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ABSTRACT
This work presents recent progress in the area of organic photorefractive polymer
composites. These materials have been previously shown to be a suitable medium for
dynamic holographic displays, with multiple colors and single frame writing times on the
order of seconds. However, these materials still require large electric fields and high
intensity lasers to function effectively. Recent advancements in improving these areas are
discussed, including a review of the history and state-of-the-art in photorefractive
polymer composites.
The addition of electron traps via low loading of the electron-transporting
molecule Alq3 is shown to dramatically improve the diffraction efficiency and reduce the
required field. The grating formation also proceeds faster by more than one order of
magnitude, leading to an increase in sensitivity by a factor of 3. The dynamics of these
materials also show evidence of competing gratings indicative of bipolar charge transport
and trapping.
The addition of an amorphous polycarbonate (APC) buffer layer is reported to
have a similar effect on the steady-state diffraction efficiency, and the further doping with
a fullerene derivative (PCBM) allows a 3x increase in the efficiency in the reflection
geometry, which is normally poor due to the small grating spacing. These composites
reveal the fundamental limits of the reflection geometry, based on the physics of high
frequency gratings. A reversal in the direction and increase in the magnitude of the twobeam coupling energy transfer is also observed.
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The use of interdigitated coplanar electrodes, instead of the standard uniform
electrodes in a parallel-plate geometry, is shown to result in large diffraction efficiency
with symmetric writing beams due to the increased projection field. The efficiency is
similar to that achieved in the standard samples with large slant angles and much better
than those geometries typically used in applications, with the benefit that the writing
beams do not have to be slanted with respect to the sample normal. Different electrode
widths are examined and the trade-offs discussed. This device makes beam injection
simpler and allows one to bring the benefits of highly slanted geometries, common to
small area setups, to the large-area applications.
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1

INTRODUCTION

This work is concerned with developments in the field of organic photonics, and
specifically applications involving holography and the continuing search for new
materials. Holography is a broad field that has been actively researched for several
decades, with motivations that go far beyond simply displaying three-dimensional (3D)
information. Thus, a brief history of holography will first be presented, followed by an
equally brief discussion on the state-of-the-art in materials for holography which will
allow a proper context for the entrance of organic polymers and this work.

1.1

History of Early Holography

Holography as a technique began with the work of Hungarian scientist Dennis
Gabor [1]. Working in post-war Britain in the late 1940s and early 1950s, he was trained
as a microscopist, and was interested in improving the resolution of the relatively new
electron microscope. At the time, the limiting factor in image resolution was the
aberration caused by the magnetic lenses used to focus and direct the electron beam. The
resulting images being two-dimensional photographs viewable in visible light, the
distortion could not be corrected. Gabor realized (anecdotally while waiting for a Sunday
morning tennis court [ 2 ]) that if the wavefront of the electron beam could be
reconstructed from the image, then it would be possible to correct the aberration after the
recording using more familiar optical lenses. In order to carry this out he interfered the
scattered electron beam with the coherent directly transmitted beam, thereby recording
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the amplitude and phase of the scattered beam relative to the reference beam. Recreating
the wavefront then required that the resulting image be illuminated again by the reference
beam, or in this case, similar light in the visible region (with magnification).
For this, he drew partly from the earlier work by Sir Lawrence Bragg on x-ray
diffraction for determining crystal structure. This concept was not new, but the
implementation was, and the primary characteristic of these wavefront images that we
know today (the depth) was only a secondary effect, worthy of one sentence in his
original paper.
The recording and reading in his initial experiments were done entirely in visible
light, to more easily show that it was possible to reconstruct the wavefront. His original
work came out in 1948 in Nature, and used a black and white transparency, showing that
the recorded diffraction pattern (which Gabor dubbed a “hologram” from the Greek
meaning “whole picture”) was not recognizable but the reconstruction was similar to the
original transparency. For this work he won the Nobel Prize in 1971.
While significant in its own right, the application of holography to microscopy
never caught on. Adapting the microscope for this new type of imaging proved
exceedingly difficult mainly because the electron sources in use at the time were too dim
and lacked sufficient coherence. The application of holography to 3D imaging did not
really occur to Gabor. As he said in a paper [3]:

“While the application to electron microscopy promises the direct
resolution of structures which are outside the range of ordinary electron
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microscopies, probably the most interesting feature of the new method is
the possibility of recording in one photograph the data of threedimensional objects.”

He recognized that you could record 3D objects, but not replay them. There are a number
of reasons for this. First, most of the theory necessary to fundamentally grasp what was
happening would be developed in the coming decade [ 4 ], and only then would
experimentalist have a solid foundation on which to expand the work. Second, the light
sources at the time lacked sufficient coherence to get any depth (thus why Gabor’s
transparencies). Third, the in-line geometry he used meant that the -1, 0, and +1 orders all
diffracted into the same direction, making the resulting image blurry. Perhaps primarily,
Gabor was a microscopist in a world that did not value 3D displays. Once he proved it
could work, he tried hard to sell the technique to laboratories instead of advancing the
concept [2]. It would take the work of Americans and almost a decade to accomplish that.
In late 1950s Emmett Leith was working at the University of Michigan on a topsecret side-looking radar project that was supposed to improve image quality. The radar
would be emitted sideways instead of down or straight ahead. In his analysis, he realized
that his technique was very similar to that of Gabor and other theoretical papers that
followed. He wanted to adapt his radar technique to the optical regime, but never got
around to it. When Juris Upatnieks joined the group, he did not have adequate security
clearance to work on the radar, and was relegated to the holographic project (which was
little more than an idea at the time). Thus began a most prodigious collaboration.
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Leith and Upatnieks successfully got an off-axis a hologram working [5]. In this
modified geometry, the incident light is split into two components, an object and
reference beam, displaced vertically and with an angle between them. When
reconstructed, the different orders are all in different directions, eliminating the blur.
Soon after they made further advances by including a diffuser and imaging real
objects [ 6 ]. The diffuser made the reconstructed image appear more uniformly
illuminated, eliminated the directly transmitted light through the transparency (a
secondary unintentional Gabor hologram) as a significant source of noise, made
impurities in the lenses less of a factor, and relaxed the linearity constraints on the
emulsion. It also had the effect that every point on the hologram contained light from
every point on the image, so they could break the plate in half and still be able to
reconstruct the image from either piece (albeit with smaller resolution). The use of brand
newly invented HeNe lasers was an advantage here.
The most amazing advancement was the use of diffusely reflecting real objects.
This required a different arrangement of the setup, which their off-axis geometry could
provide. With the enhanced coherence length from the laser, they could record the depth
of these objects. In late 1963 they got a high quality hologram of a toy train [7]. In an
OSA meeting in 1964, they presented the findings and announced they had an example
on display. The viewers were perhaps as fascinated by the laser light illumination as they
were by the 3D nature of the image. From this point on the use of holography as a 3D
imaging technique would take off and expand into multiple areas, though there was one
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more major advancement that escaped relatively unnoticed by those in the west. That
was the work of the Soviet Union scientist Yuri Denisyuk [8].
Denisyuk began his studies in Leningrad in 1958. His motivations were unclear,
but he was interested in the problem of reconstructing the phase and amplitude of a
general source. Working in a different time, place, and culture, he developed the concept
of holography independent of Gabor’s work. In his case, the geometry was different. The
object (a concave mirror) was placed behind the emulsion, and the illuminating beam
passed through and reflected off the object. The interference was formed from the
reflected beam and the incident beam. The benefits of this reflection geometry are that
the smaller grating spacing allows separation of individual colors when read with white
light, so it can be viewed in room light without color distortion. It also can be used easily
on objects and not just transparencies, while also relaxing restrictions on coherence
length.
Denisyuk’s main advantage (and contribution) was that he was working in an
entirely different place and culture, unhindered by conventional technologies such as
microscopes and radar. His work would be reproduced in 1965 by several American
groups in an off-axis geometry with the expressed intent of 3D imaging [9]. Today, most
full color holograms displayed on laboratory walls are off-axis reflection (Denisyuk-type)
holograms.
After the achievements of these early pioneers, research quickly bifurcated many
times into different sub-fields based upon specific applications, such as security, optical
element testing, data storage, custom diffractive optics, solar energy, and art [10]. It is
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important to note that after the first decade or so, the theory of holography was well
established and impressive images were already being produced. Much of the subsequent
research has been focused on applying it to new areas, finding useful approximations, and
devising new material emulsions. It is to this last point that we now turn our attention.

1.2

Holographic Materials

A good holographic material exhibits high sensitivity at the wavelength of the
available laser, high spatial resolution, low cost, simple development techniques, and
ideally, reusability. Various different types of materials have been used over the decades
that meet some or all of these specifications.

1.2.1

Silver Halide
Silver halide emulsion is a type of photographic film consisting of grains of a

compound formed between silver and a halogen, typically bromine. This was the material
of choice during the early research on holography due to its similarity to typical “2D”
photographic films. It has many excellent properties that would still permit its use today
if there was anyone still widely manufacturing it. It has a small grain size (10s of
nanometers) and sensitivity around 1-100 µJ/cm2, among the lowest of all materials [11].
The resolution can also be several thousand lines per millimeter, which is sufficient for
high quality reflection holograms. Spectral sensitivity from blue to red can also be
achieved by adding various dopants. One of the drawbacks of using silver halide films is
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the requirement of wet chemistry for development, which leads to regions of varying
concentrations of silver. This creates an amplitude grating with relatively low diffraction
efficiency. A phase hologram can be produced by rehalogenating the silver, making the
film transparent again, thought this tends to increase the noise.

1.2.2

Dichromated Gelatin
Dichromated gelatin (DCG) is a gelatin doped with a dichromate, such as

(NH4)2Cr2O7 [12]. Light exposure creates chromium ions (Cr3+), which leads to crosslinking of neighboring gelatin chains by bonding to the chromium. The matrix will
harden during development leading to an index of refractive change and a phase
hologram. The most attractive properties of DCG are the very high resolution (~10,000
lines/mm) and the ability to alter the index modulation and swelling to some extent after
initial development. It is an excellent material that produces very high quality holograms,
but suffers many disadvantages. First, chromium ions will be created in the dark so the
films only have a shelf life of a couple weeks to a month, necessitating the ability to
make the films on one’s own. The sensitivity is relatively poor (10-100 mJ/cm2), which is
a particular problem because the spectral sensitivity is limited to UV and blue
wavelengths. However, if these drawbacks can be overcome very bright, high resolution
images can be achieved.
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1.2.3

Photopolymers
Photopolymer films consist of organic materials that undergo a polymerization

when exposed to light [ 13 ]. They typically consist of monomers, sensitizers,
photoinitiators, and a binding agent. When exposed, the photoinitiators lead to the
creation of free radicals that bind the monomers into polymers. In order to fix the image,
further polymerization is halted by exposure to UV and heat. The neighboring polymer
regions have different indices, leading to a phase hologram. These films have the great
advantage of not requiring wet chemical processing, and can be viewed seconds after
exposure. However, the sensitivity is also relatively poor (10s of mJ/cm2), though
perhaps not as low as DCG in some cases, and are biased toward the UV and blue
wavelengths, though again not as much as DCG. Perhaps the main issue with these
materials is their availability. Several companies, such as DuPont and Bayer are
manufacturing their own versions of photopolymers [14], but they are not commercially
available, in DuPont’s case because they are used for security applications. Zebra
Imaging has made excellent holograms using their own photopolymer formulation.
Material

Processing

Silver Halide

Wet

DCG
Photopolymer
Photochromic
Photothermoplastic
Photorefractive

Wet
UV/Heat
None
Heat
None

Grating
Type

Sensitivity
(mJ/cm2)

Resolution
(lines/mm)

Amplitude
Phase
Phase
Phase
Amplitude
Phase
Phase

10-3 – 0.1

1,00010,000
~10,000
~2,000
>5,000
~1,000
~2,000

10 – 100
10
10 – 100
10-2
1-1,000

Max
Efficiency
(%)
5
>50%
100%
100%
2%
30%
100%

Reusable?
No
No
No
Yes
Yes
Yes

Table 1-1: Summary of general properties of different holographic recording
materials [11-15,16].
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1.2.4

Photorefractive Polymers
There are many other types of holographic recording materials, though these three

are arguably the most mature and ubiquitous. A final class of materials that has been
actively researched for several decades and has been shown to produce high quality
holographic images is photorefractive (PR) polymers [15]. In these materials, light
absorption in sensitive molecules creates electron-hole pairs that transport along polymer
chains and become trapped, leading to a spatial distribution of charge and a static electric
field. Birefringent molecules will orient in this field, leading to a macroscopic index
modulation, and a phase hologram. One of the primary benefits of these materials is that
the grating is reversible by re-excitation and recombination of the trapped charges, so one
emulsion can be used to record many holograms. There is also lack of any need for postprocessing (even exposure to UV or heat as for photopolymers) and the grating can
develop in sub-milliseconds in some compositions. This updatability and speed opens up
many new applications that are not available with the previous static emulsions. Some of
the drawbacks of PR polymers are the low sensitivity to light (100s of mJ/cm2), the phase
instability of the composite polymers, and the large bias fields that must be applied to
separate the charges. An important aspect of the PR effect is that the index modulation is
shifted up to 90° from the interference pattern of light, which distinguishes it from some
of other processes, such as photochromism. This leads to the ability to transfer energy
between two coherent beams of light that interfere in the material, as will be discussed
later.
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PR polymers have advanced quickly since their initial discovery in 1991 [17], and
now perform with high efficiencies and fast response times [18,19]. The PR effect,
originally discovered in inorganic crystals more than 40 years ago [20,21], initially drew
attention as a perceived detriment to non-linear applications in these materials. (it was
only referred to as a “photorefractive” effect in publication in 1973 [22]). However,
development was pursued because of some unique properties relevant to other perceived
applications. First, the process was both reversible and fixable, allowing both read/write
and read-only applications, as opposed to standard photographic films which could only
be written once. Second, the non-local nature of the process allowed coupling and energy
transfer to occur between two coherent beams [23]. Even though there have been
tremendous advancements in the materials, these are still among the primary reasons
photorefractives are pursued as the material of choice for many applications.
When the effect was discovered in organic polymers, a number of advantages
over inorganics were soon realized. Organic polymer materials have the inherent
advantages of ready manipulation of component formulations to suit a given application
at low cost. The structural constraints were also relaxed, allowing them to be custom
made into different geometries, such as waveguides and displays; significantly, samples
can be made much larger than is typical for crystals. The dielectric constant is also
smaller, which reduces the electric field screening of trapped charges and increases the
quality factor. The highly customizable doping process, where specific atoms or
molecules are added to control the electrical conductivity, optical nonlinearities, or
charge trapping properties, is also easier compared to crystals, where dopants are
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typically expelled during growth. The drawbacks are that they are more dispersive in
nature, both optically and electronically, and the theory behind their operation is
significantly more complicated than regular crystals, though much work has been done in
these areas [24]. PR polymers now outperform inorganic counterparts in diffraction
efficiency, two-beam coupling gain, and sensitivity [25].
Due to this tremendous progress many applications have appeared [26], including
optical communication [27], correlation [28], and imaging through scattering media [29],
all with different material challenges that can be met by these highly versatile polymers.
Recently, they have been shown to function in dynamic holographic displays [30,31],
which are of use in medical imaging, industrial design, defense applications, and air
traffic control, among other emerging areas such as telepresence. However, progress in
other areas has not been as rapid, particularly in the area of sensitivity. In the visible, the
sensitivity is still orders of magnitude smaller than that of permanent films used for
recording static holograms. The phase stability of the highest performing composites is
still not as exceedingly long as it needs to be for real-world applications (many years),
and finally, highly oblique geometries are often required, resulting in complex optical
system requirements.

1.3

Organization of the Present Work

In Chapter 2, we review the physics and standard theory of the PR effect, as well
as the relevant portions from diffraction theory, for the purpose of understanding the
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work presented here. Chapter 3 contains information on the materials needed for
development of state-of-the-art PR polymer samples, as well as recent developments in
the materials research and how the different components function together in a single
composite. The various techniques used to characterize the different processes that occur
in the material leading the PR effect are also discussed in Chapter 4, including the theory
of their operation and the practical experimental details.
Chapter 5 presents the contributions of this work to the field of PR polymers,
namely by: increasing the charge separation using electron traps; altering the standard
device structure to one that is more compatible with the physics of PR materials;
determining the effect of inserting blocking layers between the polymer layer and the
electrodes on PR performance. Finally, Chapter 6 discusses some possible future research
deriving from this work and some general PR polymer topics that will likely be addressed
in the long-term.
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2

PHOTOREFRACTIVE EFFECT

As previously discussed, the PR effect allows a light intensity distribution to be
mapped in a PR material as a variation in the index of refraction. The effect is observed
in both polymers and crystals, so there are some common phenomena unique to the PR
effect that are independent of the material in which the effect is observed [32]. The
fundamental aspect is that charge pairs are generated which migrate to different locations
in the material. The resulting electric field affects the refractive index via a material
response that depends on the type of medium. The two main aspects of this process that
identify it as photorefractive are 1) it is fully reversible, and 2) the charge and index
response is non-local. There are several steps that occur between the initial illumination
with light and the establishment of the index modulation, which we now discuss each in
turn.

2.1

Overview of Photorefractive Processes in Polymers

Consider two coherent beams of light that interfere within a region of space
occupied by some material. For the case of plane waves, a spatially modulated intensity
pattern is produced which is given by
I(x) = !! 1 + ! cos 2! Λ

(1)

where I 0 = I1 + I 2 is the total incident intensity (the sum of the intensities of the two
beams), Λ the spatial wavelength, and m is the fringe visibility, given by
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m = 2( I1 I 2 )1/ 2 ( I1 + I 2 ) .

(2)

In a tilted transmission geometry, where beams can have any angle with respect to the
normal, but the light is incident from the same side of the material, Λ is

Λ=

λ
2n sin [(α 2 − α1 ) / 2]

(3)

where n is refractive index of the material, λ the optical wavelength in vacuum, and α1
and α 2 the internal incident angles of the two beams relative to the sample normal within
the material. For visible wavelengths, the grating spacing can vary from about 1-10µm in
this geometry, depending on the angles and the specific materials. If the beams are
incident from opposites sides of the sample (reflection geometry), then the spacing can be
as small as half the wavelength of the light in the material (about 0.15µm).
These equations assume plane waves, and the real light field could be much more
complicated, however, this is still a good approximation for the conditions typically
employed (collimated light or light intersecting at the focal plane), and is instructive for
introducing the concepts of grating formation.
There are four main processes that lead to creation of the index modulation.
1) Charge generation
2) Charge transport
3) Charge trapping and development of the Space-Charge (SC) Field
4) Material response to field creating the index modulation
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Fig. 2-1: Schematic diagram of the processes involved in the photorefractive effect.
(Top) Two beams of light illuminate the material with an interference pattern
leading to the creating of electron-hole pairs in the bright regions. (Middle) An
applied electric field separates the charges, which transport and become trapped in
the dark regions. (Bottom) These trapped charges create a SC field, that in turn
creates an index grating, both of which are phase shifted from the light pattern.
These steps are illustrated in Figure 2-1. If the material is absorbing at the
wavelength of the light, then electron-hole pairs are generated in the high intensity
regions of the interference pattern. The charges then either recombine or separate. Charge
separation can happen much faster than recombination due to the presence of the
favorable energy sites and because the dielectric constant of the material will screen the
potential between the charges. Still, a constant electric field is applied to the material to
facilitate this process (as well as others). These carriers are free to diffuse (due to thermal

30

effects and concentration gradients) or drift (under the influence of the applied field)
throughout the material. As they move, they encounter defects or energy wells associated
with certain polymers or molecules and become trapped. The detrapping time from these
sites can be anywhere from fractions of a second to many seconds. Since the mobility of
one of the charged species (usually holes in organic materials) is greater than the other,
they move from the high intensity region, leaving behind the carriers of the opposite
charge, and eventually get trapped in the dark region. Charges trapped in low intensity
regions and those opposite charges left behind in high intensity regions give rise to an
inhomogeneous spatial distribution of charge, which leads to a spatially varying electric
field, or space-charge field.
The final step is the formation of the refractive index profile in the material by the
SC field. In polymers, this is due the presence of non-linear optical (NLO) chromophores
that have a large permanent dipole moment and linear polarizability anisotropy. These
chromophore molecules orient to the applied external field but also in situ to the SC field
via interaction with the dipole moment. The latter will result in a macroscopic
polarization anisotropy, and hence a macroscopic refractive index change, that depends
on the pattern of the SC field, which itself depends on the light intensity pattern.
For crystals, the modulation is achieved via either the linear electro-optic (EO)
Pockels effect or the quadratic EO Kerr effect, which is due to the second or third-order
susceptibility of the crystal, not from the linear polarizability anisotropy of molecules,
and involves no orientation. This will not be discussed here except where instructive [33].
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All of these processes are dynamic, so that charges trapped will become detrapped
and replaced by other photogenerated charges. In the steady-state, all of these dynamic
processes reach an equilibrium, the net result being a SC field and index modulation with
a magnitude and phase that are constant in time. This latter remark about the phase is
particularly important. Since the charges are mobile, the SC field is phase shifted relative
to the intensity pattern, implying that so to is the index modulation. This phase shift leads
to the energy transfer between coherent beams that is one of the signatures of the PR
effect. This phase shift can be very small or it can be 90° depending on the field and trap
density. These separate processes will now be discussed in more detail.

2.2

Absorption of Light and Photogeneration of Charge

The PR process begins with absorption of a photon by a molecule within the
composite. Electrons are excited from lower energy to higher energy states, leaving
behind a hole, and creating a correlated electron-hole pair. Amorphous organic polymers,
as opposed to crystalline solids, do not exhibit well-defined band structures, and each
molecule has its own distinct energy levels. In this case, electrons are excited from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), which are loosely analogous to the valence and conduction bands in
semiconductors. This absorption occurs in one particular molecule or polymer that has
the proper energy gap to absorb the photon, and is usually achieved with specific
sensitizer molecules or the chromophore itself. After the electron transitions to the
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LUMO, a hole is left in the HOMO. The sensitizer is a strong electron acceptor, and
forms a charge-transfer (CT) complex with a separate electron donor molecule, typically
the charge transporting polymer host. An electron is transferred from the HOMO of the
donor to the HOMO of the acceptor, resulting in anionically charged sensitizers. A
schematic of this process is shown in Figure 2-2.

Fig. 2-2: Diagram of the charge generation and transfer process in organic
polymers. “A” refers to the electron acceptor (the sensitizer), and “D” refers to the
electro donor (the charge transporter).
The charge generation process requires both the creation of charge pairs via light
absorption and the efficient charge separation, with both crucial. The quantum efficiency
(defined as the percent of absorbed photons that lead to the creation on an electron-hole
pair) can be increased with a larger sensitizer density, but then most of the photons will
be absorbed near the surface of the material. This must be balanced against the need to
have a diffraction grating throughout the volume of the material that is necessary for
obtaining highly efficient gratings and bright images. Charge separation depends on the
relative positions of the HOMO and LUMO levels of the acceptor and donor. To make
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this more efficient, the acceptor ionization potential (the gap from the LUMO to vacuum)
should be larger and HOMO should be lower than that of the donor. In organic polymers
with relatively low dielectric constants (2 to 9), the small screening of the Coulomb
attraction between the electron-hole pair can severely impair dissociation.
The Onsager model [34,35] has been found to describe reasonably well the
thermal and electrical dependence of the photogeneration efficiency in some organic
photoconductors [36]. This model assumes the formation of a thermalized exciton held
together by its Coulomb attraction. Photogeneration results from thermal dissociation of
this electron-hole pair, which can occur with reasonably probability if the exciton radius,
r0, is greater than the Coulomb radius, given by

rC = e 2 / 4πε 0ε k BT .

(4)

An applied electric field E will reduce the exciton binding energy and further facilitate
separation. In this model, the photogeneration efficiency, defined as the fraction of
dissociate charge pairs per absorbed photon, is given by

⎡

∞

⎤

⎣

n =0

⎦

φ ( E ) = φ0 ⎢1 − ς −1 ∑ An (κ )An (ς ) ⎥

(5)

where the An are defined recursively:

An ( x) = An−1 ( x) −

x n exp(− x)
n!

(6)

with

A0 ( x) = 1 − exp(− x) .
Here, ς = er0 E / kBT , κ = rc / r0 , φ0 is the quantum efficiency.

(7)
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This model produces reasonable results for the case of ionization via
intramolecular charge transfer between donor and acceptor moieties of the same
molecule, but fails for case of extrinsic photoconductors where the separation can occur
from interactions with trapped charges or from intermolecular CT between donor and
acceptor molecules [37]. For this latter case, the values for the thermalization radius
obtained (1-10nm) are much higher than what is observed experimentally (0.5nm). Other
more sophisticated models have been developed, but Onsager’s still provides a qualitative
framework to describe the field and temperature dependence of photogeneration. Some
calculations for the photogeneration efficiency dependence on the electric field for
different exciton radii are shown in Figure 2-3.

Fig. 2-3: Photogeneration efficiency as a function of applied field from Onsager’s
model, with T=3000K, ε=3.5, and for different values of the exciton radius r0.
With CT complexes formed between organic polymer acceptors and donors, for
example between C60 and triphenyldiamine derivatives, photogeneration efficiencies up
to 100% have been observed [38], though significant variation can occur based on
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specific functionalizations and concentrations. This analysis of the data also assumes that
there is essentially no trapping present, which is not nearly true for full composites.

2.3

Charge Transport

Charge transport in amorphous organic polymers is fundamentally different from
that in inorganic semiconductor crystals. In periodic crystals, there are well-defined
energy levels and charges are transported in the conduction and valence bands. With the
presence of defects, localized charges can tunnel between defects if the wave functions
overlap, referred to as hopping [39]. In amorphous organic systems, charge transport
occurs via a succession of individual transfer steps between energetically available sites.
After the exciton dissociation, sites on the donor and acceptor molecules are charged with
either holes (on the donor) or electrons (on the acceptor). For the case of hole transport,
neutral sites on the donor can transfer an electron to a neighboring charged site if there is
wave function overlap between the two sites. These transporting molecules are often
conjugated polymers, exhibiting alternating double and single bonds that allow
delocalization of the electron wave functions between π orbitals. In this way, the hole is
transferred from one site to another, or from one molecule to another, in a manner that
resembles hopping [40].
A theory that has been successfully applied to these amorphous systems is the
disorder formalism introduced by Bässler [41]. Like most theories applied to organic
polymers, this was originally introduced for inorganic crystals. In these systems, transport
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occurs through the conduction and valence bands, but the density of trapping sites is large
enough that the charge carriers are sufficiently localized so that the transport resembles
hopping. In organic polymers, the trapping sites are provided by impurities in the
composite, conformational kinks in the conjugated chain, or specific molecules
interspersed among the transporting agents [42]. Similar to crystals, hole transport occurs
in the HOMO while electron transport occurs in the LUMO.
The disorder formalism assumes a density of localized sites with superimposed
energies but both positional and energetic disorder. The energetic disorder arises from
nearby trapped charges, cross-links, and variations in local chemical species, and is
assumed be inhomogeneously broadened so that the distribution of energies can be
described by a Gaussian with standard deviation σ. The positional disorder is assumed to
arise from a random distribution of distances and electronic coupling between sites and is
described by the parameter Σ. The model also assumes that each successive hop is
independent of any previous ones. Based on this, the hopping rate between from site i to j
with energies εi and εj is given by the Miller-Abrahams [43] probability

⎧
⎡ ε j − εi ⎤
⎪exp ⎢ −
⎥ ;ε j > εi ,
ν ij = ν 0 exp(−2γΔRij ) ⎨
⎣ k BT ⎦
⎪
1
;ε j < εi
⎩

(8)

where ν 0 is a frequency prefactor, γ the wave function decay rate constant, and ΔRij the
distance between sites. The first exponential represents the wave function overlap
between the two sites, and the second exponential describes thermally activated hopping
probability. Charge hopping from high to low energy sites is not restricted by any
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condition and such a downward jump is not affected by the presence of the electric field.
Therefore, effects arising from strong charge-phonon coupling are neglected.
In this disorder formalism, the charge carrier mobility can be expressed as

{⎣

2
2
µ = µ0 exp ⎡C (σ / kBT ) − Σ2 ⎤ E − ( 2σ / 3kBT )

⎦

}

(9)

where µ 0 is a pre-factor, C an empirical constant given by 2.9 ×10−4 (cm / V )1/ 2 . Note that
in this expression, ln(µ) is a linear function of E1/2, though it can be an increasing or
decreasing function depending on the choice of the disorder parameters. However this
behavior is not representative of all polymer systems. In some cases, a maximum of ln(µ)
is observed at a specific value of the electric field [44].
A more sophisticated model, which takes into account how the rates of electron
transfer depend on the energy difference between hopping sites, is Marcus theory [45]. In
this model, the transfer rate increases exponentially with increasing energy difference up
to the “reorganizational energy” λ where it starts to decrease. The transfer rate k is
expressed as

# ( ! ! "E) 2 &
k = k0 exp(!! "R)exp %!
(
$ 4k BT ! '

(10)

where k0 is a pre-exponential factor, β the constant for positional dependence, and ΔE
the energy difference between hopping sites. The first exponent states that the transfer
rate will decrease as the distance between donor molecules is increased, similar to MillerAbraham theory. This model has been qualitatively verified in experiments using
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polymers similar to those presented here, but obtaining a quantitative description has
proved difficult [38].
There is no one model for the mobility of charges in amorphous systems that
adequately describe the field and temperature dependence over a large range. In general
either Miller-Abrahams or Marcus theory is applied, though most theories yield a similar
dependence on the field [46]. One complication to the theory for mobility arises from the
presence of the polar chromophores. These molecules, present in concentrations of 20-40
percent by weight, can greatly affect the interactions of charges and cause an increase in
the energetic and positional disorder [47]. They can either increase or decrease the
mobility based on the location of the chromophore HOMO and LUMO relative to the
charge transporting agent [48]. There is no model to accurately describe the effects
observed in polymer composites doped with highly polar molecules. Indeed, most
measurements carried out on the mobility of polymer composites involve a single type of
conjugated polymer in a host matrix, perhaps doped with a small amount of sensitizer
molecule to generate charges. Furthermore, most models are judged based on these
simpler systems. In PR polymer composites (generally with at least four different types of
components), the trapping is far too significant to obtain a sufficient signal-to-noise ratio.
It has been observed that the SC field formation rate is independent of mobility, or that
the formation is adequately described by considering only the dependence of the
photogeneration efficiency on the field as described by Onsager [49]. This is attributed to
the large trap density in composites, compared to samples of pure charge transporting
molecules, which becomes the limiting factor in charge transport.
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2.4

Charge Trapping

A trapping site is a region where a mobile charge is prevented for some period of
time from participating in transport. The nature of the traps in PR polymer composites
can depend greatly on the particular type of composite due to the different HOMO and
LUMO levels of the constituents. Trapping sites can be entire molecules if the HOMO or
LUMO is lower than the energy of the hopping site, or in structural defects or
conformations in the polymer chain, or near other trapped charges (e.g., ionized acceptors
created during charge generation). The depth can also vary depending on the nature of
traps as well as the available thermal energy, which affects the trapping and detrapping
rates. These are generally categorized as either “shallow” or “deep” traps.
The processes of trapping, detrapping, recombination, and generation are all
dynamic processes that will eventually reach equilibrium if allowed to. Charges are not
permanently trapped and generation never ceases completely even if the diffraction
efficiency reaches a constant value. The magnitude of these rates and the density of traps
will determine the ultimate rate of SC field formation and the steady-state value.
Deep traps affect the PR performance on longer time scales (greater than 10-100s)
and can often manifest as a decrease in the current over these time scales. They can be
defined as traps that have a thermal detrapping rate at least an order of magnitude smaller
than the shallow traps [24]. These are usually extrinsic, that is, resulting from energetic
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interactions of multiple molecules, the presence of other trapped charges or ions, or
charge transfer from the transporting agent to other molecules with energetically
favorable levels. Shallow traps affect the behavior on much shorter time scales (less than
1-10s), and are usually intrinsic to the charge transporting agent, such as conformations,
impurities, or kinks in the chain, though they can also be extrinsic if the difference
between HOMOs or LUMOs of the hopping site and trapping site is small.

Fig 2-4: Representation of dynamic processes occurring in PR polymers in the
formation of the SC field and the relationship of energy levels in those processes.
This shows the case of hole transport.
Ionized acceptors have been shown to act as traps for holes due to the Coloumb
attraction [50]. This requires the presence of compensator traps to avoid recombination of
the electron and mobile hole. These compensator sites can be chromophores, neighboring
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impurities, or in the case of inorganic quantum dot (QD) sensitized PR composites,
surface sites on the QD shell. Thus, sensitizers act not only as charge generation sites but
also trapping sites [51].
Trap density can affect both the magnitude and speed of the SC field formation
[52]. Very low trap densities will yield a small steady-state SC field magnitude, though a
rapidly formed due to the large mobility. Very high trap densities will reduce the speed
due the increased time it takes mobile charges to separate enough to establish a large SC
field, though in the steady-state the SC magnitude may be larger than for smaller trap
densities.
These are general effects, as trapping dynamics can be complicated due to the
varied nature, depth and density of traps. In addition, trapping moieties cannot be
independently modified due to the fact that they often serve dual roles as sensitizers,
chromophores, or transport molecules.

2.5

Model for the Space-Charge Field

There are several theoretical descriptions for the development of the SC field that
result from the aforementioned processes of generation, transport, and trapping. The first
was developed by Kukhtarev [53] for inorganic crystals through the solution of a set of
rate equations for the density of charge carriers and ionized sensitizers, incorporating
photogeneration, diffusion, drift, and recombination. This has also been applied to
organic polymers with some success since the basic processes are the same [54].
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However, significant differences were realized between amorphous polymers and
inorganic crystals, namely the many field dependent parameters such as mobility,
recombination rate, photogeneration efficiency, and trapping rate. Schildkraut
incorporated these in his model [55]. Both of these models could be solved analytically in
the steady-state and equilibrium results were obtained. Ostroverkhova extended the
Schildkraut model to include shallow and deep traps to improve the fit to experimental
observations on different time scales and analyzed not only the equilibrium behavior but
also the transient nature of the SC field formation [24].

2.5.1

Kukhtarev Model for Crystals
The Kukhtarev model describes the equilibrium SC field for the conditions

typically found in crystals [53]. In these systems, electrons are the dominant (and
assumed to be only) charge carrier, which are excited from neutral donors into the
conduction band. There is also a density of donor cations and acceptor anions in the dark,
which allows recombination to occur anywhere in the crystal. The model also assumes a
weak intensity (relevant to the charge generation rate), as well as low fringe visibility
(m<<1). In these limits, the steady-state value of the first Fourier component of the
electric field from the charge distribution (the SC field) is given by

ESC = !m

Eq (E0 ! iED )
Eq + ED + iE0

(11)

where E0 is the projection of the applied field in the direction of the grating vector, ED is
the field obtained from thermal diffusion alone,
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(13)

ED =

and Eq is the limiting value of the field,

Eq =

where Neff is the maximum density of charged sites, ε is the dielectric constant, and Λ is
the grating spacing. The maximum density of charged sites will set the upper limit for the
magnitude of the SC field. For crystals, this quantity is related to the density of donors
and acceptors (balanced by recombination). For polymers, this can be identified with the
density of trapping sites, since the maximum density of charged sites comes not from
ionized donors and acceptors directly but from trapped holes and ionized acceptors. Thus,
Neff is the effective trap density when this is applied to polymers, and Eq is called the traplimited field. The specific approximations necessary to apply (11) to polymers will
become evident when the polymer-specific model is discussed below.
The magnitude of the SC field is
1/ 2

ESC

⎛
⎞
( E0 2 + ED 2 )
= m⎜
2
2
⎜ (1 + ED / Eq ) + ( E0 / Eq ) ⎟⎟
⎝
⎠

(14)

and the phase of the SC field relative to the light intensity pattern

⎡E
Θ = arctan ⎢ D
⎢⎣ E0

⎛ ED
E0 2
+
⎜⎜1 +
Eq E D E q
⎝

⎞⎤
⎟⎟ ⎥ .
⎠ ⎥⎦

(15)

Observe that if the applied field is zero and transport occurs through thermal diffusion,
the phase shift will be π/2. If electric drift occurs with an applied field the phase shift will
be smaller, and the specific value will depend on the relative strength of the diffusion and
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drift processes. Calculated values for the magnitude and phase of the SC field from (14)
and (15) are shown in Figures 2-5 and 2-6 for standard values of the writing beam angles
and various trap densities. For practical purposes, it is useful to know that kBT/e is
approximately 1/40 V at room temperature and that ε0/e is approximately 55.263 µm/V.

Fig. 2-5: Transmission Geometry – Calculations of the magnitude (left) and phase
(right) of the SC field for Λ=1.64 µm and ε=3.5, for various trap densities as a
function of the applied field.
For the transmission geometry with low trap densities the SC saturates at a small
value because the trap-limited field is small. However, at these trap densities, the phase is
very nearly π/2. At large trap densities, the SC field is linear since the trap-limited field is
an order-of-magnitude larger than the applied fields. The SC field in this regime is equal
to the applied field in the direction of the grating vector. The phase at these trap densities
is nearly zero, since equilibrium will be reached before the charges can completely reach
the dark region, though larger fields will increase the equilibrium displacement.
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Fig. 2-6: Reflection Geometry – Calculations of the magnitude (left) and phase
(right) of the SC field for Λ=0.164 µm and ε=3.5, for various trap densities as a
function of the applied field.
In the reflection geometry, the grating spacing is an order of magnitude smaller
which reduces the trap-limited field according to (13). This affects both the magnitude of
the SC field as well as the linearity of curve. With a high density of traps, the SC field is
actually larger than in transmission due to the increased projection of the applied field on
to the grating vector. For lower trap densities, the SC field saturates at the limiting value
before this becomes a factor. The phase is also closer to π/2 in reflection as the charges
do not need to travel as far to reach a dark region of the illumination pattern. Note in both
geometries the diffusion field is less than 0.1 V/µm, and is not relevant except for trap
densities or applied fields that are very small.
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2.5.2

Schildkraut Model for Polymers
While the Kukhtarev model has been applied to great effect in polymers, many of

the approximations used are not applicable [56,57]. The first model for polymers was
developed by Schildkraut [55], which takes into account the field-dependent rates of
mobility and photogeneration efficiency, disposes with the concept of ionized donor and
acceptor densities in the dark, and considers explicitly the rate equations for the trap
density (with only one trapping level). It keeps the assumption that the transport is
unipolar, though many different models for bipolar transport addressing at least a dozen
different cases have been developed for crystals [32].
As has already been discussed, there is not one closed-form expression for either
mobility or photogeneration efficiency that is applicable for all applied fields, though in
the range of 10-100 V/µm reasonable approximations can be made.
! ! = !! ! !
! = !! !

!

! !!"# !!

(16)
(17)

where C, µ0, and p are constants to be determined experimentally, and Eref is the value of
the field where µ0 is measured. E is the total field in the polymer, not just the applied
field, and given by Poisson’s equation. Schildkraut also assumes that the trapping and
recombination rates are field dependent and can be expressed according to Langevin
theory [58]:
!

!! (!) = !! (!) = ! ! !(!).
!

(18)
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With these expressions, the steady-state solution to the rate equations (which are not
identical to the rate equations of Kukhtarev) is
!!" = −!"

!! !! − !!!
!! + !!!

(19)

where the fields ED and E0 are the same as defined in the Kukhtarev model. The rest of
the “fields” are defined as
!! !! ! ! − ! − !!
!! !! (! + !! )(! − !)

(20)

!Λ !! !! (! + !! )(! − !)
2!"! ! !! !! ! + !! !! (! − !)

(21)

!=

!! =

!! = !! + (1 + !")!! + 1 +
!! = !! +

!
!Λ!!
!!
2
2!"! !

!! !! !
!! − !"
!! 2

(22)

(23)

where I0 is the average intensity, T is the total trap density (a sum of the filled and empty
trap density), S is the total sensitizer density, ρ0 is the average free charge density, γT is
the average trapping rate (0th order Fourier component), and all other constants have been
defined previously or in the field dependent equations (16)-(18). These results require
considerably more knowledge of the material than the Kukhtarev model, so it is not
immediately obvious how they compare. To simplify the results, the following
approximations are made:
1) The diffusion field is negligible (ED = 0).
2) High trap density: the free hole density is much smaller than the trap density or
sensitizer density (ρ0 << T < S).
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3) Low light level: the initial charge generation rate is smaller than the initial
trapping rate (s0I0 < γTT).
With these approximations, (19)-(23) become
!≈1
!! ≈

(24)

!Λ
!
2!"! !

(25)

!! ≈ (1 + !)!!

(26)

!! ≈ !!

(27)

!!" = −!

!!

!
(1 + !) + ! !!

(28)

!

These equations are nearly identical to those of Kukhtarev except for the p factor in (26)
and (28). The magnitude and phase of the SC field from Kukhtarev (11) and Schildkraut
(28) are compared in Figure 2-7, using parameters typically observed in experiments
(p=2, T=104 µm-3, m=1, ε=3.5, and writing angles of 37° and 63° leading to Λ=1.7µm
and a slant angle of 63°).
The difference is never more than several volts per micron at any applied field.
The model for polymers is always lower with these approximations due to the
photogeneration efficiency dependence on the field (the Kukhtarev model essentially
assumes enough free charges to maintain charge neutrality at all times based on the initial
donor and acceptor ions). The phase is also reduced for a similar reason; the larger SC
field in the Kukhtarev model can drive the charges farther into the dark region (where the
phase is exactly π/2) at equilibrium.
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Fig. 2-7: Comparison the Kukhtarev (black) and Schildkraut (red) models for the
SC field.

2.5.3

Ostroverkhova Model for Polymers
Both of these models address only the steady-state solutions to the rate equations,

given the computational limitations at the time they were derived. The model developed
by Ostroverkhova [24] includes a discussion of the effects on the transient behavior of the
various material parameters. This also includes both deep and shallow traps (with the
same trapping rate but order-of-magnitude difference in the thermal detrapping rate). This
model also dispenses with the assumption of Langevin recombination (18) and describes
the field dependencies of the mobility, trapping, and recombination with different
parameters. Given the complexity, no closed form solution is attempted, but the
numerical results of build-up rates fit the observed data well. This is a very useful model
for understanding the physics of the SC field formation in PR polymers.
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All of these models require a significant fore knowledge of the material to yield
results applicable to real experiments. They all have their own regime of usefulness, from
simple materials and experiments to the complex. Still, there is much physics left
unaddressed. All different types of traps are theoretically grouped into one or two classes,
when in reality there can be several. The role of dynamic orientation of the chromophores
during grating formation, which can change the trapping and transport dynamics, is also
ignored. The material is also generally assumed to be infinite with ideal ohmic contacts.
These models also are limited to fields approximately less than 50 V/µm, as at higher
fields the index modulation can have an effects on the writing beams that can become
significant, such as beam fanning, grating bending, competing gratings, and selfdiffraction, all of which will dynamically alter the intensity pattern and the resulting SC
field.

2.6

Index Modulation by Non-Linear Chromophores

The final step in the PR process is to form the phase grating based upon the SC
field already developed. In reality the process is not so linear, as both the SC field and the
index modulation develop simultaneously and are coupled in various ways. However, this
picture is still true for measurements taken in the steady-state, and so is still very useful.
In organic PR polymers with a glass-transition temperature (Tg) at or above room
temperature, the index modulation will occur by orientation of birefringent chromophores
to both the applied DC field and the AC space-charge field. For inorganic PR crystals, a
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different process is responsible for the index modulation that involves no orientation, as
the rigid crystal structure does not permit it. This is the Pockels electro-optic effect
(where the index change is linear in the field) [59]. It is a very important, and often
dominant, process in many organic polymer systems, due to the speed with which πconjugated electrons can move and the fact that it arises due to different fundamental
physics and opens up different applications. However, it is not the dominant effect here,
so it will only be mentioned where instructive.
The presence of the PR effect in the first polymers was due this linear EO effect,
which arises from the second-order susceptibility. Not all materials exhibit a non-zero
second-order susceptibility; the material must be non-centrosymmetric, or lack inversion
symmetry. In a material with an inversion symmetry, the polarization induced by a field
in one direction must be equal but with an opposite sign to that with a field pointing in
the other direction, ! ! = −! −! . It is relatively easy to see that this can only be
accomplished if all the elements of χ(2) = 0. Amorphous polymers typically have this
symmetry, and so must be permanently poled with a DC field to achieve the Pockels
effect. One can also induce an EO effect by applying the field non-permanently, which
leads to an index modulation that is quadratic in the field through the third-order
susceptibility. The index modulation process in current polymers is due to “orientational
enhancement” [60], where the chromophores align to both the applied DC field and the
sinusoidal SC field, enhancing the index modulation. This is formally a third-order effect
but is typically expressed using the first and second-order susceptibilities, referred to as
“birefringence” and “electro-optic” for physical understanding. For these polymer
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systems the birefringence is by far the dominant effect, producing at least an order-ofmagnitude greater index change in the material. Over time, chromophores for PR
polymers have been optimized to specifically take advantage of this effect.

2.6.1

Oriented Gas Model
The chromophore molecules have a strong permanent dipole moment and are

highly polarizable. This allows strong electric fields to alter the polarizability of the bulk
material, either through orientation, the electro-optic effect, or any number of other
effects depending on the first-order linear susceptibility, 2nd order non-linear
susceptibility, 3rd order, etc. The oriented gas model [61] provides a framework for
calculating polarization properties of the bulk material based upon an ensemble of
molecules with a distribution of orientations and their own molecular polarization. This is
necessary for determining the index change in PR materials where the orientation of the
chromophore molecules, for which we know the microscopic polarizabilities, is
determined by the applied DC and induced AC fields.
The polarization vector is not in general dependent only linearly on the fields
present in the material. In the frequency domain and in the laboratory coordinate system,
the polarization vector is written as
(!)

(!)

(!)

!! = !! !!" !! + !!"# !! !! + !!"#$ !! !! !! + ⋯
(!)

(29)

(!)

where !!" is the linear susceptibility tensor, !!"# is the second-order susceptibility tensor,
etc. The different terms in this series are responsible for the manifestation of different
physical phenomena. For example the second-order susceptibility is responsible for
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second harmonic generation common in solid-state lasers. The third-order susceptibility
gives rise to the two-photon absorption and Raman scattering, as well as a variety of
other wave-mixing phenomena, such as electric field induced second harmonic
generation.
By analogy with macroscopic systems, one may also write a molecular
polarization vector applicable to a single molecule
!! = !! !! !! + !! !!" !! + !! !!"# !! !! + ⋯

(30)

where µi is the permanent dipole moment, αij is the linear molecular polarizability tensor,

βijk is the first molecular hyperpolarizability tensor, and the F’s are the field-screening
factors arising from the surrounding dielectric medium. It is customary to include these
into the values of the polarizabilities and the dipole moment and redefine the equation
using these “dressed” states:
!!∗ = !! !!                                 !!∗ = !! !!

(31)

where
!! =

!!" !(!) + 2
! ! +2
                                !! =
2!!" + !(!)
3

(32)

If we assume that the chromophores are free to orient to the applied field without altering
their surroundings, and that the chromophores do not interact with each other, then we
can write the macroscopic polarization vector elements in terms of the microscopic
polarization vectors of the all the molecules,
!! =

1
!

!!

(33)
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where V is the volume of the bulk and I and i refer to laboratory and molecular coordinate
axes, respectively. This is obviously not a practical relationship, and it must be expressed
as an integral over all possible molecular states in order to yield a useful result. If we
(!)

consider just the first-order linear terms (αij and !!" ), then if we assume a general
molecular orientation function we can write (33) as
!

!! = !

!! cos !, !

(!)

! Ω !Ω = !!! !!

!!!

= !!!

(34)

!! ∗ + !∥ ∗ − !! ∗ cos ! 3, ! ! Ω !Ω

where N is the number of molecules per unit volume, cos(i,I) are the direction cosines
between the laboratory coordinate I and the molecule coordinate i, and f(Ω) is the
orientational distribution function that describes the fraction of molecules oriented in a
particular direction. For axially symmetric molecules, the individual linear molecular
polarizability tensor elements in the principle axes of the molecule are written as:
!!! = !!! ≡ !!                           !!! ≡ !∥

(35)
(!)

(34) can be used to write an expression for the macroscopic !!" in terms of the
molecular parameters.
The presence of a DC poling field will alter the equilibrium distribution of
molecules from an isotropic one to a particular anisotropic f(Ω). Then, for a field linearly
polarized in the laboratory Z-direction,
(!)

Δ !!! = ! !∥ ∗ − !! ∗
where

!"# ! ! −

1
3

(36)
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!

!"# ! =

!"# ! !" Ω !Ω
! Ω !Ω

(37)

which is the average of cos2(θ) over the molecular distribution, and the 1/3 factor comes
from the average over a uniform distribution.

Fig. 2-8: Diagram of the rod-like chromophore molecule. The laboratory coordinate
system is labeled by {X,Y,Z} and the molecule coordinate system is labeled by
{x,y,z}.
The last step is to determine this distribution function. The molecules will align to
the field direction by the interaction with the dipole moment, while the thermal agitation
will tend to randomize this distribution. For a sufficiently high temperature, this can be
expressed according to Maxwell-Boltzmann statistics.

f (!)d! = e

U (! )
"
kT

d!

(38)

The interaction of the dipole with the poling field Ep in the z-direction is

!!" !!"
U(! ) = " µ * # E p = " µ *E p cos(! )
Inserting this into (37),

(39)

56

!

!"# ! =

!
!"# ! !! !!!"#  (!) sin
!
! !!!"#  (!)
!
sin !
!

! !"
!"

(40)

where ! = !∗ !! !". This is the second Langevin function, and for small x is very nearly
equal to
!! ! ≈

1 1 !
− !
3 45

(41)

This results in a change in the susceptibility using (36) of
(!)
Δ!!!

1
= − ! !∥ ∗ − !! ∗
45

!∗
!"

!

!!! ≡ !!" !!!

(42)
(!)

This can be related to the refractive index along one direction using !!! = 1 + 4!!!! .
For a small index change, the modulation is simply proportional to the change in
susceptibility element.
Δ!! =

2!
! !∥ ∗ − !! ∗
45!

!∗
!"

!

!!!

(43)

A similar results can be obtained for the case where the poling field is along a transverse
direction, which changes the direction cosines. This gives
1
Δ!! = Δ!! = − Δ!!
2

(44)

These results expresses the change in the index of the refraction if a uniform
poling field along a particular laboratory axis in terms of the molecular linear
polarizability. This is proportional to the square of the poling field. Similar expressions
(!)

can be derived for the βijk and !!"# terms, with different Langevin functions and a
different electric field dependence [62].
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2.6.2

Orientational Enhancement
This model can be applied to the specific case where the poling field is equal to

the field in the polymer material. This field in general has components in two-dimensions
with the magnitude being at least a sinusoidally varying function of position [60]. For
high-Tg molecules such as these, the chromophores will orient to both the applied DC
field as well as the varying SC field.

!1"

!2"

"

!"#$%

!&'%

#"

(!&'%

#
!

Fig. 2-9: Diagram of the writing beams showing the fringe planes and the direction
of the externally applied field (Eext) and the space-charge field (Esc).
The total field in this tilted transmission geometry is
!! = !!" ! !"#$ ! + [!!"# + !!" ! !"#$]!

(45)

! !!∙!
where the spatially varying aspect of the SC field is contained within !!" ! = !!"
! .

To determine the change of index from this field, the results from the oriented gas model
can be used to write the change in the linear susceptibility tensor in a local coordinate
system.
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∆!

!

−1 2
0
0
=
0
−1 2 0 !!" !!!
0
0
1

(46)

The direction of this field changes with position, so the results of the oriented gas model
are applied locally where the field is unidirectional and the matrix diagonal. Then a
position dependent unitary transformation is applied to express this in the laboratory
coordinates. The index modulation depends on the polarization of the reading beam,
which is a function of the writing angles inside the material (α1 and α2) and the slant
angle φ.
∆! = !(!! ! ∙ !! ) !! ! ∙ ! ! (!) ∙ Δ!

!

(!! , !! , !!! ) ∙ !(!) ∙ !!

(47)

Where !! is the polarization unit vector of the reading beam and !! is the polarization unit
vector of the output (diffracted) beam. The square of the poling field from (45) will yield
!
! !!∙!
! ! !!!∙!
!!! = !!"#
+ 2!!"# !!"
! !"#$ + !!"
!

(48)

If we consider only the terms varying as ! !!∙! , and assume that there is no change in the
polarization of the beam upon passage through the sample, we obtain for the first-order
Fourier component of the index change (the “modulation”) for both s- and p-polarized
reading light

!nK(1),s = !HEext E 0sc cos !

(49)

3
%
(
!nK(1),P = HEext Esc0 ' cos" (2sin# 1sin# 2 $ cos# 1cos# 2 ) + sin(# 1 + # 2 )sin" *
2
&
)

(50)

with
H=

4!
! !∥ ∗ − !! ∗
45!

!∗
!"

!

(51)
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Remember that Eext is the total applied field, not necessarily that in the direction of the
grating vector. (49) and (50) express the change in the index of the material in the
direction of the polarization vector of the reading beam for the fields present during
writing of a grating in a PR polymer. The modulation has spatial dependence of ! !!∙! and
this is the magnitude of that oscillation.

2.7

Diffraction Theory of Thick Gratings

The previous steps elucidated in sections 2.1 through 2.6 describe the formation
of the hologram or the grating. The final step is to reconstruct the hologram or
characterize the strength of the index modulation by probing the hologram or grating with
a weak reading beam and measure the intensity of the diffracted beam or beams
compared to the directly transmitted beams or incident beam. The experimental details of
the probing process and the different types of characterization that can be done are dealt
with in the following chapters, while the theory of the diffraction off such gratings is
discussed here.

2.7.1

Thick vs. Thin Holograms
Holograms written in the PR materials are usually volume, or thick holograms,

which means that up to 100% of the light not absorbed by the material can be diffracted
into a single order [63]. Holograms can be either thick or thin, and amplitude or phase;
which combination is recorded depends on the material. Amplitude holograms have the
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grating stored as an amplitude or absorption coefficient modulation, while phase
holograms have the grating stored as a change in the optical path length of the material
and can be, in principle, 100% transmissive. Thick (Bragg) or thin (Raman-Nath)
holograms are distinguished by the number of orders present in the diffraction spectrum;
Bragg holograms have only two orders present while thin holograms can have more. This
is related to both the sample thickness, the index of the material, and the fringe spacing.
As stated in Kogelnik’s paper on diffraction from thick gratings [64], the Q factor can be
used to separate these two regimes

Q = 2πλ d / nΛ 2

(52)

where λ is the vacuum wavelength, d the thickness of the film, n the mean refractive
index and Λ the grating spacing. One can consider a grating ‘thick’ when the condition Q
>>10 holds, “thin” when Q < 1. For instance, when the sample is 100-µm thick, this
condition requires Λ < 7 µ m to see a thick hologram effect and Λ > 15µ m to observe thin
hologram effect. The types of diffraction regimes are depicted in Figure 2-10.

Fig. 2-10: Schematic representation of diffraction orders in the case of Bragg (a) and
Raman-Nath (b) regimes.
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An alternative parameter to characterize the diffraction regime is the Nath Pparameter [65], which takes into account the index modulation, achieved, and is more
accurate for materials with large modulations

!2
P= 2
" n#n

(53)

Based on this parameter, Bragg diffraction occurs when P >> 1 and Raman-Nath
diffraction occurs when P < 1. Note that this is independent of the physical material
thickness, but does depend on the modulation. For a typical case of reading at 532nm,
with a grating spacing 2.6µm, an index of 1.65, a modulation of 0.006, and a sample
thickness of 100µm, these two parameters give Q =30 and P = 4.3.

	
  
	
  
Fig. 2-11: The intensity of various orders as they propagate through the sample with
a Δ n of 0.006. The relative weakness of the 2nd order shows that this is the Bragg
regime (Q=30 and P=4.3).

62

Figures 2-11 and 2-12 show calculations of the diffraction through the sample
with these parameters using the rigorous coupled wave analysis (RCWA [66]) to
illustrate the difference between the Bragg and Raman-Nath regimes. This theory does
not assume the grating is thick or thin, but calculates the coupling between different
orders as they propagate through the sample. A sinusoidal phase grating with one
frequency and no loss or absorption is assumed. For this case, the coupling only occurs
between adjacent orders, which depends on the index modulation.

	
  
	
  
Fig. 2-12: The intensity of various orders as they propagate through the sample with
a Δ n of 0.05. The relative strength of the 2nd order shows that this is the RamanNath regime (Q=30 and P=0.51).
	
  

Figure 2-11 is much closer to the index modulation usually obtained in PR

polymer systems. The Bragg regime exists from physically thick samples with a small
grating spacing and low index modulation. As the sample thickness is decreased (or the
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grating spacing increased), a larger index modulation is necessary to obtain any
diffraction. At large modulations, significant coupling into non-adjacent orders can occur
which leads to the Raman-Nath regime. Depending on the writing geometry, this
transition occurs for samples about 10µm thick, though it would be difficult to obtain
significant diffraction anyway for such samples as the large fields required to obtain a
high enough modulation would typically cause dielectric breakdown in these polymers.
The theory presented below will be based on thick holograms, which greatly
simplifies the equations the needed to be solved. Both the transmission and reflection
geometries will be considered.

2.7.2

Transmission Geometry
When both of the writing beams are incident on one side of the sample, the

geometry is considered as transmission geometry. The practical range for grating spacing
in this geometry is 1-20µm for visible wavelengths. A diagram of this geometry is shown
in Figure 2-13. Typically the PR polymers are sandwiched in between two transparent
indium tin oxide (ITO)-coated glass slides. The electric field is then applied in the
direction perpendicular to polymer film. The sample has to be slanted when recorded in
transmission geometry so that there will be a component of the applied field along the
grating vector in order to have a drift source for the transport of the carriers.
In transmission geometry, the writing beams will give a grating spacing of:
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!=

!
2nsin #$(! 2 " ! 1 ) / 2 %&

(54)

where α1 and α 2 are writing beam angles with respect to the laboratory Z axis measured
inside the sample, n the refractive index of polymer. In our standard geometry, the
grating is spacing is 1.64µm when the writing beams are incident at 37 and 63 degrees for
a wavelength of 532nm.

Fig. 2-13: Schematic of tilted transmission geometry used in four-wave mixing
experiments. In our standard transmission geometry !1 = 370 and ! 2 = 670 .
Therefore the slant angle of the grating, ϕ , in the material is 63.00 .
The slant angle defined inside the material is given by:

ϕ=

π
2

−

(α1 + α 2 )
2

(55)

The diffraction efficiency can be obtained from coupled-wave theory for thick
holograms developed by Kogelnik [64]. This theory assumes only one grating is present
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but can be amplitude and/or phase in nature, that the grating only varies in the direction
of the grating vector (true for plane waves in the typical geometry mentioned above), and
that only one order diffracts. The incident and diffracted order are coupled by the index
modulation of the grating. The diffraction efficiency η for a lossless phase grating under
Bragg-mismatch condition is given by:
!=

sin!

!=

!! + !!
!Δ!"

!! ∙ !!

! !! !!

! = Δ!"# sin ! − !!

1 + !! !!

2!! − Δ!! ! ! 8!"!!

(56)

!! = cos !!
!! = cos !! −

!
cos !
!Λ

where Δn is the refractive index modulation amplitude of the phase grating, eˆi and eˆd are
the polarization vectors of the incident reading beam and the diffracted beam, d is the
thickness of the material, Δα is the deviation angle inside the materials for off-Bragg
conditions, and ci and cd are called the obliquity factors. K is the magnitude of the grating
vector (2! Λ). All other parameters have been defined previously.
When the readout beam is incident at α1, inserting the expressions for Λ and φ
allows the obliquity factors to reduce to ci = cos α1 and cd = cos α 2 , i.e. diffracted order
will counter-propagate with the other writing beam. At Bragg incidence (Δα=0), the
expression given above can be simplified to the form:
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⎡

⎤
πΔnd
cos(α1 − α 2 ) ⎥
⎢⎣ λ cos α1 cos α 2
⎦⎥

η = sin 2 ⎢

(57)

where (49) or (50) from the oriented gas model or orientational enhancement can be
inserted into this equation for Δn.
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Fig. 2-14: The dependence of the diffraction efficiency on the applied electric field
and the grating spacing for the case of a lossless transmission grating. Two different
trap densities are considered.
This expression is used to define internal (lossless) diffraction efficiency. The
absorption and reflection losses are added later to calculate the external diffraction
efficiency. The case for lossy gratings is not included here, because the absorption loss
does not change the behavior of the diffraction efficiency curve other than reducing the
peak value, as long as no change in the absorption occurs during writing. Kogelnik’s
diffraction efficiency model along with the oriented gas model for the index modulation
and Kukhtarev’s model for the SC field can be combined to give the diffraction
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efficiency for different trap densities and applied fields. Some theoretical curves are
shown in Figure 2-14.
When the reading beam is deviated from the Bragg angle, the efficiency will vary
as in Figure 2-15.
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Fig. 2-15: The diffraction efficiency as the angle of the reading beam is varied from
the Bragg matching condition (usually counter-propagating with a writing beam)
for a transmission grating.
2.7.3

Reflection Geometry
When the writing beams are incident on opposite sides of the sample, the

geometry is considered the reflection geometry. The practical range for grating spacing in
this geometry is 0.15-0.3µm for visible wavelengths. For this case, one can obtain 100%
projection of the applied field on to the grating vector (see Figure 2-16). The SC field can
be larger in the reflection geometry due to this increased projection, as long as the trap
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density is large enough to give a the trap-limited value of the SC field that is larger than
the applied field; however, the required trap density could be much higher than is
typically achievable in organic polymer systems.

Fig. 2-16: Schematic of reflection geometry used in four-wave mixing experiments.
Our standard reflection geometry has !1 = ! 2 = 72! .
In reflection geometry, the grating spacing and the slant angle are:

Λ=

λ
2n sin ⎡⎣(π − (α 2 + α1 ) ) 2⎤⎦

ϕ = (α 2 − α1 ) / 2

(58)
(59)

The angles are measured with respect to the laboratory Z-axis measured inside the sample
In our standard geometry, the grating spacing is 0.198µm when the writing beams are at a
wavelength of 633nm (λ/2n = 0.161µm).
In reflection geometry, the diffraction efficiency for a lossless phase grating under
Bragg-mismatch condition is given by:
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! = 1 1 + 1 − !! !!
!=

!"Δ!"
! !! !!

sinh!

!! + !!
(60)

!! ∙ !!

The other parameters appearing in these reflection equations are same as in transmission.
At Bragg incidence, the expression given above can be simplified into the form:

⎡

⎤
πΔnd
⎥
⎢⎣ λ cos α1 cos α 2 ⎥⎦

η = tanh 2 ⎢

(61)

This function defines internal (lossless) diffraction efficiency. The absorption and
reflection losses are added later to calculate the external diffraction efficiency. Some
theoretical curves for the diffraction efficiency dependence on the applied field and
grating spacing are shown in Figure 2-17.
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Fig. 2-17: The dependence of the diffraction efficiency on the applied electric field
and the grating spacing for the case of a lossless reflection grating. Two different
trap densities are considered.
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When the reading beam is deviated from the Bragg angle, the efficiency will vary
as shown in Figure 2-18.
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Fig. 2-18: The diffraction efficiency as the angle of the reading beam is varied from
the Bragg matching condition (usually counter-propagating with a writing beam)
for a reflection grating.
Reflection holograms are more sensitive to Bragg mismatch. This is due to the
much larger Q-factor for reflection gratings resulting from the smaller grating spacing.
Further note that the theoretical diffraction efficiency monotonically increases with the
index modulation, as opposed to transmission which exhibits an oscillatory behavior.
It has also been observed that the Bragg matching condition can change with
applied field in the reflection geometry [67]. This is because the index modulation has
both an oscillating term (proportional to EextEsc0 as shown above) and a constant “DC”
term that is proportional to Eext2. This can result in a large enough change in the refraction
of the reading beam so the Bragg condition is no longer met. This is not a significant
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problem in transmission because the grating is not as selective to the reading angle
(compare Figures 2-15 and 2-18). This manifests as a decrease in the diffraction
efficiency as the applied field is increased. The diffraction efficiency at that particular
field can be increased by deviating the reading beam slightly to restore the Bragg
matching at that voltage, but it will be mismatched at lower voltages.
For both reflection and transmission, one can relax the assumptions of the
Kogelnik analysis and assume multiple orders are present, which results in the rigorous
coupled wave analysis (RCWA). In this case the diffraction curves tend to obey Bessel
functions, or summations of Bessel functions. There are many other models that have
been developed that relax some or all assumptions made here, such as nonuniformity of
the grating and nonsinusoidal modulations [68].

2.7.4

Self Diffraction Theory (Two Beam Coupling)
It is possible not just for a probe beam to diffract from the grating established by

the writing beams, but for the writing beams themselves to diffract off the grating [69]. In
four-wave mixing (to measure diffraction from the probe beam), the writing beams are
usually s-polarized which reduces this self-diffraction. To measure self-diffraction, the
writing beams are usually p-polarized, and this is called two-beam coupling (TBC). The
diffraction can be asymmetric, so the intensity of one of the beams can be amplified at
the expense of the other. This effect happens when there is a phase shift between the light
grating and the phase grating. This non-local response is the signature of the
photorefractive effect and it opens a wide range of applications. Maximum energy
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transfer occurs when the light distribution and the refractive index modulation are phase
shifted by 900, which occurs naturally with no applied field, however the magnitude of
the affect will be very weak. In the case where the charges drift with an applied field, the
phase shift is usually smaller then 900.

Fig. 2-19: Self-diffraction of the writing beams leading to energy transfer between
the two beams.
The analysis is similar to that of the coupled-wave theory for Kogelnik, except the
two writing beams are coupled by the index modulation instead of the transmitted and
diffracted beams. The solution for the intensity of each beam after passing through the
sample is
!! ! = !! (0)

1+!
1 + !! !!!

1+!
!! ! = !! (0)
! + ! !!

(62)

where b = I 2 (0) / I1 (0) is the ratio between the two writing beam intensities before
propagation through the sample, and the gain coefficient Γ is
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where ê1 and ê2 are the polarization vectors of the writing beams, Δn the refractive index
modulation, and φ the phase shift between the space-charge field and the interference
pattern. This gain coefficient characterizes the magnitude of the energy transfer between
the two beams.
To determine the value of the gain coefficient, one generally conducts an
experiment in which the intensity of the transmitted beam I1 ( z ) is first measured with the
second beam on and then measured with second beam blocked. The ratio of these two
intensities is defined as gain factor γ 0 :

γ0 =

I1 ( z )( I 2 ≠ 0) (1 + b) exp(Γd )
=
I1 ( z )( I 2 = 0)
b + exp(Γd )

(64)

which allows the gain coefficient to be determined using the equation

Γ=

1
[ln bγ 0 − ln(1 + b − γ 0 )]
d

(65)

If one beam is much weaker than the other, then it will be amplified exponentially as it
passes through the sample of thickness d.

I1 (d ) ≈ I1 (0)exp [(Γ − α )d ]

(66)

where α is the absorption coefficient.
The grating parameters (spacing, modulation) are contained within the gain
coefficient (63). Kukhtarev theory and the oriented gas model can be applied to calculate
theoretical curves for the gain coefficient (to within an overall multiplicative constant).
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Representative curves are shown in Figure 2-20 below for different values of the trap
density. Observe that in general the gain does not increase with the trap density as it also
depends on the phase of the grating, which decreases for increasing trap density.
However, the power dependence of the gain coefficient on the applied field will tend
from 1.0 for small trap densities to 3.0 for large trap densities. This implies that larger
trap densities will give a larger gain coefficient above some applied field (see how the
105 µm-3 curve passes the 104 µm-3 curve at 90 V/µm).

Fig. 2-20: Theoretical gain coefficients for different trap densities versus the applied
field. Smaller trap densities have a larger gain and smaller fields due to the larger
phase, but have a smaller derivative with the applied field due to the trap-limited
behavior of the SC field.
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3

ORGANIC PHOTOREFRACTIVE MATERIALS

Over the past decade or two, tremendous progress has made in the development of
organic photorefractive polymer composites. The first discovery of the PR effect in an
organic material was in the organic crystal 2-cyclooctalyamino-5-nitropyridine (COANP)
doped with electron accepting molecules, 7,7,8,8-tetracyanoquinodimethane (TCNQ)
[70]. This material exhibited a very small index modulation compared to modern
materials (~10-6 compare to ~10-3). Shortly thereafter, the effect was discovered in an
organic polymer composite consisting of the EO polymer bisphenol-A-diglycidylether
(bisA) reacted woth the non-linear chromophore 4-nitro-1,2-phenylenediamine (NPDA)
doped with the hole transporting agent diethylamino-benzaldehyde diphenylhydrazone
(DEH), though the performance was not significantly better [17].
Since then, high performance organic polymer composites have been obtained
with 100% diffraction efficiencies [18], index modulations greater than 10-2 [71], and
response times less than 1ms [72]. There is not, however, a single best composite or a
single best manner of constructing such a device and mixing the materials. This is not a
disadvantage, as the freedom and performance of organic PR polymer materials permits
them to be tailored to specific applications depending on the requirements for diffraction
efficiency, stability, and absorption. In general, there are four different types of functional
materials: guest-host composites, fully functionalized polymers, polymer dispersed liquid
crystals (PDLCs), and hybrid organic-inorganic composites. A detailed description of
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guest-host composites will be given, due to their primary use in our PR devices, and an
overview of these other types given for comparison.

3.1

Guest-Host Polymer Composites

In PR polymers, a guest-host composite approach is generally adopted to achieve
the best combination of separate functions that leads to photorefractivity [73]. Guest-host
composites delegate the functions required for photorefractivity to separate polymer and
molecular constituents (see Figure 3-1). The “host” is usually the hole-transporting
polymer which is added at a large loading to maximize charge separation, while the
“guests” are the functional components. These generally consist of a sensitizer molecule
to generate the charge pairs at the wavelength of excitation, an NLO chromophore to
provide the refractive index modulation, and finally a plasticizer to facilitate the
orientation of these chromophores and processing of the composite. The advantage is that
these composites allow a high degree of customizability and wide range of material
parameters to be achieved. This versatility generally comes at the cost of potential phase
separation due to the mixing of polar and non-polar molecules. Hence, careful material
manipulations must be undertaken to achieve high quality PR polymer composites.
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Fig. 3-1: Diagram of a typical guest-host system, where the functional components
are added into a transporting polymer matrix and mixed suitably well so the
charges see a homogeneous local environment.
The physical properties of an organic polymeric system depends not only the
chemical structure of the molecules, but also the average chain length and distribution,
homogeneity, and the glass-transition temperature (Tg). For a polymer in a liquid state,
the free volume available for molecular motion is large enough to ensure an equilibrium
density is maintained. If the liquid is cooled slowly, the polymer chain can form a
crystalline structure and the free volume decreases abruptly. If the liquid is cooled
quickly, then there is not enough time for crystallites to form before the free volume
decreases enough to restrict molecular motion, essentially maintaining the random
distribution of the liquid phase and the orientational mobility. At sufficiently low
temperature, the viscosity of this substance is high enough that it is considered to be a
solid, commonly called a glass. The temperature where this occurs is the glass-transition
temperature.
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Tg is the temperature at significant changes occur in the degree of molecular
motion can take place. Below Tg, functional side groups or dopants such as
chromophores can have restricted orientational mobility and strongly interact with
polymer backbone [74]. However, above the Tg they can freely rotate and align to the
fields present. A polymer composite with a room temperature Tg is one strategy to
provide and index modulation via orientational enhancement, and to align the
chromophores that removes the inversion symmetry leading to an index modulation
similar to the EO effect. Almost all polymer composites now studied have a glass
transition that occurs at or below room temperature, given the advancements in
chromophore and plasticizer design.
Typically the guest-host composite contains at least four components: the hole
transporting polymer, the chromophore, the sensitizer, and the plasticizer. The physics
and state-of-the-art in development of these materials for PR purposes is reviewed here.

3.1.1

Charge Transport Agents
The charge-transporting agent (CTA) is an oxidizable host polymer that can

efficiently transport charges leading to charge separation and the non-local nature of the
PR effect. In the vast majority of samples, the holes are the most mobile carriers, though
electron transport and trapping has also been studied and is discussed below.
For commonly used CTAs, the HOMO is typically between -5.5 eV and -6.0 eV,
compared to the vacuum level. To be effective, the CTA should be chosen such that the
charge transporting moieties are highly conjugated with delocalized π-electrons. It should
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also be an electron donor capable of accepting a hole from the sensitizer molecule (in the
case of hole transport). The CTA is generally included with a high enough loading for
transport to occur via hopping, typically at or above 50% by weight. These polymers are
usually photoconductors themselves when excited in the ultraviolet, though such writing
wavelengths are not easy to find commercially and are not conducive to writing a
hologram to a large enough depth to provide a thick grating. Thus, sensitizers molecules
are used to inject charges into the HOMO or LUMO of the CTAs.
(a) PATPD
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(c) TPD-PPV

Fig. 3-2: Chemical structures of some commonly used hole-transporting CTAs. (a)
Tetraphenyldiaminobiphenyl (TPD) pendant group attached to a polyacrylate
backbone through an alkoxy linker. (b) Poly(n-vinyl carbazole) (PVK). (c)
Poly(arylene vinylene) copolymer (TPD-PPV).
The chemical structures of some common CTAs are shown in Figure 3-2.
Carbazole-containing polymers are very common and highly successful, such as poly(nvinyl carbazole) (PVK) (used in the first high performance polymers) [18] and
polysiloxane-based (PSX) polymers [75]. PVK composites have exhibited some of the
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best PR performance characteristics, though the Tg is around 200 °C which requires
significant amount of plasticizer that increases the inert volume. PSX exhibits a lower Tg
than PVK-based composites with similarly high performance [76], and less tendency to
phase separate, though the response time can be slow. Another carbazole-containing CTA
is PVK with 2-ethylhexanol, which also reduces the Tg of the material compared to
unmodified PVK [77].
There are some other limits to the usefulness of these carbazole polymers.
Components in PVK will tend to phase separate and the response time has been shown to
be dependent on the illumination history [78]. Other conjugated polymers have been
researched due to their generally higher mobilities and reduced polarity leading to higher
thermal stability. These included triarylamine-containing polymers, such as poly(acrylic
tetraphenyldiaminobiphenyl) (PATPD), which have achieved the same diffraction
efficiency and speed as PVK-based samples and do not exhibit a dependence on the
illumination history [79]. This occurs in PVK-based samples due to the presence of
chromophores with a HOMO higher than that of PVK, which act as the deep traps, and
can take several minutes or hours to de-trap. PATPD has a lower HOMO so it is not
energetically favorable for charges injected into the chromophore to remain, reducing the
deep trapping.
A different class of the transporting polymers employ carbazole as a pendant
group on a rigid backbone instead of a flexible one (as is typical), such as poly(pphenylene terephthalate) (PPT) [80]. These materials have a tendency to self-organize
into layered microstructures, and have a glass transition below room temperature despite
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the lack of a plasticizer. They have demonstrated TBC gains over 200 cm-1 and
diffraction efficiencies close to 100%.

3.1.2

Chromophores
Optimizing the chromophore dipole moment and linear polarization anisotropy is

a very important step in obtaining a high performing polymer composite because they can
affect not just the modulation, but also, for example, the molecular aggregation, charge
transport and trapping [48,81]. To achieve a permanent dipole moment, strong donoracceptor termination groups are used to create electron separation across the πconjugated bridge. Delocalization along the bridge permits rapid electronic redistribution
in the presence of an electric field and dissociation of the charge pair. This type of
molecule is referred to as a push-pull molecule. The dipole moment can also be tweaked
by altering the length of the bridge, however, longer bridge lengths may lead to reduced
orientational freedom and increased optical absorption. Larger dipole moments will
increase the figure-of-merit, but will also lead to phase instability of the composite as the
highly polar chromophores begin to separate from other non-polar molecules and
crystallize. This also limits the chromophore density, which should be as large as possible
for high modulation efficiency. In addition, highly polar chromophores with a large
figure-of-merit will reduce the mobility of charges due to the energetic disorder
introduced in the polymer matrix [82].
Typical PR chromophores have a HOMO level between -5.0 eV and -6.0 eV, and
the relative difference between the specific components used can greatly affect the
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transport and trapping as well as the index modulation. The presence of such highly
energetic molecules can increase the disorder and random distribution of the local energy
sites around a charge carrier and can negatively affect the charge transport. At the higher
concentrations used the chromophore may also begin to participate in hole transport via
hopping [83].
At lower concentrations the chromophore can act as a trap for the mobile charges
already injected into the transport manifold, if the HOMO is higher than that of the CTA
(as with dicyanostyrenes and PVK). It can act as either a deep or shallow trap depending
on the energy gap. The chromophore can also act as a compensating trapping site,
regardless of the HOMO, for mobile charges that would otherwise recombine with
sensitizer anions.
The chromophores may also act as a sensitizer [84] if the energy levels,
absorption, and concentration are appropriate at the operational wavelength. For this to be
effective, the HOMO level must be lower than that of the CTA to ensure charge injection
(as with dicyanostyrenes and PATPD with a difference of about 0.4 eV). Thus, the
ionization potential will affect all aspects of the PR grating formation, including the
magnitude of the SC field and speed of the response [85]. In general, care must be taken
to choose a chromophore with proper optical and electronic properties for the desired
application.
A large number of chromophores have been developed for use in non-linear
optical applications. Among the most successful, are dicyanostyrene (DCST) derivatives
[86], azo-dye derivatives (DMNPAA) [87], and oxypriodine dyes (ATOP) [88]. A
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number of reviews are available on the structure and design of chromophore for PR
composites [47]. The structures for some of these chromophores are shown in Figure 3-3.
The design of nonlinear optical chromophores is still an active area, since this can affect
nearly every functional property of the composites. There is no shortage of high
performance composites. A recent review on the performance properties of some of the
composites with different chromophores is given in Ref. [15].
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Fig. 3-3: Structures of high-performing chromophores. (a) 2,5-dimethyl-4-(pphenylazo)anisole (DMNPAA). (b) fluorinated dicyanostyrene 4-homopiperidino
benzylidine malonitrile (FDCST). (c) 2-dicyanomethylene-3-cyano-2,5-dihydrofuran
(DCDHF-6). (d) amino thienyl-dioxopyridine (ATOP).

3.1.3

Sensitizers
Photogeneration of charges is provided by a molecule with proper absorption

coefficient at the wavelength of interest. This is generally between 50cm-1 and 200cm-1,
which is a practical range for balance the competing effects of increased photogeneration
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and signal transmission. At higher absorption coefficients other phenomena are present
which reduce the grating strength, such as scattering and beam fanning [19].
The sensitizer may form a charge transfer complex with the CTA, allowing the
charges to be efficiently transferred and transported. For the PR effect to be reversible, it
should also be oxidizable to allow it to return to the original state. The sensitizer must
also have the lowest HOMO and LUMO levels of all the components (typically from -6.0
to -6.5 eV compared to the vacuum level) to ensure the generated charges are injected
into the other components of the composite.
Sensitizer molecules can also act as traps after being reduced, as there is a
correlation between the anion density and the trap density deduced from photorefractive
performance characterization [50]. This occurs as the mobile holes are attracted via the
Coloumb force to the negatively charged anions, though this requires the presence of a
large number of traps or local compensating traps to prevent recombination. These can
either be the chromophores, impurities, or the surface sites in the case of the inorganically
sensitized composites.
The most common and successful sensitizers are C60, 2,4,7-trinitro-9-fluorenone
(TNF), and 2,4,7-trinitro-9-fluorenylidene-malononitrile (TNFDM), shown in Figure 3-4,
as they will form a strong CT complex with donor molecules. The highly soluble
fullerene derivative, PCBM, is sometimes used in place of C60. These are mainly useful
for spectral sensitivity in the visible region. DBM has also been used for sensitivity via
two-photon absorption [27]. Despite the early discovery of the sensitization properties of
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C60 and the large number of studies that have succeeded this, it is still one of the best
molecules for this purpose.
(b) DBM

(a) PCBM

(c) TNF

Fig. 3-4: Typical sensitizer molecules. (a) [6,6]-phenyl-C61-butyric acid-methylester
(PCBM). (b) 2-[2-{5-[4-(di-n-butylamino)phenyl]-2,4-pentadienylidene}-1,1-dioxido1-benzothien-3(2H)-ylidene]malononitrile (DBM). (c) 2,4,7-trinitro-9-fluorenone
(TNF).
A common problem with PR polymers is the relatively high sensitivity to the
recording intensity, meaning that intense beams of light must be used to generate enough
charges to get a sufficient response for the desired application (around 10-100 mW/cm2).
Thus, the development of new sensitizers and sensitization schemes is a very active area
of research.
C60 has been shown to have an order of magnitude larger photogeneration
efficiency than TNF in PVK-based composites [78], as well as larger gain and faster PR
response time. PCBM and similar structures have improved the sensitivity a bit by
increasing the miscibility and altering the ionization potential [89].
In addition to these standards, other techniques have been studied; in particular
inorganic QDs have drawn much attention, primarily due to the ability to tune the
spectral sensitivity across a wide range, from the visible to the IR. Quantum dots also
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have a photogeneration efficiency one order of magnitude larger than organically
sensitized composites [90]. The surface shell layer allows an extra degree of freedom in
the composite fabrication and has been shown to improve the index modulation due to the
suppression of mobile hole recombination [91]. Despite these advantages, QD composites
have yet to achieve the same level of performance as all-organic guest-host polymers, as
they tend to have diffraction efficiencies below 50% and slow response times [92].

3.1.4

Plasticizers
Since the orientational birefringence is the largest source of index modulation, the

Tg of the material must be at or near the operating temperature, which is usually room
temperature. Usually the Tg of composites based on high molecular weight polymers is
much higher than room temperature. To counteract this, plasticizers may be added to the
composite to reduce the Tg [93]. These compounds do not typically participate in charge
generation and trapping, and are thus inert, though they reduce the functional volume by
diluting the charge transport matrix.
Benzyl butyl phthalate (BBP) is often used as a plasticizer in PVK-based
composites, usually around a loading of 15-20 wt.% [54]. A different approach is to make
the plasticizer less inert by using the hole transporting monomeric carbazole unit as part
of the design. The monomer, ethyl carbazole (ECZ), has shown excellent results with
this approach as well in many composites [94], though larger loadings may be needed to
achieve a lower Tg than with BBP.
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Fig. 3-5: The most commonly used plasticizers in PR polymer composites. Left, ethyl
carbazole (ECZ), and right, benzyl butyl phthalate (BBP).

3.4

Fully-functionalized Polymers

Fully functional polymers [95] contain all the components necessary for the PR
effect (chromophore, sensitizer, transporter) functionalized as side chains on a single
polymer backbone. These have the advantage of excellent phase stability leading to
excellent shelf life and ease of device processing. However, this comes at the cost of
significant synthetic chemistry necessary to functionalize each component. For this
reason, they are not used as widely as guest-host systems, and tend to suffer from slow
response times.

3.5

Polymer Dispersed Liquid Crystals

PDLCs consist of droplets of liquid crystalline molecules dispersed in a polymer
host matrix [96]. The polymer provides the charge transport and trapping necessary for
the formation of the SC field, while the LC droplets provide the index modulation
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through the orientation. These have the advantage of requiring very low electric fields to
align, but suffer from high scattering losses and low mobility, which reduces the response
time to several minutes.

3.6

Amorphous Glasses

An amorphous glass is a material where the CTA and the NLO chromophore are
combined in one functional component [97], so that there is no amorphous polymer
present. This has the advantage of having a large density of both the transporting agent
and the birefringent molecule, so large index modulations can be achieved. The
disadvantage is that synthetic chemistry is needed design such a composite and to
eliminate the possibility of self-crystallization with such a large density of dipoles.
Though crystallization is not as much of an issue as with guest-host systems due to the
more homogenous positional distribution of the chromophores from dispersal with the
non-polar CTA. Similar to fully functional composites, these also tend to suffer from
long response times.

89

4

EXPERIMENTAL TECHNIQUES

There are two main classes of methods used to characterize the physics of the PR
effect from initial charge generation to final diffraction: material properties and
photorefractive experiments. Material properties experiments probe the sub-processes
relevant to photorefraction individually, including light absorption, charge generation,
separation, transport, and trapping. These studies can be many and complicated, and there
are perhaps a dozen different specific needed to determine various parameters of
transport under different limits. Photorefractive experiments are more direct
measurements of the performance of materials but involve all the sub-processes, and are
more relevant for the applications discussed here. The few techniques applicable will be
discussed here, as well as the methods for preparing samples.

4.1

Sample Preparation

The design of a photorefractive guest-host composite involves the selection of the
appropriate polymer host, chromophore, plasticizer, and sensitizer, as well as the weight
ratio, based on the physics described above. The various components should be soluble in
the same solvent and have relatively high sublimation temperatures, though this is not
always possible. The components, either in powder or crystalline form, are dissolved in a
common solvent and subjected to ultrasonic agitation or magnetic stirring to ensure
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thorough dispersion and dissolution. The components should be purified separately
before mixing to a level beyond what is typically available from the commercial grades.
Mixing can take anywhere from five minutes to several days based upon the components.
This solution is then filtered with an approximately 0.2µm filter paper and the
bulk of the solvent from the remaining solution is evaporated in a vacuum oven over
night. After this drying step, the remaining bulk material is highly viscous and is scraped
and melted gently between two glass plates on a hot plate. Before heating, the material is
likely phase separated and opaque. The melting is done at a temperature sufficiently high
that a stable glass state persists so there is no phase separation and the material is
transparent. Pressure and torsion are then applied to the glass plates to thoroughly mix the
now low viscosity material. However, above a certain temperature accelerated aging can
occur. The temperature at which these various processes occur vary greatly for the
specific components, though for the compounds studied here, low viscosity occurs
between 80°C and 120°C, phase separation is removed between 130°C and 160°C, and
accelerate aging occurs above 165°C. The mixture is kept for several minutes at the
highest possible temperature to ensure phase mixing, and then removed to a metal plate
to allow rapid cooling and the glass state to be maintained. Once cool, this “pre-cake” is
scraped and melted two or three more times. This last step is very important to ensure
removal of all the air bubbles, phase separation, and to obtain a homogenous composite.
Once this is completed, a transparent, phase stable, bubble-less bulk is obtained.
The procedure for making the device could almost be considered an art, as not all
pre-cakes of the same composition are the same. In general, the pre-cake is heated to the
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low viscosity temperature and a small amount is scraped off. This amount is cut into two
pieces and each placed on a substrate containing the electrode pattern desired. Spacer
beads or tape may be placed to ensure uniform thickness. These substrates are then
heated to above the phase separation removal point and then one gently placed on to the
other. If this is not done carefully, then air may be trapped at various interfaces creating
bubbles than can cause dielectric breakdown of the device. There may still be microbubbles if not all the solvent was dried or the pre-cake was not mixed thoroughly. The
sample is pressed to spread the material and allowed to heat for a couple minutes just
below the accelerated aging temperature to ensure that all the phase separation is
removed. The sample is then moved quickly to a metal plate to allow rapid cooling. The
edges can be sealed with epoxy to prevent accidental separation and exposure to the
environment such as water vapor.

4.2

Material Characterization Experiments

These are experiments that probe the sub-processes related to the photorefractive
effect. The three most relevant ones are discussed here: linear absorption,
photoconductivity, and ellipsometry, though there are many others.

4.2.1

Linear Absorption
Linear absorption is used to determining the absorption coefficient of polymer

composites. This is fundamental as it is the first step in the PR process. Linear absorption
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is distinguished from non-linear absorption as the latter is due to multiple photon effects
such as two-photon absorption. A Cary 5G spectrophotometer is used to determine the
linear absorption properties over a range of wavelengths from 350nm to 3000nm; the
visible from 400-700nm is generally the primary region of interest. The Cary 5G uses
broadband sources and detectors in conjunction with diffraction gratings to provide a
high signal-to-noise ratio with control of the bandwidth and resolution used in the
measurement. The transmission of the device is measured, which must be corrected for
Fresnel reflections at the air-glass and glass-sample interfaces, either with theoretical
calculations or a reference sample, and there are two arms to allow precise comparison of
the desired sample to a reference. This corrected transmission is related to the absorption
coefficient and the optical density by
! = ! !!" = 10!

(67)

where α is the absorption coefficient, d is the thickness of the sample, A is the absorbance
or optical density, and ! = !!"#$%&'!!() !!"#!$%"& .
Linear absorption measurements are used to identify ideal operating wavelengths
or to determine if the absorption at the desired wavelength is too high or low to be useful.
It also allows identification of absorption bands of the different moieties or new
absorption bands that arise from interactions of the components after mixing, as in CT
complexes or chromophore aggregates. It can also be used to observe to some extent how
much a sample as aged, as the bands tend to shift in both wavelength and magnitude with
time.
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4.2.2

DC Photoconductivity
Photoconductivity allows the measurement of the current in the sample under the

range of voltages typically used, both with and without incident light (the latter is called
dark conductivity). This involves nearly all the steps of the PR process except the
creation of the index modulation by orientation of the chromophores because no
interference pattern is used. The chromophores will orient to the applied DC field but this
is relevant to the measurement only to the extent that it affects the charge transport. The
current measured is dependent on trapping rates, detrapping rates, trap densities,
mobilities, photogeneration efficiencies, etc., and can in principle provide a great amount
of information about the material. In practice, however, the experiment is generally not
performed in such great detail.
In these experiments, the current is measured at different applied voltages over
time. First, the DC voltage is applied for 5-20 minutes without illumination to allow the
current to reach a steady-state. Transients in the dark can be due to ionic impurities
formed during sample fabrication or charges injected from the electrode. Ionic impurities
can take days to remove, especially with low mobility CTAs or samples with deep traps,
but will not re-form once they are removed at the electrodes. Once steady-state in the
dark is achieved, the sample is illuminated with a single Gaussian laser beam. The current
is measured over time as well until it reaches equilibrium, which can take fractions of a
second or several minutes depending on the trapping parameters and mobility. Once
achieved, the light is turned off until the dark current levels are re-achieved, and then the
voltage is turned off until the zero current levels are re-achieved. Note that in some cases
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the photocurrent will increase monotonically for long periods of time and equilibrium
will never be reached. This behavior is usually a pre-cursor to dielectric breakdown. In
the dark, samples typically draw less than 1nA, while photocurrent is in the range of 0.150µA. An alternative procedure is to slowly ramp up the voltage while monitoring the
current, which provides a comparatively fast measurement of the steady-state values at
the expense of transient information.

+
gnd
-

Fig. 4-1: Circuit used for photoconductivity measurements. The sample electrodes
are shown in blue on the left, and the Keithly 6517A picoammeter is connected
across the terminals on the right. The boxes are gas-filled surge arresters, similar to
a diode, that protect from large voltage surges. The dotted lines are boxes connected
to the common ground.
The dark conductivity can be calculated from the current using
!!"#$ =

!!"#$
!!!"!#

(68)
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where idark is the dark current, E is the applied field, and Aelec is the overlap area of the
electrodes and the sample. The photoconductivity can be calculated similarly from the
photocurrent, which is the difference between the current with the light present and the
dark current. The results must also be scaled for the case where the illumination area is
smaller than the electrode area,

! photo =

(

)

itot
A
" ! dark elec A " 1
beam
EAbeam

(69)

where Abeam is the spot size of the illuminating beam. The first term on the right is
commonly called the total conductivity σtot.
Significant information can also be obtained from the transient photoconductivity,
as the shallow traps will effect the behavior on short time scales while deep traps will
effect the behavior on longer time scales (beyond several seconds). For example, the
relative magnitude of current degradation after a minute or two of illumination provides
qualitative information on the density of deep traps. However, quantitative information
can be much more difficult to obtain, as it involves assumptions about the free charge
density and requires multiple iterative fitting processes. One must also assume a model
for the charge generation, transport, and trapping [24].

4.2.3

Ellipsometry
Ellipsometry measurements allow one to measure the degree and speed of

orientation of the chromophores. The working principle is that a DC electric field is
applied to the device, which allows the chromophores to orient, creating a macroscopic
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birefringence in the sample. A probe beam will see a different index depending on its
angle and polarization. The geometry for this is shown in Figure 4-2. A typical poled
polymer system used in low-Tg polymers is a uniaxial system with two different
refractive indices (ordinary and extraordinary), no and ne. The indices seen by beams with
each polarization can be calculated from the index ellipsoid.

ns (! ) = no

(70)

1
cos 2 ! sin 2 !
=
+ 2
n 2p (! )
no2
ne

(71)

Fig. 4-2: The index ellipsoid in the plane of incidence for p-polarized light. The
electric field is applied in the z-direction, to which the long axis of the chromophore
aligns.
In these experiments, the rotation of the polarization is measured after passing
through the sample, which allows a calculation of the birefringence of the material with
the applied field (the index change due to a DC field). The light used is either in the IR,
where there is no absorption, or with a very weak visible beam. The standard
transmission ellipsometry setup is illustrated in Figure 4-3 below. Without a voltage, the
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transmitted light is nearly extinguished by the analyzer, and a Soleil-Babinet polarization
compensator (or other variable waveplate such as a Berek compensator) is placed after
the sample to eliminate any residual birefringence. As the voltage is increased, the
transmitted light increases as the birefringence ( n p ! ns ) of the sample increases, which
can be calculated from the intensity curve using

n p ! ns =

" cos#
arcsin( I / I max )
2$ d

(72)

where λ is wavelength, θ is the internal angle of incidence, L is the sample thickness,
and I max is the maximal transmitted intensity. The difference between the ordinary and
extraordinary indices can be calculated from (70) and (71).

Fig. 4-3: Standard transmission ellipsometry setup.
Both the steady-state and transient ellipsometry can give useful information. The
steady-state measurement will give an idea of the magnitude of the index modulation
achieved with a given field. However, this is similar to the “DC” modulation term that is
present during the grating formation, and not the “AC” SC field. If the trap-limited field
is much larger than the applied field, then the average value of these two orienting fields
will be the same. There can still be discrepancies between the index measured in
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ellipsometry and that observed during grating formation because the relevant quantity in
diffraction is not precisely the difference between the index for p-polarized and spolarized light, or the difference between extraordinary and ordinary indices [98].
Transient ellipsometry curves can be compared to transient photoconductivity to
determine if the conduction of charges or the orientation of the chromophores is the
limiting factor in the PR grating formation speed. Here the useful information is the
response time and not the magnitude of the index difference.

4.3

Photorefractive Characterization

The characterization of the full photorefractive properties of the material is done
with either four-wave mixing (FWM) or two-beam coupling (TBC), both of which rely
on measurement of a diffracted and transmitted beam.

4.3.1

Four-Wave Mixing
In FWM, two strong writing beams (30-1000 mW/cm2) are interfered inside the

material to produce a sinusoidal intensity pattern and the PR diffraction grating. A weak
probe beam (~1-5% of the writing beams) is used to probe the grating continuously,
whether the writing beams are present or not. If the same wavelength is used for reading
and writing, this is called degenerate four-wave mixing (DFWM). If different
wavelengths are used (typically 532nm writing and 633nm reading), this is called nondegenerate four-wave mixing (NFWM). NFWM is beneficial as there is no chance of
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cross-talk between the writing and reading beams, and the reading wavelength is
generally absorbed less by the sample leading to a larger signal. However, recall that
these are thick gratings and so have relatively stringent conditions on the angle of
incidence to obtain diffraction (the Bragg matching condition, about 1-2° in
transmission). This means it is more difficult to Bragg match the non-degenerate reading
beam. It is also not in principle possible to obtain 100% diffraction efficiency in NFWM,
especially in reflection where the Bragg matching conditions are more stringent.

Fig. 4-4: Experimental setup used for DFWM, NFWM, and TBC. This can also be
adapted for use in photoconduction.
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The writing beams are often s-polarized to reduce unwanted effects such as beam
fanning and self-diffraction, while the reading beam is p-polarized to increase the index
modulation. The sample geometries for transmission and reflection gratings are shown in
Figs. 2-13 and 2-16, respectively. A schematic of the optical setup is shown directly
above (Fig. 4-4).
In this setup, the various beams are separated using polarizing beam splitters
(PBS), one for the reading-writing beams and one for the two writing beams. Half-wave
plates are used in front of each PBS to easily adjust the relative intensity of the beams.
Two camera objectives focus the beams on to the sample location (which sits at the focal
plane) after passing mirrors on translation stages. The combination stage-objective allows
the incidence angles to be adjusted without affecting the location on the sample, which
greatly facilitates aligning the reading beam to the Bragg angle. Three lenses (L1 and L2
for the writing and L3 for the reading beam) adjust the beam size at the sample location
by changing the curvature. These lenses have the same focal lengths, as the significant
deviation in the curvature of the reading and writing beams will affect the Bragg
matching at the edges of the beam. L3 is positioned at a slightly different distance from
the objective so the reading beam is smaller than the writing beams. The reading beam
waist is typically a factor of two smaller than either of the writing beams.
The diffracted and transmitted beams pass through the non-polarizing beam
splitters (NPBS) and on to the detectors. Even though the NPBS reduces the writing
intensity, they are necessary since the polarization of the reading beam will change with
the applied voltage. The detectors are connected to lock-in amplifiers (LIAs) that help to
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increase the signal-to-noise ratio, with a chopper in the reading beam used to set the lockin frequency. The voltage is applied through a Glassman high voltage source. Monitoring
of transmission and diffraction signals is performed with high speed Si photodiodes that
are interfaced with the computer via Labivew, which also controls and monitors the
application of the voltage. The time constants of the detectors and the LIAs, the sample
rate of the VI, and the chopper frequency are set to allow fast recording of data (<100ms)
while still allowing enough sampling to reduce any noise.
Steady-state FWM is the standard method used to test the PR properties of a
material. For this measurement, the voltage is increased slowly (10-20 V/s) while the
diffraction and transmission signal intensity is monitored. Either the internal or external
diffraction efficiency are calculated according to
!!"# =

!!"## (!)

!!"#$% ! + !!"## (!)
!!!" =

!!"## (!)

=1−

!!"#$% (!)

!!"#$% (0)
(73)

!!"# (!)

where Idiff is the diffracted beam intensity, Itrans is the transmitted beam intensity, and Iinc
is the beam intensity incident on the sample. The external efficiency accounts for
absorption through the material and reflection or scattering loses, while the internal
efficiency accounts only for the diffraction after passing through the sample. Note the
second expression for the internal efficiency in (73) assumes all of depletion of the
transmitted light with voltage is gained by the single diffraction beam measured. This
assumes that only one order is present, which is usually a valid assumption for these
materials and voltages.
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Transient FWM measurements monitor the grating formation process at a
constant applied bias as the photorefractive process is initiated by turning on the writing
beams, with the reading beam constantly on. Depending on the rise time and the range of
times one wishes to monitor, the beams can be turned on with either a mechanical or
optical shutter (such as a Pockels cell) and the diffraction measured with Labview or an
oscilloscope.
To analyze this data, one assumes a form of the diffraction efficiency and the
dependence of the index modulation on time. For Bragg-type holograms in transmission,
the efficiency, in simple form, is related to index modulation as follows (see section 2.7):

η (t ) ∝ sin 2 [ BΔn(t )]

(74)

where B is a constant. The sine-squared is replaced by a hyperbolic tangent squared for
reflection.
In the simplest single-carrier model for photorefractivity in crystals, the index
modulation is experimentally observed to have has only one exponential time constant,
which is due the carrier transport and trapping (the EO response is much faster than this
process). However, for single-carrier transport in polymers, there are typically at least
two time constants experimentally needed to account for short-time and long-time
behavior, which can be due to deep trap vs. shallow traps, conduction vs. orientation, or
many other contributions [99,100].

Δn(t ) ∝ ⎡⎣1 − m exp ( −t / t1 ) − (1 − m)exp ( −t / t2 )⎤⎦

(75)

where t1 , t2 are slow and fast time constants and m is the weighing factor. A stretched
exponential form can also be used:
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{

}

β
Δn(t ) ∝ 1 − exp ⎡− (t / τ s ) ⎤
⎣
⎦

(76)

where, τ s is the time constant and β ( 0 < β < 1) is a parameter that indicates how much
the rate of increase slows down with time. The stretched exponential behavior can arise
when a phenomenon depends on the convolution of a distribution of time constant, such
as charge transport in polymers [101]. The parameter β is related to the width of the time
constant distribution, with β becoming smaller with increasing width.
The transient information also permits a quantitative measurement of the
sensitivity of the PR material, which is formally defined as the index modulation
achieved (first Fourier component) per energy density incident on sample [32].

S(t) =

!n sin $1 % (t)
#
I "t
I "t

(77)

where I is the power per unit area. This is a function of time, and usually the sensitivity is
quoted for a time corresponding to about 1% diffraction efficiency or after 0.1-1s of
exposure (depending on the value needed and the relevance for the specific application).
Usually for these time scales and values, the index modulation can be expressed as the
square root of the diffraction efficiency.

4.3.2

Two-Beam Coupling
TBC experiments are similar to FWM in that they both probe the diffraction off

the grating and both use the same geometry and experimental setup. They are different in
that TBC does not use a reading beam, and the writing beams are p-polarized allowing
them to diffract significantly from the grating they form. In FWM, the diffraction
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efficiency depends on the sine-squared (or hyperbolic tangent squared in reflection) of
the magnitude of the index modulation. In TBC, the gain coefficient depends linearly on
the magnitude of the index modulation, the sign of the index modulation, and on the sine
of the phase relative to the light intensity. Thus, TBC can give different information
about the nature of the grating, though the analysis can be more complicated due to these
added dependencies.
The amount of energy transfer between the beams is characterized by the gain
coefficient Γ, and is a measure of the exponential gain (as the opposite of the absorption)
in one beam at the expense of the other. It is determined experimentally using
Γ=

1
!"#!! !"!! − !"#!! !"!!
!

(78)

where d is the physical thickness of the sample, α1 and α2 are the angles of each writing
beam inside the material with respect to the normal, and the single beam gains γ are
defined by
!! =
!! =

!! (!)
!! (!)

!! !!

!! !!

!! (!)

!! !!

(79)

!! (!) !!!

Steady-state TBC usually proceeds similarly to FWM steady-state measurements,
wherein the voltage is increased at about 10-20 V/s while the intensity of each beam is
monitored. The numerator in each of these single beam gains is measured this way, while
the denominator is usually measured by performing the same voltage scan with only a
single beam present, to account for scattering or electro-absorption.
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As is obvious from (78), there is some freedom in defining the sign of the gain
coefficient. In general, beam 1 and 2 are defined such that the gain is positive, though the
sign of the coefficient between samples and measurements can yield some information,
and so a consistent definition must be maintained. From the theoretical formula for the
gain in (63), the sign depends on the direction of the applied field and sign of the charge
carrier. In materials that are hole dominated such as PVK and TNF, it has been observed
that for the geometrical configuration shown in Figure 4-5, the energy transfer is in the
direction shown [102].

!""""""""""""""#"

!"

#""""""""""""""!"

Fig. 4-5: Standard geometry for TBC and the direction of the gain associated with a
given applied field for a hole-dominated material.
The extent to which the gain is symmetrical with a reversal of the applied field
may be important. In the case of high gain or highly absorbing materials, a phenomena
known as beam-fanning may occur. This is an asymmetrical process, and is minimized
for the direction of the applied field shown in Figure 3-10 [103]. This occurs as light
scatters throughout the material and the directly propagating beam can undergo energy
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transfer with the scattered light as opposed to the other direct beam. It is asymmetrical
due to the difference in angles between the light coupling into the scattered light one side
and light coupling back into the direct beam from the other side. It can manifest as a large
diffuse halo around the writing beam.
Transient TBC can also be performed, and is done by either turning on the voltage
first and then the two beams simultaneously, turning on the voltage and one beam first
and then unblocking the second beam, or keeping both beams on the sample and turning
on the voltage. There is very little theory on the dynamics of the TBC gain [104], as it
generally does not exhibit any new features not seen in the FWM dynamics, but it does
have a more complicated dependence, making fitting to a model harder and the fit
parameters less certain. However, we note that the speed of the energy transfer is
important for applications involving optical limiting and signal amplification.
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5

RESULTS AND DISCUSSION

Having discussed the physics and theory of the photorefractive effect, from
materials design to diffraction, as well as the experimental techniques necessary to
characterize these material and device physics, we will now present the contributions of
this author and his colleagues to this area of research, starting with a brief review of the
state-of-the-art.
A majority of the current research on PR polymers has focused on improving the
materials: sensitizers with larger photogeneration efficiencies, more stable chromophores
with higher dipole moments, and CTAs with higher mobility. This has been successful in
a broad sense. Composites with 100% internal diffraction efficiencies exist, with
millisecond response times, and phase stabilities on the order of years. Sensitivity has
also been pushed out to 1550nm and new applications have matured. While many novel
materials have been tried, such as liquid chromophores, phthalocyanine sensitizers, and
inorganic quantum dots, progress has been less stellar along other avenues. PVK, the
CTA used in the first highly efficient composite, is still one of the standards. Many
different sensitizers have been tried, though C60 has remained the most common for many
years. There has been some research on what might be called materials engineering as
opposed to materials science, that is, using current materials differently. These include
techniques such as grafting nanoparticles onto the CTA to improve charge transfer [105],
two-photon sensitization, and thermal fixing to improve the grating holding [106].
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Even sparser are studies on the writing geometry. Indeed, the first demonstration
of the PR effect in polymers used writing angles of 30° and 60°, in order to [17] “enhance
the sensitivity by providing a reasonable projection of the space-charge field along the
film normal, i.e., the poling direction.” Since then this geometry has remained relatively
unchanged. A few studies that have examined the performance versus writing angles
though with external slants just as large [107,108]. Upon discovery of orientational
enhancement, the effect of slant angles was examined, though they were still between 60°
and 90°.
Here will be presented both device and materials modifications to improve the
performance of these devices. The addition of electron traps has been shown to increase
the response time and diffraction efficiency by improving charge separation. The addition
of non-conducting buffer layers at the polymer/electrode interface has also been shown to
greatly improve both the long-term stability as well as the efficiency. Finally, changes to
the device structure by utilizing electrodes on a common plane, as opposed to the
standard ITO/Polymer/ITO configuration, enables devices with performance as high as
those in the slanted geometry but without an external slant angle.

5.1

Effects of Alq3 Electron Traps

Many studies have been conducted on the effects of trap density and depth on PR
performance [52,109]. In particular, it has been shown in PDLCs [110] and fullyfunctional polymers [111] that the addition of monolithic electron traps increases the two-
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beam coupling (TBC) gain and response speed. In this study [112], the electron
transporting molecule tris(8-hydroxyquinoline) aluminum (Alq3) was added in low
concentrations to a PR polymer guest-host composite to provide trapping sites for
electrons in order to improve the charge separation. This sample exhibited 75% more net
two-beam coupling gain, a reduction in the over-modulation voltage by at least 20 V/µm,
and increased dielectric breakdown strength compared to a control sample. The dynamics
also revealed the presence of a competing grating, and a bipolar charge transport model is
shown to fit the data. The advantages provided by Alq3 are anticipated to be useful for
updateable displays, where speed and large efficiency are essential to the success of
applications.

5.1.1

Materials and Experiment
The PR composites studied contained the polymer host matrix PATPD, with the

chromophore 7-DCST added to provide a refractive index change, while also acting as a
sensitizer at 532nm, though C60 was the primary sensitizer. ECZ was included to act as a
plasticizer. In one sample, Alq3 was included at 1 wt.%, since larger concentrations (1.52.0 wt.%) tended to phase separate quickly, making the measurements unrepeatable.
While Alq3 is an electron transporter, in such small concentrations the energy levels are
suitably positioned for it to act as trap. The compositions of the two samples studied are
shown in Table 5-1. The absorption coefficient of each sample at 532nm and 633nm was
approximately 160cm-1 and 45cm-1, respectively. Both samples exhibited phase stability
for several months at room temperature.
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Label
PATPD
7-DCST
ECZ
C60
Alq3
A
54.5
30
15
0.5
0.0
B
53.5
30
15
0.5
1.0
Table 5-1: Weight percent of each component used in the samples studied.
DFWM measurements were performed at 532nm to take advantage of the
additional strong sensitization of the chromophore at this energy. The total writing
intensity on the sample was 100 mW/cm2 with external beam angles of 37° and 63°.
Steady-state efficiency was measured by ramping the voltage up at 25 V/s and
continuously monitoring the reading beam. To measure the transient behavior, a constant
voltage was applied and the reading beam monitored the grating buildup as the writing
beams were turned on and off, the total recording time being about 4 minutes. TBC
measurements were performed in the same geometry as DFWM, except 633nm light was
used as the higher absorption at 532nm and the polarization introduced a prohibitive
amount of beam fanning. This allowed an increase of the intensity to 1W/cm2, since the
samples were less vulnerable to damage at 633nm owing to the lower absorption
coefficient. Photoconductivity was also measured at 532nm. The voltage was applied in
the dark for 10-20min until the dark current reached steady-state, then the sample was
illuminated until the current again leveled out.

5.1.2

Steady-State TBC and DFWM
The gain of both samples is shown in Figure 5-1; the dotted line is placed at the

value of the absorption coefficient illustrating where net gain occurs. The addition of
Alq3 improved the magnitude of the gain at all voltages; at 60V/µm there is a 75%
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increase in the net gain. The net gain of sample B at 70V/µm was 89 cm-1. This is
significant, but the TBC gain is affected by both the magnitude and phase of the SC field.
The additional molecules will affect both transport and trapping, and thus may alter the
phase independently of charge separation. The DFWM is not directly affected by the
phase, however.

Fig. 5-1: TBC gain coefficient at 633nm for sample A (black) and B (blue).
The internal diffraction efficiency from DFWM is shown in Figure 5-2. While no
over-modulation peak was observed in sample A up to 60 V/µm, the addition of Alq3
pushes the over-modulation down at least 20 V/µm. This suggests the index modulation
is greater in sample B, which is consistent with the presence of more trapped charges as a
result of greater charge separation.
Additionally, the Alq3 tends to increase the dielectric breakdown strength,
allowing larger voltages to be applied. At Alq3 concentrations of 1.5 wt.% and above the
composition was not phase stable, or would separate very quickly, precluding the
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possibility of measurements. However up to at least 10 wt.%, the elevated breakdown
strength remained. At 0.1 wt.%, there was no observed difference with sample A. This
suggests that there is a window from above 0.1 to below 1.5 wt.% where the performance
can be altered without significantly affecting the stability.

Fig. 5-2: Steady-state diffraction efficiency for sample A (black) and B (blue) at
532nm.

5.1.3

Transient DFWM
Figure 5-3 shows the transient response for sample B (70 V/µm) and sample A

(60 V/µm). Sample A rises to 67% of the steady-state value in about 40s, while it takes
sample B only 200ms, a difference too large to be attributed to the small difference in
voltage. Sample B also exhibits recovery after about 30s of decay, which eventually
started to decay again after 10-20 minutes of observation. The decay for sample A was
measured for about 10 minutes without any sign of recovery.
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The sensitivity can be calculated according to (77) for exposure times of 500ms.
Shorter exposure times increase the uncertainty, while long times will underestimate the
sensitivity. We obtain for sample B, !! 0.5! = 0.034 !"! !", and for sample A,
!! 0.5! = 0.011 !"! !". Note larger values for the sensitivity imply the material is
more sensitive to incident light. This is an increase of approximately 3 times with the
addition of Alq3.

Fig. 5-3: Transient DFWM at 532nm. Sample B (blue) exhibits a much faster rise,
with a similar initial decay, followed by recovery of the efficiency.

5.1.4

Discussion and Theory
The transient decay for sample B requires more than two time constants to

accurately explain the dynamic recovery of the efficiency. In the standard single charge
carrier model (as from Kukhtarev or Schildkraut), both electrons and holes are naturally
present, but (for the case of mobile holes in polymers) the electrons affect the electric
field in the form of sensitizer anions and are not assumed to be mobile. This leads to only
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one time constant for crystals, or two for polymers. The presence of a competing grating
via separate transport and trapping processes for holes and electrons has been utilized on
other crystalline and polymer systems to explain the dynamic recovery [108,113]. In
these models, the secondary charge carrier affects the SC field via sensitizer anions, but
also via charged trapping sites and a free charge density, similar to the primary charge
carrier but with different mobility and trapping parameters. This leads to two competing
gratings (competing because they can have different signs) contributing to the SC field,
each with their own time constants.
A useful theoretical model is provided by Bashaw et al. [114], developed for
inorganic PR crystals. The SC field transients will rise and decay with two time constants
(as opposed to one in crystals with a single charge carrier). In general, however, the
parameters for each rate depend on the recombination and ionization rates, mobilities,
etc. of each charge species, and cannot be attributed separately to electrons and holes,
except in the trap-limited case, which is not true for our systems. The solution for the
decay is
Esc (t) = A+ e !" +t + A! e !" !t

(80)

where Γ+ and Γ- are the decay rates for each grating, and A+ and A− contain the initial
conditions and various material parameters, such as recombination and drift rates for
electrons and holes. A similar solution is obtained for the SC field formation.
This result can be adapted for use with PR polymers. For single carrier transport,
there are typically two time constants already present because conduction and orientation
can each contribute on multiple time scales. Thus, each grating in this bipolar model
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could exhibit both long and short time constants. The phase shift between the two
gratings is also made explicit. The equations for the time-dependence of the SC field and
internal diffraction efficiency become
$
'
E
rise
ESC
(t) = E1 &(1! me! "1st ! (1! m ) e! "1lt ) + 2 (1! e! " 2 st e!i# ) )
E1
%
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(81) and (82) describe the rise and decay of the SC field, respectively. E1 and E2 are the
steady-state magnitudes of the fields from each of the competing gratings, Γ1s and Γ1l are
the short and long time constants, respectively, for grating one, Γ2s is the short time
constant for grating two, m is the weighting factor to account for the relative contribution
of conduction and orientation effects on the dynamics, and φ is the relative phase shift.
There is no long time constant for the second grating because it is not necessary for the
time scales measured here (this would account for the decay after the dynamic recovery).
In general, because the mobilities and trap densities for electrons and holes are different,
they will not be displaced by the same amount, nor will they move completely to
antinodes of the laser field. Thus, the phase shift can take values between 0 and π. (83)
gives the expression for the diffraction efficiency in the transmission geometry. All other
time independent parameters affecting the efficiency (initial conditions, writing and
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reading angles, wavelengths, applied field) besides the SC field are contained within the
constant c1.
There are seven parameters in this model, which was used to fit the dynamics of
sample B. The phase shift and relative grating magnitudes should be the same for the rise
and decay, so both regimes were fit in an iterative fashion. The results are shown in
Figure 5-4. The parameters for the rise and decay are given in Table 5-2.
c1
m
E2/E1
Γ 1s (s-1) Γ 1l (s-1)
Γ 2s (s-1)
φ
Rise
2.10
0.82
4.5
9.5e-3
8.5e-4
0.22
0.70π
Decay
2.30
0.62
0.15
0.020
4.0e-5
0.22
0.70π
Table 5-2: Best fit parameters of the FWM transients of sample B to (81)-(83).
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Fig. 5-4: Fit of the bipolar charge transport model to the transient efficiency data
for sample B. The gray curve is the data, the solid black curve is the best fit, and
the dashed black curve is the best fit without the competing grating (E2=0). The
writing beams were turned off at about 240s.
The physical processes are as follows. During writing, both a strong grating and a
weak competing grating are formed. The decay in the signal is due primarily to the fact
that the peak efficiency occurs at a lower modulation than what is achieved in the steady-
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state at 70 V/µm, though the competing grating reduces this to a small extent. When the
writing beams are turned off, the quick increase and decay is caused by the index
modulation passing again through the over-modulation point. The stronger grating decays
first and eventually becomes equal in magnitude to the weaker competing grating, which
results in a minimum of the SC field (not exactly zero due to the phase shift). As the
decay continues, the SC field reverses sign and the magnitude increases as the competing
grating is slowly revealed, which is much slower to decay. The dashed line in Figure 5-4
is the best fit without the competing grating, showing the lack of recovery. Similarly, if
only one decay constant is used for the primary grating, the theory predicts that the
revelation of the second grating and recovery of efficiency would happen much faster
than is observed, since the first grating decays more quickly. The full description given
by (81)-(83) is necessary obtain a good fit.
The HOMO and LUMO energies of the components are depicted in Figure 5-5
[79,115]. At 532nm, charge generation occurs in both C60 and 7-DCST. Hole transport
occurs through the HOMO level of PATPD, and traps are provided by impurities,
molecular conformations, and C60 anions. The electrons in the C60 will remain in the
LUMO given the energies, but the electrons in 7-DCST can be trapped in either the Alq3
or neutral C60. Given that C60 has a higher molecular weight, smaller loading, and can be
reduced via illumination, the number density of Alq3 is at least 4 times larger. Thus, Alq3
is the primary electron trap, which is also why no competing grating effects are observed
in the sample with only C60. Electrons can also be trapped in Alq3 without having to
transport to a dark region. Thus, there is a higher probability that charge pairs separate
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before recombination. This leads to the formation of the competing grating to a
significant extent but also increases the magnitude of the primary grating due to the
presence of more free charges. This improves the index modulation in the steady-state.

Fig. 5-5: Approximate location of HOMO and LUMO levels of the components.
Charges are generated in the 7-DCST and neutral C60. The effect of the Alq3 is to
trap electrons from the 7-DCST LUMO.
If this were the case, one would expect that the grating recovery effect would be
reduced or eliminated when excited at 633nm because the 7-DCST is more transparent
there. The transients at 633nm compared to 532nm are shown in Figure 5-6 below, both
at 7kV in the same geometry. Indeed, for 633nm, there is no recovery observed within the
experimental precision for the time scales observed. Note the magnitude is also decreased
due to fewer generated charges from the lack of sensitization from the 7-DCST.
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Fig. 5-6: DFWM transients for sample B at different writing wavelengths, both at
7kV and 100 mW/cm2.
Furthermore, the second grating takes longer to develop, as evidenced by a much
smaller time constant (in units of s-1). Thus, one would also expect that for smaller
writing times, the grating revelation becomes less pronounced, as the competing grating
does not have enough time to develop. Figure 5-7 demonstrates the effects of varying the
writing time on the FWM dynamics of sample B. The writing wavelength was 532nm,
but the incident intensity was increased to 400 mW/cm2 so the effect would be more
obvious.
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Fig. 5-7: FWM transients for different writing times, showing the competing grating
reduces in strength as the writing time also decreases.
The magnitude of the grating recovery does decrease with smaller writing times,
as expected. Note that the peak efficiency during the initial writing phase is not as greatly
affected, which is as expected since this is due to the primary grating, which develops
much faster and so is not altered for this range of writing times. The improved charge
separation is still occurring due to the Alq3 traps, as this happens on very short time
scales, so the build-up time is not affected, which is dependent mostly on the fast primary
grating. But establishment of the two gratings requires transport, and for such short
exposures there is not sufficient time for transport of the secondary charge carrier.

5.1.5

Conductivity
Finally, the dark and photoconductivity results are illustrated in Figure 5-8 below.

First, in the dark, the conductivity of sample B is reduced by about 0.7 to 1.5 pS/cm (or
20-100 nA).
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Fig. 5-8: Dark and photoconductivity vs. applied voltage. The closed symbols are in
the dark and the open symbols are with 100 mW/cm2 of 532nm light. The Alq3
affects both the transport site disorder and the electron trap density, which reduces
the current in both the dark and with light.
Without illumination, the only current arises from holes injected from the ITO
electrode since it is primarily a hole injector for these systems. The reduction in hole
current could arise from the increase in energetic or positional disorder of transport sites
due to the presence of an additional charged site. These sites could also be affecting the
orientation of the polar chromophores, an often neglected contributor to charge transport
[116].Under illumination, both holes and electrons contribute to the current, so one would
expect to see a larger decrease in the conductivity with additional electron traps. The
observed photoconductivity does decrease by a much larger 2-12 nS/cm (or 3-10 µA).
This interpreation is also supported by the fact that sample B tended to survive higher
applied fields for much longer periods of time before dielectric breakdown, which is
typically caused by “hot” electron current.
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5.1.6

Summary
The addition of Alq3 to a PR composite has been shown to increase the magnitude

of two-beam coupling by 75%, reduce the over-modulation voltage at least 20 V/µm,
drastically increase the speed with which a significant hologram can be written, and allow
the formation of a second, weaker grating via bipolar charge transport and trapping. In
particular, Alq3 doping can increase the sensitivity of PR polymers, improve the trap
density necessary for reflection geometries and pulsed laser writing, and increase the
dielectric breakdown strength, all of which can be limiting factors for real-world
applications. This can have significant impact on several potential applications involving
holography, such as telepresence, 3D entertainment, and industrial design.

5.2

Interdigitated Coplanar Electrodes

While polymers have many advantages over inorganic crystal-based PR materials,
such as the ability to make large area devices and simple and inexpensive manipulations
of composites, a disadvantage is that polymer composites must be slanted to large angles
with respect to the writing beam bisector [17]. This is necessary in order to obtain a
sufficiently large component of the applied field along the grating vector to facilitate
charge separation. For holographic displays, this constraint, as well as the need for a
normally incident object beam reduce the writing sensitivity by limiting the slant
obtainable [117]. For PR polymers in general, the sensitivity is far below that of the best
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static holographic recording media such as silver halide (approximately 3 orders of
magnitude).

Fig. 5-9: Theoretical index modulation and the dependence on the angle between the
writing beam bisector and the sample normal in air. Parameters are chosen only for
illustration of the principle.
In the standard configuration (produced by pressing the polymer between two
ITO-coated glass slides) the applied field is always perpendicular to the polymer layer.
So to obtain a sufficiently large field magnitude along the grating vector, the sample must
be slanted typically between 30° and 60° in air (in the transmission geometry), and is
severely limited in the material due to Snell's law. Larger slant angles for the writing
beams will increase this projection. Theoretical calculations for how the diffraction might
change with this slant angle are presented in Figure 5-9 for typical material parameters
chosen to give 100% diffraction at 8kV and 60° slant. The efficiency drops by an orderof-magnitude in going from 60° to 25°, and another order-of-magnitude from 25° to 15°.
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Such extreme geometries are feasible for characterization experiments on smallarea samples, but not for large-area samples in practical setups. This is because
manipulating large beams requires too much space, large optics to produce uniform,
unaberrated beams are expensive custom elements, the Fresnel reflections will reduce the
writing intensity inside the polymer layer, and optimized beam injection systems can be
quite complicated. This will also exacerbate the beam walk-off effect in imaging
applications where the temporal coherence length is less than the beam diameter [118].
This is also a detriment for applications constrained by depth-of-field such as direct
imaging systems.
The use of interdigitated electrodes on a single plane are shown here to permit the
recording of gratings in PR polymers with a near 100% electric field projection and
without an external slant angle [119]. This device structure brings the benefits of small
characterization setups to the large-area applications, such as the large field projection
and compact area. Verily, this is a device geometry that is more compatible with the
physics of these materials.

5.2.1

Materials and Experiment
The PR composites studied contained the polymer host matrix PATPD with the

chromophore

3-(N,N-di-n-butylaniline-4-yl)-1-dicyanomethylidene-2-cyclohexene

(DBDC), the sensitizer C60, and plasticizer ECZ. The weight percent of the composite
PATPD/DBDC/ECZ/C60 was 49.5/30/20/0.5%. Standard samples were prepared by melt
processing the mixture between two ITO-coated glass slides with a uniform finger pattern
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(“biplanar”) and 105µm spacer beads to set the thickness (as described in section 4.7.1).
Samples on the interdigitated ITO electrodes were prepared in the same manner but a
single ITO-coated glass slide with an interdigitated finger pattern used as the substrate
and an uncoated glass layer as the top plate (“coplanar”). No spacer was used for these
samples due to space limitations, and uniform 30µm thicknesses were obtained. The
interdigitated pattern was made by UV lithography using a clear field mask on a positive
photoresist, followed by etching in an HCl/HNO3/H2O solution. The spacing between the
inner edges of the digits was 100µm, while the width of the digits was varied as described
below. A schematic of the two devices is shown in Figure 5-10. The coplanar drawing
shows only a few electrode digits, but 10-20 pairs are present over the entire area of the
polymer. For each sample, the area of the active polymer region is approximately 20mm2,
which is much larger than the beam area (less than 1mm2). The absorption of both
devices was 80cm-1 at 633nm.

Fig. 5-10: Schematic diagram of the device structure for (a) biplanar and (b)
coplanar electrodes. Devices are not drawn to scale.

The upper black arrows

represent the writing beams and the lower white shows the approximate direction of
the grating vector.
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In regards to the thickness, the internal efficiency will increase with thickness d
up to the over-modulation point for biplanar samples if the field is constant, but the same
efficiency can be achieved with less material and a larger index modulation in the Bragg
regime. Thus, the relevant parameter is dΔn. This dependence is not straightforward for
coplanar samples, however, so the thickness for biplanar samples is chosen to correspond
to that used in the literature. The coplanar sample thickness was then chosen so that the
average projection field would be similar to that of the 50° slanted biplanar sample (about
4.3-4.5 V/µm). Even though the projection angle is smaller at most points in the coplanar
sample, the average projection field is not necessarily larger due to the reduction in the
field with height.
Steady-state DFWM measurements were performed at 633nm on coplanar
samples with electrode widths of 5, 10, 25, and 50µm. The coplanar samples were slanted
by approximately 1° to prevent overlap of multiple reflections. The inter-beam angle in
air was 26° and the total intensity of the writing beams was 190 mW/cm2 (with a beam
waist of 640µm). The long axis of the electrode digits was oriented perpendicular to the
plane of incidence to give the maximum field projection possible.
Steady-state DFWM measurements on the biplanar samples were carried out in
the same manner as for the coplanar samples, but at external slant angles of 10°, 30°, and
50°. The power in each beam was adjusted to provide the same writing intensity at each
angle. TBC measurements were performed in the same geometry as DFWM, except the
writing beams were p-polarized. The beam waist at the sample plane was either 640µm
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or 50µm, as discussed below, which was adjusted with focusing lenses. The power in
each beam was adjusted to provide the same writing intensity at each angle.

5.2.2

Electric Field Pattern
One of the main differences between the structures of the two devices is the

spatial dependence of the electric field. The field is very uniform over the size of the laser
beam for the biplanar samples, but not for the coplanar ones. Calculations of the
horizontal component (the direction of the grating vector) of the electric field pattern
were performed using the multiphysics computer program COMSOL (Figure 5-11), for
interdigitated electrodes having a width of 25µm at 1kV. The model had periodic
boundary conditions on the left to right and a thickness above and below the electrode
plane of 200 µm to avoid edge effects. For biplanar samples, the field would be 10 V/µm
at all points in the film far from the electrode edges. The field decreases to 1/e of this
value (3.7 V/µm) at a height of approximately 30µm, indicating that there are few
anticipated benefits to making much thicker samples. This thickness is still well within
the Bragg regime, at least using the Q and P parameters developed for the standard
samples, though no model yet exists to determine the diffraction properties from PR films
with a non-uniform field.
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Fig. 5-11: Contour map of the magnitude of the electric field in the horizontal (x)
direction above two ITO electrodes (gray bars) with a potential of 1kV, a separation
of 100µm and an electrode width of 25µm. Only positive valued contours are shown.
As the electrodes widen, the average field in the direction of the grating vector
above the active region increases monotonically (where “active region“ refers to the
space between electrode digits where the field is a large component in the grating
direction). However, the total amount of null space that occurs directly above the
electrode (where there is no component of the field in this direction) also increases. This
null space is a region where negligible diffraction occurs. Thus, there should be an
optimum electrode width that balances these two competing effects.

5.2.3

Steady-State DFWM
The DFWM on the samples with different coplanar electrode structures is shown

in Figure 5-12. The 10µm and 25µm wide electrodes have the highest efficiency, with the
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difference between them being within the experimental and sample preparation
uncertainty. The trend with electrode width, shown in the inset, is due to the trade-off
between the amount of active polymer area and the average electric field above that
active region. For comparison to standard biplanar samples, the 25µm wide coplanar
electrodes are used (Figure 5-13).

Fig. 5-12: External diffraction efficiency in steady-state vs. applied voltage for PR
composite on coplanar electrodes with 100µm electrode spacing and varying
electrode width (shown in key). Inset: Diffraction efficiency at 3kV trend with
electrode width.
The diffraction of the standard biplanar samples with slant angles less than 10°
was not significantly above the noise of the system. A direct comparison could be biased
due to the different electric field patterns, though fundamentally, in an unslanted
geometry there is substantial diffraction efficiency with coplanar devices while negligible
diffraction is observed with biplanar devices.
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Fig. 5-13: External diffraction efficiency in steady-state vs. applied voltage,
comparing coplanar sample with 25µm wide electrodes to biplanar samples with
varying external slant angles (shown in key).
For holographic displays, the slant is usually around 20°, and the diffraction
efficiency of the coplanar sample is at least 3 times larger than the biplanar samples with
these smaller slant angles. It is also slightly better than the 50° slanted sample, even
though the projection is near 100% for the coplanar device and less than 50% for the
biplanar device. This could be because the decrease in the field with height balances the
benefit of the increased projection, or that most of the diffraction is occurring from the
high field regions near the electrode edge where the projection angle is larger. The
average field in the grating direction for this biplanar geometry is about 4.5 V/µm at 1kV,
while the average field for the coplanar sample over the unit cell is 4.3 V/µm.
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5.2.4

Sensitivity

Fig. 5-14: Transient diffraction efficiency comparing the coplanar sample with
25µm wide electrodes to biplanar samples.
Transient DFWM (Figure 5-14) was performed in the same geometry as for the
steady-state. The coplanar sample is as fast the biplanar samples slanted at 50° up to
about 250ms. It exhibits a larger time constant on long-time scales due to the regions of
low field where the chromophores take longer to orient. The sensitivity was calculated
according to (77). Note the efficiency dependence on the index modulation implicit in
this equation follows the lossless transmission formula of Kogelnik, which assumes that
the magnitude of the index modulation and the field amplitudes in the transverse
direction are uniform. For biplanar samples this is true, but not for coplanar ones. This
means the diffraction efficiency data collected, which averages over the entire active
region, can provide an “effective” index modulation (the modulation needed to obtain the
same diffraction in a biplanar sample). Information on the average index modulation, for
example, cannot be determined without a more sophisticated theory. This equation
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involving the diffraction efficiency can still be used to provide a practical comparison of
the performance of such devices, since diffraction efficiency is the relevant parameter for
most applications anyway.
The results are reported in Table 5-3 for t=0.5s, which corresponds to an exposure
density of 95 mJ/cm2. The coplanar sensitivity is nearly the same as the 50° biplanar
sample, achieving the same efficiency in 0.5s, and a factor of 5 larger than the 10°
sample. Biplanar samples in the same geometry as the coplanar device would yield a
negligible sensitivity.
Device
Coplanar
Biplanar
Biplanar
Biplanar
Slant Angle (°)
1
10
30
50
Sensitivity
3.6
0.76
2.6
3.8
(10-3 cm2/mJ)
Table 5-3. Sensitivity of tested devices calculated from the transient diffraction
efficiency according to (77) at t=0.5s.

5.2.5

Two-Beam Coupling
TBC measurements were performed in the same respective geometries as the

DFWM, and will allow a confirmation of the PR effect in this new device structure.
When the beam waist was 640µm, there was no observed energy transfer for the coplanar
samples, whereas biplanar samples exhibit about 8% intensity change under the same
conditions with a 50° slant. This is because the direction of the field alternates for
adjacent active regions, thereby shifting the phase of the SC field by 90° and thus
reversing the direction of energy transfer. For such a large beam size, several active
regions contribute, resulting in a net zero gain. To accurately measure gain and probe the
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structure of the electrode, the beam waist was reduced to 50µm (by altering the lenses in
the beam paths) and several measurements performed at discrete positions of the sample
in the plane of incidence (25µm step sizes). The results are shown in Figure 5-15 for a
sample with 50µm wide electrodes at 2kV. As expected, the direction of the gain reverses
after the sample is moved 150µm, corresponding to the spatial period of the interdigitated
structure. This verifies not only the PR effect in polymer with the unslanted geometry,
but also that the electric field pattern is as expected, at least on the scale measured. Note
that the diffraction efficiency does not depend on the phase of the SC field, so adjacent
regions do not cancel each other in the DFWM experiment. Error bars are added because
the mechanical chopper necessary for the LIAs cannot be used due to vibration, which
increases the noise in the signal.

Fig. 5-15: TBC measurements as the beams were moved relative to the electrodes.
Adjacent active regions, where the direction of the field reverses, are separated by
150µm, leading to the periodic signal.
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5.2.6

Summary
Organic polymer devices on interdigitated coplanar electrodes have been shown

to exhibit the PR effect in an unslanted transmission geometry. The diffraction efficiency
is the same as standard samples in a highly slanted geometry and much better than those
in more normal geometries, with a 1-5 times increase in the sensitivity. This is expected
to be useful for holographic displays, where external slanting increases the system size,
and reduces the writing intensity and the resolution, as well as for optical coherence
imaging, microscopy, and direct image writing. This geometry could also make possible
new applications of PR polymers such as a tunable phase mask or in-plane switching.
This approach also has the added benefit that more active material can be added to
increase the gain without decreasing the applied field, power requirements, or active area,
at least up to the height where the field becomes negligible. Further studies are underway
to determine this limit and to better understand the physics of such a device in general by
modeling the diffraction from a non-uniform index modulation. This will also permit
optimization of the electrode structure for further improvements, such as placing
interdigitated electrodes above and below the polymer, or having electrodes that protrude
more into the polymer layer, so the field is more parallel to the grating.

5.3

Effects of Polymer Buffer Layers on PR Performance

In this study [120] we examined the empirical effects of adding an insulating
blocking layer between the active polymer layer and the ITO electrodes. The effects of
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such blocking layers has been studied previously and shown to increase the trap density
and the holding time for poly(vinyl phenol) layers [121], which is attributed to a build-up
of charges at the interface, decreasing the number of trapped charges and reducing the
current. In PDLCs, SiO2 layers [122] increase the gain and diffraction efficiency due to
removal of electron cancellation due to the blocking of electrode injection. Additionally,
dielectric breakdown in polymers is usually caused by an avalanche of electron current
resulting from local thermal, mechanical, or electrical defects [123]. A non-conductive
layer between the electrode and photoconductive polymer could limit injection, reducing
the probability that an avalanche condition occurs. Limiting the dielectric breakdown is
necessary for production of samples for real-world applications where the device must be
able to survive the large applied fields for long periods of time. In this work, we
examined the effects of adding such a layer on the photorefractive and photoconductive
performance, and the relative advantages and disadvantages of its use. As will be shown,
insertion of an appropriate buffer layer results in an increase in diffraction efficiency and
TBC gain. This improvement is sufficient enough to permit these samples to be studied in
the reflection geometry where performance has usually been poor due to the much
smaller grating spacing. To this end, samples with additional traps in the form of PCBM
were studied as well.

5.3.1

Materials and Experiment
The PR polymer composites studied contain a copolymer as the hole-transporting

host matrix. The copolymer approach is taken to reduce the phase separation typical in
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guest-host polymer systems with low Tg, allowing increased loading of functional
components such as NLO chromophores. The copolymer consists of a polyacrylate
backbone with TPD and carbaldehyde aniline (CAAN), in a ratio of 10:1, attached
through an alkoxy linker (PATPD-CAAN). A fluorinated dicyanostyrene (FDCST) was
added to act as the chromophore but also as a sensitizer at 532nm [78]; ECZ was used as
the plasticizer. In some composites, the fullerene derivative PCBM was present to
provide additional sensitization.
Samples labeled U1 were made by melt processing a composite of PATPDCAAN/FDCST/ECZ (50/30/20 wt%) between two ITO coated glass slides. The thickness
was set using 105µm spacer beads. Sample U2 is the same except that a 20µm buffer
layer (BL) of an amorphous polycarbonate (APC) was spun coat onto each electrode
prior to processing. Samples P1 and P2 are similar to U1 and U2, respectively, except the
composition was PATPD-CAAN/FDCST/ECZ/PCBM (49.5/30/20/0.5 wt%). “U” is
meant to indicate composites without a dedicated sensitizer molecule (“unsensitized”)
and “P” to indicate those with PCBM. The absorption coefficient at 532nm of samples
A1 and A2 was 90cm-1 and 140cm-1 for samples P1 and P2.
The TBC measurements were carried out at 532nm with 500 mW/cm2 writing
beams. This wavelength is used because it is within the absorption band of both the
FDCST and PCBM. The external inter-beam angle was 36° and the external tilt of the
sample was 55°. Steady-state DFWM measurements in transmission were carried out in
the same geometry as for TBC. To modify the setup for reflection geometry DFWM, the
sample was simply rotated so the plane of the device was along the bisector of the writing

137

beams, with a couple degree offset to separate out the portion of the reading beam
directly reflected off the glass (θ1=-θ2=72°).
Dark conductivity was measured by applying a voltage and monitoring the dark
current measured until steady-state was reached (typically 10-20 minutes). Then the
sample was illuminated with 1 W/cm2 of 532nm light and the current recorded for
another 10 minutes to measure the photoconductivity. For all samples, the field was
calculated using the external applied voltage and total device thickness, as this permits an
easier comparison between buffered and non-buffered samples because the dielectric and
resistive properties of the materials are not entirely known.

5.3.2

Two-Beam Coupling

Fig. 5-16: TBC gain versus applied voltage in transmission for all four samples. The
electric field polarity is the same as that in Fig. 4-10, which limits beam fanning.
Positive gain here is defined as beam 1 (incident at 36°) gaining energy.
Sample U1 exhibits a gain of about 60cm-1 at 7kV, which increases to 175cm-1 for
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P1 at 7kV and over 200cm-1 at 8kV. The addition of the BL for the unsensitized samples
increases the magnitude of the gain by a factor of three to 150cm-1 at 7kV while also
reversing the direction. The BL similarly pulls the gain down for the sample with PCBM,
but the direction stays positive and the magnitude is decreased by a about a factor of three
to 50cm-1.
The sign of the gain can reverse if the phase shift between the SC field and
interference pattern shifts by 180°, which can occur if either the sign of the charge carrier
or the polarity of electric field in the polymer reverses. Charge buildup at the PR
polymer/APC interface could reduce the field in the sample, but would never cause it to
reverse. The direction of energy transfer can also be reversed if the sign of the index
modulation seen by each beam reverses, which will happen will happen if the writing
beam polarization is rotated. Such changes in polarization are observed in samples with a
large birefringence, though the magnitude will be very different, and no theory exists to
predict how this would effect the diffraction. Note that the gain of samples U1, P1, and
P2 are the same as that observed in PVK/TNF systems with the same polarity, where the
majority charge carriers are the holes [102]. A reversal of the gain direction has been
observed in PR polymers previously [124], though the magnitude was much smaller than
that observed here.
The dielectric breakdown strength is also increased for the buffered samples, at
least qualitatively, allowing application of fields up to 100 V/µm. For sample U1, or
other compositions without such a layer, the breakdown field is below 80 V/µm, and can
be much lower (10 V/µm) if small defects such as bubbles are present. Practically, this
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protection allows fewer samples to be manufactured before obtaining several than can
withstand large fields. The causes and origins of dielectric breakdown have not been
studied in great detail in PR polymers; the improvements seen with the BL are likely the
result of either improved surface compatibility which reduces defects at each interface, or
a greater tolerability of bulk defects from reduced current.
While these results can be explained in part with the standard theory of
photorefractivity based upon the functioning of PCBM as a trap and the screening effects
of the BL, the reversal in the gain requires a more sophisticated theoretical backing
invoking those effects mentioned above, as well as the role of charge injection. These
have never been fully incorporated into the theoretical models for the SC field dynamics
in organic polymers.
Regardless, the large gain in sample U2 is a useful for many applications where
the direction is not as important as the magnitude, especially considering that the sample
can survive larger applied voltages. This is also true for sample P1, though the benefit is
mitigated by the increased absorption and larger tendency for breakdown due to the lack
of a BL.

5.3.3

Steady-State FWM
The diffraction efficiencies in transmission of samples U1, U2 and P2 are shown

in Figure 5-17. Sample U1 (no BL or PCBM) exhibits 90% internal diffraction efficiency
at an applied field of 5.5kV, where it is over-modulated. The addition of the APC
decreases this over-modulation point by 1.5kV. The addition of PCBM (sample P2)
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reduces the diffraction efficiency at the lower voltages while increasing it at the higher
voltages, which indicates a decrease in the index modulation.

Fig. 5-17: Steady-State DFWM in transmission for samples U1 (black), U2 (green),
and P2 (red).
It is common to the fit such transmission FWM data to an equation of the form

! = sin 2 ( BV P )

(84)

where η is the diffraction efficiency and V is the applied voltage. This is a generalization
of the Kogelnik model for diffraction from a thick grating and the Kukhtarev model for
the SC field. For the large trap densities P will be equal to 2.0 (Esc = E0), and for small
trap densities P will be equal to 1.0 (Esc=Eq). This allows one to determine to what extent
the density of traps is limiting the diffraction efficiency. For these samples, the P-values
obtained are:
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Sample
U2
U1
P2
P
1.860 + 0.011
1.9688 + 0.0003
2.00 + 0.03
Table 5-4: Power dependence of the index modulation on the applied voltage, which
is related to the trap density.
The effective trap density appears to decrease with the BL, and increases again
upon doping with PCBM. These numbers do not necessarily imply there is a change in
the intrinsic trap density or impurities. The BL can affect the field, which will alter the
sensitizer ion density or the recombination rate, which will manifest as a change in the
effective trap density. Note these values relate to the dependence of the index modulation
on the field but not necessarily the magnitude itself, which is a function of the magnitude
of the trapped charge density at any given field. The observation that the trap density
increases with PCBM but decreases the index modulation is consistent with previously
observed effects that fullerene sensitizers can contribute to trapping via anions but also
inhibit chromophore orientation by local distortions of the electric field [125]. Though
this is obviously only a partial explanation of what is happening in these materials.
The results of steady-state DFWM in the reflection geometry can be seen in the
Figure 5-18. The efficiency was observed to increase as the angle of the reading beam
was offset relative to counter-propagation. This is because as the chromophores align
with the applied field, the average index changes, which alters the Bragg matching and
requires an offset angle to restore [67]. The peak efficiency is about 16% at 60 offset and
3.6kV for sample U2 and about 40% at 30 and 9kV for P2. In [67], over 60% was
obtained with a PVK-based composite, though this polymer does not lend itself well to
making large area devices, and the hole mobility is less than in the PATPD copolymer
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used here. Without the variation in the Bragg matching taken into account, the efficiency
would follow the square of a hyperbolic tangent, and would eventually saturate at some
field based on the trap density.

Fig. 5-18: Steady-state DFWM in reflection for sample U2 (left) and P2 (right). The
legends show the change in incidence angle of the reading beam relative to counterpropagating with the writing beam.
The internal efficiency is smaller than in transmission due to the grating spacing
that reduces the trap-limited field and yields a smaller SC field. For sample U2, a small
change in the voltage results in an angle of approximately 3-4° per kilovolt needed to
restore the Bragg matching. For sample P2, smaller shifts in the reading angle are needed
to restore the Bragg matching (about 1-2° per kilovolt), suggesting the total DC
birefringence of sample P2 is smaller. This is consistent with the observation from
transmission that the index modulation is smaller.
Also observe that the diffraction efficiency of sample U2 increases by
approximately 15% with a 4kV change in the applied voltage, while sample PW increases
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by more than 40% with a similar change in voltage. This also implies that the effective
trap density is larger for sample P2, which would yield a diffraction efficiency that
increases more quickly at larger fields and is expected given that PCBM can act as trap.
This trend can be more clearly expressed by quantitatively examining the index
modulation. This can be measured using ellipsometry or extracted from the diffraction
efficiency data. Ellipsometry only directly measures the DC (0th order) index change,
which is related to the holographic (1st order) index modulation by the ratio of the SC
field to the applied field. This depends on parameters not measured by ellipsometry, and
so this will provide only an approximation to the 1st order index modulation. A more
accurate way of obtaining this information is by inverting the diffraction equations using
the steady-state DFWM data:
! = sin! !Δn

(85)

! = tanh! !Δn

(86)

where C and D are constants that depend on the wavelength and writing angles. In
practice, there are many effects that can lead to diffraction efficiencies that deviate from
this ideal behavior, such as a Bragg angle mismatch, beam fanning, a change in the angle
of refraction of the writing or reading beams from the 0th order index shift, grating
bending near the electrode interface, the presence of higher diffraction orders from large
index modulations or fringe visibility, and many others. These effects can manifest in
measurable ways, as evidenced by the change in the Bragg matching condition in
reflection and a diffraction maximum less than 100% in transmission. Many of these
effects cannot be accounted for in a closed form, so a more practical way of determining
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the index modulation is by assuming a form of the index modulation similar to (84) and
fitting the data. The index modulation can then be calculated from the fit parameters,
which will account for some of these effects.
The index modulations obtained from this method are shown in Fig. 5-19 below.
In reflection, the 0th order index change will affect the data for a given reading angle as
the field is increased as discussed above, so to accurately obtain the 1st order index
modulation the initial rise of each curve, or the envelope of all curves, must be fit. This
can lead to larger uncertainties in the fit, compared to transmission, which are expressed
in the error bars in the reflection data.

Fig. 5-19: Magnitude of the holographic index contrast in both reflection (left) and
transmission (right) geometries, in units of 0.001. Values are obtained from fits to
the steady-state DFWM data, extrapolated to 9kV for ease of comparison.
In transmission, the addition of the buffer layer to unsensitized samples increased
the index modulation by almost a factor of 2, while the further addition of PCBM reduces
this by a factor of 4. In reflection, the PCBM sample has a factor of 2 smaller index
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modulation, when both are extrapolated to 9kV. This larger AC index in sample U2 also
means there is a larger DC index change, which negatively affects the Bragg matching
condition of the reading beam, prohibiting the application of voltages larger than 4kV.
The index modulation in transmission is between 2 and 4 times larger than that in
reflection at 9kV. Theoretically, this ratio is given by
Δ! ! !! !! !!",!
=
Δ!! !! !! !!",!

(87)

where the subscripts T and R refer to transmission and reflection, respectively, and c1 is a
constant that depends on the material and reading angle and is approximately the same
for both geometries. In transmission, the trap-limited field is very large so the SC field is
equal to the applied field in the direction of the grating vector. In reflection, the traplimited field is much smaller due to the reduced grating spacing, so the SC field saturates
at this value. Therefore, this ratio becomes
Δ! ! !! cos ! ! !! cos ! ! 2!"!!
=
=
Δ!!
!!",!
!Λ! !!""

(88)

A reasonable order-of-magnitude estimate of the effective trap density is 105 µm-3.
Smaller values will lead to trap-limited behavior in transmission, which is not observed
(determined by the p-parameter), and larger values will lead to trap-unlimited behavior in
reflection, which is also not observed. Thus, in the geometries used and at 9kV, this
yields a ratio of 1.9, consistent with that measured. With sample U2, the trap density is
lower which will increase this ratio, also consistent with that calculated in Fig. 5-19.
In transmission, the BL in sample U2 increases efficiency at the lower voltages
where power consumption is less and parasitic effects such as beam fanning and multiple

146

diffraction orders are less likely to occur, all of which are useful for many applications.
This does not hold true for PCBM, especially considering the increased absorption. In
reflection however, the diffraction efficiency increases by about a factor of 3, which is
necessary for a reflection holographic display, as the diffraction efficiency for a real
hologram can be much smaller than for the Gaussian beams with careful Bragg matching
used in characterization.

5.3.4

Transient FWM

Fig. 5-20: FWM dynamics during the writing process in transmission for sample U1
(black), U2 (green), and P2 (red). The writing beams were turned on at time t=0s.
The steady-state efficiency is an important and central characterization parameter,
but the speed of the grating formation is just as essential for a given application. The
writing dynamics in transmission for U1, U2, and P2 at 8kV can be seen in Figure 5-20.
The many extrema make a direct comparison difficult. Sample U1 reaches a peak of 43%
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after 400ms of writing, while U2 reaches a peak of 12% in 1.1ms of writing. P2 takes
several seconds to reach the 10% efficiency mark.

Fig. 5-21: FWM dynamics during the writing process in reflection for sample U2
(green) at 4.5kV and a reading beam offset of 7.4°, and sample P2 at 8kV and a
reading beam offset of 2.4°. The writing beams were turned on at time t=0s.
The addition of PCBM leads to a reduction in speed of the transmission grating
formation, at least on short time scales. The dynamics in reflection, however, show an
increase in the response rate (Figure 5-21) for P2. This behavior can be explained by
considering the limiting regimes from the Kukhtarev model. For large grating spacings,
the response time of the SC field is given by the inverse of the photoconductivity.
However, for smaller grating spacings the drift length of the charges may be comparable
to the distance between bright and dark regions, and the response is given by [126]
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!"

KLdrift (Eq )
# photo

(89)

where K is the magnitude of the grating vector, σphoto is the photoconductivity, and Ldrift is
the mean drift length in the trap-limited field Eq. This is relevant when the applied field is
limited by the trap density, which occurs at the small grating spacings used in reflection.
Thus, in transmission, the buffer layer and the PCBM reduce the conductivity (see
section 5.3.5 below) leading to longer response times of samples U2 and P2 compared to
U1. In reflection, the increased trapping from PCBM reduces the overall drift length
thereby increasing the response rate. This model is developed for crystals, and can only
be considered applicable for polymers where the SC dynamics are current limited and not
orientationally limited, which is usually the case in samples with a BL, though the
qualitative aspects are still useful.
There are likely other effects present that will affect the SC field formation rates,
such as the change in the field in the polymer layer due to the BL as well local dielectric
screening by the PCBM. The theories used to model and quantitatively explain FWM
transients are not adequate to take into account effects such as these, as well as those
discussed in relation to the TBC. This is especially true in transmission where the larger
index modulation can exacerbate some of these effects. For example, the standard theory
cannot accurately account for a peak in the efficiency below 100%, as observed in the
transmission transients for U1 and U2. This is also evidenced partially by the larger
uncertainties in the P-parameter for U2 and P2.
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Though we can say that sample P2 is not as useful for CW holographic displays in
a transmission geometry given the decreased efficiency and speed, though it would work
better than the others in reflection, with the 3x higher efficiency. The speed in reflection
is still very fast for a CW display, which is true of sample U2 as well. This is likely true
of the reflection geometry in general. The large trap densities needed to obtain a
sufficient efficiency imply a short drift length and fast response rate.

5.3.5

Conductivity

Fig. 5-22: Dark (closed symbols) and photoconductivity (open symbols) for samples
U1 (black), U2 (green), and P2 (red).
Conductivity is one of two major factors contributing to the formation and decay
of the grating (the other being chromophore orientation). The addition of the BL reduces
dark conductivity by a factor of 2-3, while PCBM further reduces this by an order of
magnitude. This same trend is observed for the photoconductivity and is more
pronounced; the BL results in more than one order of magnitude reduction and the PCBM
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causes a further reduction by more than two orders of magnitude. Obviously the fields are
different as well as the total amount of absorbed light. The field reduction for the samples
with the BL could in principle account for the change in the dark conductivity from
sample U1 to U2, though not the large change with P2. Furthermore, one would expect
the photoconductivity to increase if the absorption is increased (except for absorption
coefficients much larger than 100cm-1), so the change in dark and photoconductivity
between samples U2 and P2 cannot be explained only by the increase in absorption.
In the absence of bulk charge generation in the dark, the conductivity depends on
injected charge. Thus, the BL does not appear to appreciably block injection of holes
(ITO being primarily a hole injector) compared to the effects of adding PCBM or the
effects of traps in the photoconduction. PCBM causes a much larger decrease in the
current and could be due a number of factors. PCBM has a larger dielectric constant than
the polymer host that would increase the screening of local fields. The dark current has
also been observed to decrease as the Tg increases, which can happen as the extra
molecules increase the energetic and positional disorder [127].
With the presence of light, both injected charges and photogenerated charges in
the bulk contribute to the current. The trap density will also change as some fraction of
the sensitizer molecules (PCBM and F-DCST) will become ionized. The decrease from
U1 to U2 could be explained by a reduced field in the polymer layer which affects charge
separation, though that is likely only a partial explanation as it would have to be about an
order-of-magnitude smaller field. The BL could also be blocking injected charges which,
apart from the obvious effects that would have on the current, could be reducing transport
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of bulk photogenerated charges by increasing charged sites or decreasing the temperature.
This is a comparatively small change relative to the conductivity with PCBM, which is
likely due to the increased trap density.

4.3.5

Summary
An APC buffer layer between the polymer and electrode has been shown to

increase the dielectric breakdown strength and improve the steady-state diffraction
efficiency. The conductivity is also decreased, which can explain the increased
breakdown voltage and reduced response rate. It also increases the TBC gain and reverses
the direction. However, despite these improvements, the diffraction efficiency in
reflection is around only 15%. Doping with 0.5 wt.% of PCBM improves the diffraction
efficiency in reflection to almost 45% while also increasing the response rate slightly. It
also interestingly brings the direction of the gain back to positive values. The increased
breakdown voltage is useful for real-world applications where the speed is not a crucial
factor. Furthermore, while samples with PCBM may be too fast for a CW reflection
display they may be beneficial for a fast-updating pulsed display provided enough
charges can be generated. A more comprehensive theory of the SC field formation and
charge transport are needed to fully explain the results of these studies.
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6

CONCLUSIONS AND OUTLOOK

Over the past decades much progress has been made in design and application of
photorefractive polymer composites for photonics applications, the most mature of which
is the updatable holographic display. New chromophores, sensitizers, and sensitization
schemes have increased the range of useable wavelengths, speed, index modulation,
photogeneration efficiency, thermal stability, and a host of other parameters. Progress has
also been made on understanding the physics of such devices, with quantitative models
designed to incorporate the nature of different traps and field-dependent parameters.
There is still progress to be made, however. No commercial products yet exist,
even for updatable holographic displays, which are impeded as much by material
characteristics as the bandwidth requirements for 3D data transmission. The latter is
outside the realm of this work, but the material any real-world application will need to
have thermal stability of at least one year, high dielectric breakdown strength so films can
be made with good yield, and sensitivity to the light levels from low power, small form
factor lasers available. All of these can and have been accomplished separately, but
achieving them all in one composite is much more of a challenge. For example, the
composites used in the coplanar studied presented above can provide the same
performance for several years, but the sensitivity is not as good as the copolymer/7DCST composites discussed in the last section of Chapter 5, which do not demonstrate
such long term phase stability.
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Some of these challenges have been addressed in this work. The use of molecular
doping with electron traps is shown to improve the sensitivity by more than 3x while
simultaneously increasing the breakdown strength and decreasing the response time and
the voltage required to obtain near-100% diffraction. The use of a buffer layer has also
been shown to decrease the over-modulation voltage and the improve the TBC, and
further addition of PCBM increases the efficiency in reflection by from 15% to almost
45%, which is the geometry utilized by a majority of commercially available holograms.
The BL also greatly improves the chances of breakdown.
An altered device geometry has also been demonstrated to provide significant
diffraction efficiency and sensitivity in a previously unattainable unslanted geometry.
The performance is superior to that typically used in real applications due to the space
and beam injection constraints. This allows one to utilize the benefits of such highly
slanted geometries in real-world devices, improving the sensitivity accordingly.
While these are significant and useful advances, there are still some questions that
can be addressed. The long term stability of the samples with electron traps is uncertain,
if only because a single composite useful for all manifestations of a holographic display
is still under development. Other types of molecules may function as more efficient
electron traps, such as QDs, titania nanoparticles, or functionalized sensitizer-trap
moieties. Futhermore, the nature of the bipolar transport made evident by these
experiments is unknown, though a likely candidate is hopping along the chromophores
due to the large loading and possibility of aggregation of many chromophores (at least on
a microscopic scale), as has been suggested elsewhere.
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Indeed, comparatively little work has been done on the theory of SC field and
subsequent grating formation in organic PR polymers. Even the most recent work in this
area accounts for the field-dependent mobility, trapping, and photogeneration parameters,
two types of traps, and how these change with trap density. The change in trap density
with the field and illumination as the sensitizer molecules are ionized is still without a
quantitative theoretical description, as well the effects of non-ideal electrode contacts (as
is the case with a blocking layer), and the change in the index modulation due the effects
of the net birefringence on the beam polarization.
This is no more evident than the experiments with the buffer layer where the
index modulation is observed increase while simultaneously decreasing the effective trap
density and applied field, and reversing the direction of the applied and dramatically
increasing the magnitude. Many theories can be put forward, though more fundamental
measurements and theoretical background are needed to sort these out. Some of these
measurements can be very difficult to perform in full composites anyway.
As for the samples on the coplanar electrodes, they clearly function to provide the
photorefractive effect. Different device structures can be tried, such as putting material on
both sides or placing the polymer between two sets of electrodes, which will increase the
projection field and reduce the null region. Electrodes that protrude into the material may
also provide a stronger and more horizontal projection field. Also, the viewer effects of
having such a periodic structure with dark spots in an image, even though they may only
a 10-20µm wide, must be investigated.
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Fig. 6-1: Diffraction efficiency versus location in the polymer from the coupled-wave
equations for 25µm wide electrodes, 100µm inner separation, at 3kV.
To further optimize such structures, modeling can be done to determine how light
will diffraction from non-uniform index profiles. Most of the diffraction may be
occurring from the region near the electrode edge where the field is highest due to
fringing. Optimizing this as well as the amount of active area is not a straightforward
algebra problem, especially considering many of the PR processes are highly field
dependent (such charge generation and the trap density), and as mentioned above
theoretical models are not accurate for large ranges of applied fields. A preliminary
analysis using the coupled-wave equations and the basic Kukhtarev theory is presented in
Figure 6-1 below. This model cannot however be applied to all electrode geometries and
still be able to extract experimentally useful parameters, given the shortcomings of the
simple model. For example, the trap density and molecular parameters must be changed
for different electrode widths to fit the data, which is true even for biplanar samples with
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different slants. This is likely caused by the change in applied field, which affects the trap
density and photogenerated charge density.
There are further some areas of research that have been nearly neglected that
could provide great benefits. The cause of dielectric breakdown and damage in these
materials is one of these areas, which could arise from micro-bubbles, impurities from the
environment, aggregation of molecules, electromechanical stresses, or many others. The
use of electro-optic chromophores instead of birefringent ones has also been ignored,
largely because the original PR polymers were dominated by the latter effect. EO
polymers have been developed with index modulations larger than that usually obtained
with birefringent molecules for modulator applications, and could provide very fast
response with no applied field, though integration into guest-host composites and stability
has not been studied.
Great progress has been made in a relatively short time scale, and many
applications have been experimentally demonstrated that were once just possibilities.
Though as with all materials science research, demonstrating applicability is far from
demonstrating commercial feasibility. The work demonstrated here is meant to address
these concerns.
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APPENDIX A: ABBREVIATIONS
Materials:
COANP
TCNQ
bisA
NPDA
DEH
TPD
PVK
TPD-PPV
PSX
PATPD
PPT
FDCST
DMNPAA
DCDHF-6
ATOP
TNF
TNFDM
DBM
PCBM
BBP
ECZ
Alq3
DBDC
CANN
APC

2-cyclooctalyamino-5-nitropyridine
7,7,8,8-tetracyanoquinodimethane
bisphenol-A-diglycidylether
4-nitro-1,2-phenylenediamine
diethylamino-benzaldehyde diphenylhydrazone
tetraphenyldiaminobiphenyl
poly(n-vinyl carbazole)
Tetraphenyldiaminobiphenyl - Poly(arylene vinylene) copolymer
polysiloxane-based
poly(acrylic tetraphenyldiaminobiphenyl)
poly(p-phenylene terephthalate)
4-homopiperidino benzylidine malonitrile
2,5-dimethyl-4-(p-phenylazo)anisole
2-dicyanomethylene-3-cyano-2,5-dihydrofuran
amino thienyl-dioxopyridine
2,4,7-trinitro-9-fluorenone
2,4,7-trinitro-9-fluorenylidene-malononitrile
-[2-{5-[4-(di-n-butylamino)phenyl]-2,4-pentadienylidene}-1,1dioxido-1-benzothien-3(2H)-ylidene]malononitrile
[6,6]-phenyl-C61-butyric acid-methylester
benzyl butyl phthalate
ethyl carbazole
tris(8-hydroxyquinoline) aluminum
3-(N,N-di-n-butylaniline-4-yl)-1-dicyanomethylidene-2cyclohexene
carbaldehyde aniline
amorphous polycarbonate

Others:
3D
DCG
PR
SC
NLO
EO
HOMO
LUMO
CT
QD

three-dimensional
dichromated gelatin
photorefractive
space-charge
non-linear optical
electro-optic
highest occupied molecular orbital
lowest unoccupied molecular orbital
charge-transfer
quantum dot
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Tg
RCWA
ITO
TBC
PDLC
CTA
FWM
DFWM
NFWM
PBS
NPBS
LIA
BL

glass transition temperature
rigorous coupled wave approximation
indium-tin-oxide
two-beam coupling
polymer dispersed liquid crystal
charge transporting agent
four-wave mixing
degenerate four-wave mixing
non-degenerate four-wave mixing
polarizing beam splitter
non-polarizing beam splitter
lock-in amplifier
buffer layer
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