir0 ) 0.1) or an edge-enhanced image
(Figure 25b, Is0/Ir0 ) 20) were obtained. When Is0/Ir0
. 1, the edge-enhanced image results because the
diffraction efficiency is maximized in places where
two optical fields of the same intensity interfere, i.e.,
at the edges where the intensity of the signal beam
is the lowest and closest to that of the reference beam.

Another method of producing an edge enhancement
effect was demonstrated in ref 364. In this work, the
image was recorded in a PVK/PNP/ECZ/TNF polymer
composite using a standard 2BC geometry, with the
signal beam passing through an object mask, and the
edge enhanced image appearing at the position of a
higher diffraction order.

7.1.2.4. Imaging Through Scattering Media.
Optical imaging through highly scattering media in
the near-IR part of the spectrum has received par-
ticular attention because of its potential applications
in medical diagnostics benefiting from the biological

Figure 24. Demonstration of novelty filter effect using the
PVK/AODCST/BBP/C60 composite. Frames: (a) Image with
the reference beam off. (b) Image after the reference beam
is on and steady state is reached; the output is dark. (c)
After a sudden movement of the data mask, the image is
visible. (d) Fading image after 1/30 s. (e) Back to a dark
output after 4/30 s. (f) After the sudden movement of the
data mask, the image is visible again. The frames were
recorded at signal beam intensity Is0 ) 0.45 mW/cm2,
reference beam intensity Ir0 ) 1 W/cm2, and applied electric
field of 55 V/µm. Reprinted from ref 14 with permission.
Copyright 2000 American Institute of Physics.

Figure 25. Demonstration of the edge enhancement effect
using mesogenic composite Cop1/E7/TNF. (a) With the ratio
between the signal and reference beam intensities Is0/Ir0
) 0.1, the exact replica of the object is produced; (b) with
the beam ratio Is0/Ir0 ) 20, the edge enhanced image is
obtained. Reprinted from ref 367 with permission. Copy-
right 2001 American Institute of Physics.
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tissue transparency window at wavelengths of 700-
900 nm. Although other very successful medical
imaging techniques, such as X-ray computed tomog-
raphy, magnetic resonance imaging, and ultrasound,
have been developed, they are associated with po-
tential health hazards in some cases, often have low
resolution, and there is a need for alternatives. High-
resolution optical imaging of biological samples is
made complicated by severe scattering of optical
radiation in tissue due to refractive index inhomo-
geneities. Illumination of tissue in the transmission
geometry yields several kinds of signals: light that
is transmitted through the medium without scatter-
ing (ballistic light), collinear with it weakly scattered
(snake) light, and highly scattered (diffuse) light.368

While ballistic and snake light provide useful infor-
mation about the tissue, diffuse light, which emerges
from the medium in arbitrary directions and at times
later than the ballistic and snake light, bears hard-
to-extract information and reduces signal-to-noise
ratio.369 One of the methods proposed for extraction
of only the ballistic light from the background of
scattered light was time-gated holographic imaging
(TGHI), which was first utilized in PR inorganic
crystals370,371and later in polymers.163,368 In this tech-
nique, either a short-pulse laser or a low-coherence
laser diode was used as a light source, and a holo-
gram was formed between the ballistic light of an
object beam and a reference beam. Signal filtering
was then achieved by adjusting the relative time
delay between the object and the reference beams.
When short laser pulses were used in the recording
scheme, a hologram of the object was formed by
adjusting the temporal overlap between the ballistic
light and the reference pulse, and after many pulses
the grating is recorded. In this case, the diffuse light
delayed with respect to the ballistic light did not
temporally overlap with the reference pulse and
therefore did not participate in a hologram formation.
The information recorded by the ballistic light was
then reconstructed by reading out the hologram in
the FWM geometry. When low-coherence continuous
wave (cw) lasers or laser diodes were used for the
recording, the hologram was formed only when the
path length of the two recording beams was the same
within the coherence length of the laser source.
Similar to the previous case of a pulsed laser source,
in this case, the delayed scattered light did not
interfere with the reference beam and therefore did
not contribute to the hologram formation. In a recent
study, TGHI through a scattering medium was
demonstrated using the PVK/DHADC-MPN/ECZ/
TNFM polymer composite as a recording medium and
both the pulsed and cw modes of a Ti:Sapphire laser
at 830 nm as a light source.368 In this experiment, a
signal beam passed through an object mask (Air
Force test chart) followed by a 1 cm cell filled with
0.06% suspension of 0.548 µm polystyrene spheres
in water, which provided an effective optical density
of ∼4.0 (equivalent to 9 scattering mean free paths)
due to scattering. The image of the object was
recorded in a 105-µm-thick film and successfully
reconstructed using the FWM geometry and an
applied electric field of 52 V/µm.

Recent progress in the development of near-IR
sensitive PR materials (section 6.6) will open a door
to a variety of additional applications related to
medical imaging.

7.1.3. Nondestructive Testing
Laser-based ultrasound (LBU) is a promising non-

destructive technique for remote sensing, inspection,
and manufacturing diagnostics for many industrial
applications.372 In contrast to piezoelectric transducer-
based systems, the LBU method allows for remote
generation of surface vibrations in surfaces of com-
plex geometry as well as in hazardous and high-
temperature environments. On the detection side of
LBU, the most common vibration detection devices
are laser interferometers, which are used to measure
the small displacements produced when an ultrasonic
wave reaches and distorts a surface. One of the recent
approaches utilized real-time holography, in particu-
lar, two-wave mixing, in a PR material to combine a
signal beam, distorted after reflection from the test
surface in motion, with a plane-wave reference beam
with matching of the signal and reference wave fronts
for homodyne detection373,374 (Figure 26a). The holo-
gram in the PR material acted as an adaptive beam
splitter, which combined the two beams with exact
wave front matching, thus allowing efficient coherent
detection. Thinking of this in hologram language, the
material records the interference pattern between the
reference and the speckled signal beams, which is
ideally suited to diffract the reference beam in the
direction of the transmitted signal beam with an
identical wave front. Slow variations in the wave
front of the signal beam resulting from motion of the
test surface (workpiece in Figure 26a) and dynamic
turbulence in the propagation path were compen-
sated by the real-time hologram and did not interfere
with the quality of the wave front overlap of the
output beams. A useful figure of merit for two-wave
mixing-based homodyne detection is the noise-
equivalent minimum surface displacement amplitude
defined as follows:374

where λ is the optical wavelength, η is the quantum
efficiency of the detector, R is the absorption coef-
ficient, γI is the in-phase 2BC gain coefficient (i.e.,
arising from 0 degree phase-shifted index modula-
tion), and L is an interaction length in the PR
material.

PR crystals and multiple quantum wells have been
previously used as adaptive beam splitters for ho-
modyne detection of ultrasonic surface displace-
ments.373,375 Recently, a homodyne detection system
based on the PR polymer composite PVK/7-DCST/
BBP/C60 was demonstrated.374 At 676 nm, the noise-
equivalent minimum surface displacement amplitude
(δ) given by eq 11 was found to be δ ) 7.2 × 10-8 nm
(W/Hz)1/2, a value within a factor of 3 of the ideal
value possible for an ideal homodyne detector. This
PR polymer-based homodyne receiver was utilized to
detect single ultrasonic pulses generated by a 5 MHz

δ ) λ
4πx hc

2ηλ
exp[RL/2]
sin [γIL]

(11)
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wideband piezoelectric transducer bonded to a quartz
mirror. The ultrasonic wave distorting the front
surface of the mirror was sensed using a 15 mW laser
diode at 690 nm. In the detected output signal shown
in Figure 26b, the transmitted wave with its various
echoes could be readily identified, which demon-
strated the feasibility of PR polymers to remotely
detect surface displacements with good signal-to-
noise ratio, although spurious vibrations were only
suppressed below ∼10 Hz. Further improvement of
the speed of PR polymer materials would have the
effect of pushing the high-pass characteristic of this
system to more useful higher frequencies.

The applications possible in PR organic materials
are by no means limited to those considered in this
section. Various properties leading to other applica-
tions in image processing, all-optical light modula-
tion, optical limiting, switching and computing, which
were not described here, have been studied in PR
polymers, organic glasses, and LCs.16,257,339,360,376

7.2. Novel Optical Effects
Recently, various space-charge-field-related effects

were observed in PR polymers and organic glasses.
These effects are awaiting theoretical description and
can be further explored for use in applications and
as diagnostic tools in materials characterization.

7.2.1. Spatial Solitons
The self-trapping of light and the formation of

optical spatial solitons have attracted considerable
interest, with experimental demonstrations and theo-

retical investigations carried out in diverse NLO
material systems such as inorganic PR crystals,
saturable Kerr-like nonlinear media, LCs, etc.377-380

Recently, optical spatial solitons were theoretically
predicted381-383 and experimentally demonstrated384

in PR organic materials. In ref 384, a 780 nm
collimated beam was focused with a cylindrical lens
onto the input face of a 120-µm-thick sample of the
PR high performance organic glass DCDHF-6/
DCDHF-6-C7M/C60.69,104 As shown in Figure 27a, the
beam propagated along the z-direction through the
2.5-mm-long film, while a dc electric field was applied
between ITO electrodes along the x-direction. Behind
the sample, a CCD camera together with an imaging
lens was used to monitor the beam profile in the x-y
plane directly at the input/output faces of the sample.
With such a setup, self-focusing and self-trapping of
light were observed when the beam was polarized in
the y-direction (i.e., perpendicular to the bias field),
while self-defocusing was obtained if the polarization
was switched to the x-direction (i.e., parallel with the
bias field). Typical experimental results are illus-
trated in Figure 27b. The beam with power of ∼24
mW was focused to 12 µm fwhm (in the x-direction)
at the input face of the sample (frame (1) in the case
of the y-polarized beam and frame (4) in the case of
the x-polarized beam). Without the bias electric field,
the beam diffracted to about 55 µm after 2.5 mm of
linear propagation through the sample (frame (2) and
frame (5) for y- and x-polarized beams, respectively).
After the bias dc field (E0) of 16 V/µm was applied,
self-focusing was observed in the case of y-polarized

Figure 26. (a) Schematic diagram of a laser ultrasonic receiver based on two-wave mixing. (b) Ultrasonic signal detected
with homodyne receiver utilizing two-wave mixing in the PVK/7-DCST/BBP/C60 polymer composite. Reprinted from ref
374 with permission. Copyright 1999 Elsevier.
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beam (i.e., when the beam was polarized perpendicu-
lar to the bias field), with the strength of focusing
increasing gradually. In about 162 s, self-trapping of
the y-polarized beam into an optical soliton was
realized, as the beam reached its original size (frame
(3)). The soliton was stable during a period of time
of more than 100 s, after which the beam size started
to increase slowly while the electric field was still
applied. However, the focused beam did not “relax”
completely to its original width of linear diffraction
even after 1 h. In the case of the x-polarized beam
(i.e., when the beam polarization was parallel to the
applied field direction) with all other experimental
conditions remaining the same, self-defocusing was
observed instead of self-focusing. In this case, the
beam width increased from linearly diffracted size
of 55 µm (frame (5)) to about 80 µm in 162 s after
the dc field of 16 V/µm was applied (frame (6)). Self-
focusing to defocusing switching did not occur with
reversal of polarity of applied electric field. The
strength of the effect depended strongly on the
electric field, and the soliton formation speed de-
pended on both electric field and incident beam
power. The mechanism of the effect was determined
to be a refractive index change due to space-charge
field formation followed by chromophore reorienta-
tion in the illuminated part of the sample which
created a waveguide-like structure.384 Recently, it
was demonstrated that in the DCDHF-6/DCDHF-6-
C7M/C60 glass the optically induced (with a beam at
the wavelength of λ ) 780 nm) waveguide could

efficiently guide another (probe) beam (e.g., at the
wavelength of λ ) 960 nm).385 This demonstration
may lead to a number of potential future applications
such as optical couplers, switches, logic gates, etc.

7.2.2. Other Space-Charge Field Related Effects

It is known that in PR materials the space-charge
field can form even in the presence of only one light
beam due to the (Gaussian) transverse intensity
pattern of the beam; the existence of spatial solitons
in a PR medium is one of the indications of this fact.
However, the manifestations of the space-charge field
and its contribution to various physical effects are
not well understood and may take different forms,
as we consider in this section. For example, in the
high-performance methine dye-based PR organic
glass described in section 6.6, an effect of periodically
pulsating self-focusing was observed.171 The sample
used was a thin film squeezed between two ITO glass
slides. The light of 780 nm with intensity of 2.87
W/cm2 was obliquely incident on the sample with
electric field applied, and the near-field pattern of
the output beam, characterized as a series of bright
and dark rings, was projected on a screen. It was
found that the size of the first bright ring increased
monotonically with increasing applied field. After a
certain threshold (around ∼90 V/µm at 2.87 W/cm2),
the size of the rings expanded in an accelerating
fashion followed by collapse to a nondefocused pat-
tern. The effect was explained by self-modulation of
the refractive index by the optical field and was found
to limit the 2BC gain coefficient in this material.171

In several PR polymers, a light-induced antiguide
structure (i.e., the refractive index of the illuminated
part of the sample is lower than that of the nonillu-
minated part) was observed and probed by second
harmonic generation (SHG) techniques.386-388 In one
of these studies,387 the sample was a thin film
(∼25 µm) of a PR polymer composite containing
46.9% of PVK, 1.4% of TNF, 14.7% of NLO chro-
mophore (4-methoxy-4′-nitrostilbene), and 37.2% of
a plasticizer (1,3-bis(N-carbazolyl)-propane) cast on
a substrate that had aluminum in-plane electrodes
with a gap of ∼200 µm. Two beams of ∼90 µm
diameter were collinearly incident on the gap areas
one beam (pump) originated from a 633 nm cw HeNe
laser, and another one (fundamental)sfrom a 1047
nm pulsed Nd:YLF laser. The PR polymer did not
exhibit significant absorption at 1047 nm, but was
sensitive to both pump (633 nm) and SHG (523.5 nm)
wavelengths (e.g., R633 ∼ 60 cm-1). The experiment
was performed at a temperature of 50 °C, which was
determined to be optimal for the electric-field poling
of the NLO chromophores in this composite. During
the poling process in the external electric field of ∼15
V/µm, the build-up of the power of second harmonic
light, generated in the sample by the 1047 nm
fundamental light in the absence of the pump beam,
was monitored with a photomultiplier. When the
SHG power reached a plateau, indicating the comple-
tion of the chromophore alignment process, the pump
beam with a power of ∼0.5 mW was unblocked (with
the electric field kept on), and a SHG power increase
by a factor of 4 was observed. When the pump beam

Figure 27. (a) Experimental geometry used for observa-
tion of spatial solitons in PR organic glass DCDHF-6/
DCDHF-6-C7M/C60. (b) Image of the beam at frame (1)
sample input (original y-polarized beam); (2) sample output
(E0 ) 0; linearly diffracted y-polarized beam); (3) sample
output (E0 ) 16 V/µm, self-trapped y-polarized beam); (4)
sample input (original x-polarized beam); (5) sample output
(E0 ) 0, linearly diffracted x-polarized beam); (6) sample
output (E0 ) 16 V/µm, defocused x-polarized beam). Re-
printed from ref 384 with permission. Copyright 2003
American Institute of Physics.
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was blocked again, the SHG power decreased to its
previous level. SHG enhancement depended on the
pump power and applied electric field and was
explained by a space-charge field created by the
pump beam that led to antiguide formation.389

In another study,134 a similar SHG enhancement
was observed, but in a completely different experi-
mental geometry. In this work, a thin film of a low-
Tg PR polymer composite containing PVK, BBP, C60,
and 5CB or AODCST was squeezed between two ITO
glass slides (as in a standard PR sample). An electric
field was applied, and light at a wavelength of ∼780
nm from a mode-locked Ti:Sapphire laser (funda-
mental beam) was obliquely incident on the sample.
The SHG generated in the sample due to chro-
mophore orientation in the electric field was detected
using a photomultiplier and a lock-in detection
scheme. When another beam (at λ ) 633 nm from a
HeNe laser) with a diameter much larger than that
of the fundamental beam was incident on the sample,
the SHG increased. The SHG enhancement depended
on HeNe beam power and applied electric field. The
results were explained by changes in local electric
field induced by photoconductivity.134

The last example of space-charge field-related
effects we consider in this section is a study in which
Joo et al. attempted to evaluate the space-charge field
created during PR grating formation by measuring
electric field-induced birefringence during the FWM
experiment.390 The PR grating was written in a PSX/
DB-IP-DC/TNF polymer composite at an electric field
of 30 V/µm and total light intensity of 60 mW/cm2 at
633 nm. The diffraction efficiency was measured in
a standard FWM geometry using a read-out beam of
the same wavelength and a light intensity of 0.06
mW/cm2. An additional probe beam of the same
wavelength and intensity of 0.1 mW/cm2, polarized
at +45° with respect to the incidence plane, was
incident on the sample at an angle far enough from
the Bragg angle to not be diffracted by the grating.
The transmitted probe beam intensity passing through
an analyzer set at -45° with respect to the incidence
plane was recorded. Similar to a conventional trans-
mission ellipsometry experiment (section 4.2.2), when
no electric field was applied, no transmitted signal
was observed because the beam passed through
crossed polarizers. After an electric field was applied
(with the absence of the writing beams), a transmis-
sion due to birefringent chromophores reoriented in
the electric field was detected. As the writing beams
were unblocked, creating a PR grating which was
monitored by measuring diffraction efficiency, the
transmission increased. From the amplitude of the
transmitted signal increase, the space-charge field
was calculated. While it is not straightforward to
accurately determine space-charge field of the PR
grating by this method due to the complicated
geometry, photoconductivity issues, etc., this effect
as well as others described in this section could be
further studied and employed for sensing local elec-
tric fields.

To summarize section 7, many applications origi-
nally envisioned for PR inorganic crystals have been
demonstrated in real PR polymer composites, organic

glasses, and LCs. In addition, a number of recent
studies showed the possibility of developing novel
applications as well as the need for theoretical
modeling of the observed effects in order to gain
valuable insights into the precise details of space-
charge field formation in PR organic materials.

8. Conclusions and Outlook
Over the past years, tremendous progress has

occurred in both the physical understanding of the
PR effect in organic materials and in the development
of high performance materials. Physical models of
various processes contributing to the PR effect such
as charge generation, transport, trapping, and NLO
response have been developed and successfully ap-
plied to real materials. The composition of the PR
polymer composites has been examined in detail and
schemes for optimizing the various constituents for
certain applications have been proposed. Synthetic
efforts have resulted in a broad array of materials
with outstanding 2BC gain coefficients and 100%
diffraction efficiencies at low electric fields over wide
spectral ranges, including the near-IR wavelength
region. A number of ways to create thermodynami-
cally stable materials with high optical quality have
been proposed. PR response times on the order of
milliseconds have been achieved in a variety of
materials, including polymer composites, glasses and
LCs. Many of the previously proposed applications
have been demonstrated, and novel effects that may
lead to new applications and diagnostic techniques
have been documented.

Despite all this progress, however, a number of
challenges remain. Among them is the need for
complex optimization of each material for a particular
application due to the inability to maximize both
steady-state and dynamic performance at the same
time. To be accomplished are the achievement of sub-
millisecond response times, the development of an
understanding of the illumination history dependence
of the PR performance, and the reduction of degrada-
tion of optical properties with time. Reliable experi-
mental techniques that directly assess recombination
and trapping properties are needed in order to
complement other photoconductivity experiments in
determining all the parameters contributing to the
overall PR performance. Theoretical models, which
take into account dark conductivity, charge injection,
field dependence, etc., developed in conjunction with
experimental studies are required for successful
prediction of the material potential for a certain
application. Theoretical explanation for the experi-
mentally observed space-charge field effects is needed
to understand these complex processes and to be able
to utilize them in applications.

Very recently, a surprising result was obtained,
which could allow the detailed study of the mecha-
nisms of the PR effect in organic materials on the
microscopic level. It was discovered that many of the
DCDHF NLO chromophores that form high perfor-
mance PR organic glasses were highly fluorescent
and could be imaged on a single-molecule level in
polymers using a standard epi-fluorescence experi-
mental technique.391 This means that this class of
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dopants has strong fluorescence, weak bottlenecks,
and low probability of photochemical damage in order
to emit enough photons to allow the observation of a
single, individual molecule above background. Figure
28 shows a wide-field microscopic image of single
molecules of DCDHF-6 (white spots in Figure 28a)
in a PMMA matrix upon excitation by 488 nm light
as well as the integrated fluorescence intensity of
two individual molecules as a function of time
(Figures 28b,c). The fact that a variety of NLO
chromophores can now be studied on the single-
molecule level could open the door to solving the
puzzles of the PR effect in organic materials on the
microscopic level. In particular, charge photogenera-
tion, trapping, recombination and electric field-
induced reorientation processes, crucial for the PR
grating formation, can be explored on microscales,
which would lead to refinements of the PR molecular
model and further boost the development of this
exciting field.

9. Abbreviations
PR photorefractive
OE orientational enhancement
2BC two-beam coupling
FWM four-wave mixing
PC phase conjugation
SHG second harmonic generation
fwhm full-width at half-maximum
NLO nonlinear optical
LBU laser-based ultrasound
TGHI time-gated holographic imaging
COANP 2-cyclooctylamino-5-nitropyridine
TCNQ 7,7,8,8-tetracyanoquinodimethane
PVK poly(N-vinylcarbazole) (Table 1)
PSX poly[methyl(3-carbazol-9-ylpropyl)silox-

ane] (Table 1)
DBOP-PPV poly[1,4-phenylene-1,2-di(4-benzyloxyphen-

yl)vinylene] (Table 1)
p-PMEH-PPV poly[o(p)-phenylenevinylene-alt-2-methoxy-

5-(2-ethylhexyloxy)-p-phenylenevi-
nylene] (Table 1)

PPT-Cz poly(p-phenyleneterephthalate) with pen-
dent carbazole groups (Table 1)

PS polystyrene
PIBM polyisobutyl methacrylate
PTCB poly(methyl methacrylate-co-tricyclodecyl

methacrylate-co-N -cyclohexylmaleimide-
co-benzyl methacrylate)

TFB poly(9,9′-dioctylfluorene-co-N-(4-butylphen-
yl)-diphenylamine)

PBPES poly(4-n-butoxyphenylethylsilane)
PMPS polymethylphenylsilane
PMMA poly(methyl methacrylate)
P1 poly(thiophene-p-phenylene) with dicya-

nomethylenedihydrofuran chromophore
(Figure 17c)

Cop1 copolymer containing 4-cyanobenzoate and
N-carbazoyl side groups (Figure 18b)

Ru-FFP poly(phenylenevinylene) with Ruthenium
complex (Figure 17a)

P6 copolymer with carbazole and azo-dye side
chains (Figure 17b)

SG-Cz triethoxysilane with carbazole unit
SG-MN triethoxysilane with NLO chromophore

unit
TDPANA-FA 1-(4′-nitrobenzyl)-4,4-(N,N-diphenyl-4-meth-

ylphenylamino) piperidine-paraformal-
dehyde′

BisA-NPDA bisphenol A-diglycidyl ether 4-nitro-1,2-
phenylenediamine

SCLP side-chain liquid crystalline polymer poly-
(methyl methacrylate) with 4-cyanophen-
yl benzoate side group (Figure 18a)

DEH diethylaminobenzaldehyde-diphenylhydra-
zone

TTA tri-tolylamine
TPD N,N′-bis(4-methylphenyl)-N,N′-bis-(phenyl)-

benzidine
DTNBI (1,3-dimethyl-2,2-tetramethylene-5-nitroben-

zimidazoline
DEANST 4-N,N-diethylamino-â-nitrostyrene
FDEANST 3-fluoro-4-(N,N-diethylamino)-â-nitrosty-

rene
DR1 Disperse red 1
FTCN fluorinated cyano-tolane chromophore
DCST dicyanostyrene
AODCST 2-[4-bis(2-methoxyethyl)amino]benzylidene]-

malononitrile] (Table 1)
PDCST 4-piperidinobenzylidenemalononitrile
7-DCST 4-(azepan-1-yl)benzylidenemalononitrile
DDCST diethylaminodicyanostyrene
MPDCST methylpiperidinodicyanostyrene
ATOP 1-alkyl-5-[2-(5-dialkylaminothienyl)methyl-

ene]-4-alkyl-[2,6-dioxo-1,2,5,6-tetrahy-
dropyridine]-3-carbonitrile (Table 1, Fig-
ure 16)

IDOP 1-alkyl-5-[2-(1,3-dihydro-1-alkyl-3,3-dimeth-
yl-[2H]indol-2-ylidene)ethylidene]-4-alkyl-
2,6-dioxo-1,2,5,6-tetrahydropyridine-3-
carbonitrile (Figure 16)

DCDHF-6 2-dicyanomethylen-3-cyano-5,5-dimethyl-4-
(4′-dihexylaminophenyl)-2,5-dihydrofu-
ran (Table 1)

DCDHF-6-
C7M

3-cyano-2-dicyanomethylen-4-{4′-[N,N-(di-
hexyl)aminophenyl]}-1-oxaspiro[4,7]-
dodec-3-ene (Figure 16)

DCDHF-8 2-dicyanomethylen-3-cyano-5,5-dimethyl-4-
(4′-dioctylaminophenyl)-2,5-dihydrofu-
ran (Figure 19b)

TH-DCDHF-
6V

1-(3-cyano-2-dicyanomethylen-5,5-dimeth-
yl-2,5-dihydrofuran-4-yl)-2-[5-(N,N-dihex-
yl)aminothien-2-yl]ethene (Figure 19b)

EHCN 9-(2-ethyl-hexyl)-3-[2-(4-nitro-phenyl)-vinyl]-
9H-carbazole (Figure 16)

Figure 28. (a) Wide-field image of the fluorescent single
molecules of high performance PR dye DCDHF-6 in PMMA
matrix. (b), (c) The integrated fluorescence intensity in two
individual DCDHF-6 molecules as a function of time.
Reprinted from ref 391 with permission. Copyright 2003
American Chemical Society.
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DHADC-MPN 2,N,N-dihexylamino-7-dicyanomethylidenyl-
3,4,5,6,10-pentahydronaphthalene (Table
1)

2BNCM N-2-butyl-2,6-dimethyl-4H-pyridone-4-
ylidenecyanomethyl acetate (Figure 16)

DB-IP-DC 2-{3-[(E)-2-(dibutyl-amino)ethen-1-yl]-5,5-
d imethy l cyc l ohex -2 -eny l idene} -
malononitrile (Table 1)

PNP (S)-(-)-N-(5-nitro-2-pyridyl)prolinol
DCVDEA 4-(dicyanovinyl-N,N-diethylaniline) (Table

1)
DMNPAA 2,5-dimethyl-(4-p-nitrophenylazo)anisole

(Table 1)
MNPAA 3-methoxy-(4-p-nitrophenylazo)anisole(Table

1)
DMHNAB 2,5-dimethyl-4-(2-hydroxyethoxy)-4′-nitro-

azobenzene (Table 1)
BDMNPAB 1-n-butoxy-2,5-dimethyl-(4-p-nitrophenyl-

azo)benzene (Table 1)
LEMKE-E (3-(2-(4-(N,N-diethylamino)phenyl)ethenyl)-

5,5-dimethyl-1,2-cyclohexenylidene)-pro-
panedinitrile (Table 1)

DRDCTA 4,4′-di(N-carbazolyl)-4′′-(2-N-ethyl-4-[2-(4-
nitrophenyl)-1-azo]anilinoethoxy)-triphen-
ylamine (Figure 16)

Cz-C6-THDC 2-(5-{4-[6-(9-ethyl-9H-carbazol-3-yl)-6-meth-
oxy-hexyl]-piperazin-1-yl}-thiophen-2-
yl ethylene)-malononitrile (Figure 16)

EPNA 4-(diethylamino)nitrobenzene
F0-F4, C1-

C9
fluorinated styrene derivatives (Figure 11)

Ch C NLO chromophore similar to Lemke-E
(Table 1)

M0 2-dicyanomethylene3-cyano-5,5-dimethyl-
4-(1′-ethylene-4′(bis(2-ethylhexyl)ami-
nophenyl)-2,5-hydrofuran

M1 several dicyanomethylenedihydrofuran chro-
mophores attached to a backbone

6OCB 4-hexyloxy-4′-cyanobiphenyl
8OCB 4′-(n-octyloxy)-4-cyanobiphenyl
5CB 4′-(n-pentyl)-4-cyanobiphenyl
E7, E44, E49,

TL202
mixtures of liquid crystals available from

Merck
E869 liquid crystal SC* 15 °C SA* 69 °C N* 82

°C I
DO3 4-(4-nitrophenylazo)aniline
DIP diphenylisophthalate
BBP butyl benzyl phthalate (Table 1)
DPP diphenyl phthalate (Table 1)
DOP diisooctylphthalate (Table 1)
ECZ N-ethylcarbazole (Table 1)
TCP tricresyl phosphate
PEG poly(ethylene glycol)
EHMPA N-(2-ethylhexyl)-N-(3-methylphenyl)-

aniline (Table 1)
TNF 2,4,7-trinitro-9-fluorenone (Table 1)
TNFM (2,4,7-trinitro-9-fluorenylidene)malononi-

trile (Table 1)
PCBM [6,6]-phenyl-C61-butyric acid methyl ester

(Table 1)
NI N,N′-di(n-octyl)-1,4,5,8-naphthalenediim-

ide
TBPAH tri-(4-bromphenyl)-aminium hexachloroan-

timonate
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