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ABSTRACT 

 

This work presents recent advances in the development of infra-red sensitive 

photorefractive polymers, and updateable near real-time holographic 3D displays based 

on photorefractive polymers. Theoretical and experimental techniques used for design, 

fabrication and characterization of photorefractive polymers are outlined. Materials 

development and technical advances that made possible the use of photorefractive 

polymers for infra-red free-space optical communication, and 3D holographic displays 

are presented.  

 

Photorefractive polymers are dynamic holographic materials that allow 

recording of highly efficient reversible holograms. The longest operation wavelength 

for a photorefractive polymer before this study has been 950nm, far shorter than 

1550nm, the wavelength of choice for optical communications and medical imaging. 

The polymers shown here were sensitized using two-photon absorption, a third order 

nonlinear effect, beyond the linear absorption spectrum of organic dyes, and reach 40% 

diffraction efficiency with a 35ms response time at this wavelength. As a consequence 

of two-photon absorption sensitization they exhibit non-destructive readout, which is an 

important advantage for applications that require high signal-to-noise ratios.  

 

Holographic 3D displays
 
provide highly realistic images without the need for 

special eyewear, making them valuable tools for applications that require “situational 
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awareness” such as medical, industrial and military imaging. Current commercially 

available holographic 3D displays employ photopolymers that lack image updating 

capability, resulting in their restricted use and high cost per 3D image. The holographic 

3D display shown here employs photorefractive polymers
 
with nearly 100% diffraction 

efficiency and fast writing time, hours of image persistence, rapid erasure and large 

area, a combination of properties that has not been shown before. The 3D display is 

based on stereography and utilizes world’s largest photorefractive devices (4x4 inch in 

size). It can be recorded within a few minutes, viewed for several hours without the 

need for refreshing and can be completely erased and updated with new images when 

desired, thusly comprising the first updateable holographic 3D display with memory, 

suitable for practical use. 
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1 INTRODUCTION 

 

This dissertation deals with the latest developments in the field of organic optics 

and photonics, more specifically in the sub-field of holographic materials. 

Photorefractive polymers are superb holographic storage materials that have found 

applications ranging from medical imaging to optical communication, from military 

imaging to 3D displays. Before we go into the details of this technology, let us give an 

update on how and from where we came to this point in the history of optical science 

and technology. 

 

1.1 Historical Development of Optics and Photonics 

 

Optics is the branch of physics that deals with light and light-matter interactions. 

It can be traced back to Euclid (300 BC) as he wrote one of the first treatises on optics 

regarding human vision and geometrical optics. Other philosophers of the time such as 

Hero of Alexandria and Ptolemy extended this work and contributed to the 

understanding of important phenomena including optical reflection and refraction. The 

likes of Al-Kindi (801-873), Ibn-Sahl (940-1000), and Ibn-Haytham (965-1040) not 

only preserved and passed on the knowledge of ancient times after a millennium long 

delay, but they also contributed significantly to the optics as we know it today.
1
 They 

have dealt with new subjects such as color and its perception, theories of vision, curved 

mirrors and lenses, refraction, pinhole cameras etc., greatly extending the scope of 
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optics. Most significantly, Ibn-Haytham developed the equivalent of Snell’s law 

regarding the refraction of at the interface between different media. Kitab al-Manazir 

(Book of Optics) by Ibn-Haytham (known as Alhacen in Europe) has been the classical 

text for optics for ages to come and has been translated into Latin (De Aspectibus or 

Perspectiva), and has influenced the formation of Renaissance philosophy and science.
2
 

Thanks to significant translation efforts of these earlier works, the early Renaissance 

philosophers found ample material to build the foundations of modern optics. Francis 

Bacon (1214-1294) cited this earlier work significantly helping the knowledge to pass 

on. John Pecham (died 1292) wrote what has become the textbook of optics in the 

middle ages Europe, the Perspective Communis. Until the 16
th
 century, however, the 

body of knowledge in Optics consisted mainly of the developments that took place in 

the ancient Greek and Medieval Islamic Civilizations. German mathematician and 

astronomer Johannes Kepler (1571-1630), although famous for his planetary work, 

helped legitimize the previous optical theories by successful implementation of the 

telescope in his work. In 1603 he published Astronomiae Pars Optica (The Optical Part 

of Astronomy), which is known to be the foundation of modern Optics. In this book he 

dealt with atmospheric refraction, inverse square law regarding the intensity of 

propagating light fields, and optical parallax, significantly extending the boundaries of 

optics. His contemporary Galileo Galilei also used the telescope for astronomical 

observations. Snell and Fermat re-discovered the famous laws known by their names 

regarding optical refraction and optical propagation. Hooke, based on his work with 

compound microscopes, advocated a wave theory of light in 1665. Published in his 
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Traite de Lumiere in 1690, Christiaan Huygens of Holland proposed his wave theory of 

light. His theory was based on light waves propagating in a medium called the Ether, 

made of small elastic particles each of which can act as a secondary source of wavelets. 

Huygens explained many of the known propagation characteristics of light, including 

the double refraction in calcite. (The ether theory was discredited and disregarded for a 

long time after the famous Michelson-Morley experiment, however the idea of ether as 

an all-pervasive medium permeating the universe seems to have been revived after the 

discovery of electromagnetic vacuum fluctuations and particles with undetectably small 

mass such as neutrinos). In 1704, Isaac Newton (1643-1727) published his canonical 

treatise Opticks, which presented a complete particle theory of light based on ideas that 

he actually developed some thirty years ago. He associated ether waves with these light 

particles in order to explain wave phenomena such as refraction. Later, Augustin Jean 

Fresnel and Joseph Fraunhofer presented rigorous treatments of diffraction and 

interference phenomena using a purely wave theory of light. James Clerk Maxwell 

(1831-1879) has combined the earlier findings by James Faraday and others to develop 

the theory of electromagnetism, and showed that electromagnetic waves propagate at 

the speed of light. Significant progress was made in the understanding of optics using 

Maxwell’s electromagnetic theory until the 20
th
 century. In 1900 Max Karl Planck 

(1858-1947) demonstrated the necessity of introducing a universal constant (Planck’s 

constant) in his work that successfully explained the black-body spectrum. The 

existence of Planck’s constant implied a particle (quantum) nature of energy, and Albert 

Einstein (1879-1955) used the idea of light quanta to explain the Photoelectric Effect, 
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for which he was awarded the Nobel Prize. The work of Mie and Bohr establishing the 

particle theory led to the physics world to adopt what is called a “particle-wave duality” 

to explain the behavior of light. In 1948 Dennis Gabor described the principle of 

Holography and in the late 1950’s the first laser would be developed by Charles Townes. 

The period between the 1500’s and 1960’s could be considered as the “classical” period 

of Optics.  

 

The late 20
th
 century has seen tremendous development in optical technology, 

including the developments of the first gas laser, first pulsed laser, nonlinear mixing in 

inorganic crystals, the semiconductor laser diode and optical fibers, opening up the 

technological field now called photonics. Economically established applications for 

photonics include optical (fiber optic and free space) communication, microscopy, 

military and medical imaging, optical testing, laser printing (based on xerography), 

optical displays, the use of high-power lasers for manufacturing and surgery, and solar 

energy. The potential applications of photonics are unlimited and include advanced 

medical imaging, diagnostics and therapy, optical data storage, 3D displays and video, 

optical computing, quantum communication and computing, laser defense, sensing, and 

fusion energy to name a few. The first photonic devices and components were based on 

inorganic materials and compounds such as crystalline semiconductors (i.e. GaAs) and 

SiO2 based fibers. The first organic dye laser was developed in 1966 by Sorokin and 

Lankard, but organic photonic materials were disregarded for a long time due to 

difficulties in their synthesis and characterization. They were considered as “living 
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species” due to the difficulty in understanding their behavior and their complexity. As a 

result of this complexity, however, they offer unmatched richness and flexibility.  

 

1.2 Organic Photonics and Photorefractive Polymers 

 

Perhaps the most established use of organic materials in optoelectronic and 

photonic technologies is the polymer based photoresists used for lithographic 

fabrication of semiconductor chips. The liquid crystal display is another commercially 

proven application of organic materials. PVK based semiconducting polymers are the 

basis of Xerography. Organic LED’s (OLED’s) are now commonly used for compact, 

high brightness displays such those in cell phones. They are being investigated for 

lighting applications as well. Photopolymers are being investigated for optical storage 

and holographic displays. Organic photovoltaics are important candidates to replace 

their inorganic counterparts due to their cost effectiveness and ease of processing. 

Electro-optics polymers offer large index modulations and high modulation speeds, 

which may someday replace inorganic modulators. Organic and single molecule 

transistors have generated great excitement in the last decade.  

 

Organic photorefractive materials
3-6
 (i.e. photorefractive polymers) are now 

considered to be ideal materials for holographic storage and information processing 

applications. Photorefractive effect, a multi-step process that allows phase recording of 

optical information, was first discovered in inorganic nonlinear crystals.
7
 A variety of 

useful applications were shown using the photorefractive effect. In 1991, Moerner and 
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co-workers discovered photorefractive effect in polymers.
8
 Soon after their discovery, 

photorefractive polymers have shown tremendous improvement in terms of efficiency, 

speed and operating wavelengths, reaching and most of the time exceeding the 

performance of the best inorganic photorefractive materials.  

 

 1.3 Organization of the Present Work 

 

In Chapter 2, we review the basics of photorefractive polymers including the 

standard theory that describes photorefractive effect in polymers, the main 

characterization tools and their applications. Chapter 3 presents the contributions of this 

work to the field of photorefractive polymers by extending their sensitivity of to the IR 

wavelengths where most of the optical communication and medical imaging 

applications exist. The sensitization at the optical communication wavelength (1550nm) 

was achieved by use of two-photon absorption in organic nonlinear chromophores. 

Chapter 4 is dedicated to holographic 3D displays based on photorefractive polymers. 

Photorefractive polymers were used for the first time for this important technology, and 

dynamic recording of holograms allowed the demonstration of the first updateable 

holographic 3D display with memory and large size, suitable for practical use. The 

design, fabrication and characterization techniques used during this work are presented 

throughout Chapter 4. 
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2 PHOTOREFRACTIVE POLYMERS 

 

Photorefractive polymers,
3-6
 also known as photorefractive polymer composites 

are organic dynamic holographic recording materials capable of recording, storing and 

erasing optical information. They are the most efficient materials known that are 

capable of recording dynamic holograms.  They are organic based in the sense that the 

charge transport necessary for hologram formation is facilitated by a semi-conducting 

polymer backbone. Charges generated by absorption of light are transported across the 

polymer chains through a hopping mechanism. Other steps in the photorefractive 

hologram formation such as absorption of light, trapping and orientation can be 

achieved using organic or inorganic components (i.e. semiconductor nanoparticles for 

sensitization); yet these material systems are still classified as “photorefractive polymer 

composites” as long as the charge transport is through the organic semi-conducting 

polymer. 

 

2.1 Introduction to the Photorefractive Effect 

 

Photorefractive (PR) effect refers to the light induced, non-local and non-

uniform refractive index change in photorefractive materials. Photorefractivity is a 

multi-step process that involves a variety of distinct phenomena. To better visualize this, 

let us consider two coherent laser beams intersecting inside a material, creating an 

interference pattern (Fig 1).  
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The electric field generated at the intersection of two interfering light beams can 

be written as: 

                                                                           (1)  

         

if plane waves are considered. Here, I0 is the total optical intensity of the two beams I1 

and I2, m is the fringe visibility given by:  

 

                                            (2)                      

 

and Λ is the lattice periodicity, given by: 

 

                                                                                       (3) 

 

λ is the free-space wavelength, n the refractive index of the sample in which the beams 

interfere, and α1 and α2 are the internal angles of the incident beams relative to the 

sample normal. Although the true light field may be more complicated than this, this 

formula nevertheless is a good approximation for collimated or focused laser beams 

interfering at the focal plane. If the material is absorbing at the laser wavelength, 

electron-hole pairs are created and the charge density replicates the light pattern formed 

by the interfering beams as seen in Figure 2-1. This is the first step in photorefractive 
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effect. After their initial creation, the photo-generated charge carriers are free to drift 

and diffuse throughout the material. Every now and then these charges run into local 

defects (potential wells) in the material known as traps and become trapped at these 

sites. Eventually, these trapped charges accumulate in the dark regions of the light 

pattern until a steady state is reached, creating a “space-charge field”. The space-charge 

field is defined as the local electric field generated by the non-uniform charge 

distribution in the material. The space-charge field that can reach up to 40V/µm in some 

materials creates a refractive index change through electro-optic effect. The index 

change is given with: 

 

                                                                                               (4) 

 

for a material which only exhibits the linear electro-optic (EO) effect. Here re is the 

effective EO coefficient and ESC is the space charge field magnitude. A refractive index 

change can also occur with a Kerr type (quadratic) non-linearity. The index change 

takes the form of a 3D volume hologram, which replicates the interference pattern and 

acts as a phase grating if a probe (reading) beam is incident onto this hologram. Strong 

diffraction (up to 100%) of the reading beam can be observed; given that phase 

matching conditions are satisfied. The main difference between the photorefractive 

effect and other similar refractive index change phenomena is that photorefractive 

gratings are non-local. By non-locality it is meant that the refractive index pattern 

created by the photorefractive effect is spatially shifted with respect to the initial light 
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interference pattern due to the trapping of charges in the dark regions of the interference 

pattern. 

 

 

Fig 2-1. Photorefractive effect and the formation of the photorefractive hologram. 

(a) Interference of light creates a sinusoidal light pattern. (b) Charges generated in 

the bright regions migrate to the dark regions in the light pattern. (c) The charges 

(holes) become trapped in the dark regions, creating a charge density pattern. (d) 

The electric field (space-charge field) created by the charge density difference. (e) 

The index grating created is de-phased from the original light pattern. 

 

The creation of an index grating by interference of light in the photorefractive 

material allows real-time encoding, storage and retrieval of the optical information. 

Information can be stored in the form of spatial and/or phase modulation of one of the 

writing beams (called the object beam) and the other beam acts as a coherent reference. 
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The changes in the phase and intensity of the object beam are translated to the space 

charge field dynamically, but there is a delay that is determined by the response time of 

the material. Although the first photorefractive materials were very slow (hours), 

materials with very fast (microseconds) response times were recently demonstrated.
6
 

Typical PR hologram recording geometry is shown in Figure 2-2.  

 

2.2 Photorefractive Effect in Polymers 

 

The photorefractive effect was first discovered by Ashkin et al. in 1966 in 

electro-optic crystals such as LiNbO3, and at first it was considered to be an unwanted 

“optical damage” in these materials.
7
 Until it was shown in polymers,

8
 PR effect has 

been studied extensively in crystalline materials. The widely accepted physical models 

of photorefractivity were built upon crystalline materials, which can be found in 

References 4, 5 and 11. Below we will investigate in more detail how photorefractivity 

occurs in polymers. The several steps involved in creation of PR gratings in polymers 

are the following: 

 

2.2.1 Photogeneration of charges: Linear vs. Non-linear Absorption 

 

  

The first process in photorefractive effect is the generation of electron-hole pairs 

as a response to the spatially non-uniform illumination. For charge generation the 

material must to absorb light at the given laser wavelength. The absorption can be either 
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linear, or a non-linear process such as two or three-photon absorption. In organic 

materials the absorption is strongly field dependent, and there are well-developed 

physical models that deals with how the absorption and charge separation are affected 

by an applied external electric field.
9-12 

 

 

 

 

Fig 2-2.  Hologram recording geometry for photorefractive polymer thin-film 

devices. Coherent laser beams (writing beams) interfere inside the thin-film in the 

slanted geometry. A reading beam collinear with one of the writing beams probes 

the PR grating.  
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In organic materials, the optical absorption occurs by excitation of electrons or 

holes from lower to higher energy states. Unlike crystalline materials, though, 

amorphous polymers do not exhibit energy-bands and each molecule exhibits its own 

energy levels. The optical transition occurs between the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular level (LUMO), which is analogous 

to the valence and conduction bands in semiconducting crystals. The typical absorption 

spectrum of an organic chromophore -often used as a sensitizer in PR polymers- is a 

broad curve usually covering up to hundreds of nanometers. Once a photon is absorbed 

in the chromophore (acceptor) and an electron is excited to the LUMO of the acceptor, a 

charge transfer reaction occurs between the acceptor and the donor, in this case the 

charge transporting polymer backbone: An electron from the HOMO level of the donor 

is transferred into the vacancy of the acceptor HOMO, therefore creating a hole in the 

HOMO of the donor (Fig 2-3).   

 

 

 

Fig 2-3. Photogeneration process in organic photorefractive systems. 
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To facilitate efficient charge generation the HOMO level of the acceptor needs 

to be lower than of the HOMO of the Donor, or in other words, the ionization potential 

of the Acceptor must be larger than of the Donor. After the absorption of light, the 

created electron-hole pair is in a weakly bound state called an exciton. The exciton 

separation probability is expressed in terms of the charge generation quantum efficiency 

in the Onsager Model 
9,10 
with the following formula:  

 

                                                                             (5) 

 

where An is the recursive formula: 

 

                                                                               (6) 

 

and  

                                                                                               (7) 

 

Here, ζ= er0E/kT ,  κ= rc/ro whereas r0 is the average radius of the Frenkel exciton, E 

the electric field and rc is the Coulomb radius given by:  
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                                                                                                  (8) 

 

For generation of the bound e-h pair, or the exciton, absorption of light in the sensitizer 

molecule is necessary. There has been considerable research dedicated to the 

development of EO dyes and chromophores to achieve sensitization at the desired 

wavelengths.
10
 Infra-red (IR) wavelengths above 800nm are interesting as many 

applications including medical imaging and optical communication require IR operation. 

For example, biological tissue has high transmission windows in the near-IR peaked 

around 900nm, 1100nm and 1500nm that makes these wavelengths important. For 

optical communication 1550nm is the wavelength of choice as optical fibers and the 

atmosphere have minimal loss at this wavelength.
13, 14

 However, most organic dyes do 

not absorb above 800 nm making this range inaccessible.  

 

Linear absorption sensitization: 

 

In order to achieve IR sensitization, linear absorption in a dye molecule is the 

most simple and preferred method. Typical organic dyes absorb in the visible and UV 

parts of the spectrum. Recently, new polymer composites with their tail of absorption 

extending to the shorter wavelengths in the near-IR have been developed.
15
 This is 

achieved by creating a so-called “charge transfer complex” between the donor 

(semiconducting polymer) and the acceptor (sensitizer). When mixed in the solid state 

medium, the sensitizer and polymer molecules can interact in a way that the absorption 
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spectrum of the sensitizer is red shifted up to several tens of nanometers. For example, 

the charge transfer complex formed between the well known conducting polymer PVK 

and the sensitizer TNFM shifts the tail of the absorption band up to 945nm, allowing 

high performance PR composites operating at this wavelength.
15
  

 

 Two-photon absorption sensitization: 

 

Due to the lack of organic sensitizers beyond 950nm, it has been suggested that 

non-linear two-photon absorption sensitization can be used to reach the IR 

wavelengths.
13
 In this case, the actual energy levels excited still correspond to the 

visible wavelengths, however the operation of the polymer (i.e. writing and reading 

beams) is in the IR region.  

 

 

 

Fig 2-4. Two-photon absorption sensitization vs. single photon sensitization. 
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Usually, due to the very small two-photon cross section of materials, high peak power 

short pulses need to be used in order to achieve sufficient charge generation. So far, 

amplified femtosecond pulses with gigawatts of peak power are needed for 

demonstrating two-photon PR materials. With the advances in non-linear EO 

chromophore design and improvement of short pulsed lasers such as femtosecond fiber 

lasers, two-photon PR may become a viable solution to the IR sensitization problem. 

 

The use of two-photon absorption (TPA) sensitization not only allows one to 

reach to longer wavelengths, but also makes it possible to achieve “non-destructive 

readout” when CW reading beams are used.
13-15

 Destructive readout occurs when the 

spatially uniform reading beam is absorbed by the PR material, which causes the 

previously written PR grating to decay faster than it would do only due to thermal 

processes. In TPA photorefractivity, the reading beam power is much weaker than the 

peak pulse power of the writing beams, which prevents sufficient TPA. In other words, 

the PR material is transparent to the reading beam. This property allows the use of very 

high power reading beams, in fact much higher than the average power of the writing 

beams, while keeping the PR grating intact. Such non-destructive readout is an 

important property when dealing with applications that require high signal-to-noise ratio 

such as optical communication and imaging through scattering media. Also in data 

storage applications, non-linear absorption provides a much more confined spot size 

resulting in higher storage capacity. Two-photon absorption sensitization will be 

discussed in more detail in the following sections. 
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2.2.2 Charge Transport and Trapping 

 

 Charge transport in amorphous molecular organic semiconductors is inherently 

different than that in the crystalline inorganic semiconductors. In crystalline inorganic 

materials there are well defined energy bands and the charge carriers are transported via 

the conduction band.
16
 In organic amorphous materials, the charge transport is 

dominated by the hopping mechanism.
6
 The charge carriers (mostly holes) are 

transported by hopping between sites where the electronic wave functions of the 

polymer molecules overlap, which results in a higher electron probability density.  

There is always an abundance of impurities such as dopants and cross-linked regions in 

organic composites that serve as trapping sites for the charges. Analogous to 

semiconducting crystals in which the electron is transported through the conduction 

band and the hole in the valence band, in polymers electron transfer occurs by hopping 

among neighboring LUMO levels and hole transport among neighboring HOMO levels. 

Most of the conducting polymers used are hole transport dominated, meaning that hole 

transfer is energetically preferred compared to electron transfer as illustrated in Figure 

2-3.  

  

In the Miller-Abrahams model,
17
 the hopping rate υij between two neighboring 

energy levels εi and εj is given by: 
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                                                  (9) 

 

 

 

where υ0 is the frequency prefactor, γ is the inverse decay constant and ∆R is the 

average distance between the two sites. In this model the charge mobility is given by: 

 

                                      (10) 
 

 

 

at an externally applied electric field E. Here µ0 is a prefactor, C=2.9x10
-4
(cm/V)

1/2
, σ 

and Σ are two positional parameters, and T is the temperature. Clearly, the mobility of 

the carriers generally increases with the increasing temperature and the electric field.  

 

 Miller-Abrahams model does not elaborate on how the electron transfer rates are 

affected by the energy difference between hopping states, ∆E. On the other hand, 

Marcus theory
18
 gives the electron transfer rate with the following formula: 

 

                                                          (11) 

 

Here, k0 and β are constants, ∆R is the distance between hopping sites and λ is the re-

organizational energy defined as the energy that is required to transfer an electron from 
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donor to the acceptor. This expression shows that the electron transfer rate increases 

with increasing ∆E until it reaches the re-organizational energy, but after that point it 

actually decreases, therefore entering into an “inverted regime”. Such behavior was 

recently experimentally
19
 verified making the Marcus theory a more appropriate 

description of electron transfer in organic conductors.  

 

  The PR effect requires the excited charge carriers to accumulate in the dark 

regions of the light interference pattern and create a charge density pattern and 

subsequently a space-charge field (Fig 2-5). The existence of traps-localized states with 

their energy lower than of the charge transport hopping site- makes this accumulation of 

charges possible. Traps can be classified as shallow and deep, depending on the energy 

required to free the electron from the trap. The freeing of the electron can be achieved 

by either absorption of light, or with thermal processes inherent to the system. When the 

trap energy is large compared to kT, the trap is considered to be deep and de-trapping 

rate from such traps is low. Systems dominated with deep traps have a lower electron 

(or hole) mobility, resulting in slower PR build-up and decay times.    

 

2.2.3 Physical Models for the Space-Charge Field Formation 

 

 In this section we will review the semi-empirical theoretical model developed by 

contributions from Kuktharev,
20
 Schildkraudt

21
 and Ostroverkhova

6  
and their co-

workers to explain the formation of the space-charge field in organic PR materials. 
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Fig 2-5: Transport mechanism in organic PR materials (adapted from Ref. 6). 

 

Kuktharev was the first to derive and solve the semi-empirical nonlinear differential 

equations that govern the PR effect in inorganic crystals such as LiNbO3. However, this 

theory can not be applied to organic systems without serious omissions such as the 

electric field dependence of charge generation quantum efficiency, hopping nature of 

the charge transfer, deep and shallow trapping and rather high recombination rates 

intrinsic to organic materials.   

 

Twarowski included the electric field dependence of the photogeneration 

efficiency to the equations. 
22
 Schildkraudt included the rate equation for trap density 
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into the analysis and took into consideration both the electric field dependence of the 

photogeneration efficiency and the charge transport, 
21
 and provided first order solutions 

for certain limiting cases. Since then, several modifications to the theory has been 

introduced which can be found in Reference 4.  Here, we will consider the version of 

the model introduced by Ostroverkhova and Singer,
23
 which takes into account all of the 

previous modifications and also the existence of deep and shallow traps which best 

describe organic PR materials. 

  

In this model, the set of equations that govern charge generation, transport and 

trapping are as follows:
6 

 

                                                                     (12) 

                                                                       (13) 

                                                                       (14) 

                                                                             (15) 

                                                                          (16) 
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                                                                                           (17) 

 

where ρ is the charge density, NA is the total density of acceptors (sensitizer), N
i
A is the 

ionized acceptor density, and M1 and M2 are the densities of the total filled shallow and 

deep traps, respectively. E is the electric field, I is the incident optical intensity and J is 

the current density. ξ is the diffusion coefficient which is equal to kT/e. The process 

considered here is depicted in Figure 2-5. A sensitizer with density NA and linear 

absorption cross section s absorbs a photon with frequency ω and is subsequently 

photo-reduced. The linear absorption cross section s is related to the quantum efficiency 

φ by s=φα/ħωNA where α is the linear absorption coefficient and ħ is the Planck 

constant. A hole is injected into the charge transport matrix, which can be transported 

across the polymer via hopping, or gets recombined with an ionized sensitizer at a rate 

of γ. MT1 and MT2 are the densities of the shallow and deep traps, respectively. As 

suggested by Miller-Abrahams transport theory,
17
 the traping rates are assumed to be 

equal for deep and shallow traps: 

 

                                                                                                            (18) 

 

Thermal de-trapping occurs at a rate of β1 for shallow traps and β2 for deep traps, and 

optical de-trapping is omitted. By performing a Fourier expansion on the spatially 

varying functions and considering only zero and first order harmonics, the time 
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evolution of the space charge field under different conditions can be obtained (Fig 2-6). 

In Figure 2-6, we notice that the growth of the ionized acceptor density strongly 

depends on the trap densities and their depth. The steady state density of ionized 

acceptors depends on the optical density of the illumination.  The speed of PR space-

charge field formation is mostly effected by the linear absorption cross section and the 

irradiance, while the charge mobility plays a secondary role.   

 

On the other hand, steady state solutions can be obtained from the Schildkraudt 

model
22
, which give insightful information on the relationship between the space charge 

field and the applied electrical field and trap densities. The charge generation quantum 

efficiency  is assumed to be: 

 

                                             

                                                                               (19, 20) 

 

where E is the local field, s(E) is the linear absorption cross section, E0 is the projected 

value of E over the grating vector k, and p is an empirically obtained number. The hole 

mobility is given by: 

 

                    (21) 
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where µ0 is the mobility at E=E0 and C is an empirical factor. The trapping and 

recombination rates are assumed to be field dependent and have the form:  

 

                                                                                        (22) 

 

Again, by performing Fourier transformations on the equations and taking only the first 

two orders into account, we get for the space charge field: 

 

                                                                                     (23) 

 

Here, ESC is the space-charge field, and ED is the diffusion field. Other factors in the 

equation are given by: 

                                                                                                  (24) 

                       (25) 

 

where NG and NT are the densities of the generator (donor) and traps. 
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Fig 2-6: Time evolution of ionized acceptor density (NA0
i
 ) normalized by total 

acceptor density (NA), simulated using equations 12-17  and photoelectric rates 

typical for PVK-based composites in the case of (a) various deep trap 

densities .01NA, NA and 10NA at fixed detrapping rate 5
10-6

/t0, where t0=1/(γT MT1); 

(b) various detrapping rates at fixed deep trap density MT2=NA (adapted from Ref.  

23). 
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Here, we consider only one type of trap regardless of their energy levels. B1 and B2 are: 

 

                                          (26) 

                                                   (27) 

 

where Eref is a reference value used to determine the constant C, and EI is: 

 

                                                             (28) 

The real and imaginary parts of the space-charge field are plotted in Figure 7 using the 

values: EREF=1V/µm, s=1cm/Ws, p=1, I0=1W/cm
2
, µ(EREF)=10

-7
cm

2
/Vs, C=3, 

NG=5x10
15
cm

-3
, NT=10

16
cm

-3
, T=295K, and a projection angle of 60 degrees.  The real 

part of the space-charge field is related to the refractive index change and therefore the 

diffraction efficiency in PR polymers, while the phase plays an important role in two-

beam coupling (TBC) gain. The phase gives information on how much the space-charge 

field is shifted with respect to the light interference pattern. 
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Fig 2-7: Phase and amplitude of the space-charge field as a function of applied 

field (after Ref 24) using Equations 23 through 28. 

 

2.2.4 First Order Optical Properties of Poled Polymers 

 

 The study of poled molecules is necessary as PR polymers are often doped with 

non-linear chromophores to achieve the so called “orientational enhancement” of the 

PR effect.
6
 Chromophores are intramolecular charge transfer molecules which are also 

called “push-pull” molecules. A push-pull molecule consists of an electron acceptor and 

a donor connected by a π-conjugated bridge (Fig 2-8), resulting in high permanent 
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dipole moment and polarizibility.
3
 The molecules interact with the local electric field 

through the dipole moment, and in the case of low glass transition temperature (Tg) 

polymer environment, they rotate and orient (align) with the local field.  

 

 

 

Fig 2-8: Representation of a push-pull chromophore. 

 

The macroscopic polarization of a molecule in the X, Y, Z lab coordinates at an electric 

field E is given by: 

 

                   (29) 

where the χ
(n)
 are the susceptibility and R

(n)
 are degeneracy terms. On the other hand, in 

the microscopic scale (x, y, z) the polarization is given with: 

 

                (30) 
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For centro-symmetric systems the second order terms in both Equations (29) and (30) 

are equal to zero. Therefore, for non-linear materials that depend on the second order 

EO effect, the centro-symmetry must be broken. For PR polymers, this is achieved by 

orientation of the chromophores in the externally applied electric field.  

 

 In microscopic coordinates, which is more relevant for investigating molecular 

phenomena, the linear (first order) properties are related to the tensor αij which is the 

counterpart of χ
(1)
 in macroscopic coordinates. β is called the first hyperpolarizibility 

and is the counterpart of χ
(2)
 which is responsible for the first order non-linear optical 

properties of the system. For simplicity, the chromophores can be considered as rod-like 

molecules with cylindrical symmetry about the microscopic z axis (Fig 2-9).   

 

 

 

Fig 2-9: Schematic representation of the rod-like chromophore molecule. 
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In the framework of the oriented gas model,
25
 the orientation degree of a statistical 

ensemble of the molecules can be approximated with a Maxwell-Boltzmann 

distribution: 

 

                                                                    (31) 

 

Here, G(Ω) is the statistical distribution function, U(θ) is the interaction potential 

between the molecules given by: 

 

                                      (32) 

 

where µ* is the magnitude of the permanent dipole moment, p is the induced dipole 

moment, and Ep is the magnitude of the applied field along the permanent dipole 

moment vector. Then, in the molecular coordinate frame the tensor α can be written as: 
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                                                         (33) 

For an electric field applied along z axis, the refractive index change becomes: 

 

                                       (34, 35) 

 

Here, f∞=(ε∞+2)/3, N is the number of molecules and 

 

                                            (36) 

 

are the Langevin functions.   

 



 

 

53 

This index change, which is primarily due to the difference between the linear 

polarizibilities for the parallel and perpendicular polarizations, is called birefringence 

and is quadratic with the poling electric field.   

 

 

2.2.5 Second Order Optical Properties of Poled Polymers 

 

The second order susceptibility tensor of poled polymers, which consist of rod-

like molecules as described above, has only three independent elements due to 

symmetry considerations, which further reduces to: 

 

                                             (37) 

 

when Kleinmann symmetry holds. These elements are given, for an applied field along 

the z axis, as: 

 

 (38, 39) 
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Here, f∞= (ε∞+2)/3 and f0=ε(ω) (ε∞+2)/(2ε+ε∞). The second order hyperpolarizibility β 

stems from the contributions of the both donor and acceptor as well as the 

intramolecular charge transfer interactions through the π-conjugated bridge (Fig 2-10). 

The first hyperpolarizability  of the chromophore can be obtained in solution through 

electric field-induced second harmonic generation (EFISH) experiments.
26
 These 

experiments are usually performed off-resonance at a wavelength that is different from 

the one at which the PR experiments are performed. 

 

 

 

Fig 2-10: Charge transfer interaction that gives rise to second order 

hyperpolarizibility.  

 

2.2.6 Purely Electro-Optic Polymers 

 

 In these materials the refractive index change is due only to the EO effect, and is 

given by: 
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                                     (40) 

 

The electro-optic coefficient is given by: 

 

                                           (41) 

 

where ε and R are the second-rank dielectric tensor and the third-rank electro-optic 

tensor, respectively, while ei are unit vectors of polarization for the incident beam and 

the diffracted order. The electro-optic coefficient for the s and p polarizations for the 

slanted geometry used in photorefractive polymers is:  

 

                                                                                                     (42) 

 

 (43) 

 

with α and φ are the polar angles shown in Figure 2-9 

 

2.2.7 Orientational Enhancement in Low Tg Composites 

 

The strength of the refractive index gratings in low glass transition (Tg) 

temperature polymer composites can not be explained only by birefringence and 
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electro-optic effects.
6
 When the Tg is close to the ambient temperature, the 

chromophores are free to orient along the applied and space-charge fields. When the 

chromophores orient along the space charge field (Fig 11) an additional increase in the 

refractive index change in both electro-optic and birefringence contributions is observed. 

 

 

 

Fig 2-11: Schematic drawing of the chromophore orientation in the space-charge 

field. 

 

2.3 Four-Wave Mixing 

 

Four-Wave Mixing (FWM) is the standard characterization tool used for 

photorefractive gratings.
3
 Two coherent beams, called the writing beams, intersect 

inside the photosensitive material and create a volume grating through a change of the 

physical properties of the material. The refractive index change created by the 

photorefracivity in polymers forms a spatially varying phase grating which allows 

optical encoding of the information. The index grating, or the hologram, is probed by a 

so-called reading beam which is diffracted by the grating in a certain direction 
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determined by the conservation of momentum. Depending on the hologram thickness, 

there can be a single (thick holograms) or multiple (thin holograms) orders in the 

diffracted field. Although the distinction between the two regimes is not so clear, thin 

holograms are said to be in the Raman-Nath regime and thick holograms are in the 

Bragg regime. The Q factor used to determine the diffraction regime is given by
27
:  

 

                                                                                         (44) 

  

Here, d is the thickness of the film, n is the film refractive index, λ is the wavelength 

and Λ is the grating spacing. Q>10 is considered to be thick grating and Q<1 is 

considered to be in the thin grating regime. The cutoff in the higher diffraction modes is 

not so severe in the intermediate regime (1<Q<10) and weak higher orders can be 

observed. The directions in which the reading beam will diffract can be determined 

easily when working in the momentum space by using the conservation of momentum 

(Fig 2-12): 

             kD=kI±mK , (m=1, 2…)                                    (45)       

  

where for Bragg regime m=1, and for Raman-Nath regime m=1, 2, 3 and so on. FWM 

has two configurations: transmission geometry and reflection geometry. Let us now 

investigate these configurations of FWM in more detail. 
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Fig 2-12:  Four-wave mixing thick (left) and thin (right) diffraction regimes. 

 

2.3.1 Transmission Geometry  

 

Transmission geometry in the slanted sample configuration is shown in Fig 2-13. 

The sample is slanted with respect to the bisector of the writing beams with an angle φ 

in order to maximize the projection of the applied electric field E on the grating vector 

K, which helps the separation of charges and increase the electro-optic coefficient. In 

transmission geometry the grating spacing is given with: 

 

                                             (46, 47) 

 

Here, α1 and α2 are the angles of the writing beams inside the sample and n is the 

refractive index. The diffraction efficiency η from thick gratings in this geometry is 

given by: 
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                                          (48-52) 

 

 

 

 

Fig 2-13. Transmission geometry in the slanted sample configuration 

 

The slant angle inside the sample (φ) is: 

 

                                                                                              (53) 
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and ∆n is the refractive index change. At the Bragg incidence where the reading beam 

comes at the angle α1 the diffraction efficiency reduces to the following expression 

when there are no losses in the reading beam: 

 

                                                         (54) 

 

Here, an important thing to note is the dependence of the diffraction efficiency on the 

refractive index change. We see a sine squared behavior which reaches a maximum 

with the index modulation and starts decreasing until the pattern repeats itself. This is 

called the overmodulation of the diffraction efficiency and indicates the optimal value 

for the refractive index change. Another important aspect of Equation 53 is the 

dependence of the diffraction efficiency on the mismatch between the incident beam 

angle and the Bragg angle (α1). When the incident beam angle is detuned from the 

Bragg angle we see a Sinc squared change in the diffraction efficiency (Fig 2-14). 

 

2.3.2 Reflection Geometry 

 

A schematic description of reflection geometry is shown in Figure 2-15. At a 

first glance, several differences between reflection and transmission geometries can be 
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seen. Here, a slanted geometry is not necessary as the grating vector K and the applied 

field E are already aligned. 

 

 

 

Fig 2-14. The dependence of diffraction efficiency on Bragg detuning at two 

different trap densities. The solid line is at a density of 10
17
cm

-3
 and dashed line is 

at 2x10
16
cm

-3
. 

 

In reflection geometry, the grating spacing is given by: 

 

                                                                     (55, 56) 
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Fig 2-15. Reflection geometry. 

 

 

The grating spacing in reflection geometry is considerably smaller than that in the 

transmission geometry at the same wavelength. The diffraction efficiency at Bragg 

incidence is: 

                                                                                 (57) 

 

The diffraction efficiency in this case does not overmodulate, but simply reaches 

saturation with increasing refractive index change. The dependence of diffraction 

efficiency on the Bragg mismatch is shown in Fig 2-16 for two different trap densities. 

Reflection gratings are much more sensitive to Bragg mismatch. The diffraction 

efficiency quickly vanishes with detuning from the Bragg angle. High selectivity allows 

reflection holograms to be read with broad-band light sources (i.e. white LED’s) as the 



 

 

63 

mismatched wavelengths will not be diffracted by the grating, eliminating the rainbow 

effect observed in transmission gratings read with broad-band sources. 

 

2.4 Two-Beam Coupling 

  

 In photorefractive media the two interfering writing beams exchange energy due 

to the non-local nature of the index grating, which is called two-beam coupling (TBC). 

TBC is the signature of the photorefractive effect
3
 as it is not observed in local 

holographic processes such as photochromism and absorption gratings. The space-

charge field in photorefractive polymers is shifted with respect to the light interference 

pattern, which causes the energy exchange between the two beams. The energy 

exchange results in a net gain in one of the writing beams, which is: 

 

                                                                                  (58) 

 

where Θ is the phase shift between the refractive index grating and the light interference 

pattern. If the intensity changes of the two beams are observed during TBC, the gain 

coefficient can be calculated using 

 

                                      (59) 
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Fig 2-16. Diffraction efficiency as a function of Bragg detuning at two different 

trap densities. The solid line is at a density of 10
17
cm

-3
 and dashed line is at 2x10

-

16
cm

-3
. 

 

Here, γ0 is the gain factor and is given with: 

 

                                                          (60) 

 

where d is the thickness of the sample, I1(z) is the intensity of the weaker beam with the 

other beam on (I2≠0) and off (I2=0), and b=I2(0)/I1(0) is the initial ratio of the intensities 

for the writing beams. 
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2.5 Material Development 

 

Photorefractive polymer composites provide great flexibility to tune their optical 

properties. They are mixtures of various functional components and are prepared using 

simple melt-processing techniques. In organic composites there is no crystal lattice, and 

therefore lattice matching is not a concern, which significantly expands the type and 

amount of additive materials that could be used in composite development.  There are 

three main approaches to the photorefractive polymer composite development: 

 

2.5.1 Guest-Host Approach 

 

 This approach utilizes a host polymer used for charge transport and trapping. 

Other functionalities such as sensitizer, nonlinear chromophore and plasticizer are 

mixed into the polymer.
6
 The functional components are not chemically attached to the 

polymer backbone. Typical photoconducting polymers are made of highly conjugated 

(i.e. lots of delocalized electrons) monomers (Fig 2-17). Both the backbone and the side 

chains contribute to the conduction. Highly conjugated side chains are preferred for a 

rapid PR performance. The glass transition temperature (Tg) of the polymer determines 

whether or not molecular motion (i.e. orientation) can take place. Below Tg, functional 

side groups or dopants such as electro-optic chromophores have restricted orientational 

mobility. However, above Tg they can freely rotate and align to the applied field. 

Therefore, the Tg of photorefractive polymers are usually brought to the room 
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temperature in order to achieve high diffraction efficiencies. The main advantage of the 

guest-host approach is its flexibility in choosing the dopants and additives that allows 

tuning the optical properties. However, special care must be taken when choosing the 

functional components as certain combinations of chromophores and polymers result in 

phase separation in the composites evidenced by crystallization. Usually, more than 

30wt% for any additive will result in phase separation. Also, some chromophores may 

negatively affect the functions of other components. For example, physically large 

sensitizer molecules with strong dipole moments may hinder the orientation of the non-

linear chromophores (Fig 2-18) when used at high weight percentages.  

 

 Sensitizers are chosen for their absorption spectrum and energy levels to 

facilitate charge injection to the polymer. C60 (buckyball) is a very efficient sensitizer at 

visible wavelengths with very high charge generation quantum efficiency. Sensitization 

at a variety of wavelengths can be achieved using specially designed push-pull 

chromophores (Fig 2-19).
1
  In addition to organic chromophores, semiconductor 

nanoparticles
6
 and two-photon absorption dyes

13,14,28
 have been successfully 

implemented as sensitizer in photorefractive polymer composites. Non-linear optical 

chromophores (Fig 2-18) with high hyperpolarizibility and plasticizers to reduce the Tg 

are other types of functional components typically added to the guest-host 

photorefractive polymer composites. 

 

 



 

 

67 

2.5.2 Fully-Functionalized Polymers 

 

All of the functional components of a photorefractive polymer composite can be 

incorporated as side chains to the polymer backbone in the case of fully-functionalized 

photorefractive polymers. This approach requires significantly complex synthetic steps 

compared to the guest-host approach, and lacks the most important advantage of 

organic photorefractives that is the compositional flexibility. Fully functionalized 

polymers eliminate the problems of phase separation and crystallization and therefore 

may lead to better thermal stability and longer shelf life for potential devices.
4
  

 

 

 

 

Fig 2-17. Typical hole conducting polymer used in photorefractive polymer 

composites. 
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Fig 2-18. Non-linear chromophores used in photorefractive polymers 

 

 

 

Fig 2-19. Sensitizers used for photorefractive polymer composites. 

.  

 

Fig 2-20. Plasticizers used in photorefractive polymers to reduce the Tg. 
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On the other hand; their photorefractive characteristics such as writing speed 

and efficiency are comparably less developed, which has prevented the wide spread use 

of fully functionalized polymers.  

 

2.5.3 Co-Polymers 

 

The design of a PR polymer composite involves the selection of a polymer and 

other components to provide all functionalities necessary to achieve high PR responses. 

The advantage of the guest-host approach is that different components can be easily 

varied to accomplish fine tuning of the properties required for given applications. The 

main drawback of this approach is the high probability of phase separation due to the 

difference in the entropy of mixing of the various components. The phase separation 

can be minimized by the fully-functionalized polymer approach where a multifunctional 

polymer is used to develop photorefractive devices. The downside of this approach is 

the tedious synthetic steps involved in developing a copolymer with different 

functionality and losing the convenience of fine tuning the properties. Moreover, many 

of these devices show slow photorefractive dynamics. 

 

In order to circumvent the drawbacks of these two approaches, a copolymer 

approach can be adopted in which the hole transporting moiety can be attached by 

another group which is very similar in chemical structure to the nonlinear chromophore. 

The co-polymer approach can be considered to be an intermediate method between 
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guest-host and fully functionalized polymer composites. For example, a copolymer with 

a polyacrylic backbone to attach pendant groups, tetraphenyldiaminobiphenyl-type 

(TPD) and dicyanostyrene (DCST) in the ratio 10:1 (PATPD-DCST) was recently 

developed by the University of Arizona/NDT Technical team. This was accomplished 

by the synthetic modification of the polyacrylic TPD (PATPD) polymer. The rational 

behind attaching DCST pendant group is to develop a host medium which is more 

compatible with the other components in a guest-host system. It has been proved that 

this approach is successful since the photorefractive composite we prepared from 

copolymer survived phase separation in an accelerated aging test whereas a similar 

homopolymer composite phase separated. This guest-host composite was so developed 

that the host PATPD-DCST copolymer provides the optical absorption and subsequent 

charge generation and transport at the desired wavelength.  In order to lower the glass 

transition temperature (Tg) of the composite a plasticizer (9-ethyl carbazole (ECZ)) was 

added to the system. The necessary nonlinear electro-optic (NLO) properties are 

achieved by adding a fluorinated dicyanostyrene (FDCST). Such co-polymer approach 

has proven to give superior results in improving the diffraction efficiency and 

persistence time of photorefractive polymer composites. 
29 
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2.6 Characterization Tools Used for Material Development 

 

 2.6.1 Linear and Non-Linear Spectroscopy 

 

 Spectroscopy provides valuable information on photorefractive polymers as 

absorption of light is the first step in the photorefractive effect. Photons absorbed by the 

sensitizer lead to the generation and transport of charge carriers through the polymer 

backbone. It is therefore critical to know the absorption spectra of possible sensitizers 

when designing photorefractive composites. In the transmission geometry, the reading 

beam passes through a thin-film of the photorefractive material and is partially absorbed. 

In order to avoid large losses in reading beams, it is customary to work at the tail of the 

absorption spectrum of sensitizers where the absorption coefficient is approximately 

20cm
-1
. Absorption coefficients much larger than this value would result in significant 

loss in the reading beam power for thick films (d~100µm), effectively limiting the 

thickness over which hologram is written. 

 

 Most of the photorefractive polymers rely on linear absorption in optical dyes.
1
 

For this case, spectroscopy is rather simple and commercially available tools such as 

spectrometers (i.e. Cary 5, Varian Inc.) can be utilized. Photorefractive polymers 

sensitized by non-linear (i.e. two-photon) absorption have been demonstrated.
13,14,28

 

Non-linear absorption is used to reach longer wavelengths in the IR that can not be 

reached with linear absorption in organic optical dyes. For this, non-linear absorption 
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spectroscopies
1
 such as ultra-fast spectroscopy, z-scan and loss modulation need to be 

employed. Non-linear spectroscopy requires considerably complex measurements and 

costly equipment such as femtosecond pulsed lasers and amplifiers. Non-linear 

spectroscopy of photorefractive polymer composites will be investigated in more detail 

in the following chapters.  

 

2.6.2 Ellipsometry 

 

Ellipsometry is a commonly used tool to measure the orientational dynamics of 

non-linear chromophores used to enhance the diffraction efficiency in low Tg 

photorefractive polymer composites. Poled polymer systems are uniaxial with two 

different refractive indices (ordinary and extraordinary), no and ne. In the case of p-

polarized reading beam, the effective refractive index of the poled polymer seen by the 

incident beam is given by: 

                                                                    (61) 

The incident reading beam may experience a change of polarization during propagating 

through such a birefringent system. This property can be used to measure the 

birefringent properties of the poled systems, giving valuable information about the 

orientational dynamics of the non-linear chromophores. Consider the experiment shown 

in Figure 2-21. A poled polymer such as a low Tg photorefractive polymer composite 

under external bias is placed between two crossed polarizers. A probe beam passes 
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through the polarizer, the polymer and the analyzer before it is incident on a 

photodetector.  

 

 

 

Fig 2-21. Ellipsometry experiment used to measure the birefringence.  

 

The birefringence of the polymer is given by: 

 

                                                    (62) 

 

Here φ is the internal incidence angle, L is the sample thickness and Imax is the 

maximum transmitted intensity. Usually, a Soleil-Babinet compensator is used after the 

photorefractive film which introduces a retardation of π/2 to the polarization for 

operating in the linear regime.  The applied electric field will induce a quadratic 

birefringence which can be monitored with this setup in order to obtain the refractive 
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index modulation (∆n) and response time of the chromophores, which are both crucial 

information for the design of photorefractive composites. 

 

 2.6.3 Conductivity Measurements 

 

 Conductivity of photorefractive polymers can be measured using a simple dc 

measurement at the wavelength of interest.
30,31

 A laser beam is incident on a sample that 

is connected to a sensitive amp-meter through transparent ITO electrodes. Under a 

changing DC bias the dark and photocurrent are measured at a standard irradiance of 

1W/cm
2
. The photoconductivity σ can be calculated from the measured currents using: 

 

                                              (63) 

 

where itot is the total measured current under the exposure, which is the sum of the dark 

and photocurrent. E is the applied bias field and Selectrode is the area of the ITO 

electrodes. If the charge generation quantum efficiency is assumed to be equal to 1, the 

relation between the absorption coefficient and the conductivity in the small absorption 

limit (αd<<1) becomes:                     

 

                                       (64) 
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2.6.4 Four-Wave Mixing as a Characterization Tool 

 

FWM mixing experiments allow direct measurement of the diffraction 

efficiency and response time of photorefractive polymers, which are the relevant 

parameters for most of the applications. We have seen various technical aspects of 

FWM in Section 2.3. It is customary in the characterization of photorefractive polymers 

to report the diffraction efficiency and response time in the transmission geometry as a 

function of applied voltage at 1W/cm
2
 irradiance, at the so called standard conditions. 

Other important parameters are the overmodulation voltage and TBG gain coefficient. 

 

 In our laboratory we have implemented several FWM apparatus including in the 

standard transmission geometry (Fig 2-22), reflection geometry and another setup for 

femtosecond pulsed recording.   The setup shown in Figure 2-22 has served as the 

workhorse for characterization of linearly sensitized photorefractive polymers used in 

the work described in Chapter 4, while the femtosecond setup has been used for the 

non-linearly sensitized photorefractive polymer work covered in Chapter 3. 

 

Steady state diffraction efficiency is an important parameter that can be 

measured using the apparatus shown in Figure 2-22. These tests are conducted by 

increasing the bias voltage on the sample through small steps while detecting both the 

diffracted and the transmitted signal. This is usually done slow enough to provide 

steady-state values at each step in applied voltage. After each step in bias voltage, time 
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is allowed for the lock-in amplifier measurement to settle. The steady-state FWM 

characterization is performed by monitoring the transmitted probe and diffracted probe 

signals. The writing beams are s-polarized, and the probe beam is p-polarized. This is 

the preferred polarization configuration due to the geometry of the material to maximize 

diffraction efficiency and it also provides minimal interaction between the probe and 

writing beams. The data are analyzed to determine the diffraction efficiency by 

observing the depletion of the transmitted beam or comparing the detected signal on 

transmitted and diffracted beam detectors. The diffraction efficiency can be defined in 

two different ways. The internal efficiency is the ratio of the diffracted reading beam 

energy during bias to the total transmitted energy when there is no bias field and is 

given by: 

                                                           (65) 

 

The external diffraction efficiency is defined as the ratio of the diffracted intensity to 

the incident intensity. The external efficiency includes the optical losses such as 

absorption by the sample and the reflection losses and is more relevant for applications.  

 

 Transient diffraction efficiency gives information about the response time of the 

photorefractive polymers. Here, a constant bias is applied to the polymer and initially 

the writing beams are blocked. By unblocking the writing beams the photorefractive 

process is initiated and the diffraction efficiency is monitored in real-time.  
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Fig 2-22. FWM setup used to characterize linearly sensitized photorefractive 

polymer composites. The probe beam is separated from the writing beams through 

a polarizing beam-splitter (PBS). A half-wave plate in front of the PBS component 

helps to adjust the relative ratio for read and write beams. When a laser with a 

short coherence length such as a semiconductor laser is used, the path difference 

between the writing beams is adjusted using a delay line introduced into one of the 

writing beam paths. In the standard geometry, the separation between the two 

parallel writing beams is kept at 30mm. The focal length of camera lens is 85mm 

and we have 20
0
 inter-beam angle for writing beams. In transient measurements, a 

shutter or a Pockels cell is placed in one of the writing arms. 
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Sometimes one of the writing beams will be initially on and the process is started by 

turning on the other writing beam. For fast samples a high speed shutter such as a 

Pockels Cell and fast data acquisition techniques must be used.  

 

 

 The build-up dynamics of the phase grating is an important factor for 

determining the speed of PR gratings. For Bragg-type holograms in transmission 

geometry, the efficiency is related to the index modulation as follows: 

 

                                                                                     (66) 

 

 

and the time dependent diffraction efficiency is analyzed by fitting to a bi-exponential 

function such as: 

 

                                     (67) 

 

Here, m is the weighing factor, t1 and t2 are the fast and slow response times, 

respectively. The weighing factor is usually chosen larger than 0.5 and is a measure of 

how much weight is given to the fast time constant.  

 

 

 

 



 

 

79 

2.7 Sample Preparation and Device Fabrication 

 

2.7.1 Composite Preparation: Melt-Processing 

 

The components used in photorefractive polymer composites can be in 

powdered, crystalline solid or liquid phase. The materials are purified by the use of 

solvents and filtering. To make the pre-cake of the sample, the material components are 

combined in a solvent and mixed. The materials may be pre-dissolved in a solvent to 

improve dispersion and to simplify dispensing of a relatively small amount of material. 

The solution of components is filtered and then put in a flask and stirred. The bulk of 

the solvent is then removed by evaporation with a rotary evaporator and through 

application of both heat and mild vacuum to speed the process. Controlled evaporation 

is achieved by partially submerging the flask containing the solution in a heated bath of 

distilled water. The rotation prevents the solids from turning into foam by the boiling 

solvent. When the material is dry enough it is removed from the evaporator and drying 

is continued in a vacuum oven at higher temperature. The dried product is then 

extracted from the flask and placed between two sheets of glass. The sample is placed 

on a hot plate and brought to a temperature close to the melting temperature which 

makes it a viscous fluid. A shearing action with some pressure is applied to make a 

homogeneous film. The sample is often quenched by contact with a cold plate to 

preserve its amorphous state after mixing. During this process, the air bubbles trapped 
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inside the melt are removed manually to ensure high film quality. The melting and 

bubble removal cycle can be repeated several times.  

 

2.7.2 Device Design and Fabrication 

 

Once the cake is ready, it is cut into small pieces and placed on one of the two 

small glass substrates with indium-tin oxide (ITO) electrodes facing upward. The ITO 

has been previously vacuum deposited on the substrates and can be patterned via 

lithographic techniques and etched to the desired shape. To ensure a uniform and 

desired thickness of the polymer film, small glass beads, suspended in silicon vacuum 

grease are placed around the edges of one glass substrate. The two halves of the sample 

are then placed on a hot plate to allow the material to approach its melting temperature. 

The two halves are then gently pressed together to prevent formation of air bubbles in 

the film. The sandwiched film is then immediately placed on a cold metal plate to 

ensure rapid cooling of the polymer and prevent crystallization. This way, an 

amorphous polymer with a homogenous mixture of the components is achieved. If the 

melt is let cool down slowly the functional components may phase separate. Finally, the 

edges of the sample are sealed with epoxy to protect the composite film from 

environmental factors such as moisture absorption, as well as to make them more robust 

in handling. 
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The technique described above works well for small samples with sizes less than 

1 cm across, but for larger sizes the process becomes significantly more challenging. 

Larger area samples require much more attention to material purity and film uniformity. 

Manual processing for samples larger than a few cm’s across become significantly more 

difficult and the device quality is usually poor. Plastic film fabrication techniques have 

been developed long time ago and are widely used in a variety of industrial fields. 

Methods such as spin coating and casting may be adopted for larger sizes.  

 

 2.7.3 Devices for Thermal Fixing 

  

 Thermal fixing
32
 is a useful tool for improving the persistence of 

photorefractive polymers. For low Tg polymers the fixing is achieved by recording the 

holograms at room temperature and then cooling the sample to lower temperatures. This 

is impractical for a variety of reasons. First, keeping the temperature below the room 

temperature is difficult. In addition, the cooling is usually slower than heating 

considering the equipments such as TE coolers. For high Tg samples the fixing is 

achieved by heating the sample to temperatures above its Tg, recording the holograms at 

this elevated temperature and reducing the temperature to ambient conditions for fixing. 

Heating can be achieved with a variety of techniques. Perhaps the simplest way to heat 

the photorefractive hologram, and probably the most effective, is by using transparent 

electrical heating elements such as patterned ITO films. This way, the heating is 

achieved locally without blocking the writing or the reading beams. Such heating 
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elements are shown in Figure 2-23. Here, ITO coated glass electrodes are patterned so 

that the individual holographic elements
29
 (HOGEL’s) can be heated independently by 

applying a small dc bias across the electrodes. Patterning of the hot electrode may not 

be necessary for certain material compositions where the decay time of the composites 

are relatively long. 

 

 

 

 

Fig 2-23. Patterned ITO coated electrodes for use in thermal fixing. 

 

2.8 Recent Progress in Photorefractive Polymers 

 

Photorefractive polymers have shown tremendous progress over the past several 

years. Several recent reviews have been published for detailed description of the 
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material design strategies developed for organic materials.
33-39

Here, we limit our 

discussion to the best performing materials reported from late 1996 until 2007.  

 

The most common composition for PR polymer composites investigated to date 

is 40-60 wt% of a photoconductive polymer (i.e., PVK, PSX, PPV derivatives, etc.) to 

provide sufficient density of transport sites, 25-35 wt % of a non-linear chromophore to 

ensure sufficient electrooptic response, 15-30 wt % of a plasticizer (i.e., ECZ, BBP, 

DOP, etc.) to facilitate chromophore orientation, and a small amount (usually below 1 

wt%) of sensitizer (i.e., C60, TNF, TNFM) to assist in charge generation. An alternative 

approach involved introducing 1 wt % of sensitizer and 40-60 wt % of multifunctional 

molecules that serve both as charge transporting agents and NLO chromophores in inert 

polymer matrices such as PS, PIBM, PTCB
40, 41

 to minimize inert volume and improve 

thermal stability of the composite. 

 

Among the sensitizers, C60,
42, 43

 PCBM
44
 and TNF

45
 were the best performing 

in the red. In the near-IR, TNFM was the most common choice although PCBM was 

also utilized.
46
 DBM was recently used to significantly improve the sensitivity in the 

near-IR region through single photon
47
 and two-photon sensitization.

13, 28
 

 

The most widely used conductive polymers were PVK, various modifications of 

PSX, and several derivatives of PPV.
6  
PSX exhibits a mobility comparable to PVK, 

with a lower Tg, which leads to a reduced concentration of required plasticizer in a PR 
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polymer composite and therefore a possible improvement of the PR properties due to 

reduced inert volume. PPV derivatives exhibit mobilities several orders of magnitude 

higher than PVK, which could potentially lead to a faster PR speed. Other high-mobility 

polymers such as TFB, PBPES, PMPS, TDPANAFA, were also considered as 

photoconductive hosts in polymer composites. More recently, TPD and its derivatives 

(PATPD) were used for IR sensitive polymers and polymers with very long persistence 

times in the visible range, suitable for use in holographic displays.
13, 28, 29, 47

  

 

Some of the most successful non-linear chromophores are azo dyes (i.e., 

DMNPAA), oxopyridone derivatives (i.e., ATOP-3), dicyanostyrene derivatives (i.e., 

AODCST), dicyanomethylenedihydrofuran derivatives (i.e., DCDHF-6), pyridone 

derivatives (i.e., 2BNCM), rigidized polyene derivatives (i.e., DHADC-MPN).
6
 7-

DCST was used in the near-IR operating composites with excellent results.
 13, 28, 29, 47

 

 

Among the small-molecule plasticizers, various types of molecules such as inert 

nonpolar molecules (e.g., BBP), liquid crystals and charge transporting molecules (e.g., 

ECZ) were used. The addition of relatively small NLO chromophores as molecular 

dopants can also achieve plasticization. Table 2-1 summarizes the photorefractive 

properties of some of the high performance PR polymer composites relevant to the 

present work including polymers working in the IR wavelength region. 

 

2.9 Applications of Photorefractive Polymers 
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Photorefractive polymers are superb recording materials suitable for dynamic 

holographic applications.  One of the main driving forces for the development of PR 

organic amorphous materials is their ease of processing for technological applications 

without compromising the photorefractive performance.  

 

 

 

 

 

Table 2-1. Photorefractive properties of some of the high performance polymer 

composites. Most of the visible and near-IR spectrum is covered (adapted from Ref 

48).  
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Many potential applications in data storage, image processing, optical computing, 

optical communication and 3D displays were proposed for PR polymers, and the past 

decade has been productive in realizing these applications in real materials. In this 

section we review briefly some of the potential the applications of photorefractive 

polymers.  

 

 2.9.1 Optical Phase Conjugation and Adaptive Optics 

 

Optical phase conjugation
49
 is the basis for many of the applications of 

photorefractive polymers including beam clean-up, data storage, and 3D displays, 

therefore it is important to understand the implementations of this phenomenon. The 

reconstructed waves being diffracted from a phase hologram is the phase conjugate of 

the original object beam field (Fig 2-24). An phase conjugating mirror, a device which 

can be implemented using photorefractive polymer thin-films, can retro-reflect an 

incoming beam allowing the elimination of the effects induced by the beam path such as 

atmospheric aberration (Fig 2-25). This phase conjugating property of holography 

makes possible the adaptive optical (AO) correction of aberrated images (Fig 2-26).
50
 

AO correction has recently been successfully implemented in astronomical telescopes 

for eliminating the atmospheric aberrations from images. Holographic AO systems 

employing photorefractive polymer films offer a low cost, all-optical alternative to the 

current technology, which employs a complicated combination of wave-front sensors,  

and deformable mirrors. 
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Fig 2-24. Optical phase conjugation in a non-linear medium through four-wave 

mixing. The object beam electric field (εw2) is phase conjugated by diffraction of 

the reading beam from the hologram. 

 

 

 

Fig 2-25. On the top-left an ordinary mirror reflection is shown. Top-right image 

shows a phase conjugating mirror. The right-hand image shows how optical phase 

conjugation can be used to eliminate the effects of the beam path by double-pass 

from the same beam path.   
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Fig 2-26. Optical correction of an aberrated image through read-out of the 

photorefractive hologram (beam clean-up).  

 

2.9.2 Free-Space Optical Communication   

 

The fiber networks are the backbone of today’s communication infrastructure. 

Most of the data is transmitted through fiber optic networks to main hubs where the data 

is then distributed to smaller centers through old-fashioned copper cables, which 

significantly reduces the communication speed. Providing a fiber cable for every home 

or office is economically not feasible. Free-space optical communication systems are 

currently being employed at university campuses, and business centers for fast, high 

bandwidth data transfer within a few miles providing an effective solution to the so 
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called “last mile problem” outlined above. Free-space optical communications is a line-

of-sight technology that transmits a modulated laser beam through the atmosphere for 

broadband communications. Similar to fiber optical communications, free space optical 

communication systems use IR laser diodes for data transmission. However, in free 

space optics, the laser beam is transmitted through the atmosphere rather than being 

guided through an optical cable. These beams of light are focused on a receiving lens 

connected to a receiver.  

Unlike radio and microwave systems, free space optical communications 

requires no spectrum licensing and is immune to interference to and from other systems. 

In addition, laser signal is extremely difficult to tap making it ideal for secure 

communications. Free space optical communications offer data rates comparable to 

fiber optical communications at a low cost narrow laser beam sizes provide no limit to 

the number links that may be installed. The fundamental limitation of free space optical 

communications arises from the turbulent atmospheric environment through which it 

propagates. The main difficulties that contribute to limited performance of free space 

optical communications are as follows:  

  Scintillation: Scintillation is the temporal and spatial variation of optical 

intensity caused by atmospheric turbulence. The turbulence is caused by wind and 

temperature gradients that create pockets of air with rapidly varying densities and, 

therefore, fast-changing indices of optical refraction. These air pockets act like lenses 

with time-varying properties and can lead to significant increases in the bit-error-rates.  
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 Beam Wander: Beam wander arises when turbulent wind currents (eddies) 

larger than the diameter of the transmitted optical beam cause a slow, but significant, 

displacement of the transmitted beam away from the detector.  

Adaptive optics technology can dynamically correct the spatial aberrations in the 

transmitted beam and significantly improve the performance. A typical adaptive optics 

system (Fig 2-27) includes a wave front sensor for measurement of the aberrations, an 

actuator for wave front correction, and associated control electronics. Implementation of 

such a system is expensive and complex. The beam clean-up and phase conjugation 

property of photorefractive polymers can be used in optical communication systems to 

remove the negative effects of the turbulent atmosphere, constituting a low cost all-

optical alternative to the adaptive optical systems.     

 Fog: Fog is vapor composed of water droplets, which are only a few hundred 

microns in diameter but can modify light characteristics or completely hinder the 

passage of light through a combination of absorption, scattering, and refraction. This 

can lead to a decrease in the power density of the transmitted beam, increasing the bit-

error-rate and decreasing the effective distance of a free space optical link.  
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Fig 2-27. Typical adaptive optical system. 

 

Different geometries for optical systems using photorefractive holograms for 

realtime wave front compensation can be designed for communication links, depending 

on the target application. A typical system employs a modulated phase conjugate mirror 

as a remote sensor for free-space communication. Consider two communication stations 

with the objective being to communicate from station 2 to station 1 (Fig 2-28). Station 1 

has a light source and a receiver, whereas station 2 has a modulator and a phase 

conjugate mirror. The communication link can be completed in the following steps: 

station 1 sends a laser beacon beam to the vicinity of station 2; when receiving the light 

from station 1, station 2 encodes the signal to be communicated onto the modulator; the 

encoded beam is redirected to station 1 using phase conjugation and detected by the 

receiver. Although the turbulent atmosphere adds distortion to the beam, station 1 can 
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always receive the correct signal from station 2 due to double passing of the phase 

conjugate beam. In addition, because of the real-time characteristic of the dynamic 

phase conjugate mirror, even if both stations are mobile, the communication link can 

still be maintained. Several spectral windows at the near-IR have high transmission in 

the atmosphere, and optical components such as lasers and detectors are plentiful at 

these wavelengths. Proof-of-principle experiments have been done at 633nm
50, 51 

and 

extension to near- IR is possible using PR polymers operating near 1µm
37
 and 

1.55µm.
13, 28

  

 

2.9.3 Coherent Injection Locking of Laser Diodes 

  

Broad area lasers (BALs) can produce output powers up to several watts. This 

high output power is achieved, however, at the cost of poor spatial and spectral quality 

of the emitted radiation caused by the large gain area and wide output facet. Injection 

locking with a spectrally narrow laser of well-defined beam shape is known to readily 

narrow the spectrum of the locked BAL. Due to the inevitable spatial mode mismatch 

between the injected laser and the BAL direct injection locking is tied to small 

alignment tolerances, and stable reproducible injection locking is not always achieved. 

Since a double phase conjugate mirror (DPCM) setup was demonstrated by Weiss et 

al.
52
 holographic locking using a DPCM has become a typical approach.  
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Fig 2-28. (Top) Free-space optical communication system employing 

photorefractive polymer based adaptive optical correction. (Bottom) Beam clean-

up geometry.  

 

  

For holographic locking, a reference beam with high spectral quality and the 

beam of a BAL are combined in the crystal. Then, in a self-organizing way, the BAL 

can select a spatial mode while it is locked on the single frequency of the reference, 

resulting in improved spectral quality. The hologram in such a setup converts the spatial 
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mode of the single mode laser into a spatial distribution preferred by the BAL to lock 

the BAL in a stable way. It is also self-aligning, reducing the alignment demands. So far 

corresponding experiments have exclusively been based on inorganic photorefractive 

crystals, such as BaTiO3. However inorganic photorefractive crystals show severe 

disadvantages. For example, BaTiO3 is a delicate material and depolarization can occur 

due to mechanical stress, and operation or storage outside a limited temperature range. 

It also has a high refractive index of about 2.4 giving rise to parasitic effects due to 

crystal-internal reflections. Another important drawback of such materials is their slow 

response, typically several minutes, such that phase-conjugate feedback cannot follow 

faster changes of the diode’s output parameters as induced by, for example, changes of 

the drive current which modifies the output power. Finally, photorefractive crystals 

often require a large volume and longer interaction lengths (mm to cm) of overlapping 

beams inside the crystal in order to achieve locking. This also means that those parts of 

the beams that do not overlap have to travel significant distances through the crystal as 

well, which can lead to the build-up of parasitic gratings requiring additional 

suppression. An alternative to photorefractive inorganic crystals are polymers due to 

their much shorter (ms) response times, their lower refractive index around 1.5 and their 

strong response requiring only sub-mm interaction lengths. With these properties 

compared to standard inorganic photorefractive crystals, there is considerable freedom 

in the choice of functional components. Injection locking of a BAL through holographic 

was recently demonstrated using the feedback from a photorefractive polymer.
53
 As the 

signatures of locking we find that the BAL emits at a single-frequency concomitant 
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with a temporal stabilization of the BAL output into its self-preferred, spatial mode 

pattern (Fig 2-29, 2-30). The photorefractive polymer composite used was PATPD:7-

DCST:APDC:TNFDM:ECZ (39.8:25:25:0.2:10 wt%). 

 

 

 

Fig 2-29. Experimental setup used for holographic injection locking of a BAL 

using a photorefractive polymer.   
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Fig 2-30. Free running BAL spectrum (left) compared to the locked (right) 

spectrum. 

 

2.9.4 Holographic 3D Displays 

 

Holographic 3D displays are perhaps one of the most exciting applications of 

holography. Photorefractive polymers, thanks to their dynamic recording capabilities 

and large sizes, are ideal materials as recording meda when dynamic holographic 3D 

displays
29
 are concerned. The interested reader is urged to review Chapter 4 of this 

thesis which is entirely dedicated to holographic 3D displays based on photorefractive 

polymers.  
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3 IR SENSITIVE PHOTOREFRACTIVE POLYMERS 

 

  

 In this chapter we will review the results of the current work on extending the 

operation wavelengths of photorefractive polymers to the near-IR where most of the 

interesting applications exist such as optical communication and medical imaging.   

 

3.1 Motivation for IR Sensitization 

 

 Achieving near-IR sensitization in photorefractive polymers composites is 

crucial for imaging and optical communication applications that operate at wavelengths 

from 800 nm to beyond 2000 nm (see Section 2.9). Visible wavelengths are subject to 

significant absorption and scattering losses in both fiber optic cables and the 

atmosphere. The wavelengths of choice for communication applications using fiber 

optics networks are 1.31µm and 1.55µm, and for free-space optical communication 

these are 850nm and 1.55µm. In Figure 3-1, we see the atmospheric transmission at 

visible and near-IR wavelengths for different transmitter elevations at 15
o
C temperature 

and 46% relative humidity. There are several windows of high transmission such as 

850nm, 1300nm and 1550nm which optical components such as laser diodes, 

modulators, fibers and detectors are commercially available at low cost. These are the 

wavelengths at which most optical communication networks operate, therefore 

photorefractive polymers need to be sensitive in these regions if they are to be 

implemented in these applications.  
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Fig 3-1. Atmospheric transmission at visible and near-IR (from Ref 54). 

 

Medical applications of photorefractive polymers such as imaging through 

scattering media
45
 and optical coherence tomography

55
 require operation in the near-IR 

wavelengths too as the transmission depth of several near-IR windows in tissue is 

significantly larger than visible wavelengths. On the other hand, 1550nm is considered 

to be eye safe as the human cornea and vitreous humor absorbs most of the light at this 

wavelength preventing damage to the retina. This is especially important for free space 

communication applications where powerful laser beams are transmitted through the 

atmosphere.  
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IR operation of photorefractive polymers is needed for the reasons summarized 

above and there is a trend for reaching to longer wavelengths in the photorefractive 

materials research.  However, this has proven to be a considerable challenge since 

optical sensitizers are not available above 900nm. In addition to its IR absorption 

properties, the sensitizer has to be compatible with the polymer matrix with regard to 

solubility, phase stability, and redox activity with respect to the charge transport 

material. As a result, the longest operating wavelength reported until 2005 was 945 nm 

for an all-organic photorefractive thin film device,
46  
far below 1550 nm, the wavelength 

of choice for optical communications, and 1300 nm for an inorganic:organic hybrid 

composite sensitized with semiconductor nanocrystals. 
56
 

To address this problem, we have employed multi-photon sensitization and 

achieve the desired IR sensitization through two-photon excitation in a polymer 

composite that exhibit negligible linear absorption at 1550nm.
13, 28

 This approach could 

be implemented due to recent developments of organic molecules with large two-

photon absorption (TPA) cross-sections
57
 and the evolution of compact short-pulse 

lasers.  In addition to the opening of new spectral windows, sensitization through TPA 

provides the advantage that the material is transparent for any continuous wave (cw) 

light beam that reads-out the hologram at the same wavelength. This non-destructive 

read-out
14, 15

 dramatically eases restrictions regarding reading beam intensities and 

allows for greater film thickness with higher diffraction efficiency. Both features are 
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particularly valuable in imaging applications where high reading intensities and 

diffraction efficiencies are desired to improve signal-to-noise ratios.  

We will now investigate in detail the theoretical and experimental aspects of 

non-linear sensitization of photorefractive polymers and recent results achieved during 

this work. We start with reviewing the non-linear two-photon absorption process in 

organic molecules. 

3.2 Two-Photon Absorption in Organic Materials 

 

 Multi-photon absorption is the simultaneous absorption of several photons via 

virtual states by the same atom or molecule.
58, 59

  It was first predicted by Maria 

Göppert-Mayer in 1931.
58
 It was first demonstrated, thanks to the development in high 

power lasers, in 1961 by Kaiser and Garret who observed two-photon absorption (TPA) 

in a non-linear crystal.
60
 TPA in organic materials has drawn significant attention in the 

last few years as organic materials allow flexible modification of the optical and non-

linear properties at the molecular level.
57, 61 

 

 Let us now investigate the fundamental physical concepts of nonlinear optics 

regarding TPA. The classical model outlined here is sufficient for an intuitive 

understanding of TPA and further interested reader is urged to consult References 58 

and 59. The relationship between the time dependent electric field E(t) and the 

polarization P(t) of a medium is as follows: 



 

 

101 

 

 
                      

                                                (68) 

Here χ is the macroscopic susceptibility of the medium. In general, the susceptibility 

can be expanded in a power series such as: 

 

                                     (69) 

 

The nonzero higher harmonics of the susceptibility are responsible for nonlinear 

phenomena such as TPA, Kerr effect, second and third harmonic generation, four-wave 

mixing etc. We chose to write the electric field in a Fourier series: 

 

                                                                    (70) 

 

En are the slowly-varying amplitudes given by: 

 

                                                                                              (71) 

 

For real fields En=E(ωn)=E(-ωn) and the electric field and the polarization becomes: 
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                               (72) 

                                                                    (73) 

 

By using Equations 71 and 72 we obtain the equations that define the first, second and 

the third order non-linear susceptibility tensors: 

 

      

 

                                                                                                                                 (74-76) 

Here, D
(i)
 are degeneracy factors. The susceptibility tensors χ can be described by the 

classical anharmonic oscillator model. For an anharmonic oscillator in a non-

centrosymmetric medium we consider a potential in the following form:   
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                                                                                 (77) 

 

The nonlinear coefficient a determines the degree of nonlinearity in this system and ω0 

is the resonance frequency of the oscillator and m is the mass. The equation of motion 

for a 1-D anharmonic oscillator with mass m and charge -e in the electric field and a 

medium is then given by: 

 

                                                        (78) 

 

where γ is the damping term of the medium, which is related to absorption when an 

optical system is concerned. The potential is given by: 

 

                                                                                    (79) 

 

Then the equation of motion for the electrons become: 

 

                                                                (80) 
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For a centrosymmetric potential the second order tensor elements are all equal to zero. 

This type of nonlinearity gives rise to third order effects such as TPA. In Equation 58, 

which deals with the 3
rd
 ranker tensor elements of the susceptibility, if we set ω1=ω2=-

ω3= ω we obtain: 

 

                                   (81) 

 

The above polarization is the source of TPA. In media where the third order 

polarization is defined according to (81), the propagation of electromagnetic waves will 

be different than a medium which the polarization is of the first order. To see this, lets 

start with the wave equation that stems from Maxwell’s Equations in a medium: 

 

                                           (82) 

 

The displacement field is given by: 

 

                                                        (83) 
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Here n is the linear refractive index and  P
NL
 is the nonlinear polarization and contains 

all of the higher order terms in (69). For a centrosymmetric system, even numbered 

terms are zero, therefore this polarization is related to the odd numbered harmonics.  

For a linear, homogenous medium the wave equation reduces to: 

 

                                     (84) 

 

Using time harmonic electric fields such as those given in (70), we obtain: 

 

                                     (85) 

 

For an electromagnetic field polarized in the x direction and propagating in the z 

direction we obtain: 

 

                             (86) 

 

For a slowly varying amplitude (70) reduces to: 
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                                                                                       (87) 

 

Here k=nω/c is the wavenumber in the medium.  By substituting this into (86) and 

taking the second order derivatives equal to zero we obtain:                                                                       

 

                                                              (88) 

 

The third order nonlinear susceptibility term χ
(3)
 can be written as the sum of the real 

and imaginary part where the real part gives Kerr type nonlinear refractive index and 

the imaginary part gives TPA. By substituting the complex form of the third order 

susceptibility into (88), we obtain: 

 

                                           (89) 

 

The time average intensity of the field is: 

 

                                             (90) 
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From this, we obtain the equivalent of Beer’s Law for two photon absorption: 

 

                                                (91) 

 

The TPA coefficient is then: 

 

                                                              (92) 

 

From a quantum mechanical perspective the TPA is shown in Figure 3-2. Here, 

the electronic transition from the lower state |1> to the higher state |2> occurs due to the 

spontaneous absorption of two photons at the same frequency via the intermediate 

virtual state.
58, 59
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Fig 3-2. Linear absorption (left) vs. two photon absorption (right). 

 

TPA gives rise to an intensity dependent non-linear absorption coefficient: 

                           

                                                               α NL=βI                                                           (93) 

 

which is expressed in the typical form of Beer’s Law for a medium with both linear 

absorption and non-linear TPA with: 

 

        
Izzzz

eIeIzI NL βααα −−−− == 00)(                  (94) 

 

The first thing to note here is the quadratic relation between the absorption and the 

intensity for βI<<1. Quadratic dependence of absorption to the intensity is the 

trademark of TPA. This property is used in data storage applications which creates four 

times smaller spot sizes compared to those obtained with linear absorption, called the 

volume confinement effect. 

 

 On a molecular level, TPA is characterized by the TPA cross section δ given in 

units of GM (Göppert-Mayer) where GM=10
-50
cm

4
s photon

-1
. Its relation to the 

nonlinear absorption coefficient is: 

                                                                                                                  (95) 
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where N is the density of molecules. For a 25 wt% sensitizer loading at a molecular 

weight of M=355g, a density of 1g/cm
3
 and a TPA cross section of 100GM, at 1.9eV 

photon energy we get a nonlinear absorption coefficient of 1.4 cm
-1
 at 1GW/cm

2
 optical 

intensity.  

 

 Inorganic materials such as silicon and other semiconductors are good two-

photon absorbers and there are detectors available based on TPA in silicon. In order to 

realize large TPA, major improvements are necessary in the design and synthesis of 

highly active organic two-photon chromophores together with requirements of 

solubility and photostability.
62
 To facilitate the design and synthesis of new, efficient 

dye molecules, well-defined structure-property relationships for a large number of 

organic structures needed to be investigated with systematically varied molecular 

structural factors and precisely reproducible characterization of TPA properties. 

Although a complete knowledge of molecular design parameters with enhanced TPA 

cross-sections has been lacking, several research groups over the past few years have 

defined some design strategies. Here, we briefly collect and organize some of the 

molecular design concepts that have emerged recently.  

 

 Most of the design for TPA dyes is based on push-pull type chromophores 

shown in Figure 3-3. Type I chromophores (top) are asymmetrical in structure 

consisting of a highly fluorescent aromatic and/or olefinic bridge, end-capped by an 

electron-donor on one side and an electron-acceptor on the other side of a polarizable π-
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electron bridge in the middle. Type II chromophores are structurally symmetrical 

molecules flanked with heterocyclic electron-deficient groups on either side. 

 

 

 

 

Fig 3-3. Design concepts for high TPA molecules. Type I is on the top and Type II 

is at the bottom. 

 

Structural elements which can increase the effective conjugation length and 

polarizability of the molecule enhance the molecular two-photon absorption cross-

section. High TPA at 800nm is desired as this wavelength corresponds to a high 

transmission window in tissue and mode-locked Ti-Sapphire femtosecond lasers operate 

around this wavelength. Two general criteria for increasing TPA at 800 nm are used in 

these organic structures: These are: (1) Extending the conjugation length by 

incorporating more polarizable double bonds such as vinyl, heterocyclic, or aromatic 

moieties; (2) Increasing the planarity of the molecule by utilizing fused aromatic rings 

as the π-bridge between the donor and acceptor. Some structures designed according to 

these criteria by the Prasad group
63
 and their TPA properties are outlined in Figure 3-4. 



 

 

111 

 Another approach to the design of TPA dyes, which was adopted by the 

Marder
57
 and Perry

64
 groups uses symmetrical structures with D-A-D or A-D-A type 

configurations by studying the effect of donor strength on stilbene derivatives. Note that 

the TPA coefficients vary largely due to complicated nature of the characterization. 

 

Let us now investigate characterization tools and techniques regarding TPA: 

 

 

 

 Non-Linear Transmission 

 

             This technique relates the output and input intensities in a transmission 

experiment (Fig 3-6). The relationship is linear when there is no TPA, and a deviation 

from linearity is indicative of non-linear absorption processes. The corresponding non-

linearity can be determined directly using this technique. 
59
 For example, a quadratic 

dependence of absorption to the intensity indicates TPA. The main disadvantage is that 

this technique does not differentiate between TPA via virtual states (direct TPA) or 

stepwise TPA which occurs via real intermediate states. Typically a Q-Switched and/or 

mode locked pulsed laser with high peak power is used. Precautions should be taken to 

prevent mixing of TPA signal from the sample with the TPA at the detector or 

powermeter, which is very high for typical silicon based detectors. 
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Fig 3-4. TPA chromophores and their optical and TPA properties (adapted from 

Ref 62). Here σ2 is the nonlinear absorption coefficient.  
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Fig 3-5. Chemical structures and optical properties D-AD and A-D-A type 

molecules (Ref 57). 

 

 

 

 

 

Fig 3-6. Nonlinear transmission measurement setup. 
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The transmitted intensity for a sample of thickness z and absorption coefficients α and β 

is given with: 

                                   (96) 

 

which reduces to the following equation for the small linear absorption case: 

                                                                                              (97) 

  

 Up-conversion Fluorescence  

 

 The ratio of fluorescence intensity to the input intensity gives information about 

the nonlinear absorption process.
65
 A quadratic dependence of fluorescence to the 

intensity shows TPA while a cubic dependence suggests three-photon absorption.  

 

 Pump-Probe Transient Absorption  

 

 In this measurement a high power short pulsed pump is used to create an 

excitation which is then probed by a weak, short pulsed probe. The short (~100fs) 

duration of the probe allows mapping the transient behavior of the excitation. The 

control of the time delay between the two pulses allows measuring the excitation 
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dynamics at different times after the pump with very high temporal resolution (Fig 3-7). 

The time delay between the two pulses is controlled by a retroreflector mounted on a 

motorized translation stage. Figure 3-8 depicts the transient absorption signal for a two-

photon chromophore, PRL-101,
62
 in chloroform solution by using femtosecond pulses. 

The imaginary part of the third order susceptibility is responsible for the pump/probe 

beam coupling and the fast component of the transient absorption signal. The change of 

the imaginary part of the linear susceptibility gives the long tail. Since there is no linear 

absorption at the experimental wavelength (~800 nm) of the ground state molecules, 

this long tail effect is due to the linear absorption of the excited molecules 

 

 

Fig 3-7. Pump-probe transient absorption measurement setup. 
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Fig 3-8. Transient TPA absorption measurement of the molecule PRL-101 in 

chloroform. 

 

 Four-Wave Mixing 

 

 The four-wave mixing experiment was described in the previous sections. The 

intensity modulation achieved by the interfering writing beams will lead to complex 

refractive index modulation, which can be probed by the diffraction of a probe beam in 

the time-resolved study. Therefore, one can monitor the delay and the build-up of the 

refractive index grating. For a material with no non-linear absorption, the detected 

signal will be proportional to the cubic power of the input intensities. If the studied 
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material exhibits TPA, the detected signal will have one contribution from the coherent 

four-wave mixing process which has a cubic power dependence on the intensity and the 

other contribution from the population grating process which shows a fifth power 

dependence on intensity if the excited state produced by this non-linear absorption has a 

sufficiently long lifetime. Thus, from the dependence of signal to the input intensity 

useful information can be obtained to determine both the real and imaginary parts of the 

susceptibility. 

 

 Z-Scan 

 

 Z-scan is perhaps the most popular method for measuring the nonlinear 

properties of materials.
66, 67

 It gives information simultaneously on the nonlinear 

refractive index and the nonlinear absorption coefficient in a simple, single beam 

experimental geometry (Fig 3-9).  In z-scan, a sample is placed to the focal plane of a 

lens in which a laser beam is focused to a well-defined small spot size. The sample is 

translated along the laser beam (z-axis) and the transmitted power is monitored. The 

change in power as a function of position gives information about both the real and 

complex parts of the χ
(3)
.  

 



 

 

118 

 

 

Fig 3-9. Z-Scan experimental setup. 

 

 The nonlinear behavior of TPA allows its use in a variety of applications. Two-

photon absorbing materials are good candidates for optical limiting as TPA is intensity 

dependent. This property allows blocking the high intensity beams and reducing their 

power while low intensity beams are mostly transmitted through a two-photon 

absorbing medium. TPA has found applications in up-conversion lasing as the 

simultaneous absorption of two photons provide excitation to higher energy levels 

compared to that could be achieved through linear absorption. The volume confinement 

property of TPA significantly improves 3D optical data storage applications by 

increasing the data storage capability and read-out efficiency. The same effect allows 

microfabrication of complex, 3D structures through light-induced polymerization. The 

most exciting application of TPA so far has been TPA microscopy.
68
 Due to the large 

difference between the wavelengths of input (pump) light and fluorescence in tissue and 

the small excitation volume, TPA has revolutionized confocal fluorescence microscopy.  
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Fig 3-10. Typical Z-scan transmittance signal evidencing nonlinear absorption. As 

the intensity at the focused laser beam increases the transmitted energy decreases. 

  

 So far we have investigated the basics of TPA and its uses. As seen in section 

3.1 IR sensitization of photorefractive polymers is required for applications including 

free-space optical communications, medical imaging and optical data storage. We have 

employed TPA in order to extend the operation wavelength of photorefractive polymers 

into the IR. The next sections are dedicated to a discussion of the results obtained 

during this study in the area of IR sensitization of photorefractive polymers using TPA. 
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3.3 IR Sensitization of Photorefractive Polymers Using Two-Photon Absorption 

 

3.3.1 The First IR Sensitive Photorefractive Polymer Composite  

 

TPA sensitization of photorefractive polymers was shown previously at 650nm.
14, 

15
 The main advantage of TPA sensitization in this composite was the non-destructive 

readout property. The polymer composite was sensitized using 130 femtosecond pulses 

from an optical parametric amplifier with a pulse peak power of 5GW/cm
2
 at a 

repetition rate of 1000Hz. The quadratic dependence of TPA on the power allows 

nondestructive readout when low peak power reading beams are used. In typical 

materials sensitized by linear absorption, the writing to reading beam power ratio is 

usually kept around 100:1 to avoid erasing of the hologram erasure with the reading 

beam (destructive readout). In this study where TPA sensitization was utilized, the 

average power in the reading beam can be many times higher than the writing beams as 

long as the peak power is sufficiently low. For example, the average intensity of the 

writing beams in this study was on the order of a few mW/cm
2
, meanwhile the CW 

reading beam can have several W/cm
2
 intensity at the same wavelength and still achieve 

non-destructive readout.  

 

In the current study, novel dyes with high TPA cross sections at the IR 

wavelengths and new polymer compositions were used for IR sensitization of 
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photorefractive polymers.  Prior to this work the longest operation wavelength of a 

photorefractive polymer was 945 nm using linear absorbing sensitizers. 
47 

 

3.3.2 Composite Development and Characterization 

 

The initial polymer composites we have developed utilised a well optimized 

chromophore (7-DCST) and a new dye (DBM, see Fig. 3-11) for two-photon 

sensitization. This represents a new strategy compared to previously reported two-

photon photorefractivity in polymers,
14, 15

 where the electro-optic dye also served as the 

sensitizer. Furthermore, a novel acrylate polymer (PATPD, shown in Fig. 3-12) 

incorporating pendant tetraphenyldiaminobiphenyl (TPD, a well known hole-transport 

agent) by means of alkoxy side-chain linkage was used. Redox characteristics exhibited 

in cyclic voltammetry indicate that charge generation and transport are feasible through 

the respective constituents. In order to obtain a large electro-optic response in the 

material through the molecular rotational nonlinearity the glass transition temperature of 

the composite was brought close to room temperature by the addition of a plasticizer, 

N-ethylcarbazole (ECZ).  The composite with PATPD: 7-DCST: DBM: ECZ ratios at 

50: 25: 10: 15 wt % exhibited a glass transition temperature of 54
o
 C in differential 

scanning calorimetry (DSC). Uniform films of 105 µm thickness were fabricated by 

sandwiching this composite between two ITO-on-glass electrodes. 

The linear absorption spectrum of the photorefractive polymer composite in the 

visible and near infrared regions (Fig 3-11) is dominated by a feature centred around 
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800 nm due to optical absorption by the sensitizer, while no significant linear absorption 

is seen at wavelengths beyond 1000 nm. Valuable information concerning charge 

generation by nonlinear absorption is provided by the photoconductivity measurements 

shown in Fig. 3-11. In this experiment, the sample was irradiated by 1 kHz repetition 

rate, 130 fs optical pulses with a central wavelength of 1550 nm. The photoconductivity 

for a material in which the TPA is the dominant charge generation mechanism at the 

small absorption limit can be written as:  

         
2

2
I

e φβ
ω

τµσ
h

=                                                (98) 

Equation 98 indicates a quadratic dependence of the photocurrent to the intensity. Such 

dependence is verified by conductivity measurements performed using high power 

femtosecond pulses at 1550 nm using the current photorefractive polymer composite. 

These measurements show a quadratic dependence on the time-averaged irradiation, 

which is strong evidence for carrier generation through TPA. Here, the incorporation of 

the sensitizer DBM at the rather high concentration of 10 wt % leads to considerable 

TPA in these thin films at 1550 nm (β~0.14 cm/GW). The measurements also 

emphasize orders-of-magnitude contrast between dark and photo conductivities which 

is favourable for the build up of space charge fields in these composites.  
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Fig 3-11. Linear absorption spectrum of DBM dye. The chemical structure of the 

DBM is also shown. 

 

 

Fig 3-12. Chemical structures of the PATPD polymer and ECZ plasticizer. 
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Fig 3-13. Photocurrent measured under femtosecond pulse illumination at 1550nm 

using the photorefractive polymer composite. The quadratic dependence is 

indicative of TPA dominated charge generation in this composite.   

 

The sensitizer DBM is found to exhibit significant TPA cross section (~150 GM) as 

calculated using photoconductivity data in Figure 3-11. The crossing point of linear and 

non-linear photoconductivity is found to be at 134 W/cm
2
 by extrapolation. Since at the 

crossing point the photoconductivities for both measurements are equal, it is possible to 

deduce non-linear absorption coefficient β using the equation: 
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I

775

775

15502 α
ω
ωβ =                                               (99) 

 

where α775 is the linear absorption coefficient of the polymer composite at 775 nm, I is 

the crossing point average irradiance and ω775 and ω1550 are the angular frequencies light 

at 775 nm and 1550 nm, respectively. The TPA cross section found using this method is 

very close to that was measured by another group using the Z-scan technique.  

 

 3.3.3 Four-Wave Mixing Using Amplified Femtosecond Pulses 

 

 A FWM setup that works with amplified femtosecond pulses was built and 

utilized (Fig 3-13). A motorized delay line was included to one of the writing beam 

paths in order to ensure the temporal overlap of fs pulses inside the polymer sample. 

Volume holograms were recorded using two writing beams generated at 1550 nm in an 

optical parametric amplifier pumped by an amplified femtosecond Ti-Sapphire laser 

system (Tsunami, Spitfire system by Spectra Physics). The reading is achieved with 

using a CW laser diode, also at 1550 nm. The laser is capable of producing 130fs pulses 

at 1000 HZ repetition rate with maximum pulse energy of 20µJ. The OPA allows tuning 

of the wavelength from deep UV to the IR (2600nm). The diffracted signal modulated 

by a mechanical chopper was detected by a large area InGaAs photodetector connected 

to a lock-in amplifier and a computer controlled data acquisition card. For optimum 

spatial and temporal overlap of pulses inside the photorefractive polymer a third-
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harmonic generation (THG) polymer thin-film was utilized. By observing the non-

collinear THG in this polymer maximum overlap of pulses at the sample position was 

ensured.   

 

3.3.4 Diffraction Efficiency, TBC Gain and Speed at 1550nm 

 

 To demonstrate IR photorefractivity and study the refractive index gratings in 

the polymer films four-wave-mixing (FWM) and two-beam coupling (TBC) 

experiments were performed in standard tilted-sample geometry.
13
 Volume holograms 

were recorded that resemble the interference pattern of two writing beams generated at 

1550 nm using the setup described in the previous section. Gratings were written at 

average irradiances around 6W/cm
2
, corresponding to a peak irradiance of 4.6x10

10
 

W/cm
2
. The two writing beams were s-polarized and intersected at an angle of 37° in air.  

The corresponding grating period inside the sample was approximately 2.9 µm, given a 

refractive index of 1.7 (measured by prism coupler).  
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Fig 3-13. FWM setup used to characterize the non-linearly sensitized 

photorefractive polymers of Chapter 3. The writing beams are from an optical 

parametric amplifier (OPA) pumped by an amplified Ti-Sapphire femtosecond 

system. The tunable OPA provides 130 femtosecond pulses at a repetition rate of 

1000HZ with pulse energy equal to 30mJ at a wide range of wavelengths from UV 

to IR (2500nm). The beam is split into two arms to form the writing beams which 

are combined at the sample position. The fs pulses have a spatial temporal 

coherence length of approximately 30µm, and an automated delay line is 

incorporated into the system to ensure pulse overlap at the sample position. The 

pulse overlap is monitored using third-harmonic generation in a χ
3
 thin-film.  
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Reading was achieved with a much weaker (power ratio 1:100) p-polarized beam, 

which was propagating collinearly with one of the writing beams. A cw laser diode 

operating at the same wavelength with irradiances as high as 22W/cm
2
 was also used in 

order to demonstrate non-destructive readout. The gratings written were in Bragg (thick 

grating) regime (Q>10). Figure 3-14 shows that strong diffraction of cw 1550 nm laser 

light has been observed from the photorefractive grating written into the new polymer 

composite with a time-averaged irradiance (sum of both writing beams) of 9.9 W/cm
2
. 

In agreement with Kukhtarev’s model applied to orientational photorefractivity in 

polymers in the space-charge limit,
1
 the diffraction efficiency increases with the fourth 

power of the applied external field. For the highest fields we observe almost 3% internal 

diffraction efficiency. The grating recording process was fully reversible, i.e., the 

gratings could be erased by illumination with either one of the writing beams. The TBC 

experiments performed with this polymer at 1550 nm using the setup described above 

have revealed a net TBC gain of 5 cm
-1
 at an applied field of 57 V/µm, which further 

confirms the photorefractive nature of the grating formation. The response time in the 

current polymer under these conditions was a few seconds. 

 

 3.3.5 Non-Destructive Readout at 1550nm 

 

 The approach of sensitization through nonlinear absorption provides the 

inherent advantage of non-destructive read-out using cw laser light.
 
On one hand, as 

mentioned above, the holograms are erasable using short pulses at 1550 nm. Figure 3-
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15 demonstrates that when using higher-power pulsed reading beams, the 

photorefractive gratings were erased at an increasing rate beyond their intrinsic 

thermally induced decay. 

 

Fig 3-14. Electric field dependence of the diffraction efficiency measured in a four-

wave mixing geometry at 1550nm.  The data is taken at the steady state of the 

diffraction efficiency with maximum overlap of the writing pulses.  To guide the 

eye a fourth power dependence is plotted together with the experimental data.  

 

In striking contrast, the application of 1550 nm cw reading beams, with the same 

average power as the pulsed ones, did not affect the decay of the gratings.  
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Fig 3-15.  Time dependence of grating decay, indicating non-destructive readout. 

At time zero, both of the writing beams were blocked simultaneously. The orange 

and black triangles represent cw reading with optical powers 0.12 mW and 0.016 

mW, blue and gold squares represent pulsed reading with average optical powers 

0.12 mW and 0.016 mW, respectively. The decay was unaffected by the cw reading 

beam power, while the pulsed reading is power sensitive.  
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In Figure 3-15, the grating decay can be characterized with a second order 

exponential function in the form of  η = A1 exp (-t / t1) + A2 exp (-t / t2). The  data fits to 

this function with parameters A1= 6.55, A2= 0.688, t1=2.7 s, t2=35.5 seconds for 0.12 

mW pulsed reading (gold), A1= 4.71, A2= 1.38  t1=4.6 s , t2=35.5 seconds for 0.016 mW 

pulsed reading (blue),  A1= 3.916, A2= 2.12, t1=5.4 s ,  t2=50 seconds for 0.12 mW  cw  

reading (orange and  A1= 3.87 , A2= 2.13 , t1=5.4 s , t2=50 seconds for 0.016 mW cw 

reading (black). The insensitivity of the photorefractive grating decay on the cw reading 

beam intensity provides a clear signature of non-destructive read-out. This feature is 

particularly valuable in applications where very high reading beam intensities are 

required to achieve sufficient signal-to-noise ratios.  

 

 3.3.6 Beam-Clean Up at 1550nm 

 

 One of the main difficulties in free-space optical communication systems has 

been to find an effective but low cost way to correct the distortions induced by turbulent 

atmospheric conditions. To demonstrate the capability of our polymer composite as a 

media for real-time adaptive optical correction of image-bearing beams in free-space 

laser communication, an experiment based on phase-conjugated read-out of the 

photorefractive hologram was performed. Optical phase-conjugation has found 

important applications in free-space data links when employed in the 

retromodulator/conjugator configuration.
69
 The experimental scheme illustrated in 
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Figure 3-16 has been applied with all beams operating at 1550 nm. An image carrying 

femtosecond laser beam (object beam) passed through an imaging lens and a phase 

distorting aberrator. The Fourier transform of the distorted image was formed in the 

sample and interfered with a collimated reference beam from the same laser source. A 

cw probe beam counter-propagating to the reference beam read the recorded hologram 

and a wavefront-reversed replica of the object beam was generated through diffraction 

by the hologram. The diffracted signal propagated once again through the distorting 

aberrator and was inversely Fourier transformed. In the plane of a CCD device a 

reconstructed image was obtained and compared to a simply transmitted image.  

Figs. 3-17a to 3-17c illustrate the accuracy of this dynamic aberration correction 

scheme. Without an aberrator (scattering medium) the reconstructed image showed all 

the features of the original object and our simple thin film device was able to produce 

an image with almost 97% of the pixel reconstructed correctly. As shown in Fig. 4c, the 

insertion of an aberrator strongly disturbed the transmitted image, in this case to a 

degree where close to 50% of the camera pixels were in the wrong state. However, the 

reconstructed image with the same aberrator in place resembles the original object 

within 6% of all pixels, a number that almost equals the reconstruction error without 

any aberrator. In comparison with other adaptive optics techniques that require a 

distortion compensation actuator, a wavefront sensor, a control unit as well as 

associated electronics, the use of photorefractive hologram for beam cleanup is simple, 

low cost, and all-optical.  
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Fig 3-16. Beam clean-up at 1550nm using a photorefractive polymer phase-

conjugating mirror. 

 

Fig 3-17. Correction of an optical image after propagation through an aberrating 

medium. a) The reconstructed image in the absence the distorting medium. b) The 

distorted image transmitted through the aberrator and the polymer thin-film 

device, in which the lines are indistinguishable c) The corrected image through 

readout of the hologram.   
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In conclusion, we have extended during this work the wavelength range of 

organic photorefractive devices to the optical communications window around 1550 

nm.
13
 At this important wavelength we demonstrated the recording of photorefractive 

holograms and holographic image correction using an all-organic thin-film device. Non-

destructive read-out has been shown to be an inherent, advantageous feature of the 

applied scheme of nonlinear absorption sensitization.  

 

3.3.7 Improvement of Diffraction Efficiency and Response Time 

 

 

The photorefractive polymer composite (PATPD: 7-DCST: DBM: ECZ at 50: 

25: 10: 15 wt %) nvestigated in the previous chapters exhibit approximately 3% 

diffraction efficiency at 1550nm with several seconds of response time. In order to 

improve both efficiency and response time of the materials sensitive at this wavelength, 

we have investigated different compositions based on the same functional components 

by paying attention to the design criteria outlined in Section 2.7. 

 

In photorefractive polymers with low Tg the orientational non-linearity 

(birefringence) is the dominant effect for the recording of holographic gratings.
1
 The 

nonlinear optical chromophore aligns with the net electric field in the medium, resulting 

in a very large index modulation. Ellipsometric measurements of photorefractive 

polymers provide valuable information on the strength of the index modulation that is 

due to birefringence. We have performed ellipsometric measurements on our 
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composites
28
 in order to determine the optimum ratio of various functional components. 

The recipes for the composites were varied to obtain similar Tg around room 

temperature.  The index change obtained at the highest applied fields for the composite 

PATPD/7-DCST/ECZ/DBM (49:40:10:1 wt. %) (C1) was 9 × 10
-3
 (Fig 3-18). For this 

composite, the refractive index modulation is more than an order of magnitude larger 

than that of the previously reported IR operating polymer composite,
11
 PATPD/7-

DCST/ECZ/DBM (50:25:15:10 wt. %) (C2), which showed an index change of 4.5 × 

10
-4
 at the same applied field. Increased NLO chromophore loading is usually the main 

reason for the improved index change in polymer composites with the same Tg. 

Interestingly, however, the index change in another composite, PATPD/7-

DCST/ECZ/DBM (50:25:20:5 wt. %) (C3), which contained the same amount of 

chromophore as C2 but a smaller amount of sensitizer showed an index change of 9 × 

10
-4
 at the same applied field. The reduction of the DBM sensitizer dye loading from 10 

wt. % to 5 wt. % increased the index modulation significantly. Considering that the Tg 

for these materials are similar, this result indicates  
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Fig 3-18. Refractive index change as a function of the applied electric field for 

composites PATPD/7-DCST/ECZ/DBM (49:40:10:1 wt. %) (C1), PATPD/7-

DCST/ECZ/DBM (50:25:15:10 wt. %) (C2) and PATPD/7-DCST/ECZ/DBM 

(50:25:20:5 wt. %) (C3) measured by steady state ellipsometry at 1550 nm.  

 

that the room temperature orientation of the NLO chromophore is adversely affected by 

higher sensitizer loadings. As a result of the ellipsometry measurements, the sensitizer 

concentration of 1 wt. % that was used in C1 was found to be the optimum, giving the 

maximum index change with the fastest response.  

 

To measure the diffractive strength of the refractive index gratings written in C1, 

we have performed four-wave mixing (FWM) experiments using a pulsed (130 fs) laser 
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at 1550 nm. The s-polarized output from a Ti-sapphire pumped optical parametric 

amplifier tuned to 1550 nm and operating at a repetition rate of 1000 Hz was used for 

writing beams in a traditional FWM geometry with the addition of a delay line to ensure 

temporal overlap of the pulses in the polymer sample.  Reading was achieved at the 

same wavelength using a counter propagating p-polarized CW beam from a laser diode. 

Both the transmitted and diffracted beams were monitored using photodiodes and a 

lock-in amplifier. The writing beams were focused to a spot size of 180 µm (diameter) 

at the sample position and the reading beam diameter was 60 µm. A smaller than usual 

reading beam diameter was used to ensure overlap of the reading beam and the 

photorefractive grating, which is confined to a small volume due to TPA writing. The 

pulse energy used for writing the holograms for these experiments was around 4.5 µJ. 

Figure 3-19 shows the internal diffraction efficiency as a function of applied electric 

field for C1 measured in the FWM setup described above. In this experiment we 

observed 40 % internal diffraction efficiency at an applied electric field of 65 V/µm at 

1550 nm. This is more than an order of magnitude improvement compared to a 

previously reported two-photon photorefractive polymer composite. It is clearly seen 

that the diffraction efficiency over-modulates at fields exceeding 65 V/µm, showing a 

sine-squared field dependence as expected.
3
 The strong diffraction of IR light from this 

photorefractive thin-film device shows that the nonlinear writing scheme has important 

potential in holographic applications. Since the absorption of CW light was negligible at 

this wavelength, the use of the powerful CW reading beams (up to 20 mW) had no 

effect on the holographic writing/reading/erasure processes in this polymer. In these 
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experiments the grating decay time was independent of the CW reading beam power, in 

contrast to the case where pulsed reading beams were used. The easing of the restriction 

on reading beam intensities and non-destructive readout are important advantages in 

read-only memory and laser communication applications of photorefractive materials.  

 

 

 

Fig 3-19. Internal diffraction efficiency at 1550 nm as a function of the applied 

electric field for composite C1. The writing beam pulse energy is 4.2 µJ (sum of 

both beams). The solid line is the theoretical fit.  

 

The response time of photorefractive grating recording is an important 

parameter in practical applications such as real-time beam clean-up. To determine the 

temporal characteristics of our polymer composites, transient FWM experiments were 
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performed using a fast photodetector and a computer interfaced data acquisition system. 

Figure 3-20 shows the diffraction efficiency as a function of time for C1 measured 

using the experimental setup described above. At t=0, the one of the writing beams is 

unblocked and photorefractive grating build-up is observed at an applied electric field 

of 93 V/µm and a pulse energy of 11.4 µJ focused to a spot with a diameter of 180 µm. 

The data fit to a bi-exponential function: 

 

                        )]}/exp()1()/exp(1[{sin 21

2 ttmttmBA −−−−−⋅=η            (100) 

 

as described by the coupled wave equations for transmission gratings
25 
provided a fast 

response time (t1) of 35 ms with a weighing factor of m=0.45, which is very close to the 

so-called video rate response time of 33 ms.  

 

 

With C1 we have also performed TBC measurements using the same source at 

1550 nm (Figure 3-21). In these measurements we have observed a net gain of 20 cm
-1
 

at an applied electric field of 95 V/µm using p-polarized irradiation with total pulse 

energy of 6 µJ focused to a diameter of 180 µm.  
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Fig 3-20. Diffraction efficiency as a function of time for composite C1 showing 

grating build-up. At time zero the writing beams were turned on. The data fits to 

the bi-exponential function (1) with a fast time constant (m=0.45) of 35 ms (solid 

line).  

 

 

Fig 3-21. TBC gain as a function of the applied electric field for p-polarized 

irradiation at 1550 nm.  
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3.3.8 Thermal Fixing of Holograms at 1550nm 

 

Partial erasure of gratings by the reading beam (destructive readout) is one of 

the main problems to address in photorefractive holographic applications. In many 

systems where the readout is destructive, the reading beam intensities are kept at very 

low values, usually less than 1% of the total writing beam intensity, to avoid loss of the 

data.
 
However, the use of low power probe beams is undesirable because it results in 

small signal-to-noise ratios in practical applications such as imaging through turbulence 

and optical communication. Non-destructive readout was demonstrated in 

photorefractive polymers by use of TPA sensitization. Although this allows the use of 

much more powerful CW reading beams, intrinsic thermal decay still limits the storage 

time of the PR holograms.  To avoid thermal decay and demonstrate true fixing of 

holograms, we have used a thermal fixing technique and stored the holograms at lower 

temperatures in our polymer devices at 1550nm after recording them at room 

temperature.  The temperatures of the polymer thin-film devices were reduced from 

25
o
C to around 8

o
C (using a commercially available low-cost thermo-electric cooler), 

while the writing beams and electric field were kept on.  At 8
0
C, the writing beams were 

turned off and the diffraction efficiency was monitored by the 1550 nm CW reading 

beam with an irradiance of 150 W/cm
2
, almost 5 orders of magnitude larger than what 

was previously used where the readout was destructive. As demonstrated in Figure 22, 

no significant loss of the diffraction efficiency is observed for many minutes. The 

holograms could be retrieved after hours with still high efficiency.  In striking contrast, 
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the photorefractive gratings decayed at a much faster rate at room temperature, being 

erased completely in a few minutes. By temperature dependent ellipsometry and 

photoconductivity measurements the reduced mobility of the NLO chromophore (7-

DCST) and charge carriers (holes) at low temperatures were found to be responsible for 

the fixing of the holograms.  The fixed gratings could be completely erased by 

increasing the temperature above 15
o
C and illuminating with one of the pulsed writing 

beams.  

 

We have recorded two-dimensional images in our polymer thin-film devices and 

retrieved them several minutes after the writing beams were turned off (Fig 3-23). 

Although some of the edge information was lost because of non-linear writing, the 

images could be retrieved with relatively good contrast. The holographic images could 

be retrieved without significant loss after 10 minutes, while the non-fixed holograms at 

room temperature almost completely decayed in 90 seconds, demonstrating the 

effectiveness of the combination of thermal-fixing and NDR in applications such as 

optical data storage.  
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Fig 3-22. Thermal fixing of the photorefractive hologram and its non-destructive 

readout.  At t = 0 the writing beams are blocked while the powerful (~150W/cm
2
)
 

CW reading beam probed the hologram at an electric field of 38V/µm.  The 

diffraction efficiency is normalized to its value before blocking the beams.  The 

decay rate of the gratings is reduced significantly as the temperature is reduced 

from 25
0
C to 8

0
C as a result of NDR and thermal fixing. To demonstrate 

destructive reading, grating erasure at room temperature with a weaker pulsed 

reading beam having a time-averaged irradiance of 15W/cm
2 
is also shown.  
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Fig 3-23. Storage of a hologram by thermal fixing at 5
0
C.  At t = 0 the writing 

beams were blocked and the hologram (vertical bars from a resolution target) was 

retrieved by the reading beam that was observed by a CCD camera through a 

rectangular aperture at the camera position. Figures from (a) to (d) demonstrate 

the decay of a non-fixed hologram at room temperature in less than 2 minutes. 

Hologram fixing over ten minutes is shown through Figures (e) to (h) for 10 

minutes. 

 

3.4 Conclusion and Outlook 

 

IR sensitivity at 1550nm was demonstrated for the first time in photorefractive 

polymer composites. The performance of IR sensitive photorefractive polymers 
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composites was brought to a level where practical applications may be possible. 

Combination of non-destructive readout with thermal fixing for obtaining long-lived 

holograms has been demonstrated. FWM diffraction efficiencies of 40% with a 

response time of 35 ms, net TBC gain of 20 cm
-1, 
non-destructive readout and thermal 

fixing show that the TPA writing scheme has important potential for IR sensitive 

holographic materials. TPA sensitization of photorefractive polymers is a rather new 

area and theoretical foundations of this topic are not well developed. Incorporation of 

non-linear absorption sensitization to the standard equations outlined in section 2.2.3 

and their solutions would be a valuable contribution to the better understanding of the 

physics underlying the TPA sensitization of photorefractive polymers. 

 

The main limitation of current IR sensitive photorefractive polymers is their 

small TPA cross sections, on the order of 150 GM. The small TPA absorption requires 

the use of amplified femtosecond pulses and large sensitizer loadings. With the 

improvements in TPA sensitizers and compact, low cost short pulsed fiber lasers this 

approach to IR sensitization may be feasible for practical applications of dynamic 

photorefractive holography such as adaptive optics in free-space optical 

communications, medical imaging and holographic data storage.  
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4 THE FIRST UPDATEABLE HOLOGRAPHIC 3D DISPLAY 

 

4.1 Introduction to 3D Displays 

 

There has been a considerable amount research dedicated to the development of 

three-dimensional (3D) imaging and displays as 2D images give only limited 

information about an object or a scene. Most of the depth cues that humans visual 

systems utilize do not exist in 2D projections. The depth cues that 2D imaging provide 

are perspective, occlusion, familiar size and atmospheric haze.
71
 The four dept cues that 

are missing from 2D images include stereo parallax, movement parallax, 

accommodation and convergence. 3D displays systems provide all of the 2D depth cues 

plus some of the 3D depth cues, but all 3D displays provide stereo parallax, which 

improves the realistic nature of the objects or scenes quite dramatically.  

 

Stereo parallax is described as seeing different perspective images of an object 

with each eye (Fig 4-1). It has been shown
72
 that humans react to 3D images much 

differently than they do to 2D images: Three-dimensionality gives a “situational 

awareness” that can not be achieved with lesser dimensional imaging. 3D displays make 

possible simultaneous display of a large amount of realistically multiplexed data. This is 

a particularly important property for applications such as medical imaging, surgical 

planning and military imaging. For example, the enormous amount of 3D data 

generated by advanced medical imaging tools such as MRI, PET Scan or Multi-Photon 



 

 

147 

Microscopy are still examined by traditional 2D displays such as computer screens. 

This reduction from 3D to 2D significantly reduces the effectiveness of these advanced 

medical imaging tools.   

 

 

 

Fig 4-1. Stereo parallax effect. Each eye sees a different perspective of the object. A 

3D display needs to provide the same stereo parallax and project a different image 

to the each eye. The images for the left and the right eye should not be seen by the 

opposite eye (adapted from Ref 73).  

 

  

The role of the brain in viewing and perception can not be over emphasized. The 

human brain is designed to “see what it needs to see”, that is, the brain tends to perceive 

objects or scenes in 3D even if they lack some of the 3D depth cues. This property 
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allows for simplifying the 3D display design and development by omitting some of the 

depth cues that are hard to implement. For example, due the physiological locations of 

the human eyes, vertical parallax is not fully utilized by the human visual system, which 

makes horizontal parallax only (HPO) displays look realistically 3D. Another example 

is the accommodation.
73
 The human brain can judge distance of an object when 

adjusting for focus. The eye focuses onto different parts of the object to judge the 

distance, thus creating a depth map of the object. When the object plane and image 

plane in a 3D display do not match, the accommodation depth cue is compromised. 

However, the human experience during visualization of such a display can be much 

better than expected: the brain adjusts to the scene and uses prior knowledge, and the 

errors in accommodation are hardy recognized. Another interesting example, though not 

directly related to 3D imaging, is the image integration property of the human brain. 

Certain types of laser accidents may result in blind spots in the retina. Initially, a dark 

spot is perceived in the field of view, similar to “bad pixels” in a CCD camera. After a 

while, the brain erases these bad pixels by integrating vision from the damaged cells 

with the surrounding healthy cells, and the overall vision becomes normal again. In 

short, human brain is an important part of the human visual system, and understanding 

how it works is essential in design of 3D imaging tools.  

 

 Among a variety of 3D display technologies, autostereoscopic displays stand out 

as they do not require special eyewear such as goggles.
74
 The 3D images from an 

autostereoscopic display are directly projected to the human eye, eliminating the 
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unwanted effects of intermediate imaging tools such as eye fatigue and motion sickness. 

In addition, although the use of goggles provide a user with excellent command of the 

scenes and objects, it is not always practical when there is more than one user. The first 

types of autostereoscopic 3D displays such as parallax barrier and lenticular sheet 

technology were developed almost a century ago.
73-76

 These are classified as spatially 

multiplexed displays, in which the resolution of the image is split between multiple 

views. Other approaches include the multi-projector (a projection device used for each 

view), time-sequential (a single, fast projector used for all views), and hybrid systems. 

Spatial multiplexing is widely used as it enables relatively simple, low cost systems 

with acceptable resolution. Multi-projector and time-sequential systems are rather 

complex, and require large installations and equipment. The interested reader should 

consult References 71, 73 and 77 as they present excellent overviews on various types 

of 3D display technologies.  

 

Among different types of autostereoscopic 3D displays holographic displays are 

the most interesting, as they provide large amounts of data with unmatched resolution 

and realistic imagery. The amount of data displayed on a 10cmx10cm holographic 

monochrome display is around several terabytes (spatial resolution~3000lines/mm). 

Holography is the storage of optical information in a material through a physical change 

of the material properties, and provides the highest number of human depth cues. The 

combination of ultra-high resolution, high volume of data displayed and physical 

realism of the wave-fronts created by holograms make them the ultimate display 
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technology.  For example, the holographic 3D displays developed by Zebra Imaging, 

Inc. exhibit full-parallax, full-color holograms with very large sizes (several feet across) 

and dazzling image quality, resulting in extremely realistic floating images.
78
 Humans 

are naturally attracted to holograms, which is why holography has found wide 

applications in advertisement and entertainment (i.e. holographic video-phones in the 

Star Wars movies). Although holographic displays have come a long way since their 

discovery decades ago, several issues including the limited capabilities of the recording 

materials and extremely large amount of computation required have hindered their 

widespread use. With current improvement trends in the clock speed of electronics and 

software development, it is estimated that the computation problem will be overcome in 

the next few years. Material development for dynamic holographic 3D displays, on the 

other hand, remains as a significant challenge.    

 

4.1.1 Motivation for Dynamic Holographic 3D Displays 

  

Static holographic 3D displays with impressive resolution, image quality and 

size have been already commercialized.
78
 Their applications range from military 

imaging (battle space planning) to medical imaging, industrial design and advertisement. 

The first static holographic displays were recorded on silver halide photographic films. 

Recently, photopolymers such as those developed by DuPont and Memplex have been 

employed with outstanding results. These are write-only displays: dynamic erasing and 

updating of the images in the photopolymer media is not possible. Many applications 
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require dynamic updating of the images, as the real life objects or scenes that are being 

imaged change over time. In addition, the current photopolymer based 3D displays are 

extremely costly solution to 3D imaging. The fixed nature of the photopolymer based 

displays prohibits the updating of images, resulting in high cost per 3D image.  The 

ultimate goal in 3D display research and development is large format displays that 

satisfy all the human depth cues with high resolution and dynamic real-time imagery. 

The main obstacles in reaching this goal are the static, or very slow holographic 

recording media currently being employed in holographic 3D displays.  

 

For many cases, near real-time updating capability, which lies between real-time 

and static, would prove extremely useful. Consider, for example surgical planning. 

Large amounts of 3D data are currently generated with advanced imaging techniques 

such as MRI. Unfortunately, old-fashioned 2D computer screens are the main tool for 

visualizing this 3D data. It has been shown that only a small fraction of the information 

generated by advanced imaging tools is currently being used due to the lack of 3D 

imaging tools. If a display which is capable of recording a large format, full-color, full 

parallax, high resolution 3D image in few minutes, store and display it for hours (near 

real-time), and erase it and update with a new image when needed would exist, every 

hospital in the world would want one of that machine. Similar considerations apply to 

military imaging, industrial and architectural design, and advertisement. Current 

commercially available static holographic 3D displays are extremely costly. The ability 

to change the 3D image every few minutes is equivalent to purchasing a new static 
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display every few minutes, which reduces the cost per image significantly for large 

numbers of images.  

 

In addition to the above mentioned motivations, the extremely demanding 

computational and data transfer requirements for large area, real time (33 HZ) displays 

makes near real-time, updateable 3D displays a viable solution for today’s world. In 

order to achieve this goal, however, new material systems with fast recording, long 

storage and erasing capabilities need to be developed and deployed in an optimized 

system. Neither a material that combines these properties nor the system did not exist 

before the current work. 

 

4.1.2 Technical Approaches to Dynamic Holographic 3D Displays 

 

Here we will review shortly the various technical approaches used to develop 

dynamic holographic 3D displays. We will exclude the discussion of holographic 3D 

displays using photorefractive polymers as this will be rigorously discussed in the 

following chapters.  A good review paper
77
 exists that deals with various types of 3D 

displays as well as the basic principles in 3D display design and development. 

 

Acousto-optic modulator based 3D displays: 
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Acousto-optic modulators, also called Bragg cells, use sound waves to diffract 

light in a controlled fashion by use of the acousto-optic effect. They are widely used in 

optoelectronics industry for switching, modulation and frequency control. A 

piezoelectric transducer attached to a transparent material, which induces vibrations that 

create traveling sound waves. As a result of the mechanical compression and expansion 

of the material a refractive index change is induced that can be controlled by controlling 

the frequency and phase of the piezoelectric transducer. This control of the refractive 

index change can be used to diffract light in a pre-determined direction.  

 

Steve Benton at MIT was the first to use acousto-optic modulators (AOM) for 

dynamic 3D displays.
74, 79

 Their system, also called a synthetic aperture 3D display (Fig 

4-2), was based on a single AOM made of a TeO2 crystal operated in the slow shear 

mode. In this more the sound wave propagated, regions with the different elastic shear 

exhibit a refractive index change, thusly modulating the phase of an optical beam 

traversing the crystal. The computer generated holographic (CGH) data is transferred to 

the optical beam via the AOM. The crystal has an aperture time of around 40µs, that is, 

the holograms recorded in the crystal decay and disappear within this timeframe. 

Therefore, this device does not exhibit memory (persistent storage of the holograms). It 

operates at several hundred MHZ. The crystal has a size around 2cmx0.5cm, and the 

optical view zone it creates is 3
o
. Such small viewing angle is not sufficient for direct 

viewing; therefore optical demagnification is used before the images are projected. The 

most important feature of the display is the vertical and horizontal scanning used for 
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creating holograms across the crystal. Since the crystal does not have memory longer 

than 40 microseconds,   the laser beam needs to be scanned across the crystal within this 

time frame so that a complete hologram is recorded. To achieve uninterrupted display, 

complete images need to be displayed for at least 33ms (30 Hz refresh rate), which 

require continuous scanning of the crystal. Such continuous scanning and recording of 

optical information makes computation and data transfer a significant challenge in this 

type of devices that lack memory and severely limit the achievable size and resolution 

of the display.  

 

 

The final demonstration system (Mark I) developed by this group achieved a 

display with an image size of 25x25x25mm
3
 with a viewing angle of 15

o
 and a refresh 

rate of 20 HZ. To beat the computational bottleneck new and faster algorithms have 

been proposed. 
80
 The use of multi-channel AOM’s is also demonstrated that would 

make parallel recording of CGH data possible, which can lead to larger display sizes. 

Recently, the MIT group has announced their last generation (Mark II) electronic 

holographic 3D display that is capable of rendering full-color holograms with a size of 

150x175x150 mm
3
 with a 36

o
 view zone with a frame rate of 2.5 Hz.

81
 This system 

employs 2 AOM with 8 channels each, working in a cross firing geometry.  

 

Liquid Crystal Holographic Optical Elements for 3D Displays 

 

 

Liquid crystal display (LCD) based devices have shown tremendous 

improvement in the last few decades. In 1995, Jones et al. reported
82, 83

 a display 
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geometry based on an LCD projector which uses diffractive elements to create the 3D 

effect. The diffracting optical elements (DOE) are placed in front of LCD devices as 

shown in Figure 4-3. Each of the LCD pixels corresponds to one of the partial pixels in 

the HOE. 

 

Fig 4-2. Schematic drawing of the MIT electronic holographic 3D display capable 

of dynamic image projection (Adapted from Ref 79). 
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Fig 4-3. 3D display geometry employing LCD devices (adapted from Ref 77). 

This device supported a 3D image with 135 x 90 pixels. The main advantage of this 

approach is that it combines the existing LCD technology with HOE devices. However, 

the number of pixels seen by the observer is significantly reduced in this partial pixel 

approach. More recently, Dodgson and co-workers have demonstrated 
84
 a spatially 

multiplexed design that employs LCD devices for projection. The main disadvantage of 

the LCD based designs is that they are limited in space-bandwidth product, size and 

resolution with the LCD device capabilities. Although LCD’s are superb projection 

media for 2D images, their resolution, size and refresh rates are far smaller than what is 

required for displaying life-size, high resolution 3D images.  

 

MEMS Based Holographic 3D Displays: 
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 Micro-mirror array devices can be used for efficiency directing light and 

changing its phase, which can be used for holographic recording of 3D images. 

Huebscmann and co workers have used the Texas Instruments Digital Light Processing 

(DLP) micro-mirror chip for this purpose.
85
 The DLP consists of 1024x768 micro-

mirrors that are controlled individually by associated electronics and computers. The 

high reflectance aluminum micro-mirrors are each 16x16µm
2
 and are used to record 

CGH’s into a holographic image reconstructor in real-time (Fig 4-4). Although the 

actual MEMS device is small, the images are projected to a size of 25x30x40cm
3
 using 

magnification. This type of display has the immediate advantage of using readily 

available hardware. Unfortunately, the memory problem we mentioned for the AOM 

based displays exist here too, which severely limits the actual size and resolution of the 

3D images. Most importantly this display does not exhibit parallax, but only creates the 

illusion of parallax, making it of limited use.  
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Fig 4-4. Optical setup used for MEMS based 3D holographic display (Adapted 

from ref. 85). 

 

 

 

Fig 4-5. An image form the MEMS based 3D holographic display. 

4.1.3 Holographic Stereography 

 

 Holographic stereography is a commonly used technique to create spatially 

multiplexed holographic 3D displays. Spatial multiplexing can be described as 
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recording a complete hologram onto a photosensitive medium pixel-by-pixel. Each 

holographic pixel is a composite hologram that diffracts light in pre-determined spatial 

directions (Fig 4-6). Under illumination, such a pixel creates different intensity patterns 

along different viewing angles (perspectives).   

  

In a traditional display, a pixel represents the intensity of the light emitted over a 

small area defined by the pixel size. The emitted light, in general, will be projected 

forward with a broad angular spread. In such a system, a viewer cannot intercept or 

perceive any change in the image when his/her viewing angle is changed. 

 

In a spatially multiplexed stereogram, each pixel will “look different” from 

different angles, and when properly designed and recorded, create a 3D display that 

exhibits depth and parallax. 

 

Holographic stereography was first investigated by King, et al, in 1968 and 

several improvements to the technique and materials followed soon afterwards. 
86-89

 The 

earlier stereograms were recorded on silver halide emulsions. Since then, a variety of 

materials including photopolymers have been used with significant success, resulting in 

high quality large format holographic displays. 
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Fig 4-6. Spatially multiplexed holographic stereogram (Ref 77). 

 

 

 

There are several techniques available for attaining a 3D effect, such as a 

computer-controlled virtual reality simulator and a maze-like optical illusion stereogram. 

The holographic technique discussed in this section provides a more natural way of 

viewing a 3D image, without creating illusions or requiring the assistance of optical 

instruments. Holographic stereography is the most practical technique for creating 3D 

views as close to the natural 3D imaging as possible. The typical recording geometry 

for a holographic stereogram is shown in Figure 4-7. First, the 3D perspective 

information is fed into an optical display, such as spatial light modulator. The display 

encodes the illumination beam with this information, which then is relayed to the 

photosensitive film via optics, usually a focusing lens. An aperture (slit) can be used to 
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define the illumination area. A coherent reference beam illuminates the same area 

simultaneously, which allows the optical recording of the perspective data. Once the 

recording is complete, the film is translated to the next holographic pixel position.  

 

 

Fig 4-7. Pixel-by-pixel recording of a holographic stereogram onto a photosensitive 

film. 

 

The 3D perspective data are pre-calculated using a simple method. First, 3D 

perspective images are generated using ray-tracing methods, a 3D computer model, or 

an actual camera that moves along tracks around an object of interest. The camera takes 

a picture from each viewing angle, say, with 1 degree increments between each picture. 

These images are then “sliced” into an array of pixels with a size equal to the size of the 

holographic pixel. Although there are large number of optical parameters that must be 
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taken into consideration, the rule of thumb is to set the holographic pixel size smaller 

than the size of the human pupil (~2mm). To better visualize this slicing process, lets 

confine ourselves into horizontal parallax only stereography. In this case, the 

perspective images are sliced into stripes rather than pixels (Fig 4-8). In Figure 4-8, 

each picture is given a number representing a different perspective of the same slice in 

the actual object being viewed. For example, Picture 1 represents the way the actual 

slice looks from the far left of the display. Likewise, the Picture 9 is how the pixel looks 

from the far right hand side.  

 

 

 

Fig 4-8. Recording of different perspective views of the same spot of the actual 

object into a single pixel on the photosensitive film. 

Thus, this stereogram is divided into 9 view zones. This composite picture (1 to 9) 

forms the 3D perspective data of a single slice on the actual object, which is recorded 

into a same sized slice of the photosensitive film. When illuminated using a reading 
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beam, this “holographic slice” will reconstruct the exact optical information that was 

used to record it, creating the perspective views of the actual slice of the object (Fig 4-

9). This way, a complete hologram is recorded to the entire film slice-by-slice, thusly 

creating a spatially multiplexed stereogram. The same scheme follows for full-parallax 

stereograms; the only difference is that the slicing must be performed in both directions. 

As a result, a pixel-by-pixel processing and recording geometry should be adopted, 

which is simply the extension of the 1D parallax recording geometry to 2D parallax. As 

the object beam is reconstructed, information on the projection screen during the 

recording is retrieved, but in a reverse order, as shown in Fig 4-9. During the 

reconstruction, the viewing windows at the observation plane are multiplexed according 

to the recorded projection screen. Each window may see a different light intensity on 

the partial object pixel. The pixel area has a higher intensity when looking toward an 

object segment recorded bright and a lower intensity when looking toward one recorded 

dark. This simple scheme works very effective in creating large area, complex 

holograms.  

 

There are several considerations that must be taken into account when 

generating holographic pixel perspective data. In a realistic looking stereogram usually 

at least 50 view zones are necessary, otherwise the transitions between different view 

zones become noticeable. Spatial misalignment must be avoided in the desired view 

zone (Fig 4-10). 
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Fig 4-9. Reconstruction of the composite hologram using a reading beam. Each 

picture (1 to 9) reconstructs a perspective view of the same spot from different 

angles. 

 

 

Since the spatial response of a hologram is finite, holographic displays can project 

images into a finite cone of angles, which is called the view zone. This is the zone in 

which the observer will experience 3D effects such as depth and parallax, as long as 

diffracted light from all of the pixels reach to this zone. Out of this zone, the image 

suffers loss of intensity and correct perspective.  In Figure 4-10, the view zones of two  

neighboring pixels separated by a distance (d) do not overlap in the entire cone of 

angles that the hologram diffracts light into, resulting in areas that the 3D image will 
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lack the correct perspective. Only in the common view zone will the 3D image can be 

viewed properly. The correct geometry requires diffraction into a different cone of 

angles of each pixel so that the individual view zones completely overlap in the 

common view zone (Fig 4-11). 

 

 

 

Fig 4-10. The spatial misalignments from two different pixels during 

reconstruction. 

 

In addition, the distance between the neighboring pixels can create what is called a 

“running effect” in which the transition between the individual perspectives become 

noticeable. The running effect can be avoided by appropriately mixing the perspective 

information between neighboring pixels. 
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Fig 4-11. (Top) Perfectly aligned pixels at the observation plane where d is the 

maximum distance between the leftmost and the rightmost pixels. (Bottom) The 

result is the correct projection of the perspective images into different view zones 

(adapted from Ref. 77). 
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 Holographic stereography has been the method of choice for the development of 

high resolution, large format holographic 3D displays. Variations of the technique have 

been implemented in a variety of commercial applications with impressive results. All 

of these displays, however, have been of static nature due to unavailability of dynamic 

recording materials with the desired properties. In the following section we will review 

some of these materials and investigate alternative materials that could satisfy the 

requirements for use in dynamic holographic 3D displays. 

 

4.1.4 Material Requirements for Dynamic Holographic 3D Displays 

 

Holographic storage materials have come a long way since the first 

demonstration of the technique by Gabor with silver halide photographic emulsions, 

which brought him the Nobel Prize in 1971. 3D display applications based on 

holographic stereography require demanding performance from the recording medium. 

Here we consider the material requirements for a dynamic 3D display suitable for 

practical use, and review the current recording materials under the light of these 

requirements.  A “practical dynamic 3D display” is a rather loose term and needs to be 

better defined. Some of the requirements regarding 3D displays are as follows: 

 

High Spatial Resolution:  

 

The holographic recording material needs to support a large viewing angle 

without the use of optical demagnification. In other words, a high quality holographic 
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3D display diffracts light in a large cone of angles so that the viewers experience a 3D 

effect directly on the recording plate (screen) without intermediate optics. The viewing 

angle can be anywhere from 30 degrees to 120 degrees, depending on the application. 

This imposes strict spatial resolving requirements on the holographic recording material. 

Typically, a spatial resolution of 1000 to 5000 lines/mm is required at the visible 

wavelengths.   

 

 

Fig 4-12. Recording of a spatially multiplexed holographic 3D display requires 

high spatial frequency response form the holographic material. The spatial 

frequency resolution determines how wide the viewing zone is (from 

zebraimaging.com). 
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High dynamic range:  

 

The dynamic range is the maximum refractive index modulation that the 

recording material can provide multiplied with the thickness. It is a direct measure of 

the diffraction efficiency, and is related to the amount of information that can be 

multiplexed in a single point in the holographic material. For large dynamic range, the 

brightness and signal-to-noise ratio of the display increases. A typical value for the 

refractive index modulation requirement for 100µm thick films is 0.01.  

  

 High sensitivity: 

 

Sensitivity is a measure of material response with a given light intensity. The 

sensitivity of the holographic recording material should be in agreement with the 

desired diffraction efficiency and available laser power for a given application. For 

some applications pulsed illumination is required. The sensitivity of a material can be 

very different for short pulses. The sensitivity determines the overall efficiency of the 

recording process, the total power consumption and the time required to complete 

recording. If the sensitivity is low, more exposure will be required to record a hologram, 

increasing the 3D image turnaround rates.  

 

Large size: 

 

The size of the recording material determines how much optical information can 

be displayed with the 3D image. Optical magnification can be used to make 3D images 
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look bigger with the cost of reduced spatial resolution, but for many applications this is 

unacceptable. There are not many holographic recording materials that can support a 

size larger than a few cm’s. For example, dynamic holographic 3D displays based on 

AOM,
79
 MEMS micro-mirror array devices

85
 and photorefractive crystals

90
 are 

inherently limited to small sizes which prevented their wider use. The main parameter 

that relates the recorded optical information to the recording material size is the space-

bandwidth product
91
 defined as: 

 

                                                                                      (101) 

 

Here, (SW)H is the space-bandwidth product, L is the lateral dimension of the recorded 

hologram, A/d is the viewing zone size divided by the viewing distance which is a 

measure of the maximum viewing angle and λ is the recording wavelength. The larder 

the dimension of the hologram, the bigger the space-bandwidth product becomes.  So 

far, scaling up the size of dynamic holographic recording materials has been one of the 

challenges in the development of holographic 3D displays.  

 

Dynamic recording capability: 

 

Among a variety of holographic recording media, only very few of them exhibit 

the dynamic recording capability. Most of the recording media (Table 4-1) such as 

photographic emulsions, photopolymers and photosensitive glasses are permanent and 
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do not allow the erasing of recorded holograms. Some of the candidate materials that 

allow dynamic recording and erasing are summarized in Table 4-2. Photorefractive 

crystals and polymers are among the very few dynamic holographic materials capable 

of large diffraction efficiencies and high spatial frequency. 

 

 Image persistence: 

 

There are two options for realizing dynamic holographic 3D displays. The first 

approach, which was utilized for AOM, MEMS or LCD based displays, is the temporal 

multiplexing of holograms. These systems lack memory, meaning that the recorded 

holograms decay/erase very fast, not allowing the storage of 3D images. These systems 

use fast scanning and rapid updating of the holograms in order to create the illusion of 

persistence. As long as the whole hologram is recorded and persists for less than 33µs, 

and update rates of 30Hz are achieved (Video Rate) the human eye does not recognize 

the on-off nature of the image. Such fast refreshing allows real-time 3D displays. 

However, the huge amount of data computation and transfer limits achievable display 

sizes to very small devices.  Just to display a still 3D image with a size of a few tens of 

cm’s these systems require data transfer rates on the order of one terabyte/s.   
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Table 4-1. Recording materials used for holographic applications. 

  

The alternative to using scanning holographic systems is to use holographic materials 

that have memory. By having memory, we mean that the recorded holograms do not 

decay fast so that they can be stored and viewed for a desired amount of time without 

need for refreshing. Obviously, such materials are not suitable for real-time applications 

that require refreshing of the whole holograms at least 30 times a second. On the other 

hand, these materials can be efficiently employed for near real-time applications (turn 

around rates of a few minutes) if they possess the capability of recording holograms fast, 

storing them for a long time and erasing them when necessary. For a meaningful 

application, the storage persistence time needs to be much longer than the required 

writing time of the composite holographic display. For example, if a the entire 3D 

image can be written or erased in 10 minutes, the material needs a persistence of at least 
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several tens of minutes, but the longer persistence it has the more useful the display is. 

Up until the current work, such holographic materials did not exist. Photorefractive 

materials allow recording and erasing of holograms quite efficiently and are capable of 

response times ranging from milliseconds to hours, however almost always their 

persistence time is on the same order of their writing/erasing time. In other words, if 

photorefractive holograms write fast, they also decay fast, and vice versa, rendering 

them useless for near real-time updateable holographic 3D displays. A figure-of-merit 

(FOM) that relates writing time and persistence of near real-time holographic displays 

could be defined as: 

 

FOM=Persistence time per single hologram/ Total writing time 

 

For a practically useful holographic display consisting of several hundred pixels, a 

FOM ranging from 1000 to 10000 may be necessary, depending on the total number of 

pixels. Although thermal fixing can be used to improve the persistence of holograms in 

photorefractive media, the cumbersome apparatus required for this technique and 

significant reduction of performance in the fixed holograms prevented its use for 

display applications. In subsequent sections we present a novel technique invented 

during this work that improves the writing speed in inherently slow photorefractive 

polymers, which enabled the demonstration of a FOM of 2000. Using this technique, it 

has been possible to record life size holographic displays within a few minutes that 
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persist for hours, constituting the first practical updateable near real-time 3D displays to 

date.
27
  

 

 

 

Table 4-2. Properties of different dynamic storage materials prior to this work. 

Photorefractive polymers stand out as superb materials for near real-time 

holographic 3D displays. 

 

Table 4-2 shows clearly that photorefractive polymers are the only dynamic recording 

materials that would satisfy the previously mentioned requirements except for the FOM. 

Most importantly, they are capable of very large sizes, making them the favorite 

candidate recording material for holographic 3D displays.  
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4.2 Photorefractive Polymers for Holographic 3D Displays 

 

As seen in Chapters 2 and 3, photorefractive polymers offer important 

advantages such as high diffraction efficiency, sensitivity in a large spectrum in the 

visible and IR wavelengths, dynamic recording and large area. In addition to these, a 

large FOM (fast writing and long persistence) is required to adapt photorefractive 

polymers for use in 3D displays. Unfortunately, prior to this work such combination of 

properties in a single photorefractive polymer composite did not exist, which prevented 

their use in display applications. Combining these properties in a single material is a 

significant challenge: in most cases these properties are by definition exclusive to each 

other. For example, the design criteria for fast recording and long persistence are 

complete opposites. A photorefractive polymer is made fast by increasing the charge 

transport properties, which means reducing the impurities (traps) in the composite. Such 

reduction of trap density and increase of conductivity result in fast erase and decay 

times. Also, when photorefractive polymers have a fast response time, the amount of 

photocurrent passing through the material is also high. Such high currents often result in 

catastrophic breakdown of the dielectric structure, resulting in damaged or completely 

destroyed devices, making the fabrication of large area devices with sufficiently long 

lifetimes impossible.   

 

Nevertheless, one needs to start from existing materials with a baseline of 

parameters, and move from there improve to the most critical of these parameters while 
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compromising some of the others. Previously, high efficiency photorefractive polymers 

with a wide range of spectral sensitivities were developed both in our group and in 

research groups elsewhere as we have seen in sections 2.7 and 2.10. Initially, most of 

our work at the organic photonics group at the University of Arizona was focused on 

improving the writing speed of photorefractive polymers and making them more 

suitable for dynamic applications that require fast writing/erasing response times. Soon 

after we have started working on the 3D displays, we have realized that a change of 

direction is needed as this application dictated long persistence of holograms as the first 

and foremost requirement. While it is possible to make fast polymers more persistent by 

use of thermal fixing techniques, it was soon realized that such techniques had little use 

for 3D display applications which required simultaneous thermal fixing of a large 

number of pixels while keeping the display surface clear from any heating/cooling 

elements such as thermoelectric devices. Use of laser heating (such as CO2 lasers) for 

thermal fixing was also initially investigated, but little improvement was achieved in 

this direction. As a result, it was realized that starting from an inherently persistent (but 

also slow) material was the most time efficient approach if the writing process in this 

material could be accelerated.  

 

4.2.1 Improvement of Persistence 

 

Among a variety of existing materials, the very efficient visible sensitive 

composites based on PATPD polymer
23
 were found not to exhibit necessary persistence.  
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The typical decay time for these materials is 100ms for continuous wave (CW) 

exposure, and is less than 10ms when pulsed exposure is used. Two material directions 

have so far been taken into consideration for improving the persistence: (1) include 

more impurities which has higher HOMO energy level than the other elements 

composite to act as trapping agents (2) modify the transport matrix to incorporate 

different side groups with optimized HOMO energy levels through copolymer approach. 

The former method has not been successfully implemented so far; on the other hand, the 

latter method has shown promise and opened a new direction for material studies. 

 

In the copolymers, molecules with different HOMO energy levels attached to 

the backbone of a polymer are used to alter the trapping properties of a polymer 

composite. The charge transport and trapping can be controlled through adjusting the 

relative ratio of functional elements attached to the copolymer backbone. During a 

single pulse exposure, the decay time of a homopolymer-based composite is less than 

10 ms (Fig 4-12); while for a copolymer-based composite the decay time can be 

extended to 1-3 s (Figure 4-13). As seen in the Figure 4-13, the copolymer approach 

clearly improves the persistence, however the diffraction efficiency is somewhat 

reduced. Understanding the charge transport and trapping process is very critical for 

improving the FOM. To meet the objectives required for display applications, we have 

explored energy levels of various functional components used for composite 

development for improving the FOM. For example, the more conventional hole-

transport matrix poly(n-vinylcarbazole) (PVK) (-5.9 eV) has an energy level close to 7-



 

 

178 

DCST (-5.92 eV). It is possible to increase persistence by using this hole transport 

matrix, while not sacrificing too much write/erase speed. A second approach is to select 

plasticizers or chromophores that have the ability to provide more persistent traps with 

PATPD as a host. In addition to that, a more strategic approach is to combine molecules 

(TPD, carbazole (CbZ) and DCST) that have different frontier orbital energies in a 

copolymer system. A composite based on the TPD:CbZ:DCST (5:5:1) copolymer 

transport moiety which has been developed by the University of Arizona/Nitto Denko 

Technical team has proven persistence for several seconds (Figure 4-13) with a 

diffraction efficiency of 18%.  

 

 

 

 

Fig 4-12. Hologram decay dynamics of a homopolymer based photorefractive 

polymer composite (adapted from Ref 24). 
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Fig 4-13. Decay dynamics for a copolymer composite under the same conditions 

with Fig 4-12 (adapted from Ref 24). 

 

More recently, we have developed composites with significantly better 

persistence. As mentioned above, there are two approaches for making photorefractive 

polymer devices; (i) a ‘guest-host’ approach in which a photoconductive polymer is 

selected and other components are added to it to make a composite (ii) a copolymer 

approach in which different functionalities for the photorefractivity are attached to the 

polymer backbone. The advantage of the guest-host approach is that different 

components can be easily varied to accomplish fine tuning of the properties required for 

given applications. The main drawback of this approach is the high probability of phase 

separation due to the difference in the entropy of mixing of the various components. 
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The phase separation can be minimized by the second approach where a multifunctional 

polymer is used to develop photorefractive devices. The downside of this approach is 

the tedious synthetic steps involved in developing a multifunctional copolymer and loss 

of the convenience of fine tuning the properties.  

 

In order to circumvent the drawbacks of these two approaches, we developed a 

new copolymer just with hole transporting moiety and another group which is very 

similar in chemical structure to the nonlinear chromophore. We used a copolymer with 

polyacrylic backbone to attach pendant groups, tetraphenyldiaminobiphenyl-type (TPD) 

and dicyanostyrene (DCST) in the ratio 10:1 (PATPD-DCST). This was accomplished 

by the synthetic modification of the polyacrylic TPD (PATPD) polymer.
89
 The rational 

behind attaching DCST pendant group is to develop a host medium which is more 

compatible with the other components in a guest-host system. It has been proved that 

this approach is successful since the photorefractive composite we prepared from 

copolymer survived phase separation in an accelerated aging test at 60
0
C for 7 days 

whereas a similar homopolymer composite phase separated. 

 

Our guest-host composite was developed so that the host PATPD-DCST 

copolymer provides the optical absorption and subsequent charge generation and 

transport at the desired wavelength.  In order to lower the glass transition temperature 

(Tg) of the composite a plasticizer (9-ethyl carbazole (ECZ)) was added to the system. 

The necessary nonlinear electro-optic (NLO) properties are achieved by adding a 
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fluorinated dicyanostyrene (FDCST). We paid special attention to ensure high purity of 

all the component materials used for making devices.   

  

The preparation of the polymer composite was carried out by dissolving 

TPD:DCST : FDCST :ECZ in a weight ratio 50:30:20 in cyclopentanone solvent, 

sonicating the mixture in an ultrasonicator for 4 h, evaporating off the solvent using a 

rotary evaporator, and completely drying the sample in a vacuum oven at 60
0
C for 8h.    

A small portion of this composite was sandwiched by melting between two indium tin 

oxide (ITO) electrodes with the desired thickness set by glass spacer beads placed in 

between them.  The films were cured at 130
o
C for 4h and used for the fabrication of the 

devices. The assembled sample was rapidly cooled down to room temperature to avoid 

crystallization of the composite. The devices were sealed with epoxy adhesives to limit 

the exposure of the material to the environment.  

 

This composite exhibited significant improvement in the persistence time, 

showing hologram decay times up to an hour in the dark.
29
 The maximum steady state 

diffraction efficiency was around 40 % for an applied field of 50V/µm (Fig 4-14). It 

was also observed that making large area samples from such a composite make is 

susceptible for dielectric breakdown as the probability of shorts and pinholes across the 

sample is directly proportional with the area. In order to solve the problem of short life 

time, we have employed a dielectric buffer layer, which resulted in significant 
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improvement in both the lifetime and the photorefractive characteristics of the thin-film 

devices. 

 

4.2.2 Improvement of Device Lifetime Using a Dielectric Buffer Layer 

 

The main cause of electrical damage to photorefractive thin-film devices is the 

catastrophic dielectric breakdown of the polymer. The thin-film polymer is biased at 

very high voltages, many times as high as 100V/µm. If there is a pinhole, a short or an 

impurity that could create a short under high bias anywhere in the sample, a large 

localized current is induced across the sample between the electrodes which creates a 

micro explosion, rendering the whole sample useless. Optical illumination only makes 

this only worse as the photoconductivity levels are orders of magnitudes larger than 

dark conductivity in good photorefractive polymers. Although great care is taken to 

purify materials used for composite preparation dielectric breakdown is the major 

challenge in fabricating large area thin-film devices.  

 

In order to block the catastrophic charge injection from the ITO electrodes we 

have utilized high dielectric constant buffer layers between the electrode surface and the 

polymer composite. The amorphous polycarbonate (APC) buffer layer was fabricated 

by spin-coating of 20% APC cyclopentanone solution onto ITO coated glasses. The 

films were cured at 60
o
C ~130

o
C hotplate for 4hrs and followed by 60

o
C vacuum 

overnight drying. The APC buffer layer thickness is 20µm. Photorefractive devices 
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were prepared by melting-pressing of the composites at 150
o
C between two APC coated 

ITO glass substrates. High optical quality films were obtained while the thickness of the 

films was set to 100µm by using spacers. 

  

With the introduction of the buffer layer, several improvements have been 

observed. First, the life times of the thin-film devices were greatly enhanced. In fact, the 

dielectric breakdown of the samples has become almost impossible under typical 

conditions used for FWM experiments. Samples survived the worst conditions such as 

very high applied fields (100V/µm or more) and focused laser beams (tens of W/cm
2
). 

Even samples that are broken or damaged keep on working on the non-damaged parts. 

The improvement of the lifetime and resistance to dielectric breakdown allowed us to 

fabricate the largest photorefractive devices ever, with a size of 4x4inch
2
. As of 

10/19/2007 none of these samples have shown any signs of damage or degradation in 

performance since they were fabricated a year ago. 

 

Another improvement observed by the use of buffer layer is the increased 

diffraction efficiency and reduced operation voltage (Fig 4-14).
29
 The samples with the 

APC buffer layer exhibited two times more diffraction efficiency at the same voltages 

reaching almost 90% efficiency at around 40V/µm. The overmodulation field shifted 

from 50V/µm to 40V/µm. Such a dramatic increase in diffraction efficiency can be 

explained by the elimination of competing space charge fields
32
 by the buffer layer; a 

process that is still not well understood. The two-beam coupling (TBC) gain coefficient 
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for the non-buffered samples at 5kV is around 40cm
-1
 while the buffered samples show 

a gain coefficient of -200cm
-1
 (Fig 4-15). The inversion of the TBC energy transfer 

direction in the buffered samples and dramatic improvement of the diffraction 

efficiency and TBC gain magnitude may indicate an electron dominated space-charge 

field. This assumption is further supported by the fact that the APC is a hole blocker 

while it allows the injection of electrons from the ITO electrodes to the polymer. 
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Fig 4-14. Diffraction efficiency vs. applied voltage for 100µm thick samples at 

532nm. The reading beam is at 633nm, which is out of the absorption band of the 

material. The efficiency increases significantly when the buffer layer is used (Ref 

29).  
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The use of the APC buffer layer further improves the hologram persistence in 

this inherently slow composite. The holograms can persist for several hours in the dark 

(without writing beams) at an applied voltage of 4 kV for 100µm thick samples, while 

continuously being probed with a red (633nm) laser beam. The 633nm wavelength lies 

beyond the absorption band of this composite and therefore does not contribute to the 

hologram decay process. The writing time in the buffered samples is around 20 s under 

standard conditions of 1W/cm
2
 irradiance at 532nm. 
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Fig 4-15. TBC gain vs. applied voltage at 532nm. The gain reverses sign and 

increases significantly when buffer layer is used. 

 

The overmodulation voltage of the buffered samples reduces with the increased 

buffer layer thickness (Fig 4-16). A thickness of 20µm was found to be optimal for the 

diffraction efficiency, writing time and decay time under the same writing conditions.  
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The writing time in the buffered samples is around 20 s under standard conditions of 

1W/cm
2
 irradiance at 532nm (Fig 4-17). This is already equivalent to a FOM of several 

hundreds, which can be further improved by using a higher irradiance during recording. 

However, such a FOM is not sufficient to record large area 3D displays, as the time that 

takes to complete the whole display would be very close to the decay time of the 

holograms. 

 

 

 

Fig 4-16. Overmodulation voltage vs. buffer layer thickness for 100µm thick 

samples. 
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4.2.3 Improvement of Writing Speed: Voltage Kick-Off 

 

The use of the buffer layer significantly improved the efficiency, lifetime and 

persistence of the current composite. In order to reach FOM>1000, the slow response 

time of 20 s needs to be brought close to 1 s. While it is well known that using a higher 

than normal bias would increase the writing speed, a steady bias higher than the 

overmodulation voltage would result in reduced diffraction efficiency in photorefractive 

polymers and also make the dark decay of the hologram rapid as well.  During a group 

meeting the author brought up the idea of temporarily increasing the applied voltage to 

increase the writing speed, and then reducing it to its optimal value (overmodulation 

voltage) after writing of the hologram is complete. This way, the writing process would 

be faster due to the initial increased voltage, but the decay time would be long as a 

result of the reduced voltage after the completion of the writing. It was envisioned that 

the FOM would significantly increase by using this technique, which we dubbed “the 

voltage kick-off technique”. 

 

Writing dynamics using the voltage kick-off are shown in Figure 4-18. The 

dotted line shows the photorefractive grating buildup at constant elevated voltage of 

9kV, which is very much above the optimal (overmodulation) voltage of 4kV. The 

black solid line shows voltage kick-off writing, using a writing time of only 0.5 seconds 

in which the voltage is elevated (9kV) and the writing beams are turned on. After 0.5 

seconds, the writing beams are turned off and the voltage is reduced to 4kV. 
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Fig 4-17. Writing dynamics of the buffered sample at a constant bias of 5kV and 

9kV. While the sample responds faster at the higher voltage, it also decays faster 

resulting in a reduced FOM. 

 

 Interestingly, the diffraction efficiency keeps on building even in the dark 

(writing beams off), and reaches almost 50% with only 0.5 seconds writing under 

1W/cm
2
 illumination at 532nm. For increased writing times, the final diffraction 

efficiency is higher. The use of this technique has important advantages for 3D displays 

as the writing time per pixel can be brought down significantly without affecting the 

persistence (Fig 4-19), thus making the use of inherently slow polymer composites 

possible for 3D display applications without the need for thermal fixing. 
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Fig 4-18. Writing dynamics using voltage kick-off. The writing beams are tuned on 

at an elevated voltage of 9kV for only a short amount of time, and then they are 

turned off. After the writing beams are turned off the voltage is reduced to the 

optimal value of 4kV to ensure hologram persistence. 

 

In the following sections we will summarize the results achieved using this polymer 

composite and a variation of the described voltage kick-off technique, which made 

possible the demonstration of the first holographic 3D display suitable for practical 

applications.  
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Fig 4-19. Dark decay dynamics of the buffered sample with and without using 

voltage kick-off at 5kV. The total writing time used for the black line was 20s, 

while a total writing time of only 0.5s was used for the red line. Note that the decay 

of the diffraction efficiency has the same time constants in both cases.   

 

 4.3 A Fully-Automated 3D Holographic Printer 

 

Another important aspect of holographic 3D displays is the holographic 

recording system and associated optical, mechanical, data acquisition, control and 

computer systems. In this section we will review the hardware and the software that was 
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developed for this purpose. The holographic printer consists of a dedicated optical table, 

an enclosing semi-transparent box, optics, two lasers, electro-optic shutters, associated 

electronics, an LCOS spatial light modulator, a translation stage and various power 

supplies (Figures 4-20 and 4-21).  The PC controls the writing laser, electro-optic 

(Pockells Cell) shutter, the translation stage and the high-voltage power supply via a 

Lab View interface. Let us now see in more detail the main components of the 3D 

holographic printer. 

 

4.3.1 Optics, Mechanics and Control 

  

The holographic printer used to record 3D holograms in the photorefractive 

polymers developed by the University of Arizona/NDT Technical collaboration is based 

on the well established technique of Fourier transform holography
93
 operating in 

transmission geometry, however significant changes are adopted to satisfy the 

demanding optical requirements. The typical Fourier transform holography (Fig 4-22) 

uses a converging lens to make a spatial Fourier transformation in the focal plane. The 

holographic recording material is in the back focal plane of the lens, and in the front 

focal plane there is a spatial light modulator (SLM) or an actual object. The laser beam 

modulated by the SLM is called the object beam. A coherent reference beam illuminates  
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Fig 4-20. Holographic printer. 

 

 

 

Fig 4-21. Laser controller (Coherent Verdi 5) and high-voltage amplifier used for 

controlling the electro-optic Pockels cell switch (top). 
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the same area of the polymer, thus creating an optical interference pattern. The same 

reference beam can be used to reproduce the recorded hologram (the object beam). 

 

 

 

Fig 4-22. Fourier transform geometry for recording holograms. 

 

The optical irradiance pattern for the object beam at the focal plane consists of a 

powerful zero order and many higher orders with reducing power (Fig 4-23). Most of 

the optical information is in the higher orders as they contain the edge and high spatial 

frequency information on the object beam (Fig 4-23a). Since photosensitive materials 

are almost always sensitive to the optical intensity level, these higher orders are 

recorded and therefore reconstructed with a reduced efficiency, resulting in the loss of 

optical information in the typical Fourier transform geometry. To avoid this, the 

position of the polymer can be slightly moved away from the focal plane, but this too 
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creates its own problems such as distortion and astigmatism. To avoid this, specially 

designed diffusers can be used to create a more uniform intensity pattern in the focal 

plane (Fig 4-23b). 

 

   

 

Fig 4-23. a) Fourier transform of the object beam at the focal plane. b) Focal plane 

intensity distribution when a diffuser is used in the beam path. c) A high spatial 

frequency object recorded and reconstructed uniformly by use of a diffuser. 

 

This uniform intensity pattern in the object beam allows recording and reconstructing 

optical information uniformly with minimal loss in the edge information (Fig 4-23c). 

Another advantage of the diffuser is the ability to create a controlled beam size and 

shape at the focal plane when holographic diffusers are used. The disadvantage, on the 

other hand, is the speckle pattern created by the diffuser which blurs the image and 

reduces the quality (Fig 4-24). To avoid this, diffusers specially designed to remove 

speckle should be used.
94
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Fig 4-24. Speckle pattern induced by a holographic diffuser. 

 

 Another important component in Fourier holography is Fourier transforming 

lens. First, the lens numerical aperture (NA) determines the maximum viewing angle for 

the 3D display. The cone of light created in the back focal plane is what is recorded to 

the polymer. For example, for a lens size of 20cm and focal length of 10cm, we obtain a 

maximum viewing angle of 90 degrees, given that the polymer is capable of recording 

and reconstructing the full cone.  Due to the large numerical aperture required for 

obtaining a large viewing angle, the design of the FT lens need to be done carefully to 

eliminate aberrations. Spherical aberrations induced by the fast lens cause distortions in 

the 3D image. A cylindrical lens can be necessary if HPO displays are being considered. 

Although low cost aberration corrected composite spherical lenses are plentiful, the 

availability of aberration corrected cylindrical lenses is a major problem if one is 

operating on a tight budget. 

 

 Now that we have reviewed major components in the Fourier transform 

holographic recording, we can discuss the optical setup that was built to enable the first 
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updateable holographic 3D display. The schematic drawing of the setup is shown in 

Figure 4-25. The laser is Verdi 5, which is a 532nm diode pumped solid state laser from 

Coherent.  It has a maximum power of 5 W at 532nm, and the coherence length of the 

laser is longer than 1 meter. It has a high spatial quality fundamental mode beam size of 

2mm. The laser beam is relayed to a polarizing beam splitter after passing through 

polarizers and filters, beam shaping optics and a Pockels cell electro-optic shutter 

controlled by the computer. This shutter has a response time on the order of 

microseconds. At the beam splitter, the beam is split into the object beam and the 

reference beam. The object beam passes through another beam splitter and illuminates 

the SLM. The SLM is LC-R 720 from Holoeye, Inc. It is a liquid crystal on silicon 

(LCOS) light modulator working in the reflection mode. The 2cmx1cm device area is 

divided into 768x1280 pixels and is capable of controlling both amplitude and phase of 

the incident light with a maximum refresh rate of 120 Hz.  

 

The SLM is controlled by the computer which loads the holographic pixel 

information into the SLM. The SLM works simply as a second monitor, and whatever is 

displayed on the computer screen is displayed on the SLM, making computer-SLM 

interfacing very easy. The object beam modulated by the SLM reflects from the beam 

splitter and passes through a telescopic beam expander. 
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Fig 4-25. Holographic recording setup used in the 3D display system. In the final 

system design, the reference and reading beams come from the top rather than 

from the plane of the optical table, allowing better Bragg matching between the 

red (633nm) reading beam and the hologram that was recorded with green 

(532nm) light.  

 

In the front focal plane of the cylindrical focusing lens there is a band-limited 

holographic 2D diffuser. The diffusing angle can be chosen based on the geometry and 

is usually around 0.5 to 5 degrees. The 2D diffuser creates a uniform intensity pattern 

from the object beam on the back focal plane of the cylindrical lens. A cylindrical lens 
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was used because the current setup and material dynamics do not allow recording of 

full-parallax 3D displays on large area polymers in a practical manner. The time 

required to record thousands of pixel is simply too long with the current capabilities. 

Therefore, we have adopted HPO recording. The horizontal parallax is introduced by 

the cylindrical lens focusing in the horizontal direction with a viewing angle of 45 

degrees. The lens does not focus in the vertical direction, therefore does not contribute 

to the vertical viewing angle. The vertical view zone, which is 5 degrees, is created by 

the vertical diffusion introduced by the 2D diffuser. This is enough to visualize the 

complete 4inch display from a distance of 50 to 75cm. The diffuse object beam is 

brought to focus by the cylindrical lens at the sample position. A vertical slit in 

proximity to the sample defines the illuminated area. The holographic pixel, or stripe 

recorded at the slit position is called a HOGEL, which refers to the term Holographic 

Element. The size of the slit depends on the sample size and the desired spatial 

resolution and HOGEL size, but is usually around 2mmx100mm. The reference beam 

also illuminates the same area. A computer controlled translation stage is used to move 

the sample to the next HOGEL position in sync with the electro-optic shutter that turns 

off the writing beams during translation. A reading beam from a 633nm He-Ne laser 

can be used to reconstruct the hologram. The diffracted red beam creates a viewing 

zone in the opposite side of the photorefractive sample with an angular size of 

approximately 45
o
x5

o
. The setup is built on a floating optical table which minimizes the 

mechanical vibrations. In addition, an enclosing box was built around the setup to 

eliminate vibrations caused by air currents (Fig 4-20). 
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 This setup was used for recording test holograms to determine the 

photorefractive polymer properties and the alignment of the optics. The very large range 

of horizontal spatial frequencies (angles) created by the high NA cylindrical lens and 

reading using 633 nm laser (degenerate reading) causes significant Bragg mismatch, 

pronounced as dark vertical lines across the field of view of the diffracted beam. This 

mismatch that significantly reduces the image quality is even more pronounced with 

larger samples. In order to eliminate this problem, we have modified the recording 

geometry and brought the reference and the reading beams to the sample from a vertical 

plane (Fig 4-26). The range of angles between the reference and the object beams is 

much smaller in the vertical reference beam geometry compared to in-plane reference 

beam geometry. The vertical reference beam geometry significantly helps reducing the 

Bragg mismatch in the horizontal direction, creating a uniform intensity diffracted field. 

On the other hand, for large samples it creates Bragg mismatch in the vertical direction, 

pronounced as horizontal dark lines seen across the display. This was solved by using a 

1D vertical diffuser in the reference beam path. The main role of the 1D vertical 

diffuser is to creates spherical wavefronts in the display plane, which were theoretically 

and experimentally shown to reduce or eliminate Bragg mismatch in the non-degenerate 

holographic recording geometries.
28,29

 Another advantage of the vertical reference 

geometry is that it reduces the problems regarding the overlap of the reference and 

object beams in a tilted geometry, which can be significant for small slit sizes.  
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Fig 4-26. Vertical reference beam geometry. The reference and reading beams 

come from a vertical plane, orthogonal to the plane of angles created by the 

horizontally focused object beam. 

 

4.3.2 3D rendering, Image Processing and Computation 

 

A 3D rendering software module was built based on a Matlab public domain 

graphics library using the method described in section 4.1.3. 3D objects were 

hierarchically built from graphic primitives such as cubes, cylinders and toroids.  

Objects were then rendered using polygons and surfaces. Surface reflectance, lighting 

and changing of camera positions were incorporated into the module. 3D perspective 

views of several 3D objects were generated using this software (Fig 4-27). The 

computation flowchart used for creating the HOGEL data is shown in Fig 4-28 which is 
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based on the method in 4.1.3 and the visual description of the process is shown in Fig 4-

29. The result is a collection of spatially multiplexed 2D images consisting of the re-

arranged perspective views of the 3D object, which we call the HOGEL data. Each 

HOGEL data contains the  

 

 

 

Fig 4-27. 2D perspective views of a 3D object generated by the MATLAB module, 

showing a 20 degree rotation in the azimuth. 
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Fig 4-28. HOGEL data generation flowchart based on the description on section 

4.1.3 

 

perspective view of a single spatial point on the 3D object, and is used to record a 

HOGEL in a pixel on the photorefractive polymer film that corresponds to this spatial 

point on the object. Examples of the HOGEL data that are uploaded to the SLM are 

shown in Figure 4-30. Such image processing creates significant computation 

challenges when full-parallax, high resolution, large area displays are considered. The 

use of HPO recording significantly simplifies the algorithm and reduces the 

computation time. 3D rendering and image processing differs for HPO recording and 

full-parallax recoding. HPO recording has considerably simpler computational 

requirements and the tools needed for image processing are commercially available. 

Even some freeware such as MilkShape can be utilized quite efficiently for simple 3D 

images. 
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Fig 4-29. Description of the HOGEL data generation based multiple viewpoint 

rendering for horizontal parallax. The same algorithm is re-applied to the HOGEL 

data in the vertical direction to create full-parallax images. 

 

The computation flowchart used for creating the HOGEL data is shown in Figures 4-28 

and 4-29. For HPO recording, we have used commercially available 3D models and 

software to create the 2D horizontal perspective views of various objects (Fig 4-31). 

These perspectives were processed with the same MATLAB module that was used for 

full-parallax with the exception of vertical slicing and re-organizing. In this case, the 

image quality obtained from the commercial 3D models is significantly higher that the 

code developed in our lab. 
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Fig 4-30. HOGEL data that belongs to the object in Figure 26. Each of these 

images is uploaded to the SLM and recorded in a single pixel (or stripe) on the 

photorefractive polymer film. The same algorithm is re-applied to the HOGEL 

data in the vertical direction to create full-parallax images. 

 

 

 

Fig 4-31. Horizontal perspective views of a commercially obtained 3D object 

created by using a 3D modeling software. The object is rotated around a given 

point in space with 5 degree increments. Typically a much smaller rotation angle 

(i.e. 0.5 degrees) is used to achieve a smooth transition.    
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4.4 The First Updateable Holographic 3D Display   

  

Using the methods, materials and apparatus described in the previous sections an 

updatable holographic 3D display based on HPO stereography was built using large 

area photorefractive polymer thin-film devices.
27
 To the best of our knowledge, no 

updateable holographic 3D display with memory and large enough area for practical use 

existed before this work. The photorefractive polymer devices developed by the 

University of Arizona/NDT Technical team were initially small with sizes ranging from 

1 to 2 cm
2
. Soon after we realized the benefits of dielectric buffer layer the device area 

scaled up initially to 2x2inch
2
 and then 4x4inch

2
. These are the largest photorefractive 

polymer devices shown to date, capable of recording and displaying hundreds of 

Terabytes of optically encoded information. In the following sections we will review 

the characteristics of the updateable 3D display based on these polymer thin-film 

devices. 

 

4.4.1 2inch Display with Horizontal Parallax 

 

A 3D display based on a 2x2inch
2
 photorefractive polymer device (Fig 4-32) 

utilised the polymer composite described in Section 4.2. A small portion of the 

composite TPD/DCST:FDCST:ECZ in a weight ratio 50:30:20  was sandwiched by 

melting between two indium tin oxide (ITO) electrodes with the 100µm thickness set by 

glass spacer beads.  To improve the hologram persistence and the life time of the 
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devices 20µm thick amorphous polycarbonate (APC) buffer layer was utilized on top of 

the ITO electrodes. The thick APC layer blocks catastrophic charge injection to the 

sample from the ITO electrodes, which is the main reason of dielectric breakdown of 

the samples. The devices were sealed with epoxy adhesives to limit the exposure of the 

material to the  

 

 

 

Fig 4-32. 2x2inch photorefractive thin-film device. 

 

environment. The PR thin-film devices show a diffraction efficiency of 90%, at a 

reduced applied voltage of 4kV using 532nm writing beams and 633nm reading beam 

in a typical four-wave mixing (FWM) measurement (Fig 4-13).  

 

The use of voltage kick-off reduces the total recording delay per HOGEL to less 

than a second. Given that the hologram decay time in this polymer is several hours, a 
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FOM of more than 5000 is achieved without the need for thermal or other fixing 

methods, which is a sufficient for holographic 3D display applications.  

 

 

 

Fig 4-33 The operation of the 3D display: Image processing, hologram recording, 

display and erasing. The 2D perspective views of the object are generated using a 

computer model or a video camera moving on tracks. The perspectives are then re-

organized (HOGEL data) and uploaded to the SLM. The SLM modulates the 

object beam that is relayed to the PR polymer using a lens and recorded in the 

Fourier transform geometry. The completed display can be viewed with the help of 

a reading beam. The result is realistic 3D imagery with parallax and depth. The 

holograms can be erased by uniform illumination at the writing wavelength 

(532nm). 
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The 2x2inch
2
 holographic 3D display (Figures 4-33 and 4-34) exhibits 

horizontal parallax and has a horizontal viewing angle of 30 degrees and vertical 

viewing angle of 5 degrees. The horizontal HOGEL size is 0.8 mm, resulting in a total 

of close to 60 HOGELS across the display. A writing time of 1s per HOGEL is used to 

record the display, resulting in a total recording time of 1.5 minute. The 3D hologram 

can be viewed with the help of a 633nm red laser beam or an LED. White light 

illumination in the transmission geometry creates a so called rainbow effect due to 

multiple diffraction of different wavelenths from the hologram and should be avoided. 

The 3D images persist and are visible for up to 2 hours with constant illumination at 

633nm at an applied voltage of 4kV. The hologram can be erased within a few seconds 

by uniform illumination and new images can be recorded onto the same polymer device, 

constituting the first updateable 3D display with memory and large size (Fig 4-35).   

 

 

 

Fig 4-34. 2x2inch photorefractive polymer based holographic 3D display. 
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During display recording a modified version of the voltage kick-off technique is utilized. 

In order to avoid individually controlling the applied voltage on each HOGEL, the 

whole display is recorded at an elevated voltage, and the voltage is reduced to its 

optimal value of 4kV after the display recording is complete. The fast decay during the 

application of elevated voltage did not have a significant effect on the display intensity 

uniformity. For larger displays, such a modification may be unacceptable which may 

require a correction to the HOGEL intensities during recording.    

 

4.4.2 4inch Display with Horizontal Parallax 

 

The same polymer composite was used to build 4x4inch
2
 photorefractive thin-

film devices (Fig 4-36) and used in the holographic printer.
29
 The scaling with size is an 

important aspect of display research for many reasons. First and foremost, the amount 

of data that could be recorded on a 3D holographic display is directly proportional to 

the display active area. Larger displays also support more depth and wider field of view. 

One of the main advantages of photorefractive polymers over other dynamic storage 

media is their potential for larger sizes. The polymer devices that were previously being 

tested in our lab had a size of only 0.5cm across, and it took only 2 years to scale their 

area by a factor of 400.  
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Fig 4-35. Images from the 2inch display. The persistence of the display is 

demonstrated in the top row, showing a 3D model of an ethane molecule from 

different perspectives and at different times following the completion of recording. 

The images are captured using a video camera moving in a circular track around 

the display. The hologram is visible for up to 2 hours.  Second row shows the 

erasing of a hologram using uniform illumination at 532 nm with in ten seconds. 

3
rd 
and 4

th
 rows show new 3D images recorded on the same display, 3D models of a 

sports car and a human brain, from different camera positions (perspectives).  
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The 4inch display is also based on HPO recording to minimize the total 

recording time. It supports a 45 degree horizontal and a 5 degree vertical view zone at a 

distance of approximately 50 cm. The display can be viewed from any distance, but the 

edges will be vignetted if the observed gets closer than 50cm. Again, a HOGEL size of 

0.8mm is used, which gives approximately 120 HOGELs in the horizontal direction. 

The vertical HOGEL size is 4 inches. The total writing time for the display was 

approximately 3 minutes. The extra delay is caused by the motion of the translation 

stage.  The persistence time of the 4 inch display is close to 3 hours (Figures 4-37 and 

4-38). The display brightness can be increased by increasing the exposure or the writing 

time. 3D images recorded to the display can be seen in Figure 4-38. 

 

 

 

 

Fig 4-36. 4x4inch photorefractive polymer thin-film device. 
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Fig 4-37. Dynamic characteristics of the 4x4 inch sample using voltage kick-off 

(Ref 29). 
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Fig 4-38. Images from the 4inch 3D display. Top row shows the persistence of the 

3D image: the image can be viewed with naked eye for 3 hours. Second row shows 

the erasure. 3
rd
 and 4

th
 rows show new images recorded on the same display from 

different perspectives, demonstrating horizontal parallax (Ref 29). 
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The biggest difference between 4inch display and the 2inch display is high detail and 

quality of the images in the 4 inch display. In addition, the depth -which can not 

captured by an ordinary 2D video camera- is much more pronounced in the 4inch 

display creating a true 3D experience. The visual inspection of the 4inch display is 

much more satisfying compared to the 2 inch display, highlighting the role of size in 3D 

display applications.  

  

4.5 Conclusion and Outlook 

 

A considerable amount of research has been dedicated to the development of 3D 

imaging
 
as 2D images give only limited information about an object or a scene due to 

their lack of parallax and depth. 3D imaging techniques that rely on special eyewear 

have unwanted side-effects such as eye fatigue and motion sickness. Holographic 3D 

displays are immune to these problems as they are viewable with the naked eye 

(autostereoscopic) and simulate natural human vision. Humans are naturally attracted to 

holograms, which is why holography has found wide applications in advertisement and 

entertainment. Current static holographic displays are capable of displaying terabytes of 

data and come at practically any size with full-color, full-parallax and depth, resulting 

in floating imagery.  

 

Previously, dynamic 3D holographic displays based on acousto-optic, liquid 

crystal displays
 
and MEMS based recording media have been demonstrated. 
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Unfortunately, these devices do not have memory thus do not have persistence of 

recorded images. This lack of persistence results in the requirement of update rates 

faster than 30 Hz to avoid image flicker. Since 3D images have very high information 

content of 3D images this high refresh rate requirement currently limits real time 

holographic displays to small sizes. To extend dynamic 3D holographic displays 

towards practical applications alternative recording materials with reversible recording 

capabilities and significantly larger sizes are needed.   

We have developed PR polymer composites with exceptional properties such as 

large size, high efficiency, fast recording, image persistency, long life time and 

resistance to optical and electrical damage, satisfying many of the major requirements 

for use in holographic 3D displays.
29
 These advances have allowed us to demonstrate 

the first updateable, near real-time 3D holographic display large enough for practical 

use, which has immediate and far reaching impact on a variety of technologies. The 

future prospects of dynamic holographic 3D displays for scientific and commercial 

applications seem bright if several important improvements can be made.  

 

Scaling up the display size is important requirement for holographic 3D displays. 

Photorefractive polymer thin-film devices have much potential here as the fabrication of 

larger (several feet across) films is possible with standard polymer film casting and 

molding techniques. This potential is evident from the improvement of the device size 

demonstrated in this work that resulted in 400 times larger polymer samples in just 2 

years. In addition to the scaling up of single devices, thin film devices can be tiled 
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together to achieve practically unlimited display sizes as demonstrated by static 

holographic 3D display systems.
78
 The main issue in achieving larger sizes is therefore 

not the small device sizes but rather the long times required to update the displays. 

 

The most important requirement for an updateable holographic 3D display is to 

achieve a high figure-of-merit (FOM). Full-parallax displays utilize thousands of 

HOGELS, which make the total updating time significantly long with the current 

writing times of a few seconds per HOGEL. Short pulsed recording was employed for 

static holographic 3D displays
75
 which reduced the total recording time for large size 

displays from days to tens of minutes. In this case, several hundred HOGEL’s can be 

recorded within a second when high repetition rates are used. Another advantage of 

pulsed recording is the significant improvement on the image quality. High frequency 

mechanical vibrations always present in the holographic printer systems result in the 

partial, and sometimes complete washout of the holograms when CW writing is used, 

resulting in reduced contrast and image blur. Short pulsed lasers such as those that 

illuminate the recording material only for a few nanoseconds practically freeze these 

vibrations in time, completely avoiding image blur. Photorefractive polymers respond to 

pulsed writing equally well
94
 as long as the exposure levels are adequate for holograms 

to build up. The 532nm CW laser exposure used in the 3D display recording of Section 

4.4.1 was approximately 50mJ/cm
2
. There are commercially available diode-pumped or 

flash-lamp pumped solid state lasers that could deliver such energy in a single 10ns 

pulse, with a repetition rate of 100HZ. Use of such laser systems with the current 
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photorefractive polymer composites of Section 4.2 would bring the recording time for 

full-parallax, 1x1 feet
2
 displays to around a few tens of minutes, making their 

immediate feasible application possible.   

 

Improvement of the image persistence can contribute significantly to the FOM. 

This can be achieved by new formulations of the photorefractive composite taking trap 

densities and depths into account. Fixing of the holograms (section 3.3.5) can solve the 

FOM problem completely, however new techniques and apparatus need to be developed 

for efficient use of thermal fixing in 3D displays. The electrical cooling/heating 

elements used for thermal fixing are too bulky and complex to be used in display 

applications. For high Tg polymers, ITO based transparent pixilated heating elements 

can be employed in thermal fixing as shown in section 3.3.5. Laser such as CO2 and 

other IR lasers can also be used for very fast, localized heating of photorefractive 

polymers. Polymer composites can be doped with semiconductor or metallic 

nanoparticles and nanoshells, which are frequently used for efficient localized heating 

of tissue in laser therapeutics. Thermal fixing of holograms in photorefractive polymer 

composites is a rather undeveloped field which requires further research for use in 

updateable holographic 3D displays. 

 

The transmission recording geometry is not suitable for obtaining larger fields of 

view. Especially for photorefractive polymers, the tilted sample orientation creates 

additional problems in the transmission geometry such as non-uniform diffraction 
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efficiency across the field of view.
98
 Reflection geometry avoids this problem and 

creates a much wider field of view, and therefore is the preferred recording geometry. 

On the other hand, the maximum diffraction efficiency in photorefractive polymer 

composites in the reflection geometry is rather low. One of the main reasons for 

reduced efficiency is the very small grating period, usually on the order of 200nm at 

visible wavelengths. The charge trap densities and mobilities need to be adjusted for a 

polymer composite to response well in reflection geometry. In addition to the reduced 

efficiency, the reflection holograms are much more susceptible to mechanical vibrations. 

And finally, reflection geometry requires degenerate readout due to the very severe 

Bragg selectivity of reflection holograms. This would require the use of reading beams 

at the same wavelength of the writing beams, which in turn makes the decay of the 

holograms faster, reducing the FOM. Therefore, thermal or other fixing of holograms 

need to be employed if reflection geometry will be implemented in 3D displays. 

 

Color is one of the fundamental human visual cues. Although monochrome 3D 

displays are being widely used, color display capabilities are desired for many 

applications in order to take full advantage of the 3D nature of the images. 

Photorefractive polymers have demonstrated extraordinary spectral flexibility, with 

polymers operating in the entire visible spectrum and in the IR as well. The absorption 

spectrum of a typical optical chromophore covers several hundred nanometers in the 

visible, and combinations of different chromophores can be mixed into the 

photorefractive polymer to cover red, green and blue. Another approach that avoids the 
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use of multiple chromophores is the angular multiplexing of holograms. In this 

technique, transmission holograms are recorded at a single wavelength with three 

different angles so that the hologram lattice constants would Bragg match to red, green 

and blue. This technique is favorable as it requires a single chromophore and a single 

writing laser, which makes the design of composites and optical apparatus significantly 

simpler than for multi-color recording.  

 

The recording technique described in 4.3.2 is based on simple algorithms with 

minimal geometrical and intensity corrections intended for demonstration of the concept, 

and is in no sense complete or optimized. There has been large amount of previous 

research dedicated to developing image rendering tools for 3D imaging. Although 

simple corrections to compensate for the optical aberrations and intensity variations can 

be incorporated to the current software, much more research and development is needed 

to take full advantage of the capabilities of our 3D display.   

 

More research is needed on human-display interfacing and interactive use of 3D 

displays. Humans react to 3D imagery much differently than they do to 2D, and 

physiological and psychological aspects of this interaction are rather underdeveloped 

fields of research. Such knowledge, of course, can only be expanded once dynamic 3D 

displays become available. Finally, potential new uses for dynamic and near real-time 

3D displays need to be explored, which can help sustaining the interest and enthusiasm 

in this field that has periodically generated great excitement, but so far delivered 



 

 

220 

relatively little. I believe that the current work and the demonstration of the first 

updateable holographic 3D displays based on photorefractive polymers will be a step 

forward in this direction.  
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ABBREVIATIONS 

 

 

PVK  poly(N-vinylcarbazole) 

CbZ   carbazole 

PATPD  poly (acrylic tetraphenyldiaminobiphenyl) 

TPD   N,N'-bis(3-methylphenyl)-N,N'-diphenyl-1,l'-biphenyl-4,4'-diamine 

PPV   polyphenylenevinylene 

TPD-PPV  triphenylamine dimmer phenylenevinylene 

TNFM  (2,4,7-trinitro-9-fluorenylidene) malononitrile 

TNFDM  (2,4,7-Trinitrofluoren-9-ylidene)malononitrile 

7-DCST  4-homopiperidinobenzylidenemalononitrile 

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

ECZ   N-ethyl carbazole 

BBP   butyl benzyl phthalate 

PR   photorefractive 

OE   orientational enhancement 

EO   electro-optic 

NLO   nonlinear optical 

HOMO  highest occupied molecular orbital 

LUMO  lowest unoccupied molecular orbital 

CT   charge-transfer 

Tg   glass transition temperature 

OLED   organic light emitting diode 

IR   infrared 

ITO   indium-tin oxide 

TBC  two-beam couplin 

FWM   four-wave mixing 

EFISH  electric field-induced second harmonic generation 

TE   thermo-electric 
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